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Abstract

The plant innate immune response is mediated by resistance (R) genes and involves hypersensitive response
(HR) cell death. During resistance responses, the host undergoes net changes in the transcriptome. To
understand these changes, we generated a whole genome transcript profile for RCY/-mediated resistance to
cucumber mosaic virus strain Y (CMV-Y) in Arabidopsis. Using a very stringent selection criterion, we
identified 444 putative factors belonging to nine different functional classes that show significant transcript
regulation during Arabidopsis-CMV-Y interaction. Genes with unknown function formed the largest class.
Other functional classes represented in the resistome include kinases and phosphatases, protein degradation
machinery/proteases, transcriptional regulators, and others. Interestingly, several of the unknown function
genes possess well characterized domains and secondly many genes encode small peptides with less than 100
amino acids. Analysis of 1.1 kb promoter regions of the 444 genes revealed that 9 out of the 12 known cis-
binding elements are significantly associated with pathogen responsive cluster. Location and distribution of
five prominent binding elements for select group of disease resistance related and unknown function genes
is presented. The analysis also revealed 80 defense-responsive genes that might participate in R gene-
mediated defense against both viral and bacterial pathogens. In addition, chromosome distribution of genes
that respond to bacterial and viral pathogens suggests that they are located in small gene clusters and may
be transcriptionally co-regulated. Exploring the precise function of the new genes identified in this analysis
will offer new insights into plant defense.

Introduction (Martin et al., 2003). This Avr-R recognition and

the subsequent events restrict the pathogen to site

The defense responses exhibited by plants against
pathogens can be grouped into two major catego-
ries: non-host resistance that occurs at the species
level and host-specific resistance that occurs at the
subspecies level (race/ecotype/variety). Non-host
resistance is triggered in response to infection by
different pathogen-derived signals, which can be of
bacterial, fungal or even plant origin. Host-specific
resistance on the other hand, requires the recogni-
tion of pathogen-encoded Avr proteins by their
cognate plant encoded resistance gene (R) products

of its entry and limit further spread in a resistant
plant. Phenotypically, this resistance often mani-
fests itself in the form of the hypersensitive re-
sponse (HR) at the site of pathogen invasion and
enhanced resistance in the other regions of the
plant. HR is a form of programmed cell death
(PCD) that occurs very early during the infection of
a resistant plant by an avirulent pathogen (Lam
et al., 2001). HR occurs very rapidly and precedes
pathogen movement, thereby limiting systemic
spread of the pathogen. A delayed, secondary
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response called systemic acquired resistance (SAR)
follows PCD and provides a general immunity to
entire plant against subsequent attack by the same
or other pathogens (Ryals et al., 1996).

R genes that confer resistance to viral, fungal,
bacterial, nematode and insect pathogens encode
structurally similar proteins. R genes are classified
into eight groups, the largest one being NBS-LRR
(Nucleotide Binding Site-Leucine Rich Repeat)
proteins with variable N-terminal domains (Ham-
mond-Kosack and Parker, 2003). All the virus
specific R genes that have been cloned so far namely
N (against tobacco mosaic virus, TMV), HRT
(against turnip crinkle virus, TCV), Rx/ (against
potato virus X, PVX) and RCY1 (against cucumber
mosaic virus yellow strain, CMV-Y), encode pro-
teins that contain a centrally located NBS and C-
terminal LRR of various lengths (Whitham et al.,
1994; Bendahmane et al., 1999; Cooley et al., 2000;
Takahashi er al., 2002). These virus specific R
proteins have different structures at their amino-
terminus: N contains a toll-interleukin 1 receptor
homology region (TIR), while HRT and RCY1
have a coiled-coil (CC) domain, and Rx1 contains
neither. Interestingly, the NBS region of R genes
share sequence homology with the NBS region of
animal cell death genes including CED4 from C.
elegans, and Apaf-1, FLASH, CARD4 and NOD1
from humans.

The R gene RCYI found in Arabidopsis C24
ecotype is a single dominant gene that mediates
resistance against CMV-Y (Takahashi et al., 1994,
2002). The HR triggered by RCYI culminates in
death of the infected cells and is seen as necrotic
lesions. Takahashi et al., (2002) have shown that
this gene is allelic to both RPPS8 from the ecotype
Ler and HRT from the ecotype Dijon-17, which
confer resistance against the fungus Peronospora
parasitica Emco5 and turnip crinkle virus (TCV),
respectively (McDowell et al., 1998; Cooley et al.,
2000;). It appears that through intragenic recom-
bination and positive selection Arabidopsis eco-
types have evolved at least 6 alleles at this locus
(rpp8, K15 and RPH8A being the other three)
(McDowell et al., 1998; J. Miller and S.P.D-K,
unpublished).

During plant defense responses, induction of
HR and the restriction of pathogen spread are
mediated by the activation, repression or steady
state maintenance of transcriptional activity of a
group of genes or transcriptome that we refer to as

the “‘resistome”. The transcriptional regulation
during R gene-mediated resistance and SAR re-
sponse has been studied using expressed sequence
tag (EST)-based cDNA microarrays representing
partial Arabidopsis genome (Maleck et al., 2000;
Schenk et al., 2000). Recently, interactions involv-
ing two NBS-LRR type of LRR R genes, RPS2 and
RPM 1, were studied using Affymetrix oligo based
GeneChip representing 8000 genes (Tao et al.,
2003). They found that 2338 genes were differen-
tially regulated within 9 h of bacterial infection.
Similar Affymetrix GeneChips were used to study
changes in gene expression in response to five dif-
ferent viruses in Arabidopsis (Whitham et al., 2003).
This study identified 135 common genes that are
differentially regulated following viral infections.

In the present report, we analyzed the RCYI-
mediated resistance response against the viral
pathogen CMV-Y using Affymetrix GeneChips
representing the entire genome of Arabidopsis.
Gene expression profiles at three time points (3, 5
and 18 h) following CMV-Y infection were
investigated. We employed 2-way ANOVA and
identified a total of 444 genes that are differentially
regulated during defense response to CMV-Y
infection. The identified genes belong to several
functional groups such as kinases, protein degra-
dation machinery, transcription factors, proteins
involved in HR cell death and defense response.
We also present an analysis of promoters of all 444
genes regulated during RCY/-mediated resistance.
Frequency and location for the binding sites for
most abundant cis factors on the promoters of
important genes are presented. Finally we compare
the genes identified in our study to those generated
by Tao et al. (2003) during resistance response to
bacterial infections in Arabidopsis. Since RCY1
belongs to NBS-LRR group the whole genome
expression analysis presented here may be signifi-
cant for other resistance pathways governed by
NBS-LRR type of R genes in Arabidopsis and
other plant systems.

Materials and methods

Plant growth, virus inoculation, and RNA
preparation

Arabidopsis thaliana ecotype C24 plants were
grown in a growth chamber maintained at 16 h



light and 8 h dark cycle, 22 °C temperature and
72% relative humidity. The virus (50 pg/ml) was
rub-inoculated onto all the leaves of C24 plants at
10—12-leaf stage using carborundum. The tissue
was collected at 0, 3, 5, and 18 h pi and quick
frozen in liquid nitrogen.

Total RNA was extracted from virus- or mock-
inoculated leaves using RNA WIZ (Ambion, TX)
and RNA was further purified using RNAeasy
columns (Qiagene). GeneChip hybridization and
scanning was performed at the Affymetrix Gene-
Chip resource laboratory within the Keck Facility
at Yale Medical School, New Haven, CT (http://
keck.med.yale.edu/affymetrix).

Microarray data analysis

The GeneChip (ATHI1) data of our experiment
was processed using DNA-Chip Analyzer (dChip:
http://www.dchip.org/) which implements Li—
Wong’s model (Li and Wong, 2001). We used PM-
only model to calculate gene expression values
based on GeneChip cell files. Then the gene
expression data was normalized using a built-in
invariant-set normalization function in dChip and
was further analyzed by the following analysis of
variance (ANOVA) model

VR = A+ By Ge+ (AG), + (BG) + B,
where yf]rk) is the logarithm of the rth replicate
model-based -expression value of gene k at the ith
time point with the jth treatment (i=1,2,3,4; j
=1,2; k=1,...,~22k).The R-square of this model
is R”= 0.9949531. This means that about 99.5%
of the variations can be explained by the model. As
in many other literatures in which ANOVA model

Table 1. Summary of analysis of variance (ANOVA) model*.
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has been used, we treated all the expression values
as independent observations from normal distri-
butions. We only included the important effects
and some interactive effects related to genes to
keep the model as simple as possible. We have not
included the interaction (AB)ij because in this
ANOVA model, the R* is calculated based on
residual sum of squares which has very large
(68,238) degrees of freedom. The interaction (AB)ij
has only three degrees of freedom.

