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Abscisic acid (ABA) is one of the five classic phytohormones, which regulates 
many aspects of plant growth and development, and is widely known as a ‘stress 
hormone’ that modulates plant response to a variety of environmental cues, includ-
ing both abiotic and biotic challenges. Over the past 30 years, extensive studies 
with biochemical, molecular genetic and genomic approaches have revealed the 
main framework of ABA biosynthesis and catabolism pathways, and identified 
ABA transporters and more than a hundred signaling components of ABA sign-
aling pathways. Especially, recent identification of ABA receptors allows to elu-
cidate ABA signal transduction from the primary signaling events to downstream 
gene expression or effector activation, which deepens considerably our under-
standing of functional mechanisms of ABA. Additionally and importantly, num-
bers of the ABA-related genes have been engineered in crops for stress resistance 
improvement, which provides opportunities for the development of new crop vari-
eties with enhanced stress resistance.

The objective of this book is to provide a comprehensive review of all aspects 
of the mechanisms of ABA metabolism, transport and signal transduction, cov-
ering the current state of knowledge of ABA and recent advances in this field. 
Chapters 1–5 deal with ABA metabolism and transport, which firstly  introduce 
basic knowledge of chemical structure of ABA and its derivatives in relation 
to their physiological functions (Chap. 1), followed by critical reviews of ABA 
 metabolic pathways (Chaps. 2 and 5) and ABA transport between cells and at the 
whole plant level in relation to its function (Chaps. 3 and 4). Chapters 6 and 7  
review ABA signal perception by three classes of ABA receptors or candidate 
receptors with structural insights into how a family of PYR/PYL/RCAR soluble 
receptors function to perceive ABA, and signaling pathways downstream of the 
PYR/PYL/RCAR receptors and a chloroplast CHLH/ABAR candidate receptor. 
Protein kinases and phosphatases involved in ABA signaling are reviewed in Chap. 8,  
which helps to understand the critical roles of reversible protein  phosphorylation in 
ABA signaling and especially in the PYR/PYL/RCAR-mediated signaling  pathway. 
Some other key processes of ABA signaling, mediated by protein  ubiquitination and 
sumoylation, reactive oxygen species (ROS) and transcription factors, are reviewed 
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in Chaps. 9–11. Crosstalk of signaling pathways between ABA and other phyto-
hormones as well as between ABA and light attracts much attention in recent years, 
of which the advances are reviewed in Chaps. 12 and 13. Additionally, ABA has 
been shown to be a signal to promote ripening of fleshy fruits, and the advances 
in its metabolism and signaling in fleshy fruits are summarized in Chap. 14.  
The topics of Chaps. 15–20 are focused on advances in ABA regulation of a diversity 
of physiological responses, including stomatal movement (Chap. 15), plant responses 
to drought, salt (Chap. 16) and cold stresses (Chap. 17), the  floral transition (Chap. 18),  
circadian clock (Chap. 19), and plant response to biotic stresses (Chap. 20). The prin-
ciple and practice of ABA analysis are also addressed (Chap. 21). The last chapter dis-
cusses agricultural significance of the information on ABA metabolism and signaling 
and reviews actuality of improvement of stress tolerance in crops by genetic manipula-
tion of ABA metabolism and signaling (Chap. 22).

I am very grateful to the authors for their excellent contributions to this 
book, which are of great value to the readers with interests in plant biology and 
agriculture.

Da-Peng Zhang
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Chapter 1
ABA and Its Derivatives: Chemistry  
and Physiological Functions

Yasushi Todoroki

© Springer Science+Business Media Dordrecht 2014 
D.-P. Zhang (ed.), Abscisic Acid: Metabolism, Transport and Signaling,  
DOI 10.1007/978-94-017-9424-4_1

Abstract ABA, a sesquiterpene, is a small molecule that has a non-planar shape 
and contains various functional groups. The C15 ABA-skeleton is common in bio-
synthetic precursors (xanthoxin, abscisic alcohol, and abscisic aldehyde) and oxi-
dised catabolites (8′-hydroxy-ABA, phaseic acid, and dihydrophaseic acid). Thus, 
the conformation of the molecule and its functional groups are the key factors 
governing whether these ABA derivatives function as ABA mimics that can acti-
vate ABA receptors. Recent reports of the crystal structures of the ABA receptor 
proteins, PYR/PYL/RCAR (PYL), give significant clues regarding the structural 
requirements for eliciting ABA responses. The findings from structural studies of 
PYL are generally consistent with those from structure–activity studies based on 
bioassays using ABA analogues. The structural requirements for biosynthetic and 
catabolic enzymes and for ABA transporters remain unknown, as these structures 
have not yet been solved. However, ABA 8′-hydroxylases have been well inves-
tigated using in vitro enzyme assays. These studies show that different ABA-
binding proteins have somewhat different structural requirements. Based on this 
knowledge, we can design a selective ligand that targets a specific ABA-binding 
protein.

