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Introduction

Abstract

Plant hormones play crucial and basic roles in plant growth, de-
velopmental processes, and also in plant response to abiotic and bi-
otic constraints. On the first time, plant hormones may allocate lim-
ited resources to the most serious stresses, on the second time, the
crosstalk among multiple plant hormone signaling directs the bal-
ance between the plant growth and the plant defense. Various stud-
ies and investigations have reported the mechanism of crosstalk be-
tween Jasmonic Acid (JA) and other plant hormones in plant growth
and stress responses. Based on these investigations, this chapter
mainly reports the crosstalk between JA and other plant hormone
signaling in regulating the balance between the plant growth and
the defense response. The suppressor proteins JASMONATE ZIM
DOMAIN PROTEIN (JAZ) and MYC2 as the key components in the
crosstalk are also highlighted in the chapter. Eventually, we note
that JA interacts with other hormone signaling pathways [such as
Ethylene (ET), auxin, Gibberellic acid (GA), Abscisic Acid (ABA), Sali-
cylic Acid (SA) and Brassinosteroids (BRs)] to regulate plant growth,
abiotic stress tolerances, and defense resistance against pathogens.

Keywords: Jasmonic acid; Plant hormone; Environmental con-
straints; Defense response; Crosstalk

During development and growth processes, plants are con-
stantly battling against a challenging environment. These ad-
verse environmental conditions are often categorized as: (i) Abi-
otic constraints, such like nutrient deficiency, Ultraviolet (UV)
radiation, flood, drought, heavy metal toxicity and heat, cold
and (ii) Biotic constraints, such as pathogen infection and ani-
mal herbivory [1]. Under multiple environmental constraints,
the phytohormones allocate limited resources to respond to
the most serious stress [2] and develop multiples signaling
pathways [3,4] to govern the balance between the plant growth
and the defense response [2]. Phytohormones are small endog-
enous signaling molecules, including Gibberellin (GA), Auxin (in-
dole3-acetic acid, IAA), Cytokinin (CK), Brassinosteroids (BRs),
Abscisic Acid (ABA), Ethylene (ET), Jasmonic Acid (JA), Salicylic
Acid (SA), and Strigolactone (SL). In recent decades, JA anab-
olism has been widely studied and investigated in monocoty-
ledons and dicotyledons. Indeed, in Arabidopsis, at least two
pathways encode JA biosynthesis, namely, the a-linolenic acid
(18:3) initial octadecane pathway and hexadecatrienoic acid
(16:3) initial hexadecane pathway [5,6]. In those pathways, the

18:3 and 16:3 unsaturated fatty acids are converted to 12-oxo-
phytodienoic acid (12-OPDA) and deoxymethylated vegetable
dienic acid (dn-OPDA) in the chloroplast, respectively. Then,
JA is formed from 12-OPDA and dn-OPDA through multiple
B-oxidation in the peroxisome. Finally, different JA structures
such as methyl Jasmonate (MelA), JA—isoleucine (JA-lle) and
12-hydroxyjasmonic acid (12-OH-JA) are formed from JA in the
cytoplasm. Among these JAs, JA-lle is the biological active form
of JA in plants [7]. JA is widely distributed in plants as a natu-
ral plant growth regulator [5-8]. The importance of the cross-
talk between JA and other phytohormones in regulating plant
stress responses has attracted extensive attention [6-9]. In fact,
through the crosstalk network, JAs often work in concert with
other phytohormones, such as ABA, auxin, CK, ET, GA and SA, to
balance between growth and defense-related processes, there-
by conferring plants acclimation to the changing environments
[10-12]. Studies in recent decades have remarkably expanded
our knowledge on the molecular basis underlying JA biosynthe-
sis, transportation, signal transduction and the crosstalk with
other signaling pathways. The importance of JA in many devel-
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opmental processes, including seedling development, lateral
root formation, senescence, flower development, sex determi-
nation, and the circadian clock has also been elaborately dis-
cussed in several reviews [13-15]. In addition, extensive efforts
have been made in elucidating the roles of JA in regulating plant
responses to abiotic and biotic stress conditions, as well as the
importance of the crosstalk between JA and other phytohor-
mones in thoese regulations [11,16-20]. In this chapter, we fo-
cus on recent updates on JA anabolism and signal transduction,
the crosstalk complexity between JA and other phytohormone
signaling during plant development and stress responses, as
well as the roles of the involved Transcription Factors (TFs) and
other regulatory proteins.

