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Abstract

Key message Extensive crosstalk exists among ABA and different phytohormones that modulate plant tolerance
against different abiotic stress.

Being sessile, plants are exposed to a wide range of abiotic stress (drought, heat, cold, salinity and metal toxicity) that exert
unwarranted threat to plant life and drastically affect growth, development, metabolism, and yield of crops. To cope with such
harsh conditions, plants have developed a wide range of protective phytohormones of which abscisic acid plays a pivotal role.
It controls various physiological processes of plants such as leaf senescence, seed dormancy, stomatal closure, fruit ripening,
and other stress-related functions. Under challenging situations, physiological responses of ABA manifested in the form of
morphological, cytological, and anatomical alterations arise as a result of synergistic or antagonistic interaction with multiple
phytohormones. This review provides new insight into ABA homeostasis and its perception and signaling crosstalk with
other phytohormones at both molecular and physiological level under critical conditions including drought, salinity, heavy
metal toxicity, and extreme temperature. The review also reveals the role of ABA in the regulation of various physiological
processes via its positive or negative crosstalk with phytohormones, viz., gibberellin, melatonin, cytokinin, auxin, salicylic
acid, jasmonic acid, ethylene, brassinosteroids, and strigolactone in response to alteration of environmental conditions. This
review forms a basis for designing of plants that will have an enhanced tolerance capability against different abiotic stress.

Keywords ABA perception and signaling - Abiotic stress - Antioxidants - Stress amelioration - Gene interactions

Introduction

Unlike animals, plants are sessile organism and are, thus,
constantly challenged by unfavorable environment, such as
drought, salinity, fluctuant temperature, and metal toxic-
ity that significantly hamper their survival capability and
longevity. The negative effects of abiotic stress impact the
plants at all phase of their life cycle which are evident at both
molecular and physiological level. According to the report of
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dos Reis et al. (2012), around 90% of the cultivable land is
affected by one or more abiotic stress (drought, high salin-
ity, cold, and heat) which accounts for about 70% yield loss
of the major crops (Mantri et al. 2012). Qadir et al. (2014)
reported that during last two decades (1990-2013), salinity
of the arable land has been increased by 37%. Additionally,
enhanced evapotranspiration due to change in global precipi-
tation patterns and global warming has increased the sever-
ity and frequency of drought stress (Dai 2011). Recently, in
a meta-analysis study, Raftery et al. (2017) predicted that the
average temperature of the earth is likely to be increased by
2.0 to 4.9 °C. Anthropogenic activities can further worsen
the condition through discharge of the contaminated water
and solid wastes in cropland that eventually leads to higher
accumulation of heavy metals. Accumulation of such toxic
elements above the safety level not only limits the produc-
tivity of crops, but also causes serious risk to human health
(Rehman et al. 2018). Estimates based on the integration of
climate change and crop yield model further suggest that
in coming days, the severity of the damage due to abrupt

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00299-023-03013-w&domain=pdf
http://orcid.org/0000-0003-2324-940X

962

Plant Cell Reports (2023) 42:961-974

change in environmental condition will further worsen the
productivity of major crops such as maize, rice, and wheat
that may lead to serious consequences for food security
of such a vast and still expanding population of the world
(Tigchelaar et al. 2018). To cope with such harsh condi-
tions, major phytohormones such as abscisic acid (ABA),
auxin, cytokinin, ethylene, gibberellin, jasmonic acid, sali-
cylic acid, and melatonin cumulatively play a major role in
ameliorating the negative effects of abiotic and biotic stress
in plants, contributing toward their higher tolerance level
(Verma et al. 2016).

All such forms of abiotic stress, as mentioned above,
hinder the growth, productivity, and development of major
crops. Severe abiotic stress leads to reduction in leaf area,
wilting and abscission of leaf, formation of reactive oxygen
species (ROS) that causes peroxidation of lipid membrane,
resulting in higher leakage of electrolytes from cells and
formation of cytotoxic metabolites, inactivation of enzymes,
and reduction in leaf pigments which lower the overall
viability of cells. Generation of tolerance level in plants
against harsh environmental condition is one of the most
complex mechanisms. Tolerance against abiotic stress
is contributed via multiple genes, located at various loci
and is, thus, a multigenic trait (Yamaguchi-Shinozaki and
Shinozaki 2006). Hence, mechanisms that might induce the
stress tolerance capability of plants are quite complicated
and cumbersome and have long been the focus of intensive
research of plant breeders and researchers.

