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Abstract: The phytohormone jasmonic acid (JA), a cyclopentane fatty acid, mediates plant responses
to abiotic stresses. Abiotic stresses rapidly and dynamically affect JA metabolism and JA responses by
upregulating the expression of genes involved in JA biosynthesis and signaling, indicating that JA has
a crucial role in plant abiotic stress responses. The crucial role of JA has been demonstrated in many
previous studies showing that JA response regulates various plant defense systems, such as removal
of reactive oxygen species and accumulation of osmoprotectants. Furthermore, increasing evidence
shows that plant tolerance to abiotic stresses is linked to the JA response, suggesting that abiotic
stress tolerance can be improved by modulating JA responses. In this review, we briefly describe the
JA biosynthetic and signaling pathways and summarize recent studies showing an essential role of
JA in plant responses and tolerance to a variety of abiotic stresses, such as drought, cold, salt, and
heavy metal stress. Additionally, we discuss JA crosstalk with another key stress hormone, abscisic
acid, in plant abiotic stress responses.
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1. Introduction

Abiotic stresses, including drought, cold, salt, and heavy metal stress, negatively
affect plant growth and productivity by disrupting a variety of biological systems such
as reactive oxygen species (ROS) homeostasis, the electron transport system, electrolyte
maintenance, organelle integrity, and membrane lipid composition [1,2]. Furthermore,
global climate change may increase the severity and frequency of abiotic stresses, threat-
ening food production around the world. For example, it is expected that more than 50%
of the world’s arable land will be exposed to drought stress by 2050 [3,4], indicating that
development of crops with enhanced abiotic stress tolerance is critical for future sustainable
crop production.

Plants have evolved various defenses against abiotic stresses, and the plant defenses
include accumulation of osmoprotectants such as proline and trehalose, and activation of
ROS scavenging systems [5,6]. Especially, abiotic stresses strongly promote the production
and accumulation of ROS, and the increased ROS induces oxidative damages of cellular
proteins and lipids, leading to dysfunction of proteins and loss of membrane integrity [1,7].
The activation of plant defense systems is tightly linked to transcription of stress-responsive
genes, and cellular ROS activates transcription of stress-responsive antioxidant genes such
as SUPEROXIDE DISMUTASE (SOD), CATALASE (CAT) and ASCORBATE PEROXIDASE
(APX) through the MITOGEN-ACTIVATED PROTEIN KINASEs (MAPKs) signaling path-
way [7–9]. The phytohormone jasmonic acid (JA) mediates plant responses to abiotic
stresses by regulating transcription of stress-responsive genes including antioxidant genes
under stress conditions [10–14]. The essential role of JA was supported by studies showing
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that the expression of JA biosynthetic and signaling genes is rapidly and dynamically regu-
lated by abiotic stresses, and that overexpression of JA-responsive NAC, MYB, and WRKY
transcription factors affects tolerance to abiotic stresses [15–18]. Therefore, JA-related
pathways provide many potential targets for modulating abiotic stress tolerance.

Phytohormones interact with each other to modulate plant physiology and develop-
ment. The isoprenoid phytohormone abscisic acid (ABA) mediates the plant response to
abiotic stresses, and increasing evidence suggests that JA interacts with ABA to modulate
the abiotic stress response and tolerance. For example, ABA biosynthetic genes and cellular
ABA levels increased in response to JA, and conversely, expression of JA biosynthetic genes
and cellular JA levels increased in response to ABA [19,20]. Moreover, the JA-signaling
mutant jar1-1 showed a reduced response to ABA [21]. Moreover, the expression of many
stress-responsive transcription factors is regulated both by JA and ABA [15–18]. Although
the molecular and genetic mechanisms underlying the crosstalk between JA and ABA
remain largely unrevealed, these findings partially support that JA interacts with ABA to
modulate the plant response and tolerance to abiotic stresses.

Here, we briefly review the JA biosynthesis and signaling pathways, and discuss the
role of JA in the plant response and tolerance to abiotic stresses, focusing on drought, cold,
salt, and heavy metal stress. Furthermore, we discuss JA crosstalk with another key stress
hormone, ABA, in plant abiotic stress responses.

