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Plants live in complex environments in which they intimately interact with a broad range of microbial pathogens with different 
lifestyles and infection strategies. The evolutionary arms race between plants and their attackers provided plants with a highly 
sophisticated defense system that, like the animal innate immune system, recognizes pathogen molecules and responds by 
activating specific defenses that are directed against the invader. Recent advances in plant immunity research have provided 
exciting new insights into the underlying defense signaling network. Diverse small-molecule hormones play pivotal roles in the 
regulation of this network. Their signaling pathways cross-communicate in an antagonistic or synergistic manner, providing the 
plant with a powerful capacity to finely regulate its immune response. Pathogens, 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.

Phytohormones are small molecules that are essential for the regula-

tion of plant growth, development, reproduction and survival. They 

act as signal molecules and occur in low concentrations. Classic phy-

tohormones are abscisic acid (ABA), auxins, cytokinins, ethylene (ET) 

and gibberellins, but small signaling molecules such as brassinoster-

oids, jasmonates (JAs) and salicylic acid (SA) are recognized as phyto-

hormones as well1. Changes in hormone concentration or sensitivity, 

which can be triggered under biotic and abiotic stress conditions, 

mediate a whole range of adaptive plant responses. The importance 

of SA, JAs and ET as primary signals in the regulation of the plant’s 

immune response is well established2–6. More recently, ABA7,8, 

auxins9,10, gibberellins11, cytokinins12,13 and brassinosteroids14,15 

emerged as players on the battle field as well (Fig. 1). The involvement 

of so many plant growth regulators in plant immunity suggests that 

the control of plant growth, development and defense is intercon-

nected in a complex network of cross-communicating hormone sig-

naling pathways. The great regulatory potential of such a network may 

allow plants to quickly adapt to their biotic and abiotic environment 

and to utilize their resources in a cost-efficient manner. It is generally 

believed that hormone-regulated induced defense responses evolved 

to save energy under enemy-free conditions, as they only involve costs 

when defenses are activated upon pathogen or insect attack16. These 

costs arise from the allocation of resources to defense and away from 

plant growth and development. Trade-offs between plant growth rate 

and disease resistance have been well documented16 and support the 

hypothesis that plant growth and defense are regulated by a network 

of interconnecting signaling pathways.

Upon pathogen attack, the quantity, composition and timing of the 

phytohormonal blend produced by the plant varies among plant species 

and depends greatly on the lifestyle and infection strategy of the invad-

ing attacker. This ‘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 attacker17. 

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 may 

be able to tailor its immune response to the type of invader encoun-

tered. On the other hand, evidence is accumulating that pathogens 

can manipulate hormone-regulated signaling pathways to evade host 

immune responses. Here we review our current understanding of the 

roles of phytohormones in the plant’s immune system, with a focus on 

crosstalk between defense hormone signaling pathways and its signifi-

cance in plant-pathogen interactions.

The plant immune system
In nature, plants are continuously threatened by a wide range of harm-

ful pathogens and pests, including viruses, bacteria, fungi, oomycetes, 

nematodes and insect herbivores. Each of these attackers exploits highly 

specialized features to establish a parasitic relationship with its host 

plant. According to their lifestyles, plant pathogens are generally divided 

into necrotrophs and biotrophs (Fig. 2)18. Necrotrophs first destroy host 

cells, often through the production of phytotoxins, after which they 

feed on the contents. Biotrophs derive nutrients from living host tis-

sues, commonly through specialized feeding structures (haustoria) that 

invaginate the host cell without disrupting it. Many plant pathogens 

display both lifestyles, depending on the stage of their life cycle, and are 

called hemibiotrophs.

To defend themselves against all these different types of pathogens, 

plants have an array of structural barriers and preformed antimicro-

bial metabolites to prevent or attenuate invasion by potential attack-

ers. Despite the diversity of these constitutive defenses, many microbes 
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hormonal signals depending on the type of attacker17. Compelling 

evidence for the key role of phytohormones in the plant’s immune 

response comes from studies with the model plant species Arabidopsis 

thaliana (Arabidopsis) and Nicotiana tabacum (tobacco), in which vari-

ous mutants and transgenic lines impaired in hormone biosynthesis, 

perception or signaling were demonstrated to display a severe altera-

tion in the level of resistance to specific types of pathogens. From these 

studies, it became evident that biotrophic pathogens are generally sen-

sitive to defense responses that are regulated by SA, whereas pathogens 

with a necrotrophic lifestyle are commonly deterred by defenses that 

are controlled by JAs and ET18,26. In analogy to the defense response 

to necrotrophs, the wound response that is effective against insect 

herbivores is also regulated by the JA signaling pathway5.

