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Ethylene (ET) is an important hormone in plant responses to microbial pathogens and herbivorous insects, and in the interaction
of plants with beneﬁcial microbes and insects. Early ET signaling events during these biotic interactions involve activities of
mitogen-activated protein kinases and ETHYLENE RESPONSE FACTOR transcription factors. Rather than being the principal
regulator, ET often modulates defense signaling pathways, including those regulated by jasmonic acid and salicylic acid.
Hormonal signal integrations with ET steer the defense signaling network to activate speciﬁc defenses that can have direct
effects on attackers, or systemically prime distant plant parts for enhanced defense against future attack. ET also regulates
volatile signals that attract carnivorous enemies of herbivores or warn neighboring plants. Conversely, ET signaling can also be
exploited by attackers to hijack the defense signaling network to suppress effective defenses. In this review, we summarize
recent ﬁndings on the signiﬁcant role of ET in the plants’ battle against their enemies.

Plants live in complex environments in which they
are constantly exposed to a wide range of biotic interactors. Some of these interactors, such as mutualistic
rhizosphere bacteria and fungi, are beneﬁcial for the
plant as they promote plant growth and protect the
plant from attack by harmful interactors. Conversely,
harmful interactors, such as herbivorous insects and
microbial pathogens, reduce the ﬁtness of the plant by
retrieving energy-rich organic compounds without
returning a net beneﬁt to the plant (Pieterse et al.,
2014b). To minimize the success of attack by other organisms, plants have evolved sophisticated defensive
mechanisms that are either expressed constitutively or
induced when an attacker is recognized. Active defense
against biotrophic pathogens, which form a long-term
relationship with living plant cells to derive nutrients, is
mainly effectuated by programmed plant cell death
(Glazebrook, 2005). Infection by necrotrophic pathogens, which ﬁrst destroy host cells before feeding on the
content, is usually repulsed by plant-produced antimicrobial compounds (Glazebrook, 2005). To defend
themselves against insects, plants can activate both direct and indirect defenses. Direct defenses include plant
traits that hinder the insect’s growth rate, adult size,
and/or survival probability, such as trichomes or toxic
secondary metabolites (Howe and Jander, 2008). Indirect defenses include plant traits that enhance the
probability of attracting natural enemies of herbivorous
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insects, such as volatile organic compounds or extraﬂoral nectar (Dicke, 2015; Heil, 2015).
Inducible defenses are initiated after perception of
microbial infection or insect infestation, for which
plants possess a suite of pattern recognition receptors
(PRRs). These PRRs speciﬁcally recognize general
nonself molecules from attacking organisms and self
molecules from already attacked plant cells (Cook et al.,
2015). By detecting highly conserved structures of entire classes of microbes, so-called microbe-associated
molecular patterns (MAMPs), plants can recognize attack by a wide variety of potential pathogens. Similarly,
general elicitors that are present in the saliva of insects
function as herbivore-associated molecular patterns.
Moreover, enzymatic degradation of plant material by
attacking microbes or insects generates endogenous
elicitors, so-called damage-associated molecular patterns (Ferrari et al., 2013; Savatin et al., 2014; Acevedo
et al., 2015). All of these different molecular patterns are
detected through a general detection system consisting
of PRRs and coreceptors, leading to the activation of
pattern-triggered immunity (PTI; Jones and Dangl,
2006). Biosynthesis of the gaseous hormone ethylene
(ET) is among the suite of immediate PTI responses
that, together with the production of reactive oxygen
species and the activation of mitogen-activated protein
kinase (MAPK) signaling cascades, regulate the production of downstream defensive proteins and metabolites (Boller and Felix, 2009; Wu and Baldwin, 2010). A
second layer of more speciﬁc perception of microbes
and insects is accomplished by plant resistance (R)
proteins. Successful pathogens are able to suppress or
evade PTI by the production of attacker-speciﬁc effectors (Pel and Pieterse, 2013). In turn, R proteins in the
plant have evolved to speciﬁcally recognize these effectors, initiating effector-triggered immunity (ETI) or R
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gene-mediated resistance (Jones and Dangl, 2006; Cui
et al., 2015). ETI is accompanied by rapid ET production
and a programmed cell death at the site of infection that
prevents further ingress of the invading pathogen.
Several R genes have been identiﬁed to confer resistance against insects (Broekgaarden et al., 2011), but
whether they are involved in recognizing speciﬁc
herbivore-derived elicitors is still unclear.
Subsequent to recognition of the attacker, a hormoneregulated cellular signaling network is triggered that
orchestrates the production of defensive proteins and
metabolites. Besides ET, several other plant hormones
are implicated in this regulatory network, with jasmonic acid (JA), salicylic acid (SA), and abscisic acid
(ABA) being major players (Fig. 1; Pieterse et al., 2012).
Their abundant antagonistic or synergistic interactions
provide the plant with an extensive regulatory potential that enables the activation of speciﬁc defenses,
while minimizing ﬁtness costs (Pieterse et al., 2012; Vos
et al., 2013a). ET emerged as an important hormonal
trafﬁc controller on the hormone-regulated defense
pathways that are activated in response to biotic stress.
Here, we provide an update on the modulating role of
ET in this process.