2. Jasmonic Acid
2.1. JA Biosynthesis

JA is an essential phytohormone involved in the plant response to abiotic and biotic
stresses, and JA and its derivatives are collectively referred to as jasmonates. JA was ini-
tially isolated as a methyl ester form of JA in Jasminum grandiflorum [22]. JA is classified as a
cyclopentane fatty acid. JA is synthesized from α-linolenic acid, a major fatty acid of mem-
branes in plant cells [23,24]. Briefly, JA biosynthesis is catalyzed by a variety of enzymes,
such as lipoxygenase (LOX), allene oxide synthase (AOS), allene oxide cyclase (AOC),
and oxophytodienoic acid reductase (OPR), which mediate the octadecanoid pathway
(Figure 1) [25–28].
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Figure 1. JA biosynthesis. JA is biosynthesized from α-linolenic acid via the octadecanoid pathway.
A variety of enzymes in plastids (lipoxygenase (LOX), allene oxide synthase (AOS), and allene
oxide cyclase (AOC)), enzymes in in peroxisomes (OPDA reductase (OPR)), and in the cytoplasm
(jasmonate-amido synthetase (JAR1) and jasmonate methyl transferase (JMT)) mediate JA biosynthe-
sis in plants.

In plastids, α-linolenic acid is oxygenated to 13S-hydroperoxyoctadecatrienoic acid (13-
HPOT) by the activity of LOX, and 13-HPOT is then converted to cis-(+)-12-oxophytodienoic
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acid (cis-(+)-OPDA) by AOS and AOC [26,28]. The OPDA is imported into peroxisomes. In
peroxisomes, the OPDA is reduced by OPR, and is then shortened to form (+)-7-iso-JA in
three rounds of β-oxidation [29]. The (+)-7-iso-JA is then transported to the cytoplasm and
further metabolized into methyl jasmonate (MeJA) or JA-isoleucine (JA-Ile) conjugate by
jasmonate methyl transferase (JMT) and jasmonate-amido synthetase (JAR1) [30,31]. Details
of the JA biosynthetic pathway have been well reviewed in many previous studies [32–35].
Plants exposed to abiotic stresses increase cellular JA levels by activating the expression
of JA biosynthetic genes, suggesting that JA is an essential hormone that mediates plant
responses to abiotic stresses [36,37].

2.2. JA Signaling Pathway

Studies showing that exogenous JA treatment rapidly activates the expression of
genes involved in plant defense suggested the existence of a JA-specific signaling pathway
(Figure 2) [38–40]. Indeed, JA regulates the plant response and tolerance to abiotic stresses
through the JA-specific signaling pathway, which is composed of the CORONATINE
INSENSITIVE 1 (COI1) receptor, JASMONATE ZIM-DOMAIN PROTEIN (JAZ) repressors,
and the JA-responsive transcription factor MYC2 [35,41]. JA-Ile interacts with the JA
receptor COI1, which is an F-box protein and functions in E3-ubiquitin ligase-mediated
proteolysis of JAZs. MYC2 is a key transcription factor in the JA signaling pathway. In 1996,
jasmonate insensitive 1 (jin1) mutants, in which JA response is suppressed, were identified in
Arabidopsis [42], and a study by Lorenzo et al. (2004) revealed that JIN1 encodes a MYC2
transcription factor [43]. MYC2 promotes the expression of JA-responsive genes by binding
to the G-box (5′-CACGTG-3′) in their promoter regions, indicating that activation of MYC2
is essential for the expression of JA responsive genes and induction of the JA response in
plants [44]. The COI1–JA-Ile interaction induces ubiquitin-mediated proteolysis of JAZs,
which is followed by the release of the MYC2 transcription factor from the JAZ–MYC2
complex, and transcription of JA-responsive genes. The essential roles of MYC2 in the
JA signaling pathway have been well demonstrated by knock-out and overexpression in
transgenic plants, and a variety of MYC2 orthologs have been identified in crops [45–49].
MYC2 differentially regulates JA-dependent genes [50].
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Figure 2. JA signaling pathway. A schematic of the JA signaling pathway. In the absence of JA,
MYC2 activity, which is responsible for transcription of JA-responsive genes, is repressed through
direct interaction with JAZs. JA biosynthesis and accumulation induced by abiotic stresses provoke
ubiquitin-mediated proteolysis of the JAZs, leading to activation of MYC2 and transcription of
JA-responsive genes. SCF, Skp1/Cullin/F-box COI1 complex; Ub, Ubiquitin.

