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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 fi ne tune the defense response with high specifi city. 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 benefi cial and deleterious/

pathogenic organisms. The evolutionary arms race between 

plants and their counteracts have provided a high sophisti-

cated plant defense system that responds specifi cally and 

effi  ciently against the attacker (Fernández 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 aff ects plant fi tness 

(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 

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 specifi cally 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 specifi city. The molecular 

signatures of pathogens include a growing list of microbial 

molecules like fl agellin, 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 eff ector proteins. The plants to counteract the 

delivered eff ector proteins synthesize cytoplasmic receptors 

called resistant (R) proteins. These R proteins of plants inter-

act with the eff ectors triggering eff ector triggered immu-

nity (ETI) (Abdul Malik et al.  2020 ). In addition to PAMPs 

and eff ectors, 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 

briefl y 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 fi ne 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 fi nal product of shiki-

mate pathway for SA biosynthesis (An and Mou  2011 ). SA 

induction-defi cient 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  npr1  have identifi ed suppressors genes 

like  SNI1 ,  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 

  Fig.1       Generalized conceptual framework on the plant growth-defense 

balance regulated by phytohormones. The classical phytohormones 

IAA, 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  
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and herbivores are regulated by diff erent 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  1.2 ), 
thionin  Thi 2.1  (thionin  2.1 ), 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 protein1), jasmonate resistant1 

(JAR1), jasmonate insensitive1/MYC2 (JIN1/MYC2) and 

coronatine insensitive1 (COI1). 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, JAT1 transports JA 

across the plasma membrane and desensitize the JA signal 

(Ruan et al.  2019 ).  JAR1  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 

COI1 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 (Iqbal 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 fi ve receptors on the 

endoplasmic reticulum of which ETR1 (ethylene response 

sensor1) 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 response1), 

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 protein1 (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 

WAY CT 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 fl ower 

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, fl ower 



46 Proceedings of the Indian National Science Academy (2025) 91:43–59

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-off s (Pieterse et al.  2012 ). 

   Auxin 

 Auxin is involved in regulation of cell wall rigidity and 

architecture by means of lignifi cation 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 infl uencing cell wall lignifi cation 

through IAA biosynthesis (Denness et al.  2011 ; Hentrich 

et al.  2013 ). Systemic increase in levels of IAA 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 infl uences 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 infl uencing cell expansion 

and elongation resulting in enhanced germination, shoot 

and root elongation under abiotic stress conditions (Emam-

verdian et al.  2020 ). They are also involved in infl uencing 

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 Benková  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 Benková 

 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  PR1  genes. 

CK interacts antagonistically with JA and the antagonistic 

interaction regulates various aspects of plant growth like 

cell diff erentiation, chlorophyll development etc. (Ghorbel 

et al.  2021 ). Further, JA associated defense gene responses 

aff ect the expression of CK genes and CK defi cient 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 infl uences the SA-JA/ET interaction (Naseem 

and Dandekar  2012 ). In  Arabidopsis  infection with  Pseu-
domonas syringae  pv.  tomato DC3000 ( Pto ) repress SA 

signaling causing susceptibility to  Pto  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  ARR2  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 

eff ector 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 

eff ectors) 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/ABI5 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 β-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 fi rst 

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-diff erentiation, 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 fi ne tune the tradeoff s between plant 

growth and defense response (Li et al.  2018 ; Liao et al.  2020 ; 

Lozano-Durán 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  NPR1  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. Ramírez 

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  npr1-3  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/TGA5/TGA6 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. 

    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 HDA6 proteins (Hou et al.  2010 ; Z. Zhu 

et al.  2011 ). Interaction of JAZ-HDA6, 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-COI1 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 

Dwarf1 (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 

affi  nity 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 eff ects 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 fi nger motif (CX4-7 CX22-23HXH/C) (Pandey and 

Somssich  2009 ). The WRKY domain binds with the W box 

(C/TTG ACC /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  PDF1.2  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:  At WRKY2, 

 At WRKY40,  At WRKY18 and  At WRKY60 acts upstream of 

abscisic acid insensitive ( ABI5  gene), whereas  At WRKY63 

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  At WRKY40 out of the nucleus followed by the de-

repressing of  ABI5  expression at the transcriptional level. 

The expressed ABI5 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 

ORA59 (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 GCC GCC  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  ERF1  encoding a 

transcription factor that regulates the expression of defense 

genes like  PDF1.2 , 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  PDF1.2  
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, fl avonoid 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-

fi city 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 (Fernández-

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 ). 

MYC2 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 diff erent 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  PDF1.2  (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. 

MYC2 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 specifi c 

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 

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 eff ectors (Yuan et al.  2019 ). NAC domain con-

taining TF ANAC019, ANAC055 are positively responsive 

to JA and ABA suppressing salicyclic biosynthesis gene 

( ISC1 ) and activates salicyclic metabolism genes ( BSMT1  
and  SAGT1 ) (Kazan and Manners  2013 ). Phytopathogens 

manipulate NAC TFs in suppressing plant defense, they 

are targeted by pathogen eff ectors or viral molecules sup-

pressing plant immunity. For example  P. syringae  pathogen 

produces coronatine, a toxin that mimics JA-Ile activates 

 ANAC019 ,  ANAC055 , and  ANAC072  genes through MYC2 

inducing stomatal opening and suppression of SA defense 

pathway (Zheng et al.  2012 ). Several NAC TFs as targets 

of pathogen eff ectors have been reported like  Arabidopsis 
At NTL9 interacts with HopD1 eff ector of  P. syringae,  and 

potato  St NTP1 and  St NTP2 interacts with RxLR eff ector 

of  P. infestans  promoting disease progression (Block et al. 

 2014 ; McLellan et al.  2013 ). Tomato  Sl NAC1 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 

MPK6 by expression of ABA induced genes encoding 

protein phosphatases 2C (PP2Cs). These PP2Cs interact 

with MPK3/MPK6 and contribute ABA mediated MPK3/
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MPK6 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 

detoxifi cation 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 fl ower 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 eff ect 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 Benková  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 eff ector 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, COI1, MYC and JAZ. The crosstalk 

negatively regulates primary root development (Chen et al. 

 2011 ) and promotes lateral root and fl ower development in 

 Arabidopsis  (Cai et al.  2014 ). The endogenous levels of JA 

induce the expression of auxin synthase gene ( ASA1 ) and 

forms a complex of COI1 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 ( EIL1 ) 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 MYC2 triggered wounding responses providing a 

fi ne tuning of defense signaling mechanism between JA and 

ET in plants. JAZ repressors can also repress EIN3/EIL1 

functions by recruitment of the chromatin modifi er HDA6 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 

(Qi et al.  2014 ). GA and JA exhibit antagonistic interactions 

in regulating hypocotyl elongation, root growth, fl owering, 

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 

mediated defense against  Meloidogyne graminicola , and 

likewise the JA-induced defense against  M. graminicola  
requires DELLA protein Slender Rice1 (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, 

ANACO55 (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 Resistance1-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 ORA59 and ERF1 (Van der Does et al.  2013 ). 

Further, JAZ repressor protein of JA pathway repress ABA 

signaling by interacting with ABA-responsive ABI3/ABI5 

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 β-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, 

ANACO55 TFs suppress salicyclic biosynthesis gene ( ISC1 ) 
and activates salicyclic metabolism genes ( BSMT1  and 

 SAGT1 ) (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  tobacco mosaic virus ,  cucumber 
mosaic virus , potato virus X, and potato virus Y (Akhtar 

et al.  2020 ; O’Brien and Benková  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  PR1  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  (TIR1) , 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 inf luence 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 fi ll the gaps on how the 

signaling interactions diff er 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 fi eld-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. 

