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SUMMARY

The plant hormone abscisic acid (ABA) plays a central role in the regulation of stomatal movements under

water-deficit conditions. The identification of ABA receptors and the ABA signaling core consisting of PYR/

PYL/RCAR ABA receptors, PP2C protein phosphatases and SnRK2 protein kinases has led to studies that

have greatly advanced our knowledge of the molecular mechanisms mediating ABA-induced stomatal clo-

sure in the past decade. This review focuses on recent progress in illuminating the regulatory mechanisms

of ABA signal transduction, and the physiological importance of basal ABA signaling in stomatal regulation

by CO2 and, as hypothesized here, vapor-pressure deficit. Furthermore, advances in understanding the inter-

actions of ABA and other stomatal signaling pathways are reviewed here. We also review recent studies

investigating the use of ABA signaling mechanisms for the manipulation of stomatal conductance and the

enhancement of drought tolerance and water-use efficiency of plants.
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INTRODUCTION

The plant hormone abscisic acid (ABA) plays critical roles

in plant survival. Mutant plants lacking ABA biosynthesis

or ABA signal transduction components show severe

drought-susceptible phenotypes. During the last decade

since the discovery of the ABA receptor genes (Ma et al.,

2009; Park et al., 2009), our understanding of ABA signal

transduction has advanced based on many studies

employing genetic, physiological, biochemical, chemical

biology and evolutionary approaches. In addition, recent

studies have provided evidence for a key function of ABA

signaling under non-stress conditions, designated here as

basal ABA signal transduction, in modulating stomatal reg-

ulation, plant growth and metabolic pathways (Hsu et al.,

2018; Yoshida et al., 2019a).

Abscisic acid-induced stomatal closure is mediated by

ion efflux from guard cells. Ion efflux in turn leads to

osmotic water efflux and a reduction in the turgor and vol-

ume of the guard cells, resulting in stomatal closure. Dur-

ing stomatal closure, the activation of S-type anion

channels and R-type anion channels plays a lead role (Kel-

ler et al., 1989; Schroeder and Hagiwara, 1989). These

anion channels: (i) mediate anion efflux from guard cells;

and (ii) cause a depolarization of the plasma membrane,

which activates depolarization-activated potassium efflux

channels. As both S-type anion channels and potassium

efflux channels can remain activated for minutes or longer

in plants, this enables effective solute release from guard

cells and stomatal closure (Schroeder and Hagiwara, 1989).

The PYRABACTIN RESISTANCE/PYRABACTIN RESIS-

TANCE-LIKE/REGULATORY COMPONENTS OF THE ABSCI-

SIC ACID RECEPTOR (PYR/PYL/RCAR) protein family was

identified as a family of ABA receptors (Ma et al., 2009;

Park et al., 2009; Cutler et al., 2010; Raghavendra et al.,

2010). PYR/PYL/RCAR receptors trigger ABA signal trans-

duction through protein phosphorylation reactions in plant

cells. PYR/PYL/RCAR receptors inhibit clade-A type-2C pro-

tein phosphatases (PP2Cs; with nine members in Ara-

bidopsis) through direct binding in the presence of ABA

(Ma et al., 2009; Park et al., 2009; Tischer et al., 2017). This

PP2C inhibition leads to the activation of SNF1-related pro-

tein kinase 2 (SnRK2; with 10 members in Arabidopsis,

three of which are mainly activated by ABA). These SnRK2

kinases are inhibited by PP2C-dependent dephosphoryla-

tion in the absence of ABA (Umezawa et al., 2009; Vlad

et al., 2009). This reaction is rapidly initiated (within
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approx. 1 min) in stomatal guard cells in response to ABA

(Li and Assmann, 1996; Mori and Muto, 1997; Takahashi

et al., 2017; Zhang et al., 2020). Activated SnRK2s in guard

cells, especially OPEN STOMATA 1 (OST1/SnRK2.6) (Mus-

tilli et al., 2002; Yoshida et al., 2002), phosphorylate sub-

strate proteins such as transcription factors, the S-type

anion channel SLAC1 and many other targets, thereby

inducing stomatal closure in response to ABA (Geiger

et al., 2009; Lee et al., 2009). A simplified ABA signal

transduction model in stomatal regulation is summarized

in Figure 1, which shows many of the recently identified

signal transduction and regulatory mechanisms discussed

in this review.

The Arabidopsis PYR/PYL/RCAR ABA receptor gene fam-

ily has 14 members, and these members have overlapping

(partially ‘redundant’) physiological functions. Among

these genes, four genes encode for PYR/RCAR ABA recep-

tors that are thermodynamically more likely to prevail as

receptor dimers in the absence of abscisic acid (Melcher

et al., 2009; Nishimura et al., 2009). These ‘dimeric’ recep-

tors have been shown to have a lower affinity for ABA

(Dupeux et al., 2011; Hao et al., 2011). ABA-induced stom-

atal closure is impaired in higher order mutant plants of

PYR/PYL/RCAR receptor genes (Nishimura et al., 2010;

Gonzalez-Guzman et al., 2012; Zhao et al., 2018). These

higher order pyr/pyl/rcar mutants show impaired growth

phenotypes and lose more water than wild-type plants

(Gonzalez-Guzman et al., 2012; Zhao et al., 2018). These

mutant plants further show steady-state widely open stom-

ata (Gonzalez-Guzman et al., 2012; Zhao et al., 2018; Zhang

et al., 2020), which correlates with the model that basal

ABA signal transduction is essential for maintaining proper

intermediate stomatal apertures under normal non-stress

conditions, as discussed later in this review. In the follow-

ing, we review diverse advances made in understanding

abscisic acid signal transduction during the regulation of

stomatal apertures since the discovery of ABA receptor

genes/proteins. We also review the literature investigating

Figure 1. Simplified model of abscisic acid (ABA) signal transduction and regulatory mechanisms in stomatal closure discussed herein.

A reconstitutable ABA signaling module is enclosed in a red rectangle. Positive regulators of ABA signaling are presented in green boxes. Negative regulators

of ABA signal transduction are presented in red ovals. Arrows indicate activation and bars indicate downregulation. Solid lines represent regulation pathways

predicted to be direct, and dashed lines represent some of the unknown pathways that remain to be investigated further. ABA-bound PYR/PYL receptors inhibit

PP2C phosphatase activity leading OST1/SnRK2.6 kinase activation by clade-B3 Raf-like M3Ks in guard cells. The S-type anion channel SLAC1, the R-type anion

channel QUAC1/AtALMT12 and other diverse targets not shown here are activated via phosphorylation by the OST1/SnRK2.6, SnRK2.2 and SnRK2.3 protein

kinases, thus triggering stomatal closure. Note that additional phosphorylation targets of SnRK2 protein kinases are required for stomatal closure and many of

these remain to be identified. PP2Cs downregulate SnRK2 protein kinases and also additional targets (not shown), including SLAC1, thus preventing non-speci-

fic Ca2+-induced S-type anion channel activation by calcium-dependent protein kinase (CPKs). L-CYSTEINE DESULFHYDRASE 1 (DES1) mediates ABA-induced

hydrogen sulfide (H2S) production, and then H2S persulfidates OST1/SnRK2.6 on cysteine residues to enhance OST1 kinase activity. OST1/SnRK2.6 kinase is

inhibited by the SnRK2-interacting calcium sensor (SCS). CARK1 phosphorylates PYR/PYL/RCAR receptors to enhance ABA signal transduction. The stability of

PYR/PYL/RCARs receptors is regulated by ALIX-mediated protein degradation. A PP2C–GEF–ROP control loop can ensure the off/on regulation of ABA signal

transduction, with ABA triggering GEF trafficking to the prevacuolar compartment for degradation through CPK phosphorylation of GEF, thus removing ROP

activity. EAR1 enhances PP2C phosphatase activity to repress ABA signal transduction, and PUB12/13, RGLG1/5 and BPMs regulate PP2C stability through the

ubiquitin–26S proteasome pathway. ABA inhibits RGLG1 myristoylation through an unknown mechanism to promote its nuclear localization and PP2CA degra-

dation.
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ABA signal transduction interactions with other stimuli that

function in the regulation of stomatal movements.

RECENT ADVANCES IN UNDERSTANDING EARLY ABA

SIGNAL TRANSDUCTION MECHANISMS

Evolutionary aspects of stomatal ABA signaling

Recent remarkable advances in genomic sequencing analy-

ses have contributed to our understanding of the evolu-

tionary aspects of ABA-dependent stomatal movement

(Hauser et al., 2011; Cai et al., 2017). Recent studies have

reported that the streptophyte algae Zygnema circumcari-

natum genome has a canonical ABA receptor ZcPYL8 (de

Vries et al., 2018), and that ZcPYL8 inhibits PP2C protein

phosphatase activity in the absence of ABA (Sun et al.,

2019). This study suggests that an early form of PYR/PYL/

RCAR proteins in algae functioned in PP2C phosphatase

regulation. Core ABA signaling genes involved in stomatal

closure, including PYR/PYL/RCAR ABA receptors, clade-A

PP2C protein phosphatases, SnRK2 protein kinases and the

SLAC1 S-type anion channel, have been identified and

coexist in some liverwort and moss species (Komatsu

et al., 2013; Cai et al., 2017; Jahan et al., 2019; Shinozawa

et al., 2019). The moss Physcomitrella patens shows ABA-

dependent stomatal closure (Chater et al., 2011). This

observation is also supported by genomic approaches

(Lind et al., 2015). Physcomitrella patens PpOST1 activates

PpSLAC1 in Xenopus oocytes and rescues the Arabidopsis

ost1/snrk2.6 mutant plant stomatal response, indicating

that these mechanisms may function in P. patens (Lind

et al., 2015). Further direct analyses of stomatal ABA

responses in P. patens would be needed to ascertain func-

tions derived from the Xenopus oocyte system, however.

Although providing a potent reconstitution system for

developing signaling models, the oocyte system has been

shown to not necessarily reflect ABA responses in planta

(Brandt et al., 2015), as expected for any simplified recon-

stitution system.

Although stomata have essential roles in most land

plants, through controlling gas exchange between plants

and the atmosphere, a large part of our knowledge of

stomatal ABA signal transduction has been derived from

research using angiosperms, including Arabidopsis. Infor-

mation is more limited in other plant species, however. For

example, it has been controversial when land plants

acquired ABA-dependent stomatal movements. It was

reported that endogenous ABA does not close stomata in

fern plants (McAdam and Brodribb, 2012; Cardoso and

McAdam, 2019), but other research has shown ABA

responses in ferns (Ruszala et al., 2011). Recent studies

have provided important information demonstrating that

stomata in intact fern plants could unequivocally close in

response to exogenous ABA (Cai et al., 2017; Horak et al.,

2017). Presently, the debate about whether fern stomata do

not respond to ABA (Brodribb and McAdam, 2011; McA-

dam and Brodribb, 2012) or do respond to ABA (Chater

et al., 2011; Ruszala et al., 2011; Cai et al., 2017) may have

been resolved by findings that some fern species have

weaker or no ABA responses, whereas other fern species

have “medium strength” ABA responses (Horak et al.,

2017). Furthermore, as in other land plant species, growth

conditions can affect the strength of the stomatal ABA

responses in fern species (Horak et al., 2017).

Activation of SnRK2: a key step in ABA signal transduction

Upon ABA activation, SnRK2 protein kinases orchestrate

downstream ABA signal transduction. The activation of

SnRK2 protein kinases is a key step for ABA signal trans-

duction, as demonstrated by in-gel kinase assays from

plant extracts, including from guard cell protoplasts (Li and

Assmann, 1996; Mori and Muto, 1997; Mustilli et al., 2002;

Takahashi et al., 2017). Three SnRK2 kinase genes,

SnRK2.2, SnRK2.3 and OST1/SnRK2.6, out of 10 SnRK2

gene family members in Arabidopsis are strongly activated

in response to ABA in plant cells (Boudsocq et al., 2004),

and triple mutant plants in these SnRK2 genes show sev-

ere ABA insensitivity (Fujii and Zhu, 2009; Umezawa et al.,

2009). These three SnRK2 protein kinases are considered

to have overlapping functions in mediating ABA responses

through the phosphorylation of diverse substrate proteins,

including OST1/SnRK2.6 phosphorylation of SLAC1 at a

specific residue, serine 120 (Geiger et al., 2009). Additional

phosphorylation sites are found in SLAC1 that function in

ABA signaling (Brandt et al., 2012, 2015). In stomatal guard

cells, SnRK2.2 and SnRK2.3 have been proposed to have a

role in the long-term stomatal response to drought condi-

tions (Virlouvet and Fromm, 2015), but are also rapidly

activated by ABA and contribute to rapid ABA responses in

guard cells (Brandt et al., 2015; Zhang et al., 2020).

