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Salicylic acid (SA) has a central role in defense against pathogen attack. In addition, its role in such diverse processes as ger-
mination, flowering, senescence, and thermotolerance acquisition has been documented. However, little is known about the
early signaling events triggered by SA. Using Arabidopsis (Arabidopsis thaliana) suspension cells as a model, it was possible to
show by in vivo metabolic phospholipid labeling with 33Pi that SA addition induced a rapid and early (in few minutes)
decrease in a pool of phosphatidylinositol (PI). This decrease paralleled an increase in PI 4-phosphate and PI 4,5-bisphosphate.
These changes could be inhibited by two different inhibitors of type III PI 4-kinases, phenylarsine oxide and 30 mM wortmannin;
no inhibitory effect was seen with 1 mM wortmannin, a concentration inhibiting PI 3-kinases but not PI 4-kinases. We therefore
undertook a study of the effects of wortmannin on SA-responsive transcriptomes. Using the Complete Arabidopsis Tran-
scriptome MicroArray chip, we could identify 774 genes differentially expressed upon SA treatment. Strikingly, among these
genes, the response to SA of 112 of them was inhibited by 30 mM wortmannin, but not by 1 mM wortmannin.

During their development, plants are submitted to
various stresses, either abiotic or biotic. To cope with
these stresses, plants can synthesize molecules that
will trigger adaptive responses. Salicylic acid (SA) is
one of those molecules. Its role is mainly established in
response to biotic stresses, where it acts both locally
and systemically (Bostock, 2005). SA is indeed a me-
diator of systemic acquired resistance. Exogenous treat-
ment with salicylates induced pathogenesis-related
(PR) protein synthesis and enhanced resistance to
infections. Both these effects were abolished in trans-
genic plants where endogenous SA was removed by
expression of a bacterial gene encoding SA hydroxy-

lase (NahG; Bostock, 2005). However, SA is produced in
other physiological situations, such as chilling (Scott
et al., 2004), exposure to ozone (Rao et al., 2002), and
UV-C stress (Yalpani et al., 1994). Some physiological
processes are disturbed in NahG transgenic plants or in
mutant plants defective in SA biosynthesis. SA was
thus shown to play a role in programmed cell death
(Overmyer et al., 2003) and in tolerance to heat
(Larkindale et al., 2005), osmotic stress (Borsani et al.,
2001), reactive oxygen species (ROS; Danon et al.,
2005), and high light stress (Mateo et al., 2006). SA
reduces plant reproductive fitness (Heidel et al., 2004),
improves seed vigor under stress conditions (Rajjou
et al., 2006), induces earlier flowering (Martinez et al.,
2004), and enhances senescence (Buchanan-Wollaston
et al., 2005). The role of SA in those processes may be
through SA-induced changes in gene transcription or
protein accumulation (Gruhler et al., 2005; Kliebenstein
et al., 2006; Rajjou et al., 2006; Thibaud-Nissen et al.,
2006).

Whereas SA could intervene in such diverse phys-
iological situations, little is known about the signals it
triggers. Some events downstream of SA have recently
been reported. Several high-affinity SA-binding pro-
teins have been identified in tobacco (Nicotiana tabacum;
Forouhar et al., 2005). SA induces an increase of ROS,
which may then serve as signaling mediators them-
selves (Mateo et al., 2006). SA-induced protein kinase
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belonging to the mitogen-activated protein kinase fam-
ily is rapidly activated by phosphorylation in tobacco
and its activation was shown to be necessary for the
phosphorylation of the transcription factor WRKY1
(Menke et al., 2005). A number of studies have been
focused on the upstream regulatory sequences of the
PR1 gene necessary for its induction by SA. One in-
dispensable regulatory element is a consensus sequence,
TGACG, binding TGA proteins belonging to the bZIP
transcription factor family (Thibaud-Nissen et al., 2006).

Phospholipid signaling is emerging as a major com-
ponent of responsive pathways to many stresses and
hormones in plants (Meijer and Munnik, 2003). Phos-
phatidylinositol (PI) 3-kinase and its product PI 3-P
[PI(3)-P] are required for auxin-induced production of
ROS both in Arabidopsis (Arabidopsis thaliana) and
maize (Zea mays) and for root gravitropism in maize
(Joo et al., 2005). PI 3-kinase inhibitors wortmannin or
LY294002 inhibited abscisic acid-induced ROS gener-
ation and stomatal closure in broad bean (Vicia faba;
Park et al., 2003). In this context, we intended to in-
vestigate the involvement of phospholipid signals in
response to SA. We used Arabidopsis suspension cells,
a model where SA uptake (Clarke et al., 2005) and SA-
triggered response at the protein level (Gruhler et al.,
2005) are well documented. By metabolic radiolabel-
ing of phospholipids, we could show that PI 4-kinase
is rapidly and transiently activated in response to SA.
Using a microarray chip, we studied the SA tran-
scriptome and its changes induced by wortmannin, an
inhibitor of PI 4-kinase. We identified 112 genes whose
response to SA was inhibited by 30 mM wortmannin,
but not by 1 mM wortmannin. We also report potential
cis-elements, which may coordinate the changes in gene
expression upon SA treatment.

RESULTS

Cell Suspension of Arabidopsis Is a Suitable Model
to Study the SA Signaling Pathway

By viability staining with Trypan blue, we deter-
mined that up to 1 mM SA did not cause a significant
increase in cell death over a 24-h treatment period (data
not shown). We verified that the cell culture expressed
early and late marker genes of the SA signaling path-
way (i.e. GST6 and PR1; Blanco et al., 2005), in re-
sponse to 250 mM SA (Fig. 1). At this stage, our results
indicated that Arabidopsis suspension cells responded
to SA at the level of gene expression and could be used
as a model to study SA signaling.

SA Affects the Level of Radioactive
Phosphoinositides in Vivo

The involvement of phospholipid signaling in re-
sponse to SA was checked by studying radiolabeled
phospholipids. A typical time course of phospholipid
metabolic labeling by 33Pi is shown in Figure 2. For
phospholipids in which a phosphate group is mono-

esterified (i.e. phosphatidic acid, PI phosphate [PIP],
and PI 4,5-bisP [PI(4,5)-P2]), labeling was very fast,
reaching a maximum after a few minutes, followed by
a pseudoplateau lasting about 2 h and a phase corre-
sponding to the progressive loss of labeling (Fig. 2A).
For structural phospholipids in which radioactive
phosphate is engaged only in a phosphodiester bond
(i.e. PI, phosphatidylcholine [PC], phosphatidyletha-
nolamine, or phosphatidylglycerol), labeling was much
slower (Fig. 2B).