The ANOVA table (Table 1), summarizes some
test results about the variable selection in the
ANOVA model fitting the microarray data. In this
table, DF, SS, MS, F-ratio and p-value designate
for degree(s) of freedom, sum of squares, mean
sum of squares, F-test statistic and its p-value,
respectively. From the ANOVA table (Table 1),
we know that all the effects and interactions are
very significant. The fold change for gene k is
estimated as fc = exp{(bg)x—{( bg);}, where
(bg) is the least-squares estimate of the interaction
(BG) between treatment and gene. This is the
change in the gene expression levels which is
caused only by the different treatments (virus in-
fected or not). Changes in expression levels caused
by other factors such as time and array are filtered
and are estimated separately.

The fold change of each gene at each time point
is calculated as the average of the ratios of the two
replicates. The selected changes at the three time
points were transformed to logarithm (base 2)
values and analyzed by “Cluster” developed by
Michael Eisen (http://rana.lbl.gov/EisenSoft-
ware.htm) by performing the complete linkage
hierarchical clustering analysis with uncentered
correlations. The clustering results are displayed
and viewed using ‘TreeView’.

Source DF SS MS f-ratio p-value
Time 3 47.534 15.845 1056.333 <1.0e-7
Treatment 1 9.37 9.37 624.667 <1.0e-7
Gene 22745 201418.6 8.856 590.4 <1.0e-7
Treatment x Gene 22745 469.401 0.021 1.4 <1.0e-7
Time x Gene 68235 4607.372 0.068 4.533 <1.0e-7
Residual 68238 1047.728 0.015

Total 181967 207600 1.141

*Source, DF, SS, MS, F-statistic, p-value stand for source of variation, degree(s) of freedom, sum of squares, mean sum of squares, F-

test statistic and its p-value.

“Treatment X Gene” and “Time X Gene” are sources of variation due to the interaction of gene with treatment and time respectively.
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We obtained the promoter sequences for
different groups of selected genes from MATDB
(http://mips.gsf.de). The frequencies and locations
of the twelve binding sites were calculated by
examining the upstream 1.1 kb region of each
gene. The statistically expected frequency was
calculated by examining the upstream 1.1 kb
regions of all Arabidopsis genes.

Visual display of the results — A spatial method

To visualize the chromosomal locations of genes
with statistically significant changes we counted the
number of differentially regulated genes in a series
of moving windows along a chromosome. More
specifically, for each chromosome, the starting and
the end points of the first and the last genes were
denoted by NO and N1, respectively. For a given
window size w and moving step k, we created
M= (N1-NO)/k moving windows with width w.
For the mth move, where m=1,2,...,M, the window
covers [(m-1)k+1,(m-1)k+1+w]. For each
window, we counted the relative frequency f(m) of
the significant genes within the mth moving, that is,
f(m) is ratio of the number of significant genes to
the number of genes in the ATH1 Affymetrix array
within the mth window. In each of the figures, we
plotted the relative frequencies f(m) vs. the starting
points (m-1)k+ 1 of the moving windows for the
sets of significant genes described in Tao ef al.
(2003) and those of ours.

Results
Experimental system and gene expression analysis

Arabidopsis ecotype C24 contains a single domi-
nant R gene RCYI that confers resistance to
CMV-Y (Takahashi et al., 1994, 2002). The resis-
tance response mediated by RCY/ is manifested in
the form of HR cell death in the inoculated leaves
within 48 to 72 h following viral infection
(Figure 1). To identify genes that regulate early
RCY1-CMV resistance signaling, we selected 3, 5
and 18 h post-infection (pi) time points for gen-
ome-wide expression profiling using Affymetrix
GeneChips with 22,500 probe sets representing
approximately 24,000 genes. Total RNA was ex-
tracted from the pooled tissue of five independent
C24 plants infected with CMV-Y or mock inocu-

Figure 1. Arabidopsis ecotypes C24 and Col-O respectively are
resistant and susceptible to CMV-Y. C24 plant infected with
CMV-Y exhibiting HR cell death. All the leaves of the plant
were hand inoculated by rubbing virus. Close up of HR cell
death on inoculated leaf is shown. Col-0 plant infected with
CMV-Y showing no HR. Absence of HR is evident in the close
up view of the inoculated leaf.

lated at three time points (3, 5 and 18 h pi) and
hybridized with Affymetrix GeneChips. Experi-
ments were carried out in two biological replica-
tions using a total of ten individually hand
inoculated plants per time point.

To evaluate technical or biological variability,
we analyzed replication clusters for both mock and
virus treated data sets (normalized) and deter-
mined that the two replications in each case dis-
play same genes clustering in similar orders
(supplement Figure 1). This mathematically illus-
trated that the replications gave highly reproduc-
ible data. In addition, the real time RT-PCR
analysis on seven genes across all three time points
(comparing 21 ratios of virus treated to mock
control) using total RNA from a fresh set of
similarly treated plants confirmed our microarray
data (supplement Table 1).

Gene expression data was analyzed by the
ANOVA model (Kerr et al., 2000) to identify dif-
ferentially expressed genes. False Discovery Rate
(FDR) (Storey and Tibshirani, 2003) was calculated
based on the p-value from the ANOVA. We used a
stringent cut off at FDR = 0.05 that corresponds to
p-value = 0.001, and selected 444 genes that were
differentially regulated in RCY/-containing C24
ecotype due to CMV-Y infection compared to mock
infected controls (supplement Table 2). The
FDR =0.05 represents approximately 5% of the
identified genes to be false positive.
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Table 2. Representative genes consisting of defense related, ROI related and R gene-like functional groups in the RCY1 resistome

against CMV-Y.

ID AGI Description FDR p-value Est. Ratio
Defense related
263382 _at At2g40230 Anthranilate N-hydroxycinnamoyl, putative 0.000279 0.000002 0.661
258805_at At3g04010 p-1,3-glucanase, putative 0.000002 0.000000 0.605
248100 _at At5g55180 f-1,3-glucanase-like protein 0.008440 0.000114 0.713
255595 at At4g01700 Chitinase, putative 0.034100 0.000630 0.741
264514 _at At1g09500 Cinnamyl alcohol dehydrogenase, putative 0.000003 0.000000 0.607
252943 _at At4g39330 Cinnamyl-alcohol dehydrogenase CADI 0.000000 0.000000 0.562
252984 at At4g37990 Cinnamyl-alcohol dehydrogenase ELI3-2 0.010400 0.000144 0.717
251895 _at At3g54420 Chitinase, class IV 0.012900 0.000190 0.721
261135_at Atlgl9610 Defensin AMPI, putative 0.001240 0.000013 1.466
251879 _at At3g54200 Hinl protein, putative 0.008710 0.000118 0.714
252317_at At3g48720 Hsr201 like 0.000563 0.000005 0.671
253104 _at At4g36010 Thaumatin-like 0.000074 0.000001 0.644
260799 _at Atlg78270 UDP-glucose glucosyltransferase, putative 0.001150 0.000012 1.468
256469 at Atlg32540 Zinc-finger protein, putative; Lsd1-like 0.026400 0.000457 1.360
ROI related
248353 _at At5g52320 Cyt P450 0.000009 0.000000 0.619
256598 _at At3g30180 Cyt P450 homolog 0.001640 0.000018 1.457
253101_at At4g37430 Cyt P450 monooxygenase 0.000163 0.000001 0.653
253073 _at Atdg37410 Cyt P450 monooxygenase-like 0.000001 0.000000 0.593
256874 _at At3g26320 Cyt P450, putative 0.000182 0.000001 1.527
251196 _at At3g62950 Glutaredoxin-like 0.000000 0.000000 1.881
266299 at At2g29450 Glutathione S-transferase 0.000201 0.000002 0.657
262518 _at Atlgl7170 Glutathione transferase, putative 0.000280 0.000002 0.661
261037_at Atlgl7420 Lipoxygenase 0.000001 0.000000 0.590
264751 _at At1g23020 NADPH oxidase; highly similar to FRO1 0.018800 0.000298 1.373
254098 at At4g25100 Superoxide dismutase (fragment) 0.000000 0.000000 1.715
R gene-like
267411 _at At2g34930 LRR; Cf2 like 0.002640 0.000031 0.694
267546 _at At2g32680 LRR; Cf2 like 0.002960 0.000035 0.696
257099s_at At3g24982 LRR receptor-like 0.000000 0.000000 0.519
259629 _at Atlg56510 TIR/NBS/LRR like 0.001750 0.000019 0.688
262383_at Atl1g72940 TIR-X 0.010500 0.000148 1.395
262382 _at Atl1g72920 TIR-X 0.004130 0.000050 1.427
264213_at Atlg65400 TIR-X 0.005570 0.000071 0.706