It remains unclear how these SnRK2 protein kinases rec-

ognize various substrate proteins while maintaining sub-

strate specificities. It has been suggested that a conserved

C-terminal 10 amino acid sequence in SLAC1 S-type anion

channels may be required for recognition by OST1/

SnRK2.6 (Lind et al., 2015). SnRK2 protein kinases also

phosphorylate themselves (Belin et al., 2006), and

autophosphorylation at the activation loop has been con-

sidered to activate SnRK2 kinases. Recent research has

shown that SnRK2 protein kinases require additional pro-

tein kinases to activate and mediate signal transduction in

guard cells, however.

Key function of Raf-like MAPKK kinases in the ABA

signaling core and potential roles in osmotic stress

signaling

The PYR/PYL/RCAR–PP2C–SnRK2 ABA signaling core is

required for most if not all ABA responses, including ABA

inhibition of seed germination and root elongation. Since

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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the discovery of PYR/PYL/RCAR receptors, this signaling

module has been widely accepted as a ‘core’ mechanism

underlying early ABA signal transduction (Cutler et al.,

2010; Raghavendra et al., 2010). Interestingly, recently a B3

family of Raf-like MAP kinase kinase kinases (M3Ks) was

reported as another essential signaling component (Taka-

hashi et al., 2020). The Arabidopsis M3K family consists of

80 gene members and contains important genes in a wide

variety of plant signal transduction pathways (Ichimura

et al., 2002; de Zelicourt et al., 2016). In stomatal guard

cells, for example, the Raf-like M3Ks include HIGH LEAF

TEMPERATURE 1 (HT1), CONVERGENCE OF BLUE LIGHT

AND CO2 1/2 (CBC1/2) and BLUE LIGHT-DEPENDENT H+-

ATPASE PHOSPHORYLATION (BHP). These protein kinases

have been shown to function in stomatal CO2 and blue

light signal transduction pathways (Hashimoto et al., 2006;

Hayashi et al., 2017; Hiyama et al., 2017).

Initially, clade-B Raf-like M3Ks were identified in a

redundancy-circumventing forward genetic artificial micro-

RNA (amiRNA) screen as candidate genes involved in ABA

signaling (Hauser et al., 2013). In P. patens, an ortholog of

B3 Raf-like M3Ks, designated PpARK (ABA and abiotic

stress-responsive Raf-like kinase), was identified in a

mutant showing reduced ABA sensitivity and reduced

hyperosmotic tolerance (Saruhashi et al., 2015). Recently,

additional forward genetic amiRNA screening identified a

mutant that targeted overlapping B3 M3K family members,

and at least three out of seven genes from the B3 Raf-like

M3K family, M3Kd1 (At5g11850), M3Kd6 (At1g73660) and

M3Kd7 (At1g18160), were shown to be required for OST1

reactivation after PP2C-mediated dephosphorylation and

inhibition (Takahashi et al., 2020). Independent amiRNA

lines targeting these genes and knockout lines in these

M3K genes show ABA-insensitive phenotypes in several

responses, including in ABA-induced stomatal closure and

ABA inhibition of seed germination (Takahashi et al.,

2020). In independent research, combinations of B2, B3

and B4 M3Ks were identified by phosphoproteomics and

shown to contribute to the activation of SnRK2s in rapid

ABA-independent osmotic stress and ABA responses (Lin

et al., 2020). In addition, analyses of the orthologs of the

osmotic stress-linked M3K gene, PpARK, in P. patens

showed that an m3kd5 m3kd6 m3kd7 (atark3;

At4g24480 atark2 atark1) triple mutant in Arabidopsis

demonstrates impairment in ABA-induced stomatal closure

(Katsuta et al., 2020).

In vitro reconstitution of signal transduction pathways

provides an approach to test putative ABA signal transduc-

tion mechanisms that need to be investigated further

in planta. PYR1, PP2C, ABI1 and OST1/SnRK2.6 recombi-

nant proteins produced by Escherichia coli were used for

in vitro reconstitution analyses (Fujii et al., 2009). Using

this system, it was shown that the protein kinase activity of

SnRK2 recombinant proteins was dependent on the

presence of ABA, suggesting that these three components

are sufficient for ABA-induced SnRK2 activation (Fujii

et al., 2009). Moreover, by injecting capped sense RNA

(cRNA) into Xenopus oocytes, ABA-induced S-type anion

channel activation was reconstituted using PYR1, ABI1,

OST1/SnRK2.6 and SLAC1 (Brandt et al., 2012); however,

robust activation of SLAC1 by OST1 in oocytes required

the artificial linking of these two proteins using bimolecu-

lar fluorescence complementation (BiFC) constructs (Gei-

ger et al., 2009).

Type-2C protein phosphatases (PP2Cs) directly shut off

the SnRK2.2, SnRK2.3 and OST1 protein kinase activities

via the dephosphorylation of SnRK2s. Two theories prevail:

SnRK2 protein kinases could be reactivated either via

autophosphorylation or via phosphorylation by unknown

protein kinases in response to ABA. A recent study

revealed that if recombinant OST1/SnRK2.6 protein was

initially dephosphorylated by PP2Cs, surprisingly OST1/

SnRK2.6 could not reactivate in vitro, even in the presence

of ABA and ABA receptor and PP2C proteins (Takahashi

et al., 2020). Thus, these findings provide evidence that

dephosphorylated SnRK2 protein kinases cannot reactivate

themselves solely by autophosphorylation. The B3 Raf-like

M3Ks were shown to be sufficient for ABA-dependent

OST1/SnRK2.6 reactivation in vitro and by BiFC-free SLAC1

activation by OST1 in oocytes (Takahashi et al., 2020).

These findings and the above reviewed genetic and bio-

chemical evidence in plants suggest that the B3 Raf-like

M3Ks are components required for the ABA signaling

module (Figure 1).

Recently, ABA-induced expression of an ABA-responsive

luciferase (LUC) reporter gene was reconstituted in yeast

(Ruschhaupt et al., 2019). The absence of endogenous ABA

and signaling components in yeast provides a potent

research tool that allows combinatorial ABA signaling anal-

yses. Using this system, it was found that SnRK2.4 kinase,

which is activated by osmotic stress in plant cells, can

mediate ABA-dependent gene expression in yeast (Rusch-

haupt et al., 2019). Osmotic stress activates at least nine

Arabidopsis SnRK2s in plant tissues in the absence of an

increase in ABA concentration (Boudsocq et al., 2004,

2007; Yoshida et al., 2006). Interestingly, Raf-like M3Ks are

also important for osmotic stress-induced SnRK2 activation

(Katsuta et al., 2020; Lin et al., 2020; Soma et al., 2020;

Takahashi et al., 2020). Members of a distinct clade, the B4

clade of M3Ks, were identified as playing a key role in

ABA-independent osmotic stress-activated SnRK2s, includ-

ing SnRK2.1, 2.4, 2.5, 2.9 and 2.10 (Lin et al., 2020; Soma

et al., 2020). Moreover, the ABA signaling M3K B3 family

members d1, d6 and d7 are required for osmotic stress acti-

vation of the ABA signaling SnRK2.2, 2.3 and OST1 kinases

(Takahashi et al., 2020). Furthermore, osmotic stress in

seedlings induces post-translational modification(s),

including mobility shifts and phosphorylation of the M3Ks

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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(Stecker et al., 2014; Lin et al., 2020; Takahashi et al., 2020).

How the M3Ks receive osmotic stress signaling remains an

open question. Moreover, further research is needed to

illuminate whether ABA modifies Raf-like M3Ks during

ABA signaling and stomatal closure. Furthermore, it

remains unclear how M3Ks can override and interface with

the PP2C inhibition of SnRK2s during the rapid osmotic

stress response (Figure 1).

ADVANCES IN UNDERSTANDING REGULATORY

MECHANISMS OF ABA SIGNAL TRANSDUCTION

Phosphorylation of PYL/RCAR receptors

It has been suggested that PYR/PYL/RCAR abscisic acid

receptors are regulated by protein phosphorylation of

these receptors. Recent phosphoproteomic analyses sug-

gest that ABA decreases the level of phosphorylated PYL4

proteins in Arabidopsis (Wang et al., 2018c). Further analy-

ses suggest that PYL4 is phosphorylated and inhibited by

the TARGET OF RAPAMYCIN (TOR) protein kinase, which

plays an important role in plant growth regulation (Wang

et al., 2018c). It was also suggested that ABA, in turn, inhi-

bits TOR kinase activity through SnRK2-mediated protein

phosphorylation of the REGULATORY-ASSOCIATED PRO-

TEIN OF TOR 1B (RAPTOR1B). This competitive phospho-

rylation loop mechanism has been proposed to optimize

plant stress tolerance and growth recovery under changing

water-stress conditions (Wang et al., 2018c). In contrast to

the above inhibitory phosphorylation of ABA receptors,

some PYR/PYL/RCAR members from subfamily III were

shown to be activated by phosphorylation mediated by a

putative receptor-like cytoplasmic kinase, CARK1 (Zhang

et al., 2018; Li et al., 2019). The cark1 mutant exhibited

wider stomatal apertures after ABA treatment, whereas

overexpression of CARK1 demonstrated the opposite phe-

notype to that observed in the cark1 mutant (Zhang et al.,

2018).

Newly identified regulatory components of PP2C

phosphatases

The clade-A PP2Cs are central negative regulators of ABA

signaling by dephosphorylating SnRK2 protein kinases and

also by directly dephosphorylating downstream targets of

SnRK2 protein kinases (Brandt et al., 2015; Peirats-Llobet

et al., 2016). Members of the small GTP-binding protein

Rho-like GTPase from plant (ROP) family and of the GTP

exchange factor RopGEF protein family have been found

to form a signaling loop that can regulate PP2C activity

(Figure 1) (Li et al., 2016b). The ABI1 PP2C interacts with

and stabilizes RopGEF1 protein in the absence of ABA (Li

et al., 2016b). RopGEF1, in turn, activates the plant ROP

small GTP-binding proteins (Berken et al., 2005; Gu et al.,

2006). The active ROP10 and ROP11 proteins, in turn, inter-

act with PP2Cs and either stabilize (Li et al., 2012) or

increase (Yu et al., 2012) PP2C activity. Thus, the two clo-

sely related ROP10 and ROP11 proteins act as negative reg-

ulators of ABA signaling (Zheng et al., 2002; Li et al., 2012;

Yu et al., 2012) and may further help in shutting off ‘leaky’

ABA receptor signaling by monomeric PYR/PYL/RCAR

receptors that can respond to very low basal ABA concen-

trations or potentially under ABA-free conditions (Dupeux

et al., 2011; Hao et al., 2011). The ROP–GEF pathway nega-

tively regulates ABA-induced stomatal closure (Zheng

et al., 2002; Li et al., 2012; Li and Liu, 2012; Yu et al., 2012).

Abscisic acid (ABA) was found to cause the rapid traf-

ficking and degradation of RopGEF1 and additional mem-

bers of the RopGEF family (Li et al., 2016b). This, in turn,

would remove the negative hold on ABA signaling by

ROP10 and ROP11. A recent study showed that protein

phosphorylation of the N-terminal region of the GTP

exchange factor RopGEF1 mediated by calcium-dependent

protein kinases causes ABA-induced trafficking and degra-

dation of RopGEF1 in Arabidopsis (Figure 1) (Li et al.,

2018).

Six members of Arabidopsis clade A PP2Cs, ABI1, ABI2,

HAB1, HAB2, AHG1 and AHG3, have an N-terminal autoin-

hibitory domain, and this domain interacts with a recently

characterized protein ENHANCER OF ABA CO-RECEPTOR 1

(EAR1) (Wang et al., 2018b). EAR1 functions as a negative

regulator of ABA responses, including ABA-induced stom-

atal closure, by enhancing PP2C activities through direct

interaction with PP2Cs (Figure 1) (Wang et al., 2018b).

Possible SnRK2 regulation by other protein phosphatases

and Ca2+-related signaling

The SnRK2 kinases may be regulated by other protein

phosphatases in addition to the clade-A PP2Cs. TYPE ONE

PROTEIN PHOSPHATASE 1 (TOPP1) and its regulatory pro-

tein At Inhibitor-2 (AtI-2) were reported to interact with

SnRK2s and PYL/RCAR ABA receptors, and to negatively

regulate OST1/SnRKs kinase activities and ABA signal

transduction, using similar mechanisms as clade-A PP2Cs

(Hou et al., 2016). OST1/SnRK2s also interact with a single-

ton PP2C homolog KINASE-ASSOCIATED PROTEIN PHOS-

PHATASE (KAPP) (Lu et al., 2020). It was suggested that

KAPP negatively regulates ABA inhibition of seed germina-

tion but not ABA-mediated stomatal closure (Lu et al.,

2020); however, it remains unclear whether these phos-

phatases regulate OST1/SnRK2 activity and/or whether

ABA affects the activity of these phosphatases.

