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Plant defenses against pathogens and insects are regulated differentially by cross-communicating signal transduction
pathways in which salicylic acid (SA) and jasmonic acid (JA) play key roles. In this study, we investigated the molecular
mechanism of the antagonistic effect of SA on JA signaling. Arabidopsis plants unable to accumulate SA produced 25-fold
higher levels of JA and showed enhanced expression of the JA-responsive genes 

 

LOX2

 

, 

 

PDF1.2

 

, and 

 

VSP

 

 in response to in-
fection by 

 

Pseudomonas syringae

 

 pv 

 

tomato

 

 DC3000, indicating that in wild-type plants, pathogen-induced SA accumula-
tion is associated with the suppression of JA signaling. Analysis of the Arabidopsis mutant 

 

npr1

 

, which is impaired in SA
signal transduction, revealed that the antagonistic effect of SA on JA signaling requires the regulatory protein NPR1. Nu-
clear localization of NPR1, which is essential for SA-mediated defense gene expression, is not required for the suppression
of JA signaling, indicating that cross-talk between SA and JA is modulated through a novel function of NPR1 in the cytosol.

INTRODUCTION

 

To effectively combat invasion by microbial pathogens and her-
bivorous insects, plants are able to activate distinct defense re-
sponses that are effective specifically against the invader en-
countered (Van Loon, 2000). These induced defenses often are
expressed not just locally but also in parts distant from the site of
primary infection, thereby protecting the plant systemically
against subsequent attack. Induced resistance is regulated by a
network of interconnecting signal transduction pathways in which
salicylic acid (SA) and jasmonic acid (JA) function as key signaling
molecules (Reymond and Farmer, 1998; Pieterse and Van Loon,
1999; Glazebrook, 2001; Thomma et al., 2001). SA and JA accu-
mulate in response to pathogen infection or herbivore damage,
resulting in the activation of distinct sets of defense-related
genes. Mutant and transgenic plants that are affected in SA accu-
mulation often are more susceptible to pathogen infection than
wild-type plants (Delaney et al., 1994; Nawrath and Métraux,
1999; Wildermuth et al., 2001). Blocking the response to JA gen-
erally renders plants more susceptible to herbivore damage
(Howe et al., 1996; McConn et al., 1997), although enhanced sus-

ceptibility toward necrotrophic pathogens has been reported as
well (Thomma et al., 2001). SA- and JA-dependent defense path-
ways have been shown to cross-communicate (Felton and Korth,
2000; Feys and Parker, 2000; Pieterse et al., 2001), providing the
plant with a regulatory potential to fine-tune the defense reaction
depending on the type of attacker encountered.

One of the most studied induced defense responses in
plants is systemic acquired resistance (SAR). SAR is triggered
after local infection with pathogens, causing hypersensitive ne-
crosis, and is effective against a broad spectrum of plant
pathogens (Ryals et al., 1996). The onset of SAR is accompa-
nied by a local and systemic increase in the endogenous levels
of SA (Malamy et al., 1990; Métraux et al., 1990) and the con-
comitant upregulation of a large set of genes (Ward et al.,
1991), including genes that encode pathogenesis-related (PR)
proteins (Van Loon and Van Strien, 1999). Several PR proteins
possess antimicrobial activity and are thought to contribute to
the state of resistance attained. Transduction of the SA signal
requires the function of NPR1 (also known as NIM1), a regula-
tory protein that was identified in Arabidopsis through genetic
screens for SAR-compromised mutants (Cao et al., 1994;
Delaney et al., 1995; Shah et al., 1997). Mutant 

 

npr1

 

 plants ac-
cumulate normal levels of SA after pathogen infection but are
impaired in their ability to express 

 

PR

 

 genes and to mount a
SAR response. The 

 

NPR1

 

 gene encodes a protein with a BTB/
BOZ domain and an ankyrin-repeat domain (Cao et al., 1997;
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Ryals et al., 1997; Aravind and Koonin, 1999). Both domains
are known to mediate protein–protein interactions and are
present in proteins with diverse functions (Bork, 1993; Aravind
and Koonin, 1999), including the transcriptional regulator I

 

�

 

B,
which mediates animal innate immune responses (Baldwin,
1996). Upon induction of SAR, NPR1 is translocated to the nu-
cleus (Kinkema et al., 2000), where it interacts with members of
the TGA/OBF subclass of basic domain/Leu zipper (bZIP) tran-
scription factors (Zhang et al., 1999; Després et al., 2000; Zhou
et al., 2000; Subramaniam et al., 2001; Fan and Dong, 2002)
that are involved in the SA-dependent activation of 

 

PR

 

 genes
(Lebel et al., 1998; Niggeweg et al., 2000). Physical interaction
between NPR1 and TGA transcription factors has been shown
to be required for the binding activity of these factors to pro-
moter elements that play a crucial role in the SA-mediated acti-
vation of 

 

PR

 

 genes (Després et al., 2000; Fan and Dong, 2002).
The activation of SAR has been shown to suppress JA sig-

naling in plants, thereby prioritizing SA-dependent resistance to
microbial pathogens over JA-dependent defense against insect
herbivory (Felton and Korth, 2000; Pieterse et al., 2001). More-
over, pharmacological and genetic experiments have shown that
SA is a potent suppressor of JA-inducible gene expression
(Doherty et al., 1988; Peña-Cortés et al., 1993; Doares et al.,
1995; Harms et al., 1998; Gupta et al., 2000). The antagonistic ef-
fect of SA on JA signaling shows a striking resemblance to the ef-
fect of the nonsteroidal anti-inflammatory drug acetylsalicylic acid
(aspirin), a derivative of SA, on the formation of prostaglandins in
animal cells. Prostaglandins are related structurally to JA and play
a role in diverse biological processes, such as inflammation at
sites of infection or tissue injury (Straus and Glass, 2001). JA and
prostaglandins originate biosynthetically from linolenic acid and
arachidonic acid, respectively, which are released from cell mem-
branes upon phospholipid hydrolysis. Linolenic acid and arachi-
donic acid are metabolized rapidly via the octadecanoid pathway,
in which the enzymatic reactions leading to JA and prostaglandin
formation are similar (Pan et al., 1998). In animal cells, aspirin in-
hibits the octadecanoid pathway by acetylating the key enzyme
cyclooxygenase, ultimately leading to a decrease in prostaglan-
din formation (Van der Ouderaa et al., 1980).

