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Abstract

The Abscisic Acid (ABA) is an isoprenoid phytohormone, regulating various 
physiological processes ranging from stomatal opening to protein storage. 
Moreover, it provides adaptation to drought, salt and cold stresses acts also 
as a signaling mediator during the plant’s adaptive response to environmental 
conditions. In addition, numbers of transcription factors are involved in regulating 
the expression of ABA responsive genes by interacting with their respective 
cis-acting elements. ABA signal transduction initiates signal perception by ABA 
receptors and transfer via downstream proteins, including protein kinases and 
phosphatases. Hence, for improvement in plants-stress-tolerance capacity, 
it is necessary to understand the mechanism behind it. On this ground, this 
article lightens the importance and also the role of ABA signaling with regard to 
various stresses as well as regulation of ABA biosynthetic pathway along with 
the transcription factors for stress tolerance.

Keywords: Abiotic stress; Abscisic acid; ABA signaling; Gene expression; 
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the core signaling complexes that perceive ABA and transmit cues 
to subsequent molecular events [14-16], which adds the essences of 
more research with new ideas in ABA signaling. Recently, Park et al., 
[17] engineered ABA receptor using agrochemicals, which provide 
new possibilities for the better development of the crop. Thus, a 
better understanding of ABA regulatory mechanisms will contribute 
to engineered stress tolerant crop plants, which is one of the primary 
goals of plant molecular biologists. This review focuses on the recent 
development of the role of ABA in understanding cellular networks 
of biotechnological relevance in abiotic stress responses in plants.

Abscisic Acid Biosynthesis
Abscisic acid is a type of metabolite known as isoprenoids, 

or terpenoids. Isopentenyl (IDP) is a five-Carbon (C5) precursor 
molecule from which it is derived. (Table 1) illustrates some of the 
abscisic acid systematic and also their chemical properties. Various 
enzymes are involved which utilizes β-carotene to synthesize 
ABA. Conversion of β-carotene to ABA is mediated via number of 
enzyme-catalyzed steps (Figure 1). The first step of ABA biosynthesis 
pathway is the conversion of zeaxanthin and antheraxanthin to all 
trans-violaxanthin, which will be catalyzed by Zeaxanthin Epoxidase 
(ZEP) in the plastid. The ZEP was identified by Marin et al., [18]. 
In this reaction, antheraxanthin is the intermediate formed. After 
that, all-trans-violaxanthin converted to 9-cis-violaxanthin or 9-cis-
neoxanthin. The enzyme involved in this reaction is unknown 
[19]. After that, oxidative cleavage of 9-cis-violaxanthin and 9-cis-
neoxanthin, catalyzed by the enzyme called 9-cis-Epoxy Carotenoid 
Dioxygenase (NCED), which yields a C15 intermediate product called 
xanthoxin and C25 metabolite [20]. ZmNCED gene was first isolated 
using the maize viviparous 14 mutant, and NCED is the key enzyme 
in ABA biosynthesis [21]. Then, the product xanthoxin is exported to 
the cytosol [22] where xanthoxin is converted to ABA. In this step, 
xanthoxin is converted in to ABA by two enzymatic reactions. First of 
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Introduction
According to various studies, abiotic stresses trigger many 

physiological, biochemical, and molecular responses that influence 
various cellular processes in plants [1]. To combat various 
environmental stresses novel and dynamic approaches should be 
devised and phytohormone engineering could be a method of choice 
to improve the productivity. Phytohormones are the key regulators of 
plant growth and development as well as mediators of environmental 
stress responses [2]. Among various phytohormones, Abscisic Acid 
(ABA), which is the central regulator of abiotic stress resistance in 
plants and coordinates an array of functions [3,4], enabling plants 
to cope with different stresses? In the plant, when environmental 
conditions are harsh, the level of ABA increases via ABA biosynthesis. 
The increased ABA binds to its receptor to initiate signal transduction 
leading to cellular responses to stresses [5]; therefore, ABA is also 
called a stress hormone [6]. ABA is significantly increased under 
drought or salinity stress conditions, stimulating stomatal closure, 
change in gene expression, and adaptive physiological responses 
[7-10]. ABA also plays an important role in many cellular processes 
including seed development, dormancy, germination, vegetative 
growth [11,12] and modulation of root architecture [13]. Since the 
discovery of ABA, several efforts have been devoted to understanding 
how ABA is synthesized under stress conditions. For ABA 
perception and signaling, two breaks through were achieved in 
2009 by the discoveries of the soluble ABA receptor proteins and 
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all, xanthoxin is converted to an ABA aldehyde by an enzyme called 
Short-Chain Alcohol Dehydrogenase/Reductase (SDR) encoded by 
the AtABA2 gene in Arabidopsis thaliana [23]. The next and final step 
of ABA biosynthesis is oxidation of the abscisic aldehyde to ABA, 
catalyzed by the Abscisic Aldehyde Oxidase (AAO) (Figure 1). Till 
date, the genes for those enzymes have been classified in Arabidopsis 
alone.

