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INTRODUCTION

Basal phosphoinositide-dependent phospholipase C (PI-PLC) activity controls gene
expression in Arabidopsis suspension cells and seedlings. PI-PLC catalyzes the production
of phosphorylated inositol and diacylglycerol (DAG) from phosphoinositides. It is not
known how PI-PLC regulates the transcriptome although the action of DAG-kinase
(DGK) on DAG immediately downstream from PI-PLC is responsible for some of the
regulation. We previously established a list of genes whose expression is affected in
the presence of PI-PLC inhibitors. Here this list of genes was used as a signature in
similarity searches of curated plant hormone response transcriptome data. The strongest
correlations obtained with the inhibited PI-PLC signature were with salicylic acid (SA)
treatments. We confirm here that in Arabidopsis suspension cells SA treatment leads
to an increase in phosphoinositides, then demonstrate that SA leads to a significant
20% decrease in phosphatidic acid, indicative of a decrease in PI-PLC products. Previous
sets of microarray data were re-assessed. The SA response of one set of genes was
dependent on phosphoinositides. Alterations in the levels of a second set of genes,
mostly SA-repressed genes, could be related to decreases in PI-PLC products that occur
in response to SA action. Together, the two groups of genes comprise at least 40% of
all SA-responsive genes. Overall these two groups of genes are distinct in the functional
categories of the proteins they encode, their promoter cis-elements and their regulation by
DGK or phospholipase D. SA-regulated genes dependent on phosphoinositides are typical
SA response genes while those with an SA response that is possibly dependent on PI-PLC
products are less SA-specific. We propose a model in which SA inhibits PI-PLC activity
and alters levels of PI-PLC products and substrates, thereby regulating gene expression
divergently.

Keywords: lipid signaling, salicylic acid, hormone transduction, Arabidopsis, phospholipase C, diacylglycerol
kinase, trancriptomic

etal., 2012) like those in lipid phospholipid signaling. ACSC were

Phospholipids are secondary messengers in plant signal trans-
duction pathways that start with stimulus perception and lead
to changes in gene expression that alter the growth, develop-
ment and/or physiology of cells (Janda et al., 2013). Arabidopsis
thaliana cell suspension cultures (ACSC) are an amenable, simpli-
fied model in which to study specific signaling mechanisms that
would be too complex in plant tissues or organs. For instance,
ACSC were recently used to study sugar signaling (Kunz et al.,
2014), MAPK kinase and phosphatase signaling (Schweighofer
etal., 2014), chitosan and galacturonide elicitor signaling (Ledoux
etal., 2014), photooxidative damage (Gutiérrez et al., 2014), auxin
transmembrane transport (Seifertovd et al., 2014) and ion chan-
nel activity (Haapalainen et al., 2012). ACSC are easily labeled
which is convenient for studying metabolic fluxes (Tjellstrom

used in this way to show that a drop in temperature activates
both phospholipase C (PLC) and phospholipase D (PLD) path-
ways (Ruelland et al., 2002), while abscisic acid only activated
PLD (Hallouin et al., 2002). We were also showed that stimula-
tion of ASCS with the phytohormone salicylic acid (SA) leads to
the rapid activation of PLD and to the production of phospha-
tidic acid (PA) (Krinke et al., 2009; Rainteau et al., 2012). When
PLD-catalyzed PA production is inhibited in the presence of pri-
mary alcohols SA-induced gene expression is strongly disrupted,
showing that PLD activity is needed to control SA-triggered
transcriptome changes (Krinke et al., 2009). PATHOGENESIS
RELATED-1 (PR-1), a SA response marker gene related to SA’s
role in establishing systemic acquired resistance against a broad
spectrum of pathogens (Malamy et al., 1990; Metraux et al., 1990;
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Durrant and Dong, 2004), is one of these PLD-dependent genes.
Treating plants with SA also increases either the PA level or the
PLD activity in A. thaliana, Brassica napus, and Glycine max
(Profotova et al., 2006; Kalachova et al., 2012), so the signaling
information gained from ASCS, although an artificial system, is
directly relevant to whole plant physiology.

Phosphoinositide-dependent phospholipase C (PI-PLC) catal-
yses the hydrolysis of phosphoinositides into soluble phospho-
rylated inositol and into diacylglycerol (DAG) (Pokotylo et al.,
2014). In Arabidopsis, PI-PLC enzymes are encoded by 9 genes.
Some isoforms are more markedly expressed in response to
drought, cold or salt stress (Pokotylo et al., 2014). PI-PLC
are involved in plant adaptation to drought, heat, and cold
conditions, as shown by pharmacological or reverse genetic
approaches (Pokotylo et al., 2014; Ruelland et al., in press).
Recently, we showed that a basal level of PI-PLC activity con-
trolled the expression of a number of genes in ACSC (Djafi et al.,
2013). In the same ACSC model, two phosphoinositide sub-
strates of PI-PLC, phosphatidylinositol-4-phosphate (PI4P) and
phosphatidylinositol-4,5-bisphosphate (PI-4,5-P,), are formed
when a type-III phosphatidylinositol-4-kinase (PI4K) is activated
by SA (Krinke et al., 2007). Mechanistically, it is not known how
PI-PLC has a downstream effect on gene expression in ACSC.

Here our aim was to clarify the position of PI-PLC in the
phospholipidic and genetic control of the ACSC transcriptome
in the context of plant hormone responses, and more specifically
the SA response. In our previous pharmacological approach, we
applied edelfosine and U73122 to inhibit PI-PLC in ACSC and
used microarrays to establish which genes were up or down reg-
ulated. Here we used this list of PI-PLC controlled genes as a
signature in similarity searches against archived microarray data.
No additional microarray data was generated here, but data min-
ing and bioinformatics analysis of the inhibited PI-PLC signature
allowed us to reassess and extend previous correlations between
transcriptome changes and levels of PI-PLC substrates or prod-
ucts triggered by SA. The detection of two SA-regulated pools
of genes, distinct in their promoters, regulations and functions,
allows us to propose a new working model of the role of PI-
PLC and phospholipid signaling in SA transduction, in which
both PI-PLC products and substrates participate in SA-triggered
transcriptome remodeling.