ABA is the key phytohormone, which regulates a
wide range of physiological process (starting from seed
germination to stomatal regulation) and simultaneously
controls plant growth and development by regulating the
formation of various protective metabolites that enable
the plants to combat the damaging effects of stressed
environment, and hence accordingly designated as
‘universal stress hormone’ (Singh et al. 2022). Initial
studies revealed that ABA plays a pivotal role in leaf
abscission and seed dormancy and was, thus, named as
abscisin II and dormin (Hewage et al. 2020). However,
further studies confirmed that ABA is not directly involved
in senescence; rather, it regulates several processes that
lead to senescence (Xu et al. 2020). With the progress of
time, various studies focused on the crucial role played by
ABA in the mitigation of negative effects of abiotic stress
in plants by gene expression modulation, stomatal closure,
formation of protective metabolites, and other adaptive
biochemical processes (Bulgakov and Koren 2022; Kumar
et al. 2019; Vishwakarmaet al. 2017). The level of ABA
varies within plant species and tissues that contribute
toward controlling fruit ripening, growth inhibition, root
structure organization, and seedling development (Kozaki
and Aoyanagi 2022). Although ABA controls a wide range
of physiological processes, the growth, development, and
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tolerance against harsh condition are not the result of single
hormonal action. Abiotic stress response pathways are
mostly connected via some common elements generally
referred to as ‘nodes’ or connections of crosstalk (Kundu
and Gantait 2017). The term ‘crosstalk’ is generally used
to denote situation where different signaling pathways have
one or more common intermediates/components or common
outputs. Physiological response of plants against stressed
environment via alteration of various morphological,
anatomical, cytological, and biochemical processes arises
due to antagonistic or synergistic interaction among various
phytohormones (Muller and Munne-Bosch 2021). Thus,
tolerance in plants toward abiotic stress is an intricate
phenomenon that involves various cellular, molecular, and
metabolic aspects (Ronen et al. 2019). Traditional breeding
techniques are not efficient enough in developing abiotic
stress tolerance in plants. In addition, continuous rise in
global temperature further intensifies the effects of such
harsh conditions which again limits the success of breeding
techniques. Therefore, to improve the plant performance
and economic returns and to fulfill the food demand of the
continuous growing population of the world, it is important
to investigate new avenues for inducing the yield of crops
amidst the onslaughts of rapid changing climate. However,
we still have limited knowledge on complex regulatory
networks where multiple hormone pathways interact and
influence plant defence responses. The present review aims
to present an updated snapshot of the signaling crosstalk
operated by ABA for generating abiotic stress tolerance in
plants. ABA acts as an endogenous messenger in regulating
the water status of plants that helps the plants to respond
accordingly in stressed conditions like salinity, drought,
and cold. Plants respond to harsh conditions by mechanisms
which include both ABA-dependent and ABA-independent
processes (Swamy and Smith 1999). The regulation of
homeostasis and transportation of ABA along with its
signaling pathway has also been highlighted to decode the
effective mechanisms lying behind these crosstalk pathways
during plant stress response.

Homeostasis and transportation of ABA
in plants

ABA is a major sesquiterpenoid (C,sH,,0,) hormone bio-
synthesised in plants. ABA homeostasis is mostly controlled
in plants by its formation, transportation, catabolism, and
conjugation with other metabolites (Roychoudhury et al.
2013). There are at least two pathways for the biosynthe-
sis of ABA: fungi directly produce ABA from farnesyl
diphosphate, whereas plants indirectly produce ABA
from B-carotene (Finkelstein 2013). In most phytopatho-
genic fungi, cyclization of farnesyl diphosphate into
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27,4E-a-ionylidene ethane marks the beginning of for-
mation of ABA. Recently, Izquierdo-Bueno et al. (2018)
showed via gene inactivation, complementation, and chemi-
cal analysis, that BcStc5/BcAbaS is the key enzyme respon-
sible for ABA biosynthesis in fungi. Plants biosynthesize
ABA in response to abiotic stress mainly by upregulating
the activity of enzymes responsible for the formation of
ABA from f-carotene (Roychoudhury and Basu 2012). In
Arabidopsis, the biosynthesis of ABA begins with the epoxi-
dation of zeaxanthin to produce all-trans-violaxanthin by
the catalytic activity of the enzyme, zeaxanthin epoxidase
(encoded by AtABAI) (Nambara and Marion-Poll 2005).
North et al. (2007) reported that the conversion of violax-
anthin to neoxanthin is performed by AtABA4. Next, the
cleavage of cis-isomers of neoxanthin and violaxanthin to
a C-15 compound is catalyzed by nine-cis-epoxycarotenoid
dioxygenase (NCED) enzyme which controls the entire
ABA biosynthesis process by regulating the rate-limiting
step. All the steps mentioned above occur in plastids, while
the last two steps, i.e., conversion of xanthine to abscisic

aldehyde by the catalytic activity of AtABA2, followed by
oxidation of abscisic aldehyde to ABA by the enzymatic
action of abscisic aldehyde oxidase, occur in cytosol (Tan
et al. 2003; Seo et al. 2004). In addition to that of de novo
pathway, ABA biosynthesis can also occur in endoplasmic
reticulum (ER) and vacuole by the hydrolysis of ABA glu-
cosyl ester (ABA-GE) via the action of AtBG1 and AtBG2
(B-glucosidase homolog), respectively (Xu et al. 2012). Dur-
ing stressed condition, plants rapidly enhance the level of
ABA via hydrolysis of ABA-GE to ABA rather than the
lengthy de novo biosynthesis pathway, since it would be a
challenging task for the plants to enhance the level of so
many proteins by regulating their transcription and transla-
tion (Fig. 1).

To maintain the level of ABA, plants catabolize ABA via
glucose conjugation and hydroxylation. In the conjugation
pathway, ABA is linked with glucose by the action of ABA-glu-
cosyltransferase. Saito et al. (2004) reported that of all the three
methyl groups (C-7', C-8" and C-9’), hydroxylation reaction
catalyzed by the protein encoded by AfCYP707A gene occurs
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Fig.1 Metabolism of ABA in higher plants; p-carotene serves as the
precursor of ABA biosynthetic pathway. The biosynthesis of ABA
begins with the epoxidation of zeaxanthin (formed from f-carotene)
to produce all-trans-violaxanthin by the catalytic activity of the
enzyme, zeaxanthin epoxidase, which is further converted into 9'-cis-
violaxanthin and 9'-cis-neoxanthin. The cleavage of cis-isomers
of neoxanthin and violaxanthin to a C-15 compound (xanthoxin) is
catalyzed by nine-cis-epoxycarotenoid dioxygenase (NCED) enzyme
which controls the entire ABA biosynthesis process by regulating
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the rate-limiting step. Xanthoxin is next converted to abscisic alde-
hyde by the action of ABA2. Finally, abscisic aldehyde is converted
to ABA by abscisic aldehyde oxidase. ABA can also be formed from
ABA glucosyl ester present in endoplasmic reticulum and vacuole by
BG1 and BG2, respectively. Again hydroxylation of ABA (catalyzed
by CYP707A) and conjugation with glucose, catalyzed by ABA-glu-
cosyltransferase (ABA-GT) also occur to maintain the optimum level
of ABA in plants. [Solid arrow denotes the anabolic pathway and bro-
ken arrow denotes the catabolic pathway]
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predominantly at C-8' position. Previously, it was thought that
ABA-GE is the physiologically inactive by-product of ABA
stored in lytic vacuoles; however, recent studies have shown
that ABA-GE is the stored form of ABA (Fig. 1).