3. JA and Abiotic Stresses

Abiotic stresses induce a variety of cellular disorders such as ROS accumulation,
electrolyte leakage, disruption of osmotic homeostasis, and chlorophyll degradation. JA
response is closely linked to plant response and tolerance to abiotic stresses, and increasing
evidence indicates that JA is deeply involved in the regulation of plant defense systems
such as ROS removal and osmoprotectants production. In this review, we discussed the role
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of JA in abiotic stress response, and the potential of JA to improve abiotic stress tolerance,
focusing on drought, cold, salt and heavy metal stress (Figure 3).
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Figure 3. Abiotic stresses and JA. A schematic of the abiotic stress-induced disorders in plants, and
the involvement of JA in plant tolerance to the abiotic stresses such as cold, drought, salt and heavy
metal stress.

3.1. JA and Cold Stress

Cold stress is a low-temperature stress including chilling (0–15 ◦C) and freezing (<0 ◦C)
stress. When Arabidopsis was exposed to cold stress for 12 h, cellular JA levels increased
by approximately 4-fold [51]. The expression of genes responsible for JA biosynthesis
was upregulated in the cold stress-treated plants, suggesting that cold stress promotes JA
production by activating the expression of JA biosynthetic genes. The relationship between
cold stress and JA levels was also shown in other crops. Cold stress in rice activates the
expression of JA biosynthetic genes such as OsLOX2, OsAOC, OsAOS1, OsAOS2, OsOPR1,
and OsOPR7, and consequently, cellular JA levels increased [36]. Artemisia annua also
accumulated higher JA levels in response to cold stress, and as expected, the expression of
JA biosynthetic genes was activated by cold stress [52]. These results indicated that JA is
involved in the plant response and tolerance to cold stress, and the result is that exogenous
JA treatment enhanced plant tolerance to cold stress supported this. For example, JA
treatment improved cold stress tolerance in orange (Citrus sinensis) [53]. JA-treated oranges
displayed higher expression levels of antioxidant genes and lower levels of H2O2 compared
with untreated control plants [53]. The effect of JA on cold stress tolerance was also reported
in banana (Musa acuminata); JA-treated banana fruit exhibited an enhanced tolerance to
cold stress compared with untreated fruit, and the JA treatment increased the expression of
genes involved in cold-stress tolerance [54].

The involvement of JA in the plant response and tolerance to cold stress was fur-
ther demonstrated by studies involving C-repeat-binding factors (CBFs). CBFs encode
APETALA2/ETHYLENE-RESPONSIVE FACTOR (AP2/ERF)-type transcription factors,
which induce the expression of cold-responsive genes [55–57]. Knock-out mutants that lack
activity of CBF1 showed a suppressed tolerance to cold stress, whereas CBF1-overexpressing
transgenic plants exhibited enhanced tolerance [58–61]. CBF1 expression is regulated by JA
as well as cold stress. Increasing evidence indicates that the JA-dependent regulation of
CBF expression is mediated by the physical interaction between JAZs and INDUCER OF
CBF EXPRESSION (ICE) proteins. ICEs are basic helix-loop-helix (bHLH) transcription
factors and promote the expression of CBFs through direct interaction with CBF promot-
ers [62,63]. Furthermore, JAZs directly interact with ICEs and suppress their transcriptional
activity [37]. This finding explains how JA promotes the expression of CBFs in response
to cold stress; JA biosynthesis induced by cold stress activates ICEs by degrading JAZs,
leading to mass transcription of CBFs.

The role of JA in the plant response and tolerance to cold stress was further supported
by studies using knock-out mutants or transgenic plants with modulated JA biosynthesis
and response. Knock-out mutants of AOS and LOX2 with defects in JA biosynthesis
were hypersensitive to cold stress compared with wild-type plants [37]. The role of JA
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in cold stress tolerance was also supported by a study using glutamate-like receptors
(GLRs) that regulate Ca2+ influx and signaling [64–66]. Cold stress increases intracellular
Ca2+ levels by promoting Ca2+ influx [67]. Increased Ca2+ induces mass transcription
of stress-responsive genes including JA biosynthetic and signaling genes by activating
Ca2+-dependent protein kinases (CPKs/CDPKs), which are required for phosphorylation
of stress-responsive transcription factors [68–70]. In Arabidopsis, overexpression of GLR1.2
and GLR1.3 promoted JA accumulation by activating the expression of JA biosynthetic
genes. In addition, GLR1.2- and GLR1.3-overexpressing plants exhibited an increased
expression of CBFs and displayed improved tolerance to cold stress. In contrast, glr1.2 and
glr1.3 mutants with reduced expression of CBFs were hypersensitive to cold stress [65].

