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The transcriptome of Arabidopsis thaliana
during systemic acquired resistance

Klaus Maleck?, Aaron Levine2, Thomas Eulgem?, Allen Morgan?, Jiirg Schmid?, Kay A. Lawton?, Jeffery L.
Dangl? & Robert A. Dietrich!

Infected plants undergo transcriptional reprogramming during initiation of both local defence and systemic
acquired resistance (SAR). We monitored gene-expression changes in Arabidopsis thaliana under 14 different
SAR-inducing or SAR-repressing conditions using a DNA microarray representing approximately 25-30% of all A.
thaliana genes. We derived groups of genes with common regulation patterns, or regulons. The regulon contain-
ing PR-1, a reliable marker gene for SAR in A. thaliana, contains known PR genes and novel genes likely to func-
tion during SAR and disease resistance. We identified a common promoter element in genes of this regulon that
binds members of a plant-specific transcription factor family. Our results extend expression profiling to defini-
tion of regulatory networks and gene discovery in plants.

Introduction

Physiological flexibility is a prerequisite for life in a changing envi-
ronment and requires elaborate regulatory mechanisms to simulta-
neously alter the expression states of groups of genes. In
prokaryotes, such regulons are often physically grouped into oper-
ons. In eukaryotes, genes coregulated under specific conditions can
be dispersed throughout the genome. Commonly, a limited set of
key regulators, used combinatorially, is used to trigger defined tran-
scriptional responses throughout an entire regulon.

On recognition of avirulent pathogens, plants activate a set of
transient local defence measures restricting pathogen growth
(incompatible interactions)®. Infection with virulent pathogens that
are not specifically recognized results in plant disease (compatible
interactions). In addition to local defence responses, recognition of
avirulent pathogens can trigger a long-lasting, broad-spectrum dis-
ease resistance throughout the entire plant, referred to as systemic
acquired resistance? (SAR). SAR is accompanied in uninfected ‘sec-
ondary’ tissues by activation of a set of ‘pathogenesis-related’ (PR)
marker genes. Some of these are also activated locally around infec-
tion sites. Thus, the ‘pre-induction’ of a suite of proteins in systemic
tissue is likely to confer broad-spectrum SAR (refs 2,3).

A. thaliana and tobacco require salicylic acid accumulation to
establish SAR (refs 3,4). Repression of salicylic acid accumulation
by expression of a bacterial salicylic acid hydroxylase gene (NahG)
abolishes SAR (ref. 5). Salicylic acid accumulation can be mimicked
by chemical analogues including benzothiadiazol® (BTH) or 2,6-
dichloroisonicotinic acid” (INA) and is stimulated in A. thaliana
constitutive immunity (cim) or constitutive expression of PR genes
(cpr) mutants®? (K.M., unpublished data). In addition, genetic
analyses identified regulators required to mediate SAR, such as
NIM1/NPR-1 (refs 10,11), which appears to interact directly with
transcription factors®12-15 (R A.D., unpublished data). Salicylic
acid accumulation functions upstream of NIM1/NPR-1 (refs 3,11).

The transcriptional consequences of pathogen infection and
SAR-inducing conditions have been tested on a limited set of
marker genes in a limited number of mutant backgrounds?16,
We analysed concerted transcriptional reprogramming in A.
thaliana during the SAR response using cDNA microarrays. Our
results extend the fundamental roles of salicylic acid accumula-
tion and NIM1/NPR-1 in the control of the A. thaliana SAR tran-
scriptome, but suggest that this key regulator cooperates with
several types of transcription factors in the execution of the SAR
transcriptional program.