Role of ABA in Plants
ABA is one of the most important hormonal mediators of 

abiotic and biotic signals, and as such, ABA acts as the interpreter 
of the environment, controlling key physiological processes such as 
modulation of root architecture, germination, stomatal movements, 
dormancy and plant-microbe interactions. Consequently, there is a 
growing awareness of the role of ABA in environmentally-regulated 
plant developmental processes.

Seed dormancy and germination
Seed is a crucial organ in higher plants and the transition to seed 

dormancy and germination signifies a key stage in the plant life cycle. 
The ABA plays a central role in the induction and maintenance of 
seed dormancy. It also inhibits the transition from embryonic to 
germination growth [7]. There are number of studies showing the 
number of genes involved in aforementioned processes. For example, 
the genes ABI1 and ABI2 hinder number of ABA responses which 
involves inhibition of germination process of seed and growth of 
seedling and support stomatal closure and other genes such as 
ABI3, ABI4, and ABI5 only display ABA insensitivity during seed 
germination and premature seedling development [24].

Root architecture
In roots, three main factors control the architecture of roots, i.e., 

lateral root (positions of branch roots), the angle form with parent root, 
and root length. Root structure is determined through interactions 
between the roots and its environment during their lifetime [13]. One 
of the primary functions of ABA is altering root architecture, and 
thus changing the pattern of growth and quiescence in plant roots. 
For the root system, the major abiotic stress occurs when there is a 
scarcity of water, or the availability of water is inconsistent. Under 
this scenario, the level of ABA is altered in response to the intensity of 
water stress. Subsequently, changes in the root environment will have 
both local and systemic effects on ABA-mediated responses [25].

ABA regulates root meristem function: ABA has been shown to 
modulate the major control points of root growth: cell division and 
cell elongation. Cell division in the root is restricted to meristems, 
regions that contain an organizing center (the Quiescent Center) 

Figure 1: Schematic representation of biosynthesis of ABA in plants. ABA 
is derived from β-Carotene (C40) through an oxidative cleavage reaction 
in plastids. The first step of ABA biosynthesis pathway is the conversion 
of zeaxanthin and antheraxanthin to all trans-violaxanthin, which will 
be catalyzed by Zeaxanthin Epoxidase (ZEP). Antheraxanthin is the 
intermediate product. All-trans-violaxanthin is converted to 9-cis-violaxanthin 
or 9’-cis-Neoxanthin by the 9-cis-Epoxy Carotenoid Dioxygenase (NCED), 
which yields a C15 intermediate product called xanthoxin. Then, the product 
xanthoxin is exported to the cytosol where xanthoxin is converted to ABA. 
Xanthoxin is then converted into ABA by two enzymatic reactions. Finally, 
xanthoxinis converted to an ABA aldehyde by the enzyme, Short-Chain 
Alcohol Dehydrogenase/Reductase (SDR), and then oxidation of the abscisic 
aldehyde to ABA is catalyzed by the Abscisic Aldehyde Oxidase (AAO).

Abscisic acid

Names

Systematic IUPAC name (2Z,4E)-5-[(1S)-1-hydroxy-2,6,6-trimethyl-4-oxocyclohex-2-en-1-yl]-3-methylpenta-2,4-dienoic acid

Other names (2Z,4E)-(S)-5-(1-Hydroxy-2,6,6-trimethyl-4-oxo-2-cyclohexen-1-yl)-3-methyl-2,4-pentanedienoic acid; Dormic acid

Identifiers

CAS Number 21293-29-8

3D model B00898

Abbreviation ABA

Beilstein Reference 2698956

EC Number 244-319-5

Properties

Chemical formula C15H20O4

Molar mass 264.321 g·mol−1

Melting point 163ºC (325ºF; 436K)

Acidity (pKa) 4.868

Basicity (pKb) 9.129

Table 1: Illustration of the ABA Identity data.
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surrounded by stem cells (initials) that divide to produce cells that 
differentiate into the various tissues of the root, as well as producing 
stem cells, that continue dividing and allow for indeterminate root 
growth [26,27]. Although high levels of ABA have long been known 
to inhibit root growth in well-watered conditions, analysis of the 
Medicago truncatula latd mutant indicated a positive role for ABA 
in the establishment or maintenance of root meristem function 
[28]. Subsequently, ABA was shown to regulate quiescence of the 
organizing center and inhibit differentiation in the Arabidopsis 
thaliana root meristem, thus maintaining the stem cell population 
[29]. Since the stem cells are the population of dividing cells, ABA 
regulates root growth by directly regulating the population of dividing 
cells in the root tip.

