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Plants are equipped with an array of defense mechanisms to protect themselves against attack by herbivorous insects and microbial pathogens. Some of these
defense mechanisms are preexisting, whereas others
are only activated upon insect or pathogen invasion.
Induced defense responses entail fitness costs. Therefore, plants possess elaborate regulatory mechanisms
that efficiently coordinate the activation of attackerspecific defenses so that fitness costs are minimized,
while optimal resistance is attained (Pieterse and Dicke,
2007). A major focus in plant defense-signaling research
is to uncover key mechanisms by which plants tailor
their responses to different attackers and to investigate
how plants cope with simultaneous interactions with
multiple aggressors.
During their lifetime, plants encounter numerous
herbivorous insects and microbial pathogens with
diverse modes of attack. To survive, plants have to
perceive attack by these deleterious organisms and
respond adequately by activating appropriate defense
responses. The primary immune response has evolved
to recognize common features of organisms that interact with the plant and to translate this recognition into
a defense response that is specifically directed against
the invader encountered (Jones and Dangl, 2006). In
addition to this attacker-specific primary immune
response, plants can activate another line of defense
that is referred to as induced resistance. This type of
resistance often acts systemically throughout the plant
and is typically effective against a broad spectrum of
attackers (Walters et al., 2007). Plants are able to
activate different types of induced resistance, depending on the organism that interacts with the plant. Wellstudied examples of induced resistance are systemic
acquired resistance, which is triggered by pathogens
causing limited infection, such as hypersensitive necrosis (Durrant and Dong, 2004), rhizobacteria-induced
systemic resistance, which is activated upon colonization of roots by selected strains of nonpathogenic
1
This work was supported in part by the Earth and Life Sciences
Foundation (grant nos. 865.04.002 and 813.06.002), which is subsidized by the Netherlands Organization of Scientific Research.
* Corresponding author; e-mail c.m.j.pieterse@uu.nl.
The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
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rhizobacteria (Van Loon et al., 1998), and woundinduced resistance, which is typically elicited upon
tissue damage such as that caused by insect feeding
(Kessler and Baldwin, 2002; Howe, 2004). The role of
phytohormones in the regulation of these induced
defenses is well established. Salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) are recognized as
key players in the regulation of the signaling pathways
involved (Howe, 2004; Pozo et al., 2004; Lorenzo and
Solano, 2005; Grant and Lamb, 2006; Van Loon et al.,
2006a; Von Dahl and Baldwin, 2007). Other plant hormones, including abscisic acid (ABA; Mauch-Mani
and Mauch, 2005), brassinosteroids (Nakashita et al.,
2003), and auxin (Navarro et al., 2006; Wang et al.,
2007), have also been implicated in plant defense, but
their significance is less well studied.

SPECIFICITY OF PLANT SELF-DEFENSE

Upon pathogen or insect attack, plants respond with
production of a specific blend of the alarm signals SA,
JA, and ET, which varies greatly in quantity, composition, and timing. It is thought that this so-called
signal signature contributes to the specificity of the
plant’s primary induced defense response (Reymond
and Farmer, 1998; De Vos et al., 2005). The signaling
pathways that are activated upon endogenous accumulation of these signals regulate different defense
responses that are effective against partially distinct
classes of attackers. Although there are exceptions
(Thaler et al., 2004), generally it can be stated that
pathogens with a biotrophic lifestyle are more sensitive
to SA-mediated induced defenses, whereas necrotrophic pathogens and herbivorous insects are resisted
more through JA/ET-mediated defenses (Thomma
et al., 2001; Kessler and Baldwin, 2002; Glazebrook,
2005). In nature, however, plants often deal with simultaneous or subsequent invasion by multiple aggressors, which can influence the primary induced defense
response of the host plant (Van der Putten et al., 2001;
Bezemer and Van Dam, 2005; Stout et al., 2006). Hence,
plants need regulatory mechanisms to effectively adapt
to changes in their hostile environment. Cross talk between induced defense-signaling pathways is thought
to provide the plant with such a powerful regulatory
potential. Signaling interactions can be either mutually
antagonistic or synergistic, resulting in negative or
positive functional outcomes. Hence, cross talk can be
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interpreted as an inclusive term for the interaction
between signaling pathways (Bostock, 2005). Cross
talk helps the plant to minimize energy costs and
create a flexible signaling network that allows the
plant to finely tune its defense response to the invaders
encountered (Reymond and Farmer, 1998; Pieterse
et al., 2001; Bostock, 2005). Yet, it seems that insect
herbivores and pathogens have also evolved to manipulate plants for their own benefit by suppressing
induced defenses through modulation of the plant’s
defense-signaling network (Pieterse and Dicke, 2007).