RESULTS
TRANSCRIPTOME CHANGES CONTROLLED BY EDELFOSINE, A PI-PLC
INHIBITOR, RESEMBLE THOSE CONTROLLED BY SA
We had previously identified genes whose basal expression is
dependent on PI-PLC activity. Briefly, by microarray analysis, we
monitored transcript levels in ACSC treated or not treated for
4 h with a PI-PLC inhibitor called edelfosine (Djafi et al., 2013).
We defined the list of genes altered in response to edelfosine as a
“signature.” The Genevestigator interface compares the transcript
expression levels from an experiment of interest, the signature,
to a subset of other microarray data and returns microarray
experiments with similar gene responses. For each comparison,
a correlation factor is calculated.

From a subset of 734 microarray experiments categorized as
dealing with phytohormone responses, the edelfosine-induced

transcriptome changes in ACSC correlated most with changes
caused by SA or by the gai and penta mutations (Figure 1A).
SA is a major phytohormone well known for its action in plant
responses to biotic stresses (Janda and Ruelland, in press). SA
has other roles in plant responses to many abiotic stresses such
as chilling, heat, heavy metal toxicity, drought, osmotic stress,
and salinity (Horvath et al., 2007; Vicente and Plasencia, 2011).
The penta mutant is mutated in genes encoding DELLA proteins,
while gai is a constitutively active dominant DELLA mutant.
DELLA proteins are central regulators of growth responses in
gibberellin and light signaling pathways (Achard and Genschik,
2008). Interestingly, it was shown that DELLAs promote suscep-
tibility to virulent biotrophs and resistance to necrotrophs, partly
by altering the relative strength of SA and jasmonic acid signaling
(Navarro et al., 2008). Even though we cannot rule out a direct
crosstalk between edelfosine and DELLAs, most, if not all, of
the top ranked transcriptome experiments have some link to SA
signaling.

As the strongest and most frequent correlations were with the
SA response, we performed a second signature similarity search,
this time restricting the query database to experiments specifically
dealing with SA responses (Figure 1B). The similarity between
the edelfosine response and the SA gene response is found in sev-
eral independent SA experiments on whole seedlings or leaves and
in many Arabidopsis cultivars. We noted that the edelfosine data
correlates more with the early SA response (4h) than with later
responses (28 or 52 h).

IDENTIFICATION OF GENES SIMILARLY CONTROLLED BY TWO PI-PLC
INHIBITORS AND SA IN ACSC

In the past, we had analyzed the early SA-triggered transcrip-
tome response in the same ACSC model as the one used for
our more recent edelfosine experiments. The list of genes whose
expression is altered after 4h of incubation with SA is given in
Table S1A (Krinke et al., 2007). We built a contingency table
summarizing the results of the edelfosine and SA experiments by
categorizing the responses of each individual gene. A gene may
be up-regulated, down-regulated, or not affected by SA. Equally,
a gene may be up-regulated, down-regulated, or not affected by
edelfosine. An individual gene will therefore have one of nine pos-
sible response modes to SA and edelfosine (Table 1). From the
microarray experiments, the response modes of 20556 genes were
known and these observations were tabulated (Table 1).

To investigate the observed response modes of genes, we first
supposed that the effects of SA and edelfosine were independent.
Knowing the total number of genes tested on the microarrays,
and the total number of genes up-regulated, down-regulated, or
unchanged by each treatment separately, it is possible to calcu-
late how many genes would theoretically belong to each of the
9 response modes if they were sorted randomly. We calculated
the ratios between the observed number of genes per response
mode and the theoretical one (Table 1). We identified 89 genes
that are induced both by SA and edelfosine treatment, and 156
genes that are repressed by both treatments. This is not a random
distribution as there are 10-fold more genes induced by SA and
edelfosine (separately) than would be expected in a random dis-
tribution, while 20-fold more were repressed by both treatments
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A Similarity search against « hormone » experiments. Top 8

SA study 8 leaf (Col-0)

SA study 11 seedlings (JC66)
SA study 4 leaf, 4 hr (Col-0)
SA study 4 leaf, 4 hr (Mt-0)
gai

SA study 4 leaf, 4 hr (Est)
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SA study 4 leaf, 4 hr (Van-0)

B Similarity search against « SA » experiments. Top 20

SA study 8 leaf (Col-0)

SA study 11 seedlings (JC66)
SA study 4 leaf, 4 hr (Col-0)

SA study 4 leaf, 4 hr (Mt-0)

SA study 4 leaf, 4 hr (Est)

SA study 4 leaf, 4 hr (Van-0)
SA study 4 leaf, 4 hr (Tsu-1)

SA study 4 leaf, 4 hr (Cvi-1)

SA study 4 leaf, 4 hr (Kin-0)

SA study 6 leaf, 52 hr (Cvi-1)
SA study 5 leaves, 28 hr (Mt-0)
SA study 5 leaves, 28 hr (Kin-0)
SA study 6 leaves, 52 hr (Mt-0)
SA study 5 leaves, 28 hr (Cvi-1)
SA study 6 leaves, 52 hr (Kin-0)
SA study S leaves, 52 hr (Tsu-1)
SA study 6 leaves, 52 hr (Van-0)
SA study 6 leaves, 52 hr (Col-0)
SA study 5 leaves, 52 hr (Col-0)
SA study 6 leaves, 52 hr (Tsu-1)

FIGURE 1 | Similarity between the edelfosine-responsive transcriptome
and public transcriptome data. The 200 genes the most up-regulated by
edelfosine and the 200 genes the most down-regulated by edelfosine
were used as a signature to search for experiments with similar
transcriptome changes. A similarity score, derived from Euclidean
distance, was calculated by Genevestigator (Hruz et al., 2008) between
the edelfosine signature and each experiment of a set. Then a relative
similarity score was calculated where a relative similarity score of 1
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stands for a similarity between the input signature and an experiment that
is the same as the average over all experiments of a set. (A) The
similarity search was performed against the 734 experiments under the
“hormone” classification. (B) The similarity search was performed against
155 SA-response experiments (GEO ID: AT_00494, AT_00557 and
AT_00339). The relative similarity scores between our signature input and
a particular experiment will be different in (A,B) because the overall sets
of experiments are different.

than would be expected. On the contrary, the genes on which SA
and edelfosine have opposite effects are not over-represented.

