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Abstract

Plants under natural conditions are exposed to multiple stress factors at varying mode and intensities. Plant defense response
to these various stress factors is regulated by a complex network of regulatory pathways mediated mainly by phytohormones
and molecular regulators. The synergic and antagonistic interaction between the stress responsive hormones along with their
co-ordination with the regulators fine tune the defense response with high specificity. In this review, an attempt has been
made to summarize the literature regarding the role of phytohormones in plant defense, crosstalk among phytohormones
and the common molecular players involved in regulating the phytohormonal interaction during biotic stress responses and

prospects of future investigations are outlined.
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Introduction

Plants live in a complex environment in which they are in
continuous interaction with both beneficial and deleterious/
pathogenic organisms. The evolutionary arms race between
plants and their counteracts have provided a high sophisti-
cated plant defense system that responds specifically and
efficiently against the attacker (Fernandez de Bobadilla et al.
2022; Kaur et al. 2022). The defense machinery includes pre-
existed defense barriers like mechanical-spines, trichomes
(War et al. 2011, 2012); chemical-latex, resins, alkaloids,
terpenoids, phenols etc., (Kaur et al. 2022); developmental
and phenotypical changes and all of them are collectively
termed as the constitutive defense system. Constitutive
defense also the basal line of defense is active in presence
or absence of attacker. Deploying defense in the absence of
attacker adds extra energy burden and affects plant fitness
(Huot et al. 2014). However, plants have evolved an induc-
ible defense system that responds rapidly to the attacker
with the expression of defense-related genes, accumulation
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of defense compounds, production of antimicrobial com-
pounds, programmed cell death etc. (Skibbe et al. 2008).
Plants also have also evolved multiple surveillance sys-
tems in the long course of plant-pathogen associations
that can specifically recognize the attacker (Bruce 2015).
The recognition system in plants can detect the conserved
molecular signatures associated with diverse pathogens or
herbivores with high degree of specificity. The molecular
signatures of pathogens include a growing list of microbial
molecules like flagellin, peptide molecules, bacterial Elon-
gation Factor-Tu (EF-Tu), glucans and glycoproteins, chitin
from fungus cell wall, etc. collectively termed Pathogen
Associated Molecular Patterns (PAMP) triggering innate
plant immune system (Abdul Malik et al. 2020). PAMPs
are recognized by cell surface localized-pattern recogni-
tion receptors (PRRs) of plants triggering PAMP-triggered
immunity (PTI). PTI in plants are defended by pathogens
employing effector proteins. The plants to counteract the
delivered effector proteins synthesize cytoplasmic receptors
called resistant (R) proteins. These R proteins of plants inter-
act with the effectors triggering effector triggered immu-
nity (ETI) (Abdul Malik et al. 2020). In addition to PAMPs
and effectors, herbivore feeding damage based plant cell
wall fragments or activity of pathogen lytic enzymes act as
damage associated molecular patterns (DAMPs) triggering
immune response in plants (Hou et al. 2019). These immune
responses in plants are integrated with phytohormones that
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can regulate defense pathways and reprogram growth and
developmental processes in plants. In this review, we discuss
briefly on the role of individual phytohormones in growth vs
defense then introduce to the molecular players and their role
in regulating the hormonal cross talk. We also discuss the
evidence supporting the molecular players in fine tuning the
phytohormonal cross talk signaling mechanisms with special
reference to biotic stress conditions and conclude with the
key areas where further research is needed.

Phytohormones in plant defense

Phytohormones are small organic molecules that are syn-
thesized in low concentration by plants and are involved
in regulating various processes like growth, development,
reproduction and defense responses. Phytohormones like
salicyclic acid (SA), jasmonic acid (JA), ethylene (ET)
and abscisic acid (ABA) are involved in mediating defense
responses against biotic and abiotic stress factors (Han
and Kahmann 2019; Pieterse et al. 2012), while the clas-
sical phytohoromones like auxin, gibberlin, cytokinin and
brassinosteroids are involved in regulating plant growth
and development along with plant immunity (Han and
Kahmann 2019). The phytohormones exhibit antagonistic
or synergistic interaction among themselves resulting in a
balance between growth vs defense process depending on
the attacker and prevailing environmental condition (Fig. 1).

Salicyclic acid (SA)

SA is an important phytohormone that regulates a wide
range of metabolic and physiological reactions in plants
like cell growth, germination, seedling establishment,
respiration, and plant defense responses (Karlidag et al.
2009). SA has an important role in plant defense and
is generally involved in activation of multiple immune
responses including systemic acquired resistance (SAR)
against biotrophic and hemi-biotrophic pathogens (Grant
and Lamb 2006). SA contributes to the homeostasis of
plant growth, development, and defense responses main-
taining an intricate balance between plant physiological
processes and defense responses (Ding and Ding 2020).
Plants challenged by pathogenic infection usually show
an upsurge of SA levels with the induction of pathogen-
esis related (PR) genes and enhanced resistance to a broad
range of pathogens. SA is biosynthesized in plants through
two distinct pathways: the phenylalanine ammonia-lyase
(PAL) pathway starting in the cytosol and the isochoris-
mate synthase (ICS) pathway in the chloroplast. Both the
pathways require chorismate, the final product of shiki-
mate pathway for SA biosynthesis (An and Mou 2011). SA
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Fig.1 Generalized conceptual framework on the plant growth-defense
balance regulated by phytohormones. The classical phytohormones
TIAA, CK, GA, BRs regulate plant growth and they exhibit synergis-
tic and antagonistic interaction with the defense responsive phytohor-
mones (SA, JA, ABA, ET) to regulate balance between growth and
defense. SA salicyclic acid, JA jasmonic acid, ABA abscisic acid, ET
ethylene, IAA auxin, CK cytokinin, GA gibberlic acid, BRs brassinos-
teroids

induction-deficient 2 (SID2) gene encode isochorismate
synthase, which converts chorismate to isochorismate in
the ICS pathway and it mediates majority of the SA syn-
thesized in plants (Lu 2009). SA perception and signaling
is tightly associated with its biosynthesis, metabolism, and
cell homeostasis (Aerts et al. 2021). SA accumulates upon
perceiving stress through de novo biosynthesis or release
from its inactive form (Ding and Ding 2020). The sign-
aling pathway of SA is either NPR1 dependent or inde-
pendent and NPR1 is the core regulator of SA mediating
multiple immune responses including SAR in plants. In
contrast, SA dependent NPR1 independent signaling path-
way involves accumulation of SA and PR expression in the
absence of NPR1 (Shah et al. 2001). Transcription factors
like WHIRLY (WHY) and MYB are involved in NPR1
independent PR gene expression (An and Mou 2011)
Studies on mutant npr/ have identified suppressors genes
like SNI11, SNC1, ELP2 involved in negative regulation of
NPR1 activity and positively regulating PR gene expres-
sion (An and Mou 2011).

