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CHAPTER 1

General introduction:
Hormonal  modulation of plant immunity

Adapted from: 
Pieterse, C.M.J., Van der Does, D., Zamioudis, C., Leon-Reyes, A., and Van Wees, S.C.M. 

Hormonal modulation of plant immunity. 
Annual Review of Cell and Developmental Biology, in press (2012)



10

Chapter 1

THE PLANT IMMUNE SYSTEM

Hosting the Good, the Bad, and the Ugly

Plants play a vital role in the sustainability of life on Earth as they fix the solar energy that 
drives nearly all living processes. Plants are exploited by a plethora of parasites, including 
viruses, bacteria, fungi, oomycetes, nematodes, insects, and even other plants. To cope 
with their enemies, plants possess a highly sophisticated defense system that, similar to 
the animal innate immune system, recognizes non-self molecules or signals from their own 
injured cells and responds by activating an effective immune response against the invader 
encountered (Jones and Dangl, 2006; Howe and Jander, 2008). Successful pathogens 
and insects can actively interfere with the plant immune system to establish a prolonged 
interaction with the plant. Beneficial associations between plants and microbes are frequent 
in nature as well. They often reside in the roots or the rhizosphere and significantly improve 
plant growth or help the plant to overcome biotic or abiotic stress. Because beneficial 
microbes are initially recognized as potential invaders, active interference with the plant 
immune system is fundamental for the establishment of an intimate mutualistic relationship 
with the plant (Zamioudis and Pieterse, 2012). 

Innate immunity to plant pathogens

According to their lifestyles, plant pathogens are generally divided into necrotrophs and 
biotrophs (Glazebrook, 2005). Necrotrophic pathogens first destroy host cells, often through 
the production of phytotoxins and cell wall-degrading enzymes, after which they feed on 
the contents. Pathogens with a biotrophic lifestyle derive nutrients from living host tissues, 
commonly through specialized feeding structures. Some plant pathogens display both 
lifestyles, depending on the stage of their life cycle, and are called hemi-biotrophs. 

In recent years, exciting new discoveries have greatly advanced our understanding of 
how the co-evolutionary arms race between plants and pathogens has shaped the plant 
immune system into a refined defensive shield capable of warding off the majority of 
harmful organisms (Boller and Felix, 2009; Zipfel, 2009; Thomma et al., 2011). Currently, the 
evolutionary development of the plant immune system is represented as a zig-zag model 
(Jones and Dangl, 2006). First, pathogen- or microbe-associated molecular patterns (PAMPs 
or MAMPs), such as flagellin, chitin, glycoproteins, and lipopolysaccharides, or endogenous 
plant-derived signals that arise from damage caused by pathogen infection, called damage-
associated molecular patterns (DAMPs), are recognized by pattern-recognition receptors 
(PRRs). This results in the activation of PAMP-triggered immunity (PTI). Successful pathogens 
acquired so-called effector molecules to breach this first line of defense, either by preventing 
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detection of their PAMPs by the host (De Jonge et al., 2010; Bardoel et al., 2011), or by 
suppressing PTI signaling. In an ongoing arms race, plants acquired a second line of defense 
in which resistance (R) proteins mediate recognition of these attacker-specific effectors, 
resulting in effector-triggered immunity (ETI).

Plant defenses against insect herbivores

Herbivorous insect species can be roughly divided into the categories tissue-chewing and 
piercing-sucking, depending on their feeding strategy (Schoonhoven et al., 2005). To fend 
off insect herbivores, plants use two distinct strategies: induced direct defense, which 
targets the attacker, and induced indirect defense, which is aimed at recruiting the natural 
enemies of the attacker (Howe and Jander, 2008; Dicke and Baldwin, 2010; Wu and Baldwin, 
2010). Direct defense includes the production of secondary chemicals or enzymes that 
act as toxins or feeding deterrents, whereas indirect defense involves the production of a 
blend of volatiles that attracts predatory or parasitic enemies of the herbivores. Relatively 
little is known about the molecular recognition events that trigger plant immunity to insect 
herbivores. In response to tissue damage, endogenous plant signals (DAMPs) are produced 
that play an important role in the perception of herbivory. Moreover, plants can recognize 
specific insects via the perception of herbivore-associated molecular patterns (HAMPs) from 
insect secretions or plant compounds that are modified by the insect while feeding (Howe 
and Jander, 2008; Wu and Baldwin, 2010; Hogenhout and Bos, 2011).

Modulation of plant immunity: A matter of hormones

Downstream of PTI or ETI activation, or other early molecular recognition events of 
microbes and insects, diverse plant hormones act as central players in triggering of the 
plant immune signaling network (Howe and Jander, 2008; Bari and Jones, 2009; Pieterse et 
al., 2009; Katagiri and Tsuda, 2010). Analogous to animal hormones, plant hormones were 
originally recognized as regulators of growth and development (Santner and Estelle, 2009). 
Salicylic acid (SA) and jasmonic acid (JA) with its derivatives (collectively called jasmonates 
(JAs)) are recognized as major defense hormones (Browse, 2009; Vlot et al., 2009). However, 
the hormones ethylene (ET) (Van Loon et al., 2006a), abscisic acid (ABA) (Ton et al., 2009), 
gibberellins (GAs) (Navarro et al., 2008), auxins (Kazan and Manners, 2009), cytokinins 
(CKs) (Walters and McRoberts, 2006), brassinosteroids (Nakashita et al., 2003), and nitric 
oxide (NO) (Moreau et al., 2010) function as modulators of the plant immune signaling 
network as well. Changes in hormone concentration or sensitivity triggered during parasitic 
interactions mediate a whole range of adaptive plant responses, often at the cost of growth 
and development (Walters and Heil, 2007). The composition and timing of the hormonal 
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blend produced can determine whether plant tissues become more susceptible or resistant 
to the invading organism (Verhage et al., 2010). 

Antagonistic and synergistic interactions between diverse hormone signal transduction 
pathways add yet another layer of regulation. This so-called hormone crosstalk (Mundy et 
al., 2006; Jaillais and Chory, 2010) provides the plant with a powerful capacity to finely 
regulate its immune response to the invader encountered and to utilize its resources in a 
cost-efficient manner. Hormone crosstalk is a rapidly developing theme in plant immune 
signaling research (Spoel and Dong, 2008; Pieterse et al., 2009; Robert-Seilaniantz et al., 
2011a). 

THE SALICYLIC ACID/JASMONIC ACID BACKBONE OF THE PLANT IMMUNE SIGNALING 
NETWORK

Salicylic acid pathway 

The plant hormone SA plays a major role in disease resistance signaling (Vlot et al., 2009). The 
SA response pathway is typically (but not exclusively) effective against microbial biotrophic 
pathogens (Glazebrook, 2005). SA is a phenolic compound that can be synthesized from 
the primary metabolite chorismate via two distinct enzymatic pathways, one involving 
PHENYLALANINE AMMONIA LYASE (PAL) and the other ISOCHORISMATE SYNTHASE (ICS/
SID2) (Garcion and Métraux, 2006) (Fig. 1a). SA biosynthesis is triggered during PTI and ETI 
upon recognition of PAMPs or effectors of pathogens (Mishina and Zeier, 2007). Transient 
microbe-induced effects on Ca2+ levels are important early signaling events upstream of SA 
biosynthesis (Du et al., 2009). Subsequently, the lipase-like proteins ENHANCED DISEASE 
SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN DEFICIENT4 (PAD4) act in the onset of SA 
biosynthesis during PTI. When ETI is initiated by TIR-NBS-LRR-type R proteins, SA biosynthesis 
is mediated by EDS1 and PAD4 (Wiermer et al., 2005), but when CC-NBS-LRR-type R proteins 
trigger ETI, NON-RACE-SPECIFIC DISEASE RESISTANCE1 (NDR1) functions in the onset of SA 
production (Bernoux et al., 2011). 

Signaling downstream of SA is largely controlled by the regulatory protein NONEXPRESSOR 
OF PR GENES1 (NPR1), which upon activation by SA acts as a transcriptional co-activator 
of a large set of defense-related genes (Dong, 2004; Moore et al., 2011) (Fig. 1a). These 
PR (PATHOGENISIS-RELATED) genes are a diverse group, but several encode proteins with 
anti-microbial activity (Van Loon et al., 2006b). Amongst the best characterized PR genes is 
PR-1, which is often used as a robust marker for SA-responsive gene expression. In addition, 
many WRKY transcription factor genes are SA inducible. WRKY transcription factors activate 
or repress SA responses, which highlights their role in both SA-mediated resistance and 
feedback control of the SA signaling pathway (Wang et al., 2006; Rushton et al., 2010). 
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Figure 1: Schematic overview of the (a) salicylic acid (SA) and (b) jasmonic acid (JA) signaling pathways, as 
summarized in the text. (a,b, left panels) Basal SA and JA signaling in uninduced cells is depicted. (a,b, right 
panels) SA and JA signaling in induced cells is shown. Both early (WRKYs, ERF1, ORA59) and late (PR-1, PDF1.2, 
and VSP2) SA- and JA-responsive genes are depicted. Solid arrows indicate established activities or accumulation 
of compounds; dashed arrows represent relatively low activities; and red inhibition lines and crosses indicate 
repression of transcription. ORA59 (grey) is a hypothesized target of EIN3/EIL1. Abbreviations: Phe, phenylalanine; 
Ch, chorismate; Ub, ubiquitinated protein; P, phosphorylated protein.
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Nuclear translocation of NPR1 is an important regulatory step in SA signaling. In 
resting cells, the majority of NPR1 is sequestered in the cytoplasm as an oligomer 
through intermolecular disulfide bonds that are facilitated by S-nitrosylation of NPR1 via 
S-nitrosoglutathione (GSNO) (Tada et al., 2008), a process in which NO is covalently attached 
to a reactive cysteine thiol to form an S-nitrosothiol (SNO) (Lindermayr et al., 2005). The 
relatively small amount of NPR1 monomers that constitutively translocate to the nucleus 
are ubiquitinylated and targeted to the proteasome to prevent untimely activation of NPR1 
target genes (Spoel et al., 2009). SA-induced changes in the cellular redox state accommodate 
monomerization of NPR1 by the activity of the thioredoxins TRX-H3 and TRX-H5 (Tada et al., 
2008). In SA-induced cells, large amounts of monomeric NPR1 translocate to the nucleus 
via nuclear pore proteins, such as MODIFIER OF snc1 (MOS) 3, 6, and 7 (Cheng et al., 2009; 
Monaghan et al., 2010). In the nucleus, NPR1 monomers interact with members of the TGA 
subclass of the basic leucine zipper (bZIP) family of transcription factors that bind to the 
promoters of SA-responsive genes, such as PR-1, resulting in their activation (Després et 
al., 2000; Fan and Dong, 2002). During this process, NPR1 becomes phosphorylated and 
subsequently ubiquitinylated by an E3 ubiquitin ligase with high affinity for phosphorylated 
NPR1, after which it is targeted for degradation by the proteasome. This clearance of 
phosphorylated NPR1 from the target gene promoter is required for full induction of the 
SA-responsive target genes, probably because it allows new NPR1 monomers to reinitiate 
the transcription cycle (Spoel et al., 2009). Importantly, Fu et al. (2012) recently identified 
the NPR1 paralogs NPR3 and NPR4 as receptors for SA, which were shown to facilitate NPR1 
degradation through the Cullin 3 (CUL3) ubiquitin E3 ligase. NPR3 and NPR4 were able 
to bind SA. In addition, Arabidopsis npr3npr4 double mutants accumulated higher levels 
of NPR1, and interaction between NPR1 and CUL3 was found to depend on NPR3/NPR4. 
Moreover, like cul3acul3b double mutants, npr3npr4 double mutants were insensitive to 
induction of SAR (Fu et al., 2012). Remarkably, another recent study shows that NPR1 itself 
could also be a SA receptor, as it is able to bind SA directly (Wu et al., 2012).

Several negative regulators, such as the NPR1-interacting proteins NIM1-INTERACTING1 
(NIMIN1), 2 and 3, and SUPPRESSOR OF npr1 INDUCIBLE1 (SNI1) keep SA- and NPR1- 
regulated genes in check (Li et al., 1999; Weigel et al., 2005; Pape et al., 2010), possibly to 
prevent untimely activation. NIMINs inhibit promoter activity of defense genes  likely by 
targeting TGA transcription factors (Weigel et al., 2005), while SNI1 exerts its negative effect 
through association with defense gene promoters, possibly via interaction with an unknown 
DNA-binding protein (Song et al., 2011). Upon activation of SA signaling, SNI1 is removed 
from the promoter, likely through its physical interaction with DNA damage repair proteins 
SUPPRESSOR OF sni1 2 (SSN2) and RAS ASSOCIATED WITH DIABETES51D (RAD51D). A 
complex of RAD51 (a paralog of RAD51D) and BRCA2A (BREAST CANCER2A) is also recruited 
to the PR-1 promoter, which, together with SSN2 and RAD51D, positively regulates plant 
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immune gene expression, likely through a direct effect on DNA accessibility (Durrant et al., 
2007; Wang et al., 2010; Song et al., 2011).  

Once the SA pathway is activated at the site of infection, a similar response is often 
triggered in distal plant parts to protect undamaged tissues against subsequent pathogen 
invasion. This long-lasting and broad-spectrum induced resistance is referred to as systemic 
acquired resistance (SAR) (Vlot et al., 2009). 

Jasmonic acid pathway

JA and its structurally related metabolites are lipid-derived compounds that are synthesized 
rapidly via the oxylipin biosynthesis pathway upon pathogen or insect attack (Gfeller et al., 
2010). JA biosynthesis starts with the release of α-linolenic acid (α-LA) from membrane 
lipids (Fig. 1b). The subsequent enzymatic pathway reactions and their subcellular 
localization are well-documented (Wasternack, 2007; Browse, 2009). Upon synthesis, JA can 
be readily metabolized to methyl jasmonate (MeJA) through the activity of JA CARBOXYL 
METHYLTRANSFERASE (JMT) (Seo et al., 2001), or conjugated to amino acids such as 
isoleucine via the JA conjugate synthase JAR1 (Staswick and Tiryaki, 2004), which results in a 
biologically highly active enantiomer of  jasmonoyl-isoleucine (JA-Ile) (Fonseca et al., 2009).

The F-box protein CORONATINE INSENSITIVE1 (COI1) is a key regulator of the JA 
signaling pathway. Together with JASMONATE ZIM-domain (JAZ) transcriptional repressor 
proteins, it functions as a JA-Ile receptor in the E3 ubiquitin-ligase Skip-Cullin-F-box complex 
SCFCOI1 (Yan et al., 2009; Sheard et al., 2010). Binding of JA-Ile to COI1 leads to ubiquitination 
and subsequent degradation of JAZ repressor proteins via the proteasome (Pauwels and 
Goossens, 2011). In resting cells, JAZ proteins act as transcriptional repressors of JA signaling 
by binding to positive transcriptional regulators, such as the basic helix-loop-helix leucine 
zipper proteins MYC2, 3 and 4 (Fernandez-Calvo et al., 2011; Niu et al., 2011). The adaptor 
protein NOVEL INTERACTOR OF JAZ (NINJA) interacts with the ZIM-domain of most JAZ 
proteins (Pauwels et al., 2010). Through its ERF-ASSOCIATED AMPHIPHILIC REPRESSION 
(EAR)-motif (Kazan, 2006), NINJA recruits the co-repressor TOPLESS (TPL), thereby 
preventing untimely activation of the JA pathway (Pauwels et al., 2010). In JA-stimulated 
cells, the physical interaction between JAZ proteins and transcriptional activators is broken, 
which results in de-repression of the JA signaling pathway and activation of a large number 
of JA-responsive genes (Memelink, 2009).

In Arabidopsis, two major branches of the JA signaling pathway are recognized: the 
MYC branch and the ERF branch. The MYC branch is controlled by MYC-type transcription 
factors as described above and includes the JA-responsive marker gene VEGETATIVE 
STORAGE PROTEIN2 (VSP2). The ERF branch is regulated by members of the APETALA2/
ETHYLENE RESPONSE FACTOR (AP2/ERF) family of transcription factors, such as ERF1 and 
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OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF domain containing protein 59 (ORA59) 
(Lorenzo et al., 2003; Dombrecht et al., 2007; Pré et al., 2008), and includes the JA-responsive 
marker gene PLANT DEFENSIN1.2 (PDF1.2). Activation of the ERF branch of the JA pathway 
requires both JA and ET signaling, but the molecular basis of the role of COI1/JAZs in the 
regulation of this branch, in contrast to the MYC branch, is not well understood. Recently, it 
was shown that the ET-stabilized transcription factors ETHYLENE INSENSITIVE3 (EIN3) and 
EIN3-LIKE1 (EIL1) interact directly with JAZ proteins and recruit HISTONE DEACETYLASE6 
(HDA6) as a co-repressor to inhibit the transcriptional activity of EIN3/EIL1 in un-induced 
cells (Zhu et al., 2011). In JA- and ET-stimulated cells, COI1-dependent degradation of JAZ 
proteins enhances the transcriptional activity of EIN3/EIL1. This results in the activation of 
ERF1 (and possibly also ORA59) and its downstream target genes, such as the ERF branch 
marker gene PDF1.2. In general, the ERF branch of the JA pathway is associated with 
enhanced resistance to necrotrophic pathogens (Berrocal-Lobo et al., 2002; Lorenzo et al., 
2003), whereas the MYC branch of the JA pathway is associated with the wound-response 
and defense against insect herbivores (Lorenzo et al., 2004; Kazan and Manners, 2008), 
although MYC2 also plays a role in priming for enhanced pathogen defense (Pozo et al., 
2008; Van der Ent et al., 2009b). 

Once the JA pathway is activated, e.g. at the site of wounding or herbivory, a similar JA-
dependent response can be triggered in distal, undamaged plant parts. This wound-induced 
resistance involves chemical defenses such as the production of repellent, antinutritive, or 
toxic compounds, which help the plant to protect itself against future invasion by insect 
herbivores (Howe and Jander, 2008).

Crosstalk between the salicylic acid and jasmonic acid pathways

Transcriptome analyses of wild-type and mutant Arabidopsis plants challenged by different 
attackers revealed complex regulatory relationships between hormone signaling sectors of 
the plant immune signaling network (Glazebrook et al., 2003; De Vos et al., 2005; Tsuda 
et al., 2009; Sato et al., 2010; Van Verk et al., 2011b). This hormonal crosstalk is thought 
to equip the plant with a powerful regulatory capacity to finely tune its immune response 
to the attacker encountered (Reymond and Farmer, 1998). The first indications for SA/JA 
crosstalk came from studies in tomato, which revealed that SA and its acetylated form 
Aspirin are potent suppressors of the JA-dependent wound response (Doherty et al., 1988; 
Peña-Cortés et al., 1993). Since its discovery in tomato, antagonism between the SA and JA 
pathways was demonstrated in many plant species, including Arabidopsis (Van Wees et al., 
1999; Spoel et al., 2003).

Interplay between SA and JA optimizes the immune response against single attackers, 
such as virulent Pseudomonas syringae, that initially stimulate both the SA and JA pathways, 
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(Spoel et al., 2003). However, in nature, plants are simultaneously or sequentially attacked 
by multiple enemies with often different strategies and different lifestyles. Hence, SA/
JA crosstalk can also be a powerful mechanism to prioritize one pathway over the other, 
depending on the sequence and type of attackers encountered. Indeed, trade-offs between 
SA-dependent resistance to biotrophs and JA-dependent defense against insect herbivores 
or necrotrophs have been reported repeatedly (Kunkel and Brooks, 2002; Bostock, 2005; 
Verhage et al., 2010). For example, induction of the SA pathway by avirulent P. syringae 
suppressed JA signaling and rendered infected Arabidopsis leaves more susceptible to the 
necrotrophic fungus Alternaria brassicicola (Spoel et al., 2007). Similarly, prior inoculation 
with the SA-inducing biotrophic pathogen Hyaloperonospora arabidopsidis suppressed JA-
mediated defenses that were activated upon feeding by caterpillars of the small cabbage 
white Pieris rapae (Koornneef et al., 2008c). 

In Lima bean, SA-inducing phloem-feeding sweetpotato whiteflies (Bemisia tabaci) 
negatively affected JA biosynthesis and JA-dependent indirect plant defenses that were 
triggered by the twospotted spider mites (Tetranychus urticae) on the same plant (Zhang et 
al., 2009). In the absence of whitefly, spider mite-infested plants produce a volatile blend that 
attracts predatory mites that will kill the spider mites. However, in whitefly-infested plants 
this induced indirect defense was suppressed, which resulted in reduced attractiveness to 
predatory mites. This antagonistic effect could be mimicked by SA, which indicates that 
the effect of SA/JA crosstalk extends to plant immune responses against organisms from 
different trophic levels. 

SA/JA crosstalk has also been implicated in adaptive responses to abiotic stresses, 
such as thermotolerance (Clarke et al., 2009) and shade avoidance (Ritsema et al., 2010; 
Ballaré, 2011; Cerrudo et al., 2012). Hence, in addition to its regulatory role in prioritizing 
one induced pathway over the other upon perceiving specific stresses, SA/JA crosstalk may 
help to integrate the ecological context and stress-related life history to prepare a plant for 
future environmental conditions. 

MOLECULAR BASIS OF SALICYLIC ACID/JASMONIC ACID CROSSTALK

In Arabidopsis, the JA-responsive genes PDF1.2 (marker of the ERF branch of the JA pathway) 
and VSP2 (marker of the MYC branch of the JA pathway) are highly sensitive to suppression 
by SA. This suppression by SA occurs irrespective of whether these JA responsive genes are 
activated by necrotrophic pathogens, insect herbivores, or JA (Koornneef et al., 2008c; Leon-
Reyes et al., 2010). Antagonism between the SA and JA response pathways was observed 
in a large number of Arabidopsis accessions collected from different geographic origins 
(Koornneef et al., 2008c) and was even reported to remain active in a next generation (Luna 
et al., 2012), highlighting the potential significance of SA/JA crosstalk in nature.
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Reciprocally, JA signaling can suppress the SA pathway as well. The antagonistic effect 
of JA signaling on SA-dependent defenses has been studied predominantly in the context of 
the interaction between plants and the pathogen P. syringae (Brooks et al., 2005; Nomura et 
al., 2005). P.syringae produces the virulence factor coronatine (COR), which is a phytotoxin 
that functions as a mimic of JA-Ile and suppresses SA-dependent defenses to promote 
susceptibility of the host (see also “Rewiring of the host immune signaling network by 
enemies”, below). However, relatively little is known about the molecular details involved in 
the antagonistic effect of JA signaling on the SA pathway.  

Although many reports describe an antagonistic interaction between the SA and 
JA pathways with corresponding trade-offs in disease and pest resistance, neutral and 
synergistic interactions have been described as well (Schenk et al., 2000; Van Wees et al., 
2000; Mur et al., 2006). For example, treatment of Arabidopsis with low concentrations of 
JA and SA resulted in a synergistic effect on the JA- and SA-responsive genes PDF1.2 and 
PR-1, respectively. At higher concentrations the effects were antagonistic, demonstrating 
that the outcome of the SA/JA interaction is dependent upon the relative concentration of 
each hormone (Mur et al., 2006). Timing and sequence of initiation of SA and JA signaling 
are also important (Koornneef et al., 2008c; Leon-Reyes et al., 2010), indicating that the 
kinetics of hormone biosynthesis and signaling during the interaction between a plant and 
its attacker(s) is crucial for the final defense output of the immune signaling network.

Molecular players in salicylic acid/jasmonic acid crosstalk

Although interactions between the SA and JA response pathways can be either antagonistic, 
synergistic or neutral, antagonistic interactions seem to prevail (Pieterse et al., 2009; 
Tsuda et al., 2009). Here we describe our current understanding of proteins that play a 
role in regulating SA-mediated suppression of the JA pathway (Fig. 2). The effects of other 
hormones on the balance between the SA and JA response pathways are discussed below.

Mitogen-acivated protein kinases. Mitogen-activated protein (MAP) kinases transfer 
information from sensors to cellular responses in all eukaryotes and thus play a central role 
in plant immune signaling (Rodriguez et al., 2010). In Arabidopsis, MAP KINASE4 (MPK4) 
was identified as a negative regulator of SA signaling and a positive regulator of JA signaling, 
as mutant mpk4 plants displayed elevated SA levels and constitutive expression of SA-
responsive PR genes, but failed to induce JA defense marker genes (Petersen et al., 2000). 
EDS1 and PAD4, which act early in the SA pathway and stimulate SA biosynthesis, were 
identified as downstream components MPK4 function (Brodersen et al., 2006). Another 
target of MPK4 is its substrate MPK4 SUBSTRATE1 (MKS1). RNAi-mediated knock-down 
of MKS1 partially rescued the PR-1-overexpressing phenotype of mpk4, suggesting that 
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phosphorylation of MKS1 leads to repression of SA signaling (Andreasson et al., 2005). 
However, JA signaling was not affected by MKS1 overexpression or silencing, suggesting that 
alternative substrates of MPK4 target JA signaling. 

Redox regulators. Changes in the cellular reductive and oxidative states play an important 
role in regulating many plant processes, including plant immunity (Foyer and Noctor, 2011; 
Spoel and Loake, 2011). Glutaredoxins (GRXs) and thioredoxins (TRXs) are central players in 
mediating redox regulation of protein activity because of their capacity to catalyze disulfide 
transitions. Both SA and JA affect the cellular redox buffer glutathione. SA increases both 
the cellular amount and the ratio between reduced and oxidized glutathione, whereas JA 
decreases the glutathione pool (Spoel and Loake, 2011). In Arabidopsis, the specific time 
frame in which SA suppresses JA-responsive gene expression coincides with a transient 
increase in the level of glutathione (Koornneef et al., 2008c). The glutathione biosynthesis 
inhibitor L-buthionine-sulfoximine (BSO) impacts this suppressive effect of SA, suggesting 
that SA-mediated modulation of the cellular redox state is an important trigger for the 
attenuation of the JA pathway (Koornneef et al., 2008c). 

The implication of GRX480 in SA/JA crosstalk confirmed the role for redox regulation 
in SA/JA crosstalk (Ndamukong et al., 2007). GRX480 was identified in a two-hybrid screen 
for interactors with TGAs. Overexpression of GRX480 in Arabidopsis did not affect SA-
dependent responses, but it strongly antagonized the transcription of PDF1.2. A grx480 
knockout mutant, however, showed wild-type levels of SA-mediated suppression of the JA 
pathway, indicating that GRX480 is not required for SA/JA crosstalk. Recently, Zander et al. 
(2012) demonstrated that in addition to GRX480, several other TGA-interacting members of 
the ROXY class of GRXs are able to suppress transcription of the ERF branch transcription 
factor gene ORA59. Hence, it is plausible that SA-activated ROXY class GRXs act redundantly 
in SA/JA crosstalk. 

NPR1. The regulatory protein NPR1 is an important transducer of SA-induced redox changes 
and a crucial transcriptional co-activator of many SA-responsive genes (Wang et al., 2006). 
Arabidopsis npr1 mutants are not only impaired in SA signaling, they are also blocked in 
SA-mediated suppression of JA-regulated genes (Spoel et al., 2003; Leon-Reyes et al., 2009). 
Nuclear localization of NPR1 is essential for SA-responsive defense gene expression, but not 
for SA-mediated suppression of the JA pathway (Spoel et al., 2003). Stimulation of the SA 
pathway in Arabidopsis plants overexpressing a fusion protein of NPR1 that was retained in 
the cytosol resulted in wild-type levels of suppression of JA responses, indicating that SA/
JA crosstalk is mediated by cytosolic NPR1 (Spoel et al., 2003). The role of cytosolic NPR1 
in SA/JA cross-talk was confirmed in rice (Oryza sativa) where overexpression of cytosolic 
OsNPR1 suppressed JA-responsive gene transcription, whereas no antagonistic effect on 
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the JA response was recorded when OsNPR1 was constitutively targeted to the nucleus 
(Yuan et al., 2007). Additional evidence is accumulating for a differential role of nuclear and 
cytoplasmic NPR1 in the regulation of SA- and JA-dependent signaling (Glazebrook et al., 
2003; Johansson et al., 2006; Mao et al., 2007; Stein et al., 2008; Leon-Reyes et al., 2009; 
Ramirez et al., 2010). However, the molecular details involved in the differential regulation 
of nuclear versus cytosolic NPR1-mediated responses need to be elucidated. 

Although cytosolic NPR1 seems to be sufficient for SA-mediated suppression of the 
JA pathway, nuclear NPR1 regulates several SA-responsive transcriptional (co)factors with 
a direct or indirect role in the suppression of the JA-responsive gene expression. These 
include GRX480, TGAs, and WRKYs. Their role in SA/JA crosstalk is discussed elsewhere in 
this section. 

TGA transcription factors. TGAs are important regulators of SA-induced expression of PR 
genes (Zhang et al., 2003). In Arabidopsis, seven TGAs interact with NPR1 (Kesarwani et 
al., 2007), while TGA2 and 6 interact with GRX480 (Ndamukong et al., 2007). Because both 
NPR1 and GRX480 have been implicated in SA-mediated suppression of the JA pathway, the 
role of TGAs in SA/JA crosstalk has been tested. Interestingly, the tga256 triple and tga2356 
quadruple mutants, which are impaired in SA-responsive gene expression, are also blocked 
in SA-mediated suppression of the JA pathway (Ndamukong et al., 2007; Zander et al., 2009; 
Leon-Reyes et al., 2010), indicating that TGAs are essential for SA/JA crosstalk. 

TGAs bind to the core motif TGACG in SA-responsive promoters (Lebel et al., 1998). 
The JA- and ET-responsive promoter of PDF1.2 contains a TGACG motif to which TGA2 can 
bind, which suggests that TGAs may directly inhibit promoter activity of JA-responsive 
genes (Spoel et al., 2003). However, deletion of the TGACG motif from the PDF1.2 promoter 
affected neither JA inducibility, nor SA-mediated suppression of the promoter (Spoel et al., 
2003; Zander et al., 2009). Hence, it is likely that TGAs play an indirect role in SA/JA crosstalk, 
e.g. in the activation of a negative regulator, or in the suppression of a so far unknown 
positive regulator of the JA response pathway. 

In addition to their role in SA signaling, TGAs are important for the activation of JA- and 
ET-dependent defense genes in the absence of an SA stimulus (Zander et al., 2009). Because 
of their regulatory role in transcription, it is plausible that in the absence of an SA stimulus 
certain TGAs may function as positive regulators of JA- and ET-responsive gene expression. 
However, upon induction of the SA pathway their negative regulatory role in the JA pathway 
dominates (Zander et al., 2009).

SSI2. SUPPRESSOR OF SA INSENSITIVITY2 (SSI2) was identified in a screen for SA signaling 
components that are associated with NPR1-independent defense signaling (Kachroo et al., 
2001). SSI2 encodes a protein that desaturates stearic acid to oleic acid (18:1) in plant cells. 
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Mutant ssi2 plants have a reduced 18:1 level, which simultaneously signals upregulation 
of the SA pathway and downregulation of the JA pathway (Kachroo et al., 2003). This 
phenotype was independent of whether NPR1 was active. Moreover, lowering the SA 
levels in ssi2 by ectopic expression of the SA hydroxylase gene nahG did not relieve the 
suppressive effect on the JA pathway, suggesting that ssi2/low 18:1-mediated suppression 
of JA signaling is regulated by a component downstream of SA in the SA pathway (Kachroo et 
al., 2001). Genome-wide transcriptional profiling of ssi2 plants revealed that several WRKY 
transcription factor genes potentially have a role in ssi2/low 18:1-induced SA/JA crosstalk. 
Mutations in two of these, WRKY50 and WRKY51, reduced the ssi2/18:1-mediated enhanced 
SA levels and restored JA-responsive gene expression in the ssi2 background, indicating that 
WRKY50 and WRKY51 function together as both positive regulators of the SA pathway and 
negative regulators of the JA pathway (Gao et al., 2011).    

WRKY transcription factors. WRKY transcription factors are important regulators of 
SA-dependent defense responses, and many of them are upregulated themselves by SA 
(Rushton et al., 2010). Several WRKY transcription factors have been implicated in SA/JA 
crosstalk. In addition to their role in ssi2/low 18:1-mediated suppression of JA signaling, 
WRKY50 and WRKY51 were implicated in SA-induced suppression of the JA pathway in 
wild-type plants. Exogenous application of SA suppressed JA-inducible gene expression in 
wild-type, but not in wrky50 or wrky51 mutant plants (Gao et al., 2011). Hence, WRKY50 
and WRKY51 seem to be essential for SA-mediated suppression of JA signaling.

Arabidopsis WRKY70 is an important node of convergence between SA and JA signaling 
(Li et al., 2004; Li et al., 2006). Overexpression of WRKY70 in Arabidopsis enhanced 
the expression of SA-responsive PR genes, whereas it suppressed JA-responsive gene 
expression (Li et al., 2004; Ren et al., 2008). However, mutant wrky70 was not affected in 
the responsiveness to SA and JA, or in the antagonistic effect of SA on the JA pathway (Ren 
et al., 2008; Leon-Reyes et al., 2010). Hence, similar to GRX480, WRKY70 is sufficient but 
not essential for SA-mediated suppression of the JA pathway. Because WRKY70 is induced 
in an SA- and partly NPR1-dependent manner (Li et al., 2004), it is conceivable that SA-
induced WRKY70 negatively affects transcription of JA-responsive genes, which is supported 
by microarray data (Li et al., 2004). 

Another WRKY factor associated with SA/JA crosstalk is WRKY62 (Mao et al., 2007). 
WRKY62 is synergistically induced by SA and JA in wild-type Arabidopsis, but not in mutant 
npr1 plants. Mutant wrky62 plants have enhanced JA-responsive gene expression, whereas 
overexpression of WRKY62 suppresses the JA pathway. Hence, analogous to WRKY70, these 
findings point to a SA- and NPR1-inducible negative regulatory role for WRKY62 in the JA 
response pathway. On the basis of results with overexpression or knock-out lines, WRKY8 
(Chen et al., 2010), WRKY11 and 17 (Journot-Catalino et al., 2006), WRKY18, 40, and 60 (Xu 
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et al., 2006), and WRKY41 (Higashi et al., 2008) also have been connected to SA/JA crosstalk, 
but whether or not they play a redundant role in this process is unknown.  

Targets of salicylic acid antagonism in the jasmonic acid signaling pathway

The list of molecular players in SA/JA crosstalk grows steadily, but relatively little is known 
about their target(s) in the JA signaling pathway. JA signaling is under the control of a positive 
feedback regulatory system, as many JA biosynthesis genes are themselves JA-inducible 
(Wasternack, 2007). In addition to JA biosynthesis enzymes, the downstream SCFCOI1-complex 
and JAZ repressor proteins are central components in JA signal transduction. Interference of 
SA with either one of these components could result in suppression of JA responses, but this 
needs to be investigated. Because the antagonistic effect of SA on the JA pathway is often 
clearly expressed at the level of gene transcription, it is plausible that the JA transcription 
machinery is targeted by SA. Indeed, several transcriptional (co)activators, such as NPR1, 
TGAs, and WRKYs play a role in SA-mediated suppression of JA-responsive genes (Fig. 2). 
Upon induction of the SA pathway, they may act as negative regulators. However, the exact 
mechanism by which these transcriptional (co)activators target the JA response pathway 
needs to be resolved.

Both SA- and JA-responsive gene expression involve alterations in the chromatin 
configuration by covalent modifications of the histone tails in the nucleosome to allow or 
prevent access of the transcription machinery (Moore et al., 2011). Hence, SA-mediated 
chromatin remodeling may also play a role in SA/JA crosstalk. Histone deacetylation, 
mediated by histone deacetylases (HDACs), is generally correlated with transcriptional 
repression (Pfluger and Wagner, 2007). However, chromatin immunoprecipitation analysis 
using an antibody directed against acetylated histone H3 revealed that SA does not affect 
this histone modification at the JA-responsive promoter of PDF1.2 (Koornneef et al., 2008a). 
This finding suggests that chromatin remodeling does not play a major role in SA/JA crosstalk, 
but this also needs further investigation.

HORMONAL MODULATORS OF THE SALICYLIC ACID/JASMONIC ACID BACKBONE

Several other plant hormones antagonistically or synergistically interact with the SA/JA 
backbone of the plant immune signaling network. In addition, plant hormones can have SA- 
and JA-independent effects on plant immunity, but this is outside the scope of this review 
and is described elsewhere (Bari and Jones, 2009; Robert-Seilaniantz et al., 2011a). Here we 
focus on recent developments that have elaborated our understanding of how other plant 
hormones modulate the SA/JA backbone of the plant immune signaling network. 
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Ethylene

The gaseous hormone ET is a major constituent of the blend of defense signals that is 
produced during many plant-attacker interactions and functions as an important modulator 
of plant immunity (Broekaert et al., 2006; Van Loon et al., 2006a; Von Dahl and Baldwin, 
2007). Analyses of global gene expression profiles of pathogen-infected wild-type and 
hormone signaling-defective mutant plants revealed extensive crosstalk between ET and 
the SA and JA signaling sectors of the immune signaling network (Glazebrook et al., 2003; 
Sato et al., 2010). ET can act both positively and negatively on plant immunity. For instance, 
in Arabidopsis ET potentiates SA responsive PR-1 expression (Lawton et al., 1994; De Vos 
et al., 2006) and in tobacco it is essential for the onset of SAR (Verberne et al., 2003). 
Conversely, the ET-responsive transcription factors EIN3 and EIL1 were implicated in global 
repression of PAMP-responsive genes in Arabidopsis, including the SA-biosynthesis gene 
ICS/SID2 resulting in reduced accumulation of SA (Chen et al., 2009). 

ET also greatly affects the outcome of the JA response. When produced in combination 
with JA, such as upon infection by necrotrophic pathogens, ET acts synergistically on the 
expression of the ERF branch of the JA pathway, whereas it antagonizes the MYC branch, 
resulting in prioritization of the immune signaling network toward JA- and ET-dependent 
defense signaling associated with resistance to necrotrophs (Fig. 3) (Lorenzo et al., 2003; 
Anderson et al., 2004; Lorenzo et al., 2004; Pré et al., 2008). Moreover, when the ERF branch 
was activated and the MYC branch suppressed by ORA59 overexpression, plants became 
more attractive to P. rapae larvae (Verhage et al., 2011). Hence, modulation of the JA 
response by ET signaling can negatively affect the plant’s chance to survive insect attack.

 Also during SA/JA signal interaction, ET can play a critical role. ET applied exogenously 
or produced during pathogen infection bypassed the need for NPR1 in the suppression of 
the JA response by SA (Leon-Reyes et al., 2009). Consequently, SA-mediated suppression of 
resistance to the JA- and ET-inducing necrotrophic fungus Alternaria brassicicola became 
uncoupled from NPR1, but not the antagonistic effect SA on JA-dependent resistance against 
the ET-noninducing insect herbivore Frankliniella occidentalis (Western flower thrips). 
Hence, the final outcome of the SA/JA signal interaction during the complex interactions 
between plants and their attackers can be shaped by ET present in the signal signature 
produced upon attack. The molecular events through which ET modulates the role of NPR1 
in SA/JA crosstalk are unknown.

Additionally, ET signaling makes plant tissues immune to future SA-mediated suppression 
of the JA pathway (Leon-Reyes et al., 2010). When the JA and ET signaling pathways are 
activated during or after the onset of the SA response, SA is capable of exerting a strong 
suppressive effect on JA-responsive gene expression. However, when the JA and ET pathways 
are fully induced prior to SA induction, the antagonistic effect of SA on the JA pathway is 
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completely abolished. This effect could be attributed to ET because it was not apparent 
when the ET signaling inhibitor 1-methylcyclopropene (1-MCP) was included. Simultaneous 
induction of the JA and ET pathways through infection by a necrotrophic pathogen, or 
constitutively in mutant cev1 (constitutive expression of VSP1) and transgenic 35S:ORA59 
plants, similarly rendered leaf tissues unresponsive to SA-mediated suppression of the JA 
pathway. This acquired insensitivity to SA antagonism may reflect a mechanism by which 
plants are able to prioritize the JA and ET pathway over the SA pathway, which may be 
important for plant survival during multi-attacker interactions.