The SnRK2 kinases are considered to be Ca2+-indepen-

dent protein kinases. Interestingly, an EF-hand-containing

protein SNRK2-INTERACTING CALCIUM SENSOR (SCS)

has been reported to directly bind to SnRK2s and to nega-

tively regulate drought tolerance in Arabidopsis (Figure 1)

(Tarnowski et al., 2020). SCS may inhibit SnRK2 kinase

activity, and SCS overexpression in Arabidopsis decreases

ABA-induced SnRK2 activation (Tarnowski et al., 2020).

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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Possible interaction between SnRK2s and Ca2+ signaling

can shed light on how Ca2+ signaling contributes to stom-

atal ABA signal transduction (McAinsh et al., 1990). Absci-

sic acid enhances the Ca2+ sensitivity of S-type anion

channel activation in Arabidopsis and Vicia faba guard

cells (Siegel et al., 2009; Chen et al., 2010). The Ca2+ activa-

tion of S-type anion channels requires ABA inhibition of

PP2Cs, as these PP2Cs can dephosphorylate and deactivate

SLAC1 (Brandt et al., 2015). Moreover, in pp2c quadruple

mutant guard cells, Ca2+ activation of S-type anion chan-

nels no longer requires the co-application of ABA (Brandt

et al., 2015). These findings provide a mechanism for

specificity in Ca2+ signaling in which clade-A PP2Cs ensure

against uncontrolled Ca2+ activation of S-type anion chan-

nels and stomatal closure (Figure 1). ABA primes guard

cells for a Ca2+ response by inhibiting PP2Cs (Brandt et al.,

2015). At the same time, Ca2+-activation of S-type anion

channels in guard cells requires an intact Ca2+-independent

signaling branch via the Ca2+-independent SnRK2.2,

SnRK2.3 and OST1/SnRK2.6 protein kinases (Brandt et al.,

2015). A recent systems biology approach suggests an

important role of Ca2+ signaling in enhancing stomatal

ABA signal transduction (Albert et al., 2017), as discussed

later.

Transcriptional regulation of ABA signaling core

components

Several studies have provided evidence for how the ABA

signaling core itself is regulated by gene expression.

Recent discoveries in the primitive streptophyte algae

Z. circumcarinatum show that ZcPYL8 has ABA-indepen-

dent activity and that its expression level is repressed by

cold stress, suggesting the potential importance of gene

expression in the regulation of PYR/PYL/RCAR ABA recep-

tors (de Vries et al., 2018; Sun et al., 2019). Arabidopsis

PYL10, which has an ABA-independent PP2C inhibitory

activity, and has been proposed to function as a ‘leaky’

ABA receptor (Hao et al., 2011), is expressed at very low

levels. This low expression level of PYL10 is controlled by

its genomic 30 region (Sun et al., 2019). Interestingly, trans-

genic (over)expression of the PYL10 gene without this 30

region reduces the stomatal conductance of the ABA-defi-

cient mutant aba2-1 (Sun et al., 2019). Note that aba2-1

plants continue to synthesize ABA, albeit at reduced levels.

The expression of PP2C can be regulated by alternative

splicing. A putative PWI and RRM motif-containing protein

RBM25 is suggested to be required for proper ABA

responses in Arabidopsis (Zhan et al., 2015). rbm25 knock-

out mutants are hypersensitive to ABA in seedling green-

ing but are not defective in transpirational water loss, and

RNA-seq analyses revealed that the splicing pattern of

HAB1 is affected in rbm25 mutants, suggesting that

RBM25 is required for the expression of mature HAB1

transcript.

Roles of protein degradation in ABA signaling core

components

Protein concentrations of PYR/PYL/RCAR receptors and

PP2Cs can be regulated by protein degradation through

the 26S proteasome. The Arabidopsis DET1- AND DDB1-

ASSOCIATED 1 (DDA1) protein is a component of COP10–
DET1–DDB1 (CDD)-related complexes, which works as an

adapter to facilitate the interaction of PYL4, PYL8 and PYL9

proteins with CULLIN4–RING E3 ubiquitin ligases, thereby

triggering the proteasomal degradation of those ABA

receptors (Irigoyen et al., 2014). Overexpression of DDA1

reduces ABA sensitivity in Arabidopsis plants. PYR/PYL/

RCAR receptors are also degraded through the late endo-

some route and vacuolar degradation (Garcia-Leon et al.,

2019). Arabidopsis ALIX weakens ABA-induced stomatal

closure by directly binding to ABA receptors in late endo-

somes and mediating their degradation (Figure 1).

Two U-Box E3 ligases, PUB12 and PUB13, interact with

the ABI1 PP2C and promote ABA-dependent ABI1 degrada-

tion through the 26S proteasome (Figure 1) (Kong et al.,

2015). In addition, two Ring-type E3 ligases, RGLG1 and

RGLG5, are involved in the ABA-dependent degradation of

PP2CA (Figure 1) (Wu et al., 2016). ABA inhibits the myris-

toylation of RGLG1 and promotes the nuclear translocation

of RGLG1, which could lead to the nuclear degradation of

PP2CA (Figure 1) (Belda-Palazon et al., 2019). Furthermore,

BTB/POZ AND MATH DOMAIN proteins (BPMs), which are

substrate adaptors of the multimeric CULLIN3 (CUL3)-

RING-based E3 ligases (CRL3s), were identified to promote

the degradation of PP2Cs in response to ABA (Figure 1)

(Julian et al., 2019). Mutants in these E3 ligases exhibited a

reduction in ABA sensitivity in seed germination and stom-

atal movements (Kong et al., 2015; Wu et al., 2016; Julian

et al., 2019).

ROLES OF BASAL ABA CONCENTRATIONS IN GUARD

CELLS AND BASAL ABA SIGNALING

Plants maintain higher basal ABA concentrations and ABA

signaling in guard cells

Classical research suggested that guard cell protoplasts

maintain higher ABA concentrations than mesophyll proto-

plasts isolated from well-watered plants (Lahr and

Raschke, 1988). Recent studies using several approaches

have provided evidence that non-stressed stomatal guard

cells have clear basal ABA and basal SnRK2 kinase activi-

ties. The FRET-based in vivo ABA reporters, ABAleons,

showed higher basal ABA concentrations in guard cells

compared with other leaf tissues in vivo (Waadt et al.,

2014, 2015). In an independent approach using the ABA-re-

sponsive reporter pRAB18-GFP (Kim et al., 2011), higher

basal ABA signaling in guard cells than other leaf cells was

detected under non-stress conditions (Waadt et al., 2014,
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2015; Hsu et al., 2018). Recently, basal OST1/SnRK2 kinase

activities in guard cells were revealed by a genetically

encoded FRET-based SnRK2 activity sensor (SNACS)

(Zhang et al., 2020). Genetic evidence further supports the

model that basal ABA levels and signaling are crucial for

maintaining steady-state stomatal conductance, with

knockout mutants in ABA receptors showing higher

steady-state stomatal conductances in non-stressed plants

(Gonzalez-Guzman et al., 2012; Merilo et al., 2013, 2018;

Hsu et al., 2018; Zhang et al., 2020). It is still not fully

understood how plants maintain higher ABA concentra-

tions in the guard cells of non-stressed and stressed

plants. ABA could be directly synthesized in guard cells

(Bauer et al., 2013), and/or transported from other synthe-

sis sites into guard cells (Kang et al., 2010; Kuromori et al.,

2010, 2011; Merilo et al., 2015).

Basal ABA signaling contributes to other stomatal

movement stimuli

Genetic evidence showed that ABA signal transduction

plays a key role in elevated CO2-induced stomatal closure

(Xue et al., 2011; Chater et al., 2015; Hsu et al., 2018; Dit-

trich et al., 2019; Zhang et al., 2020). Time-resolved stom-

atal conductance assays in the ABA receptor

pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 hextuple mutant and ost1-3

mutant suggest that ABA signaling enhances rapid CO2-in-

duced stomatal closure (Hsu et al., 2018; Zhang et al.,

2020). A recent study suggested that CO2 can activate ABA

receptor signaling (Dittrich et al., 2019). Surprisingly, sev-

eral independent in-depth studies could not confirm this

model. First, no noticeable increases in ABA concentra-

tions in guard cells were observed in response to CO2 ele-

vation using in vivo FRET-based ABA reporters (Hsu et al.,

2018; Zhang et al., 2020). Second, OST1/SnRK2.6 protein

kinase activities in guard cells were not activated by CO2

elevation in in-gel kinase assays and in time-resolved anal-

yses in intact guard cells using a real-time FRET-based

SnRK2 activity sensor (Hsu et al., 2018; Zhang et al., 2020).

At the same time, however, ABA receptors and the OST1/

SnRK2.6 kinase were required for a wild-type-like CO2

response (Hsu et al., 2018). Taken together, these diverse

lines of evidence support a model in which basal ABA

receptor signaling contributes in parallel with CO2 signal-

ing, but in which CO2 does not rapidly increase ABA con-

centrations, ABA receptor activation or SnRK2 kinase

activity in guard cells (Hsu et al., 2018; Zhang et al., 2020).

Findings showing significant basal ABA concentrations

and signaling in guard cells (Lahr and Raschke, 1988;

Waadt et al., 2015; Hsu et al., 2018; Zhang et al., 2020) are

also likely to contribute to observations showing reduced

light-induced stomatal opening in the farnesyltransferase

b-subunit mutant enhanced response to ABA1 (era1) plants

(Jalakas et al., 2017). In addition, farnesylation functions in

brassinosteroid synthesis, which in turn counteracts ABA

signaling (Northey et al., 2016). Note that there is only a

single ERA1 gene encoding a b subunit of farnesyltrans-

ferases in the Arabidopsis genome and the era1 mutant

plants thus have a number of phenotypes. Therefore, far-

nesylation of distinct targets and processes in guard cells

may hypothetically be occurring in era1 mutants.

Methyl jasmonate (MeJA)-induced stomatal closure was

reported to be impaired in the ost1/snrk2.6 mutant (Yin

et al., 2016), but OST1/SnRK2.6 protein kinase activities in

guard cells were not activated by MeJA (Zhang et al.,

2020). Jasmonate is required for wounding-induced stom-

atal closure, which includes CBL1-CIPK5-mediated GORK

K+ channel activation (F€orster et al., 2019). Possibly similar

to CO2 signaling, stomatal MeJA responses may not

directly activate ABA signaling, but they may rely on basal

ABA signaling to transduce stomatal movement responses

effectively. Further research would be needed to investi-

gate this model.

Role of basal ABA signaling under non-stress conditions

In addition to acting as a hormone that controls transpira-

tion via stomatal closure, ABA regulates plant growth and

development, including seed dormancy and germination,

root architecture and stomatal development (Finkelstein

et al., 2008; Tanaka et al., 2013; Chater et al., 2014; Harris,

2015; N�ee et al., 2017; Belda-Palazon et al., 2018; Rosales

et al., 2019). Recent studies have addressed how basal

ABA signal transduction regulates plant growth and devel-

opment. A triple mutant in the three ABA-activated sub-

class-III SnRK2s, snrk2.2 snk2.3 ost1/snrk2.6, and an ABA

biosynthesis mutant, aba2-1, exhibited an increase in leaf

numbers under non-stress conditions (Fujita et al., 2009;

Yoshida et al., 2019b). Primary metabolite profile analysis

of snrk2.2 snk2.3 ost1/snrk2.6 and aba2-1 mutants and iso-

tope-labeling experiments in the snrk2.2 snk2.3 ost1/

snrk2.6 mutant suggest that basal ABA signal transduction

modulates metabolism through repressing the tricar-

boxylic acid (TCA) cycle under non-stress conditions

(Yoshida et al., 2019b).

An ABA-induced stomatal closure pathway has been

proposed in guard cells that functions independently of

the dominant abi1-1 and abi2-1 PP2C mutants and the

slac1-1 mutant (Pantin et al., 2013); however, a high con-

centration of 50 µM ABA was applied in this study, which

could bypass the dominant abi1-1 and abi2-1 mutants,

given the many overlapping PP2Cs that function in the

stomatal ABA signaling pathway. Furthermore, the R-type

anion channel, AtALMT12/QUAC1, functions in parallel

with SLAC1 and thus appears a likely candidate for bypass-

ing SLAC1 to mediate stomatal closure at high ABA con-

centrations (Figure 1) (Meyer et al., 2010; Sasaki et al.,

2010). Thus, the proposal that a non-canonical ABA signal-

ing pathway exists that regulates stomatal movements

(Pantin et al., 2013) may require further investigation in
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stronger higher order mutants than abi1-1 and abi2-1, such

as the snrk2.2 snk2.3 ost1/snrk2.6 triple mutant, which fully

disrupts the ABA signaling pathway.