Jasmonic acid (JA)

Jasmonic acid has diverse roles in plant growth, develop-
ment, physiology, and plant defense (Cai et al. 2014). JAs
are rapidly induced against necrotrophs and insect herbi-
vores. JA induced defense response against necrotrophs
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and herbivores are regulated by different branches of JA
signaling pathway resulting in the expression of several
defense related genes. JA mediated downstream target
genes include defensin PDF 1.2 (plant defensin /.2),
thionin Thi 2.1 (thionin 2.7), and genes required for the
biosynthesis of JA (Ghorbel et al. 2021). JA and its active
derivatives (jasmonyl isoleucine (JA-Ile), methyl jas-
monate (MeJA), and cis-jasmone are collectively termed
as jasmonates (JAs). These JAs are fatty acids produced by
the octadecanoid pathway from linolenic acid and released
from chloroplast membranes against abiotic stress or her-
bivore or pathogen attack (Denness et al. 2011).

Plants upon perceiving mechanical damage like an insect
attack responds with systemin which is an 18 amino acid
polypeptide derived from the hydrolysis of the precursor
prosystemin (200 amino acids) (Ryan and Pearce 2003). Sys-
temin is transported across the cell through apoplast and it
binds to the receptor on plasma membrane. The mechanism
by which systemin recognizes the receptor is little known.
The receptor binding activates phospholipases on plasma
membrane releasing linolenic acid from the phospholipid
which further is involved in biosynthesis of JA (Hind et al.
2010). The JA and JA-Ile produced from systemin induces
a local defense response and further JA is systemically
transmitted to adjacent cells through vascular transport or
as air borne signal mediated by MeJA (Hind et al. 2010).
The subcellular distribution of JA is regulated by transport-
ers on the plasma membrane and nuclear membrane. The
JA mediated signaling mechanism is regulated mainly by
JAT1 (jasmonic acid transfer proteinl), jasmonate resistant1
(JAR1), jasmonate insensitive|/MYC2 (JIN1/MYC2) and
coronatine insensitivel (COIl). AtJAT1 is a transporter on
cell membrane that rapidly regulates the dynamics of JA/JA-
Ile in cells with the transport of JA-Ile into the nucleus under
stress. When JA concentration is high, JATI transports JA
across the plasma membrane and desensitize the JA signal
(Ruan et al. 2019). JARI encodes JA amino acid synthetase
involved in the binding of isoleucine to JA which is then
transported across the nuclear membrane. JAZ protein, a
major repressor of JA signaling block MYC branch of JA
by recruiting the general corepressors TOPLESS (TPL) and
TPL-related proteins through an interaction with the adaptor
protein novel interactor of JAZ (NINJA) (Van der Does et al.
2013). The bioactive JA-Ile mediates the binding of JAZ
proteins to the F-box protein of COI1 which is part of SCF-
type E3 ubiquitin ligase mediated degradation complex. The
COIl associates with JAZ protein to form COI1-JAZ com-
plex which acts as a co-receptor for JA-Ile and subsequently
degrading JAZ proteins by ubiquination (Sheard et al. 2010).
The degradation of JAZ protein by 26S proteasome allow the
transcription factors (TF) to interact and activate the down-
stream JA responsive genes.

Ethylene (ET)

Ethylene is a multifunctional hormone having role in both
plant growth and senescence (Igbal et al. 2017). In Arabi-
dopsis, ethylene is perceived by receptors on the endoplas-
mic reticulum leading to a conformational change of the
receptor complex and is regulated by five receptors on the
endoplasmic reticulum of which ETR1 (ethylene response
sensorl) plays a major role which is auto phosphorylated
in the absence of ethylene (Binder 2020). The autophos-
phorylation further leads to the phosphorylation of the
kinase domain of CTR1 (constitutive triple responsel),
a negative regulator linked to the receptor complex. The
interaction with the negative regulator CTR1 hinders the
kinase domain of the receptor (ETR1) to interact with
EIN2 (ethylene insensitive2), a ER membrane protein
with N-terminal hydrophobic domain facing the membrane
and the C-terminal facing the cytoplasm (Binder 2020).
In the absence of ethylene, EIN2 is phosphorylated at the
C-terminus and is further degraded by 26S proteasome
activity under the action of two F-box proteins (EIN2 tar-
geting F-box proteinl (ETP1) and ETP2 in E3 ubiquitin
ligase complexes) (Qiao et al. 2009). In the presence of
ethylene, the receptor complex is dephosphorylated with
the release of CTR1 followed by the interaction of ETR1
with EIN2 and dephosphorylation of the C-terminus of
EIN2. The dephosphorylation renders proteolytic cleavage
at the C-terminus site and the cleaved C-terminus of EIN2
is then transported into nucleus and activating the down-
stream ethylene responsive genes (Qiao et al. 2009; Binder
2020). In the nucleus, EIN2 protects EIN3 transcription
factor from degradation which binds to cis-element AYG
WAYCT within promoters of ethylene early response
genes. In the absence of ethylene, EIN3 is degraded by
the 26S proteosomal activity under the regulation of two
F-box proteins (EBF1 and EBF2) (Qiao et al. 2009; Binder
2020).

Classical phytohormones in plant defense

The classical growth hormones (auxin, gibberlin (GA),
cytokinenin (CK), absicissic acid (ABA), brassinosteroids
(BR)) have important roles in plant growth, development,
and physiology, such as auxin role in apical dominance, root
gravitropism, root hair growth, lateral root, leaf, and flower
formation, and plant vasculature development (Denancé
et al. 2013); GA in cell elongation, budding, seedless fruits,
breaking seed dormancy and germination etc. (Gupta and
Chakrabarty 2013) and CK in cell division, chloroplast dif-
ferentiation, delay of senescence, apical dominance, flower
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and fruit development, leaf senescence and plant-pathogen-
interactions etc. (Akhtar et al. 2020). The biosynthesis and
regulation of the growth hormones have been excellently
reviewed by several authors (Mano and Nemoto 2012;
Sakakibara 2005; Yamaguchi and Kamiya 2000) and the
readers can refer to them.

Auxin, GA, and CK were originally reported for their role
in plant growth, and developmental processes and have also
been recently reported in regulating growth-defense trade-
off and stress responses (Alazem and Lin 2015; Denancé
et al. 2013; Kunkel and Harper 2018). The balance between
growth and defense is modulated by interaction of growth
hormones with SA/JA (Huot et al. 2014). The interaction
can be either synergistic or antagonistic and has evolved
as an adaptive response of the plant to insect herbivory or
pathogen attack (Koornneef and Pieterse 2008), for exam-
ple structural barriers like development of leaf trichomes in
plants is regulated by the combined action of JA, CK, GA
and auxin (Fambrini and Pugliesi 2019). The growth hor-
mones can repress defense-related processes by negatively
interacting with regulators of defense signaling pathways
prioritizing plant growth and can also be suppressed by SA
or JA/ET leading to defense activation with defense related
trade-offs (Pieterse et al. 2012).