Earlier it was presumed that ABA is produced in almost
all the tissues of plants including roots and leaves; however,
recent studies have shown higher localization of ABA-pro-
ducing proteins in vascular parenchyma cells which suggest
that ABA is generally transported from one tissue to the
other through vascular system. Various studies have shown
long-distance translocation of ABA from root to leaf tis-
sues and from xylem to guard cells for stomatal closure.
Seo and Koshiba (2011) hypothesized that the protonated
form of ABA is able to penetrate the lipid bilayer due to its
lower pKa (4.7) which enable the long-distance transloca-
tion of ABA, i.e., ABA formed in root tissues can transport
to the apoplastic space of leaf from where it can easily dif-
fuse into the cytoplasm of leaf cells in absence of any trans-
port. In contrast to such simple mechanism, the apoplastic
pH increases significantly during stressed condition which
inhibits the diffusion of ABA from apoplast to cytoplasm,
suggesting the presence of an ABA transporter. Kanno
et al. (2012), Kang et al. (2010) and Kuromori et al. (2010)
reported the presence of three different ABA transporters in
plants. Low affinity nitrate transporter AtNRT1.2 has been
shown to act as ABA transporter (Kanno et al. 2012). In
addition, it was observed that ataitl/atnrtl.2 mutant plants
showed enhanced sensitivity to exogenously applied ABA
during dehydration stress, whereas contrasting observa-
tion was noted during seed germination and post-germi-
nation phases. Previously, Kang et al. (2010) reported that
AtABSG40/AtPDR12 is responsible for ABA transportation
which lies in concurrent to the observation of phenotype
exhibited by atabcg40/atpdri2 mutants where defective sto-
matal closure was noted along with severe water loss. In a
similar work, Kuromori et al. (2010) reported the presence
of ATP-binding cassette transporter (AtABCG25) that har-
bors the ATP-dependent ABA efflux activity.

ABA-GE, the stored form of ABA, is also involved in
long-distance translocation. Under stressed condition, the
level of ABA-GE rises significantly in xylem sap which
suggests its long-distance movement. Jiang and Hartung
(2008) stated that the limited ability of ABA-GE to diffuse
across cell membrane makes it an ideal compound to be
transported to long distances.

Crosstalk of ABA with other phytohormones
Crosstalk with gibberellin

Abscisic acid and gibberellin are one pair of classic
hormones that act antagonistically during regulation
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of several plant developmental processes such as seed
dormancy, seed germination and maturation, root growth
and flowering time control (Shu et al. 2016a, b; Yang et al.
2014; Wang et al. 2013). Due to such contrasting behavior,
crosstalk between ABA and gibberellin is a major field of
research for plant biologist. Numerous key regulators such
as DELLAs and AP2-domaining containing transcription
factors have been widely studied in the past. Generally,
gibberellin is considered as a phytohormone which primarily
regulates flowering time, developmental processes, and stem
elongation; however, recent studies have demonstrated the
role of gibberellin in mediating abiotic stress response in
plants by controlling molecular and cellular processes (Hyun
et al. 2016; Urano et al. 2017; Wang et al. 2017).

In normal situation, ABA signaling is downregulated
by ubiquitination of PSY family of proteins which is
regulated by gibberellin signaling pathways (Vishal and
Kumar 2018). According to Tuan et al. (2018), gibberellin
promotes seed germination by inhibiting dormancy, while
contrasting response is carried out by ABA in promoting
seed dormancy. Recently, Ali et al. (2022) reported that
antagonistic behavior between ABA and gibberellin is
regulated by transcription factors containing ABI4, AP2,
FUS3, and LEC1 domains. ABI4 upregulates the function
of NCED6 and GA20x7 which results in higher formation
of ABA and inactivation of gibberellin, respectively, that
eventually results in prolonged dormancy of seeds (Shu et al.
2018). Along with this, high temperature during spring and
summer decreased the dormancy of seeds by upregulating
gibberellin synthesis (GA3ox/) and ABA catabolism
(CYP707A2). Conversely, higher dormancy of seeds during
winter season is facilitated by higher synthesis of ABA
(NCEDG6) and gibberellin catabolism (GA20x2) (Footitt
et al. 2011). During stressed condition, the bioactive form
of gibberellin is inactivated due to upregulation of GA20x6
and GA20x7 which results in 2p3-hydroxylation, leading to
DELLA repressor activation in Arabidopsis (Magome and
Kamiya 2018). Guilfoyle et al. (2015) showed earlier that
RGL2 (DELLA repressor of gibberellin signaling) stimulates
ABI3 and ABIS activities and ABA formation via XERICO
protein. Conjugation between ABIS and DELLA proteins is
often involved in the regulation of several genes like EXPAI,
MFT, and SOM that control various physiological processes
in plants. Vaistij et al. (2018) reported that based on
environmental condition, a negative feedback loop operates
between ABI2 and DELLA proteins (RGA and RGL2) and
MFT expression. RGL2 and RGA enhance the expression
of MFT which in turn downregulates ABI5 expression,
thus ensuring proper germination of seeds in presence of
suitable environmental factors. Under heat stress, proper
germination of seeds is controlled by modulating the
expression of SOM genes via ABIS and RGA interaction.
Binding of RGA or ABIS to specific motifs at the promotor
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region of SOM inhibits or enhances its expression. Thus,
SOM protein eventually enhances or lowers the formation
of ABA or gibberellin, respectively (Skubacz et al. 2016).
The ABA-gibberellin interaction not only controls the
dormancy, germination, and development of seeds, but
also contributes to other developmental processes which
are mostly promoted or suppressed by a specific set of
transcription factors, controlled by ABA/gibberellin ratio.
According to Shu et al. (2016a, b), the stability of ABI4
protein is directly controlled by ABA and gibberellin by
modulating the activity of transcription factors for NCED6
and GA20x7 genes, which suggest that ABI4 plays a pivotal
role in ABA and gibberellin antagonism behavior during
post-germination stage. In addition to ABI4, Yaish et al.
(2010) reported that OsAP2-39 is also involved in regulating
the ABA-gibberellin interaction in various physiological
processes such as flowering time, pollen grain morphology,
and size of root systems. Thus, it can be stated that seed
germination is controlled by various factors that ultimately
results in a complicated crosstalk network between ABA and
gibberellin. The studies focusing on the interaction between
ABA and gibberellins is, however, still in very early stage
and requires further exploration.