As discussed earlier, ABA signaling has been reported to

downregulate signal transduction by the TOR protein

kinase (Wang et al., 2018c). Further research will be needed

to determine whether basal ABA and/or the increase in

plant growth and the alteration of metabolism in ABA-defi-

cient mutants and ABA signaling mutants under non-stress

conditions (Negin et al., 2019; Yoshida et al., 2019b) could

result from enhanced TOR signaling.

Interaction between ABA and other signal transduction

pathways in stomatal movement

Several small molecules have been shown to enhance

ABA-mediated stomatal movement. Hydrogen sulfide

(H2S), a small gaseous signaling molecule, can trigger

stomatal closure when applied exogenously (Jia et al.,

2018). More recently, Chen and colleagues shed light on a

mechanism describing how H2S post-translationally regu-

lates OST1 to trigger stomatal closure upon ABA treatment

(Chen et al., 2020). In this model, ABA initially induces H2S

production via L-CYSTEINE DESULFHYDRASE 1 (DES1). In

turn, H2S persulfidates OST1 on two cysteine residues,

Cys131 and Cys137, which are exposed on the protein sur-

face (Figure 1). Interestingly, OST1 persulfidation on

Cys131 and Cys137 increases the phosphorylation of the

transcription factor ABF2 in vitro (Chen et al., 2020). Using

BiFC analyses and in vitro pull-downs, the authors also

suggested that OST1 interacts preferentially with ABF2

when Cys131 and Cys137 are post-translationally modified

(Chen et al., 2020). In an independent study, patch-clamp

experiments showed that OST1/SnRK2.6 and Ca2+ are

required for the H2S activation of S-type anion currents in

guard cells (Wang et al., 2016). Altogether, H2S appears to

be a relevant signaling player in ABA-triggered stomatal

closure.

Interestingly, H2S also triggers calcium (Ca2+) waves in

guard cells (Figure 1) (Chen et al., 2020). Ca2+ has been

shown to be a regulator during ABA-mediated stomatal

closure. In guard cells, ABA application causes Ca2+ tran-

sients, which appear to be much shorter than H2S-trig-

gered Ca2+ influx (Chen et al., 2020). Recently, AGB1,

which encodes a heterotrimeric G-protein b-subunit, was

shown to be required for Ca2+ sensing and calcium-in-

duced stomatal closure in Arabidopsis (Jeon et al., 2019).

Ca2+ was also described to increase the efficiency of ABA-

triggered stomatal closure (Huang et al., 2019), with intra-

cellular Ca2+ being monitored in this study using a geneti-

cally encoded Ca2+ reporter R-GECO-mTurquoise (Waadt

et al., 2017). Using intracellular double-barreled microelec-

trodes in intact Arabidopsis leaves, the authors report that

Ca2+ accelerates stomatal closure (Huang et al., 2019).

These findings correlate with Boolean modeling

predictions (Albert et al., 2017). Ca2+ ions activate SLAC1

by stimulating calcium-dependent protein kinase (CPK)

activity (Brandt et al., 2015). ABA-triggered stomatal clo-

sure is only partially impaired at low ABA concentrations

in cpk quadruple mutant plants (Brandt et al., 2015); how-

ever, higher ABA concentrations appear to bypass cpk

quadruple mutants in stomatal closure (Brandt et al.,

2015). Previous research also showed that ABA closes

stomata when Ca2+ transients are completely inhibited at

higher ABA concentrations (Siegel et al., 2009). Further-

more, a number of studies, including recent research,

showed that ABA can act independently of cytosolic Ca2+

elevation (Levchenko et al., 2005; Marten et al., 2007). Inter-

estingly, the injection of 1,2-bis(o-aminophenoxy)ethane-

N,N,N0,N0-tetraacetic acid (BAPTA), a strong Ca2+ chelator,

into V. faba guard cells abolished the ABA activation of

anion channel currents in guard cells (Levchenko et al,

2005). These findings, together with findings of weak ABA-

induced stomatal closure when Ca2+ transients were com-

pletely inhibited (Siegel et al., 2009), may be explained by

a model in which guard cells have a partial response to

resting cytosolic Ca2+ concentrations (Siegel et al., 2009).

The emerging model that Ca2+ elevation plays an ampli-

fying effect on ABA signaling in guard cells appears to be

most consistent with many independent findings in several

laboratories. Research has further indicated that physiolog-

ical resting Ca2+ concentrations can contribute to amplify-

ing ABA responses, via ABA enhancement in (the priming

of) the Ca2+ sensitivity of S-type anion activation and K+

uptake channel deactivation in guard cells (Siegel et al.,

2009; Chen et al., 2010; Brandt et al., 2015).

Cytosolic anions have also been described as essential

players in the activation of S-type anion channels. Physio-

logical concentrations of oxaloacetate and malate facilitate

S-type anion channel activation in guard cell patch-clamp

experiments (Wang et al., 2018a). Additionally, S-type

anion channel activation by intracellular malate was shown

to require basal (resting) cytosolic Ca2+. However, high

concentrations of cytosolic malate inhibit S-type anion

channels (Wang and Blatt, 2011; Wang et al., 2018a), which

correlates with an increase in guard cell malate levels dur-

ing stomatal opening.

Given the complexity and the myriad of proteins impli-

cated in ABA signaling, independent in silico modeling

approaches have been applied in recent years to develop

hypotheses for roles of Ca2+ in ABA-mediated stomatal clo-

sure (Albert et al., 2017; Waidyarathne and Samarasinghe,

2018; Maheshwari et al., 2019). Interestingly, these models

suggest a role for Ca2+ elevation in accelerating stomatal

closure in silico, as discussed earlier, and in improving the

overall resilience of the system (Waidyarathne and Sama-

rasinghe, 2018). Another (discrete) modeling approach

used an 81-node Boolean logic network to develop new

guard cell signaling hypotheses (Albert et al., 2017). A
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condensed network comprising 49 of these nodes pre-

dicted a putative role of Ca2+ elevation in inhibiting PP2Cs,

which was supported by experimental analyses (Mahesh-

wari et al., 2019). These recent articles illustrate how in sil-

ico modeling combined with wet-lab experiments can help

in the understanding of guard cell ABA signaling.

Interaction between peptide hormones and ABA signal

transduction

Plant dehydration can be rapidly transmitted from root to

leaves via an accompanying hydraulic change (Christmann

et al., 2007). This long-distance signal then causes ABA

biosynthesis and ABA signaling in shoots (Christmann

et al., 2007). Recently, a slower signal has been linked

to root-to-shoot drought communication (Takahashi

et al., 2018). Under water-deficient conditions, the small

peptide CLAVATA 3/EMBRYO-SURROUNDING REGION

RELATED 25 (CLE25) is expressed in root vascular tissues

and moves to aerial parts of the plant to trigger stomatal

closure, by increasing the expression of the NINE-CIS-

EPOXYCAROTENOID DIOXYGENASE 3 (NCED3) ABA

biosynthesis encoding gene in leaves (Takahashi et al.,

2018). This recently reported long-distance peptide signal-

ing mechanism is slower than the rapid hydraulic signaling

mechanism, and further research could dissect the relative

contributions and any interdependencies of these two

pathways.

FERONIA (FER) is a central transmembrane receptor-like

kinase involved in the perception of short open reading

frame RAPID ALKALINIZATION FACTOR (RALF) signaling

peptides. FER is implicated in a myriad of processes (Li

et al., 2016a; Liao et al., 2017), which points to the ques-

tion of how FER integrates these different signaling

events. The fer-4 mutant is more sensitive to several abi-

otic stresses compared with wild-type (WT) plants (Chen

et al., 2016; Feng et al., 2018b). FER was shown to mediate

[Ca2+] transients in roots that function in maintaining cell-

wall integrity in response to salt stress (Feng et al.,

2018a). The role of FER in maintaining cell-wall integrity

may be linked to several phenotypes caused by fer muta-

tions. Interestingly, the extracellular domain of FER was

shown to interact with pectin in cell walls and thus protect

cell walls from salinity-induced damage. FER is phospho-

rylated and activated in response to the RALF signaling

peptide (Haruta et al., 2014; Chen et al., 2016); however,

research has shown that a kinase-dead version of FER can

complement some functions in ovules and that overex-

pression of a kinase-dead isoform can restore stomatal

closure mediated by the RALF1 peptide (Chakravorty

et al., 2018; Haruta et al., 2018). ABA has also been

reported to cause the phosphorylation of FER (Chen et al.,

2016). These observations are consistent with the findings

that stomatal movements require guard cell-wall integrity

(Rui et al., 2017; Wu et al., 2017).

Low-humidity-induced stomatal closure

Low relative humidity in the atmosphere is one of the envi-

ronmental factors that causes stomatal closure, which was

first reported by Francis (Darwin, 1898). A reduction in rela-

tive humidity increases the vapor-pressure deficit (VPD),

which quantifies the difference between actual vapor pres-

sure and water-saturated vapor pressure at a given temper-

ature. The water vapor pressure in the intercellular air

spaces inside leaves is assumed to be nearly saturated

(Monteith, 1995; Peak and Mott, 2011). A high VPD from

inside leaves to ambient air strengthens the driving force

for stomatal transpiration. Therefore, stomatal closure

induced by high VPD/low relative humidity prevents exces-

sive water loss by plants and maintains leaf turgor (Buck-

ley, 2016). It is still unclear how VPD is sensed by plants to

regulate stomatal movements. Recent studies have sug-

gested that high VPD/low relative humidity rapidly reduces

vapor pressure near the inner leaf side (cavity) of stomata,

and the water potential of the guard cell wall equilibrates

with the vapor phase changes to trigger stomatal closure

(Shope et al., 2008; Peak and Mott, 2011; Rockwell et al.,

2014; Wang et al., 2017). In response to a steep increase in

VPD, stomata are known to initially transiently open before

they close. It has been suggested that epidermal cells have

a mechanical ‘advantage’ over guard cells, and that the ini-

tial water loss of epidermal cells and the subsequent loss

of epidermal cell turgor triggers a guard cell turgor-driven

transient stomatal opening in response to a reduction in

relative humidity before stomatal closure (Buckley, 2019).

The genes and proteins involved in sensing shifts in water

potential or the accompanying mechanical signals in guard

cells remain unknown. ‘Hydroactive’ (requiring intracellular

signal transduction) and ‘hydropassive’ models have been

proposed for mediating high VPD/low relative humidity-in-

duced stomatal closure (Peak and Mott, 2011; Buckley,

2016), with recent studies discussed here supporting con-

tributions from both mechanisms to the VPD response.

The role of the plant hormone ABA in the high-VPD

response has been debated over the past two decades.

Previous studies with the ABA-deficient mutant (aba1-1)

and ABA-insensitive mutants (abi1-1 and abi2-1) suggest

that ABA and ABA signaling are not directly required for

the low-humidity response (Assmann et al., 2000). In con-

trast, the ABA biosynthesis mutant (aba2-13) and a new

OST1 protein kinase allele (ost1-4) were isolated based on

a defective low-humidity-mediated leaf temperature

response, which is affected by the overall stomatal conduc-

tance (Xie et al., 2006). In addition, the guard cell potas-

sium content in the ABA biosynthesis mutant aba3-1 was

approximately 80% higher than in WT guard cells under

humid conditions, consistent with the more widely open

stomata observed in the aba3-1 mutant (Bauer et al., 2013).

Furthermore, a reduction in the relative humidity caused
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an approximately 45% reduction in the potassium content

of guard cells both in the WT and in the ABA-deficient

aba3-1 mutant (Bauer et al., 2013), which would be consis-

tent with high-VPD-induced stomatal closure in WT and

aba3-1. These data notwithstanding, a model was pro-

posed for low humidity causing rapid ABA biosynthesis in

guard cells for stomatal closure (Bauer et al., 2013), which

could be investigated by conditional measurements of

guard cell ABA concentrations over short time periods.