Keywords ABA · Derivatives · Functions · Structure requirements

Y. Todoroki (*) 
Graduate School of Agriculture, Shizuoka University, 836 Ohya,  
Suruga-Ku, Shizuoka 422-8529, Japan
e-mail: aytodor@ipc.shizuoka.ac.jp
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1.1  Structures, Physicochemical Properties,  
and Physiological Functions

1.1.1  ABA

ABA(1) has a chiral centre (C-1′). Consequently, two enantiomers, S-(+)-ABA 
and R-(−)-ABA (Fig. 1.1), are formed during chemical synthesis. All naturally 
occurring ABAs have the S-configuration, and its R counterpart has never been 
detected in plants. The physicochemical properties of both isomers of ABA are 
identical except for their optical characteristics, such as optical rotation and cir-
cular dichroism. ABA is sufficiently heat-stable to be dissolved in boiling water 
without decomposition occurring. Although ABA is relatively stable towards 
a broad range of pH values, it is converted to γ-lactone (2) under strong acidic 
conditions such as formic acid–hydrochloric acid (Mallaby and Ryback 1972) 
(Fig. 1.2). Under alkaline conditions, the hydrogens at C-3′, -5′, -7′, -2, and -6 
exchange with deuterium when dissolved in deuterated water (Milborrow 1984; 
Willows et al. 1991; Gray et al. 1974) (Fig. 1.2). The six hydrogens at C-3′, -5′, 
and -7′ are particularly easily exchanged with deuterium, making ABA-d6 (3) a 
useful internal standard for LC–MS and GC–MS analysis.

ABA is moderately photosensitive due to the dienoic acid side chain and the 
ring enone. Irradiation with UV at 365 nm causes photoisomerization at the C-2 
double bond to give an equimolar mixture of ABA and 2E-ABA (2-trans-ABA, 
5) (Fig. 1.2), which is biologically inactive (Todoroki et al. 2001). This isomeri-
zation occurs even upon irradiation using fluorescent and tungsten lamps. UV 
light at wavelengths shorter than 305 nm decomposes the ABA molecule into 
unidentified compounds, in addition to causing photoisomerization (Cornelussen 
et al. 1995). This photolabile property of ABA limits its applications in agricul-
ture. Consequently, several ABA analogues have been designed and synthesised 
to increase the photostability of ABA. For example, compounds 6–8 have a rigid 
side chain with an aromatic ring (Chen and Mctaggart 1986; Kim et al. 1992; 
Asami and Yoshida 1999) (Fig. 1.3). Recently, Wenjian et al. (2013) reported that 
2,3-cyclopropanated ABA (9) is more photostable than ABA (Fig. 1.3).

ABA behaves as a weak acid due to the side chain carboxy group. Thus, the lipo-
philicity of ABA depends greatly on pH and is more lipophilic at lower pH. Because 
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Fig. 1.1  Chemical formula of S-(+)-ABA (S-1) and R-(−)-ABA (R-1)
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the undissociated form of ABA is cell-membrane-permeable, the in vivo distribu-
tion of ABA changes depending on the pH conditions (Wilkinson et al. 1998; Jiang 
and Hartung 2008). This means that the movement of ABA within plants does not 
always require specific transport proteins; nevertheless, some ABA transporters 
seem to be involved in physiological processes mediated by ABA (Kang et al. 2010; 
Kuromori et al. 2010; Seo and Koshiba 2011; Kanno et al. 2012).

The shape of the ABA molecule depends largely on the conformation of the 
cyclohexenone ring. The crystal structure of ABA shows that the ring adopts a 
slightly distorted sofa conformation with the pseudoaxial side chain (Ueda and 
Tanaka 1977; Schmalle et al. 1977) (Fig. 1.4). The preferred form in solution, 
revealed by NMR and CD analyses, is a half-chair with the pseudoaxial side chain 
(Milborrow Milborrow 1984; Willows and Milborrow 1993; Koreeda et al. 1973; 
Harada 1973). Theoretical conformational analyses revealed that the minimum-
energy conformer is a half-chair with the pseudoaxial side chain (Todoroki et al. 
1996) (Fig. 1.4). Because the cyclohexenone ring can invert into another half-
chair with the pseudoequatorial side chain by paying only a small energy penalty 
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Fig. 1.2  Acidic and alkaline reactions and photoisomerization of ABA
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Fig. 1.3  Photoisomerization-resistant analogues of ABA
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Fig. 1.4  Conformation of ABA. a Crystal structure determined from crystals grown in ethanol 
solution, b preferred and non-preferred half-chairs calculated in B3LYP/6-31G(d) level of theory, 
and c the extracted structure from a PYR1-ABA crystal (PDB code: 3K90)
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(∼1.4 kcal mol−1) (Todoroki and Hirai 2000a, b) (Fig. 1.4), the shape of the ABA 
molecule when bound to proteins such as receptors, transporters, and catabolic 
enzymes cannot be estimated based on the preferred form of the uncomplexed 
ABA molecule. Todoroki et al. (1996) demonstrated that the biologically active 
conformation of ABA is a half-chair with the pseudoaxial side chain, based on the 
biological activity of cyclopropane analogues of ABA. Furthermore, the crystal 
structures of the ABA receptor proteins PYR/PYL/RCAR (PYL) bound to ABA 
revealed that ABA adopts a half-chair with the pseudoaxial side chain in the bind-
ing pocket (Melcher et al. 2009; Miyazono et al. 2009; Nishimura et al. 2009; 
Santiago et al. 2009; Yin et al. 2009) (Fig. 1.4). However, this does not guarantee 
that the conformation of ABA in other binding proteins, including transporters and 
catabolic enzymes, is also a half-chair with the pseudoaxial side chain.