Auxin

Auxin is involved in regulation of cell wall rigidity and
architecture by means of lignification and thereby contrib-
uting to plant defense against pathogens (Guo et al. 2013;
Zhang et al. 2015). Auxin response factor 3 (ARF3), an
important component of auxin signaling pathway promotes
trichome density in tomato hindering pathogen and herbi-
vore attack (Zhang et al. 2015). Cell wall associated dam-
age in Arabidopsis induces reactive oxygen species (ROS)
burst and JA accumulation influencing cell wall lignification
through TAA biosynthesis (Denness et al. 2011; Hentrich
et al. 2013). Systemic increase in levels of I[AA was observed
upon herbivore damage in leaves and roots of attacked plants
(Machado et al. 2013, 2016; Yan et al. 2017) suggesting
interaction between JA and auxin enabling plants to regulate
cell wall rigidity against herbivore damage.

Gibberlic acid (GA)

GA plays a major role in providing plant tolerance against
abiotic and biotic stress factors by promoting growth and
development under stress conditions. GA influences plant
growth and development by degradation of DELLA pro-
teins, which belong to a class of nuclear growth-repressing
proteins (Xue et al. 2022). GA integrates with other phyto-
hormonal signaling pathways through DELLA proteins (Xue
et al. 2022). GA is involved in influencing cell expansion
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and elongation resulting in enhanced germination, shoot
and root elongation under abiotic stress conditions (Emam-
verdian et al. 2020). They are also involved in influencing
antioxidant activities thereby preventing plant cell death
under stress conditions (Emamverdian et al. 2020). Further-
more, GA plays important role in regulating plant responses
against pathogen attack by exhibiting antagonistic interac-
tion with JA and synergistic activation of SA providing pro-
tection against hemibiotrophic pathogens (Hou et al. 2010;
Pieterse et al. 2012).

Cytokinin(CK)

Numerous studies have documented the role of CK in modu-
lation of plant growth and stress responses by interaction
with ABA, JA, SA and auxin (Akhtar et al. 2020; Choi et al.
2010; O’Brien and Benkova 2013). Increased levels of
CK modulates SA signaling with expression of SA related
defense genes against mainly plant viruses like tobacco
mosaic virus, cucumber mosaic virus, potato virus X, and
potato virus Y (Akhtar et al. 2020; O’Brien and Benkové
2013). Further, rice blast (Magnaporthe oryzae) infection
results in increased CK accumulation which interact syner-
gistically with SA in PR gene expression (Jiang et al. 2013).
Choi et al. 2010, has reported CK induced SA accumulation
and resistance to biotroph and hemi biotroph plant patho-
gens mediated by a direct interaction between TFs ARR2
(type-B ARR, a positive regulator of cytokinin signaling)
and TGA3 (SA pathway) in the expression of PR/ genes.
CK interacts antagonistically with JA and the antagonistic
interaction regulates various aspects of plant growth like
cell differentiation, chlorophyll development etc. (Ghorbel
et al. 2021). Further, JA associated defense gene responses
affect the expression of CK genes and CK deficient mutants
respond with higher JA expression (Qi et al. 2014).

Similarly, the antagonistic interaction of CK and auxin
forms a part of the complex network of hormonal interplay
and critically influences the SA-JA/ET interaction (Naseem
and Dandekar 2012). In Arabidopsis infection with Pseu-
domonas syringae pv. tomato DC3000 (Pro) repress SA
signaling causing susceptibility to Pro infection with
increase in auxin and ABA levels (Nazeem et al., 2012).
Choi et al. 2010 observed resistance to Pto infection in
Arabidopsis with increased endogenous CK and SA levels
with increased CK (IPT, isopentyl transferase) biosynthesis
genes and ARR?2 expression. Similarly, CK and GA antago-
nistic interact to regulate shoot and root elongation, where
CK inhibits and deactivates GA and vice versa (Weiss and
Ori 2007) and induces wound-inducible gene expression and
accumulation of anti-herbivore defense compounds upon
insect herbivory (Dervinis et al. 2010).
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Absicissic acid (ABA)

ABA, a stress responsive hormone that responds rapidly to
osmotic stress conditions also has pivotal role in plant resist-
ance and adaptation against stresses in particular abiotic and
insect herbivory. In addition to its role as a stress hormone,
it acts as a modulator of plant defense signaling mechanism
(Cao et al. 2011; Chen et al. 2020; Wang et al. 2020). ABA
is also involved in inter-species communication acting as
effector or as signaling molecule with the ability to suppress
plant immune responses or provide a compatible mutualistic
plant—microbe interaction like establishment of arbuscular
mycorrhizal fungal association (Lievens et al. 2017). Patho-
gens like P. syringae Pto DC3000 activate ABA signaling by
delivering bacterial toxin coronatine (type III proteinaceous
effectors) and suppresses immune associated MAP kinases
and SA mediated resistance (Mine et al. 2017).

Besides, ABA acts as a modulator between biotic and
abiotic stress signaling pathway in plants. ABA association
with JA signaling is more complex where ABA regulates
MYC branch of JA signaling resulting in wounding and
insect resistance and suppress ET/JA mediated signaling and
SA mediated resistance (Dervinis et al. 2010). Further, JAZ
repressor protein of JA pathway repress ABA signaling by
interacting with ABA-responsive ABI3/ABIS5 transcription
factor (Aleman et al. 2016). In many plant-pathogen inter-
actions, ABA has been reported to interact antagonistically
with SA and hindering SA mediated resistance (Cao et al.
2011; Jiang et al. 2010). However, ABA has a positive role
in callose dependent disease resistance by forming f-glucan
barrier where in turn SA mediated resistance hinders cal-
lose deposition (Lievens et al. 2017; Oide et al. 2013). On
the other hand, ABA can positively mediate disease resist-
ance by stomatal closure hindering pathogen entry (Cao
et al. 2011). In contrast, pathogens employ ABA as viru-
lence molecules suppressing plant immune responses. For
example, rice blast fungus are able to biosynthesize ABA
and promote virulence by increase in spore germination
and appressoria formation (Spence et al. 2015). Similarly,
elevated endogenous levels of ABA in rice is associated with
increase in plant susceptibility to blast and bacterial blight
disease (Koga et al. 2004; Xu et al. 2013).