ID, Affymetrix probe set number; AGI, Arabidopsis gene index; FDR, false discovery rate.

Instead of estimating fold change at each time
point, we estimated the overall fold change using
the least squares method of ANOVA as the inter-
action between gene and virus treatment. In this
way, we filtered out genes which showed different
expression levels across different time points and
selected genes for which the changes in the expres-
sion levels were induced only by the virus treatment
(Details in Experimental Methods section).

Analysis of co-regulated genes

To understand the time-dependent expression pat-
terns corresponding to the resistance response to

CMV-Y, we performed a hierarchical clustering of
the 444 genes that showed significant differences in
expression profile between virus and mock infected
plants. The cluster analysis revealed two distinct
groups of expression pattern with one showing
induction and the other showing overall down
regulation (Figure 2). Interestingly, only 106 out of
the total 444 differentially expressed genes were
induced by virus infections. Whereas, the remaining
approximately three fourth were down regulated.
Most of the identified genes either remained up- or
down- regulated throughout the 18 h period and
only a very few (less than 25) altered the direction of
expression kinetics within the time schedules.
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Time points (h)
3 5 18

Figure 2. Expression profiles of genes differentially expressed
during resistance response to CMV-Y infection in Affymetrix
GeneChip of Arabidopsis at 3, 5 and 18 h post infection. Red
indicates transcriptional activation, green represents repression
and black indicates no change in the expression. Scale showing
increase or decrease is shown at the bottom.

The ‘Resistome’ is made up of many functional
groups

The function for each of the 444 genes was iden-
tified based on protein sequence and domain
homology and grouped into 10 classes. These in-
clude defense related, kinases/phospatases, protein
degradation machinery/proteases, transcriptional
regulators, HSPs/chaperones, lipases/hydrolases,
transporters, interesting miscellaneous, unknowns
and unclassified. Several genes associated with

plant defense were differentially regulated during
RCY1-CMYV interaction (Table 2). These include
defense related genes like f-1-3, glucanase, chitin-
ases, defensin, Hinl-like, Hsr201-like and Lsdl-
like; the ROI related genes like Cyt P450, NADPH
oxidase, superoxide dismutase, lipoxygenase. We
also found differential regulation of genes pos-
sessing R protein domains like TIR or NBS or
LRR. The seven R-like genes (Table 2) were sig-
nificantly regulated in RCY/-mediated resistance
response even though R genes are generally not
known to be regulated at transcriptional level.
Several genes, which encode proteins that are
associated with signal transduction pathways, were
also differentially regulated (Table 3). These in-
clude putative or known kinases/phophatases such
as putative calcium dependent protein kinase
(CDPK), receptor kinases, several serine/threonine
kinase-like, Pto kinase interactor like and protein
phosphatase 2C (PP2C); transcriptional regulators
or DNA binding proteins like MY B-like, AP2-like,
WRKY, EREBP-like, and ERFs; protein degra-
dation related factors like E2 (UBC17) enzyme,
F-box proteins, U-box protein, RING finger pro-
teins, SKP1/ASKI-like; proteases like aspartyl
protease, cysteine protease, subtilisin-like protease.
Although, only one fourth of the total CMV-Y
responsive genes were up regulated, more than 50%
of the genes encoding the components of the protein
degradation machinery were significantly induced.
In comparison, only 4 of the 23 kinases/phopha-
tases presented in Table 3 showed induction.
Genes like EDSI and PAD4 that encode lipase-
like proteins and heat shock protein 90 (Hsp90)
are important regulators of R gene-mediated plant
defense (Falk ef al., 1999; Jirage et al., 1999;
Hubert et al., 2003; Lu et al., 2003 Liu et al.,
2004). In the RCY1 controlled defense pathway we
observed differential regulation of five lipase/hy-
drolases, 13 HSP/DnalJ domain proteins and eight
transporters (Table 4). Except for the gene
At5g53550 that encodes an OPT oligopeptide like
transporter and At4g13830 that encodes Dnal-like
protein, all others were down regulated. We have
also identified an ‘Interesting Miscellaneous’ class
of genes which include putative annexin, cell wall
proteins like CER1 and 2, cell death factor Bcl2
interacting protein Nip2, Hsp90 interacting pro-
tein/ER chaperone, CCR4-associated factor 1-like
and few others (Table 4). These genes do not have
precedence as plant defense regulators but based
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Table 3. Differentially regulated genes encoding protein kinases and phosphatases, transcriptional regulators, protein degradation
machinery/proteases in the RCY1 resistome against CMV-Y.

ID AGI Description FDR p-value Est. ratio

Kinases and phosphatases
262671 _at Atlg76040 CDPK, putative 0.000016 0.000000 0.626
261506_at Atlg71697 Choline kinase, putative 0.000282 0.000002 0.661
250556_at At5g07920 Diacylglycerol kinase 0.015500 0.000238 0.725
254869 _at At4g11890 Kinase-like 0.000000 0.000000 0.539
254255 _at At4g23220 Kinase-like 0.000007 0.000000 0.616
254265s_at At4g23140 Kinase-like 0.000166 0.000001 0.654
254241 _at At4g23190 Kinase-like 0.000248 0.000002 0.659
254408 _at At4g21390 Kinase-like 0.000442 0.000004 0.667
267550_at At2g32800 Kinase-like 0.003010 0.000035 0.696
255872_at At2g30360 Kinase-like 0.003800 0.000046 0.700
255617 _at At4g01330 Kinase-like 0.031700 0.000580 1.352
257978 _at At3g20860 Kinase-like 0.008890 0.000121 0.714
258616 _at At3g02880 Kinase-like 0.049500 0.000987 0.749
256136s_at At1g48720 Lectin receptor kinase like 0.017900 0.000281 1.375
259426 _at Atlg01470 PI-4P-5 kinase, putative 0.000009 0.000000 0.619
260855_at Atl1g21920 PI-4P-5 kinase, putative 0.001850 0.000020 1.453
247723 _at At5g59220 PP2C-like ABA induced 0.000000 0.000000 0.540
251017_at At5g02760 PP2C homolog, 0.000001 0.000000 1.670
258901 _at At3g05640 PP2C, putative 0.000000 0.000000 0.527
251494 _at At3g59350 Pto kinase interactor] like 0.024700 0.000419 0.734
262360 _at Atlg73080 Receptor-like protein kinase 0.038100 0.000710 0.743
249410_at At5g40380 Receptor-like protein kinase 0.000035 0.000000 0.635
249771 _at At5g24080 Receptor-like protein kinase 0.000943 0.000009 0.678