       Acknowledgements     The corresponding author acknowledges Paul 

Clinton, Krishnamanikumar, Vijayalakshmi, and Sathyabama Institute 

of Science and Technology, Tamil Nadu, India for support.  

  Declarations    

   Conflict of interest     The corresponding author acknowledges there is 

no confl ict of interest. 

    Data availability     Not applicable. 

    Code availability     Not applicable.   

  References 

                                                  Abdul Malik, N.A., Kumar, I.S., Nadarajah, K.: Elicitor and receptor 

molecules: orchestrators of plant defense and immunity. Int. J. 

Mol. Sci.  21 (3), 963 (2020).   https:// doi. org/ 10. 3390/ ijms2 10309 

63      

                                                        Aerts, N., Pereira Mendes, M., Van Wees, S.C.M.: Multiple levels of 

crosstalk in hormone networks regulating plant defense. Plant J. 

 105 (2), 489–504 (2021).   https:// doi. org/ 10. 1111/ tpj. 15124      

                                                       Akhtar, S.S., Mekureyaw, M.F., Pandey, C., Roitsch, T.: Role of cyto-

kinins for interactions of plants with microbial pathogens and 

pest insects. Front. Plant Sci.  10 , 1777 (2020).   https:// doi. org/ 

10. 3389/ fpls. 2019. 01777      

                                             Alazem, M., Lin, N.S.: Roles of plant hormones in the regulation 

of host-virus interactions. Mol. Plant Pathol.  16 (5), 529–540 

(2015).   https:// doi. org/ 10. 1111/ mpp. 12204      

                                                                                                     Aleman, F., Yazaki, J., Lee, M., Takahashi, Y., Kim, A.Y., Li, Z., 

Kinoshita, T., Ecker, J.R., Schroeder, J.I.: An ABA-increased 

interaction of the PYL6 ABA receptor with MYC2 transcrip-

tion factor: a putative link of ABA and JA signaling. Sci. Rep. 

 6 (March), 1–7 (2016).   https:// doi. org/ 10. 1038/ srep2 8941      

                                             An, C., Mou, Z.: Salicylic acid and its function in plant immunity. 

J. Integr. Plant Biol.  53 (6), 412–428 (2011).   https:// doi. org/ 10. 

1111/j. 1744- 7909. 2011. 01043.x      

                                                        Backer, R., Naidoo, S., van den Berg, N.: The nonexpressor of patho-

genesis-related genes 1 (NPR1) and related family: Mechanistic 

insights in plant disease resistance. Front. Plant Sci.  10 (Febru-

ary), 1–21 (2019).   https:// doi. org/ 10. 3389/ fpls. 2019. 00102      

                                                     Bian, Z., Gao, H., Wang, C.: NAC transcription factors as positive or 

negative regulators during ongoing battle between pathogens and 

our food crops. Int. J. Mol. Sci.  22 (1), 1–21 (2021).   https:// doi. 

org/ 10. 3390/ ijms2 20100 81      

                                     Binder, B.M.: Ethylene signaling in plants. J. Biol. Chem.chem. 

 295 (22), 7710–7725 (2020).   https:// doi. org/ 10. 1074/ jbc. 

REV120. 010854      

                                                                                     Block, A., Toruño, T.Y., Elowsky, C.G., Zhang, C., Steinbrenner, J., 

Beynon, J., Alfano, J.R.: The  Pseudomonas syringae  type III 

eff ector HopD1 suppresses eff ector-triggered immunity, localizes 

to the endoplasmic reticulum, and targets the Arabidopsis tran-

scription factor NTL9. New Phytol.  201 (4), 1358–1370 (2014). 

  https:// doi. org/ 10. 1111/ nph. 12626      

                                     Bruce, T.J.A.: Interplay between insects and plants: dynamic and com-

plex interactions that have coevolved over millions of years but 

act in milliseconds. J. Exp. Bot.  66 (2), 455–465 (2015).   https:// 

doi. org/ 10. 1093/ jxb/ eru391      

                                                                                                     Bu, Q., Jiang, H., Li, C.B., Zhai, Q., Zhang, J., Wu, X., Sun, J., Xie, 

Q., Li, C.: Role of the  Arabidopsis thaliana  NAC transcription 

factors ANAC019 and ANAC055 in regulating jasmonic acid-

signaled defense responses. Cell Res.  18 (7), 756–767 (2008). 

  https:// doi. org/ 10. 1038/ cr. 2008. 53      

                                                                                               Cai, Q., Yuan, Z., Chen, M., Yin, C., Luo, Z., Zhao, X., Liang, W., 

Hu, J., Zhang, D.: Jasmonic acid regulates spikelet development 

in rice. Nat. Commun.  5 , 3476 (2014).   https:// doi. org/ 10. 1038/ 

ncomm s4476      

                                                     Cao, F.Y., Yoshioka, K., Desveaux, D.: The roles of ABA in plant-

pathogen interactions. J. Plant Res.  124 (4), 489–499 (2011). 

  https:// doi. org/ 10. 1007/ s10265- 011- 0409-y      

                                          Chen, J., Yin, Y.: WRKY transcription factors are involved in brassinos-

teroid signaling and mediate the crosstalk between plant growth 

and drought tolerance. Plant Signal. Behav.behav.  12 (11), e1365212 

(2017).   https:// doi. org/ 10. 1080/ 15592 324. 2017. 13652 12      



55Proceedings of the Indian National Science Academy (2025) 91:43–59 

                                                                             Chen, K., Li, G.J., Bressan, R.A., Song, C.P., Zhu, J.K., Zhao, Y.: 

Abscisic acid dynamics, signaling, and functions in plants. J. 

Integr. Plant Biol.  62 (1), 25–54 (2020).   https:// doi. org/ 10. 1111/ 

jipb. 12899      

                                                                                                                                     Chen, Q., Sun, J., Zhai, Q., Zhou, W., Qi, L., Xu, L., Wang, B., Chen, 

R., Jiang, H., Qi, J., Li, X., Palme, K., Lia, C.: The basic helix-

loop-helix transcription factor myc2 directly represses plethora 

expression during jasmonate-mediated modulation of the root 

stem cell niche in arabidopsis. Plant Cell  23 (9), 3335–3352 

(2011).   https:// doi. org/ 10. 1105/ tpc. 111. 089870      

                                                                                                                     Chen, R., Jiang, H., Li, L., Zhai, Q., Qi, L., Zhou, W., Liu, X., Li, H., 

Zheng, W., Sun, J., Li, C.: The arabidopsis Mediator subunit 

MED25 diff erentially regulates jasmonate and abscisic acid sign-

aling through interacting with the MYC2 and ABI5 transcription 

factors. Plant Cell  24 (7), 2898–2916 (2012).   https:// doi. org/ 10. 