Results

Related SAR conditions result in similar gene-activity
patterns

To examine gene-activity changes associated with the induction or
maintenance of SAR in A. thaliana, we performed large-scale expres-
sion profiling using cDNA arrays!”-18, We used poly(A)* mRNA iso-
lated from age- and environment-matched plants using 14 different
treatments that either induce or repress SAR (Table 1) in mixed
hybridizations with mRNA from genetically matched, untreated
control plants on a DNA microarray with 10,000 expressed sequence
tags (ESTS). This represents approximately 7,000 or 25-30% of all A.
thaliana genes due to redundancy in the EST set. We included two
control treatments that alter plant metabolism, but are unrelated to
SAR (Table 1, treatments 1 and 2). One sample was taken during
SAR induction (for example, 4 h after BTH treatment). Most sam-
ples were derived from the SAR-maintenance phase (48 h after BTH
treatment, cim mutants, or uninfected secondary tissue 44 h after
infection of lower, primary leaves with avirulent Pseudomonas
syringae bacteria). Thus, all but one of the time points for RNA col-
lection correspond to fully induced SAR (refs 6,10,11). We required
that ESTs included for analysis show differential expression equal to
or greater than 2.5-fold in at least two SAR-relevant samples.
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We found 413 ESTs to meet these criteria. A comparison of the
expression changes across these ESTs for each treatment, based
on the calculation of distance matrices, is shown (Fig. 1). Related
experimental conditions result in similar gene-activity patterns
(Fig. 1, red, purple and green). For example, all three tested SAR-
constitutive cim mutants have gene-expression patterns similar
to those caused by BTH during SAR maintenance. These sets of
related expression changes are distinct from local and early
defence responses. For example, expression patterns from plants
inoculated 48 hours earlier with either incompatible or compati-
ble isolates of the oomycete parasite Peronospora parasitica
resemble the expression patterns of early responses to BTH.
These three treatments are also related to the biologically induced
SAR response in uninfected secondary tissue (Fig. 1, Pst avr, 2°),
suggesting that biologically induced SAR is transcriptionally
related to an ‘early’ phase of chemical induction of SAR. Overex-
pression of NIM1/NPR-1, which primes the SAR response but
does not result in constitutive PR gene expression?® (L. Friedrich,
unpublished data), yields a distinct profile.

The expression of 86 ESTs is altered in untreated NahG plants,
defining a regulatory role for basal salicylic acid levels or for the
NahG product, catechol. Moreover, the expression patterns of cim6
or cim11 mutants are altered in a NahG background (Fig. 1, green).

This is consistent with the requirement for salicylic acid accumula-
tion in the constitutive SAR phenotype of these mutants. We also
confirmed a fundamental role for NIM1/NPR-1 in pathogen-
induced SAR gene activation. The transcriptional profile in SAR-
activated secondary tissue from wild-type plants (Fig. 1, Pst avr, 2°)
is distinct from the nim1.4 mutant after the same treatment (Fig. 1,
nim1 Pst avr, 2°). Because the former treatment represents a classi-
cally defined SAR induction, and the latter, a mutant that disrupts
SAR, the difference between these two is the SAR gene set.

Cluster analysis defines groups of coregulated genes

We applied two commonly used algorithms to analyse gene expres-
sion profiles among the 413 SAR-associated ESTs. A hierarchical
‘clustergram’ of genes was grouped by both related regulation pat-
terns and expression amplitudes? (Fig. 2). ‘Self-organizing maps’
(SOMs) generate expression profiles organized by shape, essen-
tially independent of amplitude?! (Fig. 3). Enhanced clustergrams
and enhanced SOMs listing all ESTs are available (Figs A and B, see
http://genetics.nature.com/supplementary_info/). We found that
genes assigned to key SOM clusters (Fig. 3) are also found in close
proximity in the hierarchical clustergram, demonstrating that both
algorithms generate consistent overall patterns. This is noted for
SOMs ¢l and c3 (Fig. 2a), where SOM c1 (Fig. 3) corresponds in
large part to the hierarchical

Table 1 « Diversity of conditions used to describe the transcriptome of Arabidopsis during SAR

cluster node highlighted in red

Sample (compared with untreated control) Ecotype

Comments

in Fig. 2a (38/45 ESTs from
SOM c1 present, marked with

1 Adenylsugc.in.ate synthetase antisense Col-0 reference inductions asterisks in Fig. Zb). Similarly,
2 I—!ydantocmdln (0.9mM) Col-0 wreleyanj( to SAR 45 0f 55 ESTs in SOM ¢3 (Fig. 3)
3 c!m6 Col-0 constitutive SAR group closely together in the
4 cim? Col-0 mutants clustergram (blue in Fig. 2a,
5 ciml1 Col-0 S
6 Nim1 overexpresser Ws-0 rimed SAR response asterisksinFig. 2b).
p p p
7 NahG Col-0 no SA accumulation, Because PR-1 activation is a
8 cim6 NahG Col-0 no SAR response reasonably robust ~ molecular
9 cim11l NahG Col-0 marker for SAR (ref. 22), we
10 WS-0 SAR induction analysed the cluster including
11 Col-0 SAR maitenance this gene in detail (Figs 2b, top,
12 Peronospora parasitica Emwal 48h Ws-0 compatible interaction (local) and 3, SOM c1). The PR-1 regu-
13 Pst DC3000 avrRpt2 1° tissue 44h Ws-0 incompatible interaction (local) lon in SOM c1 contains 45 ESTs
14 Pst DC3000 avrRpt2 2° tissue 44h Ws-0 incompatible interaction (systemic) (from a maximum of 31 differ-
15 nim1+ Pst DC3000 avrRpt2 2° tissue 44h Ws-0 incompatible interaction, no SAR ent genes). These are candidate
16 Peronospora parasitica Noco2 48h Ws-0 incompatible interaction (local) SAR markers and the encoded
proteins likely function during
SAR. Several genes that clustered
e with PR-1 (PR-4, GST (glu-