Similar to Arabidopsis, exogenous JA improved cold tolerance in apple by increasing
the expression of cold-responsive genes including MdKIN1, MdRD29A, and MdCOR47.
A novel B-box (BBX) transcription factor, MdBBX37, that binds MdJAZs and MdICE1
regulates the JA-dependent cold response in apple. The JA-responsive MdBBX37 positively
regulates the expression of MdCBFs (which induce the expression of cold-responsive genes)
by modulating the interaction between MdJAZs and MdICE1. Additionally, MdBBX37
directly regulates the expression of MdCBF1 and MdCBF4 by binding to their promoters.
Consequently, the overexpression of MdBBX37 promoted the expression of cold-responsive
genes, leading to improved cold tolerance. In contrast, antisense inhibition of MdBBX37
suppressed the expression of cold-responsive MdCBFs, leading to reduced cold toler-
ance. MdMYC2 interacts with MdJAZs to induce the expression of JA-responsive genes
in apple [71]. Overexpression of MdMYC2 provoked the JA response and activated the
expression of MdCBFs, leading to enhanced tolerance to cold stress [72]. However, the
effect of MdMYC2 overexpression was nullified by overexpression of MdJAZ1 or MdJAZ4,
which interact with MdMYC2 [58]. In tomato, SlF3HL is a cold-responsive gene that
encodes 2-oxoglutarate Fe(II)-dependent oxygenase, which is involved in JA biosynthe-
sis [71]. Overexpression of SlF3HL promoted JA biosynthesis and activated the JA response,
whereas knock-down of SlF3HL reduced JA accumulation and the JA response. Analysis of
electrolyte leakage and ROS accumulation in these plants showed that SlF3HL positively
regulates cold tolerance in tomato.

3.2. JA and Drought Stress

Drought stress is a major abiotic stress affecting plant growth and productivity.
Drought stress can alter membrane integrity and reduce turgor pressure, and can also
reduce gas exchange by inducing the closure of stomata, leading to reduced photosynthetic
efficiency [73–75]. Studies have shown that JA biosynthesis is promoted in response to
drought stress, suggesting that JA is involved in the drought stress response. For example,
JA levels in tomato (Solanum lycopersicum) roots exposed to drought for 12 h were approxi-
mately 10-fold higher than those in untreated roots, and an increase in cellular JA levels
was also observed in tomato leaves [76]. Drought stress-induced JA accumulation was
also reported in wheat (Triticum aestivum); cellular JA levels increased by approximately
5-fold in response to drought stress for 24 h [77]. Drought stress induced the expression of
JA biosynthesis genes, such as LOX1, AOS1, AOC1, and OPR3, in wheat, indicating that
drought stress promotes JA production by activating the expression of JA biosynthetic
genes. Recent studies by Kim et al. (2017) and Ogawa et al. (2021) showed that drought
stress triggers dynamic metabolic changes that produce acetate to activate JA biosynthesis
and response, and exogenous acetate treatment improves drought tolerance [78,79]. These
findings indicate a mechanistic connection between drought and JA response, supporting
that JA is deeply involved in plant response and tolerance to drought stress.

The involvement of JA in the plant drought response was also shown by analyzing the
effect of exogenous JA on drought tolerance. JA-treated soybean (Glycine max) exhibited
improved tolerance to drought stress compared with the untreated control plants [80].
Drought induces cellular dehydration, osmotic imbalance, and ROS accumulation. Accu-
mulation of osmoprotectants and removals of ROS are deeply involved in plant defense
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system to drought stress, and the results that an osmoprotectant proline regulates ROS
homeostasis under abiotic stress conditions partially supported this [1,7,81,82]. JA in-
creased accumulation of proline and reduced ROS levels in plants [5,83]. The effect of
JA on proline and ROS levels was supported by the results showing that JA regulates
transcriptional expression of genes involved in proline metabolism and ROS scavenging
system [84–87]. The effect of exogenous JA on drought tolerance was also shown in other
crops such as maize (Zea mays) and pearl millet (Pennisetum glaucum) [86,87]. JA-treated
maize and pearl millet showed enhanced tolerance to drought stress by accumulating
osmoprotectants such as proline, and by promoting expression of genes that mediate the
removal of ROS [86,87].