In a similar process in plants, aspirin has been shown to in-
hibit the activity of the counterpart of cyclooxygenase, allene
oxide synthase, which catalyzes the same step in the octa-
decanoid pathway in plants, thereby affecting the formation of
JA and the subsequent activation of stress-related gene ex-
pression (Pan et al., 1998). Whereas aspirin is able to inhibit
prostaglandin and JA biosynthetic enzymes by acetylating
them, SA, which lacks the acetyl group, is ineffective in this re-
spect. Indeed, in Arabidopsis and flax plants, no inhibitory effect
of SA on allene oxide synthase activity was observed (Harms et
al., 1998; Laudert and Weiler, 1998). Thus, given the fact that
the acetylated form of SA does not occur naturally in plants
(Pierpoint, 1997), it is unlikely that inhibition of the allene oxide
synthase activity plays a major role in the cross-communication
between SA and JA signaling in plants. Nevertheless, SA is a
strong negative regulator of JA-dependent cellular defense re-
sponses in plants (Doherty et al., 1988; Doares et al., 1995;
Harms et al., 1998; Gupta et al., 2000).

So how does SA negatively regulate JA-dependent cellular

 

defense responses in plants? In animal cells, both aspirin and
SA are able to reduce proinflammatory prostaglandin formation
by inhibiting the activity of the transcription factor NF-

 

�

 

B (Kopp
and Ghosh, 1994; Yin et al., 1998). NF-

 

�

 

B plays a key role in
the transcriptional activation of many genes during the innate
immune response (Baldwin, 1996; Hatada et al., 2000), includ-
ing the gene that encodes 

 

CYCLOOXYGENASE2

 

, which cata-
lyzes a rate-limiting step in prostaglandin production (Newton
et al., 1997). In resting cells, NF-

 

�

 

B is sequestered in the cyto-
plasm by association with its inhibitory protein I

 

�

 

B. In response
to various cellular stress conditions, such as infection by micro-
bial or viral pathogens, I

 

�

 

B kinase is activated and phosphory-
lates I

 

�

 

B. Subsequently, I

 

�

 

B is ubiquitinated and degraded by
the proteasome, releasing NF-

 

�

 

B to migrate into the nucleus and
activate gene expression (Baldwin, 1996; Hatada et al., 2000).
Both aspirin and SA block the activation of NF-

 

�

 

B by inhibiting
I

 

�

 

B kinase, preventing the degradation of I

 

�

 

B and retaining NF-

 

�

 

B in the cytosol (Kopp and Ghosh, 1994; Yin et al., 1998). Inter-
estingly, I

 

�

 

B shares structural similarity with NPR1 in plants (Cao
et al., 1997; Ryals et al., 1997). In addition to the ankyrin-repeat
domain, the phosphorylated Ser residues important for I

 

�

 

B func-
tion also are conserved in the NPR1 protein (Ryals et al., 1997).

Because of the intriguing analogies between the actions of SA/
aspirin, prostaglandin, and I

 

�

 

B in animals and SA, JA, and NPR1 in
plants, we investigated whether NPR1 plays a role in the SA-medi-
ated negative regulation of JA signaling in Arabidopsis. In contrast
to I

 

�

 

B in animal cells, which functions in the cytosol, NPR1 was re-
ported previously to function in the nucleus when acting as a posi-
tive regulator of SA-dependent, defense-related gene expression
(Kinkema et al., 2000; Subramaniam et al., 2001). Here, we report a
novel function of NPR1 in the cytosol and provide evidence that
cytosolic NPR1 plays a crucial role in cross-communication be-
tween SA- and JA-dependent plant defense responses.

 

RESULTS

Antagonistic Effect of Pathogen-Induced SA on
JA Signaling

 

Previously, pharmacological experiments have shown that SA
and its derivative aspirin exert an antagonistic effect on JA
biosynthesis and JA-responsive gene expression in plants
(Doherty et al., 1988; Peña-Cortés et al., 1993). To investigate
whether endogenously synthesized SA also functions as a
negative regulator of JA signaling during pathogen infection,
we analyzed the production of JA and the expression of JA-
responsive genes in Arabidopsis wild-type Columbia (Col-0) and
transgenic NahG plants after infection with the bacterial speck-
inducing pathogen 

 

Pseudomonas syringae

 

 pv 

 

tomato

 

 DC3000.
Infection of wild-type Col-0 plants with Pseudomonas DC3000
resulted in a strong increase in both free and conjugated SA
levels, whereas SA levels in SA hydroxylase–expressing NahG
plants remained unchanged (Figure 1A). The expression pattern
of the SA-inducible 

 

PR-1

 

 gene correlated with the SA levels in
infected wild-type and NahG plants (Figure 1C). In Col-0 plants,
JA levels increased slightly in response to pathogen infection.
However, in NahG plants, JA accumulated to 25-fold higher
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levels (Figure 1B), suggesting that in wild-type plants JA forma-
tion was suppressed by endogenously accumulating SA.