tathione-S-transferase) and
PerC (peroxidase C)) were rep-
resented on the arrays by multi-
ple spots. Their nearly invariant
clustering in the PR-1 regulon
demonstrates the internal con-

ciesT AN _
P BTH 48 hre sistency of our analysis. PR-1

regulon members show a

giny - Pk avr. 3° unique overall expression pro-

file. They are strongly activated

P, parasitice in secondary SAR tissue (treat-

- Ireampatbin
- P ﬂ.u.;-“ ment 14). These expression
Compatlbla changes in SAR tissue are strictl
N g y
yeame HIW _ - dependent on NIM1/NPR-1
mies Pt wor, T GeRIEEpresan b (compare treatments 14 and
Pk avr, 19 ..
ADEE 15). Strong activation was also

Fig. 1 Unrooted tree of relatedness of transcriptional changes across SAR-relevant conditions. The 413 ESTs that dis-  yyjth
played a minimum of 2.5-fold differential gene expression under at least 2 of 14 SAR-relevant conditions were used to
calculate similarities in gene-expression profiles. Differences in the overall gene expression patterns between the tested
conditions are represented by the length of the branches within the depicted tree.
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observed following infection
either compatible or
incompatible isolates of P. para-
sitica (treatments 12 and 16).
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Moreover, these genes are moderately activated in the tested cim
mutants in a salicylic-acid—dependent manner (compare treat-
ments 3, 4 and 5 with treatments 8 and 9), and they are upregulated
by BTH treatment.

Other nodes in the clustergram (Fig. 2) define regulons with dif-
ferent properties. For example, the node containing SOM c3 is
composed of ESTs expressed strongly after infection with the
incompatible P. parasitica isolate as well as after four hours of BTH
treatment. None of the SAR-inducing conditions caused a marked
activation of these genes, suggesting that they are unlikely to have a
role in SAR. The rapid activation of these genes by BTH, but their
consequent repression during both SAR maintenance by 48 hours
of BTH and in the cim mutants further supports this idea. These
genes may, however, function to mediate resistance to P. parasitica
infection. Among the 55 ESTs of SOM c3, 2 senescence-associated
genes, senland senb, are strongly represented (11 ESTs of senl and 5
ESTs of sen5; refs 23,24). This constitutes an additional, unbiased
test of experimental reliability and reinforces emerging regulatory
connections between the defence response and senescence®®.
BLAST searches revealed that the 55 ESTs of SOM c3 represent at
most 32 genes, 17 of which show no significant similarity to known
genes. Thus, our data set has uncovered regulons enriched in novel
genes for future reverse-genetic experiments.

W boxes are highly enriched in PR-1 regulon promoters

The coregulation of EST groups may reflect transcriptional control
mechanisms shared across the different SAR-inducing treatments

a
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analysed and may be based on conserved promoter elements. The
PR-1 regulon provides a model for this analysis. Functional INA-
responsive cis elements were previously defined on the PR-1 pro-
moter’. We searched the 26 available promoters from SOM c1 for
known cis elements (Table 2) including those previously described’.
We inspected 1.1 kb upstream of the predicted translation start site
(ATG), because most A. thaliana promaoters use cis elements located
within the first 1 kb and most A. thaliana 5" untranslated sequences
are less than 150 bp (S.Y. Rhee, pers. comm.).

We found only the binding site for WRKY transcription factors
(W boxes; TTGAC; ref. 26) in all 26 promoters. WRKY proteins
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Fig. 2 a, Clustergram of 413 ESTs differentially expressed during SAR. Colour-coded, numbered columns correspond to experimental treatments in Table 1. Gene
expression profiles are in rows: red, transcriptional activation; green, repression compared with mock-treated, ecotype-matched controls (scale at bottom); grey,
missing or incomplete data. The cluster tree (left) illustrates the nodes of coregulation of gene expression over all 16 treatments. Vertical bars on right indicate
the nodes of the cluster tree and the included ESTs, which are largely contained in SOMs c1 (red) and ¢3 (blue) in Fig. 3. b, Enlargement of test clusters for disease
resistance and SAR. The node of the clustergram in (a) which largely corresponds to the PR-1 regulon in SOM c1 (top) and the node largely corresponding to SOM
c3 (bottom). Asterisks denote ESTs also found in the corresponding SOMs in Fig. 3. The average profile for each is represented by the first row below the treatment
designations. Gene names are highest BLASTn hits. The usual cutoff was 100. In the cases in which only a very short sequence was almost identical to a sequence in
the database, lower BLASTN scores were accepted (marked by an asterisk next to the BLASTn score in Table A, see http://genetics.nature.com/supplementary_info/).
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Fig. 3 Self-organizing map clusters of expression profiles. Each

o2 19 o3 Bh graph displays the mean pattern of expression (colour-coded
points as in Table 1) of the ESTs in that cluster and the standard
r‘ . L§ deviation of average expression (red lines). The number of ESTs in
Y A each cluster is at the top centre of each SOM. The y axis represents
i’. '..i:i I|- .._JI normalized gene expression levels (normalized generally to mean
- 0,s.d. 1).