Many reports have demonstrated that both the S- and R-isomers of ABA show 
similar hormonal activities in several assay systems (Lin et al. 2005), suggesting 
that plants have a mechanism which permits the R-isomer, which is not naturally 
occurring, to mimic the endogenous hormone. The ABA molecule, although a 
chiral molecule, is relatively symmetric about the plane constructed by C-5, C-1′, 
and C-4′ (Fig. 1.5). When the structural formula of R-ABA is drawn on paper, the 
orientation of the side chain and the hydroxy group at C-1′ of S-ABA is usually 
exchanged. However, this method of drawing does not accurately represent the 
pseudo-symmetric property of the ABA molecule. Instead, the molecule should be 
flipped to have the side chain and hydroxy group in the same orientation, as in the 
case of S-ABA. By doing so, a large structural difference between the enantiomers 

S 1 R 1

Fig. 1.5  Structural comparison of enantiomers of ABA
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becomes evident at the α-oriented, axial methyl group (C-8′). This means that the 
enantiomeric recognition of ABA by ABA-binding proteins depends on their sen-
sitivity to the location of this methyl group (Fig. 1.5). The crystal structure of the 
PYL3-R-ABA complex shows that R-ABA is oriented in the pocket in a manner 
similar to S-ABA (Zhang et al. 2013), indicating that the ability to accommodate 
C-8′ provides PYL with a relatively high affinity for R-ABA. However, although 
some PYL proteins have measurable affinities for R-ABA, generally this affin-
ity is weaker than that for S-ABA (Park et al. 2009; Zhang et al. 2013). Of the 
Arabidopsis PYL proteins, PYL5 shows the strongest binding affinity for R-ABA, 
whereas PYL9 does not function in the presence of R-ABA (Zhang et al. 2013). 
On the other hand, recombinant ABA 8′-hydroxylases (CYP707A enzymes), 
which oxidise the C-8′ of ABA, do not bind R-ABA (Kushiro et al. 2004). This 
is as expected, since CYP707A must recognise C-8′ in order to conduct oxida-
tion, so stereospecific ligand binding is critical for this enzyme. Interestingly, C-8′ 
recognition by CYP707A seems to depend on the ring enone of ABA (Ueno et al. 
2007). The difference in sensitivity to the orientation of C-8′ between CYP707A 
and PYL proteins may explain the comparable biological activity of R-ABA and 
S-ABA in some bioassays. R-ABA is metabolized to (−)-7′-hydroxy-ABA (21) 
(Cowan and Railton 1987; Boyer and Zeevaart 1986; Balsevich et al. 1994a) 
and (+)-PA (23) (Gillard and Walton 1976; Balsevich et al. 1994b; Dashek et al. 
1979; Okamoto and Nakazawa 1993) (Fig. 1.6). Since the recombinant CYP707A 
enzymes do not bind R-ABA (Kushiro et al. 2004), these metabolites may be pro-
duced by the nonspecific oxidation of R-ABA.

1.1.2  Biosynthetic Precursors

The biosynthetic precursors that have an ABA-skeleton are xanthoxin (10), absci-
sic alcohol (ABAlc, 16), and abscisic aldehyde (ABAld, 11) (Fig. 1.6). The side 
chain of xanthoxin cannot be axial owing to the 1′,2′-epoxide, so the conforma-
tion of xanthoxin must be quite different from that of ABAlc, ABAld, and ABA. 
Crystal structures of the PYL–ABA complex suggest that these precursors, which 
have no carboxylic acid moiety, generally have poor affinity to PYL proteins 
because the salt bridge between the C-1 carboxylate of ABA and the ε-ammonium 
group of Lys of PYL is critical for forming a stable PYL–ABA complex. In fact, 
these precursors induce a slight reduction in PP2C activity in the presence of PYL 
proteins (Kepka et al. 2011).

1.1.3  Catabolites

Common catabolites of ABA in many plants include phaseic acid (PA, 13), 
dihydrophaseic acid (DPA, 14), epi-dihydrophaseic acid (epi-DPA, 15), 
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7′-hydroxy-ABA (17), and ABA glucose ester (ABA-GE, 18) (Ref) (Fig. 1.6). 
9′-Hydroxy-ABA (19) and neoPA (20) are found in some plants, including 
Arabidopsis (Zhou et al. 2004; Okamoto et al. 2011). 8′-Hydroxy-ABA (12), 
which is produced by the hydroxylation of C-8′ by CYP707A enzymes, is ther-
modynamically unstable and spontaneously isomerizes to the more stable tau-
tomer, PA. Thus, 8′-hydroxy-ABA is not stably maintained in the absence of 
8′-O-protection following isolation. Zou et al. (1995) isolated 8′-hydroxy-ABA as 
a borate complex by heating PA and boric acid in glacial acetic acid. The isomeri-
zation of 8′-hydroxy-ABA to PA is an intramolecular Michael-type reaction which 
is accelerated under basic conditions. At 25 °C, the half-life of 8′-hydroxy-ABA 
is 30 h at pH 3, 4 h at pH 7, and shorter than 1 min at pH 10 (Todoroki and Hirai 
2000a, b). 8′-Hydroxy-ABA is observed upon HPLC analysis of enzyme assay 
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mixtures using recombinant CYP707A (Saito et al. 2004). This suggests that 
CYP707A catalyses only the hydroxylation reaction, and not the isomerization 
reaction to PA.