ATTACKER-INDUCED ET SIGNALING

During induced plant defenses in general, activation
of ET-mediated defenses starts with the recognition of
the attacker, after which calcium ﬂuxes and MAPK
cascades are initiated that in turn stimulate ET biosynthesis. The amount and timing of ET production is
then further regulated in an attacker-speciﬁc manner,
which modulates the plant’s defense response (Hu

et al., 2011; Van der Ent and Pieterse, 2012; Groen and
Whiteman, 2014; Rehrig et al., 2014). In addition to its
role in defense, ET is also known to be an important
regulator of developmental processes, and accordingly,
ET-dependent defense patterns change during development. For instance, treating Nicotiana attenuata leaves
of various ages with saliva from the Manduca sexta
caterpillar showed that induced ET emission decreased
with leaf and plant age (Diezel et al., 2011).
Recognition of Attack Leading to ET Signaling

A classic example of attacker perception leading to
the activation of ET signaling is the recognition of
MAMPs such as ﬂagellin and elongation factor (EF)-TU
(Boller and Felix, 2009). Upon perception of these
MAMPs by their cognate PRRs, MAPK signaling is
activated, leading to rapid production of ET, which
results in effective downstream PTI responses. In the case
of ﬂagellin perception, ET signaling regulates accumulation of the cognate PRR receptor FLAGELLIN
SENSITIVE2, and is required for the oxidative burst
that contributes to ﬂagellin-triggered plant immunity
(Mersmann et al., 2010). Furthermore, plant elicitor
peptide ZmPep3 in maize (Zea mays) serves as an endogenous signal to stimulate ET production and increase
the expression of genes involved in direct and indirect
defense, leading to enhanced resistance against
Spodoptera exigua caterpillars (Wu and Baldwin, 2010;
Huffaker et al., 2013). A recent example of effectortriggered activation of ET signaling comes from the
interaction between the bacterial pathogen Erwinia
amylovora and Arabidopsis (Arabidopsis thaliana). The
E. amylovora-derived elicitor HrpNEa activates ETmediated expression of the Arabidopsis transcription

Figure 1. Simplified schematic representation of plant defense signaling
networks involving the hormones ET,
SA, JA, and ABA. Necrotrophic pathogen and beneficial microbes induce or
prime ET- and JA-dependent signaling
pathways, whereas chewing insects induce JA- and ABA-dependent signaling
pathways. The ET- and ABA-regulated
branches of the JA pathway are mutually
antagonistic. ET alone or together with
JA plays a role in volatile signaling. Arrows and end-blocked lines indicate
positive and negative regulation, respectively.
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factor MYB44, which in turn enhances the expression of
ETHYLENE INSENSITIVE2 (EIN2), an essential gene in
ET signaling (Liu et al., 2011a).
Molecular Players in Signal Transduction from
Recognition to ET Biosynthesis