o 17 Ci. 23 only 12 of 111 TTGAC motifs found within the 26
[ N available PR-1 regulon promoters are followed by a G.
) |ana ¥ L i Moreover, the minimum TGA recognition motif,
S i LA TGACG, is lacking in 9 of the 26 PR-1 regulon promot-
ers. This site occurs in the 26 PR-1 regulon promoters
only 24 times, or an average of once per promoter and

ciD: 32 g1l 29 less than 50% of the statistical expectation. Although a
) ) single motif might be sufficient to mediate a regulatory

f",". lh f Iﬂ“'; ;ﬁl ﬁ N r"" K AN event on any promoter, it is unlikely that the TGA-bZIP
v

AT R Ty P ) s factors constitute a common regulator of PR-1 regulon
i -E"' AT B, Al w1 "a4l genes across the conditions analysed.

Y ¥ v In contrast, using the most stringent definition
: for WRKY binding sites (a TTGACC/T hexamer26),

we still detected a significant over-representation of

bind to sequences with an invariant TGAC core, which isin most 68 potential binding sites, an average of 2.6 copies per pro-
cases preceded by a T. This TTGAC pentamer appears 111 times moter, in the PR-1 regulon (Fig. 4). We note that the P value for
on both strands in 26 PR-1 regulon promoters, an average of 4.3 distribution of W-box hexamers is also highly significant (Table
copies per promoter (Fig. 4). The statistical expectation foraran- 3). Only 2 of 26 PR-1 regulon promoters do not contain a copy
domly distributed pentamer is 2.1 copies per promoter. A control of the TTGACC/T motif. One of these promoters, however,
scan with all possible permutations of the TTGAC motif gave an contains the W-box-like hexamer TTGACA. This motif is
average of 1.6+0.4 per promoter. This enrichment of W boxes in  found 31 times within the 26 PR-1 regulon promoters, which is
PR-1 regulon promoters is highly significant compared with the twice the statistically expected frequency. Clustered occurrences
distribution of W boxes in three control promoters sets (15 genes  of W boxes are common among promoters of WRKY-regulated

from SOM c¢7, 17 random
genes selected from the 413
analysed ESTs and 14 random
A. thaliana genes not included
in our 413 ESTs). We generated
a theoretical distribution of W
box copies on any 1.1-kb pro-
moter (Fig. C, see http://
genetics.nature.com/supple-
mentary_info/). We used this
to describe both the number of
promoters in each set expected
(E) to have a given number of
W boxes and P values, express-
ing the probability that the
observed W box distributions
occur by chance. This con-
firmed the significance of W
box enrichment within PR1
regulon promoters (Table 3).
Transcription factors of the
TGA subgroup of bZIP proteins
(TGA-bZIPs) are positive regu-
lators of INA-induced PR-1
expression. They recognize a
pentameric element, TGACG,
that potentially overlaps the W
box consensus?’ (Table 2). The
TGAC W box core, however, is
followed by C or T in all avail-
able reports of WRKY/W box
interactions?®. Thus, a distinc-
tion between binding sites for
these two regulatory factor fami-
lies can be predicted. In fact,
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Fig. 4 W box motifs in PR-1 cluster genes. Promoters for each gene represented by an EST in SOM c1 (the PR-1 cluster) and
three control sets of promoters (15 genes from SOM c7, 17 random genes selected from the 413 analysed ESTs and 14 random
A. thaliana genes not included in our 413 ESTs) were searched for W boxes using either the core WRKY binding consensus
(TTGAC; top) or a more stringent consensus (TTGACC/T; bottom). The number of genes found (y axis) versus the number of W
boxes found in a given gene’s promoter (x axis) is displayed. Thin vertical bar differentiates random W box occurrences (left)
from non-random (right).
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Fig. 5 Cis element architecture in the PR-1 cluster.