Is 8′-hydroxy-ABA biologically active? It is difficult to answer this question 
because its thermodynamic instability prevents us from determining its true activ-
ity. Zou et al. (1995) reported that a borate complex of 8′-hydroxy-ABA is active 
in lipid and oleosin biosynthesis in microspore-derived embryos of B. napus. 
Kepka et al. (2011) extrapolated the activity of 8′-hydroxy-ABA from that of the 
tetralone analogue of 8′-hydroxy-ABA (24). This analogue cannot isomerize to a 
PA-type derivative because the C-2′ is in an aromatic ring (Fig. 1.7). Tetralone-
ABA is as effective as ABA in some bioassays using Arabidopsis, whereas the 
8′-hydroxylated analogue is much less effective than tetralone-ABA. In PP2C 
assays using the Arabidopsis ABA receptors, PYL9 and PYR1, 8′-hydroxy-
lated tetralone-ABA is less effective than tetralone-ABA and ABA by a factor of 
100–1000. This suggests that 8′-hydroxy-ABA is essentially inactive, at least in 
Arabidopsis. Because some space is evident around the C-8′ of ABA in both the 
PYR1-ABA and PYL9-ABA complexes (PDB code: 3K90 and 3OQU, respec-
tively), the 8′-hydroxy group is accommodated sterically. Furthermore, since ABA 
stabilizes the gate-closed conformation of PYL proteins by producing a hydropho-
bic network, a protic polar moiety around C-8′ may impair the critical function 
of the proteins. In any case, currently there is no experimental evidence to help 
resolve the discrepancy in ABA activity between Brassica napus and Arabidopsis.
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ABA (12) is isomerized to PA (13), whereas b the 8′-hydroxylated tetralone analogue of ABA is 
not converted to the bicyclized compound owing to the stable aromatic ring
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PA is a more rigid molecule than ABA. The conformation of the six-mem-
bered ring of PA is a rigid chair with an axial side chain. This conformation is 
similar to that of ABA bound to PYL proteins; however, PA has much less affin-
ity with PYL compared to ABA (Kepka et al. 2011). PA has an α-axial substitu-
ent at C-2′, like the substituent at C-6′ of R-ABA. However, the C-2′ substituent 
of PA is not a methyl group, but an ether oxygen. This is a significant disadvan-
tage for interacting with PYL because the ether oxygen reduces the affinity of 
PA with PYL due to steric hindrance and hydrophilicity. In fact, PA is inactive in 
most bioassays. Although rarely mentioned, solutions of PA inevitably contain a 
trace amount of 8′-hydroxy-ABA; the equilibrium ratio of 8′-hydroxy-ABA/PA is 
2:98 at pH 3–10 (Todoroki and Hirai 2000a, b). Consequently, a peak and signals 
due to 8′-hydroxy-ABA are evident in the HPLC and 1H NMR analyses of PA, 
respectively.

1.1.4  ABA Mimics Lacking an ABA-skeleton

Although ABA is produced by fermentation using ABA-producing fungi at rela-
tively low cost, ABA mimics with a simpler structure than ABA would be prac-
tical and advantageous if their production costs were lower than that of ABA 
(Fig. 1.8). In early studies, lunularic acid (25) was considered to play an ABA-
like physiological role in liverworts (Pryce 1972), although currently this hypoth-
esis is in question because ABA has been detected in two species of liverworts 
(Nakayama et al. 1993). Some synthetic ABA mimics containing an aromatic ring 
instead of the cyclohexenone ring of ABA (26–28) have been reported, although 
their activities are lower than that of ABA (Bittner et al. 1977; Ladyman et al. 
1988; Yoshikawa et al. 1992). The Lewis formulae of these compounds somewhat 
resemble ABA. However, these molecules are relatively flat, so they bear little 
resemblance to ABA sterically.

Pyrabactin (29), a key compound for identifying ABA receptors amongst PYL 
proteins, exhibits weak ABA-like activity (Park et al. 2009). Although this com-
pound does not superficially resemble ABA, the bent conformation functions as 
an effective gate-closing promoter in PYL1 (Melcher et al. 2010) (Fig. 1.8). 
Interestingly, pyrabactin binds to PYL2 in a manner different from its binding to 
PYL1 and does not induce closure of the gate. The ABA agonistic effect of pyra-
bactin is observed in in vitro experiments only for PYR1 and PYL1 (Okamoto 
et al. 2013). Quinabactin (30), which contains aromatic rings and a sulfonamide 
similar to pyrabactin, is a stronger ABA mimic than is pyrabactin (Okamoto 
et al. 2013). In vitro analysis revealed that quinabactin activates mainly dimeric 
receptors to elicit stomatal closure, ABA-regulated gene expression, and drought 
tolerance. Quinabactin also adopts a bent conformation in PYL2 (Fig. 1.8). The 
dimeric receptor-selective binding of quinabactin may depend on its slightly larger 
molecular size compared to ABA.
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1.2  Structural Requirements

1.2.1  For Exhibiting Biological Activity

The biological activities of many ABA analogues have been examined using vari-
ous plants and tissues under various conditions (Fig. 1.9). Although there are some 
exceptions, the absence of an existing functional group, or the addition of a new 
functional group, generally reduces the ABA activity. The most critical functional 
group is the C-1 carboxy group, although ABA analogues that have a C-1 hydroxy 
(ABAlc), aldehyde (ABAld), or methyl ester (Me ABA, 31) are relatively active 
under some assay conditions. For example, the aba3 mutant, which is deficient in 
molybdenum cofactor (MoCo) sulfurase necessary for ABAld oxidase (AAO3), is 
insensitive to ABAlc and ABAld (Kepka et al. 2011). The relatively high activity 
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of these ABA precursors results from ABA being generated from them in plants. 
Since plant cells generally exhibit high esterase activity and rapidly hydrolyse 
esters (Kusaka et al. 2009), the activity of Me ABA must also result from its con-
version to ABA by enzymatic hydrolysis.