DEFENSE SIGNAL INTERACTIONS TO
FINE-TUNE DEFENSE

Molecular and genomic tools are now being used
to uncover the complexity of the induced defensesignaling networks that have evolved during the arms
race between plants and their attackers (Pieterse and
Dicke, 2007). Global expression-profiling studies provided ample evidence that SA, JA, and ET pathways
interact, either positively or negatively (Glazebrook
et al., 2003; De Vos et al., 2005). One of the bestcharacterized examples of defense-related signal cross

talk is the interaction between the SA and JA response
pathways (Rojo et al., 2003; Bostock, 2005; Beckers
and Spoel, 2006). Although most reports indicate a
mutually antagonistic interaction between SA- and JAdependent signaling, synergistic interactions have been
described as well (Schenk et al., 2000; Van Wees et al.,
2000; Mur et al., 2006). As a result of negative cross talk
between SA and JA, activation of the SA response
should render a plant more susceptible to attackers
that are resisted via JA-dependent defenses and vice
versa (Fig. 1). Indeed, many examples of trade-offs
between SA-dependent resistance against biotrophic
pathogens and JA-dependent defense against insect
herbivory and necrotrophic pathogens have been
reported (Pieterse et al., 2001; Bostock, 2005; Stout
et al., 2006). In Arabidopsis (Arabidopsis thaliana), Spoel
et al. (2007) recently showed that SA-mediated defenses that are triggered upon infection by a virulent
strain of the biotrophic pathogen Pseudomonas syringae
rendered infected tissues more susceptible to infection
by the necrotrophic pathogen Alternaria brassicicola by
suppressing the JA-signaling pathway. Similarly, infection by the biotrophic pathogen Hyaloperonospora
parasitica strongly suppressed JA-mediated defenses
that were activated upon feeding by caterpillars of the

Figure 1. Schematic representation of mutually antagonistic cross talk between SA- and JA-dependent defense-signaling
pathways in Arabidopsis. SA-mediated defenses are predominantly effective against biotrophic pathogens, such as H. parasitica,
P. syringae, and Turnip crinkle virus, whereas JA-mediated defenses are primarily effective against herbivorous insects, such as P.
rapae caterpillars and thrips (Frankliniella occidentalis), and against necrotrophic pathogens, such as A. brassicicola. Cross talk
between SA and JA signaling is typically visualized by monitoring the expression of SA-responsive genes, such as PR-1, and
JA-responsive genes, such as PDF1.2. In the middle of the figure, a pharmacological experiment is shown in which exogenous
application of 1 mM SA to the leaves of wild-type Arabidopsis Col-0 plants resulted in the accumulation of PR-1 mRNA and
activation of the PR-1 promoter that is fused to the GUS reporter gene. Application of 100 mM MeJA resulted in the accumulation
of PDF1.2 mRNA and the activation of the PDF1.2 promoter that is fused to the GUS reporter gene. The combined treatment with
SA and MeJA resulted in strong SA-mediated suppression of the JA-responsive PDF1.2 gene, thereby exemplifying the
antagonistic effect of SA on JA signaling. Depending on the plant-attacker interaction, SA/JA cross talk has been demonstrated in
both directions. Photos: Hans van Pelt.
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small cabbage white Pieris rapae (H.A. Leon-Reyes and
C.M.J. Pieterse, unpublished data).
Besides SA/JA cross talk, interactions between SA
and ET, JA and ABA, and JA and ET have been shown
to function in the adaptive response of plants to herbivores and pathogens with different lifestyles. For
instance, ET produced by Arabidopsis upon herbivory
by P. rapae was demonstrated to prime the plant for
enhanced SA-mediated defenses that are activated upon
infection by Turnip crinkle virus, resulting in enhanced
resistance against this biotrophic pathogen (De Vos
et al., 2006). Furthermore, transcription factors MYC2
and ETHYLENE RESPONSE FACTOR1 (ERF1) were
found to function as important signaling nodes that
integrate signals from the JA, ABA, and ET pathways
(Anderson et al., 2004; Lorenzo et al., 2004). MYC2dependent gene expression is synergistically induced
by JA and ABA in response to wounding, whereas
ERF1-dependent gene induction is controlled by the
combined action of JA and ET in response to pathogen
attack. Depending on the signal input, these transcription factors differentially activate JA-responsive pathogen defense and wound response genes (Lorenzo and
Solano, 2005; Dombrecht et al., 2007), thereby modulating the primary JA response to enhanced defense
against necrotrophic pathogens or insect herbivores,
respectively.