We chose to label cells with 33Pi 5 min before lipid
extraction because it allows good labeling of PI(4)-P
and PI(4,5)-P2. Cells were treated with 250 mM SA and
lipids were extracted at different times after SA addition.
Phospholipids were separated and the radioactivity
incorporated into each lipid category was quantified.
Labeling of PC was not affected by SA treatment; nor-
malization was thus carried out by expressing the re-
sults as a labeled phospholipid to labeled PC ratio in
SA-treated cells relative to this ratio in water-treated
cells (Fig. 3). A sharp decrease in the relative PI to PC
ratio was monitored between 15 and 90 min after SA
application, followed by a temporary increase in this
ratio (Fig. 3A). The decrease in PI to PC correlated to
an increase in PIP to PC and PI(4,5)-P2 to PC ratios.
These changes in phosphoinositide ratio could be de-
tected within 2 min after SA addition (Fig. 3B). Inter-
estingly, these changes could also be seen when cells
were labeled 15 min before lipid extraction, but could
not be detected when labeled 24 h before lipid extrac-
tion (data not shown).

The changes in phosphoinositides were dose de-
pendent and could be saturated at about 1 mM SA (Fig.
3C). Early decrease of labeled PI was not inhibited by
cycloheximide, an inhibitor of protein synthesis, whereas
late increase of labeled PI was inhibited and thus de-
pended on protein synthesis (Supplemental Fig. S1).

SA-Induced PIP Is PI(4)-P

The fact that PIP and PI(4,5)-P2 increased concom-
itantly makes a compelling argument for PIP being

Figure 1. Expression of marker genes of the SA-responsive pathway in
Arabidopsis cell suspensions. Time course of early marker gene GST6
and late marker gene PR1 expression was detected by RT-PCR after SA
treatment of cells. The number of PCR cycles was optimized for each
primer pair. 40S ribosomal protein S24 (RPS24A) was used as a
housekeeping gene. GST6, Glutathione S-transferase6.
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PI(4)-P. However, the alkaline solvent system routinely
used to quantify PIP does not allow for separating
PI(3)-P and PI(4)-P. To distinguish these two PIP iso-
mers, a borate solvent system (Walsh et al., 1991) was
used to develop thin-layer chromatography (TLC). SA-
treated and water-treated cells were labeled with 33Pi
for 5 min before lipid extraction. Lipids were sepa-
rated in the alkaline solvent system (Fig. 4A) and, in
parallel, in the borate solvent system (Fig. 4B). The
published retention factors (Rf) are 0.66 for PC, 0.46 for
PI(4)-P, and 0.51 for PI(3)-P in the borate system. We
found Rf values of 0.60 for PC and of 0.39 for PI(4)-P;
the Rf value for the PI(3)-P spot would be expected to
be close to 0.45, but no radioactive spot with this mo-
bility was detected (Fig. 4B). Quantification of the PIP
spots in both separation systems confirmed that more
than 99% of the labeled PIP corresponded to PI(4)-P.

PI Decrease upon SA Treatment Is Catalyzed

by a Type III PI 4-Kinase

Enzyme activities that could be responsible for the
decrease of PI labeling and the increase in PI(4)-P and
PI(4,5)-P2 upon SA treatment are PI 4-kinases. There
are two types of PI 4-kinases, which differ in their

sensitivity to micromolar concentrations of wortmannin
and by their Ca21 dependence. No plant type II PI
4-kinase has been biochemically characterized yet.
Based on animal and yeast (Saccharomyces cerevisiae)
studies, type II PI 4-kinases are inhibited by high Ca21

concentrations, but cannot be inhibited by micromolar
concentrations of wortmannin, contrary to type III PI
4-kinases, which are inhibited by micromolar concen-
trations of wortmannin (Müller-Röber and Pical, 2002)

Figure 3. Labeled phosphoinositides in SA-treated Arabidopsis cells. A,
Medium time course of phosphoinositide-labeling rate upon SA treat-
ment. B, Changes in labeled phosphoinositide levels appear during the
first minutes of SA treatment. C, Dose dependence of the observed
changes. Cells were treated with the corresponding concentration of SA
for 8 min before lipid extraction. r.a., Right axis scale. A to C, Cells were
labeled with 33Pi 5 min before lipid extraction. PIP and PI(4,5)-P2 were
separated in the alkaline solvent system; PI was separated in the acid
solvent system. Values for water-treated cells were taken as controls
(100%).

Figure 2. Time course of metabolic phospholipid labeling. 33Pi was
added to the cell suspension and lipids were extracted at the times
indicated. Phosphomonoester (A) and phosphodiester (B) phospho-
lipids show different labeling patterns. The experiment is representative
of three independent repetitions. Results are expressed as counts in-
corporated into each lipid class. r.a., Right axis scale. PIP and PI(4,5)-P2

were separated in the alkaline solvent system; other lipids were sep-
arated in the acid solvent system.
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and phenylarsine oxide (PAO; Rajebhosale et al., 2003)
and are not Ca21 dependent (Müller-Röber and Pical,
2002). PAO and high concentrations of wortmannin
inhibited the response (Fig. 5). These data are in favor
of the PI decrease being due to the activity of a type III
PI 4-kinase. Other PI kinases are active in plant cells.
Plant PI 3-kinases are inhibited by submicromolar
concentrations of wortmannin and by LY294002 (Turck
et al., 2004). Low concentrations of wortmannin (up to
10 mM; Figure 5A) and 50 mM LY294002 (data not
shown) did not affect the response to SA, confirming
that PI 3-kinase is not responsible for the observed
changes.

The increase in PI(4)-P and PI(4,5)-P2 levels could be
seen as a way of supplying substrates for the action
of a phosphoinositide-specific phospholipase C (PI-
PLC). PI-PLC inhibitors U73122 (60 mM) and edelfosine
(150 mM) did not affect the increase of labeled PI(4,5)-P2

(data not shown). Both these compounds were previ-
ously shown to inhibit PI-PLC in vivo in Arabidopsis
cells (Vergnolle et al., 2005). Thus, the involvement of
PI-PLC in the early SA response seems unlikely.

SA Induces Changes in the Arabidopsis Transcriptome

Preliminary results showed that SA-triggered tran-
script level changes were hardly recognized before 4 h,
but became visible after 4 h. We therefore studied the
changes of transcriptomes after 4 h of SA treatment. To
do so, RNA samples from two independent biological
repetitions were analyzed on the Complete Arabidop-
sis Transcriptome MicroArray (CATMA) chips as de-
scribed in Lurin et al. (2004). RNA was extracted from
1 mg fresh weight of 5-d-old cells that had been treated
for 4 h with water or SA. For each biological repetition,
RNA samples for each condition were obtained by
pooling RNA from three independent extractions. One
dye swap (technical replicate with fluorochrome re-
versal) was made per biological repetition (i.e. four
hybridizations per comparison). Differentially expressed
genes were identified by a paired t test on the log2
ratios based on four hybridizations. The raw P values
were adjusted by the Bonferroni method, which con-
trols the family-wise error rate (FWER). With an FWER
set at 5%, most of the probes (19,040 probes, i.e. 96.0%
of total monitored probes), showed no changes in
their transcript levels. Nevertheless, 475 genes (2.4% of
total monitored genes) could be considered as up-
regulated, whereas 317 (1.6%) were down-regulated.
The list of the 792 differentially regulated genes is avail-
able as Supplemental Table S1.