Systemic immunity
Once plant defense responses are activated at the site of infection, 

a systemic defense response is often triggered in distal plant parts 

succeed in breaking through this pre-invasive 

layer of defense. However, a broad spectrum 

of inducible plant defenses can be recruited to 

limit further pathogen ingress. For this post-

invasive line of defense, plants have evolved 

sophisticated strategies to perceive their attacker 

and to translate this perception into an effec-

tive immune response19. First, the primary 

immune response recognizes common features 

of microbial pathogens, such as flagellin, chi-

tin, glycoproteins and lipopolysaccharides20,21. 

These microbial determinants are referred to 

as pathogen-associated molecular patterns 

(PAMPs)19,20,22. PAMPs activate pattern-recog-

nition receptors (PRRs), which in turn initiate 

diverse downstream signaling events that ulti-

mately result in the activation of a basal resis-

tance that is called PAMP-triggered immunity 

(PTI; Fig. 3a)19,22. During the co-evolutionary 

arms race between pathogens and their host 

plants, pathogens acquired effector molecules 

that are transported into the host cell to sup-

press PTI and promote virulence of the pathogen, resulting in effector-

triggered susceptibility (ETS; Fig. 3b). In turn, plants acquired resistance 

(R) proteins that recognize these attacker-specific effectors, resulting in 

a secondary immune response called effector-triggered immunity (ETI; 

Fig. 3c)19,22. Ultimately, the final outcome of the battle depends on 

the balance between the ability of the pathogen to suppress the plant’s 

immune system and the capacity of the plant to recognize the pathogen 

and to activate effective defenses.

Induced plant defense responses
Many early signaling components of PTI and ETI have been iden-

tified in recent years20,21,23. Downstream of these early signaling 

events, plants respond by activating a large number of integrated 

defense responses to ward off the invader. The nature of the defense 

responses that are activated during PTI and ETI show substantial 

overlap24. These defenses include cell wall fortification through the 

synthesis of callose and lignin; the production of antimicrobial sec-

ondary metabolites, such as phytoalexins; and the accumulation of 

pathogenesis-related (PR) proteins, such as chitinases and gluca-

nases, that degrade fungal and oomycete cell walls. Recognition of 

pathogen-specific effectors through the ETI system is particularly 

effective because it is followed by a burst of reactive oxygen spe-

cies that culminates in a programmed hypersensitive cell death at 

the site of pathogen invasion, keeping the pathogen isolated from 

the rest of the plant and preventing further damage25. Obviously, 

this hypersensitive response would favor growth of pathogens with 

a necrotrophic lifestyle, as their virulence strategy relies on their 

capacity to kill host cells18. Therefore, the hypersensitive response is 

believed to be typically active against pathogens with a biotrophic 

lifestyle18. Immune responses that are active against necrotrophs are 

likely to be initiated in response to the action of pathogen-derived 

toxins or damage-associated molecular patterns, such as breakdown 

products of the plant cell wall that, upon release by the activity of 

pathogen-derived cell wall–degrading enzymes, can stimulate plant 

defense responses21,23.

The regulation of the defense network that translates the pathogen- 

induced early signaling events into activation of effective defense 

responses depends profoundly on the action of phytohormones. 

Pathogen infection stimulates the plant to synthesize one or more 
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Figure 1  Phytohormones implicated in the plant immunity signaling network.
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Figure 2  Disease symptoms on Arabidopsis leaves caused by the 

necrotrophic fungus Botrytis cinerea, the biotrophic oomycete 

Hyaloperonospora arabidopsidis and the hemibiotrophic bacterium 

Pseudomonas syringae. Photos: Hans van Pelt.
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Pathway crosstalk to fine-tune defense
In nature, plants often deal with simultaneous or subsequent invasion 

by multiple aggressors and beneficials, which can influence the primary 

induced defense response of the host plant41–43. Activation of plant 

defense mechanisms is associated with ecological fitness costs16. Hence, 

plants need regulatory mechanisms to effectively and efficiently adapt 

to changes in their complex environment. Crosstalk between hormonal 

signaling pathways provides the plant with such a powerful regulatory 

potential and may allow the plant to tailor its defense response to the 

invaders encountered44–47.