DECOY OF PLANT DEFENSE

Cross talk between defense-signaling pathways is
thought to help the plant decide which defensive
strategy to follow, depending on the type of attacker
it is encountering. Yet, it seems that attackers have also
evolved to manipulate plants for their own benefit
by suppressing induced defenses or modulating the
defense-signaling network (Pieterse and Dicke, 2007).
For instance, herbivorous nymphs of the silverleaf
whitefly (Bemisia tabaci) may activate the SA-signaling
pathway as a decoy strategy because effectual JAdependent defenses are consequently suppressed, resulting in enhanced insect performance (Zarate et al.,
2007). Similarly, egg-derived elicitors from P. rapae and
the large cabbage white Pieris brassicae have been suggested to suppress JA-dependent defenses via SA/JA
cross talk to benefit hatching larvae (Little et al., 2007).
Microbial pathogens have acquired the ability to manipulate the plant’s signaling infrastructure by producing phytohormones or their functional mimics to
trick the plant into activating inappropriate defenses
(Robert-Seilaniantz et al., 2007). For instance, virulent
P. syringae bacteria produce coronatine that functions
as a potent mimic of JA-Ile (Nomura et al., 2005). It is
assumed that coronatine triggers hypersensitive induction of JA-Ile responses, resulting in suppression of
effectual SA-dependent defenses through pathway cross
talk, as well as enhanced growth of the pathogen (Zhao
et al., 2003; Brooks et al., 2005; Cui et al., 2005; LaurieBerry et al., 2006).
Plant Physiol. Vol. 146, 2008

MOLECULAR PLAYERS IN SA/JA CROSS TALK

Several studies have demonstrated that exogenous
application of SA suppresses the expression of JA
biosynthesis genes, suggesting that SA may target the
JA biosynthesis pathway to suppress downstream JA
signaling (Peña-Cortés et al., 1993; Doares et al., 1995;
Spoel et al., 2003). However, Doares et al. (1995)
provided evidence that exogenous application of SA
to tomato (Solanum lycopersicum) plants strongly inhibited the JA-induced expression of genes encoding
proteinase inhibitors I and II, suggesting that SA also
targets the JA pathway downstream of JA biosynthesis. Over the past years, various regulatory components with a role in SA/JA cross talk have been
identified. Below, we will discuss the most prominent
molecular players of SA/JA cross talk in more detail.

