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ABSTRACT

We have used in silico mining of EST data and Real Time PCR to identify a set of Xylella-induced grape genes. Controlled
time course analyses demonstrate that the genes are induced prior to symptom development, in coincidence with pathogen
colonization. Analysis of field samples from grapes under a variety of biotic and abiotic stresses demonstrate that these
genes are up-regulated in response to Xylella but not in response to the other pathogens assayed, including common viral,
nematode and fungal pathogens, or by Phylloxera infestation or herbicide damage. By contrast, transcriptional responses
similar to those observed in Xylella-infected tissues were observed in grapes under severe drought stress (in excess of normal
field drought) and in plants where the vascular system had been blocked by damage from the grape cane girdler insect. These
results are consistent with transcriptional regulation in response to insult within the vascular tissue of grape, but not to
pathogen infection generally.

INTRODUCTION

All organisms adapt to external stressors by activating the expression of genes that confer adaptation to the particular stress.
For example, when exposed to conditions of heat or drought, genes for adaptation to heat and drought stress are up-regulated.
Similarly, when a plant is exposed to a pathogen, numerous genes are induced including those that encode proteins involved
in disease resistance. In the case of Pierce’s disease, such genes are likely to include those coding for resistance to Xylella or
to the insect vector.

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 Pierce's
disease of grapes, the resulting data can reveal aspects of the host response that are inaccessible by other experimental
strategies. Prior to carrying out transcriptional profiling, it is first necessary to (1) catalog the gene content of grapes by
means of sequencing and bioinformatic analyses, and (2) develop gene-based arrays that allow the simultaneous monitoring
of gene expression for >10,000 genes. Our research to date has contributed significantly in each of these areas. In May of
2004, the first Affymetrix gene chip was made available for public use, with ~15,000 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. 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 Xylella fastidiosa.

In addition to enumerating differences between susceptible and resistant genotypes of Vitis, the ongoing research will test 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
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].
In addition to identifying candidate effectors of disease resistance, such knowledge would aid the development of testable
hypotheses regarding susceptibility and resistance to Xylella fastidiosa in grapes.
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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 Pierce’s disease, (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 the first case, we are currently characterizing pathogen-responsive promoters, which would allow us to
test candidate genes (the second case) for resistance phenotypes. In the third case, gene expression patterns can be used to
develop so-called "molecular signatures" or "biomarkers" [MacNeil 2004] that are diagnostic of an organism’s physiological
status. Biomarkers are finding application in clinical medicine, where data on gene expression patterns are useful for
characterizing disease states and improving clinical outcome [Alizadeh et al., 2001; Van't Veer et al., 2002; Ramaswamy et
al., 2003]. In the case of Pierce’s disease, the identification of early genes (i.e., genes expressed prior to the appearance of
visible symptoms), and/or genes that are induced systemically in response to local infection, would greatly increase the
reliability of disease diagnosis, which is currently prone to false negatives due to mis-sampling of locally-infected
asymptomatic vines. At the same time, the identification of disease-related gene expression profiles would provide a novel
measure of host response, and thus provide tools for basic Pierce’s disease research applications.

OBJECTIVES AND PRODUCTS OF THE RESEARCH

Completed objectives

1. The public release of 61,203 EST sequences to the National Center for Biotechnology Information.

2. Development of a public, on-line relational database for analysis of the grape genome (http://cgf.ucdavis.edu).

3. Production of a public Affymetrix microarray, in collaboration with international researchers, available May 2004.

Ongoing Objectives

4. Identify genes and gene pathways in susceptible Vitis vinifera correlated with Xylella 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 Pierce's disease.

5. Determine host genotype affects on gene expression in response to Xylella infection: (a) susceptible Vitis vinifera
compared to resistant genotypes of Vitis arizonica and Vitis aestivalis, (b) comparison of pathogen-induced gene
expression with gene expression triggered by salicylic acid and ethylene, and (c) analysis of gene expression in resistant
and susceptible bulked segregants of Vitis arizonica X Vitis rupestris.

6. Development of Real Time PCR assay for routine monitoring of Xylella-induced genes under field, greenhouse and
laboratory settings.

7. Isolation and characterization of Xylella-responsive plant promoters.

RESULTS

Analysis of the Grape Transcriptional Response to Pathogen Challenge

The results described below are based on the analysis of combined data sets generated under this project and that of our
collaborators at the University of Nevada-Reno, and other members of the grape genomics community. In total, 40% of the
135K V. vinifera ESTs and 100% of the sequencing focused on Pierce's disease originated from this project.