To demonstrate that the relationship between PI-PLC inhi-
bition and SA action was not due to non-specific effects of
edelfosine, we used another PI-PLC inhibitor, U73122, which
is chemically different from edelfosine (Djafi et al., 2013). We
made another contingency table cross-categorizing the list of
SA-responsive genes with the list of U73122-responsive genes
(Table S2). Again a statistical over-representation of genes simi-
larly regulated by SA and U73122 was observed. Genes induced
separately by both SA and U73122 are 7-fold more frequent
than would be expected for a random distribution, while those
repressed separately by both SA and U73122 are 12-fold more
frequent. The genes that respond in the same way to SA and
edelfosine are listed in Table S1B and those that respond in the
same way to SA and U73122 are listed in Table S1C.

We built a third contingency table categorizing the separate
effects of edelfosine and U73122 with their nine possible gene
response modes, relative to the three possible SA response modes,
giving 27 possible response modes in total (Table 2). The genes
that are induced by U73122 and by edelfosine are statistically
more likely to be SA-inducible than would be expected if the
effects were independent. The genes that are induced by edelfo-
sine but unaffected by U73122, and the genes that are induced
by U73122 but unaffected by edelfosine are also more likely to
be SA inducible. The over-representation effect is more marked
for genes induced by both inhibitors (12.8-fold) than for genes
induced by only one inhibitor (i.e., 4.1-fold for U73122-induced
and 7.7-fold for edelfosine-induced genes). On the contrary, SA-
inhibited genes are less common than expected among the genes
that are induced by either one of the two PI-PLC inhibitors.
The genes that are repressed by U73122 and by edelfosine are
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Table 1 | Contingency table summarizing the gene expression
response of Arabidopsis cells to edelfosine or SA treatments.

Number of SA > SA = SA < Total
transcripts per control control control
response mode
Edelfosine > control 89 301 3 393
(8.9 (3779) (6.1)
10 0.8 0.5
Edelfosine = control 365 19,197 175 19,737
(450.1) (18,980.8) (306.1)
0.8 1.0 0.6
Edelfosine < control 15 280 141 436
(9.9 (419.3) (6.8)
15 0.7 21
Total 469 19,778 319 20,556

For each response mode, the number of genes previously reported to be
up-regulated (>), down-regulated (<) or unaffected (=) by a treatment were
included. Assuming that edelfosine and SA act independently on gene expres-
sion, the number of genes predicted to be found for each response mode (given
in brackets) was calculated as the product of the corresponding row and column
totals divided by the total number of genes tested. The ratio of the “observed
number of genes” to “theoretical number of genes” is given in bold.

statistically more likely to be SA-repressed than would be expected
if the effects were independent. The genes that are repressed only
by edelfosine and the genes that are repressed only by U73122
are also more likely to be SA-repressed. The over-representation
effect is more marked for genes repressed by both inhibitors
(29.6-fold) than for genes repressed by only one of them (3.5-fold
for U73122-induced genes and 9.3-fold for edelfosine-induced
genes). The list of genes that respond in the same way to SA,
edelfosine and U73122 is in Table S1D.

SA INHIBITS BASAL PI-PLC ACTIVITY IN ACSC

The fact that SA treatment can be in part mimicked by inhibitors
of PI-PLC might indicate that part of the SA signal is transduced
via PI-PLC inhibition. To investigate whether PI-PLC is inhibited
in ACSC, we used radioactive *3Pi orthophosphate labeling to
visualize phosphorylated lipids. PI-PLCs use phosphoinositides
PI4P and/or PI-4,5-P, as substrates and release phosphorylated
inositol and DAG, which can be further phosphorylated into PA
by DGKs. Inhibition of PI-PLC would be expected to lead to an
increase in substrates and a decrease in products (and of any
derivatives). We added 250 uM SA to ACSC and extracted lipids
20 and 45 min later, labeling cells 15 min before the lipid extrac-
tion. When short labeling times are used, labeled PA is almost
exclusively due to DGK activity (Vaultier et al., 2006; Djafi et al.,
2013). As already reported (Krinke et al., 2007), SA induced an
increase in phosphoinositides (Figure 2A). Furthermore, SA led
to a small but significant decrease in PA (Figure 2B). This sug-
gests that PI-PLC activity is inhibited as early as 20 min after SA
stimulation, resulting in an increase in phosphoinositides and a
decrease in DAG, PA and phosphorylated inositol.

Table 2 | Contingency table summarizing the gene expression
response of Arabidopsis cells to edelfosine, U73122 or SA

treatments.
Number of SA > SA = SA < Total
transcripts per control control control
response mode
Edelfosine > control 60 147 1 208
U73122 > control (4.7) (200.1) (3.2)

12.8 0.7 0.31
Edelfosine = control 119 1238 4 1361
U73122 > control (28.9) (1309.2) (21.1)

4.1 0.9 0.19
Edelfosine > control 28 131 2 161
U73122 = control (3.6) (154.9) (2.5)

77 0.8 0.8
Edelfosine > control 2 4 0 6
U73122 < control (0.13) (5.8) (0.1)

14.8 0.7 0
Edelfosine = control 227 16558 89 16874
U73122 = control (380) (16232.2) (261.8)

0.6 1.02 0.34
Edelfosine > control 0 2 0 2
U73122 < control (0.04) (1.9) (0.03)

0 1.03 0

Edelfosine = control 14 1401 82 1497
U73122 < control (33.7) (1440.1) (23.2)

0.4 1.0 35
Edelfosine < control 8 171 30 209
U73122 = control (4.7) (201.1) (3.2)

1.7 0.9 9.3
Edelfosine < control 5 126 1M 242
U73122 < control (5.45) (232.8) (3.8)

0.91 0.54 29.6
Total 463 19778 319 20560

For each response mode, the number of genes previously reported to be
up-regulated (=), down-regulated (<) or unaffected (=) by a treatment were
included. Assuming that edelfosine and U73122 act independently of SA, the
number of genes predicted to be found for each response mode (given in
brackets) was calculated as the product of the corresponding row and col-
umn totals divided by the total number of genes tested. The ratio of the
“observed number of genes” to the “theoretical number of genes” is given in
bold.