The question of whether a rapid ABA increase triggers

the low-humidity (high-VPD) stomatal closure response

was further investigated. Recent studies using whole-plant

stomatal conductance analyses showed that all ABA

biosynthesis mutants exhibited significantly higher stom-

atal conductance (as expected, through reduced basal ABA

concentrations). However, these mutants still responded

rapidly to high VPD with clearly intact stomatal closure

responses (Merilo et al., 2013; Merilo et al., 2018). The ABA

biosynthesis proteins NCED3 and NCED5 have been shown

to be key mediators of the gradual drought-stress-induced

increase in the ABA concentration in leaves (Frey et al.,

2012; Sato et al., 2018). Notably, the most severe ABA

biosynthesis mutant (nced3 nced5) still retained approxi-

mately 25% of the steady-state leaf ABA content compared

with the WT in well-watered non-stressed conditions (Mer-

ilo et al., 2018), suggesting that residual steady-state ABA

concentrations in nced3 nced5 might be sufficient to con-

tribute to the high VPD-induced stomatal closure, rather

than a rapid rise in ABA concentration. One study has sug-

gested that the ABA biosynthesis gene NCED3 is rapidly

induced by high VPD within 5 min to synthesize ABA and

trigger stomatal closure (Sussmilch et al., 2017). This find-

ing awaits independent analyses of rapid NCED3 protein

level increases.

An ABA receptor pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 hextuple

mutant abrogates ABA-induced stomatal closure (Gonza-

lez-Guzman et al., 2012; Merilo et al., 2018). Whole intact

plant stomatal conductance analyses in this strong

pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 hextuple mutant exhibited

functional high-VPD-induced stomatal closure, but a

reduced initial response rate and significantly increased

half-response time of stomatal closure (Merilo et al., 2018).

These data point to the model that a pathway parallel with

ABA biosynthesis and ABA signaling plays a key role in

the hydroactive VPD response (Merilo et al., 2018). These

data further support a model in which steady-state basal

ABA in leaves may contribute to the hydroactive VPD

response. In addition, similar half-response times, changes

in stomatal conductance and the initial closing and open-

ing rate in VPD-regulated stomatal movements in

pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 hextuple mutant plants,

compared with WT plants (Merilo et al., 2018), indicate a

contribution of the hydropassive VPD response (McAdam

and Brodribb, 2015; Merilo et al., 2018).

Unlike ABA receptor hextuple mutant plants, disruption

of the OST1 protein kinase strongly impaired both ABA-

and high-VPD-induced stomatal closure (Xie et al., 2006;

Merilo et al., 2013, 2018), further highlighting a role for

guard cell signal transduction in the stomatal closure

response. The OST1-mediated hydroactive VPD response

may not fully depend on ABA signaling (Merilo et al.,

2018). It has been reported that both ABA-dependent and

ABA-independent pathways are involved in the activation

of OST1 kinase activities under low-humidity stimulation in

leaves (Yoshida et al., 2006). Interestingly, the hydropas-

sive effect can also contribute to the VPD response in ost1-

3 mutant plants, when steady-state stomatal conductances

are increased by low CO2 or high light stimulation (Merilo

et al., 2018). Wang et al. (2017) developed a computational

platform to model leaf transpiration influenced by the

high-VPD response in guard cells, including signal trans-

duction and a hydropassive response. In the model, intra-

cellular potassium concentrations, as well as calcium

concentrations and pH, are predicted to increase as a result

of the reduction in guard cell volume, resulting in

enhanced K+ efflux channel currents and in reduced

inward-rectifying potassium channel currents, which favors

stomatal closure (Wang et al., 2017).

Taken together, the model in which an increase in VPD/

low relative humidity causes stomatal closure via a rapid

increase in ABA synthesis and the ABA concentration in

guard cells (Bauer et al., 2013; Sussmilch et al., 2017) was

considered insufficient to explain all of the experimental

observations (Merilo et al., 2018). Given the higher stom-

atal conductance of ABA-deficient and ABA receptor

mutants, and the effect of these mutants on the rate of the

stomatal VPD response in intact plants (Merilo et al., 2013,

2018), a model in which basal ABA concentrations in guard

cells contribute as an amplifier of the hydroactive stomatal

signaling VPD response could be further investigated, simi-

lar to recent findings for high-CO2-triggered stomatal clo-

sure (Hsu et al., 2018; Zhang et al., 2020). The severely

impaired VPD phenotype in the ost1-3 mutant may further

result from a combined defect in both basal ABA-depen-

dent (Zhang et al., 2020) and ABA-independent signaling

pathways that make use of OST1 activity (Yoshida et al.,

2006; Merilo et al., 2018). In conclusion, a framework in

which ABA-independent and basal ABA-dependent

hydroactive signaling mechanisms, as well as a contribu-

tion of hydropassive mechanisms to the stomatal VPD

response, may best explain many of the published obser-

vations. Further time-resolved analyses of various con-

tributing mechanisms could further test this model.

Manipulating water use and drought response in plants

In addition to improving drought tolerance, another major

challenge for plants in agriculture and forestry is water-use

efficiency. In the past years, several teams were able to

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.15067

10 Po-Kai Hsu et al.



increase the water-use efficiency of plants by overexpress-

ing specific PYR/PYL/RCAR ABA receptors (Ma et al., 2009;

Yang et al., 2016, 2019; Zhao et al., 2016; Mega et al., 2019;

Papacek et al., 2019). For instance, Arabidopsis plants over-

expressing RCAR6/PYL12 showed a 40% enhanced water-

use efficiency and had similar growth rates compared with

the WT (Yang et al., 2016). Overexpression of Populus

canescens PcRCAR10, but not PcRCAR9, in Arabidopsis

reduced water consumption and increased biomass under

progressive drought, and these plants grew similarly to

WT controls under non-stress conditions (Papacek et al.,

2019). Similarly, TaPYL4-overexpressing Tritium aestivum

(wheat) plants showed an enhanced ABA sensitivity, which

conferred a higher drought tolerance than in the WT (Mega

et al., 2019). As a result, the ABA receptor overexpressing

wheat lines had larger biomass and higher seed produc-

tion under drought conditions (Mega et al., 2019). Surpris-

ingly, ABA receptor overexpressing wheat also promoted

water conservation without affecting biomass and seed

productivity, and showed increased photosynthesis activi-

ties under well-watered conditions (Mega et al., 2019).

Another approach for improving the drought responsive-

ness of plants would be to use a ligand that specifically

binds to ABA receptors to increase ABA signaling. Five

years ago, Park et al. genetically modified PYR1, an ABA

receptor, to bind an agrochemical compound called mandi-

propamid (Park et al., 2015). Mandipropamid was shown to

induce an ABA-like transcriptional response in PYR1-modi-

fied expressing plants. Furthermore, treating PYR1-modi-

fied Arabidopsis lines and WT plants using the chemical

compound conferred a significantly higher drought toler-

ance to engineered plants than to controls (Park et al.,

2015). More recently, the same group discovered and engi-

neered ABA receptor ligands that have a higher affinity to

ABA receptors than ABA itself (Vaidya et al., 2019). In this

elegant study, Vaidya and colleagues conducted a virtual

screening and uncovered multiple ABA receptor agonists

(Vaidya et al., 2019). They notably found that ‘opabactin’,

the most promising ligand, had a higher affinity for sub-

family-III ABA receptors than ABA in Arabidopsis (Vaidya

et al., 2019). Opabactin also activated transcriptional ABA

responses in wheat, conferring plants an enhanced

drought tolerance compared with non-treated plants (Vai-

dya et al., 2019). In summary, the engineering of the early

ABA signal transduction pathway or genomics-enhanced

quantitative trait selection of ABA signaling component

variants provide potential approaches for the improvement

of crops and trees grown in water-limited regions.

CONCLUSIONS

Since the discovery of ABA receptors, our knowledge of

the ABA sensing and signal transduction mechanisms

operating during the regulation of stomatal closure and

opening has advanced substantially. It remains largely

unknown, however, how ABA signaling interacts with envi-

ronmental stimuli and other signals that regulate stomatal

movements. To investigate whether and how basal ABA

concentrations and basal OST1/SnRK2 kinase activity play

a role in stomatal signal transduction in response to stim-

uli, in addition to CO2, may be an interesting testable work-

ing hypothesis for future research. Stomatal closure

usually proceeds within approximately 15 min of diverse

stimuli. Models that propose rapid increases in the ABA

concentration of guard cells before stomatal closure

should be investigated to determine whether rapid time-

dependent ABA concentration changes occur. Recent

attempts during elevated CO2 signaling have not observed

ABA concentration increases in guard cells on this short

time scale. Recent studies in model plants and initial crop/

tree models have demonstrated that using ABA signaling

to manipulate stomatal conductance is potentially an effi-

cient strategy to increase drought tolerance, water reten-

tion and/or water-use efficiency. One of the significant

challenges will be to enhance drought tolerance and

water-use efficiency through the control of stomatal con-

ductance without compromising photosynthetic CO2

assimilation and productivity. As it is predicted that our cli-

mate will continue to change in the future, understanding

the mechanisms of ABA-mediated stomatal regulation is

likely to further inform the engineering or marker-assisted

breeding of enhanced drought resilience in crops and

trees.

ACKNOWLEDGEMENTS

This research was funded by grants from the National Institutes of
Health (GM060396-ES010337) and the National Science Founda-
tion to JIS. (MCB-1900567). GD was supported by an EMBO long-
term postdoctoral fellowship (ALTF334-2018). We apologize to
those authors whose work we could not cite, due to space limita-
tions. We thank Dr. Ebe Merilo for comments on the manuscript.

CONFLICT OF INTEREST

The authors declare that there are no conflicts of interest

regarding the publication of this article. We apologize to

the authors whose work we could not include because of

space limitations.

REFERENCES

Albert, R., Acharya, B.R., Jeon, B.W., Zanudo, J.G.T., Zhu, M., Osman, K.

and Assmann, S.M. (2017) A new discrete dynamic model of ABA-in-

duced stomatal closure predicts key feedback loops. PLoS Biol. 15,

e2003451.

Assmann, S.M., Snyder, J.A. and Lee, Y.-R.-J. (2000) ABA-deficient (aba1)

and ABA-insensitive (abi1-1, abi2-1) mutants of Arabidopsis have a wild-

type stomatal response to humidity. Plant Cell Environ. 23, 387–395.
Bauer, H., Ache, P., Lautner, S. et al. (2013) The stomatal response to

reduced relative humidity requires guard cell-autonomous ABA synthe-

sis. Curr. Biol. 23, 53–57.
Belda-Palazon, B., Gonzalez-Garcia, M.P., Lozano-Juste, J. et al. (2018)

PYL8 mediates ABA perception in the root through non-cell-autonomous

and ligand-stabilization-based mechanisms. Proc. Natl Acad. Sci. USA,

115, E11857–e11863.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.15067

ABA signal transduction in stomatal guard cells 11



Belda-Palazon, B., Julian, J., Coego, A., Wu, Q., Zhang, X., Batistic, O.,

Alquraishi, S.A., Kudla, J., An, C. and Rodriguez, P.L. (2019) ABA inhibits

myristoylation and induces shuttling of the RGLG1 E3 ligase to promote

nuclear degradation of PP2CA. Plant J. 98, 813–825.
Belin, C., de Franco, P.O., Bourbousse, C., Chaignepain, S., Schmitter, J.M.,

Vavasseur, A., Giraudat, J., Barbier-Brygoo, H. and Thomine, S. (2006)

Identification of features regulating OST1 kinase activity and OST1 func-

tion in guard cells. Plant Physiol. 141, 1316–1327.
Berken, A., Thomas, C. and Wittinghofer, A. (2005) A new family of Rho-

GEFs activates the Rop molecular switch in plants. Nature, 436, 1176–
1180.

Boudsocq, M., Barbier-Brygoo, H. and Lauriere, C. (2004) Identification of

nine sucrose nonfermenting 1-related protein kinases 2 activated by

hyperosmotic and saline stresses in Arabidopsis thaliana. J. Biol. Chem.

279, 41758–41766.
Boudsocq, M., Droillard, M.J., Barbier-Brygoo, H. and Lauri�ere, C. (2007) Dif-

ferent phosphorylation mechanisms are involved in the activation of

sucrose non-fermenting 1 related protein kinases 2 by osmotic stresses

and abscisic acid. Plant Mol. Biol. 63, 491–503.
Brandt, B., Brodsky, D.E., Xue, S., Negi, J., Iba, K., Kangasj€arvi, J., Ghas-

semian, M., Stephan, A.B., Hu, H. and Schroeder, J.I. (2012) Reconstitu-

tion of abscisic acid activation of SLAC1 anion channel by CPK6 and

OST1 kinases and branched ABI1 PP2C phosphatase action. Proc. Natl

Acad. Sci. USA, 109, 10593–10598.
Brandt, B., Munemasa, S., Wang, C. et al. (2015) Calcium specificity signal-

ing mechanisms in abscisic acid signal transduction in Arabidopsis

guard cells. eLife, 4, e03599.