JAZs are key repressors of the JA signaling pathway, and a study using knock-out or
overexpression of JAZs further revealed the crucial role of JA in the plant response and tol-
erance to drought stress. Fu et al. (2017) showed that OsJAZ1 knock-out rice (Oryza sativa)
mutants exhibited improved tolerance to drought stress, whereas OsJAZ1-overexpressing
transgenic rice plants displayed reduced tolerance [88]. Knock-out of OsJAZ1 increased the
plant survival rate by 8-fold, while overexpression of OsJAZ1 decreased the survival rate by
approximately 4-fold compared with wild-type plants grown in drought stress conditions.
Transcriptome analysis showed that overexpression of OsJAZ1 suppressed the expression
of OsbHLH148 (encoding a key JA-responsive transcription factor) and drought-responsive
genes such as OsDREB1A, OsDREB1B, SNAC1, and OsCCD1 [88–91]. OsbHLH148 is a
key transcription factor responsible for the expression of JA-responsive genes in rice and
directly interacts with OsJAZs, including OsJAZ1 [92]. Similar to the OsJAZ1 rice mutant,
OsbHLH148-overexpressing transgenic plants had upregulated expression of OsDREB1A,
B, C, E, and G, which are involved in drought stress tolerance, and as expected, drought
stress tolerance was improved in the OsbHLH148-overexpressing transgenic plants. These
findings suggested that drought tolerance can be improved by controlling the expression
of JA-responsive genes, and several studies have reported success with this approach. Acti-
vation of the plant defense system in response to drought stress depends on transcription
of stress-responsive genes, and JA-responsive transcription factors are deeply involved
in the process [88–91]. Expression of Grapevine (Vitis amurensis) VaNAC17 is induced by
JA and drought. Heterologous overexpression of the VaNAC17 in Arabidopsis increased
the expression of genes involved in JA biosynthesis and response and ROS removal under
drought conditions. Consequently, cellular JA levels in the VaNAC17-overexpressing trans-
genic plants increased under drought conditions, compared with wild-type plants while
cellular ROS levels were reduced. When drought tolerance of the VaNAC17-overexpressing
transgenic plants was tested by measuring the survival rate in drought conditions, the
transgenic plants displayed approximately 8-fold higher survival rates than wild-type
plants. This finding indicated that VaNAC17 improves drought tolerance by modulating
the JA response. In addition, the result that expression of VaNAC17 is also regulated
by another key stress hormone ABA suggested a potential interaction between JA and
ABA in VaNAC17-mediated drought response [93]. The essential role of JA-responsive
transcription factors in drought response and tolerance was also observed in IbMYB116
and GmTGA15. JA activates expression of sweet potato (Ipomoea batatas) IbMYB116 [94].
Heterologous overexpression of IbMYB116 in Arabidopsis upregulated the expression of
JA biosynthetic genes, such as LOX, AOS, AOC, and OPR, and promoted JA accumulation
and the JA response. The IbMYB116-overexpressing plants exhibited enhanced tolerance
to drought stress compared with wild-type plants. In addition, the IbMYB116-expressing
plants showed higher expression levels of genes encoding ROS scavenging enzymes and a
lower level of hydrogen peroxide (H2O2) than wild-type plants. These results indicated
that JA-responsive IbMYB116 promotes plant tolerance to drought stress by modulating
the JA response. Another JA-responsive transcription factor, GmTGA15, showed a similar
effect on drought tolerance in soybean [95]. Overexpression of GmTGA15 promoted the
accumulation of proline and improved tolerance to drought stress in soybean.
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3.3. JA and Salt Stress

Salt stress is caused by high concentrations of salts in the soil or water supply, which
restricts water uptake and disturbs the osmotic balance, leading to a variety of physiologi-
cal and developmental disorders, such as ROS accumulation, photosynthetic inhibition,
membrane leakage, and growth suppression [96–100]. In Arabidopsis, the cellular JA
level increased by 2.8-fold in response to a 24 h treatment with 100 mM NaCl, and the
increased JA level activated the JA response. The increase in the JA level by salt stress was
also shown in other plants [101]. Cellular JA levels in Medicago truncatula increased by
2.5-fold in response to a 1 h treatment of 200 mM NaCl [102]. Salt-treated M. truncatula
displayed higher expression levels of the JA biosynthetic genes MtAOS1 and MtAOS2 than
salt-untreated control plants. Similarly, salt stress induced the expression of JA biosynthetic
genes and promoted JA accumulation in maize and sweet potato [103,104]. These results
showed that JA is deeply involved in the plant response and tolerance to salt stress, and
studies on the effect of exogenous JA on salt tolerance supported this. Salt-reduced plant
growth and chlorophyll levels in soybean, almond (Prunus dulcis), and pepper (Capsicum
annuum) [105–107], whereas exogenous JA treatment reduced the negative effect of the salt
stress on plant growth and chlorophyll levels, indicating that JA promotes plant tolerance
to salt stress.