Necrotrophic pathogen

Defense against
necrotrophic pathogens,

preferred by insects

ERF1/ORA59

DELLAs

JAZs
PYL4

SCFCOI1

PDF1.2

Defense against
insects

MYCs

VSP2

Herbivorous insect

GA

JAET ABA

Figure 3: Modulation of the JA signaling pathway by ET, ABA and GA (see text for details). Necrotrophic pathogens 
induce JA- and ET-dependent signaling pathways; herbivorous insects induce JA- and ABA-dependent signaling 
pathways. The ET- and the ABA-regulated branches of the JA pathway are mutually antagonistic. Solid lines indicate 
established interactions; dashed lines represent hypothesized interactions; arrows indicate positive effects, and 
red inhibition lines represent negative effects. Abbreviations: ABA, abscisic acid; ET, ethylene; GA, gibberellins; JA, 
jasmonic acid.
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Abscisic acid

Recent discoveries have greatly expanded our understanding of ABA perception and signaling 
(Cutler et al., 2010). In addition to its role in development and adaptation to abiotic stress, 
in particular drought and salinity stress, ABA emerged as an important modulator of the 
plant immune signaling network (Asselbergh et al., 2008; Ton et al., 2009; Cao et al., 2011). 
ABA signaling antagonizes plant immunity by suppressing SA-dependent defenses (Yasuda 
et al., 2008; de Torres-Zabala et al., 2009; Jiang et al., 2010; Cao et al., 2011). In Arabidopsis, 
ABA and SA response mechanisms affect each other at multiple steps, from the level of 
biosynthesis to intermediate components of the signal transduction pathways (Yasuda et 
al., 2008). Hence, plants seem to balance ABA-mediated abiotic stress tolerance and SA-
mediated biotic stress resistance through ABA-SA crosstalk. 

When produced in combination with JA, such as upon wounding or herbivory, ABA acts 
synergistically on the expression of the MYC branch of the JA response pathway, while it 
antagonizes the ERF branch (Abe et al., 2003; Anderson et al., 2004) (Fig. 3). This results in 
prioritization of the immune signaling network towards the MYC branch of the JA pathway 
which is associated with resistance to herbivory (Anderson et al., 2004; Dombrecht et 
al., 2007; Fernandez-Calvo et al., 2011), while resistance to necrotrophs is compromised 
(Anderson et al., 2004). Conversely, JA signaling can function positively on ABA signaling 
by inducing genes such as PYL4 (Lackman et al., 2011), that encode proteins of the ABA 
receptor family. This way certain JA-inducible responses depend on ABA and vice versa. 
Transcription factors from the R2R3-MYB and the NAC families are implicated in ABA-JA 
interactions as well, and as such function as important modulators of plant responses to 
abiotic and biotic stress (Nakashima et al., 2007; AbuQamar et al., 2009; Wu et al., 2009).

Because ABA negatively affects SA signaling and promotes the MYC branch of the JA 
response pathway, it is likely to affect SA/JA crosstalk. Indeed, interactions between ABA, SA 
and JA were shown to play a role in the regulation of basal and β-aminobutyric acid (BABA)-
induced defenses (Flors et al., 2008), but the general biological significance and molecular 
details of this tripartite hormone interaction are still poorly understood.  

Auxin

Auxins play a role in virtually every stage of plant development (Benjamins and Scheres, 
2008). Many microbes can produce auxins themselves or manipulate auxin signaling in 
the host to interfere with normal developmental processes (Kazan and Manners, 2009; 
Robert-Seilaniantz et al., 2011a). Auxin signaling can repress SA levels and signaling (Robert-
Seilaniantz et al., 2011b), so it is not surprising that certain biotrophic pathogens evolved 
ways to exploit this auxin-mediated suppression of SA to enhance susceptibility of the host 
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(Chen et al., 2007). On the contrary, transcript profiling showed that SA signaling impedes 
auxin responses through global repression of auxin-related genes (Wang et al., 2007). 
During PTI, induction of the microRNA miR393 by the bacterial PAMP flagellin targets auxin 
receptors and suppresses auxin signaling, thereby preventing auxin from antagonizing SA 
signaling (Navarro et al., 2006; Robert-Seilaniantz et al., 2011b). This suppression of auxin 
responses resulted in enhanced resistance to P. syringae and H. arabidopsidis, suggesting 
that antagonism of auxin signaling is an intrinsic part of SA-dependent defenses against 
biotrophs. Although overexpression of miR393 rendered plants more resistant to biotrophs, 
it caused enhanced susceptibility to necrotrophs, suggesting that suppression of auxin 
signaling also affects SA/JA crosstalk. In addition, suppression of auxin signaling by miR393 
re-directs the metabolic flow of the tryptophan metabolic pathway by which auxins and 
antimicrobial indole glucosinolates and camalexin are synthesized. As a result, auxin-
suppressed plants produce more indole glucosinolates, which are implicated in biotroph 
resistance, whereas production of camalexin, which is more effective against necrotrophic 
fungi,  is reduced (Robert-Seilaniantz et al., 2011b). 

In Arabidopsis it was shown that the JA signaling suppressor JAZ1 was expressed in 
early phases of the auxin response, suggesting that JAZ1 acts as an integrator of auxin and 
JA responses (Grunewald et al., 2009). However, the role of the JA-auxin interaction in the 
regulation of the plant immune signaling network remains to be elucidated.  

Gibberellins

GAs are hormones that control plant growth by regulating the degradation of growth-
repressing DELLA proteins (Sun, 2011). GAs were firmly implicated in plant immune signaling 
when degradation of DELLA proteins was shown to promote susceptibility to necrotrophs 
and resistance to biotrophs through modulation of JA and SA signaling (Navarro et al., 
2008). DELLA mutant plants showed reduced sensitivity to JA, whereas constitutive DELLA 
activation in a GA-insensitive mutant resulted in enhanced sensitivity to JA, indicating 
that DELLA proteins positively interact with the JA pathway (Fig. 3). Interestingly, DELLA 
proteins sequester the JA signaling repressor JAZ1 by binding to it, thereby reducing JAZ/
MYC2 interactions and allowing MYC2 to activate JA-responsive target genes (Hou et al., 
2010). GA-mediated degradation of DELLA proteins accordingly enhanced JAZ-mediated 
suppression of JA-responsive gene expression. Thus, GAs suppress the cellular competence 
to respond to JAs and consequently shift the balance between JA and SA signaling resulting 
in enhanced SA signaling and biotroph resistance. Because DELLA proteins integrate plant 
responses to various hormonal signals and environmental conditions, they are central 
players in the plant’s capacity to maximize growth and protection.  
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Cytokinins

CKs are classic growth hormones that also emerged as modulators of plant immunity (Choi et 
al., 2010; Robert-Seilaniantz et al., 2011a). CKs are often linked to the response of plants to 
biotrophic pathogens that alter the host’s physiology (Walters and McRoberts, 2006). Choi 
et al. (2010) showed that CKs modulate SA signaling. The CK-activated transcription factor 
ARR2, which regulates CK-responsive genes, can bind to the SA response transcription factor 
TGA3 and positively regulates PR-1 gene expression and resistance against P. syringae. Thus, 
CKs can act synergistically on the SA signaling sector of the plant immune signaling network.  

REWIRING OF THE HORMONE SIGNALING NETWORK BY PLANT ENEMIES

Although hormone crosstalk may provide the plant with a powerful regulatory potential to 
finely tune its defenses, it is also a possible target such that plant attackers can manipulate 
the plant immune signaling network for their own benefit. For instance, the necrotrophic 
fungus Botrytis cinerea produces an exopolysaccharide that acts as an elicitor of the SA/
NPR1 pathway and consequently suppresses effective JA-dependent defenses in its host, 
the tomato plant (Solanum lycopersicum) (El Oirdi et al., 2011). In recent years, numerous 
examples of plant pathogens that hijack specific hormone-regulated signaling pathways, e.g. 
by producing plant hormones, hormone mimics or effectors that target hormone signaling 
components (Robert-Seilaniantz et al., 2011a), have been described. Here we focus on 
the bacterial model pathogen P. syringae, which is exceptionally well-equipped to hijack 
the immune signaling network of its host to promote virulence. In addition, we will give 
an overview of recent developments of hormonal modulation of host immunity by insect 
herbivores.

Hormonal modulation of host Immunity by the model pathogen Pseudomonas syringae

Infection of Arabidopsis by virulent P. syringae results in PAMP-triggered stomatal closure 
and the activation of SA-dependent basal defenses that limit pathogen entry and growth 
(Nomura et al., 2005; Melotto et al., 2008a). Basal SA-dependent defenses can be promoted 
by bacterial flagellin, e.g. via CK-activated ARR2 transcription factors which through 
interaction with TGA3 promote SA-responsive gene expression (Choi et al., 2010), or by 
the induction of miR393 that suppresses auxin signaling and concomitantly relieves the 
inhibitory effect of auxin on the SA response pathway. As a counter measure, virulent P. 
syringae suppresses SA-dependent immune responses by bacterial effector proteins that 
are injected into the plant cell through the type III secretion system, and by the bacterial 
toxin coronatine (COR), which functions as a molecular mimic of JA-Ile (Nomura et al., 2005). 
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In many cases, P. syringae utilizes the hormone-regulated defense signaling network of the 
host to suppress host immunity (Fig. 4). 

COR binds directly to the JA receptor COI1 (Katsir et al., 2008; Yan et al., 2009; Sheard et 
al., 2010). COR-mediated activation of the JA pathway antagonizes SA-dependent defenses 
(Brooks et al., 2005; Ishiga et al., 2010) and inhibits PAMP-triggered stomatal closure 
(Melotto et al., 2008a), resulting in enhanced susceptibility of the host. Several type III 
effectors of virulent P. syringae target the SA pathway as well to promote pathogenesis. The 
effector HopI1 localizes to the chloroplasts where it suppresses SA accumulation (Jelenska 
et al., 2007). The defense-suppressive activity of HopI1 depends on interaction with the 
plant stress chaperone HEAT SHOCK PROTEIN 70 (HSP70), which is thought to possess a 
defense-promoting function (Jelenska et al., 2010). In addition, AvrPtoB stimulates ABA 
biosynthesis and ABA responses that antagonize SA biosynthesis and SA-mediated defenses 
(de Torres-Zabala et al., 2007; de Torres-Zabala et al., 2009). Similarly, AvrRpt2 alters the 
auxin physiology, which antagonizes the SA pathway and consequently promotes host 
susceptibility (Chen et al., 2007). Hence, manipulation of plant hormone homeostasis, 
which leads to suppression of host immunity, is a major virulence strategy of P. syringae. 

The stabilization of DELLA proteins and ET-mediated activation of EIN3 and EIL1 also 
suppress the SA response pathway and promote susceptibility to P. syringae (Navarro et 
al., 2008; Chen et al., 2009). However, there is no evidence that P. syringae recruits these 
mechanisms to promote virulence.  

Hijacking host hormone integration by insect herbivores

Similar to virulent pathogens, insect herbivores have also leveraged the molecular 
communication within the host immune signaling network to enhance their success on 
host plants (Walling, 2008; Hogenhout and Bos, 2011). For instance, the invasive spider 
mite Tetranychus evansi suppresses SA- and JA-dependent defenses in tomato to levels 
even lower than those in herbivore-free plants, resulting in a much better performance on 
previously attacked plants than on non-attacked plants (Sarmento et al., 2011). Also, nymphs 
of the phloem-feeding silverleaf whitefly (Bremisia tabaci) are able to manipulate hormone-
regulated host defenses to their own benefit. On Arabidopsis they activate the SA signaling 
pathway, which concomitantly suppresses effective JA-dependent defenses, resulting in 
increased plant susceptibility and enhanced insect performance (Zarate et al., 2007). Some 
tissue-chewing insects appeared to have adopted this strategy as well. Elicitors from salivary 
excretions of the beet armyworm (Spodoptera exigua), suppressed effective JA-regulated 
defenses through the activation of the SA pathway (Weech et al., 2008; Diezel et al., 2009). 
Interestingly, elicitors from insect eggs activated the SA pathway (Bruessow et al., 2010). 
Consequently, JA-dependent defenses were suppressed at the site of oviposition, resulting in 
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Figure 4: Rewiring of the hormone-regulated immune signaling network. Pseudomonas syringae-derived PAMPs 
are recognized by the host’s PRRs, leading to activation of SA-dependent defenses. P. syringae delivers the 
phytotoxin COR and effectors like AvrRpt2, AvrPtoB, and HopI1 (indicated in the blue frame) into the host cell, 
which suppress the SA pathway via activation of JA, auxin, or ABA signaling pathways, or via a direct suppressive 
effect on SA biosynthesis. Crosstalk between SA signaling and the other hormone signaling pathways is commonly 
mutually antagonistic, which could help the plant to counteract the effector-triggered susceptibility. ET-stabilized 
EIN3/EIL1 transcription factors suppress SA-regulated genes such as the SA biosynthesis gene SID2. The plant 
hormones GA and CK can contribute positively to SA-dependent defenses. Arrows indicate positive effects, red 
inhibition lines represent negative effects. See text for details. Abbreviations: ABA, abscisic acid; CK, cytokinin; COR, 
coronatine; ET, ethylene; GA, gibberellin; JA, jasmonic acid; PAMP, pathogen-associated molecular pattern; PM, 
plasma membrane; PRR, pattern-recognition receptor; SA, salicylic acid; TTSS, type III secretion system.
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enhanced growth of freshly hatched larvae of the generalist herbivore Spodoptera littoralis 
(cotton leafworm) that fed from the undefended tissue. Hence, recruiting the SA pathway 
to suppress effective JA-dependent defenses seems to be an effective strategy employed by 
different insect herbivores to counteract host defense.

Alternative strategies have been described as well. For instance, caterpillars of the 
herbivore P. rapae attempt to rewire different branches of the JA response pathway for their 
own benefit. Elicitors in their oral secretion activate the insect-preferred ERF branch of the 
JA pathway in Arabidopsis (Verhage et al., 2011), possibly to guide the JA pathway away 
from the MYC branch, which regulates herbivore resistance (Fernandez-Calvo et al., 2011) 
(Fig. 3).  However, despite the initial attempt of P. rapae to stimulate the ERF branch of the 
JA pathway, the MYC/ERF balance shifts towards the MYC branch, suggesting that the arms 
race between plant and attacker during this interaction is decided in favor of the plant.

OUTLINE OF THE THESIS

Exciting developments in plant hormone signaling research provided a wealth of information 
on the molecular details of hormone perception, derepression of hormone signaling 
pathways, and activation/degradation of hormone-specific transcription factors (Santner 
and Estelle, 2009). At the same time, recent advances in plant immune signaling research 
underpin the central role of plant hormones in the regulation of the immune signaling 
network. Besides the major defense hormones SA and JA, virtually all other hormones have 
one way or the other been implicated in defense or pathogenesis. Manipulation of hormone 
homeostasis and signal crosstalk appeared to be dominant features in the regulation of the 
defense signaling network, either initiated by the plant to fine-tune or prioritize its defenses 
to maximize growth and protection, or by pathogens, or insects, to rewire the immune 
signaling circuitry for their own benefit. However, our understanding of the molecular events 
that foster hormonal crosstalk is still in its infancy. The main goal of the research described 
in this thesis was to unravel the molecular mechanism underlying the cross-communication 
between the signaling pathways activated by the two major plant defense hormones SA and 
JA.

In Chapter 2, we investigate whether SA-mediated suppression of the JA signaling is 
mediated through an effect of SA on the JA biosynthesis pathway. Induction of JA-responsive 
marker gene expression by different JA derivatives was equally sensitive to SA-mediated 
suppression. In addition, SA strongly antagonized JA-responsive expression of the JA 
biosynthesis genes LOX2, AOS, AOC3, and OPR3. However, in mutant aos/dde2, which is 
completely blocked in JA synthesis because of a mutation in the ALLENE OXIDE SYNTHASE 
(AOS) gene, SA suppressed MeJA-induced gene expression to the same level as in wild-type 
plants. We therefore conclude that the antagonistic effect of SA on JA signaling must act at 
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a target in the JA signaling pathway downstream of JA biosynthesis.
In Chapter 3, we systematically searched for targets of SA in the JA signaling pathway 

downstream of JA biosynthesis. We showed that suppression of the JA pathway by SA 
functions downstream of the E3 ubiquitin-ligase SCFCOI1 complex that targets JASMONATE ZIM-
domain transcriptional repressor proteins (JAZs) for proteasome-mediated degradation. JA-
induced degradation of JAZ repressor proteins was not affected by SA. Moreover, activation 
of JA-dependent PDF1.2 gene expression through ectopic overexpression of the AP2/ERF 
transcription factor ERF1 could be suppressed by SA in JA-insensitive coi1-1 mutant plants. In 
silico promoter analysis of genes that were induced by MeJA and suppressed by SA revealed 
an overrepresentation of the JA-responsive GCC-box and G-box motifs in the 1-kb promoter 
regions of these genes. Using transgenic lines that express the GUS reporter gene under 
control of four copies of the GCC-box (4XGCC:GUS), we showed that the GCC-box motif is 
sufficient for SA-mediated suppression of JA-responsive gene expression. In addition, using 
plants that overexpress the GCC-box-binding transcription factor ORA59, we found that SA 
downregulates accumulation of the ORA59 protein. These data suggest that the SA pathway 
inhibits JA signaling downstream of the SCFCOI1-JAZ complex by targeting GCC-box motifs in 
JA-responsive promoters via a negative effect of SA on the transcriptional activator ORA59. 

In Chapter 4, we searched for putative SA-inducible transcriptional repressors that 
mediate suppression of JA-dependent transcription via the GCC-box. We found that SA-
induced suppression of JA-dependent gene expression requires de novo protein synthesis. 
In addition, we observed that both SA and JA stimulate binding of nuclear proteins to the 
GCC-box in an electrophoretic mobility shift assay. The GCC-box is a binding site for AP2/ERF 
transcription factors, and SA activated the expression of several of the AP2/ERF encoding 
genes, including genes encoding proteins with an EAR repression domain. However, eight 
tested loss-of-function ap2/erf mutants still displayed SA-mediated suppression of JA-
induced gene expression, indicating that those AP2/ERFs do not play an essential role in SA/
JA crosstalk. Similarly, loss-of-function mutation of TOPLESS (TPL), which is a co-repressor 
of the JA signaling pathway and interacts with several EAR-domain AP2/ERFs, did not affect 
SA/JA crosstalk. Therefore, we conclude that SA is unlikely to target the JA signaling pathway 
through SA-mediated activation of AP2/ERFs.

In Chapter 5, we compared the effect of exogenous application of the P. syringae 
phytotoxin COR, and MeJA on SA-responsive gene expression. When Arabidopsis plants 
were mature and cultivated in soil, neither COR nor MeJA was able to suppress the 
expression of the SA-responsive genes PR-1, FRK1 and GRXS13. However, in 2-week-old 
seedlings cultivated in soil, COR treatment did lead to suppression of SA-induced expression 
of these genes. When cultivated under sterile conditions, both COR and MeJA suppressed 
expression of the induction of PR-1 and FRK1 by SA, but only COR could suppress SA-induced 
GRXS13 expression. Thus, although both COR and MeJA have the potential to suppress SA-
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responsive gene expression, their ability to do so depends greatly on the environmental 
conditions and the developmental stage of the plant. Suppression of SA-dependent gene 
expression by COR and MeJA was fully dependent on COI1, and partly dependent  on MYC2. 
The exact factors that modify the potential of COR and MeJA to suppress SA-responsive 
gene expression remain to be elucidated.

In Chapter 6, we discuss the results presented in this thesis in view of the current 
knowledge of plant defense signaling networks in Arabidopsis.
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ABSTRACT

Jasmonates (JAs) and salicylic acid (SA) are plant hormones that play a pivotal role in the 
regulation of induced defenses against microbial pathogens and insect herbivores. Their 
signaling pathways cross-communicate providing the plant with regulatory potential to 
finely tune their defense response to the attacker(s) encountered. In Arabidopsis thaliana, 
SA strongly antagonizes the JA signaling pathway, resulting in the downregulation of a 
large set of JA-responsive genes, including the marker genes PDF1.2 and VSP2. Induction 
of JA-responsive marker gene expression by different JA derivatives was equally sensitive 
to SA-mediated suppression. In addition, activation of genes encoding key enzymes in the 
JA biosynthesis pathway, such as LOX2, AOS, AOC2, and OPR3 was also repressed by SA, 
suggesting that the JA biosynthesis pathway may be a target for SA-mediated antagonism. 
To test this, we made use of the mutant aos/dde2, which is completely blocked in its ability 
to produce JAs because of a mutation in the ALLENE OXIDE SYNTHASE gene. Mutant aos/
dde2 plants did not express the JA-responsive marker genes PDF1.2 or VSP2 in response 
to infection with the necrotrophic fungus Alternaria brassicicola or the herbivorous insect 
Pieris rapae. Bypassing JA biosynthesis by exogenous application of methyl jasmonate 
(MeJA) rescued this JA-responsive phenotype in aos/dde2. Application of SA suppressed 
MeJA-induced PDF1.2 expression to the same level in the aos/dde2 mutant as in wild-type 
Col-0 plants, indicating that SA-mediated suppression of JA-responsive gene expression is 
targeted at a position downstream of the JA biosynthesis pathway.
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INTRODUCTION

Plants are at constant risk of being attacked by a wide variety insect herbivores and microbial 
pathogens. To defend themselves, plants possess a powerful innate immune system by 
which they recognize non-self molecules or signals from injured cells, and responds by 
activating an effective defense response (Jones and Dangl, 2006; Howe and Jander, 2008). 
The importance of the phytohormones salicylic acid (SA), jasmonic acid (JA), ethylene, 
and abscisic acid as primary signals in the regulation of the plant’s immune response is 
well established  (Pieterse et al., 2009; Verhage et al., 2010). Upon pathogen or insect 
attack, the quantity, composition and timing of the phytohormonal blend produced by 
the plant depends greatly on the lifestyle and infection strategy of the invading attacker. 
This so-called ‘signal signature’ results in the activation of a specific set of defense-related 
genes that eventually determines the nature and effectiveness of the immune response 
that is triggered by the invader (De Vos et al., 2005). In recent years, molecular, genetic 
and genomic tools have been used to uncover the complexity of the hormone-regulated 
induced defense signaling network. Besides balancing the relative abundance of different 
hormones, intensive interplay between hormone signaling pathways emerged as an 
important regulatory mechanism by which the plant is able to tailor its immune response 
to the type of invader encountered (Pieterse et al., 2009). Pathogens and insects, on the 
other hand, can manipulate the plant’s defense signaling network for their own benefit by 
affecting phytohormone homeostasis to antagonize the host immune response (Pieterse 
and Dicke, 2007; Walling, 2008; Grant and Jones, 2009).

JA, its structurally related metabolites, and the JA precursor 12-oxo-phytodienoic acid 
(OPDA) (here collectively called jasmonates (JAs)) are lipid-derived compounds that upon 
pathogen or insect attack are rapidly synthesized via the oxylipin biosynthesis pathway 
(reviewed in Wasternack, 2007; Gfeller et al., 2010). Mutants of Arabidopsis thaliana 
(Arabidopsis) defective in JA biosynthesis or signaling revealed important roles of JAs in 
defense against nectrotrophic pathogens and herbivorous insects (Browse, 2009; Van 
der Ent et al., 2009a). ALLENE OXIDE SYNTHASE (AOS) emerged as a key enzyme in the 
JA biosynthesis pathway, since mutation of the single AOS gene in Arabidopsis leads to a 
complete elimination of JA production (Park et al., 2002; Von Malek et al., 2002). Upon 
synthesis, JA can be readily metabolized to the volatile methyl jasmonate (MeJA) through 
the activity of JA carboxyl methyltransferase (JMT) (Seo et al., 2001). In addition JA can be 
conjugated to amino acids such as isoleucine via the activity of the JA conjugate synthase 
JAR1 (Staswick and Tiryaki, 2004), resulting in the biologically highly active form (+)-7-iso-
jasmonoyl-L-isoleucine (JA-Ile) (Fonseca et al., 2009). The F-box protein COI1 (CORONATINE 
INSENSITIVE 1) is a key regulator of the JA signaling pathway (Chung et al., 2009). It functions 
as a JA-Ile receptor in the E3 ubiquitin-ligase Skip-Cullin-F-box complex SCFCOI1 (Yan et al., 
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2009). Binding of JA-Ile to COI1 leads to degradation of JASMONATE ZIM-domain (JAZ) 
transcriptional repressor proteins via the proteasome (Chini et al., 2007; Thines et al., 2007). 
In resting cells, JAZ proteins act as transcriptional repressors of JA signaling by binding to 
positive transcriptional regulators, such as MYC2 (Chini et al., 2007). Hence, JAZ protein 
degradation results in de-repression of the JA signaling pathway and the activation of a large 
number of JA-responsive genes (Memelink, 2009). 

The JA-related transcriptome of Arabidopsis has been well studied. Strikingly, 
transcriptional changes in response to diverse JA-inducing biotic agents show limited 
overlap, suggesting that the context in which the JA signal is perceived is crucial in shaping 
the JA response (De Vos et al., 2005; Pozo et al., 2008; Pauwels et al., 2009). During plant 
interactions with pathogens and insects, the balance of different JA derivatives can rapidly 
change. Because different JAs differentially activate JA responsive genes, this may fine-tune 
the JA response (Farmer et al., 2003; Gfeller et al., 2010). Moreover, JAs are often produced 
in combination with other hormones of which SA emerged as an important antagonist 
of the JA response (Koornneef and Pieterse, 2008). Early studies in tomato revealed that 
SA and its acetylated form aspirin, are potent suppressors of the JA-dependent wound 
response (Doherty et al., 1988; Peña-Cortés et al., 1993). Also in Arabidopsis, SA was shown 
to suppress JA signaling, resulting in the downregulation of JA-responsive gene expression 
(Van Wees et al., 1999; Gupta et al., 2000; Spoel et al., 2003). In Arabidopsis, the JA-
responsive marker genes PLANT DEFENSIN 1.2 (PDF1.2) and VEGETATIVE STORAGE PROTEIN 
2 (VSP2) are highly sensitive to suppression by exogenous application of SA (Spoel et al., 
2003; Koornneef et al., 2008c; Leon-Reyes et al., 2009; Zander et al., 2009; Leon-Reyes et 
al., 2010). This antagonism between SA and JA signaling was observed in a large number of 
Arabidopsis accessions collected from very different geographic origins (Koornneef et al., 
2008c), highlighting the potential significance of SA/JA crosstalk in nature. Indeed, trade-
offs between SA-dependent resistance to biotrophic pathogens and JA-dependent defense 
against insect herbivory or infection by necrotrophic pathogens have been repeatedly 
reported (Bostock, 2005; Verhage et al., 2010). In Arabidopsis, the SA pathway has been 
shown to inhibit JA-dependent resistance against the tissue-chewing herbivores Spodoptera 
exigua (beet armyworm) (Cipollini et al., 2004; Bodenhausen and Reymond, 2007; Van 
Oosten et al., 2008), Spodoptera littoralis (Egyptian cotton worm) (Bruessow et al., 2010), 
and Trichoplusia ni (cabbage looper) (Cui et al., 2002), the cell-content feeding insects 
Frankliniella occidentalis (Western flower thrips) (Leon-Reyes et al., 2009) and silverleaf 
whitefly (Bremia tabaci) (Zarate et al., 2007), and the necrotrophic fungus Alternaria 
brassicicola (Spoel et al., 2007; Leon-Reyes et al., 2009). 

The antagonistic effect of SA on JA signaling in plants shows a remarkable resemblance 
to the effect of the anti-inflammatory drug aspirin (acetyl-SA) on the formation of 
prostaglandins in animal cells. Prostaglandins are hormonal pain messengers that are 
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structurally related to JAs and play a role in inflammation at sites of infection or tissue 
injury (Straus and Glass, 2001). JAs and prostaglandins are both synthesized via the oxylipin 
biosynthesis pathway in which the enzymatic reactions leading to JA and prostaglandin 
formation are similar (Pan et al., 1998). In animal cells, aspirin antagonizes prostaglandin 
action by targeting enzyme activity and gene expression of CYCLOOXYGENASE (Straus and 
Glass, 2001), the counterpart of AOS in plants. Although no inhibitory effect of SA on AOS 
enzyme activity has been observed in plants (Laudert and Weiler, 1998), SA has been shown 
to suppress JA biosynthesis (Peña-Cortés et al., 1993; Spoel et al., 2003; Norton et al., 2007). 
Hence, antagonism of JA biosynthesis may be an important factor in the suppression of JA 
signaling by the SA pathway. 

In Arabidopsis, induction of the JA response results in the activation of several JA 
biosynthesis genes, such as LOX2 (LIPOXYGENASE2), AOS, AOC2 (ALLENE OXIDE CYCLASE2), 
and OPR3 (12-OXO-PHYTODIENOATE REDUCTASE3) (Sasaki et al., 2001; Stenzel et al., 2003; 
Wasternack, 2007). This indicates that JA biosynthesis is under control of a positive feedback 
regulatory system, and that downregulation of JA biosynthesis gene expression by SA may 
be an important mechanism in SA/JA crosstalk. We reasoned that if the JA biosynthesis 
pathway is an important target of SA in the suppression of the JA signaling pathway, then 
Arabidopsis genotypes affected in JA biosynthesis should be significantly impaired in SA-
mediated suppression of the JA response. In this study we tested this hypothesis and 
provide evidence that the antagonistic effect of SA on JA-dependent defense-related gene 
expression does not require downregulation of the JA biosynthesis pathway.   

RESULTS

SA-mediated suppression of JA biosynthesis genes

In Arabidopsis, pharmacological experiments revealed that SA can antagonize the expression 
of JA-responsive genes, such as the marker gene PDF1.2 (Spoel et al., 2003). Figure 1a shows 
that, while the expression of the SA-responsive marker gene PR-1 (PATHOGENESIS RELATED-
1) is upregulated, MeJA-induced expression of PDF1.2 is strongly suppressed within a 
few hours after application of SA. Also when PDF1.2 transcription was activated by the JA 
precursor linolenic acid (LA), or the JAs OPDA, JA, or JA-Ile, the expression level of PDF1.2 
was strongly antagonized by SA (Fig. 1b). Moreover, during simultaneous interaction with the 
SA-inducing biotrophic downy mildew pathogen Hyaloperonospora arabidopsidis and the 
JA-inducing necrotrophic fungus Alternaria brassicicola, JA-responsive PDF1.2 transcription 
was suppressed, while SA-responsive PR-1 expression was unaffected (Fig. 1c). These results 
confirm the notion that biological or chemical activation JA-responsive gene expression in 
Arabidopsis is antagonized by the SA pathway. 
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To investigate whether JA-responsive expression of the JA biosynthesis genes AOS, LOX2, 
AOC2, and OPR3 can be antagonized by SA, 5-week-old wild-type Col-0 plants were treated 
with MeJA, SA or with a combination of both chemicals. Figure 2a shows that SA suppressed 
the MeJA-induced expression level of AOS as early as 1 h after treatment. Also at later time 
points AOS gene expression remained suppressed in the combination treatment. For better 
visualization of the suppressive effect of SA on MeJA-induced AOS expression we quantified 
the signal intensities of the Northern blot depicted in Figure 2a using a Phosphor imager 
(Fig. 2a, right panel). At all time points tested, AOS transcript levels in SA+MeJA-treated 
plants were 40-50% of that in the MeJA-treated plants. Figure 2b shows that MeJA-induced 
expression of LOX2, AOC2, and OPR3 was also sensitive to suppression by SA. At 1 and 6 h 
after MeJA treatment, the level of suppression by SA was not as pronounced as for AOS, but 
at 24 h after induction the level of suppression was comparable to that observed for AOS. 
From these results we conclude that the JA biosynthesis genes AOS, LOX2, AOC2, and OPR3 
are sensitive to suppression by SA. 

PDF1.2 gene expression in JA biosynthesis mutants

We reasoned that if the antagonistic effect of SA on JA signaling can be explained by the 
suppressive effect of SA on the JA biosynthesis pathway, then Arabidopsis genotypes affected 
in JA production would be impaired in crosstalk between SA and JA signaling. To investigate 

Figure 1: SA-mediated suppression of 
the JA-responsive marker gene PDF1.2 in 
Arabidopsis. (a) Northern blot analysis of 
transcript levels of the SA-responsive PR-1 
gene and the JA-responsive PDF1.2 gene 
in 5-week-old Arabidopsis Col-0 plants 
that were treated with 0.1 mM MeJA and 
24 h later with either water (Control) or 
1 mM SA. Leaves were harvested at the 
indicated time points. (b) PR-1 and PDF1.2 
transcript levels in 5-week-old Arabidopsis 
plants that were first inoculated with the 
SA-inducing biotroph H. arabidopsidis and 
72 h later with the JA-inducing necrotroph 
A. brassicicola. Leaves were harvested 24 
h after A. brassicicola inoculation. (c) PR-1 
and PDF1.2 transcript levels in 5-week-old 
Arabidopsis plants 24 h after treatment with 
0.1 mM of MeJA, LA, OPDA, JA or JA-Ile, and 
either water or 1 mM SA. Equal loading of 
RNA samples was checked using a probe for 
18S rRNA or by ethidium bromide staining 
of the RNA gel.
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Figure 2: SA-mediated suppression of the JA biosynthesis genes AOS, LOX2, AOC2, and OPR3. Northern blot 
analysis of transcript levels of the JA biosynthesis genes AOS (a) and LOX2, AOC2, and OPR3 (b) in 5-week-old 
Arabidopsis Col-0 plants that were treated at time point 0 h with 1 mM SA, 0.1 mM MeJA, or with a combination 
of both chemicals. Leaves were harvested at the indicated time points. Equal loading of RNA samples was checked 
using a probe for 18S rRNA. Signal intensities of the Northern blots in the left panels were quantified using a 
Phosphor imager (right panels). Transcript levels in the single MeJA treatments were set to 100%. Please note that 
the quantitative data displayed in the right panels are quantifications of the corresponding signal intensities in the 
left panels and thus do not contain error bars.

this, we needed a JA biosynthesis mutant that was fully blocked in JA-resonsive gene 
expression upon endogenous stimulation of the JA pathway, but displayed wild-type levels 
of expression upon exogenous application of MeJA. To this end, we first screened previously 
characterized Arabidopsis mutants and transgenic lines that are impaired in different steps 
of the JA biosynthesis pathway for their ability to activate PDF1.2 upon MeJA treatment or 
inoculation with the necrotrophic fungus A. brassicicola. Arabidopsis lines S-12, aos/dde2, 
AOC::RNAi lines 5 and 16, opr3, aim1, opcl1, jmt, and jar1, which are affected at different 
steps in the JA biosynthesis pathway (Fig. 3a), showed wild-type levels of PDF1.2 expression 
upon exogenous application of MeJA (Fig. 3b). Because MeJA treatment bypasses the JA 
biosynthesis pathway, these results confirm that downstream of JA biosynthesis the JA 
signaling pathway is fully functional in these genotypes. 

Previously, we demonstrated that A. brassicicola induces high levels of JA in Arabidopsis 
(De Vos et al., 2005). Upon inoculation with A. brassicicola, PDF1.2 transcripts were readily 
detectable in wild-type Col-0, Col-5, and Ws-0 plants (Fig. 3b). Although to a lesser extent, the 
majority of the genotypes affected in JA biosynthesis also activated PDF1.2 upon inoculation 
with A. brassicicola, indicating that they are either leaky, or still able to produce biologically 
active oxylipins. In the case of the two AOC::RNAi lines we detected still about 20% JA and 
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Figure 3: Characterization of JA-responsive PDF1.2 and VSP2 expression in JA biosynthesis mutants. (a) JA 
biosynthesis pathway and corresponding Arabidopsis genotypes that are affected in JA biosynthesis. (b-d) Northern 
blot analysis of PDF1.2 or VSP2 transcript levels in 5-week-old Arabidopsis plants that were treated with 0.1 mM 
MeJA, inoculated with the necrotrophic fungus A. brassicicola, or infested with the insect herbivore P. rapae. 
Genotypes in the Ws-0 background (opr3, aim1); genotypes in the Col-0 background (aos/dde2, AOC::RNAi lines 5 
and 16, opcl1, jmt, and jar1); genotype in Col-5 background (S-12). Leaf tissue was harvested 24 h after treatment 
with MeJA, inoculation with A. brassicicola, or infestation with P. rapae. Equal loading of RNA samples was checked 
using a probe for 18S rRNA (data in (b) only given for Col-0, but were similar for all other genotypes).

OPDA compared to the wild type following wounding of leaves (data not shown). Similarly, 
JA-responsive gene expression in mutant aim1 may reflect the residual oxylipin formation 
as detected upon wounding (Delker et al., 2007). The AOS mutant aos/dde2 was the only 
genotype that was fully blocked in its capacity to express PDF1.2 upon pathogen infection. 
At the same time, it showed normal levels of PDF1.2 expression after MeJA treatment (Fig 
3b). In a control experiment, the inability of aos/dde2 to activate PDF1.2 upon inoculation 
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with A. brassicicola was confirmed (Fig. 3c). Also the induction of the JA-responsive marker 
gene VSP2 upon feeding by larvae of the insect herbivore Pieris rapae (small cabbage white) 
was blocked in this mutant (Fig. 3d). Hence, mutant aos/dde2 was used to assess whether 
the antagonistic effect of SA on JA signaling is affected in plants that are unable to produce 
JAs.

SA antagonizes JA signaling downstream of the JA biosynthesis pathway

To investigate whether down-regulation of the JA biosynthesis pathway is a central target 
of SA in the suppression of JA signaling, we tested the ability of aos/dde2 to display SA/JA 
crosstalk. Figure 4a shows that exogenous application of MeJA or SA to wild-type Col-0 and 
mutant aos/dde2 plants induced similar levels of PDF1.2 and PR-1 transcription, respectively. 
When applied in combination with MeJA, SA strongly suppressed the expression of PDF1.2 
in both Col-0 and aos/dde2. Hence, SA-mediated suppression of MeJA-induced PDF1.2 
expression is fully functional in the JA biosynthesis mutant aos/dde2. Moreover, SA was 
also able to suppress MeJA-induced PDF1.2 transcription in the Arabidopsis genotypes S-12, 
AOC::RNAi lines 5 and 16, opr3, aim1, opcl1, jmt and jar1, in most cases to similar levels as 
in their respective wild-types (Fig. 4b). In the negative control mutant npr1, which is blocked 
in SA-mediated suppression of JA-responsive gene expression, PDF1.2 was not suppressed 
by SA, confirming previous findings (Spoel et al., 2003; Leon-Reyes et al., 2009). Collectively, 
these results indicate that SA antagonizes JA signaling via a target downstream of the JA 
biosynthesis pathway. 

Although the combination treatment of SA and MeJA consistently lead to suppression 
of MeJA-induced PDF1.2 expression and generally did not affect the level of PR-1 expression, 
occasionally a synergistic effect on SA-induced PR-1 expression was observed. For instance, 
the combination treatment displayed in Figure 4b shows an enhanced level of PR-1 
mRNA accumulation in the genotypes S-12, AOC RNAi line 16, and aim1 when compared 
to the respective single SA treatment. Because these genotypes show an altered oxylipin 
signature, it is tempting to speculate that this is caused by the hormonal context in which 
the SA response is triggered. This is in line with previous observations by Mur et al. (2006) 
who demonstrated that JA can synergistically enhance SA-induced PR-1 gene expression, 
depending on the respective concentrations of the hormones.

DISCUSSION

Plant immunity is regulated by a complex network of cross-communicating signaling 
pathways. The plant hormones SA and JA play a crucial role in controlling plant defenses 
that are triggered after pathogen or insect attack. The SA and JA signaling pathways are 
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Figure 4: Antagonistic effect of SA on PDF1.2 expression in JA biosynthesis mutants. (a, b) Northern blot analysis 
of PR-1 and PDF1.2 transcript levels in 5-week-old Arabidopsis plants that were treated with 1 mM SA, 0.1 mM 
MeJA, or a combination of both chemicals. For details on the JA biosynthesis mutants used, see legend to Figure 
3. Mutant npr1 was used as a negative control for SA/JA cross-talk. Leaf tissue was harvested 24 h after treatment 
for RNA analysis. Equal loading of RNA samples was checked using a probe for 18S rRNA. (c) Quantification of the 
signal intensities of the Northern blots in (a) and (b) using a Phosphor imager. PDF1.2 transcript levels in the single 
MeJA treatments were set to 100%. Please note that the quantitative data displayed in (c) are quantifications of the 
corresponding signal intensities in (a) and (b) and thus do not contain error bars.

often mutually antagonistic, but the outcome of the signal interaction greatly depends 
on the context in which they are activated (Pieterse et al., 2009). Early studies in tomato 
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). Previously, Spoel et al. (2003) demonstrated that 
SA-nonaccumulating Arabidopsis NahG plants produced significantly more JA in response 
to infection by the SA- and JA-inducing pathogen Pseudomonas syringae pv. tomato 
DC3000, suggesting that in wild-type Arabidopsis plants SA exerts a suppressive effect on 
the JA biosynthesis pathway. However, in a study on the interaction between Arabidopsis 
and the SA- and JA-inducing oomycete pathogen Pythium irregulare, no significant effect 
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of endogenous SA accumulation on JA biosynthesis was observed (Adie et al., 2007). In 
this study, analysis of the JA-responsive JA biosynthesis genes LOX2, AOS, AOC2, and OPR3 
revealed that all were down regulated by exogenous application of SA (Fig. 2), confirming 
our hypothesis that the JA biosynthesis pathway is a potential target of the antagonistic 
effect of SA on JA signaling in Arabidopsis. 