Modulation of root cell length by ABA: ABA has been shown 
to also control root elongation by regulating cell length, which 
has a profound effect on root growth. Although continued cell 
division is essential for continued root growth, most of the very 
rapid root growth is driven by cell elongation of newly formed, 
differentiating root cells. In M. truncatula, ABA plays a similar role, 
but in the absence of water stress, regulating cell length, and thus root 
elongation, by modulating levels of ROS via controlling expression 
of RESPIRATORY BURST OXIDASE HOMOLOG (RBOH) genes, 
encoding superoxide-generating NADPH oxidase enzymes [30]. This 
ability of ABA to modulate root length either up or down depending 
on the environmental conditions or genotypic background provides 
a nuanced way to fine-tune growth of the root system to provide the 
necessary plasticity to survive changing situations.

Control of root length by ABA: Although ABA signaling occurs 
in all root cell layers, analysis from José Dinneny’s lab demonstrates 
that ABA signaling is required within the endodermis to regulate 
root growth [31,32]. By expressing the dominant aba insensitive 1-1 
(abi1-1) allele under different promoters to disrupt ABA signaling 
in specific root cell layers, they were able to determine that ABA 
signaling is required specifically within the endodermis for control 
of root elongation in response to salt both in primary roots and in 
lateral roots [31,32]. This finding is consistent with the observation by 
Ubeda-Thomas and colleagues that elongation of the endodermis is 
sufficient to control root elongation [33], and elevates the previously 
overlooked endodermis to a master role in the control of root growth. 
Within the context of salt stress, ABA can both stimulate growth 
of the primary root and inhibit growth of lateral roots by signaling 
within the endodermal layer [31,32]. This careful modulation of root 
growth by ABA in response to an environmental stimulus reveals a 
significant role for this hormone in shaping the overall structure of 
the root system. The control of the transition from proliferation to 
differentiation is a convenient way to coordinate cell division and 
cell length and is a likely target of ABA signaling. This transition is 
controlled by ROS molecules as well as by hormonal and genetic 
factors (discussed below). The regulation of ROS levels is a common 
signaling target for ABA in several plant species and in multiple 
tissues [30,34], and ROS molecules can function as a secondary 
messenger for both division and elongation, regulate gene expression 
and act directly on the cell wall, thus making it an attractive candidate 
for a mediator of cell length [35,36]. In Arabidopsis, ROS species 
control the transition between cell division and differentiation in the 
root apical meristem, thus modulating root length and providing an 

explicit link between cell division and cell length [37].

Lateral root development: While root elongation is an important 
component of root architecture, the huge variety in the architecture 
of the roots of different plants is due largely to the formation of 
lateral roots both on the primary root as well as on lateral roots. 
By controlling the number and position of these lateral roots, the 
architecture of an individual plant can be sculpted to accommodate 
existing conditions and neighbors. The role of ABA signaling in LR 
development is intricately connected to environmental response, and, 
surprisingly, appears to regulate different aspects of Lateral Roots 
(LRs) development and have different effects in different plant species 
[13]. ABA appears to be largely limited to regulating the activation 
of the meristem once the LR has emerged from the parent root. In 
Arabidopsis, high levels of nitrate block the activation of the newly 
formed LR meristems, resulting in arrested, but emerged, LRs [38]. 
ABA signaling mutants have increased stimulation of LR elongation 
by nitrate, indicating that ABA signaling plays an inhibitory role in 
LR elongation in Arabidopsis [39]. When the root system encounters 
localized nitrate (i.e., a patch of nitrate), LR elongation is stimulated, 
in a process that is inhibited by ABA signaling. In both cases, ABA is 
involved in mediating an environmental signal (either high nitrate or 
localized nitrate) and affects later stages of LR development, meristem 
activation and LR elongation [13].

Leaf senescence
Leaf senescence is an essential part of the final stage of plant 

development, which is regulated by a complex range of endogenous 
and environmental factors [40]. Among these factors, ABA has been 
put forward to affect leaf senescence significantly [41]. Foliar spraying 
with ABA has been revealed to promote leaf senescence in rice [42] and 
similar results were shown in maize by He and Jin [43]. An increase in 
endogenous ABA appears to coincide with senescence of leaves [44], 
which supports the notion that ABA functions in the leaf senescence. 
Likewise, ABA can promote senescence and induce expression of 
several specific senescence-associated genes [3,41]. Many studies 
also reported that, in Arabidopsis mutants with deficiencies in ABA 
biosynthesis or signaling, exhibit altered or delayed senescence [45]. 
Lee et al., [46] identified a Receptor Kinase (RPK1) that mediates 
age-and ABA-induced senescence in old leaves. Recently, Takasaki 
et al., [47] reported that SNAC-A, a subfamily of stress responsive 
NAC transcription factors, plays critical roles in ABA-induced leaf 
senescence signaling in Arabidopsis [47]. Similarly, a cotton NAP-
like transcription factor (NAC like, activated by apetala3/pistillata, 
GhNAP) has been shown to regulate leaf senescence through ABA-
mediated pathways [48]. All these studies point to the significance 
of NAC-type transcription factors in ABA-mediated leaf senescence.