NPR1

SA plays a central role in the regulation of systemic
acquired resistance, which is predominantly effective
against biotrophic pathogens. Transduction of the SA
signal leads to activation of genes encoding pathogenesis-related (PR) proteins, some of which have antimicrobial activity (Van Loon et al., 2006b). The regulatory
protein NONEXPRESSOR OF PR GENES1 (NPR1) is
required for transduction of the SA signal because mutations in the NPR1 gene render the plant largely unresponsive to pathogen-induced SA production (Dong,
2004). In wild-type Arabidopsis cells, SA-mediated
changes in the redox status regulate the nucleocytoplasmic localization of NPR1. Upon localization to the
nucleus, NPR1 interacts with TGA transcription factors, resulting in the activation of SA-responsive
PR genes (Dong, 2004). SA-mediated suppression of
JA-inducible gene expression is blocked in mutant
npr1 plants, demonstrating a crucial role for NPR1 in
the cross talk between SA and JA signaling (Spoel
et al., 2003, 2007). Using npr1 plants expressing recombinant NPR1 protein with a glucocorticoid receptor
hormone-binding domain to control the nucleocytoplasmic localization of the NPR1 protein, Spoel et al.
(2003) showed that nuclear localization of NPR1 is not
required for SA-mediated suppression of the JA response. This indicates that the SA-induced suppression
of the JA response is controlled by a novel function of
NPR1 in the cytosol. Recently, a similar function of
NPR1 in cross talk was reported in rice (Oryza sativa;
Yuan et al., 2007). Overexpression of cytosolic OsNPR1
suppressed JA-responsive transcription and enhanced
the level of susceptibility to insect herbivory. Moreover, NPR1-dependent suppression of the JA response
was no longer present in plants expressing OsNPR1
that was constitutively targeted to the nucleus. Interestingly, a recent report on NPR1-silenced wild tobacco (Nicotiana attenuata) plants demonstrated that
these transgenic plants accumulated increased levels
of SA upon insect herbivory and were highly suscep841
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tible to herbivore attack (Rayapuram and Baldwin,
2007). It was proposed that in wild-type plants NPR1
is required to negatively regulate SA production during herbivore attack and thus suppress SA/JA cross
talk to allow induction of JA-mediated defenses against
herbivores. These results highlight the regulatory role
of NPR1 in cross talk. Yet, it also demonstrates that
molecular mechanisms of induced defense as identified in model systems should be tested in the ecological context in which the plant species under study
coevolved with its natural enemies to fully understand
its biological function.

WRKY TRANSCRIPTION FACTORS

WRKY transcription factors are important regulators of SA-dependent defense responses (Maleck et al.,
2000; Wang et al., 2006) and some of them have been
implicated in SA/JA cross talk. Arabidopsis WRKY70
was identified as a node of convergence between SA
and JA signaling when Li et al. (2004) showed that
overexpression of WRKY70 caused enhanced expression of SA-responsive PR genes and concomitantly
suppressed methyl jasmonate (MeJA)-induced expression of the JA-responsive marker gene PLANT
DEFENSIN1.2 (PDF1.2). Hence, WRKY70 acts as a
positive regulator of the SA-mediated defenses while
repressing the JA response. Besides WRKY70, WRKY11
and WRKY17 of Arabidopsis have also been implicated in SA/JA cross talk. In a double mutant in which
WRKY11 and WRKY17 were knocked out, transcripts
of SA-responsive genes accumulated to higher levels,
whereas those of JA-responsive genes were notably
lower. Expression of WRKY70 was up-regulated in
this double mutant, suggesting that WRKY11 and
WRKY17 function as negative regulators of WRKY70
(Journot-Catalino et al., 2006). Recently, WRKY62 was
added to the list of WRKY transcription factors with a
putative role in SA/JA cross talk. Mao et al. (2007)
reported that the expression of WRKY62 was synergistically induced by SA and JA in wild-type Columbia-0
plants, but not in mutant npr1-3. Furthermore, transposon-tagged wrky62 plants showed enhanced MeJAinduced transcription of the JA-responsive genes
LIPOXYGENASE2 (LOX2) and VEGETATIVE STORAGE PROTEIN2 (VSP2), whereas overexpression of
WRKY62 resulted in suppression of these genes. These
findings point to a repressive effect of WRKY62 on the
JA response.

GLUTAREDOXIN GRX480

Another putative regulator in SA/JA cross talk is the
glutaredoxin GRX480. Glutaredoxins catalyze thiol disulfide reductions and have been implicated in redoxdependent regulation of protein activities (Lemaire,
2004). Recently, Ndamukong et al. (2007) identified
this glutaredoxin in a two-hybrid screen for interactors
842