1105/ tpc. 112. 098277      

                                                                     Chini, A., Fonseca, S., Chico, J.M., Fernández-Calvo, P., Solano, R.: 

The ZIM domain mediates homo- and heteromeric interactions 

between Arabidopsis JAZ proteins. Plant J.  59 (1), 77–87 (2009). 

  https:// doi. org/ 10. 1111/j. 1365- 313X. 2009. 03852.x      

                                                                             Choi, J., Huh, S.U., Kojima, M., Sakakibara, H., Paek, K.H., Hwang, 

I.: The cytokinin-activated transcription factor ARR2 promotes 

plant immunity via TGA3/NPR1-dependent salicylic acid signal-

ing in arabidopsis. Dev. Cell  19 (2), 284–295 (2010).   https:// doi. 

org/ 10. 1016/j. devcel. 2010. 07. 011      

                                                                                     Chung, H.S., Cooke, T.F., Depew, C.L., Patel, L.C., Ogawa, N., Kob-

ayashi, Y., Howe, G.A.: Alternative splicing expands the reper-

toire of dominant JAZ repressors of jasmonate signaling. Plant 

J.  63 (4), 613–622 (2010).   https:// doi. org/ 10. 1111/j. 1365- 313X. 

2010. 04265.x      

                                                             Denancé, N., Sánchez-Vallet, A., Goff ner, D., Molina, A.: Disease 

resistance or growth: the role of plant hormones in balancing 

immune responses and fi tness costs. Front. Plant Sci.  4 (MAY), 

1–12 (2013).   https:// doi. org/ 10. 3389/ fpls. 2013. 00155      

                                                                                                                                                                             Denness, L., Mckenna, J.F., Segonzac, C., Wormit, A., Madhou, P., 

Bennett, M., Mansfi eld, J., Zipfel, C., Hamann, T., Denness, L., 

Mckenna, J.F., Segonzac, C., Wormit, A., Madhou, P., Bennett, 

M., Mansfi eld, J., Zipfel, C., Hamann, T.: Cell wall damage-

induced lignin biosynthesis is regulated by a reactive oxygen 

species- and jasmonic dependent process in Arabidopsis. Plant 

Physiol.  156 (3), 1364–1374 (2011).   https:// doi. org/ 10. 1104/ pp. 

lll. 175737      

                                                                     Dervinis, C., Frost, C.J., Lawrence, S.D., Novak, N.G., Davis, J.M.: 

Cytokinin primes plant responses to wounding and reduces Insect 

performance. J. Plant Growth Regul.  29 (3), 289–296 (2010). 

  https:// doi. org/ 10. 1007/ s00344- 009- 9135-2      

                                             Ding, P., Ding, Y.: Stories of salicylic acid: a plant defense hormone. 

Trends Plant Sci.  25 (6), 549–565 (2020).   https:// doi. org/ 10. 

1016/j. tplan ts. 2020. 01. 004      

                                                                                                                                      Van der Does, D., Leon-Reyes, A., Koornneef, A., Van Verk, M.C., 

Rodenburg, N., Pauwels, L., Goossens, A., Körbes, A.P., 

Memelink, J., Ritsema, T., Van Wees, S.C.M., Pietersea, C.M.J.: 

Salicylic acid suppresses jasmonic acid signaling downstream of 

SCFCOI1-JAZ by targeting GCC promoter motifs via transcrip-

tion factor ORA59. Plant Cell  25 (2), 744–761 (2013).   https:// doi. 

org/ 10. 1105/ tpc. 112. 108548      

                                                  Emamverdian, A., Ding, Y., Mokhberdoran, F.: The role of salicylic 

acid and gibberellin signaling in plant responses to abiotic stress 

with an emphasis on heavy metals. Plant Signal. Behav.  15 (7), 

1777372 (2020).   https:// doi. org/ 10. 1080/ 15592 324. 2020. 17773 72      

                                             Eulgem, T., Somssich, I.E.: Networks of WRKY transcription factors in 

defense signaling. Curr. Opin. Plant Biol.  10 (4), 366–371 (2007). 

  https:// doi. org/ 10. 1016/j. pbi. 2007. 04. 020      

                                             Fambrini, M., Pugliesi, C.: The dynamic genetic-hormonal regulatory 

network controlling the trichome development in leaves. Plants 

 8 (8), 1–30 (2019).   https:// doi. org/ 10. 3390/ plant s8080 253      

                                                                                                                                                                     Fernández-calvo, A.P., Chini, A., Fernández-barbero, G., Chico, J.M., 

Gimenez-ibanez, S., Geerinck, J., Eeckhout, D., Schweizer, F., 

Godoy, M., Franco-zorrilla, J.M., Pauwels, L., Witters, E., Puga, 

M.I., Goossens, J.P.A., Reymond, P., Jaeger, G.D., Solano, R.: 

The Arabidopsis bHLH transcription factors MYC3 and MYC4 

are targets of JAZ repressors and act additively with MYC2 in 

the activation of jasmonate responses. Plant Cell  23 (2), 701–715 

(2011).   https:// doi. org/ 10. 1105/ tpc. 110. 080788      

                                                             Fernández de Bobadilla, M., Vitiello, A., Erb, M., Poelman, E.H.: Plant 

defense strategies against attack by multiple herbivores. Trends 

Plant Sci.  27 (6), 528–535 (2022).   https:// doi. org/ 10. 1016/j. tplan 

ts. 2021. 12. 010      

                                       Fu, X., Harberd, N.P.: Auxin promotes  Arabidopsis  root growth by 

modulating gibberellin response. Nature  421 , 740–743 (2003)  

                                                          Ghorbel, M., Brini, F., Sharma, A., Landi, M.: Role of jasmonic acid 

in plants: the molecular point of view. Plant Cell Rep.  40 , 1471–

1494 (2021).   https:// doi. org/ 10. 1007/ s00299- 021- 02687-4      

                                                                                             Glazebrook, J., Chen, W., Estes, B., Chang, H.S., Nawrath, C., 

Métraux, J.P., Zhu, T., Katagiri, F.: Topology of the network 

integrating salicylate and jasmonate signal transduction derived 

from global expression phenotyping. Plant J.  34 (2), 217–228 

(2003).   https:// doi. org/ 10. 1046/j. 1365- 313X. 2003. 01717.x      

                                             Grant, M., Lamb, C.: Systemic immunity. Curr. Opin. Plant Biol.  9 (4), 

414–420 (2006).   https:// doi. org/ 10. 1016/j. pbi. 2006. 05. 013      

                                                                                                     Grove, M.D., Spencer, G.F., Rohwedder, W.K., Mandava, N., Worley, 

J.F., Warthen, J.D., Steff ens, G.L., Flippen-Anderson, J.L., Cook, 

J.C.: Brassinolide, a plant growth-promoting steroid isolated 

from Brassica napus pollen [12]. Nature  281 (5728), 216–217 

(1979).   https:// doi. org/ 10. 1038/ 28121 6a0      

                                                                                                     Guo, R., Qian, H., Shen, W., Liu, L., Zhang, M., Cai, C., Zhao, Y., 

Qiao, J., Wang, Q.: BZR1 and BES1 participate in regulation 

of glucosinolate biosynthesis by brassinosteroids in arabidopsis. 