Transcriptional regulators
253799 _at At4g28140 AP2-like protein RAP2.4 0.000000 0.000000 0.472
264415_at Atl1g43160 AP2-like, putative 0.000000 0.000000 0.558
265418 _at At2g20880 AP2-like, putative 0.000000 0.000000 0.342
259793 _at Atl1g64380 AP2-like, putative 0.000046 0.000000 0.638
246275_at At4g36540 bHLH domain 0.048600 0.000968 1.335
267628 _at At2g42280 bHLH protein family 0.000000 0.000000 1.774
266656_at At2g25900 CCCH-type Zn finger like 0.028600 0.000511 1.356
261088 _at At1g07590 DNA-binding protein 0.010800 0.000153 0.718
248448 at At5g51190 EREBP, putative 0.000001 0.000000 1.684
247543 _at At5g61600 EREBP-like 0.000019 0.000000 1.593
248794 at At5g47220 ERF2 0.019800 0.000323 1.370
248799 _at At5g47230 ERF5 0.000009 0.000000 1.615
245250_at At4g17490 ERF6 0.000033 0.000000 1.577
258133 _at At3g24500 Ethylene-responsive 0.000000 0.000000 0.523

transcriptional coactivator

266841 _at At2g26150 Heat shock factor, putative 0.000000 0.000000 0.539
246851 _at At5g26870 MADS-box protein 0.005950 0.000077 0.707
255250_at At4g05100 MY B-like protein 0.000018 0.000000 0.627
247455 _at At5g62470 MYB96 0.000091 0.000001 0.646
253219_at At4g34990 MY B-like protein 0.012000 0.000173 0.720
259705 _at Atlg77450 NAC domain family 0.002340 0.000027 0.692
261564 _at Atl1g01720 NAC domain like protein 0.013300 0.000196 0.722
251899 _at At3g54400 Nucleoid DNA-binding-like 0.040500 0.000776 0.745
260037_at At1g68840 RAV2-like protein 0.044900 0.000885 1.338
261648_at Atlg27730 Salt-tolerance Zn finger protein 0.000323 0.000003 1.509
253405_at At4g32800 TINY homolog 0.000667 0.000006 0.673
255302_at At4g04830 Transcriptional regulator-like 0.000012 0.000000 1.608
248611 _at At5g49520 WRKY48 0.000007 0.000000 0.616
265573 _at At2g28200 ZnF_C2H2, putative 0.042400 0.000829 1.340




508

Table 3. Continued.

ID AGI Description FDR p-value Est. ratio

Protein degradation and proteases
246195_at At4g36410 E2, UBC17 0.007830 0.000104 1.405
257943 _at At3g21840 SKP1/ASK 1-like 0.020100 0.000329 1.370
267117_at At2g32570 F-box protein 0.000000 0.000000 0.506
256914 _at At3g23880 F-box protein family 0.024100 0.000407 1.363
260287 _at Atl1g80440 F-box; 2 Kelch repeats 0.016300 0.000252 1.378
262656_at Atlgl14200 RING finger protein family 0.002400 0.000028 0.693
257381 _at At2g37950 RING finger 0.000000 0.000000 1.716
259982 _at Atlg76410 RING zinc finger like 0.012300 0.000179 1.389
264217 _at Atl1g60190 RING/U-box-Armadillo 0.000000 0.000000 0.582
253806_at At4g28270 RING-TM protein, putative 0.000116 0.000001 1.540
255381 _at At4g03510 RMA; RING-TM protein 0.015200 0.000230 1.381
246643s_at At5g34990 Ulpl1 protease family, DUB 0.000171 0.000001 0.654
263302_at At2g15190 Ulpl protease family; DUB 0.000000 0.000000 3.222
261253 _at Atl1g05840 Aspartyl protease 0.025700 0.000438 1.361
261653_at Atl1g01900 Subtilisin-like serine protease 0.000265 0.000002 0.660
248918 _at At5g45890 Cysteine protease SAG12 0.000002 0.000000 0.603

ID, Affymetrix probe set number; AGI, Arabidopsis gene index; FDR, false discovery rate.

on the function of their homologues in animal or
other systems, we suspect they either play direct
roles in RCYI-mediated defense or if not, simply
respond to CMV-Y infection.

We found that almost one fourth of the 444
genes that modulate Arabidopsis response to
CMV-Y infection have no known functions
(Table 5). Curiously 22 of these genes encode very
small proteins (less than 100 amino acids) and
some as small as 26 or 36 amino acids (Table 5).
We used SMART program (http://smart.embl-
heidelberg.de/) to determine if these predicted
proteins contain any known domains that are
present in other proteins. Interestingly, some of
these predicted proteins contain PDZ domain,
coil-coiled (CC) domain, ankyryn repeats, Kelch
repeats, MATH and TRAF domain, BTB domain,
A20-like zinc finger domain and others. Presence
of these domains indicates that they may have a
role in plant defense.

Transcription factor binding sites in the RCY1
inducible gene cluster

The 1.1 kb of sequence upstream from the known
or predicted translational start site of all 444 dif-
ferentially regulated genes in this study were ana-
lyzed for the frequency of occurrence of 12 known
cis-acting elements (listed in Figure 3; Chen, et al.,

2002). We used p-value that was calculated value
based on the enrichment of binding motifs to
determine the statistical significance. In some
cases, the enrichment of binding motifs relative
to the expected frequency is only two fold, but the
p-values are extremely low. Even two-fold change
could result in a highly statistically significant re-
sult because statistical significance is a function of
both the magnitude of difference as well as the
sample size. When the sample size is very large, a
small difference between two samples will result in
highly significant results.

Comparison of the promoters of the 444 genes
to those of the entire genome revealed that nine
out of these 12 cis-elements analyzed were signifi-
cantly more abundant in the promoters of genes of
the resistome. AP2/EREBP (GCCGCC), RAV1/
RAV2, and Myb2 binding elements were repre-
sented in the 444 CMV-Y inducible genes to a
similar extent as with the whole genome. Genes
belonging to lipase/hydrolase class showed only 5
out of 12 elements in their promoters. Three out of
these five elements occurred approximately at
same frequency as the average of entire genome.
We found that except for the promoter regions of
genes belonging to R gene like and lipase/hydro-
lases, all others had over two-fold more frequency
of WRKY elements compared to the whole gen-
ome. WRKY, Myb4 and bZIP (TGA) binding
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Table 4. Expression profile of genes encoding lipases and hydrolases, transporters, heat shock proteins (HSPs), and interesting
miscellaneous in the RCY1 resistome against CMV-Y.

1D AGI Description FDR p-value Est. ratio

Lipases and

Hydrolases
263809 _at At2g04570 GDSL-motif lipase/hydrolase like 0.000000 0.000000 0.548
248921 _at At5g45950 GDSL-motif lipase/hydrolase-like 0.000000 0.000000 0.561
252363 _at At3g48460 Lipase - like 0.000000 0.000000 0.504
259786 _at At1g29660 Lipase/hydrolase, putative 0.027400 0.000482 0.737
249278 _at At5g41900 Hydrolase, alpha/beta fold family 0.000000 0.000000 0.490

Transporters
251785_at At3g55130 ABC transporter, similar 0.004550 0.000055 0.702

to BCRP1

267008 _at At2g39350 ABC transporter, putative 0.000000 0.000000 0.562
255889 _at Atlgl7840 ABC transporter, putative 0.004970 0.000061 0.704
262756 _at Atlgl6370 Transport protein, putative 0.000016 0.000000 0.625
250261 _at At5g13400 Peptide transporter — like 0.000170 0.000001 0.654
252377 _at At3g47960 Peptide transporter, putative 0.000009 0.000000 0.619
263918 _at At2g36590 Proline transporter, putative 0.000000 0.000000 0.433
248276 _at At5g53550 OPT oligopeptide transporter 0.040800 0.000792 1.342

HSPs
256999 _at At3g14200 DnalJ domain protein 0.000000 0.000000 0.4528
254688 at Atdg13830 Dnal-like protein 0.031800 0.000579 1.3519
263374 _at At2g20560 Heat shock protein, putative 0.000010 0.000000 0.6196
258979 at At3g09440 Hsc70-3 0.000000 0.000000 0.492
256245 _at At3g12580 HSP70 0.000000 0.000000 0.5505
248043s_at At5g56000 HSP81-4 0.000113 0.000001 0.649
248045 _at At5g56030 HSP81-2 0.000560 0.000005 0.6705
248332 _at At5g52640 HSP83 0.000307 0.000003 0.6621
260248 at Atlg74310 HSP101 0.000002 0.000000 0.6012
253614 _at At4g30350 HSP101, putative 0.040100 0.000760 0.7445
262911s_at At1g59860 HSP17.5, putative 0.005690 0.000072 0.7063
263150_at Atlg54050 Hsp20/alpha crystallin family 0.000078 0.000001 0.6445
254384 at At4g21870 Hsp20/alpha crystallin family 0.032800 0.000602 0.7404