JA Anabolism

To date, three JA anabolic pathways have been detected
and identified in Arabidopsis: (1) the octadecane pathway with
a-linolenic acid (a-LeA, 18:3) used as precursor, (2) the hexa-
decane pathway with hexadecatrienoic acid (16:3) used as pre-
cursor, and (3) the 12-Oxo-Phytodienoic Acid (OPDA) reductase
3 (OPR3)-independent pathway (Figure 1). All three pathways
require multiple enzymatic reactions that take place sequential-
ly in the chloroplast, the peroxisome and finally the cytosol [21].
Concerning the two first pathways, they start with the release
of the polyunsaturated fatty acids a-LeA (18:3) and hexadecatri-
enoic acid (16:3) hydrolyzed from the membrane of chloroplast
or plastid depending on the cell type. Through a sequential se-
ries of reactions catalyzed by 13-lipoxygenase (13-LOX), Allene
Oxide Synthase (AOS) and Allene Oxide Cyclase (AOC), both
the 18:3 and 16:3 are converted to OPDA and dnOPDA. Then,
OPDA is transported from chloroplast into the peroxisome,
where it gets reduced by OPR3 and subsequently shortened by
three B-oxidation rounds, finally yielding JA[(+)-7-iso-JA] (Figure
1). dnOPDA is believed to follow the same pathway as OPDA
to produce JA with one less B-oxidation round [22]. Upon re-
lease into the cytosol, JA is then metabolized into a variety of
structures through different reactions, such as conjugation with
amino acids, hydroxylation, carboxylation, and methylation, giv-
ing birth to a collection of JA derivatives with different biologi-
cal activities [9,23,24]. Among them, the JA conjugation to the
isoleucine by jasmonyl-isoleucine synthetase (JAR1) forms the
most bioactive form of the hormone, i.e., (+)-7-iso-JA-lle (JA-
Ile) [25]. When transferred into the cell nucleus, the bioactive
JA-lle, through a “relief of repression” model, activates several
key TFs, such as MYC2, for downstream JA-responsive gene ex-
pression [26-28]. The OPR3-independent pathway was recently
identified by studying a total loss-of function OPR3 mutant,
opr3-3 [29]. In the absence of OPR3 activity, OPDA can directly
enter the B-oxidation pathway to form dnOPDA, which then
gets converted into 4,5-didehydro-JA (4,5-ddh-JA) through two
more rounds of B-oxidation. Lastly, 4,5-ddh-JA is reduced to JA
by OPR2 in the cytosol (Figure 1). Nevertheless, the majority of
JA biosynthesis still occurs through OPR3 [29].

JA Perception and Signaling

JA signal perception and transduction implicate various TFs,
repressors, and members of ubiquitin proteasomal pathway.
The current JA model signaling transduction is illustrated in Fig-
ure 2.

SKP1/CULLIN/F-Box (SCF)°"* Complex

Exhaustive genetic screens identified the allele of coronatine
insensitivel (coil), suggesting COI1 functions in JA perception

in plants. It was considered as the receptor from two lines of
evidence-first, coil mutant exhibits male sterility, defective re-
sponses to JA-treatment and wounding and susceptibility to
necrotrophic pathogens and insects; secondly, COI/1 locus en-
codes an F-box protein that associates with its other counter
parts SKP1, Cullin, and Rbx proteins to form an E3 ubiquitin li-
gase [30,31]. COI1 show approximately 33% sequence similar-
ity with the auxin receptor TIR1 in amino acid sequence having
leucine-rich-repeats and F-box motif [32].

JAZ Proteins

After the discovery of the receptor, the most fascinating
question was to find out the substrate for SCFCOI1 E3 ubiqui-
tin ligase complex. This substrate was anticipated to be the key
negative regulator of JA signaling. In 2007, three independent
research groups discovered a new family of protein in Arabidop-
sis called JASMONATE ZIM DOMAIN (JAZ) proteins [26,33,34].
The JAZ proteins belong to the larger plant specific TIFY family,
consisting of a core TIF[F/Y]XG motif within the ZN-FINGER PRO-
TEIN EXPRESSED IN INFLORESCENCE MERISTEM (ZIM) protein
domain. A. thaliana consists of 12 JAZ proteins [26,33-35] that
are differentiated from other TIFY family proteins by the pres-
ence of C-terminally located Jas’s motif, SLX2FX2KRX2RX5PY
[34,36,37]. They contain N-terminal domain, a highly conserved
C-terminal Jas’s domain that mediates the interaction with
the COI1 and several transcription factors, and the conserved
protein-protein interaction domain, the ZIM (TIFY) domain that
helps in JAZ dimerization and interaction with NINJA and NINJA
recruits general transcriptional co-suppressor TPL through the
conserved EAR domain [28,35,37,38]. Moreover, it competes
with MEDIATOR25 (MED25) to interact with MYCs [39]. The Jas
domain is exclusively required to repress downstream targets
of JAZ proteins [26,33,34]. The initial clue about the role of JAZ
proteins in JA signaling came from the Jasmonate-insensitive
3 mutant (jai3), which is a mutant of JAI3/JAZ3 gene. In jai3-
1 mutant, the JAZ3 protein lacks the C-terminal portion which
perturbs its binding and degradation via SCF®* complex. This
resulted in accumulation of truncated JAI3/JAZ3 proteins in the
mutant which blocked the JA-induced degradation of other JAZ
proteins and hence dominant JA-insensitive phenotype [26].

Co-Receptor Complex

The co-receptor complex is formed by the physical interac-
tion of COI1 with the Jas domain of JAZ proteins in the presence
of JA-lle [27,32]. More recently, the role of Inositol Pentakispho-
sphate (IP5) as a cofactor in the formation of co-receptor com-
plex has been substantiated [27,40]. JA, OPDA, MelJA, and JA-lle
were tested for affinity in COI1JAZ1 binding. Surprisingly, only
JA-lle functioned as ligand for COI1-JAZ interaction [33]. Based
on the information available hitherto, the true jasmonates re-
ceptor is a co-receptor complex, consisting of the SCFCO/1 E3
ubiquitin ligase complex, JAZ degrons (JAZ1 to JAZ12) and IP5
[27].