J. Exp. Bot.  64 (8), 2401–2412 (2013).   https:// doi. org/ 10. 1093/ 

jxb/ ert094      

                                          Gupta, R., Chakrabarty, S.K.: Gibberellic acid in plant: Still a mystery 

unresolved. Plant Signal. Behav.  8 (9), e25504 (2013).   https:// doi. 

org/ 10. 4161/ psb. 25504      

                                                                                                                     Gutierrez, L., Mongelard, G., Floková, K., Pǎcurar, D.I., Novák, O., 

Staswick, P., Kowalczyk, M., Pǎcurar, M., Demailly, H., Geiss, 

G., Bellini, C.: Auxin controls arabidopsis adventitious root ini-

tiation by regulating jasmonic acid homeostasis. Plant Cell  24 (6), 

2515–2527 (2012).   https:// doi. org/ 10. 1105/ tpc. 112. 099119      

                                       Han, X., Kahmann, R.: Manipulation of phytohormone pathways by 

eff ectors of fi lamentous plant pathogens. Front. Plant Sci.  10 , 822 

(2019).   https:// doi. org/ 10. 3389/ fpls. 2019. 00822      

                                                  He, M., He, C.Q., Ding, N.Z.: Abiotic stresses: General defenses of 

land plants and chances for engineering multistress tolerance. 

Front. Plant Sci.  871 , 1–18 (2018).   https:// doi. org/ 10. 3389/ fpls. 

2018. 01771      

                                                                             He, X.J., Mu, R.L., Cao, W.H., Zhang, Z.G., Zhang, J.S., Chen, S.Y.: 

AtNAC2, a transcription factor downstream of ethylene and 

auxin signaling pathways, is involved in salt stress response and 

lateral root development. Plant J.  44 (6), 903–916 (2005).   https:// 

doi. org/ 10. 1111/j. 1365- 313X. 2005. 02575.x      

                                                                                          Hentrich, M., Sánchez-Parra, B., Pérez Alonso, M.M., Carrasco 

Loba, V., Carrillo, L., Vicente-Carbajosa, J., Medina, J., Poll-

mann, S.: YUCCA8 and YUCCA9 overexpression reveals a 

link between auxin signaling and lignifi cation through the 

induction of ethylene biosynthesis. Plant Signal. Behav.  8 (11), 

e26363 (2013).   https:// doi. org/ 10. 4161/ psb. 26363      

                                                                             Higashi, K., Ishiga, Y., Inagaki, Y., Toyoda, K., Shiraishi, T., Ich-

inose, Y.: Modulation of defense signal transduction by fl agel-

lin-induced WRKY41 transcription factor in  Arabidopsis thali-
ana . Mol. Genet. Genomics  279 (3), 303–312 (2008).   https:// 

doi. org/ 10. 1007/ s00438- 007- 0315-0      



56 Proceedings of the Indian National Science Academy (2025) 91:43–59

                                                             Hind, S.R., Malinowski, R., Yalamanchili, R., Stratmann, J.W.: Tis-

sue-type specifi c systemin perception and the elusive systemin 

receptor. Plant Signal. Behav.  5 (1), 42–44 (2010).   https:// doi. 

org/ 10. 4161/ psb.5. 1. 10119      

                                                     Hou, X., Ding, L., Yu, H.: Crosstalk between GA and JA signal-

ing mediates plant growth and defense. Plant Cell Rep.  32 (7), 

1067–1074 (2013).   https:// doi. org/ 10. 1007/ s00299- 013- 1423-4      

                                                                     Hou, X., Lee, L.Y.C., Xia, K., Yan, Y., Yu, H.: DELLAs Modulate 

jasmonate signaling via competitive binding to JAZs. Dev. Cell 

 19 (6), 884–894 (2010).   https:// doi. org/ 10. 1016/j. devcel. 2010. 

10. 024      

                                                       Hou, S., Liu, Z., Shen, H., Wu, D.: Damage-associated molecular 

pattern-triggered immunity in plants. Front. Plant Sci.  10 , 646 

(2019).   https:// doi. org/ 10. 3389/ fpls. 2019. 00646      

                                                             Huot, B., Yao, J., Montgomery, B.L., He, S.Y.: Growth-defense trade-

off s in plants: a balancing act to optimize fi tness. Mol. Plant 

 7 (8), 1267–1287 (2014).   https:// doi. org/ 10. 1093/ mp/ ssu049      

                                                                     Hussain, R.M.F., Sheikh, A.H., Haider, I., Quareshy, M., Linthorst, 

H.J.M.: Arabidopsis WRKY50 and TGA transcription factors 

synergistically activate expression of PR1. Front. Plant Sci. 

 9 (July), 1–16 (2018).   https:// doi. org/ 10. 3389/ fpls. 2018. 00930      

                                     Innes, R.: The positives and negatives of NPR: a unifying model for 

salicylic acid signaling in plants. Cell  173 (6), 1314–1315 (2018). 

  https:// doi. org/ 10. 1016/j. cell. 2018. 05. 034      

                                                                       Iqbal, N., Khan, N.A., Ferrante, A., Trivellini, A., Francini, A., Khan, 

M.I.R.: Ethylene role in plant growth, development and senes-

cence: interaction with other phytohormones. Front. Plant Sci.  8 , 
75 (2017).   https:// doi. org/ 10. 3389/ fpls. 2017. 00475      

                                                                  Jagodzik, P., Tajdel-Zielinska, M., Ciesla, A., Marczak, M., Ludwikow, 

A.: Mitogen-activated protein kinase cascades in plant hormone 

signaling. Front. Plant Sci.  9 , 1–26 (2018).   https:// doi. org/ 10. 

3389/ fpls. 2018. 01387      

                                                                                             Jiang, C.J., Shimono, M., Sugano, S., Kojima, M., Liu, X., Inoue, H., 

Sakakibara, H., Takatsuji, H.: Cytokinins act synergistically with 

salicylic acid to activate defense gene expression in rice. Mol. 

Plant Microbe Interact.  26 (3), 287–296 (2013).   https:// doi. org/ 

10. 1094/ MPMI- 06- 12- 0152-R      

                                                                                                             Jiang, C.J., Shimono, M., Sugano, S., Kojima, M., Yazawa, K., 

Yoshida, R., Lnoue, H., Hayashi, N., Sakakibara, H., Takatsuji, 

H.: Abscisic acid interacts antagonistically with salicylic acid 

signaling pathway in rice-magnaporthe grisea interaction. Mol. 

Plant Microbe Interact.  23 (6), 791–798 (2010).   https:// doi. org/ 

10. 1094/ MPMI- 23-6- 0791      

                                                     Johnson, C., Boden, E., Arias, J.: Salicylic acid and NPR1 induce the 

recruitment of trans-activating TGA factors to a defense gene 

promoter in arabidopsis. Plant Cell  15 (8), 1846–1858 (2003). 

  https:// doi. org/ 10. 1105/ tpc. 012211      

                                                  Karlidag, H., Yildirim, E., Turan, M.: Salicylic acid ameliorates the 

adverse eff ect. Sci. Agric.  66 (2), 180–187 (2009)  

                                                                                  Kaur, S., Samota, M.K., Choudhary, M., Choudhary, M., Pandey, A.K., 

Sharma, A., Thakur, J.: How do plants defend themselves against 

pathogens-biochemical mechanisms and genetic interventions. 

Physiol. Mol. Biol. Plants  28 , 485–504 (2022).   https:// doi. org/ 

10. 1007/ s12298- 022- 01146-y      

                                             Kazan, K., Manners, J.M.: Jasmonate signaling: Toward an integrated 

view. Plant Physiol.  146 (4), 1459–1468 (2008).   https:// doi. org/ 

10. 1104/ pp. 107. 115717      

                                       Kazan, K., Manners, J.M.: Review article: MYC2: the master in action. 

Mol. Plant  6 , 686–703 (2013)  

                                                     Koga, H., Dohi, K., Mori, M.: Abscisic acid and low temperatures sup-

press the whole plant-specifi c resistance reaction of rice plants to 

the infection of magnaporthe grisea. Physiol. Mol. Plant Pathol. 