The importance of SA, JAs and ET as dominant primary signals in 

local and systemic induced defense signaling has been well document-

ed2–4. In recent years, research on their biosynthesis pathways and the 

way they are perceived by other biomolecules significantly advanced 

our understanding of the signaling pathways that these small mol-

ecules regulate (a simplified schematic representation of the SA, JA 

and ET signaling pathways is provided in Fig. 5)4,48,49. However, the 

way these signal molecules function in a complex network of inter-

acting pathways is less well studied. Early work in tomato (Solanum 

lycopersicum) and Arabidopsis demonstrated that SA and its acetylated 

derivative aspirin are strong antagonists of the JA signaling pathway50, 

and that JA and ET signaling can act synergistically51. The genomics 

era provided a wealth of new opportunities to investigate how the 

SA, JA and ET signaling pathways are interconnected in the induced 

defense signaling network52. Whole-genome expression profiling of 

a large set of Arabidopsis mutants affected in SA, JA or ET signaling 

in response to infection by the hemibiotrophic bacterial pathogen 

Pseudomonas syringae53 confirmed that there is extensive crosstalk 

between the SA, JA and ET response pathways and paved the way to 

model the network topology of the plant’s immune response52.

One of the best studied examples of defense-related signal cross-

talk is the antagonistic interaction between the SA and JA response 

pathways. Many cases of trade-offs between SA-dependent resis-

tance against biotrophic pathogens and JA-dependent defense 

against necrotrophic pathogens and insect herbivory have been 

documented41,47. For example, induction of the SA pathway in 

Arabidopsis by the biotrophic oomycete pathogen Hyaloperonospora 

arabidopsidis strongly suppressed JA-mediated defenses that were 

activated upon feeding by caterpillars of the small cabbage white 

Pieris rapae54. Activation of the SA pathway by P. syringae similarly 

suppressed JA signaling and rendered infected leaves more suscep-

tible to the necrotrophic fungus Alternaria brassicicola55.

Pharmacological experiments with Arabidopsis revealed that 

JA-responsive marker genes, such as PDF1.2 and VSP2, are highly 

sensitive to suppression by exogenous application of SA54,56. 

SA-mediated suppression of JA-responsive gene expression was 

observed in a large number of Arabidopsis accessions collected from 

very different geographic origins, which highlights the potential 

significance of this phenomenon in the regulation of induced plant 

defenses in nature54. Although many reports describe an antago-

nistic interaction between SA- and JA-dependent signaling, syner-

gistic interactions have been described as well57–59. For example in 

Arabidopsis, treatment 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. However, at higher concentrations the effects were 

antagonistic, demonstrating that the outcome of the SA-JA interac-

tion is dependent on the relative concentration of each hormone58. 

Koornneef et al.54 demonstrated that timing and sequence of initiation  

of SA and JA signaling are also important for the outcome of the 

SA-JA signal interaction. Hence, the kinetics of phytohormone bio-

synthesis and signaling during the interaction of a plant with its 

to protect these undamaged tissues against subsequent invasion by 

the pathogen. This long-lasting and broad-spectrum induced dis-

ease resistance is referred to as systemic acquired resistance (SAR; 

Fig. 4)27 and is characterized by the coordinate activation of a specific 

set of PR genes, many of which encode for proteins with antimi-

crobial activity28. The onset of SAR can be triggered by PTI- and 

ETI-mediated pathogen recognition and is associated with increased 

levels of SA, locally at the site of infection and often also systemically 

in distant tissues24,29. Mutant and transgenic plants that are impaired 

in SA signaling are incapable of developing SAR and do not show PR 

gene activation upon pathogen infection27, which indicates that SA 

is a necessary intermediate in the SAR signaling pathway. The regu-

latory protein NPR1 (NONEXPRESSOR OF PR GENES1) emerged 

as an important transducer of the SA signal; upon activation by SA, 

NPR1 acts as a transcriptional co-activator of PR gene expression30. 

The nature of the systemically transported mobile signal that travels 

from the site of infection to establish SAR in distal tissues is one of 

the holy grails in plant defense signaling research. Recent studies 

point to a role for methyl-SA, JAs, a plastid glycerolipid-based factor, 

and a lipid-transfer protein (reviewed in ref. 31).

