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ABSTRACT

On California’s North Coast, plant species in natural habitats adjacent to vineyards, namely riparian areas, are nhon-crop hosts
of Xylella fastidiosa (Xf). The importance of a riparian host as a pathogen reservoir is related to its ability to support
pathogen populations and its attractiveness to the vector, Graphocephala atropunctata (blue-green sharpshooter [BGSS]).
We quantified BGSSs on five species (California blackberry, California grapevine, elderberry, Himalayan blackberry,
periwinkle) of naturally-established plants adjacent to vineyards. We assessed the ability of the same species to support Xf,
using controlled inoculations of potted plants kept in screenhouses in the field. No species were characterized by both an
abundance of BGSSs and a high frequency of Xf detection. A 71% frequency of Xf detection in periwinkle suggests that,
regardless of having the fewest BGSS (0.4 nymphs and 0.9 adults per sample), infrequent visitations may result in a high
acquisition rate. California grapevine supported eight times as many nymphs and three times as many adults as periwinkle,
suggesting that frequent visitations may offset its significantly lower infection rate (19%). California blackberry, elderberry,
and Himalayan blackberry are likely less important pathogen reservoir because Xf was infrequently detected in their tissues
and they hosted few BGSSs.

INTRODUCTION

In the north-coastal grape-growing region of California, Xylella fastidiosa (Xf), the bacterium that causes Pierce’s disease
(PD) (Freitag 1951), is spread to grapevines by a native vector, Graphocephala atropunctata (Signoret) (Hemiptera:
Cicadellidae) (blue-green sharpshooter [BGSS]; Hewitt et al. 1949; Purcell 1975). Purcell (1974, 1975) demonstrated a
direct relationship between incidence of PD and proximity to riparian vegetation bordering vineyards. The distribution of
diseased grapevines is associated with a high concentration of BGSS in spring in vinerows adjacent to riparian vegetation,
which serves as feeding and reproductive habitat for the BGSS (Hewitt et al. 1949; Purcell 1975). Not only do some riparian
plants provide habitat for BGSSs, but they also host Xf (Wells et al. 1987).

The spread of Xf from riparian hosts to grapevines is, in part, a function of the proportion of BGSSs that acquire the pathogen
when feeding on infected riparian hosts. Acquisition of Xf is directly related to the concentration of the pathogen within the
host. The minimum threshold for acquisition is 10* CFU of Xf per gram of plant tissue, increases above which result in
proportionally higher transmission rates (Hill and Purcell 1997). Baumgartner and Warren (2005) found that Rubus discolor
Weihe & Nees (Himalayan blackberry), Vinca major L. (periwinkle), and Vitis californica Benth. (California grapevine)
supported populations >10* CFU/qg tissue, whereas R. ursinus Cham. & Schldl. (California blackberry) and Sambucus
mexicana C. Presl (elderberry) did not. California grapevine, Himalayan blackberry, and periwinkle may be more important
as pathogen reservoirs not only due to the high pathogen populations they support during part of the year (Baumgartner and
Warren 2005), but also because they are systemic hosts of Xf (Purcell and Saunders 1999).

The importance of a riparian host as a pathogen reservoir is determined by the pathogen populations it supports and by the
frequency of visitation by the vector. A common riparian host of Xf that is fed upon frequently by the BGSS likely will
contribute more to the spread of PD because there will be more opportunities for acquisition of the pathogen from infected
tissue. In this regard, it is noteworthy that some of the same riparian hosts that were previously recognized in field surveys as
feeding hosts of the BGSS (Purcell 1976; Raju et al. 1983), namely California grapevine, Himalayan blackberry, and
periwinkle, have since been identified as hosts in which Xf reaches high populations (Baumgartner and Warren 2005; Purcell
and Saunders 1999).

OBJECTIVES

The goal of our research was to identify riparian hosts of greatest importance in the transmission of Xf to grapevines in the
north-coastal grape-growing region of California. Our first objective was to determine if the BGSS is more abundant on
some riparian hosts than others. We measured abundance of adults and nymphs in riparian areas adjacent to vineyards on
five feeding and reproductive hosts: California blackberry, California grapevine, elderberry, Himalayan blackberry, and
periwinkle. All five hosts are potentially important in the spread of PD because they are also systemic hosts of Xf (Purcell
and Saunders 1999). Our second objective was to examine a possible relationship between the ability of riparian hosts to
support both the BGSS and Xf. To address this second objective, we inoculated plants of the same riparian host species with
Xf, transferred them to the field after confirming infection, and tested them afterwards for the presence of the pathogen. This
approach was preferable to testing for Xf in the same naturally-established plants that we examined for BGSSs because (i) our
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inoculation technique ensured that all plants were challenged by the pathogen; (ii) by sampling tissues distal to the
inoculation site, Xf -positive identifications were known to represent systemic infections; and (iii) plants were inoculated
once and, therefore, the presence of Xf was known to result from a single infection. In other words, our approach did not rely
on natural infection by the BGSS, which likely reflects not only the hosts’ abilities to maintain Xf infections, but also BGSS
feeding behavior.

RESULTS

Abundance of nymphs varied significantly among species (P<0.0001). Nymphs were significantly more abundant on
California grapevine which had a mean of 3.1 nymphs per sample, compared to all other hosts, but especially compared to
periwinkle and elderberry, which had means of 0.4 nymphs per sample and 0.7 nymphs per sample, respectively (Figure 1).
Abundance of adults was not significantly different among species (P=0.0676). California grapevine, the species with the
most nymphs, also had the most adults, 2.4 per sample (Figure 1). In contrast, periwinkle, the species with the fewest
nymphs, also had the fewest adults, 0.9 per sample (Figure 1).

Frequency of detection of Xf varied significantly among species (P<0.0001). Periwinkle had the highest frequency of
detection with 70.8% of all tested plants, averaged across three sampling periods, found to be Xf-positive (Figure 2).
Frequency of detection of Xf did not vary significantly between the two detection methods, colony counts in culture and real-
time PCR (P=0.09). Results from both detection methods showed the same relative differences among species; the
interaction of species x detection method was not significant (P=0.3582). For example, periwinkle had the highest
percentage of plants that were found to be Xf-positive by culture (113 out of 160 total samples tested, summed across
sampling periods) and by real-time PCR (140 out of 160 total samples tested, summed across sampling periods). In contrast,
none of the 202 culture attempts from elderberry samples yielded Xf colonies, and real-time PCR analyses of the same tissues
resulted in only six Xf-positive samples.

Despite the lack of statistical significance for differences in abundance of adults among riparian hosts from ANOVA
(P=0.07), there was a significant positive correlation between abundance of adults and nymphs (r=0.96, P=0.01). Samples
with many nymphs also had many adults (Figure 3). There were no correlations between detection frequency of Xf and
abundance of adults (r=-0.44, P=0.45) or nymphs (r=-0.34, P=0.58).
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California California Elderberry Himalayan Pperiwinkle California California Elderberry Himalayan Pperiwinkle
blackberry grapevine blackberry blackberry grapevine blackberry
Figure 1. Abundance of BGSSs on naturally-established Figure 2. Frequency of detection of Xf from riparian hosts.
riparian hosts adjacent to vineyards in northern California. Plants were inoculated in the greenhouse. Infected plants were
A sample consisted of 25 sweeps per plant; n=13 to 95 placed in the field and subsequently tested at 3, 11, & 13 mos.,
samples per species per year. Each column is the sum of by culture and real-time PCR; n=45-76 plants per species per
the mean number of adults and nymphs per sample per sampling period. Each column is the mean percentage of plants
species, averaged over years. Columns within each life that were Xf-positive, averaged over sampling periods and
stage with different letters are significantly different at detection methods. Columns with different letters are significantly
P<0.05 (Tukey's test). different at P<0.05 (Tukey's test).
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CONCLUSIONS

We measured abundance of the BGSS on five species (California blackberry, California grapevine, elderberry, Himalayan
blackberry, and periwinkle) of naturally-established plants in riparian areas adjacent to vineyards on the North Coast of
California. We assessed the ability of the same species to support Xf, based on results from controlled inoculations of potted
plants kept in screenhouses in the field. None of the species were characterized by both an abundance of BGSSs and a high
frequency of Xf detection. California grapevine and periwinkle may be more important pathogen reservoirs than California
blackberry, elderberry, and Himalayan blackberry. Despite a significantly lower frequency of Xf detection in California
grapevine, 19%, this species supported eight times as many nymphs and three times as many adults as periwinkle, suggesting
that more frequent visitations by the BGSS may result in a high probability of acquisition of Xf from California grapevine.
While periwinkle supported the fewest BGSSs, 71% of tested plants were Xf-positive, suggesting that a high percentage of
transmission events result in systemic infection and that infrequent visitation by the vector may, nonetheless, result in a high
acquisition rate. California blackberry, elderberry, and Himalayan blackberry are likely less important pathogen reservoirs
because Xf was infrequently detected in their tissues and BGSSs were rare on these species.

Our finding that abundance of nymphs, but not that of adults, differed significantly among the riparian hosts we examined are
consistent with those of Purcell (1976) who found that nymphs utilize fewer species than do adults. We might expect that
nymph BGSSs have more restricted host ranges than adults based on different feeding requirements, as has been
demonstrated for Homalodisca coagulata (Say) (glassy-winged sharpshooter) (Brodbeck et al. 1995), an introduced vector of
PD in southern California (Blua et al. 1999). The significance of nymph BGSSs in the spread of PD is not known. Although
nymphs lose infectivity after molting (Purcell and Finlay 1979), this may not preclude their importance in the epidemiology
of PD relative to that of adults, which are infective for life once they acquire Xf (Purcell and Finlay 1979). The low mobility
of nymphs, due to their flightlessness and small size, likely results in more transmission of Xf within an infected host than
between hosts. Consequently, nymphs may spread Xf to new tissues within an infected host faster than the pathogen can
move systemically. Systemic hosts of Xf on which nymphs are abundant, such as California grapevine, may support
infections in more tissues than hosts on which nymphs are rare and, therefore, may serve as important sources of Xf for
acquisition by adults.

It is possible that Xf infection of the species we examined through controlled inoculations are different in naturally-
established plants of the same species. Natural levels of infection are related to a host’s ability to support Xf and its
attractiveness to the BGSS. California grapevine, for example, may have higher levels of infection in the field than we
measured in our inoculated plants, based on the high number of BGSSs we found on this species. There are few published
surveys of Xf in naturally-established plants (Raju et al. 1983; Raju et al. 1980). In one such study of 28 native and non-
native species in riparian areas in Napa County, Xf was detected in only four species: Himalayan blackberry, periwinkle,
Fragaria vesca L. (wood strawberry), and Claytonia perfoliata Willd. (miner’s lettuce) (Raju et al. 1983). Although they
surveyed California grapevine and elderberry, hosts that we also examined, their study was designed with the objective of
identifying reservoir hosts, as opposed to comparing natural levels of infection among species.

Throughout the growing season, BGSSs occur in both riparian areas and vineyards (Freitag and Frazier 1954; Purcell 1975,
1976). Their whereabouts and behavior outside the growing season, when the population consists of adults (Purcell 1975;
Severin 1949), are not well understood, mainly because cold temperatures limit BGSS flight activity (Feil et al. 2000) and,
thus, hamper monitoring efforts. We measured BGSS abundance from spring to early summer, as this time of the year is
characterized by BGSS flight activity, the presence of both adults and nymphs, and active growth of the five riparian host
species we examined. Although we detected no significant differences in abundance of BGSSs on the five riparian hosts we
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examined, a previous survey of 16 species in riparian areas in Napa showed that BGSSs were more common on California
blackberry, California grapevine, elderberry, and Himalayan blackberry, than on periwinkle from April to July (Purcell
1976). From September to March, BGSSs were more common on periwinkle (Purcell 1976). Differences in our results may
be due to differences in locations, study years, or sampling methods.

Successful long-term management of PD may require removal of certain reservoir hosts, given that insecticides do not
significantly reduce the spread of the disease (Purcell 1979) and that resistant winegrape varieties are not available. Wistrom
and Purcell (2005) ranked the most important reservoir hosts, in terms of vector acquisition, as those that are feeding hosts of
the BGSS, are frequently infected after transmission events, are systemic hosts of Xf, and support high pathogen populations.
Revegetation of a riparian area adjacent to a diseased vineyard offers the potential to reduce the pathogen reservoir outside
the vineyard, but it may be of limited efficacy in controlling the disease when infected grapevines remain in the vineyard.
Grapevines satisfy all of Wistrom and Purcell’s (2005) criteria of important reservoir hosts and, thus, serve as a source of the
pathogen for acquisition by BGSSs, even if riparian hosts are removed from an adjacent riparian area. Furthermore, removal
of reservoir hosts may not diminish the ability of a riparian area to support BGSSs. Riparian areas are considered to be a
habitat of the BGSS; they harbor many feeding and reproductive hosts (Freitag and Frazier 1954; Purcell 1975, 1976), in
addition to plants that provide shelter for the overwintering adults.
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ABSTRACT

In silico mining of EST data, Real Time PCR, and Affymetrix GeneChip technology was used to characterize the
transcriptional response of Vitis vinifera to the Pierce's disease (PD) pathogen Xylella fastidiosa (Xf). We have determined
that susceptible V. vinifera responds to Xylella infection with a massive re-direction of gene transcription. This
transcriptional response includes the up regulation of transcripts for phenlypropanoid and flavonoid biosynthesis, ethylene
production, adaptation to oxidative stress, and homologs of pathogenesis related (PR) proteins. In addition to highlighting
potential metabolic and biochemical changes that are correlated with disease, the results suggest that susceptible genotypes
respond to Xylella infection by induction of limited defense response.

A long-standing hypothesis states that PD results from pathogen-induced drought stress, with the consequent development of
disease symptoms. To test this hypothesis, we compared the transcriptional and physiological response of plants treated by
pathogen infection, low or moderate water deficit, or a combination of pathogen infection and water deficit. We determined
that the transcriptional response of plants to Xylella infection is not the same as the response of healthy plants to moderate
water stress. However, there is an apparent synergistic interaction between water stress and disease, such that water stressed
plants exhibit a stronger physiological and transcriptional response to the pathogen. Qualitative and quantitative estimates of
gene expression derived from the Affymetrix gene chip were confirmed by a combination of Real Time PCR and in situ
hybridization analysis with ~20 candidate marker genes.

Real Time PCR analysis involving six marker genes was used to survey the specificity of Xylella-induced gene expression
under field conditions. The results demonstrate that the marker genes are up-regulated in response to Xylella infection but
not in response to the other pathogens assayed, including common viral, nematode and fungal pathogens, or by Phylloxera
infestation or herbicide damage. Similarly, moderate drought stress did not result in increased transcript levels for these
marker genes. By contrast, each of the marker genes was strongly induced in non-infected leaves where the vascular system
was compromised by biotic or abiotic factors, including girdling by insect damage and severe drought stress leading to death.
We hypothesize that an aspect of xylem dysfunction, but not drought stress per se, is one trigger for Xylella-induced gene
expression.

INTRODUCTION

All organisms adapt to external stressors by activating the expression of genes that confer adaptation to the particular stress.
In the case of Pierce’s disease (PD), such genes are likely to include those coding for resistance or susceptibility to Xylella
fastidiosa (Xf).

Genomics technology offers an opportunity to monitor gene expression changes on a massive scale (so-called "transcriptional
profiling™), with the parallel analysis of thousands of host genes conducted in a single experiment. In the case of PD of
grapes, the resulting data can reveal aspects of the host response that are inaccessible by other experimental strategies. In
May of 2004, the first Affymetrix gene chip was made available for public use, with ~15,700 Vitis genes represented. This
gene chip has been developed based primarily on a collaboration between the Cook laboratory and researchers at the
University of Nevada-Reno (Goes da Silva et al., 2005). With the arrival of the Affymetrix gene chip, we are poised to make
a quantum leap in the identification of host gene expression in response to Xf.

In addition to enumerating differences between susceptible and resistant genotypes of Vitis, this research is testing a long-
standing but largely untested hypothesis that pathogen-induced drought stress is one of the fundamental triggers of PD
symptom development. The utility of this type of data will be to inform the PD research community about the genes and
corresponding protein products that are produced in susceptible, tolerant and resistant interactions. Differences in the
transcriptional profiles between these situations are expected to include host resistance and susceptibility genes, and thus
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provide the basis for new lines of experimental inquiry focused on testing the efficacy of specific host genes for PD
resistance. It should be possible, for example, to determine the extent to which resistance responses in grapes are related to
well-characterized defense responses in other plant species (e.g., Maleck et al., 2002; Tao et al., 2003; de Torres et al., 2003).

Three co-lateral benefits from the identification of pathogen-induced genes are: (1) the promoters for such genes are
candidates to control the expression of transgenes for resistance to PD, (2) the protein products of induced genes may have
roles in disease resistance, and (3) knowledge of host gene expression can be used to develop improved diagnostic assays for
disease. In arelated project, we are currently characterizing pathogen-responsive promoters, which will facilitate testing of
candidate genes for resistance phenotypes.

OBJECTIVES

1. Identify genes and gene pathways in susceptible V. vinifera correlated with Xf infection: (a) identify Xylella-responsive
genes in V. vinifera, (b) distinguish early from late gene expression, and (c) determine the correlation between drought
stress and PD.

2. Determine host genotype affects on gene expression in response to Xylella infection: (a) susceptible V. vinifera compared
to resistant genotypes of Vitis and Muscadinia species, and (b) comparison of pathogen-induced gene expression with
gene expression triggered by salicylic acid and ethylene.

3. Detailed analysis of candidate genes: (a) Real Time PCR to validate candidate genes identified in objectives 1 and 2, (b)
Real Time PCR to study kinetics and specificity of the host response in susceptible and resistant genotypes, and (c) in
situ hybridization to establish precise location of plant gene expression relative to bacterial infection.

RESULTS

Testing the effect of plant water status on PD

Two lines of evidence suggest that plant water status may have a significant impact on the development of PD symptoms.
First, it is frequently observed that well-watered plants develop reduced symptoms relative to water-stressed plants. Thus,
one might expect to see an enhanced transcriptional response in plants that are both water-stressed and infected by the
pathogen. Second, it has been proposed that Xylella infection of xylem elements obstructs water flow, leading to whole-plant
water stress and consequently to symptom development. Despite the logic of this reasoning, a causal relationship between
Xylella infection and water stress has not been established. It is noteworthy, that the “water stress” hypothesis does not
explain the absence of symptoms early in the season, even though high pathogen titers can be observed at this phase of
disease, and it does not explain the absence of symptoms in tolerant genotypes of grapes, which can be heavily infected by
the pathogen but without disease.

The experimental design described below permits a comparison of (1) pre-symptomatic and post-symptomatic host
responses, (2) drought stressed versus diseased individuals, and (3) the interaction between drought stress and pathogen
infection. In total, fourteen different transcriptional states that were compared to address these issues.

The experimental design involved 42 three-year-old vines of Cabernet Sauvignon clone 8 grafted to Freedom rootstock. In
the spring of 2004, potted vines were moved from greenhouse to growth chamber prior to budbreak. Subsequenttoa3to4
week acclimation period, vines were pruned to produce a uniform shoot architecture consisting of two shoots per plant and
ten leaves per shoot. Plants were grown in a block design of 3 rows with all treatments randomized in each row. Water use
was calculated by watering 5 plants to field capacity and using a mini-lysimeter to establish water usage over a 24-hour
period. The resulting average value was used to define 100% estimated water use. Plants were watered either at 100% water
usage, 50% water usage (mild stress), or 25% water usage (moderate stress) throughout the remainder of the experiment. For
each plant, measurements were made on the second leaf opposite to cluster to infer the level of drought stress pre- and post-
veraison. Gas exchange and stomatal conductance values were obtained with a Licor 6400 gas exchange analyzer. C'*:C*
ratios were measured on the same leaf samples used for transcriptional profiling to estimate long term effects of treatments on
stomatal conductance, gas exchange and water use efficiency. On April 12, corresponding to full bloom, plants were either
inoculated with a suspension of Xf or mock inoculated with water. Four weeks following inoculation, the third and fourth
leaves were harvested from three plants of each treatment type. At 8 weeks following inoculation, when symptoms were
evident on infected individuals, the remaining plants (3 from each treatment) were harvested. On the day of harvest for
arrays the 5™ leaf from each plant was destructively sampled to measure “pre-dawn” water potential. Symptom development
was recorded using a visual scale.