 65 (1), 3–9 (2004).   https:// doi. org/ 10. 1016/j. pmpp. 2004. 11. 002      

                                             Koornneef, A., Pieterse, C.M.J.: Cross talk in defense signaling. Plant 

Physiol.  146 (3), 839–844 (2008).   https:// doi. org/ 10. 1104/ pp. 107. 

112029      

                                             Kunkel, B.N., Harper, C.P.: The roles of auxin during interactions 

between bacterial plant pathogens and their hosts. J. Exp. Bot. 

 69 (2), 245–254 (2018).   https:// doi. org/ 10. 1093/ jxb/ erx447      

                                                                                     Lee, H.J., Park, Y.J., Seo, P.J., Kim, J.H., Sim, H.J., Kim, S.G., Park, 

C.M.: Systemic immunity requires SnRK2.8-mediated nuclear 

import of NPR1 in arabidopsis. Plant Cell  27 (12), 3425–3438 

(2015).   https:// doi. org/ 10. 1105/ tpc. 15. 00371      

                                                                                             Leon-Reyes, A., Du, Y., Koornneef, A., Proietti, S., Körbes, A.P., 

Memelink, J., Pieterse, C.M.J., Ritsema, T.: Ethylene signal-

ing renders the jasmonate response of arabidopsis insensitive to 

future suppression by salicylic acid. Mol. Plant Microbe Interact. 

 23 (2), 187–197 (2010).   https:// doi. org/ 10. 1094/ MPMI- 23-2- 0187      

                                                     Li, J., Brader, G., Palva, E.T.: The WRKY70 transcription factor: a 

node of convergence for jasmonate-mediated and salicylate-

mediated signals in plant defense. Plant Cell  16 (2), 319–331 

(2004).   https:// doi. org/ 10. 1105/ tpc. 016980      

                                                                          Li, Q.F., Wang, C., Jiang, L., Li, S., Sun, S.S.M., He, J.X.: An inter-

action between BZR1 and DELLAs mediates direct signaling 

crosstalk between brassinosteroids and gibberellins in  Arabidop-
sis . Sci. Signal.  5 (244), ra72 (2012).   https:// doi. org/ 10. 1126/ scisi 

gnal. 20029 08      

                                                                             Li, Q.F., Lu, J., Yu, J.W., Zhang, C.Q., He, J.X., Liu, Q.Q.: The brassi-

nosteroid-regulated transcription factors BZR1/BES1 function 

as a coordinator in multisignal-regulated plant growth. Biochim. 

Biophys. Acta Gene Regul. Mech.  1861 (6), 561–571 (2018). 

  https:// doi. org/ 10. 1016/j. bbagrm. 2018. 04. 003      

                                                                                                             Liao, K., Peng, Y.J., Yuan, L.B., Dai, Y.S., Chen, Q.F., Yu, L.J., Bai, 

M.Y., Zhang, W.Q., Xie, L.J., Xiao, S.: Brassinosteroids antago-

nize jasmonate-activated plant defense responses through BRI1-

EMS-Suppressor1 (BES1)1. Plant Physiol.  182 (2), 1066–1082 

(2020).   https:// doi. org/ 10. 1104/ pp. 19. 01220      

                                                                     Lievens, L., Pollier, J., Goossens, A., Beyaert, R., Staal, J.: Abscisic 

acid as pathogen eff ector and immune regulator. Front. Plant Sci. 

 8 (April), 1–15 (2017).   https:// doi. org/ 10. 3389/ fpls. 2017. 00587      

                                                                                                                     Lim, S., Park, J., Lee, N., Jeong, J., Toh, S., Watnabe, A., Kim, J., 

Kang, H., Kim, D.H., Kawakami, M., Choi, G.: ABA-INSENSI-

TIVE3, ABA-INSENSITIVE5, and DELLAs interact to activate 

the expression of  SOMNUS  and other high-temperature-inducible 

genes in imbibed seeds in  Arabidopsis . Plant Cell  25 (12), 4863–

4878 (2013).   https:// doi. org/ 10. 1105/ tpc. 113. 118604      

                                                                                                  Liu, L., Sonbol, F.M., Huot, B., Gu, Y., Withers, J., Mwimba, M., Yao, 

J., He, S.Y., Dong, X.: Salicylic acid receptors activate jasmonic 

acid signalling through a non-canonical pathway to promote 

eff ector-triggered immunity. Nat. Commun.  7 , 1–10 (2016). 

  https:// doi. org/ 10. 1038/ ncomm s13099      

                                                             Lorenzo, O., Chico, J.M., Sánchez-Serrano, J.J., Solano, R.: JAS-

MONATE-INSENSITIVE1 encodes a MYC transcription factor 

essential to discriminate between diff erent jasmonate-regulated 

defense responses in arabidopsis. Plant Cell  16 (7), 1938–1950 

(2004).   https:// doi. org/ 10. 1105/ tpc. 022319      

                                                             Lorenzo, O., Piqueras, R., Sánchez-Serrano, J.J., Solano, R.: ETH-

YLENE RESPONSE FACTOR1 integrates signals from ethyl-

ene and jasmonate pathways in plant defense. Plant Cell  15 (1), 

165–178 (2003).   https:// doi. org/ 10. 1105/ tpc. 00746      

                                             Lozano-Durán, R., Zipfel, C.: Trade-off  between growth and immunity: 

Role of brassinosteroids. Trends Plant Sci.  20 (1), 12–19 (2015). 

  https:// doi. org/ 10. 1016/j. tplan ts. 2014. 09. 003      

                                     Lu, H.: Dissection of salicylic acid-mediated defense signaling net-

works. Plant Signal. Behav.behav.  4 (8), 713–717 (2009).   https:// 

doi. org/ 10. 4161/ psb.4. 8. 9173      

                                                                                     Machado, R.A.R., Ferrieri, A.P., Robert, C.A.M., Glauser, G., Kallen-

bach, M., Baldwin, I.T., Erb, M.: Leaf-herbivore attack reduces 

carbon reserves and regrowth from the roots via jasmonate and 

auxin signaling. New Phytol.  200 (4), 1234–1246 (2013).   https:// 

doi. org/ 10. 1111/ nph. 12438      



57Proceedings of the Indian National Science Academy (2025) 91:43–59 

                                                                                             Machado, R.A.R., Robert, C.A.M., Arce, C.C.M., Ferrieri, A.P., Xu, S., 

Jimenez-Aleman, G.H., Baldwin, I.T., Erb, M.: Auxin is rapidly 

induced by herbivore attack and regulates a subset of systemic, 

jasmonate-dependent defenses. Plant Physiol.  172 (1), 521–532 

(2016).   https:// doi. org/ 10. 1104/ pp. 16. 00940      

                                             Mano, Y., Nemoto, K.: The pathway of auxin biosynthesis in plants. 

J. Exp. Bot.  63 (8), 2853–2872 (2012).   https:// doi. org/ 10. 1093/ 

jxb/ ers091      

                                                                                  Maruyama, Y., Yamoto, N., Suzuki, Y., Chiba, Y., Yamazaki, K., 

Sato, T., Yamaguchi, J.: The Arabidopsis transcriptional repres-

sor ERF9 participates in resistance against necrotrophic fungi. 

Plant Sci.  213 , 79–87 (2013).   https:// doi. org/ 10. 1016/j. plant sci. 