Brodribb, T.J. and McAdam, S.A. (2011) Passive origins of stomatal control

in vascular plants. Science, 331, 582–585.
Buckley, T.N. (2016) Stomatal responses to humidity: has the ‘black box’

finally been opened? Plant Cell Environ. 39, 482–484.
Buckley, T.N. (2019) How do stomata respond to water status? New Phytol.

224, 21–36.
Cai, S., Chen, G., Wang, Y. et al. (2017) Evolutionary conservation of ABA

signaling for stomatal closure. Plant Physiol. 174, 732–747.
Cardoso, A.A. and McAdam, S.A.M. (2019) Misleading conclusions from

exogenous ABA application: a cautionary tale about the evolution of

stomatal responses to changes in leaf water status. Plant Signal. Behav.

14, 1610307.

Chakravorty, D., Yu, Y. and Assmann, S.M. (2018) A kinase-dead version of

FERONIA receptor-like kinase has dose-dependent impacts on rosette

morphology and RALF1-mediated stomatal movements. FEBS Lett. 592,

3429–3437.
Chater, C., Kamisugi, Y., Movahedi, M., Fleming, A., Cuming, A.C., Gray,

J.E. and Beerling, D.J. (2011) Regulatory mechanism controlling stomatal

behavior conserved across 400 million years of land plant evolution.

Curr. Biol. 21, 1025–1029.
Chater, C., Peng, K., Movahedi, M. et al. (2015) Elevated CO2-induced

responses in stomata require ABA and ABA signaling. Curr. Biol. 25,

2709–2716.
Chater, C.C.C., Oliver, J., Casson, S. and Gray, J.E. (2014) Putting the brakes

on: abscisic acid as a central environmental regulator of stomatal devel-

opment. New Phytol. 202, 376–391.
Chen, J., Yu, F., Liu, Y. et al. (2016) FERONIA interacts with ABI2-type

phosphatases to facilitate signaling cross-talk between abscisic acid

and RALF peptide in Arabidopsis. Proc. Natl Acad. Sci. USA, 113,

E5519–5527.
Chen, S., Jia, H., Wang, X., Shi, C., Wang, X., Ma, P., Wang, J., Ren, M.

and Li, J. (2020) Hydrogen sulfide positively regulates abscisic acid sig-

naling through persulfidation of SnRK2.6 in guard cells. Mol. Plant, 13,

732–744.
Chen, Z.H., Hills, A., Lim, C.K. and Blatt, M.R. (2010) Dynamic regulation of

guard cell anion channels by cytosolic free Ca2+ concentration and pro-

tein phosphorylation. Plant J. 61, 816–825.
Christmann, A., Weiler, E.W., Steudle, E. and Grill, E. (2007) A hydraulic sig-

nal in root-to-shoot signalling of water shortage. Plant J. 52, 167–174.
Cutler, S.R., Rodriguez, P.L., Finkelstein, R.R. and Abrams, S.R. (2010)

Abscisic acid: emergence of a core signaling network. Annu. Rev. Plant

Biol. 61, 651–679.
Darwin, F. (1898) Observations on stomata. Philos. Trans. R. Soc. Lond. B.

Biol. Sci. 190, 531–621.

de Vries, J., Curtis, B.A., Gould, S.B. and Archibald, J.M. (2018) Embryo-

phyte stress signaling evolved in the algal progenitors of land plants.

Proc. Natl Acad. Sci. USA, 115, E3471–E3480.
de Zelicourt, A., Colcombet, J. and Hirt, H. (2016) The role of MAPK mod-

ules and ABA during abiotic stress signaling. Trends Plant Sci., 21, 677–
685.

Dittrich, M., Mueller, H.M., Bauer, H. et al. (2019) The role of Arabidopsis

ABA receptors from the PYR/PYL/RCAR family in stomatal acclimation

and closure signal integration. Nat. Plants, 5, 1002–1011.
Dupeux, F., Santiago, J., Betz, K. et al. (2011) A thermodynamic switch

modulates abscisic acid receptor sensitivity. EMBO J. 30, 4171–4184.
Feng, W., Kita, D., Peaucelle, A. et al. (2018a) The FERONIA receptor kinase

maintains cell-wall integrity during salt stress through Ca2+ signaling.

Curr. Biol. 28, 666–675.e5.
Finkelstein, R., Reeves, W., Ariizumi, T. and Steber, C. (2008) Molecular

aspects of seed dormancy. Annu. Rev. Plant Biol. 59, 387–415.
F€orster, S., Schmidt, L.K., Kopic, E. et al. (2019) Wounding-induced stomatal

closure requires jasmonate-mediated activation of GORK K+ channels by

a Ca2+ sensor-kinase CBL1-CIPK5 complex. Dev. Cell, 48, 87–99.e86.
Frey, A., Effroy, D., Lefebvre, V., Seo, M., Perreau, F., Berger, A., Sechet, J.,

To, A., North, H.M. and Marion-Poll, A. (2012) Epoxycarotenoid cleavage

by NCED5 fine-tunes ABA accumulation and affects seed dormancy and

drought tolerance with other NCED family members. Plant J. 70, 501–
512.

Fujii, H., Chinnusamy, V., Rodrigues, A., Rubio, S., Antoni, R., Park, S.Y.,

Cutler, S.R., Sheen, J., Rodriguez, P.L. and Zhu, J.K. (2009) In vitro recon-

stitution of an abscisic acid signalling pathway. Nature, 462, 660–664.
Fujii, H. and Zhu, J.K. (2009) Arabidopsis mutant deficient in 3 abscisic acid-

activated protein kinases reveals critical roles in growth, reproduction,

and stress. Proc. Natl Acad. Sci. USA, 106, 8380–8385.
Fujita, Y., Nakashima, K., Yoshida, T. et al. (2009) Three SnRK2 protein

kinases are the main positive regulators of abscisic acid signaling in

response to water stress in Arabidopsis. Plant Cell Physiol. 50, 2123–
2132.

Garcia-Leon, M., Cuyas, L., El-Moneim, D.A. et al. (2019) Arabidopsis ALIX

regulates stomatal aperture and turnover of abscisic acid receptors. Plant

Cell, 31, 2411–2429.
Geiger, D., Scherzer, S., Mumm, P. et al. (2009) Activity of guard cell anion

channel SLAC1 is controlled by drought-stress signaling kinase-phos-

phatase pair. Proc. Natl Acad. Sci. USA, 106, 21425–21430.
Gonzalez-Guzman, M., Pizzio, G.A., Antoni, R. et al. (2012) Arabidopsis

PYR/PYL/RCAR receptors play a major role in quantitative regulation of

stomatal aperture and transcriptional response to abscisic acid. Plant

Cell, 24, 2483–2496.
Gu, Y., Li, S., Lord, E.M. and Yang, Z. (2006) Members of a novel class of

Arabidopsis Rho guanine nucleotide exchange factors control Rho

GTPase-dependent polar growth. Plant Cell, 18, 366–381.
Hao, Q., Yin, P., Li, W., Wang, L., Yan, C., Lin, Z., Wu, J.Z., Wang, J., Yan,

S.F. and Yan, N. (2011) The Molecular Basis of ABA-Independent Inhibi-

tion of PP2Cs by a Subclass of PYL Proteins. Mol. Cell, 42, 662–672.
Harris, J.M. (2015) Abscisic acid: hidden architect of root system structure.

Plants, 4, 548–572.
Haruta, M., Gaddameedi, V., Burch, H., Fernandez, D. and Sussman, M.R.

(2018) Comparison of the effects of a kinase-dead mutation of FERONIA

on ovule fertilization and root growth of Arabidopsis. FEBS Lett. 592,

2395–2402.
Haruta, M., Sabat, G., Stecker, K., Minkoff, B.B. and Sussman, M.R. (2014) A

peptide hormone and its receptor protein kinase regulate plant cell

expansion. Science, 343, 408–411.
Hashimoto, M., Negi, J., Young, J., Israelsson, M., Schroeder, J.I. and Iba,

K. (2006) Arabidopsis HT1 kinase controls stomatal movements in

response to CO2. Nat. Cell Biol. 8, 391–397.
Hauser, F., Chen, W., Deinlein, U., Chang, K., Ossowski, S., Fitz, J., Hannon,

G.J. and Schroeder, J.I. (2013) A genomic-scale artificial microRNA

library as a tool to investigate the functionally redundant gene space in

Arabidopsis. Plant Cell, 25, 2848–2863.
Hauser, F., Waadt, R. and Schroeder, J.I. (2011) Evolution of abscisic acid

synthesis and signaling mechanisms. Curr. Biol. 21, R346–R355.
Hayashi, M., Inoue, S.I., Ueno, Y. and Kinoshita, T. (2017) A Raf-like protein

kinase BHP mediates blue light-dependent stomatal opening. Sci. Rep. 7,

45586.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.15067

12 Po-Kai Hsu et al.



Hiyama, A., Takemiya, A., Munemasa, S., Okuma, E., Sugiyama, N., Tada,

Y., Murata, Y. and Shimazaki, K.I. (2017) Blue light and CO2 signals con-

verge to regulate light-induced stomatal opening. Nat. Commun. 8, 1284.

Horak, H., Kollist, H. and Merilo, E. (2017) Fern stomatal responses to ABA

and CO2 depend on species and growth conditions. Plant Physiol. 174,

672–679.
Hou, Y.J., Zhu, Y., Wang, P. et al. (2016) Type one protein phosphatase 1

and its regulatory protein inhibitor 2 negatively regulate aba signaling.

PLoS Genet. 12, e1005835.

Hsu, P.-K., Takahashi, Y., Munemasa, S., Merilo, E., Laanemets, K., Waadt,

R., Pater, D., Kollist, H. and Schroeder, J.I. (2018) Abscisic acid-indepen-

dent stomatal CO2 signal transduction pathway and convergence of CO2

and ABA signaling downstream of OST1 kinase. Proc. Natl Acad. Sci.

USA, 115, E9971–E9980.
Huang, S., Waadt, R., Nuhkat, M., Kollist, H., Hedrich, R. and Roelfsema,

M.R.G. (2019) Calcium signals in guard cells enhance the efficiency by

which abscisic acid triggers stomatal closure. New Phytol. 224, 177–187.
Ichimura, K., Shinozaki, K., Tena, G. et al. (2002) Mitogen-activated protein

kinase cascades in plants: a new nomenclature. Trends Plant Sci. 7, 301–
308.

Irigoyen, M.L., Iniesto, E., Rodriguez, L. et al. (2014) Targeted degradation

of abscisic acid receptors is mediated by the ubiquitin ligase substrate

adaptor DDA1 in Arabidopsis. Plant Cell, 26, 712–728.
Jahan, A., Komatsu, K., Wakida-Sekiya, M. et al. (2019) Archetypal roles of

an abscisic acid receptor in drought and sugar responses in liverworts.

Plant Physiol. 179, 317–328.
Jalakas, P., Huang, Y.C., Yeh, Y.H., Zimmerli, L., Merilo, E., Kollist, H. and

Brosche, M. (2017) The role of ENHANCED RESPONSES TO ABA1 (ERA1)

in arabidopsis stomatal responses is beyond ABA signaling. Plant Phys-

iol. 174, 665–671.
Jeon, B.W., Acharya, B.R. and Assmann, S.M. (2019) The Arabidopsis het-

erotrimeric G-protein b subunit, AGB1, is required for guard cell calcium

sensing and calcium-induced calcium release. Plant J. 99, 231–244.
Jia, H., Chen, S., Liu, D. et al. (2018) Ethylene-induced hydrogen sulfide neg-

atively regulates ethylene biosynthesis by persulfidation of ACO in

tomato under osmotic stress. Front. Plant Sci. 9, 1517.

Julian, J., Coego, A., Lozano-Juste, J. et al. (2019) The MATH-BTB BPM3

and BPM5 subunits of Cullin3-RING E3 ubiquitin ligases target PP2CA

and other clade A PP2Cs for degradation. Proc. Natl Acad. Sci. USA, 116,

15725–15734.
Kang, J., Hwang, J.-U., Lee, M., Kim, Y.-Y., Assmann, S.M., Martinoia, E.

and Lee, Y. (2010) PDR-type ABC transporter mediates cellular uptake of

the phytohormone abscisic acid. Proc. Natl Acad. Sci. USA, 107, 2355–
2360.

Katsuta, S., Masuda, G., Bak, H., Shinozawa, A., Kamiyama, Y., Umezawa,

T., Takezawa, D., Yotsui, I., Taji, T. and Sakata, Y. (2020) Arabidopsis

Raf-like kinases act as positive regulators of subclass III SnRK2 in osmos-

tress signaling. Plant J. 103, 634–644.
Keller, B.U., Hedrich, R. and Raschke, K. (1989) Voltage-dependent anion

channels in the plasma membrane of guard cells. Nature, 341, 450–453.
Kim, T.H., Hauser, F., Ha, T. et al. (2011) Chemical genetics reveals negative

regulation of abscisic acid signaling by a plant immune response path-

way. Curr. Biol. 21, 990–997.
Komatsu, K., Suzuki, N., Kuwamura, M. et al. (2013) Group A PP2Cs evolved

in land plants as key regulators of intrinsic desiccation tolerance. Nat.