The role of JA in the salt response and tolerance was also tested by genetic approaches
using JA biosynthesis and signaling mutants. In Arabidopsis, LOX3 regulates the produc-
tion of JA. In normal growth conditions, the germination rate was similar between the
wild type and the LOX3 knock-out mutant (lox3). However, in salt stress conditions, the
germination rate in the lox3 mutant was 2.5-fold lower than that in wild-type plants [108].
In addition, the lox3 mutant showed approximately 3-fold lower JA levels than wild-type
plants under the salt stress conditions, indicating that JA regulates plant tolerance to salt
stress. Similarly, a tomato JA-deficient mutant, def-1, was less tolerant to salt stress [109].
Nitrogen accumulation in the def-1 mutant was significantly lower than that in wild-type
plants in salt stress conditions.

Several studies using overexpression systems also supported the role of JA in the
plant salt response and tolerance. Heterologous overexpression of peanut (Arachis hypogaea)
AhAOC, which is responsible for JA biosynthesis, increased cellular JA levels by 1.5-fold in
rice [110]. The transgenic rice exhibited increased expression levels of stress-responsive
genes such as OsLEA3, OsMYB2, and OsONAC045, and formed longer roots than wild-type
plants under salt stress conditions [110]. This finding was consistent with the result that
transgenic Arabidopsis heterologously overexpressing the maize JA biosynthetic gene
ZmOPR1 showed improved salt tolerance compared with wild-type plants [111]. Similar to
the overexpression of AhAOC and ZmOPR1, overexpression of Amur grape (Vitis amurensis)
VaNAC26 improved salt stress tolerance in Arabidopsis [112]. The transgenic Arabidopsis
plants heterologously overexpressing salt stress-responsive VaNAC26 showed an increased
expression of genes responsible for JA biosynthesis and accumulated approximately 3-fold
higher levels of JA than wild-type plants. These transgenic plants displayed around 4-fold
higher survival rates than wild-type plants when grown under salt stress conditions.

3.4. JA and Heavy Metal Stress

Heavy metals include metals and metalloids that have been associated with potential
toxicity or ecotoxicity, and heavy metal stress is caused by excessive accumulation and
absorption of heavy metals. Increasing evidence suggests that JA is involved in the plant
response to heavy metal stress. In Arabidopsis, cellular JA levels rapidly increased in
response to treatment with copper (Cu) or cadmium (Cd) [113,114]. For example, JA levels
increased by 4-fold and 6-fold in response to a 7 h treatment with 100 µM Cu or 100 µM Cd,
respectively [115]. Heavy metal-induced JA production was also reported in crops such as
pepper and rice. When pepper was exposed to 50 mg L−1 Cd for 48 h, cellular JA levels
increased by approximately 2-fold [116]. Similarly, a 6 h treatment of 100 mM Cu increased
JA levels by 9-fold in rice [117]. These results indicated that heavy metal stress promotes the
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accumulation of JA, and the finding that the expression of JA-biosynthetic or JA-responsive
genes is activated by heavy metal stress supported this. The involvement of JA in heavy
metal stress was also demonstrated in several studies analyzing the effect of exogenous
JA on plants exposed to heavy metals. Cd reduced root growth and chlorophyll b levels
in pepper, and exogenous JA treatment reduced these negative effects [116]. Lead (Pb)
reduced the levels of chlorophyll a and carotenoids in Wolffia arrhiza, and an exogenous JA
treatment recovered the Pb-induced reduction of chlorophyll a and carotenoids by reducing
Pb absorption and accumulation [118,119].