In silico Identification of Xylella-induced Genes in Vitis vinifera

We have identified 31 genes that appear to be up-regulated in response to infection by Xylella fastidiosa. The analysis, which
involved construction of a correlation matrix and 2-dimensional hierarchical clustering, was based on EST frequency in
various tissues with or without Xylella infection. The most abundant contig (7061) shares homology with a stress-related
RNA from Arabidopsis, although the function is unknown in any system. Interestingly, this gene is up-regulated in infected
plants, prior to symptom development, making it a top candidate for an early and sensitive marker of Pierce's disease. Other
genes in the list have homology to proteins implicated in signaling during disease resistance, while others have been
identified as pathogen responsive, or have been implicated in plant-insect interactions. After confirmation of the Xylella-
specific transcription of such contigs (see Real Time PCR assays, below) we initiated the isolation of the promoters from
these genes from genomic DNA libraries. The potential application of such promoters to drive Xylella-induced and/or tissue
specific expression of transgenes is planned as a topic of a future grant proposal.

Development of Real-Time PCR for Gene Expression Analyses and Disease Diagnosis

Detailed analysis of transcriptional responses will require methodical analysis by means of microarray gene expression
studies, which we initiated in July 2004 under a one-year renewal to this project. At the same time, the current list of
putatively Xylella-induced genes may provide leads for further analysis by means of Real Time PCR.

Real Time PCR has three primary uses for Pierce's disease research: (1) It can be used as an alternative to pathogen-based
assays for disease diagnosis. For example, the identification of host genes that are expressed early and systemically could
provide a significantly more reliable test for PD infection. This "biomarker" strategy is gaining increasing use for human
medicine. (2) Real Time PCR assays offer a useful point of comparison for data from in silico analysis of gene expression
(i.e., from statistical analysis of EST data) and for confirming results for key genes identified in Affymetrix microarray
experiments. (3) Real Time PCR of differentially expressed host genes can provide a convenient research tool for
investigators in need of a sensitive measure of host response.

-295 -



Based on the in silico analysis, described above, four Xylella-induced genes, a constitutively expressed control Vitis gene,
and a bacterial gene, were selected to develop a multiplex PCR assay. This "dual-diagnosis" system may have potential as a
tool for disease diagnosis.

Isolation of Pathogen-induced Promoters

DNA probes were developed based on the Xylella-induced genes and used to screen high-density filters of Vitis vinifera
genomic DNA libraries. Clones were isolated, fingerprinted to confirm relatedness, and analyzed by PCR and sequencing to
verify that they contained the genes of interest. A shotgun sequencing strategy is being used to obtain the complete sequence
of each clone and promoter constructs are being made to test in transient and stable transformation assays. Gene fusions will
include reporter proteins to monitor temporal and spatial patterns of transcription (e.g., green fluorescent protein and 8-
glucuronidase) and candidate pathogen resistance proteins that may protect grapes against Xylella infection.

CONCLUSIONS

To date we have identified several genes of Vitis vinifera that are up-regulated in response to Xylella infection. Ongoing
research will identify larger sets of grape genes expressed in response to this pathogen and provide the basis for
biotechnological approaches to dealing with Pierce's disease.

How will these technologies help in solving Pierce’s disease? In the short term they will (1) yield improved genetic tools for
breeding resistance to Pierce’s disease (for example single nucleotide polymorphism "SNP" and simple sequence repeat
"SSR" genetic markers currently available from our web site "http://cgf.ucdavis.edu), (2) provide gene-promoters that are an
essential, but currently unavailable, tool for effective genetic engineering in grapes, and (3) potentially provide the basis for
more reliable detection of the pathogen based on Real Time PCR using a "biomarker" strategy. (4) In the long term,
transcriptional profiling will identify candidate genes and gene pathways that may confer resistance to the pathogen (Xylella
fastidiosa) and/or to the insect vector (Sharpshooter leaf hopper) and it will allow testing of long-standing hypotheses such as
the relationship between host response to drought and host response to Xylella. Other strategies, such as reverse genetics and
analysis of natural genetic variation for host responses, will be required to establish a causal role for candidate genes.
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Figure 1. Monitoring of PD-induced genes using conventional reverse transcriptase-PCR and Real Time
PCR. Leaf tissue was sampled from growth chamber-grown plants at nine time points (0, 1d, 1w, 2w, 3w, 4w,
6w, 8w, 10w: d-day, w-week) after inoculation. Xylella up-regulated genes identified from in silico analysis are
7061, 7172, 8946, and 9353. Actin serves as a constitutively expressed control. Xf16S = Xylella fastidiosa 16S
gene. N; Non-inoculated, I; Inoculated with X. fastidiosa.
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