RNA was extracted from tissue using protocols that we have optimized for quality and yield of RNA from grape (landolino et
al., 2004). cRNA synthesis was carried out according to procedures described in the Affymetrix technical manual.
Hybridization and data collection were performed using standard Affymetrix protocols, with the aid of the University of
California, Davis microarray facility in the University of California, Davis Genome Center. Technical and biological
replicates demonstrated highly consistent results within and between similarly treated samples. Quality control analyses were
conducted using GCOS 1.2 (Affymetrix), Dchip (Li and Wong, 2001), and the Affy R package. Robust Multichip Average
or RMA (lrizarre et al., 2003) was used to estimate differentially expressed genes by two different strategies: a) application
of t-test and fold change filters (Sottosanto et al., 2004); and b) false discovery rate determinations using Significance
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Analysis of Microarray (SAM) Data (Aubert et al., 2004). Differential regulation was assessed by comparison to
uninoculated control plants grown under identical conditions.

In total, 238 genes were identified as being differentially expressed (T-test a < 0.05; >2-fold induction) in response to Xf
treatment or drought stress (Figure 1). There are 2 primary conclusions from this study: First, we have identified several
genes where expression is induced strongly in diseased tissue and where drought stress does not appear to impact this
transcriptional response. The majority of such genes have predicted roles in defense and cell wall metabolism. Second, a
large fraction of the Xylella-induced transcriptome is synergistically modified in plants that are doubly-treated by pathogen
infection and moderate drought stress. These genes fall into two categories: synergistically upregulated are primarly from the
flavonoid biosynthesis pathway, while synergistically down regulated are primarily from the photosynthesis pathway. These
results are consistent with the existence of two distinct classes of transcriptional response in grapes to Xylella. One response
is sensitive to plant water status and results in redirection of flavonoid synthesis and photosynthesis genes, and one response
is independent of plant water status leading to the activation of defense-related transcripts. Although we observed limited
overlap in the genes induced in response to moderate drought stress and the genes induced in diseased tissue, we cannot rule
out the possibility that a more severe drought stress may lead to an increase in the coincidence of PD and drought-associated
gene expression.

As shown in Table 1, physiological measurements of the plants used for microarray analysis also suggest an additive
interaction between water stress and PD. We note that the level of water stress imposed in these experiments induced an
acclimation response in treated plants, as evidenced by measurements of stomatal conductance, internal CO, concentrations
and transpiration rates. However, reductions to pre-dawn water potential and net assimilation rates document a clear water
stress response. By contrast, pathogen infection had a strong influence on virtually all of these parameters. Moreover,
drought stress combined with pathogen infection tended to increase the magnitude of change in all parameters assayed.
These results suggest a reduced capacity for acclimation to water stress in infected plants and they agree well with the results
of gene expression, described below.

A 2-Dimensional hierarchical cluster generated with the DChip software (Li and Wong, 2001) was used to depict the
expression 238 genes that were responsive to one or mor of the treatments. The most striking aspect of this particular
analysis is the massive transcriptional response that occurs in infected and symptomatic plants. Major categories and/or
expression patterns of genes identified so far are described briefly below.

1. Disease related gene expression.

Seventeen transcripts were annotated as disease related genes, including many pathogenesis related or PR protein genes. On
average these genes were up regulated 7-fold in response to pathogen infection. Expression of these genes was not
influenced by drought either in healthy or diseased plants. The sole exception are two PR protein genes that were down
regulated 2.5-fold in response to drought stress, but up regulated >10-fold in response to the pathogen. These results suggest
the occurrence of a pathogen-specific defense response in susceptible V. vinifera.

11. Photosynthetic gene expression.

One of the most common responses of plants to drought stress is a down regulation of photosynthesis. Consistent with
physiological measurements, 11 photosynthesis-related transcripts were significantly down regulated in Xylella-infected
plants. While moderate water stress had little or no effect on expression of these genes, the combination of pathogen
infection and water stress resulted in an even greater reduction in gene expression compared with either treatment alone.
Xylella causes a decrease in photosynthetic gene expression that is accentuated by reduced water availability.

111. Flavonoid pathway gene expression.

The largest transcriptional effect of Xylella infection was a massive re-direction of enzymes and regulatory proteins for
flavonoid biosynthesis. In total, 27 genes were 4-fold upregulated in Xylella infected plants, compared to healthy control
plants. Approximately 50% of these transcripts were induced an additional 2.5-fold when drought stress and Xylella
infection were combined. The transcription of flavonoid pathway genes was not significantly affected by drought stress
alone. Xylella causes an increase in flavonoid gene expression that is accentuated by reduced water availability.

IV. Genes induced uniquely in the interaction between disease and drought.

Twelve genes were unaffected by either drought or Xylella infection, but were significantly induced in plants that were
challenged with both Xylella and water stress simultaneously. On average, these genes were induced 3.5-fold in double-
treated plants. Annotations for these genes do not suggest function in a common pathway.



V. Osmotic stress and cell wall modifying enzymes.

Eleven Xylella-associated transcripts have predicted roles in cell wall metabolism (e.g., expansins, enzymes involved in
pectin degradation and pectin modification) or osmotic stress (e.g., galactinol synthase, dehydrin proteins and several
aquaporins). These genes were induced an average of 5-fold in Xylella infected tissues. None of these 11 genes were up-
regulated in response to water stress alone, and only the dehydrin and galactionol synthase genes showed evidence of synergy
between Xylella and drought stress. Cell wall modification genes (expansins, pectin esterases, pectatelyases,
polygalacturonases, etc.) were among the major class of water stress repressed genes in Arabidopsis (Bray, 2004). In the
current study, these genes were induced by the pathogen, providing a possible counterpoint to the argument in favor of
Xylella-induced drought stress.

CONCLUSIONS

In summary, a wide array of genes are up regulated (or in some cases down regulated) in grapes in response to Xylella
infection. We found limited correlation between the nature of genes induced by moderate drought stress and the genes
induced by pathogen infection. Interestingly, however, the results suggest a synergistic effect of drought stress on Xylella-
induced gene expression. We have also identified numerous genes where induction was specific to the pathogen, and not
synergistic with drought. This later class of genes included pathogenesis related protein genes and genes involved in plant
cell wall metabolism. Ongoing experiments are using Real Time PCR to validate and extend the Affymetrix GeneChip results
(data not shown) and to determine the spatial pattern of gene expression for the various classes of transcriptional response, as
shown by example for gene 8946 in Figure 2.

Our earlier work with a small set of pathogen-induced genes has permitted us to characterize the kinetics and specificity of

the host response to Xylella, and to isolate and begin the characterization of Xylella-reponsive gene promoters. The recent

results, reported above, provide a large suite of new genes and predicted biochemical pathways for investigation. We suggest

that these results are a first step toward a comprehensive understanding of host responses to PD, and the relationship of

disease to whole plant physiology including water relations, photosynthesis and defense responses. Our continuing work will

explore in detail the relationship between gene expression in resistant and susceptible plants, and to begin more precise

analysis of the spatial relationship between gene expression and pathogen localization. Moreover, we anticipate providing

many additional and potentially useful gene promoters to Dave Gilchirst's project to develop a pathogen-inducible transgene

system. How will these technologies help in solving PD? In the short term they will:

1. Provide gene-promoters for effective genetic engineering in grapes.

2. Inform us about the nature of host responses to Xylella infection.

3. Allow pathogen detection based on Real Time PCR using a "biomarker" strategy.

4. Inthe long term, transcriptional profiling will identify candidate genes and gene pathways that may confer resistance to
the pathogen (Xf).

Other strategies, such as reverse genetics and analysis of natural genetic variation, will be needed to establish a causal role for

candidate genes.
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_L_£|== Table 1. Summary of physiological measurements for
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Physiological parameter”
Treatment plants Y,  Anmax Us G E

Non-inoculated 6 0.27 25.11 0.2612 1239.17 4.34
Mock-inoculated 6 0.317 25.75 0.2211 1188.34 3.79

I_Illl

Xf-inoculated 8 0.49 16.22 0.0721 817.00 1.50

— Mild stress 7 0.434 19.98 0.2196 1245.00 3.78
Double
treatment 8 0.583 12.14 0.0261 556.5 0.64

®Physiological parameters were measured 8 weeks after the
treatment. Yp: pre-dawn water potential (-MPa), Aq max: Net
assimilation (mmol CO,/m?/s) (measured at saturating CO2 and
— light), g,: Stomatal conductance (umol H,0/m%s), Ci: Internal CO,
concentration (mmol CO,/mol air), E: transpiration rate (mmol
H,O/m?/s).

=

Figure 1. 2-Dimensional hierarchical cluster analysis of 24 microarrays from the moderate drought stress condition.
238 transcripts were identified with a minimum of 2-fold induction and a T-test score of a=0.05. Red = increased
expression; Blue = decreased expression; White = no change in expression. I=infection; D=drought; N=healthy; E=
prior to symptom development; L=subsequent to symptom development.

—_— P
X
\/
E
\ /
C
sense antisense

Figure 2. Insitu localization of candidate gene 8946. Note intense staining in phloem and xylem associated
pyrenchyma, indicating Xylella-induced gene expression in living tissue adjacent to differentiated xylem.
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ABSTRACT

Xylella fastidiosa (Xf), a gram-negative bacterium, is the causative agent of Pierce’s disease in grapevines. Because Xf is
xylem-limited, it will be essential that any anti-Xylella gene product be present in the xylem in an effective concentration.
Work on understanding the mechanism of how proteins are targeted to this plant compartment will be relevant for the
delivery of therapeutic proteins into the xylem. In addition, it will be a useful tool for Xylella and glassy-wing sharpshooter
(GWSS) gene function studies.

We collected xylem exudate from grapevines and analyzed its protein composition by two-dimensional gel electrophoresis.
Peptide spectrum and Blast analysis showed that the proteins found in the exudates are secreted proteins that share function
similarities with proteins found in xylem exudates of other species. The corresponding cDNA sequences of 5 of them were
found in the TIGR Vitis vinifera gene index. The signal sequences of xylem proteins Chilb and similar to NtPRp27 were
fused to the mature pear polygalacturonase inhibiting protein (pPGIP)-encoding gene. The expression of these chimeric
genes will be evaluated in transient and permanent transformations in order to evaluate their ability to target pPGIP to the
xylem. The results of this research will not only be applied in projects that test anti-Xylella gene products that should be
delivered into the xylem but also in functional studies that are intended to target the products of Xf and GWSS genes to the
xylem.

INTRODUCTION

Signal peptides control the entry of virtually all proteins to the secretory pathway, both in eukaryotes and prokaryotes. They
comprise the N-terminal part of the amino acid chain and are cleaved off while the protein is translocated through the
membrane of the endoplasmatic recticulum (1). Generally, signal peptides are interchangeable and secretion of non-secreted
proteins becomes possible by the fusion of a signal peptide at the N-terminus of the mature protein; however, changing the
signal sequence of recombinant proteins can affect the degree of protein production (2).

In previous research, we fused the sequence coding for the signal peptide of XSP30, a xylem-specific protein from cucumber
(3), to the green fluorescent protein (GFP) reporter gene. Contrary to what we expected, fluorescence was only detected
inside the cells. Our results suggested that either the XSP30 signal peptide is not recognized by the grape secretory
machinery or GFP is not secretion competent. If the first hypothesis is correct, signal sequences obtained from proteins
present in grape xylem sap would constitute better candidates for delivery of transgene products to the xylem.

Interestingly, we have also found that the product of the pPGIP encoding gene from pear fruit, heterologously expressed in
transgenic grapevines, is present in xylem exudates and moves through the graft union (4). These results show that pPGIP is
secretion competent in grapes and constitutes a good alternative to GFP. We intend to use the sequence encoding the mature
pPGIP fused to the signal peptides to be analyzed.

We have collected xylem exudate from plants of Vitis vinifera ‘Chardonnay’ and analyzed its protein composition by two-

dimensional gel electrophoresis. The purpose of this project is to fuse the signal sequences of these grape xylem sap proteins
to the mature pPGIP-encoding gene in order to evaluate their ability to target pPGIP to the xylem.
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OBJECTIVES

1. Obtain partial sequences of proteins found in grape xylem exudates and search cDNA databases for signal sequence
identification and selection.

2. Design and construct chimeric genes by fusing the selected signal sequences to a sequence coding for a mature secreted
protein (pPGIP).

3. Transform grapevines with the chimeric genes via Agrobacterium tumefaciens and A. rhizogenes.

4. Evaluate the efficiency of the different signal sequences in targeting protein products to the xylem tissue of grapevine
through the:
4.a. analysis of the expression and secretion of pPGIP in transiently transformed grapevines.
4.b. analysis of the expression and secretion of pPGIP in grapevines bearing roots transformed via A. rhizogenes.

RESULTS
Peptide spectrum and Blast analysis showed that the proteins found in grape xylem exudates are secreted and share function
similarities with proteins found in xylem exudates of other species (5). cDNA sequences of 5 of them were found in the
TIGR v. vinifera gene index. However, it was possible to predict the signal peptide in 2 contigs only (TC 39929 and TC
45857, annotated as Chilb and similar to NtPRp27 respectively). Based on their sequences, we designed primers that were
used to amplify the predicted fragments from genomic DNA of ‘Chardonnay’ and *Cabernet Savignon’. Those fragments
were fused to the mature pPGIP gene through the gene splicing by overlap extension method (SOE) (6) and cloned into the
pCR2.1-TOPO vector. These two chimeric genes will be ligated into a plant expression vector containing the 35S cauliflower
mosaic virus promoter and the octopine synthase terminator and the resultant expression cassettes will be then ligated into the
binary vector pDU99.2215, which contains an nptll-selectable marker gene and a uidA (B-glucuronidase, GUS) scorable
marker gene. The resultant binary vectors will be transformed into the disarmed A. tumefaciens strain EHA105 by
electroporation.
SOE wias also used to produce the following chimeric genes:

1) pPGIPsignal peptide(sp)-GFP

2) XSP30sp-mpPGIP

3) RAmysp-mpPGIP

4) pPGIPsp-mpPGIP

5) mpPGIP
Construct 1 will help to elucidate if GFP is secretion competent in grape. In construct 2, mpPGIP has been fused to the
signal sequence of cucumber XSP30, which is a xylem-specific protein. In construct 3 mpPGIP has been fused to the signal
sequence of rice amylase 3 (Ramy), which has been very effective in secretion of human al-antitrypsin in rice cell cultures
(7). Constructs 4 and 5 will be controls. All five genes have been ligated into the plant expression vector described above
and then ligated into binary vector pDU99.2215 and the resulting plasmids have been transformed into the disarmed A.
tumefaciens strain EHA 105.

The next step will be the permanent and transient transformation of V. vinifera ‘Thompson Seedless’ followed by the analysis
of the expression and secretion of pPGIP.

CONCLUSIONS

Through the study of the proteins present in xylem exudates of ‘Chardonnay’, we have found 2 good candidates to investigate
the effect of using grape signal sequences on xylem targeting. In addition we have produced 2 other chimeric genes
containing the signal peptide of a xylem-specific protein in cucumber and the signal sequence of rice amylase. The results
obtained with transient and permanent transformations with these genes will provide, in the short term, valuable information
for the identification of signal peptides that will deliver proteins to grapevine xylem with high efficiency. In the long term,
the development of an efficient secretory system will be essential to target therapeutic proteins to the xylem of grapevine. In
addition, the results of this research will also be applied in functional studies that are intended to target the products of
Xylella fastidiosa and glassy-winged sharpshooter genes to the xylem.
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ABSTRACT

We identified a set of plant genes whose expression is correlated with infection by Xylella fastidiosa (Xf) as part of a recent
study of expressed sequence tags from Xf-infected and healthy Vitis vinifera plants in the Napa Valley. The genes are
essentially off (silent) in plants that have not been exposed to the pathogen, but strongly induced prior to the occurrence of
symptoms in both natural field infections and greenhouse inoculated plants. The transcriptional regulatory elements of these
genes (i.e., promoters) hold great potential to fulfill a critical and, as yet, unmet need for control of Pierce's disease (PD)
namely, the identification of gene promoters that can drive transgene expression only in Xylella-infected tissues both for
basic research on PD responsive genes and for developing tactics for assessing potential genes conferring resistance to PD.
We have focused on three promoters for grape genes whose expression analysis reveals a specific dramatic increase in
expression in PD diseased grape compared to healthy or other inductions (called G8946, G9353 and G7061). The plasmid
pBG8946minGFP has been transformed into Agrobacterium tumefaciens strain GVV2260 and infiltrated using a needless
syringe into both healthy and Xf-infected grape (Thompson seedless) leaves. After five days the leaves were imaged with a
confocal microscope, which revealed the GFP fluorescence can be detected in Agrobacterium-infiltrated leaves of Xf-infected
plants but not healthy plants.

INTRODUCTION

A major limitation in using transgenes to study and alter the effect of pathogens on disease processes in plants is the absence
of the ability to regulate the expression of the transgene in either a tissue or pathogen specific response. We and many other
researchers of grape (or any plant) to assess the effect of a transgene on a specific trait (susceptibility to Pierce’s disease
[PD]) is the absence of suitable promoters, sequences that regulate gene expression in particular tissues (e.g., vascular tissue)
or in response to particular situations (e.g., sharpshooter feeding or Xylella infection). In the absence of tissue or response-
specific promoters, transgenic strategies for control of PD can use only so-called constitutive promoters. The basic problem
associated with the use of constitutive promoters is that the transgene is expressed in all cells all the time, not just in the
tissue or cells where the gene is needed. This can lead to unintended phenotypes and/or sickly transgenic plants. Highly
controlled induction is needed if the interest is in altering gene expression to avoid a cellular change (disease) that is initiated
in one or a few isolated cells. The isolation and characterization of Xylella fastidiosa (Xf)-responsive promoters has
immediate and direct application to several current PD projects that are studying the molecular genetic basis of PD at the
cellular and tissue levels in grape. It also is of practical importance that these promoters will be useful in either the up- or
down-regulation of the expression of a specific gene-of-interest. The difference in presence or absence of the target gene
product is determined by whether the promoter is used to drive a sense or an anti-sense construct of the gene of interest.

The objective of promoter analysis is to identify and characterize
cis-acting DNA (adjacent) sequences that, when induced,
regulate PD-associated gene expression in grapes. Although
regulatory sequences frequently occur just upstream of the
transcription start site, they can also be found much further
upstream (Figure 1). Thus, the challenge in our studies is to
demonstrate that the cis-acting sequences have a unique
functional role in PD symptom development. It is not the goal
of this proposal to understand mechanisms of transcriptional
regulation, but rather to isolate and confirm sequences that are
active in the regulation of gene expression when Xf is present as
an inducer of a select set of genes. To test whether a particular
DNA sequence, that lies adjacent to a gene of interest, is
involved in the regulation of that gene, it is necessary to
introduce such putative regulatory sequences into a cell and then
determine if they are activated when the inducer (in our case, Xf)
is introduced into the system. This is done by combining a
regulatory sequence with a reporter sequence (in our case, GFP
is the test gene) that can be used to monitor the effect of the
regulatory (promoter) sequences in the presence of Xf.

Figure 1. Diagram of a eukaryotic promoter showing
a minimal promoter containing TATA and CAAT
boxes. Activator proteins bind to enhancer elements
for strong transcription.