Interesting

miscellaneous
246028 at At5g21170 AKIN betal 0.038800 0.000731 1.344
266418 _at At2g38750 Annexin, putative 0.000217 0.000002 0.658
253173_at Atdg35110 Arabidopsis phospholipase-like 0.017700 0.000277 0.727
267425 _at At2g34810 Berberine bridge enzyme, putative 0.002300 0.000026 0.692
255795 _at At2g33380 Calcium-binding EF-hand like, 0.000000 0.000000 0.560
260881 _at Atl1g21550 Calcium-binding protein, putative 0.000018 0.000000 0.627
252136_at At3g50770 Calmodulin-like protein 0.040000 0.000761 1.343
248607 _at At5g49480 Calmodulin-like 0.000011 0.000000 0.621
252679 _at At3g44260 CCR4-associated factor 1-like 0.000000 0.000000 1.777
254189 _at At4g24000 Cellulose synthase, putative 0.000498 0.000004 0.669
264147 _at At1g02205 CERI1 protein 0.000016 0.000000 0.625
264146 _at At1g02205 CERI1 protein 0.012000 0.000173 0.720
254122 _at At4g24510 CER2 0.000001 0.000000 0.598
259391s_at At1g06350 Delta 9 desaturase, putative 0.025900 0.000445 0.735
253163 _at At4g35750 E1B 19K/Bcl2-interacting 0.027500 0.000485 1.358

Nip2 like

261266 _at Atlg26770 Expansin 10 0.001360 0.000014 0.684
255732 _at At1g25450 Fatty acid condensing enzyme CUT] like 0.029400 0.000528 0.738
252487 _at At3g46660 Glucosyltransferase-like 0.000037 0.000000 0.636
254667_at At4g18280 Glycine-rich cell wall protein-like 0.019800 0.000321 0.730
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Table 4. Continued.

ID AGI Description FDR p-value Est. ratio
259037_at At3g09350 Hsp90 interacting protein; ER 0.000376 0.000003 0.665
chaperone; ARM repeats
248392 _at At5g52050 Integral membrane protein-like 0.042200 0.000822 0.746
254805_at Atdgl12480 Lipid transfer protein (LTP) family 0.002120 0.000024 1.448
252711 _at At3g43720 Lipid-transfer protein-like 0.003750 0.000045 0.699
256324 _at Atlg66760 MATE efflux family protein, putative 0.000000 0.000000 0.588
264289 _at Atlg61890 MATE efflux protein family 0.000000 0.000000 0.571
245399 _at Atdgl7340 Membrane channel like 0.000028 0.000000 0.632
246340s_at At3g44860 Methyltransferase-related 0.000000 0.000000 0.560
254120_at At4g24570 Mitochondrial uncoupling protein, like 0.003140 0.000037 1.435
259579 _at At1g28010 P-glycoprotein, putative 0.000026 0.000000 0.631
247776_at At5g58700 Phosphoinositide phospholipase - like 0.029500 0.000532 0.738
253063_at At4g37640 Plasma membrane-type calcium ATPase  0.038900 0.000731 0.744
259660_at Atl1g55260 Protease inhibitor/LTP family 0.001050 0.000010 0.679
266720s_at At2g46790 Pseudo-response regulator, APRR9 0.015500 0.000237 0.725
252464 _at At3g47160 RNA-binding protein-like 0.001590 0.000017 1.458
264787 _at At2g17840 Senescence-associated protein 12, like 0.000034 0.000000 0.635
262226_at Atlg53885 Senescence-associated protein -related 0.020000 0.000325 0.730
255543_at At4g01870 Similar to bacterial tolB unclear 0.000202 0.000002 0.657
if involved in viral transport
255649 _at At4g00920 Similarity to mouse 0.007600 0.000101 0.711
microtubule-associated protein 2
254839 at Atdg12400 Stress-induced protein stil —like 0.000144 0.000001 0.652
261081 _at Atlg07350 Transformer-SR ribonucleoprotein like 0.000029 0.000000 0.633
251221 _at At3g62550 Universal stress protein family 0.011600 0.000166 1.391

ID, Affymetrix probe set number; AGI, Arabidopsis gene index; FDR, false discovery rate.

sites that are in general more represented in the
Arabidopsis genome are even more abundantly
associated with pathogen modulated genes.

Location of Myb4, bZIPs and WRKY binding
elements in the RCY1 regulated genes

Based on the above analysis, binding elements
most abundant in pathogenesis related genes are
Myb4, three kinds of bZIPs and WRKY. There-
fore, we scanned the 1.1 kb region of promoters of
all resistance related, R-gene like and the unknown
classes of genes to locate the exact position and
frequency of these five abundant type of binding
elements (Figure 4). Not all gene promoters have
all the five binding elements in them. Promoters of
resistance related genes Atlgl9610 (putative de-
fensin), At4g39330 (cinnamyl-alcohol dehydroge-
nase), At5g55180 (f-1,3-glucanase like) and
At1g72940 (TIR-X) have all five binding elements.
Only two binding sites per gene promoter are
present in defense related genes like Atlg32540

(LSDI-like), At2g40230 (anthranilate N-hydroxy-
cinnamoyl-like), At4g37990 (cinnamul-alcohol
dehydrogenase), At1g56510 (TIR-NBS-LRR) and
At2g34930 (Cf2-like) (Figure 4). On the other
hand, Atlgl9610 (defensin) and At5g05250 (un-
known) have as many as 11 and 18 binding sites
respectively on their promoters (Figure 4). It will
be interesting to see how the frequency and types
of binding sites on a single promoter determines
participation of the protein in different pathways
as well as feedback or feed-forward loops that
regulate gene expression of a particular gene.

Comparison of resistome of RCY1 with other
R gene mediated responses

Recently, using Affymetrix GeneChip represent-
ing 8000 genes, Tao et al. (2003) identified 2338
genes that were differentially regulated in Ara-
bidopsis in response to the bacterial pathogen
Pseudomonas syringae in compatible as well as
incompatible interactions involving R genes
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ID AGI Description FDR p-value Est. ratio
256442 _at At3g10930 0.00001 0.00000 1.606
260804 _at Atlg78410 0.00000 0.00000 1.719
263210_at Atlgl0585 0.00412 0.00005 0.701
252597 _at At3g45360 0.00950 0.00013 0.715
256471 _at Atl1g42580 0.00000 0.00000 0.487
247754 _at At5g59080 0.00780 0.00010 1.405
262049 _at At1g80180 0.00771 0.00010 1.406
253165_at At4g35320 0.00000 0.00000 0.607
266901 _at At2g34600 0.00004 0.00000 0.637
261247 _at Atl1g20070 0.00000 0.00000 0.554
256346s_at Atl1g54926 0.00000 0.00000 0.525
258830_at At3g07090 0.00000 0.00000 0.578
250292_at At5g13220 0.00000 0.00000 0.600
250828 _at At5g05250 0.00001 0.00000 1.604
247474 _at At5g62280 0.00003 0.00000 1.578
260081 _at Atlg78170 0.00033 0.00000 0.663
249454 _at At5g39520 0.00048 0.00000 0.668
245724 _at Atl1g73390 0.00095 0.00001 0.678
256285_at At3g12510 0.00109 0.00001 0.680
250350_at At5g12010 0.00524 0.00007 0.705
251725_at At3g56260 0.00809 0.00011 0.712
265568s_at At2g05560 0.00936 0.00013 1.399
248302 _at At5g53160 0.01110 0.00016 1.392
256046_at Atlg07135 0.01880 0.00030 1.373
260205_at Atlg70700 0.02120 0.00035 0.731
264238 _at Atlg54740 0.02600 0.00045 1.360
265245_at At2g43060 0.04050 0.00078 1.342
247431 _at At5g62520 0.04050 0.00078 0.745
260420_at Atl1g69610 0.04320 0.00085 0.747
266259 _at At2g27830 0.04620 0.00091 1.337
261607 _at Atl1g49660 0.00000 0.00000 1.640
260357_at At1269260 0.01370 0.00020 0.722
247484 at At5g62110 0.01530 0.00023 1.381
256017_at Atlgl9o180 0.02720 0.00048 0.736
247646_at At5g59990 0.03610 0.00067 0.742
253874 _at At4g27450 0.01950 0.00031 1.371
265409 _at At2g16830 26 aa 0.00083 0.00001 1.480
263941 _at At2g35870 36 aa 0.00000 0.00000 0.596
250956_at At5g03210 41 aa 0.02460 0.00042 0.734
256891_at At3g19030 60 aa 0.02850 0.00051 1.356
260005_at Atl1g67920 67 aa 0.00173 0.00002 0.687
256571 _at At3g30730 67 aa 0.01050 0.00015 1.395
261995_at At1g33850 70 aa 0.00000 0.00000 0.087
265670s_at At2g32210 71 aa 0.00551 0.00007 0.706
265674 _at At2g32190 71 aa 0.00084 0.00001 0.676
248904 _at At5g46295 71 aa T™M 0.00000 0.00000 2.161
264580_at Atl1g05340 72 aa 0.00000 0.00000 0.612
265024 _at Atlg24600 72 aa 0.00139 0.00001 0.684
263021 _at Atl1g23910 73 aa 0.00000 0.00000 1.840
249376_at At5g40645 73 aa 0.00134 0.00001 0.683
247109_at At5g65870 77 aa SP 0.02170 0.00036 0.732
245771 _at Atl1g30250 82 aa 0.01060 0.00015 0.717
267261 _at At2g23120 83 aa 0.00558 0.00007 0.706
267591 _at At2g39705 87 aa 0.00001 0.00000 1.611
264237_at Atlg54700 89 aa; PDZ domain 0.00002 0.00000 1.598
259996_at Atlg67910 91 aa 0.01370 0.00020 1.385
245973 _at At5g32490 94 aa 0.03180 0.00058 0.740
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Table 5. Continued.

