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ABSTRACT
Members of the SNF1-related protein kinase 2 (SnRK2) family are plant-specific serine or threonine kinases 
that play a pivotal role in the response of plants to abiotic stresses. Members of this plant-specific kinase 
family have included a critical regulator (SnRK2) of abscisic acid (ABA) response in plants. Plant organ 
development is governed substantially by the interaction of the SnRK2 and the phytohormone abscisic 
acid (ABA). Recent research has revealed a synergistic link between SnRK2 and ABA signaling in a plant’s 
response to stress such as drought and shoot growth. SnRK2 kinases play a dual role in the control of 
SnRK1 and the development of a plant. The dual role of SnRK2 kinases promotes plant growth under 
optimal conditions and in the absence of ABA while inhibiting the growth of plants in response to ABA. In 
this review, we have uncovered the roles of ABA-activated SnRK2 kinases in plants, as well as their 
physiological mechanisms.
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Introduction

Throughout their life cycle, plants are constantly bombarded 
with harmful environmental factors like abiotic (drought, salt, 
heavy metal etc.) and biotic stressors (insects, pathogens 
etc.).1–4 Plants must be capable of sensing environmental para
meters and must be able to respond to these changes by 
employing a variety of defense mechanisms to ensure their 
survival.5–7 A variety of specific signaling pathways, including 
protein kinases and phosphatases, are involved in recognizing 
stress signals and transmitting these signals to various cellular 
compartments. In plants, SNF1-related kinases (SnRKs) are 
ubiquitous to all eukaryotic species. Previous studies have 
demonstrated that SnRK2 kinases are critically involved in 
the response of plants to environmental stress such as 
drought.8,9 When plants are stressed, they accumulate more 
ABA that causes defensive stress responses through ABA- 
dependent or ABA-independent pathways, both of which acti
vate several SnRK2s.10 The direct phosphorylation of numer
ous downstream targets, such as SLAC1, KAT1, AtRbohF, and 
transcription factors necessary for the stress responsive gene 
expression, regulates the plant response to ABA through 
SnRK2s pathways. As a result, these downstream targets 
make defensive stress responses easier (Figure 1).11,12

The SnRK2 subfamily includes ABA-dependent kinases 
and can be found in the whole plant. They are essential 
components for the response of plants to ABA, both in 
optimal and adverse environmental conditions, during plant 
growth, flowering time, seed maturity, and germination.13 

ABSCISIC ACID INSENSITIVE5 (ABI5) is a transcription 
factor that is considered to be a major regulator of abscisic 

acid (ABA) mediated seed germination and plant growth. 
Phosphorylation of ABI5 by SnRK2 had a direct influence on 
the floral transition.14 ABI5 seems to be the only known 
regulator of floral initiation in plants via the ABA signaling 
transduction pathway.15 Hwang et al. (2019)16 demonstrated 
that the other bZIP-type transcription factors, ABF3 and 
ABF4, promote flowering by increasing SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS1 (SOC1) expression in 
response to drought, while the tomato OST1 kinase enhances 
flowering by phosphorylating the NAC-type transcription 
factor VOZ1 in under drought stress conditions.17 

FLOWERING LOCUS C (FLC) transcription is activated by 
the transcription factor ABSCISIC ACID INSENSITIVE 
MUTANT 5 (ABI5), which binds directly to its promoter. 
Thus, the ABI5-FLC module negatively regulates flowering 
time in Arabidopsis and the ABA-activated SnRK2.6 (OST1) 
is essential for this regulation.18 Inhibition of seed germina
tion and seedling growth are caused by the activation of 
three SnRK2 family members (SnRK2.2, SnRK2.3, and 
SnRK2.6/OST1), which phosphorylates a large number of 
downstream effectors in response to ABA.19–21 SnRK2.2 
and SnRK2.3 are expressed predominantly in seeds, which 
have similar functions in ABA suppression of seed 
germination.22 In this review, we concentrate on the regula
tion of ABA-activated SnRK2 kinases in plant growth and 
physiology. We pay special attention to the dual role of 
SnRK2 kinases in the control of SnRK1 and plant develop
ment, as well as exploring their underlying mechanisms. 
Finally, we give an overview of SnRK2 protein kinases in 
plants and how they assist plants in adapting to a dynamic 
environment.
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SnRK2 kinases in the earliest land plants