-15-



We have identified a set of plant genes whose expression is correlated with infection by Xf as part of a recent study of
expressed sequence tags from Xf-infected and healthy V. vinifera plants in the Napa Valley. The genes are essentially off
(silent) in plants that have not been exposed to the pathogen, but strongly induced in both natural field infections and
greenhouse inoculated plants. Three of these genes (G8946, G9353, and G7061) are induced early during disease
development, prior to the occurrence of symptoms. The protein products of such genes are interesting in their own right,
including what their predicted functions may suggest about the nature of host responses to this important pathogen.
However, their transcriptional regulatory elements (i.e., promoters) hold great potential to fulfill a critical and, as yet, unmet
need for control of PD - namely, the identification of gene promoters that can drive transgene expression only in Xylella-
infected tissues. Identifying plant promoters is important if developing transgenic solutions to PD will have significant
benefit, both in terms of public perception and transgene efficacy, if we use promoters that are expressed only in tissues that
are infected by the pathogen (i.e., the transgene products should be spatially and temporally restricted to those times and
places where the protein products are needed for disease resistance).

OBJECTIVES

1. Identify and determine sequence of promoters driving genes specifically transcribed in grape tissue or cells of plants
infected with Xf.

2. Construct transformation-ready vectors containing Vitis promoter-GFP reporter gene fusions that will be used for the
functional assay of putative promoters. (GFP=green fluorescent protein)

3. Conduct transient functional assays of the promoter-GFP fusions in stems, leaves and roots infected with Xf.

4. Produce stable transgenic grape plants with promoters that functioned effectively in the transient assays and characterize
the strength of the selected promoters using the GFP-reporter.

RESULTS

The first step taken was to utilize a Bacterial Artificial Chromosome (BAC) set of libraries of V. vinifera on high density
filters for gene identification in grapes through the UC Davis California and ES Genomics Facility (http://cgf.ucdavis.edu/).
Our specific interest is in sequences immediately 5’ to the candidate genes (maximum 5 kbp), but to be conservative we
sequenced regions beyond where we believe the promoters to reside. We then proceeded with Sublibrary preparation and
clone management, wherein BAC DNA was isolated using the Qiagen Large Construct kits, sheared fragments generated by
HydroShear (Gene Machines, Inc.) and blunt-ended using a fill-in approach and cloned en masse into a Smal-digested
pUC18 sequencing vector. The next step was to generate paired-end sequence reads from the pUC18 subclone library, with
two 384-well plates analyzed for each BAC clone. Theoretically this equated to 8.5X coverage of a typical 125 Kb BAC
clone. To generate ordered contigs and facilitate the finishing phase of the project, we designed PCR primers from the ends
of contigs using an automated Primer 3 software pipeline. All templates are to be sequenced a minimum of both directions.

Identify 5' promoter regions in the sequenced genomic clones based on comparison to cDNA sequences currently in hand for
the three genes: We used PCR to isolate and clone the potential 5’ regulatory sequences into transformation ready vector
constructs (see below). These plasmids have been used to construct a collection of binary vectors containing grape 5’
promoters for expression of GFP genes. Analysis of the sequence of the appropriate BAC clones will allow the design of
PCR primers to amplify and clone the 5’ promoter and 3’ sequences of the transcriptionally regulated grape genes into novel
binary vectors. (Details of the plasmids are available upon request.)

Systems for analysis of the PD responsiveness of the isolated promoters

We are using three different but functionally related approaches to testing and characterizing the isolated promoter regions
derived above. These include transient assays on infected and healthy leaves, transgenic hairy roots and whole plant
transgenics. All three of the approaches will be initiated simultaneously in

the interest of time. Each of the promoters of the three genes have been

assembled in several different configurations with the reporter gene (GFP)

and will be evaluated in conjunction with a constitutive promoter (CaMV

35S or FMV 345S).

Identify and determine sequence of promoters

We have focused on three promoters for grape genes whose expression Figure 2. Northern analysis of Xf-
analysis reveals a specific dramatic increase in expression in PD diseased inducible gene expression. RNA

grape compared to healthy or other inductions (Figure 2). These three genes isolated from leaves of healthy

(called G8946, G9353 and G7061) have each been used to isolate by Thompson seedless (lane 1), Xf-infected
hybridization a BAC clone of grape genomic DNA containing the gene. Thompson seedless (lane 2 and 3), and
These BAC clones were then subjected to shotgun sequencing. The Xf-infected Chardonnay (lane 4) were
resulting sequence, once assembled and annotated for the location of the hybridized with labeled 8946 cDNA or
hybridizing cDNA, were used to make PCR primers for approximately 9353 cDNA.

1200bp of sequence just 5 of the cDNA start codon.
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Construct transformation-ready vectors
PCR primers were used to amplify grape (Chardonnay) genomic DNA. We readily
obtained the promoter of G8946 with a single PCR reaction. However G9353 and

G7061 are proving to be more difficult. The promoter regions of G9353 and G7061

are very AT-rich and PCR efficiency is poor for AT-rich sequences. Repeated

attempts to PCR the entire promoter region have failed. Therefore, we have divided

the promoter regions of G9353 and G7061 into three smaller overlapping regions
for PCR. So far, for both promoter regions of G9353 and G7061, two of the three
fragments have been successfully cloned. After isolation and sequence verification,
these three fragments will be put back together by overlap extension PCR to
recreate the whole promoter region. The promoter of G8946 has been cloned
upstream of a GFP reporter gene in a transformation ready vector and called
pBG8946minG (Figure 3).

Transient functional assays of the promoter-GFP fusions

The plasmid pBG8946minG has been transformed into A. tumefaciens strain
GV2260 and infiltrated using a needless syringe into both healthy and Xf-infected
grape (Thompson seedless) leaves. After five days the leaves were imaged with a
confocal microscope. We find that GFP fluorescence can be detected in
Agrobacterium-infiltrated leaves of Xf-infected plants but not healthy plants (Figure
4).

Produce stable transgenic grape plants

The plasmid pBG8946minG has also been transformed into A. tumefaciens
strain LBA4404 and is currently being used by the UCD Transformation Facility
to create transgenic Thompson seedless plants.

CONCLUSIONS

In addition to their utility for engineering PD resistance in grape, the advent of
Xf-induced reporter gene expression would provide an extremely powerful tool
to examine other host responses in their intact cellular and tissue context. With
such tools, it should be possible to examine the chemical and/or physical cues
from the insect or pathogen that trigger host gene expression and the deleterious
effect of the disease. Moreover, the recent development of Xf-GFP strains by
Dr. Steven Lindow at UC Berkeley offers the possibility of dual labeling to
simultaneously monitor pathogen spatial distribution and host gene expression.
Such dual labeling experiments are made possible by the availability of multiple
forms of GFP protein engineered to fluoresce with distinct spectral
characteristics. It is conceivable, for example, that host genes might be induced
specifically in live cells, adjacent to sites of pathogen colonization of xylem
elements, and this technology would provide the means to test such hypotheses.

FUNDING AGENCIES

Funding for this project was provided by the CDFA Pierce’s Disease and
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Figure 3. Map of binary vector
pBG8946minG. This vector
uses the grape promoter G8946
to drive expression of a GFP
gene. In Agrobacterium this
vector will transfer DNA into
grape cells.

Figure 4. Agrobacterium-mediated
transient gene expression in grape
leaves. Agrobacterium tumefaciens
GV2260 containing pBG8946minG
(panels C and D) or a control plasmid,
pCB5minG, using the CaMV 35S
promoter (panels A and B) were
infiltrated into Thompson seedless
healthy (panels A and C) and Xf-
infected (panels B and D) leaves.
After 5 days, confocal microscopy was
used to detect GFP expression. In
these micrographs, green is GFP
expression; blue is chlorophyll auto-
fluorescence; and red is polyphenolics
accumulation. Arrows show
individual cells expressing GFP.
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ABSTRACT

Our overall objective is to identify genes from cDNA libraries of either grape or heterologous plants that, when up regulated
in grape, will disrupt infection, spread or symptom development by the xylem-limited bacteria, Xylella fastidiosa (Xf).
Hence, we are interested in the effect of the genetic disruption of Pierce’s disease (PD) symptoms on the movement or
establishment of the bacterium in the xylem of susceptible grape plants. Recent published information from our laboratory
established that specific transgenes from homologous or heterologous hosts that block programmed cell death (PCD) during
plant disease development, can arrest both symptom development and microbial growth in planta in a range of plant-microbe
interactions. A functional screen was used to evaluate cDNA libraries of grape and tomato for genes that, when
overexpressed in tissues stimulated to undergo PCD, would block the death and therefore represent potential anti-PCD (anti-
disease symptom) genes. Collectively, more than 500,000 cDNAs were screened and 12 genes were cloned that when
overexpressed as transgenes in tomato or grape blocked PCD. Three of these genes when overexpressed as transgenes
blocked PCD triggered by a verified ceramide-derived inducer of plant PCD. One of these gene, designated as PR1A in
grape, was chosen for further direct characterization. This gene has high sequence homology to a gene family from humans,
nematodes, hookworms and several plant species, wherein its expression is correlated with situations in which PCD is
blocked in both animal and plant diseases. When overexpressed as a transgene in grape, the PCD sensitive grape tissues is
now insensitive to microbial inducers of PCD. We believe that examination of the molecular basis of cell death in pre-
symptomatic and symptomatic tissues, along with the immediate assessment of the effect of expressing anti-apoptotic
transgenes in PD infected tissues on the development of death-related symptoms in grape, will be very informative in the
short run in terms of PD biology and physiology. In a longer time frame these data will likely yield genetic strategies for
protection of grape against infection by Xf in years not decades.

INTRODUCTION

Published information from our laboratory confirms that specific transgenes from homologous or heterologous plants, that
block PCD during plant disease development (4), as well as chemical inhibitors of apoptotic proteases (3), can arrest both
symptom development and microbial growth in planta in a range of plant-microbe interactions (3, 4, 5). The conserved
genetically determined PCD process can be studied by biochemical, cytological and genetic techniques and can be
transgenically manipulated by techniques developed in our laboratory (3, 4). ). PCD is now well established as a key pathway
involving many gene products in numerous diseases of animals and plants. We further established that expression of the anti-
apoptotic p35 gene in transgenic grape tissue blocked cell death (PD) symptoms in Xf infected tissue. This demonstrates that
the anti-apototic genes to be recovered from the cDNA library screens have excellent potential to provide protection in grape
against PD. Based on previous results we tested the effect of the p35 transgene from baculovirus on viability of roots,
produced on Xf infected chardonnay and observed protection of the roots against death in the presence of Xf. This indicates a
role for PCD in PD and provides optimism that novel genetic determinants of resistance can be identified using this screen.
Given the strategies used it is likely the genes will function in grape by altering the effect of Xf infection in grape through
suppression of symptoms either directly on cell death or indirectly by modifying the behavior of the bacterial in the xylem. It
should be emphasized that the effect of anti-apoptotic transgenes on plants is not to induce so-called systemic acquired
resistance (SAR) as no markers of SAR are induced in the presence of anti-apoptotic genes such as the p35 gene (4). We
believe that the effect of expressing anti-apoptotic transgenes in PD infected tissues on the development of death-related
symptoms in grape will contribute significant information in terms of PD biology and physiology. In a longer time frame
these data will likely yield genetic or chemical-based signaling strategies for protection of grape against infection by Xf in
years not decades, perhaps similar to the effects we reported previously in tomato (4).

OBJECTIVES
1. Create grape transgenic plants over-expressing candidate anti-apoptotic plant genes obtained through cDNA library
screens.

2. Evaluate these specific anti-apoptotic plant genes in grape for effect on Xfand PD symptoms.
3. Apply signal molecule discovery tactics to elucidation of the molecular basis of susceptibility, focusing first on grape
PR1A.
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RESULTS
Creation of grape (Thompson seedless) transgenic plants over-expressing genes of interest

Although the construction of a : : - - -
grape cDNA libraries initially Table 1_. “Short list” of plant anti-apoptotic genes, derived from functional screen of
proved much more difficult than cDNA libraries, for transformation into grape

we had experienced in making o _
libraries from 4 other plant Construct _ Gene Originating organism
species, we have isolated a CBWG3 secretory leader of chitinase but not ORF Chardonnay

number of genes from screens of CBWGS glutathione-S-transferase Chardonnay
Chardonnay cDNA libraries as CBWG23  EST of grape, Arabidopsis, rice Chardonnay

well as tomato cDNA libraries CBWG29  Expressed ORF without significant match Chardonnay

that potentially regulate CBWG33 Expre_ssed_ORF without significant match Chardonnay
programmed cell death in plants | CBWGT71  cytokine-like Chardonnay

(Table 1). The inserts for all CBWG75  germin-like Chardonnay

libraries are cloned into the CBPRIA  PRIA _ Chardonnay

binary vector B5 for direct CBI35 intron p35 (anti-PCD control gene) baculovirus
transformation into the A. CBP14LD P14 leader (wild type) tomato

tumefaciens for generation of CB376 mycorrhizal induced tomato

transgenic grape plants by the CB456 nematode induced tomato

UCD plant transformation CBMT metallothionine tomato

facility. It is important to
emphasize that the screens were
not dependent on the presence or role of PCD in PD but will detect any gene that affects the integrity of the bacterium in the
infected tissue or the ability of the bacterium to elicit symptoms of PD, regardless of whether the step being affected is
strictly dependent on the induction of PCD.

Our goal is to rapidly identify resistance genes in grape genotypes that block any one of several required steps in the infection
and spread of Xf in the xylem, steps which logically will include genetic factors regulating PCD induced by disease stress in
grape. We have begun to evaluate the effect of experimental transgenes both from tomato and from grape on grape tissue
bearing GFP-Xf in xylem elements with various cell death markers and GFP-marked bacteria. By using the GFP-tagged Xf,
this also is a direct functional assay for genes that block bacterial movement or accumulation in the xylem of newly
differentiated grape tissue (6).

Evaluate transgenic grape (cv. Freedom) plants over-expressing specific anti-apoptotic plant genes for effect on Xf
and PD symptoms

Last year, over-expressing transgenics of grape (Freedom) were created for several of these cDNAs. Although both
Chardonnay and Freedom transgenics were initiated only Freedom transgenics survived. Northern analysis confirmed the
over-expression of transgene MRNA in these Freedom lines (Figurel). Pathogenicity tests with any isolated disease-
disrupting cDNA will first involve a system using micro-propagated (MP) plants that are vegetative clones of sterile grape
plants in small plastic boxes that can be infected with Xf under sterile conditions. This ensures that these plants will have
uniform physiology without confounding by stress inductions as would likely occur in the field or greenhouse grown plants.
The MP plants show foliar symptoms typical of infected plants under field and greenhouse conditions.

Resistance of grape transgenics to PCD induction

Collectively, more than 500,000 cDNAs were screened and 12 genes were cloned that when

overexpressed as transgenes in tomato or grape blocked PCD. Three of these genes when

overexpressed as transgenes blocked PCD triggered by a verified ceramide-derived inducer of

plant PCD, FB1. One of these gene, designated as PR1A in grape, was chosen for further

direct characterization. This gene has high sequence homology to a gene family from

humans, nematodes, hookworms and several plant species, wherein its expression is Figure 1. Northern
correlated with situations in which PCD is blocked in both animal and plant diseases (Table analysis of transgenic
2). When overexpressed as a transgene in grape, the PCD sensitive grape tissues is now grape. RNA isolated
insensitive to microbial inducers of PCD. The use of PCD inducers other than Xf may allow from transgenic grape

a rapid analysis for anti-PCD activity of an over-expressed gene in grape. The fungal plants (Freedom) were
mycotoxin FB1 has previously been shown by our lab to trigger PCD in tomato and can be hybridized to a labeled
protected against by anti-PCD genes (4). We investigated the possibility that grape P14 probe. Lanes 1 thru
transgenics can also be assayed by FB1 insensitivity. Both Freedom and Thompson seedless 4 are P14 transgenics:

showed high sensitivity to FB1. The symptoms (Figure 2) included necrosis at the leaf lane 5 is a GFP
margins (at 250nM FB1)and leaf drop (at 1000nM FB1). Interestingly expression of the

transgenic.
tomato P14 gene in transgenic grape protects the grape from PCD induced by FB1. (Figure 3) g
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Table 2. PR1 family amino acid lineup displaying domains of high conservation

Figure 3. FB1 sensitivity
assay. The terminal four

Figure 2. Induction of nodes of a P14 transgenic
PCD in grape by (A) or a GFP transgenic (B)
sphlngan_lne analog grape shoot was pushed into
mycotoxin FB1, a growth media containing
widely used inducer of 250nM of the programmed
PCDinplantsand cell death inducing FB1.
animals. Left = 0, Right Photo was taken after 2
=250nm. months. Non transgenic plant

is killed while the plant

transgenic for the P14 gene is

protected and survives
CONCLUSIONS
The goal of this project is to identify novel genes from cDNA libraries of either grape or heterologous plants that, when
expressed in grape, will disrupt infection, spread or symptom development by Xf. From a functional screen of more than
500,000 cDNAs, a total of 12 genes were scored as capable of blocking PCD in both yeast surrogate system and a plant
disease-based system. Significantly we demonstrated that expression of the p35 gene and the PR1A gene, when up-regulated
in transgenic grape tissue blocked programmed cell death. Additional potential anti-PCD genes from the functional screen are
currently being transformed into whole grape plants (Thompson seedless) for further characterization. We believe that
examination of the molecular basis of cell death in symptomatic tissues will be very informative in the short run in terms of
PD biology and physiology. In a longer time frame these data will likely yield genetic or chemical strategies for protection of
grape against infection by Xf in years not decades.
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ABSTRACT

The primary objective of this research was to characterize the seasonal abundance, dispersal, and overwintering biology of
the glassy-winged sharpshooter (GWSS), a primary vector of Xylella fastidiosa (Xf). Moreover, to estimate the incidence of
Xf detected from GWSS collected in different perennial cultivated and non-cultivated plant species. Based on results of
seasonal plant utilization 2004-05, we conclude that host plant species significantly influences GWSS population biology.
GWSS adult, nymph, and egg mass densities varied among perennial, cultivated crop plant species and non-cultivated weed
species examined in this study. Perennial crop species examined included sweet cherry, navel orange, Spanish lemon, olive,
avocado, plum, and pomegranate. Dispersing populations of adult GWSS were highest in citrus (lemon and navel) and
pomegranate. Adult GWSS were also regularly collected from and observed feeding upon a wide range of non-crop weed
species within and surrounding orchard crops. Overwintering adult GWSS were regularly collected in relatively low
population densities on citrus (navel and lemon), pomegranate, avocado, plum, and non-crop annual weed species. Spatial
patterns of adult GWSS capture within survey orchards varied among perennial crop species. Random distributions of adult
GWSS were often observed in reproductive hosts including navel orange and Spanish lemon compared to population
aggregates observed in avocado and olive. The presence of Xf in a subsample of GWSS collected among different perennial
crops and on non-crop species was determined for collections in 2004 using PCR formats and the frequency of Xf detection in
populations of GWSS varied among season in 2004.

INTRODUCTION

The glassy-winged sharpshooter (GWSS, Homalodisca coagulata) was introduced into southern California around 1990 and
has continued to expand its range in the state (Varela et al. 2001). Populations of the GWSS are becoming widely distributed
and the insect will reportedly feed and oviposit on a wide range of perennial crop and ornamental plant species as well as
numerous non-crop wild plant species (Adlerz and Hopkins 1979, Daane and Johnson 2003, Groves and Chen, 2003).
Strains of Xylella fastidiosa (Xf) have a complex pathogenic relationship with a diverse host range including members of both
monocots and dicots (Pooler and Hartung 1995). In addition, the genetic relationships associated with the ability to cause
disease on a primary host and the ability to survive within reservoir hosts is not well understood (Hill and Purcell 1997,
Purcell and Saunders 1999). Knowledge of the genetic diversity of strains that comprise the population of Xf in the central
San Joaquin Valley (SJV) of California, especially as it relates to insect vectors, will help in devising effective strategies for
managing Pierce’s disease (PD), as well as other diseases caused by this bacterium. An accurate knowledge of GWSS host
utilization in the central SJV, where they acquire the pathogen, when they move into susceptible crops, and when they spread
the pathogen is critical to understanding and managing the spread of Xf diseases.

OBJECTIVES

1. ldentify and characterize the seasonal abundance of the primary vectors of Xf and seasonal patterns of insect dispersal.