Stomata regulation
Stomata are small pores on the leaf surfaces formed by guard 

cells, which control plant gas exchange processes. Light usally 
stimulates stomatal opening whereas ABA and elevated CO2 levels 
promote partial or complete closure of stomata [10,49,50]. In 
drought conditions, ABA alteration of guard cell ion transport, which 
promotes stomatal closure and prevents stomatal opening, reducing 
water loss [10,51]. The ABA-Activated Protein Kinase (AAPK) is a 
guard cell-specific protein kinase whose catalytic activity is activated 
by ABA [52]. Further, Li et al., [53] showed that AAPK is a positive 
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regulator of ABA- induced stomatal closure through activating 
plasma membrane anion channels. Constant efflux of both anions 
and K+ from guard cells drives water efflux and contributes to ward 
to the loss of guard cell turgor, leading to stomatal closure [54]. For 
depolarization of the guard cell membrane, ABA also inhibits the 
activity of guard cell plasma membrane H+-ATPase [55,56]. Rapid 
stomatal responses to environmental stimuli might mainly rely 
on guard cell-synthesized ABA whereas ABA synthesized in the 
vasculature might contribute more to stomatal regulation during 
long-term soil water deficit [57]. In this way, ABA has a very useful 
role in regulating stomatal aperture, which helps plants to adapt and 
survive stress conditions.

Regulation of ABA Biosynthesis through 
Abiotic Stress

The increase in de novo biosynthesis of ABA is due to the rise 
in abiotic stress, which plays a role to inhibit its degradation and is 
thought to be stimulated by stress relief. Gene identified for ABA 
biosynthesis is zeaxanthin oxidase (ZEP) and has been cloned and 
expressed in numerous plant species. This gene is found to be present 
in every plant part but is highly associated for basal expression in 
leaves [58]. Moreover, level of ABA biosynthesis through ZEP gene 
is regulated not only in different plant portions and development 
phases but also in different plant species. The ZEP gene in Arabidopsis 
has a same basal transcript level in non-stressful conditions as in 
tobacco and tomato. These variations in the expression of ZEP genes 
are partly associated to basal transcript levels, which also cover stress 
inducibility of genes as identified in different experiments. However, 
another ABA biosynthetic gene expression (NCED, AtAAO3 and 
AtSDR1) are less debatable. The ABA biosynthesis is notably achieved 
after cleavage in the rate-limiting step, and thus expression of NCED 
gene(s) has received a significant importance. NCED gene is found 
to be overexpressed in drought stress condition in maize (Zea mays; 
[21]), tomato (Lycopersicon esculentum; [59]), bean (Phaseolus 
vulgaris; [60]), Arabidopsis [61] and cowpea (Vigna unguiculata; 
[62]). A remarkable rise in NCED transcript levels has been reported 
following 15-30 min of leaf extrication or induced dehydration [11], 
providing an evidence for the instant activation of NCED genes. Since 
ABA biosynthesis mechanism up-regulates drastically in response 
to stress, it can be deduced that protein levels of the related genes 
increase with the transcript levels, which were similarly noticed in 
NCED gene [11]. Since the product of NCED gene regulates the 
rate-limiting step in the ABA biosynthesis pathway, the information 
regarding the control of this gene product by ABA is very limited in 
terms of auto-regulation of ABA biosynthesis. In tomato plants and 
cowpea, this NCED gene was found to be not affected by exogenous 
ABA [62]. Hence, it can be concluded that ABA cannot stimulate its 
production but have the potential for its degradation. The transcript 
measures 9-cis-Epoxycarotenoid Dioxygenase (NCED1) (an enzyme 
catalyzing the first step of ABA biosynthesis) and grows significantly 
in grape berries [63]. The resultant will be accumulation of ABA in 
different tissue pertaining to hormonal response ultimately causing 
a berry development and ripening [64]. However, Xiong and Zhu 
[11] have shown that there is an up-regulation of ZEP and AAO3 
in Arabidopsis by ABA, even though being stimulated by stress. 
Exogenous ABA significantly regulates expression of such genes. 
Though, ABA biosynthesis production and degradation both are of 