To investigate the significance of the JA biosynthesis pathway as target in the 
suppression of JA signaling by SA, we tested the antagonistic effect of SA on the expression 
of the JA-responsive marker gene PDF1.2 in the background of various JA biosynthesis 
mutants. Mutant aos/dde2 appeared to be the only genotype tested that was fully blocked 
in the ability to express the JA-responsive marker genes PDF1.2 and VSP2 in response to 
endogenous stimulation of the JA biosynthesis pathway by pathogen or insect attack (Fig. 
3). Nevertheless, induction of PDF1.2 transcription in aos/dde2 by exogenous application 
of MeJA could be fully antagonized by SA (Fig. 4). Similar results were obtained for VSP2 
(data not shown). Also in the other JA biosynthesis mutants tested, MeJA-induced PDF1.2 
transcription was suppressed by SA to levels that were mostly similar as those observed 
in their respective wild-types. Interestingly, in the opr3 mutant which is completely JA-
deficient but can form OPDA (Stintzi et al., 2001; Delker et al., 2007) a similar suppression 
was found as in the aos/dde2 mutant, which confirms our findings in Figure 1c that OPDA- 
and JAs-induced expression of PDF1.2 are similarly sensitive to suppression by SA. This is 
worthwhile to mention since evidence is accumulating that OPDA and JAs can differentially 
activate JA-responsive gene expression (Müller and Berger, 2009)). Collectively, these 
results indicate that downregulation of the JA biosynthesis pathway is not essential for SA-
mediated suppression of JA signaling. Hence, we conclude that the antagonistic effect of 
SA on JA signaling acts at a target in the JA signaling pathway that functions downstream 
of JA biosynthesis. This conclusion is supported by the observation PDF1.2 transcription by 
exogenous application of saturating doses of MeJA (up to 2 mM) could still be antagonized 
by SA (Leon-Reyes et al., 2010), which makes it very unlikely that the suppressive effect of 
SA on JA signaling acts via the inhibition of JA biosynthesis. However, because several JA 
biosynthesis genes are upregulated upon activation of the JA signaling pathway, it can not 
be ruled out that suppression of their expression by SA may eventually contribute to the 
attenuation of the JA response during plant-attacker interactions.

So what are the potential target sites for the SA-mediated suppression of the JA signaling 
pathway downstream of JA biosynthesis? The SCFCOI1-complex and JAZ repressor proteins 
are central components in the perception and transcriptional response to JAs. Mechanisms 
by which SA prevents JA-mediated degradation of JAZ proteins via the proteasome would 
suppress JA-responsive gene expression, and thus provide a potential explanation for the 
mode of action of SA/JA crosstalk. Alternatively, SA may activate negative regulators of 
JA-responsive gene expression that either inactivate or outcompete positive regulators. 



46

Chapter  2

MATERIALS AND METHODS

Plant material 
Seeds of Arabidopsis thaliana genotypes were sown in quartz sand. Two-week-old seedlings were transferred to 
60-mL pots containing a sand/potting soil mixture that was autoclaved twice for 20 min. Plants were cultivated in 
a growth chamber with an 8-h day (24°C) and 16-h night (20°C) cycle at 70% relative humidity for another three 
weeks. Plants were watered every other day and received half-strength Hoagland nutrient solution containing 
10 mM Sequestreen (CIBA-GEIGY GmbH, Frankfurt, Germany) once a week. For all the experiments 5-week-old 
soil-grown plants were used. The following Arabidopsis genotypes were used: wild-type accessions Col-0, Col-5, 
and Ws-0 (Nottingham Arabidopsis Stock Centre, UK), mutants aos/dde2-2 [Col-0] (Von Malek et al., 2002), opr3 
[Ws-0] (Stintzi and Browse, 2000), aim1 [Ws-0] (Richmond and Bleecker, 1999), jar1-1 [Col-0] (Staswick et al., 1992) 
and npr1-1 [Col-0] (Cao et al., 1994), AOC::RNAi lines 5 and 16 [Col-0] (Delker, 2005), and the LOX2 co-suppressed 
anti-sense transgenic line S-12 [Col-5] (Bell and Mullet, 1993). The following T-DNA knockout lines [Col-0] were 
obtained from the SALK Institute Genomic Analysis Institute: SALK_140659 for opcl1 (At1g20510) (Koo et al., 2006) 
and At1g19640 Exotic line SM_3_35279 for jmt. Gene-specific primers for the JMT gene were used for selecting 
homozygous insertion lines. Disruption of the JMT gene was checked by PCR using a specific primers for the insert 
(JMT Spm32exotic FOR 5’- TAC GAA TAA GAG CGT CCA TTT TAG AGT GA -’3) and a primer (JMT REV1 5’- TGT TTT 
TGG TAA TTT AAA CTA GTT TCT TG -’3) positioned on opposite site of the predicted T-DNA insertion. Gene-specific 
primers for JMT (JMT FOR2; 5’- GCA CCA ACT CCT AAG TGG CAA G -3’; JMT REV2; 5’-AAA GAA GCA AGG TAT GGC 
AGT AAA ACA TT-3’) were used as controls for the endogenous gene. For seed production, sterility of the mutants 
aos/dde2 and opr3 was restored by exogenous application of MeJA to the flowers as described (Stintzi and Browse, 
2000; Park et al., 2002; Von Malek et al., 2002). 

Pathogen and insect assays
Alternaria brassicicola strain MUCL 20297 was grown on potato dextrose agar (PDA; Difco Laboratories, Detroit, 
MI, USA) plates for 2 weeks at 22°C and conidia were subsequently collected as described (Broekaert et al., 
1990). Plants were inoculated when 5 weeks old by applying 5-μL droplets of half-strength potato dextrose broth 
containing 5 x 105 spores per mL, as described previously (Van der Ent et al., 2008). After inoculation, plants were 
kept at 100% relative humidity for optimal fungal germination. Hyaloperonospora arabidopsidis strain WACO9 was 
cultivated and used for plant inoculations as described (Van der Ent et al., 2009b). In the multi-attacker experiment, 
H. arabidopsidis was inoculated 72 h prior to A. brassicicola. Pieris rapae were reared as described previously (De 
Vos et al., 2005) and transferred to 5-week-old plants. Infestation was carried out by transferring five first-instar 
larvae of P. rapae to each plant using a fine paintbrush. 
 
Chemical treatments
Plants were treated with SA (Mallinckrodt Baker, Deventer, The Netherlands) and/or MeJA (Duchefa Biochemie 
BV, Haarlem, The Netherlands) by dipping the leaves into a solution of 0.015% (v/v) Silwet L77 (Van Meeuwen 
Chemicals BV, Weesp, The Netherlands) containing 0.1 mM MeJA, 1 mM SA or a combination of both chemicals as 
described previously (Spoel et al., 2003; Leon-Reyes et al., 2009). Control treatments were dipped into a solution 
containing 0.015% (v/v) Silwet L77. MeJA was added to the solutions from a 1,000-fold concentrated stock in 96% 
ethanol. To the solutions without MeJA, a similar volume of 96% ethanol was added. Treatments with 0.1 mM 
linolenic acid (LA), OPDA, JA, and JA-Ile were performed as described for MeJA. The compounds were synthesized 
as described (Miersch et al., 2008; Fonseca et al., 2009).

RNA extraction and northern blot analysis  
For RNA extraction, at least 5 plants per treatment were harvested at the time points indicated. RNA isolation 
and Northern blot analysis was performed, as described previously (Van Wees et al., 1999). Northern blots 
were hybridized with gene-specific probes for PR-1 (At2g14610), PDF1.2 (At5g44420), VSP2 (At5g24770), LOX2 
(At3g45140), and 18S rRNA as described (Van Wees et al., 1999; Pozo et al., 2008). Probes for the genes AOS 
(At5g42650), OPR3 (At2g06050), and AOC2 (At3g25770) were made by PCR amplification on cDNA that was 
synthesized from mRNA that was isolated from MeJA-treated Arabidopsis plants. Primers used for the amplification 
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of gene-specific probes were: AOS-FOR 5’-CCC TTT TCC GAT TTC TCT CC-3’ and AOS-REV 5’-ACG GTA GCC TCC GGT 
TAG TT-3’, OPR3-FOR 5’-AAA ACA GGT GGC GAG TTT TG-3’ and OPR3-REV 5’-GCC TTC CAG ACT CTG TTT GC-3’, 
AOC2-FOR 5’-GCC AAG AAG AAC CTC ACT GC-3’ and AOC2-REV 5’-GGC ACC TTC AAA GAT TCC AG-3’. To check for 
equal loading, blots were stripped and hybridized with a probe for 18S ribosomal RNA. After hybridization with 
α-32P-dCTP-labeled probes, blots were exposed for autoradiography. Signal intensities of probes were quantified 
using a BioRad Molecular Imager FX with Quantity One software (BioRad, Veenendaal, The Netherlands). All gene 
expression analyses have been repeated with similar results.
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ABSTRACT

Crosstalk between the defense hormones salicylic acid (SA) and jasmonic acid (JA) plays a 
central role in the modulation of induced plant immune responses. In Arabidopsis, the SA 
pathway antagonizes JA-regulated defense responses. Here, we show that suppression of 
the JA pathway by SA functions downstream of the E3 ubiquitin-ligase SCFCOI1 complex that 
targets JASMONATE ZIM-domain transcriptional repressor proteins (JAZs) for proteasome-
mediated degradation. Firstly, neither the stability nor the JA-induced degradation of 
JAZs was affected by SA. Secondly, in the JA-insensitive mutant coi1-1 that ectopically 
overexpressed the transcription factor gene ERF1, ERF1-mediated activation of the JA-
responsive marker gene PDF1.2 could be suppressed by SA, indicating that the antagonistic 
effect of SA on JA signaling acts downstream of the SCFCOI1-JAZs complex. In silico promoter 
analysis of the SA/JA crosstalk transcriptome revealed that the 1-kb promoter regions of 
JA-induced genes that were suppressed by SA are significantly enriched in the JA-responsive 
GCC-box and G-box motifs. Using GCC:GUS lines carrying four copies of the GCC-box fused 
to the b-glucuronidase reporter gene, we showed that the GCC-box motif is sufficient 
for SA-mediated suppression of JA-responsive gene expression. In addition, using plants 
overexpressing the GCC-box-binding transcription factors ERF1 or ORA59, we found that SA 
strongly reduces the accumulation of ORA59, but not that of ERF1. Collectively, these data 
indicate that the SA pathway inhibits JA signaling downstream of the SCFCOI1-JAZs complex 
by targeting GCC-box motifs in JA-responsive promoters via a negative effect of SA on the 
transcriptional activator ORA59. 
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INTRODUCTION

Within their natural habitat, plants intimately interact with a broad range of microbial 
pathogens and insect herbivores with different lifestyles and invasion strategies. The 
evolutionary arms race between plants and their enemies provided plants with a highly 
sophisticated immune system that recognizes the invader and responds by activating 
effective defenses (Jones and Dangl, 2006). The plant hormones salicylic acid (SA) and 
jasmonic acid (JA) play key roles in the regulation of the defense signaling network that 
is recruited upon perception of an invader (Pieterse et al., 2009; Pieterse et al., 2012). 
The hormonal blend that is produced upon pathogen or insect attack, the so-called signal 
signature, varies significantly in quantity, composition, and timing and depends greatly 
on the lifestyle and invasion strategy of the attacker (De Vos et al., 2005). Although there 
are exceptions, in general it can be stated that pathogens with a biotrophic lifestyle are 
more sensitive to SA-induced defenses, whereas necrotrophic pathogens and herbivorous 
insects are resisted through JA-mediated defenses (Thomma et al., 2001; Glazebrook, 2005; 
Howe and Jander, 2008). Other growth regulators, such as ethylene (ET), abscisic acid 
(ABA), gibberellins, auxins, cytokinins and brassinosteroids, are also implicated in the plant 
immune signaling network (Pieterse et al., 2009; Robert-Seilaniantz et al., 2011a; Pieterse et 
al., 2012), indicating that regulatory networks of plant growth and defense are tightly linked.

Besides balancing the relative abundance of different hormones, intensive interplay 
between hormone signaling pathways emerged as an important regulatory mechanism by 
which the plant is able to tailor its immune response to the type of invader encountered 
(Reymond and Farmer, 1998; Verhage et al., 2010). For instance in Arabidopsis (Arabidopsis 
thaliana), transcriptome analyses of wild-type and mutant plants challenged with different 
attackers revealed complex antagonistic and synergistic regulatory relationships between SA 
and JA signaling sectors of the plant immune signaling network (Glazebrook et al., 2003; De 
Vos et al., 2005; Tsuda et al., 2009; Sato et al., 2010; Van Verk et al., 2011a). Such hormonal 
crosstalk is thought to optimize the immune response against single attackers that stimulate 
both the SA and the JA pathway, or to prioritize one pathway over the other when plants 
are simultaneously or sequentially attacked by different enemies (Pieterse et al., 2012; 
Thaler et al., 2012). Several other hormones, such as ET, ABA, gibberellic acid, and auxin, 
antagonistically or synergistically interact with the SA and JA pathways (Robert-Seilaniantz et 
al., 2011a), adding yet another layer of complexity to the plant immune signaling network. 
Interestingly, successful pathogens and insect herbivores have been demonstrated to hijack 
hormone signal integration, either through the production of plant hormones, hormone 
mimics, or effectors that target hormone signaling components to manipulate the plant 
immune signaling network for their own benefit (Walling, 2008; Grant and Jones, 2009; 
Pieterse et al., 2012)
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The SA and JA signaling sectors often act antagonistically. For instance, the JA-mimicking 
phytotoxin coronatine that is produced by virulent Pseudomonas syringae bacteria promotes 
virulence by suppressing effectual SA-dependent defenses in Arabidopsis and tomato 
(Solanum lycopersicum) (Brooks et al., 2005; Uppalapati et al., 2007). Conversely, many 
studies have demonstrated that endogenously accumulating SA antagonizes JA-dependent 
defenses, thereby prioritizing SA-dependent resistance over JA-dependent defense (Spoel 
and Dong, 2008; Pieterse et al., 2012). Pharmacological experiments with Arabidopsis 
revealed that JA-responsive marker genes, such as PLANT DEFENSIN 1.2 (PDF1.2) and 
VEGETATIVE STORAGE PROTEIN2 (VSP2) are highly sensitive to suppression by SA (Van 
Wees et al., 1999; Spoel et al., 2003). This antagonism between SA and JA signaling was 
observed in a large number of Arabidopsis accessions (Koornneef et al., 2008c), highlighting 
the potential significance of SA/JA crosstalk in nature. While many reports describe an 
antagonistic interaction between the SA and JA pathways, synergistic interactions have been 
reported as well (Van Wees et al., 2000; Mur et al., 2006). Clearly, the kinetics of hormone 
production and signaling during the interaction of a plant with its enemies is highly decisive 
in the final outcome of the defense response (Koornneef et al., 2008c; Leon-Reyes et al., 
2010)

In Arabidopsis, the defense regulatory protein NPR1 (NON-EXPRESSOR OF PR GENES1) 
was identified as a key signaling node in the regulation of SA/JA crosstalk, because in mutant 
npr1-1 plants the antagonistic effect of SA on PDF1.2 and VSP2 transcription was completely 
abolished (Spoel et al., 2003; Leon-Reyes et al., 2009). Several other molecular players in 
SA/JA crosstalk have been identified, including the mitogen-activated protein kinase MPK4 
(Petersen et al., 2000), the lipase-like proteins EDS1 (ENHANCED DISEASE SUSCEPTIBILITY1) 
and PAD4 (PHYTOALEXIN-DEFICIENT4) (Brodersen et al., 2006), the fatty acid desaturase 
SSI2 (SUPPRESSOR OF SA INSENSITIVITY2) (Kachroo et al., 2003), glutaredoxin GRX480 
(Ndamukong et al., 2007; Zander et al., 2009), and class II TGA and WRKY transcription 
factors (Li et al., 2004; Mao et al., 2007; Ndamukong et al., 2007; Zander et al., 2009; Leon-
Reyes et al., 2010; Gao et al., 2011). Mutation or ectopic expression of the corresponding 
genes often have contrasting effects on SA and JA signaling and on resistance against 
biotrophs and necrotrophs, indicating that these proteins are important regulators of SA/JA 
crosstalk (Pieterse et al., 2012). Although several regulatory proteins of SA/JA crosstalk have 
been identified, the molecular mechanism by which SA exerts its antagonistic effect on the 
JA pathway is still largely unknown.

JA and its structurally related oxylipin derivatives (collectively called jasmonates (JAs)) 
are lipid-derived compounds that upon pathogen or insect attack are rapidly synthesized 
via the oxylipin biosynthesis pathway (Wasternack, 2007; Gfeller et al., 2010). Previously, 
it was shown that SA-mediated suppression of the JA response is targeted at a position 
downstream of the JA biosynthesis pathway (Chapter 2). Therefore, in this study we set 
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out to systematically scan the JA signaling pathway for potential targets of SA-mediated 
antagonism.

The JA signaling pathway is relatively well studied. Upon production, JA is rapidly 
conjugated to isoleucine (Ile) via the activity of the JA conjugate synthase JAR1 (Staswick 
and Tiryaki, 2004), resulting in the biologically highly active form (+)-7-iso-jasmonoyl-L-
isoleucine (JA-Ile) (Fonseca et al., 2009). The F-box protein CORONATINE INSENSITIVE 1 
(COI1) functions as a key regulator of JA signaling (Xie et al., 1998; Yan et al., 2009; Sheard et 
al., 2010). Mutant coi1-1 plants are unresponsive to JAs and show alterations in the level of 
resistance to different necrotrophic pathogens and insect herbivores (Thomma et al., 1998; 
Cui et al., 2005; Bodenhausen and Reymond, 2007; Van Oosten et al., 2008; Van der Ent 
et al., 2009a). COI1 is part of the E3 ubiquitin-ligase Skip-Cullin-F-box complex SCFCOI1 and 
functions together with JASMONATE ZIM-domain (JAZ) transcriptional repressor proteins 
as a JA-Ile receptor (Yan et al., 2009; Sheard et al., 2010). Binding of JA-Ile to COI1 leads to 
ubiquitination and subsequent degradation of JAZ repressor proteins via the proteasome 
(Chini et al., 2007; Thines et al., 2007; Chung et al., 2009; Pauwels and Goossens, 2011). 
In resting cells, JAZ proteins act as transcriptional repressors of JA signaling by binding 
to positive transcriptional regulators, such as MYC2, MYC3 and MYC4 (Chini et al., 2007; 
Fernandez-Calvo et al., 2011; Niu et al., 2011) and ETHYLENE INSENSITIVE3 (EIN3) and EIN3-
LIKE1 (EIL1) (Zhu et al., 2011). 

In Arabidopsis, the JAZ family of repressor proteins consists of 12 members with a similar 
structure containing a C-terminal Jas motif and an N-terminal ZIM domain (Chini et al., 2007; 
Thines et al., 2007; Pauwels and Goossens, 2011). The Jas motif is important for interactions 
with COI1, the MYC transcription factors, and EIN3/EIL1 (Melotto et al., 2008b; Chini et al., 
2009; Zhu et al., 2011), and is required for JAZ protein breakdown upon perception of JA-Ile 
(Chung and Howe, 2009). In line with this, ectopically expressed JAZ proteins that lack the 
Jas domain are not targeted for proteasome-mediated degradation, resulting in a strong JA-
insensitive phenotype (Chung and Howe, 2009). The N-terminal ZIM domain is important for 
mediating homo- and heterodimeric interactions between JAZ proteins (Chini et al., 2009; 
Chung and Howe, 2009). In addition, the ZIM domain interacts with NOVEL INTERACTOR 
OF JAZ (NINJA) that through its ERF-ASSOCIATED AMPHIPHILIC REPRESSION (EAR)-motif, 
recruits the Groucho/Tup1-type co-repressor TOPLESS (TPL), thereby preventing untimely 
activation of the JA pathway (Pauwels et al., 2010; Pauwels and Goossens, 2011). Also 
HISTONE DEACETYLASE6 (HDA6), which interacts with JAZ and EIN3/EIL1 transcription factor 
proteins, acts as a co-repressor of the JA pathway (Zhu et al., 2011). In stimulated cells, the 
physical interaction between JAZ proteins, co-repressors, and transcriptional activators is 
broken, which results in derepression of the JA pathway and activation of a large number of 
JA-responsive genes (Memelink, 2009; Pauwels and Goossens, 2011).

In Arabidopsis, two major branches of the JA signaling pathway are recognized: the MYC 
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branch and the ERF branch. The MYC branch is controlled by MYC-type transcription factors 
that can bind to the G-box motif (CACGTG) and regulate expression of the marker gene VSP2 
(Lorenzo et al., 2004; Dombrecht et al., 2007; Fernandez-Calvo et al., 2011; Niu et al., 2011). 
The ERF branch, which requires both JA and ET signaling, is regulated by members of the 
APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) family of transcription factors that bind 
to the GCC-box motif (AGCCGCC), such as ERF1 and ORA59 (OCTADECANOID-RESPONSIVE 
ARABIDOPSIS AP2/ERF-domain protein 59), and regulate expression of the marker gene 
PDF1.2 (Lorenzo et al., 2003; Pré et al., 2008; Zhu et al., 2011). In general, the ERF branch is 
associated with enhanced resistance to necrotrophic pathogens (Berrocal-Lobo et al., 2002; 
Lorenzo et al., 2003), whereas the MYC branch is associated with the wound response and 
defense against insect herbivores (Lorenzo et al., 2004; Kazan and Manners, 2008; Verhage 
et al., 2011). 

Here we provide evidence that SA suppresses the JA signaling pathway downstream of 
the SCFCOI1-JAZ machinery. Moreover, we show that the GCC-box motif, which is a binding 
site for ERF-type transcription factors such as ERF1 and ORA59, is overrepresented in JA-
responsive promoters that are suppressed by SA, and that this promoter motif is sufficient for 
SA-mediated suppression of JA-induced gene expression. Finally, we provide evidence that 
SA has a negative effect on the accumulation of the transcription factor ORA59, indicating 
that the antagonistic effect of SA on JA signaling is controlled at the level of  transcriptional 
regulation.

RESULTS

SA does not affect expression of a dominant negative splice variant of JAZ10

Since JAZ proteins are important negative regulators in the JA signaling pathway (Chung and 
Howe, 2009), they form a potential target for SA-mediated suppression of the JA response. 
Previously, a natural alternatively spliced form of JAZ10 (JAZ10.4) was identified that lacks 
the Jas domain and is therefore highly resistant to JA-induced degradation (Chung and 
Howe, 2009). We hypothesized that SA may antagonize the JA pathway by stimulating the 
production of this stable splice variant of JAZ10. First, we checked whether overexpression 
of JAZ10 without a functional Jas domain would lead to suppression of the JA pathway in 
our experimental setup. To this end, 5-week-old plants of wild-type Col-0 and 35S:JAZ10Δ 
#OE4A and 35S:JAZ10Δ #OE4B, which overexpress a truncated form of JAZ10 that lacks 
part of the Jas domain (Yan et al., 2007), were treated with methyl jasmonate (MeJA). As a 
control, the JAZ10 overexpressing line 35S:JAZ10 and the JAZ10 silenced lines JAZ10 RNAi-7 
and JAZ10 RNAi-9 (Yan et al., 2007) were similarly treated. Twenty-four h later, transcript 
levels of the marker genes PDF1.2 and VSP2 were assessed. Figure 1A shows that PDF1.2 
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and VSP2 transcripts accumulated to wild-type levels in 35S:JAZ10 and the JAZ10 RNAi lines, 
confirming previous findings that increased or reduced abundance of one member of the 
JAZ protein family does not affect the JA response (Chini et al., 2007; Thines et al., 2007; Yan 
et al., 2007). However, exogenous application of MeJA to 35S:JAZ10Δ #OE4A and 35S:JAZ10Δ 
#OE4B resulted in only a weak activation of both PDF1.2 and VSP2 (Fig. 1A), indicating that 
production of a single dominant negative form of JAZ10 is in principle sufficient to suppress 
the MYC and the ERF branch of the JA pathway. 

To investigate whether SA differentially affects the accumulation of the four JAZ10 splice 
forms, we monitored JAZ10.1, JAZ10.2, JAZ10.3, and JAZ10.4 mRNA levels in 5-week-old 
Col-0 plants at different time points after treatment with SA, MeJA, or the combination 
of both. To this end, we used one set of primers specific for JAZ10.1, JAZ10.2 and JAZ10.3, 
and one set of primers specific for JAZ10.4. Figure 1B shows that, while SA-responsive PR-1 
(PATHOGENESIS RELATED-1) gene expression was up-regulated, MeJA-induced expression 
of PDF1.2 and VSP2 was suppressed after application of SA, confirming previous findings 
(Spoel et al., 2003; Koornneef et al., 2008c). In addition, MeJA induced the expression 
of JAZ10.1/2/3 at all time points tested, but in contrast to PDF1.2 and VSP2, JAZ10.1/2/3 
transcript levels were not affected by SA. The dominant negative splice form JAZ10.4 
followed a similar expression pattern as JAZ10.1/2/3. It can thus be concluded that SA does 
not suppress the JA pathway by stimulating the production of the dominant negative splice 
variant JAZ10.4.

Figure 1: SA-induced suppression of JA-dependent transcription is not mediated via production of a dominant 
negative splice variant of JAZ10. (A) MeJA-induced expression of PDF1.2 and VSP2 in JAZ10-modified transgenic 
lines. RNA gel blot analysis of PDF1.2 and VSP2 transcript levels in 5-week-old Col-0, 35S:JAZ10, JAZ10 RNAi-7, 
JAZ10 RNAi-9, 35S:JAZ10∆ #OE4A and 35S:JAZ10∆ #OE4B plants. Leaves were harvested 24 h after treatment with 
0.1 mM MeJA. Equal loading of RNA samples was confirmed using a probe for 18S rRNA, but not included in the 
Figure. (B) Semi-quantative RT-PCR to monitor expression of PR-1, PDF1.2, VSP2 and different JAZ10 splice variants 
in 5-week-old Col-0 plants after treatment with 1 mM SA, 0.1 mM MeJA or a combination of both chemicals. 
Leaf tissue was harvested at indicated time points after treatment. Equal input was checked by monitoring the 
constitutively expressed gene At1g13320.
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SA does not inhibit degradation of JAZ proteins

In the auxin signaling pathway, SA was shown to repress auxin signaling by stabilizing auxin 
repressor proteins (Wang et al., 2007). A similar mechanism involving JAZ repressor proteins 
may play a role in SA/JA antagonism. To investigate this, we monitored the effect of SA on 
JA-induced degradation of JAZ proteins. We performed assays with stable Arabidopsis cell 
cultures overexpressing either JAZ1, JAZ2, or JAZ9 fused to the firefly luciferase-encoding 
reporter gene LUC. First, we checked the optimal JA concentration for the initiation of JAZ 
protein degradation in this assay. Therefore, an Arabidopsis cell suspension culture expressing 
35S:JAZ9-LUC was treated with 0.001, 0.01 or 0.1 mM JA (Fig. 2A).  After 1, 2, 5 and 15 min, 
samples were taken and protein was isolated for LUC activity measurements. After application 
of JA, the amount of LUC activity decreased rapidly suggesting that JAZ proteins were quickly 
degraded (a half-life of ~2.5 min); this in contrast to the control where no degradation was 
observed (Fig. 2A). Addition of the proteasome inhibitor MG132 to JA-treated cells inhibited 
the degradation of JAZ9 as previously described (data not shown) (Chini et al., 2007; Thines 
et al., 2007). Since application of 0.001, 0.01, or 0.1 mM JA resulted in the same rate of JAZ9 
degradation, we chose the lowest concentration for further experiments. To verify whether 
SA/JA crosstalk occurs in the Arabidopsis cell cultures within the time frame of 15 min in 
which the JAZ degradation assay was performed, we analyzed the expression of the early 
JA-responsive ALLENE OXIDE SYNTHASE (AOS) gene in cell cultures that were treated with 
SA and 3 h later with JA. Figure 2B shows that JA induced AOS transcription within 15 min 
after JA application. In the combination treatment, the AOS mRNA level was significantly 
suppressed, indicating that SA/JA crosstalk was functional in the cell culture assay. Next, 
we wanted to test the effect of SA on JAZ protein degradation. Therefore, we treated cell 
culture lines 35S:JAZ1-LUC, 35S:JAZ9-LUC, and 35S:JAZ2-LUC with SA and 3 h later with JA 
and measured LUC activity at different time points after JA application. Figure 2C shows that 
degradation of JAZ1-LUC, JAZ9-LUC and JAZ2-LUC was similar upon application of JA or a 
combination of JA and SA, suggesting that SA has no effect on the JA-mediated degradation 
of these JAZ proteins. To confirm that application of SA or JA did not interfere with the LUC 
reporter system, we tested two controls in our assays: 35S:LUC and 35S:MYC2-LUC. Neither 
JA nor SA affected LUC activity in these control lines, indicating that hormonal treatment did 
not affect the LUC reporter system per se (Fig. 2D). 

In addition to the LUC reporter assay, we assessed the stability of JAZ1 by western blot 
analysis. A cell culture expressing 35S:JAZ1-TAP was treated with SA, JA or a combination of 
both chemicals. Samples were taken just prior to treatment (time point 0) and 15 min after 
treatment. Figure 2E shows that JAZ1-TAP was fully degraded 15 min after treatment of the 
cells with either JA or a combination of JA and SA. These results confirm that SA does not 
affect the JA-responsive degradation of JAZ proteins in Arabidopsis cell suspension cultures. 
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Figure 2: JA-mediated degradation of JAZ proteins in Arabidopsis cell suspension cultures is not affected by SA. (A) 
Luciferase activity in Arabidopsis cells expressing 35S:JAZ9-LUC and 35S:GFP, 0, 1, 2, 5, and 15 min after application 
of 0.1, 0.01 or 0.001 mM of JA. LUC activities were normalized to GFP internal controls. Three independent protein 
samples were measured per time point. The natural logarithm (ln) of the normalized LUC activities is depicted. 
Error bars represent standard errors (±SE). (B) qRT-PCR analysis of AOS mRNA levels in Arabidopsis cells 15 min after 
treatment with 0.001 mM JA, 0.01 mM SA or a combination of these chemicals. The average of three replicas is 
depicted (+SE). (C) and (D) Luciferase activity in Arabidopsis cells expressing 35S:JAZ1-LUC, 35S:JAZ9-LUC, 35S:JAZ2-
LUC, 35S:LUC, or 35S:MYC2-LUC. Cells were treated with 0.01 mM SA and 0.001 mM JA, which was applied 3 h 
after SA in the combination treatment. Samples were taken 0, 1, 2, 5, and 15 min after application of JA, except 
for the 35S:JAZ2-LUC cells from which samples were taken at time points 0 and 15 min only. LUC activities were 
normalized to GFP internal controls. Three independent protein samples were measured per time point. The ln of 
the normalized LUC activities is depicted (±SE). (E) Western blot analysis of the tandem affinity protein (TAP)-tagged 
JAZ1 protein levels in Arabidopsis cells expressing 35S:JAZ1-TAP 0 and 15 min after treatment of the cells with 0.01 
mM SA, 0.001 mM JA or the combination of both chemicals. JAZ1-TAP was detected using an anti-PAP antibody. 
The constitutively expressed Cdc2 kinase (CDKA) served as an internal control and was detected with an anti-CDKA 
antibody.



58

Chapter 3

To check whether JA-mediated degradation of JAZ proteins is also not affected by SA in 
intact plants, we made use of the transgenic line 35S:JAZ1-GUS (Thines et al., 2007). Twelve-
day-old 35S:GUS and 35S:JAZ1-GUS seedlings grown on Murashige and Skoog (MS) agar 
plates were transferred to fresh medium containing SA, MeJA, or a combination of both 
chemicals and stained for β-glucuronidase (GUS) activity 24 h later. Treatment of 35S:JAZ1-
GUS seedlings with MeJA resulted in reduced GUS staining (Fig. 3A), suggesting that the 
JAZ1-GUS protein was degraded upon induction of the JA pathway (confirming previous 
findings; Thines et al., 2007). Inclusion of SA in the medium had no effect on the MeJA-
mediated degradation of JAZ1-GUS. Analysis of GUS, PR-1, PDF1.2, and VSP2 transcript 
levels in these seedlings showed that SA-mediated suppression of PDF1.2 and VSP2 gene 
expression was fully active (Fig. 3B). Taken together, we conclude that the antagonistic 
effect of SA on JA signaling is not acting through the stabilization of JAZ proteins. Besides 
overexpression of JAZ1 also silencing of JAZ1 and overexpression  and silencing of JAZ10 
did not influence the ability of SA to suppress PDF1.2 or VSP2 (Fig. S1), which supports the 
notion that the antagonistic effect of SA on JA signaling is likely not targeted at the level of 
regulation of JAZ repressor proteins.

Mock SA MeJA SA+MeJA

GUS

PR-1

PDF1.2

VSP2

18S

- - + +
-

MeJA
SA + - +

Col-0

- - + +
- + - +
35S:JAZ1-GUS

35S:JAZ1-GUS

35S:GUS

A B

Figure 3:  MeJA-induced degradation of JAZ1 in Arabidopsis seedlings is not affected by SA. (A) Histochemical 
staining of GUS activity in 2-week-old 35S:JAZ1-GUS and 35S:GUS seedlings. Twelve-day-old seedlings grown on 
MS agar plates were transferred to fresh medium containing 0.5 mM SA, 0.02 mM MeJA, or a combination of both 
chemicals and stained for GUS activity 24 h later. (B) RNA gel blot analysis of GUS, PR-1, PDF1.2 and VSP2 transcript 
levels in 2-week-old Col-0 and 35S:JAZ1-GUS plants that were treated with 0.5 mM SA, 0.02 mM MeJA, or a combi-
nation of both chemicals. Leaf tissue was harvested 24 h after chemical treatment for RNA analysis. Equal loading 
of RNA samples was checked using a probe for 18S rRNA.

SA antagonizes JA signaling downstream of SCFCOI1 

The E3 ubiquitin-ligase SCFCOI1 complex plays a crucial role in the JA signaling pathway. 
Several Arabidopsis mutants with defects in one of the proteins in the SCFCOI1-complex show 
a reduced response to JA, and moreover, the coi1-1 mutation of the JA receptor component 
COI1 completely abolishes JA-dependent responses (Feys et al., 1994; Xie et al., 1998; Devoto 
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and Turner, 2005; Yan et al., 2009; Sheard et al., 2010). Though JAZ repressor proteins are 
not likely to be direct targets of SA in suppression of JA signaling, we cannot rule out that 
SA targets the SCFCOI1-complex, which functions upstream of JAZ. Therefore, to investigate 
whether this complex is a target for SA in suppression of the JA pathway, we made use of a 
transgenic line that overexpresses the AP2/ERF transcription factor ERF1 in the background 
of coi1-1 plants. While in the JA-insensitive coi1-1 mutant JA-dependent gene expression is 
completely blocked, overexpression of ERF1 in this mutant background results in activation 
of PDF1.2 expression (Lorenzo et al., 2003), indicating that ERF1 is an activator of PDF1.2 
transcription. We treated Col-0, coi1-1, 35S:ERF1 and 35S:ERF1/coi1-1 plants with SA, MeJA, 
or the combination of both, and harvested the plants 24 h later. As expected, SA treatment 
resulted in the activation of PR-1 in all genotypes tested (Fig. 4). MeJA treatment activated 
PDF1.2 expression in Col-0, and this induction could be suppressed by SA, while PDF1.2 
expression was not visible in coi1-1 mutant plants under any of the conditions tested. 
Overexpression of ERF1 resulted in enhanced PDF1.2 expression upon mock treatment 
in both the Col-0 and coi1-1 genetic background, and MeJA treatment boosted the level 
of PDF1.2 transcription in plants expressing 35S:ERF1 in Col-0 background, but did not 
further enhance PDF1.2 expression in 35S:ERF1/coi1-1 plants. Importantly, SA suppressed 
35S:ERF1-mediated PDF1.2 transcription both in Col-0 and coi1-1 background, indicating 
that SA-mediated suppression of JA signaling acts downstream of the SCFCOI1 complex. In 
support with this, SA/JA crosstalk was still functional in a number of other SCFCOI1 mutants 
that are impaired in functionally important, but not indispensable proteins of the SCFCOI1-
complex (Fig. S1).

Figure 4: SA can suppress JA-dependent gene expression independent of SCFCOI1. RNA gel blot analysis of PR-1, 
ERF1, and PDF1.2 expression in Col-0, coi1-1, 35S:ERF1, and 35S:ERF1/coi1-1 plants 24 h after treatment with 1 mM 
SA, 0.1 mM MeJA or a combination of both chemicals. Equal loading of RNA samples was checked using a probe 
for 18S rRNA.

The SA/JA crosstalk transcriptome

The aforementioned results suggest that SA/JA crosstalk is predominantly regulated at the 
transcriptional level. To gain insight into the regulation and complexity of SA/JA crosstalk, we 
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took a whole-genome transcript profiling approach to identify JA-responsive genes that are 
sensitive to SA-mediated suppression, and to subsequently search for crosstalk-related cis-
acting elements in the promoters of JA-responsive genes that are suppressed by SA. Three 
similar, but fully independent SA/JA crosstalk experiments were performed with 5-week-
old Col-0 plants that were treated with SA, MeJA, or a combination of both chemicals. The 
expression of the marker genes PR-1 and PDF1.2 was assessed in each biological replicate by 
RNA gel blot analysis. In all three experiments, SA induced PR-1 expression and suppressed 
MeJA-induced expression of PDF1.2 (Fig. S2).

The transcript profile of each independent experiment was analyzed using Affymetrix 
ATH1 whole-genome GeneChips. A robust set of MeJA-responsive genes was identified by 
selecting genes that were statistically significant up- or downregulated in MeJA-treated 
plants compared to the mock-treated control (Student’s t test; p<0.01), with an additional 
cut-off value of 2-fold. These selection criteria were met by 175 genes that were upregulated 
upon MeJA treatment (Table S1). Among these were genes involved in JA biosynthesis 
(LOX2, AOS, OPR3), JA signal transduction (ERF6, ERF104, JAZ1, JAZ5, JAZ6, JAZ7, JAZ9), 
and JA-dependent defenses (PDF1.2, Thi2.1, VSP1). In addition, a group of 40 genes was 
downregulated by MeJA (Table S1). For SA-responsive genes, a similar selection procedure 
was followed, resulting in 50 SA-upregulated genes (including PR-1, WRKY18, WRKY38, 
NIMIN1) and 15 SA-downregulated genes (Table S1).

To select for MeJA-induced genes that were suppressed by SA, we identified MeJA-
upregulated genes that were at least 1.5-fold repressed by the combined treatment with SA 
and MeJA, compared to MeJA alone. In addition, we selected MeJA-downregulated genes 
that were significantly upregulated by SA and MeJA, compared to MeJA alone. These selection 
criteria resulted in the identification of 59 MeJA-inducible genes that were suppressed by 
SA, and 15 MeJA-downregulated genes that were upregulated by SA (Table S2). Overall, 34% 
of all selected MeJA-responsive genes were affected by SA/JA crosstalk. Among the MeJA-
inducible genes that were suppressed by SA were those encoding defense-related proteins 
PDF1.2a and PDF1.2b confirming previous findings (Van Wees et al., 1999; Spoel et al., 2003; 
Ndamukong et al., 2007; Spoel et al., 2007; Leon-Reyes et al., 2009; Zander et al., 2009).