2. Compare the incidence and genetic structure of Xf strains isolated from GWSS and other potential insect vector species
collected from perennial, cultivated and non-cultivated plant species.

RESULTS

Objective 1

Seasonal host utilization patterns and dispersal of GWSS within and among a variety of perennial crop plant species was
examined March 2003 to March 2005. Replicated experimental sites were located in GWSS-infested regions of Tulare
County, California. Temporal and spatial patterns of crop utilization were monitored within perennial crop species including
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citrus (navel orange and Spanish lemon), stonefruit (sweet cherry and plum), olive, pomegranate, and avocado at each of
three, replicate locations for each crop type. Non-crop weed vegetation was monitored throughout the season at three
experimental sites along with a single riparian habitat (Kaweah River). Throughout the sample interval, crops were sampled
weekly for GWSS lifestages using a combination of yellow sticky traps, beat sampling, and timed visual counts. Beat-net
counts, egg mass counts and visual inspections of all GWSS lifestages were used to estimate the seasonal patterns of host
utilization within the various crop and non-crop species.

‘ — OLemon ‘ —
O Navel
2003 2003 B Pomegranate 2003 —
H Non-crop weeds

W Olive |
B Avocado —
— | HECherry| —

2004 2004 OPlum 2004
B Grape

A H Pistachjo B C

0 2 4 6 8 10 0 2 4 6 8 0 2 4 6 8

Figure 1. Mean adult (A), nymph (B), and egg mass (C) densities of GWSS collected from perennial tree crop and
non-crop plant species in surveys conducted 2003 and 2004.

Results over both years of this study indicate that host plant species influences GWSS population biology. The greatest mean
number of adult GWSS was collected from citrus (navel

and lemon) and pomegranate (Figure 1). More nymphs 7000 A
were present in navel orange and pomegranate with fewer 6000 g
nymphs collected in olive, avocado, cherry, plum, and 5000 8
peach. Non-crop plant species upon which adult and 4000 e
nymphal GWSS were collected included red-root 3000 g
pigweed, prickly lettuce, annual sowthistle, little mallow, 2000 = :
lambsquarters, field bindweed, blue morning glory, curly 1000 7 I 7 3
dock, evening primrose, johnsongrass, and ground cherry. 0+
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The greatest mean number of GWSS egg masses were

collected from both citrus and pomegranate. 1500 B
1200

Seasonal dispersal of adult GWSS was monitored using 900

yellow sticky traps suspended 2 m above the ground at 600

each of 3 experimental locations for each crop sampled E

(Figure 2). Since March 2003, a total of 30,534 adult 300 § ﬁ § $ § 3 3

GWSS, 32 green sharpshooters (GSS, Draeculacephala ok - -

minerva), and an additional 351 unidentified leafhopper POM NAV LEM OLI PLU AVO CHE RIP GRA PIS

species were captured on yellow sticky cards. In both Figure 2. Total adult GWSS captured within

years, the number of dispersing GWSS varied among perennial tree crops surveyed in 2003 (A) and 2004

crops species surveyed. Spatial patterns of GWSS (B) on yellow sticky traps.

capture, represented by plots of semivariance over
distance, were dissimilar among crop species examined.
For example, spatial dependence in GWSS capture was
observed in pomegranate where the shape of the
semivariogram were best fit by linear models with non-zero slopes. In contrast linear models with zero slopes best fit
semivariance plots in navel orange in 2003. Specifically, partial variance in mean capture varied little among distances and
transects within GWSS-reproductive citrus hosts compared to pomegranate where aggregations were detected along crop
margins and mean capture rates declined with distance into fields away from citrus.

Throughout the winter periods (November-March) in 2003-04 and 2004-05, overwintering host utilization patterns of adult
GWSS were monitored among the previously listed species. Overwintering adult GWSS were sampled monthly through this
interval in perennial tree crops by beating/shaking all scaffolds over two, 80 ft* white, PVC tarps that flank both sides of the
tree stem and in non-crop weed species using sweep net collections described previously. Adult GWSS were collected
overwintering on citrus (lemon and navel), pomegranate, peach, plum, and avocado averaging 0.2, 0.4, 0.9, 0.02, 0.05, and
0.5 adult GWSSttree, respectively, over the four month sample interval, 2003-04. Mean populations of adult GWSS swept
from non-crop annual vegetation have averaged 1.1, 2.4, 0.9, and 0.3 adult GWSS/50-sweep sample over the same interval,
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respectively. Very few (N=68) adult GWSS were collected during the 2004-05 winter period among the species surveyed
presumably as a result of the GWSS area-wide control program administered in Spring, 2004

Objective 2

The presence of Xf in a subsample of vectors collected from different perennial crops and on non-crop species was completed
for collections obtained in 2004. The bacterium was detected in populations of green sharpshooter (GSS, Draeculacephala.
minerva), watercress leafhopper (Acinopterus angulatus), and GWSS. Among a total of 452 adult D. minerva subjected to
standard PCR detection with primers HL 5/6 (Francis et al. 2004), approximately 10% (N= 42) produced an amplicon size
(221 bp) in gels. Among 96 adult A. angulatus tested to date, approximately 6% (N=6) produced a similar amplicon size
indicative of infection by Xf. Among 731 adult GWSS tested in 2004, a similar amplicon was produced in 95 insects (13.0
%) collected among 7 perennial crop and non-crop habitats (Table 1). Averaging over plant species, the seasonal Xf detection
frequency varied among the crops reported in 2004 with the highest detection occurring among overwintered, adult GWSS.
Differences in Xf detection were not as apparent among the different plant species averaging over season ranging between

Table 1. Seasonal Xf detection summary among adult GWSS collected in different crop and
non-crop habitats of Tulare County, 2004.
Crop

Season AVO LEM NAV OLl PLU POM RIP TOTAL
Winter 13.8% 16.7% 11.1% 00% 63% 7.7% 0.0% 7.9%
(Jan-Mar)  (N=65) (N=78) (N=91) (N=23) (N=16) (N=33) (N=3) (N=309)
Spring 33.3% 30.2% 38.1% 42.9% 455% 325% 22.2% 35.0%
(Apr-Jun)  (N=42) (N=53) (N=25) (N=14) (N=22) (N=40) (N=9) (N=205)
Summer  0.0% 39% 56% 59% 385% 95% 0.0% 9.1%
(Jul-Sep)  (N=51) (N=66) (N=18) (N=17) (N=13) (N=21) (N=12) (N=198)
Winter 00% 00% 00% 0.0% 00% 0.0% 0.0% 0.0%
(Oct-Dec) (N=1) (N=2) (N=9) (N=0) (N=2) (N=5) (N=0) (N=19)
TOTAL 11.8% 12.7% 13.7% 12.2% 22.6% 12.4% 5.6% 13.0%

(N=159) (N=199) (N=143) (N=54) (N=53) (N=99) (N=24) (N=731)

5.6% — 22.6%. We are currently processing samples collected in 2003 from the same set of crops species and these results
will be compared to those obtained in 2004. The diversity of amplified Xf will further be assessed using SSR markers
deduced from the available genome sequences (Lin and Walker, 2004). Previous studies have demonstrated that these
protocols generate sufficient polymorphisms within Xf to enable grouping of genotypes. Strain specific primers will also be
used to investigate the pathotype profile of amplified products. Results from the 2004 season’s research indicate substantial
amounts of detectable Xf in GWSS populations, however further pathotype analyses are needed to differentiate the proportion
of PD versus non-PD strains detected in potentially infectious vectors (Table 1). Finally, attempts will also be made to
quantify Xf in selected insect vectors to identify the population dynamics of Xf within the vector populations. With recent
improvements in technology, PCR-based techniques appear increasingly promising for bacterial pathogen detection in GWSS
and other insect vector species. The bottleneck, however, lies in the preparation of inhibitor-free template DNA. We have
recently developed a simple, sample preparation procedure for PCR amplification of Xf DNA. Adult insect heads were
freeze-dried and used for PCR immediately. For PCR, the dried heads were pulverized and powder suspension used.
Appropriate dilutions of powder suspension further minimized the effect of possible DNA polymerase inhibition. This
recently developed PCR method will provide a more rapid and much less labor intensive platform for evaluating the
infectious nature of potential vector species bypassing the laborious steps of whole-DNA extraction.

CONCLUSIONS

Results obtained from our two year study have generated significant new information regarding the seasonal host utilization
patterns, dispersal, and overwintering biology of GWSS in the central SJV of California. This information will improve our
understanding of the epidemiology of Pierce’s disease and will also be useful in understanding the epidemiology of other
economically important diseases caused by Xf for which GWSS may become an important vector. This objective directly
addresses gaps in our present understanding that must be filled in order to develop comprehensive PD and GWSS
management strategies. This research has expanded on previous work by documenting important aspects of the population
biology of GWSS in the agricultural landscape of the central San Joaquin Valley of California. An improved knowledge of
the genetic diversity of strains that comprise the population of Xf detected from potentially infectious GWSS will further help
in devising effective strategies for managing Pierce’s disease, as well as other important diseases caused by this bacterium.
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ABSTRACT

The two California Pierce’s disease (PD) epidemics associated with population outbreaks of glassy-winged sharpshooter, at
Temecula in the mid 1990s and in Kern County peaking in 2002, differed dramatically in the number of vineyards lost and
the grapevine varieties affected. It is postulated that vine-to-vine (secondary spread) of infections occurred throughout all
vineyards in both areas but the survival and progression to disease of these infections differed between the two areas. In
Temecula, many of the resulting infections survived vine dormancy and progressed to chronic disease resulting in the loss of
half or more of the area’s vineyards of all varieties. In Kern County only some of the infections in only two varieties,
Redglobe and Crimson Seedless, survived vine dormancy and progressed to disease, and vineyards of all other varieties were
unaffected. A hypothetical explanation of this epidemiological pattern is presented and experiments are begun to test this
hypothesis. The benefit to grape growers in the southern San Joaquin Valley will be to provide reliable ways to reduce risk
of loss by PD epidemics.

INTRODUCTION

Following the appearance in the mid 1980s of the glassy-winged sharpshooter (GWSS) in California, there have been two
major epidemics of Pierce’s disease (PD) associated with large populations outbreaks of GWSS, first in Temecula in the mid
1990s, and second in the General Beale area of Kern County peaking in 2002. The patterns of PD incidence and vineyard
loss differed dramatically between these two epidemics. In Temecula, the site with the milder winter climate and shorter
dormant season, more than half of the region’s vineyards were lost, and most or all the varieties had substantial losses
resulting in removal of vineyards. In Kern County (which has a colder winter climate and longer dormant season), only a
small percentage of the vineyards were lost, and all of the lost vineyards were in only 2 of the 6 varieties in the area,
Redglobe and Crimson Seedless. The losses to vineyards of the other 4 varieties were very small, in most cases less than 1 in
10,000 vines. By contrast, all 12 of the Redglobe vineyards in the General Beale area were significantly damaged with from
2% to more than 50% of the vines lost (Hashim, et.al., 2003), and most of these vineyards were ultimately removed.

Grapevines acquire new Xylella fastidiosa (Xf) infections either by primary spread or secondary spread. Primary spread
occurs when vector insects acquire the bacterium from source plants outside the vineyard, then fly into the vineyard to infect
vines. Secondary spread occurs when vector insects acquire Xf from an infected vine in the vineyard and then spread the
infection to other vines, vine-to-vine spread. The risk associated with these two kinds of spread is different. The patterns of
spread associated with primary spread are linear, that is a typically small and relatively constant number of vines per year
become infected, and the accumulation of infected vines increases additively. The result is usually small but manageable
losses each year. The patterns of spread associated with secondary spread are typically logarithmic, and the accumulation of
infected vines increases as a multiple of the infected source vines that are present. The result can be the rapid loss of entire
vineyards within just a few years.

Secondary spread can not begin to occur until that time in the growing season when the bacterial cells in diseased vines have
multiplied and moved within the vine from the refuge site where they survived the dormant season, up into the new growth
where vector insects can feed and acquire them. Secondary spread of infection can then continue until the end of the growing
season. However infection does not equal disease. The phenomenon of over-winter curing of Xf infections is well
documented in most viticulture areas of California (Fiel et.al., 2003). Early season inoculations can result in infections that
survive the dormant season and progress to chronic disease and vine death. However later season infections do not become
sufficiently established to survive the dormant season, and the vines are free of infection the following year (Fiel et.al., 2003).
In most viticulture areas of California (Napa Valley, for example) secondary spread of infection regularly occurs, but it
cannot begin early enough in the season such that the infection can survive vine dormancy and progress to chronic PD. In
these areas secondary spread occurs but does not result in disease.
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Figure 1 Figure 2

Our hypothesis is that in the General Beale area secondary spread of infection occurred in all varieties, possibly infecting
large numbers of vines in every vineyard. The rate of Xf multiplication and movement varies within plant hosts (Hill and
Purcell, 1995), and presumably varies between grapevine varieties. In the most susceptible varieties, Redglobe and Crimson,
the rate of bacterial multiplication and spread was faster and the result was that the bacteria had a window of opportunity
sometime in mid season when secondary spread could progress to disease. Secondary spread infections could not occur
before this time window, and secondary spread infections after this time window did not survive vine dormancy. Thus in the
two susceptible varieties some, but not all, of the secondary infections progressed to chronic disease. In the resistant varieties
however, by the time secondary spread could begin, it was too late for the infections to become well enough established to
survive vine dormancy, and virtually all of those infections died out leaving the vines free of disease the following year. This
is illustrated in the two hypothetical figures below. The position and shape of the left hand curves in each of the figures,
labeled “Probability that Xf inoculation survives dormant season,” is affected by the rate of multiplication and movement of
the bacterium as influenced by the characteristics of the variety. The position and shape of the right hand curves in the
figures, labeled “Probability of Xf acquisition by GWSS,” is also affected by the varietal’s characteristic rate of multiplication
and movement of the bacterium. The position and shape of these curves can also be influenced by the severity of winter
climate and the length of the dormant season. A milder and shorter dormant season would move the curves for all varieties
toward each other, resulting in a greater probability of overlap and thus a greater probability of a window of opportunity
when secondary spread could result in chronic disease. A colder and longer dormant season would move the curves further
apart, thereby reducing overlap and reducing or eliminating the possibility of secondary spread. This would account for the
dramatic difference between the epidemiological patterns observed in the Temecula vs. the General Beale epidemics. In the
General Beale area most of the varieties would be “resistant” to secondary spread of PD, and thus the vineyards were not lost
to disease. Those same varieties, if grown in the Temecula area, would have a shift in their probability curves such that the
curves would overlap, the varieties would then be “susceptible” to secondary spread, and the vineyards would be lost.

Current research efforts on PD being funded by the viticulture industry and by government are directed toward finding a
solution to the threat of PD to viticulture in California, a cure if possible. While a cure is desirable, it is also likely to be a
long-term effort, expensive, and possibly impractical. The risk from PD, even in the presence of GWSS is not uniform
throughout the state because the epidemiology characteristics are different in various areas. If the epidemiological risk could
be reliably defined for each area and effective control measures devised and adopted to reduce or eliminate risk, the threat
could be reduced to economic unimportance. ldeally we could know enough specific epidemiology to provide the following
advice to growers in each area: “Your risk of loss from primary spread is X, and by adopting these control measures at cost
Y your risk can be reduced to Z. Furthermore your risk of loss from secondary spread is A, and by adopting these control
measures at cost B, your risk can be reduced to C.” This knowledge would satisfy the need of almost all California grape
growers.

This project addresses the risk of loss from secondary spread in the southern San Joaquin area, and should identify a window
of vulnerability when protections against secondary spread would be most effective. These experiments will provide actual
data to help convert the hypothetical curves proposed here, to real curves for susceptible and resistant varieties in the
southern San Joaquin Valley. If the timing and duration of the time window when susceptible varieties are vulnerable to
secondary spread is identified, then chemical protections, such as systemic insecticides, may reduce the risk during that
window of time to economic unimportance.

Based on historical experience the risk from primary spread appears to be negligible in Kern County and is confined to

localized pockets in Tulare and Fresno Counties (pers. com. W. Peacock, J. Hashim). Primary spread during the General
Beale GWSS/PD epidemic would have affected all the varieties, but there is no epidemiological evidence that this occurred
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(Hashim et.al., 2003). Areas of southern Kern County where GWSS has been present in low numbers for more than 5 years
have rates of new PD infections that are less than 1 vine in 10,000 in all varieties.

Ideally the same kind of experiments should be conducted in various regions of California. However there are both practical
and political impediments to conducting such experiments, and it is beyond the capacity of this laboratory to expand into
other areas. The magnitude of these experiments requires plots with several hundred mature grapevines that are being
cultivated as a commercial vineyard, and there are concerns about experimentally introducing PD into viticulture areas close
to commercial production. This project was delayed due to these concerns and was eventually located in a mature vineyard
in the Kerney Agricultural Field station near Parlier, California. Other similar safe and acceptable locations are yet to be
located in other major viticulture areas.

OBJECTIVES

The hypothesis regarding differences among varieties regarding susceptibility to secondary spread will be experimentally

tested by:

1. Determining the “Probability that Xf inoculation survives dormant season” curves for 4 different varieties, a resistant, a
susceptible, and three unknowns, and

2. Determining the “Probability of Xf acquisition by GWSS” curves for the same 4 varieties.

Objective one will involve needle inoculations of 20 to 35 vines at a time, of each variety, at twice a month intervals for 4
months beginning at the end of April. Systemic infections will be confirmed by ELISA testing of each vine during the year
that they are inoculated. The following year they will be tested to see whether the infections persisted over the dormant
season. Objective two will involve inoculating 50 vines of each variety early in the season, then testing the vines at various
time intervals the following year to determine when the bacterium appears in the new foliage such that GWSS could acquire
the bacterium by feeding on the foliage. The experiments for objective one have been done previously, but not with sample
sizes and frequencies that would allow the reliable depiction of bacterial survival curves. Objective two has not been done
before, nor has the combination of the two curves been done together to determine the possibility and timing of a potential
window of time when secondary spread would be possible.

RESULTS

The inoculation and monitoring experiments are being done at the University of California Kearney Research and Extension
Center at Parlier, California on a 3.2-acre plot that had 1260 mature (ca.10 year old) Thompson Seedless vines. On 180 of
these vines two grafts each of another variety (Selma Pete) were grafted 3 years ago on the mature Thompson roots. These
180 Selma Pete vines (now in their 4" season) and another 320 Thompson Seedless vines were needle-inoculated this year at
twice per month intervals beginning the end of April through the middle of August, 8 total inoculations. The vines inoculated
in May and June (4 inoculation times, 220 vines) have been tested so far, and 100% of the inoculations have resulted in Xf
infections that have multiplied and moved beyond the inoculation site. The remaining vines will be tested before the vines go
dormant this year.

The remaining 760 mature Thompson Seedless vines that were not involved in inoculation experiments this year were cut off
about 30 cm above the soil and grafted with Redglobe, Thompson Seedless, or Princess cuttings in early April of this year.
About 80% of these grafts were successful, and are therefore now near the end of their first year of growth. In three years
these vines will be ready for the same kind of experiments that are being conducted this year with the currently mature
Thompson’s and Selma Pete vines. It was unfortunate that a site could not be obtained this year with sufficient mature
Redglobe and Thompson vines to enable the experiments to be done now without waiting for three years, but the concerns of
the PD control programs in the southern San Joaquin Valley prevented obtaining such a site.

Each needle inoculation introduced a droplet with at least 10,000 viable Xf cells into the plant xylem. Each plant was needle
inoculated at two different sites, on shoots that were on different scaffolds or branches of the vine, and the inoculation sites
were flagged so that they could be found again. The inoculations were near the base of the shoots, about 3 internodes
(usually about 15 to 20 cm) from the mature wood. At each inoculation site both the stem and the closest petiole were
inoculated. The intent was to make the inoculations with many thousands more cells than a vector insect would transmit, and
at sites comparable to where a feeding GWSS might inoculate close to the old wood. The idea was to maximize the
probability that the needle inoculation would result in infections that might survive the dormant season. If this intensive
needle inoculation does not result in infections that survive the dormant season, then surely inoculations by GWSS would not
result in infections that survive.