Crosstalk with melatonin

Another major phytohormone which acts antagonistic
to ABA is melatonin. Initially, it was just considered
as an antioxidant, but recent studies have proved its role
in plant growth and development and stress tolerance
regulation which leads us to consider it as a master
regulator similar to ABA (Arnao and Hernandez-Ruiz
2019). Melatonin is an indole compound which is
derived from 5-hydroxytryptamine. Initially, tryptophan
is converted into tryptamine by the catalytic activity of
tryptophan decarboxylase. Again tryptamine is converted
to 5-hydroxytryptamine by tryptamine 5-hydroxylase,
commonly known as serotonin, which is again N-acetylated
by serotonin N-acetyltransferase. N-acetyl serotonin is
finally converted to melatonin by the catalytic action of
acetylserotonin methyl transferase (Arnao and Hernandez-
Ruiz 2018). Li et al. (2019) reported that during salt stress,
the level of melatonin along with gibberellin was induced
and the level of ABA was reduced in Limonium bicolor
which modulates the tolerance level in plants. They further
concluded that the level of gibberellin was induced due to
its higher biosynthesis and level of ABA was lowered due to
upregulation in the expression of ABA-catabolizing genes
(LbCYP707A2 and LbCYP707A1) and reduced expression
of ABA biosynthesis genes (LODNCED?2 and LbNCED]). In
another study, Li et al. (2020a) also reported that melatonin-
mediated seed germination is controlled by higher efflux of
Ca’* ions and H,0, biosynthesis via upregulation of CAX3

(H*/Ca®* antiporter) which results in higher gibberellin
formation and ABA catabolism. Melatonin-mediated delay
in leaf senescence and fruit ripening by restricting the
biosynthesis of ABA was also reported earlier by Tan et al.
(2019) and Liu et al. (2020a, b), respectively. Recent studies
have also suggested that melatonin modulates the level of
ABA which eventually induces the tolerance capability of
plants. Wang et al. (2021) reported that during drought stress,
melatonin regulates the level of NCEDI, PYL4, AAO, and
PP2Cs which in turn lowers ABA level in loquat, resulting
in delayed leaf senescence. In a similar work, Li et al. (2015)
showed that during drought stress, ABA-catabolising genes,
viz., MdCYP707A2 and MdCYP707A1 and ABA anabolising
gene, viz., MANCED3 were upregulated and downregulated,
respectively, resulting in higher catabolism of ABA in Malus
species. Similarly, during heat stress, melatonin suppressed
the expression of ABA-related genes (LpABI5, LpABI3,
and LpNCED?3) which delayed leaf senescence in Lolium
perenne (Zhang et al. 2017). Another interesting study
was conducted by Singh et al. (2022) where they reported
that melatonin lowered the level of ABA which in turn
abrogated fluoride-induced damages in rice seedlings. In
contrast to the above mentioned studies, several studies
have also showed positive crosstalk between melatonin
and ABA, allowing alleviation of the damaging effects
of abiotic stress. Based on transcriptomics study, Li et al.
(2019) showed that melatonin induced the formation of
ABA via enhancing the level of ABA biosynthetic genes
and also inhibiting the transcription of ABA-catabolising
gene which resulted in wax biosynthesis, thus conferring
higher tolerance level against drought stress in watermelon.
Similarly, Fu et al. (2017) also showed that exogenous
application of melatonin triggers the level of ABA in Elymus
nutans. ABA—melatonin synergistic effects was also reported
by Banerjee and Roychoudhury (2019), where they showed
that during fluoride toxicity, the level of ABA was induced
on exogenous application of melatonin in rice seedlings.
They observed that induced ABA level was attributed to
upregulation of ABA biosynthesizing gene like NCED3 or
downregulation of ABA-catabolizing gene, viz., ABA8ox]I.
Likewise, during salt stress, melatonin enhanced the level of
ABA in Fragaria ananassa that resulted in higher tolerance
level of plants (Zahedi et al. 2020). Thus, ABA-melatonin
crosstalk in plants highly varies from species to species
under different stressed conditions. Based on the available
reports, both synergistic and antagonistic relations are
believed to exist between melatonin and ABA.

Crosstalk with auxin
Unlike melatonin and gibberellin, auxin acts synergistically