The 25 most induced genes and the 25 most re-
pressed genes are described in Tables I and II, re-
spectively. Genes with unambiguous probe-to-gene
assignment were extracted from the list of SA-regulated
genes. They were then classified according to the Munich
Information Center for Protein Sequences (MIPS) func-
tional catalog categories (Ruepp et al., 2004), using the
MIPS interface (Fig. 6). This database assigns function
only for genes with sufficient supporting data. The
most represented categories among the SA-induced
genes were metabolism, cell rescue and defense, cel-
lular transport, and protein synthesis and fate. For

Figure 4. SA-induced PIP is PI(4)-P. Cells were treated with SA or with
water 8 min before lipid extraction and labeled by 33Pi 5 min before
lipid extraction. Lipids were extracted and separated in parallel using
an alkaline solvent system (A) and a borate solvent system (B). The
expected position of PI(3)-P is also indicated (Rf 5 0.45).

Figure 5. Inhibitory effect of wortmannin and PAO
on the decrease in labeled PI caused by SA. Cells
were incubated 45 min with wortmannin (A) or 15
min with PAO (B) prior to SA application and then
treated with SA for 8 min before lipid extraction.
Cells were labeled by 33Pi 5 min before lipid extrac-
tion. Inhibitors were given in dimethylsulfoxide (final
concentration 0.5% [v/v]). Controls (100%) represent
water-treated cells. Results are averages of three
independent repetitions.
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SA-repressed genes, the most represented categories
were metabolism, cell fate and differentiation, protein
synthesis and fate, and cellular transport. The category
protein synthesis and fate, being both among the most
induced and the most repressed genes, prompted us
to investigate whether SA initiates the unfolded pro-
tein response (UPR). Three microarray experiments on
whole plants of Arabidopsis identified marker genes
of the UPR (Kamauchi et al., 2005). A list of UPR
marker genes was compiled and crossed with our set
of genes differentially expressed upon SA treatment.
Of the 90 induced UPR markers, 19 were induced by
SA and, of the 131 repressed UPR markers, 15 were
repressed by SA treatment in our experiment (Supple-
mental Table S2).

Additional information was obtained from the anal-
ysis based on MapMan software (Thimm et al., 2004),
which runs with less stringent gene-to-function as-
signments than the MIPS functional catalog. It is based
both on experimental data and sequence homology
predictions of gene function. These assignments can be

mapped to user-defined graphic schemes. All relevant
figures generated with this software are supplied as
Supplemental Figure S2.

Expression data for genes that are known to be in-
volved in phospholipid signaling are summarized in
Supplemental Table S3. Among the genes with a corre-
sponding CATMA probe only PI4Kg4 was significantly
induced by SA treatment.

Effect of Wortmannin on the
SA-Regulated Transcriptome

Because we have shown that 30 mM wortmannin
inhibited SA-triggered PI 4-kinase activation, whereas
1 mM wortmannin did not (Fig. 5), we wanted to check
the effects of wortmannin at both these concentrations
on the SA-responsive transcriptome. RNA was iso-
lated from 5-d-old cells that had been submitted to
treatment with SA in the presence of 30 mM wortmannin
(hereafter, SAW30), treatment with SA in the presence
of 1 mM wortmannin (hereafter, SAW1), treatment with

Table I. List of the 25 most induced genes after SA treatment, ranked by decreasing degree of induction

AGI, Arabidopsis Genome Initiative gene index; log2 I, log2 average signal intensity (6–7 corresponds to a low level of expression, 14–15
corresponds to a high level of expression); log2 ratio, log2 ISA 2 log2 Iwater. Bonferroni-corrected P values were 0.05 in all cases.

Protein Process AGI Log2 Iwater Log2 ISA Log2 Ratio

Legume lectin family protein Unknown At5g03350 7.72 13.03 5.31
Amino acid transporter family protein Amino acid transport At4g35180 7.49 12.76 5.28
Expressed protein Defense response At1g31580 7.86 13.02 5.16
NPR1/NIM1-interacting protein 2 (NIMIN-2) Unknown At3g25882 7.50 11.79 4.29
WRKY family transcription factor Regulation of transcription,

DNA dependent
At5g22570 7.56 11.78 4.22

Expressed protein Unknown At1g56580 9.20 13.16 3.96
UDP-glucoronosyl/UDP-glucosyl transferase

family protein
Metabolism At3g11340 7.32 11.08 3.75

WRKY family transcription factor Regulation of transcription,
DNA dependent

At1g80590 7.55 11.05 3.50

Glycerophosphoryl diester phosphodiesterase
family protein

Glycerol metabolism At1g66970 8.92 12.38 3.46

UDP-glucoronosyl/UDP-glucosyl transferase
family protein

Metabolism At2g43820 7.45 10.88 3.43

Glutaredoxin family protein Electron transport At1g03850 7.41 10.80 3.39
Expressed protein Unknown At3g29240 9.77 13.13 3.36
Expressed protein Unknown At1g19960 6.86 10.22 3.36
NPR1/NIM1-interacting protein 1 (NIMIN-1) Unknown At1g02450 6.82 10.12 3.31
Oxidoreductase, 2-oxoglutarate and Fe(II)-dependent

oxygenase family protein
Flavonoid biosynthesis At5g24530 7.59 10.77 3.18

DC1 domain-containing protein Intracellular signaling cascade At2g44370 8.48 11.60 3.12
GTP-binding protein, putative Small GTPase-mediated signal

transduction
At1g09180 8.16 11.10 2.94

Leu-rich repeat family protein G-protein-coupled receptor protein
signaling pathway

