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Grapevines exhibit a wide spectrum of resistance to the powdery mildew fungus (PM), Erysiphe necator (Schw.) Burr., but little is
known about the transcriptional basis of the defense to PM. Our microscopic observations showed that PM produced less hyphal
growth and induced more brown-colored epidermal cells on leaves of PM-resistant Vitis aestivalis ‘Norton” than on leaves of
PM-susceptible Vitis vinifera ‘Cabernet sauvignon’. We found that endogenous salicylic acid levels were higher in V. aestivalis than
in V. vinifera in the absence of the fungus and that salicylic acid levels increased in V. vinifera at 120 h postinoculation with PM. To
test the hypothesis that gene expression differences would be apparent when V. aestivalis and V. vinifera were mounting a response
to PM, we conducted a comprehensive Vitis GeneChip analysis. We examined the transcriptome at 0, 4, 8, 12, 24, and 48 h
postinoculation with PM. We found only three PM-responsive transcripts in V. aestivalis and 625 in V. vinifera. There was a
significant increase in the abundance of transcripts encoding ENHANCED DISEASE SUSCEPTIBILITY1, mitogen-activated
protein kinase kinase, WRKY, PATHOGENESIS-RELATED1, PATHOGENESIS-RELATEDI10, and stilbene synthase in PM-infected
V. vinifera, suggesting an induction of the basal defense response. The overall changes in the PM-responsive V. vinifera transcriptome
also indicated a possible reprogramming of metabolism toward the increased synthesis of the secondary metabolites. These results
suggested that resistance to PM in V. aestivalis was not associated with overall reprogramming of the transcriptome. However,
PM induced defense-oriented transcriptional changes in V. vinifera.

Powdery mildew caused by an obligate biotrophic
fungus, Erysiphe necator (synonym Uncinula necator
[Schw.] Burr.), is an economically important disease of
grapevines. The powdery mildew fungus (PM) infects
green tissues of vines and causes significant losses in
yield and reduction in berry quality. Most widely grown
grape cultivars are highly susceptible to E. necator,
because they are derived from Vitis vinifera, a species
that was not exposed to this pathogen during its evo-
lution (Mullins et al., 1992). In contrast, other grape-
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vine species such as Vitis labrasca, Vitis rupestris (Doster
and Schnathorst, 1985a), Vitis aestivalis (Giannakis
et al., 1998), and Muscadinia rotundifolia (Olmo, 1971)
co-evolved with E. necator on the North American con-
tinent and possess various levels of resistance to the
pathogen (Mullins et al., 1992). Resistance to PM in
grapevines is determined by either a single locus or
quantitative trait loci (QTL). For example, resistance
to PM in M. rotundifolia was traced back to Resistance
against U. necatorl (Runl), a single dominant locus
that contains two families of resistance gene analogs
(Pauquet et al., 2001; Donald et al., 2002; Barker et al.,
2005). The Runl-mediated resistance is believed to be
mediated through a hypersensitive response (Donald
et al., 2002). Resistance to PM in grapevines can also
be linked with QTLs (Dalbo et al., 2000; Regner et al.,
2003; Fischer et al., 2004). The constitutive expression of
pathogenesis-related (PR) genes, such as genes encod-
ing B-1,3-glucanases (PR-2) and chitinases (PR-3) in
disease-resistant North American grapevine species
(Robinson et al., 1997; Tattersall et al., 1997; Giannakis
et al., 1998; Fung et al., 2007), may represent one type
of QTL-mediated cumulative effects. In addition, phys-
ical barriers that block the penetration of the fungus
may act as a passive defense mechanism (Doster and
Schnathorst, 1985b; Heintz and Blaich, 1989; Ficke et al.,
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2004). Thus, it is apparent that the genetic basis of
resistance to PM is complex in grapevine. While we
have gained some understanding of the genetic basis
of the grapevine’s resistance to PM, little is known
about the molecular processes and gene regulation
during compatible and incompatible PM-grapevine
interactions.

Upon contact with an epidermal cell, an E. necator
conidiospore germinates to form a penetration peg that
breaches the cuticle and the cell wall. Subsequently, an
infection structure, termed a haustorium, is formed
within the epidermal cell through which a dynamic
exchange of signals and metabolites occurs between
the pathogen and the host cell (Heintz and Blaich, 1990;
Rumbolz et al., 2000). The process of penetration and
haustorium formation in V. vinifera may be as short as
14 h under optimal conditions (Rumbolz et al., 2000). At
the microscopic level, the germination rate of E. necator
conidiospores does not differ on PM-susceptible and
-resistant grapevines (Giannakis et al., 1998). During
subsequent stages, however, susceptible and resistant
grapevine cultivars differ significantly in their ability
to limit the growth of hyphae and restrict the formation
and development of PM colonies. Each stage of the
infection process provides an interface for the grape-
vine cells to recognize E. necator-released molecules.
In other PM-plant interactions, the entry of the penetra-
tion peg into an epidermal cell appears to be a defining
point at which the outcome of the interaction between
the fungus and the host cell is determined (Panstruga
and Schulze-Lefert, 2002; Lipka et al., 2005). The pre-
haustorial and haustorial phases of the conidiospore-
epidermal cell interaction also show distinct gene
expression patterns in host cells (Caldo et al., 2004,
2006; O’Connell and Panstruga, 2006).