Beneficial soil-borne microorganisms, such as mycorrhizal fungi and 

plant growth–promoting rhizobacteria, can induce a phenotypically 

similar form of systemic immunity called induced systemic resistance 

(ISR; Fig.  4)32,33. Like PAMPs of microbial pathogens, different benefi-

cial microbe-associated molecular patterns are recognized by the plant, 

which results in a mild but effective activation of the immune response 

in systemic tissues34–36. In contrast to SA-dependent SAR, ISR triggered 

by beneficial microorganisms is often regulated by JA- and ET-dependent 

signaling pathways and is associated with priming for enhanced defense 

rather than direct activation of defense34,37,38. Whereas SAR is pre-

dominantly effective against biotrophic pathogens that are sensitive to 

SA-dependent defenses, ISR was shown to be effective against pathogens 

and insects that are sensitive to JA- and ET-dependent defenses39,40.
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Figure 3  Simplified schematic representation of the plant immune system. 

(a) Upon pathogen attack, pathogen-associated molecular patterns (PAMPs) 

activate pattern-recognition receptors (PRRs) in the host, resulting in a 

downstream signaling cascade that leads to PAMP-triggered immunity 

(PTI)19. (b) Virulent pathogens have acquired effectors (purple stars) that 

suppress PTI, resulting in effector-triggered susceptibility (ETS). (c) In turn, 

plants have acquired resistance (R) proteins that recognize these attacker-

specific effectors, resulting in a secondary immune response called effector-

triggered immunity (ETI).
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They showed that two different alleles of the Arabidopsis npr1 mutant 

(npr1-1 and npr1-3) behaved differently in terms of transcriptome 

changes upon infection by P. syringae53. The npr1-1 mutant, which 

has a mutation in a crucial ankyrin-repeat domain, was affected in 

the expression of SA- as well as JA/ET-dependent genes. However, 

the npr1-3 mutant, which produces a truncated cytoplasmatically 

localized NPR1 protein30, was only affected in SA-dependent gene 

expression, which suggests that the cytoplasmatic function of NPR1 

plays a role in the control of JA/ET-dependent responses. In agree-

ment with this, the antagonistic effect of SA on JA-responsive gene 

expression was much less affected in npr1-3 than in npr1-1 (ref. 75). 

This suggests a model in which the cytosolic function of NPR1 plays 

a role in SA-JA crosstalk, and in which the nuclear function of NPR1 

plays a role in the activation of SA-responsive genes.

Recently, it was demonstrated that ET bypasses the need of NPR1 

in SA-JA crosstalk, while it enhances NPR1-dependent, SA-responsive 

PR-1 expression75. These findings indicate that the final outcome of 

the SA-JA signal interaction during the complex interaction of plants 

with their attackers can be shaped by ET. Indeed, the antagonistic effect 

of SA on JA-dependent resistance against feeding by ET-noninducing 

attackers could be highly decisive in the final outcome of the defense 

response to the attacker encountered. Additionally, phytohormones 

can be readily modified into derivatives with altered biological activ-

ity, which adds yet another layer of regulation.

Signaling nodes in the SA-JA-ET network
So far, many examples of positive and negative crosstalk between SA, 

JA and ET signaling have been reported and are documented in a series 

of informative reviews60–65. A number of key signaling nodes emerged 

from these studies and will be highlighted in the following sections 

according to their role in SA-JA, JA-ET or ET-SA crosstalk (Fig. 6).