To investigate the effect of pathogen-induced SA on JA-
responsive gene expression, we analyzed the expression of
three well-characterized Arabidopsis genes involved in various
steps of the JA signaling pathway: 

 

LOX2 

 

(

 

LIPOXYGENASE2

 

),
which encodes LOX2, a key enzyme in the octadecanoid path-
way leading to JA biosynthesis (Bell et al., 1995); 

 

VSP

 

, which
encodes a vegetative storage protein (Berger et al., 1995); and

 

PDF1.2

 

, which encodes a plant defensin with antimicrobial
properties (Penninckx et al., 1996). In wild-type plants, 

 

LOX2

 

,

 

VSP

 

, and 

 

PDF1.2

 

 showed moderate increases in expression
upon pathogen infection (Figure 1C). However, in NahG plants,
mRNAs of the three JA-responsive genes accumulated to
much higher levels. These results indicate that in wild-type
plants, pathogen-induced SA accumulation is associated with
the suppression of JA-responsive gene expression.

 

Inhibition of 

 

LOX2

 

 Is Sufficient to Suppress
Pathogen-Induced JA Production

 

LOX2 is a key enzyme in the octadecanoid pathway leading to
the formation of JA. In transgenic Arabidopsis S-12 plants,
which have severely reduced levels of LOX2 as a result of co-
suppression of the 

 

LOX2

 

 gene, the ability to accumulate JA in
response to wounding is blocked completely (Bell et al., 1995).
To determine whether the SA-mediated suppression of 

 

LOX2

 

,
as observed during pathogen infection (Figure 1C), could ex-
plain the inhibitory effect of SA on JA formation (Figure 1B), JA
production was analyzed in infected wild-type Col-0 and trans-
genic S-12 plants. As shown in Figure 1C, pressure infiltration of
wild-type leaves with Pseudomonas DC3000 resulted in increased

accumulation of 

 

LOX2

 

 transcripts, whereas in S-12 plants, the ac-
tivation of this gene was blocked completely (data not shown).
Furthermore, JA levels increased significantly in wild-type plants
after inoculation with virulent Pseudomonas DC3000, but in
LOX2-deprived S-12 plants, pathogen-induced accumulation of
JA was almost abolished (Figure 2). Note that leaves were inocu-
lated by pressure infiltration instead of dip inoculation, leading to a
synchronous infection of virtually all cells and greater JA accumu-
lation in wild-type leaves than that observed in Figure 1B.

Compared with inoculation with virulent Pseudomonas
DC3000, pressure infiltration of wild-type leaves with avirulent
Pseudomonas DC3000/

 

avrRpt2

 

, carrying the avirulence gene

 

avrRpt2

 

 (Kunkel et al., 1993), led to a hypersensitive reaction and
fourfold higher JA levels. However, similarly treated S-12 plants
showed no significant increase in JA levels. These results dem-
onstrate that LOX2 is required for the pathogen-induced pro-
duction of JA and that there is a direct correlation between the
level of 

 

LOX2

 

 gene expression and JA production. During
pathogen infection of wild-type plants, endogenously accumu-
lating SA has an inhibitory effect on 

 

LOX2

 

 gene expression and
JA formation. Therefore, we postulate that the inhibitory effect
of SA on JA biosynthesis during infection is regulated at least
partly at the transcriptional level, although post-translational ef-
fects of SA on JA formation cannot be excluded completely.

 

NPR1 Controls the Suppression of JA Signaling

 

NPR1 is an important transducer of the SA signal in disease resis-
tance. To investigate a possible role of NPR1 in the suppression
of JA-responsive gene expression by SA, mutant Arabidopsis

 

npr1-1

 

 plants were tested. Like NahG plants, 

 

npr1-1

 

 plants
showed enhanced JA-responsive gene expression and increased

Figure 1. Enhanced JA Accumulation and JA-Responsive Gene Expression in Pseudomonas DC3000–Infected Arabidopsis NahG Plants.

(A) Endogenous levels of free and conjugated SA in wild-type Col-0 (open squares) and SA-degrading NahG (open circles) plants after inoculation
with the bacterial pathogen Pseudomonas DC3000. Error bars represent SE (n � 5).
(B) JA levels in Pseudomonas DC3000–infected Col-0 (open squares) and NahG (open circles) plants. The experiment was performed three times with
similar results.
(C) RNA gel blot analysis of SA-responsive (PR-1) and JA-responsive (LOX2, VSP, and PDF1.2) genes during pathogen infection.
Plants were inoculated with virulent Pseudomonas DC3000 by dipping the leaves in a bacterial suspension containing 2.5 � 107 colony-forming units/
mL. At different days after inoculation (dpi), leaves were harvested for SA, JA, and RNA extraction. To check for equal loading, RNA gel blots were
stripped and hybridized with a gene-specific probe for �-tubulin (TUB). Transcript levels of the constitutively expressed TUB gene decreased during
the course of the infection process as a result of progressing cell death. FW, fresh weight.
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levels of JA upon infection with Pseudomonas DC3000 (data not
shown), suggesting that in wild-type plants NPR1 is involved in the
SA-mediated suppression of JA signaling. To investigate the role
of NPR1 in cross-talk in more detail, we followed a pharmacologi-
cal approach. In wild-type Col-0 plants, exogenous application of
SA activated 

 

PR-1

 

, whereas treatment with methyl jasmonate
(MeJA) resulted in the accumulation of 

 

LOX2

 

,

 

 VSP

 

, and 

 

PDF1.2

 

mRNA (Figure 3). Upon combined treatment with SA and MeJA,
MeJA had no effect on SA-induced 

 