A plant’s resistance to a pathogen can be executed at
different levels and to differing degrees through re-
inforcing cell walls and mounting biochemical de-
fenses (Glazebrook, 2005). A basal disease resistance
is generally induced during the initial interaction be-
tween a host and a virulent pathogen (Chrisholm et al.,
2006; Jones and Dangl, 2006) as a result of interactions
among pathogen-associated molecular pattern-triggered
immunity, effector-triggered susceptibility, and weak
effector-triggered immunity (Jones and Dangl, 2006).
It has been suggested that a biotrophic fungus may
release effectors into the extrahaustorial matrix or in-
side the host cell. Some of these effectors can act as
suppressors of basal defense, although the identity of
these suppressors is not clear (Gregersen et al., 1997;
Panstruga, 2003; Schulze-Lefert and Panstruga, 2003;
Chrisholm et al., 2006). Thus, host susceptibility to a
biotrophic fungus is in part a consequence of the
pathogen’s ability to circumvent the plant’s basal de-
fense responses (Panstruga, 2003; Schulze-Lefert and
Panstruga, 2003). Transcriptome analysis of barley
(Hordeum vulgare)-PM (Blumeria graminis f. sp. hordei)
interactions demonstrated that the expression patterns
of basal defense-related genes were similar in compat-
ible and incompatible interactions during the first 16 h
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of the fungal infection. Expression of some of these
genes declined to lower levels in the compatible inter-
action at 24 and 32 h postinoculation (hpi) with fungal
conidiospores (Caldo et al., 2004, 2006). These results
suggest that the fungus may interfere with signaling
events involved in the host’s basal defenses. The basal
defense responses include changes in the redox state of
cells (Huckelhoven and Kogel, 2003; Torres et al., 2006),
phosphorylation of the mitogen-activated protein ki-
nase (MAPK) components (Tena et al., 2001; Asai et al.,
2002), MAPK-mediated activation of transcription fac-
tors such as WRKY proteins (Maleck et al., 2000; Xu
et al., 2006), and the accumulation of PR proteins (van
Loon etal., 2006). Salicylic acid (SA), jasmonic acid, and
ethylene play vital roles in transmitting defense signals
across pathways to initiate these responses (Broekaert
et al., 2006). Genes encoding enzymes for secondary
metabolism, particularly those involved in the biosyn-
thesis of phenylpropanoids and oxylipins (La Camera
etal., 2004), also are activated to increase production of
defense-related compounds during basal defense
(Scheideler et al., 2002).

Large-scale transcriptional profiling in response to
pathogens has revealed novel aspects in compatible
and incompatible interactions between plants and their
pathogens (Mysore et al., 2002; Schenk et al., 2003;
Tao et al., 2003; Caldo et al., 2004, 2006). Global tran-
scriptional profiling in response to PM has not been
reported in grapevines. In this study, we used the Vitis
GeneChip to compare PM-responsive gene expres-
sion patterns in two grapevine genotypes to test the
hypothesis that differential gene expression would
be observed in response to PM in disease-resistant
V. aestivalis ‘Norton” and in disease-susceptible V. vi-
nifera ‘Cabernet sauvignon’. Our hypothesis was con-
firmed; we found three PM-responsive transcripts in
V. aestivalis as compared to 625 in V. vinifera. Among
625 PM-responsive transcripts in V. vinifera, proteins
such as ENHANCED DISEASE SUSCEPTIBILITY1
(EDS1), MAPKK, WRKY, PR1, PR10, and stilbene syn-
thase are known to be associated with plant defense. In
addition, we observed clear differences in the devel-
opment of the fungus on the leaves of V. aestivalis and
V. vinifera and in the SA content in the two grapevine
genotypes.

RESULTS

Epidermal Cells of V. aestivalis and V. vinifera Respond
Differently to Conidiospores

To compare the characteristics of PM-induced symp-
toms in the two grapevine genotypes, we conducted a
microscopy study of conidiospore germination and
hyphal development during a 6-d time period. Micro-
scopic images of 24, 48, and 120 hpi are presented in
Figure 1. Conidiospores produced appressoria and
secondary hyphae on both V. vinifera and V. aestivalis
leaves at 24 hpi. In V. aestivalis leaves, most epidermal
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Figure 1. Progression of PM on V. vinifera and V.
aestivalis leaves. Shown are representative images
taken at 24, 48, and 120 hpi with conidiospores.
Spores and hyphae were stained with 0.05% aniline
blue. Images were taken at 100X magnification
under transmission light. Scale bar = 65 um. Insets
inside the top two photos are images of 600X mag-
nification. Scale bar = 25 um. bc, Brown cell; hp,
secondary hyphae; sp, conidiospore.

cells invaded by the conidiospores exhibited brown
coloration, which was visible after tissue was cleared of
chlorophyll (Fig. 1). This browning appeared more
intense in the region of the cell wall. Brown-colored
cells were also observed beneath appressoria that de-
veloped from secondary hyphae on V. aestivalis leaves
at 120 hpi. The infection led to the formation of colonies
with dense secondary hyphae on V. vinifera leaves but
only small colonies with sparse hyphae on V. aestivalis
leaves by 120 hpi.

SA Is Present at Elevated Levels in PM-Infected
V. vinifera and in Mock-Inoculated V. aestivalis

It is known that SA is a signal molecule in the in-
duction of host defense responses, including hyper-
sensitive response and systemic acquired resistance,
and that the increase of endogenous SA levels is
associated with the activation of PR gene expression
(Shah, 2003). To assess if SA levels change during PM
infection in V. aestivalis and V. vinifera, we measured
the total SA content in PM-infected leaf tissue of
V. aestivalis and V. vinifera in comparison with mock-
inoculated samples by HPLC. Changes of SA content
in PM-inoculated V. aestivalis at 24, 48, and 120 hpi
were not statistically significant in comparison with
mock-inoculated leaf tissue (Fig. 2A). In contrast, we
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found that SA levels increased in PM-infected leaf tis-
sue of V. vinifera at 120 hpi, but there was no significant
difference in SA levels between PM-inoculated and
mock-inoculated samples at 24 and 48 hpi (Fig. 2B).

Our earlier results from the analysis of genotype-
specific transcriptome changes demonstrated that rep-
resentative PR genes including PR-2 and PR-3 were
transcribed constitutively at higher levels in V. aestivalis
than in V. vinifera (Fung et al., 2007). It is possible that
higher expression of PR genes is a result of elevated
SA levels in V. aestivalis. To test this possibility, we com-
pared the levels of endogenous SA between the two
grapevine genotypes under mock-inoculation condi-
tions. We found that the endogenous SA content in
V. aestivalis was significantly higher than in V. vinifera
in the absence of the fungus (Fig. 2).