with ABA which eventually controls vital processes of
plants during abiotic stress (Emenecker and Strader 2020).
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ABA controls auxin signaling pathway mainly by regulating
the expression of auxin response factors ARFS5, ARF6,
and ARFI10 via ubiquitination reactions (Li et al. 2020b).
According to Sun et al. (2018a, b), higher formation of ABA
under stressed condition represses the expression of genes
encoding transporters involved in translocation of auxin,
whereas during non-stressed situation, lower ABA level
promotes transportation of auxin, thereby initiating auxin
signaling pathway. During salt stress, higher accumulation
of ABA resulted in induced expression of ABI5 which in
turn inhibited the expression of auxin transporter, PIN1.
Based on this observation, Liu et al (2015a, b) reported that
reduced expression of PINI gene leads to reduced size of
root meristem by stabilizing AXR3/IAA17 due to lower
auxin levels. Similarly, Ding et al. (2015) also reported that
under salt stress, WRKY46 transcription factor regulates
auxin homeostasis in plants along with higher ABI4 activity
that promotes the emergence of lateral roots. Sirko et al.
(2021) demonstrated that ibr5 mutants showed resistance
to both ABA and auxin that highlighted the ambiguous
role of IBRS during ABA and auxin crosstalk. Recently,
Perez-Alonso et al. (2021) reported that AMIDASEI,
an enzyme involved in the biosynthesis of indole-3-
acetic acid from indole-3-aceteamide, regulates auxin
homeostasis via modulating ABA signaling by promoting
ABA accumulation. Additionally, various studies have also
reported the role of ABA—auxin crosstalk in regulating seed
development in plants. Transcriptome study conducted
by Promchuea et al. (2017) revealed that ARF2 promotes
primary root growth and seed development in Arabidopsis
by suppressing ABA-responsive genes. Breitel et al. (2016)
revealed that auxin controls the expression of ARF2 which
leads to the reprogramming of hormonal signals of ABA that
eventually results in anthocyanin formation, delayed fruit
ripening, and increment of berry size.

Crosstalk with cytokinin

Another hormone showing antagonistic relation with ABA
during regulation of bud dormancy, leaf senescence, seed
germination, and abiotic stress response in plants like rose,
rice, maize, and soybean is cytokinin (Sah et al. 2016;
Corot et al. 2017; Sirko et al. 2021). Mutant studies of
ARABIDOPSIS HISTIDINE KINASEs (AHKSs) helped in
deciphering the connectivity between ABA and cytokinin,
since AHKSs serve as cytokinin receptors during salt and
drought stress. AHK functions as positive regulator of ABA
signaling, while AHK2 and AHK3 act as negative regulator
of ABA during above mentioned stressed condition (Skalak
et al. 2021; Tran et al. 2007). According to Huang et al.
(2018), crosstalk between ABA and cytokinin is regulated
by interaction between type A response regulator (ARR)
and SnRK2s. ABA negatively regulates cytokinin signaling
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via SnRK2-mediated phosphorylation of ARRS which
in turn enhances its stability in Arabidopsis, resulting in
the repression of cytokinin signaling pathway. Earlier
reports also showed that overexpression of ARRS5 leads
to hypersensitivity of ABA that confers drought tolerance
in plants (Huang et al. 2017). Along with type A response
regulators, role of type B response regulators was also
reported during ABA—cytokinin crosstalk. Upon interaction
with ARR1, ARRI11, and ARRI12, the activity of SnRK2
was inhibited (Huang et al. 2018). Moreover, Nguyen et al.
(2016) demonstrated that triple mutant (arrlarrlOarri2)
Arabidopsis plants showed higher tolerance toward drought
stress via suppression of cytokinin signaling and higher
ABA formation. ABI4 also helps in attenuating cytokinin
signaling pathway that negatively regulates cotyledon
greening and seed germination (Chandrasekaran et al. 2020).

Crosstalk with ethylene

Similar to that of ABA, ethylene is also considered as a
classic stress phytohormone. Both positive and negative
interaction occurs between ABA and ethylene, depending
on the developmental process involved. ABA affects the
synthesis of ethylene by controlling the expression of
ethylene biosynthetic genes such as ethylene response factor
11, NCED, and acyl-CoA synthetase. At the molecular level,
ABA regulates the transcription of DREB which belongs
to ethylene responsive family that is induced in presence
of ethylene (Jogawat 2019). During various physiological
processes such as fruit ripening, leaf senescence, and
photoperiodic induction, ABA enhances the formation
of ethylene (Jakubowicz et al. 2020; Zaharah et al. 2013;
Wilmowicz et al. 2008a, b). In contrast, ABA downregulates
the formation of ethylene via ABI4-mediated lowering of the
transcriptional level of ethylene biosynthetic genes, ACO
or ACS (Lee and Yoon 2018; Lee et al. 2017). Similarly,
Tosetti et al. (2021) reported that ethylene-mediated
induction in the activity of ABA 8’-hydroxylase occurs in
the onion bulb that eventually results in higher degradation
of ABA and accumulation of the end product, viz., phaseic
acid. Based on electrophoretic mobility shift and yeast one-
hybrid assays, Wang et al. (2019a) reported that ethylene
downregulates the transcriptional level of ABA biosynthetic
genes (NCED2 and NCED3) during fruit ripening in Prunus
persica. Novikova et al. (2020), on the other hand, reported
that a positive interaction occurs between ethylene and
ABA signaling pathway to couple the cell division and
cell differentiation during tissue culture. Proteomics and
genomics studies revealed that ABA and ethylene crosstalk
occurs through a common set of responsive proteins and
genes via enhancement of glutathione content during
abiotic stress (Kumar et al. 2016). In another study, triple
interaction between ethylene, ABA, and gibberellin was
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reported by Sun et al. (2020) where they demonstrated that
ethylene mainly regulates ABA sensitivity by modulating the
expression of ABA metabolizing genes such as TaNCED?2
and TACYP707A1 along with ABA signaling genes
(TaABI3). Gibberellin sensitivity was regulated by altering
the expression levels of gibberellin metabolizing genes
(TaGA200x1, TaGA30x2, and TaGA20x6) and its signaling
gene (TaGAMYB) which modulated ABA/GA ratio. During
stressed condition, ethylene enhances the expression of EIN3
which represses the level of ABI4 that eventually results
in the higher expression of VITAMIN C DEFECTIVE 2,
leading to higher formation of ascorbic acid which acts as
potent antioxidant by scavenging the reactive oxygen species
(Yu et al. 2019). In addition, positive interaction was noted
between ethylene and ABA during flower senescence, where
both the hormones accelerate the senescence of potted
flowering plants and cut flowers (Ferrante et al. 2015).
Chang et al. (2014) reported that exogenous application
of ABA and ethylene increased the transcript of PhHD-
Zip that eventually accelerated the flower senescence in
petunia. Along with flower senescence, ethylene also acts
as an inhibitor of flowering in short day plants when applied
in the second half of the inductive light (Wilmowicz et al.
2008a, b). Wilmowicz et al. (2014) reported that exogenous
application of ABA just before the beginning of 16-h
long dark period inhibited flowering which was partially
reversed in presence of amino vinylglycine suggesting that
ABA directly influences the formation of ethylene, thus
inhibiting flowering. Riboni et al. (2013) demonstrated that
ABA-deficient mutants (aba2-1 and abal-6) showed late
flowering phenotype which can be directly linked with the
enhanced level of floral suppressing hormone, ethylene, in
aba mutant plants.