i R PR . . B 1Y - | “H P Shown is 1.1 kb of promoter sequence for the 20
- ) o Mot r genes in the PR-1 cluster with sequenced pro-
Fed it ' ¥ moter regions containing at least 3 W boxes.
albosabo s ke Pnding 4 b b i Black triangles, W box core (TTGAC); red trian-
. M i gles, the stringent W box consensus (TTGACC/T);
£t AR H—t——a— 1 1 black boxes, TGA-bZIP binding sites (TGACG); for-
b, JERT RFEETT m. + : H = ward-facing arrows and triangles, motifs on the
o " . 4 N i forward strand pointing toward the translational
L L A ¥ ¥ start site. An asterisk indicates that the motif has
T fevags |GETH b * ¥ i been shown to function as a binding site in a pre-
F 4 & vious study. Numbering is from presumptive
Rssponer Rascir 1—— 1 i translation start codons, not transcriptional
b, [EET 110R16TT) ¥ & } } starts, most of which are unmapped. Hence the
4 L W box mapped on the PR-1 promoter at -676

o Ay [EROTT) L 4 ¥ (top strand) appears here at -712.

as——" * —i —
CORPET, e pupsei ki S + H 1
T " ' B results have been reported3®: cDNA-
— } — 4 AFLP analysis revealed _that Cf-9-trig-
it by st b o n — gered defence responses in culturgd cells
Aty B affected the expression of approximately
——— 4 l 1% of all tobacco genes.
e s # .8 d Although we did not repeat individual
fuh JEET ENRATT ¥ ¥ t # microarray hybridizations, the high sim-
nh (EST B3C1TTy 1 | ilarity of overall gene expression changes
rh. ST 150G T — & b among related treatments argues for the
reliability of our data. Similarly, the
TTGAS - W Box core B TEALS - TGA facior bindisg wia

ik TTGACICIT) - axpanded W Box oofe

genes. Association of these cis elements as palindromes or direct
repeats with spacing of less than 20 bp results in binding coop-
erativity and synergistic transcriptional activation2628-30 \\je
found both the core and stringent W-box elements (TTGAC
and TTGACC/T) arranged in a palindromic or directly repeated
manner on many promoters from the PR-1 regulon (Fig. 5; and
Table B, see http://genetics.nature.com/supplementary_info/).

Discussion

We visualized gene-expression states over approximately 25-30%
of the A. thaliana genome under various SAR-related conditions
using cDNA arrays. We focused on identification of coregulated
genes, as opposed to identification of genes activated during single
SAR or defence-response conditions, and thus set conservative
criteria for inclusion into our data set of 2.5-fold transcriptional
change in 2 or more of 14 relevant conditions. In fact, most ESTs
are transcriptionally regulated above 2.5-fold in several treat-
ments (213 were differentially expressed in 4 or more conditions).
Our selection for events occurring at least twice identified genes
whose regulation is generally altered across this set of conditions.
Because lower fold changes in transcript abundance may still have
biological relevance, we probably underestimated the total num-
ber of biologically relevant

mﬂ'\ﬁru:l: Dwarlpping TaA /W box |

reproducibility of expression data for
genes represented by multiple ESTs on
the arrays confirms a low variability
among individual ratio measurements.
To further confirm the quality of our experiments, we re-tested
40 data pairs by RNA blots and found good correlation to the
microarray data. Two different A. thaliana ecotypes (Ws-0 and
Col-0) were used here and the transcriptional responses to the
various treatments may in each case be influenced partly by the
specific genetic background. Yet the profound differences in
overall gene expression we observed are unlikely to be based sig-
nificantly on ecotype differences.

Gene identity can suggest metabolic processes induced along
with SAR. For example, several PR-1 regulon genes encode proteins
involved in redox regulation. Reactive oxygen intermediates (ROI)
act as local secondary messengers upstream of salicylic acid accu-
mulation3233 and are implicated in defence responses, as direct cel-
lular and microbial toxins, or in cell-wall cross-linking and other
oxidative processes3. Of the several A. thaliana peroxidase genes,
PerC appears to be specifically activated under plant defence condi-
tions, as are some GST genes. This is consistent with the previous
observation that both PerC and GST are transcriptionally activated
in a superoxide-dependent manner in the A. thaliana mutant Isd1,
which lacks the ability to halt hypersensitive-response-like
lesions3>38, We note that nine genes of the PR-1 regulon encode
proteins of unknown function. Strict coregulation of genes encod-

genes for defence and SAR. We
also will have missed regulatory

Table 2+ Frequencies of potential binding motifs recognized by defence-associated
transcription factors in PR-1 regulon promoters

events unique to any single

Average frequency in PR1 Statistically expected

treatrr:went. Ourhincll(ljJSiop crite-  pactor type Binding site? regulon promoters® frequency per promoter®
ria, however, should minimize

inclusion of fal e q WRKY2 TTGAC 43 2.1
inclusion of false positives and \y oy TTGACCIT 26 11
maximize the identification of tGa (bzip)27 TGACG 0.9 21
coregulated groups of genes GBF (bzIP)*4 CACGTG 0.2 0.5
broadly involved in SAR and SF/QE?/F\_F}z(?EP))“? (C;((::I:Aécccc 8-% g-g