Commun. 4, 2219.

Kong, L., Cheng, J., Zhu, Y. et al. (2015) Degradation of the ABA co-receptor

ABI1 by PUB12/13 U-box E3 ligases. Nat. Commun. 6, 8630.

Kuromori, T., Miyaji, T., Yabuuchi, H., Shimizu, H., Sugimoto, E., Kamiya,

A., Moriyama, Y. and Shinozaki, K. (2010) ABC transporter AtABCG25 is

involved in abscisic acid transport and responses. Proc. Natl Acad. Sci.

USA, 107, 2361–2366.
Kuromori, T., Sugimoto, E. and Shinozaki, K. (2011) Arabidopsis mutants of

AtABCG22, an ABC transporter gene, increase water transpiration and

drought susceptibility. Plant J. 67, 885–894.
Lahr, W. and Raschke, K. (1988) Abscisic-acid contents and concentrations

in protoplasts from guard cells and mesophyll cells of Vicia faba L.

Planta, 173, 528–531.
Lee, S.C., Lan, W., Buchanan, B.B. and Luan, S. (2009) A protein kinase-

phosphatase pair interacts with an ion channel to regulate ABA signaling

in plant guard cells. Proc. Natl Acad. Sci. USA, 106, 21419–21424.

Levchenko, V., Konrad, K.R., Dietrich, P., Roelfsema, M.R. and Hedrich, R.

(2005) Cytosolic abscisic acid activates guard cell anion channels without

preceding Ca2+ signals. Proc. Natl Acad. Sci. USA, 102, 4203–4208.
Li, C., Wu, H.M. and Cheung, A.Y. (2016a) FERONIA and her pals: functions

and mechanisms. Plant Physiol. 171, 2379–2392.
Li, J. and Assmann, S.M. (1996) An abscisic acid-activated and calcium-in-

dependent protein kinase from guard cells of fava bean. Plant Cell, 8,

2359–2368.
Li, X., Kong, X., Huang, Q. et al. (2019) CARK1 phosphorylates subfamily III

members of ABA receptors. J. Exp. Biol. 70, 519–528.
Li, Z., Kang, J., Sui, N. and Liu, D. (2012) ROP11 GTPase is a negative regu-

lator of multiple ABA responses in Arabidopsis. J. Integr. Plant Biol. 54,

169–179.
Li, Z. and Liu, D. (2012) ROPGEF1 and ROPGEF4 are functional regulators of

ROP11 GTPase in ABA-mediated stomatal closure in Arabidopsis. FEBS

Lett. 586, 1253–1258.
Li, Z., Takahashi, Y., Scavo, A., Brandt, B., Nguyen, D., Rieu, P. and Schroe-

der, J.I. (2018) Abscisic acid-induced degradation of Arabidopsis guanine

nucleotide exchange factor requires calcium-dependent protein kinases.

Proc. Natl Acad. Sci. USA, 115, E4522–e4531.
Li, Z., Waadt, R. and Schroeder, J.I. (2016b) Release of GTP exchange factor

mediated down-regulation of abscisic acid signal transduction through

ABA-induced rapid degradation of RopGEFs. PLoS Biol. 14, e1002461.

Liao, H., Tang, R., Zhang, X., Luan, S. and Yu, F. (2017) FERONIA receptor

kinase at the crossroads of hormone signaling and stress responses.

Plant Cell Physiol. 58, 1143–1150.
Lin, Z., Li, Y., Zhang, Z. et al. (2020) A RAF-SnRK2 kinase cascade mediates

early osmotic stress signaling in higher plants. Nat. Commun. 11, 613.

Lind, C., Dreyer, I., L�opez-Sanjurjo, E.J. et al. (2015) Stomatal guard cells co-

opted an ancient ABA-dependent desiccation survival system to regulate

stomatal closure. Curr. Biol. 25, 928–935.
Lu, K., Zhang, Y.D., Zhao, C.F., Zhou, L.H., Zhao, Q.Y., Chen, T. and Wang,

C.L. (2020) The Arabidopsis kinase-associated protein phosphatase

KAPP, interacting with protein kinases SnRK2.2/2.3/2.6, negatively regu-

lates abscisic acid signaling. Plant Mol. Biol. 102, 199–212.
Ma, Y., Szostkiewicz, I., Korte, A., Moes, D., Yang, Y., Christmann, A. and

Grill, E. (2009) Regulators of PP2C phosphatase activity function as absci-

sic acid sensors. Science, 324, 1064–1068.
Maheshwari, P., Du, H., Sheen, J., Assmann, S.M. and Albert, R. (2019)

Model-driven discovery of calcium-related protein-phosphatase inhibi-

tion in plant guard cell signaling. PLoS Comp. Biol. 15, e1007429.

Marten, H., Konrad, K.R., Dietrich, P., Roelfsema, M.R. and Hedrich, R.

(2007) Ca2+-dependent and -independent abscisic acid activation of

plasma membrane anion channels in guard cells of Nicotiana tabacum.

Plant Physiol. 143, 28–37.
McAdam, S.A. and Brodribb, T.J. (2012) Fern and lycophyte guard cells do

not respond to endogenous abscisic acid. Plant Cell, 24, 1510–1521.
McAdam, S.A. and Brodribb, T.J. (2015) The evolution of mechanisms driv-

ing the stomatal response to vapor pressure deficit. Plant Physiol. 167,

833–843.
McAinsh, M.R., Brownlee, C. and Hetherington, A.M. (1990) Abscisic acid-

induced elevation of guard cell cytosolic Ca2+ precedes stomatal closure.

Nature, 343, 186–188.
Mega, R., Abe, F., Kim, J.S. et al. (2019) Tuning water-use efficiency and

drought tolerance in wheat using abscisic acid receptors. Nat. Plants, 5,

153–159.
Melcher, K., Ng, L.-M., Zhou, X.E. et al. (2009) A gate-latch-lock mechanism

for hormone signalling by abscisic acid receptors. Nature, 462, 602–608.
Merilo, E., Jalakas, P., Laanemets, K., Mohammadi, O., H~orak, H., Kollist, H.

and Brosch�e, M. (2015) Abscisic acid transport and homeostasis in the

context of stomatal regulation. Mol. Plant, 8, 1321–1333.
Merilo, E., Laanemets, K., Hu, H. et al. (2013) PYR/RCAR receptors contribute

to ozone-, reduced air humidity-, darkness-, and CO2-induced stomatal

regulation. Plant Physiol. 162, 1652–1668.
Merilo, E., Yarmolinsky, D., Jalakas, P., Parik, H., Tulva, I., Rasulov, B., Kilk,

K. and Kollist, H. (2018) Stomatal VPD response: there is more to the

story than ABA. Plant Physiol. 176, 851–864.
Meyer, S., Mumm, P., Imes, D., Endler, A., Weder, B., Al-Rasheid, K.A.S.,

Geiger, D., Marten, I., Martinoia, E. and Hedrich, R. (2010) AtALMT12 rep-

resents an R-type anion channel required for stomatal movement in Ara-

bidopsis guard cells. Plant J. 63, 1054–1062.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.15067

ABA signal transduction in stomatal guard cells 13



Monteith, J.L. (1995) A reinterpretation of stomatal responses to humidity.

Plant, Cell Environ. 18, 357–364.
Mori, I.C. and Muto, S. (1997) Abscisic acid activates a 48-kilodalton protein

kinase in guard cell protoplasts. Plant Physiol. 113, 833–839.
Mustilli, A.C., Merlot, S., Vavasseur, A., Fenzi, F. and Giraudat, J. (2002)

Arabidopsis OST1 protein kinase mediates the regulation of stomatal

aperture by abscisic acid and acts upstream of reactive oxygen species

production. Plant Cell, 14, 3089–3099.
N�ee, G., Xiang, Y. and Soppe, W.J. (2017) The release of dormancy, a wake-

up call for seeds to germinate. Curr. Opin. Plant Biol. 35, 8–14.
Negin, B., Yaaran, A., Kelly, G., Zait, Y. and Moshelion, M. (2019) Mesophyll

ABA restrains early growth and flowering but does not directly suppress

photosynthesis. Plant Physiol. 180, 910–925.
Nishimura, N., Hitomi, K., Arvai, A.S., Rambo, R.P., Hitomi, C., Cutler, S.R.,

Schroeder, J.I. and Getzoff, E.D. (2009) Structural mechanism of abscisic

acid binding and signaling by dimeric PYR1. Science, 326, 1373–1379.
Nishimura, N., Sarkeshik, A., Nito, K. et al. (2010) PYR/PYL/RCAR family

members are major in-vivo ABI1 protein phosphatase 2C-interacting pro-

teins in Arabidopsis. Plant J, 61, 290–299.
Northey, J.G., Liang, S., Jamshed, M., Deb, S., Foo, E., Reid, J.B., McCourt,

P. and Samuel, M.A. (2016) Farnesylation mediates brassinosteroid

biosynthesis to regulate abscisic acid responses. Nat. Plants, 2, 16114.

Pantin, F., Monnet, F., Jannaud, D., Costa, J.M., Renaud, J., Muller, B.,

Simonneau, T. and Genty, B. (2013) The dual effect of abscisic acid on

stomata. New Phytol. 197, 65–72.
Papacek, M., Christmann, A. and Grill, E. (2019) Increased water use effi-

ciency and water productivity of arabidopsis by abscisic acid receptors

from Populus canescens. Ann. Bot. 124, 581–590.
Park, S.-Y., Fung, P., Nishimura, N. et al. (2009) Abscisic acid inhibits type

2C protein phosphatases via the PYR/PYL family of START proteins.

Science, 324, 1068–1071.
Park, S.Y., Peterson, F.C., Mosquna, A., Yao, J., Volkman, B.F. and Cutler,

S.R. (2015) Agrochemical control of plant water use using engineered

abscisic acid receptors. Nature, 520, 545–548.
Peak, D. and Mott, K.A. (2011) A new, vapour-phase mechanism for stom-

atal responses to humidity and temperature. Plant, Cell Environ. 34, 162–
178.

Peirats-Llobet, M., Han, S.K., Gonzalez-Guzman, M., Jeong, C.W., Rodri-

guez, L., Belda-Palazon, B., Wagner, D. and Rodriguez, P.L. (2016) A

direct link between abscisic acid sensing and the chromatin-remodeling

ATPase BRAHMA via core ABA signaling pathway components. Mol.

Plant, 9, 136–147.
Raghavendra, A.S., Gonugunta, V.K., Christmann, A. and Grill, E. (2010)

ABA perception and signalling. Trends Plant Sci. 15, 395–401.
Rockwell, F.E., Holbrook, N.M. and Stroock, A.D. (2014) The competition

between liquid and vapor transport in transpiring leaves. Plant Physiol.

164, 1741–1758.
Rosales, M.A., Maurel, C. and Nacry, P. (2019) Abscisic acid coordinates

dose-dependent developmental and hydraulic responses of roots to

water deficit. Plant Physiol. 180, 2198–2211.
Rui, Y., Xiao, C., Yi, H., Kandemir, B., Wang, J.Z., Puri, V.M. and Anderson,

C.T. (2017) POLYGALACTURONASE INVOLVED IN EXPANSION3 func-

tions in seedling development, rosette growth, and stomatal dynamics in

Arabidopsis thaliana. Plant Cell, 29, 2413–2432.
Ruschhaupt, M., Mergner, J., Mucha, S. et al. (2019) Rebuilding core absci-

sic acid signaling pathways of Arabidopsis in yeast. EMBO J. 38,

e101859.

Ruszala, E.M., Beerling, D.J., Franks, P.J., Chater, C., Casson, S.A., Gray,

J.E. and Hetherington, A.M. (2011) Land plants acquired active

stomatal control early in their evolutionary history. Curr. Biol. 21,

1030–1035.
Saruhashi, M., Kumar Ghosh, T., Arai, K. et al. (2015) Plant Raf-like kinase

integrates abscisic acid and hyperosmotic stress signaling upstream of

SNF1-related protein kinase2. Proc. Natl Acad. Sci. USA, 112, E6388–
6396.