Genetic approaches using JA biosynthetic and signaling mutants further demonstrated
the role of JA in heavy metal stress. In Arabidopsis, the JA biosynthetic mutant aos was
hypersensitive to Cd [120]. Cellular accumulation of Cd and the Cd-induced albino
phenotype were more severe in the aos mutant than in wild-type plants. In another study,
the Arabidopsis lox1-1 mutant, which lacks the activity of LOX1, was less tolerant to Cd
than the wild type. In addition, Cd-induced accumulation of H2O2 was accelerated in the
lox1-1 mutant [121]. Similar to the JA biosynthetic mutants, the JA signaling mutant jar1-1,
in which the JA response is severely compromised, was also hypersensitive to heavy metal
stress. Selenium (Se) reduces root growth in Arabidopsis, and the inhibitory effect of Se
on root growth was more dramatic in the jar1-1 mutant than in the wild type [122]. The
role of JA in heavy metal tolerance was also shown in crops such as tomato. The tomato
spr2 mutant is a JA-deficient mutant [123]. When wild-type and spr2 plants were exposed
to the same concentration of Cd, the spr2 mutant exhibited more severe phenotypes in
Cd-induced growth inhibition and water loss than in wild-type control plants [124]. Unlike
JA biosynthetic or signaling mutants, transgenic plants overexpressing JA biosynthetic
genes with increased JA levels and response exhibited improved tolerance to heavy metal
stress. For example, overexpression of cotton (Gossypium hirsutum) GhAOS activated JA
biosynthesis and improved tolerance to heavy metal stress [125]. The survival rate of
GhAOS-overexpressing transgenic plants under Cu-treated conditions was approximately
2-fold higher than that of wild-type plants. Similarly, overexpression of wheat TaAOS
also improved plant tolerance to heavy metal stress caused by zinc (Zn) [126]. In Zn-
treated conditions, the chlorophyll level in tobacco (Nicotiana tabacum) heterologously
overexpressing TaAOS was around 3-fold higher than that in wild-type control plants.
These findings showed that JA plays an essential role in plant defense to heavy metal stress,
and suggested that heavy metal tolerance can be improved by modulating the JA response.

4. Crosstalk between JA and ABA

ABA is another key regulator determining the plant response and tolerance to abiotic
stresses, and numerous studies reporting that ABA biosynthesis is activated by abiotic
stresses, and plant tolerance to abiotic stresses is tightly linked to the ABA response sup-
port the essential role of ABA in stress tolerance [127–129]. Briefly, the biosynthesis of
ABA includes the production of the ABA precursor xanthoxin in plastids and conversion
of xanthoxin to ABA in the cytoplasm [129,130]. Production of xanthoxin is mediated
by the enzymatic activity of 9-cis-epoxycarotenoid dioxygenase (NCED). NCED expres-
sion and NCED activity are tightly linked to ABA biosynthesis and the ABA response,
indicating that NCED-mediated xanthoxin synthesis is a crucial step in ABA biosynthe-
sis [128,131–136]. Cellular ABA activates the expression of ABA-responsive genes and
provokes the ABA response through ABA-specific signaling pathway composed of ABA
receptors, phosphatases, kinases, and transcription factors [137,138]. ABA signaling is initi-
ated by the interaction between ABA and the ABA receptor PYRABACTIN RESISTANCE1
(PYR1)/PYR1-LIKE (PYL). The interaction activates the kinase activity of SnRK2, which is
responsible for phosphorylation and activation of the ABA-responsive transcription factors
(ABFs).

Increasing evidence suggests that JA interacts with ABA to modulate the plant re-
sponse and tolerance to abiotic stresses. In soybean and tomato, ABA levels increased by
approximately 8-fold and 2.3-fold in response to a 24 hr treatment with JA, respectively,
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and ABA accumulation was promoted in citrus fruits in response to JA treatment [77,139].
These results indicated that JA promotes ABA biosynthesis, and the finding that expression
of ABA biosynthetic genes is activated by JA supported this. Similarly, ABA affects JA
biosynthesis and accumulation. In Arabidopsis, a 3 h treatment of ABA activated the
expression of JA biosynthetic genes and increased JA levels by approximately 2-fold [131].
The promotion of JA accumulation by ABA treatment was also shown in rice [140]. These
findings indicated that ABA promotes JA biosynthesis, and a recent study showing that
ABA activated the biosynthesis of JA via a SAPK10–bZIP72–AOC pathway supported
this [140]. Collectively, these studies suggest that JA and ABA synergistically interact to
modulate the plant response and tolerance to abiotic stresses.