H H H -liKe . .

response to infection. We iden- oo \ap_jike)s7 ACCGCC 0.1 05
tified approximately 300 genes gnz/giL48 GGATGTA 01 0.1
using these criteria, or approxi-  Mybi* GG/TTAITGG/TT 1.2 11

mately 1.5% of the total A.
thaliana gene set. Similar

Core motifs are displayed for the defined factor binding sites that were considered in our search. 2Core motifs of factor
binding sites. P1.1 kb upstream of translation start was examined. ‘Within 1.1 kb of promoter.
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Table 3 « Distribution of W boxes

promoters suggests that WRKY

factors are crucial in coregula-

TTGAC
na=2 or more na=3 or more na=4 or more tion of these genes. WRKY fac-
Total NP EC pd NP EC pd NP EC pd tors constitute a large group of
SOMc1e 26 23 165 3.46e3 20 95 2485 18 44  520e° plant-specific transcriptional
ower 293 0mTe es 0% 326 020 ko implied n
Random (g)¢ 14 8 89 019 6 51 019 2 24 028 pathogen % and stress
responses=°. Their cognate W
TTGACCT box was originally described as
na=2 or more na@=3 or more na=4 or more L. . . 30
Total NP Ec pd Nb EC pd Nb Ec pd a positively acting cis element™,
SOMcl® 26 18 76  229eS 13 25  13se? 10 06 215et0 Dutoneof the potential WRKY
SOMc7e 15 5 44 020 1 14 035 0 04 070 binding sites in the PR-1 pro-
Random (s)f 17 2 50 007 0 16 0.19 0 0.4 0.66 moter is a negative cis element
Random (g)¢ 14 6 4.1 0.12 2 1.3 0.25 0 0.3 0.71 for INA response7 (LS4) ThUS,

Distribution of W box motifs, TTGAC or TTGACC/T, is shown in promoters of SOMc1, SOMc7, randomly chosen genes

from the set of 413 analysed ESTs and randomly chosen A. thaliana genes not inc|
per promoter. PNumber of promoters within the specified set that have n W boxes

expected to have n W boxes by chance. 9Probability of seeing the observed number of promoters with n W boxes by
chance. eRefers to the promoters of genes in SOM c1 or c7 of Fig. 3. fRefers to the promoters of genes selected randomly
from the set of 413 ESTs (not including the ESTs in SOM c1 or c7). 9Refers to promoters of genes selected randomly from

A. thaliana genomic sequence.

one explanation for our data is
that PR-1 regulon genes are
commonly repressed by WRKY
proteins, and that removal of
this repression is a common

luded in the set of 413 ESTs. 2W boxes
. ®Number of promoters that would be

ing enzymes catalysing successive steps in plant secondary metabo-
lism has been demonstrated®” and gene-expression profiling data
have been successfully used to infer gene function in yeast38, Thus,
coregulation of these novel genes with genes of known biochemical
function during SAR will focus future studies aimed at functional
characterization of novel SAR-associated proteins.

We found that SAR-associated gene expression changes over-
lapped with those observed during a compatible interaction. The
reason for this paradox may be that the host initiates its defence
while the pathogen is spreading during compatible interactions.
This initiation of defence responses is ultimately too slow to stop
disease progression. By contrast, a potential pathogen infecting
SAR-induced tissue is immediately confronted with a pre-acti-
vated defence system hindering its spread in the plant. Nonethe-
less, SAR-associated genes activated locally during compatible
interactions may limit pathogen spread, as suggested by the exis-
tence of eds mutants which show enhanced susceptibility to viru-
lent pathogens and are partly compromised in SAR-induction3®,

The SAR-associated expression changes we characterized were
either strongly attenuated or reversed in the nim1-4 mutant. Pre-
vious investigations established a functional link between
NIM1/NPR-1 and TGA-bZIP transcription factors. Direct inter-
actions between NIM1/NPR-1 and TGA-bZIPs were demon-
strated121415. A TGA-bZIP factor binding site, LS7 (TGACGT),
within the PR-1 promoter was shown to be important for INA
activation of PR-1 (ref. 7). A second TGA-bZIP factor binding
site, directly upstream of the LS7 element, LS5, might function as
aweak silencer element’. In vitro binding of one TGA-bZIP fam-
ily member, TGAZ2, to both LS5 and LS7 was weakly enhanced in
the presence of NIM1/NPR-1 (ref. 12). We did identify TGA-
bZIP factor sites in 17 of 26 PR-1 regulon promoters, but their
overall frequency is not enriched above that expected at random.
We also asked whether the 17 of 26 TGA-bZIP occurrences was
higher in the PR-1 regulon than in the sets of control promoters
described above, and it is not (data not shown). Hence, although
it is clear that TGA-bZIP factors can regulate PR-1 expression
under the limited set of inductive conditions analysed so far, they
are probably not the common factor that interacts with
NIM/NPR to broadly regulate SAR gene expression under a
diversity of SAR-inducing conditions.