2013. 08. 008      

                                                                                                  McLellan, H., Boevink, P.C., Armstrong, M.R., Pritchard, L., Gomez, 

S., Morales, J., Whisson, S.C., Beynon, J.L., Birch, P.R.J.: An 

RxLR eff ector from phytophthora infestans prevents re-localisa-

tion of two plant NAC transcription factors from the endoplasmic 

reticulum to the nucleus. PLoS Pathog.  9 (10), e1003670 (2013). 

  https:// doi. org/ 10. 1371/ journ al. ppat. 10036 70      

                                          Meng, X., Zhang, S.: MAPK cascades in plant disease resistance sign-

aling. Annu. Rev. Phytopathol.  51 , 245–266 (2013).   https:// doi. 

org/ 10. 1146/ annur ev- phyto- 082712- 102314      

                                                                                                     Mine, A., Berens, M.L., Nobori, T., Anver, S., Fukumoto, K., Win-

kelmüller, T.M., Takeda, A., Becker, D., Tsuda, K.: Pathogen 

exploitation of an abscisic acid- and jasmonate-inducible MAPK 

phosphatase and its interception by arabidopsis immunity. Proc. 

Natl. Acad. Sci. u.s.a.  114 (28), 7456–7461 (2017).   https:// doi. 

org/ 10. 1073/ pnas. 17026 13114      

                                                     Mou, Z., Fan, W., Dong, X.: Inducers of plant systemic acquired 

resistance regulate NPR1 function through redox changes. Cell 

 113 (7), 935–944 (2003).   https:// doi. org/ 10. 1016/ S0092- 8674(03) 

00429-X      

                                          Naseem, M., Dandekar, T.: The role of auxin-cytokinin antagonism 

in plant-pathogen interactions. PLoS Pathog.  8 (11), e1003026 

(2012).   https:// doi. org/ 10. 1371/ journ al. ppat. 10030 26      

                                                     Naseem, M., Kaltdorf, M., Dandekar, T.: The nexus between growth 

and defence signalling: auxin and cytokinin modulate plant 

immune response pathways. J. Expt. Botany  66 (16), 4885–4896 

(2015).   https:// doi. org/ 10. 1093/ jxb/ erv297      

                                                                     Nolan, T.M., Vukasinović, N., Liu, D., Russinova, E., Yin, Y.: Brassi-

nosteroids: multidimensional regulators of plant growth, devel-

opment, and stress responses. Plant Cell  32 (2), 298–318 (2020). 

  https:// doi. org/ 10. 1105/ tpc. 19. 00335      

                                          O’Brien, J.A., Benková, E.: Cytokinin cross-talking during biotic and 

abiotic stress responses. Front. Plant Sci.  4 , 1–11 (2013).   https:// 

doi. org/ 10. 3389/ fpls. 2013. 00451      

                                                                             Oide, S., Bejai, S., Staal, J., Guan, N., Kaliff , M., Dixelius, C.: A novel 

role of PR2 in abscisic acid (ABA) mediated, pathogen-induced 

callose deposition in arabidopsis thaliana. New Phytol.  200 (4), 

1187–1199 (2013).   https:// doi. org/ 10. 1111/ nph. 12436      

                                             Pandey, S.P., Somssich, I.E.: The role of WRKY transcription factors in 

plant immunity. Plant Physiol.  150 (4), 1648–1655 (2009).   https:// 

doi. org/ 10. 1104/ pp. 109. 138990      

                                                    Pattanaik, S., Patra, B., Singh, S.K., Yuan, L.: An overview of the 

gene regulatory network controlling trichome development in 

the model plant. Front. Plant Sci., Arabidopsis (2014).   https:// 

doi. org/ 10. 3389/ fpls. 2014. 00259       

                                                                                                                                                             Petersen, M., Brodersen, P., Naested, H., Andreasson, E., Lindhart, 

U., Johansen, B., Nielsen, H.B., Lacy, M., Austin, M.J., Parker, 

J.E., Sharma, S.B., Klessig, D.F., Martienssen, R., Mattsson, O., 

Jensen, A.B., Mundy, J.: Arabidopsis MAP kinase 4 negatively 

regulates systemic acquired resistance. Cell  103 (7), 1111–1120 

(2000).   https:// doi. org/ 10. 1016/ S0092- 8674(00) 00213-0      

                                                                           Pieterse, C.M.J., Van Der Does, D., Zamioudis, C., Leon-Reyes, A., 

Van Wees, S.C.M.: Hormonal modulation of plant immunity. 

Annu. Rev. Cell Dev. Biol.  28 (April), 489–521 (2012).   https:// 

doi. org/ 10. 1146/ annur ev- cellb io- 092910- 154055      

                                                                                                      Pieterse, C.M.J., Van Wees, S.C.M., Van Pelt, J.A., Knoester, M., Laan, 

R., Gerrits, H., Weisbeek, P.J., Van Loon, L.C.: A novel signaling 

pathway controlling induced systemic resistance in arabidopsis. 

Plant Cell  10 (9), 1571–1580 (1998).   https:// doi. org/ 10. 1105/ tpc. 

10.9. 1571      

                                                                                Pré, M., Atallah, M., Champion, A., De Vos, M., Pieterse, C.M.J., 

Memelink, J.: The AP2/ERF domain transcription factor ORA59 

integrates jasmonic acid and ethylene signals in plant defense. 

Plant Physiol.  147 (3), 1347–1357 (2008).   https:// doi. org/ 10. 

1104/ pp. 108. 117523      

                                                             Puranik, S., Bahadur, R.P., Srivastava, P.S., Prasad, M.: Molecular 

cloning and characterization of a membrane associated NAC 

family gene, SiNAC from foxtail millet [Setaria italica (L.) P. 

Beauv.]. Mol. Biotechnol.  49 (2), 138–150 (2011).   https:// doi. 

org/ 10. 1007/ s12033- 011- 9385-7      

                                                                                     Qi, T., Huang, H., Wu, D., Yan, J., Qi, Y., Song, S., Xie, D.: Arabi-

dopsis DELLA and JAZ proteins bind the WD-Repeat/ bHLH/

MYB complex to modulate gibberellin and jasmonate signaling 

synergy. Plant Cell  26 (3), 1118–1133 (2014).   https:// doi. org/ 10. 

1105/ tpc. 113. 121731      

                                                             Qiao, H., Chang, K.N., Yazaki, J., Ecker, J.R.: Interplay between eth-

ylene, ETP1/ETP2 F-box proteins, and degradation of EIN2 

triggers ethylene responses in arabidopsis. Genes Dev.  23 (4), 

512–521 (2009).   https:// doi. org/ 10. 1101/ gad. 17657 09      

                                                                          Ramírez, V., Van der Ent, S., García-Andrade, J., Coego, A., Pieterse, 

C.M., Vera, P.: OCP3 is an important modulator of NPR1-medi-

ated jasmonic acid-dependent induced defenses in Arabidop-

sis. BMC Plant Biol.  10 , 199 (2010).   https:// doi. org/ 10. 1186/ 

1471- 2229- 10- 199      

                                                                                          Ruan, J., Zhou, Y., Zhou, M., Yan, J., Khurshid, M., Weng, W., Cheng, 

J., Zhang, K.: Jasmonic acid signaling pathway in plants. Int. 