ID AGI Description FDR p-value Est. ratio
252793 _at At3g42250 100 aa 0.00255 0.00003 0.693
248218 _at At5g53710 SP 0.00000 0.00000 0.575
248617_at At5g49590 Sp 0.00000 0.00000 0.581
248298 _at At5g53110 SP 0.01900 0.00030 0.729
263647 _at At2g04690 SP 0.01900 0.00030 1.372
263301s_at At2g15200 SP 0.03970 0.00075 1.344
260167_at Atlg71970 SP 0.02830 0.00050 1.357
260686_at Atlgl7620 ™ 0.00001 0.00000 0.617
255662_at At4g00410 ™ 0.02640 0.00046 0.736
247933 _at At5g56980 ™ 0.00000 0.00000 0.585
266316_at At2g27080 ™ 0.01960 0.00032 0.729
266596_at At2g46150 ™ 0.00004 0.00000 0.638
267230_at At2g44080 2TM 0.00035 0.00000 1.506
266071 _at At2g18680 5STM 0.00683 0.00009 0.709
264389 _at Atlgl1960 SP-2TM 0.00001 0.00000 0.623
252866_at At4g39840 SP-5TM 0.00193 0.00002 0.689
258796_at At3g04630 CC domain 0.00083 0.00001 0.676
255723 _at At3g29575 CC domain 0.00151 0.00002 0.685
255774 _at Atlgl8620 CC domain 0.01100 0.00016 1.393
248444 _at At5g51320 DUF321-Arabidopsis specific 0.00083 0.00001 1.480
245629 at Atlg56580 DUF538-plant specific 0.00000 0.00000 0.591
261456_at Atl1g21050 DUF617-plant specific 0.00579 0.00007 1.415
265203 _at At2g36630 SP; DUF8I, integral membrane family 0.00484 0.00006 0.703
245655_at Atl1g56530 Proline-rich family 0.02010 0.00033 0.730
248123 _at At5g54720 2 ANK repeats 0.03110 0.00056 0.739
248713 _at At5g48180 5-Kelch repeats 0.00708 0.00009 0.710
265746_at At2g06630 A20-like zinc fingers 0.00000 0.00000 0.610
258487_at At3g02550 lateral organ boundaries LOB domain 0.00004 0.00000 0.636
249872 _at At5g23130 LysM bacterial cell wall degradation 0.01550 0.00024 0.725
263133_at Atl1g78450 SP; SOUL heme-binding domain 0.03930 0.00074 1.344
254385s_at At4g21830 SP-SelR domain to cope with oxidative stress  0.00586 0.00008 0.707
263126_at Atlg78460 SP-SOUL heme-binding domain 0.03890 0.00073 1.345
248466 _at At5g50720 TB2/DP1, HVA22 family 0.00146 0.00002 0.685
245431 _at At4g17080 TM; 5 MORN domains 0.01990 0.00032 1.370
255692_at At4g00400 TM; PIsC =Phosphate acyltransferases 0.01930 0.00031 0.729
259430_at Atlg01610 3-TM; PIsC =Phosphate acyltransferases 0.00214 0.00002 0.691
257860_at At3g13062 TM; START domain 0.00038 0.00000 1.503
256021 _at Atlg58270 TM; 2MATH domain= meprin and TRAF 0.00002 0.00000 0.625
homology
259232_at At3g11420 TM-DUF604 0.01480 0.00022 0.724
263421 _at At2g17230 TM-Phosphate-induced domain 0.05080 0.00102 0.750
250968 _at At5g02890 transferase family 0.00146 0.00002 0.685
266462_at At2g47770 TspO/MBR family 0.00568 0.00007 0.706
246097_at At5g20270 UPF0073-integral membrane 0.00000 0.00000 0.565
260880_at Atl1g21380 VHS Domain=in VPS-27; GAT domain 0.03340 0.00062 0.741
262164 _at Atlg78070 WDA40 repeat 0.00000 0.00000 0.481
264102_at Atl1g79270 YTH domain YT521-B-like family splicing 0.00083 0.00001 0.676
252367 _at At3g48360 BTB domain; MEL-26 like 0.00053 0.00000 1.493
257964 _at At3g19850 NPH3 family domain BTB domain 0.00009 0.00000 1.547

ID, Affymetrix probe set number; AGI, Arabidopsis gene index; FDR, false discovery rate TM, transmembrane domain; SP, signal
peptide; CC, coil-coiled domain.
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Figure 3. Histograms and data tables showing frequencies of transcription factor binding sites in 1.1 kb promoter sequence of the 444
differentially regulated defense genes. Upstream sequences were obtained from the MIPS database. Consensus binding sites sequence is
from (Chen, et al., 2002). Frequencies are shown on the y-axis and genes belonging to different functional classes are shown on the x-
axis. Statistical significance of the over-abundance of these binding sites is shown in the last column.

RPS2 and RPM1. Majority of these genes reside
on Chromosomes II and IV mainly because of
the probe sets used in this early version of
GeneChip. In order to contrast the plant re-
sponse to bacterial versus viral pathogens, we
compared the same subset of Chromosomes II
and IV specific genes included from the study of
Tao et al. (2003) with that of ours. They report
that a total of 775 + 697 genes (Chromosomes
II and 1V, respectively) were involved in RPS2-
and RPMI- dependent resistance response. We
found that a total of 150 genes from Chromo-
some II and IV participate in RCYI specific
defense response and 80 of these also respond to
RPS2-, and RPMI-mediated defense (some of
these genes are given in Table 6).

Chromosome distribution of the resistome

We were interested in finding out if the genes
making up viral and bacterial R gene-mediated
resistome existed in defined clusters on a chro-
mosome or were randomly distributed. Therefore,
we estimated the frequency of occurrence of the

virus-responsive genes in our study and the bac-
teria-responsive genes from that of Tao ef al
(2003) that are present on chromosomes II and IV
(Figure 5). We used a moving window of 100,000
base pairs that advances every 30,000 base pairs to
depict the frequency of occurrence of resistance
responsive genes (Figure 5a). Pattern of distribu-
tion of genes seen as peaks in moving windows was
very similar for bacteria- and virus-responsive
genes (Figure 5b). This suggests a clustering of
co-regulated genes that respond to bacterial or
viral pathogens on a chromosome.