At1g49750 9.12 12.06 2.94

ADP-ribosylation factor, putative N-terminal protein myristoylation At1g70490 11.06 13.97 2.92
Glutaredoxin family protein Electron transport At1g28480 7.32 10.20 2.88
WRKY family transcription factor Regulation of transcription, DNA

dependent
At2g40750 6.80 9.55 2.76

Toll-interleukin-resistance (TIR)
domain-containing protein

Defense response signaling pathway,
resistance-gene dependent

At1g72930 7.51 10.23 2.72

D-3-Phosphoglycerate dehydrogenase (3-PGDH) L-Ser biosynthesis At1g17745 8.74 11.46 2.72
Expressed protein Unknown At4g34630 11.13 13.78 2.65
Glutathione S-transferase6 (GST6) Defense response At2g47730 9.86 12.43 2.57
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30 mM wortmannin (hereafter, W30), treatment with
1 mM wortmannin (hereafter, W1), or treatment with
0.5% (v/v) methanol (hereafter, M). Methanol at 0.5%
(v/v) final concentration was used as the solvent for
wortmannin. Cells were pretreated with inhibitors for
15 min and then treated with SA for 4 more hours
where indicated. RNA extracted from three indepen-
dent repetitions was pooled and reverse transcribed in
the presence of Cy3-dUTP or Cy5-dUTP to perform
two-color hybridization with the CATMA chip. One
dye swap was made for four combinations: SAW1
versus SA, SAW30 versus SAW1, W1 versus M, and
W30 versus W1. This has been repeated with another
pool of three independent RNA extracts for each con-
dition, leading to biological replicates. W30 or SAW30
is always compared to W1 or SAW1, respectively, to
ensure that the effect of 30 mM wortmannin is not due
to an effect already present at 1 mM. Hereafter, a gene
regulated by a W30-sensitive pathway will imply that
its regulation is disturbed by 30 mM wortmannin and
that the effect cannot be attributed to 1 mM wortmannin.

We were interested in the identification of genes
whose response to SA is affected by W30 and not by
W1. Among the 792 genes that were differentially

regulated in response to SA, 774 produced good hy-
bridization in all tested dye swaps. Four genes whose
transcript levels were different between W1 and M
were not considered because they may be regulated by
a W1-sensitive pathway, even in non-SA-treated con-
ditions (Fig. 7). Among the remaining 770 genes, 312
showed a transcript level difference between SAW30
and SAW1. These genes are likely to be regulated via a
W30-sensitive pathway. Four genes that showed tran-
script level changes between SAW1 and SA were
excluded because they may correspond to genes reg-
ulated via a W1-sensitive pathway. Among the re-
maining 308 genes that were specifically regulated by
a W30-sensitive pathway, 206 genes showed lower
transcript levels in SAW30 versus SAW1. Among these
206 genes, 99 also had lower transcript levels in W30
versus W1, arguing for an effect on the regulatory
events controlling the basal levels of those transcripts.
For these genes, the effect of SAW30 versus SAW1
could therefore be a consequence of a perturbation of
basal transcript level regulation and not the SA re-
sponse. These genes were excluded because they may
represent considerable bias for cluster analysis. Among
the 308 genes that were specifically regulated by a

Table II. List of the 25 most repressed genes after SA treatment, ranked by decreasing degree of repression

AGI, Arabidopsis Genome Initiative gene index; log2 I, log2 average signal intensity (6–7 corresponds to a low level of expression, 14–15
corresponds to a high level of expression); log2 ratio, log2 ISA 2 log2 Iwater. Bonferroni-corrected P values were 0.05 in all cases.

Protein Process AGI Log2 Iwater Log2 ISA Log2 Ratio

Pectate lyase family protein Unknown At4g24780 13.83 10.82 23.02
Multicopper oxidase type I family protein Pollen germination At1g76160 13.09 10.54 22.55
Multicopper oxidase type I family protein Pollen germination At4g22010 10.79 8.42 22.37
Pectate lyase family protein Unknown At1g04680 11.99 9.86 22.12
Xyloglucan:xyloglucosyl transferase,

putative/xyloglucan endotransglycosylase,
putative/endoxyloglucan transferase, putative

Carbohydrate metabolism At4g30290 10.42 8.32 22.10

Multicopper oxidase, putative (SKU5) Tip growth At4g12420 11.08 8.99 22.08
Endo-1,4-b-glucanase, putative/cellulase,

putative
Carbohydrate metabolism At1g64390 10.68 8.60 22.08

Nodulin family protein Unknown At4g34950 12.72 10.71 22.01
Expressed protein Unknown At1g29980 10.93 8.94 22.00
Aspartyl protease family protein Proteolysis and peptidolysis At3g61820 11.68 9.75 21.93
Leu-rich repeat transmembrane protein

kinase, putative
Transmembrane receptor protein

Tyr kinase signaling pathway
At2g41820 9.83 7.93 21.90

Expressed protein Transport At4g27720 11.61 9.74 21.87
Phosphate-responsive 1 family protein Unknown At5g51550 11.86 10.04 21.82
b-Expansin, putative (EXPB3) Cell elongation At4g28250 13.66 11.84 21.82
Tubulin b-8 chain (TUB8) Response to cold At5g23860 11.30 9.49 21.81
Myosin heavy chain-related Unknown At4g03620 11.37 9.56 21.81
Fasciclin-like arabinogalactan-protein (FLA2) Cell adhesion At4g12730 11.31 9.52 21.79
Expansin, putative (EXP6) Cell wall modification during cell

expansion (sensu Magnoliophyta)
At2g28950 11.28 9.50 21.78

Ovule development protein aintegumenta
(ANT)

Regulation of transcription, DNA
dependent

At4g37750 9.50 7.72 21.78

Phosphate-responsive 1 family protein Unknown At2g17230 9.61 7.84 21.77
Plastocyanin-like domain-containing protein Electron transport At5g15350 11.35 9.58 21.77
Osmotin-like protein, putative Response to pathogen At2g28790 9.90 8.14 21.76
sugar transporter family protein Carbohydrate transport At1g73220 11.93 10.19 21.74
Pentatricopeptide repeat-containing protein Unknown At2g30780 8.79 7.06 21.73
Expressed protein Unknown At4g33625 9.82 8.12 21.71
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W30-sensitive pathway, 102 genes had higher tran-
script levels in SAW30 versus SAW1, but 80 of them
showed the same changes in W30 versus W1. Again,
for these genes, the effect of SAW30 versus SAW1 could
be due to an effect on the regulatory events controlling
the basal levels of those transcripts and not on the SA
response, and thus these genes were also excluded. In
the remaining group of 129 genes, which were specif-
ically regulated by a W30-sensitive pathway during
the SA response, 108 genes were SA induced and 21
were SA repressed. Among the 108 genes induced by
SA, 99 showed lower transcript levels in SAW30 than
in SAW1, showing an inhibitory effect on SA induction.
Among the 21 SA-repressed genes, 13 showed higher
transcript levels in SAW30 than in SAW1, showing an
inhibitory effect on SA repression. Taken together, 112
of 129 genes (i.e. 87%) showed a repressing effect of
30 mM wortmannin on their response to SA treatment.
Possibly underestimated, the number of genes induced
by a W30-sensitive pathway, and not by a W1-sensitive
one, represents 21% of SA-induced genes. The overall
number of genes regulated by a W30-sensitive path-
way represents 14% of all SA-regulated (i.e. repressed
or induced) genes.