The other two polar groups in ABA are also important for ABA activity,  
although they are less crucial than the C-1 carboxy group: The reported activities of 
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1′-deoxy-ABA (32), 1′-fluoro-ABA (33) (Todoroki et al. 1995a, b, c), 1′-O-methyl-
ABA (34) (Rose et al. 1996), 4′-deoxo-ABA (35) (Oritani and Yamashita 1974), 
1′,4′-cis/trans-diol-ABAs (36 and 37) (Walton and Sondheimer 1972), and trans-
4′-alcoxy-ABA (38–40) (Asami et al. 2000; 2002) are weaker than that of ABA 
by a factor of 10–100. The cis isomer of 4′-alcoxy-ABA is much less potent than 
the trans isomer. Interestingly, some ABA analogues containing a larger functional 
group than ABA’s functional group at C-4′ (41–44) (Fig. 1.10) retain ABA activ-
ity, albeit weaker than ABA’s by a factor of 10–100 (Kohler et al. 1997; Asami 
et al. 1997; Kitahata et al. 2005). Because these compounds are substituted using 
a hydrozone linker at C-4′, it is possible that ABA is released by hydrolysis of the 
analogue in plant cells. On the other hand, the activity of 4′-octoxy-ABA (39) and 
4′-benzyl-ABA (40) (Asami et al. 2002) cannot be derived from released ABA and 
must be due to the analogue, since an ether bond is more resistant to hydrolysis 
than a hydrazone. The significance of this will be discussed later.

The two methyl groups at C-3 in the side chain and at C-2′ in the ring (C-6 
and C-7′, respectively) are more important for activity than the geminal methyl 
groups at C-6′ in the ring (C-8′ and C-9′). The C-6 and C-7′ methyl groups may 
contribute to specific recognition rather than to nonspecific hydrophobic interac-
tions. The modification of C-8′ or C-9′ sometimes results in an increase in activ-
ity. In particular, ABA analogues, in which C-8′ is replaced by a trifluoromethyl 
(45) or an acetylenyl (46), and where C-9′ is replaced by a propagyl (47), are the 
most potent analogues tested to date in bioassays (Todoroki et al. 1995a, b, c;  
Cutler et al. 2000) (Fig. 1.11). 5′α,8′-Cyclo-ABA (48), which contains a direct 
linkage between C-5′ and C-8′, is also remarkably effective in some bioassays 
(Todoroki et al. 1996). The amplified activity of these analogues may depend par-
tially on their long lifetime in plant cells, since modification of C-8′ or its neigh-
bouring groups makes these compounds resistant to CYP707A enzymes (Cutler 
et al. 2000). Nevertheless, since recombinant Arabidopsis ABA 8′-hydroxylase 
CYP707A3 is not inhibited by the 8′-acetylenic analogue of ABA (Ueno et al. 
2005), another factor may be involved. 2E-ABA (5) is also inactive, probably 
because the 2E-configuration greatly affects the orientation of the C-1 carboxy 
group. The C-2′ double bond in the ring can be changed to a single bond with only 
a slight loss of activity if C-7′ is cis to the side chain (49), that is, when the ring 
prefers a half-chair conformation with the pseudoaxial side chain (Fig. 1.11). This 
agrees with the finding that the ring conformation is a significant factor for activ-
ity. As described above, the active conformation of ABA is a half-chair with the 
pseudoaxial side chain.

1.2.2  For Binding to PYL Proteins

The affinity of ABA analogues to PYL proteins has rarely been measured 
directly or indirectly. We can only speculate on their affinity on the basis of 
the crystal structure of the PYL–ABA complex, where ABA is almost entirely 
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surrounded by the PYL protein. This binding mode suggests that the addition 
of a large substituent anywhere in the structure reduces the affinity because of 
interference with gate-closing or PP2C binding. This is generally consistent 
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with the structural requirements for ABA activity in bioassays, discussed above. 
Nevertheless, some exceptions exist. The most significant inconsistency is 
observed in C-4′. As described above, 4′-octyl-ABA and 4′-benzyl-ABA (39 and 
40) retain ABA activity. In the crystal structure of the PYL–ABA–PP2C com-
plex, the C-4′ ketone of ABA forms an indirect hydrogen bond via a water mol-
ecule with the indole moiety of Trp in PP2C. In addition, the gate Pro in PYL 
is close to the C-4′ ketone. Thus, the introduction of a large substituent at C-4′ 
must impair the function of PYL as an inhibitor of PP2C. n-Octoxy and benzy-
loxy groups, with lengths of ∼10 and 5 Å, respectively, seem to be too large to 
fit into the space around C-4′ of ABA in the PYL–ABA–PP2C complex. In this 
complex, the distance between the 4′-carbonyl oxygen of ABA and the indole 
nitrogen of Trp in PP2C is calculated to be approximately 4.5–5 Å, based on the 
crystal structures (Fig. 1.12).