Sasaki, T., Mori, I.C., Furuichi, T., Munemasa, S., Toyooka, K., Matsuoka, K.,

Murata, Y. and Yamamoto, Y. (2010) Closing plant stomata requires a

homolog of an aluminum-activated malate transporter. Plant Cell Phys-

iol. 51, 354–365.
Sato, H., Takasaki, H., Takahashi, F. et al. (2018) Arabidopsis thaliana

NGATHA1 transcription factor induces ABA biosynthesis by activating

NCED3 gene during dehydration stress. Proc. Natl Acad. Sci. USA, 115,

E11178–E11187.
Schroeder, J.I. and Hagiwara, S. (1989) Cytosolic calcium regulates ion channels

in the plasmamembrane of Vicia faba guard cells.Nature, 338, 427–430.
Shinozawa, A., Otake, R., Takezawa, D. et al. (2019) SnRK2 protein kinases

represent an ancient system in plants for adaptation to a terrestrial envi-

ronment. Commun. Biol. 2, 30.

Shope, J.C., Peak, D. and Mott, K.A. (2008) Stomatal responses to humidity

in isolated epidermes. Plant Cell Environ. 31, 1290–1298.
Siegel, R.S., Xue, S., Murata, Y., Yang, Y., Nishimura, N., Wang, A. and Schroe-

der, J.I. (2009) Calcium elevation-dependent and attenuated resting calcium-

dependent abscisic acid induction of stomatal closure and abscisic acid-in-

duced enhancement of calcium sensitivities of S-type anion and inward-rec-

tifying K+ channels in Arabidopsis guard cells. Plant J. 59, 207–220.
Soma, F., Takahashi, F., Suzuki, T., Shinozaki, K. and Yamaguchi-Shinozaki,

K. (2020) Plant Raf-like kinases regulate the mRNA population upstream

of ABA-unresponsive SnRK2 kinases under drought stress. Nat. Com-

mun. 11, 1373.

Stecker, K.E., Minkoff, B.B. and Sussman, M.R. (2014) Phosphoproteomic

analyses reveal early signaling events in the osmotic stress response.

Plant Physiol. 165, 1171–1187.
Sun, Y., Harpazi, B., Wijerathna-Yapa, A., Merilo, E., de Vries, J., Michaeli,

D., Gal, M., Cuming, A.C., Kollist, H. and Mosquna, A. (2019) A ligand-in-

dependent origin of abscisic acid perception. Proc. Natl Acad. Sci. USA,

116, 24892–24899.
Sussmilch, F.C., Brodribb, T.J. and McAdam, S.A.M. (2017) Up-regulation of

NCED3 and ABA biosynthesis occur within minutes of a decrease in leaf

turgor but AHK1 is not required. J. Exp. Biol. 68, 2913–2918.
Takahashi, F., Suzuki, T., Osakabe, Y., Betsuyaku, S., Kondo, Y., Dohmae,

N., Fukuda, H., Yamaguchi-Shinozaki, K. and Shinozaki, K. (2018) A small

peptide modulates stomatal control via abscisic acid in long-distance sig-

nalling. Nature, 556, 235–238.
Takahashi, Y., Ebisu, Y. and Shimazaki, K.I. (2017) Reconstitution of abscisic

acid signaling from the receptor to DNA via bHLH transcription factors.

Plant Physiol. 174, 815–822.
Takahashi, Y., Zhang, J., Hsu, P.K. et al. (2020) MAP3Kinase-dependent

SnRK2-kinase activation is required for abscisic acid signal transduction

and rapid osmotic stress response. Nat. Commun. 11, 12.

Tanaka, Y., Nose, T., Jikumaru, Y. and Kamiya, Y. (2013) ABA inhibits entry

into stomatal-lineage development in Arabidopsis leaves. Plant J. 74,

448–457.
Tarnowski, K., Klimecka, M., Ciesielski, A. et al. (2020) Two SnRK2-interact-

ing calcium sensor isoforms negatively regulate SnRK2 activity by differ-

ent mechanisms. Plant Physiol. 182, 1142–1160.
Tischer, S.V., Wunschel, C., Papacek, M., Kleigrewe, K., Hofmann, T., Christ-

mann, A. and Grill, E. (2017) Combinatorial interaction network of absci-

sic acid receptors and coreceptors from Arabidopsis thaliana. Proc. Natl

Acad. Sci. USA, 114, 10280–10285.
Umezawa, T., Sugiyama, N., Mizoguchi, M., Hayashi, S., Myouga, F., Yam-

aguchi-Shinozaki, K., Ishihama, Y., Hirayama, T. and Shinozaki, K. (2009)

Type 2C protein phosphatases directly regulate abscisic acid-activated pro-

tein kinases in Arabidopsis. Proc. Natl Acad. Sci. USA, 106, 17588–17593.
Vaidya, A.S., Helander, J.D.M., Peterson, F.C. et al. (2019) Dynamic control

of plant water use using designed ABA receptor agonists. Science, 366,

eaaw8848.

Virlouvet, L. and Fromm, M. (2015) Physiological and transcriptional mem-

ory in guard cells during repetitive dehydration stress. New Phytol. 205,

596–607.
Vlad, F., Rubio, S., Rodrigues, A., Sirichandra, C., Belin, C., Robert, N.,

Leung, J., Rodriguez, P.L., Lauri�ere, C. and Merlot, S. (2009) Protein

phosphatases 2C regulate the activation of the Snf1-related kinase OST1

by abscisic acid in Arabidopsis. Plant Cell, 21, 3170–3184.
Waadt, R., Hitomi, K., Nishimura, N., Hitomi, C., Adams, S.R., Getzoff, E.D.

and Schroeder, J.I. (2014) FRET-based reporters for the direct visualiza-

tion of abscisic acid concentration changes and distribution in Arabidop-

sis. eLife, 3, e01739.

Waadt, R., Hsu, P.K. and Schroeder, J.I. (2015) Abscisic acid and other plant

hormones: methods to visualize distribution and signaling. BioEssays,

37, 1338–1349.
Waadt, R., Krebs, M., Kudla, J. and Schumacher, K. (2017) Multiparameter

imaging of calcium and abscisic acid and high-resolution quantitative

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.15067

14 Po-Kai Hsu et al.



calcium measurements using R-GECO1-mTurquoise in Arabidopsis. New

Phytol. 216, 303–320.
Waidyarathne, P. and Samarasinghe, S. (2018) Boolean calcium signalling

model predicts calcium role in acceleration and stability of abscisic acid-

mediated stomatal closure. Sci. Rep. 8, 17635.

Wang, C., Zhang, J., Wu, J., Brodsky, D.E. and Schroeder, J.I. (2018a)

Cytosolic malate and oxaloacetate activate S-type anion channels in Ara-

bidopsis guard cells. New Phytol. 220, 178–186.
Wang, K., He, J., Zhao, Y. et al. (2018b) EAR1 negatively regulates ABA signal-

ing by enhancing 2C protein phosphatase activity. Plant Cell, 30, 815–834.
Wang, L., Wan, R., Shi, Y. and Xue, S. (2016) Hydrogen sulfide activates S-

type anion channel via OST1 and Ca2+ modules. Mol. Plant, 9, 489–491.
Wang, P., Zhao, Y., Li, Z. et al. (2018c) Reciprocal regulation of the TOR

kinase and ABA receptor balances plant growth and stress response.

Mol. Cell, 69, 100–112.e6.
Wang, Y. and Blatt, M.R. (2011) Anion channel sensitivity to cytosolic

organic acids implicates a central role for oxaloacetate in integrating ion

flux with metabolism in stomatal guard cells. Biochem. J. 439, 161–170.
Wang, Y., Hills, A., Vialet-Chabrand, S.R., Papanatsiou, M., Griffiths, H.,

Rogers, S., Lawson, T., Lew, V. and Blatt, M.R. (2017) Unexpected con-

nections between humidity and ion transport discovered using a model

to bridge guard cell-to-leaf scales. Plant Cell, 29, 2921–2939.
Wu, H.C., Huang, Y.C., Stracovsky, L. and Jinn, T.L. (2017) Pectin methyles-

terase is required for guard cell function in response to heat. Plant Sig-

nal. Behav. 12, e1338227.

Wu, Q., Zhang, X., Peirats-Llobet, M., Belda-Palazon, B., Wang, X., Cui, S.,

Yu, X., Rodriguez, P.L. and An, C. (2016) Ubiquitin ligases RGLG1 and

RGLG5 regulate abscisic acid signaling by controlling the turnover of

phosphatase PP2CA. Plant Cell, 28, 2178–2196.
Xie, X., Wang, Y., Williamson, L. et al. (2006) The identification of genes

involved in the stomatal response to reduced atmospheric relative

humidity. Curr. Biol. 16, 882–887.
Xue, S., Hu, H., Ries, A., Merilo, E., Kollist, H. and Schroeder, J.I. (2011) Cen-

tral functions of bicarbonate in S-type anion channel activation and

OST1 protein kinase in CO2 signal transduction in guard cell. EMBO J.

30, 1645–1658.
Yang, Z., Liu, J., Poree, F. et al. (2019) Abscisic acid receptors and corecep-

tors modulate plant water use efficiency and water productivity. Plant

Physiol. 180, 1066–1080.
Yang, Z., Liu, J., Tischer, S.V., Christmann, A., Windisch, W., Schnyder, H.

and Grill, E. (2016) Leveraging abscisic acid receptors for efficient water

use in Arabidopsis. Proc. Natl Acad. Sci. USA, 113, 6791–6796.

Yin, Y., Adachi, Y., Nakamura, Y., Munemasa, S., Mori, I.C. and Murata, Y.

(2016) Involvement of OST1 protein kinase and PYR/PYL/RCAR receptors

in methyl jasmonate-induced stomatal closure in Arabidopsis guard

cells. Plant Cell Physiol. 57, 1779–1790.
Yoshida, R., Hobo, T., Ichimura, K., Mizoguchi, T., Takahashi, F., Aronso, J.,

Ecker, J.R. and Shinozaki, K. (2002) ABA-activated SnRK2 protein kinase

is required for dehydration stress signaling in Arabidopsis. Plant Cell

Physiol. 43, 1473–1483.
Yoshida, R., Umezawa, T., Mizoguchi, T., Takahashi, S., Takahashi, F. and

Shinozaki, K. (2006) The regulatory domain of SRK2E/OST1/SnRK2.6

interacts with ABI1 and integrates abscisic acid (ABA) and osmotic stress

signals controlling stomatal closure in Arabidopsis. J. Biol. Chem. 281,

5310–5318.
Yoshida, T., Christmann, A., Yamaguchi-Shinozaki, K., Grill, E. and Fernie,

A.R. (2019a) Revisiting the basal role of ABA - roles outside of stress.

Trends Plant Sci. 24, 625–635.
Yoshida, T., Obata, T., Feil, R., Lunn, J.E., Fujita, Y., Yamaguchi-Shinozaki,

K. and Fernie, A.R. (2019b) The role of abscisic acid signaling in main-

taining the metabolic balance required for arabidopsis growth under

non-stress conditions. Plant Cell, 31, 84–105.
Yu, F., Qian, L., Nibau, C. et al. (2012) FERONIA receptor kinase pathway

suppresses abscisic acid signaling in Arabidopsis by activating ABI2

phosphatase. Proc. Natl Acad. Sci. USA, 109, 14693–14698.
Zhan, X., Qian, B., Cao, F. et al. (2015) An Arabidopsis PWI and RRM motif-

containing protein is critical for pre-mRNA splicing and ABA responses.

Nat. Commun. 6, 8139.

Zhang, L., Li, X., Li, D. et al. (2018) CARK1 mediates ABA signaling by phos-

phorylation of ABA receptors. Cell Discov. 4, 30.

Zhang, L., Takahashi, Y., Hsu, P.-K., Hannes, K., Merilo, E., Krysan, P.J. and

Schroeder, J.I. (2020) FRET kinase sensor development reveals SnRK2/

OST1 activation by ABA but not by MeJA and high CO2 during stomatal

closure. eLife, 9, e56351.

Zhao, Y., Chan, Z., Gao, J. et al. (2016) ABA receptor PYL9 promotes

drought resistance and leaf senescence. Proc. Natl Acad. Sci. USA, 113,

1949–1954.
Zhao, Y., Zhang, Z., Gao, J. et al. (2018) Arabidopsis duodecuple mutant of

PYL ABA receptors reveals PYL repression of ABA-independent SnRK2

activity. Cell Rep. 23, 3340–3351.e5.
Zheng, Z.L., Nafisi, M., Tam, A., Li, H., Crowell, D.N., Chary, S.N., Schroeder,

J.I., Shen, J. and Yang, Z. (2002) Plasma membrane-associated ROP10

small GTPase is a specific negative regulator of abscisic acid responses

in Arabidopsis. Plant Cell, 14, 2787–2797.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.15067

ABA signal transduction in stomatal guard cells 15