ARE ANY SA-REGULATED GENES REGULATED THROUGH PI-PLC
INHIBITION AND MODULATIONS IN THE LEVELS OF ITS SUBSTRATES
OR PRODUCTS?

We can hypothesize that PI-PLC substrates positively or
negatively regulate the basal expression of clusters of genes in
resting cells, named clusters A and D respectively in Figure 3.
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FIGURE 2 | SA effects on radioactively labeled phospholipids. Cells

were treated with 250 M SA. Labeling was initiated 15min before lipid
extraction. Lipids were extracted and separated by TLC. (A) Amount of
radioactivity incorporated into phosphoinositides relative to Pl expressed

PA/(PC +PE) (% of control)

120

100 A

40 -

20 1

0 20 45
Time after SA addition (min)

as % of the control without SA. (B) Amount of radioactivity incorporated
into PA relative to the sum of PC and PE expressed as % of the control
without SA. *Indicates a value statistically different from time 0 (t-test,
p-value < 0.05).

Resting cells U73122 R59022
W30 edelfosine
J_ =)=
DGK
PI4K PLC DAG —> PA

Pl ——> |PI4P

> Pl-4,5-P, >

T 1l
a] [o]

SA-treated cells

Pl4K

Pl — PI4P — PI-4,5-P,

FIGURE 3 | Working model of the action of PI-PLC substrates and
products on SA-triggered gene expression. The action of PI-PLC
substrates and products on gene expression is represented either by an

)
. b

arrow (positive action) or a line with a bar (negative action). The
clusters of genes induced after SA treatment are represented in red
and those inhibited in green.

Similarly, PI-PLC products could negatively or positively regu-
late the expression of some genes, respectively clusters B and
C (Figure 3). When SA inhibits PI-PLC activity, the resulting
increase in substrates leads to an enhancement of their basal
action on gene expression. Cluster A genes would be induced by

SA and cluster D genes repressed by SA in a phosphoinositide-
dependent manner. On the other hand, PI-PLC inhibition would
alleviate the effects of its products on gene expression. Thus,
cluster B genes would be induced and cluster C genes repressed
compared to the resting state.
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Is it possible to identify these hypothetical gene clusters? We
have previously done a microarray experiment to find genes
that are regulated by wortmannin. Type III-PI4Ks responsible
for phosphoinositide formation are inhibited by 30 uM wort-
mannin (W30), but not 1 WM wortmannin (W1). These PI4Ks
act immediately upstream of basal PI-PLC activity (Figure 3;
Delage et al., 2012). For the genes that are regulated by basal PI-
PLC products, W30 and edelfosine should have the same effects
as both reduce the quantity of PI-PLC products. On the con-
trary, for the genes that are regulated by PI-PLC substrates, W30
and edelfosine should have opposite effects. W30 will dimin-
ish the level of phosphoinositides, while inhibiting PI-PLC with
edelfosine will increase it.

To identify SA responsive genes regulated by PI-PLC inhibi-
tion, that is through substrate increase or product decrease, we
can categorize the genes according to how they are regulated by
SA, by edelfosine, by W30, or by SA in the presence of W30.

From the 463 SA-induced genes in ACSC, we first discounted
the 141 genes that were unaffected by treatments with edelfosine
or W30 (Figure 4A). SA induction of cluster A genes is inhib-
ited by W30 and not by W1, so they must be among the subset
that is down-regulated in the SAW30 (SAW, SA + wortmannin)
condition compared to the SAW1 condition. The basal level of
regulation by PI-PLC substrates is already in place in resting
cells, with SA-dependent PI-PLC inhibition only enhancing it.
This basal regulation must be of the same nature and cannot be
opposite to regulation in the presence of SA. The genes must be
expressed at a lower level in W30 than in W1, so we can elimi-
nate the 6 genes that are more expressed in W30 than in W1. The
subset of 12 genes that are repressed by edelfosine is excluded, as
this would not be compatible with basal PI-PLC substrates hav-
ing a positive role. The remaining 114 genes thus form cluster
A (Figure 4A). Cluster B genes are induced by an alleviation of
repression via PI-PLC products. These genes must be induced by
edelfosine and by W30, as both molecules inhibit the basal PI-
PLC pathway. The effect of W30 in the presence of SA is either
neutral or additive, so the 2 genes that are repressed by SAW30
compared to SAW1 can be excluded. Therefore, 51 genes have the
characteristics of cluster B genes.

The same step-wise analysis can be made for SA-repressed
genes (Figure 4B). Discounting 67 genes that show no alteration
in expression with any treatment, 247 genes remain. Cluster D
genes are repressed by SA through the action of PI-PLC sub-
strates. They have higher expression in SAW30 than in SAW1.
This regulation may be in place in the absence of SA, but can-
not be oppositely regulated. We can thus identify 26 genes that
have the characteristics of cluster D. A final important point is
that the genes of cluster C are already regulated in resting cells as
they are induced by a basal PI-PLC activity through its products.
Edelfosine should repress their expression (149 remaining genes),
and so should W30. The remaining 118 genes have the character-
istics of cluster C genes. Genes in clusters A, B, C, and D are listed
in Table S3.

The expression characteristics of the genes in these newly
defined clusters can be visualized graphically in Figure 5. Cluster
A genes are SA-induced genes that can or cannot be induced inde-
pendently by edelfosine. Importantly, the induction by SA of these

genes is repressed by W30. This inhibiting effect of W30 can also
be detected on the basal expression without SA. Cluster B gene
expression is induced by SA through the alleviation of a basal
repression by PI-PLC products. These genes are induced inde-
pendently by edelfosine and W30. For SA-repressed genes, the
repression of cluster D genes is inhibited by W30, and inhibition
by W30 can also, but not necessarily, be observed in resting cells.
Cluster C genes are repressed by SA through alleviation of induc-
tion by PI-PLC products. W30 and edelfosine can repress cluster
C expression in the absence of SA.