Crosstalk with salicylic acid

Salicylic acid acts synergistically with ABA in various
environmental stressed conditions. Shakirova et al. (2017)
and Munoz-Espinoza et al. (2015) reported that exogenous
application of salicylic acid enhances the formation of
ABA in drought- and cadmium-stressed tomato and wheat
seedlings, respectively, that confers their tolerance. Another
instance of positive feedback interaction between salicylic
acid and ABA was reported by Lopez-Orenes et al. (2020)
where they showed that priming of Zygophyllum fabago
with salicylic acid enhanced the formation of ABA which
in turn conferred plant tolerance against lead toxicity.
Similarly, ABA accumulation in salt and Pseudomonas-
infected cucumber seedlings also enhanced the formation
of salicylic acid (Chojak-Kozniewskaet al. 2017). Protective
role of exogenous application of salicylic acid in cold-
stressed wheat seedling via the accumulation of ABA
and its interaction with H,O, was also reported by Wang

et al. (2018). Prodhan et al. (2020) reported that salicylic
acid biosynthesis defective mutant and nprl mutants
showed effective ABA-regulated stomatal closure. Earlier,
Prodhan et al. (2018) also reported that the mutant for ABA
biosynthesis exhibited effective salicylic-acid-induced
stomatal closure. Salicylic acid and ABA signaling pathways
act independently of each other; however, various molecular
studies have shown that following Ca>* accumulation and
reactive oxygen species formation during stress condition,
salicylic acid and ABA signaling is integrated by MPK12
and MPK9-mediated mitogen-activated protein kinase
(MAPK) pathway and CPK9 and CPK3-mediated calcium-
dependent protein kinase pathway (Prodhan et al. 2018;
Jammes et al. 2009). In addition, various reports have
also proved the efficacy of interaction between salicylic
acid and ABA and mitigation of biotic stress. Gong et al.
(2014) reported that ABA suppresses plant defence against
pathogen attack by repressing salicylic-acid-mediated
jasmonic acid/ethylene immune response. Earlier, Audenaert
et al. (2002) reported that ABA might inhibit the formation
of salicylic acid by hampering phenylalanine ammonia
lyase (PAL) activity. Ueno et al. (2015) also showed that
ABA hampered salicylic acid signaling by inactivating the
MAPK cascade. Similarly, Manohar et al. (2017) reported
that salicylic acid antagonizes ABA action by binding to
PP2Cs which serve as repressor of ABA signaling pathway.
During induction of systematic acquired resistance in tomato
plants, a negative interaction was observed between ABA
and salicylic acid, where ABA pre-treated plants reduced the
formation of salicylic acid (Kusajima et al. 2017). Thus, it
can be stated that a complex crosstalk (either synergistic or
antagonistic) occurs between salicylic acid and ABA under
different abiotic and biotic stressed environment.

Crosstalk with jasmonic acid

Similar to ABA, jasmonic acid also plays a pivotal role
in the amelioration of negative effects of abiotic stress.
According to Per et al. (2018), jasmonic acid and ABA
interaction regulates major processes in plants such as
leaf senescence, stomatal closure, and adaptation to a
wide range of abiotic stress via JAZ, MYC, and COI1 pro-
teins of methyl jasmonate signaling pathway. Most of the
work focusing the biosynthesis of jasmonic acid in plants
has been undertaken in the model plants like Arabidop-
sis and tomato. In Arabidopsis, three pathways has been
described occurring in chloroplast, cytoplasm, and peroxi-
somes. Hexadecatrienoic acid (16:3) and a-linolenic acid
(18:3) serve as the starting substrate for the hexadecane
pathway and octadecane pathway, respectively (Chini
et al. 2018). The unsaturated fatty acids are converted to
12-oxo0-phytodienoic acid that is eventually converted to
jasmonic acid in chloroplast (Ruan et al. 2019). Recent