J. Mol. Sci.  20 (10), 2479 (2019).   https:// doi. org/ 10. 3390/ ijms2 

01024 79      

                                                                                                                                             Rushton, D.L., Tripathi, P., Rabara, R.C., Lin, J., Ringler, P., Boken, 

A.K., Langum, T.J., Smidt, L., Boomsma, D.D., Emme, N.J., 

Chen, X., Finer, J.J., Shen, Q.J., Rushton, P.J.: WRKY transcrip-

tion factors: Key components in abscisic acid signalling. Plant 

Biotechnol. J.  10 (1), 2–11 (2012).   https:// doi. org/ 10. 1111/j. 1467- 

7652. 2011. 00634.x      

                                             Ryan, C.A., Pearce, G.: Systemins: a functionally defi ned family of 

peptide signals that regulate defensive genes in Solanaceae spe-

cies. Proc. Natl. Acad. Sci. u.s.a.  100 (24), 14577–14580 (2003). 

  https:// doi. org/ 10. 1073/ pnas. 19347 88100      

                                                  Saini, S., Sharma, I., Pati, P.K.: Versatile roles of brassinosteroid in 

plants in the context of its homoeostasis, signaling and cross-

talks. Front. Plant Sci.  6 , 1–17 (2015).   https:// doi. org/ 10. 3389/ 

fpls. 2015. 00950      

                                     Sakakibara, H.: Cytokinin biosynthesis and regulation. Vitam. Horm. 

 72 (05), 271–287 (2005).   https:// doi. org/ 10. 1016/ S0083- 6729(05) 

72008-2      

                                                                             Selth, L.A., Dogra, S.C., Rasheed, M.S., Healy, H., Randles, J.W., 

Rezaian, M.A.: A NAC domain protein interacts with tomato 

leaf curl virus replication accessory protein and enhances viral 

replication. Plant Cell  17 (1), 311–325 (2005).   https:// doi. org/ 10. 

1105/ tpc. 104. 027235      

                                                             Shah, J., Kachroo, P., Nandi, A., Klessig, D.F.: A recessive mutation 

in the arabidopsis SSI2 gene confers SA- and NPR1-independ-

ent expression of PR genes and resistance against bacterial and 

oomycete pathogens. Plant J.  25 (5), 563–574 (2001).   https:// 

doi. org/ 10. 1046/j. 1365- 313x. 2001. 00992.x      

                                                                                                                                             Sheard, L.B., Tan, X., Mao, H., Withers, J., Ben-Nissan, G., Hinds, 

T.R., Kobayashi, Y., Hsu, F.F., Sharon, M., Browse, J., He, 

S.Y., Rizo, J., Howe, G.A., Zheng, N.: Jasmonate perception 



58 Proceedings of the Indian National Science Academy (2025) 91:43–59

by inositol-phosphate-potentiated COI1-JAZ co-receptor. 

Nature  468 (7322), 400–407 (2010).   https:// doi. org/ 10. 1038/ 

natur e09430      

                                                                                                                                                                                  So, G., Ericsson, S., Fox, G.A., Schaff er, W.M., Rosko, D., Kaitala, 

V., Lundberg, P., Levin, S.A., Rohani, P., Dabholkar, S., Joshi, 

A., Boudjemadi, K., Sarrazin, F., Cally, K., Clobert, J., Zhang, 

D.Y., Woody, S.T., Nordheim, E.V., Nelson, C.: A Plant miRNA 

contributes to antibacterial resistance by repressing auxin signal-

ing. Science  312 (5772), 436–439 (2006)  

                                                             Skibbe, M., Qu, N., Galis, I., Baldwin, I.T.: Induced plant defenses 

in the natural environment:  Nicotiana attenuata  WRKY3 and 

WRKY6 coordinate responses to herbivory. Plant Cell  20 (7), 

1984–2000 (2008).   https:// doi. org/ 10. 1105/ tpc. 108. 058594      

                                                          Spence, C.A., Lakshmanan, V., Donofrio, N., Bais, H.P.: Crucial roles 

of abscisic acid biogenesis in virulence of rice blast fungus mag-

naporthe oryzae. Front. Plant Sci.  6 , 1–13 (2015).   https:// doi. org/ 

10. 3389/ fpls. 2015. 01082      

                                                     Spoel, S.H., Johnson, J.S., Dong, X.: Regulation of tradeoff s between 

plant defenses against pathogens with diff erent lifestyles. Proc. 

Natl. Acad. Sci. u.s.a.  104 (47), 18842–18847 (2007).   https:// doi. 

org/ 10. 1073/ pnas. 07081 39104      

                                                                                                                                           Spoel, S.H., Koornneef, A., Claessens, S.M.C., Korzelius, J.P., Van 

Pelt, J.A., Mueller, M.J., Buchala, A.J., Métraux, J.P., Brown, R., 

Kazan, K., Van Loon, L.C., Dong, X., Pieterse, C.M.J.: NPR1 

modulates cross-talk between salicylate- and jasmonate-depend-

ent defense pathways through a novel function in the cytosol. 

Plant Cell  15 (3), 760–770 (2003).   https:// doi. org/ 10. 1105/ tpc. 

009159      

                                                     Thaler, J.S., Humphrey, P.T., Whiteman, N.K.: Evolution of jasmonate 

and salicylate signal crosstalk. Trends Plant Sci.  17 (5), 260–270 

(2012).   https:// doi. org/ 10. 1016/j. tplan ts. 2012. 02. 010      

                                                                                                             Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A., Liu, G., 

Nomura, K., He, S.Y., Howe, G.A., Browse, J.: JAZ repressor 

proteins are targets of the SCFCOI1 complex during jasmonate 

signalling. Nature  448 (7154), 661–665 (2007).   https:// doi. org/ 

10. 1038/ natur e05960      

                                                                             Thirugnanasambantham, K., Durairaj, S., Saravanan, S., Karikalan, 

K., Muralidaran, S., Islam, V.I.H.: Role of ethylene response 

transcription factor (ERF) and its regulation in response to stress 

encountered by plants. Plant Mol. Biol. Report.  33 (3), 347–357 

(2015).   https:// doi. org/ 10. 1007/ s11105- 014- 0799-9      

                                                                  Ullah, I., Magdy, M., Wang, L., Liu, M., Li, X.: Genome-wide identifi -

cation and evolutionary analysis of TGA transcription factors in 

soybean. Sci. Rep.  9 (1), 11186 (2019).   https:// doi. org/ 10. 1038/ 

s41598- 019- 47316-z      

                                                             Verberne, M.C., Hoekstra, J., Bol, J.F., Linthorst, H.J.M.: Signaling of 

systemic acquired resistance in tobacco depends on ethylene per-

ception. Plant J.  35 (1), 27–32 (2003).   https:// doi. org/ 10. 1046/j. 