To pinpoint the effects of PI-PLC inhibition, we compared the
effect of U73122 on gene expression to the effect of edelfosine to
see if the same genes were assigned to each cluster despite using
inhibitors with different biochemical modes of action (Figure 6).
To continue the analysis, only the genes that were common to a
cluster in both the edelfosine and the U73122 analyses were con-
sidered. In these stringent clusters A, B, C, and D, there are 105,
39, 97, and 23 genes, respectively (Table S4).

As all the data were from microarray experiments, the regula-
tion of expression of some genes was confirmed by quantifying
transcripts by gPCR. In fact, cluster A and cluster D gene expres-
sion had already been “confirmed” by Krinke et al. (2007). We
therefore focused on two SA inhibited genes representative of the
118 genes in cluster C, the largest non-stringent cluster (Figure 7).

The SA responsive genes form two pools, one corresponding to
genes dependent on PI-PLC substrates for their SA response, and
the other corresponding to genes dependent on PI-PLC products
for their SA response.

CLUSTERS INCLUDE GENES FROM SPECIFIC FUNCTIONAL CLASSES
The stringent clusters of genes are selected subsets of genes
induced or repressed by SA. Some of the gene names from the four
clusters are listed in Figure 7 with more precise details of their
individual expression profiles. The genes of the different stringent
clusters were classified according to gene ontology (GO) classes of
“Biological processes,” “Molecular function,” and “Cellular com-
ponent.” The results were normalized to the frequency of each
class over the entire genome (Figure 8).

When compared to all SA-induced genes, cluster A is poor
in genes involved in “response to abiotic or biotic stress” bio-
logical processes and has less “structural molecule activity” but
more “nucleic acid binding” molecular functions. Cluster B is
enriched in genes involved in “response to stress,” “response
to abiotic and biotic stress” and “signal transduction” biologi-
cal processes. Cluster B is also depleted in “nucleotide binding”
and “transcription factor activity,” but is enriched in “protein
binding” molecular functions. Cluster B is enriched in “endoplas-
mic reticulum” and “Golgi” cellular components but depleted in
“cell wall,” “extracellular” and “ribosome” cellular components
(Figure 8).

When compared to all SA-repressed genes in ACSC, cluster C
is depleted in genes involved in “developmental” and “electron
transport” biological processes and in “nucleotide binding” and
“transcription factor activity” molecular functions. Cluster C is
enriched in genes encoding “cell wall” and “extracellular” com-
ponents but is depleted in “plastid” components. Cluster D is

depleted in genes involved in “cell organization,” “responses to
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abiotic and biotic stresses,” “DNA or RNA metabolism,” “pro-
tein metabolism” and “electron transport” biological processes.
Cluster D is also depleted in “receptor binding activity” and
“hydrolase activity” molecular functions and in “plasma mem-
brane” and “extracellular” cellular components (Figure 9).

SPECIFIC PROMOTER CIS-ELEMENTS ARE OVER-REPRESENTED IN THE
DIFFERENT CLUSTERS

The transcriptome responses to SA and to PI-PLC inhibition
are rapid. We compared the promoters of the genes in stringent
clusters A, B, C, and D by scanning for motifs. Some motifs
are over-represented in the genes of the clusters relative to the
whole genome dataset (Figure 10). Some of the motifs iden-
tified in clusters A and B and in clusters C and D are also
over-represented when the motif scan compared all SA-induced
and SA-repressed genes against the whole genome data set. This
is not surprising since these clusters together include most of
the SA-sensitive genes of Arabidopsis. In cluster A promoters,
the W box is over-represented compared to the whole set of
SA induced genes. In cluster B promoters, the T-box motif is
over-represented when compared to the whole set of SA-induced
genes. Not all the sequence motifs found are known as regulatory
elements.

THE GENES OF THE DIFFERENT CLUSTERS DIFFER IN THEIR SA
SPECIFICITY
More signature similarity searches were carried out with the genes
of each of the different clusters. Which conditions lead to a sim-
ilar shift in gene expression as the expression of each cluster in
response to SA (Figure 11)?

For the signature SA response of cluster A, the top 10
most similar perturbations all relate to biotic stress and/or SA.
For example, similar transcriptomes include Arabidopsis treated

with: Hyeloperonospora arabidopsidsis (the oomycete causal agent
of downy mildew of Arabidopsis); bleomycin, an iron chelator
(iron chelation is known to cause an increase in SA, Dellagi
et al., 2009); pep2, an Arabidopsis derived active peptide elicitor
that facilitates immune signaling and pathogen defense responses
(Ross et al., 2014); or SA. Other similar transcriptomes were
found in comparisons of ¢pr5 (Bowling et al., 1994, 1997), and
a camta triple mutant (Kim et al., 2013), mutants with constitu-
tively high endogenous SA, to wild type plants. The signature of
the cluster B response to SA does not match the same gene expres-
sion profiles as cluster A except for experiments dealing with
treatment with SA. The top 10 most similar physiological per-
turbations of Arabidopsis include: inoculation with Pseudomonas
syringae, a biotic stress that induces SA; treatment with fenclorim
(4,6-dichloro-2-phenylpyrimidine), a safener that increases tol-
erance of chloroacetanilide herbicides in rice by enhancing the
expression of detoxifying glutathione S-transferases (Brazier-
Hicks et al., 2008; Skipsey et al., 2011); osmotic stress; and
drought. Genetic perturbations with similar gene expression
effects are flul or arf7arf19 compared to wild type plants. FLUI
encodes a coiled-coil, TPR domain-containing protein that is
localized to the chloroplast membrane and is involved in chloro-
phyll biosynthesis. flul plants accumulate protochlorophyllide,
an intermediate in the chlorophyll biosynthesis pathway and
release singlet oxygen in plastids upon a dark/light shift (Laloi
et al., 2006). arf7arf19 is a loss-of-function mutant of the auxin
response factors ARF7 and ARF19 (Narise et al., 2010). Therefore,
the genes of cluster B, while responding to SA, appear to be less
characteristic of a typical SA response, and might correspond to a
more general stress response like the oxidative stress response.
The response of cluster C genes to SA is similar to
other SA or biotic stress experiments, but also to responses
of plants treated with: salt; fenchlorim; phytoprostane Al,
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FIGURE 5 | Representation of genes of cluster A, B, C, and D
according to their expression in response to SA, to edelfosine, to
W30 and to W30 in the presence of SA (SAW30). Red blocks indicate
relative higher transcript levels in the condition written in red at the top
of the table (versus that written in green); green blocks indicate higher
transcript levels in the conditions written green at the top of the table
(versus that written in red) and black blocks indicate no significant
difference in transcript levels between both conditions. Note that clusters