The phytohormone ABA accumulates in response to stress 
conditions, causing stomatal closure and storage of soluble 
carbohydrates, which helps preserve cellular activities from 
being dehydrated.23 SnRK2 kinases phosphorylate proteins in 
response to ABA signaling.24,25 In angiosperms, SnRK2s are 
a key component of ABA signaling pathways mediated by ABA 
receptors (PYR/PYL/RCAR) and protein phosphatase 2Cs 
(PP2CAs), and are also divided into three subclasses: I, II, III 
based on amino acid sequence similarity and ABA 
response.26,27 However only D-rich SnRK2s (subclass II and 
III) are activated by ABA, osmotic stress activates all SnRK2 
members except Arabidopsis SRK2J/SnRK2.9 (subclass I). As 
a result, SnRK2s from subclass II and III are categorized as 
ABA-responsive SnRK2s, whereas SnRK2s from subclass I are 
classified as ABA-unresponsive SnRK2s. SnRK2s of subclass 
I are documented in a number of angiosperms but not in 
bryophytes or algae. In Arabidopsis, SnRK2 subclass II 
(SRK2C/SnRK2.8 and SRK2F/SnRK2.7) have been identified, 
which are both activated in response to osmotic stress but very 
slightly in response to ABA.28 This class includes the first 
reported SnRK2, PROTEIN KINASE ABA 1 (PKABA1) from 
wheat.29 Subclass II-type SnRK2 has also been found in lyco
phytes (Selaginella tamariscina), suggesting that it might be an 
intermediary molecule between subclass III SnRK2 in algae 

and subclass I SnRK2 in seed plants.30 Subclass III-type 
SnRK2s (SnRK2.2, SnRK2.3, and SnRK2.6/OST1) serve as 
a focal point for ABA signaling.25 SnRK2.2 and SnRK2.3 play 
a part in the suppression of plant growth and yield regulated by 
ABA.31,32 Phosphorylation of numerous regulatory proteins, 
like ion channels (SLOW ANION CHANNEL-ASSOCIATED 
1, SLAC1 and potassium channel protein, KAT1), and mod
ulation of stress-responsive genes, is more likely through the 
activation of ABSCISIC ACID RESPONSIVE ELEMENT 
BINDING FACTOR (ABF) to regulate the response to ABA 
via SnRK2s.13,31 Thus, Arabidopsis PP2CAs inhibit subclass III 
SnRK2 activities via direct contact, which negatively regulates 
ABA signaling. When ABA binds to PYR/PYL/RCAR, that 
particularly sequester the PP2CAs, the inhibition is abolished, 
allowing SnRK2 to be activated.33,34 SnRK2s are conserved 
evolutionarily and hereditarily across land plants. 
Physcomitrella patens is a well-known model moss with 
a genome containing four SnRK2 genes (PpSnRK2A/2B/2C/ 
2D) categorized into subclass-III.35 PpSnRK2A/PpOST1 
recovers the ABA responsiveness of stomatal closure in the 
Arabidopsis snrk2.6/ost1 mutant, whereas loss of PpSnRK2A/ 
PpOST1 causes in defective ABA-responsive stomatal closure 
in moss.36 Furthermore, it is unknown where the Ppsnrk2a/ 
Ppost1 plant lacks ABA sensitivity in the moss protonemata, 
whereas ABA responses as well as resistance to dehydration 
and osmotic stress are well reported.37