Promoter analysis of MeJA-responsive genes that are suppressed by SA

To search for cis-acting motifs with a putative role in SA/JA crosstalk, we performed an in 
silico analysis of the promoter sequences of the selected MeJA-inducible genes that, like the 
PDF1.2 marker gene, were suppressed by SA in the SA/MeJA combination treatment. We 
scanned the 1-kb sequences upstream of the 5’-untranslated regions (UTRs) of the 59 MeJA-
inducible genes that were suppressed by SA (Table S2) using the method described by Breeze 
et al. (2011). Several promoter motifs were found significantly enriched in the promoters of 
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the group of 59 SA/JA crosstalk genes; the GCC-box (AGCCGCC), the W-box (TGACY), G-box 
(CACGTG), the I-box (GATAA) and the Evening element (AAAATATCT) (Fig. 5). The GCC-box 
and W-box motifs were found significantly enriched only in genes regulated by the ERF 
branch of the JA pathway (i.e. MYC2-suppressed genes: MeJA-induced genes of which the 
MeJA-activated expression level was at least 1.25-fold increased in MYC2-impaired jin1-9 
mutants compared to Col-0 plants (Dombrecht et al., 2007)), whereas the G-box, the I-box, 
and the Evening element were found significantly enriched in genes regulated by either 
the ERF branch, or MYC2-inducible or -nonresponsive branches (i.e. the remaining group of 
JA-responsive genes that were not suppressed by MYC2 (Dombrecht et al., 2007)) (Fig. 5). 
Together, these results point to specific roles for these motifs in SA-mediated suppression of 
different sets of JA-responsive genes. 

Previously, PDF1.2 promoter deletion constructs fused to the GUS reporter gene were 
tested for their ability to show SA/JA crosstalk (Spoel et al., 2003). A truncated PDF1.2 
promoter that consisted of only 311 bp upstream of the ATG start codon was sufficient for 
SA/JA crosstalk. Interestingly, this part of the PDF1.2 promoter includes the I-box and the 
GCC-box (Spoel et al., 2003). Site-directed mutagenesis of the I-box in the PDF1.2 promoter 
did not alter its response to SA, JA, or both chemicals, indicating that the I-box motif is not 
an essential regulatory element in the SA/JA antagonism (Fig. S3). Therefore, we further 
focused our investigations on the involvement of the GCC-box motif in the regulation of SA/
JA crosstalk.
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Figure 5: Promoter elements enriched in MeJA-responsive genes that are antagonized by SA. Enriched promoter 
elements in the promoter sequences of the group of 59 SA/JA crosstalk genes that were upregulated by MeJA and 
suppressed by SA in the SA/MeJA combination treatment. The occurrence of enriched motifs was determined in 
the 1-kb sequences upstream of the 5’-UTRs. The set of 59 SA/JA crosstalk promoters was split into two groups: 
promoters of genes that are suppressed by MYC2 (MYC2-suppressed; i.e. regulated by the ERF branch; 20 promoters) 
and genes that are not suppressed by MYC2 (Not MYC2-suppressed; i.e. MYC2-inducible or -nonresponsive; 39 
promoters), as described in the main text. Numbers represent the total number of occurrences of the given motif 
within the indicated set. The corresponding enrichment p-values are color-coded (green: not significant). The motif 
as found within all crosstalk promoters is depicted using Weblogo (Crooks et al., 2004).
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The GCC-box motif is sufficient for SA-mediated suppression of JA-responsive gene 
transcription

The GCC-box in the PDF1.2 promoter was shown to be required and sufficient for induction 
of gene expression by MeJA and ET (Brown et al., 2003; Zarei et al., 2011). Therefore, it 
provides an attractive target for SA-mediated suppression of JA-responsive gene expression. 
To test this, we used transgenic 4xGCC:GUS lines containing 4 copies of the GCC-box fused to 
a minimal 35S promoter and the GUS reporter gene (Fig. 6A). Two-week-old seedlings grown 
on MS agar plates were transferred to MES buffer containing SA, MeJA or a combination 
of both chemicals. In addition, a low dosis of the ET precursor ACC (0.002 mM) was added 
to all treatments to enhance the expression of PDF1.2:GUS and GCC:GUS. Twenty-four h 
later, samples were taken for the analysis of GUS activity. PDF1.2:GUS, 4xGCC:GUS line #5, 
and 4xGCC:GUS line #7 showed induced GUS activity after application of MeJA (Fig. 6B), 
confirming previous findings (Zarei et al., 2011). Interestingly, SA was able to suppress 
the induction of the 4xGCC promoter by MeJA. Quantitative analysis of GUS activity in 
PDF1.2:GUS and the 4XGCC:GUS lines yielded similar results: the PDF1.2 and the 4XGCC 
promoters were activated by MeJA and suppressed by SA (Fig. 6C). The SA-responsive 
PR-1:GUS line and the 35S:GUS line were used as controls (Fig. 6C). In the absence of ACC, 
MeJA also induced GUS activity in the PDF1.2:GUS and 4XGCC:GUS line, albeit to a lower 
level, and this induction was suppressed by SA (data not shown). These results indicate that 
the GCC-box is sufficient for both transcriptional activation by MeJA and suppression by SA.

To further substantiate this finding we investigated whether SA is able to suppress the 
activation of the 4XGCC promoter when induced by a pathogen. Therefore, we inoculated 
4XGCC:GUS lines #5 and #7 with the JA-inducing pathogen Alternaria brassicicola and treated 
half of the plants with SA 24 h later. Plants were harvested for gene expression analysis 
24 h after SA treatment. A. brassicicola induced the expression of both GUS (Fig. 6D) and 
PDF1.2 (Fig. 6E). In addition, SA suppressed pathogen-induced GUS and PDF1.2 expression, 
corroborating our finding that the GCC-box is sufficient for SA-mediated suppression of JA-
induced gene expression.
  
SA targets ORA59 accumulation

The GCC-box is a binding site for members of the family of AP2/ERF transcription factors 
(Hao et al., 1998), such as ERF1 and ORA59, which both have an important role in activation 
of PDF1.2  (Lorenzo et al., 2003; Pré et al., 2008; Zarei et al., 2011). Since suppression of 
PDF1.2 expression by SA can take place downstream of COI1, and independent of ERF1 
mRNA accumulation (Fig 4), we hypothesized that SA/JA crosstalk could be mediated 
through reduction of ORA59 mRNA levels. To investigate this, ORA59 transcription was 
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Figure 6: The GCC-box is sufficient for SA-mediated suppression of JA-induced gene expression. (A) Schematic 
representation of the 4XGCC:GUS construct. (B) Histochemical staining of GUS activity in 2-week-old seedlings of 
PDF1.2:GUS, 4XGCC:GUS line #5 and 4XGCC:GUS line #7. Two-week-old seedlings grown on MS agar plates were 
transferred to MES buffer solution containing 0.5 mM SA, 0.1 mM MeJA, or a combination of both chemicals. All 
treatments contained 0.002 mM ACC. Plants were stained for GUS activity 24 h later. (C) Quantitative analysis of 
GUS activity in 2-week-old seedlings of PDF1.2:GUS, 4XGCC:GUS#5, 4XGCC:GUS#7, PR-1:GUS, and 35S:GUS. Seed-
lings were treated as described in (B). Error bars represent SE of three independent biological replicas. (D) Analysis 
of GUS gene expression in 5-week-old 4XGCC:GUS#5 and 4XGCC:GUS#7 plants that were mock treated or inocu-
lated with the fungus A. brassicicola (Alt.), and dipped in 1 mM SA 24 h later. Leaf tissue was harvested 24 h after 
treatment with SA for the analysis of GUS expression. Error bars represent SE of three replicas. (E) RNA gel blot 
analysis of PR-1 and PDF1.2 transcription in the same plant material as used in (D). Equal loading of RNA samples 
was checked using a probe for 18S rRNA.
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monitored in plants ectopically expressing 35S:ERF1 in the coi1-1 mutant background. Like 
PDF1.2, ORA59 transcription was activated by 35S:ERF1 in the coi1-1 background (Fig. 7A). 
However, in contrast to 35S:ERF1-mediated PDF1.2 transcription, 35S:ERF1-induced ORA59 
expression was not suppressed by SA. Hence, SA-mediated suppression of PDF1.2 expression 
can function independently of both ERF1 and ORA59 mRNA accumulation. 

Next, it was postulated that SA could interfere with the production or stability of ERF1 
or ORA59. To investigate this, 5-week-old 35S:ERF1-TAP plants were treated with SA, MeJA 
or a combination of both hormones, and accumulation of ERF1-TAP was assessed. Figure 
7B shows that none of the hormone treatments affected the accumulation of ERF1-TAP 
in comparison to the control treatment. Ectopic expression of 35S:ERF1-TAP constitutively 
activated PDF1.2, which was hyper-induced by MeJA, and suppressed by SA (Fig. S4A), 
confirming the findings presented in Figure 4. These results indicate that ERF1 accumulation 
is not a target for SA-mediated suppression of the JA pathway.

Next, we tested the effect of SA and/or MeJA on the accumulation of ORA59. To this 

Figure 7: SA targets ORA59 protein accumulation. (A) RNA gel blot analysis of PR-1, ERF1, ORA59 and PDF1.2 
expression in coi1-1 and 35S:ERF1/coi1-1 plants 5 h after treatment with 1 mM SA, 0.1 mM MeJA or a combination 
of both chemicals. Equal loading of RNA samples was checked using a probe for 18S rRNA. (B) Western blot analysis 
of the tandem affinity protein (TAP)-tagged ERF1 protein levels in 5-week-old 35S:ERF1-TAP plants treated with 
1 mM SA, 0.1 mM MeJA or a combination of both chemicals, and harvested at indicated times after treatment. 
Wild-type Col-0 was included as a negative control. ERF1-TAP was detected using an anti-PAP antibody. Ponceau 
S stained Rubisco was included as a loading control. (C) and (D) Western blot analysis of the GFP-tagged ORA59 
protein levels in 11-day-old 35S:ORA59-GFP plants treated with 0.5 mM SA, 0.1 mM MeJA or a combination of both 
chemicals. Plants were harvested at 6 h after treatment (C) or 4 h, 6 h and 24 h after treatment (D). Wild type Col-0 
was included as a negative control. ORA59-GFP was detected using an anti-GFP antibody. Ponceau S stained rubisco 
was included as a loading control
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end, 11-day-old 35S:ORA59-GFP plants were treated with SA, MeJA or a combination of 
both hormones, after which ORA59-GFP protein levels were assessed. Markedly, SA had a 
negative effect on accumulation of the ORA59-GFP protein (Fig. 7C). Similar results were 
obtained in a time course experiment, in which SA had a negative effect on accumulation 
of ORA59-GFP at all time points tested (Fig. 7D). Contrary to 35S:ERF1-TAP plants, in 
35S:ORA59-GFP plants, PDF1.2 expression was not suppressed by SA (Fig. S4B), which is in 
line with findings that showed  that overexpression of ORA59 can overcome the ability of 
SA to suppress JA-induced gene expression (Leon-Reyes et al., 2010). Occasionally, we did 
not detect the negative effect of SA on ORA59-GFP accumulation, suggesting that this effect 
can be modulated by so far unidentified environmental conditions. Overall, these results 
indicate that SA can negatively affect ORA59 protein accumulation, which can provide an 
explanation for the antagonistic effect of SA on JA-responsive gene expression in wild-type 
plants. 

DISCUSSION

Plant immunity is regulated by a complex network of cross-communicating signaling 
pathways. The plant hormones SA and JA play a crucial role in controlling plant defenses 
that are triggered after pathogen or insect attack. The SA and JA signaling pathways are 
often mutually antagonistic, but the outcome of the signal interaction greatly depends on 
the context in which they are activated (Pieterse et al., 2009; Pieterse et al., 2012). In this 
study, we investigated the molecular mechanism by which SA exerts its antagonistic effect 
on the JA signaling pathway. Therefore, we systematically tested different components of 
the JA signaling pathway to identify the site of action of SA-mediated antagonism. 

JAZ proteins

Chung and Howe (2009) identified a naturally occurring alternative splice variant of JAZ10 
that completely lacks the Jas domain (JAZ10.4), and is therefore insensitive to JA-induced 
degradation. We hypothesized that SA targets the JA pathway via increased production 
of this dominant negative splice variant of JAZ10. However, no SA-induced expression of 
JAZ10.4 could be detected, while PDF1.2 and VSP2 gene expression were still suppressed 
by SA (Fig. 1B), making it unlikely that SA/JA crosstalk is regulated via enhanced production 
of JAZ10.4.

Previously, it was shown that SA inhibits the auxin signaling pathway through the 
stabilization of members of the Aux/IAA family of transcriptional repressors (Wang et al., 
2007). In analogy to JAs, auxins induce gene expression through direct physical interaction 
with TIR1-like F-box proteins in the SCFTIR1-complex, which in turn target the Aux/IAA family 
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of transcriptional repressors for degradation via the proteasome (Gray et al., 2001). Hence, 
we postulated that the antagonistic effect of SA on JA signaling might similarly function 
via the stabilization of JAZ transcriptional repressor proteins. The fact that overexpression 
of one single JAZ protein that is partially resistant to JA-induced degradation is sufficient 
to suppress JA-dependent gene expression (Fig. 1A), supported us in the hypothesis that 
stabilization of JAZ proteins by SA may be a plausible mechanism for the antagonistic effect 
of SA on JA signaling. However, we found that SA had no effect on the stability of JAZ proteins 
JAZ1, JAZ2 and JAZ9, neither in cell suspension cells nor in whole plants that ectopically 
expressed JAZ-LUC or JAZ-GUS reporter fusion proteins (Fig. 2 and Fig. 3). Since most of the 
12 JAZ proteins of Arabidopsis are likely to exert similar and overlapping functions in the JA 
signaling pathway, we conclude that it is very unlikely that SA-mediated suppression of the 
JA response functions through the stabilization of JAZ repressor proteins.

SCFCOI1 

The E3 ubiquitin-ligase SCFCOI1 complex plays a crucial role in the regulation of the JA 
response as it targets JAZ transcriptional repressor proteins for degradation upon perception 
of biologically active JAs (Chung et al., 2009). Arabidopsis mutants with defects in one of the 
proteins in the E3 ubiquitin-ligase SCFCOI1-complex, such as ask1, axr6-1, axr6-2, axr1-12, 
axr1-24, coi1-12, and coi1-16 show a reduced response to JAs (Lincoln et al., 1990; Ellis 
and Turner, 2002; Tiryaki and Staswick, 2002; Xiao et al., 2004; Ren et al., 2005). Hence, 
we reasoned that the SCFCOI1-complex would be a good target for SA for the suppression of 
JA signaling. However, in all SCFCOI1-complex mutants tested, SA was still able to suppress 
MeJA-induced transcription of the JA-responsive genes PDF1.2 or VSP2 to levels that were 
comparable to those observed in wild-type plants (Fig. S1), suggesting that it is unlikely that 
the SCFCOI1-complex is a major target for SA during SA/JA crosstalk. Importantly, we also 
monitored the effect of SA on PDF1.2 expression that was activated in the JA-insensitive 
coi1-1 mutant background through ectopic expression of 35S:ERF1. The AP2-domain/ERF 
transcription factor ERF1 is a positive regulator of PDF1.2 (Lorenzo et al., 2003). Ectopic 
expression of ERF1 strongly activated PDF1.2, even in the coi1-1 background that is fully 
blocked in JA signaling (Lorenzo et al., 2003) (Fig. 4). Exogenous application of SA readily 
suppressed ERF1-mediated PDF1.2 transcription in the mutant coi1-1 background (Fig. 4). 
These results clearly demonstrate that SA exerts its antagonistic effect independent of the 
E3 ubiquitin-ligase SCFCOI1-JAZ machinery in the JA signaling pathway. 

The SA/JA crosstalk transcriptome

Because we found that SA is likely to target the JA pathway at the level of gene transcription, 
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we first established the SA/JA crosstalk transcriptome using Affymetrix ATH1 GeneChips 
(Fig. S2, and Tables S1 and S2). The effect of SA and (Me)JA on gene expression has been 
analyzed in several small- and large-scale microarray studies in Arabidopsis and sorghum 
(Schenk et al., 2000; Salzman et al., 2005). In addition, global expression phenotyping of 
signaling-defective mutants of the SA and JA pathways has been exploited to investigate the 
network of regulatory interactions among different defense signaling pathways (Glazebrook 
et al., 2003). These expression profiling studies revealed one-way and mutual antagonism 
as well as synergistic effects between SA- and JA-dependent signaling pathways. Similar 
SA/JA signal interactions were also apparent in the SA/JA crosstalk transcriptome of the 
present study, but because an in-depth functional analysis of these microarray data was not 
the focus of this study, we will not discuss it here. For the present study we used the SA/
JA crosstalk transcriptome to search for regulatory motifs that are overrepresented in the 
JA-responsive promoters that are sensitive to suppression by SA. We identified 175 genes 
that were significantly induced by MeJA, 59 of which were significantly downregulated by 
SA (Table S1 and S2).  In silico analysis of the 1-kb promoter region of the MeJA-inducible 
genes that were suppressed by SA revealed that the G-box element CACGTG (Myc/ABRE 
element), the W-box TGACY, the Evening element AAAATATCT, the I-box GATAA, and the 
GCC-box AGCCGCC were significantly overrepresented, suggesting that these elements may 
be involved in the regulation of the SA/JA antagonism.

The GCC-box

Spoel et al. (2003) has previously tested PDF1.2 promoter deletion constructs fused to 
the GUS reporter gene for their ability to show SA/JA crosstalk. Deletion of the PDF1.2 
promoter up to 311 bp upstream of the ATG start codon did not interfere with the ability of 
the promoter to be induced by MeJA, and suppressed by SA. Since this part of the PDF1.2 
promoter includes the I-box and the GCC-box, we focused on the involvement of these 
promoter elements in the regulation of SA/JA crosstalk (Spoel et al., 2003). Site-directed 
mutagenesis of the I-box motif in the PDF1.2 promoter did not alter the response to SA, 
MeJA, or both chemicals, demonstrating that the I-box motif is not essential for crosstalk 
(Fig. S3). The GCC-box remained an interesting candidate for crosstalk regulation, as this 
element is essential and sufficient for (Me)JA-responsiveness of the PDF1.2 promoter 
(Brown et al., 2003; Zarei et al., 2011). To investigate whether the antagonistic effect of SA 
on the JA response is targeted at the GCC-box in JA-responsive genes, we tested the effect of 
MeJA and SA on the responsiveness of 4XGCC:GUS reporter lines. We confirmed the findings 
of Zarei et al. (2011) that the GCC-box tetramer is sufficient for transcriptional activation 
by JA. Moreover, we showed that the GCC-box is sufficient for the down-regulation of JA-
responsive gene expression by SA (Fig. 6). 
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ERF1 and ORA59

The GCC-box is a binding site for members of the AP2/ERF family of transcription factors 
(Hao et al., 1998), such as ERF1 and ORA59, which are both important activators of PDF1.2 
(Lorenzo et al., 2003; Pré et al., 2008; Zarei et al., 2011). Therefore, we were interested in the 
effect of SA on the regulation of these transcriptional activators. Since the suppressive effect 
of SA on PDF1.2 was independent of both ORA59 and ERF1 mRNA levels in this study (Fig. 
4 and Fig. 7A), we hypothesized that antagonistic action of SA in the JA-pathway involves 
an effect of SA on ERF1 or ORA59 protein levels. To this end, we monitored ERF1-TAP and 
ORA59-GFP protein accumulation in 35S:ERF1-TAP and 35S:ORA59-GFP plants, respectively. 
In the 35S:ERF1-TAP line, ERF1-TAP accumulation was not affected by SA, while PDF1.2 
gene expression was induced by MeJA and suppressed by SA (Fig. 7B and Fig. S4A). In the 
35S:ORA59-GFP line on the other hand, ORA59-GFP protein accumulation was strongly 
reduced by SA. This result indicates that SA negatively affects ORA59 protein accumulation, 
which may explain the antagonistic effect of SA on JA-responsive PDF1.2 gene expression. 
Despite the fact that SA reduced ORA59 accumulation in 35S:ORA59-GFP plants, PDF1.2 
gene expression could not be suppressed by SA in these plants (Fig. 7C and D, and Fig. 
S4B). Leon-Reyes et al. (2010) reported previously that overexpression of ORA59 negatively 
affects the ability of SA to suppress PDF1.2 gene expression. This finding highlights the 
importance of ORA59 in the outcome of the SA/JA antagonism. However, in the 35S:ORA59-
GFP line, reduction of ORA59-GFP protein levels upon SA treatment does apparently not 
directly result in a decrease of PDF1.2 gene expression levels. A plausible explanation for 
this could be that the level of ORA59-GFP protein after SA treatment is still too high to 
allow suppression of PDF1.2 in 35S:ORA59-GFP plants, while in wild-type plants SA-induced 
suppression of ORA59 accumulation is sufficient to suppress PDF1.2.

Mode of action of SA/JA signal interaction

Our results indicate that the antagonistic effect of SA on the JA response functions 
downstream of SCFCOI1, at the level of gene transcription. We found that the GCC-box is 
sufficient for transcriptional activation by JA and suppression by SA, and suggest that SA/
JA crosstalk via the GCC-box is mediated through SA-mediated suppression of ORA59 
protein accumulation. Like PDF1.2, the promoter of ORA59 contains a GCC-box and can be 
suppressed by SA (Zander et al., 2012) (and data not shown). However, we showed that this 
is not required for SA-mediated suppression of JA-dependent PDF1.2 gene expression, as in 
the ERF1 overexpression line the level of ORA59 transcript is not affected by SA while the at 
same time the PDF1.2 expression level is reduced by SA (Fig. 7A). Nevertheless, suppression 
of ORA59 expression may contribute to the overall antagonistic effect of SA on JA signaling. 
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In future research it will be interesting to find out how SA can target ORA59 protein 
levels. One possibility is that SA stimulates proteasome mediated-degradation of ORA59 
through post-translational modification of the protein. Proteasome-mediated turnover of 
transcriptional (co) activators has been reported as a common mechanism for regulation 
of transcriptional activity (Spoel et al., 2010; Moore et al., 2011). The ET-responsive 
transcription factor EIN3 was shown to be continuously targeted to the proteasome via the 
SCFEBF1/2  ubiquitin ligase in the absence of ET (Guo and Ecker, 2003; Potuschak et al., 2003; 
Gagne et al., 2004). In addition, phosphorylation and subsequent proteasome-mediated 
turnover plays an important role in the activity of the transcriptional co-activator NPR1 
(Spoel et al., 2009). Moreover, the AP2/ERF transcription factor ERF#104 is phosphorylated 
by MPK6, resulting in stabilization of the protein, which likely leads to enhanced 
transcription of ERF#104 target genes (Bethke et al., 2009). In parallel to an effect of SA on 
the ORA59 protein, SA might interfere with JA-dependent transcription via production of 
transcriptional repressors that can bind to the GCC-box. Transcription factors belonging to 
the AP2/ERF family share a common DNA binding motif (Nakano et al., 2006), and therefore 
family members that can function as transcriptional repressors, such as the EAR domain-
containing AP2/ERFs, are putative candidates with a role in SA/JA crosstalk.

In the past, several candidate proteins for the SA-mediated suppression of JA-responsive 
gene expression have been described. Several WRKY transcription factors are thought play 
a role in SA/JA crosstalk (Pieterse et al., 2012). Expression of a large part of the WKRY 
transcription factors is SA-responsive (Dong et al., 2003) and certain WRKYs have been 
described as important components in transcriptional regulation of SA-responsive gene 
expression (Wang et al., 2006; Van Verk et al., 2011a). A recent report showed that SA-
mediated suppression of JA-induced PDF1.2 gene expression was abolished in wrky50 single 
and wrky50wrky51 double knock-out mutants, indicating that these WRKYs play an essential 
role in SA/JA crosstalk (Gao et al., 2011). Although we did find an overrepresentation of 
the WRKY-binding site (W-box) in promoters of SA/JA crosstalk genes (Fig. 5), the PDF1.2 
promoter does not contain a W-box element. This suggests that WRKYs act indirectly in the 
regulation of transcription of PDF1.2. The mechanism by which the W-box in promoters 
of JA-dependent genes plays a role in the suppression of these genes by SA remains to be 
elucidated. 

In addition to WRKYs, TGA transcription factors are implicated in SA-mediated suppression 
of JA-dependent gene expression (Ndamukong et al., 2007; Zander et al., 2009; Leon-Reyes 
et al., 2010). Like WRKYs, TGA transcription factors are important in transcriptional regulation 
of SA-responsive gene expression (Zhang et al., 2003; Kesarwani et al., 2007). In addition, 
Zander et al. (2009) demonstrated that the tga2tga5tga6 triple mutant shows reduced 
JA/ET-responsive transcription of PDF1.2, indicating that in the absence of SA, class II TGA 
factors function as positive regulators of JA/ET-responsive gene transcription. Interestingly, 
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both the tga2tga5tga6 triple mutant and the tga2tga3tga5tga6 quadruple mutant were 
shown to be insensitive to SA-mediated suppression of JA/ET-responsive expression of 
PDF1.2 (Ndamukong et al., 2007; Zander et al., 2009; Leon-Reyes et al., 2010), suggesting 
that TGAs may have an important function in SA-mediated suppression of JA-responsive 
gene expression. TGA2 binds to the TGACG motif in the promoter of PDF1.2 (Spoel et al., 
2003). However, deletion of the TGACG motif does not affect PDF1.2 promoter activity 
(Spoel et al., 2003; Zander et al., 2009), suggesting that, like WRKY transcription factors, 
also TGA factors act indirectly in the regulation of JA/ET-responsive transcription of PDF1.2, 
e.g. via a yet unknown protein that controls PDF1.2 promoter activity. Future research will 
be focused on the identity of novel component(s) of the SA pathway that antagonize JA-
dependent activation of GCC-box-containing promoters as they will be key in unraveling the 
molecular basis of the SA/JA signal interaction. A working model for the mode of action of 
SA/JA signal interaction on GCC-box-containing promoters is given in Figure 8.

Although the GCC-box is sufficient for SA-mediated suppression of JA-responsive 
gene expression, many JA responsive genes do not contain such a motif (e.g. VSP2) but 
nevertheless are suppressed by SA. Interestingly, we have also found an overrepresentation 
of the ABRE-element/ G-box in promoters of SA/JA crosstalk genes. The G-box or G-box like 
sequences are commonly found in promoters that are activated by JA, such as VSP1, and 
are binding sites for the JA-dependent transcription factor MYC2 (Memelink, 2009). It is 
tempting to speculate that a similar scenario as described above for the suppression of GCC-
box-containing promoters is functional for MYC2-regulated G-box containing promoters, but 
this remains to be investigated.

MATERIALS AND METHODS

Plant material 
Seeds of Arabidopsis thaliana accessions Col-0, Ler-0, and Col-5, and the mutants and transgenic lines 35S:JAZ10  
[Col-0] (originally called At5g13220.1; Yan et al., 2007), JAZ10 RNAi-7 [Col-0] (originally called At5g13220 RNAi-7; 
Yan et al., 2007), JAZ10 RNAi-9 [Col-0] (originally called At5g13220 RNAi-9; Yan et al., 2007), 35S:JAZ10Δ #OE4A 
[Col-0] (originally called At5g13220 OE4A; Yan et al., 2007), 35S:JAZ10Δ #OE4B [Col-0] (originally called At5g13220 
OE4B; Yan et al., 2007), 35S:JAZ1-GUS (Thines et al., 2007), 35S:JAZ1-GFP #2G [Col-0] (Grunewald et al., 2009), 
35S:JAZ1-GFP #24 [Col-0] (Grunewald et al., 2009), amiRNA JAZ1 [Col-0] (Grunewald et al., 2009), npr1-1 [Col-0] 
(Cao et al., 1994), ask1 [Ler-0] (Yang et al., 2006), axr6-1 [Col-0] (Hellmann et al., 2003), arx6-2 [Col-0] (Hellmann 
et al., 2003), coi1-1 [Col- 5] (Feys et al., 1994), coi1-12 [Col-0] (Xiao et al., 2004) , coi1-16 [Col-5] (Ellis and Turner, 
2002), arx1-12 [Col-0] (Lincoln et al., 1990), axr1-24 [Col-0] (Tiryaki and Staswick, 2002), 35S:ERF1-1/coi1-1 [Col-0] 
(Lorenzo et al., 2003), 35S:ERF1-TAP [Col-0], 35S:ORA59-GFP [Col-0], PDF1.2ΔIbox:GUS [Col-0], PDF1.2:GUS [Col-
0] (Koornneef et al., 2008b), PR-1:GUS [Col-0] (Koornneef et al., 2008b), 35S:GUS (PG15) [Col-0] (Koornneef et 
al., 2008b), 4XGCC:GUS #5 [Col-0] (Zarei et al., 2011), and 4XGCC:GUS #7 [Col-0] (Zarei et al., 2011) were sown in 
quartz sand. After two weeks, seedlings were transferred to 60-mL pots containing a sand/potting soil mixture that 
was autoclaved twice for 20 min and further cultivated in a growth chamber with an 8-h day (24°C) and 16-h night 
(20°C) cycle at 70% relative humidity for another 3 weeks as described (Van Wees et al., 1999). For experiments 
with in vitro-grown plants, seedlings were grown on plates containing Murashige and Skoog  (MS) medium, pH 5.7, 
supplemented with 10 g.L-1 sucrose and 0.8% (w/v) plant agar. 
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Figure 8: Model for SA/JA signal interaction on GCC-box containing promoters of JA-responsive genes. Infection 
by a biotrophic pathogen results in the accumulation of SA and the activation of NPR1 through SA-mediated 
redox changes in the cell. Activated NPR1 (represented by a star-shaped rectangle) is then translocated into the 
nucleus where it interacts with TGA transcription factors, ultimately leading to the activation of SA-responsive 
genes. Expression of a large set of WRKYs is induced by SA, and certain WRKY transcription factors can regulate 
SA-responsive gene expression. Wounding, such as that caused by insect feeding or infection by a necrotrophic 
pathogen, results in the accumulation of JAs. Binding of JAs to the SCFCOI1-E3 ubiquitin-ligase complex leads to 
degradation of JAZ transcriptional repressor proteins, which results in activation of the JA response. AP2/ERF 
transcription factors, such as ORA59 and ERF1, are important transcriptional activators of JA-responsive genes. 
Binding of ERFs to the GCC-box induces JA-responsive gene expression. SA can suppress JA-responsive gene 
expression independently of SCFCOI1 and JAZ. The GCC-box is sufficient for SA-mediated suppression of JA-induced 
gene expression, and ORA59 protein accumulation is downregulated by SA. Since mutations in certain TGAs and 
WRKYs impair SA/JA crosstalk, TGAs and WRKYs may play an important regulatory role in this process. Hypothesized 
connections are indicated by dashed blocks or arrows.

Construction of transgenic plants
For the construction of the I-box knockout line, the 1.2-kb PDF1.2 promoter fragment was amplified by PCR 
from genomic DNA of Col-0 plants using the PDF1.2 FW2 (5’-GCG AAT TCA TGC ATG CAT CGC CGC ATC G-3’) and 
PDF1.2 RV2 (5’-CGC TCG AGA TGA TTA TTA CTA TTT TGT TTT C-3’) primers. The PDF1.2 promoter fragment was 
first cloned into the pCR-Blunt II-TOPO vector (Invitrogen, Breda, the Netherlands). The I-box motif (5’-GATAAG-3’) 
was mutagenized to an EcoRI recognition sequence (5’-GAATTC-3’) to facilitate identification of mutagenized 
transformants using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, USA) according to the 
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manufacturer’s protocol. Primers ∆Ibox FW (5’-CAA CAA ACA AAA AGC AAG ATG AAT TCT TTT GAT ATT GGC TAC 
GGG-3’) and ∆Ibox RV (5’-CCC GTA GCC AAT ATC AAA AGA ATT CAT CTT GCT TTT TGT TTG TTG-3’) were designed 
for the introduction of the desired mutation. The mutated PDF1.2ΔIbox promoter fragment was ligated into the 
pGREENII 0229-GUS binary vector (Hellens et al., 2000), using the SpeI and PstI recognition sites.

For construction of the 35S:ERF1-TAP line, the TAP insert was excised from pBS1479 (Puig et al., 2001) with 
BamHI and cloned into pC1300intB-35SnocBK (acc No. AY560326) digested with BgIII. pC1300intB-35SnocBK is 
a derivative of the binary vector pCAMBIA1300 carrying a CaMV 35S expression cassette. The ERF1 (At3g23240) 
ORF lacking the stop codon (ERF1-ΔSTOP) was amplified by PCR using the primers 5’-ACG CGT CGA CAA AAT GGA 
CCC ATT TTT AAT TCA GTC C-3’ and 5’-CCG CTC GAG CCT TGC CAA GTC CCA CTA TTT TC-3’ and cloned in pGEM-T 
Easy (Promega, WI, USA). The ERF1 ORF was excised from pGEM-T Easy with SalI/XhoI and cloned into pC1300intB-
35SnocBK-TAP.

For construction of the 35S:ORA59-GFP line, ORA59 (At1g06160) was amplified by PCR with the primer set 
5’-ACG CGT CGA CAA AAT GGA ATA TCA AAC TAA CTT C- 3’ and 5’- CCG CTC GAG CCT TGA GAA CAT GAT CTC ATA 
AG-3’ and cloned in pGEM-T Easy such that the XhoI site flanked the SpeI site. The ORA59-ΔSTOP insert was excised 
with SalI/SpeI and cloned into pTH2SN (a derivative of pTH2 (Kuijt et al., 2004)). ORA59-ΔSTOP was excised from 
pTH2SN with SalI/NcoI and cloned into pTH2 (Chiu et al., 1996; Niwa et al., 1999). The GFP expression cassette was 
transferred from pTH2 as a HindIII/EcoRI fragment to pCAMBIA1300 (acc No. AF234296).

Arabidopsis plants were transformed using the floral dip method as described by Clough and Bent (1998). 
Transformed seedlings were selected as described (Harrison et al., 2006). 

Construction of transgenic cell suspension cultures
For the degradation assays shown in Figure 2, the plasmid pEN-L4-2-R1 holding the CaMV 35S promoter, pEN-R2-
LUC-L3 and entry clones holding JAZ1 (At1g19180), JAZ2 (At1g74950), JAZ9 (At1g70700) and MYC2 (At1g32640) 
open reading frames (ORF) without stop codon were recombined by MultiSite Gateway LR reaction using pKCTAP as 
destination vector essentially as described (Karimi et al., 2007). The T-DNA in the latter vector additionally expresses 
GREEN FLUORESCENT PROTEIN (GFP) under control of the rolD promoter (Van Leene et al., 2007). Plasmids were 
transfected into A. tumefaciens strain C58 (pMP90) by electroporation. The Arabidopsis PSB-D cell suspension 
culture used in this study was maintained and transformed with the plasmids as described previously (Van Leene et 
al., 2007). Transformed cells were directly selected in liquid medium. For the experiment shown in Figure 2E, entry 
clones pEN-L4-2-R1 holding the pCaMV 35S promoter, pEN-R2-GStag-L3 holding a GS-TAP tag and pDONR221-
JAZ1 (without stop codon) were recombined by MultiSite Gateway LR reaction using pKCTAP as destination vector. 
Subsequently, the construct was introduced in the Arabidopsis PSB-D cell culture as described above.

Chemical treatments of intact plants
Plants were treated with SA and/or MeJA by dipping the leaves into a solution containing 0.015% (v/v) Silwet L77 
(Van Meeuwen Chemicals BV, Weesp, the Netherlands) 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 as described previously (Spoel et al., 2003). Control treatments were dipped into a solution containing 
0.015% (v/v) Silwet L77. 

For the experiments shown in Figure 3, chemical induction of plants grown on MS medium was performed 
by transferring 12-day-old plate-grown seedlings to fresh MS medium supplemented with 0.5 mM SA, 0.02 mM 
MeJA, or a combination of these chemicals (Spoel et al., 2003). For the experiments shown in Figure 6, 2-week-
old plate-grown plants were transferred to 24-well plates containing 1.5 mL MES buffer (5 mM MES, 1mM KCl, pH 
5.7) per well. Five seedlings were used per sample. Twenty-four h after transfer to MES buffer, 0.5 mL MES buffer 
supplemented with SA and/or MeJA was added to the seedlings, resulting in final concentrations of 0.5 mM SA and 
0.1 mM MeJA, respectively. In addition, ACC was added to all wells resulting in a final concentration of 0.002 mM. 
Seedlings were harvested 24 h after induction treatment and immersed in GUS staining solution, or frozen in liquid 
nitrogen and used for quantative GUS activity measurement. For the experiments shown in Figure 7, 11-day-old 
plate-grown plants were transferred to 24-well plates containing 1.5 mL MES buffer per well, and were treated as 
described above, with exception of the addition of ACC. The seedlings were harvested at different time points after 
induction treatment and immediately frozen in liquid nitrogen. In all cases, MeJA was added to the solutions from 
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a 1,000-fold concentrated stock in 96% ethanol. To the solutions without MeJA, a similar volume of 96% ethanol 
was added (end concentration 0.1%). 

Alternaria brassicicola inoculation
Alternaria brassicicola strain MUCL 20297 was grown on potato dextrose agar (PDA; Difco Laboratories, Detroit, 
USA) plates for 2 weeks at 22°C. Subsequently, conidia were collected as described (De Vos et al., 2005). Plants 
were inoculated when 5 weeks old by applying 5-μL droplets of half-strength potato dextrose broth containing 5 
x 105 spores per mL, as described previously (Leon-Reyes et al., 2009). After inoculation plants were kept at 100% 
relative humidity for optimal fungal germination.

RNA extraction, RNA gel blot and quantitative real-time PCR analysis
For RNA extraction, at least 5 plants per treatment were harvested at the time points indicated. RNA isolation 
and RNA gel blot analysis was performed, as described previously by Van Wees et al. (1999). RNA gel blots 
were hybridized with gene-specific probes for PR-1 (At2g14610), PDF1.2 (At5g44420), and VSP2 (At5g24770) as 
described (Van Wees et al., 1999; Pozo et al., 2008). Probes for the GUS reporter gene, the genes ERF1 (At3g23240) 
and ORA59 (At1g06160), and 18S rRNA were made by PCR amplification on cDNA using the following primers: GUS-
Forward 5’-CCC TTA CGC TGA AGA GAT GC-3’ and GUS-Reverse 5’-GGC ACA GCA CAT CAA AGA GA-3’, ERF1-Forward 
5’-TCC CTT CAA CGA GAA CGA CT-3’ and ERF1-Reverse 5’-ACA ACC GGA GAA CAA CCA TC-3’, ORA59-Forward 5’-TTC 
CCC GGA GAA CTC TTC TT-3’ and ORA59-Reverse 5’-TCC GGA GAG ATT CTT CAA CG-3’, 18S-Forward 5’-AAA CCC 
CGA CTT ATG GAA GG and 18S-Reverse 5’-CGA ACC CTA ATT CTC CGT CA-3’. After hybridization with α-32P-dCTP-
labeled probes, blots were exposed for autoradiography. Signal intensities of probes were quantified using a Bio-
Rad Molecular Imager FX with Quantity One software (Bio-Rad, Veenendaal, the Netherlands).

For the experiment described in Figure 1B, expression of PR-1 (At2g14610), PDF1.2 (At5g44420), VSP2 
(At5g24770), JAZ10.1/2/3 (At5g13220.1/2/3), JAZ10.4 (At5g13220.4), and the constitutive At1g13320 was 
determined by semi-quantative RT-PCR. Fermentas RevertAid H minus Reverse Transcriptase was used to convert 
DNA-free total RNA into cDNA. Genes of interest were amplified using the following PCR program (unless otherwise 
stated): 94°C for 2 minutes; 22 cycles of: 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 30 seconds; and 
as a last step 72°C for 6 minutes. JAZ10.4 was amplified by PCR with 34 cycles of: 94°C for 30 seconds, 56°C for 30 
seconds, and 72°C for 1 minute. JAZ10.1/2/3 was amplified by PCR with 27 cycles of: 94°C for 30 seconds, 58°C 
for 30 seconds, and 72°C for 30 seconds. At1g13320 was amplified by PCR with 27 cycles of: 94°C for 30 seconds, 
58°C for 30 seconds, and 72°C for 30 seconds. The following gene specific primers were used for amplification: 
PR-1-Forward 5’-CTC GGA GCT ACG CAG AAC AAC T-3’ and PR-1-Reverse 5’-TTC TCG CTA ACC CAC ATG TTC A-3’, 
PDF1.2-Forward 5’-TCA CCC TTA TCT TCG CTG CTC-3’ and PDF1.2-Reverse 5’-TGT AAC AAC AAC GGG AAA ATA AAC 
A-3’, VSP2-Forward 5’-ATG CCA AAG GAC TTG CCC TA-3’ and VSP2-Reverse 5’-CGG GTC GGT CTT CTC TGT TC-3’, 
JAZ10.1/2/3-Forward 5’-TAT GAA GGT CGC TAA TGA AGC AG-3’ and JAZ10.1/2/3-Reverse 5’-GGT CTT AGA GTG GTC 
GGA AGA A-3’, JAZ10.4 primers as described in Chung and Howe (2009), and At1g13320 primers as described in 
Czechowski et al. (2005).