BE and CF and clusters BW30 and CW30 are also represented here.
Clusters BE and BW30 are the genes that would belong to cluster B if
we had considered that a basal inhibiting effect of either edelfosine or
W30 respectively was sufficient for a gene to be classed as cluster B.
Clusters CE and C"30 are the genes that would belong to cluster B if
we had considered that a basal inhibiting effect of either edelfosine or
W30 respectively was sufficient for a gene to be classed as cluster C.
These clusters are mentioned in Discussion.
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which is a cyclopentenone oxylipin (Stotz et al, 2013);
and DFPM ([5-(3,4-dichlorophenyl)furan-2-yl]-piperidine-1-
ylmethanethione), a small molecule that rapidly down-regulates
ABA-dependent gene expression (Kim et al., 2011). Here again,
the gene response signature seems not to be specific to SA. For
the cluster D response to SA, most of the similarities are to
gene expression profiles in plants treated with SA or having high
endogenous amounts of SA.

Itis intriguing to find that the response to SA of genes of cluster
B (SA-induced) and cluster C (SA-repressed) retrieve some of the
same experiments in the signature searches. We therefore built an
artificial list of genes merging clusters B and C. The response to
SA of these genes was used as a signature in a similarity search
and again SA experiments were the most similar, confirming that
using either induced or repressed genes alone does not distort the
accuracy of signature searches.

SA RESPONSES OF THE CLUSTERS DIFFER IN THEIR DEPENDENCY ON
PLD

We have previously shown that SA activates PLD activity in ACSC
(Krinke et al., 2009). We wanted to know if any genes of the differ-
ent clusters depend on PLD for their response to SA. PLD can use
primary alcohols as a substrate, producing phosphatidyl-alcohol
instead of PA. It is therefore possible to identify which genes are
dependent on PLD for their expression by studying the effect
of primary alcohol (e.g., n-butanol, n-ButOH) and comparing
it to the effect of a non-substrate alcohol (tertiary-butanol, tert-
ButOH) (Krinke et al., 2009). We thus showed that for some genes

their response to SA could be inhibited by n-butanol, suggesting
that the SA response is dependent on PLD activity.

The genes of the stringent clusters A, B, C, and D were sorted
according to the effect of n-ButOH compared to tert-ButOH in
the presence or absence of SA (Figure 12). If we first consider
the SA-induced genes, we see a marked difference between clus-
ters A and B. In cluster A, the SA induction of many more genes
is repressed by n-ButOH rather than enhanced. There is a 14-
fold over-representation in stringent cluster A of genes whose
induction by SA is repressed by n-ButOH compared to fert-
ButOH. On the contrary, for stringent cluster B genes, there is
an over-representation of genes for which n-ButOH enhances
the induction by SA. The effect of n-ButOH is seen even on the
basal expression of cluster B genes. For genes inhibited by SA, in
both stringent clusters C and D, the differences in the effect of n-
ButOH or tert-ButOH on SA was not as marked as for cluster A
genes.

GENES OF THE DIFFERENT CLUSTERS DIFFER IN THEIR RESPONSE TO
R59022, A DGK INHIBITOR

The effect of basal PI-PLC can be partially attributed to a sec-
ondary effect on basal DGK, as seen by the action of DGK
inhibitor R59022 (Djafi et al., 2013). Each gene of the dif-
ferent stringent clusters was sorted according to its expression
in response to R59022 (Figure 13). Knowing that in the total
group of genes 181 genes were repressed, 19705 genes were unaf-
fected, and 261 genes were induced by R59022, we calculated the
theoretical number of genes that should be present in each cluster
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For cellular component analysis, two scales are used for clarity.

if the gene expression was independent from the other cluster
criteria.

Amongst cluster B genes, there is a 36-fold over-representation
of genes that are induced by R59022. The basal level of these
genes is negatively regulated by DGK. Conversely, amongst clus-
ter C genes, there is a 31-fold over-representation of genes that are
repressed by R59022. The basal level of those genes is positively
regulated by DGK.

DISCUSSION

In a previous work we detected basal PI-PLC activity in vivo
by assaying the DGK activity that is most likely coupled to
this PI-PLC. PI-PLC was active in ACSC and this activity con-
trolled the expression of some genes. To draw up the list of genes
controlled by the basal PI-PLC activity, edelfosine, and U73122
were used separately to inhibit PI-PLC activity. The limitations
of such a pharmacological approach were already discussed in
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depth (Djafi et al., 2013), but need to be taken into account
here. Briefly, U73122, the most commonly used PI-PLC inhibitor,
might have side effects. It is thought to be an alkylating agent
and certain side effects might be attributable to general protein

alkylation (Mogami et al., 1997; Horowitz et al., 2005). We

viously demonstrated that edelfosine inhibits PI-PLC activation
by cold shock in ACSC (Ruelland et al., 2002). Edelfosine does
not have the structure of an alkylating agent and does not have

the same side effects as U73122 (Powis et al., 1992; Horowitz
et al, 2005, Wong et al.,, 2007; Kelm et al., 2010). It could
have other side effects, since its lyso-alkyl-phosphatidylcholine
structure makes it an inhibitor of CTP:phosphocholine cytidy-
lyltransferase (Boggs et al., 1995). However, we have shown that
these two unrelated molecules have similar inhibitory effects on
the same enzyme in a pathway leading to the same changes in gene
expression.

pre-
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FIGURE 10 | Motifs over-represented in clusters A, B and C, D
compared to whole genome promoter set. Sequences of promoter
regions were analyzed for 4- to 10-bp motifs overrepresented in genes
of the cluster vs. the whole genome set (p-value < 107°; Chi-squared
test). Among the motifs thus obtained a search for described cis-acting

elements was performed. *, cis-acting element is located on reverse
strand; M, A or C; Y, C or T. Cis-acting element is overrepresented
compared to the bulk list of SA-induced genes. The sizes of the
nucleotide symbols indicate their frequency in the corresponding
sequence.