PM-Responsive Transcript Profiles Are Distinct in the
Two Grapevine Genotypes

In a previous study, we found that transcriptome
changes can be reliably measured in both V. aestivalis
and V. vinifera by using the Vitis GeneChip (Fung et al.,
2007). This finding allowed us to compare transcript
abundance between the PM-inoculated and mock-
inoculated plants in the two grapevine genotypes at
0,4, 8,12,24, and 48 hpi. The data of three independent
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Figure 2. Endogenous levels of total SA in V. aestivalis and V. vinifera.
A, Accumulation of SA in the PM-infected V. aestivalis leaf tissue (1) in
comparison with mock-inoculated samples (M) at 24, 48, and 120 hpi.
B, Accumulation of SA in the PM-infected V. vinifera leaf tissue (I) in
comparison with mock-inoculated samples (M) at 24, 48, and 120 hpi.
Values are the average of three biological samples for each time point.
Error bars represent sp, n = 3.

biological replicates were collected and analyzed. We
conducted two independent F tests (one for each
genotype) to determine whether the expression level
of a transcript in the PM-inoculated plant was differ-
ent from the mock-inoculated plant at any time point.
We also conducted an additional F test with a model
that incorporated data from both genotypes and in-
cluded an effect of the genotypes to test the same null
hypothesis. To account for heteroscedasticity of error
variances between the two grapevine genotypes, the
distribution of the residuals ¢, was assumed normal
with error variance oy for residuals associated with
V. aestivalis observations and o for residuals associ-
ated with V. vinifera. If the null hypothesis was
rejected, this indicated that the level of a transcript
between PM-inoculated and mock-inoculated samples
differed for at least one time point, and that the tran-
script was deemed to be PM-responsive for that geno-
type. To declare statistical significance and account for
multiple tests, we used a false discovery rate (FDR)
level of 0.05 approximated using the approach of
Benjamini-Hochberg (Benjamini and Hochberg, 1995).
We identified 626 transcripts on the Vitis GeneChip
that were differentially expressed in V. vinifera. In
contrast, only four transcripts were considered to be
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differentially expressed in V. aestivalis at a 0.05 FDR
level; three of them were also found in the 626 PM-
responsive transcripts of V. vinifera. In a serendipitous
discovery, one of the PM-responsive transcripts (Affy
ID 1615715_at) aligned with an EST of the fungus E.
necator, and its predicted amino acid sequence is ho-
mologous to a hypothetical protein MG09900.4 from
Magnaporthe grisea (e = 2e-15). This fungal transcript
was consistently present in PM-inoculated V. aestivalis
and V. vinifera but absent in the mock-inoculated sam-
ples across all six time points. This transcript fortu-
itously served as a control probe set confirming the
presence and absence of conidia in the PM- and mock-
inoculated samples, respectively. Thus, three and 625
plant-specific transcripts, respectively, were found. Gene
names based on sequence homology to other plant
species, UniGene ID, log-transformed expression value,
fold-change, nominal P value, and FDR-corrected P
value for the 625 PM-responsive transcripts in V. vinifera
and the three PM-responsive transcripts in V. aestivalis
are provided (Supplemental Table S1).

For the genes that were significantly different be-
tween PM- and mock-inoculated samples for atleast one
time point, we classified the differences at each time
point as up-regulated, down-regulated, or the same
based upon the nominal P value for the contrast be-
tween PM- and mock-inoculated samples at that time
point and the direction of difference (Supplemental Table
S1). We observed that the number of PM-responsive
transcripts increased as PM developed in V. vinifera
(Fig. 3). The total number of up- and down-regulated
transcripts during the early infection stage (0-8 hpi)
was around 100 to 150 and then increased to over 250
at 12 hpi and 350 at 48 hpi (Fig. 3). Further analysis of
the 625 PM-responsive transcripts indicated that they
represented 598 genes (510 UniGenes and 88 single-
tons) based on the UniGene assignment in the National
Center for Biotechnology Information (NCBI). Twenty
of the 510 UniGenes were represented by more than
one probe set. In total, 240 genes (175 UniGenes and
65 singletons) were up-regulated and 345 genes (323
UniGenes and 22 singletons) were down-regulated in
at least one time point, while four genes (UniGenes)

400
350
300
250
200
150
100

No. of probesets

50 [ ——Total —=—Up —o—Down
0

0 4 8 12 16 20 24 28 32 36 40 44 48
hours post inoculation (hpi)

Figure 3. Number of transcripts (probe sets) that are differentially
expressed in response to PM inoculations relative to mock inoculations
of V. vinifera at each of the six time points.
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were both up- and down-regulated during some of
the time points. Expression of 12 of the genes (11
UniGenes and one singleton) was significant only
for the initial test but not in the individual time-point
test.

We hypothesized that a possible reason for the low
number of PM-responsive transcripts in V. aestivalis
was that many of the 625 PM-responsive transcripts
were constitutively expressed at a higher or lower
level in V. aestivalis than in V. vinifera even prior to PM
infection. To test this hypothesis, we compared the
transcript levels of the two genotypes for the 625 PM-
responsive transcripts of V. vinifera. We first tested
whether the two genotypes were different at any time
point at an FDR of 0.05. The nominal P value for the
contrast at an individual time point, together with
the direction of the observed difference, was used to
classify the difference between genotypes at that time
point as higher, lower, or the same. We found that 508
out of 625 PM-responsive transcripts showed higher or
lower expression in V. aestivalis in comparison with
V. vinifera for at least one individual time point. Of
these 508 transcripts, 83 transcripts were expressed at
a higher level and 219 were expressed at a lower level
in V. aestivalis in all six time points under the mock-
inoculation condition. We also tested whether our
findings were consistent with differential treatment
response directly by testing the interaction of treat-
ment and variety across all time points. Of the 625
transcripts identified, 533 showed evidence for an
interaction between treatment and variety (FDR 0.20).

Representative Genes Are Verified by Quantitative PCR

We performed quantitative real-time PCR (qRT-
PCR) assays on a subset of genes to verify differential
expression measured in the microarray analysis. Thir-
teen genes were selected from the 598 PM-responsive
genes in V. vinifera (FDR threshold P value < 0.05).
Two of the three that were differentially regulated in
V. aestivalis in response to PM infection were also ana-
lyzed by qRT-PCR. The degree of change in transcript
abundance of each gene determined by the microarray
and by the qRT-PCR assay was compared by using
the difference in natural log values between PM- and
mock-inoculated samples for each of the six time
points (Supplemental Table S2). For 13 of the 15 genes,
the results between the qRT-PCR and microarray were
in agreement. The correlation between the microarray
and qRT-PCR estimates was positive in all cases and
significantly different from zero (Supplemental Table
S2; Supplemental Fig. S1). The lowest observed corre-
lation was 0.61 at 0 hpi and the highest was 0.90 at 24
and 48 hpi. For two of the 15 genes (1611550_at and
1611058_at), concordance at the 0 and 12 hpi time
points was poor. It appeared that these two genes
showed absolute differences in expression levels be-
tween the two platforms and, on this basis, were elim-
inated from comparisons for the remaining time
points.
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Expression Profiles of PM-Responsive Transcripts Are
Distinct across the Six Time Points