PR-1

 

 transcript levels. By con-
trast, both background and MeJA-induced transcript levels of the
JA-responsive genes were strongly suppressed by SA, confirming
the negative effect of SA on JA-responsive gene expression. Mu-
tant 

 

npr1-1

 

 plants, which are compromised in their ability to ex-
press 

 

PR-1

 

 in response to SA, showed levels of MeJA-induced

 

LOX2

 

, 

 

VSP

 

, and 

 

PDF1.2

 

 expression that were similar to those ob-
served in wild-type plants. However, in the combined treatment,
SA had almost no inhibitory effect on background and MeJA-
induced expression of the three JA-responsive genes (Figure 3).
Two additional 

 

npr1

 

 mutants, 

 

npr1-2

 

 and 

 

npr1-3

 

, each with a mu-
tation in different domains in the NPR1 protein (Cao et al., 1997),
showed similar expression patterns (data not shown), confirming
that NPR1 is required for the SA-mediated suppression of JA-
responsive gene expression.

 

The NPR1 Interactor TGA2 Binds to the TGACG Motif in the 

 

PDF1.2

 

 Promoter

 

NPR1 interacts with members of the TGA/OBF family of bZIP
transcription factors, which have been shown to play both pos-
itive and negative regulatory roles in plant defense (Niggeweg
et al., 2000; Pontier et al., 2001; Fan and Dong, 2002). TGA
transcription factors specifically bind to the TGACG motif in
target promoters, thereby regulating gene transcription (Zhang
et al., 1999; Després et al., 2000; Zhou et al., 2000). The
TGACG motif was shown by linker-scanning mutagenesis to
be essential for the SA-induced expression of the Arabidopsis

 

PR-1

 

 gene (Lebel et al., 1998), but it has been implicated in JA-

 

responsive gene expression as well (Xiang et al., 1996; Rouster
et al., 1997). Interestingly, the JA-responsive genes 

 

LOX2

 

, 

 

VSP

 

,
and 

 

PDF1.2

 

 all contain one or more TGACG motifs in their pro-
moters. Therefore, we investigated the possible role of this mo-
tif in cross-talk between SA and JA signaling.

The promoter of the 

 

PDF1.2

 

 gene contains a single TGACG se-
quence at positions 

 

�

 

445 to 

 

�

 

441 relative to the predicted transla-
tional start of the PDF1.2 gene product (Manners et al., 1998). To
determine whether TGA transcription factors can bind to this motif,
we performed a mobility shift assay with partially purified TGA2
transcription factor protein (Zhang et al., 1999) and TGACG-con-
taining oligonucleotide probes derived from the 

 

PR-1

 

 and 

 

PDF1.2

 

promoters (Figure 4A). The 

 

as-1

 

 element from the 

 

PR-1

 

 promoter
contains two inverted TGACG sequences (Lebel et al., 1998). As
demonstrated previously (Zhang et al., 1999), TGA2 caused a mo-
bility shift for the 

 

as-1

 

 oligonucleotide probe (Figure 4B, lane 2). A
similar mobility shift was observed for the 

 

PDF1.2

 

 probe (Figure 4B,
lane 4). To examine the specificity of the binding of TGA2 to the

 

PDF1.2

 

 probe, a competition experiment was performed using an
excess of unlabeled 

 

PDF1.2

 

 oligonucleotide probe. Increasing the
amount of unlabeled oligonucleotides in the reaction reduced the
binding of TGA2 to the labeled probe (Figure 4B, lanes 5 to 8). By
contrast, the addition of an unlabeled oligonucleotide 

 

PDF1.2

 

 probe
with point mutations in the TGACG binding motif (m

 

pdf

 

; Figure 4A)
barely affected the binding of TGA2 to the labeled 

 

PDF1.2

 

 probe
(Figure 4B, lanes 9 to 13), indicating that the binding of TGA2 to the
TGACG motif in the 

 

PDF1.2 promoter is specific.

The TGACG Motif Is Not Required for
NPR1-Dependent Cross-Talk

To investigate the role of the TGACG motif in the PDF1.2 pro-
moter in the negative regulation of JA-responsive gene expres-
sion by SA in planta, we analyzed transgenic Arabidopsis plants

Figure 2. Effect of the Cosuppression of LOX2 on Pathogen-Induced
JA Production in Arabidopsis S-12 Plants.

JA levels in wild-type Col-0 and LOX2-deprived S-12 plants at 2 days
after inoculation with virulent Pseudomonas DC3000 or avirulent Pseudo-
monas DC3000/avrRpt2. Plants were inoculated by pressure-infiltrating
the leaves with a bacterial suspension containing 107 colony-forming
units/mL. FW, fresh weight; n.i., not inoculated.

Figure 3. Effect of the npr1 Mutation on the SA-Mediated Suppression
of JA-Responsive Gene Expression.

RNA gel blot analysis of SA-responsive (PR-1) and JA-responsive
(LOX2, VSP, and PDF1.2) genes after exogenous application of MeJA,
SA, or a combination of both in Arabidopsis wild-type Col-0 and mutant
npr1 plants. Five-week-old plants were induced by dipping the leaves in
a 0.015% (v/v) Silwet L-77 solution containing 1 mM SA, 0.1 mM MeJA,
or a combination of both. Two days later, leaves were harvested for
RNA extraction. Equal loading of RNA samples was checked using a
probe for the constitutively expressed �-tubulin (TUB) gene.
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containing a series of PDF1.2 promoter deletions fused to the
uidA reporter gene in the wild-type background (R. Brown, K.
Kazan, D. MacLean, and J.M. Manners. “Book of Abstracts of
the 11th International Conference on Arabidopsis Research”, In-
ternational Conference on Arabidopsis Research, Madison, WI,
June 24–28, 2000). Seedlings of six transgenic lines with vary-
ing 5� deletions were selected (Figure 5A) and treated with SA,
MeJA, or a combination of SA and MeJA. Consistent with pre-
vious findings, lines P1 to P5 showed induced �-glucuroni-
dase (GUS) activity after treatment with MeJA, whereas line P6
showed no GUS activity at all (Figure 5B). MeJA-induced GUS
expression was inhibited strongly when SA was included in the
medium as well as in lines P4 and P5, which lack the TGACG
motif. SA and MeJA had no effect on GUS activity in the consti-
tutive GUS expressor PG15, indicating that neither of these

chemical agents affected the activity of the GUS enzyme. To-
gether, these results demonstrate that the TGACG motif in the
promoter of PDF1.2 is not essential for the SA-mediated inhibi-
tion of JA-responsive gene expression.