Recently, Takeuchi et al. (2014) reported an ABA analogue, AS6, that acts as 
an inhibitor of PYL proteins. This molecule has an S-hexyl group at C-3′ and is an 
effective gate-closing promoter of PYL. Crystallographic data of PYR1 bound to 
AS6 demonstrate that the long S-hexyl chain of AS6 protrudes through a solvent-
exposed tunnel to prevent PYL–PP2C interactions.
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1.2.3  For Inhibition of CYP707A Enzymes

ABA 8′-hydroxylases, which are CYP707A enzymes, are not inhibited by R-ABA 
(Kushiro et al. 2004). This strict stereoselective recognition is in marked contrast 
to the loose recognition requirements of PYL proteins. Ueno et al. (2007) revealed 
that the C-1 carboxy and C-4′ carbonyl groups play a significant role in stere-
oselective binding. Based on the hypothesis that ABA is anchored via these two 
polar groups on the helix I residues in the substrate-binding pocket of CYP707A, 

40

39

Fig. 1.12  The space around C-4′ of ABA in the PYR1–ABA–HAB1 crystal structure (PDB: 
3QN1) and the C-4′ modified ABA analogues
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the C-2′ side of the ring must be close to helix I (SRS 4) to keep C-8′ in close 
proximity to the heme iron. If R-ABA binds in the same manner as S-ABA, C-8′ 
should contact helix I (Fig. 1.13). Determination of the exact mechanism requires 
the crystal structure of CYP707A, which has yet to be obtained. Another large 
difference is that the side chain methyl (C-6) and C-1′ hydroxy groups which 
are required for the high ABA activity is dispensable for binding to CYP707A 
enzymes (Ueno et al. 2005) (Fig. 1.14). Focusing on this difference, Ueno et al. 
(2005) developed AHI1 (50), an ABA analogue which functions as a competitive 
inhibitor of CYP707A without causing an ABA response.

helix I

S-1 R-1

(a) (b)

Fig. 1.13  Molecular surfaces in the active site of the 3D structural model of CYP707A3. a The 
S-ABA bound active site, and b R-ABA superimposed and overlaid onto S-ABA (omitted for 
simplicity)

Fig. 1.14  Differences in structural requirements for CYP707A3 inhibition and for ABA activity, 
and AHI1, a CYP707A3 inhibitor lacking ABA activity
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Abstract Abscisic acid (ABA) is a phytohormone that regulates physiological 
 processes such as seed maturation, seed dormancy, and stress adaptation. These 
physiological responses are triggered by the fluctuation of endogenous ABA levels in 
accordance with changing surroundings or developmental stimuli. Endogenous ABA 
levels are largely controlled by the balance between biosynthesis and catabolism. ABA 
is also synthesized in various kinds of organisms other than plants. To manipulate 
ABA levels, we first need to understand the pathways for ABA biosynthesis and catab-
olism in each organism. The biosynthetic pathway has been extensively studied in 
plants and phytopathogenic fungi. The catabolic pathway has been mostly established 
in plants. Extensive investigations of mutants defective in ABA metabolism using bio-
chemical, molecular genetic, and genomic approaches have helped to reveal the main 
framework of these pathways. This chapter reviews our current understanding of the 
pathways of ABA biosynthesis and catabolism. In addition, inhibitors of ABA bio-
synthesis and catabolism are introduced. These inhibitors can be used to manipulate 
endogenous ABA levels and are useful tools to investigate ABA action in plants.
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2.1  ABA Biosynthesis—Two Distinct Routes  
of ABA Biosynthesis

Abscisic acid (ABA) is a C15 sesquiterpene containing fifteen carbon atoms in its 
structure that originates from isoprene known as isopentenyl pyrophosphate (IPP). 
Now, ABA is known to be synthesized via two distinct pathways (Nambara and 
Marion-Poll 2005; Oritani and Kiyota 2003; Schwartz and Zeevaart 2010). One is the 
direct pathway that occurs in phytopathogenic fungi. The other is the indirect path-
way that operates in plants. IPP for the direct pathway is synthesized from the meva-
lonate (MVA) pathway that exists in prokaryotes and almost all eukaryotes (Newman 
and Chappell 1999). On the other hand, the indirect pathway uses the methylerythri-
tol phosphate (MEP) pathway as a source of IPP. The MEP pathway seems to exist in 
cyanobacteria and all photosynthetic eukaryotes (Lichtenthaler 1999).

2.2  Direct Pathway in Fungi

In phytopathogenic fungi such as Botrytis cinerea and Cercospora cruenta, ABA 
is synthesized from MVA. When radiolabeled MVA or farnesyl diphosphate (FDP) 
was fed to ABA-producing fungi, the labels were effectively incorporated into 
ABA (Neill et al. 1982; Norman et al. 1983). In addition, when [1-13C] glucose 
was fed to ABA-producing fungi or plants, the positions of the labeled carbons in 
ABA were different between plants and fungi, because the labeled carbon was dif-
ferently incorporated into IPP depending on its source, the MVA or MEP pathway 
(Hirai et al. 2000). These results strongly indicate that fungal ABA is synthesized 
from IPP produced in the MVA pathway (Hirai et al. 2000). Since all intermedi-
ates between FDP and ABA are sesquiterpenes, the ABA biosynthetic pathway in 
fungi has been referred to as the direct pathway (Nambara and Marion-Poll 2005; 
Oritani and Kiyota 2003; Zeevaart and Creelman 1988).