Our study identifies a second family of transcription factors as
the probable common regulators of genes in the PR-1 regulon
across the treatments analysed. The significant over-representa-
tion of W-box motifs, and their clustering, on PR-1 regulon gene
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step in a variety of plant defence
conditions. This scenario is fur-
ther supported by the recent discovery of snil, a suppressor of
nim1/nprl (ref. 13). SNI1 acts as a negative regulator of PR gene
expression, is localized to the nucleus and has no obvious DNA-
binding domain. One possible mode of its action may involve
interactions with WRKY transcription factors bound to nega-
tively acting W-box elements. This model is also consistent with
de-repression of basal defence responses in the A. thaliana Isd1
mutant3® and the barley mlo mutant40,

The strict NIM1/NPR-1 dependence of SAR-associated tran-
scriptional activation throughout the PR-1 regulon can be
explained by a functional linkage between NIM1/NPR-1 and
WRKY factors. NIM1/NPR1 may mediate WRKY-dependent de-
repression of PR-1 regulon genes. Alternatively, it may drive
immediate early expression of a limited set of WRKY proteins
that subsequently regulate a broader set of WRKY-dependent
SAR target genes. WRKY protein binding to a tight palindromic
arrangement of W boxes leads to rapid activation of parsley
WRKY1, a possible regulator of PR genes?®. In A. thaliana, the
PR-1 regulon in SOM c1 contains WRKY7 (ref. 26), whose pro-
moter contains tightly clustered W box elements similar to the
parsley WRKY1 promoter (Fig. 5). A. thaliana WRKY7 may thus
be a primary, NIM1/NPR-1 and WRKY-dependent target of SAR
signalling, encoding a regulator of secondary SAR target genes in
the PR-1 regulon.

Finally, we note that the W-box-like hexamer TTGACA has not
been described as a binding site of WRKY proteins. Its frequent
occurrence among PR-1 regulon promoters, however, suggests
functional relevance for this motif in SAR gene regulation. A recent
comparative structural analysis of the WRKY superfamily showed
that family members can be assigned to distinct groups and sub-
groups?. Representatives of most of these (sub)groups can recog-
nize the conventional W-box motif TTGACC/T. One possibility is
that atypical WRKY proteins may participate in SAR gene regula-
tion by interacting with the TTGACA hexamer.

We have described the first map of the plant defence transcrip-
tome during SAR in A. thaliana. Complex signalling networks
are best defined using multiple biologically relevant conditions,
as opposed to traditional pair-wise comparisons. Subsequent
analyses of additional mutants and infection conditions, using
the soon to be completed A. thaliana genomic sequence, will
both enlarge the complexity and refine the resolution of the A.
thaliana innate immunity transcriptome. These will serve as a
springboard from which both diagnostic and disease control
tools can be designed in crops.
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Methods

Plant growth and RNA sample preparation. Age-matched A. thaliana
plants were all grown under the same conditions (21 °C during the day,
17.5 °C at night, 60% relative humidity, 9-h day length, 15-h night). All
treatments, infections and preparation of RNA samples were performed on
leaves from age-matched (4 weeks), non-bolting plants at the same time of
day. RNA was prepared in parallel by two people. Hence, the results may
potentially be slightly influenced by preparation of these samples. Poly(A)
RNA was isolated using the PolyAttract System Il (Promega).

cDNA microarrays. We PCR-amplified 10,000 ESTs from the Arabidopsis
Biological Resource Center (ABRC; Ohio State University) using M13 uni-
versal reverse and —21 forward primer, with modified 5" amino end for
spotting onto glass slides. All 413 ESTs included in our data set were re-
sequenced. Roughly 20% of the EST sequences did not correspond to the
original sequence as represented in the AATDB. An Excel file containing all
EST names, BLAST matches and fluorescence ratio data is available (Table
A, see http://genetics.nature.com/supplementary_info/). Redundancy in
the 10,000 ESTs is based on our finding that 215 of 413 ESTs had significant
homology to known genes or proteins. Discounting the 27 deliberately
spotted ESTs (representing 12 genes), this leaves 188 ESTs that are identical
to 138 distinct genes. Using this as an estimate of redundancy, we expect
that the 198 ESTs showing no homology will represent (1145 genes. Thus,
our 413 ESTs should represent [B00 genes. Further extrapolation suggests
that our 10,000 EST arrays represent around 7,000 genes, and if the esti-
mate of 25,000 A. thaliana genes is correct, then we sample 25-30% of the
total. This approximation is consistent with other estimations of redun-
dancy in this EST set.