Cross-Talk Is Modulated by Cytosolic NPR1

NPR1 is translocated to the nucleus in response to SA, a pro-
cess that was shown to be essential for SA-induced PR-1 gene
expression (Kinkema et al., 2000). To determine whether the nu-
clear localization of NPR1 is similarly required for the SA-medi-
ated suppression of JA-responsive gene expression, we used
mutant npr1 plants engineered to constitutively express a fusion
protein of NPR1 and the hormone binding domain (HBD) of the
rat glucocorticoid receptor. The nucleocytoplasmic localization
of this fusion protein can be controlled by the steroid hormone
dexamethasone (DEX) (Aoyama and Chua, 1997; Kinkema et al.,
2000). In the absence of DEX, the NPR1-HBD fusion protein was
retained in the cytosol through an association with the heat-
shock protein HSP90. In cells treated with DEX, HSP90 dissoci-
ated, allowing the NPR1-HBD fusion protein to translocate into
the nucleus. As a control, we used mutant npr1 plants constitu-
tively expressing the wild-type NPR1 gene under the control of
the 35S promoter of Cauliflower mosaic virus (35S:NPR1).

Figure 6 shows that overexpression of NPR1 in mutant npr1
plants (35S::NPR1) restored the SA-induced activation of PR-1
and the SA-mediated suppression of MeJA-induced PDF1.2
gene expression, both of which were blocked in mutant npr1
plants. In the absence of SA, neither PR-1 nor MeJA-induced
PDF1.2 gene expression was affected in NPR1-overexpressing
plants, confirming the notion that NPR1 needs to be activated
by SA (Cao et al., 1998). Treatment of 35S:NPR1 plants with
DEX did not induce PR-1 or PDF1.2 gene expression, nor did it
affect the expression of these genes in response to SA or
MeJA, indicating that DEX did not affect the NPR1 protein or
SA- and JA-responsive gene expression. In 35S:NPR1-HBD
plants, the SA-induced expression of PR-1 was restored only
when the plants were treated with DEX, confirming previous
findings that SA-induced PR-1 expression requires the nuclear
localization of NPR1 (Kinkema et al., 2000). Interestingly, treat-
ment of 35S:NPR1-HBD plants with both SA and MeJA sup-
pressed the MeJA-induced expression of PDF1.2, not only in
the presence of DEX but also in its absence, when NPR1 was
retained in the cytosol. This finding indicates that the nuclear
localization of NPR1 is not required to suppress the MeJA-
induced expression of PDF1.2 by SA.

DISCUSSION

The defense response of plants under attack by microbial
pathogens or herbivorous insects is regulated by a network of
signal transduction pathways. Cross-communication between
defense signaling pathways provides the plant with an elabo-
rate regulatory potential that leads to the activation of the most
suitable defense against the invader encountered. In some
cases, different defense signal transduction pathways cooper-
ate and enhance resistance against pathogen attack (Van Wees

Figure 4. In Vitro Binding of TGA2 to the TGACG Motif in the Promoter
of the Arabidopsis PDF1.2 Gene.

(A) Oligonucleotides used in the gel mobility shift assay. The as-1 probe
contains two inverted TGACG motifs and represents the SA-responsive
as-1 element in the promoter of the Arabidopsis PR-1 gene. The pdf
probe resembles the wild-type sequence surrounding the TGACG motif
in the JA-responsive PDF1.2 gene. The mpdf probe is similar to the pdf
probe but contains three point mutations in the TGACG motif.
(B) Gel mobility shift assay to test the binding of TGA2 to the TGACG
motif in the PDF1.2 promoter. Binding reactions contained 7 � 104 cpm
of 32P-labeled probe incubated with 1 �g of either a control protein prep-
aration (lanes 1, 3, and 14) or partly purified TGA2 (lanes 2, 4 to 13, and
15). The specificity of the binding of TGA2 to the TGACG motif in the
PDF1.2 promoter was tested by the addition of 100�, 50�, 10�, 1�, or
0.5� molar excess amounts of unlabeled pdf (lanes 5 to 8) or mpdf
(lanes 9 to 13) competitor probes. The double asterisks indicate specific
binding of TGA2 to the oligonucleotide probe, and the single asterisk in-
dicates specific TGA2 binding and dimerization as a result of the pres-
ence of two TGACG motifs in the oligonucleotide probe. FP, free probe.
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et al., 2000). In other cases, antagonism between pathways al-
lows the defense response to be controlled in a focused man-
ner. For instance, plants that are infected by SAR-inducing
pathogens have been shown to suppress JA-dependent de-
fenses against certain herbivorous insects or necrotrophic
pathogens (Felton and Korth, 2000; Pieterse et al., 2001),

thereby prioritizing SA-dependent defense responses over JA-
dependent responses. We report evidence indicating that SA
produced during pathogen infection plays an important role in
the suppression of both JA biosynthesis and JA-responsive
gene expression, which are involved in the reaction of plants to
wounding and insect herbivory. Compared with wild-type
plants, transgenic NahG plants showed enhanced expression
of LOX2 and accordingly synthesized 25-fold higher levels of
JA during pathogen infection (Figures 1B and 1C). Moreover,
the expression of the JA-responsive genes VSP and PDF1.2
was enhanced strongly in NahG plants, suggesting that in wild-
type plants JA signaling is inhibited by SA that accumulates
during pathogen infection.