Recently, several unique components involved in
the steps between pathogen/insect recognition and
the activation of ET signaling have been reported. For
example, during infection of Arabidopsis by the
necrotrophic pathogen Botrytis cinerea, MITOGENACTIVATED PROTEIN KINASE3 (MPK3) and MPK6
phosphorylate the ET biosynthesis proteins 1AMINOCYCLOPROPANE-1-CARBOXYLIC ACID
(ACC) SYNTHASE2 (ACS2) and ACS6, resulting in
rapid ET production (Han et al., 2010). Additionally,
silencing SALICYLIC ACID-INDUCED PROTEIN
KINASE (SIPK), encoding the N. attenuata ortholog
of Arabidopsis MPK6, abolished insect-induced ET
accumulation in N. attenuata (Wu et al., 2007; Mase
et al., 2012). Moreover, SIPK- and WOUND INDUCED
PROTEIN KINASE-silenced Nicotiana umbratica plants
showed disrupted ET accumulation and compromised
necrosis upon application of the pathogen-derived
Alternaria alternata sp. lycopersici toxin (Mase et al.,
2012). Taken together, these results highlight the importance of MAPK signaling cascades in the regulation
of ET signaling and its downstream defense responses.
Furthermore, the Ca2+-binding protein Calreticulin 3a of
Nicotiana benthamiana was shown to be involved in the
induced production of ET upon recognition of MAMPs
derived from the pathogen Phytophthora infestans.
Induced ET signaling was further demonstrated to be
required for the production of antimicrobial phytoalexins,
which is critical for the resistance of N. benthamiana to
P. infestans (Matsukawa et al., 2013).

The ETI response that is triggered in Arabidopsis
upon infection by avirulent Pseudomonas syringae pv
tomato avrRpm1 was reported to be accompanied by a
biphasic accumulation of ET (Mur et al., 2009). This ETIassociated ET production is dependent on ETHYLENE
RECEPTOR1 (ETR1) and ET signaling component EIN2
and accelerates the hypersensitive cell death response,
conﬁrming previous ﬁndings that ET plays a role in
lesion expansion during the hypersensitive response
(Van Loon et al., 2006).
COMMUNICATION WITH OTHER HORMONES

A plant’s response to insect or pathogen attack is
based on a complex network of interactions between
different hormonal signals. Cross communication between the initiated hormone signaling pathways contributes to the activation of attacker-speciﬁc defenses
(Robert-Seilaniantz et al., 2011; Pieterse et al., 2012;
León et al., 2014; Caarls et al., 2015; Fig. 1). JA and SA
are dominant players in the regulation of the immune
signaling network, where JA is generally effective
against necrotrophic pathogens and insects while SA is
primarily effective against biotrophic pathogens (Vos
et al., 2013a). Accumulating evidence indicates that ET
can interact both positively and negatively with SA,
depending on the plant-attacker interaction (Van der
Ent and Pieterse, 2012). For example, ET acts positively
on the level of SA-mediated resistance against the
pathogen Leptosphaeria maculans in Brassica napus (Sašek
et al., 2012), while it acts negatively on SA-mediated
defense against the pathogen P. syringae in Arabidopsis
(Chen et al., 2009). The majority of studies on the
modulating role of ET report on its effect on the JA
signaling pathway and on the interplay between the JA
and SA pathways. Therefore, we focus on these EThormone interactions in more detail below.
Interaction between ET and JA Signaling

ET-Mediated Downstream Responses

Downstream in the ET signaling cascade, transcription factors of the ETHYLENE RESPONSE FACTOR
(ERF) family play a dominant role in the regulation of
defenses. For example, ERF3 was identiﬁed in rice
(Oryza sativa) as a gene that positively affects expression
of trypsin proteinase inhibitors and to mediate resistance toward Chilo suppressalis caterpillars (Lu et al.,
2011). Well-characterized ERF transcription factors
from Arabidopsis with a role in ET-dependent defense
are ERF1 (Lorenzo et al., 2003) and OCTADECANOIDRESPONSIVE ARABIDOPSIS APETALA2/ ETHYLENE
RESPONSE FACTOR DOMAIN PROTEIN59 (ORA59;
Pré et al., 2008). Overexpressing or silencing these ERF
transcription factors in Arabidopsis leads to enhanced
or reduced resistance to several fungi, respectively
(Memelink, 2009). Overall, ERFs are conserved among
different plant species (Groen and Whiteman, 2014) and
mediate resistance to especially necrotrophic pathogens
(Anderson et al., 2010; Liu et al., 2011b; Zhu et al., 2014).