AOS gene expression in Arabidopsis cell suspension cells (Fig. 2) was analyzed by qRT-PCR as described by 
Pauwels et al. (2008), using the AOS-specific primers  5’-CAC CGG CGT TAG TCA AAT CT-3’ AND 5’-CGG CGG ATT 
CTA AGA AAA ACT-3’. Delta-CT relative quantification with multiple reference gene normalization was performed 
with the qBase program (medgen.ugent.be/qbase). The reference genes used for normalization were At1g69280, 
At4g17300, At3g25800, and At1g04300 as described (Pauwels et al., 2008). For the experiments shown in Figure 
6 and Figure S4 gene expression was analyzed by qRT-PCR as described by Verhage et al. (2011), with some 
modifications. Fermentas RevertAid H minus Reverse Transcriptase was used to convert DNA-free total RNA into 
cDNA. The following primers were used to analyze expression of PR-1 (At2g14610), PDF1.2 (At5g44420), ORA59-
GFP, and the GUS reporter gene: PR-1 primers as described in the paragraph above, PDF1.2-Forward 5’-CAC CCT 
TAT CTT CGC TGC TCT T-3’ and PDF1.2-Reverse 5’-GCC GGT GCG TCG AAA G-3’, GFP-Forward 5’-GAC GTA AAC GGC 
CAC AAG TT-3’ and GFP-Reverse 5’-GAA CTT CAG GGT CAG CTT GC-3’, GUS-Forward 5’-CAA CGA ACT GAA CTG GCA 
GA-3’ and GUS-Reverse 5’-TAG AGC ATT ACG CTG CGA TG-3’. The reference gene used for normalization of the 
genes of interest was At1g13320 as described (Czechowski et al., 2005).
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JAZ degradation assay in cell suspension cultures
Transformed cell cultures were grown for several weeks in the absence of kanamycin before protein degradation 
assays were performed. Fresh cell cultures were grown for one week after subculturing before use in the JAZ 
degradation assay. For crosstalk experiments, application of 0.001 mM of JA (Duchefa, Haarlem, the Netherlands) 
and/or 0.01 mM of SA was added to the cells, which were subsequently harvested at multiple time points by 
vacuum filtration. Samples were immediately frozen in liquid nitrogen and ground using a Retsch MM300 shaker. 
Subsequently, proteins were extracted using LUC extraction buffer (100 mM KPO4 pH 7.8, 1 mM EDTA, 7 mM 
β-mercaptoethanol, 1 mM PMSF and 1 complete protease inhibitor tablet (Roche, Mannheim, Germany) per 10 mL) 
as described (Salmon et al., 2008). The supernatant was used for subsequent measurements of GFP fluorescence 
and LUC activity. GFP fluorescence was used to normalize for variations in protein extraction. Half-life calculations 
were performed as described (Dreher et al., 2006) with modifications. For each sample individually, a LUC activity 
(l)/GFP fluorescence (g) ratio was calculated and divided by an average l/g value for the control samples (i.e. the 
first time point without JA) to generate a normalized l/g value. For graphic presentation, the natural log of the 
normalized l/g value was determined and plotted in function of time. For the proteasome-dependency experiment, 
60 µM MG132 (Z-Leu-Leu-Leu-H; Boston Biochem, Cambridge, MA, USA) was used.

Protein extraction and western blot analysis
For the experiment shown in Figure 2E, protein extraction and western blot analysis was performed as described by 
Hemerly (1995). For the detection of JAZ1-CTAP, a 1:2500 dilution of the perioxidase anti-peroxidase (PAP) soluble 
complex antibody (Sigma-Aldrich, MO, USA) was used.  As an internal control for loading of the SDS-PAGE gel and 
transfer of proteins to the membrane, the constitutively accumulating protein CDKA was detected using a primary 
anti-CDKA antibody (1:2500 dilution) and a secondary peroxidase-conjugated anti-rabbit antibody (GE Healthcare, 
Little Chalfont, Buckinghamshire, UK) (1:10000 dilution). 

For experiments shown in Figure 7, protein was extracted by resuspension of frozen and ground seedlings in 
protein extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.2% Triton X-100, 6 mM β-mercaptoethanol, 5 
mM EDTA, protease inhibitor cocktail for plant cell and tissue extracts 1:100 (Sigma-Aldrich, MO, USA), and 50 
µM MG132 (Z-Leu-Leu-Leu-Al; Sigma-Aldrich, MO, USA)). Samples were centrifuged for 10 minutes at 4°C, and 
supernatant containing soluble protein was harvested. Protein concentration was determined using Bio-Rad 
Protein Assay (Bio-Rad, CA, USA), following manufacturer’s instructions. Immediately after isolation, the soluble 
protein fraction was brought in SDS sample buffer (Leammli, 1970). Fiveteen µg protein was separated by SDS-
page gel-electrophoresis (10% acrylamide) as described (Leammli, 1970). Next, proteins were electroblotted onto 
nitrocellulose membrane (Amersham Hybond ECL; GE Healthcare, Chalfont St Giles, UK). Nitrocellulose membranes 
were blocked over night at 4°C in 5% skimmed milk (Elk, Campina, the Netherlands) in TBST (500 mM Tris-HCl 
pH 7.5, 1.5 mM NaCl, 0.05% Tween 20). Next, membranes were incubated for 2.5 h at room temperature with 
PAP-antibody (rabbit; Sigma-Aldrich, MO, USA) diluted 1:1000 in 5% skimmed milk in TBST, or anti-GFP antibody 
(mouse, monoclonal; Roche, Basel, Switzerland) diluted 1:800 in 5% skimmed milk in TBST. Membranes incubated 
with PAP antibody were washed three times 10 min with TBST and one time 10 min with TBS (500 mM Tris-HCl 
pH 7.5, 1.5 mM NaCl ), after which protein was detected as described below. Membranes incubated with anti-GFP 
antibody were washed four times 10 min in TBST, and incubated for 1 h at room temperature with goat anti-mouse 
IgG, HRP conjugate (Novagen/ Merck, Darmstadt, Germany) diluted 1:5000 in 5% skimmed milk in TBST. Next, 
membranes were washed three times 10 min with TBST and one time 10 min with TBS. Proteins were detected on 
Kodak Biomax XAR films (Sigma-Aldrich, MO, USA) using Super Signal Pico Chemiluminescent Substrate and  Super 
Signal Femto Chemiluminescent Substrate (Thermo scientific, IL, USA) mixed in 3:1 ratio. As an internal control for 
loading of the SDS-PAGE gel and transfer of proteins to the membrane, membranes were stained with ponceau S 
(0.1% ponceau S, 5% acetic acid).

GUS assays
In the histochemical GUS assay, GUS activity was assessed by transferring seedlings to a GUS staining solution (1 
mM X-Gluc, 100 mM NaPi buffer, pH 7.0, 10mM EDTA, and 0.1% (v/v) Triton X-100). After vacuum infiltration and 
overnight incubation at 37°C, the seedlings were de-stained by repeated washes in 70% ethanol (Spoel et al., 2003). 
For the quantitative GUS assays, protein was isolated from frozen plant material and quantitative GUS activity 
measurement was performed as described (Pré et al., 2008).
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Sample preparation and microarray data collection
For isolation of RNA, whole rosettes from Col-0 plants were mock-treated or treated with 1 mM SA, 0.1 mM MeJA, 
or a combination of both as described above. Leaf tissue was harvested 28 h after treatment and immediately 
frozen in liquid nitrogen. RNA was prepared from three independent biological experiments and purified using 
RNeasy Plant Mini Kit columns (Qiagen Benelux BV, Venlo, the Netherlands). RNA samples were analyzed for 
quality using a lab-on-a-chip RNA Nano Chip assay (Agilent technologies). Probe preparation and hybridization to 
Arabidopsis ATH1 full-genome GeneChips (Affymetrix, Santa Clara, USA) was carried out by ServiceXS (Leiden, the 
Netherlands) and the Affymetrix service station of Leiden University Medical Center. 

Expression profiling and promoter analysis
The obtained Arabidopsis ATH1 microarray Cel files were normalized using an Empirical Bayes GCRMA Background 
adjustment, Quantile normalization and Median Polish summarization (Wu et al., 2004). For analysis of differentially 
expressed genes, the log2-transformed expression values of the three independent biological experiments were 
compared between treatments using a two sample, two-tailed Student’s t test. To identify overrepresented 
promoter elements of SA/JA cross-talk genes the approach as described by Breeze et al.  (2011) was applied with 
the following minor modifications. In total 881 promoter elements were obtained from the JASPAR (Sandelin et al., 
2004), PLACE (Higo et al., 1999) and TRANSFAC (Matys et al., 2006)  databases. The 1-kb upstream regions of 33602 
genes were obtained from the TAIR10 release of the Arabidopsis genome www.arabidopsis.org. The 100 million-
bp random sequence generated by a 3rd  order Markov model was learned from the whole Arabidopsis genome 
(Chromosome 1-5, TAIR10 release). The top k nonoverlapping hits within the 1-kb upstream region were optimized 
within the range 1 to 10 for minimum binomial p-value.
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Figure S1: Effect of SA on JA-responsive gene expression in Arabidopsis genotypes affected in SCFCOI1-JAZ. To 
investigate whether the JA receptor complex SCFCOI1-JAZ is a target for SA in suppression of the JA pathway, we 
monitored SA/JA crosstalk in a number of plants with an altered expression of JAZ proteins, and in mutants that are 
impaired in functionally important proteins of the SCFCOI1-complex. Five-week-old plants were treated with MeJA 
or with a combination of MeJA and SA and 24 h later, the expression of the JA-responsive marker gene PDF1.2 was 
assessed. For those genotypes in which PDF1.2 was not sufficiently expressed, we analyzed the expression level of 
the JA-responsive marker gene VSP2 (indicated by an asterisk). Signal intensities on RNA gel blots were quantified 
using a Phosphor imager. In all genotypes tested, the single MeJA treatment resulted in the induction of PDF1.2 or 
VSP2, and these transcript levels, normalized to the 18S rRNA levels, were set at 100%. The Figure displays data of 
a representative experiment. Exogenous application of SA suppressed PDF1.2 transcription in wild-type Col-0, Col-
5, and Ler-0 plants, but not in mutant npr1-1, confirming previous findings (Spoel et al., 2003). Although several of 
the SCFCOI1-complex mutants and JAZ-related genotypes showed reduced PDF1.2 or VSP2 mRNA levels after MeJA 
treatment (data not shown), the remaining MeJA-induced level of gene expression could still be suppressed by SA. 
These results suggest that none of the SCFCOI1-JAZ complex components tested plays a crucial role in SA/JA crosstalk.

SUPPLEMENTAL DATA

Table S1.  MS Excel file with normalized expression levels, fold-change information, AGI numbers and  
  TIGR annotation of the selected MeJA- and SA-responsive genes.

Table S2.   MS Excel file with normalized expression levels, fold-change information, AGI numbers and  
  TIGR annotation of the selected SA/JA crosstalk genes.

  All microarray data are available on request and will be deposited in NASC arrays 
  (http://www.affymetrix.arabidopsis.info) prior to publication.
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Figure S2: The SA/JA crosstalk transcriptome of Arabidopsis. (A) RNA gel bot analysis of PR-1, and PDF1.2 
expression in 5-week-old Col-0 plants treated with 1 mM SA, 0.1 mM MeJA or a combination of both chemicals, 
and harvested 24 h after treatment. Equal loading of RNA samples was checked using a probe for 18S rRNA. Shown 
are the data of the three independent experiments that were subjected to microarray analysis. (B) Clustering of 
Log2-fold changes of MeJA-induced genes using the cosine distance measure and average linkage for the cluster 
tree. Genes that were induced by MeJA at least 2-fold (Log2 ≥ 1) and have a p-value of ≤0.1 were selected for 
clustering. Depicted is the fold change in expression in the combined SA- and MeJA-treated plants compared to the 
MeJA-only-treated plants (SA+MeJA/MeJA; last three columns) versus the MeJA- compared to Mock-treated plants 
(MeJA/Mock; first  three columns). Yellow indicates induction of expression, whereas blue indicates suppression of 
expression. Numbers above the columns indicate the experiment number. The blue part of the cluster tree marks 
the group of SA/JA crosstalk genes.
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Figure S3: The I-box motif is not required for SA/JA crosstalk. The I-box motif is a cis-acting element that was 
previously found in the promoters of light-regulated and circadian clock-controlled plant genes (Borello et al., 
1993). The promoter of the PDF1.2 gene contains a single I-box motif at position –188 to –183 relative to the ATG 
start codon. Using site-directed mutagenesis, we knocked out this I-box motif (GATAAG changed into GAATTC), and 
fused the mutated PDF1.2∆Ibox promoter to the GUS reporter gene. Four independent transgenic PDF1.2∆Ibox:GUS 
lines were treated for 24 h with 1 mM SA, 0.1 mM MeJA, or a combination of both chemicals, and evaluated 
for ectopic PDF1.2∆Ibox:GUS and endogenous PDF1.2 expression. Shown are the relative PDF1.2∆Ibox:GUS and 
PDF1.2 transcript levels in 5-week-old-plants of a representative transgenic line. Equal loading of RNA samples 
was checked using a probe for 18S rRNA. Signal intensities were quantified using a Phosphor imager, and PDF1.2 
and GUS transcript levels in the single MeJA treatments were set to 100%. Clearly, the MeJA-induced activation 
of PDF1.2 and PDF1.2∆Ibox was equally sensitive to suppression by SA, indicating that the I-box motif is not an 
essential regulatory element in the SA/JA antagonism.
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Figure S4: SA- and JA-responsive gene expression in 35S:ERF1-TAP and 35S:ORA59-GFP plants. (A) RNA gel blot 
analysis of PR-1, ERF1-TAP, and PDF1.2 expression in Col-0 and 35S:ERF1-TAP plants that were treated as described 
in Figure 7B. Equal loading of RNA samples was checked using ethidium bromide staining of rRNA. Ectopic expres-
sion of 35S:ERF1-TAP constitutively activated PDF1.2, which was hyper-induced by MeJA, and suppressed by SA, 
confirming the findings presented in Figure 4. ERF1-TAP gene expression was not affected by any of the hormone 
treatments at 4 h after treatment, but was slightly increased by SA 6 and 24 h after treatment, which may be 
explained by the presence of an SA-responsive as-1 element in the 35S promoter (Xiang et al., 1996). Changes in 
ERF1-TAP gene expression levels correlated with minor differences in ERF1-TAP protein accumulation between 
treatments (Fig. 7B). (B) qRT-PCR analysis of ORA59-GFP, PDF1.2, and PR-1 expression in 11-day-old Col-0 and 
35S:ORA59-GFP plants that were treated as described in Figure 7C. The constitutively expressed gene At1g13320 
was used as an internal control. Depicted is the average of two independent biological replicas. Error bars repre-
sent SE. Like in 35S:ERF1-TAP plants, PDF1.2 was strongly activated in 35S:ORA59-GFP plants. However, contrary 
to 35S:ERF1-TAP plants, in 35S:ORA59-GFP plants, PDF1.2 expression was not suppressed by SA. This is in line with 
previous findings that showed  that overexpression of ORA59 can overcome the ability of SA to suppress JA-induced 
gene expression (Leon-Reyes et al., 2010). 35S:ORA59-GFP expression was not strongly affected by the hormone 
treatments.
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ABSTRACT

The plant hormones salicylic acid (SA) and jasmonic acid (JA) play major roles in the regulation 
of plant defense responses against pathogens and insects. The SA- and JA-dependent 
signaling pathways can cross-communicate in order to fine-tune the activation of defenses. 
SA is known to antagonize the expression of JA-dependent genes, such as PDF1.2 (SA/JA 
crosstalk). Using the protein synthesis inhibitor cycloheximide (CHX), we show here that de 
novo protein synthesis is required for the antagonistic action of SA on JA signaling. Previously, 
SA/JA crosstalk was shown to take place downstream of the JA-receptor component COI1 
and to target the GCC-box promoter motif, which is present in promoters of JA-regulated 
genes that are co-regulated by ethylene, such as PDF1.2. In this study, both SA and JA were 
shown to enhance binding of nuclear proteins to the GCC-box in an electrophoretic mobility 
shift assay. The GCC-box is a binding site for AP2/ERF transcription factors and SA was found 
to activate expression of several AP2/ERF encoding genes, including AP2/ERFs with an 
EAR repression domain. However, in eight tested loss-of-function ap2/erf mutants SA/JA 
crosstalk was still intact, indicating that the tested AP2/ERF transcription factors were not 
essential for suppression of JA responses, or act redundantly. In addition, a loss-of-function 
mutation in TOPLESS (TPL), a co-repressor of JA signaling that interacts with different EAR-
domain AP2/ERFs, did not affect SA/JA crosstalk either. Altogether, these data suggest that 
SA/JA crosstalk is unlikely regulated by SA-inducible AP2/ERF transcriptional repressors. We 
speculate that SA stimulates de novo production of a yet unknown protein that accomplishes 
SA/JA crosstalk on the PDF1.2 promoter via the GCC-box.
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INTRODUCTION

In nature, plants can encounter attack by a broad array of microbial pathogens and herbivorous 
insects. To defend themselves, plants employ constitutive defense mechanisms, such as 
structural barriers and preformed antimicrobial compounds. In addition, they can recognize 
their attackers, and subsequently activate specific defense responses. The plant hormones 
salicylic acid (SA) and jasmonic acid (JA) play pivotal roles in inducible immune responses 
(Spoel and Dong, 2008; Pieterse et al., 2009; Pieterse et al., 2012). Other hormones, like 
ethylene (ET), abscisic acid (ABA), gibberellins, auxins, and cytokinins are able to modulate 
the SA- and JA-dependent signaling pathways (Pieterse et al., 2012). In response to different 
types of attackers, the plant produces hormonal blends that differ in composition, quantity 
and timing, which is greatly dependent on the lifestyle and invasion strategy of the attacker 
(De Vos et al., 2005). Although there are exceptions, SA is considered to be mainly active in 
the defense response against pathogens with a biotrophic lifestyle, while JA is important for 
the defense response against pathogens with a necrotrophic lifestyle (Thomma et al., 2001; 
Glazebrook, 2005) and against herbivorous insects (Howe and Jander, 2008).

The SA and JA signaling pathways can cross communicate and thereby steer the 
activated defense response (Pieterse et al., 2009; Verhage et al., 2010). Although synergistic 
interactions have been observed between the SA and JA pathway, especially upon application 
of low concentrations of both hormones (Mur et al., 2006), the pathways are often observed 
to act antagonistically. In Arabidopsis thaliana, suppression of SA-dependent defenses by 
JA signaling has been reported (Kloek et al., 2001; Nickstadt et al., 2004; Laurie-Berry et 
al., 2006), however, the reciprocal effect of SA on JA-dependent defenses seems more 
prominent. Enhanced SA signaling, either accomplished through exogenous application of 
SA or through induction of endogenous SA by pathogen infection, can strongly suppress 
expression of the JA-responsive marker genes PLANT DEFENSIN 1.2 (PDF1.2) and VEGETATIVE 
STORAGE PROTEIN 2 (VSP2), and reduces resistance to JA-sensitive attackers (Van Wees et 
al., 1999; Spoel et al., 2003; Spoel et al., 2007; Koornneef et al., 2008c; Leon-Reyes et al., 
2009; Zhang et al., 2009). Transcriptome profiling using whole-genome microarrays led to 
the identification of 59 methyl jasmonate (MeJA)-inducible genes that could be suppressed 
by SA 24 h after the combination treatment (Chapter 3). The antagonistic effect of SA on 
the JA signaling pathway (SA/JA crosstalk) is robust and consistent, as was demonstrated by 
its effect being long-lasting, activated by very low doses of SA, and occurring in Arabidopsis 
accessions from different geographical origins (Koornneef et al., 2008c).

In the last decennia many molecular components of both the SA and the JA signaling 
pathways have been identified. A key player in the SA pathway is the transcriptional co-
activator NON EXPRESSOR OF PR GENES 1 (NPR1) (Cao et al., 1994; Dong, 2004), which 
recently was shown to act as a receptor for SA, as were also NPR3 and NPR4 (Fu et al., 2012; 
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Wu et al., 2012). Mutant npr1 plants do no longer show SA-responsive PATHOGENESIS-
RELATED (PR) gene expression and are enhanced susceptible to different microbial 
pathogens (Cao et al., 1994). Under basal conditions, NPR1 resides in the cytosol in an 
oligomer complex, formed through intermolecular disulfide bonds (Mou et al., 2003). 
Activation of the SA signaling pathway results in changes in the cellular redox state, leading 
to monomerization and subsequent translocation of NPR1 to the nucleus, which is required 
for its role in activation of PR gene expression (Kinkema et al., 2000; Mou et al., 2003; Tada 
et al., 2008). In addition, phosphorylation and proteasome-mediated turnover of NPR1 are 
required for full induction of defense gene expression (Spoel et al., 2009). In the nucleus, 
NPR1 can interact with TGA transcription factors, and hereby stimulate expression of SA-
responsive PR genes, among which WRKY transcription factor genes (Zhang et al., 1999; 
Després et al., 2000; Dong et al., 2003; Johnson et al., 2003; Van Verk et al., 2009). WRKYs 
are also important regulators of SA-dependent defense gene expression (Wang et al., 2006; 
Van Verk et al., 2011a). Several SA signaling components have been shown to play a role in 
SA/JA crosstalk (Pieterse et al., 2009). Mutants npr1, tga triple and quadruple (tga2tga5tga6 
and tga2tga3tga5tga6) and wrky single and double (wrky50 and wrky50wkry51) mutants 
did no longer show SA-induced suppression of JA/ET-regulated PDF1.2 expression (Spoel 
et al., 2003; Ndamukong et al., 2007; Leon-Reyes et al., 2009; Zander et al., 2009; Leon-
Reyes et al., 2010; Gao et al., 2011), indicating that NPR1 and a selection of TGA and WRKY 
transcription factors are required for the antagonistic effect of SA on the JA pathway.

In the JA signaling pathway, the F-box protein CORONATINE INSENSITIVE 1 (COI1) is an 
essential component (Xie et al., 1998; Yan et al., 2009; Sheard et al., 2010). COI1 is part of 
the E3 ubiquitin-ligase Skip-Cullin-F-box complex SCFCOI1 and functions in a complex with 
JASMONATE ZIM-domain (JAZ) transcriptional repressor proteins as a receptor for JA-Ile, 
the biologically active form of JA (Fonseca et al., 2009; Yan et al., 2009; Sheard et al., 2010). 
Binding of JA-Ile to COI1 and JAZ leads to degradation of JAZ via the proteasome (Chini et 
al., 2007; Thines et al., 2007; Chung et al., 2009). In the uninduced state, JAZ proteins act 
as transcriptional repressors of JA signaling by binding to positive transcriptional regulators, 
such as MYC2, MYC3 and MYC4 (Chini et al., 2007; Fernandez-Calvo et al., 2011; Niu et 
al., 2011) and the JA- and ET- responsive transcription factors EIN3 and EIL1 (Zhu et al., 
2011). Interaction of JAZ proteins with NOVEL INTERACTOR OF JAZ (NINJA), which through 
its EAR-motif recruits the Groucho/Tup1-type co-repressor TOPLESS (TPL), contributes to 
suppression of MYC2-dependent transcription (Pauwels et al., 2010). JAZ proteins can also 
interact with the histone deacetylase protein HDA6, which contributes to repression of EIN3- 
and EIL1-dependent transcription (Zhu et al., 2011). JA-induced release of the repression by 
JAZ results in activation of a large number of JA-responsive genes (Memelink, 2009; Pauwels 
and Goossens, 2011). There are two main groups of JA-regulated genes; those under control 
of MYC transcription factors, and those controlled by APETALA2/ETHYLENE RESPONSE 
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FACTOR (AP2/ERF) transcription factors. The AP2/ERFs can be downstream targets of EIN3 
and EIL1, as was shown for ERF1 (Lorenzo et al., 2003; Lorenzo et al., 2004; Dombrecht et 
al., 2007; Zhu et al., 2011). The MYC branch of the JA signaling pathway activates the marker 
gene VSP2, and contributes to the wounding response and defense against insect herbivory 
(Lorenzo et al., 2004; Fernandez-Calvo et al., 2011; Niu et al., 2011; Verhage et al., 2011). 
The ERF branch of the JA signaling pathway, with the AP2/ERF transcription factors ERF1 and 
ORA59 as important representatives, regulates activation of JA- and ET-responsive genes 
such as the marker gene PDF1.2, and contributes to defense against necrotrophic pathogens 
(Berrocal-Lobo et al., 2002; Lorenzo et al., 2003; Pré et al., 2008).

We recently made progress in unraveling where in the JA signaling pathway SA exerts 
its antagonistic action. In Chapter 2, SA was shown to suppress the JA pathway independent 
of JA biosynthesis, and in Chapter 3, it was described that SA can target the JA pathway 
downstream of SCFCOI1. In addition, the GCC-box promoter element that is found in promoters 
of JA/ET-inducible genes (Memelink, 2009) was found to be enriched in the promoters 
of SA/JA crosstalk genes, and was shown to be sufficient for SA-mediated suppression of 
JA-induced gene expression (Chapter 3). SA had a negative effect on accumulation of the 
GCC-box-binding protein ORA59, indicating that SA might target JA/ET-responsive gene 
expression via reduction of ORA59 protein levels (Chapter 3). However, downregulation of 
ORA59 levels by SA was not observed in every experiment, while PDF1.2 expression was 
consistently suppressed by SA in Col-0 plants. Therefore, additional mechanisms might 
contribute to SA/JA crosstalk via the GCC-box. 

The GCC-box (A/GCCGCC) was originally identified as an ET-responsive promoter 
element in tobacco (Ohme-Takagi and Shinshi, 1995). It was also shown to be required and 
sufficient for the JA-inducibility of the PDF1.2 promoter (Brown et al., 2003; Zarei et al., 
2011), and JA and ET were observed to synergistically activate both the full PDF1.2 promoter 
and the GCC-box (Penninckx et al., 1998; Zarei et al., 2011). GCC-box binding proteins are 
part of a plant specific family of transcription factors, the AP2/ERF family, which comprises 
122 members in Arabidopsis and can be grouped into the DREB and the ERF subfamilies 
based on homology in their DNA binding domains (Ohme-Takagi and Shinshi, 1995; Sakuma 
et al., 2002; Nakano et al., 2006). Members of the DREB subfamily have a preferential 
binding affinity for the drought responsive element (DRE) (A/GCCGAC), while members of 
the ERF subfamily were shown to preferentially bind the GCC-box (Stockinger et al., 1997; 
Hao et al., 1998; Hao et al., 2002; Sakuma et al., 2002; Sakuma et al., 2006; Wehner et al., 
2011). However, for certain DREB and ERF transcription factors binding to both DRE- and 
GCC-box elements was shown (Park et al., 2001; Hao et al., 2002; Sakuma et al., 2002; Li et 
al., 2011), indicating that both sub-classes of AP2/ERF transcription factors could potentially 
be involved in regulation of transcription via the GCC-box. Interestingly, the AP2/ERF family 
of transcription factors contains activators as well as repressors of transcription (Fujimoto 
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et al., 2000; Ohta et al., 2001; McGrath et al., 2005; Yang et al., 2005). Fourteen AP2/ERF 
transcription factors contain the EAR repression domain (Ohta et al., 2001; Nakano et 
al., 2006). The potato AP2/ERF Pti4 lacks an EAR domain, yet has a role in transcriptional 
repression of PR-10a through its interaction with the repressor SEBF (Silencer Element 
Binding Factor) (Gonzalez-Lamothe et al., 2008), indicating that also AP2/ERFs without an 
EAR domain could potentially play a role in transcriptional repression. Different members 
of the AP2/ERF family have been implicated in activation or repression of plant defense 
signaling in different plant species (Gutterson and Reuber, 2004 and refs therein; Onate-
Sanchez et al., 2007; Memelink, 2009 and refs therein; Lu et al., 2011; Son et al., 2012). 
Hence, AP2/ERF transcription factors that are regulated by SA can potentially be involved in 
SA/JA crosstalk on the GCC-box in the promoters of JA-responsive genes. 

In this study, we searched for SA-inducible repressors that are able to suppress expression 
of JA-inducible genes through the GCC-box. We describe that SA-induced suppression of 
the JA-responsive gene PDF1.2 requires de novo protein synthesis. In addition, both SA and 
JA stimulated binding of nuclear proteins to the GCC-box in an electrophoretic mobility 
shift assay. SA was found to induce expression of several AP2/ERF transcription factor 
genes that encode proteins with affinity for the GCC-box. However, in eight tested loss-of-
function ap2/erf mutants SA/JA crosstalk was still intact, indicating that the tested AP2/ERF 
transcription factors were not essential for SA/JA crosstalk, or act redundantly. Mutation of 
the transcriptional co-repressor TPL that is able to bind EAR-domain AP2/ERF proteins, did 
not affect SA-mediated suppression of JA-induced gene expression either. Together, a role 
for SA-induced AP2/ERF repressor proteins in the antagonism between SA and JA signaling 
seems unlikely.

RESULTS

New protein synthesis is required for SA/JA crosstalk

To find out whether novel protein synthesis is needed for SA/JA crosstalk, expression of 
the PDF1.2 gene after treatment with SA and MeJA was determined in the presence of the 
protein synthesis inhibitor cycloheximide (CHX). The activation of PDF1.2 expression by 
MeJA requires de novo protein synthesis (Pauw and Memelink, 2005; Korbes, 2010), and 
therefore CHX could be added only after induction of PDF1.2 expression by MeJA. Thus, 
plants that first perceived MeJA were 24 h later treated with CHX and SA, and were harvested 
for gene expression 6 h thereafter (Fig. 1A). Figure 1B shows that in the absence of CHX, 
PDF1.2 expression was induced by MeJA, and subsequent treatment with SA suppressed 
this induction, confirming our previous findings that SA antagonizes the JA response, also 
when applied after the induction of JA signaling (Koornneef et al., 2008c). In the presence 
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of CHX, the level of induction of PDF1.2 expression by MeJA was strongly reduced (Fig. 1B), 
but compared to mock-treatment, MeJA-induced PDF1.2 transcription was still detectable 
(Fig. 1B, upper two panels). Importantly, SA was no longer able to suppress MeJA-induced 
PDF1.2 expression after treatment with CHX, and instead even higher levels of PDF1.2 
were observed (Fig. 1B). This indicates that de novo protein synthesis is required for the 
antagonistic effect of SA on MeJA-induced PDF1.2 expression. In plants that did not receive 
CHX, SA was furthermore shown to activate PR-1 gene expression both in the absence 
and the presence of MeJA (Fig. 1B). As reported previously, CHX treatment abolished the 
induction of PR-1 by SA (Uquillas et al., 2004) (Fig. 1B). Thus, for induction of PR-1 as well as 
for suppression of JA-induced PDF1.2 by SA, de novo protein synthesis is required. 
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Figure 1: SA/JA crosstalk requires de 
novo protein synthesis. (A) Time line 
of different treatments. Five-week-old 
wild-type Col-0 plants were treated 
with MeJA, CHX was applied 24 h later, 
and after a subsequent 20 min SA was 
applied. Six h after CHX treatment, 
plant material was harvested for 
analysis. (B) qRT-PCR analysis of 
PDF1.2 (upper two graphs) and PR-1 
(lower graph) gene expression in Col-0 
plants treated as depicted in (A). The 
upper right graph is an enlargement 
of part of the upper left graph. Fold 
change is relative to the expression 
in mock-treated plants without CHX, 
and normalized to the reference gene 
At1g13320. Shown are the averages of 
three independent biological replicas; 
error bars indicate standard deviations 
(SD). -, without CHX, +, with CHX. 
Mock, treatment without SA or MeJA.

Effect of SA and MeJA on binding of nuclear proteins to the GCC-box

The GCC-box is a sufficient promoter element for SA-mediated suppression of JA-induced 
gene expression (Chapter 3). Here, we aimed to investigate whether SA influences binding of 
proteins to the GCC-box, using an electrophoretic mobility shift assay. Nuclear protein extracts 
were prepared from wild-type Col-0 plants treated with SA, MeJA or the combination of 
both, and incubated with short radioactively labeled probes of a PDF1.2 promoter fragment, 
containing either the wild-type GCC-box (AGCCGCC) or a mutant version of the GCC-box 
(ATCCTCA). Binding of nuclear proteins to the wild-type GCC-box sequence was detected at 
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greater levels than to the mutant sequence, indicating specific affinity of nuclear proteins 
for the wild-type GCC-box (Fig. 2A). Interestingly, both SA treatment and MeJA treatment 
led to increased binding of nuclear proteins to the GCC-box, while the combined treatment 
with SA and MeJA led to a level of binding that was comparable to the control level, in two 
independent biological replicas (Fig. 2A). All nuclear protein samples were loaded equally 
and were almost completely depleted from cytosolic protein contaminations as shown 
in Figure 2B. Since MeJA treatment resulted in activation of the GCC-promoter element 
in GCC:GUS transgenic lines, while SA treatment did not (Chapter 3), the MeJA-induced 
binding of proteins to the GCC-box likely reflects binding of transcriptional activators, 
while the SA-induced binding may be attributed to transcriptional repressors. However, 
the reduced binding of nuclear proteins to the GCC-box in the SA and MeJA combination 
treatment suggests that besides transcriptional repressors additional factors contribute to 
SA/JA crosstalk.
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Figure 2: Binding of nuclear proteins to the GCC-box. (A) Electrophoretic mobility shift assay with nuclear protein 
extracts isolated from five-week-old Col-0 plants 24 h after treatment with SA, MeJA, or the combination of SA 
and MeJA. Protein binding to a 21-bp fragment of the PDF1.2 promoter, containing the wild-type (WT; AGCCGCC) 
or a mutant (mut; ATCCTCA) version of the GCC-box was determined. Two biological replicas (sets 1 and 2) were 
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analyzed. The first and last lanes of the gel were loaded without protein. The arrow indicates a protein-DNA band. 
FP, free probe. The right panel shows the quantified signal intensities (in arbitrary units, a.u.) of the protein-DNA 
binding. (B) Western blot analysis of total (T), cytosolic (C), and nuclear (N) protein fractions with an antibody 
against cytosolic fructose-1,6-bisphosphatase (cFBPase) to check for cytoplasmic contamination in the nuclear 
protein fractions (upper panel). CBB-stained SDS-PAGE gel to check for equal loading of proteins (lower panel).

(Continuation legend Fig. 2)

Effect of SA on expression of AP2/ERF type transcription factors

The GCC-box is a binding site for members of the AP2/ERF family of transcription factors 
(Ohme-Takagi and Shinshi, 1995; Hao et al., 1998). Therefore, SA-mediated transcriptional 
repression of the GCC-box in the PDF1.2 promoter was further explored by determining 
the role of SA-inducible AP2/ERF transcription factors in SA/JA crosstalk. First, the gene 
expression level of all 122 members of this transcription factor family was investigated in 
response to treatment with SA, the SA analog benzo-(1,2,3)-thiadiazole-7-carbothioic acid 
(BTH) or infection by the biotrophic oomycete pathogen Hyaloperonospora arabidopsidis, 
using data obtained from publically available microarrays, and qRT-PCR and northern blot 
experiments (Table S1; Atallah, 2005; Wang et al., 2006; Krinke et al., 2007; Goda et al., 
2008; Blanco et al., 2009; Huibers et al., 2009). The AP2/ERFs of which the expression was 
induced (fold change >1.5) in at least two different datasets were selected for further study 
on their role as SA/JA crosstalk regulators. This group comprises: CEJ1/DEAR1, DREB2A, 
RAP2.6, ERF1, AtERF1, 2, 11, and 13, and AtERF#104, #112, and #113. In addition, HRE2 and 
AtERF5 were selected as interesting candidates, even though their expression was induced 
in only one of the datasets (Table S1). HRE2 was selected based on its relatively strong 
induction by SA treatment (fold change >9.0) in one of the experiments (Table S1), and 
AtERF5 was selected because it was induced not only by H. arabidopsidis (Table S1), but also 
by the bacterial pathogen Pseudomonas syringae pv. maculicola (Psm), in an SA-dependent 
and COI1-independent manner (Chen et al., 2002). Of this group of SA-inducible AP2/ERFs, 
CEJ1/DEAR1 and DREB2A belong to the A subclass of the AP2/ERF family, which comprises 
members that are predicted to have a stronger binding affinity for the DRE-promoter 
element than for the GCC-box. The other selected AP2/ERFs are members of the B subclass 
that are predicted to bind stronger to the GCC-box than to the DRE-element (Sakuma et al., 
2002).

In addition, the 8 EAR domain-containing AP2/ERFs with binding affinity for the GCC-box 
(B subclass) were selected as potential SA/JA crosstalk regulators, because the EAR domain 
has been reported to be involved in suppression of gene transcription (Ohta et al., 2001). The 
EAR domain AP2/ERF AtERF11 was already selected based on its gene expression pattern 
in response to BTH and H. arabidopsidis (Table S1), while the other EAR-domain AP2/ERFs 
showed either induced expression in one dataset (AtERF3 and 4), or in none of the datasets 
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(AtERF7, 8, 9, 10, and 12). Despite the lack of induction by SA at the gene expression level, 
these EAR domain AP2/ERFs were also selected for further study, because SA might target 
these repressors post-translationally.

Selection of AP2/ERFs with a potential role in SA/JA crosstalk

To get insight in the time-frame in which putative SA-induced transcriptional repressors 
should act in order to suppress JA-dependent gene expression, a time course experiment 
was executed in which PDF1.2 and PR-1 expression levels were determined in response to 
treatments with SA and/or MeJA. PR-1 expression was induced by SA starting within 1 h 
after treatment, and was induced most strongly by SA at 4 h after treatment, followed by a 
decline at 6 h (Fig. 3A and B). PDF1.2 expression was induced by MeJA at increasing levels 
between 1 to 6 h after treatment. Suppression of PDF1.2 gene expression by SA treatment 
could be observed within 1 h after combinatory treatment, but was most clearly detected at 
4 and 6 h after treatment (Fig. 3A and B). 

If SA-induced transcriptional repressors play a role in SA/JA crosstalk their action would 
be expected to precede SA-mediated suppression of JA-responsive gene expression. The 
expression of the selected group of AP2/ERF genes was assessed at 0.5, 1 and 2 h after 
treatment with SA, MeJA, or the combination of both hormones, using qRT-PCR. At 0.5 
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Figure 3: SA- and JA-responsive gene expression in a time course experiment. (A) RNA gel blot analysis of PR-1 
and PDF1.2 expression in 5-week-old Col-0 plants treated with 1 mM SA and/or 0.1 mM MeJA and harvested at 
indicated times post-treatment. Equal loading of RNA samples was checked using a probe for 18S rRNA. For each 
sample two biological replicas were included. (B) Quantification of the data shown in (A). Fold change is relative to 
the expression in plants 0.5 h after mock treatment and normalized to 18S expression values. Shown are the aver-
ages of two independent biological replicas; error bars indicate SD. Mock, treatment without SA or MeJA.
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and 1 h after SA treatment nearly all genes were induced to lower levels than at 2 h (data 
not shown), and therefore only the data of the 2 h time point are described here. Table 1 
shows that a subset of the AP2/ERFs was slightly induced by both SA and the combination 
of SA and MeJA (fold change >1.5), but not by MeJA alone. This subset (group I) comprises 
DREB2A,  HRE2, AtERF1, ERF1, AtERF#104 and #112, and the EAR domain-containing CEJ1/
DEAR1, and AtERF3 and 11. In another subset (group II) AP2/ERF expression was induced 
by all three treatments, thus SA, MeJA and the combination of SA with MeJA. This group 
comprises RAP2.6, RAP2.6L, AtERF13, and the EAR domain-containing AtERF10. In a third 
subset of AP2/ERFs (group III), gene expression was not induced by any of the treatments 
(fold change ≤1.5). This group comprises AtERF2 and 5, and the EAR domain-containing 
AtERF4, 7, 8, 9, and 12. All the AP2/ERFs belonging to group I together with all EAR domain 
AP2/ERFs from groups II and III were chosen for further study.

I

II

III

AGI code ERF number 
(Nakano et al. 