The direct pathway involves several modifications of FDP to generate ABA 
(Fig. 2.1). Isomers of ionylideneethanol and/or ionylideneacetic acid have been 
identified from several fungi and are supposed to be the endogenous precursors 
of ABA in fungi (Oritani and Kiyota 2003). As shown in Fig. 2.1, similar inter-
mediates are utilized among diverse fungal genera, suggesting that the ABA 
biosynthetic pathway might be mostly similar but distinct among these fungi. 
Recently, allofarnesenes and ionylideneethanes were shown to be the endog-
enous precursors in Botrytis cinerea and Cercospora cruenta (Inomata et al. 
2004a, b). The allofarnesenes were supposed to be converted from FDP to allo-
farnesenes via 4,5-didehydrofarnesyl diphosphate or 6E,10E-2,6,10-trimethyl-
2,6,10-dodecatriene (Inomata et al. 2004a, b). Then, cyclization and isomerization 
of allofarnesenes give ionylideneethanes (Fig. 2.1) (Inomata et al. 2004a, b). In 
addition, possible carotenoid precursors having a γ-ring to produce ionylideneace-
toaldehyde were not detected in C. cruenta (Inomata et al. 2004b). These results 
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indicate that ABA is synthesized by the direct pathway via the isomerization and 
cyclization of allofarnesene and several oxidation steps of ionylideneethanes in 
these fungi (Fig. 2.1). After the synthesis of ionylideneethanes, ionylideneetha-
nol is supposed to be generated by their oxidation (Inomata et al. 2004a, b). In 
C. rosicola, α-ionylideneethanol and α-ionylideneacetic acid were converted to 
ABA and 1′-deoxy ABA (Fig. 2.1) (Neill and Horgan 1983). 1′-deoxy ABA is 
thought to be the precursor of ABA in this fungus, because it is also oxidized to 
ABA (Fig. 2.1) (Neill et al. 1982). On the one hand, in B. cinerea and C. pini-
densiflorae, 1′,4′-trans-diol ABA is likely the predominant precursor whose 
endogenous levels are correlated with ABA synthesis (Fig. 2.1) (Hirai et al. 1986; 
Okamoto et al. 1988). On the other hand, 1′,4′-trans-dihydro-γ-ionylideneacetic 
acid is thought to be the intermediate of ABA biosynthesis in C. cruenta (Fig. 2.1) 
(Oritani et al. 1985). During the conversion from ionylideneethanes to ABA, 
atmospheric oxygen is incorporated into ABA at C-1, -1, C-1′, and C-4′ in C. cru-
enta and B. cinerea (Inomata et al. 2004a, b). P450 was supposed to be involved 
in these oxidation steps since P450 inhibitors could effectively block ABA pro-
duction (Norman et al. 1986). Based on this notion, Siewers et al. (2004) tried to 
knock out two genes in Botrytis cinerea, BcCPR1 and BcABA1, encoding P450 
oxidoreductase and P450, respectively. The ABA level in the Bccpr1 mutant was 
reduced compared with the wild type. ABA production was completely abolished 
in the Bcaba1 mutant (Siewers et al. 2004). The same group also found three addi-
tional genes located around the BcABA1 gene on the genome (Siewers et al. 2006). 
These genes were named BcABA2, BcABA3, and BcABA4 and encoded P450, 
an unknown protein and a short-chain dehydrogenase/reductase, respectively 
(Siewers et al. 2006). ABA was undetectable in the Bcaba3 mutant but not in 
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Bcaba2 and Bcaba4. The authors speculated that the Bcaba2 and Bcaba4 mutants 
likely accumulated ABA precursors that could not be distinguished from ABA by 
their immunological ABA detection system (Siewers et al. 2006). Biochemical 
analysis of these proteins or feeding experiments combining several known pre-
cursors with these mutants will be powerful tools to investigate the direct pathway 
in detail.

2.3  Indirect Pathway in Higher Plants

ABA was discovered in the 1960s (Addicott et al. 1968; Ohkuma et al. 1965; 
Schwartz and Zeevaart 2010) and subsequently xanthoxin (Xan) was isolated as 
a plant growth inhibitor like ABA (Taylor and Burden 1970b; Taylor and Smith 
1967). Xan had structural similarity to part of an epoxycarotenoid (Fig. 2.2). 
Indeed, the cleavage of all-trans- or 9-cis-epoxycarotenoids by light or lipoxyge-
nase successfully generated 2-trans,4-trans- or 2-cis,4-trans-Xan (Firn and Friend 
1972; Taylor and Burden 1970a). A conversion experiment from Xan to ABA 
using cell-free extracts from various plant species indicated that 2-cis,4-trans-Xan 
was the possible precursor of ABA that originates from 9-cis-epoxycarotenoids 
(Sindhu and Walton 1987). In addition, most carotenoid deficient mutants were 
also ABA deficient (Moore and Smith 1985; Neill et al. 1986). These facts sug-
gested that epoxycarotenoids could be the precursors of ABA in higher plants. On 
the other hand, terpenoids such as carotenoids, plastoquinone, sterol, and phytol 
are synthesized from IPP produced in the MEP pathway in plastids (Lichtenthaler 
1999). The Arabidopsis chloroplasts altered 1 (cla1) mutant has a defect in the 
synthesis of 1-deoxy-d-xylulose-5-phosphate in the MEP pathway and presents 
carotenoid deficiency resulting in decreased levels of ABA (Estevez et al. 2001). 
These facts support that C15 ABA is synthesized via C40 epoxycarotenoids that 
are composed of IPP from the MEP pathway in plants. Therefore, this ABA bio-
synthetic pathway is referred to as the indirect pathway since C40 epoxycarot-
enoids are the intermediates of ABA in contrast to the direct pathway in fungi 
(Figs. 2.1 and 2.2). The indirect pathway has been revealed by biochemical and 
molecular genetic studies of ABA-deficient mutants as described below. Mutants 
impaired in carotenoid biosynthesis or molybdenum cofactor (MoCo) synthesis 
present ABA deficiency as part of a pleiotropic phenotype. We will not deal with 
these biosynthetic pathways or their corresponding mutants in this chapter since 
they are not specifically involved in ABA biosynthesis. The epoxidation steps of 
zeaxanthin are set as the starting point of the indirect pathway.