Brassinosteriods (BRs)

Brassinosteriods are a class of steroidal plant hormones first
isolated from the pollens of Brassica napus (Grove et al.
1979). They are involved in regulating diverse plant physi-
ological processes including cell elongation, cell division,
senescence, vascular-differentiation, reproduction, photo-
morphogenesis, and response to various biotic stresses (Li
et al. 2018; Nolan et al. 2020; Saini et al. 2015). BRs interact
with GA and JA to fine tune the tradeoffs between plant

growth and defense response (Li et al. 2018; Liao et al. 2020;
Lozano-Duran and Zipfel 2015). Studies indicate that BR
contributes to the growth-defense tradeoff by suppressing
expression of defense associated genes like defensin and glu-
cosinolate (Guo et al. 2013; Liao et al. 2020; Yu et al. 2018).
Brassinazole-Resistant 1 (BZR1) and Brassinosteroid-Insen-
sitive 1-EMS-Suppressor 1 (BES1), are two key homologous
transcription factors that positively regulate the expression
of BR-associated genes and act as the key integration node in
regulating various plant signaling cascades (Li et al. 2018).
WRKY TFs (WRKY46, WRKY54, WRKY70) associates
with BES1 negatively regulating drought responsive genes
and promoting growth (Chen and Yin 2017). Brassinoster-
oids (BRs) repress defense responses against plant patho-
gens and herbivores; however, they induce resistance to
most biotrophs, but susceptibility to most necrotrophs and
hemibiotrophs (Nolan et al. 2020). BR inhibits plant defense
against herbivory by repressing glucosinolate biosynthesis
mediated by BZR1/BES1 which inhibits the expression of
MYB-promoted glucosinolate synthesis against herbivores
(Guo et al. 2013).

The phytohormones interact either antagonistically or
synergistically in a one or more-way interaction mode regu-
lating various plant growth, development, physiological
along with defense responses in a coordinated and balanced
manner (Fig. 1). However, there is exquisite delicate balance
between the various phytohormonal interaction and their
corresponding responses that are regulated by molecular
regulators at the interacting nodes.

Molecular regulators in plant signaling
network

Plants utilize signaling pathways that are not linear and
independent but involve intricate regulatory interactions
composed of wide array of phytohormones, molecular
regulators, signaling molecules etc. (He et al. 2018).
In plant signaling network, there are multiple interac-
tion possibilities, and each interaction node has its own
defense response against pathogen/herbivore/abiotic
stress factors (Naseem and Dandekar 2012). Molecular
regulators are considered as an integral part of cross
communication between phytohormones (Aerts et al
2021). They are involved in deciding which mechanism or
response is activated against individual or multiple stress
conditions of plants. However, how plants perceive mul-
tiple stress or prioritize one stress condition over other
is still lacking and requires further studies. The impor-
tant molecular regulators/players mediating the interplay
among phytohormones and their signaling mechanism
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are NPR, JAZ, DELLA, WRKY, ERF, MYC2, MAPK
cascade, and TGA.

NPR

Nonexpressor of Pathogenesis-Related 1 (NPR1) is the
master regulator of SA assisted SAR in plants and is
also involved in mediating SA and JA signaling cross-
talk mechanism (Backer et al. 2019; Spoel et al. 2003).
Its paralogs NPR3 and NPR4 were reported as negative
regulators of SAR (Backer et al. 2019). The NPRI gene
encodes a protein with a BTB/BOZ (Broad-complex,
Tramtrack, and Bric-a-brac/Pox virus and Zinc finger)
domain and an ankyrin-repeat domain involved in medi-
ating protein—protein interactions, C-terminal nuclear
localization signal and lack a DNA-binding domain
(Backer et al. 2019). SA-induced redox changes in con-
junction with thioredoxin TRX-h5 causes monomeri-
zation of NPR1 in the cytoplasm (Lu 2009; Mou et al.
2003). The NPR1 monomers are further transported to
the nucleus after phosphorylation at serine (Ser589)
and theronine (Thr373) by SNF1-related protein kinase
(SnRK2.8) in Arabidopsis (Lee et al. 2015). The nuclear
or cytoplasmic localization of NPR1 determines SA
dependent JA suppression of defense responses. Ramirez
et al. 2010 showed that nuclear NPR1 regulates SA-
dependent gene expression and SAR, whereas cytosolic
NPR1 regulates SA-mediated suppression of JA depend-
ent defenses. Arabidopsis mutant npri-3 plants produce
cytoplasmic localized NPR-1 protein due to lack of
C-terminal nuclear localization signal in which NPR1-
dependent SA-responsive gene expression is repressed
whereas NPR1-dependent, JA/ET-regulated gene expres-
sion is unaffected (Glazebrook et al. 2003). Nuclear
NPR1 monomers interacts with seven out of ten members
of the TGA subclass of the basic leucine zipper (bZIP)
family of transcription factors and WRKY transcription
factors regulating SA mediated PR gene expression. In
addition to TGAs and WRKYs, NIMINs (NIM1-interact-
ing 1, 2, 3) containing a transcriptional repressor motif
EAR interact with NPR1 and act as negative regulators
of PR-1 gene expression. Paralogs of NPR1 (NPR3, and
NPR4) interact with TGA2/TGAS5/TGAG6 to suppress SA
dependent transcription (Innes 2018). The presence of
SA alters NPR1 interaction with NIMIN reliving repres-
sion of SAR (Backer et al. 2019). The multiple roles of
NPR1 with the positive and negative effects on SA signal
transduction makes it a core regulator of plant defense
allowing plants to fine tune defense signals against mul-
tiple invaders.
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JAZ

JAZ proteins interact with a board array of TFs that regu-
late different nodes of the plant signaling network. JAZ
proteins mediated repression and de-repression regulates
not only JA-SA crosstalk but also JA-ET, JA-GA and JA-
auxin crosstalk (Kazan and Manners 2013; Thaler et al.
2012). JAZ contains three conserved protein—protein
interaction domains: N-terminal domain, a TIFY-con-
taining Zinc-Finger Expressed in Inflorescence Meris-
tem (ZIM) domain, and a C-terminal JAS domain (Wager
and Browse 2012). JAZ protein comprises of 12 member
family proteins (JA1-JA12) involved in regulation of JA
responsive gene expression. The N terminal domain con-
tains the conserved EAR like motif and has binding sites
for DELLA and HDAG6 proteins (Hou et al. 2010; Z. Zhu
et al. 2011). Interaction of JAZ-HDAG, deacetylates his-
tones resulting in the transcriptional repression of ERF1
branch of JA/ET signaling pathway (Zhu et al. 2011). The
ZIM domain of JAZ, contains a highly conserved TIFY
motif (TIF[F/Y]XG) required for JAZ1-NINJA interac-
tion and repressor activity and also mediates homo- and
heteromeric interaction among Arabidopsis JAZ proteins
(Chini et al. 2009). The C terminal JAS domain is highly
conserved involved in protein—protein interaction includ-
ing JAZ-COII interaction and a degron sequence for deg-
radation of JAZ in the presence of JA-Ile (Thines et al.
2007; Wager and Browse 2012).