SA-JA. In recent years, several proteins with an important regulatory 

role in SA-JA crosstalk have been identified in Arabidopsis. Mutation 

or ectopic expression of the corresponding genes were shown to 

have contrasting effects on SA and JA signaling and on resistance 

against biotrophs and necrotrophs (reviewed in ref. 60). Among these 

molecular players are the mitogen-activated protein kinase MPK4 

(ref. 66), the lipase-like proteins EDS1 (ENHANCED DISEASE 

SUSCEPTIBILITY1) and PAD4 (PHYTOALEXIN-DEFICIENT4)67, 

the defense regulatory protein NPR1 (ref. 56), the fatty acid desatu-

rase SSI2 (SUPPRESSOR OF SA INSENSITIVITY2)68, the glutare-

doxin GRX480 (ref. 69) and WRKY transcription factor proteins 

such as WRKY70 (ref. 70) (Fig. 6). The majority of the identified 

crosstalk regulators play pivotal roles in SA signal transduction, in 

which NPR1 plays a central role. NPR1 acts downstream of EDS1 

and PAD4 in the SA signaling pathway67. In addition, NPR1 regulates 

the SA-mediated expression of GRX480 and WRKY70, which encode 

proteins that suppress JA-dependent gene expression69,70. By con-

trast, SSI2 was identified in a screen for suppressors of the mutant 

npr1-5 phenotype68 and thus exerts an NPR1-independent role in 

the regulation of SA-JA crosstalk. Mutant ssi2 plants are defective 

in stearoyl-ACP desaturase, which results in an altered fatty acid 

content. Mutations that restored the lowered 18:1 fatty acid levels 

rescued the ssi2 mutant phenotype, which suggests a role for fatty 

acid signaling in SA-JA crosstalk68,71.

Changes in the cellular redox state play a major role in the transduc-

tion of the SA signal30,72. In Arabidopsis, the ability of SA to suppress 

JA-responsive genes was shown to coincide with an increase in the 

level of glutathione, a major determinant of cellular redox homeosta-

sis54. The glutathione biosynthesis inhibitor L-buthionine sulfoximine 

strongly reduced the suppression of the JA-responsive gene PDF1.2 

by SA, which suggests that SA-mediated modulation of the cellular 

redox state is an important trigger for the attenuation of JA signal-

ing54. The NPR1 protein is an important transducer of SA-induced 

redox changes. Besides functioning as a crucial transcriptional co-

activator of SA-responsive PR genes30, NPR1 is also a key regulator 

in SA-mediated suppression of JA signaling56,73. So how does NPR1 

exert its dual role in the activation of SA-responsive genes on the one 

hand and the suppression of JA-responsive genes on the other hand? 

SA-induced redox changes activate NPR1 by reducing inactive NPR1 

oligomers to active monomers30. Active NPR1 monomers are trans-

located to the nucleus, where they interact with TGA transcription 

factors that activate SA-responsive genes30,72. Interestingly, nuclear 

localization of SA-activated NPR1 is not required for the suppression 

of JA-responsive genes, which indicates that the antagonistic effect of 

SA on JA signaling is modulated through a function of NPR1 in the 

cytosol56. In rice (Oryza sativa), a similar cytosolic function of NPR1 

in SA-JA crosstalk was reported74. Glazebrook et al. provided addi-

tional evidence for a differential role of cytosolic and nuclear NPR1 

in the regulation of JA/ET- and SA-dependent signaling, respectively. 

SA

Priming for
JA/ET defensesPRs

Priming forPriming fPriming fo
JA/ET defensesJAJA/

SA

PRs

Systemic acquired
resistance

Induced systemic
resistance

JA

ET

Figure 4  Schematic representation of systemically induced immune 

responses. Systemic acquired resistance (SAR) is typically activated in 

healthy systemic tissues of locally infected plants. Upon pathogen infection, 

a mobile signal travels through the vascular system to activate defense 

responses in distal tissues. Salicylic acid (SA) is an essential signal molecule 

for the onset of SAR, as it is required for the activation of a large set of 

genes that encode pathogenesis-related proteins (PRs) with antimicrobial 

properties. Induced systemic resistance (ISR) is typically activated upon 

colonization of plant roots by beneficial microorganisms. Like SAR, a long-

distance signal travels through the vascular system to activate systemic 

immunity in above-ground plant parts. ISR is commonly regulated by 

jasmonic acid (JA)- and ethylene (ET)-dependent signaling pathways and 

is typically not associated with the direct activation of PR genes. Instead, 

ISR-expressing plants are primed for accelerated JA- and ET-dependent gene 

expression, which becomes evident only after pathogen attack. Both SAR 

and ISR are effective against a broad spectrum of virulent plant pathogens.
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Figure 5  Simplified schematic representation of the SA, JA and ET 

signaling pathways. (a) SA mediates a change in the cellular redox 

potential, resulting in the reduction of the NPR1 oligomer to its 

active monomeric form. Monomeric NPR1 is then translocated into 

the nucleus where it functions as a transcriptional co-activator of 

SA-responsive genes, such as PR-1, by enhancing the binding of TGA 

transcription factors to SA-responsive promoter elements4,30. (b) In 

the JA signaling cascade, the E3 ubiquitin ligase SCFCOI1 complex 

and jasmonate ZIM-domain (JAZ) proteins form a complex that 

represses transcription of JA-responsive genes49. Upon accumulation 

of JA, JA-isoleucine (JA-Ile) binds to the F-box protein COI1 in the 

SCFCOI1 complex, after which the JAZ proteins are ubiquitinated 

and subsequently degraded through the 26S proteasome. This 

results in the activation of JA-responsive genes through the action of 

transcription factors such as MYC2, ERF1 and ORA59 (refs. 63,77). 