Figure 1. The simple pathway SnRK2s pathways involved in plant response to abiotic stress and SnRK2 kinases perform dual functions in plants adapted from Belda- 
Palazón et al. (2020). SnRK2s boost growth under optimal conditions. SnRK2s are involved in the formation of SnRK1 repressor complexes which also contain PP2Cs in 
the lack of ABA. SnRK1 sequestration in these complexes is critical for preventing SnRK1 from interacting with TOR and thus allowing growth while conditions are 
suitable. SnRK2s prevent the growth in response to stress. SnRK2 and PP2C-containing SnRK1 repressor complexes dismantle in the involvement of ABA via classical ABA 
signaling, which involves the sequestration of PP2Cs by ABA-bound PYR/PYL receptors.SnRK2s and SnRK1 are released when the complexes are disassembled, 
triggering stress responses and inhibiting growth. This is achieved in part through direct TOR suppression by SnRK1, but it is also possible that SnRK2 kinases are 
involved in the process.Inactive components are spotlighted in white, whereas active components are displayed in other colors.
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In recent years, It was elucidated that an ancestral subclass 
III SnRK2-based signaling unit containing ABA and an 
upstream Raf-like kinase (ARK) defends the moss 
Physcomitrella patens entirely from drought.38 Subclass III 
SnRK2s from Arabidopsis and the semiterrestrial alga 
Klebsormidium nitens also include all ABA signaling elements 
apart from ABA receptors, complementing Physcomitrella 
snrk2 mutants, while Arabidopsis subclass I SnRK2s do not 
complement Physcomitrella snrk2 mutants.39 The ABA/ARK/ 
subclass III SnRK2 signaling module was established by 
employing ABA to control a preexisting dehydration response 
in ancient terrestrial plants. A novel subclass I SnRK2 system 
was developed in angiosperms that conferred osmotic stress 
safeguards autonomously within the archaic system.36

Physiological regulation of SnRK2s in stomatal 
development

Many studies have demonstrated that SnRK2s are effective at 
controlling abiotic stress responses in plant cells.40 ABA trig
gers a protein kinase called ABA-activated protein kinase 
(AAPK) in fava bean guard cells during water deficit, and it is 
implicated in the control of stomatal movement in the plant.4 

In Arabidopsis, the SRK2E/OST1/SnRK2.6 protein kinase is the 
nearest homolog to the AAPK. Until now, this kinase has been 
the most extensively investigated in terms of its role in the 
response of plants to environmental stressors. The wilting 
phenotype of the srk2e/ost1/snrk2.6 mutant occurs because of 
its inability to deal with a substantial reduction in humidity.41 

The lack of the kinase activity results in a phenotype in which 
ABA is not required for stomatal closure. It has been demon
strated that the ABA-induced control of the stomatal aperture 
is mediated by the OST1 protein,4 and it functions upstream of 
the generation of reactive oxygen species (ROS).42 In guard 
cells, ROS are required to mediate ABA signaling. These sub
stances are required to modulate calcium ion (Ca2+) influx 
through the stimulation of Ca2+ channels.43

Ca2+ influx is widely known as a requirement for stomatal 
closure. In Arabidopsis, the ROS-dependent ABA signaling 
pathway is mediated by two identical guard cell NADPH oxi
dases (AtRBOHD and AtRBOHF).43 As a result, it is quite 
possible that OST1 regulates ROS generation via phosphoryla
tion of NADPH oxidases in the cellular membrane. It was 
revealed that phosphorylation and Ca2+ binding are required 
to stimulate AtRBOHD.44 Sirichandra et al. (2009)45 demon
strated that OST1 phosphorylates the N-terminal region of 
recombinant AtRBOHF generated in an in vitro bacterial sys
tem. OST1 binds with AtRBOHF in a bimolecular fluorescence 
complementation (BIFC) test, indicating that NADPH oxidase 
may be a substrate for SnRK2.6/OST1 in vivo as previously 
reported. Currently, there is no direct evidence demonstrating 
the phosphorylation of Arabidopsis NADPH oxidases 
(AtRBOHS) or the control of AtRBOHS activity in plants. 
ABA-dependent stomatal closing is mediated through distinct 
ion channels in guard cells that are designed to respond to the 
hormone ABA. Guard cell slow-anion channel 1 (SLAC1), 
which plays a role in response to elevated carbon dioxide 
(CO2) and ABA levels, has recently been found and described 
on a molecular level.46,47 Evidence suggests that SLAC1 is 

a primary platform of guard cells, which is essential for stoma
tal movement. Previous studies have demonstrated that the 
function of this channel is controlled by reversible phosphor
ylation. The coupling of calcium dependent kinase 21 (CDK21) 
and calcium-dependent protein kinase 23 (CDPK23) could be 
essential for the upregulation of the SLAC1.48 The inward- 
rectifying potassium channel 1 (KAT1) is also an ion channel 
found in Arabidopsis guard cells responsible for opening sto
mata pores.49