CONCLUSIONS

These experiments have just begun. We have established that the inoculation protocol is at or close to 100% effective at
producing infections of Xf. There have been many speculative theories about why GWSS inoculations would be more likely
than traditional California vectors to produce Xf infections that survived vine dormancy and progressed to disease. These
experiments are even more likely than GWSS to produce infections that survive. If under these circumstances it is found that
secondary spread in resistant varieties in the southern San Joaquin cannot begin until after the time when the new infections
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can survive the dormant season (i.e. the curves do not overlap) then it could be asserted that the risk of secondary spread in
this region in resistant varieties with GWSS as a vector is not economically significant.
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ABSTRACT

Prior to this study, it was unknown what impact the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, had on
fruit yield, fruit size, and quality as well as tree vigor. The effects of the high feeding populations of GWSS on navel orange
peel nutrient status and metabolism have been consistent for the four years of the study. High GWSS feeding populations
significantly reduced peel Ca and Mg concentrations all years of the study: year 1 (P<0.05) and year 2 compared to the low
GWSS population (P<0.001). High GWSS feeding populations significantly disrupted N metabolism causing high peel
nitrate-N or total N in years 1 and 2, respectively (P<0.05). High GWSS feeding populations significantly increased peel
arginine and putrescine concentrations in four years of the study with the magnitude of the difference between the two
treatments greater in years 2 and 3 (P<0.05). High GWSS feeding populations resulted in a numerically higher concentration
of proline in year 1 and a significantly higher proline concentration in year 2 (P<0.05). Although GWSS feeding causes
changes in peel Ca, Mg and N status, high levels of feeding and the induced changes occur after maximum peel thickness
and, thus far, have not affected external fruit quality. The changes in metabolism induced by GWSS feeding are indicative of
tree stress. The increased magnitude and statistical significance of these metabolic changes over the first two years of high
GWSS feeding pressure is consistent with cumulative stress to the trees. High feeding pressure resulted in significant yield
losses in “Washington’ navel oranges.

INTRODUCTION

Prior to this study, it was unknown what impact the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, had on
fruit yield, fruit size, and quality as well as tree vigor. The goals of this project were to determine the usefulness of
management of GWSS to prevent yield loss, fruit size reduction, and degraded fruit quality. This information is paramount
before we can even begin to incorporate these into conventional IPM programs. First we have to know what impact GWSS
has on citrus, and second we need to know how to use the currently available materials against the GWSS in IPM programs
to prevent potential losses without disrupting citrus IPM programs. Prior to this study, efforts to manage GWSS in citrus
were primarily to suppress populations to limit the spread of Xylella fastidiosa in areawide management programs.

OBJECTIVES

This research was initiated to:

1. Address the impact of GWSS on fruit yield, and distribution of fruit size when GWSS are controlled compared to
untreated blocks of Valencia oranges, and ‘“Washington’ navel oranges;

2. Evaluate the effects of high GWSS populations have on fruit quality (sugar/acid ratios, peel thickness, sugar/acid ratio,
juice quality, peel texture and firmness, susceptibility to post-harvest disorders) in Valencia and Navel oranges;

3. Evaluate the effects of large GWSS populations have on water stress, nutrient loss (Ca etc.), metabolite loss (amino
acids, xylem translocated PGRs) due to xylem feeding and fruit drop and fruit quality, and fruit drop;

4. Determine if Admire enhances fruit size, tree health and vigor in the absence of GWSS.
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RESULTS AND DISCUSSION

Objectives 1 and 2

The Navel orange experiment was initiated on August 21, 2001 for ‘Washington’ Navel oranges. A site was established in
Mentone with a completely random design with five replications with high and low GWSS populations. Each population
level has three rows of 43 trees (two guard rows and one central harvest row). The low populations (as close to ‘0’ as
possible) were established by applying 32 oz. of Admire 2F via drip irrigation on August 21, 2001, April 7, 2002, and May 6,
2003. Insects were monitored weekly by trapping, and visually counting adults, nymphs and egg masses. Efforts to establish
differential populations were successful. On July 3, 2003, visual searches revealed 139.6 adults/3 minute search/tree (+ 3.7
SEM) in the high population trees verses 3.0/3 minute search/tree (x 0.5 SEM) in the low population trees (Figure 1). The
adult peak for 2002 occurred on June 25 with 104.6 GWSS/3 minute count (+ 6.5 SEM). The high and low population trees
had 2.7 (+ 0.6 SEM) and 0.9 (x 0.2 SEM) egg masses/25 leaf turns respectively. One tree from a guard row was tented and
fumigated for absolute counts on August 27, 2002. The absolute counts ranged from 1,149-4,999 GWSS/tree in the high
population trees and 10-21 GWSS/tree in the low population trees.

The data from the four seasons of this study indicate that chronic high feeding of GWSS on orange reduces overall yield and
size distribution. At the beginning of the study, two population levels were established in a “Washington’ navel orange
grove. The low population level had essentially 0 GWSS/tree and the high population level trees had more than 1,100
GWSS/tree during July, August, and September of 2001, 2002, and 2003. At the beginning of this study, there were no
differences in the mean number of cartons packed by total yield or size distributions (Hix et al. 2002). However, as the
influences of chronic high GWSS feeding were removed, differences were detected (Hix et al. 2003, 2004a, and 2004b). For
unknown reasons, the populations at the Mentone grove began to decline during the summer of 2004 and the trend continued
during the summer of 2005. A neighbor treated a 35-acre grove across the street in June 2004. The counts peaked on August
12, 2004 with the high population trees at 38.7 (+ 8.7 SEM) adult GWSS per three minute count compared to 1.1 (£ 0.82) in
the treated trees. The counts peaked on August 12, 2005 with the high population trees at 2.4 (+ 0.7 SEM) adult GWSS per
three minute count compared to 0.7 (+ 0.22) in the treated trees. As a result, the January 2005 harvest essentially became a
“tree recovery” evaluation. The yield seemed to recover because the separation in the mean yield was not as significant in
January 2005 as in previous harvests (Figure 2).

Navel oranges were harvested from 37 trees within the harvest rows January 21, 2005 and sent to the California Citrus
Packing House in Riverside for packout and evaluation. Two cartons from two sizes (88 and 113) and two grades (Choice &
Export) from each replication (total of 96 cartons) were selected. Trans-Pacific shipment was simulated by storing the 96
cartons from at the packinghouse for 21 days at 37° F after which time the fruit was sent to Kearney Agricultural Center
(KAC) for storage at 68° F for four days followed by 55° F for five days. For post-harvest evaluation at harvest, initial
measurements of general appearance, pitting, puff and crease, peel firmness, thickness, color, TA, TSS, and % juice were
taken from a 20 fruit sub-sample. Fruit was evaluated for general appearance, rind pitting, and decay following simulated
shipment.

Objective 3

The results provide significant evidence that (1) the peel nutrient status of navel and oranges is reduced in a manner related to
GWSS population density and (2) peel metabolite concentrations indicative of stress also change in a manner related to
GWSS population density.

The peel nutrient status of navel orange fruit collected from the high and low GWSS treatments at Mentone during a period
of low population density in July 2002 were not significantly different. At this site the GWSS population density increased
on approximately Aug 8 and remained high through the end of August-early September. Peels from navel oranges collected
at the time of intensive GWSS feeding on shoots in the high GWSS treatment had significantly lower concentrations of the
Ca, Mg and NOj; than peels of fruit collected from the low GWSS treatment. The results are consistent with reports in the
literature that high concentrations of Ca and Mg are found in GWSS excretions. In addition, peel samples of fruit collected
from trees with high populations of GWSS tended to have a 10% and 12% less Mn and Mo, respectively. However, these
differences were not statistically significant. For fruit samples collected from the high GWSS treatment on August 11, 2002
just three days after the GWSS populations began to increase, the two contrasting population densities had no significant
effect on peel arginine concentration. However, for navel orange fruit collected during the period of high GWSS populations
(August 20, 2002), peel arginine concentration was significantly greater for fruit from the high GWSS treatment than the low
GWSS treatment. It is worth noting that arginine tends to accumulate in parallel with the build up of the GWSS population
over time. Elevated arginine concentrations are indicative of biotic and abiotic stress conditions. The accumulation of
arginine in navel orange peels in response to increasing GWSS population density also paralleled the increase in peel
putrescine concentration. Arginine is the immediate precursor for the biosynthesis of putrescine, which is also known to
accumulate under stress conditions. Depending on the regulation found in different plant species, concentrations of
spermidine increase, decrease or remain the same during stress. Spermine, which is typically found in lower concentrations
than putrescine and spermidine, is usually unaffected by stress. These results strongly suggest that high population of GWSS
cause significant stress. Proline concentrations decrease under stress when carbohydrates become limiting. Whereas peel
proline concentrations tended to be lower for fruit collected from the high GWSS treatment, there was no significant
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difference in peel proline concentration between the two GWSS population densities. For both GWSS populations, the
proline concentration decreased with time.

The effects of the high feeding populations of GWSS on navel orange peel nutrient status and metabolism have been
consistent for the four years of the study. High GWSS feeding populations significantly reduced peel Ca and Mg
concentrations all years of the study: year 1 (P<0.05) and year 2 compared to the low GWSS population (control trees
treated with Admire) (P<0.001). High GWSS feeding populations significantly disrupted N metabolism causing high peel
nitrate-N or total N in years 1 and 2, respectively (P<0.05). (Note that nitrate-N concentration is lower than that of total N
and easier to perturb.) High GWSS feeding populations significantly increased peel arginine and putrescine concentrations in
four years of the study with the magnitude of the difference between the two treatments greater in year 2 and 3 (P<0.05).
High GWSS feeding populations resulted in a numerically higher concentration of proline in year 1 and a significantly higher
proline concentration in year 2 (P<0.05). In year 1, the yield of the 24 data trees in the high GWSS feeding population
treatment has numerically lower than the yield of the 24 control trees treated with Admire (low GWSS feeding population).

In year 2, the yield reduction caused by the high GWSS feeding population was approximately 50% and significant (P<0.05).
The effect of GWSS feeding appears to be cumulative over the first three years of the study as the magnitude of the changes
tended to increase in magnitude and significance from year 1 to year 2 and year 2 to year 3. Although GWSS feeding causes
changes in peel Ca, Mg and N status, high levels of feeding and the induced changes occur after maximum peel thickness
and, thus far, have not affected external fruit quality. The changes in metabolism induced by GWSS feeding are indicative of
tree stress. The increased magnitude and statistical significance of these metabolic changes over the two years of high GWSS
feeding pressure is consistent with cumulative stress to the trees.

Yield (kg/tree) for the individual navel orange trees sampled for fruit peel analyses was similar to the whole row harvest
(37trees/row) data obtained at Mentone. Trees in the high GWSS populations tended to have fewer commercially valuable
large size fruit as some function of yield (Figures 1 and 2).
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Figure 1. Mean number of cartons packed fresh (choice and export) between the high and low GWSS populations for the 21
Jan 2005 Navels. Low population (virtually 0 GWSS) trees were treated on April 7, 2002, May 1, 2003, and May 5, 2004. 5
reps (Each rep = 37 trees) + SEM.
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Total Orange Yield by Year
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Figure 2. The low population trees produced more gross weight (pounds) of navels than the high population
trees. N =5+ SEM. 1 replication = 37 trees.
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ABSTRACT

INTRODUCTION

For several years we have been studying the development of Pierce’s disease (PD) in grapevines. Our studies have been
guided by a model of PD development that was proposed with our initial application for funding. The Model proposed
several “steps” in disease development following introduction of the PD causal agent, the bacterium Xylella fastidiosa (Xf):

Xf introduction to vessels =>vessel cavitation =>initial water deficit => Xf population increase =>
production of enzymes by Xf =>cell wall digestion => oligosaccharide signals => ethylene synthesis rise =>
a "wave" of vessel occlusion beyond the infection site => collapse of vine water transport =>
leaf abscission => vine death

Although some aspects of the model are still being tested (the current project), our hypotheses have proven to be quite
accurate. We have shown that xylem vessel obstruction (tyloses, plant cell wall component-derived gels, and, perhaps,
bacterial extracellular polysaccharides) and consequent reductions in stem water transport capacity are early consequences of
infection with Xf, before bacterial populations are substantial and have spread far from the inoculation point. We have shown
that ethylene treatment of vines also triggers vessel obstruction development and reduced water movement and that ethylene
emanation from vines may increase following infection. We have also developed data for xylem vessel length distributions
in grapevines and shown that Xf must pass through vessel pit membranes if the bacterial population is to develop
systemically, thus suggesting that digestion of cell wall polymers in the pit membranes is likely to be important to disease
spread. These findings are reported in several reports at the annual PD Symposium (Labavitch et al., 2001, 2002; Labavitch
and Matthews, 2003) and, more recently, at disciplinary scientific society meetings (Perez et al., 2004; Roper et al., 2004)
and in referred reports (Stevenson et al., 2004).

This research has drawn together an assortment of UC Davis (UCD) researchers, each bringing a different disciplinary
research orientation to the study. In addition, through regular discussions at UCD and with other researchers who have
become colleagues as a result of meetings at the annual PD Symposia, we have begun to see how important connections can
be made between our studies and those of other PD researchers. In this progress report, we discuss the successes we have had
in filling the gap in the portion of the model that proposes the links:

Xf population increase => production of enzymes by Xf => cell wall digestion =>
oligosaccharide signals => ethylene synthesis rise
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These successes include the demonstration that the putative Xf polygalacturonase (PG) gene actually encodes a PG and the
fact that this PG contributes to symptom development in inoculated grapevines. We also discuss work designed to determine
whether xylem vessels become non-functional when the glassy-winged sharpshooter (GWSS) feeds. Our project also
attempts to link the grapevine PD-related gene expression studies of Doug Cook et al. (UCD Plant Pathology) with the
developmental, biochemical and physiological characterization of PD development that is part of our continuing work. That
effort will be discussed briefly.

OBJECTIVES

1. Complete testing of our model of PD development in grapevines.

2. Determine whether GWSS feeding on grapevines is accompanied by xylem vessel cavitation.

3. Determine whether the grapevine “regulators” that we have identified as important to development of PD affect the
expression of grapevine genes that have been shown to be important markers of Xf presence/PD infection.

RESULTS

Objective 1. Complete testing of our model of PD development in grapevines.

Efforts in this research year have examined three aspects of the model not previously tested. The first is the idea that cell
wall breakdown caused by the action of bacterial enzymes like the pectin-degrading enzyme PG that was putatively encoded
by an identified Xf open reading frame did, in fact, encode a PG that was important in PD development. The second is
related to work designed to show whether Xf wall-digesting enzymes are present in the xylem of infected vines. The third
pertains to descriptions of the porosity of the pit membranes that separate one vessel from its neighbors.

Does the Xf “PG” gene encode PG and what role does the gene product play in infection?

The progress report for one of our companion proposals (Pls Labavitch, Backus and Morgan) provides a detailed description

of the experiments and data that are relevant to this topic. In short:

1. The PG sequence was cloned and then expressed in transgenic E. coli. Protein was isolated from the transformed E. coli
and shown to have PG activity. Because we want to use the isolated Xf PG in tests of its effects on grapevine xylem
integrity and we have been able to isolate only a small amount of the PG thus far, we will continue to work to obtain
more of the enzyme.

2. The PG gene of Xf was functionally knocked out by insertion of an interrupting DNA sequence in it. The resulting PG-
minus Xf bacteria were still viable, both in vitro and in grapevines, but they were not able to induce PD symptoms when
inoculated into vines. This provides important proof that some process involving PG action that occurs in grapevines is
crucial for PD development! We will continue to work to determine what the PG is doing.

The data suggesting that Xf PG plays an important role in disease development is consistent with the report of our PD
research colleagues (Aguero et al., 2005) showing that the expression in V. vinifera of the pear fruit PG-inhibiting protein (a
gene cloned in our labs several years ago) leads to decreased PD symptom development in inoculated vines.

Are Xf cell wall-digesting enzymes found in the vessels of infected vines?

At the 2003 PD Symposium, we reported on the efforts of Ph.D. candidate Caroline Roper which led to the cloning of one of
the putative Xf endo-B-1,4-glucanase (BGase)-encoding genes, expression of that sequence in transgenic E. coli, and
demonstration that the expressed gene did code for a BGase activity (Labavitch and Matthews, 2003). We are interested in
factors that may open the cell wall meshwork of pit membranes to permit passage of Xf in diseased vines. However, as with
the PG discussed above, we do not know the role (if any) of the BGase in grapevine xylem. This question is being addressed
in this year’s work from the biochemical and anatomical perspectives. However, an important adjunct to those direct tests of
in vivo enzyme function would be the demonstration that the proteins are present in infected vines. We have developed some
of the immuno-histochemical tools and expertise needed to address this important question.

Antibodies were generated to recombinant Xf PG and BGase. The open reading frames encoding these enzymes were cloned,
over-expressed in E. coli and then purified by nickel column chromatography. The purified recombinant proteins were
separately injected into rabbits to generate antibodies. The resulting antisera were tested by ELISA against the respective
purified Xf BGase or PG to confirm the rabbits’ production of anti-BGase or anti-PG antibodies.

Western blots using the anti-BGase antibodies as a probe detected the production of BGase by cultured Xf cells. This is the
first demonstration that Xf makes a BGase in culture. Western blots using the anti-PG antibodies as a probe did not detect the
production of PG by cultured Xf. We infer from our results with the PG-knockout Xf line (above) that PG is made in
grapevines when infective Xf (i.e., the wild-type “Fetzer” strain) are growing in vines. Thus we conclude that factors present
in the vine, but not in culture, are required for induction of the expression of the Xf PG gene. Experiments are currently
underway to use both of these antibodies to test for the presence of the Xf wall polysaccharide-degrading enzymes in the
tissues of infected vines. In order to optimize this line of investigation, Caroline Roper participated in an immuno-
histochemistry techniques course at Woods Hole Oceanographic Institute in late Fall, 2004.
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Does Xf presence in grapevines affect pit membrane porosity?

In previous reports, we have described tests that indicate the porosity (i.e., the space between the polysaccharides) of vessel
pit membranes is between 5 and 29 nm, much too small to permit passage of Xf. We have refined those tests by using
colloidal gold particles having diameters of 5 and 20 nm. While the particles are very difficult to see under the microscope,
their presence can be readily detected chemically by reacting samples containing the particles with Sigma Chemical
Company’s “silver enhancer”. A segment of grapevine stem is fitted into a tube attached to a valve device that permits
introduction of a small volume of water containing colloidal gold particles to the stem while maintaining pressure on a water
line that drives water through the vessels of the segment. Introduction of food coloring, whose movement through the stem is
not impeded by pit membranes; to the system and collection of the water + dye exiting the stem at the distal end indicates that
the volume of water needed to move from one end of a 50 cm stem segment is less than 200 ul. Colloidal gold particles with
a 5 nm can move through healthy stem segments, particles of 20 nm diameter cannot (Figure 1). However, when we used a
vine that was showing the initial visible symptoms of PD at its base (i.e., its older internodes) and tested the movement of
colloidal gold particles through a stem segment cut from the younger portion of the stem that had not yet begun to show PD
symptoms, particles of 20 nm diameter moved through the xylem and were collected at the distal end. These results suggest
that decreased pit membrane polymer integrity, hence increased pit membrane porosity, occurs in healthy-appearing stems on
infected vines. This suggests that pit membranes are being opened up in infected vines, perhaps to permit the systemic
movement of Xf.

Figure 1. The photo on the left shows the valve system that permits the introduction of a
small volume of colloidal gold particle-containing water to a pressurized stream that
moves water, particles, and, if added, food coloring through grapevine stem segments.

The segment is at the lower right in the picture. The photo on the right shows a series of
test tubes, each containing 100mL of the water (+ gold particles) flushed from the distal
end of the segment shown in the left-hand photo. The first 4 tubes from the left in the tube
rack show no color. The emergence of gold particles, beginning with tube 5 from the left,
is revealed by the addition of silver enhancer which gives a colored reaction product in the
presence of gold.