Although the JA pathway has a dominant role in
induced plant defenses (Wasternack, 2015), ET plays an
important part in ﬁne tuning these responses. The JA
signaling pathway comprises two separate branches:
(1) the so-called ERF branch, which in Arabidopsis is
regulated by ERF-type transcription factors such as
ERF1 and ORA59 (Lorenzo et al., 2003; McGrath et al.,
2005; Pré et al., 2008), and (2) the so-called MYC branch,
which in Arabidopsis is regulated by MYC-type transcription factors such as MYC2, 3, and 4 (Boter et al.,
2004; Dombrecht et al., 2007; Fernández-Calvo et al.,
2011). ET synergizes the ERF branch to activate defenserelated genes, such as PLANT DEFENSIN1.2 (PDF1.2),
leading to effective defense against necrotrophic pathogens. The MYC branch, on the other hand, is synergized by ABA to activate defense-related genes, such as
VEGETATIVE STORAGE PROTEIN2, resulting in defense against chewing insects (Fig. 1). The ERF and
MYC branches of the JA pathway act as communicating
vessels in which the relative balance is dependent on
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the relative strength of the concomitantly activated ET
and ABA pathways (Lorenzo et al., 2004; Verhage et al.,
2011; Vos et al., 2013b). This is exempliﬁed by the fact
that ABA-deﬁcient mutants are more resistant to
necrotrophic pathogens and more susceptible to certain
insects, whereas ET-deﬁcient mutants are more susceptible to necrotrophs and more resistant to certain
insects (Berrocal-Lobo et al., 2002; Lorenzo et al.,
2003, 2004; Nickstadt et al., 2004; van Loon et al.,
2006; Bodenhausen and Reymond, 2007; Kazan and
Manners, 2012; Dinh et al., 2013). However, it should
be noted that there are exceptions; for example, an ETinsensitive mutant of N. attenuata displayed reduced
JA-mediated defenses against M. sexta caterpillars
(Onkokesung et al., 2010).
Recent studies provide evidence that the balance between the ERF and MYC branch of the JA pathway
is modulated through interactions between JA/ABAactivated MYC2/3/4 and ET-stabilized EIN3 and
ETHYLENE INSENSITIVE3-LIKE1 (EIL1; Fig. 2). Zhang
et al. (2014) showed that MYC2 represses EIN3 by inducing expression of the EIN3-repressor ETHYLENE
INSENSITIVE3 BINDING F-BOX PROTEIN1 as well as by
physically interacting with EIN3 to inhibit its DNA binding activity. Additionally, Song et al. (2014) showed that
this antagonistic effect of MYC2 on EIN3 also involves
EIL1 and attenuates resistance to B. cinerea. Furthermore,
they demonstrated that the interaction between MYC2
and EIN3 is mutually antagonistic. EIN3 and EIL1 interact
with and repress MYC2, MYC3, and MYC4, resulting
in attenuated JA-regulated defense against Spodoptera
littoralis and S. exigua caterpillars. Important modulators of

Figure 2. Simplified model of the molecular machinery involved in the
transcriptional regulation of ET-modulated JA- and SA-dependent defense responses. A, In an unstressed plant, several mechanisms repress
activation of ET-, JA-, and SA-dependent defense pathways. Binding of
jasmonic acid-Zim domain (JAZ) repressor proteins to transcriptional
activators such as EIN3/EIL1 and the MYC transcription factors suppresses their activity and, thus, downstream defense-related gene
transcription. Furthermore, EIN3/EIL1 and MYC transcription factors
2374