The synergistic interaction between JA and ABA has also been investigated by genetic
approaches. ABA levels in JA biosynthetic mutant aos were lower than those in wild-type
plants under drought conditions, and JA levels in ABA biosynthetic mutant aba2 were
lower than those in wild-type plants [141]. JA-responsive MYC2 is a key regulator of the JA
signaling pathway. Knock-out Arabidopsis mutants that lack the activity of MYC2 (atmyc2)
showed suppressed expression of JA-responsive genes and reduced tolerance to abiotic
stresses [50]. The expression of ABA-responsive genes DEHYDRATION 22 (RD22) and
ALCOHOL DEHYDROGENASE 1 (ADH1) was reduced in atmyc2 mutants. Together with
the result that the expression of JA-responsive MYC2 is regulated by ABA [142], these
findings suggested the interaction between JA and ABA in the abiotic stress response and
tolerance. As described in the section of JA and drought stress, OsbHLH148, is a key
transcription factor controlling JA and drought response in rice. Similar to the expression
of AtMYC2, the expression of OsbHLH148 was upregulated by JA and ABA, and the
upregulation was further increased by co-treatment of JA and ABA. Moreover, OsbHLH148
affects expression of ABA-responsive genes such as OsDREBs as well as JA-responsive
genes such as OsJAZs [92]. Crosstalk of JA and ABA was also shown in stomatal closure. JA
induces stomatal closure in wild-type plants. However, the effect of JA was not observed in
ABA biosynthetic mutant aba2 [143], and a study using jin1/atmyc2 and ost1 mutant plants
supported this [144,145]. The jin1 mutant was hyposensitive to ABA, and the effect of
exogenous ABA on stomatal closure was reduced in the jin1 mutant compared with wild-
type plants. In addition, exogenous ABA maintained the water content in wild-type plants
under abiotic stress conditions, but the effect of ABA was reduced or lacking in the jin1
mutant [145]. OPEN STOMATA 1 (OST1) encoding a serine–threonine protein kinase is a
key regulator of ABA-mediated stomatal closure [146]. Unlike wild-type plants, JA-induced
stomatal closure was abolished or significantly impaired in two alleles of OST1 knock-out
mutants (ost1-2 and srk2e) [144]. The interaction between JA and ABA in abiotic stress
response was also observed in a study using NCED-overexpressing transgenic plants [147].
NCED encodes a 9-cis-epoxycarotenoid dioxygenase, a key ABA biosynthetic enzyme.
Overexpression of the VaNCED1, which was isolated from a drought-tolerant cultivar of
Vitis amurensis improved drought tolerance in a drought-sensitive cultivar of Vitis vinifera.
The overexpression of VaNCED1 activated the expression of JA biosynthetic genes such
as AOC and OPR3, and increased the accumulation of JA as well as ABA levels. Recent
studies reported that JA-signaling proteins directly interact with ABA signaling proteins.
For example, a study by Aleman et al. (2016) showed the interaction between MYC2 and
ABA receptor PYL6, and a study by Sun et al. (2020) showed the interaction between JAZ1
and PYL4 [148,149]. ABIs function as key transcription factors in ABA signaling, and it was
also shown that JAZs interact with ABIs such as ABI3 and ABI5 [131,150,151]. Although
the molecular mechanisms underlying the crosstalk between JA and ABA remain largely
unknown, these findings support the crosstalk between JA and ABA, and suggest that
direct interaction between JA and ABA signaling components is deeply involved in the
JA-ABA crosstalk.
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5. Future Perspectives

Extensive studies have identified and characterized the components mediating phyto-
hormone biosynthetic and signaling pathways, including JA, and have provided important
clues to understand and modulate the hormonal responses involved in plant growth and
physiology. Here, we described the biosynthetic and signaling pathways of JA, and re-
viewed studies showing the role of JA in the plant response and tolerance to abiotic stresses.
The essential role of JA in the abiotic stress tolerance is partially supported by crosstalk
with another key stress hormone, ABA, suggesting that plant tolerance to abiotic stresses
can be improved by modulating JA biosynthetic and signaling processes.

Despite the essential role of JA in plant response and tolerance to abiotic stresses,
the molecular mechanisms underlying this process remain largely unknown. A variety
of cellular signaling pathways such as Ca2+ and ROS signaling are deeply involved in
plant stress response. Increasing evidence has shown that JA response is affected by Ca2+

and ROS levels, and conversely, the cellular level of Ca2+ and ROS are also affected by JA
response [21,68,69,152–155]. These findings suggest that JA signaling is connected with
other stress signaling networks, proposing that the connection is deeply involved in the
JA-mediated plant response and tolerance to abiotic stresses. Further genetic and molecular
studies will expand our understanding of how plants respond and adapt to abiotic stress
conditions, and how JA signaling is connected in other stress signaling networks in this
process.
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