Co-repressors

Co-repressors are transcriptional regulators that inhibit tran-
scription initiation. One such example is the group of Groucho/
Tupl corepressor family comprising of TOPLESS (TPL) and TPL-
related proteins (TPRs). TPL and TPR mediate repression by
recruiting histone deacetylases and demethylases that cause
chromatin modification [41]. TPL interacts with JAZ proteins via
ETHYLENE RESPONSE FACTOR (ERF)-ASSOCIATED AMPHIPHILIC
REPRESSION (EAR) motif. Those JAZ proteins that do not have
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the repression motif recruit TPL through an adapter protein
called NOVEL INTERACTOR OF JAZ (NINJA) [42]. NINJA was first
identified by Tandem affinity purification as an interactor of
JAZ1 [42].

JAZ Targets

The role of bHLH transcription factor MYC2 in mediating
the transcriptional regulation of JA is well defined and thus has
been considered the master regulator of many biological pro-
cesses [43,44]. The role of MYC2 in JA mediated responses is re-
vealed by the study of its mutant Jasmonate-Insensitivel (jin1).
Microarray analysis of wild type and the mutant myc2/jin1 ex-
posed the MYC2 role in JA- dependent transcriptional regula-
tion. MYC2 has twin function of an activator of JA-induced root
growth inhibition, anthocyanin biosynthesis and oxidative stress
tolerance and a repressor in mediating resistance to necrotro-
phic pathogens, insects and biosynthesis of tryptophan and
indol glucosinolates [43,44]. Besides MYC2, several other TFs
control diverse JA response. These TFs are MYC3, MYC4, MYB,
GL3, EGL3 AP, GL1 etc. [45]. MYC2 forms homo or heterodimers
with its close homologs MYC3 and MYC4 to regulate the tran-
scription of downstream targets [46] by binding to the G-box
(5'-CACGTG-3') and G-box related hexamers [47,48]. Moreover,
it participates in the crosstalks among JA, ABA, auxin, ET, GA,
and other signaling pathways [49].

Roles of SCF®* Complex, MYC2, and JAZ in JA Signaling
Pathway

COI1 protein, JAZ, and MYC constitute the core signal trans-
duction mechanism of JA signaling and have been proven to be
the intersection of other signal transduction pathways under
various stresses (Figure 2). JAZ and various TFs form specific
JAZ/TFs that specifically regulate multiple downstream respons-
es [50]. The JAZ-MYC module increases the concentration of de-
fense compounds to trigger defense response or inhibit plant
growth against pathogen infection [51]. In addition to the JAZ-
MYC module, COI1- JAZ2-MYC2, 3,4-ANAC19,55,72 [52], and
other specific JAZ-TF modules have been identified [53,54]. The
interaction between MYCs and JAZs may implicate other plant
hormone signaling pathways such as ET-mediated cell division
through ET RESPONSE FACTOR (ERF) TFs [39,52,55]. Generally,
the endogenous level of biologically active JA (JA— lle) is kept
very low plants but can be rapidly activated in response to vari-
ous stresses such as insect feeding or wounding. Then JA signal-
ing is perceived by JA receptor COI1, an important component
of SCF®", which binds to JAZs for ubiquitination and degrada-
tion through the 26S proteasome pathway. The competitive
binding and degradation of JAZ repressors can further release
the downstream TFs such as MYCs, resulting in the activation
of JA responses by MYCs [52,55]. To sum up, the three main
core components of JA signaling play an important role in plant
growth, development, and response to biotic or abiotic stresses.
When exogenous JA or extreme stress is applied, the concentra-
tion and application time may affect the transcriptional activi-
ties of different components in the JA signal module. Therefore,
according to the JA metabolic pathway under stress conditions,
corresponding stress-tolerance breeding may be developed to
improve crop resistance in agriculture.

JA Regulates Plant Response to Biotic/Abiotic Stresses

Plants encounter numerous challenges in terms of compe-
tition from other plants, organisms and because of the com-
plex environment. All these provocations have made the plants
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Figure 1: Simplified JA biosynthetic and metabolic pathways and
intracellular flux in Arabidopsis. The blue arrows represent the
octadecane pathway, the red arrows represent the parallel hexa-
decane pathway, and the green arrows represent the OPR3-inde-
pendent pathway. Biologically inactive JA derivatives are shown in
red. Biosynthetic and metabolic enzymes, as well as transporters
are boxed. 13-LOX: 13-lipoxygenase; AOS: Allene Oxide Synthase;
AOC: Allene Oxide Cyclase; OPR: OPDA Reductase; ACS: Acyl-CoA
Synthetases; JAR1: JA-Amido Synthetase; IAR3 and ILL6: Two JA
Amidohydrolases; JMT: JA Methyl Transferase; MJE: MelA Ester-
ase; JAO: JA Oxidase; JOX: Jasmonate Induced Oxidase; CYP94B3:
JA-lle-12-Hydroxylase; CYP94C1: 12-OH-JA-lle Carboxylase; JASSY:
OPDA Transporter; CTS: ABC Transporter COMATOSE; JAT: Jasmo-
nate Transporter. dnOPDA: Dinor-Oxo-Phytodienoic Acid; tnOPDA:
Tetranor-OPDA; OPC-8: 8-[3-oxo-2-{pent- 2-enyl}cyclopentyl]oc-
tanoic Acid; OPC-6: 6-[3-oxo-2-{pent-2-enyl}cyclopentyl]hexanoic
Acid; OPC- 4: 4-[3-oxo-2-{pent-2-enyl}cyclopentyl]butanoic Acid;
4,5-ddh-JA: 4,5-didehydro-jasmonate; JA-lle: (+)-7-iso-Jasmonoyl-
L-Isoleucine.