DELLA

DELLA proteins are plant growth repressors that nega-
tively repress GA and positively regulate MYC branch of
JA. DELLA (aspartic acid—glutamic acid—leucine—leu-
cine—alanine) proteins have an N terminal GA perception
region for binding the GA receptor, Gibberellin Insensitive
Dwarfl (GID1) and a C-terminal domain for GA repression
activity. The presence of GA is perceived by GA receptor
(G1D1) and interaction between GA-G1D1 increases the
affinity for binding the DELLAS by inducing a conforma-
tion change in C terminal domain of DELLA. This results
in polyubiquitination of DELLA by the SCF E3 ubiquitin
ligase and subsequent degradation by the 26S proteasome
(Xue et al. 2022).

DELLA proteins modulate SA/JA signaling by competi-
tively interacting with JAZ1 (known as “relief of repres-
sion”) and relieving JAZ-MYC interaction and expression
of JA responsive genes (Hou et al. 2010; Wager and Browse
2012). GA-mediated degradation of DELLA proteins results
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in JAZ-mediated suppression of JA-responsive genes. and
activation of SA signaling pathway (Pieterse et al. 2012).
DELLA proteins acts as integrator of GA dependent
signaling with other phytohormone signaling pathways
coordinating balance in defense-growth trade off. GA-
induced DELLA degradation triggers root growth by auxin,
whereas JA, ABA, cytokinin, and ET phytohormones stabi-
lizes DELLA, and prevent its degradation by GA (Fu and
Harberd 2003; Xue et al. 2022). Similarly, DELLA proteins
modulates GA-ABA pathways during abiotic stresses by pro-
moting ABA accumulation that antagonizes GA effects on
growth (Lim et al. 2013; Xue et al. 2022). Further DELLA
proteins downregulate BR mediated responses by inhibiting
the DNA binding activity of BZR1 for coordinated growth
and development under stress conditions (Li et al. 2012).

WRKY

WRKY are large family of regulatory proteins which are
known for their role in modulating downstream target genes
of SA response pathway. Besides, WRKY antagonize JA
pathway regulating SA-JA signaling crosstalk, also regulate
their own gene expression by means of feed-forward and
feedback regulatory loops (Pandey and Somssich 2009).
The WRKY super family of TFs contain at least one con-
served DNA binding region called WRKY domain com-
prising of the conserved WRKYGQK peptide sequence and
a zinc finger motif (CX4-7 CX22-23HXH/C) (Pandey and
Somssich 2009). The WRKY domain binds with the W box
(C/TTGACC/T) region of SA responsive genes (Eulgem and
Somssich 2007). Downstream of NPR1, several WRKY are
reported to play important roles in the regulation of SA-
dependent defense responses (Eulgem and Somssich 2007).
Arabidopsis WRKY70 acts as a positive regulator of SA-
dependent defenses and has been found to regulate the antag-
onistic interaction between SA- and JA-mediated defenses.
Several WRKYs have been reported in suppression of JA-
induced PDF 1.2 expression. In Arabidopsis, WRKY62 and
WRKY41 act downstream of cytosolic NPR1 and repress JA
responsive gene expression (Higashi et al. 2008).

WRKYs also act as key nodes in regulating ABA medi-
ated signaling responses like stomatal closure and osmotic
stress responses. WRKY act at multiple steps of ABA
signaling cascade. Arabidopsis WRKY TFs: AtWRKY?2,
AfWRKY40, ArWRKY 18 and AfWRKY 60 acts upstream of
abscisic acid insensitive (ABI5 gene), whereas AfWRKY 63
acts down stream of ABI5 and results in expression of
ABA responsive genes. ABA perception by ABA recep-
tor (ABAR) results in the movement of the repressor pro-
tein AfWRKY40 out of the nucleus followed by the de-
repressing of ABI5 expression at the transcriptional level.
The expressed ABIS is activated by phosphorylation and

leads to the transcription of AtWRKY63 gene followed by
the activation of downstream ABA responsive target genes
(Rushton et al. 2012). WRKY TFs also positively regulate
plant growth in association with BR responsive TF BES1
and negatively repress drought responses in Arabidopsis
(Chen and Yin 2017).

ERF

ERFs belong to large plant-specific Apetala2/Ethylene
Response Factor (AP2/ERF) superfamily involved in reg-
ulating plant development and diverse biotic and abiotic
stress related stimuli (Thirugnanasambantham et al. 2015;
Xie et al. 2019). ERF TFs, are characterized by the pres-
ence of single DNA binding domain comprised of 40-70
conserved amino acid residues (Xie et al. 2019). ERF1 and
ORAS59 (member of the ERF TFs) are the principal inte-
grators of JA and ET signaling pathway (Leon-Reyes et al.
2010; Lorenzo et al. 2003). The DNA binding domain of
ERFs interacts with the core GCCGCC sequence present
in the promoter of ethylene inducible pathogenesis related
genes (Maruyama et al. 2013). JA and ET synergistically
interact in the transcriptional activation of ERF'] encoding a
transcription factor that regulates the expression of defense
genes like PDF 1.2, basic chitinase (ChiB) (Lorenzo et al.
2003). Over expression of ERF1 and ORA59 in Arabidopsis
showed enhanced resistance to necrotrophic pathogens and
silencing of ORA59 was shown to enhance susceptibility to
necrotrophic pathogens like Botrytis cinerea indicating the
role of ERF TFs in JA-ET mediated defenses. JA-ET defense
response mediated by ERF TFs renders the plant insensi-
tive to future SA mediated JA defense repression against
multi attackers (Leon-Reyes et al. 2010). The expression of
ERFs is ethylene dependent or independent regulated by a
positive feedback mechanism and at the post transcriptional
level regulated by miRNA and the miRNA in turn is regu-
lated by ERF (Thirugnanasambantham et al. 2015). ERF1,
2 are known to act as transcriptional activators of PDF.2
gene expression whereas ERF3, 4 act as repressors of plant
defenses (Maruyama et al. 2013).

MYC2

MYC2, acts as a master regulator of JA signaling pathway
regulating the expression of early JA-response genes that
include diverse JA-responsive TFs and modulates diverse
biotic and abiotic stress responses by interacting with phy-
tohormones (Bu et al. 2008; Kazan and Manners 2013). It
positively regulates JA dependent response against insect
damage, wound responses, flavonoid metabolism, and oxida-
tive stress tolerance. On the other hand, MYC2 negatively
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regulates pathogens defense genes like PDF1.2, CHIB, and
PR4 (Kazan and Manners 2008). MYC2 belongs to the basic
helix loop helix (bHLH) transcription factor family with the
C terminal HLH domain required for homo-and heterodi-
mer formation with its homologs (MYC3 and MYC4). The
dimerization of MYC2 with other bHLH TFs contribute to
their functional diversity and regulatory role in multiple
signaling pathways (Kazan and Manners 2013). The speci-
ficity of interaction with other TFs is determined by the leu-
cine zipper domain next to the HLH domain. Upstream of
HLH domain is the basic domain containing basic amino
acids that bind to the G-box of target promoters (Fernandez-
calvo et al. 2011). MYC2 interacts with MED25 (Mediator
of RNA polymerase II transcription subunit 25) via the puta-
tive transcriptional activation domain (TAD) at the N ter-
minus along with RNA polymerase II enzyme to target the
JA responsive promoter region. MED25 subunit is required
for both the transcriptional activation and repression activ-
ity of MYC2 (Chen et al. 2012; Kazan and Manners 2013).
MYC?2 interacts with the repressor protein JAZ with its JID
(JAZ Interaction Domain) domain located at the N terminal
region.