2006)

Alternative 
gene name

EAR domain SA MeJA SA+MeJA Selected? 
Mutant 
tested?

At5g05410 AtERF#045 DREB2A 2,26 0,72 5,30 S
At4g17500 AtERF#100 AtERF1 2,11 1,24 3,77 S
At2g33710 AtERF#112 2,84 1,00 3,40 S
At1g28370 AtERF#076 AtERF11 CMVIII-1 EAR 2,31 0,71 3,31 ST
At2g47520 AtERF#071 HRE2 1,90 1,32 2,63 ST
At3g23240 AtERF#092 ERF1 2,60 0,71 2,38 ST
At3g50260 AtERF#011 CEJ1/DEAR1 CMII-2 EAR 1,84 0,76 2,23 S
At5g61600 AtERF#104 1,63 0,57 2,05 ST
At1g50640 AtERF#082 AtERF3 CMVIII-1 EAR 2,34 0,98 2,02 S

At1g43160 AtERF#108 RAP2.6 0,71 13,03 25,44 -
At2g44840 AtERF#099 AtERF13 2,69 4,47 11,50 -
At5g13330 AtERF#113 RAP2.6L 3,15 3,10 9,88 -
At1g03800 AtERF#077 AtERF10 CMVIII-1 EAR 1,71 1,76 2,07 ST

At1g28360 AtERF#081 AtERF12 CMVIII-1 EAR 1,07 0,71 1,54 ST
At3g20310 AtERF#083 AtERF7 CMVIII-1 EAR 1,33 0,88 1,43 S
At3g15210 AtERF#078 AtERF4/RAP2.5 CMVIII-1 EAR 0,87 1,17 1,29 ST
At5g47220 AtERF#101 AtERF2 1,30 0,65 1,13 -
At5g47230 AtERF#102 AtERF5 1,10 0,52 1,02 -
At1g53170 AtERF#079 AtERF8 CMVIII-1 EAR 0,99 0,64 0,47 S
At5g44210 AtERF#080 AtERF9 CMVIII-1 EAR 0,49 0,34 0,42 ST

a

Table 1: Expression of selected AP2/ERF genes in response to SA and MeJA treatment. qRT-PCR analysis of expres-
sion of a selection of AP2/ERF genes in 5-week-old Col-0 plants 2 h post-treatment with 1 mM SA and/ or 0.1 mM 
MeJA. Depicted is the fold change (treatment relative to mock). Color of the cells reflects the level of fold change, 
with green indicating activation and orange suppression of gene expression. The experiment was repeated with 
similar results. Based on their expression pattern, the AP2/ERF family members were divided into groups I, II, and 
III, as described in the main text. All AP2/ERFs in group I and the EAR domain-containing AP2/ERFs in groups II and 
III were candidates selected for SA/JA crosstalk analysis (S). Available mutants of this short list of selected AP2/
ERFs were tested (T) in SA/JA crosstalk experiments if the mutation was located in an exon, or if the expression of 
the mutated gene was proven absent by qRT-PCR in case that the mutation was situated upstream of the coding 
sequence. a, induction level was 3.15 at 1 h post-treatment with SA.



92

Chapter 4

SA/JA crosstalk in ap2/erf and tpl loss-of-function mutants

To investigate whether the selected AP2/ERFs (Table 1) have a role in SA/JA crosstalk, ap2/
erf mutants were analyzed for their ability to display SA/JA crosstalk at the level of PDF1.2 
gene expression. Loss-of-function mutants could be obtained for 8 of the 15 selected AP2/
ERFs (Table 1). In most of the tested ap2/erf mutants, SA and MeJA activated expression 
of respectively PR-1 and PDF1.2 to a similar extent as in wild-type Col-0 plants, suggesting 
that these AP2/ERFs by themselves had no major effect on activation of SA-induced PR-1 
and MeJA-induced PDF1.2 expression (Fig. 4 and Fig. S1; next paragraph). Markedly, in the 
presence of SA, PDF1.2 expression was strongly suppressed in both Col-0 plants and all 
tested ap2/erf mutants (Fig. 4 and Fig. S1). This indicates that none of the tested AP2/ERFs 
has an essential role in SA/JA crosstalk. 

Two of the mutants showed an altered response to the MeJA treatment (2-fold 
difference) in comparison to Col-0 (Fig. 4 and Fig. S1). Mutant aterf4 showed an enhanced 
level of MeJA-induced PDF1.2 expression in comparison to Col-0 plants, indicating a role for 
AtERF4 as a negative regulator of the JA response, which was reported previously (McGrath 

Figure 4: SA/JA crosstalk in different ap2/
erf loss-of-function mutants. RNA gel blot 
analysis of PR-1 and PDF1.2 expression in 
5-week-old plants treated with 1 mM SA and/
or 0.1 mM MeJA, and harvested at 5 and 24 
h post-treatment. Gene expression in ap2/erf 
loss-of-function mutant plants was compared 
to that in Col-0 plants of the same experiment 
(each row represents one experiment). Equal 
loading of RNA samples was checked using a 
probe for 18S rRNA.  Quantification of these 
data is shown in Figure S1.
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et al., 2005). In contrast, mutant erf1 displayed a reduced level of MeJA-induced PDF1.2 
expression, which is in line with a role for ERF1 as a positive regulator of PDF1.2, as was 
evident from previously reported ERF1 overexpressor studies (Lorenzo et al., 2003) (Chapter 
3).

Several EAR domain AP2/ERFs have been shown to interact with TPL, which is a repressor 
of JA signaling (Pauwels et al., 2010; Causier et al., 2012). We investigated whether TPL is 
involved in SA/JA crosstalk by analyzing the tpl-1 mutant. Figure 5 shows that expression of 
the PDF1.2 gene was increased in both mock- and MeJA-treated tpl-1 compared to wild-type 
Ler-0 plants (Fig. 5), confirming a role for TPL in repression of JA signaling. Importantly, 
SA strongly repressed both the basal and the MeJA-induced expression level of PDF1.2 in 
the tpl-1 mutant (Fig. 5), indicating that also TPL does not play an essential role in SA/JA 
crosstalk.
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Figure 5: Co-repressor of JA signaling TPL is not essential for SA/JA 
crosstalk. (A) RNA gel blot analysis of PR-1 and PDF1.2 expression 
in 5-week-old Ler-0 and tpl-1 mutant plants treated with 1 mM SA 
and/or 0.1 mM MeJA, and harvested at 24 h post-treatment. Equal 
loading of RNA samples was checked using a probe for 18S rRNA. (B) 
Quantification of the data shown in (A). Fold change is relative to the 
expression in Ler-0 plants after mock treatment and normalized to 
18S expression values. Mock, treatment without SA or MeJA.

DISCUSSION

The antagonistic effects of SA and JA signaling have been well reported (Pieterse et al., 
2012), but the mechanism(s) underlying this phenomenon need further exploration. In 
the previous chapter, SA was shown to suppress the JA pathway downstream of the SCFCOI1 

complex, and the JA/ET-responsive GCC-box promoter element was found to be sufficient for 
SA-mediated suppression of JA-induced gene expression (Chapter 3). Furthermore, SA was 
demonstrated to have a negative effect on the accumulation of the AP2/ERF transcription 
factor ORA59, which could contribute to suppression of JA-induced gene expression. In this 
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study, we searched for SA-inducible repressors that are able to attenuate expression of JA-
inducible genes via interference with activation of the GCC-box.

Novel protein synthesis in SA/JA crosstalk

To get better insight into SA/JA crosstalk mechanisms, we determined whether novel protein 
synthesis is required for the antagonistic effect of SA on JA signaling. Since it was shown 
that activation of PDF1.2 expression requires newly synthesized proteins (Korbes, 2010), 
the JA response was induced prior to treatment with the protein synthesis inhibitor CHX 
and SA. However, treatment with CHX after MeJA treatment still attenuated the induction 
of the PDF1.2 gene (Fig. 1), suggesting that there is a high turn-over rate of JA-dependent 
transcription factors. Importantly, the level of JA-induced PDF1.2 expression remaining 
after CHX treatment could no longer be suppressed by SA, indicating that the antagonistic 
effect of SA on JA-responsive gene expression requires de novo synthesis of proteins (Fig. 
1). Hence, SA may induce novel production of factors that repress JA-induced transcription. 
These SA-induced factors could either bind directly to JA-responsive promoters, or could 
interact with JA-induced transcriptional activators, and thereby indirectly affect JA-induced 
transcription. 

Role of GCC-box-binding AP2/ERF transcription factors in SA/JA crosstalk?

SA-mediated protein binding to the GCC-box
Using an electrophoretic mobility shift assay, nuclear proteins extracted from either SA- or 
MeJA-treated plants were found to bind stronger to the GCC-box than nuclear proteins from 
mock-treated plants (Fig. 2). While the MeJA-induced binding of nuclear proteins to the 
GCC-box suggests binding of transcriptional activators, the observed SA-induced binding 
of proteins to the GCC-box could reflect binding of transcriptional repressors. Remarkably, 
nuclear proteins from plants treated with the combination of SA and MeJA displayed a 
reduced binding to the GCC-box, to a level that was comparable to that of nuclear proteins 
from mock-treated plants. Thus, it seems that SA and MeJA antagonize each other’s induced 
binding activity to the GCC-box. We have previously shown that SA has indeed a negative 
effect on the accumulation of the JA-responsive AP2/ERF-type transcriptional activator 
ORA59 that binds to the GCC-box (Chapter 3). How MeJA could repress SA-induced binding 
of proteins to the GCC-box is unclear. In future research it would be interesting to identify 
which proteins bind to the GCC-box in response to SA, MeJA, and the combination of both. 
This might reveal whether the differential binding activity to the GCC-box as observed in this 
study is related to the SA/JA crosstalk phenomenon.
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Selection of AP2/ERFs with a putative role in SA/JA crosstalk
Our findings on the role of de novo protein synthesis in SA/JA crosstalk and enhanced 
binding of SA-induced nuclear proteins to the GCC-box prompted us to investigate whether 
transcription factors with affinity for the GCC-box were induced by SA. The 122 members 
of the AP2/ERF family of transcription factors share a common DNA binding domain 
with affinity for the GCC-box or DRE-box promoter element and can induce activation or 
repression of transcription (Ohta et al., 2001; Nakano et al., 2006). Therefore, the role of 
AP2/ERFs in SA/JA crosstalk was investigated.

A pre-selection of AP2/ERF family members was made based on their induced expression 
in response to SA application or infection by H. arabidopsidis, using data obtained from 
reported microarrays, qRT-PCR and northern blot experiments (Table S1). Besides these AP2/
ERFs that were found to be transcriptionally activated upon the selected treatments, also 
EAR domain-containing AP2/ERFs (B subclass) of which gene expression was not induced, 
were marked as interesting candidates, because of their known transcription-repressive 
activity. Expression of these in total 20 pre-selected AP2/ERF genes was analyzed further in 
an experiment in which Col-0 plants were treated with SA, MeJA, or the combination of both 
hormones, and harvested 2 h later (Table 1). AP2/ERFs that were transcriptionally activated 
by SA and the combination of SA and MeJA, but not by MeJA alone, were included in a finer 
selection of putative SA/JA crosstalk regulators. The EAR domain-containing AP2/ERFs were 
kept in the selection irrespective of their induction level, bringing the total number of AP2/
ERFs selected for further investigation on their role in SA/JA crosstalk to 15. 

Most of the AP2/ERFs that were pre-selected based on their SA-inducibility as reported 
in previous publications were confirmed to be SA-inducible in our own experiment, but 
there were also some exceptions. For example, AtERF2 was reported to be induced by SA 
in several studies (Table S1), but not in our experiment (Table 1), while the EAR domain-
containing gene AtERF10 was found not to be induced by SA in the published datasets (Table 
S1), but was slightly induced by both SA and MeJA in our experiment (fold change >1.5; 
Table 1). These differences might be attributed to the different conditions under which 
these experiments were performed. Thus, we are aware that some AP2/ERFs might have 
been wrongly excluded from our selection, and therefore a more extensive analysis of AP2/
ERF expression in response to treatment with SA and MeJA would be required to get a more 
complete view of AP2/ERFs with a potential role in SA/JA crosstalk. 

SA/JA crosstalk in AP2/ERF loss-of-function mutants
We were able to obtain loss-of-function mutant lines for 8 of the 15 selected AP2/ERF 
transcription factors. None of the tested mutants was affected in SA-mediated suppression 
of JA-induced PDF1.2 gene expression, suggesting that these AP2/ERF factors do not play 
an essential role in SA/JA crosstalk (Fig. 4 and Fig. S1). However, there may be functional 
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redundancy among different AP2/ERF proteins affecting SA/JA crosstalk, in which case 
mutation of single genes might not result in a significant effect on SA-mediated suppression 
of JA-induced gene expression. However, a loss-of-function mutation in TPL, which is a 
repressor of JA signaling and interacts with different EAR domain AP2/ERFs (Pauwels et al., 
2010; Causier et al., 2012) did not affect SA-mediated suppression of JA-induced PDF1.2 
expression either (Fig. 5). This suggests that SA/JA crosstalk is unlikely to take place via TPL 
and EAR domain AP2/ERF proteins. Possibly, the observed SA-mediated activation of certain 
AP2/ERFs (Table 1 and Table S1) is involved in SA-regulated responses that are unrelated to 
SA/JA crosstalk.

Based on our selection criteria, AP2/ERF proteins that remain to be investigated in SA/
JA crosstalk assays with loss-of-function mutants are three EAR domain AP2/ERFs (AtERF3, 
7, and 8) and four AP2/ERFs of which expression was found to be induced by SA, and SA 
in combination with MeJA, but not by MeJA alone (DREB2A, AtERF1, CEJ1/DEAR1, and 
AtERF#112). Moreover, other AP2/ERFs, of our group II, show an interesting expression 
pattern; RAP2.6, RAP2.6L and AtERF13 were induced by treatment with SA, MeJA, and the 
combination of SA and MeJA, and interestingly, their expression levels were 2- to 3-fold 
higher in SA+MeJA-treated plants than in plants treated with SA or MeJA alone. Although 
these AP2/ERF transcription factors were not included in our mutant analyses, they form 
interesting candidates for future investigation. 

EAR domain AP2/ERFs
All EAR domain AP2/ERFs of the B subclass have been shown able to suppress gene 
transcription in protoplast transactivation assays (Fujimoto et al., 2000; Ohta et al., 2001; 
Song et al., 2005; Yang et al., 2005; Wehner et al., 2011). Moreover, the EAR domain was 
demonstrated to be sufficient for suppression of gene transcription (Ohta et al., 2001). The 
B subclass EAR domain AP2/ERF AtERF4 has been shown to function as a repressor of the JA 
response (McGrath et al., 2005). Overexpression of AtERF4 resulted in suppression of MeJA-
induced PDF1.2 expression and reduced resistance against F. oxysporum, while a loss-of-
function mutation of AtERF4 had the opposite effect (McGrath et al., 2005). Overexpression 
of AtERF7 has also been shown to result in suppression PDF1.2 expression (Song et al., 2005). 
Another EAR domain AP2/ERF of the same subclass, AtERF11, was demonstrated to suppress 
ET biosynthesis, as aterf11 mutant plants displayed increased expression of ET biosynthesis 
genes, and increased ET emission compared to Col-0 plants (Li et al., 2011). Thus, the EAR 
domain AP2/ERFs AtERF4, 7, and 11 (B subclass) were shown to play a role in suppression 
of JA-, and ET-dependent responses, including induction of expression of PDF1.2. However, 
neither AtERF4 nor AtERF11 affected SA-mediated suppression of JA-induced PDF1.2 gene 
expression in our experiments, yet the role of AtERF7 in the JA response and SA/JA crosstalk 
remains to be investigated (see paragraph above).
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The EAR domain AP2/ERF of the A subclass DEAR1/CEJ1 also needs further investigation 
(see paragraph above). However, overexpression of DEAR1/CEJ1 was previously shown 
to result in enhanced PDF1.2 and PR-1 expression, and reduced expression of AtERF9, 
encoding an EAR domain AP2/ERF of the B subclass (Tsutsui et al., 2009). This indicates that 
DEAR1/CEJ1 is not a suppressor of PDF1.2 expression, which makes it unlikely that DEAR1 is 
a target for SA in suppression of the JA pathway. However, the DEAR1/CEJ1-induced PDF1.2 
expression may be mediated by reduction of AtERF9 expression, which makes AtERF9 an 
interesting candidate for SA/JA crosstalk regulation. Nonetheless, in our study, the aterf9 
mutant was not affected in induction of PDF1.2 gene expression, nor was it impaired in SA-
mediated suppression of this gene (Fig. 4 and Fig. S1).

AtERF5
Expression of AtERF5 was not found to be induced by SA in the qRT-PCR experiments 
described in this study, nor in the previously performed microarray and northern blot 
experiments (Table S1, Table 1). However, we had marked this transcription factor as a 
putative candidate with a role in SA/JA crosstalk, since AtERF5 expression was induced by the 
biotrophic pathogen H. arabidopsidis (Huibers et al., 2009) (Table S1), and was activated by 
the bacterial pathogen P. syringae maculicola in an SA-, but not in a COI1-dependent manner 
(Chen et al., 2002). However, two contrasting reports on the effect of overexpression of 
AtERF5 were recently published. Son et al. (2012) demonstrated a negative effect of AtERF5 
on defense against the necrotrophic fungus Alternaria brassisicola, and a positive effect on 
SA-dependent gene expression and defense against P. syringae. On the other hand, a study 
by Moffat et al (2012) showed that AtERF5 increased the resistance against the necrotroph 
Botrytis cinerea, while it negatively regulated UV-C-induced expression of PR-1. Therefore, 
the exact role of AtERF5 in the SA and JA signaling pathways remains obscure, but mutant 
analysis of AtERF5 might shed some light on its role in SA, JA, and SA/JA crosstalk signaling. 

ERF1 in JA signaling
In support with the intact SA/JA crosstalk in mutant erf1 plants, overexpression of ERF1 
was previously shown to result in activation instead of suppression of PDF1.2 (Lorenzo et 
al., 2003) (Chapter 3). There have been no studies reported to date on the use of an erf1 
mutant. The role of ERF1 in induction of PDF1.2 was confirmed in our studies, as the erf1 
mutant expressed 2-fold reduced levels of PDF1.2 after MeJA treatment in comparison 
to the Col-0 plants (Fig. 4 and Fig. S1). The remaining level of PDF1.2 expression could be 
explained by redundancy among AP2/ERFs in the regulation of PDF1.2 expression. Especially 
ORA59 is likely to contribute majorly to induction of PDF1.2 (Pré et al., 2008) (Chapter 3).
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SA/JA crosstalk mechanism

Here, we show that SA-mediated suppression of JA-dependent PDF1.2 gene expression 
requires novel protein synthesis. We did not find evidence for an essential role for a selection 
of AP2/ERF transcription factors, or the transcriptional co-repressor TPL in SA/JA crosstalk. 
We therefore speculate that SA-mediated suppression of transcription via the GCC-box 
requires other de novo synthesized proteins that modulate the JA-dependent transcriptional 
response. Previously, the SA-signaling components NPR1, several TGA transcription factors 
and WRKY50 were demonstrated to have an essential role in SA-mediated suppression of 
JA-induced gene expression (Spoel et al., 2003; Ndamukong et al., 2007; Leon-Reyes et al., 
2009; Zander et al., 2009; Leon-Reyes et al., 2010; Gao et al., 2011). Proteasome-mediated 
turnover of the transcriptional co-activator NPR1 was shown to be required for full induction 
of SA-responsive PR gene expression (Spoel et al., 2009). Therefore, de novo synthesis of 
NPR1 is likely to play an important role in activation of its target genes. Whether novel 
synthesis of NPR1 is also crucial for its role in suppression of JA-dependent gene expression 
needs further investigation. Expression of WRKY50 is induced by SA (Dong et al., 2003), and 
thus the essential role of WRKY50 in suppression of JA-dependent gene expression could 
require its de novo synthesis. How NPR1, TGAs and WRKYs work together in the suppression 
of JA-dependent gene expression is yet unknown. Since they lack a DNA binding domain 
with affinity for the GCC-box, none of these proteins are likely to directly bind this promoter 
fragment. They might contribute to suppression of JA-inducible genes through interaction 
with DNA-binding proteins, which is in line with the observation that SA enhances binding 
of nuclear proteins to the GCC-box (Fig. 2). Alternatively, NPR1, TGAs and WRKYs might play 
a role in the regulation of enzymes or proteasome complexes that control the function of 
transcriptional activators, such as ORA59. A future challenge will be to identify more SA-
induced components that interact with JA signaling components in order to gain insight into 
SA-mediated suppression of JA-dependent gene transcription.

MATERIALS AND METHODS

Plant material 
Seeds of Arabidopsis thaliana were sown in quartz sand. After two weeks, seedlings were transferred to 60-mL 
pots containing a sand/potting soil mixture that was autoclaved twice for 20 min and further cultivated in a growth 
chamber with an 10-h day (24°C) and 14-h night (20°C) cycle at 70% relative humidity for another 3 weeks as 
described (Van Wees et al., 1999). Some mutants were kind gifts: hre2 (aterf#071) [Col-0] (Licausi et al., 2010), 
erf4 (aterf#078) [Col-0] (McGrath et al., 2005), aterf#104 [Col-0] (Bethke et al., 2009), and tpl-1 [Ler-0] (Long et 
al., 2002; Pauwels et al., 2010). Seeds of aterf9 (aterf#080) [Col-0] (SALK_043407C), aterf10 (aterf#077) [Col-0] 
(SAIL_95_A08), aterf11 (aterf#076) [Col-0] (SALK_116053), and aterf12 (aterf#081) [Col-0] (SAIL_873_D11) were 
obtained from the Arabidopsis Biological Resource Center (ABRC) and homozygous lines were selected using the 
primers listed in the Table S2. Mutants were used to analyze SA/JA crosstalk if the T-DNA insertion was located in 
an exon, or if the expression of the mutated gene was proven absent by qRT-PCR in mutants carrying the T-DNA 
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up- or downstream of the coding sequence. 
Mutant erf1 [Col-0] was obtained through screening of the 80.000 lines of the SALK collection (Alonso et al., 

2003). The screening was based on a four-dimensional pooling strategy. In order to identify a T-DNA insertion 
in the ERF1 gene, a PCR-based approach was used. Two T-DNA specific primers for the LB (JMLB1 5’-GGC AAT 
CAG CTG TTG CCC GTC TCA CTG GTG-3’) and RB (JMRB 5’-TGA TAG TGA CCT TAG GCG ACT TTT GAA CG-3’) of the 
pROK2 vector were used and the corresponding ERF1 Forward primer (5’-TCA AGA CCT TCC GAT CAA ATC CGT AAG 
CTC-3’) and ERF1 Reverse primer (5’-ACC CCA AAA GCT CCT CAA GGT ACT GTT CTC-3’) were designed. A positive 
was considered to be real when there was a PCR product that hybridized with an ERF1 specific probe and was 
present four times, once in each one of the 4 DNA pools. In each screening at least 4 primer combinations were 
tested (JMLB1 and ERF1 Forward; JMLB1 and ERF1 Reverse; JMRB and ERF1 Forward; JMRB  and ERF1 Reverse). 
PCR products were run in a 1% agarose gel (1XTBE) containing ethidium bromide and transferred to a hybond-N+ 
membrane using 0.4N NaOH. For pre- and hybridization Church and Gilbert solution was used (7% SDS, 0.3M NaPi 
pH 7.0 and 1 mM EDTA). Specific amplification with the primer combination JMLB1 and ERF1 Reverse was obtained 
in the DNAs. These bands strongly hybridized with an ERF1 specific probe.

Chemical treatments
Five-week-old plants were treated with SA and/or MeJA by dipping the leaves into a solution containing 0.015% 
(v/v) Silwet L77 (Van Meeuwen Chemicals BV, Weesp, the Netherlands) 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 as described previously (Spoel et al., 2003). For mock treatments plants were 
dipped into a solution containing 0.015% (v/v) Silwet L77. MeJA was added to the solutions from a 1,000-fold 
concentrated stock in 96% ethanol. To the solutions without MeJA, a similar volume of 96% ethanol was added 
(end concentration 0.1%). 

For the CHX experiments, 5-week-old plants were dipped in mock or MeJA solution. Twenty four h later, leaf 
discs (19.6 mm2) were taken from the 4th to the 6th leaf and put in 6-well plates containing 3 mL MES buffer (5 mM 
MES, 1mM KCl, pH 5.7) per well. Fifteen leaf discs were used per sample; 3 independent biological replicas were 
included per treatment. CHX was added from a 100-fold concentrated stock in 10% ethanol/MES buffer, resulting 
in an end concentration of 0.1 mM CHX. Next, the leaf discs in solution were kept under vacuum for 20 min, after 
which SA was added from a 4-fold concentrated stock in MES buffer, resulting in an end concentration of 0.5 mM 
SA. Leaf discs were harvested  6 h later in liquid nitrogen. To solutions without CHX or SA, similar volumes of 
ethanol (end concentration 0.1%) or MES-buffer were added.

Nuclear protein extraction
Nuclear protein extracts were prepared as described by Weigel and Glazebrook (2002) (p. 222-225; contributed 
by Mark Kinkema (Syngenta Inc) and Bridey Maxwell (Salk Institute)), with some modifications. Per sample, 10 
g of frozen plant tissue was ground in 20 mL (2 volumes) of Honda buffer. The homogenate was filtered twice 
through a thin sieve (opening between 0.5 - 1 mm). Small samples were taken from the filtrate (total protein 
fraction) and snap frozen in liquid nitrogen. Next, 0.5% Triton X-100 was added, samples were incubated for 15 
min on ice, and centrifuged at 1500 g for 5 min, after which small samples were taken from the supernatant 
(cytoplasmic protein fraction). The pellets were washed with 3-5 mL of Honda buffer containing 0.1% Triton X-100, 
and centrifuged at 1500 g for 5 min. Next, pellets were resuspended in 1 mL Honda buffer without Triton X-100, and 
transferred to microcentrifuge tubes. Subsequently, samples were centrifuged for 5 min at 100 g to pellet starch 
and debris; this step was repeated twice. The nuclei in the remaining supernatant were pelleted by centrifugation 
at 1800 g for 5 min. Next, pellets were resuspended in lysis buffer, and incubated while rocking or rotating for 30-40 
min. In addition, samples were gently vortexed every 10 min. Samples were centrifuged for 3 min at 6000 g, and 
supernatant was collected. Samples were centrifuged again, at 20,000 g for 30 min, and supernatant was collected 
and dialyzed against dialysis buffer (25 mM HEPES-KOH pH 7.9, 50 mM KCl, 20% glycerol, 0.1 mM EDTA) using Slide-
A-Lyzer MINI Dialysis Units (2 kDa cut-off) (Thermo scientific, IL, USA). The obtained nuclear protein fractions were 
snap-frozen in small quantities and stored at -80°C. Protein concentration was determined using Bio-Rad Protein 
Assay (Bio-Rad, CA, USA), following manufacturer’s instructions. All steps were performed at 4°C, and protease 
inhibitor cocktail for plant cell and tissue extracts 1:100 (Sigma-Aldrich, MO, USA) was present in all buffers.
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Electrophoretic mobility shift assay
The electrophoretic mobility shift assay was performed as described by Zhang et al. (1999), with some 
modifications. Oligonucleotide probes consisted of a 21-bp fragment of the PDF1.2 promoter, containing either 
the wild-type version of the GCC-box (5’- GATTAACCAGCCGCCCATGTG-3’) or a mutated version of the GCC-box 
(5’- GATTAACCATCCTCACATGTG-3’). For each binding reaction, 4 µg of nuclear protein was combined with 100 ng 
Poly[dI-dC] (USB, Cleveland, OH, USA), and 0.005 pmol (1 µl) of the labeled probe in 20 µl binding buffer (12 mM 
HEPES-KOH pH7.9, 60 mM KCl, 2 mM MgCl2, 10% glycerol, and protease inhibitor cocktail for plant cell and tissue 
extracts 1:100 (Sigma-Aldrich, MO, USA)). The mixture was incubated for 30 min at room temperature, and then 
run at 100 V on a 4% (w/v) native polyacrylamide gel in 0.5X TBE buffer (90 mM Tris-Borate, 2 mM EDTA pH8.0) 
including 10% (v/v) glycerol. Electrophoresis was executed at 4°C. After electrophoresis, the gel was dried and 
autoradiographed. Signal intensities of probes were quantified using a Bio-Rad Molecular Imager FX with Quantity 
One software (Bio-Rad, Veenendaal, the Netherlands).

Western blot analysis
Eleven µg of total, cytoplasmic, or nuclear proteins was separated by SDS-page gel-electrophoresis (SDS-PAGE) as 
described (Leammli, 1970). Next, proteins were electroblotted onto nitrocellulose membrane (Amersham Hybond 
ECL, GE Healthcare, Chalfont St Giles, UK). Nitrocellulose membranes were blocked over night at 4°C in 5% skimmed 
milk (Elk, Campina, the Netherlands) in TBST (50 mM Tris-HCl pH 7.5, 0.15 mM NaCl, 0.05% Tween 20). Next, 
membranes were incubated for 2.5 h at room temperature with anti-cytosolic fructose-1,6-bisphosphatase (anti-
cFBPase) (rabbit; Agrisera, Vännäs, Sweden) diluted 1:1000 in 5% skimmed milk in TBST. Membranes were washed 
four times for 10 min in TBST, and incubated for 1 h at room temperature with anti-rabbit IgG, HRP conjugate (Cell 
Signaling Technology, Danvers, MA, USA) diluted 1:10000 in 5% skimmed milk in TBST. Next, membranes were 
washed three times 10 min with TBST and one time 10 min with TBS. Proteins were detected on Kodak Biomax 
XAR films (Sigma-Aldrich, MO, USA) using Super Signal Pico Chemiluminescent Substrate and Super Signal Femto 
Chemiluminescent Substrate (Thermo scientific, IL, USA) mixed in a 3:1 ratio.

Equal loading was checked on SDS-PAGE gels that were stained with Coomassie Brilliant Blue (CBB) (0.25% CBB, 
30% MeOH, 10% HAc) for 1 h, and subsequently destained with CBB destaining solution (45% MeOH, 10% HAc) 
for 5 h.

RNA extraction, RNA gel blot and qRT-PCR analysis
RNA was extracted from leaf material from at least 5 plants per treatment per sample. RNA isolation and RNA gel 
blot analysis were performed as described previously by Van Wees et al. (1999). RNA gel blots were hybridized with 
gene-specific probes for PR-1 (At2g14610) and PDF1.2 (At5g44420) as described (Van Wees et al., 1999; Pozo et 
al., 2008). A probe for 18S rRNA was made by PCR amplification on DNA using the following primers: 18S-Forward 
5’-AAA CCC CGA CTT ATG GAA GG and 18S-Reverse 5’-CGA ACC CTA ATT CTC CGT CA-3’. After hybridization with 
α-32P-dCTP-labeled probes, blots were exposed for autoradiography. Signal intensities of probes were quantified 
using a Bio-Rad Molecular Imager FX with Quantity One software (Bio-Rad, Veenendaal, the Netherlands). 

qRT-PCR was performed as described by Verhage et al. (2011), with some modifications. Fermentas RevertAid 
H minus Reverse Transcriptase (Fermentas, St.Leon-Rot, Germany) was used to convert DNA-free total RNA into 
cDNA. The following primers were used to analyze expression of PR-1 and PDF1.2: PR-1-Forward 5’-CTC GGA 
GCT ACG CAG AAC AAC T-3’ and PR-1-Reverse 5’-TTC TCG CTA ACC CAC ATG TTC A-3’, PDF1.2-Forward 5’-CAC 
CCT TAT CTT CGC TGC TCT T-3’ and PDF1.2-Reverse 5’-GCC GGT GCG TCG AAA G-3’. Primers used for analysis of 
the expression of AP2/ERF genes are described by Czechowski et al. (2004), with exception of primers for AtERF5 
(AtERF#102); AtERF5-Forward 5’-ACG TTA ACG GTG GAG AGA CG-3’ and AtERF5-Reverse 5’-GAG ATA ACG GCG ACA 
GAA GC-3’. The reference gene used for normalization of expression of the genes of interest was At1g13320, as 
described (Czechowski et al., 2005).
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Seedlings Seedlings Cell suspension 4 wk-old plants Seedlings Seedlings
0.5 mM SA 0.01 mM SA 0.25 mM SA 0.06 mM BTH 1 mM SA H.a.  avirulent

2.5 h 3 h 4 h 8 h 3 dpi
AGI code ERF number Group 

(Nakano et 
al. 2006)

 Group 
(Sakuma et 

al. 2002)

Alternative gene name EAR domain FC                           
(SA vs Mock)

FC                           
(SA vs Mock)

FC                                
(SA vs Mock)

FC                                
(SA vs Mock)

Start time of 
induction after 
SA treatment

FC                       
(H.a. vs Mock)

At1g15360 AtERF#001 Va B-6 WIN1/SHN1
At5g19790 AtERF#002 Vb B-6 RAP2.11
At5g25190 AtERF#003 Va B-6 ESE3
At5g11190 AtERF#004 Va B-6 SHN2
At5g25390 AtERF#005 Va B-6 SHN3
At1g46768 AtERF#006 IIa A-5 RAP2.1 CMII-2 EAR 1.50 8 h
At4g06746 AtERF#007 IIa A-5 RAP2.9/DEAR5 CMII-2 EAR
At2g23340 AtERF#008 IIa A-5 DEAR3 CMII-2 EAR 1.60
At4g36900 AtERF#009 IIa A-5 RAP2.10/DEAR4 CMII-2 EAR 1.60
At5g67190 AtERF#010 IIa A-5 DEAR2 CMII-2 EAR
At3g50260 AtERF#011 IIa A-5 CEJ1/DEAR1 CMII-2 EAR 2.57 1.72 5.53 2.66
At1g21910 AtERF#012 IIb A-5 DREB26
At1g77640 AtERF#013 IIb A-5 2 h
At1g44830 AtERF#014 IIb A-5
At4g31060 AtERF#015 IIb A-5
At5g21960 AtERF#016 IIb A-5
At1g19210 AtERF#017 IIb A-5 3.10
At1g74930 AtERF#018 IIb A-5 ORA47
At1g22810 AtERF#019 IIc A-5
At1g71520 AtERF#020 IIc A-5 1 h
At1g71450 AtERF#021 IIIa A-4
At1g33760 AtERF#022 IIIa A-5
At1g01250 AtERF#023 IIIa A-4
At2g36450 AtERF#024 IIIb A-4 HARDY
At5g52020 AtERF#025 IIIb A-4 8 h
At1g63040 AtERF#026 IIIb A-4
At1g12630 AtERF#027 IIIb A-4 1.50
At5g51990 AtERF#028 IIIc A-1 CBF4/DREB1D
At4g25490 AtERF#029 IIIc A-1 CBF1/DREB1B
At4g25470 AtERF#030 IIIc A-1 CBF2/DREB1C/FTQ4
At4g25480 AtERF#031 IIIc A-1 CBF3/DREB1A
At1g63030 AtERF#032 IIIc A-1 DDF2 1.60
At1g12610 AtERF#033 IIIc A-1 DDF1 3.50
At2g44940 AtERF#034 IIId A-4
At3g60490 AtERF#035 IIId A-4
At3g16280 AtERF#036 IIIe A-4
At1g77200 AtERF#037 IIIe A-4
At2g35700 AtERF#038 IIId A-4
At4g16750 AtERF#039 IIId A-4
At5g25810 AtERF#040 IIIe A-4 TINY
At5g11590 AtERF#041 IIIe A-4 TINY2
At2g25820 AtERF#042 IIIe A-4 ESE2 8 h
At4g32800 AtERF#043 IIIe A-4
At3g11020 AtERF#044 IVa A-2 DREB2B 16 h
At5g05410 AtERF#045 IVa A-2 DREB2A 2.00 1.90 1 h
At2g38340 AtERF#046 IVa A-2 DREB19
At2g40350 AtERF#047 IVa A-2 4 h
At2g40340 AtERF#048 IVa A-2 DREB2C 2 h
At1g75490 AtERF#049 IVb A-2
At5g18450 AtERF#050 IVb A-2
At3g57600 AtERF#051 IVb A-2
At2g40220 AtERF#052 IVb A-3 ABI4/SIS5/ISI3/SUN6/GIN6/SAN5
At2g20880 AtERF#053 Ia A-6 2 h
At4g28140 AtERF#054 Ia A-6
At1g36060 AtERF#055 Ib A-6
At2g22200 AtERF#056 Ib A-6
At5g65130 AtERF#057 Ib A-6
At1g22190 AtERF#058 Ib A-6 RAP2.4/OSH1
At1g78080 AtERF#059 Ib A-6 RAP2.4/WIND1
At4g39780 AtERF#060 Ib A-6 1.76
At1g64380 AtERF#061 Ib A-6

Table S1: Expression of AP2/ERF genes in response to SA treatment or infection with the biotrophic pathogen 
H. arabidopsidis. Overview of gene expression levels of all 122 AP2/ERF genes in Arabidopsis seedlings, mature 
plants or cell suspension cultures treated with SA or BTH, or infected with the biotrophic pathogen H. arabidopsidis 
(H.a.) (Atallah, 2005; Wang et al., 2006; Krinke et al., 2007; Goda et al., 2008; Blanco et al., 2009; Huibers et al., 
2009). Numbers indicate fold change (FC) of expression level in the induced treatments relative to the level in 
mock treatments, or indicate the h after SA treatment that induction of expression was observed for the first time. 
Data were included in the table only if FC >1.5. The AP2/ERFs that were upregulated in Ler-0 plants in response to 
the avirulent H.a. strain Waco9, were also upregulated in response to the virulent H.a. strain Cala2 (Huibers et al., 
2009). Empty cells indicate that expression was either not significantly affected, or not detected in the selected 
dataset. Green cells show the genes that were selected for further SA/JA crosstalk research.