Similarity searches for gene expression signatures provide
preliminary indications that edelfosine and U73122 trigger
transcriptome changes similar to those induced by SA in whole
seedlings, leaves and ACSC (Krinke et al.,, 2007). More genes

are regulated, whether repressed or induced, in the same way by
SA and PI-PLC inhibitors than would be expected if the effects
were independent. Interestingly, Chou et al. (2004) identified a
few genes for which inhibition of PI-PLC by U73122 mimics
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of genes composed of cluster B and C. The similarity search was performed
using the Genevestigator signature module. An Euclidean distance-derived
similarity score was calculated between our signature and each experiment of
a set. A relative similarity score was calculated where a relative similarity
score of 1 stands for a similarity between the input signature and an
experiment that is the same as the average over all experiments of the set.
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FIGURE 12 | Crosstalk in gene expression in response to SA and PI-PLC written in red at the top of the table (versus that written in green); green
dependency as defined by the clusters and dependency on PLD activity. blocks indicate higher transcript levels in the conditions written green at the
The analysis was performed using stringent clusters as defined in the main top of the table (versus that written in red) and black blocks indicate no
text. Red blocks indicate relative higher transcript levels in the condition significant difference in transcript levels between both conditions.

infection by Pseudomonas syringae. Their conclusion that inhibi-
tion of PI-PLC results in the induction of pathogenesis-related
genes is validated by our results (Chou et al., 2004).

Using archived microarray data from our model system of
ACSC treated with or without SA and applying stringent criteria,
we defined four gene clusters. Clusters A and B are SA-induced
and clusters C and D are SA-repressed. Clusters A and D define

a pool of genes dependent on phosphoinositides for their SA
response, while clusters B and C define a pool of genes depen-
dent on PI-PLC products for their SA response. The clusters
are not random subsets of the complete sets of SA-induced and
SA-repressed genes. Based on their promoter sequences and GO
classifications they represent distinct subsets, particularly clus-
ters B and C. For instance, the GO “cell wall” term within the
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indicate relative higher transcript levels in the condition written in red at the transcript levels between both conditions.

cellular component category is 12-fold more frequent in clus-
ters C and D than in the whole genome, but only 8-fold more
frequent in the SA-repressed genes. By contrast the “cell wall”
term does not appear at all in cluster B gene descriptions. For
the biological processes, “cell organization and biogenesis” and
“developmental process” are enriched in cluster C, SA-repressed
and cluster D genes (in that order), but not in cluster, A, clus-
ter B or SA-induced genes. On the other hand, while SA-induced
genes and cluster A genes are similarly enriched in genes involved
in “response to stress,” “response to abiotic or biotic stimu-
lus” and “signal transduction,” cluster B includes roughly twice
as many genes from these categories. So clearly, the down-
stream cellular processes controlled by each gene cluster are
distinct.

When the SA responses of genes in the different clusters
were used in similarity searches, the genes of clusters A and D
define different signatures than those of clusters B and C. The
gene responses of clusters A and D are quite SA-specific. This is
well characterized by the presence of PR-1, the most studied SA
responsive gene, in cluster A (Krinke et al., 2007). Clusters B and
C form a common pool of genes because their responses to SA are
mimicked by edelfosine, by U73122, by wortmannin and to a cer-
tain extent by R59022. The responses of genes in clusters B and
C are not only characteristic of SA treatment, as expected, but
also of treatments with herbicide safeners, or to osmotic stress.

When the genes of clusters B and C are merged into a single list,
the same microarray experiments with similar gene responses are
retrieved, showing that these two clusters define a specific pool of
SA responsive genes. The specificities of the pools hold true for
the crosstalk between PLD and DGK. Genes for which the effect
of DGK inhibitor is similar to the effect of SA (and incidentally
of W30 and inhibitors of PI-PLC) are over-represented in clusters
B and C. For clusters A and D, no such distortion is seen in the
DGK inhibitor effect.

Clusters A and B represent 23 and 8% of SA-induced genes,
respectively, while clusters C and D represent 31 and 7% of SA-
repressed genes. However, the sizes of these clusters are certainly
underestimated. Due to the transcriptome analysis thresholds
used, it is likely that some genes have not been classified as being
induced or repressed by a particular treatment, even though they
were induced or repressed. For clustering, the more criteria are
considered, the more genes are mistakenly discounted. This is
especially true for cluster B and C genes, which were scored as
being responsive to at least four molecules (SA, W30, U73122,
and edelfosine). It is possible to define looser clusters by consid-
ering that a gene belongs to a cluster if it is affected by only one
of the two PI-PLC inhibitors. This returns 121, 113, 164, and 27
genes for loose clusters A, B, C, and D, respectively (see Table S5).
In this case, clusters A and B represent 26 and 24% of SA-induced
genes, respectively, while clusters C and D represent 52 and 9%
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of SA-repressed genes. It is perhaps important to note that cluster
C represents most of the SA-repressed transcriptome. In Figure 5
we defined clusters BF and BY3? as the genes that would belong
to cluster B if we had considered that a basal inhibiting effect of
either edelfosine or W30, respectively, was sufficient for a gene
to be classified as cluster B (see Figure 5). Similarly, we defined
cluster CF and CW3° as genes that have the same characteris-
tics as cluster C genes, but are repressed by only edelfosine or
W30, respectively. Genes in clusters B¥ and BV*? and in CF and
CW30 might be sorted as B and C respectively if slightly different
threshold criteria were used for microarray analysis. If the genes
of clusters BE, BW30, CE, and CW30 were considered in this way,
the percentage of B and C cluster genes among SA-induced or SA-
repressed genes would be even higher. The effect of SA inhibition
of PI-PLC on gene expression appears to be a major event in the
SA response.