To acquire a global overview of the PM-responsive
transcriptome, we performed a nonlinear cluster analy-
sis on the difference between PM- and mock-inoculated
samples of the 14,571 informative transcripts in V. vinifera
that were detected in at least one sample (Qu and Xu,
2006). This approach clusters gene expression profiles
based on the pattern of the mean differences between
the expression values of PM- and mock-inoculated
samples over the six time points. In total, 25 clusters
were identified (Supplemental Fig. S2; Supplemental
Table S3). We found that many of the genes in clusters
5, 16, and 18 were among the 625 statistically signif-
icant PM-responsive transcripts (25.4%, 100%, and
23.3%, respectively). Figure 4A shows the distribution
of 625 PM-responsive transcripts in each cluster. In-
terestingly, these three clusters showed distinct expres-
sion patterns that seem to reflect a progression of PM
infection (Fig. 4B). Furthermore, most PM-responsive
transcripts from clusters 5, 16, and 18 were known to
respond to plant pathogens (Fig. 4B). PM-responsive
PR-1, PR-2, PR-3, PR-4, PR-5, and PR-8 belonged to
cluster 5 together with a bZIP transcription factor and
a dirigent-like protein oxidase. Cluster 18 contained
three PR-10s and five stilbene synthase genes, a PR-2, a
PR-3,a WRKY, and also a gene encoding a dirigent-like
protein (Fig. 4B). Cluster 5 was characterized by a
steady increase in transcript abundance starting from
12 hpi, while clusters 16 and 18 represented a pattern
whose expression peaked at 12 hpi and then decreased
at 24 hpi (Fig. 4B).

Key Defense Genes Change in PM-Inoculated V. vinifera

We found that the expression level of genes encoding
PR-2 (B-1,3-glucanases), PR-3 (chitinases), and PR-5
(thaumatin-like protein) increased upon the PM infec-
tion across the course of the infection process (Supple-
mental Table S1), confirming previous reports that
these genes are associated with grapevine defense
against pathogens (Derckel et al., 1996; Busam et al.,
1997; Salzman et al., 1998; Jacobs et al., 1999; Renault
et al., 2000; Tattersall et al., 2001; Ferreira et al., 2004).
We also identified many defense/PR genes that have
not been well characterized in the interactions between
PM and grapevine. These genes are potentially involved
in defense signal perception and MAPK-mediated sig-
nal transduction, transcriptional regulation, phytoalexin
and lignin biosynthesis, cell wall modification, and
metabolism of reactive oxygen species (ROS; Table I).
We found at least eight receptor-like kinase (RLK)
genes (Table I). Three of them were homologous to
the Avr9/Cf-9 rapidly elicited (ACRE) 256 gene in
the tobacco (Nicotiana tabacum) plant. The expression
profile of one RLK gene is presented in Figure 5. Two
genes were homologous to Arabidopsis (Arabidopsis
thaliana) AtMEK1 and AtMPK3 encoding a MAPKK
and a MAPK, respectively (Table I). The MAPKK gene
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Figure 4. Cluster analysis of the
PM-responsive transcripts from V.
vinifera. A, Percentage of entire
probe sets on the whole Vitis Gene-
Chip that was distributed in each
cluster (dashed line) and propor-
tion of the 625 significantly ex-
pressed transcripts (Si-probe set) in
each of the 25 clusters (solid line).
B, Distinct expression patterns of
genes in clusters 5, 16, and 18. On
the right is a list of genes among the
625 PM-responsive transcripts that
are grouped together in that cluster.

wasinduced as early as 12 hpi (Fig. 5). For the two EDS1
genes that were identified (Table I), one was induced at
24 and 48 hpi (Fig. 5), while the other was up-regulated
at 4 and 48 hpi. Seven members of the WRKY family
were up-regulated (Table I). The closest Arabidopsis
orthologs of these WRKY's are AtWRKY11, 15, 33, 40, 53,
and 75. The expression profile of the AtWRKY53 ho-
molog representing an example of the WRKY gene
expression pattern is shown in Figure 5. One PR-1 was

Plant Physiol. Vol. 146, 2008

induced in V. vinifera after 8 hpi (Fig. 5) and its closest
Arabidopsis homolog At2g14610 is the only PR-1 that
was induced by SA or pathogen infection (Uknes
et al., 1992; van Loon et al., 2006). PR-1 is a marker
gene that indicates the onset of local defense and
systemic acquired resistance, although its precise
enzymatic activity and its function have not been
defined yet (van Loon et al., 2006). Five PR-10 genes
were identified; four of them were up-regulated, while
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Table 1. Representative defense- and secondary metabolism-related transcripts that were differentially expressed at one of the six time points

after V. vinifera was infected with PM

Affymetrix Probe Set ID

Predicted Function (Organism)

AT Locus Tag (Gene ID)

RLK
1619957 at® ACRE 256 (tobacco)”
1615423 at ACRE 256 (tobacco)
1622142_at ACRE 256 (tobacco)
1620324 _at Kinase with Leu-rich repeat (Arabidopsis)
1618208_s_at Leu-rich repeat protein (Oryza sativa)
1606597 _at Protein Ser/Thr kinase (Arabidopsis)
1610386_at Protein kinase (Medicago truncatula)
1609263 _at Rust resistance kinase Lr10 (O. sativa)
MAPK pathway
1608400 _at VaMAPKK (V. aestivalis)
1606881 _at MAPK3 (Lycopersicon esculentum)
EDS1
1607262_at EDS1-like protein (Nicotiana benthamiana)
1609133 at EDS1-like protein (L. esculentum)

WRKY transcription factors

Double WRKY type transfactor (Solanum tuberosum)

1609636_at NtWRKY1 (tobacco)
1614806_s _at VaWRKY4 (V. aestivalis)
1610064 _at

1611285 s at GmWRKY82 (Glycine max)
1611550_at VaWRKY30 (V. aestivalis)

1612649_s_at
1610775_s_at

WRKY NtEIG-D48 (tobacco)
CaWRKY-b (Capsicum annuum)

PR proteins
1611058_at PR protein1 precursor (V. vinifera)
1618568 _s_at PR-10 (V. vinifera)
1610704 _at PR-10 (V. vinifera)

1614464 s at
1610011_s_at
1613636_at
1618835_s_at
ROS metabolism

1621431_at Peroxidase, PR-9 (Asparagus officinalis)

1615967 at Peroxidase, PR-9 (S. tuberosum)

1608586 _at Secretory peroxidase (Avicennia marina)

1618920 at Class I peroxidase (Gossypium hirsutum)