MYC2 is involved in mediating antagonistic and syn-
ergistic interactions between different signaling pathways.
MYC2 regulates the antagonistic interaction between JA and
SA signaling pathways. MYC can suppress the ERF branch
of JA/ET pathway by directly binding to EIN3 TF and
repressing the expression of PDF[.2 (Zhu and Lee 2015).
It is also involved in positive feedback loop regulation of
JA and maintains a delicate balance of JA and GA levels.
MYC?2 activates the expression of the DELLA protein RGA
(REPRESSOR OF GAI 1-3) LIKE3 (RGL3) which interacts
with JAZ repressors and activates JA responsive genes in a
positive feedback loop (Wild et al. 2012).

NAC

NAC family of proteins are large group of plant specific
TFs involved in diverse plant processes including stress
responses. NAC TFs are characterized by a conserved N
terminal region known as NAC domain responsible for
binding to DNA regions and oligomerization along with a
highly diverse C terminal transcriptional activation region
(Yuan et al. 2019). NAC TFs act as positive and negative
regulators of plant defense responses and several members
of NAC family act at the convergence point of abiotic and
biotic stress signaling pathway (Bian et al. 2021). NAC
members can imbibe both external environmental stimuli as
well as plant developmental process and integrates both the
stimuli with a prompt response. For example, AtNAC2 TF
is responsive to salt stress through ethylene signaling path-
way and is also involved in lateral root formation through
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auxin signaling pathway (He et al. 2005). Similarly, NAC
TF isolated from foxtail millet (SiNAC) is reported to be
responsive to abiotic stress conditions in an ABA independ-
ent pathway and on the other hand also responds to biotic
stress conditions by antagonizing JA-SA pathway (Puranik
et al. 2011). NAC TFs cross talk with phytohormones and
other signaling molecules provides resistance against patho-
gens or induce susceptibility by acting as virulent factors of
pathogen effectors (Yuan et al. 2019). NAC domain con-
taining TF ANACO019, ANACO0S5 are positively responsive
to JA and ABA suppressing salicyclic biosynthesis gene
(ISC1) and activates salicyclic metabolism genes (BSMT1
and SAGTI) (Kazan and Manners 2013). Phytopathogens
manipulate NAC TFs in suppressing plant defense, they
are targeted by pathogen effectors or viral molecules sup-
pressing plant immunity. For example P. syringae pathogen
produces coronatine, a toxin that mimics JA-Ile activates
ANACO019, ANACO55, and ANACO72 genes through MYC2
inducing stomatal opening and suppression of SA defense
pathway (Zheng et al. 2012). Several NAC TFs as targets
of pathogen effectors have been reported like Arabidopsis
AINTLDO interacts with HopD1 effector of P. syringae, and
potato StNTP1 and StNTP2 interacts with RxLR effector
of P. infestans promoting disease progression (Block et al.
2014; McLellan et al. 2013). Tomato SINACI interact with
tomato leaf curl virus (TLCV) replication enhancer resulting
in enhanced viral DNA replication (Selth et al. 2005).

MAPK cascade

Mitogen activated protein kinase (MAPK also known as
MPK) belong to the MAPK cascade which are involved
in the transmission of environmental and stress signals
by phosphorylation of downstream targets including
kinases, enzymes and transcription factors (Jagodzik
et al. 2018). MAPK/MPK is a key component of the
MAPK cascade involved in mediating the antagonism
between SA- and JA-mediated signaling in Arabidopsis.
MPK4 acts as a negative regulator of SA signaling and
positive regulator of JA signaling in Arabidopsis (Meng
and Zhang 2013; Petersen et al. 2000). In Arabidopsis
activation of mitogen activated protein kinase kinase
(AtMKK3)-AtMPK6 cascade by JA repress the expres-
sion of MYC2 and root growth. Meng and Zang 2013
have reported the involvement of MAPK signaling cas-
cades in response to wounding, pathogen infection, tem-
perature stress, UV radiation and ozone. ABA and JA can
modulate plant immune responses through MAPKs. ABA
and JA suppress immune associated MAPKs, MPK3 and
MPKG6 by expression of ABA induced genes encoding
protein phosphatases 2C (PP2Cs). These PP2Cs interact
with MPK3/MPKG6 and contribute ABA mediated MPK3/
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MPKG6 inactivation and immune suppression (Mine et al.
2017). Interestingly, pathogen effectors are able to induce
expression of PP2Cs through COR mediated activation of
JA/MYC branch and suppression of immune responses
(Mine et al. 2017). However, few studies have reported
the details in MAPK cascades regulating signaling cross
talks among phytohormones and a detailed investigation
can provide further insights on the mechanism involved.

TGA

TGA-TFs are the members of basic domain/Leu zipper
(bZIP) family which are highly conserved in plants and are
involved in activation of pathogenesis related PR genes and
detoxification associated genes (Johnson et al. 2003). These
are the core signaling component that interact with NPR1
of SA pathway and mediate activation of SAR (Hussain
et al. 2018). Arabidopsis genome has 10 TGA members and
play crucial roles in disease resistance, stress mitigation,
and flower development. Pathogen induced accumulation of
salicyclic acid triggers NPR1 and activates NPR1-TGA-PR
cascade. The TGAs (TGA2 and TGA3) execute their activ-
ity by binding to cis-regulatory elements with TGACG as
core recognition site called as activation sequence-1 (as-1)
motif observed in glutathione S-transferase and PR genes
and regulate their expression (Hussain et al. 2018; Ullah
et al. 2019). TGA also play a role in SA-JA/ET crosstalk
where they counteract the negative effect of MYC2 on PDF
1.2 expression in SA dependent manner (Zander et al. 2010).

Crosstalk signaling among phytohormones
in plant defense

Interactions among phytohormones mediated through
molecular regulators can be synergistic, antagonistic
and additive and this interaction results in convergence
among signaling cascades considered as cross talk. Phy-
tohormonal crosstalk is an energy saving strategy that
allows the plant to reduce allocation of resources and
energy in defense responses that are not effective against
the attacker and also helps to maintain a balance between
growth-defense related tradeoffs (Vos et al. 2015). The
interactions largely depend on nature of stress, its inten-
sity and the combination of stress conditions incurred.
The crosstalk mechanisms involving phytohormones,
and signaling regulators fine tune the defense responses
against multiple stress/attackers resulting in a most effi-
cient and energy saving response. Mutant lines deficient
in key interaction nodes, or modification in hormonal
homeostasis have shown decreased resistance against
attackers (O’Brien and Benkova 2013).