The results obtained by DNA microarray analysis
were confirmed on a selection of seven genes showing
high induction by SA and important inhibition of this
response in the presence of 30 mM wortmannin. Reverse
transcription (RT)-PCR analysis of an independent non-
pooled set of RNAs revealed a clear and specific inhi-
bitory effect of 30 mM wortmannin on SA induction for
all tested genes (Supplemental Fig. S3).

To ascertain that it is reliable to assign a gene to a
W30-sensitive pathway on both SA responsiveness
and inhibitory effect in the W30 condition compared to
the W1 condition, statistical analysis was performed.

A cluster of 129 genes potentially regulated by W30 in
response to SA (Fig. 7) was classified into four sub-
groups with respect to induction or repression of their
expression by SA and inhibition or not of this response
in the presence of 30 mM wortmannin compared to
1 mM. For each cluster, it was possible to calculate a
theoretical number of genes based on the hypothesis
that the transcript level difference between SAW30
and SAW1 was independent of the transcript level dif-
ference in the presence or absence of SA. The observed
number of genes in each cluster was then compared to
this theoretical number (Table III). It is clear that there
was an overrepresentation of genes showing positive
action of a W30-sensitive pathway on the response to
SA (i.e. an inhibiting effect of W30 on the SA response)
combined with the underrepresentation of genes not
showing such a positive action. A Fisher’s test indicated
that these differences in distribution were not a product
of random events (P 5 0.05). Therefore, 112 (99 1 13)
genes could be considered as responding to SA via the
W30-sensitive pathway (Supplemental Table S4).

SA-Regulated Genes Revealed Common cis-Elements in

Their Promoters

A subset of probes with unambiguous probe-to-gene
assignment was extracted from the list of SA-regulated
probes. Genes were divided into two groups: SA-induced
genes and SA-repressed genes. The public repository
of promoter sequences at The Arabidopsis Informa-
tion Resource (TAIR; Rhee et al., 2003) was mined for
common motifs in promoters (up to 21,000 bp) of each
of these groups using the Motif Analysis tool. In par-
allel, these groups were analyzed using SIFT software
(Hudson and Quail, 2003), where the promoter region
spans by default up to 22,000 bp. Common motifs 4 to

Figure 6. Functional categories of
SA-induced and SA-repressed genes
after 4 h of SA treatment in Arabi-
dopsis suspension cells. Genes with
unambiguousprobe-to-geneassign-
ment that were either up-regulated
or down-regulated according to the
microarray analysis were classified
into functional categories using the
MIPS functional catalog interface
(Ruepp et al., 2004).
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8 bp long were chosen for each group and separately
statistically analyzed using R package software (ver-
sion 2.4.1). Their frequency in promoters up to 21,000
bp on the whole-genome scale was determined by
the Patmatch tool at TAIR and was compared to the
observed number of appearances in the tested gene
groups using a general bootstrapping method with 200
random trials. The probability that any random trial
will produce the observed or higher/lower frequency
of the given motif was assigned to each motif. Motifs

were compared to the RIKEN Arabidopsis Genome
Encyclopedia database using the built-in Promoter
Search tool (Sakurai et al., 2005) and its name or the
name of its closest homolog was assigned to it. We re-
port several significantly overrepresented and under-
represented motifs specific both for SA-induced (Table
IV) and SA-repressed genes (Table V).

We wanted to determine whether any of the motifs
specific for SA-induced genes are overrepresented in
the group of genes regulated by SA via a W30-sensitive

Figure 7. Determination of SA-regulated
genes downstream of the PI 4-kinase pathway.
Among the 3,270 genes that showed differen-
tial gene expression in one of the five tested
comparisons, 129 showed transcript level
changes both in SA versus water and in
SAW30 versus SAW1 conditions. Additionally,
for these genes, the transcript levels did not
change in the same direction in W30 versus
W1 as in SAW30 versus W1. Hence, these
genes are potentially SA regulated via the PI
4-kinase pathway. Of these genes, 108 were
up-regulated and 21 were down-regulated.
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pathway. For each motif, its frequency in the group
of genes regulated by a W30-sensitive pathway was
compared to its frequency in the subset of SA-induced
genes using the same bootstrapping method on the
subset of SA-induced genes. The same was done for
the group of genes not regulated by a W30-sensitive
pathway. Significantly over- and underrepresented
motifs are listed in Table VI. One motif, the W-box
(TTGACTT/TTGACY) motif, was found to be signif-
icantly overrepresented in the group of genes induced
by SA via the W30-sensitive pathway and underrep-
resented in the group of genes induced by SA via the
W30-insensitive pathway. These data suggest that
WRKY transcription factors may be situated down-
stream of such W30-sensitive pathways in response to
SA. Such analysis was not possible for SA-repressed
genes because this subgroup of genes was too small
(only 13 genes), making any statistics meaningless.

DISCUSSION

Together with works on SA uptake (Clarke et al.,
2005) and SA-responsive proteomes (Gruhler et al.,
2005) in cell suspensions, the fact that SA induced ex-
pression of genes known to be induced in Arabidopsis
plants (Blanco et al., 2005; Kliebenstein et al., 2006;

Thibaud-Nissen et al., 2006) in Arabidopsis cell sus-
pensions allowed us to consider this system as a good
model for studying SA signaling. The fact that cells
have direct access to the medium assures synchronous
uptake of radioactive label and applied agonist leading
to high reproducibility of results (Meijer and Munnik,
2003), making cell suspensions the material of choice
for studying plant lipid signaling.

Activation of a PI 4-Kinase as an Early Response to SA

In Arabidopsis suspension cells, phosphoinositide
levels were studied after metabolic labeling with 33Pi.
When cells are labeled for a very short time (5 or 15
min before lipid extraction), application of SA induces
a rapid decrease in the pool of newly labeled PI, con-
comitantly with an increase of labeled PI(4)-P and
P(4,5)-P2. This makes a compelling argument for a PI
4-kinase being activated by SA. This is confirmed by the
use of inhibitors: changes in labeled PI level are inhi-
bited by PAO and high concentrations of wortmannin,
indicating that these alterations are due to the activa-
tion of a type III PI 4-kinase, which is the prevalent PI
4-kinase activity in planta (Müller-Röber and Pical,
2002). Activation of PI 4-kinase occurs shortly after SA
addition and lasts about 1 h, after which the activity
returns to its initial level. Labeled PI(4,5)-P2 follows the

Table III. Analysis of expected and observed clusters of genes classified by their response to SA and the effect of wortmannin on this response

Expected number of genes for each cluster was calculated and compared to the actual number observed in our analysis. With respect to the
expected numbers, the category printed in bold is overrepresented in the experimental data, whereas the categories written in italics are
underrepresented. SA-induced and SA-repressed genes were considered separately. For each category, the differences in distribution correlated with
the inhibitory effect of W30 versus W1 on the response to SA.