greater significance in regulating ABA expression and adjusting plant 
stress responses and development strategies. As DRE and ABRE-
like cis elements are promoters of stress-inducible ABA genes [65], 
consequently, these genes are in the same way controlled as DRE/CRT 
class of stress-responsive genes [66]. Biosynthesis of ABA is augmented 
by cold stress which helps plants to withstand the adverse conditions 
[67, 68]. In agreement with this observation, exogenous application 
of ABA stimulates freezing tolerance, and ABA biosynthesis mutants 
demonstrate cold sensitivity [69,70]. Increased biosynthesis of 
phytohormone reflects the upregulation of biosynthetic genes or 
downregulation of the genes in catabolic pathways. Under cold 
stress, ABA content has been shown to be increased in cauline leaves 
and inflorescence meristem of Arabidopsis thaliana and shoot area 
of Oryza sativa L. [70,71]. In Arabidopsis, ABA biosynthetic genes, 
catabolic genes are selectively overexpressed at 0ºC in an organ-
specific manner [71]. For instance, ABA1, ABA2, AAO3, NCED2, 
NCED5, NCED6, CYP707A1, CYP707A2, CYP707A3, and CYP707A4 
in cauline leaves; ABA1, ABA2, ABA4, AAO3, NCED3, CYO707A1, 
CYP707A2, and CYP707A4 in inflorescence meristem; and ABA1, 
NCED2, NCED3, NCED5, NCED6, CYP707A2, CYP707A3, and 
CYP707A4 in developing silique are overexpressed during cold stress 
[71]. With the help of ABA in stress response condition, screening 
can be done in vegetative tissues and would probably help to identify 
new loci, which can be essential for regulating ABA metabolism [72]. 
ABA does specific types of acts, which contain complicated regulatory 
mechanisms, production, degradation, signal perception, and 
transduction. Figuring out the crucial position of ABA in response 
to plant stress and their regulatory systems will help to formulate 
real-time techniques to procreate or genetically regulate crops with 
expanded tolerance to adverse environment stipulations.

ABA Regulation of Plant Responses to 
Drought and Salt Stresses

Exogenous application of ABA induces many genes that normally 
respond to drought and high salinity [73,74]. ABA controls stress 
adaptation responses and regulates water balance and is the most 
studied stress-responsive hormone [75]. The ABA-responsive 
genes increased by drought and high salinity can be classified into 
two general groups. The first group includes genes that produce 
important metabolic proteins to protect cells and tissues from 
stressful conditions. These genes encode enzymes for the biosynthesis 
of osmolyte, acid metabolism, and cell detoxification, as well as those 
for water channel proteins, membrane transporters, proteins for 
protection of macromolecules such as Late Embryogenesis Abundant 
(LEA) proteins and osmotins, etc [76]. The second group includes 
genes primarily encoding regulatory proteins for modulating 
downstream genes expression in response to stressful conditions, 
such as protein kinases, protein phosphatases, transcription factors, 
and so on [76]. The transcription factors interact with cis-acting 
elements to regulate the expression of stress-inducible genes and 
finally confer tolerance to stress on the plants [8].

In the first group of genes, overexpressing Rab16A (LEA gene), 
which originated from a salt-tolerant rice variety called pokkali, 
in tobacco resulted in enhanced tolerance to salt stress as well as 
increased gene expression under ABA, drought, and high salinity 
[77]. Similarly, overexpressing the Rab16A gene in indica rice also 
conferred enhanced salt tolerance [78]. The expression of ABA-
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responsive genes is important for plant adaptation and survival under 
drought and salt stresses. Fine regulatory mechanisms are necessary 
for a correct expression of these stress-inducible genes and the 
transcriptional regulation of gene expression responsive to drought 
and high salinity depends on the interaction of transcription factors 
with regulatory elements, which usually results in the expression 
of multiple stress-inducible genes, thus conferring improved plant 
stress tolerance. Many ABA-inducible genes contain a conserved 
ABA-responsive element, ABRE, an 8-bp cis-acting sequence 
(PyACGTGGC), in the promoter regions. ABRE, often together 
with a Coupling Element (CE), forms an ABA-Responsive Complex 
(ABRC) [79]. This complex is the most important cis-acting DNA 
element involved in ABA-responsive gene expression. The ABRE 
element interacting with transcription factors, also known as ABRE-
Binding Factors (ABFs) or ABRE-binding proteins (AREBs), belong 
to the basic leucine Zipper (bZIP) family [80]. In Arabidopsis, 
approximately 75 distinct bZIP-type transcription factors have been 
identified [81]. Among them, AREB1/ABF2, AREB2/ABF4, and ABF3 
were induced by drought, high salinity, and ABA in vegetative tissues 
[80]. Overexpression of ABF3 and ABF4 in Arabidopsis led to ABA-
hypersensitive and enhanced drought-tolerant phenotypes, as well 
as an up-regulated expression of some ABA-responsive genes [82]. 
Overexpression of the active form of ABF2/AREB1 also resulted in 
significantly improved drought tolerance in transgenic Arabidopsis 
plants [83]. In addition to ABRE, MYC and MYB elements [84] and 
the NAC Recognition Sites (NACRS) [85] have also been identified 
as functioning in ABA-inducible gene expression under drought and 
salt stress conditions. MYC and MYB recognition sites, present in the 
promoter region of the RD22 gene, play key roles in ABA-mediated 
dehydration-inducible expression of RD22. Transgenic Arabidopsis 
overexpressing AtMYC2, AtMYB2, or the two genes simultaneously 
were hypersensitive to ABA and showed enhanced tolerance to 
osmotic stress [84]. The cis-acting elements, which usually contain 
CATGT and harbor CACG core sequences, that are bound by NAC 
transcription factors are called NACRS. The Arabidopsis RD26/
ANAC072 gene encodes a NAC protein, which can recognize NACRSs 
in the promoters of some stress-inducible genes and activate their 
expression. Moreover, the promoter itself also contains a NACRS 
that is induced by drought, high salinity, and ABA [85]. Additionally, 
an ABA-independent pathway exists in plants, which is mediated by 
the interaction of other transcription factors and cis-acting elements 
in response to drought and salt stresses. It has been widely reported 
that the dehydration-responsive element/C-repeat (DRE/CRT), with 
a 9-bp core sequence (TACCGACAT), acts in response to drought 
and high salinity through an ABA-independent signal transduction 
pathway [86]. DREB2, an APETALA2 (AP2)-type transcription factor 
induced by drought and high salinity, transactivates the promoter 
containing the DRE element of stress-responsive genes. Transgenic 
Arabidopsis plants overexpressing the constitutively active DREB2A 
(DREB2A-CA) showed enhanced drought tolerance [87]. Another 
AP2-type transcription factor, DREB1/CBF, has downstream genes 
that always contain DRE/CRT elements [88]. Overexpressing 
DREB1A in transgenic rice increased stress tolerance to drought and 
high salinity [89].