JA/ET-SA interaction

There is extensive cross talk between JA/ET and SA where
JA and SA mostly interact negatively and with few genes
being induced by both SA and JA (Thaler et al. 2012).
The cross talk between JA-SA is considered as an adap-
tive strategy by plants to cope with multiple attackers and
harsh environmental conditions (Thaler et al. 2012). Evi-
dences suggest enhance SA levels is often associated with
reduced JA responses (Pieterse et al. 2012; Van der Does
et al. 2013; Vos et al. 2015). In Arabidopsis, exogenous
application or infection by hemibiotrophic fungus acti-
vated SA signaling and rendered the plant vulnerable for
insect attack (Spoel et al. 2007). The homeostasis state of
phytohormones regulate each other where SA inhibits JA
biosynthesis by repressing transcription of the JA biosyn-
thesis gene and in turn JA hinders SA biosynthesis (Aerts
et al. 2021). The master regulator of SA pathway NPR1
and downstream transcription factors TGA and WRKY
have an important role in SA mediated JA/ET antagonism
(Pieterse et al. 2012). WRKY transcription factors induced
by salicyclic acid repress JA/ET mediated PDF1.2 expres-
sion (Li et al. 2004). In addition, the cross talk between
JA and SA involves many molecular regulators like NPR1,
mitogen activated protein kinases (MAPK), MYC, TGA,
WRKY and redox regulators as discussed above.

In contrast, synergistic SA/JA crosstalk is reported where
SA-mediated JAZ degradation triggered effector immunity
and JA defense. JAZ proteins are shown to bind to the SA
response regulators NPR3 and NPR4, and this binding was
enhanced by SA promoting NPR3 and NPR4 mediated JAZ
degradation and activation of JA signaling (Liu et al. 2016).

JA-auxin interaction

JA and auxin interact to regulate plant development and
stress responses. JA interacts with auxin through three main
signaling components, COIl, MYC and JAZ. The crosstalk
negatively regulates primary root development (Chen et al.
2011) and promotes lateral root and flower development in
Arabidopsis (Cai et al. 2014). The endogenous levels of JA
induce the expression of auxin synthase gene (ASA/) and
forms a complex of COIl and JAZ leading to the degrada-
tion of JAZ, and activating the transcriptional activities of
MYC2 downstream JA responsive genes. The direct binding
of JA mediated MYC2 to the promoters of auxin respon-
sive genes regulate primary root growth and wounding
responses (Chen et al. 2011; Zhu and Lee 2015). TOPLESS
co-repressor of JAZ mediated repression of TFs like MYC
also mediates transcriptional repression of auxin dependent
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embryogenesis gene in Arabidopsis providing evidence for
JA and auxin interaction for regulating plant growth and
development (Chen et al. 2011).

JA-ET interaction

JA and ET act synergistically and antagonistically in medi-
ating plant growth, development and defense. They act
synergistically in activating pathogen responsive defense
gene expression against necrotrophic and hemi biotrophic
pathogens (Zhu et al. 2011). The co-requirement of JA and
ET has been well documented in providing broad spectrum
ISR by root colonizing microbes (Pieterse et al. 1998). ET
synergistic interaction with JA signaling renders the plant
insensitive to future SA mediated suppression of JA defenses
(Leon-Reyes et al. 2010). JA and or ET induced ERF branch
of JA signaling pathway activates ERF-branch marker genes,
like PDF1.2 against necrotrophic infection. ERF1 further
targets Ethylene insensitive 3 (EIN3)/EIN3 like (EILI) genes
of the ethylene signaling pathway and activates downstream
ethylene responsive genes (Zhu and Lee 2015). The antago-
nistic interaction between JA and ET are based on the mutual
inhibition reaction between JA activated transcription branch
MYC2 and ethylene responsive EIN3/EIL1 (Zhu and Lee
2015). The interaction between MYC2 and EIN3/EIL1
inhibits MYC?2 triggered wounding responses providing a
fine tuning of defense signaling mechanism between JA and
ET in plants. JAZ repressors can also repress EIN3/EIL1
functions by recruitment of the chromatin modifier HDAG6 as
a corepressor thereby repressing the expression of PDF1.2
against necrotrophic and hemi biotrophic pathogens (Aerts
et al. 2021; Zhu et al. 2011).

JA-GA interaction

JA and GA antagonistically and synergistically regulate
diverse aspects of plant growth, development, and defense
(Kazan and Manners 2013). GA and JA synergistically
induce initiation of trichomes, assist seed dispersal, defense
against insect attack, pathogen infection, and UV irradiation
(Qietal. 2014). GA and JA exhibit antagonistic interactions
in regulating hypocotyl elongation, root growth, flowering,
and defense against hemi biotrophic pathogens (Hou et al.
2010, 2013; Pattanaik et al. 2014). The antagonistic interac-
tion is important in regulating the balance between growth
and defense. The major players involved in the interaction
include DELLA proteins which are suppressors of GA path-
way, JAZ repressors of JA pathway and MYC2. DELLA pro-
teins competitively binds to the JAZ protein promoting MYC
branch of JA-dependent defense signaling (Hou et al. 2010).
Yimer et al. 2018 showed that GA signaling suppresses JA
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mediated defense against Meloidogyne graminicola, and
likewise the JA-induced defense against M. graminicola
requires DELLA protein Slender Ricel (SLR1)-mediated
repression of the GA pathway (Yimer et al. 2018). SLR1 of
DELLA protein acts as a positive regulator integrating JA
and SA defense signaling providing increased basal immu-
nity in rice (de Vleesschauwer et al. 2016). JA and GA acid
antagonistic interaction has also a major role in regulating
defense-growth tradeoff where JA hinders GA mediated
growth and on other hand, GA induces susceptibility against
necrotrophs in rice and Arabidopsis (de Vleesschauwer et al.
2016; Hou et al. 2013).

JA-ABA interaction

ABA association with JA signaling is more complex where
both antagonistic and synergistic interaction between ABA
and JA is involved in mediating various plant developmental
stages, and stress responses depending on the tissue type
and attacker (Machado et al. 2016). ABA and JA positively
regulate the expression of JA responsive insect defense
gene VSPs, LOXs, glucosinolate biosynthesis gene through
MYC2 regulated NAC domain containing TFs ANACO19,
ANACOS55 (Bu et al. 2008; Lorenzo et al. 2004). Abscisic
acid (ABA) also directly activates transcription of MYC2
by enhancing binding of the ABA receptor PYL6 (Pyrabac-
tin Resistancel-Like 6) to MYC2, modulating JA response
(Machado et al. 2016). On the other hand, ABA negatively
regulates jasmonate responsive pathogen defense gene
PDF1.2 through MYC2 mediated negative regulation on
AP2/ERF TFs ORAS59 and ERF1 (Van der Does et al. 2013).
Further, JAZ repressor protein of JA pathway repress ABA
signaling by interacting with ABA-responsive ABI3/ABIS
transcription factor (Aleman et al. 2016).