1365- 313X. 2003. 01778.x      

                                                                                        de Vleesschauwer, D., Seifi , H.S., Filipe, O., Haeck, A., Huu, S.N., 

Demeestere, K., Höfte, M.: The DELLA protein SLR1 integrates 

and amplifi es salicylic acid- and jasmonic acid-dependent innate 

immunity in rice. Plant Physiol.  170 (3), 1831–1847 (2016). 

  https:// doi. org/ 10. 1104/ pp. 15. 01515      

                                                             Vos, I.A., Moritz, L., Pieterse, C.M.J., Van Wees, S.C.M.: Impact of 

hormonal crosstalk on plant resistance and fi tness under multi-

attacker conditions. Front. Plant Sci.  6 , 1–13 (2015).   https:// doi. 

org/ 10. 3389/ fpls. 2015. 00639      

                                                             War, A.R., Paulraj, M.G., War, M.Y., Ignacimuthu, S.: Role of sali-

cylic acid in induction of plant defense system in chickpea (Cicer 

arietinum L.). Plant Signal. Behav.  6 (11), 1787–1792 (2011). 

  https:// doi. org/ 10. 4161/ psb.6. 11. 17685      

                                                                                     War, A.R., Paulraj, M.G., Ahmad, T., Buhroo, A.A., Hussain, B., 

Ignacimuthu, S., Sharma, H.C.: Mechanisms of plant defense 

against insect herbivores. Plant Signal. Behav.  7 (10), 1306–1320 

(2012).   https:// doi. org/ 10. 4161/ psb. 21663      

                                          Wager, A., Browse, J.: Social network: JAZ protein interactions expand 

our knowledge of jasmonate signaling. Front. Plant Sci.  3 , 1–11 

(2012).   https:// doi. org/ 10. 3389/ fpls. 2012. 00041      

                                                             Wang, D., Pajerowska-Mukhtar, K., Culler, A.H., Dong, X.: Salicylic 

acid inhibits pathogen growth in plants through repression of the 

auxin signaling pathway. Curr. Biol.  17 (20), 1784–1790 (2007). 

  https:// doi. org/ 10. 1016/j. cub. 2007. 09. 025      

                                                     Wang, Q., Yu, F., Xie, Q.: Balancing growth and adaptation to stress: 

crosstalk between brassinosteroid and abscisic acid signaling. 

Plant Cell Environ.  43 (10), 2325–2335 (2020).   https:// doi. org/ 

10. 1111/ pce. 13846      

                                             Weiss, D., Ori, N.: Mechanisms of cross talk between gibberellin 

and other hormones. Plant Physiol.  144 (3), 1240–1246 (2007). 

  https:// doi. org/ 10. 1104/ pp. 107. 100370      

                                                                                                     Wild, M., Davière, J.M., Cheminant, S., Regnault, T., Baumberger, N., 

Heintz, D., Baltz, R., Genschik, P., Achard, P.: The Arabidopsis 

DELLA RGA-LIKE3 is a direct target of MYC2 and modulates 

jasmonate signaling responses. Plant Cell  24 (8), 3307–3319 

(2012).   https:// doi. org/ 10. 1105/ tpc. 112. 101428      

                                                 Xie, Z., Nolan, T.M., Jiang, H., Yin, Y.: AP2/ERF transcription factor 

regulatory networks in hormone and abiotic stress responses in 

arabidopsis. Front. Plant Sci.plant Sci. (2019).   https:// doi. org/ 10. 

3389/ fpls. 2019. 00228      

                                                             Xu, J., Audenaert, K., Hofte, M., de Vleesschauwer, D.: Abscisic 

acid promotes susceptibility to the rice leaf blight pathogen 

xanthomonas oryzae pv oryzae by suppressing salicylic acid-

mediated defenses. PLoS ONE  8 (6), e67413 (2013).   https:// doi. 

org/ 10. 1371/ journ al. pone. 00674 13      

                                                          Xue, H., Gao, X., He, P., Xiao, G.: Origin, evolution, and molecu-

lar function of DELLA proteins in plants. The Crop J.  10 (2), 

287–299 (2022)  

                                             Yamaguchi, S., Kamiya, Y.: Gibberellin biosynthesis: Its regulation by 

endogenous and environmental signals. Plant Cell Physiol.  41 (3), 

251–257 (2000).   https:// doi. org/ 10. 1093/ pcp/ 41.3. 251      

                                                                             Yan, S., Jiao, C., McLamore, E.S., Wang, N., Yao, H., Shen, Y.: Insect 

herbivory of leaves aff ects the auxin fl ux along root apices in 

arabidopsis thaliana. J. Plant Growth Regul.  36 (4), 846–854 

(2017).   https:// doi. org/ 10. 1007/ s00344- 017- 9688-4      

                                                                                                        Yimer, H.Z., Nahar, K., Kyndt, T., Haeck, A., Van Meulebroek, L., 

Vanhaecke, L., Demeestere, K., Höfte, M., Gheysen, G.: Gib-

berellin antagonizes jasmonate-induced defense against meloido-

gyne graminicola in rice. New Phytol.  218 (2), 646–660 (2018). 

  https:// doi. org/ 10. 1111/ nph. 15046      

                                                     Yu, M.H., Zhao, Z.Z., He, J.X.: Brassinosteroid signaling in plant–

microbe interactions. Int. J. Mol. Sci.  19 (12), 1–15 (2018). 

  https:// doi. org/ 10. 3390/ ijms1 91240 91      

                                                                     Yuan, X., Wang, H., Cai, J., Li, D., Song, F.: NAC transcription factors 

in plant immunity. Phytopathology Research  1 (1), 1–13 (2019). 

  https:// doi. org/ 10. 1186/ s42483- 018- 0008-0      

                                                                        Zander, M., La Camera, S., Lamotte, O., Métraux, J.P., Gatz, C.: Arabi-

dopsis thaliana class-II TGA transcription factors are essential 

activators of jasmonic acid/ethylene-induced defense responses. 

Plant J.  61 (2), 200–210 (2010).   https:// doi. org/ 10. 1111/j. 1365- 

313X. 2009. 04044.x      

                                                                          Zhang, L., Gu, L., Ringler, P., Smith, S., Rushton, P.J., Shen, Q.J.: 

Three WRKY transcription factors additively repress abscisic 

acid and gibberellin signaling in aleurone cells. Plant Sci.  236 , 
214–222 (2015).   https:// doi. org/ 10. 1016/j. plant sci. 2015. 04. 014      

                                                                                             Zheng, X.Y., Spivey, N.W., Zeng, W., Liu, P.P., Fu, Z.Q., Klessig, D.F., 

He, S.Y., Dong, X.: Coronatine promotes pseudomonas syringae 

virulence in plants by activating a signaling cascade that inhibits 

salicylic acid accumulation. Cell Host Microbe  11 (6), 587–596 

(2012).   https:// doi. org/ 10. 1016/j. chom. 2012. 04. 014      

                                             Zhu, G., Lee, A.S.: Role of the unfolded protein response, GRP78 and 

GRP94 in organ homeostasis. J. Cell. Physiol.  230 (7), 1413–

1420 (2015).   https:// doi. org/ 10. 1002/ jcp. 24923      



59Proceedings of the Indian National Science Academy (2025) 91:43–59 

                                                                                                                                                                     Zhu, Z., An, F., Feng, Y., Li, P., Xue, L., Mu, A., Jiang, Z., Kim, J.M., 

To, T.K., Li, W., Zhang, X., Yu, Q., Dong, Z., Chen, W.Q., Seki, 

M., Zhou, J.M., Guo, H.: Derepression of ethylene-stabilized 

transcription factors (EIN3/EIL1) mediates jasmonate and eth-

ylene signaling synergy in arabidopsis. Proc. Natl. Acad. Sci. 

u. s. a.  108 (30), 12539–12544 (2011).   https:// doi. org/ 10. 1073/ 

pnas. 11039 59108       

 Springer Nature or its licensor (e.g. a society or other partner) holds 

exclusive rights to this article under a publishing agreement with the 

author(s) or other rightsholder(s); author self-archiving of the accepted 

manuscript version of this article is solely governed by the terms of 

such publishing agreement and applicable law.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2025-04-25T10:50:40+0530
	Preflight Ticket Signature