ABA Regulation of the Cold Stress Response 
in Plants

ABA is an important stress hormone in plants that has been 

demonstrated to be involved in the cold stress response through 
regulation of a set of specific stress-responsive genes such as C-repeat 
binding factor/DRE-binding factor (CBF/DREB) transcriptional 
regulatory cascade [70]. However, there are sets of genes, which are 
altered by cold stress but not linked to CBF [90-92]. Hence, cold 
stress-mediated gene expression can be divided in two groups: CBF-
dependent and CBF-independent [93]. As ABA does not alter CBF 
expression, it was hypothesized that ABA-mediated cold response 
follows CBF-independent pathway [94]. However, some recent results 
support the idea that ABA-mediated cold response may be mediated 
through CBF-dependent pathway. The transcription factor MYB96 is 
induced by both ABA and cold [95]. Studies from loss of function 
and overexpression lines suggest that MYB96 contributes for cold 
tolerance [95]. Mechanistically, MYB96 interacts with Heptahelical 
Protein (HHP). Interestingly, HHP1, HHP2, and HHP3 interact with 
ICE1, CAMTA, and ICE2, respectively [95,96], supporting the notion 
that ABA-mediated cold stress resistance response is also regulated 
through CBF-dependent pathway [93].

ABA and Abiotic Stress Signaling
ABA is a key endogenous messenger in plants, and it has a crucial 

role in various plant stresses. Therefore, understanding the signaling 
mechanism of ABA is critical for improving plant performance 
under stress environments. There are three core components of ABA 
signaling; Pyrabactin Resistance (PYR)/Pyrabactin Resistance-Like 
(PYL)/Regulatory Component of ABA Receptors (RCAR), Protein 
Phosphatase 2C (PP2C: acts as negative regulators) and (Sucrose 
Non-Fermenting) SNF1- related protein kinase 2 (SnRK2: acts as 

Figure 2: The schematic representation of major ABA signaling pathway 
in plants within and without ABA presence. The core components in ABA 
signaling include ABA receptors (PYR/PYL/RCAR), PP2C phosphatases 
(negative regulators), and SnRK2 kinases (positive regulators). In the 
absence of ABA, PP2Cs associate with SnRK2s and prevent the activation 
of SnRK2s. The inactive SnRK2s are unable to phosphorylate down stream 
substrates, and thus signal transduction is not occurring. In the presence of 
ABA, PYR/PYL/RCAR receptors bind to ABA and interact with PP2Cs, which 
release SnRK2s. The SnRK2s are then activated by autophosphorylation 
of the activation loop. The active SnRK2s can phosphorylate down stream 
substrate proteins, including transcription factors, ion channels, and enzymes 
such as NADPH oxidases, there by inducing ABA responses. ABF, ABA-
responsive element binding factor; ABI5, ABA insensitive 5; AREB, ABA-
responsive element binding protein; KAT1, potassium channel in Arabidopsis 
thaliana 1; PP2C, Protein phosphatase 2C; PYR, pyrabactin resistance; PYL, 
PYR-related; RCAR, regulatory component of ABA receptor; SLAC1, slow 
anion channel 1; SnRK2, sucrose nonfermenting-1-related protein kinase2.
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positive regulators). In the presence of ABA, PYR/PYL/RCAR-PP2C 
complex formation leads to inhibition of PP2C activity, which allows 
the activation of SnRK2. Activated SnRK2 then phosphorylates 
downstream substrate proteins such as transcription factors, and thus 
facilitating transcription of ABA-responsive genes (Figure 2).