tougher and more flexible. The morphological flexibility has giv-
en them the advantage to counteract, inhabit and endure biotic
and abiotic challenges. Rapid changes in the plant biochemis-
try and physiology are mediated by the action of several phy-
tohormones. By tradition CK, auxins, BR, and GA have always
been associated to regulate developmental processes of plants,
whereas SA, JA and ET associate with plant defense and ABA
regulates plant’s response to abiotic stress. Now, it has been
quite evident from many reports that all hormones affect mul-
tiple plant functions. Thus, one can say that hormones not only
participate in plant developmental processes but also have a
say in plant’s response to abiotic stresses like drought, osmotic
stress, chilling injury, heavy metal toxicity etc. These adversities
have forced the plants to either employ avoidance as a mecha-
nism in order to surmount the stress or choose defense over-
growth [38,56-58]. Thus, stress activates signal transduction of
hormones which may promote specific protective mechanisms.

JA and Cold Stress

In order to adapt to extremely low temperatures, plants
have evolved complex mechanisms by regulating physiological
and biochemical processes, especially the modulation of stress-
related gene expression. The INDUCER OF CBF EXPRESSION
(ICE)- CBF transcriptional cascade signaling pathway plays a cen-
tral role in plant cold stress response [59]. ICE1 and ICE2, two
Basic Helix—Loop—Helix (bHLH) TFs in A. thaliana, upregulate
the expressions of CBFs through directly binding to CANNTG in
the promoter region of CBFs.
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Figure 2: Schematic representation of JA perception and signal
transduction pathway. (A) In the absence of stimuli, JAis not synthe-
sized. As a result, JA mediated gene expression is inhibited due to
the binding of JAZ repressors to the transcriptional activator MYC2.
JAZ proteins recruit TPL and adaptor protein NINJA. Together, JAZ-
NINJA-TPL form an active transcriptional repression complex that
inhibits jasmonate responses by converting an open complex to a
closed complex by recruiting HDA6, HDA19. (B) Upon stimulation
by pathogen/insect/wounding, JA is rapidly synthesized and read-
ily epimerizes to JA-lle. It then binds to COI1-JAZ-InsP5 co-recep-
tor complex causing ubiquitination and proteasomal degradation
of JAZ. This frees MYC2 and its homologs from repression which
then bind to G-box element present downstream of JA-responsive
genes upon homo/heterodimerization. This is followed by the re-
cruitment of MED25 that in turn bring RNAPol Il and general tran-
scription factors hence, causing diverse jasmonate responses. JA:
Jasmonic Acid; JA-lle: Jasmonate—isoleucine; JAZ: Jasmonate ZIM
Domain; NINJA: Novel Adaptor of JAZ; TPL: Topless; COI1: Corona-
tine Insensitive; Cul: Cullinl; RBX1: Ring Box1; Ub: Ubiquitin; ASK1:
Arabidopsis Skpl Homologl; InsP5: Inositol Pentakisphosphate;
GTF: General Transcription Factor; HDA6, HDA19: Histone Deacety-
lase 6, 19; MED25: Mediator25; RNAPol II: RNA Polymerase II.

In Rice growing at normal temperature, JAZ1 and JAZ4 inter-
act with ICE1 and ICE2 to inhibit the ICE-CBF signaling pathway
(Figure 3). Under low-temperature conditions, the expressions
of JA synthesis-related genes including allene oxide synthasel
(AOS1), DAD1, Allene Oxide Cyclase (AOC), LOX2, and AOS1 are
induced [1,59], and bioactive JA-lle is synthesized, thereby acti-
vating JA receptor COI1 to bind to JAZ1, resulting in the degrada-
tion of JAZ1 through 26S proteome after ubiquitination (Figure
3). Then, the ICE-CBF transcriptional regulation cascade signal-
ing pathway is activated, and the expressions of cold-regulated
genes are induced to improve plant cold tolerance.

JA and Drought Stress

Drought stress response is a complex process in plants. Sto-
matal closure can reduce water loss and is a potential drought
resistance mechanism of plants [60]. JA and JA precursor 12-
OPDA can promote stomatal closure in A. thaliana, and the in-
crease of OPDA content is related to the decrease of stomatal
aperture and improved drought resistance [61]. 13-Lipoxygen-
ase LOX6 is essential for the synthesis of 12-OPDA and plays an
important role in plant drought tolerance. In rice, when drought
stress is applied, LOX6 is synthesized to 12-OPDA, which pro-
motes stomatal closure and improves drought tolerance in the
presence or absence of ABA (Figure 4). In response to drought
stress, the JA signaling pathway is activated, and OsbHLH148
interacts with OsJAZ1 to activate the expression of OsDREBI,
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Figure 3: Schematic representation of regulation of cold stress tol-
erance by JA signal transduction pathway. (A) Under normal growth
conditions, JAZ repressor proteins physically interact and suppress
cold TF ICE1, thus repressing ICE/CBF-DREB1 pathway and render-
ing plants sensitive to freezing. (B) Upon cold induction, JA is syn-
thesized that rapidly isomerizes to JA-lle and lead to proteasomal
degradation of JAZ. This frees ICE1 that binds to CBF3 responsive
element leading to its expression. The CBF proteins bind to CRT/
DRE element causing the expression of COR genes that participate
in cold/freezing tolerance. JAZ: Jasmonate ZIM Domain Protein; TF:
Transcription Factor; ICE1: Inducer of CBF Expression; CBF-DREB1:
C Repeat Binding Factorl-Dehydartion Responsive Element Bind-
ing Factor 1B; COR: Cold Regulated; DRE: Dehydration Responsive
Element; CRT: C-Repeat; SFR6/MED16: Sensitive to Freezing6/Me-
diator16; RNAP II: RNA Polymerase Il; COI1: Coronatine Insensitive.
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Figure 4: JA-mediated drought stress response in plants. In re-
sponse to drought stress, the JA signaling pathway is activated;
OsbHLH148 interacts with OsJAZ1 to activate the expression of Os-
DREB1, together with JA-mediated root hydraulic conductivity and
stomatal closure, thereby improving drought tolerance in rice.