@ Springer



968

Plant Cell Reports (2023) 42:961-974

studies based on biomolecular fluorescence complemen-
tation and yeast two hybrid assays suggest that a complex
interaction between jasmonic acid signaling molecules
MYC2, JAZ1, JAZS, and TIFY10B) and ABA signaling
molecules (ABF3, PYL4, PYL5, AHG3, and ABI2) occurs
in plants (Liu et al. 2018). Ruan et al. (2019) suggested
that jasmonic acid signaling occurs by the release of MYC
transcription factors from inactivated JAZ-MYC complex
in presence of jasmonate. Proteomics and immunotechni-
cal analyses performed by Aleman et al. (2016) provided a
direct link between ABA and jasmonic acid signaling path-
way via co-interaction of MYC2 and PYL6 during abiotic
stress. MED2S5 takes part in ABA—jasmonic acid signaling
pathway by negatively regulating the ABA-linked genes
(ABI5, EM1, EM2, and RAB18) and jasmonic acid-linked
genes (MYC2, JAZ6, JAZS, LOX2, and VSP1) (Skubaczet
al. 2016). Interestingly, Wang et al. (2020) reported that
jasmonic acid confers drought tolerance in wheat plants
by acting upstream to that of ABA. In contrast, jasmonic
acid acts downstream of ABA signaling to enhance plant
survival against cold stress (Wang et al. 2016a). Addition-
ally, Ding et al. (2019) reported that a synergistic interac-
tion occurs between ABA and jasmonic acid that can be
supported from the modulation of ICEI that regulates the
transcription of cold responsive CBF genes by both ABA
and jasmonic acid. Furthermore, synergistic interaction
between jasmonic acid and ABA can also be proved by
the previous works of Wang et al. (2016b) and Wang et al.
(2015) where they reported that exogenous application of
n-propyl dihydrojasmonate (a jasmonic acid derivative) or
a-keto linolenic acid activates the expression of VWNCED1
and VVCYP707A1 in Glomerella cingulata-infected
grapes which eventually maintained higher endogenous
level of both ABA and jasmonic acid. Positive interac-
tion between jasmonic acid and ABA can be explained
by SAPK10-WRKY72-A0S1 model. Hou et al. (2019)
explained that WRKY72 represses the AOS1 activity that
eventually ceases the formation of jasmonic acid. ABA
can effectively activate SAPK10 (a SnRK2 kinase) which
in turn phosphorylates and deactivates WRKY72 and,
thus, restores the level of jasmonic acid by rescuing the
activity of AOS1. However, few studies also showed that
ABA negatively affects the signaling pathways of jasmonic
acid. Peian et al. (2020) reported that exogenously applied
ABA represses the level of endogenous jasmonic acid in
Botrytis cinerea-infected strawberry that resulted in higher
damage during pathogen attack via upregulation of two
pathogenesis-related (PR) proteins (Histone deacetylase 19
and Topless-related protein 3). Thus, both synergistic and
antagonistic interaction occurs between jasmonic acid and
ABA; however, very few reports suggest the antagonistic
crosstalk so that this area needs to be explored further.
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Crosstalk with brassinosteroids

During unfavorable conditions, brassinosteroid crosstalk
with ABA is crucial for survival and development of plants.
Molecular studies revealed that cold stress enhances the
transcription of DWF4 and DET?2 genes that are responsi-
ble for brassinosteroid formation that eventually leads to
inactivation of ABA biosynthesis, thus releasing the ABA-
mediated dormancy of seedlings (Kimet al. 2019). Ha et al.
(2018) showed that ABA-brassinosteroid interaction is
necessary for stomatal closure. They stated that at higher
concentration, brassinosteroids hamper the ABA-mediated
stomatal closure by downregulating the expression of ABA
biosynthetic genes which results in reduced ABA forma-
tion; however, ABA positively regulates the stomatal closure
action of brassinosteroids, since both the hormones regulate
open stomata 1 (OST1) activity that plays a pivotal role in
stomatal closure. Similarly, during primary root develop-
ment, the antagonistic relation between ABA and brassi-
nosteroids can also be explained by the triple (bin2-3 bil 1
bil2) mutant study that exhibited higher ABA insensitivity
and double (bin2-1 and brll-9) mutant exhibiting brassi-
nosteroid insensitivity and ABA hypersensitivity (Xue et al.
2009; Lopez-Ruiz et al. 2020). In a similar study, Yang et al.
(2016) showed that Brassinazole-Resistant2 transcription
factor directly targets ABI5, thus deactivating its expression
which eventually results in ABA insensitivity during pri-
mary root growth. A complex interaction upon exogenous
application of 24-epibrassinolide was reported in drought-
stressed Vitis vinifera where application of 24-epibrassi-
nolide upregulates the transcriptional level of VVNCEDI,
VVNCED?2, and VvZEP (ABA biosynthetic genes) and
VvaBF1, VvaBF2, VvPP2C4, and VvSnRK2.6 (ABA sign-
aling genes) (Wang et al. 2019b). Setsungnern et al. (2020)
reported that the loss of function of brassinosteroid signaling
mutant bes! (BRI1-EMS-SUPPRESSOR 1) showed higher
accumulation of ABA after 1 day of heat exposure. Hu and
Yu (2014) suggested brassinosteroid—ABA crosstalk model
based on molecular analysis. They observed that in pres-
ence of lower ABA level, ABI1 and ABI2 are active and
dephosphorylate BIN2, releasing its inhibitory action on
brassinosteroid signaling through inhibition of BIN2 kinase
action on brassinosteroid signaling receptors BES1/BZR1,
resulting in brassinosteroid-mediated responses. In presence
of ABA, BIN2 is the inactive form, and phosphorylates and
activates the kinase action of SnRK2s and stabilizes ABIS5,
leading to ABA-mediated response. Another report by Gui
et al. (2016) also effectively demonstrated the antagonis-
tic behavior between brassinosteroid and ABA by report-
ing that BRI1-SERK family complex plays a crucial role
in brassinosteroid signaling pathway which is inhibited by
ABA-mediated remorin protein in rice. Connection between
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brassinosteroid and ABA signaling pathway can also be
demonstrated by a set of WRKY transcription factors. Chen
et al. (2017) reported that a triple (wrky64 wrky54 wrky70)
mutant showed brassinosteroid-deficient phenotype along
with ABIS expression under dehydration as well as non-
stressed conditions, while single (wrky64) mutant showed
ABI4 upregulation under both salt and drought stress in the
lateral roots (Chen et al. 2017; Ding et al. 2015).