Array preparation and hybridizations were performed by Synteni (now
Incyte) as described*2. Technical controls are available (http://www.
genomesystems.com/support/gem/controls/gsicontrolplate.html), as well
as fluorescence ratio data for these ESTs (Table A, see http://genetics.nature.
com/supplementary_info/). According to a reproducibility study by
INCYTE  (http://www.incyte.com/gem/technology/reproducibility.shtml),
0.5% of the individual expression ratios are spuriously altered more than
+1.74-fold. To estimate the probability for erroneous inclusion of a given
EST in our data set, each measurement was modelled as a Bernoulli trial and
analysed with the binomial distribution. The calculation was performed as
follows: p(2 or more errors)=1-p(at most 1 error)=1—(;4,C,)pgt3+q*4=0.0022;
where P=0.005 and g=1-p=0.995. Thus, at most 0.22% of our ESTs
([22/10,000 ESTs) should be erroneously included in our data set of 413
ESTs. Given these calculations for spurious inclusion at a threshold of +1.74-
fold, we consider our choice of a threshold for inclusion of +2.5-fold to be
conservative.

We estimated spot-to-spot variability using 27 known cDNAs spotted in
triplicate as less than 20%. Inverse labelling of sample cim11 (cim11 inv in Fig.
1) demonstrates reproducibility of independent experiments (linear regres-
sion coefficient r=0.83), and labelling symmetry. We also compared more
than 40 DNA microarray data points with RNA blot results and found a linear
correlation of r=0.83. Both are consistent with published datal’.

Data analysis. Analysis of differences between conditions based on expres-
sion profiles required the calculation of distance matrices in S-Plus (S-
PLUS 2000 Professional, Release 2 MathSoft) using the dist function under
the Euclidean metric. To indicate a scale of overall difference in expression
profiles between 2 conditions, we summed the Euclidean distance between
expression levels in the 2 conditions over all 413 ESTs. For example, this
resulted in a difference of 19.6 units compared with 159.4 difference units
of the comparison (cim11, NahG). The unrooted tree depicting similarity

nature genetics « volume 26 « december 2000

in gene-expression patterns was produced using the fitch and drawtree
programs distributed in the Phylip suite version 3.57¢ (ref. 43).

“Cluster” and “Tree view” software?0 were used (http://rana.Stanford.
EDU/software/) to group and display genes with similar expression pro-
files, and to confirm the tree described above. We used the default options
of hierarchical clustering using the uncentred correlation similarity metric.
We performed this analysis using both normalized and non-normalized
data, and the outcomes were essentially the same. We also clustered our
data into a 3x4 SOM geometry?! using the “Gene Cluster” program (\Ver-
sion 1.0-default settings; http://waldo.wi.mit.edu/MPR). To focus on the
shape of expression patterns rather than the magnitude of individual
expression changes, we normalized the expression level of each EST to have
mean=0 and s.d.=1 across the 16 samples. Normalization was performed
by subtracting the mean across all 16 treatments from each data point and
then dividing the result by the s.d. This standard technique was used as
implemented in the Gene Cluster program.

Probability and expected value calculations. To calculate the probability
(p) of seeing m promoters with n or more W boxes from a set of N promot-
ers, we modelled each of the N promoters as a Bernoulli trial and applied
the binomial distribution. So if the probability (q) of seeing n or more W
boxes in asingle promoter is known, then P=C,*q™*(1-q)N-". For exam-
ple, the probability of finding 20 promoters with 3 or more W boxes from a
set of 26 promoters is calculated as follows: P=,5C,*q2*(1-q)®. The value
of g is calculated by assuming that each base of a hypothetical promoter can
either be part of a W box or not and modelling this situation as a Bernoulli
trial. Thus q is calculated as follows:

g= 1—?;: 2200 Ci p i ( ]__p) 2200-i

where P=1/1024 (the probability of finding a W box starting at a given
nucleotide) and 2200 is the number of base pairs in both strands ina 1.1-kb
promoter. Expected values are calculated by summing the probability of a
given outcome multiplied by the actual outcome over all possible values in
a distribution. Thus, the expected value E which represents the number of
promoters expected by chance to have n or more W boxes from a set of N
promoters is:

E=2i(,C*q"*(1-q)")

where q is the probability of seeing n or more W boxes in a single promoter
as calculated above.
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