Discussion

In this study, we have generated the expression
profile of Arabidopsis ecotype C24 that shows
RCYI-mediated resistance to CMV-Y infection
using the Affymetrix GenChip representing the
entire Arabidopsis genome. To ensure that plant-
to-plant differences were well represented in our
tissue sampling, we used two biological replica-
tions for each time point with each replication
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Figure 4. Cartoon diagram showing the location of binding sites Myb4, bZIP (TGA), bZIP (GBF), bZIP and WRKY within the
1.1 kb promoters of defense related, R gene like, and unknown genes. Consensus binding site sequence is as shown in Figure 3.

consisting of tissue pooled from five independently
infected plants. Replication clusters for both mock
and virus treated data set (after normalization)
indicated high reproducibility and consistency in
the data. The authenticity of the data was further

confirmed by analyzing real time RT-PCR for
representative genes for all the time points.
RCY1 belongs to NBS-LRR class of R pro-
teins which is the largest group of R-proteins
conferring resistance to viral, bacterial, and fungal
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Table 6. Representative of the common set of 80 genes responding to bacterial and viral pathogens.

ID AGI Description
Defense Related
253277 _at Atd4g34230 Cinnamyl alcohol dehydrogenase, putative
252943 _at At4g39330 Cinnamyl-alcohol dehydrogenase CAD1
252984 at At4g37990 Cinnamyl-alcohol dehydrogenase ELI3-2
266299 _at At2g29450 Glutathione S-transferase
253104 _at At4g36010 Thaumatin-like
267546_at At2g32680 Cf2 like
267411 _at At2g34930 Cf2 like
Kinases
254869 _at At4gl11890 Kinase-like
254408 _at At4g21390 Kinase-like
254255 _at At4g23220 Kinase-like
255872_at At2g30360 Kinase-like
267550 _at At2g32800 Kinase-like
255617_at At4g01330 Kinase-like
Protein degradation
267117_at At2g32570 F-box protein
253806_at At4g28270 RING-TM protein, putative
255381 _at At4g03510 RMA; RING-TM protein
Transcriptional regulators
265418 _at At2g20880 AP2-like, putative
245078 _at At2g23340 AP2-like, putative
267628 _at At2g42280 bHLH protein family
246275_at At4g36540 bHLH protein family
266656_at At2g25900 CCCH-type Zn finger protein, putative
245250_at At4g17490 ERF6
253219 _at At4g34990 MY B-like protein
255302_at At4g04830 Transcriptional regulator, putative
265573_at At2g28200 ZnF_C2H2, putative
Unknown
253165_at At4g35320 Unknown
265670s_at At2g32210 Unknown 71 aa
266316_at At2g27080 Unknown TM
267230_at At2g44080 Unknown 2TM
266071 _at At2g18680 Unknown 5TM
263647_at At2g04690 Unknown SP
252866_at At4g39840 Unknown SP-5TM
265203_at At2g36630 Unknown SP; DUF81, integral membrane family
255692 _at At4g00400 Unknown TM; PIsC =Phosphate acyltransferases
263421 _at At2g17230 Unknown TM-Phosphate-induced protein 1 domain
266462_at At2g47770 Unknown TspO/MBR family
254385s_at At4g21830 Unknown SP-SelR domain to cope with oxidative stress
Others
267008 _at At2g39350 ABC transporter, putative
266418 _at At2g38750 Annexin, putative
267425 _at At2g34810 Berberine bridge enzyme, putative
255795 _at At2g33380 Calcium-binding EF-hand protein, putative
254122_at At4g24510 CER2
253163 _at At4g35750 E1B 19K/Bcl-2-interacting protein Nip2, putative
263809 _at At2g04570 GDSL-motif lipase/hydrolase
253778 _at At4g28480 Heat-shock protein
254688_at Atdg13830 Dnal-like protein
266415_at At2g38530 Nonspecific lipid-transfer protein, putative
254805_at At4g12480 Lipid transfer protein (LTP) family
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Table 6. Continued.

ID AGI Description
266977 _at At2g39420 Phospholipase, putative
264787_at At2g17840 Senescence-associated protein 12, putative
254839 _at Atdgl12400 Stress-induced protein stil —like

ID, Affymetrix probe set number; AGI, Arabidopsis gene index; Viral pathogen induced gene list derived from this work; Bacterial

pathogen induced gene list derived from Tao et al. (2003).
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Figure 5. Distribution of differentially regulated genes in Arabidopsis interactions with CMV-Y and those with Ps. syringae. (a)
Cartoon diagram explaining the concept of “moving windows” along the Arabidopsis chromosome used to calculate frequency of
resistome forming genes. (b) For each of the Arabidopsis chromosomes, the frequency of CMV-Y-responsive (red line) or bacteria-
responsive (blue line) genes is shown in a 100,000 bp window that moves continuously through 30,000 bp along the length of
chromosome. The y-axis represents frequency and x-axis the position of window along the chromosome length (see Material and

Methods for more details).

pathogens. Only four viral R genes have been
cloned from plants so far, and they all encode
NBS-LRR proteins. Thus, many of the 444 genes
recovered in this study may have relevance to
general HR resistance response in multiple plant-
pathogen systems. In fact, within the subset of
genes on chromosomes II and IV, we identified 80
genes that participate in the defense signaling
governed by viral (RCY1) and bacterial (RPM1
and RPS2) R proteins. Extrapolating this obser-
vation, if the entire genome is considered, the
number of genes shared by both systems would
most likely be higher. Interestingly, the number of

genes responding to viral or bacterial invasion is
similarly distributed in a given window moving
over the chromosome. This suggests that there are
co-regulated gene clusters on a chromosome that
responds to pathogen attack in general.

The clustering of the 444 differentially regu-
lated genes in this study resulted in two prominent
groups of genes, those that were consistently either
induced or down regulated across all the three time
points constituting the 18 h time window. This in
large part may be attributed to the high stringency
we used for selection. The stringent criterion re-
sults in tightly controlled false positives giving



fewer but more reliable genes in the final analysis.
However, when we consider the two-fold or more
change in expression levels between virus and
mock infection, many more genes (~1,600, sce
supplement Table 3) were found regulated during
CMV infection. The real-time RT-PCR analysis
on 25 of these genes that are excluded from the 444
-gene resistome obtained from the high stringency
analysis show that these genes in fact change their
expression kinetics across the three time points (see
supplement Table 1). The drawback of the high
stringent selection therefore is higher rate of false
negatives that may result in exclusion of some
genes that may truly influence RCY1 mediated
response.

We divided the 444-gene resistome into func-
tional classes based on the domain homology in
order to gain insight into the type of factors that
may be regulating different mechanisms that even-
tually culminate into HR cell death and ensuing
defense response. RCY'1 invokes HR cell death to
contain CMV-Y to the inoculated leaf of Arabid-
opsis. Reactive oxygen species (ROI) are important
signaling molecules that regulate the onset of HR
cell death (Levine et al., 1994). The differential
regulation of NADPH oxidase, peroxidases,
superoxide dismutase, Cytochrome P450-like, and
other similar proteins show that ROI signaling
constitutes an important part of the RCY/-medi-
ated resistance response and shares many common
factors with other resistance pathways.

Several lines of direct and indirect evidence
indicate that HR cell death shares many similari-
ties with PCD or apoptosis (Lam et al., 2001). HR
appears as distinct patches of necrotic tissue in the
infected tissue, which indicates tight regulation of
genes involved both in the induction as well as
inhibition of PCD. We find differential regulation
of several genes involved in cell death as well as its
inhibition in leaves undergoing HR. We see dif-
ferential regulation of LSDI-like, Hsr201-like,
A20- (an inhibitor of cell death)-like zinc finger
protein, annexin, EIBI9K/BCL2 interacting pro-
tein Nip2, Hsp90 interacting ARM repeat con-
taining protein/ER chaperone, all of which are
associated with apoptosis or programmed cell
death. LSD1 is a negative regulator of cell death in
plants (Dietrich ef al., 1997). Nip2 is a pro-
apoptotic factor in animals that interacts with anti
apoptosis factor BCL2 as well as the adenovirus
EIB 19K protein (Boyd ef al., 1994). Nip2 has
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been shown to induce apoptosis via caspase
dependent mitochondrial activation. Although
there are no caspases present in the sequenced
plant genomes of Arabidopsis and rice, related
metacaspases are present (Uren et al., 2000). It will
be interesting to see what role Nip2 like gene plays
in plant hypersensitive response. Bax inhibitor
proteins have been shown to interfere with HR
mediated cell death (Huckelhoven et al., 2003).
Hsr201 are hypersensitive related proteins that are
induced during bacterial infections of plant tissues
(Czernic et al., 1996). Hsp90 a highly conserved
ATP dependent molecular chaperone has recently
been shown to play a critical role for R gene
mediated resistance (Hubert et al., 2003; Lu et al.,
2003; Liu et al., 2004). Thus differential regulation
of the above genes in an RCY/-dependent manner
indicates their importance in R gene mediated
defense.