1610243 _at GST T4 (L. esculentum)

1611890_at GST GST 14 (G. max)

1610869 _at NADH dehydrogenase (S. tuberosum)

1613394 _at NADH-plastoquinone oxidoreductase subunit 4 (V. vinifera)
1617935_at NADH-plastoquinone oxidoreductase subunit 7 (V. vinifera)
1608433 _at Phenol hydroxylase reductase (M. truncatula)

(
PR-10 (V. vinifera)
PR-10 (Vitis pseudoreticulata)
PR-10 (Vigna unguiculata)
PR-4 (V. vinifera)

Lignin biosynthesis and cell wall modification

1614502 _at Ferulate 5-hydroxylase (Camptotheca acuminate)

1612124 _at Caffeic acid O-methyltransferase (V. vinifera)

1606770_s_at Dirigent-like protein oxidase (Sinopodophyllum hexandrum)
1611671_at Cellulose synthase 3 (Boehmeria nivea)

Phytoalexin and phenylpropanoid biosynthesis

AT5G60900 (RLK1)
AT5G60900 (RLKT)
AT5G60900 (RLKT)
AT4G08850
AT3G43740
AT1G09970
AT1G66980
AT1G58190

AT4G26070 (MEKT)
AT3G45640 (MPK3)

AT3G48090 (EDST)
AT3G48090 (EDST)

AT2G38470 (WRKY33)
AT1G80840 (WRKY40)
AT2G38470 (WRKY33)
AT4G31550 (WRKY11)
AT4G23810 (WRKY53)
AT2G23320 (WRKY15)
AT5G13080 (WRKY75)

AT2G14610 (PR1)

AT1G24020
AT1G24020
AT1G24020
AT5G45860
AT3G04720

AT5G05340 (peroxidase)
AT5G67400 (peroxidae)
AT4G21960 (PRXRT)
AT4G25980 (peroxidase)
AT2G29420
AT3G09270 (ATGSTUS)
AT5G08530
ATcG01050 (ndhD)
ATcGO01110 (ndhH)
AT1G15140

AT4G36220 (FAHT)
AT5G54160 (ATOMTT)
AT4G23690
AT5G05170 (CESA3)

1619517 _at Flavonoid 4’-O-methyltransferase (Rosa hybrid cultivar) AT4G35160
1609697 at Stilbene synthase (V. pseudoreticulata) AT5G13930 (ATCHS)
1611190 s _at Stilbene synthase (V. vinifera) AT5G13930 (ATCHS)
1615401 _at UDP-Glc glucosyltransferase (Catharanthus roseus) AT2G29730

“Probe sets in bold are discussed in detail in the text. PThe best BLASTX homolog with E value below 1e™'°. “The best-matched

Arabidopsis (AT) homolog, if identified, whose function is used as reference for discussion.

one was slightly repressed. One PR-10 was induced
at 8 hpi and continued to increase from 12 to 48 hpi
(Fig. 5). Thus, it is likely that the induction of PR-1 and
PR-10 is indicative of the defense response during the
grapevine-PM interaction as in other plant-microbe
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pathosystems (van Loon et al., 2006). We identified four
different PR-9 genes involved in ROS metabolism that
encode peroxidases; two of them were induced (Fig. 5),
and the other two were repressed by PM in V. vinifera.
Three NADH dehydrogenase genes were repressed
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Figure 5. Comparative expression profiles of selected differentially expressed genes in the two grapevine genotypes. The natural
log-transformed normalized expression values were plotted for each gene at six time points (0, 4, 8, 12, 24, and 48 hpi). SE was
calculated based on three biological replicates. Solid line, PM-inoculated samples; dashed line, mock-inoculated samples. Left,
V. aestivalis; right, V. vinifera. Asterisk indicates the genes that were significantly expressed at a higher or lower level (FDR-

corrected P < 0.05) in V. aestivalis than in V. vinifera.

in PM-inoculated V. vinifera leaves and also highly
expressed in V. vinifera in comparison to V. aestivalis
(Fig. 5). Three glutathione S-transferase (GST) genes
were also induced by PM (Supplemental Table S1).
Differential expression of these defense-related genes
indicates the activation of defense pathways even in
compatible interactions between grapevine and the
fungus.

Primary Metabolism Is Affected in
PM-Inoculated V. vinifera

We analyzed the expression patterns of genes that
are involved in primary and secondary metabolism

Plant Physiol. Vol. 146, 2008

and presented the results in Supplemental Figure S3.
Genes in tetrapyrrole synthesis, light harvesting, the
Calvin cycle, and photorespiration were mostly down-
regulated, suggesting the overall down-regulation of
photosynthesis genes (Supplemental Fig. S3A). Genes
for pyruvate metabolism involving the conversion of
pyruvate to acetyl-CoA were down-regulated together
with genes for glycolysis (Supplemental Fig. S3B). The
redistribution of carbon reserves was evident based on
the up-regulation of genes encoding invertase and «
amylase, which function to convert Suc and starch into
Fru and Glc (Supplemental Fig. S3B). In addition, the
up-regulation of genes for Glc-6-P dehydrogenase and
chorismate mutase suggested the involvement of shi-
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kimate pathway in the synthesis of flavonoid secondary
metabolites (Supplemental Fig. S3B). Lipid metabolism
was also strongly affected with the down-regulation of
genes in the fatty acid synthesis pathway as well as the
up-regulation of genes in the fatty acid degradation
pathway (Supplemental Fig. S3C). These transcriptional
changes indicated a possible remobilization of fatty acid
carbon reserves back to the key precursor, acetyl-CoA,
which was correlated with the up-regulation of isopre-
noid biosynthesis during PM infection (Supplemental
Fig. S3E). In addition, it was found that many of the
PM-responsive genes involved in primary metabolism
were expressed at a higher level in V. vinifera than in
V. aestivalis under mock-inoculation conditions (Sup-
plemental Fig. S3, A and B).