thereby improving drought tolerance in rice (Figure 4) [62].
Moreover, some antioxidant enzymes, including Superoxide
Dismutase (SOD), Peroxidase (POD), Catalase (CAT), proline,
and Relative Water Content (RWC), are increased to enhance
the ability of plants to cope with drought stress [62].

JA and Heavy Metal/Metalloid

Although many metal ions are essential nutrients some are
toxic to both plants and animals [63,64]. Excess of essential
metals or even metalloid induce toxicity in plants, which may
result into oxidative stress leading to physiological changes [65].
JA application, however, enhanced accumulation of osmolytes
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Figure 5: Jasmonic Acid (JA)-mediated disease resistance against
Magnaporthe oryzae and Pseudomonas syringae. (A) Jasmonic
Acid (JA)-mediated disease resistance against Magnaporthe oryzae
in rice. When rice blast fungus is compatible with rice, rice blast
fungus secretes Antibiotic Biosynthetic Monooxygenase (Abm) and
inhibits JA activity and immune response. When rice blast fungus
and rice are incompatible, Abm secreted by rice blast fungus is de-
graded, resulting in the accumulation of Methyl Jasmonate (MelJA)
and the activation of JA downstream response as well as immune
response. (B) JA-mediated disease resistance against Pseudomonas
syringae in Arabidopsis. HopZ1a directly interacts with JASMONATE
ZIM DOMAIN PROTEIN (JAZ) proteins and induces the acetylation
of JAZ proteins, thereby activating the JA signaling pathway. As one
kind of functional JA analog, Coronatine (COR) can induce CORONA-
TINE INSENSITIVE 1 (COI1) to bind to JAZ proteins, thereby activat-
ing JA downstream response and plant immune response.

while carotenoids enhanced antioxidant enzyme concentra-
tion which prevented the plants from damage by excess metal
ions [66]. Excess cadmium produces ROS, H,0,, and superoxide
radicals which cause oxidative damage in plants [67]. However,
MJ application reduces this damage by about 30% in soybean
and A. thaliana [68]. Excess boron in the soil may be absorbed
by plants and can cause visible damage such as leaf burn, de-
creased fruit size [69] besides ROS production in wheat [70],
barley [71], and tomato [72]. Foliar spray of MJ alleviated the
above symptoms significantly by stimulating the antioxidant
production with a consequent reduction in lipid peroxidation.
Heavy metal stress is also alleviated by activating the antioxi-
dant system [73]. MJ strengthened tolerance in A. thaliana
plants against copper and cadmium stress through accumula-
tion of chelating ligands which form complex with metal ions
and prevent their availability to plant. Singh and Shah [74] re-
ported that under cadmium stressed O. sativa, application of
MJ exhibited remarkable changes in activity of CAT, SOD, and GR
paralleled with increased glutathione pools.

JA and Fungal diseases

Hemibiotrophic and necrotrophic fungi have a wide host
range, resulting to serious yield losses in many important crops
[75,76]. JA plays an important role in inducing plant against
necrotrophic and hemibiotrophic pathogen and herbivorous
insect feeding [76-78]. Some hemibiotrophic fungi can metabo-
lize JA produced by host plants. The Antibiotic Biosynthetic Mo-
nooxygenase (Abm) formed by Magnaporthe grisea can con-
vert JA into 12-OH-JA to weaken JA signaling and promote the
colonization of Magnaporthe oryzae [79,80]. When rice blast
fungus and rice are incompatible, Abm secreted by rice blast
fungus is degraded, resulting in the accumulation of MeJA and
the activation of JA downstream response as well as immune
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Figure 6: JASMONATE ZIM DOMAIN PROTEIN (JAZ)-mediated cross-
talks among JA hormone signaling pathways in plant growth and
stress responses. (A) The complex crosstalk between JA and auxin
signaling pathways. JA and auxin signaling pathways coordinately
regulate flower development through modulation of JA, while JA
and auxin antagonize root growth through JAZs-MYC2. (B) The
complex crosstalk between JA and GA signaling pathways. The
JAZ-MYC2-DELLA-PIF signaling module being involved in the cross-
talk between JA and GA signaling can be elucidated. In addition,
many Transcription Factors (TFs) such as MYC3, MYC4, MYB21,
and MYB24 can also interact with DELLAs, so there may be syner-
gistic effect between JA and GA signaling. (C) The complex cross-
talk between JA and Abscisic Acid (ABA) signaling pathways. The
crosstalk between PYRABACTIN RESISTANCE1-Like protein (PYL)
and JAZ-MYC2 coordinates the balance between plant growth and
defense resistance. (D) The complex crosstalk between JA and Eth-
ylene (ET) signaling pathways. JA and ET coordinately regulate plant
stress responses through JAZs-MYC2 and EIN3/EIL1, especially in
resisting necrotrophic or hemibiotrophic pathogens. (E) The com-
plex crosstalk between JA and SA signaling pathways. SA initiates
early defense-related gene expression in pathogen-infected plants,
while JA induces late defense-related gene expression in pathogen-
infected plants, mainly in the necrotrophic stage of necrotrophic
or hemibiotrophic pathogens. (F) The complex crosstalk between
JA and Brassinosteroids (BR) signaling pathways. The crosstalk be-
tween JA and BR biosynthesis may be involved in the balance be-
tween plant growth and defense resistance.