SA-ET interaction

SA can antagonistically regulate ethylene signaling by bind-
ing to EIN3 repressing its transcriptional activity (Aerts
et al. 2021). EIN3 were also shown to serve as repressors of
SA signaling pathway by inhibiting isochorismate synthase
(ICS1) gene expression (Aerts et al. 2021).

SA-ABA interaction

In many plant-pathogen interactions, ABA has been reported
to interact antagonistically with SA and hindering SA medi-
ated resistance (Cao et al. 2011; Jiang et al. 2010). ABA
has a positive role in callose dependent disease resistance
by forming p-glucan barrier where in turn SA mediated
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resistance hinders callose deposition (Lievens et al. 2017;
Oide et al. 2013). ABA signaling also alters salicyclic acid
levels where ABA mediated activation of TFs ANACO19,
ANACOS5 TFs suppress salicyclic biosynthesis gene (ISC1)
and activates salicyclic metabolism genes (BSMT1 and
SAGTI) (Kazan and Manners 2013).

SA-Cytokinin interaction

SA and cytokinin synergistically interact in induction
of SAR and pathogenesis related gene expression (Choi
et al. 2010). Increased levels of CK modulates SA signal-
ing with expression of SA related defense genes against
mainly plant viruses like fobacco mosaic virus, cucumber
mosaic virus, potato virus X, and potato virus Y (Akhtar
et al. 2020; O’Brien and Benkova 2013). Further, rice blast
(Magnaporthe oryzae) infection results in increased CK
accumulation which interact synergistically with SA in PR
gene expression (Jiang et al. 2013). Choi et al. 2010, has
reported CK induced SA accumulation and resistance to
biotroph and hemi biotroph plant pathogens mediated by a
direct interaction between TFs ARR2 and TGA3 of CK and
SA pathway respectively in the expression of PR/ genes.

SA-Auxin interaction

SA-auxin antagonistic interaction maintains the plant
immune dynamics against pathogen attack. The antago-
nistic interaction is an integral part of SA mediated SAR
in plants (Naseem et al. 2015). SA causes repression of
auxin receptor gene (TIRI), resulting in stabilization of
auxin response repressor proteins and inhibition of auxin
responses (Wang et al. 2007). During PTI, plant miRNA
targets auxin receptors and represses auxin signaling and
thereby preventing auxin from antagonizing SA triggered
immunity (So et al. 2006). Plant pathogens decoy host
defense mechanism either by producing auxin or manipu-
lating host auxin biosynthesis genes with pathogen mul-
tiplication and interference of plant developmental pro-
cesses and repressing SA mediated defense responses
(Wang et al. 2007; Kunkel et al., 2018).

ABA-ET interaction

ABA and ET antagonistically influence different
branches of JA signaling pathway (Vos et al. 2015). MYC
branch of JA pathway (MYC2, MYC3, and MYC4) in

association with ABA negatively regulates ERF branch
of JA signaling (Lorenzo et al. 2004). In Arabidopsis,
induction of JA/ABA-dependent defense responses by
bio trophic pathogen or herbivorous insect reduced the
level of induced JA/ET-dependent defense against sub-
sequent infection with the necrotrophic pathogen (Vos
et al. 2015).

Omics tools to understand plant signaling
cross talk

There has been extensive research in the past show-
ing how molecular regulators and phytohormones are
involved in the regulation of plant responses to diverse
individual stress factors. However, most of the research
has focused on the regulators and phytohormones sepa-
rately, an interdisciplinary research is needed to broaden
the knowledge on the interaction nodes and pathways.
The phytohormonal interactions occurring against mul-
tiple stress conditions cannot be inferred by compar-
ing individual stress responses. At present, most of the
research on phytohormonal signaling is focused on physi-
ological, biochemical and molecular levels of individual
stress conditions. In nature, plant defense hormones co-
ordinate their response against multi attackers in an eco-
logical context involving many natural factors. Research
studies focused on a) how plants respond to multiple
elicitor or effector molecules of pathogens/insect? b)
under combined stress conditions which site, intensity
and period of attack is given priority by plants and c)
what is the consequence of one stress on other stress
conditions can provide better insights on manipulating
plant immunity for engineering crop plants with better
tolerance against multiple stress factors.

Recent advances in multiple—omics approaches includ-
ing genomics, transcriptomics, proteomics, metabolomics,
ionomics can provide novel insights into the regulatory
nodes and can provide better understanding on cross talk
signaling mechanisms in plants under multiple stress con-
ditions. Investigating not only at the genome level with
high-throughput sequencing, but also at the levels of the
proteome with mass spectrometry, the transcriptome with
RNA Seq and the metabolome with nuclear magnetic reso-
nance spectroscopy and/or LC-MS will result in enormous
data which allows to reveal new transcription factors, met-
abolic pathways, signalling networks/pathways, gene—gene
interactions providing novel insights on crosstalk signal-
ling in plants. Along with these approaches, systems biol-
ogy approach can revolutionize plant biology in identify-
ing stress mediated signalling, their interaction networks
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and the target pathways by which plants with better toler-
ance can be designed in future.

Conclusions

Plant response against multiple stress conditions is not gen-
erally linear but involves complex interaction nodes regu-
lated via phytohormones, molecular regulators, signaling
molecules etc. providing unique defense responses based on
the intensity and nature of stress conditions. Common trends
in phytohormone signaling pathways involving SA-JA antag-
onistic interaction and JA-ET synergistic interaction has
been reported in many reviews (An and Mou 2011; Pieterse
et al. 2012; Denancé et al. 2013). However, a better under-
standing of these phytohormonal interactions, interacting
nodes and network can pave ways to generate resilient crop
varieties against biotic and abiotic stress conditions. Also
a great deal of work is required to fill the gaps on how the
signaling interactions differ against individual and combined
stress conditions, how the intensity of multiple stress condi-
tion is perceived by plants, and the outcome of the combined
responses. The promising ways forward can be, (a) studies
employing high through approaches along with field-based
studies with better phenological assays can provide better
insights about interaction nodes and signaling network; (b)
deeper understanding on the mechanism involved in the
hormonal signaling pathways and interaction nodes under
combined stress conditions; (c) further, studies employing
genome-based system biology approaches will lead to better
understand the intricate complex network and the interaction
nodes in coordinating multiple stress responses. Information
on these intricate networks can help to manipulate signaling
pathways and interaction nodes to engineer stress tolerant
crop varieties.

In summary, this review aims to provide deeper insights
into the phytohormonal interactions and also focused on the
important molecular regulators in coordinating the hormonal
interactions. Thereafter, the review has addressed the cross-
talk of hormonal pathways and plant molecular regulators
and cleared some ideas regarding their function and regula-
tions and has also raised few research gaps that can be taken
up for further studies.
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