Major Secondary Metabolic Pathways Are Affected in
PM-Inoculated V. vinifera

In combating pathogens, a range of secondary me-
tabolites were synthesized, leading to antimicrobial
compounds and to lignins, which reinforce cell walls
(Nicholson and Hammerschmidt, 1992; Vermerris and
Nicholson, 2006). Our data also suggested that the
expression levels of genes that are part of the flavonoid
synthesis branch within the phenylpropanoid meta-
bolic grid steadily increased with the progression of
the disease (Supplemental Fig. S3D). The up-regulation
of stilbene synthase genes was the most noticeable PM-
induced change, and the expression patterns of five PM-
responsive stilbene synthase genes were similar (Figs. 4B
and 5). Transcript abundance increased dramatically
from 0 to 12 hpi, decreased from 12 to 24 dpi, and then
increased again from 24 to 48 dpi (Figs. 4B and 5). One
gene encoding caffeic acid O-methyltransferase (Table
I), a key enzyme in the synthesis of monolignols coni-
feryl and sinapyl alcohols, was also up-regulated (Sup-
plemental Fig. S3D). The dramatic up-regulation of
genes for dirigent-like proteins, which were proposed
to play a role in lignin synthesis (Davin and Lewis,
2000), was also observed (Figs. 4B and 5). Some of these
genes, including flavonoid O-methyltransferase, caffeic

Figure 6. Overview of major metabolic pathways in
response to PM in V. vinifera, as suggested by overall
expression pattern of PM-responsive genes that are
involved in primary and secondary biochemical
pathways. Expression profile of each individual
gene is presented in Supplemental Figure S3, A to
E, indicated in parentheses as FS3A, B, C, D, and E for
each major pathway. Pathways with transcripts that
are up- or down-regulated are indicated with + or —
*, The HMG-CoA reductase gene that is also respon-
sive to PM infection in V. aestivalis. Precursor me-
tabolites are circled and end products are boxed.

Fatty acid

244

T

FSC

acid O-methyltransferase, dirigent-like protein, and fla-
vonoid 3-hydroxylase, were expressed at significantly
higher levels in V. aestivalis under mock inoculation
and, in some cases, also in PM-inoculated leaves (Fig.
5; Supplemental Fig. S3D).

Within the isoprenoid biosynthetic pathway, there
were two key genes up-regulated, hydroxymethyl-
glutaryl-CoA (HMG CoA) synthase and HMG CoA
reductase, that convert acetyl-CoA into HMG CoA and
then to mevalonate, the precursor for isopentenyl py-
rophosphate and the various terpene, carotenoid, or
sterol compounds (Supplemental Fig. S3E). The HMG
CoA reductase gene was also one of four genes that was
significantly up-regulated in V. aestivalis during PM in-
fection (Fig. 5). The up-regulation of these two genes sug-
gested a tight coordination between the up-regulation
of the isoprenoid pathway and the metabolism of acetyl-
CoA via B-oxidation of fatty acid (Supplemental Fig.
S3C). In particular, the transcript of HMG CoA syn-
thase was expressed at a significantly higher level in
V. aestivalis under both mock- and PM-inoculation
conditions (Fig. 5; Supplemental Fig. S3E). An overview
of the transcriptome changes in metabolic pathways
in response to PM infection and possible consequences
from mobilization of carbon reserves to secondary
metabolites is presented in Figure 6.

DISCUSSION
PM-Induced Defense Response in V. aestivalis “Norton’

Based on previous findings in other plant-pathogen
interactions (Mysore et al., 2002; Schenk et al., 2003; Tao
et al., 2003), we hypothesized that a PM-induced tran-
scriptional response would be detected in V. aestivalis
‘Norton’. We found many genes showing strong evi-
dence for transcriptional change in the susceptible V.
vinifera and a much weaker response in the disease-
resistant V. aestivalis. We identified three differentially
expressed genes in V. aestivalis and 625 in V. vinifera.
Of these, 533 were statistically significantly different in
their response to the fungus, indicating that the tran-
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scriptome of the resistant grape genotype responded
weakly to PM. This weak transcriptome response in
pathogen-affected tissues is consistent with recent
findings in the tomato (Solanum Ilycopersicum)-PM
interaction (Li et al., 2006) and also with the results
that SA levels did not change significantly in PM-
infected leaves of V. aestivalis (Fig. 2A). Analysis of the
nonpathogen-challenged abundance of 625 PM-responsive
transcripts between the two grape genotypes indicated
that 83 were expressed at a higher level and 219 were
expressed at a lower level in V. aestivalis relative to V.
vinifera at all time points in the experiment. Therefore, a
possible explanation for identifying only three PM-
responsive transcripts in V. aestivalis is the constitutive
high- or low-level expression of many defense genes in
this cultivar. Transcripts that are present at constitu-
tively high or low abundance in the absence of PM are
expected to be only weakly modulated in response to
PM attack. Another possible explanation is that the
response in V. aestivalis was limited to only those rel-
atively few epidermal cells that interacted with PM or
because the Vitis GeneChip does not represent the
entire grape genome.

Among the transcripts present at elevated levels in
the mock-inoculated V. aestivalis leaves was EDS1 (Fig.
5), a key regulator of defense that is required for the
pathogen-induced accumulation of SA (Parker et al.,
1996; Wiermer et al., 2005; Bartsch et al., 2006). Other
defense-related regulatory genes that were expressed
at elevated levels in nonpathogen-challenged V. aestivalis
were MAPKK and WRKY (Fig. 5). Several PR protein
genes, such as PR-1, PR-2, PR-3, and PR-9, as well as
other defense-related genes (e.g. a stilbene synthase,
a flavonoid-O-methyltransferase, and a dirigent-like
protein), also were transcribed at higher levels in
nonpathogen-challenged V. aestivalis than in V. vinifera
(Fig. 5; Fung et al., 2007). Is it possible that the consti-
tutively elevated expression of these defense-related
transcripts plays a role in the rapid epidermal cell re-
sponse and the enhanced resistance to PM in V. aestivalis?
Addressing this question will require additional ex-
periments to provide evidence for the cause-effect re-
lationship between expression levels of these genes and
disease resistance.

In apple (Malus domestica), the association of elevated
defense gene expression with resistance to the apple
scab fungal pathogen (Venturia ineaqualis) was recently
reported (Degenhardt et al., 2005). In the scab-resistant
variety Remo genes encoding PR-10, PR-2, PR-3, Cys
protease inhibitor, and metallothioneins were consti-
tutively expressed at higher levels than in the scab-
susceptible variety Elstar in the absence of the pathogen.
Elevated defense gene expression is also known to be
associated with pathogen resistance in the Arabidopsis
lesions stimulating disease and comnstitutive expression of
PR genes (cpr) mutants (Dietrich et al., 1994; Silva et al.,
1999; Clarke et al., 2001). In these mutants, expression
levels of defense genes can be tempered by reducing SA
levels (Huntet al., 1997; Silva et al., 1999). Furthermore,
several of the Arabidopsis cpr mutants have constitu-
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tively elevated SA levels even in the absence of path-
ogen (Silva et al.,, 1999; Clarke et al., 2001). It is
interesting to note that our HPLC assays showed that
the SA content in the leaves of V. aestivalis was signif-
icantly higher than that in V. vinifera under the mock-
inoculation condition (Fig. 2). At present, it is not
known to what extent this SA content represents
glycosylated and biologically active free SA in these
grapevines. Nevertheless, the co-occurrence of disease
resistance, constitutive high-level expression of de-
fense genes, and elevated SA levels in V. aestivalis is
intriguing and warrants further investigations.