bind to each other, which also represses their activity. In the SA pathway,
oligomerization of the regulatory protein NPR1 prevents NPR1 from
going into the nucleus, thereby preventing downstream SA-dependent
defense responses. B, Infection with a necrotrophic pathogen induces
JA and ET levels in the plant. JA binds to the JA receptor CORONATINE
INSENSITIVE1 (COI1), which results in the degradation of JAZ repressor
proteins by the proteasome and subsequent release of activating transcription factors. ET binds to the receptor ETR1, eventually resulting in
the stabilization of the EIN3/EIL1 transcription factors. Accumulation of
both JA and ET activates the ERF branch of the JA defense pathway,
resulting in activation of JA/ET-responsive genes such as the PDF1.2
marker gene, leading to defense against necrotrophic pathogens. At the
same time, activation of the JA and ET pathways suppresses the MYC
branch of the JA pathway via interaction between EIN3/EIL1 and MYCs.
Upon insect herbivory, JA acts together with ABA to activate the MYC
branch of the JA pathway and to simultaneously suppress of the ERF
branch (details not shown here). C, When SA levels are increased in the
plant in addition to elevated JA and ET levels, NPR1 monomers are
released, and NPR1 can translocate to the nucleus to activate downstream SA responses. Activation of the SA pathway leads to antagonism
of the JA/ET-dependent transcription, likely via suppression of ORA59
transcription by TGAs and GLUTAREDOXIN480 (GRX480), and degradation of ORA59 protein. See text for details on the molecular processes underlying the transcriptional control. Solid lines indicate
established activities and dashed lines indicate hypothesized activities,
where black arrows specify activation and red lines suppression. Red
crosses indicate arrested gene transcription. GCC box, Binding site of
ERF transcription factors; G box, binding site for MYC transcription
factors; as-1 motif, binding site for TGA transcription factors.
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the activity of the MYC2/3/4 and EIN3/EIL1 transcription factors are JAZ repressor proteins that physically bind
to them (Fig. 2B; Chini et al., 2007; Fernández-Calvo et al.,
2011; Niu et al., 2011b; Zhu et al., 2011). Another modulator of the activity of the MYC and ERF branches of the JA
pathway is the mediator complex subunit MEDIATOR25
(MED25; Çevik et al., 2012). In eukaryotes, the multiprotein mediator complex connects transcription factors to
the core transcriptional machinery. MED25 binds to and
is required for the transcriptional activation of the MYC
and ERF branch transcription factors MYC2, ERF1, and
ORA59 (Fig. 2B). Consequently, med25 mutants are impaired in ET- and JA-dependent defenses against pathogens and insects (Çevik et al., 2012).
Effect of ET on SA-JA Cross Talk

Among the best-studied hormone signal interactions
is the antagonistic relationship between the SA and JA
signaling pathways, often referred to as SA-JA cross
talk (Pieterse et al., 2012). A number of important regulators of the interaction between the SA and JA pathways have been identiﬁed, including the redox
sensitive transcriptional coregulator NONEXPRESSOR
OF PATHOGENESIS-RELATED PROTEINS1 (NPR1;
Spoel et al., 2003). Interestingly, timing and concentration of ET production modulate the strength of the
antagonistic effect of SA on the JA pathway and the
dependency on NPR1. Leon-Reyes et al. (2009) demonstrated that simultaneous stimulation of the ET and
JA pathways in Arabidopsis strongly suppressed the
NPR1 dependency of SA-JA cross talk. Additionally,
full activation of ET and JA signaling (e.g. during infection with a necrotrophic pathogen) resulted in insensitivity to future SA-mediated suppression of JA/
ET-dependent defenses. Hence, ET helps the plant to
prioritize the JA/ET pathway over the SA/NPR1 pathway during multiattacker interactions (Leon-Reyes et al.,
2010). Also, in other plant species, a link between ET and
NPR1-dependent regulation of defense has been
reported. For instance, antisense expression of NPR1
in rice increased JA and ET levels, resulting in increased
levels of antiherbivore compounds and reduced performance of rice striped corn borer (Li et al., 2013).
Besides NPR1, other SA-regulated signaling components emerged as important regulators of the interplay
between the SA and JA/ET pathways (Fig. 2C). In
Arabidopsis, TGA transcription factors are primarily
known as regulators of SA-mediated transcription, but
they control activity of the ET/JA-dependent ERF branch
as well. TGA2, TGA5, and TGA6 are required for
B. cinerea-induced expression of PDF1.2 to confer resistance against this necrotrophic fungus (Zander et al.,
2010). However, in the presence of SA, the same TGAs
have a role in SA-mediated antagonism of ERF branch
signaling. The TGAs can directly target the activation
sequence-1 (as-1) promoter sequence in the ERF transcription factor gene ORA59, thereby regulating its expression
(Zander et al., 2014). Possibly through SA-induced glutaredoxins such as GLUTAREDOXIN480 (GRX480) that

interact with TGA transcription factors, expression of
ORA59 is suppressed (Zander et al., 2012; Caarls et al.,
2015). Together with the observation that SA affects
ORA59 protein accumulation (Van der Does et al., 2013),
these ﬁndings demonstrate that ORA59 plays a central role
in the interaction between the SA and JA/ET pathways.