No. of Genes
SA . Water

Subtotal
SA , Water

Subtotal
SAW30 . SAW1 SAW30 , SAW1 SAW30 . SAW1 SAW30 , SAW1

Theoretical 18 90 108 4 17 21
Observed 9 99 108 13 8 21

Table IV. cis-Elements identified in the promoters of SA-induced genes

Analysis was performed on a subset of 450 genes with unambiguous probe-to-gene assignment. The number of appearances of each motif in
promoters (21,000 bp) of SA-induced genes (fobs) was compared to its frequency in promoters of genes of the whole genome (ftheor) by a general
bootstrapping technique. Only motifs significantly over- or underrepresented (P , 0.05) are listed.

Motif Description Searched Motif Found Motifs fobs ftheor Alternative P (fobs 5 ftheor)

TATCCAY, GATA-box TATCCA 368 0.82 0.59 Overrepresented 2.7e-10
I-box, MYB-like family GATAAG 335 0.74 0.55 Overrepresented 3.3e-8
TAG1/RTBP1-binding,

MYB-like family
AAACCC 270 0.60 0.82 Underrepresented 4.1e-5

W-box, WRKY family TTGACY 736 1.64 1.22 Overrepresented 9.0e-15
W-box-like, WRKY family TTGACTT 228 0.51 0.32 Overrepresented 2.7e-12
bZip ACGT 2,470 5.49 4.38 Overrepresented 1.5e-11
A-box bZip variants BACGTA 444 0.99 0.74 Overrepresented 5.3e-6
G-box bZip variants YACGTG 372 0.83 0.60 Overrepresented 1.1e-5
C-box bZip variants YACGTC 240 0.53 0.36 Overrepresented 8.9e-11
ASF-1, TGA family TGACG 521 1.16 0.87 Overrepresented 3.2e-10
ASF-1-like, TGA family TGACGTG 73 0.16 0.08 Overrepresented 1.2e-8
DRE/CRT core, DREB1A ACCGACA 35 0.08 0.05 Overrepresented 2.9e-2
GT repeat GTGTGTAT 37 0.08 0.06 Overrepresented 3.5e-2
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trends of labeled PI(4)-P both in SA dose dependence
and time course. This suggests that PI(4,5)-P2 accumu-
lation is a simple consequence of PI(4)-P accumulation
and that no supplemental control at the level of PIP
5-kinase has to take place during the response to SA.
This is also the case in yeast, where regulation of
PI(4,5)-P2 synthesis rate takes place at the PI 4-kinase
level (Godi et al., 1999). Besides this wortmannin-
sensitive PI 4-kinase activation, the increase in PI(4,5)-P2
could also result from inactivation of a phospho-
inositide phosphatase. In Arabidopsis, the mutation of
suppressor of actin mutation domain phosphoinositide
phosphatase-like9 and fragile fiber3 (a gene encoding a
type II inositol polyphosphate 5-phosphatase), has in-
deed led to the accumulation of PI(4,5)-P2 in nonstressed
plants (Zhong et al., 2004; Williams et al., 2005).

Increased synthesis of PI(4,5)-P2 could be seen as an
enhanced supply of substrate for PI-PLC activity, which
would then produce inositol 1,4,5-trisphosphate (InsP3)
and diacylglycerol. No production of InsP3 was ob-
served during the early stages of SA treatment (O.
Krinke, unpublished data). This suggests a direct role
of PI(4)-P and/or PI(4,5)-P2 in response to SA. Based
on the sequence of the Arabidopsis genome, van
Leeuwen et al. (2004) identified 53 different proteins
with pleckstrin homology domains, which can bind
both PI(4)-P and PI(4,5)-P2, and we have identified (O.
Krinke, unpublished data) 84 proteins with a C2 do-
main, which can bind PI(4,5)-P2 under low Ca21 con-

centrations (Meijer and Munnik, 2003). All these
proteins represent possible cellular targets of elevated
PI(4)-P and/or PI(4,5)-P2 levels.

It has to be underlined that the decrease of labeled PI
upon SA treatment was only detected when cells were
labeled for a very short time (5 or 15 min). During the
short labeling time, only newly synthesized PI are
preferentially labeled and the radiolabeled PI are still
near their site of synthesis. This suggests that SA-
triggered PI 4-kinase is located close to the site of PI
synthesis, most probably on the endoplasmic reticu-
lum (Sandelius and Morré, 1987). Interestingly, Arabi-
dopsis PI 4-kinase a1 fused with GFP was visualized
in endoplasmic reticulum membranes at the perinu-
clear region in insect cells (Stevenson-Paulik et al.,
2003).

SA-Regulated Transcriptome

With more than 790 genes identified as SA reg-
ulated, this work is a very large collection of early
SA-regulated plant genes. Transcriptomic response to
SA and its physiological significance has already been
discussed (Bostock, 2005; Thibaud-Nissen et al., 2006).
Our data reveal several new aspects of the mode of
action of SA: triggering of the UPR, modes of cellular
redox regulation, and interaction with hormone-
responsive pathways.

Table V. cis-Elements identified in the promoters of SA-repressed genes

Analysis was performed on a subset of 304 genes with unambiguous probe-to-gene assignment. The number of appearances of each motif in
promoters (21,000 bp) of SA-repressed genes (fobs) was compared to its frequency in promoters of genes of the whole genome (ftheor) by a general
bootstrapping technique. Only motifs significantly over- or underrepresented (P , 0.05) are listed.

Motif Description Searched Motif Found Motifs fobs ftheor Alternative P (fobs 5 ftheor)

TATCCAY, GATA-box TATCCA 146 0.48 0.59 Underrepresented 1.5e-2
I-box, MYB-like family GATAAG 120 0.39 0.55 Underrepresented 4.3e-4
TAG1/RTBP1-binding,

MYB-like family
AAACCC 213 0.70 0.82 Underrepresented 4.0e-2

W-box, WRKY family TTGACY 317 1.04 1.22 Underrepresented 7.6e-3
bZip ACGT 1,450 4.77 4.38 Overrepresented 1.7e-2
A-box bZip variants BACGTA 279 0.92 0.74 Overrepresented 2.2e-3
G-region-like (ethylene

responsive)
AGCCGTT 41 0.13 0.06 Overrepresented 8.8e-7

DRE/CRT core, DREB1A ACCGACA 40 0.13 0.05 Overrepresented 2.9e-9
GT repeat GTGTGTAT 27 0.09 0.06 Overrepresented 2.1e-2

Table VI. cis-Elements identified in the promoters of the subgroup of genes induced by SA via a W30-sensitive pathway

Analysis was performed on subsets of genes with unambiguous probe-to-gene assignments. The number of appearances of each motif in promoters
(21,000 bp) of the cluster of 95 genes induced by SA via a W30-sensitive pathway (fobs,1) was compared to its frequency in promoters of 450 genes
induced by SA (ftheor) by a general bootstrapping technique. The same was done for 248 genes induced by SA via a W30-insensitive pathway (fobs,2).
Only motifs significantly over- or underrepresented in one of the tested clusters (P , 0.05) are listed. n.s.d., Observed frequency is not significantly
different from the theoretical one (P $ 0.05).