(c) In the ET signaling cascade, the gaseous hormone ET is perceived 

by plasma membrane receptors such as ETR1 (ref. 48). Genetically, 

these receptors are negative regulators of the ET response, because in 

the absence of ET they maintain the negative regulatory role of CTR1, 

which represses the positive regulator EIN2. Upon perception of ET, the repression of ET signaling by CTR1 is relieved, allowing downstream signaling 

through EIN2. Subsequently, critical positive regulators of ET-responsive gene expression, such as EIN3, become active because the E3 ubiquitin 

ligase SCFEBF1/2-dependent 26S proteasome degradation of these proteins becomes inhibited. EIN3-like transcription factors activate transcription 

factors such as ERF1, resulting in the expression of downstream ET-responsive genes.

in combination with ET, the ERF branch of the JA response is acti-

vated, while the MYC2 branch of the JA response is activated when 

ET is absent. ABA was shown to play a role in favoring the MYC2-

dependent branch of the JA response80. Such a differential JA response 

was clearly apparent when the whole-genome expression profile of 

Arabidopsis was analyzed after infection with the necrotroph A. bras-

sicicola, which induces the production of both JA and ET, or after 

infestation with herbivorous Western flower thrips (F. occidentalis), 

which stimulates the biosynthesis of JAs but not that of ET17. Hence, 

the interplay between the ERFs and MYC2 may allow the plant to acti-

vate the set of JA-responsive genes that is required for optimal defense 

against the attacker encountered. Though JA signaling mutants are 

generally more susceptible to necrotropic pathogens such as Botrytis 

cinerea18,26, the Arabidopsis mutant jin1/myc2 showed enhanced 

resistance against this pathogen81. Given that the inhibitory effect 

of MYC2 on the ERF branch of the JA response is relieved in the 

jin1/myc2 mutant, the enhanced resistance against B. cinerea may be 

caused by a potentiated expression of ERF-dependent defenses in this 

mutant. Interestingly, MYC2 is also implicated in systemic immunity 

triggered by SAR-inducing bacteria82 and in the regulation of genes 

that show a primed expression pattern after pathogen infection in 

plants expressing JA/ET-dependent rhizobacteria-mediated ISR (ref. 

38). Moreover, MYC2 is involved in mediating the suppression of 

SA-dependent defenses by coronatine, a phytotoxic virulence factor 

of P. syringae that mimics the action of JAs81,83 (see below), which 

makes this transcription factor an important node in the SA-JA-ET 

signaling network.

ET-SA. ET has been demonstrated to be an important modulator 

of the plant’s defense response to pathogen and insect attack3,6. For 

instance, from a study with ET-insensitive (Tetr) tobacco plants, it 

was concluded that ET is essential for the onset of SA-dependent SAR 

that is triggered upon infection by tobacco mosaic virus84. Moreover, 

ET was shown to enhance the response of Arabidopsis to SA, result-

ing in a potentiated expression of the SA-responsive marker gene 

PR-1 (refs. 85,86). This synergistic effect of ET on SA-induced PR-1 

expression was blocked in the ET-insensitive mutant ein2 (ref. 86), 

which indicates that the modulation of the SA pathway by ET is EIN2 

thrips (Frankliniella occidentalis) was controlled by NPR1 (ref. 75). 

By contrast, SA-mediated suppression of JA-dependent resistance 

against the JA- and ET-inducing necrotroph A. brassicicola functioned 

partly independently of NPR1. This highlights the tight connections 

between the SA, JA and ET pathways in the defense signaling network 

and provides further evidence for a dual role for NPR1 in regulating 

SA-mediated activation of SA-dependent defenses on the one hand, 

and SA-mediated suppression of JA-dependent defenses on the other 

hand. NPR1 has been implicated in several other JA/ET-dependent 

defense responses, including beneficial rhizobacteria-mediated ISR 

(ref. 34) and JA/ET-dependent resistance against the soil-borne fun-

gus Verticillium longisporum76. However, the molecular mechanisms 

by which NPR1 exerts its role in these JA/ET-dependent defenses 

remains to be elucidated.