SPATIAL CONTROL OF ET-DEPENDENT DEFENSES

Plants activate defenses not only locally at the site of
attack, but also systemically throughout the plant to
protect the still-healthy tissue against future attack.
Pathogen-induced systemic acquired resistance (SAR),
beneﬁcial microbe-induced systemic resistance (ISR),
and herbivore/wound-induced systemic resistance are
three well-characterized types of systemic defense responses (Wu and Baldwin, 2010; Pieterse et al., 2014b).
Although ET seems to have only a minor role in systemic acquired resistance (Fu and Dong, 2013) and
herbivore/wound-induced systemic resistance (Vos
et al., 2013b), its essential role in the regulation of ISR is
widely accepted (Pieterse et al., 2014b). Interestingly,
ET is also implicated in volatile signaling, either by
serving as a volatile itself or regulating the production
of other volatiles to communicate with distant plant
tissues or neighboring plants about pathogen or insect
attack. As part of an indirect defense mechanism, volatiles also function to repel insects or attract the insect’s
natural enemies (Scala et al., 2013).
The Role of ET in ISR

Plants produce exudates and lysates at their root
surface, resulting in the attraction of a large number of
beneﬁcial microorganisms (Berendsen et al., 2012). Besides stimulating plant growth and outcompeting soilborne pathogens, some beneﬁcial microbes are capable
of activating ISR in above- and belowground plant
tissues, a phenomenon that is effective against a broad
spectrum of pathogens and insects (Pineda et al., 2010;
Pieterse et al., 2014b; Zamioudis et al., 2015). In many
cases, ET has been demonstrated to play an important
role in the modulation of host immune responses by
beneﬁcial microbes (Zamioudis et al., 2012). At the rootmicrobe interface, the MAMP ﬂagellin of the ISR-inducing
rhizobacterium Pseudomonas ﬂuorescens WCS417 (recently
renamed as Pseudomonas simiae WCS417; Berendsen et al.,
2015) initially triggers an ET-dependent immune response
in Arabidopsis roots, but this becomes readily suppressed,
probably to facilitate accommodation of the microbe on
the root surface (Millet et al., 2010). In contrast, activation
of ET signaling is essential in the initial stages of colonization of barley (Hordeum vulgare) roots by the mutualistic fungus Piriformospora indica (Khatabi et al., 2012). In
the interaction between Populus trichocarpa and the ectomycorrhizal fungus Laccaria bicolor, ET acts together with
JA in constraining fungal growth, possibly to maintain an
economic balance between costs and beneﬁts in this
mutualistic plant-fungus interaction (Plett et al., 2014).
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To develop ISR, plants need an intact ET response, as
was demonstrated by the impaired ability of ET signaling mutants to develop ISR (Van Wees et al., 2008;
Niu et al., 2011a; Salas-Marina et al., 2011; Fracetto
et al., 2013; Pieterse et al., 2014b). In tomato (Solanum
lycopersicum), the ET dependency of ISR triggered by a
mutualistic Methylobacterium spp. strain is related to the
suppression of ET accumulation induced by the pathogen Xanthomonas campestris, resulting in a reduction of
disease severity (Yim et al., 2014). Hence, both locally in
the root and systemically in the leaves, ET modulates
immune responses, either to accommodate mutualists
or to counteract enemies.

The Role of ET in Volatile Signaling

Besides playing a vital role as endogenous plant
hormone, ET is also involved in volatile signaling, especially during plant-insect interactions. ET is not only
volatile by itself but also positively regulates the accumulation of volatile organic compounds, often together
with JA (Fig. 1; Pierik et al., 2014). For example, exogenous application of the ET precursor ACC on lima
bean (Phaseolus lunatus) leaves enhanced the production of three JA-mediated volatiles [i.e. (E)- and (Z)b-ocimene and (Z)-3-hexenyl acetate], leading to the
enhanced attraction of the carnivorous mite Phytoseiulus persimilis (Horiuchi et al., 2001). ET-mediated volatile production can alter insect behavior in an insect
species-dependent manner. For example, silencing of
ET biosynthesis in rice reduced the volatile release upon
infestation by C. suppressalis caterpillars, leading to reduced plant resistance. In contrast, infestation of ETsilenced rice plants by the phloem-feeding brown plant
hopper (Nilaparvata lugens) increased the emission of
volatiles that repelled this insect (Lu et al., 2014). Besides
altering insect behavior directly, ET-mediated volatile production can also play a role in indirect defense
through the attraction of carnivorous enemies of the
insect (Scala et al., 2013). For example, the S. exigua
caterpillar-induced production of JA/ET-mediated
volatile terpenes and benzoxazinoids in maize enhanced
the attraction of the parasitoid Cotesia merginiventris, which
is a natural enemy of S. exigua (Huffaker et al., 2013).
Finally, ET also plays a role in plant-plant communication, in which an attacked plant transfers volatile
information to its neighboring plants, which in turn
tailor their defenses (Holopainen and Blande, 2012). For
example, exposure of intact maize plants to (Z)-3hezen-1-ol, a volatile emitted by green plants upon
mechanical damage, induced the emission of a volatile
blend that is typically emitted after caterpillar feeding
and attracts natural enemies of the herbivores. The
volatile emission increased when ET was added, indicating a synergistic role for ET in plant-plant signaling
mediated by (Z)-3-hezen-1-ol (Ruther and Kleier, 2005).
Although there is a clear role for ET in plant volatile
signaling, knowledge of the function of ET in plantinsect and plant-plant communication is still limited.
2376