PM-Induced Defense Response in V. vinifera
‘Cabernet sauvignon’

Accumulating evidence supports the hypothesis that
in compatible interactions leading to susceptibility,
obligate biotrophic pathogens inactivate host defense
responses to sustain their interaction with living host
cells (Bushnell and Rowell, 1981; Panstruga, 2003;
Schulze-Lefert and Panstruga, 2003). In this study, the
analysis of the total number of PM-responsive genes
and their expression patterns in V. vinifera revealed that
the most dynamic interactions between pathogen and
host occurred after 12 hpi (Figs. 3 and 4B). This is
consistent with observations that the majority of co-
nidia penetrated host cells and began to form second-
ary hyphae, a sign of the formation of functional
haustorium, by 24 hpi (Fig. 1). Induced expression of
key defense genes and increased SA levels strongly
suggested that defense responses were activated in the
PM-infected V. vinifera leaf tissue (Supplemental Table
S3; Figs. 2B, 4, and 5). We found that expression of a set
of defense-related genes, including PR genes and sec-
ondary metabolite biosynthesis genes, reached maxi-
mum levels at 12 hpi and then declined (clusters 16 and
18, Fig. 4B). This phenomenon was also observed in the
wheat (Triticum aestivum)-PM and barley-PM interac-
tions (Caldo et al., 2004); the expression of genes
involved in secondary metabolism first increased and
then declined between 24 and 32 hpi (Caldo et al., 2004,
2006). In the wheat-PM compatible interactions, ex-
pression of PR genes (WIR1 and WIR2) increased
within 1 d after fungal infection and then gradually
dropped over a 6-d period (Waspi et al., 2001). The
reduced expression level of these defense-related genes
during the critical period in grapevine-, barley-, or
wheat-PM compatible interactions suggests that the
haustoria export fungal factors into host cells that could
act as suppressors of defense-related gene expression
(Panstruga, 2003; Schulze-Lefert and Panstruga, 2003;
Caldo et al., 2004).

Changes of Metabolic Pathways in PM-Infected
V. vinifera “Cabernet sauvignon’

The reprogramming of metabolic pathways is con-
sidered to be one of the defense strategies that plants
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utilize to generate antimicrobial compounds and sig-
nal molecules for restraining the growth of pathogens
(La Camera et al., 2004). Our results suggest that the
PM-susceptible V. vinifera reprograms primary meta-
bolic pathways and activates secondary metabolism in
response to PM infection (Fig. 6; Supplemental Fig.
S3). The up-regulation of invertases (Supplemental
Fig. S3B), genes that are involved in degradation of
major carbon reserves into hexoses, could result in the
reduction in net photosynthetic rate, as documented in
other plant-biotrophic pathogen interactions (Scholes
et al., 1994; Hahn and Mendgen, 2001; Walters and
McRoberts, 2006). This metabolic shift seems to be
coordinated with the up-regulations of genes involved
in the synthesis of secondary metabolites (flavonoids
and lignin) via the oxidative pentose phosphate path-
way and shikimate pathway (Supplemental Fig. S3B;
Scheideler et al., 2002). Similar regulation of genes in
the last steps of shikimate pathway for the biosynthe-
sis of phytoalexins and lignins was demonstrated
in barley-PM interactions (Caldo et al.,, 2004). The
demand for acetyl-CoA in isoprenoid synthesis also
appears to be coordinated with genes of fatty acid deg-
radation pathways when pyruvate metabolic genes
are largely down-regulated (Supplemental Fig. S3B). It
is possible that reliance on fatty acid degradation for
supply of acetyl-CoA, together with the biosynthesis
of Phe and Tyr via the shikimate pathway, is required
to sustain the remaining anabolic pathway during PM
infection. Because leaves are not generally considered
major reserves of fatty acids, more studies are needed
to determine if the metabolite flux through pathways
via acetyl-CoA can help meet the demands of iso
prenoid and other secondary metabolite biosynthesis.

Stilbene synthase, which is a key enzyme in the
synthesis of trans-resveratrol and stilbene phyto-
alexins, is induced in response to fungal elicitors, the
oomycete Plasmopara viticola, and the necrotrophic
fungal pathogens Botrytis cinerea and Phomopsis viticola
in V. vinifera (Melchior and Kindl, 1991; Bavaresco and
Fregoni, 2001; Tassoni et al., 2005). In this study, mul-
tiple transcripts of stilbene synthase genes were in-
duced in response to the biotrophic E. necator (Figs. 4B
and 5), which is in agreement with the findings that
high levels of trans-resveratrol accumulate in PM-
infected berries (Piermattei et al., 1999). In contrast,
the transcript abundance of flavonoid genes continu-
ously increased over the course of infection (Fig. 5;
Supplemental Fig. S3D), suggesting that they may be
regulated in a different way from stilbene synthases.
Genes in this group include ferulate-5-hydroxylase gene
in monolignol synthesis and genes involved in flavonoid
biosynthesis, such as flavonoid O-methyltransferase
and UDP-Glc flavonoid 3-O-glucosyltransferase genes
(Table I).

CONCLUSION

At the transcriptional level, disease-resistant V.
aestivalis 'Norton’ responded weakly to PM. In contrast,
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in disease-susceptible V. vinifera ‘Cabernet sauvignon’,
genes encoding key defense components were signif-
icantly up-regulated in response to PM. Endogenous
SA content was significantly higher in V. aestivalis
‘Norton’ than in V. vinifera ‘Cabernet sauvignon’. Al-
though it is not clear if these genotype-specific differ-
ences in transcript abundance of defense-related genes
and higher SA content contribute to PM resistance in
V. aestivalis ‘Norton’, these new discoveries point to-
ward future experiments that can uncover the mecha-
nisms responsible for fungal resistance in V. aestivalis
‘Norton” and for fungal susceptibility in V. vinifera
‘Cabernet sauvignon’.