JA-ET. In many cases, the interaction between JA and ET signaling is a 

synergistic one. A classic example is the regulation of the Arabidopsis 

plant defensin gene PDF1.2, which requires concomitant activation 

of the JA and ET response pathways51. ERFs are members of the large 

plant-specific APETALA2/ETHYLENE RESPONSE FACTOR (AP2/

ERF) superfamily of transcription factors. Two members of this super-

family, ERF1 and ORA59, emerged as principal integrators of the JA and 

ET signaling pathways77,78 (Fig. 6). The expression of both ERF1 and 

ORA59 is induced by JA and ET and can be activated synergistically by 

both hormones. In addition, overexpression of the transcription factor 

genes ERF1 or ORA59 in the JA-insensitive mutant coi1, or ERF1 in the 

ET-insensitive mutant ein2, constitutively activated the PDF1.2 gene, 

which indicates that these transcription factors are important nodes of 

convergence of JA and ET signaling.

Like ERF1 and ORA59, the basic helix-loop-helix leucine zipper 

transcription factor MYC2 (originally called JIN1, for JASMONATE 

INSENSITIVE1) has been demonstrated to play an important role 

in the regulation of JA-responsive genes63 (Fig. 6). Upon induc-

tion of the JA pathway, MYC2 differentially regulates two distinct 

classes of JA-responsive genes. MYC2 functions as a positive regulator  

of JA-responsive genes such as VSP2 and LOX2, whereas it acts as a 

negative regulator of JA/ET-responsive genes such as PDF1.2 that 

are activated by ERFs79. Hence, when the JA response is activated 
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Cytokinins often work in concert with auxins in processes such as 

cell division and differentiation of plant tissues. They are linked to 

the response of plants to biotrophic pathogens that alter the host’s 

physiology12, such as Plasmodiophora brassicae, which causes aber-

rant root growth (club roots) in Brassica species13. However, little is 

known about their connection with the SA-JA-ET network.

Brassinosteroids play a key role in cell expansion and division, differen-

tiation and reproductive development. When applied exogenously, they 

are able to induce a broad-spectrum disease resistance14. Brassinosteroids 

are perceived by the receptor BRI1, which interacts with the receptor-like 

kinase BAK1 to initiate an intracellular signaling cascade that regulates 

growth- and development-related processes94. Interestingly, BAK1 also 

interacts with receptors that recognize PAMPs, such as bacterial flagellin, 

resulting in the initiation of innate immunity95,96. Pathogen-specific 

effectors of P. syringae have been shown to interfere with this process 

by binding to BAK1 themselves; they consequently impede the host 

immune response15. However, the role of BAK1 in the innate immune 

response seems to be independent of the function of BAK1 in brassinos-

teroid signaling97. Hence, a connection between brassinosteroid signal-

ing and the SA-JA-ET network remains to be established.

Decoy strategies of the attacker
Interplay between hormonal signaling pathways may provide the 

plant with a powerful regulatory potential; it is also a possible target 

dependent and thus functions through the 

ET signaling pathway (Fig. 6). Further evi-

dence for SA-ET crosstalk came from the 

network topology study of Glazebrook et al. 

in which the global expression profiles of P. 

syringae–infected Arabidopsis wild-type and 

signaling-defective mutant plants were ana-

lyzed53. This study showed extensive crosstalk 

between the SA and ET signaling pathways, as 

evidenced by the fact that the expression of 

many SA-responsive genes was significantly 

affected in the ein2 mutant background.

Hormone pathways connected to the SA-
JA-ET backbone
Though the SA, JA and ET response pathways 

serve as the backbone of the induced defense 

signaling network, studies in Arabidopsis 

demonstrated that other hormone response 

pathways feed into it (Fig. 6). ABA is com-

monly associated with plant development 

and abiotic stress, but its role in biotic stress 

is becoming increasingly evident7,8. ABA is 

connected to the SA-JA-ET network, as it 

was shown to attenuate JA/ET-dependent 

gene expression80 and to affect JA biosyn-

thesis and resistance against JA-inducing 

necrotrophic pathogens87,88. Moreover, 

ABA was demonstrated to antagonize 

the onset of SA-dependent defenses and 

SAR89,90. Interestingly, NaCl-activated abi-

otic stress had a similar suppressive effect 

on the SA-dependent SAR in Arabidopsis89. 

Conversely, activation of SAR suppressed the 

expression of ABA-related genes, which indi-

cates that ABA serves as an important regula-

tor that functions at the crossroad of abiotic 

and biotic stress responses.