The PYR/PYL/RCAR ABA receptors
Many of PYR/PYL/RCARs including PYR1, PYL1 and PYL2 have 

been shown to directly bind ABA [97, 98]. Once bound to ABA this 
receptor can bind to group A Protein Phosphatases (PP2C), including 
ABI1 (ABA-insensitive 1) and ABI2, the negative regulator of ABA 
signaling [15,16,99]. These ABA receptors played a critical role in 
ABA perception, as quadruple mutants’ pyr1, pyl1, pyl2 and pyl4 are 
insensitive toward ABA [16,100]. The PYR/PYL/RCAR family in 
Arabidopsis (except PYL13) is capable of activating ABA signaling 
response, suggesting that nearly all members can function as ABA 
receptors [14]. Antoni et al., [101] reported that ABA-dependent 
inhibition of PP2Cs by PYR/PYLs is essential for the perception of 
moisture gradient. The structural and molecular studies conducted 
by many researchers have convincingly shown that PYR/PYL/RCAR 
receptors play a central role in ABA perception [15,102].

PP2C: The negative regulators
Reversible protein phosphorylation catalyzed by protein kinases 

and phosphatases play a significant role in cellular signal transduction, 
which helps in the transmission of signals from external to the 
internal environment of the cell. There are 112 phosphatases encoded 
in the Arabidopsis genome, among them 76 genes encode for PP2Cs 
[103]. At least 6 of the nine members of the group A PP2Cs have been 
shown to be involved in ABA signaling, among them, ABI1 and ABI2 
are the well characterized. The PP2C group A genes first characterized 
are ABI1 and ABI2, which was isolated from a genetic screen in 
Arabidopsis. Both abi1 and abi2 mutants show insensitivity in various 
tissues, developmental stages, suggesting that they act as a negative 
regulator of ABA signaling. Both of these mutants display reduced 
seedling growth, seed dormancy, drought tolerance and stomatal 
regulations [104]. It has been shown that all of the loss- of-function 
mutants of group APP2Cs exhibit significant ABA hypersensitivity, 
which establishes them as the major negative regulators of ABA 
signaling [101,105]. ABI1 and ABI2 showed a dominant role in ABA 
signaling pathways in both seeds and vegetative tissues; the evidence 
is supported by gene expression data and genetic analysis. These 
results are consistent with the fact that PP2Cs function as negative 
regulators of ABA signaling [6].

SnRK2 protein kinases: the positive regulators
Protein kinases are known to be involved in ABA signaling 

pathway. The Sucrose Non-Fermenting 1 (SNF1)-Related Protein 
Kinase 2 (SnRK2) family of protein kinases are plant specific serine/
threonine kinases participating in plant response and has a central 
role in cellular responses to drought and dehydration [106]. ABA-
activated protein kinases have been identified in Arabidopsis [107] 
and rice [108]; they belong to the SnRK2 family. These ABA-activated 
protein kinases mediate ABA signaling by phosphorylating their 
substrate proteins such as transcription factors, ion channels, and 
metabolic enzymes [105,109]. SnRK2 family is the key regulator of 
plant response to abiotic stress and is divided into three sub-groups 
depending upon the affinity toward ABA. Subgroup-I kinases do 

not respond to ABA whereas subgroup-III actively respond to ABA 
and believed to be the key regulator of ABA-dependent pathway 
gene expression. Subgroup-II weakly responds or did not provide a 
response to ABA [107,110]. There are altogether 10 SnRK2 members 
found in Arabidopsis thaliana, i.e., SnRK2.1- SnRK2.10 or SnRK2A-
SnRK2J. Among them, 5 SnRK2 members (SnRK2.2, SnRK2.3, 
SnRK2.6, SnRK2.7, and SnRK2.8) can be activated by ABA. The all of 
the SnRK2s except SnRK2.9 can be activated by osmotic stress, which 
indicated that most SnRK2 members are involved in ABA and stress 
signaling [104,111]. Many studies reported that phosphorylation at 
the activation loop is critical for the activation of SnRK2s. Several 
phosphorylation sites have been identified in SnRK2.6; ABA 
stimulates phosphorylation of Ser175 in the activation loop, whereas 
PP2C can dephosphorylate the Ser175 of SnRK2.6 in the absence of 
ABA, resulting in the deactivation of SnRK2.6 [14-16,112].