The LOX2 gene, which encodes LOX2 (which is involved in
the octadecanoid pathway), is autoregulated by JA and thus
controls a feed-forward loop in JA biosynthesis (Bell et al.,
1995). Cosuppression of LOX2 gene expression in transgenic
S-12 plants appeared to be effective in blocking JA biosynthe-
sis during pathogen infection (Figure 2). Therefore, the inhibi-
tion of this JA biosynthetic gene by SA produced during patho-
gen infection may result in a strong inhibition of JA formation.
Other genes involved in JA biosynthesis, such as AOS, which
encodes ALLENE OXIDE SYNTHASE, have been shown to be
regulated by JA as well (Laudert and Weiler, 1998). Thus, the
SA-mediated inhibition of JA formation during pathogen attack
might be the result of a coordinated suppression of JA-respon-
sive genes that encode enzymes of the octadecanoid pathway.

NPR1 has been demonstrated to be an important transducer
of the SA signal in the SA-mediated activation of PR gene
expression and broad-spectrum resistance (Cao et al., 1994;
Delaney et al., 1995; Shah et al., 1997). Our study revealed
NPR1 as a key regulatory factor in the cross-communication
between SA and JA signaling. SA-mediated suppression of the
JA-responsive genes LOX2, VSP, and PDF1.2, which was ob-
served in wild type Col-0 plants, was abolished in mutant npr1
plants (Figures 3 and 6), indicating that NPR1 is essential for
the inhibition of JA-responsive gene expression by SA. How
does SA-activated NPR1 function as a negative regulator of
JA-responsive genes? Previously, NPR1 was found to interact
with members of the TGA subclass of the bZIP transcription
factor family (Zhang et al., 1999; Després et al., 2000; Zhou et
al., 2000). TGA factors specifically bind to TGACG motifs and
have been shown to play both positive and negative regulatory
roles in plant defense (Xiang et al., 1996; Rouster et al., 1997;
Lebel et al., 1998; Niggeweg et al., 2000; Pontier et al., 2001;
Fan and Dong, 2002). All JA-responsive genes tested in this
study contain one or more TGACG motifs in their promoters.
Therefore, we hypothesized that NPR1–TGA interactions might
play a role in the SA-mediated suppression of JA-responsive
gene expression. Experiments indicated that the strong NPR1
interactor TGA2 (Zhang et al., 1999) binds specifically to the
TGACG motif in the JA-responsive PDF1.2 promoter in vitro
(Figure 4). However, promoter-deletion analysis demonstrated
that SA suppressed MeJA-induced expression in all JA-respon-
sive transgenic plants, including those that lack the TGACG
motif (P4 and P5; Figure 5). These results suggest that the
TGACG motif is not essential for the SA-mediated inhibition of
JA-responsive gene expression.

Figure 5. The TGACG Motif Is Not Required for SA-Mediated Suppres-
sion of the MeJA-Induced Activation of the Arabidopsis PDF1.2 Promoter.

(A) Scheme of the 5� deletions of the PDF1.2 promoter fused to the uidA
gene. Red bars represent the TGACG motif located at positions �445 to
�441 upstream of the predicted translational start of the uidA reporter
gene.
(B) Histochemical staining of GUS activity in seedlings of transgenic Ar-
abidopsis lines PG15, which constitutively expresses the uidA gene,
and P1 to P6, which contain 5� deletions of the Arabidopsis PDF1.2 pro-
moter fused to the uidA reporter gene. Twelve-day-old seedlings grown
on Murashige and Skoog (1962) medium were transferred to fresh me-
dium containing 0.5 mM SA, 0.02 mM MeJA, or a combination of both
and stained for GUS activity 2 days later.
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In animal cells, it has been demonstrated that SA exerts an
inhibitory effect on I�B kinase, thereby preventing I�B from be-
ing phosphorylated and subsequently degraded by the protea-
some (Kopp and Ghosh, 1994; Yin et al., 1998). As a result, I�B
remains associated with the transcription factor NF-�B, retain-
ing NF-�B in the cytosol and preventing it from activating target
genes such as the NF-�B–dependent, proinflammatory pros-
taglandin biosynthesis gene CYCLOOXYGENASE2 (Newton et
al., 1997; Gallois et al., 1998). Thus, in animal cells, SA is able
to suppress the formation of prostaglandin, the JA counterpart,
by affecting the activity of I�B in the cytosol. Because of the
structural similarity between I�B and NPR1 (Cao et al., 1997;
Ryals et al., 1997), we investigated whether the NPR1-depen-
dent inhibitory effect of SA on JA-responsive gene expression

and, consequently, JA production, also functions through a role
of NPR1 in the cytosol. Using a DEX-inducible system to con-
trol the nucleocytoplasmic localization of NPR1, we demon-
strated that nuclear localization of NPR1 is not required for
cross-talk between SA and JA signaling (Figure 6). By infer-
ence, SA-activated NPR1 must exert its negative effect on JA-
responsive gene expression through an unknown function in
the cytosol.

How does cytosolic NPR1 control the SA-mediated suppres-
sion of JA-responsive gene expression? In the absence of SA,
cytosolic NPR1 might be involved in the control of JA-respon-
sive gene expression, either by inhibiting negative regulators of
JA-responsive gene expression or by facilitating the delivery of
positive regulators of JA-responsive genes to the nucleus.