ATTACKERS HIJACK ET SIGNALING TO SUPPRESS
PLANT DEFENSE

ET controls multiple aspects of plant defense by
connecting different hormonal signaling pathways and
often decisively modulating their relative output. This
central role of ET makes it a valid target for attackers in
their battle against induced plant defenses. Certain
pathogens and insects activate diverse hormone signal
integration mechanisms to manipulate the plant’s
defense system, resulting in the circumvention or suppression of effectual defenses (Walling, 2008; RobertSeilaniantz et al., 2011; Pieterse et al., 2012; Kazan and
Lyons, 2014). ET plays a role in this decoy strategy of
several attackers, resulting in increased plant susceptibility. For example, the soil-borne pathogen Fusarium
oxysporum produces ET itself, leading to expression of
the ET receptor gene ETR1 in Arabidopsis, which in
turn leads to suppression of effective SA-dependent
defenses, and thus promotion of Fusarium spp. disease
(Pantelides et al., 2013). Additionally, saliva of Pieris
rapae caterpillars activated the ERF branch of the JA
signaling pathway in Arabidopsis, leading to suppression of effective defense responses that are mediated by
the MYC branch (Verhage et al., 2011). Moreover, saliva
of S. exigua caterpillars increased cellular oxidative
stress in an ET-dependent manner in leaves of Medicago
truncatula, which led to SA/NPR1-mediated suppression of JA-related defensive proteins (Paudel and Bede,
2015). This suggests that S. exigua engages the plant’s
ET signaling pathway to activate SA-mediated antagonism of JA signaling for its own beneﬁt. The role of ET
in plant defense manipulation by attackers is still
poorly understood, and future research in this direction
may provide us with novel insight in regulatory components of hormone signal integration.
FUTURE PERSPECTIVES

In past decades, the pathways of ET biosynthesis and
signaling have been elucidated in detail. Moreover, ET
emerged as an important modulator of other hormonal
signaling pathways that play a role in the regulation of
plant growth and adaptive responses to biotic and
abiotic stresses (Kazan, 2015; Vos et al., 2015). More and
more molecular players active at the crossroad of
hormone signaling pathways that regulate both
growth and defense were identiﬁed (Pieterse et al.,
2014a; Caarls et al., 2015). Knowledge of master regulators and their gene regulatory networks provides
important tools to investigate how the plant’s stress
signaling network functions during different environmental conditions. In natural and agricultural settings,
plants often have to cope with multiple biotic and abiotic stresses at the same time. So how do ET and other
hormones steer the plant stress signaling network under these conditions of combinatorial stress? And how
can we utilize this knowledge to improve our crops? To
obtain a deep understanding of the dynamics of the
hormone signaling network, it will be essential to
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investigate the dynamics of the transcriptome and
proteome during single and multistress interactions.
Computational analysis of high-density time series of
transcriptome changes during ET-inducing stress conditions, such as leaf senescence (Breeze et al., 2011) or infection by the necrotrophic pathogen B. cinerea (Windram
et al., 2012), or during cross talk between defense hormones (Van Verk et al., 2013) has been shown to be highly
instrumental in the prediction and validation of unique
players in the network. Unique technologies such as ChIPseq (Chang et al., 2013) and protein interactome mapping
(Braun et al., 2013) will further integrate ET signaling
proteins and transcription factors in the dynamic
hormone-mediated signaling network. These systems’
approaches will ultimately lead to a better understanding
of how the plant growth regulator ET evolved as a trafﬁc
controller on the hormonal crossroads to defense.
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