HR-induced cell death resulting from the
R-Avr recognition needs to be controlled by
transient signaling to prevent the death of the host
plant. To achieve this, the ubiquitin-proteasome-
dependent degradation machinery of the cell may
selectively target the destruction of the receptor-
ligand complex and other down-stream regulatory
proteins. Ubiquitination of a protein requires the
sequential activity of the three classes of enzymes:
El, E2 and E3 (Deshaies, 1999). In the SCF (Skp1-
Cullin-F box) type E3 ubiquitin ligase complex,
the F-box protein functions as a receptor for the
substrate protein and hence determines the speci-
ficity of ubiquitination. Recently, SGT1 has been
shown to associate with Skpl of the SCF-type E3
ubiquitin ligase and with Rarl, a key protein in the
Mlo-mediated resistance to barley powdery mil-
dew and N gene-mediated resistance to TMV
(Azevedo et al., 2002; Liu et al., 2002; Peart et al.,
2002). SGT1 may be regulating the targeting of
different key proteins involved in disease resistance
to the SCF complex, for degradation. We observed
variation in the expression levels of E2 enzymes,
U-box proteins and several other RING finger and
F-box containing proteins (Table 3) in our study.
These F-box and other proteins may mediate the
degradation of components of the CMV-Y resis-
tance pathway.

Proteases are important effectors of stress and
pathogen response. Golldack et al. (2003) reported
increased expression of subtilisin-like serine
proteases in plants treated with jasmonic acid and
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cadmium. A papain-like cystein endoprotease en-
coded by Rcr3, is essential for the function of to-
mato Cf-2 gene that confers resistance to
Cladosporium fulvum (Kruger et al., 2002). Several
genes that encode putative proteases like subtilisin,
cysteine proteinase, aspartyl protease, etc have
been identified in our study. The precise role of
these proteases in the RCYI-CMV pathway needs
to be investigated. It is likely that the target pro-
teins of these proteases play essential roles in
defense.

Protein kinases and phosphatases are vital in
disease signaling (Zhang and Klessig, 2001) as they
control the phosphorylation and dephosphoryla-
tion of proteins involved in the perception of a
signal and its subsequent transduction. We iden-
tified a number of gene encoding receptor protein
kinases, CDPKs, kinase-like, Pto-kinase interac-
tor-like proteins and phosphatases differentially
regulated in the RCY/-mediated resistance to
CMV-Y. It is interesting that Pto kinase interactor
like proteins also participate in RCY 1-mediated
resistance which show convergence in signaling
pathways down stream of pathogen recognition in
viral and bacterial resistance signaling.

Kinases and phosphatases control signaling
mechanisms by activating or inactivating the pro-
tein functions, and the proteasome machinery by
regulating their abundance. Signal transduction
pathways are also regulated at transcriptional
level. Several classes of transcription factors that
showed variation in their expression levels in
RCYI-dependent manner include proteins
containing WRKY, AP2-like domain, EREBP-
like domains, ERFs, MADS box proteins and
others. In addition to these transcription factor
involvements, we also performed a systematic
analysis of 1.1 kb upstream sequence of all the 444
gene-coding sequences. This analysis revealed 9
out of 12 known DNA binding domains are sig-
nificantly represented in the defense related cluster
of 444 genes and the promoters are in fact super-
enriched for six of them. We also made a limited
attempt to localize these elements within the pro-
moter regions of selected disease resistance related
or R-protein like genes. At this point we cannot
make any specific conclusions but we feel that a
genome wide location search combined with more
robust pattern searching algorithms will yield
better results providing insights into transcrip-
tional regulation of defense response genes.

Our study analyzes early response of C24 fol-
lowing infection by CMV-Y. The time points for
tissue sampling were carefully selected to match
gene expression changes associated with the HR
response that is mediated by RCY1 of C24. We
realize that not all genes differentially regulated in
our study are exclusively RCYI-dependent and
many in fact may be responding to the presence of
virus. These RCYI-independent CMV responding
genes that show significant regulation are also
potentially important. For instance, the “interest-
ing miscellaneous” category consists of genes that
have not been shown to have a role in R gene-
mediated defense previously (for example RNA-
binding proteins) or their role in HR cell death
does not have precedence in plant systems (Ann-
exin). RNA binding proteins may be involved in
RNAi or post-transcriptional gene silencing
(PTGS) which in plants is recognized to be an
adaptive antiviral defense system. CMV encoded
2b protein is a known suppressor of gene silencing
and is essential for the virus to overcome the ef-
fects of SA-mediated defense (Ji and Ding, 2001).
Thus, RNA silencing based antiviral defense and
R gene-dependent immunity are likely to have
common elements. Annexin has a role in engulf-
ment of apoptotic cells (Arur et al., 2003). There is
no precedence in plants for active elimination of
dead cells through their engulfment. It will be
interesting to identify precise role of Annexin-like
protein in RCYI- mediated resistance to CMV-Y.

In addition to known or putative protein
factors, we have uncovered many genes in this
study with unknown function. A closer exami-
nation of unknown class gene sequences revealed
that many of them possess known domains.
These include at least 14 proteins with trans-
membrane domains or nine proteins with signal
peptide. The unknown gene At2g06630 has an
A20-like zinc finger domain which may have a
role in the restriction of HR cell death. In
mammalian systems, A20 possess functionally
two distinct domains, at N-terminus it can bind
TRAF domains of TRAF1-TRAF2 and the C-
terminal domain can mediate inhibition of NF-
kappaB activation and cell death (Song et al.,
1996). At1g58270 gene classified as unknown,
possess TRAF homology domain. The protein
encoded by Atlg21380 contains VHS and GAT
domains. VHS domain marks the proteins that
are involved in endocytosis and vesicular traf-



ficking and some of which may be involved in
stage-specific assembly of the endocytic machin-
ery (Lohi ef al., 2002). GAT domain is found on
GGA proteins (that also have VHS domain) and
may have a role in mediating protein trafficking
(Dell’Angelica et al., 2000). Some of the genes in
the unknown class encode proteins with less than
100 amino acids. Some of these small proteins
possess transmembrane or signal peptide do-
mains. A protein consisting of only 89 amino
acids encoded by Atlg54700 contains PDZ do-
main. PDZ is a well conserved domain occurring
in bacteria, vertebrate, and plant proteins in-
volved in signaling (Ponting et al., 1997). These
proteins are often localized to highly specialized
submembranous sites and may function in cel-
lular junction formation, receptor or channel
clustering and intracellular signaling events.
Possibly there is a host of small proteins not yet
studied which perform distinctive functions in
plant defense. We view this unknown class as
un-chartered territory that needs to be explored
and mined.

In conclusion, we used whole genome Arabid-
opsis Affymetrix GeneChip and identified a num-
ber of genes that are differentially regulated during
CMV-Y resistance. In addition to the known or
predicted genes involved in defense, a number of
cell death and anti-cell death genes, that take part
in PCD in animals, have been discovered in our
study. These will be very useful in comparing PCD
and HR-mediated cell death. Dissection of RCYI-
mediated signaling is vital because CMV has the
largest host range and infects over 1200 plant
species. Many of the CMV host plants include
vegetable and other agricultural crops making
CMYV a very economically important pathogen.
The resistome analysis presented here will signifi-
cantly contribute in the quick elucidation of viral
resistance mechanisms.
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