Motif Description Searched Motif ftheor fobs,1 P (fobs,1 5 ftheor) fobs,2 P (fobs,2 5 ftheor)

W-box, WRKY family TTGACY 1.64 1.88 2.1e-2 n.s.d. –
W-box-like, WRKY family TTGACTT 0.51 0.73 3.0e-4 0.44 1.5e-2
Similar to LTRE RGGCCY 0.64 n.s.d. – 0.74 3.4e-2

Krinke et al.

1356 Plant Physiol. Vol. 144, 2007



An important overlap between SA and UPR tran-
scriptomes was observed. UPR is triggered when stress,
including biotic stress, causes protein folding in the ER
to be slowed down, resulting in the temporary pres-
ence of a lot of unfolded proteins in the ER (Vitale and
Ceriotti, 2004). It is characterized by induction of chap-
erones and proteins involved in disulfide bond formation
and protein degradation. The observed transcriptome
overlap includes protein disulfide isomerases and a
luminal binding protein (BiP-3), which is an important
marker of the UPR. Moreover, SA induced several com-
ponents of the proteasome complex, especially F-box
proteins, RING proteins, and members of ubiquitin-
dependent protein catabolism. This further documents
strong correlation between SA and UPR transcriptomes
(Kamauchi et al., 2005). It has to be noted that elevation
of PI(4,5)-P2 level, which we monitored in response to
SA, has also been reported during UPR in plants (Shank
et al., 2001).

After 4 h of SA treatment, the ratio of reduced to
oxidized glutathione is elevated in our cell suspen-
sions (M. Flemr, unpublished data). More reducing
environment, together with induction of thioredoxins
and glutaredoxins, would lead to structural changes of
several transcription factors (e.g. NPR1 and TGA1),
which are known to be active in their reduced form
(Bostock, 2005). Besides, induction of a number of
glutathione S-transferases suggests mobilization of the
detoxification machinery against oxidized molecules
(Gruhler et al., 2005). SA acts in number of physiolog-
ical situations and one of its modes of action could in-
deed be mobilization of antioxidant cell capacity against
ROS produced during various stresses (Borsani et al.,
2001; Rao et al., 2002; Danon et al., 2005; Mateo et al.,
2006).

The biosynthetic pathway of ethylene was induced
(e.g. a homolog of the tomato [Solanum lycopersicum]
ethylene synthesis regulatory protein E8 and amino-
cyclopropane carboxylic acid oxidase) along with de-
velopmental genes related to ethylene signaling (ERF1
and members of the AP2/EREBP transcription factor
family). The ethylene pathway was shown to be im-
portant for PR protein accumulation (Bostock, 2005).
An overlap of SA and auxin response is also sugges-
ted: Two auxin efflux proteins were induced while
an auxin influx protein (AUX1) was suppressed. This
should result in reduced auxin uptake by the cells.

Effects of Wortmannin on the
SA-Responsive Transcriptome

Because wortmannin at 30 mM, but not at 1 mM, in-
hibited SA-triggered PI 4-kinase activation, we studied
the effects of wortmannin on the SA transcriptome at
both concentrations. Treatments with 30 mM wortmannin
(W30) were always compared to treatments with 1 mM

wortmannin (W1) to exclude the effect already present
at 1 mM. In our microarray analysis, we did not con-
sider genes for which the differential response in the
presence of 30 mM wortmannin was the same either

with or without SA. This ensured that the observed
effect of wortmannin was on the SA-triggered path-
way and not on the cellular events already at play in
unchallenged cells. In this way, we were able to iden-
tify 112 genes (mostly SA induced) whose response to
SA is inhibited by 30 mM, but not by 1 mM wortmannin.
For these genes, there is good correlation between the
effect of wortmannin on SA-triggered PI 4-kinase ac-
tivation and on the SA transcriptome. The addition of
W30 mainly leads to inhibition of an SA response
showing that the W30-sensitive pathway is implicated
in the generation of the SA response and not in turning
it off. Interestingly, the cluster of W30-sensitive genes
contains transcription factors and PR genes important
for systemic acquired resistance development (e.g.
NIMIN1, WRKY38, several ERF/AP2 family transcrip-
tion factors, TIR-class disease resistance proteins, various
lectins, and class IV chitinase) and redox potential-
regulating and regulated enzymes.

We have shown that wortmannin at 30 mM inhibited
SA-triggered PI 4-kinase activity, whereas 1 mM wort-
mannin did not. It is therefore tempting to conclude
that the genes, whose response to SA is inhibited by
30 mM but not by 1 mM wortmannin, are responding via
a PI 4-kinase-dependent pathway. However rigorously,
we cannot exclude that the W30 versus W1 effect on
SA transcriptome is due to another mechanism. In-
deed, wortmannin has been reported to inhibit PIP
5-kinase (Jung et al., 2002) or some protein kinases, such
as ataxia-telangiectasia-mutated protein (Sarkaria et al.,
1998). We cannot exclude that such protein kinases are
upstream of some of the identified genes in response
to SA.

MATERIALS AND METHODS

Cell Cultures

Cell suspensions of Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0

and their maintenance are described in Vergnolle et al. (2005). Experiments

were performed on 5-d-old cultures, which corresponds to the end of the ex-

ponential phase (cultures were multiplied every seventh day).

SA Treatment and Lipid Analysis

Cells (7 mL of cell suspension; 1 g fresh weight) were treated by 250 mM SA

unless stated otherwise. SA (sodium salt) was purchased from Sigma-Aldrich

and did not show any buffering or pH modifying capacity up to 2 mM. Cells

were labeled by 33Pi according to the procedure previously described by

Ruelland et al. (2002). Total lipids were extracted and separated by TLC.