Auxins play a role in virtually every stage of plant development. 

The auxin response pathway is connected to the SA-JA-ET signaling 

network in different ways. For instance, auxin has been demonstrated 

to affect JA biosynthesis91 and the expression of genes involved in JA 

production92. Second, auxin signaling was shown to promote disease 

susceptibility to P. syringae9,93, a process that can be counteracted by 

SA10. Whole-genome expression profiling revealed that SA interferes 

with auxin responses by global repression of auxin-related genes, 

including the auxin receptor gene TIR1. The inhibitory effect of SA 

on auxin responses stimulated effective defenses against the (hemi)

biotrophic pathogens H. arabidopsidis and P. syringae, resulting in 

heightened resistance to these pathogens10. Hence, the antagonis-

tic effect of SA on auxin signaling seems to be an intrinsic part of 

SA-dependent resistance against (hemi)biotrophs.

Recently, gibberellins were shown to hook up to the SA-JA-ET 

network as well. Gibberellins are hormones that control plant growth 

by regulating the degradation of growth-repressing DELLA proteins. 

Navarro et al. demonstrated that DELLA proteins promote suscepti-

bility to biotrophic pathogens and resistance to necrotrophic patho-

gens by modulating the relative strength of the SA and JA signaling 

pathways11. Hence, it was postulated that by regulating the stability 

of DELLA proteins, gibberellins are able to modulate the SA-JA-ET 

network and affect the final outcome of the immune response.

SA signaling JA signaling ET signaling

ABA signaling

EDS1/PAD4

SA

∆redox

NPR1 cytosolic*

NPR1 nuclear*

TGAs/GRX480
WRKYs

SA-responsive genes
e.g., PR-1

Defense against
(hemi)biotrophs 

Defense against
necrotrophs 

SA signaling

MPK4

MYC2

JA signaling ET signaling

ABA signaling Auxin signaling Gibberellin signaling

Coronatine

HopI1
AvrRpt2

JAs

SCF COI1

JAZs ubi

JAZs

DELLAs

JA-responsive genes
e.g.,VSP2   |  e.g., PDF1.2

ET-responsive genes 
e.g., PDF1.2

ERF1
ORA59

Coronatine
ET

EIN2

EIN3

ERF1

SCF EBF1/2

P. syringae
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network to suppress host immune responses and promote virulence. The SA, JA and ET signaling 

pathways represent the backbone of the defense signaling network, with other hormonal signaling 

pathways feeding into it. Only those signal transduction components that are relevant to this review are 

shown. ⊥, negative effect; purple stars, positive effect.

NATURE CHEMICAL BIOLOGY   VOLUME 5   NUMBER 5   MAY 2009 313 

R E V I E W

©
2
0
0
9
 N

a
tu

re
 A

m
e
ri

c
a
, 
In

c
. 
 A

ll
 r

ig
h

ts
 r

e
s
e
rv

e
d

.



the host immune response. As plant defense mechanisms have evolved 

during the co-evolutionary arms race between plants and their attack-

ers and have come with costs in addition to benefits, insights into their 

significance for plant survival should ideally come from ecological stud-

ies. Hence, a future challenge for research on plant immunity is to put 

laboratory findings to the test in an ecological context45.

On the other hand, there is a clear need to understand how complex 

high-dimensional signal interactions are translated into a definite coor-

dinated defense response that is effective against the type of pathogen 

that the plant is encountering. The fact that plant growth regulators are 

so heavily involved in the orchestration of the plant immune response 

suggests that developmental and defense signaling networks are inter-

connected. The enormous amounts of data that plant biologists from 

different fields produced in the past years through the availability of 

large-scale genomics datasets and genome-wide mutagenesis libraries 

calls upon a systems approach in which computational biology and 

bioinformatics techniques enable researchers to integrate and compre-

hend these complex datasets107,108. Research on networking by small-

molecule hormones in plant immunity has reached the phase in which 

systems biology will move the field beyond the reductionist approach 

toward the identification of emergent properties that otherwise would 

remain undiscovered. Because the kinetics of phytohormone biosyn-

thesis and the signature of the blend of alarm signals produced upon 

pathogen attack are pivotal for the final outcome of the plant-pathogen 

interaction, the field of chemical biology will be highly instrumental in 

uncovering how small-molecule hormones regulate the plant’s immune 

signaling circuitry.
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