Figure 6. SA-Mediated Suppression of MeJA-Induced PDF1.2 Expression through a Function of NPR1 in the Cytosol.

RNA gel blot analysis of the SA-responsive PR-1 gene and the MeJA-inducible PDF1.2 gene in wild-type Col-0, mutant npr1, and the NPR1-overex-
pressing transformants 35S:NPR1 (in npr1) and 35S:NPR1-HBD (in npr1). Seedlings were grown for 12 days on Murashige and Skoog (1962) medium
with or without DEX (5 �M). Subsequently, the seedlings were transferred to fresh medium with (	) or without (�) 0.5 mM SA and 0.02 mM MeJA.
Two days after induction, the seedlings were harvested for RNA gel blot analysis. Equal loading of RNA samples was checked by staining rRNA bands
with ethidium bromide.

Figure 7. Proposed Model for Cytosolic NPR1 as a Modulator of Cross-Talk between SA- and JA-Dependent Plant Defense Responses.

In wild-type Col-0 plants, SA accumulates after pathogen infection, resulting in the activation of NPR1 (asterisk). Activated NPR1 then is localized to
the nucleus, where it interacts with TGA transcription factors, ultimately leading to the activation of SA-responsive PR genes. In the cytosol, activated
NPR1 negatively regulates JA-responsive gene expression, possibly by inhibiting positive regulators of JA-responsive genes or by facilitating the de-
livery of negative regulators of JA-responsive genes to the nucleus. The suppression of JA-responsive genes that encode enzymes from the octadeca-
noid pathways, such as LOX2, ultimately results in the inhibition of JA formation.



NPR1 Modulates Cross-Talk between Defense Pathways 767

However, in this scenario, npr1 null mutants and NPR1 overex-
pressors should show an altered JA-responsive phenotype in
the absence of SA. This was clearly not the case (data not
shown), which makes this possibility unlikely. A more plausible
explanation for the cytosolic role of NPR1 is presented in the
model shown in Figure 7. In this model, NPR1 is translocated to
the nucleus upon activation by SA, where it facilitates the acti-
vation of SA-responsive PR genes. In the cytosol, the remain-
ing SA-activated NPR1 pool is involved in the suppression of
JA-responsive gene expression, either by facilitating the deliv-
ery of negative regulators of JA-responsive genes to the nu-
cleus or by inhibiting positive regulators of JA-responsive gene
expression. However, alternative scenarios, such as an effect
of SA-activated cytosolic NPR1 on the activity of JA-metaboliz-
ing enzymes, cannot be excluded. It is tempting to speculate
that, analogous to the effect of SA and aspirin on I�B kinase,
(de)phosphorylation of NPR1 plays a role in the process that
leads to the SA-mediated activation of NPR1, because the
phosphorylated Ser residues important in I�B function are con-
served in NPR1 (Ryals et al., 1997).

In conclusion, our results clearly demonstrate the importance
of NPR1 in cross-talk between the SA- and JA-dependent sig-
naling pathways in plant defense and reveal a novel function of
NPR1 in the cytosol. The striking parallels with processes in-
volved in the animal innate immune response suggest that de-
fense signaling pathways in plants and animals are at least
partly conserved.

METHODS

Plant Growth and Pathogen Infection

To grow plants for pathogen infection, seeds of wild-type Arabidopsis
thaliana (accession Columbia [Col-0]), transgenic NahG plants harboring
the bacterial nahG gene (Gaffney et al., 1993), mutant npr1-1 plants (Cao
et al., 1994), and LOX2-cosuppressed S-12 plants harboring the LOX2
cDNA under the control of the 35S promoter of Cauliflower mosaic virus
(Bell et al., 1995) were sown in quartz sand. Two-week-old seedlings
were transferred to 60-mL pots containing a mixture of sand and potting
soil that had been autoclaved twice for 20 min with a 24-h interval. Plants
were cultivated in a growth chamber with an 8-h-day (200 �E·m�2·s�1 at
24
C)/16-h-night (20
C) cycle at 70% RH.

The virulent bacterial leaf pathogen Pseudomonas syringae pv tomato
DC3000, which causes bacterial speck disease, and the avirulent strain
Pseudomonas DC3000/avrRpt2, with the plasmid pV288 carrying the
avirulence gene avrRpt2 (Kunkel et al., 1993), were grown overnight at
28
C in liquid King’s medium B as described previously (Pieterse et al.,
1998). Bacterial cells were collected by centrifugation and resuspended
in 10 mM MgSO4 to a final density of 107 or 2.5 � 107 colony-forming
units/mL. For leaf dip inoculation of plants, the surfactant Silwet L-77
(Van Meeuwen Chemicals BV, Weesp, The Netherlands) was added to a
final concentration of 0.015% (v/v).

Infection of Col-0, NahG, and npr1-1 plants with Pseudomonas
DC3000 was performed as described previously (Pieterse et al., 1998).
One day before pathogen infection, the plants were placed at 100%
RH. Leaves of 5-week-old plants were dipped in a suspension of
Pseudomonas DC3000 containing 2.5 � 107 colony-forming units/mL.
At different times after inoculation, all of the rosette leaves of 25 plants
for each genotype and time point were harvested for RNA extraction
and to determine salicylic acid (SA) and jasmonic acid (JA) levels. For

the analysis of pathogen-induced JA levels in LOX2-cosuppressed
S-12 plants (Bell et al., 1995), a suspension of virulent Pseudomonas
DC3000 or avirulent Pseudomonas DC3000/avrRpt2 at a density of 107

colony-forming units/mL was pressure-infiltrated into the leaves as de-
scribed previously (Pieterse et al., 1998). As a control, Col-0 plants
were inoculated similarly.