response (Figure 5A). So far, the JA-MYC2—-PDF1.2 module is
widely involved in plant— fungi interaction [80]. With the effect
on promoting pathogenesis, the expression of LOB DOMAIN-
CONTAINING PROTEIN 20 (LBD20) is closely related to VSP2 and
THIONIN 2.1 (Thi2.1) as well as MYC2 [81]. MED19a is an impor-
tant member of the mediator co-activator complex in JA signal-
ing, and it can be degraded by an oomycete effector protein
HaRxL44 [82]. We have to note that the underlying mechanism
of the JA signaling pathway in plant—fungi interaction remains
elusive and needs to be further investigated.

JA and Bacterial Diseases

Many pathogenic variants of hemibiotrophic bacteria Pseu-
domonas syringae can produce polyketide toxin coronatine
(COR), AvrB, and HopZ1la. The most widely known example of
JA-mediated plant—pathogen interaction is regulated by COR.
COR is an active substance similar to JA-lle in structure and
function, with two moieties including coronamic acid and coro-
nafacic acid [83]. On the one hand, COR can promote bacte-
rial infection through the modulation of pathogen-associated
molecular Pattern-Triggered Immunity (PTI)-activated stomatal
closure and defense response [27,31]. On the other hand, COR
can directly bind to the COI1-JAZ complex, and the activation of
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COR-mediated JA signaling pathway inhibits SA-mediated plant
defense resistance against P. syringae infection [31,84]. In ad-
dition, COR has a toxic function by regulating secondary me-
tabolites and inhibiting callose formation, which is independent
of plant hormone antagonism [85-87]. Therefore, JA—lle mimics
such as COR may be essential for the infection of some bacte-
rial pathogens. COR can also enhance the interaction between
COI1 and JAZ proteins [31,88,89]. AvrB regulates JA signaling
through modulation of the COI1- dependent manner in Arabi-
dopsis [90]. In this case, the Arabidopsis protein RPM1-INTER-
ACTING PROTEIN 4 (RIN4) appears to be involved [88,91]. AvrB
interacts with RIN4 and triggers the plasma membrane localized
AHA1. Both AvrB and AHAL promote the interaction between
COI1 and JAZ, thereby regulating stomatal opening and plant
defense response [88]. Unlike COR and AvrB, as an acetyl trans-
ferase, HopZ1a directly interacts with JAZ proteins and induces
the acetylation of JAZ proteins, thereby activating the JA signal-
ing pathway (Figure 5B) [92].

Crosstalk between JA and Other Plant Hormone Signaling
Pathways

The crosstalk between plant hormones is the core of plant
stress response [90]. JA does not work independently but acts
in a complex signaling network combined with other plant hor-
mone signaling pathways [6-8,59]. As a core component of JA
signaling, the role of JAZs-MYC2 in the crosstalk of plant hor-
mone signaling pathways is highlighted in this chapter, especial-
ly in the crosstalk of JA—auxin, JA-GA, JA— ABA, JA—ET, JA-SA,
JA-BR, and signaling pathways [20,50,93-95] (Figure 6).

JA-Auxin Crosstalk

JA and auxin signaling pathways coordinately regulate plant
growth and development. COI1, MYC2, and JAZ, as the main
core components, participate in the crosstalk of JA and auxin
signaling pathways (Figure 6A). When plants are induced by
exogenous auxin, the auxin—TIR-AUX/IAA-ARF signaling is acti-
vated, and JA synthesis is induced. On the one hand, the endog-
enous JA induces the expression of auxin synthase gene (ASA1)
and auxin content, so JA regulates the biosynthesis of auxin and
further regulates the expression of JAZ1 and root growth. On
the other hand, JA induces the formation of a complex of COI1
and JAZ and leads to the degradation of JAZ, thereby activat-
ing the transcriptional activities of MYB21/MYB24 and inducing
flower development. Notably, MYC2 inhibits the expressions of
PLETHORAs (PTL1 and PTL2) and counteracts the auxin—TIR-
AUX/IAA-ARF signaling, to regulate root growth [96]. In addi-
tion, ARF6/ARFS8 in the auxin signaling pathway regulates petal
and stamen growth through modulation of endogenous JA
level, and MYB21/MYB24 as downstream of JAZ in JA signaling
pathways also coordinately regulate petal and stamen growth
[97]. Thus, JA and auxin signaling pathways coordinately regu-
late flower development through modulation of JA, while JA
and auxin antagonize root growth through JAZs-MYC2.