A pulse (2 mL) of two pure cell wall-degrading enzymes, a B-1,4-glucanase (EGase) extracted from Xf, and a recombinant
polyglacturonase (PG) from A. niger, have been flushed through stems using the same device described in Figure 1. The
combination of EGase + PG, but not the use of either, alone, allowed the passage of the 20 nm gold particles, indicating that
these enzymes in conjunction were able to increase the size of the pit membrane pores (Figure 2) and the water flow rate
through the stem (Figure 3). Also, the analysis of serial fractions collected at the end of the stem has revealed the presence of
polysaccharides containing uronic acid in the eluding fluid after the enzymes were added. This is further evidence supporting
the possibility that Xf uses cell wall-degrading enzymes to cross the intervessel pit membranes and to move systemically in
grapevine shoots.
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Figure 2. After a pulse of pure PG+EGase, the 20 nm gold
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CDTA is a chelating agent that can release charged uronides (pectins) from the pit membranes. When CDTA was introduced
into the stems it also allowed the passage of the 20 nm gold particles. This is a confirmation that pectins are involved in
regulating the size of the pit membrane pores. Thus the “putative” pectinase activity described for Xf could indeed result in
an increase of the porosity size. On the other hand, after oligogalacturonides (G12) or polygalacturonic acid (PGA) were
introduced into grapevine stems they partially or completely stopped the water flow (Figure 4). The possibility that pectic
materials may participate in the occlusion of vessels of Xf-infected vines is being currently assessed.

100 16 Figure 4. The addition of G12 reduced greatly the flow
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" 114 1 - the flow about half an hour after its addition. G12
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As our tests of the ability of 5 and 20nm beads to pass through stem segments continued into the summer months (2005) we
noted a transition in the apparent porosity of pit membranes. Beginning in mid-July we noted a substantially increased stem
water conductivity (tested as shown in the “flow rate” studies described by Figure 4) and the ability of both 5 and 20 nm
particles to pass the length of the stem, with no prior enzyme treatments required. Work by Eleanor Thorne in a Rost and
Matthews project showed that bacteria were able to travel from stem segment explants a relatively long distance, including
passage through petioles and into 2° and 3° leaf veins. It is not clear exactly when in the season these studies were done.
Thus it becomes important to determine if seasonal changes in pit membrane porosity, perhaps reflecting a change in the pit
membrane porosity of more recently developed vessels, is a factor contributing to a (perhaps) “seasonal” change in the ability
of Xf to move systemically through a grapevine. Although we are at the end of this season, we are hoping to determine if this
apparent “opening” of pit membrane pores is sufficient to permit passage of bacteria without enzyme *“assistance.” This is a
question that requires further study.

Objective 2. To determine whether GWSS feeding on grapevines is accompanied by xylem vessel cavitation.

This Objective will be addressed by a combination of researchers (details in the second-year proposal submitted) who will
combine expertise in monitoring of the electrical signals produced by sharpshooters as they feed on grapevine xylem (Backus
and colleagues), and characterizing the water-moving capacity of xylem vessels (Shackel, Matthews and Labavitch). Our
timein the first year was spent primarily in establishing the techniques and infrastructure required to bring an assortment of
techniques together.

Progress was made this year in developing the research infrastructure and protocols needed for the insect portion of the
cavitation project. However, this proved to be more challenging than was foreseen at the time the proposal was written. Co-
P1 Backus’s lab renovation in Parlier was delayed due to unforeseen problems acquiring building materials. The lab became
fully functional in August 2004, whereupon work began immediately to perfect EPG protocols with the smoke tree
sharpshooter (STSS), Homalodisca liturata. These protocols were successfully developed.

At the UC Davis end, Ph.D. candidate Alonso Pérez has developed the MRI techniques that will be used to determine
whether vessels that the insect has been feeding become air-filled (i.e., cavitated) following the end of feeding (see the
progress report for Shackel and Labavitch). Alonso Pérez also attended Dr. Backus” EPG Workshop at the State University
of California, Fresno in July, 2005. At the workshop he was trained specifically in the recording and analysis of STSS
probing waveforms. We have been also tuning and testing a device for monitoring the acoustic emissions produced at the
time of a vessel cavitation. Now that the acoustic monitoring instrumentation is ready for our use and tested, we will
combine its use with Backus’ EPG techniques and Pérez’ MRI approaches to obtain the answer to the question about feeding-
related vessel cavitation. The first attempts at these experiments are scheduled for October, 2005. The information we obtain
should be of substantial value for understanding how GWSS transmission to grapevines occurs.

Objective 3.: To determine whether the grapevine “regulators” that we have identified as important to development
of PD affect the expression of grapevine genes that have been shown to be important markers of Xf presence/PD
infection.

As discussed in this and previous PD research reports, we have now developed a substantial data set describing events in the
development of PD in grapevines. We will work in the coming year to focus on two important PD development steps
proposed by the model, but not yet fully tested. These relate to the potential roles of the plant hormone ethylene and
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oligosaccharides digested from grapevine cell walls in influencing the spread of the Xf population in vines or the vine’s
response to Xf presence. We have obtained the supplies needed to follow expression of the set of 4 grapevine genes that are
expressed relatively early following Xf introduction into vines (Cook et al., 2003). The testing of the timing of expression
will be based on real-time PCR of these 4 genes in relation to the appearance of early PD symptoms, most specifically the
growth and spread of Xf in the weeks early after inoculation and development of vascular system occlusions as followed by
MRI.

CONCLUSIONS

Our demonstration that the Xf PG gene actually encodes a pectin-degrading enzyme is important. Adding to that importance
is our observation that Xf that lacks a functional PG gene is unable to induce PD symptoms in grapevines places Xf cell wall
degradation capacity in a key position in PD development, consistent with the suggestion of the model that has served as the
central thread of our research. However, we have not actually shown that the PG or, for that matter, the Xf BGase actively
digests grapevine pit membrane-localized polysaccharides. That will be a focus of our studies in the coming year. In fact,
Alonso Perez has recently been developing the histochemical analytical skills needed to answer some of these questions.
Interaction with the projects of Tom Rost and Mark Matthews will add additional power to the analysis.

Our group of cooperating PD researchers feels that the best way to effectively deal with the threat caused by the disease is to
fully understand its development in grapevines. It is our view that a full understanding of the interaction of GWSS, Xf and
Vitis vinifera should identify aspects of disease development that can be targeted by control measures that can be exploited
using genetic approaches or new field management practices. We feel that the identification of a key role for Xf PG in PD
development reported here and in a companion progress report may provide a useful target toward which PD control
measures could be directed. Should work to determine the extent to which grapevine ethylene production is a response to
infection confirm our model’s prediction, we will have another valuable marker of PD development as well as another
potential target to exploit in terms of interrupting the systemic spread of Xf.
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ABSTRACT

Grapevine genotypes differ in their susceptibility/tolerance to Pierce’s disease (PD). This may be related to the concentration
and presence or absence of chemical compounds in the xylem sap and/or due to anatomical features of the xylem. Here we
report on a three-pronged comparative approach investigating various grapevine species ranging in PD tolerance. Results
from in vitro xylem sap assays indicate a broad range of Xylella fastidiosa (Xf) growth responses in both planktonic growth
and biofilm formation. Investigations into Xf population dynamics in the stem tissues of greenhouse grown plants, confirm
large differences in the size of Xf populations between susceptible and tolerant genotypes. Microscopic investigations into
xylem vessel occlusions document the differences in occlusion percentages as well as the kinds of occlusions prevalent
among four different Vitis genotypes.

INTRODUCTION

Experimental, as well as anecdotal, information indicate a considerable range in tolerance to PD among grapevine genotypes.
It appears that a number of Vitis as well as Muscadinia species evolved mechanisms allowing them to tolerate infection by
Xf. More precisely, while it is often thought that many wild genotypes evolved tolerance mechanisms, it is also possible that
it is the induction of a deleterious response by V. vinifera genotypes that renders them more susceptible than a number of
other genotypes which may not respond to a challenge by Xf. Understanding of the causes of the mechanisms responsible for
differential sensitivity is a critical component of crop improvement. The rich diversity of grapevine genotypes tolerant to PD
can and is being utilized to serve as a source for PD resistance for breeders. While PD resistant species have been identified
(Mortensen et al., 1977; Kirvanek and Walker, 2004), the mechanisms of resistance have not been identified. Breeding of
resistant genotypes is likely the most sustainable means of combating PD. In order to generate highly PD tolerant grape
cultivars, knowledge of the kind and function of resistance mechanisms is paramount. This research was initiated to
investigate host-pathogen interactions and to screen for mechanisms of PD resistance in a range of Vitis species. It appears
that multiple mechanisms of PD resistance mechanisms are present in wild genotypes and/or genotypes utilized in the
southeastern USA. Xfis xylem limited and appears to kill vines by inducing or creating vessel blockage leading to disease
(Goodwin et al 1988a, 1988b) and may also involve the production of toxins (Lu et al., 2004; Matthews et al., 2004). While
the importance of the physical and/or the chemical environment in the xylem is unclear, xylem-related factors are
undoubtedly involved in host-pathogen interactions and the mechanisms of host tolerance. Therefore, this project focuses on:
1) host-pathogen interactions using comparative analyses of Xf population dynamics among a group of grapevine genotypes;
2) examination of xylem anatomical factors using microscopic approaches; and 3) investigation of xylem sap chemistry by
employing bioassays that will be followed by analytical approaches.

OBJECTIVES

1. Determine the effect of xylem sap collected from various grape genotypes with differential sensitivity to PD on Xf
colony number and biofilm formation.

2. Evaluate Xf population dynamics in 20 grape genotypes.

3. Examine xylem structure of selected grape genotypes using SEM.

RESULTS

Objective 1

Xylem sap extracted from 14 grape genotypes was used in a bioassay to determine if there are differences in Xf growth
characteristics associated with xylem sap source (Figures 1 and 2). The sap extracted from the field-grown plants was filter
sterilized and inoculated with Xf (“Stags Leap’) and incubated at 28°C. The number of colony forming units was evaluated
using plating and biofilm formation was assessed by the crystal violet method. CFU counts and biofilm formation are
summarized in Figures 1 and 2. A large range in terms of Xf growth and biofilm formation was found in response to xylem
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sap from different grape genotypes. Both, planktonic growth and biofilm formation were influenced by the source of xylem
sap. Xylem sap from some genotypes like 8909-17 (V. rupestris x V. arizonica) and 9621-67 (V. rupestris X V. arizonica)
suppressed Xf growth very strongly, while Xf flourished in sap from various genotypes including V. rufotomentosa, V.
nesbitiana, and V. tiliifolia. The differences in Xf growth characteristics indicate that xylem sap composition is genotype
specific and that there are xylem sap compositional aspects that strongly influence Xf growth. However, it is still not clear if
the differences are due to the presence of inhibitory and/or the absence of growth promoting compounds.

Objective 2

Twenty grape genotypes were grown under greenhouse conditions to investigate host-pathogen interactions. Leaf and petiole
samples from bottom, middle and top third of each plant were collected from Xf inoculated and control (water inoculated)
plants at 34, 77, and 113 days post inoculation. Stem samples were collected at the last sampling only. These samples are
being used to determine Xf populations in the different plant fractions using quantitative ELISA. Kirvanek and Walker
(2004) reported that stem Xf numbers were highly correlated with field PD performance and suggested that it would be a
useful tool to predict PD resistance. Populations of Xf in the stems varied greatly (Figure 3). The predicted average Xf
populations in infected 8909-19, 9621-94 (both V. rupestris x V. arizonica), ‘Chardonnay’, ‘Metallique’ (V. rupestris), and V.
aestivalis plants were larger than 250,000 cells per 0.1g of stem tissue. Most other genotypes did not exhibit Xf populations
beyond a positive detection threshold determined by the mean plus three standard deviations from samples collected from
water-inoculated control plants.

Objective 3

Petioles samples collected 113 days post inoculation from V. vinifera (Chardonnay), V. smalliana, V. arizonica, and V.
rufotomentosa genotypes were examined by SEM to investigate if there are differences in the xylem vessel occlusion pattern
between genotypes. Preliminary results of this ongoing investigation are summarized in Table 1. Vessel occlusion was
classified into four categories: occlusion by tyloses, Xf aggregates, gum, or a filamentous net (Figure 4). In addition, we
differentiated here between completely occluded and partially occluded vessel elements. In general, xylem vessel occlusion
was less in V. smalliana and V. arizonica than in V. vinifera and V. rufotomentosa. Tyloses formation in V. rufotomentosa
appeared to be more pronounced than in the other genotypes while the presence of vessels completely occluded by Xf
aggregates was more prominent in Chardonnay.

CONCLUSIONS

1. Xylem sap from a number of grapevine genotypes considered tolerant to PD supports Xf growth to varying degrees.

Both planktonic growth and biofilm formation are responsive to the source of the xylem sap. Information on the distinct

responses of Xf growth to xylem sap source allows for the selection of suitable representative genotypes for detailed

investigations into xylem sap composition.

Large genotypic variations exist among the examined grape genotypes in respect to stem Xf populations.

3. Petiole xylem vessel occlusion differs between susceptible Chardonnay and tolerant V. smalliana, V. arizonica and V.
rufotomentosa. However, even within the tolerant genotypes there appear to be differences in the number of vessels
occluded and the type of occlusions present.

N

20000

16000 +

12000

8000

Bacteria / pl

4000 A

nanf

A
& &
$ 0 R

o >
S
2> A

o
& ¢ e

& &

F &S

& &

%
%,

/)oq
;
%

Genotype/Media

il

&

0.035
0.03 +
0.025 A
0.02 I

0.015 ]

ot

A600corr

Genotype/Media

Figure 1. To determine the effect of xylem sap
on colony formation, each mixture was further
diluted and 100 pl diluted mixture was plated
onto PW solid media for colony development.
Plates were incubated at 28°C for 14 days.
Bacterial count was based on the numbers of
colonies per plate and a bacterial density per pl
was then calculated.
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Figure 2. To determine the effect of xylem sap on
biofilm formation, the same microfuge tubes after
removal of aliquots for plating on solid media were
rinsed several times with ddH,O Crystal followed
by an addition of 150ul of 1% incubation, violet
each tube. After 15 min of Crystal violet solution
was removed and microfuge tubes were rinsed 3 x
with ddH,0. After elution with 95% ethanol,
absorbance was read at 600 nm wavelengths.
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Table 1. Characterization of xylem vessel occlusion in petioles collected from four different genotypes 113 days after

inoculation with Xf.

Vitis Occl Xf aggregate Matrix Tyloses Filament Total

net
Avg SE Avg SE Avg SE Avg SE Avg SE

% vessels completely or partially occluded
vinifera cplt. 6.0 3.1 8.7 1.8 60 23 07 07 213 1.8
part 9.3 4.7 6.0 2.0 53 33 53 35 26 8.7
smalliana cplt. 0 0.7 0.7 53 44 07 07 6.7 41
part 0 13 0.7 40 20 80 20 133 35
arizonica cplt. 0 0 0 13 13 13 13
part 0 2.7 1.3 33 138 47 1.8 107 13
rufotomentosa  cplt. 0 3.3 24 173 9.0 6.7 35 27.3 127
part 0 3.3 3.3 6.0 35 107 2.9 200 4.2
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Figure 4. SEM images of complete xylem vessel occlusions by a large bacterial aggregate (A), matrix
embedded bacteria (B), tyloses (C), and a filamentous network (D).
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ABSTRACT

In the present study, a set of 1,942 non-redundant SSH ESTSs in response to Xylella fastidiosa (Xf) infection were cloned from
susceptible and resistant sibling genotypes from a Vitis rupestris x Vitis arizonica genetic mapping population. The
majorities (54 %) of these ESTs were novel and the rest included genes known to be involved in defense responses.
Transcriptional profiling using a custom high-density (382,900 probes) microarray chip of 20,020 Vitis transcripts showed a
significant variation in response between the susceptible and resistant genotypes to Xf infection. Out of the 793 transcripts
that showed significant response to Xf infection, 28.1% (223 ESTs) were derived from this project.

INTRODUCTION

The impact of Pierce’s Disease (PD) on the California grape industry has been significant since the introduction and
establishment of a more effective vector, Homalodisca coagulata (H. coagulata), the glassy-winged sharpshooter (GWSS)
(Almeida and Purcell 2003). Development of resistance in grape is stymied by the relatively limited amount of genetic and
molecular information regarding genotype specific resistance to PD infection (Davis et al. 1978). Breeding efforts confirm
that resistance is inheritable and molecular mapping has linked DNA markers to Xf resistance (Krivanek et al. 2005). Once
cloned, the next step is to incorporate PD resistance genes into traditional grape cultivars. This objective can be achieved in
fewer generations by elucidating the molecular basis of resistance and pathogenicity, which prompted us to develop a
functional genomic approach for PD research.

SSH (Suppression Subtractive Hybridization) DNA cloning is one of the most efficient and comprehensive methods used for
identifying genes involved in differentially regulated conditions. This is particularly important in host-pathogen interactions
where many pathogen-related genes are expressed at low abundance and limited to particular tissues or cell types at certain
times (Caturla et al., 2002). Some of these genes are less likely to be cloned by standard EST cloning methods. Here, we
explored the utility of subtractive DNA cloning to characterize differentially expressed genes in response to Xf infection
between highly susceptible and resistant sibling genotypes segregating from the Vitis rupestris x Vitis arizonica population.
To maximize the chances of cloning expression profiles associated with the tissues and at various stages of host-pathogen
interactions, we designed a time course sampling scheme and constructed tissue specific cDNA libraries.

Plants respond to pathogen attack through a variety of signaling pathways consisting of a large number of regulatory as well
as effector genes. Microarrays facilitate automated analysis of transcriptional profiling data to enable complete
understanding of such gene function and interactions. A custom 60-mer high-density oligoarray chip was designed using the
generated EST collection as well as incorporating the entire Vitis transcriptome information in the public domain to
understand the Xf / Vitis interaction.

OBJECTIVES

1. Sequence analyses of SSH cDNA libraries.
2. Design of high-density expression array.
3. Microarray gene expression analysis.

RESULTS

Objective 1: Sequence analyses of SSH cDNA libraries

Sequencing, EST assembling and dbEST submission

A total of 5,794 ESTs, with ~500 ESTs from the libraries, were sequenced from 12 constructed SSH libraries (Figure 1). The
average EST size was 282 bp with more than 5,400 sequences of at least 100 bp in length. In order to reduce the transcript
redundancy, the EST collection was subjected to PHRED, PHRAP and BLAST analysis to do clustering, first within each
library and then among all 12 libraries. The final assembling resulted in 1,942 unique sequences including 993 clusters
(contigs) and 949 singleton ESTs. All the sequenced ESTs that are at least 100 bp in length (5421 ESTs) were submitted to
the NCBI’s ESTdb under the accession numbers DN942225 to DN947645.
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EST similarity search and functional assignments

Comparison of the 1,942 non-redundant sequences against the non-redundant protein database of the NCBI revealed that 716
sequences have significant similarity (< 1E™) and the remaining had no hits. A list of EST hits against the known disease
resistance related proteins are presented in Table 1. Functional annotation was carried out using an ontology database
available in the USDA-ARS system that is based on the functional classification schemes such as Gene Ontology (GO),
Enzyme Commission numbers (EC), BioCarta Pathways, and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways. All the non-redundant sequences were searched against this database using default blast parameters and a cut off
E value of 10, Based on the generated GO information, 906 sequences were divided into the three principal GO categories:
molecular function (30%), cellular component (9%) and biological process (7%) (Figure 2).

Under the molecular function category, ligand binding and carrier contributed for 25% of the total contigs followed by the
ribosomal coding transcripts. Similarly, transport followed by signal transduction and defense response formed majority of
the total numbers in the biological process category, while chloroplast, membrane and nucleus subsections had major
contributions in the cellular component category. More than half of the sequences (54 %) could not be annotated due to lack
of significant similarly with the known proteins.