Structural phospholipids and phosphatidic acid were separated in the acid

solvent system composed of chloroform:acetone:acetic acid:methanol:water

(10:4:2:2:1 [v/v/v/v]) according to Ruelland et al. (2002). Phosphoinositides

were separated in the alkaline solvent system composed of chloroform:

methanol:ammonia solution (5% [w/v]; 9:7:2 [v/v/v]), where the TLC plates

were soaked in potassium oxalate solution before heat activation according to

Ruelland et al. (2002). PI(3)-P and PI(4)-P were separated in the borate solvent

system composed of methanol:chloroform:pyridine:boric acid:water:formic

acid (88% [v/v]):2,6-di-tert-butyl-4-methylphenol:ethoxyquin (75:60:45:12:

7.5:3:0.375:0.075 [v/v/v/w/v/v/w/v]), where the TLC plates were soaked

in trans-1,2-diaminocyclohexane-N,N,N#,N#-tetraacetic acid solution before

heat activation according to Walsh et al. (1991). Radiolabeled spots were quan-

tified by autoradiography using a Storm phosphorimager (Amersham Biosci-

ences). Separated phospholipids were identified by comigration with authentic
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nonlabeled standards visualized by primuline staining (under UV light) or by

phosphate staining.

RNA Extraction and Semiquantitative RT-PCR

Cells (7 mL of cell suspension; 1 g fresh weight) were filtered and imme-

diately frozen in liquid nitrogen. RNA was extracted using phenol-chloroform

extraction described in Vergnolle et al. (2005). For semiquantitative RT-PCR,

1 mg of total RNA was treated by DNase I from Sigma-Aldrich and reverse

transcribed using the Omniscript reverse transcriptase kit from Qiagen and

oligo(dT)15 primers according to the supplier’s instructions. An equivalent of

40 ng of total RNA were amplified in the successive 20-mL PCR with gene-

specific primer pairs. The gene encoding a 40S ribosomal protein S24 (At3g04920)

was used as a housekeeping gene. A suitable number of PCR cycles were used

for each primer pair.

Transcriptome Studies

Microarray analysis was carried out at the Unité de Recherche en

Génomique Végétale (Evry, France), using the CATMA array (Crowe et al.,

2003; Hilson et al., 2004), containing 24,576 gene-specific tags from Arabidop-

sis. RNA samples from two independent biological replicates were used. For

each biological repetition, RNA samples for a condition were obtained by

pooling RNAs from three independent extractions (1 mg fresh weight per

extraction). For each comparison, one technical replication with fluorochrome

reversal was performed for each biological replicate (i.e. four hybridizations

per comparison). The RT of RNA in the presence of Cy3-dUTP or Cy5-dUTP

(Perkin-Elmer-NEN Life Science Products), the hybridization of labeled sam-

ples to the slides, and the scanning of the slides were performed as described

in Lurin et al. (2004).

Statistical Analysis of Microarray Data

Experiments were designed with the statistics group of the Unité de

Recherche en Génomique Végétale. Statistical analysis was based on two dye

swaps (i.e. four arrays, each containing 24,576 GSTs and 384 controls) as

described in Lurin et al. (2004). Controls were used for assessing the quality of

the hybridizations, but were not included in the statistical tests or the graphic

representation of the results. For each array, the raw data comprised the

logarithm of median feature pixel intensity at wavelengths 635 (red) and

532 nm (green). No background was subtracted. In the following description,

log ratio refers to the differential expression between two conditions. It is either

log2 (red/green) or log2 (green/red) according to the experimental design.

Array-by-array normalization was performed to remove systematic biases.

First, we excluded spots that were considered badly formed features. Then,

we performed global intensity-dependent normalization using the LOESS

procedure to correct the dye bias. Finally, for each block, the log ratio median

calculated over the values for the entire block was subtracted from each

individual log ratio value to correct print tip effects on each metablock. To

determine differentially expressed genes, we performed a paired t test on the

log ratios, assuming that the variance of the log ratios was the same for all

genes. Spots displaying extreme variance (too small or too large) were ex-

cluded. The raw P values were adjusted by the Bonferroni method, which

controls the FWER. We considered as being differentially expressed the genes

with an FWER , 5%.

Data Deposition

Microarray data from this article were deposited at Gene Expression

Omnibus (http://www.ncbi.nlm.nih.gov/geo/; accession no. GSE7495) and

at CATdb (http://urgv.evry.inra.fr/CATdb/; Project: RS05-04_salicylic-acid)

according to the Minimum Information About a Microarray Experiment

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

Supplemental Figure S1. The early decrease of labeled PI is not inhibited

by cycloheximide.

Supplemental Figure S2. Summary of interesting outcomes from the

MapMan analysis.

Supplemental Figure S3. Confirmation of microarray results by RT-PCR

analysis using an independent set of nonpooled RNAs.

Supplemental Table S1. List of genes differentially expressed upon SA

treatment.

Supplemental Table S2. Overlap between SA-regulated and unfolded

protein response-regulated transcriptomes.

Supplemental Table S3. Expression profiles of genes involved in phos-

pholipid signaling.

Supplemental Table S4. Expression profiles of genes regulated by a W30-

sensitive pathway in response to SA.
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van Leeuwen W, Ökrész L, Bögre L, Munnik T (2004) Learning the lipid

language of plant signalling. Trends Plant Sci 9: 378–384

Vergnolle C, Vaultier MN, Taconnat L, Renou JP, Kader JC, Zachowski A,

Ruelland E (2005) The cold-induced early activation of phospholipase C

and D pathways determines the response of two distinct clusters of

genes in Arabidopsis cell suspensions. Plant Physiol 139: 1217–1233

Vitale A, Ceriotti A (2004) Protein quality control mechanisms and protein

storage in the endoplasmic reticulum: a conflict of interests? Plant

Physiol 136: 3420–3426

Walsh JP, Caldwell KK, Majerus PW (1991) Formation of phosphatidyl-

inositol 3-phosphate by isomerization from phosphatidylinositol

4-phosphate. Proc Natl Acad Sci USA 88: 9184–9187

Williams ME, Torabinejad J, Cohick E, Parker K, Drake EJ, Thompson JE,

Hortter M, Dewald DB (2005) Mutations in the Arabidopsis phosphoin-

ositide phosphatase gene SAC9 lead to overaccumulation of PtdIns(4,5)P2

and constitutive expression of the stress-response pathway. Plant Physiol

138: 686–700

Yalpani N, Enyedi AJ, Leon J, Raskin I (1994) UV light and ozone stimulate

accumulation of salicylic acid, pathogenesis-related proteins and virus

resistance in tobacco. Planta 193: 372–376

Zhong R, Burk DH, Morrison WH III, Ye ZH (2004) FRAGILE FIBER3, an

Arabidopsis gene encoding a type II inositol polyphosphate 5-phosphatase,

is required for secondary wall synthesis and actin organization in fiber cells.

Plant Cell 16: 3242–3259

Salicylic Acid Response and Phosphatidylinositol 4-Kinase

Plant Physiol. Vol. 144, 2007 1359