Understanding how SnRK2 kinases exert their effects in ABA 
signaling network requires knowledge of SnRK2 targets. Several 
phosphorylation substrates of SnRK2 kinases have been identified 
using biochemical and molecular approaches. The ABFs (ABA-
responsive-element Binding Factor)/AREBs (ABA-Responsive 
Element Binding factors) transcription factors involving in regulating 
ABA-responsive genes are SnRK2 substrates as ABA-activated SnRK2 
kinases have been shown to phosphorylate ABF/AREB proteins in 
vitro and in vivo [24,111,113]. Another transcription factor involved 
in ABA signaling, ABI5, can be phosphorylated in vitro by ABA-
activated SnRK2 kinases [24,114]. In addition to nuclear transcription 
factors, SnRK2 can also phosphorylate plasma membrane proteins. 
The guard cell OST1/SnRK2.6 has been shown to phosphorylate 
the anion channel SLAC1, the potassium channel KAT1, and the 
NADPH oxidase AtrbohF, all of which are plasma-membrane 
proteins important in controlling stomatal aperture [115,116].

Reactive Oxygen Species (ROS) and ABA signaling
Various abiotic and biotic stress conditions result in the 

accumulation of both ABA and Reactive Oxygen Species (ROS) 
in plants. The adaptation of plants to these stress conditions is a 
very complex process, which including stress signal perception, 
transduction and change of genes expression. The signaling pathways 
between ABA and ROS are independent of each other or crosstalk at 
various levels [117]. Substantial effort has been expended on attempts 
to discover possible crosstalk between ABA and ROS in plant stress 
damage and signaling upon exposure to different stress conditions. 
For example, the time course of ABA accumulation in the leaves of 
maize plants exposed to water stress was monitored at the same time 
as the increased generation of ROS (such as O2− and H2O2) and the 
induction of several antioxidant enzymes (such as SOD, CAT, APX 
and GR) [118].

Guard cells, which form stomata, have been investigated as a 
single-cell system that is useful for the elucidation of individual 
signaling mechanisms that function in the cellular signaling network. 
Given that ABA plays a key role in controlling stomatal closure 
during drought stress, substantial work has focused on ABA signaling 
in guard cells [9,10]. It has also been reported that H2O2 acts as a key 
regulator that mediates stomatal movement [119]. Considering that 
ROS signaling has been shown to be intertwined with other hormonal 
signals, it is likely that ROS are the vital hub that connects the external 
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growth conditions with ABA signals. The relationships between ROS 
and ABA signals mainly involve regulation of guard cell movement. 
ROS also regulate the ABA response of guard cells through MAPK 
cascades. Time-course analysis showed that the accumulation of 
H2O2 activates MAPK activity, which promotes stomatal closure 
[120]. Double-mutant mpk9/12 showed increased transpirational 
water loss and decreased sensitivity in terms of the stomatal response 
to ABA and H2O2, when compared with wild-type plants. Both ABA 
and H2O2 can enhance the protein kinase activity of MPK12. These 
results suggested that these two MPK act upstream of anion channels 
and downstream of ROS to promote ABA signaling in guard cells 
[121]. The biological roles of ROS in the ABA-regulated root growth 
signaling pathway remain largely unknown. However, secondary 
messenger calcium has been proved to be important in Pro-Rich 
Extensin-Like Receptor Kinase 4 (PERK4)- regulated root growth in 
ABA signaling [117]. It is possible that changes in Ca2+ might be an 
element common to the signaling pathways downstream of both ROS 
and ABA.

Conclusion and Future Prospects
ABA is a vital hormone and acts as a central regulator of different 

plant stresses like drought, low temperature, and salinity. Due to the 
advancement of molecular genetics and genome- wide technologies, 
a deeper understanding of the underlying mechanisms of the 
involvement of ABA in stress tolerance is achieved, although more 
is yet to be revealed. The different physiological reactions that ABA 
regulates have been described at molecular level like stomatal closure, 
change in gene expression and accumulation of osmoprotectants. 
Understanding of ABA signal transduction pathways and epigenetic 
modifications can be further exploited to produce better transgenic 
plants with improved stress tolerance without a yield penalty that can 
withstand adverse climatic conditions. The mechanisms by which 
the abiotic stress upregulate ABA biosynthesis genes are still needed 
to know. Furthermore, the molecular mechanisms of cross talk 
between ABA and other phytohormone signaling pathways remain 
to be elucidated. Although many questions are still open, the current 
advances in ABA signaling in Arabidopsis pave the way to address the 
molecular events underlying stress responses in other plant species, 
with the prospect to improve the abiotic stress performance of crop 
plants.
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