Additionally, the function of this channel is controlled by 
phosphorylation, which is mediated by SnRK2.6/OST1 and, by 
our postulation, the CDPK protein.50 However, in the instance 
of KAT1, phosphorylation has a deleterious impact on the 
protein’s activity. Contrary to SLAC1, it must be noted that 
the reduction of KAT1 function is required for stomatal clo
sure. It has been shown in the previous research that SnRK2.6/ 
OST1 phosphorylates both anion (SLAC1) and cation (KAT1) 
channels that are important for stomatal movements and that 
these phosphorylations are essential for the closure of stomata 
caused by water deficiency in the presence of ABA. It has been 
demonstrated that OST1 phosphorylates and activates SLAC1 
in reaction to ABA and in response to an increase in intracel
lular CO2

51 or ozone (O3).7,52 Although SnRK2.6/OST1 con
trols stomatal movement, their control over a plant response to 
drought is not limited to stomatal movement. Ultimately, 
SnRK2 plays a vital function in the movement of stomata in 
plants, and this involvement cannot be ignored.

Emerging dual role of SnRK2 kinases in plants

Under optimal growth conditions, the TARGET OF 
RAPAMYCIN (TOR) kinase phosphorylates PYL receptors 
and disrupts the pathways that suppress PP2Cs, resulting in 
a twofold inhibition of ABA signaling activation.53 Activated 
SnRK2s phosphorylate and stimulate downstream targets such 
as (ABF) transcriptional regulators and SLAC1 41. Belda- 
Palazón et al. (2020)53 reported two distinct roles of SnRK2 
in plants. SnRK2s boost growth in a lack of ABA: SnRK2s, 
along with PP2Cs, are necessary to form ‘repressor complexes’ 
that encapsulate SnRK1.54 Sequestration of SnRK1α1 in these 
complexes is required for root development (mostly in the case 
of SnRK2.2 and SnRK2.3), and it may account for other docu
mented unexpected impacts of SnRK2 kinases, particularly the 
impact of SnRK2.6, in improving the growth and metabolism 
in optimal conditions.55,56 The disintegration of these com
plexes to ABA receptors, that sequesters the PP2C repressors 
and allows them to be released, is necessitated by the binding of 
ABA. Several lines of evidence support this. As with SnRK2s, 
the activation of SnRK1 by ABA necessitates the removal of 
repression caused by PP2C phosphatases.56

ABA diminishes the interaction of SnRK1 with SnRK2 and 
PP2CA and the interaction between SnRK1 and PP2CA. In the 
absence of PP2Cs, SnRK1 and SnRK2 are not able to interact 
with one another. SnRK2s (SnRK2.2/SnRK2.3/SnRK2.6) are 
essential for suppressing TOR in reaction to ABA,53 even though 
SnRK2s might be indirectly engaged in TOR suppression in the 
absence of ABA. Nevertheless, in the presence of ABA, SnRK2s 
suppress growth, which is partially achieved by SnRK1 stimula
tion taking place more readily under abiotic stress conditions. 
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Plants were capable of regulating development in response to the 
water supply when the ABA-PP2C-SnRK2 module was bound to 
the evolutionarily conserved SnRK1–TOR axis, which was pre
viously unattainable. This dual control of SnRK1 by SnRK2 
kinases combines growth regulation with environmental factors 
of the terrestrial ecosystem.

Conclusions and future perspective

Early studies have shown that SnRK2 kinases play an essen
tial role in plants’ growth and maintenance of flowers. 
SnRK2-type protein kinases are induced in both ABA- 
dependent and ABA-independent ways under abiotic stres
ses, and they play critical roles in the development of stress 
responses. The interplay of the SnRK2 activation pathway 
with the ABA-dependent and ABA-independent pathways 
will be a major direction for future research. Although, the 
physiological function of ABA-independent SnRK2s is 
poorly understood, therefore we anticipate that this kinase 
group will be explored and observed extensively in the 
future. Future research will answer questions about 
SnRK2s function and the mechanisms that regulate their 
activity. Combined “omic” techniques should be utilized in 
the future to provide a complete view across varied abiotic 
stressors. The characterization of the key signaling SnRK2 
kinases involved in abiotic stress tolerance is progressing 
using various methods, including traditional forward and 
reverse genetic assessments in numerous plant species, 
large-scale genome sequencing, proteomics data analysis, 
and genome engineering methods. We postulate that with 
a better grasp of SnRK2 kinase-mediated signaling path
ways, we will successfully design and create climate-smart 
plants utilizing genetic improvement techniques to increase 
agricultural production requirements for the growing global 
population.
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