SUPPLEMENTAL DATA
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At4g13620 AtERF#062 Ib A-6
At4g11140 AtERF#063 VI B-5 CRF1
At4g23750 AtERF#064 VI B-5 CRF2/TMO3
At5g53290 AtERF#065 VI B-5 CRF3
At4g27950 AtERF#066 VI B-5 CRF4
At3g61630 AtERF#067 VI B-5 CRF6 3.00
At2g46310 AtERF#068 VI B-5 CRF5 4 h
At1g22985 AtERF#069 VI B-5 CRF7
At1g71130 AtERF#070 VI B-5 CRF8
At2g47520 AtERF#071 VIIa B-2 HRE2 9.00
At3g16770 AtERF#072 VIIa B-2 AtEBP/RAP2.3
At1g72360 AtERF#073 VIIa B-2 HRE1
At1g53910 AtERF#074 VIIa B-2 RAP2.12
At3g14230 AtERF#075 VIIa B-2 RAP2.2 1.78
At1g28370 AtERF#076 VIIIa B-1 AtERF11 CMVIII-1 EAR 4.44 2.41
At1g03800 AtERF#077 VIIIa B-1 AtERF10 CMVIII-1 EAR
At3g15210 AtERF#078 VIIIa B-1 AtERF4/RAP2.5 CMVIII-1 EAR 1.59
At1g53170 AtERF#079 VIIIa B-1 AtERF8 CMVIII-1 EAR
At5g44210 AtERF#080 VIIIa B-1 AtERF9 CMVIII-1 EAR
At1g28360 AtERF#081 VIIIa B-1 AtERF12 CMVIII-1 EAR
At1g50640 AtERF#082 VIIIa B-1 AtERF3 CMVIII-1 EAR 2 h
At3g20310 AtERF#083 VIIIa B-1 AtERF7 CMVIII-1 EAR
At1g80580 AtERF#084 VIIIb B-1 1.71
At5g13910 AtERF#085 VIIIb B-1 LEP
At5g18560 AtERF#086 VIIIb B-1 PUCHI
At1g28160 AtERF#087 VIIIb B-1
At1g12890 AtERF#088 VIIIb B-1
At1g12980 AtERF#089 VIIIb B-1 ESR1,DRN
At1g24590 AtERF#090 VIIIb B-1 DRNL/ESR2/SOB2
At4g18450 AtERF#091 IXc B-3
At3g23240 AtERF#092 IXc B-3 ERF1 2.07 2.00
At2g31230 AtERF#093 IXc B-3 AtERF15
At1g06160 AtERF#094 IXc B-3 ORA59
At3g23220 AtERF#095 IXc B-3 ESE1
At5g43410 AtERF#096 IXc B-3
At1g04370 AtERF#097 IXc B-3 AtERF14
At3g23230 AtERF#098 IXc B-3
At2g44840 AtERF#099 IXa B-3 AtERF13 2.40 2.55
At4g17500 AtERF#100 IXa B-3 AtERF1 1.50 4 h 5.86
At5g47220 AtERF#101 IXa B-3 AtERF2 1.90 3.84 4 h 6.82
At5g47230 AtERF#102 IXb B-3 AtERF5 2.41
At4g17490 AtERF#103 IXb B-3 AtERF6
At5g61600 AtERF#104 IXb B-3 4.26 3.23
At5g51190 AtERF#105 IXb B-3 2.57
At5g07580 AtERF#106 IXb B-3
At5g61590 AtERF#107 IXb B-3 3.10
At1g43160 AtERF#108 Xa B-4 RAP2.6 8 h 6.06
At4g34410 AtERF#109 Xb B-3 RRTF1
At5g50080 AtERF#110 Xa B-4
At5g64750 AtERF#111 Xa B-4 ABR1
At2g33710 AtERF#112 Xc B-4 2 h 16.00
At5g13330 AtERF#113 Xa B-4 RAP2.6L 2.19 3.30 1.83 4 h 2.83
At5g61890 AtERF#114 Xa B-4
At5g07310 AtERF#115 Xa B-4
At1g25470 AtERF#116 VI-L B-6 CRF12
At1g49120 AtERF#117 VI-L B-6 CRF9
At1g68550 AtERF#118 VI-L B-6 CRF10
At3g25890 AtERF#119 VI-L B-6 CRF11
At2g20350 AtERF#120 Xb-L B-6 2 h
At5g67010 AtERF#121 Xb-L B-6
At5g67000 AtERF#122 Xb-L B-6

Table S1. Continued.
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Figure S1: SA/JA crosstalk in different ap2/erf loss-of-function mutants. Quantitative analysis of PR-1 and PDF1.2 
expression normalized to 18S expression values from the northern blot data shown in Figure 4. Fold change is rela-
tive to the expression in Col-0 plants 5 h after mock treatment. Mock, treatment without SA or MeJA.
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Primers for gentotyping Sequence (5'-> 3')
aterf9  SALK043407C Forward CACCATGGCTCCAAGACAGGCG
aterf9  SALK043407C Reverse CTAAACGTCCACCACCGGT
aterf10  SAIL_95_A08 Forward TGGATCAGTTTGTTACTGGGG
aterf10  SAIL_95_A08 Reverse GAATGTAACTAAGGCCCTGGC
aterf11  SALK_116053 Forward CCACACGTCGTCCTTCATATC
aterf11  SALK_116053 Reverse TGCAAAGCCTAAAATTAAAAACG
aterf12  SAIL_873_D11 Forward ACACGCTTGCTCAGCATTTAC
aterf12  SAIL_873_D11 Reverse AGTCTAACAATGGCGTCAACG
SALK LBb1.3 (for aterf9 ) ATTTTGCCGATTTCGGAAC
SALK LBA1 (for erf11 ) TGGTTCACGTAGTGGGCCATCG
SAIL LB (for erf10  and erf12 ) TTTCATAACCAATCTCGATACACG

Table S2: Sequences of primers used for genotyping of 
ap2/erf T-DNA insertion lines.
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CHAPTER 5

Conditional suppression of salicylic acid-induced
responses by exogenously applied coronatine and 

methyl jasmonate in Arabidopsis
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1  Plant-Microbe Interactions, Department of Biology, Faculty of Science, Utrecht University, P.O. Box 800.56, 3508 
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ABSTRACT

The plant hormones salicylic acid (SA) and jasmonic acid (JA) are major players in plant 
defense against pathogens and insects, and their signaling pathways can cross-communicate 
antagonistically or synergistically with each other. The best-studied interaction between 
SA and JA signaling is the antagonistic effect of SA on JA signaling, which dominates 
the interaction between the two pathways in combinatory pharmacological assays in 
Arabidopsis thaliana. However, production of the highly active JA-mimic coronatine (COR) 
by the bacterial pathogen Pseudomonas syringae leads to suppression of SA signaling and 
thereby contributes to virulence of the pathogen. In addition, plants impaired in the JA 
pathway by mutation of the JA receptor component COI1, or the JA-responsive transcription 
factor MYC2, show increased SA-dependent responses. Here, we tested in pharmacological 
experiments the effects of exogenously applied COR and methyl jasmonate (MeJA) on the 
expression of SA-induced genes. When Arabidopsis plants were mature and cultivated in 
soil, neither COR nor MeJA was able to suppress expression of the SA-dependent genes 
PR-1, FRK1, and GRXS13. However, in seedlings cultivated in soil, COR treatment led to 
suppression of SA-induced PR-1, FRK1, and GRXS13. Finally, under sterile conditions, both 
COR and MeJA could suppress the induction of PR-1 and FRK1 by SA, and in addition COR 
suppressed SA-induced GRXS13. Suppression of SA-dependent gene expression by COR and 
MeJA was fully dependent on COI1, and partially dependent on MYC2. Thus, depending on 
the plant’s environmental conditions and developmental stage, both exogenously applied 
COR and MeJA can suppress SA-dependent gene expression in a pharmacological assay. 
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INTRODUCTION

An essential part of plant defense against pathogenic microbes and insects is the ability of 
the plant to recognize the attacker and activate an immune response. Plants can recognize 
conserved microbial molecules, termed pathogen- or microbe- associated molecular 
patterns (PAMPs or MAMPs), via pattern-recognition receptors (PRRs), which leads to 
activation of PAMP-triggered immunity (PTI). Pathogens can overcome PTI via production of 
so-called effector molecules that prevent recognition by the plant or suppress PTI signaling 
in the plant. During the course of evolution, plants acquired resistance (R) proteins that 
can specifically recognize pathogen effector molecules, which results in effector-triggered 
immunity (ETI) (Jones and Dangl, 2006; Zipfel, 2009; Thomma et al., 2011; Pieterse et al., 
2012). Pathogens can evolve new effectors and a continuum between PTI and ETI responses 
will develop (Thomma et al., 2011). 

In the immune response following pathogen recognition, plant hormones play pivotal 
roles (Pieterse et al., 2009; Pieterse et al., 2012). The hormonal blend that is produced in 
response to pathogen attack can differ in composition, quantity and timing, and is dependent 
on the lifestyle and invasion strategy of the attacker (De Vos et al., 2005). Although there 
are exceptions, the hormone salicylic acid (SA) is mainly active in defense responses against 
attackers with a biotrophic lifestyle, while the hormone jasmonic acid (JA) is important in 
defenses against pathogens with a necrotrophic lifestyle and against insects (Thomma et 
al., 1998; Kessler and Baldwin, 2002; Glazebrook, 2005; Howe and Jander, 2008). Other 
hormones, like ethylene (ET), abscisic acid (ABA), gibberellins, auxins, and cytokinins can 
modulate the SA- and JA-dependent signaling pathways (Robert-Seilaniantz et al., 2011a; 
Pieterse et al., 2012). This cross-communication between different hormone signals allows 
the plant to fine tune its activated defenses (Pieterse et al., 2009; Pieterse et al., 2012). 

Crosstalk between the SA and JA pathways has been extensively studied, and both 
synergistic and antagonistic interactions have been reported. When both hormones 
were applied in relatively low concentrations, they appear to act synergistically on SA- 
and JA-dependent gene expression (Mur et al., 2006). However, multiple studies have 
demonstrated that low and high concentrations of SA, either applied exogenously or 
accumulating endogenously after pathogen infection, usually strongly suppresses expression 
of JA-dependent genes, such as PDF1.2 and VSP2, and can reduce the resistance level to 
JA-sensitive attackers (Van Wees et al., 1999; Spoel et al., 2003; Ndamukong et al., 2007; 
Spoel et al., 2007; Koornneef et al., 2008c; Leon-Reyes et al., 2009; Zander et al., 2009; 
Zhang et al., 2009). On the other hand, antagonistic effects of the JA pathway on the SA 
pathway have also been reported. Arabidopsis and tomato mutants impaired in JA signaling 
showed increased expression of SA-dependent marker genes, and increased resistance to 
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the bacterial pathogen Pseudomonas syringae (Feys et al., 1994; Kloek et al., 2001; Zhao 
et al., 2003; Nickstadt et al., 2004; Laurie-Berry et al., 2006; Melotto et al., 2008b; Wang et 
al., 2008). However, whereas 18 Arabidopsis accessions from different geographical origins 
displayed SA-mediated suppression of JA signaling when treated simultaneously with SA and 
methyl jasmonate (MeJA), none of these accessions showed MeJA-mediated suppression of 
SA-dependent gene expression (Koornneef et al., 2008c). This suggests that the antagonistic 
effect of SA on JA signaling is very robust, but the other way around, of JA on SA signaling, 
is not.

Pathogens and insect herbivores can hijack the plant’s immune signaling network 
by affecting plant hormone homeostasis in order to suppress the host immune response 
(Pieterse and Dicke, 2007; Walling, 2008; Grant and Jones, 2009). P. syringae can excrete 
effectors and phytotoxins that contribute to susceptibility via manipulation of the host’s 
SA-dependent defense responses (Pieterse et al., 2012). Several pathovars of P. syringae 
produce the phytotoxin coronatine (COR), which is required for full virulence of the 
pathogen on Arabidopsis and tomato (Bender et al., 1987; Mittal and Davis, 1995; Brooks 
et al., 2004; Uppalapati et al., 2007). COR’s role in virulence is versatile, as it (i) facilitates 
bacterial entry by interfering with PAMP-induced stomatal closure (Melotto et al., 2006), 
(ii) reduces tolerance by stimulating disease symptom development (Kloek et al., 2001; 
Laurie-Berry et al., 2006), and (iii) enhances bacterial growth in planta by suppressing SA-
dependent defense responses. The virulence function of COR is partly based on its functional 
and structural resemblance to JA-Ile by which it is believed to suppress the SA-dependent 
defenses (Wasternack and Parthier, 1997; Zhao et al., 2003; Block et al., 2005; Uppalapati et 
al., 2007; Wang et al., 2008; Zheng et al., 2012).

Like JA-Ile, which is the biologically active form of JA, COR binds to the JA-receptor 
complex COI1-JAZ (Katsir et al., 2008; Yan et al., 2009; Sheard et al., 2010). Gene expression 
profiles of Arabidopsis and tomato wild-type plants infected with a mutant strain of P. 
syringae that is unable to produce COR (P. syringae cor-) were similar to those of Arabidopsis 
mutant coi1/jai1 plants infected with P. syringae wild type, indicating that the COR-regulated 
changes in gene expression are for a large part mediated through COI1 or JAI1, the ortholog 
of COI1 in tomato (Zhao et al., 2003; Wang et al., 2008). In support with this, mutant coi1 
and jai1 plants were shown to be less susceptible to P. syringae than wild-type plants (Feys 
et al., 1994; Kloek et al., 2001; Zhao et al., 2003). Exogenous application of MeJA partially 
complemented loss of virulence of a P. syringae cor- mutant in tomato (Zhao et al., 2003; 
Ishiga et al., 2010) and when applied exogenously, COR and MeJA induced largely similar, but 
not identical changes in gene expression patterns in tomato plants (Uppalapati et al., 2005). 
Thus, COR and MeJA have partly similar activities in the plant.

Other components of the JA signaling pathway are also involved in the COR-mediated 
virulence effect. Mutant jin1 plants that are impaired in the JA-responsive transcription factor 
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MYC2 were shown to be less responsive to exogenously applied COR, and less susceptible 
to infection by P. syringae (Laurie-Berry et al., 2006). Through MYC2, COR induces the 
expression of three homologous NAC transcription factor genes, which are known regulators 
of JA signaling as well (Bu et al., 2008; Zheng et al., 2012). The triple nac mutant was found 
to be reduced susceptible to P. syringae wild type, but not to P.syringae cor-, suggesting that 
COR mediates (part of) its virulence function through NAC transcription factors (Zheng et al., 
2012). However, P. syringae cor- still multiplied to lower levels than P. syringae wild type in 
the nac mutant, indicating that additional COR-induced factors contribute to the immune-
suppressive effect of COR (Zheng et al., 2012). Together, these data show that COR activates 
JA signaling, and thereby promotes virulence of P. syringae. 

Comparison of transcription profiles of Arabidopsis and tomato infected with P. syringae 
wild-type or cor- strains showed that COR suppresses SA-dependent defense genes, among 
which SA biosynthesis genes (Zhao et al., 2003; Thilmony et al., 2006; Uppalapati et al., 
2007; Wang et al., 2008; Ishiga et al., 2010; Zheng et al., 2012). In addition, COR production 
suppressed the accumulation of SA in Arabidopsis and tomato (Uppalapati et al., 2007; Zheng 
et al., 2012). In accordance, SA levels were elevated in coi1-16 and nac mutant plants in 
response to P. syringae infection (Kloek et al., 2001; Zheng et al., 2012), indicating that COI1 
and NAC transcription factors are involved in suppression of SA synthesis. In Arabidopsis and 
tomato plants that fail to accumulate SA, such as sid2, and plants expressing the bacterial 
SA-hydroxylase gene nahG, the virulence benefit of wild-type P. syringae over P. syringae 
cor- was shown to be abolished or strongly reduced  (Block et al., 2005; Brooks et al., 2005; 
Melotto et al., 2006; Uppalapati et al., 2007). In addition, the reduced growth of P. syringae 
in the JA signaling mutants coi1-20 and jin1-1 compared to wild-type plants was no longer 
observed after these mutants were crossed with sid2 plants or plants expressing NahG 
(Kloek et al., 2001; Laurie-Berry et al., 2006). These data strongly suggest that induction of 
the JA signaling pathway by P. syringae-produced COR leads to suppression of SA-dependent 
host defenses, which contributes to fitness of the pathogen.

Most studies to date reporting on the antagonistic effect of COR on SA signaling are 
based on comparison of wild-type and cor- P. syringae bacteria. To identify molecular 
actors and targets involved in JA-mediated suppression of SA signaling, pharmacological 
experiments in which both signaling pathways are induced by exogenous application of 
the hormones could be of help. Remarkably, in pharmacological experiments, JA-mediated 
suppression of SA-dependent gene expression has to date not been observed (Spoel et al., 
2003; Koornneef et al., 2008c; Koornneef et al., 2008b; Leon-Reyes et al., 2009; Leon-Reyes 
et al., 2010) (Chapter 2). Here, we compared the effect of exogenous application of COR 
and MeJA on SA-dependent gene expression under different experimental conditions. We 
found that both COR and MeJA did not affect SA-dependent gene expression in mature 
soil-grown Arabidopsis plants, while in soil-grown seedlings, only COR was able to suppress 
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SA-dependent gene expression, and MeJA was not. Remarkably, in sterile-grown seedlings 
both substances were capable of suppressing SA-dependent gene expression. This indicates 
that both COR and MeJA have the potential to antagonize SA-mediated defenses, which is 
dependent on the developmental and environmental conditions. In addition, COR is shown 
to be a more potent suppressor of SA-dependent responses than MeJA. 

RESULTS

Exogenously applied COR and MeJA do not suppress SA-dependent gene expression in 
mature soil-grown plants

To learn more about the molecular mechanisms underlying antagonism between JA and SA 
signaling, our aim was to develop a pharmacological assay in which exogenous application 
of inducers of the JA pathway would lead to suppression of SA-responsive defenses. First, 
the effect of treatment with COR and MeJA on SA-induced responses in mature soil-grown 
Arabidopsis plants was monitored at different times after application of the chemicals. 
Figure 1 A shows that induction of the SA marker gene PR-1 by SA was not suppressed 
by either 1 µM COR or 100 µM MeJA at 5, 10, or 24 h after combinatory SA/COR or SA/
MeJA treatments. On the contrary, at these concentrations of COR and MeJA, synergistic 
effects on the SA-induced level of PR-1 expression could be detected (Fig. 1A and B, Fig. 
S1, and Fig. S2). In addition to PR-1, expression of the SA-inducible genes GRXS13 and FRK1 
was investigated. These genes were selected based on their reported responsiveness to the 
SA analog BTH and increased expression after infection with a COR-deficient mutant of P. 
syringae compared to wild-type P. syringae (Thilmony et al., 2006; Wang et al., 2006; Wang 
et al., 2008). Neither 1 µM COR, nor 100 µM MeJA suppressed SA-induced expression of 
GRXS13 or FRK1 at any of the time points tested (Fig. 1A and B, Fig. S1, and Fig. S2). However, 
at 10-fold higher concentrations of COR (10 µM) and MeJA (1000 µM), a slightly suppressive 
effect on SA-induced GRXS13 expression was observed, and additionally, the synergistic 
effects on PR-1 expression disappeared (Fig. 1B and Fig. S2). The JA-dependent marker 
genes PDF1.2 and VSP2 were induced by both COR and MeJA, and in line with previous 
reports (Koornneef et al., 2008c) (Chapter 2), both basal and induced levels of PDF1.2 and 
VSP2 expression were suppressed by SA (Fig. 1A and B, Fig. S1, and Fig. S2). Thus, SA was 
capable of suppressing JA signaling induced by COR, which has been shown to bind to COI1 
with even higher affinity than JA-Ile, the biologically active form of JA (Katsir et al., 2008).

By using exogenous application of SA to induce SA signaling we might miss effects of 
COR/MeJA treatment on SA signaling responses that are only apparent in the context of an 
infection with P. syringae, like effects on the production of SA. Therefore, we also investigated 
whether COR and MeJA affect SA-dependent gene expression induced upon infection with a 
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Figure 1: Effect of SA, COR and MeJA on defense gene expression in 5-week-old soil-grown plants. RNA gel blot 
analysis of PR-1, GRXS13, FRK1, PDF1.2 and VSP2 transcript levels in 5-week-old Col-0 plants. (A) Leaves were 
treated with 1000 µM SA, 1 µM COR, 100 µM MeJA, or combinations of these chemicals as indicated. Leaf tissue 
was harvested for RNA analysis at 5, 10 and 24 h after treatment. (B) Leaves were treated with 1000 µM SA, 1 or 
10 µM COR, 100 or 1000 µM MeJA, or combinations of SA with COR or MeJA as indicated. Concentrations of the 
different chemicals are indicated in µM at the top of the Figure. Leaf tissue was harvested for RNA analysis 5 h after 
treatment. (C) Leaves were pressure infiltrated with a COR-deficient mutant of P. syringae pv. tomato (Pst cor-), and 
dipped 2 h later with 1000 µM SA, 2.5 µM COR, 250 µM MeJA, or combinations of these chemicals as indicated. 
Leaf tissue was harvested for RNA analysis 24 h after treatment. (A), (B) and (C) Equal loading of RNA samples was 
checked using a probe for 18S rRNA. Quantification of all data is presented in supplemental Figures S1-S3.

COR biosynthesis mutant of P. syringae pv tomato (P. syringae cor-). Figures 1C and S3 show 
that neither COR, nor MeJA suppressed P. syringae cor--induced expression of PR-1, GRXS13, 
or FRK1. Hence, it seems that under the conditions tested thus far, activation of the JA 
pathway by exogenous application of COR or MeJA does not antagonize SA-dependent gene 
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expression, whether induced by exogenous application of SA or by infection with P. syringae 
cor-. In contrast, COR- and MeJA-induced expression of the JA defense genes PDF1.2 and 
VSP2 was antagonized by SA signaling, activated by either exogenous application of SA or 
infection with P. syringae cor-, which is in line with previous reports (Van Wees et al., 1999; 
Spoel et al., 2003). 

COR suppresses SA-dependent gene expression in soil-grown seedlings

The developmental stage of the plant is known to influence its resistance level to different 
pathogens, among which P. syringae, with fully grown plants exhibiting higher disease 
resistance than seedlings (Rusterucci et al., 2005). Here, plants of different ages were 
assayed for their sensitivity to COR and MeJA towards suppression of SA-induced gene 
expression. Plants were grown in soil for 2, 3.5 or 5 weeks before SA, COR and MeJA were 
exogenously applied. SA treatment induced the highest levels of PR-1, GRXS13 and FRK1 
in plants of 2 weeks old compared to plants of 3.5 or 5 weeks old (Fig. 2 and Fig. S4). COR 
treatment suppressed the SA-induced levels of GRXS13 expression with 50-70% in 2-, 3.5-, 
and 5-week-old plants, while the SA-induced levels of PR-1 and FRK1 were decreased by 
COR with respectively 45% and 65% in 2-week-old plants, but not in plants of 5 weeks old. 
PR-1 expression was also suppressed by COR in 3.5-week-old plants, but FRK1 was not. Thus, 
the antagonistic action of COR on SA responsiveness is influenced by the developmental 
stage of the plant, as a stronger suppression of SA responses is observed in younger plants. 
GRXS13 is more prone to suppression by SA than PR-1 and FRK1, as it was demonstrated to 
be suppressed by COR in all developmental stages tested.

MeJA treatment did not suppress SA-induced PR-1, FRK1 and GRXS13 expression, 
neither in young nor in old soil-grown plants (Fig. 2). This suggests that COR and MeJA have 
differential effectiveness in suppression of SA responses. Differential sensitivity to COR and 
MeJA was further demonstrated for the induced expression of the JA marker genes PDF1.2 
and VSP2. Figure 2 shows that PDF1.2 expression was induced only by MeJA and not by 
COR, while VSP2 expression was induced by both MeJA and COR, yet COR induced VSP2 to 
a higher level than MeJA. Differential induction of PDF1.2 and VSP2 by COR and MeJA was 
also observed in the experiments shown in Figure 1, however in comparison to the above-
described analysis (Fig. 2), these experiments do show a somewhat different sensitivity to 
COR and MeJA. This is likely attributed to unknown different conditions of 2 different growth 
chambers in which the experiments were executed, and suggests that environmental factors 
likely steer the sensitivity of the plant to COR and MeJA. 

The developmental stage of the plant only affected the induction of PDF1.2 but not 
of VSP2: in older plants MeJA-induced levels of PDF1.2 were dramatically higher than in 
younger plants. In all developmental stages, treatment with SA suppressed the MeJA-
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Figure 2: Effect of SA, COR and MeJA on defense gene expression in soil-grown plants in different developmental 
stages. Quantification of RNA gel blot analysis of PR-1, GRXS13, FRK1, PDF1.2 and VSP2 transcript levels in 2-, 
3.5- and 5-week-old soil-grown Col-0 plants. Plants were treated with 1000 µM SA, 1 µM COR, 100 µM MeJA, or 
combinations of these chemicals as indicated. Leaf tissue was harvested for RNA analysis 24 h after treatment. 
Hybridization signals of the northern blots (depicted in Figure S4) were quantified using a Phospho imager and 
normalized using 18S RNA signal intensities. Fold change is relative to the expression after mock-treatment of 
2-week-old Col-0 plants. The graphs show the average of three independent biological replicas; error bars indicate 
standard deviations (SD). Different letters indicate statistically significant difference between treatments within 
one developmental stage (Tukey’s HSD test; p<0.05). Mock, treatment without SA, COR or MeJA. 
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induced expression of PDF1.2 and the COR-induced expression of VSP2, demonstrating that 
the antagonistic effect of SA on the JA pathway functions independent of plant age. 

COR and MeJA suppress SA-dependent gene expression in sterile-grown seedlings in a 
COI1- and partly MYC2-dependent manner 

Since JA responses are known to be differentially regulated in plants grown in soil compared 
to plants grown under sterile conditions (Penninckx et al., 1998), the ability of COR and 
MeJA to suppress SA signaling was also tested under sterile conditions in 2-week-old 
seedlings. Remarkably, SA-induced expression of PR-1 and FRK1 was suppressed by both 
COR and MeJA in Col-0 sterile seedlings (Fig. 3). Thus, MeJA treatment could antagonize 
the expression of SA-induced responses, but only in seedlings under sterile conditions (Fig. 
3), and not under the other conditions that we tested (Fig. 1 and Fig. 2). The induction of 
GRXS13 by SA was suppressed by COR and not by MeJA, which resembles our findings under 
non-sterile conditions on the differential effectiveness of COR and MeJA in suppression of 
SA-responsive gene expression (Fig. 2 and 3). Moreover, comparable to our findings with 
soil-grown plants, COR and MeJA differentially upregulated PDF1.2 and VSP2, and both 
genes were antagonized by SA under sterile conditions (Fig. 3). In general, the sterile-grown 
seedlings seem to provide a suitable system to study the mutual antagonism between JA 
and SA signaling.

The JA receptor COI1 and the JA-dependent transcription factor MYC2 were previously 
shown to be involved in the perception of COR and to be required for full virulence of P. 
syringae (Kloek et al., 2001; Laurie-Berry et al., 2006; Katsir et al., 2008). Therefore, we 
investigated whether the COR- and MeJA-mediated suppression of SA-responsive genes is 
dependent on COI1 and MYC2. Figure 3 shows that SA induced similar levels of PR-1, FRK1, 
and GRXS13 expression in coi1-1 and jin1-7 mutants as in wild-type Col-0 plants, indicating 
that SA responsiveness is not affected in these mutants. In the combinatory treatments of 
SA with COR or MeJA, the coi1-1 mutant showed similar levels of PR-1, FRK1, and GRXS13 
expression as in plants treated with SA alone, indicating that suppression of SA-responsive 
defenses by COR and MeJA requires COI1. In jin1-7 mutant plants, the antagonistic effect 
of COR and MeJA on expression of SA-responsive genes was in general slightly attenuated, 
but not completely abolished, suggesting that in addition to MYC2, other factors of the JA 
signaling pathway contribute to the COI1-mediated negative effects of COR and MeJA on SA 
signaling. 

Expression of the JA-responsive genes PDF1.2 and VSP2 was abolished in coi1-1 mutant 
plants (Fig. 3), as reported previously (Lorenzo et al., 2003; Fernandez-Calvo et al., 2011). 
In jin1-7 mutant plants, induction of VSP2 expression by COR and MeJA was attenuated, 
while induction of PDF1.2 expression by these compounds was highly increased compared 
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Figure 3: Effect of SA, COR and MeJA on defense gene expression in 2-week-old sterile-grown plants. qRT-PCR 
analysis of PR-1, GRXS13, FRK1, VSP2 and PDF1.2 expression in 2-week-old sterile-grown seedlings treated with 
500 µM SA, 1 µM COR, 100 µM MeJA, or combinations of these chemicals as indicated. Leaf tissue was harvested 
for RNA analysis at 24 h after treatment. The reference gene used for normalization of expression of the genes of 
interest was At1g13320. Fold change is relative to the mock-treated Col-0. The graphs show the average of three 
independent biological replicas, with exception of the bars for Col-0 SA+COR and coi1-1 SA+MeJA, which depict the 
average of two replicas. Error bars indicate SD. In graphs for PR-1, GRXS13, and FRK1, asterisks indicate statistically 
significant suppression of SA-activated gene expression by COR or MeJA, and in graphs for PDF1.2 and  VSP2, the 
asterisks indicate statistically significant suppression of COR- or MeJA-activated gene expression by SA, as deter-
mined by one-tailed t-tests (p<0.05). Due to the unequal sample sizes and non-homogenous variance it was not 
possible to perform a one-way ANOVA and Tukey’s HSD post-hoc test on these data sets.
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to wild-type Col-0 plants, confirming previous findings that MYC2 suppresses induction of 
PDF1.2 gene expression (Anderson et al., 2004; Lorenzo et al., 2004; Verhage et al., 2011). 
SA still antagonized the MeJA/COR-induced expression of PDF1.2 in the jin1-7 mutant, but 
expression of induced VSP2 was not affected by the combination treatments with SA in 
jin1-7. This suggests that MYC2 is involved in SA/JA crosstalk of VSP2. 

DISCUSSION

Cross-communication between hormone signaling pathways can be manipulated by 
invaders, like pathogens and insects, to suppress the plant’s immune responses (Pieterse 
et al., 2012). The bacterial pathogen P. syringae produces the phytotoxin COR that mimics 
JA-Ile, the biologically active derivative of the plant hormone JA. COR contributes to pathogen 
fitness through suppression of SA-dependent defense responses (Zhao et al., 2003; Brooks 
et al., 2005; Uppalapati et al., 2007; Pieterse et al., 2012). However, in previously performed 
pharmacological experiments using exogenously applied MeJA as inducer of the JA signaling 
pathway, suppression of SA-dependent gene expression was not observed (Spoel et al., 
2003; Koornneef et al., 2008c; Koornneef et al., 2008b; Leon-Reyes et al., 2009; Leon-Reyes 
et al., 2010) (Chapter 2). Here, using different experimental conditions, we demonstrate 
that exogenously applied MeJA and COR can antagonize SA-induced defense responses, 
depending on the developmental stage of the plant and the environmental circumstances. 

Conditional suppression of SA-dependent gene expression 

The developmental stage of the plant was shown to strongly influence the antagonizing 
effect of COR and MeJA on expression of SA-induced genes. In mature plants that had grown 
in soil, neither COR nor MeJA suppressed SA-induced gene expression, although occasionally 
COR slightly suppressed SA-responsive GRXS13 expression (Fig. 1). In seedlings grown in soil, 
COR was able to suppress SA-induced expression of PR-1, FRK1, and GRXS13, but there was 
no antagonistic effect of MeJA (Fig. 2). Finally, in seedlings grown under sterile conditions 
both COR and MeJA were capable of suppressing SA-induced expression of PR-1 and FRK1, 
but GRXS13 was suppressed by COR only (Fig. 3). This indicates that the developmental 
stage of the plant and the conditions under which plants are grown and treated significantly 
contribute to the success of suppression of SA-regulated responses by COR and MeJA.

Ethylene
Aging of plants is found to be associated with an up-regulation of JA/ET-associated genes, 
among which PDF1.2 (Carviel et al., 2009; Al-Daoud and Cameron, 2011). In line with this, we 
observed a much stronger increase in MeJA-induced PDF1.2 expression in older plants than 
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in younger plants (Fig. 2). ET levels likely increase during the aging process, and one could 
assume that this causes the increased JA-responsiveness with regard to PDF1.2 expression. 
We hypothesize that ET may modulate the antagonizing effect of JA components on SA 
signaling, because mature plants were less capable of exhibiting COR- or MeJA-induced 
antagonistic effects on SA signaling than young plants (Fig. 2). Moreover, an inhibiting role 
for ET in crosstalk between JA and SA signaling could explain that sterile seedlings, which 
have been reported to contain lower ET levels than soil-grown seedlings (Penninckx et al., 
1998), express higher antagonistic activity of COR and MeJA on SA signaling (Fig. 3). In the 
antagonism of SA on JA signaling, so crosstalk the other way around, a modulating role of ET 
has also been established (Leon-Reyes et al., 2009; Leon-Reyes et al., 2010). 

Auxin
Besides ET, other hormones might modulate the outcome of the interaction between SA- 
and JA-induced signaling pathways depending on the developmental stage of the plant. 
Thilmony et al. (2006) reported that P. syringae affects auxin signaling in the plant in a COR-
dependent manner, thereby possibly facilitating de-repression of auxin signaling. Since auxin 
was reported to antagonize SA-signaling (Navarro et al., 2006; Chen et al., 2007; Robert-
Seilaniantz et al., 2011b), de-repression of auxin signaling by COR could contribute to its 
ability to suppress SA-dependent gene expression. Auxin plays an important role throughout 
plant development (Mockaitis and Estelle, 2008), therefore, one could hypothesize that 
fluctuations in the auxin levels or responsiveness in different developmental stages of the 
plant will influence the ability of COR to suppress SA-signaling.

Abscisic acid
Previously, ABA signaling was shown to promote susceptibility of Arabidopsis to P. syringae 
through suppression of SA-dependent defense responses (de Torres-Zabala et al., 2007; 
Yasuda et al., 2008; de Torres-Zabala et al., 2009). Interestingly, infection of Arabidopsis 
with a COR biosynthesis mutant of P. syringae led to considerably lower levels of ABA and 
higher levels of SA, compared to infection with wild-type P. syringae (de Torres-Zabala et al., 
2009). In addition, P. syringae  infection was reported to activate ABA-responsive genes in 
a COR-dependent manner (Thilmony et al., 2006). This suggests that ABA might play a role 
in the mechanism by which COR contributes to pathogen fitness. Interestingly, ABA- and ET-
dependent signaling pathways can function in a mutually antagonistic manner (Anderson 
et al., 2004; Lorenzo et al., 2004). Therefore, we hypothesize that COR might suppress SA-
dependent gene expression most effectively in an environment in which ABA and auxin 
signaling pathways are enhanced and ET signaling is decreased.
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Nitrate transporter NRT2
Under sterile conditions a stronger antagonistic effect of COR and MeJA on SA-responsive 
genes was found. In fact, it was the only condition tested that revealed that also MeJA 
was able to suppress SA-induced responses (Fig. 3). In addition to hormonal context, as 
described above, reduced mineral-availability might enhance the potential of JA signaling 
to antagonize the SA pathway through activation of members of the NRT2 family of nitrate 
transporters (Camañes et al., 2012). Mutant nrt2 plants were shown to be less responsive 
to both exogenous application and endogenous accumulation of COR, and display delayed 
induction of JA-responsive marker genes and enhanced induction of SA responses after 
infection with P. syringae compared to wild-type plants. Nitrate depletion of wild-type plants 
resulted in an increase in NRT2 expression and was associated with increased susceptibility 
to P. syringae, while nrt2 mutants displayed reduced susceptibility, which was dependent on 
the accumulation of SA (Camañes et al., 2012). Together, these results suggest that nitrate 
depletion, and subsequent increased NRT2 expression could result in sensitization of the 
JA signaling pathway, thereby enhancing suppression of SA-dependent defenses against 
P. syringae. In our assay with sterile-grown seedlings, plants were transferred from plates 
containing nutrients and sugar, to liquid MES buffer 24 h prior to treatment. During this time 
plants could suffer from nutrient depletion, resulting in increased NRT2 expression, leading 
to increased responsiveness to COR and MeJA (Fig. 2 and 3).

Age-related resistance (ARR)
Arabidopsis plants are known to display a resistance response that develops as plants get 
older, termed age-related resistance (ARR). ARR was found to be effective against P. syringae 
and the biotrophic oomycete pathogen Hyaloperonospora arabidopsidis, but not against 
several other pathogens, including the necrotrophic pathogens Erwinia carotovora and 
Botrytis cinerea (Rusterucci et al., 2005). Although increased resistance to P. syringae and 
reduced effectiveness of COR in suppression of SA responses are both associated with the 
age of the plant, there is not a direct causal link between these phenomena, since both 
basal and induced expression of SA-dependent genes was higher in 2-week-old plants 
compared to 5-week-old plants, even after treatment with COR  (Fig. 2). Moreover, also after 
P. syringae infection expression of the PR-1 gene was reported to be significantly higher in 
young than in old plants (Kus et al., 2002; Rusterucci et al., 2005). Reduction in sensitivity to 
COR in fully grown plants might contribute to ARR against P. syringae, but other factors must 
be important for ARR as well.
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Differential effects of COR and MeJA

A clear difference was observed between COR and MeJA in their potential to suppress SA-
dependent gene expression, and to activate different JA-dependent genes (Fig. 2 and 3). 
Differential activities of COR and MeJA have been reported before. Global gene expression 
analysis of COR- and MeJA-treated tomato plants revealed that roughly half of the genes 
down- or upregulated by COR are also down- or upregulated by MeJA (Uppalapati et al., 
2005). Moreover, although exogenous application of MeJA enhanced the susceptibility of 
tomato seedlings to a COR-defective mutant of P. syringae, it did not completely restore 
bacterial growth to wild-type levels, while exogenously applied COR did (Ishiga et al., 2010). 
Tsai et al. (2011) reported that the priming agent β-aminobutyric acid (BABA) that enhances 
resistance to P. syringae by potentiating SA signaling, suppressed COR-induced expression 
of COR/JA response genes, but did not affect MeJA-induced expression of these genes, 
suggesting that COR and MeJA regulate JA responses in a different manner. In our study, COR 
is generally a stronger inducer of VSP2 expression than MeJA, while MeJA seems to induce 
expression of PDF1.2 more strongly than COR. Since expression of VSP2 is co-regulated by 
ABA (Anderson et al., 2004) and expression of PDF1.2 by ET (Penninckx et al., 1998), the 
differential potential of COR and MeJA to activate VSP2 and PDF1.2 expression might point 
to differential effects of these substances on signaling components activated by ABA and ET. 

How COR and MeJA could have a differential effect on gene expression is not yet known. 
The mechanism by which these two compounds diverge in their ability to affect gene 
expression could depend on interaction with additional hormone receptors, or alternatively, 
through interaction of COI1 with different partners. COI1 is part of the E3 ubiquitin-ligase 
Skip-Cullin-F-box complex SCFCOI1 and functions together with JASMONATE ZIM-domain (JAZ) 
transcriptional repressor proteins as a receptor for COR and JA-Ile, the biologically active 
form of JA (Katsir et al., 2008; Yan et al., 2009; Sheard et al., 2010). COR was more effective 
in binding COI1 than JA-Ile (Sheard et al., 2010), which might explain why COR seems a more 
potent suppressor of SA responses than MeJA. Since JA-Ile resembles COR more than MeJA, 
exogenous application of JA-Ile might also be more effective in suppression of SA responses 
than MeJA. However, alike COR and MeJA, JA-Ile did not suppress SA-activated PR-1 gene 
expression in 5-week-old soil-grown plants (data not shown). 

Binding of a ligand to COI1 and JAZ leads to degradation of JAZ via the proteasome (Chini 
et al., 2007; Thines et al., 2007; Chung et al., 2009). In uninduced state, JAZ proteins act as 
transcriptional repressors of JA signaling by binding to positive transcriptional regulators, 
such as MYC2, 3, and 4 (Chini et al., 2007; Fernandez-Calvo et al., 2011; Niu et al., 2011). In 
Arabidopsis, the JAZ family of repressor proteins consists of 12 members (Chini et al., 2007; 
Thines et al., 2007). JAZ1 and JAZ10 were shown to negatively regulate susceptibility to P. 
syringae (Thines et al., 2007; Demianski et al., 2012). One could hypothesize that interaction 
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of COI1 with different JAZ proteins, and subsequently with different transcription factors, 
can confer specificity to the effects of COR and JA on downstream gene expression.

Signaling components targeted by COR and MeJA

Suppression of SA-responsive genes by exogenously applied COR and MeJA was found to 
depend on the JA-receptor component COI1 (Fig. 3). In addition, the suppressive effect of 
these substances on SA signaling seemed to be partially impaired in jin1-7 plants that are 
mutated in the JA- and ABA- responsive transcription factor MYC2. Additional transcription 
factors, such as MYC3 and MYC4, might contribute to the suppressive effect of COR and 
MeJA on SA-responsive gene expression. MYC3 and MYC4 show high sequence similarity 
with MYC2 (Fernandez-Calvo et al., 2011; Niu et al., 2011), and importantly, the triple 
mutant myc2myc3myc4 was found to be as resistant to P. syringae infection as coi1-1 mutant 
plants (Fernandez-Calvo et al., 2011). Downstream of MYC2, NAC transcription factors 
likely play a role in COR-mediated suppression of SA responses, as MYC2 directly controls 
COR-mediated activation of NAC expression, and NAC transcription factors were shown to 
suppress P. syringae-induced SA accumulation by suppression of the SA biosynthesis gene 
ICS1 and activation of the SA methyl transferase-encoding gene BSMT1 (Zheng et al., 2012). 
Moreover, suppression of SA synthesis by P. syringae-produced COR was no longer observed 
in nac mutant plants (Zheng et al., 2012). Thus, COI1, and MYC and NAC transcription factors 
are likely part of the cascade leading to COR- or MeJA-mediated suppression of SA signaling. 
A possible role for NAC or MYC in regulation of genes that are induced downstream of SA 
synthesis has not yet been described.

Future perspective

Antagonistic effects of JA signaling on SA signaling have mostly been studied using COR-
producing strains of P. syringae versus strains of P. syringae that cannot produce COR. One 
target that can be antagonized by P. syringae-produced COR is ICS1, leading to decreased 
SA accumulation (Uppalapati et al., 2007; Zheng et al., 2012). Here we show that also 
downstream of SA accumulation SA-regulated signaling is affected by COR and MeJA, which 
can be studied in pharmacological assays. Environmental conditions and the developmental 
stage of the plant strongly influence the outcome of the antagonistic interaction between JA 
and SA signaling. Other hormone signaling pathways might steer the suppressive effect of JA 
signaling on SA responses. To further understand crosstalk between the JA and SA pathways, 
and to understand the virulence function of COR, it will be important to identify the factors 
that can modulate the antagonistic effect of both COR and MeJA on the SA responses, and 
to unravel the molecular components involved in this process.
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MATERIALS AND METHODS

Plant material and cultivation
For the time course and concentration range experiments, seeds of Arabidopsis thaliana accession Col-0 were 
sown on quartz sand. After two weeks, seedlings were transferred to 60-mL pots containing a sand/potting soil 
mixture that was autoclaved twice for 20 min and further cultivated in a growth chamber with an 10-h day (24°C) 
and 14-h night (20°C) cycle at 70% relative humidity for another 3 weeks as described (Van Wees et al., 1999). 