EST cluster analysis

Co-expressivity of the transcripts was accessed across the 12 SSH libraries, using hirearchial clustering based on the
transcript abundance. A matrix file for 437 contigs that are represented by 5 or more ESTs across the 12 libraries were
selected out of the total 993 contigs similar to Ewing et al. ( 1999). A total of 11 clusters were generated using partitional
clustering (Qtclust algorithm) to divide the data into clusters of coexpressed contigs with the maximal inter-contig Pearson
correlation of 0.99 and with the minimal cluster size of 5. There were 5 to 73 member contigs per cluster. To reduce the bias
resulting from outliners, the distances used for computing clusters were jackknifed. Hierarchical tress was next generated
from these data sets by calculating the Euclidean distance with complete linkage option. Based on the above parameters,
37% (174 contigs) could not be assigned to any cluster.

In general, across all the clusters, the level of expression for a particular contig was significantly different between the tissue
types that were used as tester and driver populations suggesting that the preparation of the subtractive libraries was optimal.
For instance, Cluster-A had 73 contigs which were abundantly expressed in four libraries, Lib 2, Lib 5, Lib 4 and Lib 6, out
of which, 12 contigs (top left, including 11 with ‘no hit” and 1 metallothionin like protein) showed abundant expression only
in the Lib 2 (Stem library from resistant genotype infected with Xylella) and are potential candidates from the PD point of
view. Similarly, a set of 11 contigs enriched with pathogen responsive P-rich protein genes showed hyper expression in the
non-infected stem library from the same genotype. Cluster-B has groups of contigs abundantly expressed in the infected
stem tissue library from susceptible genotype (Lib 3), all of which interesting are known to play a role in the defense
mechanism. This cluster also groups contigs over expressed in non-infected leaf tissue from the resistant genotype (Lib 4)
and all of them appear to be novel.

Objective 2: Design of high-density expression array

EST assembly

To maximize gene discovery, we have designed a custom microarray chip based on our ESTs and the publicly available EST
sequences from all Vitis (V.) varieties and species. From the public domain, a total of 33,933 ESTs -12,593 unigene set from
the V. vinifera, 10,704 accessions of V. shuttleworthii, 6,533 of V. rupestris 'A. de Serres' x V. sp, 2,117 of V. aestivalis and
1,986 sequences of V. riparia were collected. Redundancy in each of the non-vinifera EST sets was reduced based on
BLAST analysis and the longest EST from each cluster was selected. Next, repeat ESTs between the sets were removed and
at this step between matching ESTs, and the vinifera ESTs were discarded to facilitate enrichment of the final set with non-
vinifera ESTs.

These efforts resulted in a total of 20,020 ESTs with 1,947 from the SSH libraries, including 40 from the cDNA-AFLP
experiments, 10,014 from V. vinifera, 5,470 from V. shuttleworthii, 1,219 from V. aestivalis, 780 from V. rupestris x V. sp
and 588 from V. riparia.

Probe design

Probe design was carried out in collaboration with Nimblegen Inc., with active input from our group. Nine individual 60-mer
probes were designed for each EST and for 1,634 ESTSs, probes were designed from both the strands. A total of 191,450
probes were selected for the entire set and there were two spots for each probe on the slide totaling 382,900 spots per slide.

Objective 3: Microarray gene expression analysis

Experimental set-up

A total of 18 slides (9 of genotype 9621-67 (resistant) and 9 of genotype 9621-94 (susceptible)) were hybridized in a two
color hybridization experiment using the monochromatic dyes Cy 5 and Cy 3. Total RNA from stem tissues at three stages of
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disease development- week-1, week-6 and week-10 from both control (non-infected) and experimental (infected) was used.
There were three biological replications for each stage and this included a dye flip.

Data analysis

Following normalization, data from the hybridization experiments were statistically analyzed using Perl scripts and Excel
package. For each gene there were 54 data points per each stage (18 per slide x 3 biological replications) of disease
development. Only signal ratios that had less than 20% SE across the measured values were included for results
interpretation. A cut-off value of 2-fold response was considered significant and as evident from Table 2, the response was
more surprising for the susceptible genotype both in terms of numbers and magnitude in the later stages of disease
development. Further experiments based on RT-PCR are in progress to confirm the observed microarray results.

CONCLUSIONS

Characterizing the molecular basis of the grape response to Xf is critical to understanding the mechanisms of PD resistance
and pathogenesis. The generated EST pool and subsequent microarray based genome-wide transcription profiles have
identified, for the first time, a pool of ESTs expressed under defined conditions and might be the candidates in determining
resistant and susceptible interactions. Efforts are underway to generate transcription profiles in leaf tissue. Currently, we are
developing a relational database incorporating the generated transcriptional data that will be open to public access.
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Table 1. Blast hits of a sub-set of the ESTs showing high similarity to known disease resistant genes.

EST I.D. Length BlastX- top Hit E-value
EST-1 737 emb|CAA95857.1| S-adenosyl-L-methionine synthetase 2 [Catharanthus roseus]  1.00E-122
EST-2 610 emb|CAC14015.1| chitinase [Vitis vinifera] 5.00E-98
EST-3 535 gb|AAR13304.1| phytochelatin synthetase-like protein [Phaseolus vulgaris] 4.00E-87
EST-4 468 emb|CAB91554.1| beta 1-3 glucanase [Vitis vinifera] 6.00E-64
EST-5 448 emb|CAC16165.1| pathogenesis-related protein 10 [Vitis vinifera] 4.00E-53
EST-6 302 dbj|BAA76424.1| rac-type small GTP-binding protein [Cicer arietinum] 5.00E-48
EST-7 842 ref|[NP_850638.1] zinc finger (DHHC type) family protein [Arabidopsis thaliana] ~ 3.00E-32
EST-8 348 pir||T07139 cysteine proteinase inhibitor - soybean dbj|BAA19608.1| 2.00E-30
EST-9 456 gb|AAN71733.1] WRKY transcription factor I1d-4 [Lycopersicon esculentum] 2.00E-21
EST-10 265 gh|AAM21199.1| pathogenesis-related protein 5-1 [Helianthus annuus] 3.00E-21
EST-11 171 gb|AAD55090.1| thaumatin [Vitis riparia] 1.00E-19
EST-12 372 gb|AAN75467.1] mitogen-activated protein kinase [Lycopersicon esculentum] 1.00E-14
EST-13 418 gb|AAN15621.1| O-methyltransferase-like protein [Arabidopsis thaliana] 4.00E-14

EST- 14 116 gb|AAP23944.1| leucine-rich repeat protein [x Citrofortunella mitis] 1.00E-13
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Table 2. Microarray hybridization response of Vitis stem tissue to Xf infection in both susceptible and resistant genotypes.
Numbers in parenthesis represent the ESTs generated from SSH experiments.

Genotype
Stage Response 9621-67 9621-94
# Of ESTs Fold-Change # Of ESTs Fold-Change
Week-1 Up-regulated 38 (4) 20-31 2(2) 2.1-2.36
Down-regulated 24 (11) 0.49-0.33 1(1) 0.49
Week-6 Up-regulated 19 (11) 2.0-2.43 152 (48) 2.0-37
Down-regulated 11 (2) 0.49-0.33 71 (15) 0.49-0.12
Week-10 Up-regulated 81 (5) 2.0-3.57 99 (24) 2.0-22.38
Down-regulated 61 (33) 0.49-0.15 234 (67) 0.49-0.11
Cellular
Component
9%
Molecular Function
No Hits 30%

54%

Biological Process
7%

Figure 2. EST distribution among the

Figure 1. Strategy for SSH library construction.
three GO principles.

Cluster A Cluster B
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ABSTRACT

Both xylem sap and stem tissue are key components in the Xylella fastidiosa (Xf)-grapevine interaction. In this research we
investigate protein expression in xylem sap and stem tissue of highly tolerant and susceptible grape genotypes. Ten
sequential samplings of stem tissues have been conducted from infected and non-infected grapevines ranging from 1 day to
12 weeks post inoculation. Protein extraction and analyses on these tissues has recently been initiated. Plants for xylem sap
extraction are currently being grown in the greenhouse. Xylem sap will be extracted multiple times post inoculation from Xf
and water-inoculated plants. Differentially expressed proteins in both stem tissue and xylem sap will be identified and
investigated in more detail in the coming months. Results obtained will deepen our understanding of host-pathogen
interactions, a key component in fighting Pierce’s disease (PD).

INTRODUCTION

Xylem sap is very important for Xf growth in planta. Be it as individual cells at the beginning of an infection or later in
biofilms, Xf not only obtain their nutrients from xylem sap but also are in constant contact with it. Andersen et al. (2004a)
and Toscano et al. (2004) reported that the source of xylem sap affects Xf growth rates and growth characteristics. Results
from bioassays conducted in our lab also indicate that xylem sap collected from various PD resistant Vitis genotypes has
dramatically different effects on Xf growth in comparison with controls consisting of artificial media (PW) and xylem sap
from “‘Chardonnay’ (V. vinifera).

To date, numerous studies have investigated inorganic and organic solutes in grape xylem sap showing that xylem sap
chemistry is a function of temperature and fertilization, and changes over time (Andersen and Brodbeck, 1989a, 1989b, 1991;
Andersen et al., 1995, 2004b). Although some xylem sap compounds have been suggested to be related to the susceptibility,
i.e. [P]*[citrate] to [Ca]*[Mg] ratio (Andersen et al. 2004a), a complete understanding of the influence of xylem sap
chemistry on the host pathogen interaction is missing. Specifically, as of now, the protein composition of the xylem sap has
not been investigated in detail.

The direct contact between sap and Xf makes xylem sap a promising venue to interfere with a successful pathogen
colonization of the host. In other host plant - pathogen systems, extracellular/apoplastic proteins were found to be responsive
to disease pressure and in some instances important in suppressing disease development (Ceccardi et al., 1998; Guo et al.,
1993; Nemec, 1995; Reimers and Leach, 1991; Reimers et al., 1992; Rep et al., 2002; Young et al., 1995). Combined with
the evidence for xylem sap effects on Xf growth, these examples suggest that the analysis of the xylem sap proteome is likely
to result in the identification of protein(s) influencing the interaction of grapevines and Xf. Identified proteins may provide
information to develop approaches and/or be part of strategies to improve grapevine tolerance or resistance to Xf. In addition,
the identification of PD-specific proteins would allow the production of specific antibodies which may potentially be used for
serological diagnostic tests for PD.

Recent findings of genotypic differences in symptomology and Xf populations in stems (canes) of resistant and susceptible
grapevine genotypes highlight the importance of this tissue in the host-pathogen interaction. Krivanek et al. (2005)
developed a cane maturation index (CMI) to quantify the uneven cane maturation manifested in the green-island symptoms
that arise in PD infected plants. They found “green-island” formation as measured by the CMI to correlate better with PD
resistance then other phenotypic symptoms. The irregular nature of the symptoms suggests that localized, rather than
systemic signals are responsible for the spatial patterns observed. Thus, signal and signal recognition as well as signal
transduction events appear to occur localized in stem tissue since a systemic signal transaction and recognition is unlikely to
result in the characteristic green-island symptomology. Furthermore, in a companion study Krivanek and Walker (2005)
found that, in resistant genotypes, Xf populations in stem internodes were significantly smaller than in leaves. In contrast,
corresponding samples from susceptible genotypes were not significantly different. The two studies highlight the importance
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of plant-pathogen interactions occurring in the stem for PD susceptibility characteristics of the different genotypes.
Therefore, detailed examination of stem proteins extracted from susceptible and resistant genotypes of Xf infected and
healthy plants is a very promising approach to identify important components involved in host-pathogen interactions as well
as the plant response.

Examination of the protein content of stem tissue and xylem sap is a new approach with distinct advantages complementing
other strategies currently pursued in the fight against PD. Using this approach, we focus on key components: stem and xylem
sap protein content rather than the entire grapevine proteome. In addition, regulatory mechanisms including transcriptional,
post-transcriptional, and translational events which can constitute significant confounding effects in functional genomics
approaches, are already integrated in the proteomic approach. Furthermore, it is possible to identify post-translational protein
modifications (e.g. phosphorylation, acetylation, methylation, glycosylation, cleavage, etc.) which play key roles in protein
function.

OBJECTIVES
1. ldentify xylem sap and stem proteins differentially expressed in healthy grapevines from resistant and susceptible
genotypes.

2. ldentify xylem sap and stem proteins induced by Xf in resistant and susceptible grapevines.
3. Determine the relationship of identified proteins to PD.

RESULTS

Highly susceptible (9621-94) and resistant genotypes (9621-67) selected from a segregating population of V. rupestris x V.
arizonica as well as vinifera grape, Chardonnay are being used in this study. An expression experiment was conducted in the
greenhouse where treatment and control grapevines were mechanically inoculated with Xf suspension and culture medium
respectively. Leaf and stem tissues were then collected at day one, two, and five post inoculation, and subsequently at three
one-week and four two-week intervals for a total of ten collections with three biological replicates in both treatment groups.
Leaf and stem tissues collected at each time point were immediately stored at —80°C for later protein extraction.

Stem and leaf protein extraction and 2-DE (Figure 1) have recently been initiated and will be conducted over the coming few
months. A new set of plants (same genotypes and treatments as above) was recently established in the greenhouse and will
be used to extract xylem sap and investigate protein expression pattern in the xylem sap.
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Figure 1. Grape leaf protein profiles from two dimensional SDS-PAGE gel. Electrophoresis was
carried out using a Bio-Rad Criterion™ Cell and gel was stained by BioSafe Coomassie blue.

CONCLUSION

We have initiated a study to investigate stem and xylem sap protein expression in one highly resistant and two susceptible
grape genotypes. Investigation of the xylem sap and stem proteome are of particular interest because of the importance of
both xylem sap and grape stem in the host-pathogen interaction. Examination of the interaction between Xf and grapevine
hosts at the protein level is of particular importance since there often is a lack of correlation between gene and protein
expression. This study will complement ongoing efforts in transcriptional level of gene expression analyses and provide a
more integrative picture of the nature of PD resistance.
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ABSTRACT

Analyses of spatiotemporal interactions between vector insects and pathogens are critical to understanding disease
epidemiology. Sampling projects to assess Xylella fastidiosa (Xf) incidence in vineyards and sharpshooter trap catches from
varying habitats were implemented in the Coachella Valley and lower San Joaquin Valley in California. Sampling was done
at landscape and vineyard scales. Data from work in the Coachella Valley revealed low sharpshooter trap catches and two
sharpshooter species had different spatial distributions at the landscape scale. Pierce’s disease is relatively rare throughout
the Coachella Valley and did not occur near patches where sharpshooters were trapped. Analyses of similar data from the
lower San Joaquin Valley are currently underway.

INTRODUCTION

The progression of Pierce’s disease (PD) across a landscape and in vineyards is dependent upon factors related specifically to
four components: vector insects, Xf inducing PD, grapevines, and the environment. When conditions in all four of these
areas are optimal, disease spread occurs. Conversely, sub-optimization within any of the four categories can slow or stop
disease progress. The science of epidemiology seeks to determine how the four components interact, with the goal of
creating long-term, sub-optimal conditions for disease spread. Achieving this goal will enable California producers to
continue growing grapes in areas with PD and vector insects. Recently, the global positioning system, the geographic
information system, and geostatistics have been applied to entomological and epidemiological studies. These technologies
combined with advanced statistical methods can facilitate creation of insect and pathogen distribution maps and analyses of
spatial distribution to understand epidemiology.

OBJECTIVES
1. Determine the spatial distribution of sharpshooter vectors and PD, and use these data to create statistical distribution
maps.

2. Analyze spatial relationships between sharpshooter vectors and PD incidence.
3. Relate the epidemiology of Xf to environmental components, and identify characteristics of areas with varying PD
incidences.

RESULTS

Sharpshooter Temporal and Spatial Distribution

Coachella Valley data from four years of sharpshooter monitoring were analyzed (2001-2004) to investigate dynamics of the

temporal and spatial distributions of Homalodisca coagulata Say and Homalodisca liturata Ball and their spatial associations
with the surrounding vegetation (Park et al. 2005a). Temporal trap catches of H. liturata and H. coagulata showed two peaks
per year, and the peaks of the two species coincided (Figure 1).
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3.50 A relatively new method, spatial analysis with
’ distance indices (SADIE) (Perry 1995), was used to
3.00 | analyze sharpshooter spatial distribution. SADIE
~+—H. coagulata showed that spatial distributions of H. coagulata
(Figure 2) and H. liturata (Figure 3) were
significantly consistent between years (Index of
Association [X] ranged from 0.310-0.685, P <
0.001), except for H. coagulata from 2003 vs. 2004.
All patches (i.e. clusters of significantly high trap
catches) of H. coagulata were located near citrus, and
no patches were found in urban landscapes (Table 1).
Major patches of H. liturata were located in desert
saltbush scrub and urban areas where major gaps (i.e.
clusters of significantly lower trap catches) of H.
AN coagulata were located (Table 1), resulting in
0.00 1= P HR 28Rl s et eo e amnedediasiliane ] negative spatial association between the two species
MJJASONDJFMAMJJASONDJFMAMJ JASONDJ FMAMJJASOD (Figures 2 and 3) S|m||ar ana'yses for H. Coagulata
2001 2002 2003 2004 trap catches in Kern County are currently underway.
Month and Year

2.50 —o—H. liturata

No. of Sharpshooters / Trap / Week
3

Figure 1. Trap catches of two sharpshooter species. Arrow
indicates first application of insecticide to citrus.

Table 1. Percentage occurrence of patches and gaps of H. coagulata and H. liturata in each type of surrounding vegetation
from 2001-2004 combined data

Types of surrounding H. coagulata H. liturata

environment Patch (n® = 11) Gap (n° = 154) Patch (n® = 15) Gap (n” = 234)
Urban landscape 0.0% 26.1% 80.0% 14.7%
Desert saltbush scrub 36.4% 56.5% 86.7% 45.7%
Desert 27.3% 27.2% 26.7% 24.1%
Citrus 100.0% 19.6% 33.3% 34.5%
Grape 90.9% 27.2% 6.7% 41.4%

@ Total number of sample locations (i.e. sum of each year’s sample locations) included within patches.
> Total number of sample locations (i.e. sum of each year’s sample locations) included within gaps.

Figure 2. H. coagulata patches (red) and gaps Figure 3. H. liturata patches (red) and gaps (blue)
(blue) in the Coachella Valley. in the Coachella Valley.
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Figure 5. Spatial distribution of grapevines with PD in
vineyard C. Red area indicates a significantly high cluster
of PD incidence (patch) and the blue area indicates an area
with significantly low PD incidence (gap).

Figure 4. Locations of vineyards with PD
identified in surveys from 2001-2004. A total of
13 diseased grapevines were identified; two in
vineyard A (2002), one in vineyard B (2002), four
in vineyard C (2003), one in vineyard D (2003),
one in vineyard E (2004), two in vineyard F
(2004), and two in vineyard G (2004).

Pierce’s Disease Spatial Distribution at the Landscape and Vineyard Scale

The spatial distribution of PD in the Coachella VValley was analyzed at two spatial scales, landscape and vineyard, with data
collected from 2001-2004 (Park et al. 2005b). At the landscape scale, seven vineyards were identified (A-G) with diseased
grapevines (Figure 4). A total of 13 diseased grapevines were identified from seven vineyards during the landscape-scale
survey. For these seven vineyards, the mean distance between a citrus orchard and the closest diseased grapevine in the
vineyards was 143 m (Figure 4). PD was found in three varieties, Perlette, Flame, and Superior Seedless.

One vineyard, vineyard C, was further studied to characterize the vineyard-scale spatial distribution of PD because it had
high disease incidence (3.8%) compared with the other vineyards. This vineyard was relatively flat with 2 m of maximum
elevation difference, and it was surrounded by palm trees to the east, citrus and grapes to the north and arid mountains with
desert saltbush scrub to the west and south (Figure 5). Geostatistical analysis showed that a power model fit the
semivariogram for PD distribution in the vineyard, indicating strong aggregation of PD. SADIE also showed that the
distribution pattern of PD in the vineyard was aggregated (I, = 2.12, P = 0.013) with a significant patch (area of 1680 m?) in
the eastern edge of the vineyard (Figure 5). Similar analyses are currently underway for PD distribution in Kern County at
the landscape and vineyard scales.