What is the significance of the pool of genes in clusters B and
C? What is the SA-triggered signaling event controlling expression
of this pool? From a lipid signaling point of view it is tempt-
ing to consider that these genes are regulated in resting cells
by PI-PLC pathway products. However, correlation alone is not
proof. For clusters B and C we have only described correlations
between different datasets showing that (i) challenging cells with
SA induces in vivo PI-PLC inhibition, and (ii) inhibiting PI-PLC
by different drugs alters the expression of a set of genes that is
also affected when SA was added. We cannot rule out the pos-
sibility that the common effect of SA, wortmannin, and PI-PLC
inhibitors on the same gene is due to another mechanism. To date,
the inhibition of the PI-PLC pathway proposed in our working
model seems the most obvious mechanism (Figure 3). Molecular
events need to be pinpointed more precisely to make a firmer
conclusion. Experimentally, one possibility would be to inhibit
the PI-PLC inhibition by over-expressing PI-PLC. However, even
over-expressed PI-PLC activity might be subject to the inhibi-
tion. We can be more confident that PI-PLC activity regulates
expression of genes of clusters A and D, as these genes were specif-
ically selected because their response to SA is inhibited when W30
blocks the accumulation of phosphoinositide.

Where does PI-PLC fit in SA signaling in planta? In radiola-
beled ACSC, we showed that SA induces an increase in phos-
phoinositides, the substrates of PI-PLC, and a decrease in PA, a
derivative of PI-PLC product. This is indeed what is expected if
SA inhibits PI-PLC in vivo. We showed previously that the phos-
phoinositide increase required active type-III PI4K, which can
be inhibited with wortmannin (Krinke et al., 2007). The type-III
PI4Ks are the very ones that provide PI-PLC with substrates in
response to cold (Delage et al., 2012). The basal PI-PLC activ-
ity is also fed with substrates formed by wortmannin-sensitive
PI4K (Djafi et al., 2013). Therefore, the fact that SA activates a
PI4K is compatible with it also inhibiting PI-PLC. It is likely that
to monitor the phosphoinositide increase, it will be necessary to
stimulate type-III PI4K activity and inhibit PI-PLC. Expressing
human phosphatidylinositol phosphate kinase in tobacco resulted
in a 40-fold increase in basal InsP3, while PI4P remained constant
and PI(4,5)P, increased 7-fold (Im et al., 2007). This suggests
that if basal PI-PLC is not inhibited, an increase in the for-
mation of its substrates would directly lead to more products,

which is not what we observe. Finally it is important to note
that independent data suggests that SA can inhibit PI-PLC. In
Capsicum chinense J. cells, treatment with SA led to inhibi-
tion of PI-PLC but increased lipid kinase activities measured
in vitro (Altuzar-Molina et al., 2011), which is consistent with our
observed data. How could SA inhibit PI-PLC? The effect of SA
on phosphoinositide increase can be detected as early as 15 min
after its addition to cell culture medium, so the action of SA is
probably not due to transcriptional control. Besides, using the
microarray data we can see that after 4h of SA incubation, PI-
PLC genes are not repressed by the hormone (PLC10 is slightly
induced) and type III-PI4K and DGK genes are not affected by
it (data not shown). Structurally, it is difficult to conceive how
SA could act on PI-PLC directly. Plant PI-PLCs are structurally
similar to the simplest mammal PI-PLC, but the way they are
regulated is not documented (Pokotylo et al., 2014). It is con-
ceivable that they are subject to post-translational modifications
as some phosphorylation sites have been detected (Janda et al.,
2013).

CONCLUSION

We show that SA induces an increase in phosphoinositides with
no increase in PA, the phosphorylated derivative of DAG, a PI-
PLC product. This is likely to reflect an in vivo inhibition of
PI-PLC by SA. We identified two pools of SA-responsive genes,
one regulated by an increase in phosphoinositides and the other
possibly by a decrease in PI-PLC products. Inhibition of PI-PLC
by SA is likely to be a major step in the gene response to SA, espe-
cially in regulation of SA-inhibited genes, at least in ACSC. At a
time when a great deal of omics data are being generated, this
study illustrates that fine data mining using pertinent tools can
reveal important processes.

MATERIALS AND METHODS

CELL CULTURE, LABELING, AND LIPID ANALYSIS

Arabidopsis thaliana Col-0 suspension cells were cultivated as
described by Krinke et al. (2009). Experiments were per-
formed on 5-day-old cultures. Suspension cells were labeled
with 33P; according to the procedure previously described by
Krinke et al. (2007). Total lipids were extracted and separated
by thin layer chromatography (TLC). Structural phospholipids
and PA were separated in the acid solvent system composed
of chloroform-acetone-acetic acid-methanol-water (10:4:2:2:1,
v/v/vIvlv) (Lepage, 1967). Phosphoinositides were separated in
the alkaline solvent system composed of chloroform-methanol-
5% (w/v) ammonia solution (9:7:2, v/v/v), where the TLC plates
were soaked in potassium oxalate solution before heat activa-
tion (Munnik et al., 1994). Radiolabeled spots were quantified
by autoradiography using a Storm Phosphorimager (Amersham
Biosciences). Separated phospholipids were identified by co-
migration with authentic non-labeled standards visualized by
primuline staining (under UV light) or by phosphate staining.

TRANSCRIPTOMIC DATA

No new transcriptomic data were generated for this study.
The microarray data used for this article are deposited in
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/;
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accession no. GSE7495, GSE9695, GSE19850 and GSE 35872)
and CATdb (http://urgv.evry.inra.fr/CATdb/; Projects: RS05-04,
AU07-01, RS09-04, and AU10-12).

RNA EXTRACTION AND TRANSCRIPT LEVEL
The extraction of RNA and the detection and quantification of
transcripts were performed as in Djafi et al. (2013).

MOTIF ANALYSIS

Promoters (up to -1000 bp upstream of the transcription start
site, without overlaps with other genes, and excluding 5’UTRs)
of genes were extracted from the database of The Arabidopsis
Information Resource (TAIR; Rhee et al., 2003). Sequences were
used to search for over-represented motifs ranging from 4 to 10
bp using SIFT software (Hudson and Quail, 2003). The list of
genes used as reference was either the list of promoters from the
whole genome (33,062 promoters) or from all SA-induced genes
or SA-repressed genes, as indicated. The motifs we defined were
then compared with the ones in the PLACE database (Higo et al.,
1999) to search for related cis-elements and similar motifs.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fpls.2014.
00608/abstract
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