For experiments with plants in different developmental stages (Fig. 2), the seeds were sown directly on the 
sand/potting soil mixture, either 5, 3.5 or 2 weeks prior to the experiment, such that all treatments could be 
performed on the same day. For 5-week-old plants one plant was grown per pot, for 3.5-week-old plants 2 plants 
were grown per pot, and for 2-week-old plants 20-40 plants were grown per pot. 

For experiments with sterile-grown plants, seeds of Col-0, non-glabrous coi1-1 (Feys et al., 1994; Verhage et 
al., 2011), and  jin1-7 (Verhage et al., 2011) were sown on plates containing Murashige and Skoog (MS) medium 
(Duchefa Biochemie, Haarlem, The Netherlands), pH 5.9, supplemented with 10 g.L-1 sucrose and 0.85% (w/v) 
plant agar (Duchefa Biochemie). Seeds of heterozygous coi1-1 plants were sown on MS medium containing 20 
µM MeJA, to select for homozygous coi1-1 plants that do not display MeJA-induced root growth inhibition, as 
described (Feys et al., 1994).

Chemical treatments
Two- to five-week-old soil-grown plants were treated with SA, COR, and MeJA by dipping the leaves into a 
solution containing 0.015% (v/v) Silwet L77 (Van Meeuwen Chemicals BV, Weesp, the Netherlands) and either SA 
(Mallinckrodt Baker, Deventer, the Netherlands), COR (Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands), 
MeJA (Serva, Brunschwig Chemie, Amsterdam, the Netherlands), or combinations of these chemicals, at the 
indicated concentrations. For mock treatments plants were dipped into a solution of 0.015% (v/v) Silwet L77. MeJA 
was added to the solutions from a 100 mM MeJA stock in 96% ethanol, and COR was added from a 3.1 mM stock 
in 100% methanol. To solutions without COR and MeJA, similar volumes of 100% methanol and 96% ethanol were 
added. Thus, per experiment all treatments contained the same amount of ethanol and methanol. 

Twelve-day-old sterile-grown plants were transferred to 24-well plates containing 1.5 mL of MES buffer (5 mM 
MES, 1 mM KCl, pH 5.9) per well. Five seedlings were used per sample. Twenty-four h after transfer to MES buffer, 
0.5 mL MES buffer supplemented with SA, COR, MeJA, or combinations of these chemicals was added to the 
seedlings, resulting in final concentrations of 500 µM SA, 1 µM COR, and 100 µM MeJA. As described above, all 
solutions without COR and MeJA contained similar volumes of methanol and ethanol. 

Inoculation with P. syringae
A COR-biosynthesis mutant of Pseudomonas syringae pv. tomato (DB29) (Brooks et al., 2004) was cultivated over-
night in liquid Kings medium B (King et al., 1954) at 28°C in an orbital shaker at 225 rpm. Subsequently, bacterial 
cells were pelleted and resuspended in 10 mM MgSO4. The bacterial suspension was diluted to a concentration 
equivalent to an optical density at 600nm (OD600)=0.005, and subsequently pressure infiltrated into the lower side 
of the leaves of five-week-old plants using a needleless syringe. Mock-inoculated plants received 10 mM MgSO4. 
Two h after infiltration, plants were dipped into chemical solutions, as described in the previous paragraph. 

RNA extraction, RNA gel blot and quantitative real-time PCR analysis
For RNA extraction, tissue of at least 5 plants per treatment was harvested at the time points indicated. RNA 
isolation and RNA gel blot analysis was performed as described previously by Van Wees et al. (1999). RNA gel 
blots were hybridized with gene-specific probes for PR-1 (At2g14610) and PDF1.2 (At5g44420) as described (Van 
Wees et al., 1999; Pozo et al., 2008). Probes for FRK1 (At2g19190), GRXS13 (At1g03850), VSP2 (At5g24770), and 
18S rRNA were made by PCR amplification on cDNA using the following primers: FRK1-Forward 5’- CGC AGG AAC 
TCC ATT TTT GT-3’, FRK1-Reverse 5’-TCT CGT CTG GTT GCT TTT CA-3’, GRXS13-Forward 5’-GCA AAA AGC AAT TCG 
ACC AT-3’, GRXS13-Reverse 5’-CAT AAA GCC CCA GCT TGT CT-3’, VSP2-Forward 5’- ACA TCA TAG AGC TCG GGA TT-3’, 
VSP2-Reverse 5’-CCA AAA CGG CTA CAA AGA TA-3’, 18S-Forward 5’-AAA CCC CGA CTT ATG GAA GG and 18S-Reverse 
5’-CGA ACC CTA ATT CTC CGT CA-3’. After hybridization with α-32P-dCTP-labeled probes, blots were exposed for 
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autoradiography. Signal intensities of probes were quantified using a Bio-Rad Molecular Imager FX with Quantity 
One software (Bio-Rad, Veenendaal, the Netherlands). 

qRT-PCR was performed as described by Verhage et al. (2011), with some modifications. Fermentas RevertAid 
H minus Reverse Transcriptase (Fermentas, St.Leon-Rot, Germany) was used to convert DNA-free total RNA into 
cDNA. The following primers were used to analyze expression of PR-1, FRK1, GRXS13, PDF1.2, and VSP2: PR-
1-Forward 5’-CTC GGA GCT ACG CAG AAC AAC T-3’, PR-1-Reverse 5’-TTC TCG CTA ACC CAC ATG TTC A-3’, FRK1-
Forward 5’-TTT CAA CAG TTG TCG CTG GA-3’, FRK1-Reverse 5’-AGC TTG CAA TAG CAG GTT GG-3’ , GRXS13-Forward 
5’-GAA TGC TGT GGT GGT GTT TG-3’, GRXS13-Reverse 5’-TGT CAG TAG CAG CCG TTT TG-3’, PDF1.2-Forward 5’-CAC 
CCT TAT CTT CGC TGC TCT T-3’, PDF1.2-Reverse 5’-GCC GGT GCG TCG AAA G-3’, VSP2-Forward 5’-ATG CCA AAG GAC 
TTG CCC TA-3’, and VSP2-Reverse 5’-CGG GTC GGT CTT CTC TGT TC-3’. The reference gene used for normalization of 
expression of the genes of interest was At1g13320, as described (Czechowski et al., 2005).
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Figure S1: Effect of SA, COR and MeJA on defense gene expression in 5-week-old soil-grown plants harvested 
at different times post treatment. Quantification of the data shown in Figure 1A. Hybridization signals of the 
northern blots were quantified using a Phospho imager. Fold change is relative to the expression in plants 5 h after 
mock treatment and normalized to 18S expression values. Mock, treatment without SA, COR or MeJA. 
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Figure S2: Effect of SA and different concentrations of COR and MeJA on defense gene expression in 5-week-old 
soil-grown plants. Quantification of the data shown in Figure 1B. Hybridization signals of the northern blots were 
quantified using a Phospho imager. Fold change is relative to the expression in mock-treated plants and normalized 
to 18S expression values. Mock, treatment without SA, COR or MeJA. 
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Figure S3: Effect of P. syringae cor- infection, and COR and MeJA on defense gene expression in 5-week-old 
soil-grown plants. Quantification of the data shown in Figure 1C. Hybridization signals of the northern blots were 
quantified using a Phospho imager. Fold change is relative to the expression in mock-treated plants and normalized 
to 18S expression values. Mock, treatment without Pst cor-, COR or MeJA. 



128

Chapter 5

Figure S4: Effect of SA, COR and MeJA on defense gene expression in soil-grown plants in different developmental 
stages. RNA gel blot analysis of PR-1, GRXS13, FRK1, PDF1.2 and VSP2 transcript levels in 2-, 3.5- and 5-week-old 
soil-grown Col-0 plants, as described in Figure 2.
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Summarizing discussion
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HORMONAL CROSSTALK IN PLANT DEFENSE

As plants and cyanobacteria are the only organisms capable of fixing solar energy into organic 
compounds, they are an essential source of energy for all other life on Earth. Throughout their 
life span, plants have to deal with a wide diversity of biotic and abiotic stresses. To cope with 
these stresses, they have acquired intricate defense mechanisms. Knowledge of the ways 
plants employ to deal with different stresses can be of major importance for improvement 
of crop quality and yield. In addition, fundamental knowledge of stress-signaling in plants 
can help us to understand similar signaling processes in human and animal cells, as a large 
part of cellular immune signaling processes are conserved in eukaryotic cells (Nürnberger et 
al., 2004; Zipfel and Felix, 2005).

Plants have acquired mechanisms to defend themselves against a broad range of 
different attackers, such as insects and pathogenic microorganisms like fungi, bacteria, 
and oomycetes (Agrios, 2005). Warding off different attackers requires different defensive 
strategies (Thomma et al., 2001; Glazebrook, 2005), therefore, recognition of the attacker, 
and activation of an appropriate defense response is key to successful protection of the 
plant. Plants possess pattern recognition receptors (PRRs) on their cell surface, by which 
they can recognize pathogen-, microbe- or damage- associated molecular patterns (PAMPs, 
MAMPs or DAMPs), of which the latter are plant-derived compounds that are released 
during damage caused by pathogen infection. Activation of PRRs leads to PAMP-triggered 
immunity (PTI) in the plant. Pathogens can overcome the PTI response via so-called effector 
molecules by which they can actively suppress the immune response or prevent recognition 
by the plant. Certain plants have acquired resistance proteins that can recognize effector 
molecules, leading to effector-triggered immunity (ETI) (Jones and Dangl, 2006; Boller and 
Felix, 2009; Zipfel, 2009; Thomma et al., 2011).

In the defense response activated upon recognition of pathogens or insects, plant 
hormones play a crucial role (Pieterse et al., 2009; Robert-Seilaniantz et al., 2011a; Pieterse 
et al., 2012). The hormonal blends are produced in response to different types of attackers 
differ in composition, quantity and timing, and depend on the lifestyle and invasion strategy 
of the attacker (De Vos et al., 2005). Salicylic acid (SA) and jasmonic acid (JA) are recognized 
as the major plant defense hormones (Pieterse et al., 2009; Pieterse et al., 2012). In 
general, SA is important in defense against pathogens with a biotrophic lifestyle, while JA 
plays a crucial role in defense against pathogens with a necrotrophic lifestyle and against 
insects (Thomma et al., 2001; Glazebrook, 2005; Howe and Jander, 2008), although some 
exceptions exist (Thaler et al., 2004; Stout et al., 2006). Other plant hormones, like ethylene 
(ET), abscisic acid (ABA), gibberellins (GAs), auxins, and cytokinins (CKs) are also implicated 
in defense, and are known to modulate the SA- and JA-dependent signaling pathways 
(Pieterse et al., 2009; Robert-Seilaniantz et al., 2011a; Pieterse et al., 2012). Besides their 
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role in defense, many plant hormones play a role in other physiological processes as well, 
including processes related to growth and development (Santner and Estelle, 2009). Both 
synergistic and antagonistic interactions have been observed between different hormone 
signaling pathways, and such hormone crosstalk may allow the plant to finely tune its 
response to internal and external stimuli in a cost-efficient manner (Pieterse et al., 2009; 
Robert-Seilaniantz et al., 2011a; Pieterse et al., 2012; Thaler et al., 2012).

The best-studied interaction between hormone signaling pathways is the interaction 
between the SA- and JA-dependent signaling pathways (Pieterse et al., 2009; Pieterse et al., 
2012). Both exogenous application of SA, and endogenous accumulation of SA have been 
shown to strongly suppress JA-dependent gene expression and defense against necrotrophs 
and insects (Van Wees et al., 1999; Spoel et al., 2003; Spoel et al., 2007; Koornneef et al., 
2008c; Leon-Reyes et al., 2009; Zander et al., 2009; Zhang et al., 2009). The suppressive effect 
of SA on JA-dependent gene expression has been recorded in Arabidopsis accessions from 
very different geographical origins, indicating that this SA/JA antagonism is a well conserved 
mechanism in Arabidopsis (Koornneef et al., 2008c). On the other hand, suppression of SA-
dependent defenses by JA-dependent signaling has been reported as well, as plants mutated 
in components of the JA signaling pathway showed increased expression of SA-dependent 
gene expression, and increased defense against the hemi-biotrophic pathogen Pseudomonas 
syringae (Feys et al., 1994; Kloek et al., 2001; Zhao et al., 2003; Nickstadt et al., 2004; Laurie-
Berry et al., 2006; Melotto et al., 2008b; Zheng et al., 2012). Furthermore, also synergistic 
interactions between SA and JA signaling have been reported (Schenk et al., 2000; Van Wees 
et al., 2000; Mur et al., 2006). In this study, we aim to get a detailed understanding of the 
interactions between the SA and JA signaling pathways. Using a pharmacological approach, 
we investigated the molecular mechanism underlying the antagonistic interactions between 
SA and JA signaling (Chapter 2, 3, 4, and 5), and shed light on the conditions under which JA 
can suppress the SA pathway (Chapter 5).

CONDITIONAL EFFECTS ON HORMONE CROSSTALK

Timing, concentration and the activity of other hormone signaling pathways can influence 
the outcome of the interaction between the SA and JA pathway (Mur et al., 2006; Koornneef 
et al., 2008c; Leon-Reyes et al., 2010). When plants were treated with SA more than 30 
h before methyl jasmonate (MeJA) treatment, SA-mediated suppression of MeJA-induced 
PLANT DEFENSIN 1.2 (PDF1.2) expression was no longer observed (Koornneef et al., 2008c). 
Treatment of plants with a combination of MeJA and ET prior to SA treatment also rendered 
plants insensitive to SA-mediated suppression of JA-responsive PDF1.2 expression (Leon-
Reyes et al., 2010). Furthermore, application of low concentrations of SA and JA was shown 
to result in a transient synergistic effect on both SA- and JA-responsive gene expression (Mur 
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et al., 2006). In Chapter 5, it is shown that environmental conditions and the developmental 
stage of the plant can have a strong influence on the antagonistic effect of JA signaling on 
SA-dependent responses. Exogenous application of the JA-mimic coronatine (COR) could 
only effectively suppress SA-responsive genes in sterile- or soil-grown plants of 2 weeks-old, 
but not in soil-grown plants of 5 weeks-old. Exogenously applied MeJA, on the other hand, 
could only suppress SA-responsive genes in sterile-grown 2-week-old plants, but not in soil-
grown plants of the same age. Activity of other hormone signaling pathways, like ET, and 
ABA signaling pathways, or factors linked to sterile growth conditions, such as sugar-, and 
nutrient-availability, or presence of microorganisms in the rhizosphere, might influence the 
responsiveness of the plant to activators of the JA pathway. Which factors play a crucial role 
in the outcome of the antagonistic interaction between the SA and the JA pathway remain 
to be elucidated, and their identification will increase our understanding of hormonal 
interactions.

MOLECULAR PLAYERS INVOLVED IN HORMONE CROSSTALK

SA/JA CROSSTALK

Components of the SA pathway involved in suppression of the JA pathway
In the past decade progress has been made in the identification of molecular actors and their 
targets involved in SA-mediated suppression of JA signaling. In the SA signaling pathway, 
NON-EXPRESSOR OF PR GENES1 (NPR1) plays a crucial role (Cao et al., 1994; Cao et al., 
1997; Dong, 2004). The activity of NPR1 is regulated through SA-induced changes in the 
cellular redox state (Mou et al., 2003; Tada et al., 2008). In addition, phosphorylation and 
subsequent proteasome-mediated turnover of NPR1 are required for full induction of SA-
dependent defense gene expression (Spoel et al., 2009). Proteasome-mediated degradation 
of NPR1 was recently shown to be regulated by NPR3 and NPR4, which were reported to 
function as receptors for SA (Fu et al., 2012). However, another recent study shows that 
NPR1 itself could be a SA receptor, as it is able to bind SA directly (Wu et al., 2012). In the 
nucleus, monomeric NPR1 can interact with TGA transcription factors resulting in activation 
of expression of PR genes, among which genes encoding for WKRY transcription factors 
(Zhang et al., 1999; Després et al., 2000; Dong et al., 2003; Johnson et al., 2003; Van Verk 
et al., 2009), which by themselves also function as important regulators of SA-dependent 
defense gene expression (Wang et al., 2006; Van Verk et al., 2011a). NPR1 and several TGA 
and WRKY transcription factors play indispensible roles in the antagonistic effect of SA on 
the JA signaling pathway, as mutant npr1 plants, but also tga triple and quadruple mutants 
tga2tga5tga6 and tga2tga3tga5tga6, and the wrky single and double mutants wrky50 and 
wrky50wkry51, did no longer display SA-mediated suppression of JA-induced PDF1.2 gene 
expression (Spoel et al., 2003; Zander et al., 2009; Gao et al., 2011). In Chapter 4 we show 
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that also novel protein synthesis is required for SA/JA crosstalk. SA was no longer able to 
suppress JA-induced PDF1.2 expression in the presence of the protein synthesis inhibitor 
cycloheximide (CHX). Suppression of the JA pathway by SA might require de novo synthesis 
of NPR1, WKRY or TGA transcription factors, or yet unidentified proteins with a role in 
suppression of the JA-regulated transcriptional response.

Site of action of SA in the JA pathway
Advances have been made in identification of the targets of SA in the JA signaling pathway 
(Chapter 2, 3, and 4). Although SA antagonized JA-responsive expression of the JA 
biosynthesis genes LOX2, AOS, AOC3 and OPR3, SA- mediated suppression of JA-dependent 
gene expression was shown to take place independent of JA biosynthesis (Chapter 2). 
Mutant aos/dde2 plants that are completely blocked in JA synthesis through a mutation 
in the AOS gene, showed similar levels of SA-mediated suppression of JA-responsive gene 
expression as wild-type plants, when treated with both MeJA and SA (Chapter 2). 

A crucial component in the JA signaling pathway downstream of JA biosynthesis is 
CORONATINE INSENSITIVE 1 (COI1) (Feys et al., 1994). COI1 is part of the E3 ubiquitin-
ligase Skip-Cullin-F-box complex SCFCOI1, and functions together with JASMONATE ZIM-
domain (JAZ) proteins as a receptor for JA-Ile, the biologically active form of JA (Yan et al., 
2009; Sheard et al., 2010). JAZ proteins are involved in transcriptional repression through 
interaction with positive transcriptional regulators, such as the transcription factors MYC2, 
3 and 4, and the JA- and ET-dependent transcription factors EIN3 and EIL1 (Chini et al., 2007; 
Fernandez-Calvo et al., 2011; Niu et al., 2011; Zhu et al., 2011). Binding of JA-Ile to SCFCOI1-
JAZ results in ubiquitination and subsequent proteasome-mediated degradation of JAZ 
repressor proteins, thereby releasing repression of transcriptional activators and allowing 
transcription of JA-responsive genes (Chini et al., 2007; Thines et al., 2007; Pauwels and 
Goossens, 2011). In Chapter 3, it was shown that SA does not target the JA pathway at the 
level of COI1 and JAZ. SA did not stimulate production of JAZ10.4, a dominant negative splice 
form of JAZ10 that is insensitive to JA-induced degradation (Chung and Howe, 2009), nor did 
SA interfere with the JA-induced degradation of JAZ1, JAZ2, and JAZ9. Moreover, activation 
of PDF1.2 expression through ectopic overexpression of 35S:ERF1 was still suppressed by SA 
in the coi1-1 mutant background, indicating that SA-mediated suppression of JA-dependent 
gene expression takes place down-stream of SCFCOI1-JAZ (Chapter 3).

The JA-dependent transcriptome can be roughly grouped into the MYC and the ERF 
branch. The MYC branch is controlled by MYC transcription factors, and includes the JA 
marker gene VPS2. The ERF branch is controlled by the JA- and ET-responsive AP2/ERF 
transcription factors, such as ERF1 and ORA59, and includes the JA marker gene PDF1.2 
(Lorenzo et al., 2003; Lorenzo et al., 2004; Dombrecht et al., 2007; Pré et al., 2008). 
Promoter analysis of genes that were upregulated by MeJA and suppressed by SA revealed 
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an overrepresentation of JA-responsive GCC-box and G-box motifs in the promoters of these 
genes (Chapter 3), suggesting a role for these motifs in SA/JA crosstalk. The GCC-box is a 
binding site for AP2/ERF transcription factors, and occurs in the promoter of PDF1.2, while 
the G-box, or G-box like sequences are binding sites for MYC-transcription factors and are 
present in the promoters of genes of the MYC branch, such as VSP1 (Memelink, 2009). 
Using transgenic 4XGCC:GUS lines carrying the GUS reporter gene under control of  four 
copies of the GCC-box, it was shown that the GCC-box is a sufficient promoter element for 
SA-mediated suppression of JA-induced gene expression (Chapter 3). Interestingly, SA did 
not affect the stability of the ERF1 transcription factor, while it negatively affected ORA59 
protein accumulation in a transgenic 35S:ORA59-GFP line (Chapter 3). This suggests that 
SA suppresses the JA pathway downstream of SCFCOI1 by targeting GCC promoter motifs 
through downregulation of the transcription factor ORA59. Whether SA also suppresses the 
G-box in the MYC branch of the JA pathway through a negative effect on accumulation of 
MYC transcription factors remains to be elucidated.

Since SA-mediated downregulation of ORA59 was not observed in every experiment, 
while PDF1.2 was consistently suppressed by SA in Col-0 plants, other mechanisms likely 
contribute to the suppressive effect of SA on transcription via the GCC-box. In Chapter 4, it 
was shown that SA/JA crosstalk requires de novo protein synthesis, and SA stimulated binding 
of nuclear proteins to the GCC-box in a electropheretic mobility shift assay. Therefore, it was 
postulated that SA may activate the expression of a transcriptional repressor that can bind 
the GCC-box. We searched the family AP2/ERF transcription factors for members with a 
role in SA-mediated suppression of JA-responsive gene expression (Chapter 4). SA activated 
expression of several of the AP2/ERF genes, including some encoding proteins with an EAR 
repression domain. However, eight tested loss-of-function ap2/erf mutants still displayed 
SA-mediated suppression of JA-induced gene expression, indicating that the tested AP2/
ERFs are not essential for SA/JA crosstalk. 

TOPLESS (TPL) was identified as a co-repressor of the JA signaling pathway (Pauwels et 
al., 2010). It associates with the EAR domain of NOVEL INTERACTOR OF JAZ (NINJA), which 
interacts with JAZ proteins, and hereby contributes to suppression of JA dependent gene 
expression (Pauwels et al., 2010). TPL can interact with different EAR domain proteins, 
among which several EAR domain AP2/ERFs (Causier et al., 2012). It was hypothesized that 
TPL plays a role in SA/JA crosstalk through interaction with multiple different EAR domain 
AP2/ERFs. However, also loss-of-function mutation of TPL was not affected in SA-mediated 
suppression of JA responsive gene expression (Chapter 4). Thus, it seems unlikely that SA/JA 
crosstalk is mediated through TPL and AP2/ERFs with a transcriptional respressive function. 
Possibly, other transcriptional repressors are involved in SA/JA crosstalk, either through 
direct binding of JA-responsive promoters, or through interaction with transcriptional 
activators. 
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JA/SA CROSSTALK

Suppression of SA-dependent responses through JA signaling
Although in pharmacological studies SA-mediated suppression seems to dominate the 
interaction between the SA and the JA signaling pathway (Spoel et al., 2003; Koornneef 
et al., 2008c; Leon-Reyes et al., 2009), suppression of SA-dependent responses by the JA 
signaling pathway has been recorded as well (Feys et al., 1994; Kloek et al., 2001; Glazebrook 
et al., 2003; Zhao et al., 2003; Nickstadt et al., 2004; Laurie-Berry et al., 2006). The bacterial 
pathogen P. syringae produces the phytotoxin coronatine (COR), which is a structural and 
functional mimic of JA-Ile, and is required for full virulence of the pathogen on Arabidopsis 
and tomato, partly through suppression of SA-dependent defense responses (Zhao et al., 
2003; Block et al., 2005; Uppalapati et al., 2007; Wang et al., 2008; Zheng et al., 2012). The 
antagonistic effect of JA signaling on SA-dependent responses has been studied using P. 
syringae strains that are unable to produce COR, and using plants mutated in components 
of the JA pathway, which resulted in the identification of several components with a role in 
COR-mediated suppression of the SA pathway (see below). 

The JA receptor COI1 has been shown to bind COR with even higher affinity than 
JA-Ile (Sheard et al., 2010). Mutant coi1 plants were nonresponsive to exogenous COR, 
and showed reduced susceptibility to P. syringae (Feys et al., 1994; Kloek et al., 2001). In 
addition, coi1 plants infected with wild-type P. syringae showed a similar gene expression 
pattern as wild-type plants infected with a COR biosynthesis mutant strain of P. syringae (P. 
syringae cor-) (Zhao et al., 2003; Wang et al., 2008), indicating that COR-induced responses 
are mediated through COI1. Furthermore, MYC and NAC transcription factors have been 
implicated in the perception of COR as well (Laurie-Berry et al., 2006; Zheng et al., 2012). 
Plants mutated in MYC or NAC transcription factors were less responsive to COR, and 
displayed reduced susceptibility to P. syringae (Laurie-Berry et al., 2006; Zheng et al., 2012). 
COR activated the expression of the NAC transcription factors ANAC019, ANAC055, and 
ANAC072 in a MYC2-dependent manner, suggesting that MYC2 functions upstream of these 
transcription factors (Zheng et al., 2012).

COR suppresses SA accumulation and expression of SA-dependent genes both in 
Arabidopsis and tomato (Zhao et al., 2003; Thilmony et al., 2006; Uppalapati et al., 2007; 
Wang et al., 2008; Ishiga et al., 2010; Zheng et al., 2012). COI1 and NAC transcription factors 
are likely involved in the negative effect of COR on SA accumulation, as infection with P. 
syringae resulted in increased SA accumulation in coi1-16 and nac mutant plants compared 
to wild-type plants (Kloek et al., 2001; Zheng et al., 2012). Moreover, repression of SA 
synthesis by P. syringae-produced COR was no longer observed in nac mutant plants (Zheng 
et al., 2012). NAC transcription factors were shown to suppress SA synthesis by direct 
repression of the SA biosynthesis gene ICS1, and activation of the SA methyl transferase 
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encoding gene BSMT1 (Zheng et al., 2012). In several studies, the virulence function of COR 
was reported to depend on its ability to target the SA signaling pathway. The fitness benefit 
of wild-type P. syringae over P. syringae cor- was lost in plants that were unable to accumulate 
SA (Brooks et al., 2005; Melotto et al., 2006). In addition, the reduced susceptibility to P. 
syringae associated with mutations in COI1 or MYC2 was no longer observed in plants that 
were unable to accumulate SA (Kloek et al., 2001; Laurie-Berry et al., 2006). However, other 
studies show that P. syringae cor- still multiplied to lower levels than P. syringae wild type in 
plants impaired in SA synthesis, indicating that COR can also contribute to in planta bacterial 
growth independent of its effect on SA signaling (Block et al., 2005; Uppalapati et al., 2007).

In Chapter 5, we demonstrate that also in a pharmacological study activation of JA 
signaling can lead to suppression of SA-responsive genes. However, this antagonistic 
interaction is dependent on the environmental conditions and the developmental stage of 
the plant. We confirmed that COI1 is required for JA-mediated suppression of the SA pathway, 
and found that the antagonistic interaction was only partially dependent on MYC2 (Chapter 
5), which might be explained by the fact that there are multiple different MYC transcription 
factors that could contribute to suppression of the SA pathway (Fernandez-Calvo et al., 
2011; Niu et al., 2011). COR and MeJA had a differential effectiveness in suppression of SA-
responses, with COR being a more potent suppressor of SA-dependent gene expression than 
MeJA (Chapter 5). In addition, COR and MeJA seemed differentially effective in induction 
of the MYC and the ERF branch of the JA pathway. While COR activated VSP2 expression 
more strongly than MeJA, MeJA activated PDF1.2 expression to a higher level than COR 
(Chapter 5). A pharmacological approach, as used in Chapter 5, could provide an excellent 
experimental set-up in which the influence of different factors on the antagonistic action of 
JA signaling on SA-responses could be investigated, allowing us to gain more insight in the 
interaction between these hormone signaling pathways.

FUTURE PROSPECTS

In this study, we have acquired knowledge on the molecular mechanism underlying the 
antagonistic action of SA on JA signaling. We have observed that SA can suppress JA 
signaling downstream of the JA receptor complex SCFCOI1-JAZ, and can target the JA-
responsive GCC-box promoter motif likely through reduction of the protein levels of the 
transcription factor ORA59 (Chapter 2, 3 and 4). A future challenge will be to find out if similar 
mechanisms apply to SA-mediated suppression of other JA responsive promoter elements, 
and to indentify more factors and processes involved in SA/JA crosstalk. Investigation of 
the effect of SA on JA responsive transcription factors, including analysis of post-translation 
modifications, protein-protein and protein-DNA interactions, could provide more insight in 
the mechanism by which SA targets the JA pathway at the transcriptional level. In addition, 
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a more detailed analysis of changes in the transcriptome after application of both SA and 
MeJA might result in identification of novel regulators of SA/JA crosstalk. 

In Chapter 5 we have observed that activation of the JA pathway by exogenous 
application of COR or MeJA suppresses SA signaling under specific environmental and 
developmental conditions. In future research, it will be interesting to indentify which factors 
are involved in the conditional JA-mediated suppression of the SA pathway. The influence 
of other hormone signaling pathways, and the effect of specific nutritional conditions can 
be explored. Furthermore, using a pharmacological approach as described in this study, 
different mutants could be tested for their ability to display JA-mediated suppression of 
SA signaling, which might result in identification of novel components with a role in JA/
SA antagonism. Finally, knowledge of different factors involved in antagonism between the 
SA and JA signaling pathways could help us to study the impact of SA/JA crosstalk in an 
ecological and agricultural context. This way, increasing insight of hormonal interactions will 
contribute to our understanding of the complex defense signaling network in plants and 
how it functions in plant-microbe and plant-insect interactions.
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SAMENVATTING

Planten en cyanobacteriën zijn de enige organismen die in staat zijn om energie uit zonlicht 
op te slaan in organische verbindingen en vormen daarom een essentiële energiebron op 
aarde. Gedurende hun leven krijgen planten te maken met verschillende ziekteverwekkende 
micro-organismen en vraatzuchtige insecten. Planten beschikken over verschillende 
manieren om zich hier tegen te verdedigen. Naast constitutieve afweermechanismen, 
zoals bladharen, een dikke cuticula en de aanwezigheid van antimicrobiële stoffen in 
het blad, beschikt een plant ook over afweermechanismen die worden geactiveerd in 
reactie op de aanwezigheid van een aanvaller. Deze geïnduceerde afweermechanismen 
zijn van groot belang voor de plant om zich op een zo efficiënt mogelijke wijze te kunnen 
verdedigen zonder onnodige energie aan afweer te verspillen. Plantenhormonen, en in het 
bijzonder salicylzuur (SA) en jasmonzuur (JA), spelen een belangrijke rol in de geïnduceerde 
afweer van de plant. Het mengsel van hormonen dat wordt geproduceerd door de plant 
is afhankelijk van het type aanvaller. Zo speelt SA een rol in de afweer van planten tegen 
biotrofe pathogenen die zich voeden op levend plantenweefsel. JA speelt daarentegen een 
belangrijke rol in de afweer tegen necrotrofe pathogenen, die nutriënten onttrekken aan 
dood weefsel, en tegen insecten. De signaaltransductieroutes die worden geactiveerd door 
verschillende plantenhormonen kunnen elkaar sterk beïnvloeden. Tussen verschillende 
hormoon-signaleringsroutes bestaan zowel synergistische als antagonistische interacties 
(hormoon “crosstalk”). Deze kunnen de plant in staat stellen om de verschillende responsen 
goed op elkaar af te stemmen en de afweerreacties op een zo efficiënt mogelijke wijze aan 
te zetten.

Er is al veel bekend over de interacties tussen de SA- en JA-afhankelijke signaaltransductie-
routes. SA heeft een sterk negatief effect op JA-afhankelijke afweerresponsen, waaronder 
de expressie van JA-afhankelijke genen zoals PDF1.2 en VSP2. Omgekeerd zijn er ook 
negatieve effecten van de JA signaleringsroute op SA-afhankelijke responsen waargenomen. 
Planten met mutaties in belangrijke genen van de JA signaleringsroute vertonen verhoogde 
activiteit van de SA-afhankelijke signaleringsroute. Naast antagonistische interacties tussen 
de SA- en JA-afhankelijke signaleringsroutes bestaan er ook synergistische interacties. Het 
onderzoek dat beschreven wordt in dit proefschrift is erop gericht meer inzicht te krijgen in 
de moleculaire mechanismen die ten grondslag liggen aan de interacties tussen de SA- en JA-
afhankelijke signaleringsroutes in de model plant Arabidopsis thaliana. Hiermee proberen 
wij beter begrip te krijgen van het complexe netwerk van afweermechanismen waarover 
een plant beschikt om ziektes en plagen het hoofd te bieden.  

Onderzoek naar het negatieve effect van SA op de JA signaleringsroute (SA/JA crosstalk) 
heeft aangetoond dat SA de JA-geïnduceerde route onafhankelijk van de JA biosynthese route 
kan onderdrukken (Hoofdstuk 2). Het vermogen van SA om methyl JA (MeJA)-geïnduceerde 
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genexpressie te onderdrukken was even groot in planten waarin de JA biosynthese volledig 
is geblokkeerd door een mutatie in het JA biosynthese gen AOS, als in wild-type planten. 
Dit suggereert dat de remming van de JA signaaltransductieroute door SA niet aangrijpt 
op de JA biosynthese. Ook is aangetoond dat SA de JA-geïnduceerde signaleringsroute 
onafhankelijk van het JA receptor complex SCFCOI1-JAZ kan onderdrukken (Hoofdstuk 3). Na 
perceptie van JA zorgt het SCFCOI1 complex voor afbraak van JAZ eiwitten, die functioneren 
als negatieve regulatoren van transcriptiefactoren die de JA respons kunnen activeren. SA 
had geen effect op de JA-geïnduceerde afbraak van JAZ eiwitten. Door gebruik te maken van 
JA-ongevoelige coi1-1 mutant planten, die de JA-gereguleerde AP2/ERF transcriptiefactor 
ERF1 tot overexpressie brengen, kon worden aangetoond dat SA ERF1-geïnduceerde PDF1.2 
expressie kan onderdrukken in de afwezigheid van een functioneel SCFCOI1 complex. Dit 
suggereert dat remming van JA-geïnduceerde genexpressie door SA onafhankelijk is van het 
SCFCOI1 complex. Gedetailleerde analyse van promoters van genen die worden geïnduceerd 
door MeJA en onderdrukt door SA resulteerde in de identificatie van een aantal regulatoire 
promoter elementen die mogelijk een belangrijke rol spelen in SA/JA crosstalk (Hoofdstuk 
3). Tot deze elementen behoorde de GCC-box. Met behulp van transgene lijnen waarin het 
GUS reportergen onder controle staat van een minimale promoter met vier kopieën van 
de GCC-box, werd aangetoond dat het GCC-box promoter element voldoende is om het 
negatieve effect van SA op JA-geïnduceerde genexpressie waar te nemen. Daarnaast werd 
aangetoond dat SA een negatief effect heeft op de accumulatie van de JA-gereguleerde AP2/
ERF transcriptiefactor ORA59 die aan de GCC-box kan binden (Hoofdstuk 3). Dit suggereert 
dat SA de JA-geïnduceerde signaaltransductie remt door met deze route te interfereren op 
het niveau van gentranscriptie.

Naast het negatieve effect van SA op ORA59 accumulatie zou SA ook op andere manieren 
kunnen leiden tot onderdrukking van JA-geïnduceerde genexpressie die verloopt via de 
GCC-box. De onderdrukking van JA-geïnduceerde genexpressie door SA bleek afhankelijk 
te zijn van nieuwe eiwitsynthese (Hoofdstuk 4). Door middel van een “electrophoretic 
mobility shift assay” werd waargenomen dat behandeling van planten met SA resulteerde 
in een toename van binding van nucleaire eiwitten aan de GCC-box (Hoofdstuk 4). Deze 
gegevens suggereren dat SA kan leiden tot onderdrukking van genexpressie door middel 
van nieuwe synthese van een eiwit dat een remmende werking heeft op genexpressie via de 
GCC-box. Om dit verder te onderzoeken is gezocht naar SA-induceerbare genen die coderen 
voor transcriptiefactoren die behoren tot de AP2/ERF familie (Hoofdstuk 4). Leden van deze 
familie bezitten een DNA-bindingsdomein met affiniteit voor de GCC-box. SA induceerde de 
expressie van verschillende AP2/ERF genen, waaronder enkelen die coderen voor eiwitten 
met een EAR repressiedomein. Voor acht van deze AP2/ERF genen is onderzocht of zij een 
essentiële rol hebben in SA/JA crosstalk. Geen van de geteste ap2/erf mutanten was echter 
verstoord in de SA-geïnduceerde suppressie van JA-afhankelijke genexpressie. TOPLESS 
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(TPL) is een eiwit dat een remmende werking heeft op de JA signaaltransductieroute en TPL 
kan aan verschillende EAR domein AP2/ERFs binden. Mutatie van TPL had echter geen effect 
op suppressie van JA-afhankelijke genexpressie door SA. Het lijkt daarom onwaarschijnlijk 
dat SA de JA signaaltransductieroute onderdrukt via SA-geïnduceerde activatie van AP2/ERF 
eiwitten.

In farmacologische studies met SA en (Me)JA heeft onderdrukking van JA-afhankelijke 
responsen door SA de overhand. Genetisch bewijs heeft echter uitgewezen dat de JA 
signaaltransductieroute ook een negatief effect kan hebben op SA-afhankelijke responsen. 
Ook is bekend dat de hemi-biotrofe pathogene bacterie Pseudomonas syringae het toxine 
coronatine (COR) uitscheidt, dat door zijn structurele gelijkenis met JA-Ile, de biologisch 
actieve vorm van JA, de SA-geïnduceerde afweer tegen dit pathogeen kan onderdrukken. In 
5-weken-oude planten die waren opgekweekt op grond, leidde zowel exogene toediening van 
COR als MeJA niet tot onderdrukking van de SA-geïnduceerde genen PR-1, FRK1 en GRXS13 
(Hoofdstuk 5). In 2-weken-oude zaailingen die waren opgekweekt op grond resulteerde de 
COR behandeling echter wel in onderdrukking van SA-geïnduceerde activatie van deze genen. 
In zaailingen opgekweekt onder steriele condities leidde zowel de COR als MeJA behandeling 
tot suppressie van PR-1 en FRK1, maar alleen COR behandeling resulteerde in onderdrukking 
van GRXS13. Dus hoewel COR en MeJA beiden de potentie hebben om SA-afhankelijke 
genexpressie te onderdrukken, is het vermogen van deze stoffen om dat te bewerkstelligen 
afhankelijk van het ontwikkelingsstadium van de plant en de condities waaronder deze 
gekweekt en behandeld wordt. Onderdrukking van SA-geïnduceerde genen door COR of 
MeJA in steriele zaailingen was volledig afhankelijk van de JA receptorcomponent COI1 en 
gedeeltelijk afhankelijk van de JA-gereguleerde transcriptiefactor MYC2. De exacte factoren 
die invloed hebben op het vermogen van COR en MeJA om SA-geïnduceerde genexpressie 
te onderdrukken, moeten nader worden onderzocht. De farmacologische aanpak, zoals in 
deze studie is beschreven, kan hierbij een uitkomst bieden en daarmee bijdragen aan ons 
begrip van de interactie tussen de SA- en JA-afhankelijke signaaltransductieroutes. 

Het werk beschreven in dit proefschrift heeft belangrijke nieuwe inzichten opgeleverd 
in de moleculaire mechanismen die ten grondslag liggen aan de interacties tussen twee 
belangrijke hormonale signaaltransductieroutes die de natuurlijke afweerreacties van 
planten reguleren. Mogelijk kunnen de bevindingen in de toekomst gebruikt worden om de 
bescherming van planten tegen ziekten en plagen te verbeteren. 
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