Crosstalk with strigolactones

Both ABA and strigolactone share a common precursor,
i.e., p-carotene and, thus, share a mutual regulation in their
biosynthetic pathway (Yoneyama and Brewer 2021). Lopez-
Raez et al. (2010) reported that the repression of LeCCD7
and LeCCDS (strigolactone biosynthesising genes) in tomato
plants led to the reduced formation of ABA, thus suggesting
the possible role of strigolactone during ABA formation. In
contrast, Liu et al. (2020a, b) reported that exogenous applica-
tion of ABA in rice seedlings inhibited the expression of D10
and D27 that encode for the enzymes involved in strigolac-
tone which eventually lowered the formation of strigolactone
in seedlings. In plants exposed to the stressed environment,

strigolactone differentially regulates the ABA level in root and
shoot of the plants. Min et al. (2019) reported that exogenous
application of GR24 (a synthetic strigolactone analog) abro-
gated the negative impact of drought by enhancing the forma-
tion of ABA (by inducing the expression of VvNCEDI and
reducing the same of VvHYDI and VvHYD?2) in leaves and
shoots of grapevine. Earlier, Liu et al. (2015a, b) reported that
GR24 treatment inhibited the expression of LNCED2 which
resulted in reduced formation of ABA in roots of osmotic-
stressed Lotus japonicus which contradicted the previous work
of Min et al. (2019). However, recent works have proved that
there lies an antagonistic relation between ABA and strigol-
actone. Sun et al. (2021) observed that the exogenous applica-
tion of ABA upregulated the expression of MdSMXLS.2 which
codes for a repressor protein involved in strigolactone signal-
ing pathway. Similarly, ur Rehman et al. (2018) reported that
knockdown of GmMAXIa and GmMAX4a (involved in str-
igolactone biosynthesis) resulted in higher formation of ABA
which inhibited root nodulation in Glycine max. Mostofa et al.
(2018) reported that strigolactone promotes the process of seed
germination by regulating the ABA—gibberellin level during
extreme temperature. Thus, it can be stated that the crosstalk
between strigolactone and ABA is highly variable and can be

Table 1 Relationship of ABA with other phytohormones in response to abiotic stress that in turn maintains the growth and development of the

plants

Crop Hormone Interaction  Effect on agricultural traits References

Tomato Melatonin Antagonistic Enhanced antioxidant capacity to reduce ROS and MDA levels, Hu et al. (2021)
contents of proline, endogenous melatonin and photosynthetic
pigment were also found to be increased

Rice Melatonin Synergistic ~ Maintained the growth of seedling by positively regulating the Samanta et al. (2021)

endogenous ABA content and thiol metabolism

Arabidopsis  Auxin

Antagonistic Downregulation of auxin signaling and transport genes and

Sun et al. (2018a, b)

alteration in the levels of second messengers such as ROS and

Ca2+

Wheat Gibberellin

content of gibberellin
Arabidopsis Auxin

Antagonistic ARF2 promoted seed germination and primary root growth by

Antagonistic Higher ABA level prolonged the dormancy of seed by reducing the Izydorczyk et al. (2017)

Promchuea et al. (2017)

suppressing ABA-responsive genes

Breitel et al. (2016a, b)

Lietal. (2015)

Tomato Auxin Antagonistic Delayed fruit ripening by deferring sugar accumulation, berry size
increment, and anthocyanin generation

Banana Melatonin Antagonistic Better water conservation in leaves, less electrolyte leakage, steady
chlorophyll contents, and greater photosynthetic performance

Maize Salicylic acid Synergistic =~ Maintained the activity of enzymatic antioxidants which restored

Szalai et al. (2011)

the level of photosynthetic pigment along with lower electrolyte

leakage
Arabidopsis Ethylene

Antagonistic Reduced plant size, short primary roots, early seed germination

Cheng et al. (2009)

Improved photosynthetic pigments, growth attributes and improved Szepesi et al. (2009)

osmotic adjustment due to higher accumulation of ABA

Antagonistic Lowered the endogenous ABA level, upregulated the expression of

Maintained higher level of proline and ABA in plants along with

Saika et al. (2006)

Bandurska and Stroinski (2005)

higher water content which reduced membrane injury

Tomato Salicylic acid Synergistic
Rice Ethylene
ABAS8ox1
Barley Salicylic acid Synergistic
Maize Ethylene Antagonistic Inhibited growth of plants

Sharp and LeNoble (2002)
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either antagonistic or synergistic in nature, depending on the
plant type and surrounding environmental stressed conditions.

Conclusion and future scope

Understanding the molecular mechanism of plant responses
to abiotic stress such as drought, salinity, and cold is
important as it helps in manipulating plants to improve stress
tolerance and productivity. From the above discussion, it
is clear that plants utilize a complex signaling pathway to
confer tolerance against abiotic stress. In addition to other
small molecule such as calcium, phytohormones trigger
specific signal cascade upon challenged with unfavorable
conditions. One such phytohormone is ABA that plays
diverse role in plant developmental stages. ABA not only
mediates stress tolerance by controlling the expression
of various transcription factors (WRKY, bZIP, HDAC,
and NAC proteins) but also shares a precise and intrinsic
interplay network with other novel phytohormones. A
complex synergistic crosstalk of ABA occurs with auxin,
jasmonic acid, and ethylene, whereas antagonist crosstalk
of ABA occurs with gibberellin and brassinosteroids to
promote the dormancy of seedlings. Similarly, during
stressed condition, ABA acts antagonistically with auxin and
brassinosteroids to maintain root architecture. Furthermore,
stomatal closure facilitated by ABA is antagonistically
regulated by brassinosteroids and salicylic acid and leaf
senescence is promoted by counteracting the action of
melatonin and cytokinin. In addition, fruit ripening is
positively regulated by ABA which interacts synergistically
with ethylene and antagonistically with brassinosteroids,
salicylic acid, jasmonic acid, and auxin. Such diverse
interactions between ABA and phytohormones help plants to
integrate various signal inputs. Existing literature provides a
deeper insight of the molecular, biochemical, and physical
mechanisms controlled by crosstalk between ABA and other
plant hormones that enables plants to cope with the harsh
environmental conditions (Table 1).

It is apparent that interaction between ABA and other
phytohormones is quite common that regulates the growth
and developmental processes in plants. ABA controls the
action of other hormones by regulating their biosynthesis
which modifies their availability by regulating their signaling
cascade. In near future, additional crosstalk mechanisms
among ABA and other phytohormones will be an important
theme in the field of plant research. Furthermore, such
complex network due to phytohormone signaling will
present valuable new avenues for genetic improvement of
crops that can meet the future food demand of growing
population in the face of global climate change.
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