Spatial Relationship Between Sharpshooters and PD Distribution

In the Coachella Valley, no vineyard with PD (Figure 4) overlapped with any sharpshooter patches (Figures 2 and 3),
indicating no spatial relationship between sharpshooters and PD at the landscape scale. While possible associations may
exist at a scale finer than we examined, we believe that PD distribution may be related to vector species other than H.
coagulata. We have documented Xf transmission with a desert cicada species, and there are several other sharpshooter
species present in the Coachella Valley that may be involved with spreading this bacterium. In Kern County, we have
acquired data from sticky traps that were placed in vineyards with PD. We have begun analyzing these data and we are
hopeful that relationships between disease distribution and H. coagulata distribution will be elucidated through this process.

CONCLUSIONS

e H. coagulata and H. liturata trap catches were spatially consistent between years.

e H. coagulata and H. liturata spatial relationships with surrounding vegetation imply that areawide management targeting
specific habitat types may be possible by identifying sharpshooter patches and gaps in space and time.

e Overall, PD incidence in the Coachella Valley was low and infected vineyards were distributed throughout the area.

e PD was aggregated within one vineyard in the Coachella Valley.

e There was no spatial relationship between sharpshooter trap catches and PD incidence at the landscape scale in the
Coachella Valley.
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ABSTRACT

The goal of this project is to determine whether it is possible to mobilize proteins from rootstocks to scions via xylem
transport. Xylem-mobile gene products may provide a means for control of Pierce’s disease (PD). Multiple lines of
transgenic grapevines containing NPT-11, endochitinase, and GUS/NPT-I1I fusion genes are being used to investigate the
movement of transgene products across graft unions into non-transgenic scions. These transgenic lines produce proteins that
differ in molecular weight [29 kDa (NPT-II), 42 kDa (endochitinase), and 97 kDa (GUS/NPT-II fusion product)] as well as
concentration. Lines were chosen for either high or low levels of expression in order to determine whether the root
concentration of each protein would affect levels found in non-transgenic scions. To determine transgenic protein
concentrations in root tissues, protein assays were conducted using in-vitro grown transgenic vines corresponding to the lines
grown in the field. ELISA assays were used to determine NPT-II protein concentrations (pg/g protein). Chitinase activity
was determined according to a fluorescence assay. As results of these assays, selected transgenic lines were chosen for use as
rootstocks with non-transgenic Chardonnay scions. More than five grafted vines of each desired combination were created
via either chip-budding or approach grafting. Non-transgenic scion tissues will be assayed for the presence of rootstock-
produced transgenic proteins to enhance our understanding of substance transport across graft unions. Initial testing indicates
that the 97 kDa GUS/NPT-I1I fusion product does not move across graft unions.

INTRODUCTION

Xylella fastidiosa (Xf) is a Gram-negative xylem-limited bacterium known to cause PD of grapevines. One potential
approach to the control of PD is to use transgenic proteins that travel with the xylem fluid and control the proliferation of Xf.
Protein size and concentration are important factors that may affect xylem transport.

It has generally been shown that proteins are transported mainly via the phloem for long distance distribution within the
whole plant, while protein transport via the xylem tissue has not been studied in as much detail. However, some studies
reported that proteins can be transported within the xylem system although distance mechanisms have not been reported. Ten
to twenty proteins, including peroxidases, chitinase and serine proteases, were detected in xylem sap from vegetables (Buhtz
et al. 2004). The proteins detected in the xylem sap ranged from 10 to 100 kDa in weight. A polygalacturonase-inhibiting
protein (36.5 kDa) was detected in the xylem sap of scions grafted on PGIP-transgenic grapevines (Aguero et al. 2005).
Some disease related proteins (10 to 60 kDa) were also detected in xylem sap of diseased tomatoes (Rep et al. 2002). Xylem
sap proteins are likely related to plant defense systems, including repair, as well as pathogen and stress resistance (Buhtz et
al. 2004, Rep et al. 2002).

The protein concentration in the xylem sap is likely the most important factor to consider in the use of transgenic proteins to
control Xf. Although the total protein in xylem sap is relatively small, it is also true that there are not very many proteins
(Buhtz et al. 2004, Rep et al. 2002). Also the sap protein concentration likely fluctuates depending on the circumstances of
plant growth and the environment (Rep et al. 2002, Oda et al. 2003).

With so much to be learned about xylem protein transport, utilization of transgenic rootstocks and non-transgenic scions will
be effective to help delineate some of the features of xylem protein movement. Our hypothesis is that cellular proteins,
especially those secreted to the extracellular spaces, can move into the xylem sap and be transported across a graft union and
into the scion, depending on either protein size or concentration in the rootstock. Three transgenic proteins, neomycin
phosphotransferase 11 (NPT-11, 29 kDa), endochitinase (42 kDa), and the GUS/NPT-II fusion protein (97 kDa) under control
of constitutive promoters (35S, Arabidopsis ubiquitin, and Nos promoters), were transformed into grapevines. The relation
between protein concentration in the rootstock and the resultant concentration in a non-protein producing scion will be
examined. The GUS/NPT-I1I gene fusion is available only in the cultivar Chancellor, whereas all other transformed vines
used in this project were developed from ‘Chardonnay’ (clone 95) and ‘Merlot.’
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We report here results concerning the selection of transgenic vines for either high or low root tissue concentrations of the
mentioned proteins, and for creating grafted vines for further experiments to learn whether protein size and concentration in
the rootstock affect levels found in the scion.

OBJECTIVES

1. Selection of transgenic lines with either high or low levels of transgenic proteins in root tissues.

2. Development of graft combinations between the transgenic lines selected (#1 above) and non-transgenic scions.
3. Study substance transport across the graft union, especially in relation to xylem transport.

RESULTS

Selection of transgenic lines with either high or low levels of transgenic proteins in root tissues

NPT-II protein levels in roots of in-vitro cultures lines were determined using an ELISA assay (Agdia, Elkhart, Indiana).
Endochitinase activities were measured using the umbelliferyl fluorescence assay (Carsolio et al. 1994). Transgenic
grapevines analyzed were chosen from the following three groups: 1. A series of lines of Chardonnay producing NPT-II
along with one of three antimicrobial peptides; 2. Multiple lines of Chardonnay and Merlot producing both NPT-11 and
endochitinase; 3. Two lines of Chancellor with GUS/NPT-II gene fusion producing a fused protein product. All of these
lines produce transgenic products under control of constitutive promoters described previously (Reisch et al. 2004).

Expression of NPT-I1 protein in roots of transgenic lines varied between 0.1 and 1.9 pg/g protein (Figure 1), while no
expression was found in either non-transgenic Chardonnay or Merlot.

Seven of nine lines of Chardonnay showed endochitinase activity ranging from 21.5 to 32.3 nM/min/ug protein. One line
(CdEN33) exhibited low activity and also showed very poor growth among in-vitro, greenhouse, and field grown vines
(Figure 2). Merlot endochitinase-transformed vines varied greatly for chitinase activity, ranging from 65 nM/min/ug protein
(line MEN9) to under 5 nM/min/ug protein (MENT7).

Two lines of Chancellor transformed with GUS/NPT-11 gene fusion producing a fused protein product (97 kDa) were
evaluated using a histochemical GUS detection assay (Jefferson et al. 1987). One line (Chan 1055) strongly expressed GUS
activity in all tissues, while the other line (Chan 1134) showed no GUS expression, even though the gene was present.
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Figure 2. Root endochitinase activities according to the umbelliferyl fluorescence assay (Carsolio et
al. 1994). Bars represent the average of endochitinase activities (+ SE). EN: endochitinase. NB:
non-bombarded Chardonnay control. The two black/white bars on each graph indicate lines that were
selected for grafting based upon level of endochitinase production.

Development of graft combinations between selected transgenic lines and non-transgenic scions

Transgenic lines to be grafted with non-transgenic Chardonnay scions were selected considering not only the level of protein
produced but also the availability of healthy wood for bench-grafting. With regards to cultivars and type of transgenic
proteins, two lines of each were chosen, based on having either high or low transgenic protein levels, in addition to non-
transgenic controls.

The selected transgenic lines were grafted with non-transgenic Chardonnay using chip-budding and green stem-approach
grafting techniques. One line of Chardonnay and two lines of Merlot were suitable for both NPT-I1 and endochitinase
analyses. A total of ten rootstock/scion combinations were grafted, including negative controls, and more than five grafted
vines of each combination were established. Xylem sap and leaf tissues from scions will be analyzed for presence of
transgenic proteins.

Transport of GUS/NPT-11 fusion products

GUS/NPT-II fusion products (97 kDa) were strongly expressed in phloem vascular tissues as well as xylem parenchyma cells
in Chancellor line 1055. In a three-month old graft union of a transgenic rootstock and non-transgenic scion, GUS
expression could only be detected in transgenic rootstock tissues, but not in scion tissues (Figure 3A, 3B). It appears that the
GUS/NPT-II fusion protein is not transported from transgenic rootstock cells to non-transgenic scion cells, nor can it be
detected in the xylem vessel elements. This result is not surprising given the very large size of the protein.

Transgenic Non-transgenic
rootstock scion

Non-transgenic

scion
\ Phloem
Phloem
/ Xylem \

Transgenic

rootstock
A B

Figure 3A and 3B. GUS expression at the graft union between a transgenic rootstock (Chancellor 1055) and non-transgenic
scion (Chardonnay) three months after grafting. GUS protein was detected by histochemical methods using vertical stem
sections and visualized by the blue color of tissues.
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CONCLUSIONS

1. Transgenic rootstocks with either high or low expression of three different proteins were grafted with non-transgenic
Chardonnay scions and more than five grafted vines of each combination were established.

2. Grafted vines are growing in a greenhouse for further analysis. Initial data show that 97 kDa protein is not transported
across the graft union. Enhancing our understanding of substance transport across graft unions will be of great use in
designing strategies to deploy rootstocks for control of PD.
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ABSTRACT

Magainins are small antimicrobial peptides (AMPs) that inhibit growth of numerous bacteria and fungi. Some AMP-
transgenic lines of ‘Chardonnay’ have improved resistance to tumorigenic strains of crown gall (Agrobacterium vitis). Other
researchers have claimed that similar AMPs induce grapevine resistance to Pierce’s disease (PD). Sixteen ‘Chardonnay’
lines transformed with the magainin-type AMP genes, mag-2 and MSI99, and with a PGL class gene, were produced and
tested for PD resistance using a greenhouse needle inoculation technique. Most lines were susceptible, but several showed
reductions in symptom development and reductions in plant tissue bacterial counts. These vines are being propagated for a
field trial to test for resistance under conditions of natural inoculation. Tests are also underway to quantify the level of
peptide production in each transgenic line. In addition, in vitro assays are being conducted to evaluate the relative effect of
these and other peptides on growth of Xylella fastidiosa (Xf). MSI99 and ESF39 inhibit Xylella growth more effectively than
do the other peptides tested, according to results obtained to date.

INTRODUCTION

Numerous genes involved in plant disease defense have been isolated (Punja 2001; Mourgues et al. 1998). When disease
resistance genes are introduced and expressed in transgenic plants, fungal and bacterial diseases have been greatly reduced
(Mourges et al. 1998; Punja, 2001; Van der Biezen 2001). We have developed a set of transformed grapevines in which
AMP genes are transcribed into RNA. About 80 ‘Chardonnay’ lines transformed with the magainin-type genes, mag-2 and
MSI99, and with a PGL class gene, were produced (Vidal et al. 2003). Magainins are small peptides with strong inhibitory
activity against numerous bacteria and fungi (Zasloff et al. 1988; Smith et al. 1998; DeGray et al. 2001; Smith et al. 2001).
The MSI99 peptide expressed in tobacco and banana was shown to be highly effective against several pathogens (Chakrabarti
etal. 2003). Some AMP-transgenic lines of ‘Chardonnay’ demonstrated improved resistance to tumarigenic strains of crown
gall (Agrobacterium vitis) (Vidal et al. 2005), suggesting that these lines may harbor resistance to other bacterial diseases, as
well.

Some AMP producing genes such as Shiva-1 are effective against PD (Scorza and Gray, 2001) but the subject warrants
further study. It is the purpose of the present project to study the potential resistance of our AMP-producing vines to PD;
learn more about the effects of various AMPs on Xf growth; and develop new sets of transgenic vines with the potential to
resist PD.

OBJECTIVES

1. Analyze AMP (anti-microbial peptide) expression in transgenic ‘Chardonnay’ vines.

2. Understand the relationship between AMP levels and disease resistance; design improved transformation vectors based
on results.

3. Evaluate resistance to PD among these transgenic vines.

RESULTS

Objective 1: Analyze AMP (anti-microbial peptide) expression in transgenic ‘Chardonnay’ vines

Transgene expression in leaves was quantified by ELISA. For the mag-2 and MSI199 peptides, an antibody was developed
that recognized an antigenic sequence common to both. In a series of preliminary ELISA tests (during 2003; methods per Li
et al. 2001), low levels of peptide production were detected in 8 of 22 lines, in agreement with previous RT-PCR results.
However we were unable to detect the peptide consistently, suggesting the methodology required some improvement. In
spring 2004, a series of ELISA tests for peptide detection were carried out using very young leaves from greenhouse plants.
Chardonnay lines transformed with either the gene for mag-2 or for MSI99 production (ten of each), plus two non
transformed lines, were assayed in three separate experiments. Despite rapid sample preparation, oxidation was an erratic
problem among samples, and there were inconsistencies in the data collected. Among the ten lines expressing mag-2, lines
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167-3 and 167-9 were significantly different from the non transgenic controls. There were no significant differences in the
ELISA assay among lines transformed with MSI99, however the highest ELISA readings were with lines 168-8 and 168-15.

With the inconsistency of results from the ELISA assays, two other methods for detecting peptide expression were
investigated. Using the Bioscreen C Microbiological Workstation, conditions to bioassay for peptide activity in plant tissue
extracts were investigated. Tissue extracts from non transgenic vines plus known amounts of mag-2 peptide were incubated
with bacterial cultures and growth following the incubation period was measured. Peptide degradation was reduced with a
protease inhibitor cocktail. Small amounts of plant extract were found to stimulate bacterial growth and large amounts
completely inhibited growth. So this line of research is proceeding to establish the proper conditions to bioassay for peptide
activity in transgenic plant tissues.

Direct quantification of peptide production is also being investigated using a BioLC Chromatograph in the chemistry
laboratory of Dr. Terry Spittler, Horticultural Sciences, Cornell University. This system can be used to determine species and
quantity of peptides by highly sensitive ion chromatographic techniques and electrochemical detection. Plant tissue extracts
have been collected and stored at —20 C. Control experiments are underway to determine elution times for detection of the
peptides of interest. Results are not yet available.
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Figure 1. Growth of Xf (left side) and Agrobacterium vitis (right side) in the presence of
varying concentrations of MSI 99. Initial bacterial concentrations ranged from 10’ to 10°
cfu/ml.

Objective 2: Understand the relationship between AMP levels and disease resistance; design improved
transformation vectors based on results

The following AMPs were grown in the presence of varying concentrations of Xf (Stag’s Leap strain) in vitro: ESF12,
ESF39, mag-2, MSI99 and PGL. At least one additional AMP, MsrA3, is still to be tested. Replicated testing was conducted
in a Bioscreen C Microbiological Workstation. Initial Xf concentrations were adjusted to 10°, 10° and 10’ cfu/ml in PW
(Periwinkle Wilt) liquid medium.

The Bioscreen C microplate reader was found to be suitable for automated measurements of growth of Xf. At OD600, the
range of readings was very low as compared to the range obtained with Agrobacterium vitis (see Figure 1), yet the readings
were consistent and indicative of the effects of increasing concentrations of antibacterial compounds. Among the five
peptides tested to date, MSI99 was the most effective inhibitor of growth (Table 1). Since it was only tested at
concentrations ranging from 10 to 50 uM, further testing will be necessary at lower concentrations. The amino acid sequence
of MSI99 is very similar to that of mag-2. However, it is a much more potent inhibitor of Xf, and this is consistent with
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reports that it was developed to be a more potent analog of mag-2. PGL and ESF12 had very little effect on the growth of Xf,
even at the very high concentration of 50 uM. ESF39, reported to be a more potent analog of ESF12, was much more
inhibitory to Xf growth than was ESF12.

Table 1. Effects of five antimicrobial peptides on growth of Xylella fastidiosa.

AMP (uM) Xylella conc. (cfu/ml) grows well at or grows slowly or does not grow at

below: erratically at: or above:
Magainin-2 10’ 1uM 5t0 15 uM n.a.
1;5;10; 15 10° n.a. 1t0 15 uM n.a.
10° 1t05uM 10 pM 15 uM
MSI-99 10’ n.a. 10 uM 23 uM
10; 23; 36; 50 10° n.a. n.a. 10 uM
10° n.a. n.a. 10 uM
PGL 10’ 50 uM n.a. n.a.
10; 23; 36; 50 10° 36 uM 50 uM n.a.
10° 23 uM 36 uM 50 uM
ESF-12 10’ 50 uM n.a. n.a.
10; 23; 36; 50 10° 50 uM n.a. n.a.
10° n.a. 50 uM n.a.
7
ESF-39 106 n.a. 10 uM 23 uM
. 92 2@ 10 n.a. 10 uM 23 uM
10; 23; 36; 50 5
10 n.a. 10 uM 23 uM

n.a. = not applicable

Further work during the course of the present project will focus on the development of improved transformation vectors for
resistance to PD. The present work to assess the four groups of transgenic vines plus the ongoing project to evaluate the
effects of a range of AMPs on growth of Xf in vitro will be used as a knowledge base to contribute to the design of new
plasmids or gene cassettes. Consideration will be given toward optimizing the promoters and signal peptides in each
construct.

Objective 3 - Evaluate resistance to PD among these transgenic vines

Previous efforts to test peptide-producing transgenic lines of Chardonnay for resistance to Xf showed that, using the
greenhouse needle-inoculation technique, most lines were susceptible to PD, and just a few showed reduced symptom
development and reductions in the number of Xf bacteria (Reisch et al. 2004). It is not yet known how these vines will
respond in the field under conditions of natural inoculation. Vines are now being propagated for planting of a trial of AMP-
producing vines in Texas, where they will be observed for field resistance to PD. This trial will include at least two lines of
each of four types of transformants. The four types are those transformed with genes for the production of peptides mag-2,
MSI99, PGL, and mag-2 + PGL. The trial will be replicated and will include control susceptible and resistant vines.
Planting is scheduled for spring 2006.

CONCLUSIONS

Transgenic vines harboring genes that produce substances inhibitory to growth of Xf are being propagated to test for field
resistance to PD. Work is underway to quantify the production of these inhibitory substances in grapevine tissues. These and
other similar substances are being tested in vitro for their relative effects on the growth of Xf. Based on the data being
produced, new gene constructs will be designed with the goal of providing improved levels of resistance to PD.
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ABSTRACT

Grapevine xylem is composed of vessels connected by intervessel bordered pits with pit membranes that prevent the passive
movement of particles, especially at the stem-leaf junction where most vessels end. The traditional view of Xylella fastidiosa
(Xf) movement within the xylem requires the digestion of the intervessel pit membrane to move from one vessel to another.
However, bacteria such as Yersinia enterocolitica (Ye) and fluorescent beads have been observed moving rapidly within the
grapevine xylem, suggesting a pathway for passive movement. In this report, we used air and latex paint to confirm the
existence a xylem vessel pathway from stems into the leaf lamina. Anatomical investigation of the leaf xylem revealed a
switch from vessels to tracheids at about 50-60% the length of the leaf lamina. In addition, inoculations of gfp-Xf showed that
bacteria never reached the leaf margin where the symptoms appear, suggesting that tracheids inhibited the free movement of
Xf.

INTRODUCTION

Particle movement is limited by the frequency of vessel endings, especially at the stem-leaf junction, where most vessels
have been thought to end, with a few exceptions (