MATERIALS AND METHODS

Full MIAME/Plant compliant descriptions of sources of the PM and
grapevines, experiment design, plant samples, RNA extraction, array hybrid-
ization, and statistical analysis are included in the Supplemental Data.

Microscopic Observation

Fully expanded leaves at the third or fourth positions from the shoot tip
were chosen for inoculation, the inoculated area of each leaf was marked with
India ink, and the area was excised at 24-h intervals for light microscopic
observation. Removal of chlorophyll and fixation of leaf tissue followed a
previous protocol (Vanacker et al., 2000). Fungal spores and hyphae were
stained by 0.05% aniline blue in a lacto-glycerol solution (1:1:1, lactic acid:
glycerol:water; v/v). The growth conditions and inoculation procedure of
leaves with conidiospores are the same as those described in the experiment
design for the microarray (see MIAME/Plant in the Supplemental Data for
details).

Measurement of SA

In the SA assays of Vitis aestivalis and Vitis vinifera with PM or mock
inoculation, four leaves were randomly collected from each vine and pooled to
form one biological replicate. In the comparative SA analysis of the two
genotypes, five leaves were randomly chosen from each vine and pooled to
form one biological replicate. Three independent biological replicates were
sampled. Leaf samples were immediately frozen and ground in liquid
nitrogen. One-half gram of leaf tissues was extracted for measuring acid-
hydrolyzed SA by a procedure modified from previous protocols (Gaffney
et al., 1993; Verberne et al., 2002). Vacuum-dried extracts were suspended in
300 uL of 20% methanol. Five microliters of samples was injected. SA was
analyzed by the isocratic analysis on reversed phase columns (4.6 X 75 mm
Zorbax SB-C18 3.5 um and Zorbax High Pressure Reliance Cartridge Guard
Columns, Agilent) with diode array detector on an Agilent HPLC 1100 Series
instrument. Flow rate is 1.2 mL/min. Each sample was measured three times.
Quantification of SA concentration was determined in a linear range of 1 to
100 ng/ L calibration curve for sodium salicylate.

Clustering of Expression Pattern

In each time point, the mean of the normalized expression level for the
mock-inoculation treatment was subtracted from the mean of the normalized
expression level for PM-inoculation treatment. The differences were analyzed
using the method developed by Qu and Xu (2006). This method is based on
fitting a polynomial model for expression over time for each gene and
clustering genes with the same polynomial coefficients. For our analysis, we
used polynomial models of order 4. The clustering strategy with the minimum
Bayesian Information Criterion (i.e. the grouping that best fit the data) was
selected. The profiles of the differences between treatments over time were
grouped into 25 clusters. Most of the genes (13,078 of 14,571 genes) clustered in
cluster 1, which is the cluster with a flat profile (no difference over time between
the two treatments). Genes assigned to the remaining 24 clusters ranged from 3
(cluster 16) to 120 (cluster 23).
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qRT-PCR

Total RN As for qRT-PCR were from the same samples as used for GeneChip
hybridization. Total RNA were treated with TURBO DNA-free DNase I
(Ambion) and purified using RNeasy MinElute Cleanup kit (Qiagen). RNA
quantity and quality were assessed by GeneQuant pro spectrophotometer (GE
Healthcare) and by Agilent 2100 Bioanalyzer (Agilent). Two micrograms of
DNase I-treated RNA from three biological replicate samples at each time point
were pooled. Complementary DNA was synthesized from the RNA samples by
MultiScribe reverse transcriptase with random hexamer oligonucleotide pro-
vided in the Tagman Reverse Transcription Reagent kit (Applied Biosystems).
The amounts of transcripts of a selected gene in PM-inoculated versus mock-
inoculated grapevine leaf tissues were compared by using actin as control.
PCRs were performed in the MX3005P system (Stratagene) using SYBR Green.
Reaction was set up following the protocol in the SYBR Green RT-PCR reagent
kit (Applied Biosystems). Each reaction was run in triplicates in reaction
volume of 20 uL. Cycling parameters were 95°C for 10 min, 50 cycles of 95°C for
155, and 60°C for 30 s. Data were analyzed in the MxPro-Mx3005P v3.00 QPCR
software (Stratagene) according to the manufacturer’s instructions. The dif-
ferences in C; (threshold cycle) values for actin across all V. vinifera and
V. aestivalis cDNA samples series were 1.73 and 1.2, respectively. PCR efficiency
(E) was calculated from the exponential phase of each individual amplification
plot and the equation (1 + E) = 10°° based on a previous method (Peirson
etal., 2003). Expression level of genes of interest (GOI) was normalized to that
of actin by subtracting the C; value of actin from the C; value of the GOI after
the expression level of GOI and actin was adjusted with the mean E. Fold-
change was calculated as the exponentiation of the difference in natural log
values between PM-inoculated and mock-inoculated conditions.

Annotation of Affymetrix Probe Sets

For each Affymetrix probe set, component sequence with longer coding
region and 3’ poly(A) tail was identified in the NCBI UniGene database. Then
the closest homolog was identified through BLASTX searches (NCBI). The
closest Arabidopsis (Arabidopsis thaliana) homolog was also identified by
BLAST (NCBI) and cross checked with The Arabidopsis Information Re-
source.

Affymetrix data of this study have been deposited in the Gene Expression
Omnibus. The accession number is GSE6404.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Relationship between the measurement of
difference in the PM-inoculated versus mock-inoculated conditions in
qRT-PCR and microarray of the 15 genes at six time points: 0, 4, 8, 12,
24, and 48 hpi.

Supplemental Figure S2. Profiles of the mean difference for the 25
clusters of 16,437 transcripts of V. vinifera after inoculation with the PM.

Supplemental Figure S3. Expression profiles of the PM-responsive genes
in selected metabolic pathways.

Supplemental Table S1. Gene homologs, UniGene ID, log-transformed
expression value, fold-change, nominal P value, FDR-corrected P value
for 625 PM-responsive transcripts in V. vinifera, and three PM-responsive
transcripts in V. aestivalis.

Supplemental Table S2. Pearson correlation between the measurement of
difference in PM-inoculated versus mock-inoculated conditions in qRT-
PCR and by microarray for the 15 PM-responsive genes in V. vinifera
and V. aestivalis.

Supplemental Table S3. Affymetrix probe set ID in each of the 25 clusters
of 16,437 transcripts of V. vinifera after inoculation with PM.
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