SA and JA Determination

Leaves were frozen in liquid nitrogen and pulverized with mortar and
pestle. For each SA extraction, 0.5 g of ground leaf tissue was trans-
ferred to a 1.5-mL microfuge tube, and 100 �L of the internal stan-
dard ortho-anisic acid (1 �g/mL) and 0.5 mL of 70% ethanol were
added. Subsequently, extraction and quantification of free and conju-
gated SA were performed as described previously (Meuwly and
Métraux, 1993). For each JA extraction, a sample of 1 g was taken
from the frozen leaf material, which consisted of at least 20 plants
that received the same treatment. Subsequently, the sample was
transferred to a 50-mL centrifuge tube. To the frozen samples were
added 100 ng of the internal standard 9,10-dihydrojasmonic acid, 10
mL of saturated NaCl solution, 0.5 mL of 1 M citric acid, and 25 mL of
diethylether containing 0.005% (w/v) butylated hydroxytoluene as an-
tioxidant. Subsequently, extraction and gas chromatography–mass
spectrometry quantification of JA were performed as described
(Mueller and Brodschelm, 1994).

RNA Extraction and RNA Gel Blot Analysis

Extraction and electrophoretic separation of RNA, preparation of RNA
gel blots, and hybridization of the blots with gene-specific probes for
PR-1, LOX2, VSP, PDF1.2, and TUBULIN (TUB) were performed as de-
scribed previously (Cao et al., 1994; Pieterse et al., 1998). The AGI num-
bers for the genes studied are At2g14610 (PR-1), At3g45140 (LOX2),
At5g24770 (VSP), At4g37750 (PDF1.2), and At5g44340 (TUB).

Chemical Induction

The effect of exogenously applied SA on methyl jasmonate (MeJA)–
induced gene expression was studied in wild-type Col-0 plants, mu-
tant npr1-1, npr1-2, and npr1-3 plants (Cao et al., 1994, 1997),
35S:NPR1-H plants overexpressing NPR1 in the wild-type Col-0
background (Cao et al., 1998), and 35S:NPR1 and 35S:NPR1-HBD
plants overexpressing NPR1 and NPR1-HBD, respectively, in the mu-
tant npr1 background (Kinkema et al., 2000). Plants were grown in
soil as described above or on plates containing Murashige and Skoog
(1962) (MS) medium, pH 5.7, supplemented with 20 g/L Suc and 0.8%
(w/v) plant agar. Chemical induction of soil-grown plants was per-
formed by dipping the leaves of 5-week-old plants in a solution con-
taining 0.015% (v/v) Silwet L-77 and either 1 mM SA (Mallinckrodt
Baker, Deventer, The Netherlands), 0.1 mM MeJA (Serva, Brunschwig
Chemie, Amsterdam, The Netherlands), or a combination of these
chemicals. Control plants were treated with 0.015% Silwet L-77 only.
One day before application of the chemicals, the plants were placed
at 100% RH. Chemical induction of plants grown on MS medium was
performed by transferring 12-day-old seedlings to fresh MS medium
supplemented with 0.5 mM SA, 0.02 mM MeJA, or both chemicals.
MeJA was added to the solutions from a 1000-fold concentrated
stock in 96% ethanol. To the solutions without MeJA, a similar vol-
ume of 96% ethanol was added. To control the nucleocytoplasmic lo-
calization of NPR1 in 35S:NPR1-HBD plants, 5 �M dexamethasone
(Sigma) was included in the growth medium (before and after induc-
tion with SA and/or MeJA). After induction treatment, plants were cul-
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tured for 2 days under climate chamber conditions as described
above, after which leaf tissue was harvested for RNA extraction.

Analysis of the TGACG Motif in the PDF1.2 Promoter

The gel mobility shift assay was performed with partially purified
TGA2 protein as described previously (Zhang et al., 1999). The wild-
type and mutant oligonucleotide PDF1.2 probes used were designed
according to the sequence surrounding the TGACG motif in the JA-
responsive promoter of the Arabidopsis PDF1.2 gene (Manners et
al., 1998).

The construction of a series of transgenic Arabidopsis lines (P1 to P6)
containing translational fusions of 5� deletions of the PDF1.2 promoter to
the uidA reporter gene was described previously (R. Brown, K. Kazan, D.
MacLean, and J.M. Manners. “Book of Abstracts of the 11th International
Conference on Arabidopsis Research”, International Conference on Ara-
bidopsis Research, Madison, WI, June 24–28, 2000). Surface-sterilized
seeds of homozygous progeny from five independent transformants per
line as well as the constitutive uidA-expressing line PG15 were allowed
to germinate on MS medium supplemented with 10 g/L Suc and 0.6%
(w/v) plant agar, pH 5.7. After 12 days, seedlings were transferred to
fresh MS medium containing 0.5 mM SA, 0.02 mM MeJA, or a combina-
tion of both, as described above. After 2 days on induction medium,
�-glucuronidase activity was assessed by transferring the seedlings
to �-glucuronidase staining solution (1 mM 5-bromo-4-chloro-3-
indolyl-�-D-glucuronide, 100 mM NaPi buffer, pH 7.0, 10 mM EDTA,
0.1% [v/v] Triton X-100, 1 mM potassium ferrocyanide, and 1 mM potas-
sium ferricyanide). After overnight incubation at 37
C, the seedlings were
destained by repeated washes in 70% ethanol and evaluated for staining
intensity.

Upon request, all novel materials described in this article will be made
available in a timely manner for noncommercial research purposes.
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