JA-GA Crosstalk

JA and GA signaling pathways coordinately and antagonis-
tically regulate plant growth and defense response; however,
plant defense response is exerted at the cost of inhibiting
growth [38,98]. The C-terminus of JAZs is necessary for the in-
teraction between JAZs and MYC2 and between JAZs and DEL-
LAs, so DELLAs can completely interact with JAZs [99]. In the
absence of GA, stable DELLA interacts with JAZ to release MYC2,
resulting in the activation of MYC2 downstream genes. At the

same time, DELLA interacts with JAZ to inhibit the expression
of JA biosynthetic genes (DAD1 and LOX) and further inhibits
JA biosynthesis as well as the activities of MYB21 and MYB24
(Figure 6B), thereby regulating stamen development [100]. GA
induces the degradation of DELLA and the binding of JAZ to
MYC2, to inhibit JA signaling. In addition, GA induces PIF3/PIF4
to regulate photomorphogenesis (Figure 6B) [101]. Notably, JA
delays GA-mediated degradation of DELLA, the della mutant is
less sensitive to JA-inhibited plant growth inhibition, and AtJAZ9
inhibits the interaction between DELLA and PIF3 [98]. There-
fore, the molecular cascade involving the JAZMYC2-DELLA-PIF
signaling module in the crosstalk between JA and GA signaling
pathways can be elucidated. Moreover, many TFs such as MYC3,
MYC4, MYB21, and MYB24 can also interact with DELLAs, so
there may be a synergistic effect between JA and GA signaling
pathways [102].

JA-ABA Crosstalk

ABA and JA signaling pathways coordinately regulate plant
response to herbivorous insect feeding while antagonizing
plant growth and development. JAZs-MYC2 participates in
the crosstalk between JA and ABA signaling pathways, affect-
ing plant growth and defense [96]. ABA receptor PYRABACTIN
RESISTANCE1-Like proteins (PYLs) regulate metabolic repro-
gramming in Arabidopsis thaliana and tobacco through the JA
signaling pathway. Therefore, the crosstalk between ABA and
JA signaling pathways can monitor elicitor induced reprogram-
ming of plant metabolism and growth [103]. ABA receptor PYL
forms a complex with JAZ, which activates the transcriptional
activated activity of MYC2. On the one hand, MYC2 activates
the expression of JA responsive gene VSP2 under the mediation
of MED25 to resist herbivorous insect feeding. On the other
hand, MYC2 inhibits the expressions of PTL1 and PTL2 as well
as root growth. Additionally, ABA initiates the degradation of
JAZ12, which plays a specific role in the crosstalk between JA
and ABA signaling pathways [104]. Thus, the crosstalk between
JA and ABA signaling, especially between PYL and JAZ-MYC2,
coordinates the balance between plant growth and defense re-
sistance (Figure 6C).

JA-ET Crosstalk

JA and ET antagonize or coordinately regulate plant stress
response [105,106] (Figure 6D). ET INSENSITIVE3 (EIN3) and its
homologue EIN3-like 1 (EIL1) in the ET signaling pathway as well
as JAZs-MYC2 in the JA signaling pathway are involved in the
crosstalk between JA and ET signaling pathways [107]. On the
one hand, exogenous JA triggers the degradation of JAZ, and
the release of MYC2 regulates the expression of ORA59/ERF1
and wound responsive gene VSP2, to resist herbivorous insects.

On the other hand, JAZ inhibits the transcriptional activity
of EIL2/EIN3 in the ET signaling pathway and activates down-
stream ORA59/ERF1 that targets the promoter of PLANT DE-
FENSIN 1.2 (PDF1.2) and induces its expression, thereby resist-
ing the infection of necrotrophic pathogens and hemibiotrophic
pathogens [108]. Generally, the JA signaling pathway synergisti-
cally crosstalk with the ET signaling pathway against necrotro-
phic pathogen attacks and activates the expression of defense
proteins such as PDF1.2 through ERF1 and ORA59. Thus, JA and
ET coordinately regulate plant stress responses through JAZs-
MYC2 and EIN3/EIL1, especially in resisting necrotrophic or
hemibiotrophic pathogens [3].

JA-SA Crosstalk
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Generally, JA is widely involved in regulating disease re-
sistance against necrotrophic pathogens, while SA mediates
broad spectrum resistance against biotrophic and hemibiotro-
phic pathogens [109]. It has been shown that JA signaling can
inhibit SA accumulation through modulation of multiple NAC
TFs, such as ANAC019/055/072. Briefly, MYC2 directly binds
to the promoters of these NACs and then activates their tran-
scription. Then the activation of these NAC TFs further inhibits
the expression of ISOCHORISMATE SYNTHASE 1 (ICS1) as an SA
biosynthesis gene while triggering the expression of BENZOIC
ACID/SA CARBOXYL METHYLTRANSFERASE 1 (BSMT1) as an SA
methylation gene [89]. In addition, the crosstalk between JA
and SA signaling pathways involves many components, includ-
ing redox regulators Glutathione (GRX) and Thioredoxin (TRX)
[110], MYC2, TGAs, and PDF 1.2 [111] and WRKY70 [112].

In the presence of exogenous SA, NONEXPRESSOR OF PR
GENES1 (NPR1) is activated to induce the transcriptional-acti-
vated activity of WRKY70, which promotes the expression of
PR1 by binding to the promoter region of PR1 and inducing de-
fense response. In the meanwhile, NPR1 polymers are mono-
merized by TRX through SA-induced redox state changes, and
then monomers such as GRX480 are transported to the nucleus
and specifically bind to TGAs, which also directly regulate the ex-
pression of PR1 [109,111,113-115] (Figure 6E). Thus, the trans-
formation between NPR1 polymer and monomer has a dual
role in inhibiting and activating defense-related gene expres-
sion [38]. Interestingly, the induction of GRXs can block TGA-
mediated JA response gene expression, such as ORA59, further
confirming SA-JA antagonism [115]. MPK4 positively regulates
GRX480 in the SA signaling pathway and negatively regulates
MYC2 in the JA signaling pathway, which is necessary for JA re-
sponsive genes (PDF1.2 and THI2.1) [38]. Therefore, MYC2 and
its upstream MPK4 are involved in the crosstalk between JA
and SA signaling pathways, which coordinately regulate plant
disease resistance against necrotrophic or hemibiotrophic
pathogens. SA initiates early defense-related gene expression
in infected plants, while JA induces late defense-related gene
expression in infected plants, mainly in the necrotrophic stage
of necrotrophic or hemibiotrophic pathogens.