with TGA transcription factors. Expression of GRX480
was found to be inducible by SA and dependent on
NPR1. Interestingly, overexpression of GRX480 completely abolished MeJA-induced PDF1.2 expression,
but hardly affected the induction of the JA-responsive
genes LOX2 and VSP2. This suggests that GRX480 affects only a subset of the JA-responsive genes that are
sensitive to SA-mediated suppression. The suppressive effect of GRX480 on PDF1.2 induction was abolished in the tga2 tga5 tga6 triple mutant, indicating that
the interaction between GRX480 and TGA transcription factors is essential for GRX480-dependent cross
talk (Ndamukong et al., 2007). These results suggest a
model in which SA-activated NPR1 induces GRX480,
which in turn interacts with TGA transcription factors
to suppress JA-responsive gene induction. Recently,
we found that the antagonistic effect of SA on JAresponsive gene transcription is linked to SA-induced
changes in the cellular redox potential (A. Koornneef,
T. Ritsema, and C.M.J. Pieterse, unpublished data),
corroborating the notion that SA/JA cross talk is redox
regulated.

MPK4

Mitogen-activated protein (MAP) kinases transfer
information from sensors to cellular responses in all
eukaryotes. It is therefore not surprising that several
MAP kinases have been implicated in plant defense
signaling (Menke et al., 2004; Nakagami et al., 2005).
Petersen et al. (2000) identified MAP KINASE4 (MPK4)
as a negative regulator of SA signaling and a positive
regulator of JA signaling in Arabidopsis. Inactivation of
MPK4 in mutant mpk4 plants resulted in elevated SA
levels and constitutive expression of SA-responsive
PR genes, suppression of JA-responsive genes, and enhanced susceptibility to the necrotroph A. brassicicola.
Interestingly, the mpk4 mutation blocked JA-responsive
gene expression independently of SA accumulation,
as SA-nonaccumulating mpk4/NahG transgenics still
exhibited increased susceptibility to A. brassicicola
and suppression of MeJA-induced PDF1.2 expression
(Petersen et al., 2000; Brodersen et al., 2006). ENHANCED
DISEASE SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN-DEFICIENT4 (PAD4) were identified as
downstream effectors of MPK4 function, having the
opposite effect of MPK4 by behaving as activators of
SA signaling and repressors of JA signaling (Brodersen
et al., 2006). Another target of MPK4 is its substrate
MAP KINASE 4 SUBSTRATE1 (MKS1). Phosphorylation of MKS1 is thought to repress SA signaling
because MKS1-RNAi could partially rescue the PR-1overexpressing phenotype of mpk4. However, over- or
underexpression of MKS1 did not affect PDF1.2 gene
expression, indicating that other downstream targets
of MPK4 are involved in JA signaling. MKS1 was
demonstrated to interact with two WRKY transcription factors, WRKY25 and WRKY33, which can both be
phosphorylated by MPK4 (Andreasson et al., 2005).
Plant Physiol. Vol. 146, 2008
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These WRKYs might be downstream targets of MPK4
that contribute to the repression of SA responses because overexpression of both WRKY25 and WRKY33
resulted in decreased pathogen-induced PR-1 expression and enhanced susceptibility to P. syringae (Zheng
et al., 2006, 2007). Interestingly, wrky33 mutant plants
showed increased susceptibility to the necrotrophs
Botrytis cinerea and A. brassicicola and reduced PDF1.2
expression (Zheng et al., 2006), again highlighting the
role of WRKY transcription factors in SA/JA cross talk.

CONCLUDING REMARKS

In the past years, significant progress was made in
elucidating the molecular mechanism underlying the
interplay between hormone-regulated defense-signaling
pathways. Several molecular players in pathway cross
talk have been identified. However, translation of
molecular mechanisms to predictability of trade-offs
between herbivore and pathogen resistance requires
additional research. To date, studies on trade-offs between induced insect and pathogen resistance have
often been performed with individual plant-attacker
interactions under a limited set of abiotic conditions.
This type of research is highly valuable because only
under controlled conditions can the highly flexible
induced defense-signaling network be uncovered and
novel mechanisms of regulation elucidated. However,
because plant defense mechanisms evolved during the
coevolutionary arms race between plants and their natural enemies and come with costs in addition to benefits, insights into their biological significance should
ideally come from ecological studies. Therefore, to
understand the functioning of the complex defensesignaling network in nature, molecular biologists and
ecologists should join forces to place molecular mechanisms of induced plant defenses in an ecological
perspective.
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