JA-BR Crosstalk

JA inhibits plant growth, while BR induces above-ground
plant growth. The crosstalk between JA and BR signaling path-
ways is involved in the balance between plant growth and de-
fense resistance. On the one hand, low concentration of BR in-
duces the expression of OsDI1 and OsDWARF at the early and
late stages of BR biosynthesis, respectively, and anthocyanin
accumulation and activates defense response.

On the other hand, high concentration of BR activates BR
signaling cascades including BR receptor BRI1, BR-related ki-
nase BAK1, and BR-related TFs to induce the expressions of
downstream genes such as BES1 and BZR1, thereby regulating
plant responses to abiotic stresses (Figure 6F). JA induces JAZ
to bind COI1, and MYC2 activates the expression of VSP2 under
the mediation of MED2, thereby resisting herbivorous insect
feeding (Figure 6F). Notably, high concentration of BR inhibits
endogenous biosynthesis of JA and BR, and JA also inhibits BR
biosynthesis [116]. Thus, the crosstalk between JA and BR bio-
synthesis may be involved in the balance between plant growth
and defense resistance.

Role of Crosstalk between JA and Other Plant Hormones in
Plant Growth and Defense Balance

The crosstalk between plant hormone signaling pathways
promote the balance between plant growth and defense [117].
In order to survive and reproduce, plants should not only main-
tain growth but also resist pathogen infection. Therefore, the
balance between plant growth and defense resistance has im-
portant ecological, agricultural, and economic values. The JAZ-
MYC module in the JA signaling pathway plays a central role in
the balance by integrating TF complexes and plant metabolic
pathways [118]. When plants are infected by pathogens, PTI
as the first defense system of plants, is activated rapidly, fol-
lowed by SA, JA, and other plant hormone signaling pathways.
In the meanwhile, auxin, BR, and GA signaling pathways related
to plant growth are inhibited [119,120]. The changes in the
amount and composition of stress-related hormones promote
plant defense response [121,122]. When plants are subjected to
biotic stress, the transient PTI response and the subsequent SA,
JA, GA, BR, and other plant hormone signaling pathways have
certain persistence [3]. SA signaling is mainly involved in dis-
ease resistance against biotrophic pathogens, while JA signal-
ing is mainly involved in disease resistance against necrotrophic
pathogens or the necrotrophic stage of hemibiotrophic patho-
gens [123]. The crosstalk between GA and JA signaling pathways
plays a major role in balancing plant growth and defense against
biotic and abiotic stresses [98,99,101,124-126]. GA regulates
many aspects of plant growth, and JA plays a major role in stress
response. JA and BR coordinately regulate plant environmen-
tal stresses, while JA and BR antagonize plant growth [127]. BR
negatively regulates PTl response, because the inhibition of PTI-
induced gene expression may lead to the decrease of BR bio-
synthesis [128]. In summary, the balance between plant growth
and defense disease depends on the crosstalk between PTI, JA,
SA, BR, and GA signaling pathways.

Conclusion and Prospect

In nature, plants are often subjected to diver’s abiotic and
biotic constraints. In response to those lasts, plants initiate a
series of defense responses, PTI and Effector-Triggered Immu-
nity (ETI); among them are the main defense ones. The phyto-
hormone signaling network also plays basic and crucial role in
the early regulation of plant defense response as well as plant—
pathogen interaction. Because phytohormones are natural and
nontoxic in plants and the crosstalk among them regulate the
balance between plant growth and defense resistance, it may
have a broad application prospect to develop phytohormones
as safe and environment-friendly elicitors by utilizing the cross-
talk between plant hormone signaling pathways. In recent de-
cades, although the JA signaling pathway has been extensively
investigated, the current understanding of its role in different
environmental stresses is limited, due to the complex networks
and crosstalk between multiple stresses and multiple signaling
pathways. So far, the molecular mechanism of JA signaling in
stress responses remains elusive. Compared with unidentified
components, the identified components in plant hormone sig-
naling pathways are limited. In addition, so many receptors and
kinases exist in the cell membrane, and different environmental
stresses may activate multiple enzymes, with a series of acti-
vation of secondary messengers such as Ca?* and the reaction
of kinase-TF-downstream genes. At present, there are still a lot
of questions or gaps in understanding the crosstalk between JA
and other hormones in plant stress responses, especially in the
perception of multiple environmental signals. With the devel-
opment of protein interaction omics, the complex protein inter-
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action network may provide more clues to the understanding of
complex stress signaling perception and protein complex medi-
ated plant hormone crosstalk. Moreover, data in the lab maybe
largely different from those in the field, providing limited in-
formation for agriculture production. Therefore, it is necessary
to comprehensively analyze plant hormone signaling networks
during the whole developmental stages in the field; this will
provide more values for crop breeding in the future. Further
investigation will provide a novel insight into developing plant
hormones for agricultural production by improving stress resis-
tance and crop quality.
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