Zeaxanthin epoxidase (ZEP) converts zeaxanthin into violaxanthin via anthe-
raxanthin by a two-step epoxidation (Fig. 2.2). Zeaxanthin can be also produced 
from violaxanthin by violaxanthin de-epoxidase (VDE) (Fig. 2.2). This cyclic 
reaction is called the xanthophyll cycle and is involved in nonphotochemi-
cal quenching for photoprotection (Li et al. 2009). The ZEP gene was first iden-
tified in the study of a tobacco ABA-deficient mutant, Npaba2, in Nicotiana 
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plumbaginifolia (Marin et al. 1996). The ZEP gene encodes a monooxygenase 
with a FAD binding domain. Recombinant ZEP protein required additives exist-
ing in the stroma fraction for its conversion activity from zeaxanthin to violaxan-
thin (Marin et al. 1996). Then, it was revealed that the activity of ZEP depended 
on a reduced ferredoxin (Bouvier et al. 1996). Tobacco Npaba2, Arabidopsis 
Ataba1, rice Osaba1, and tomato hp3 mutants impaired in ZEP genes show 
wilty and non-dormant seed phenotypes, and accumulate high levels of zeaxan-
thin but not epoxycarotenoids such as violaxanthin and neoxanthin (Table 2.1) 
(Agrawal et al. 2001; Duckham et al. 1991; Galpaz et al. 2008; Marin et al. 1996; 
Rock and Zeevaart 1991). VDE may not be responsible for ABA biosynthesis, as 
the Arabidopsis npq1 mutant defective in the VDE gene accumulated significant 
amounts of epoxycarotenoids such as violaxanthin and neoxanthin that are precur-
sors of ABA (Niyogi et al. 1998).

After the epoxidation step, all-trans-violaxanthin is converted to the 9-cis iso-
mer prior to oxidative cleavage of the epoxycarotenoids to form xanthoxin by 
9-cis-epoxycarotenoid dioxygenase (NCED) (Fig. 2.2). There are two possible 
substrates for NCED in plants, the 9-cis isomers of violaxanthin and neoxanthin 
(Fig. 2.2). In Arabidopsis leaves, all-trans-violaxanthin and 9′-cis-neoxanthin 
were found to be the two major epoxycarotenoids (40.2 and 51.8 %, respectively) 
of the total epoxyxanthophyll content. All-trans-neoxanthin and 9-cis-violaxan-
thin represented only 5.4 and 2.6 %, respectively (North et al. 2007). In tomato 
leaves, a similar composition of epoxyxanthophylls was observed (Parry and 
Horgan 1991). Therefore, 9′-cis-neoxanthin was supposed to be the major sub-
strate of NCED in leaves. Two enzymatic steps are thought to be involved in the 
synthesis of 9′-cis-neoxanthin from all-trans-violaxanthin, involving neoxanthin 
synthase (NSY) and an unknown isomerase (Fig. 2.2). Three different types of 
NSY have been reported to date (Table 2.1). The first NSYs were biochemically 
isolated from tomato and potato as homologs of capsanthin capsorubin synthase or 
lycopene β-cyclase (Al-Babili et al. 2000; Bouvier et al. 2000). The tomato NSY 
enzyme was then found to be identical to the B gene encoding a fruit-specific lyco-
pene β-cyclase isoform (Ronen et al. 2000), suggesting that NSY might be capa-
ble of converting both lycopene to β-carotene and violaxanthin to neoxanthin in 
tomato. However, neoxanthin was still produced in the old-gold mutant, a loss of 
function allele of the B gene (Hirschberg 2001; Ronen et al. 2000). Other genes 
responsible for neoxanthin synthesis were identified in the Arabidopsis aba4 and 
tomato neoxanthin-deficient 1 (nxd1) mutants lacking both isomers of neoxan-
thin (Neuman et al. 2014; North et al. 2007). The mutated genes in each mutant 
encoded different types of unknown proteins. The Arabidopsis aba4 mutant had 
a defect in a gene encoding a functionally unknown chloroplastic protein with 
four transmembrane domains. The loss of neoxanthin in the mutant resulted in 
reduced levels of ABA, and the phenotype was obvious under dehydration condi-
tions. The ABA-deficient phenotypes of the aba4 mutant were milder than those 
of aba1 since aba4 was able to produce a small amount of ABA. The existence 
of 9-cis-violaxanthin in the aba4 mutant could account for the mild phenotypes 
(North et al. 2007). Biochemical analysis of recombinant ABA4 protein had 
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difficulty showing the NSY activity since the protein tended to be insoluble (North 
et al. 2007). The tomato nxd1 mutant had a defect in an unknown protein with-
out an obvious chloroplast targeting sequence. Although the tomato nxd1 mutant 
did not produce either isomer of neoxanthin, it did not show any ABA-deficient 
phenotypes. The existence of 9-cis-violaxanthin could compensate for the loss 
of neoxanthin in the nxd1 mutant (Neuman et al. 2014). Arabidopsis NXD1 pro-
tein expressed in E. coli also failed to show NSY activity even when it was coex-
pressed with ABA4 (Neuman et al. 2014). Further analysis will be necessary to 
reveal how these genes contribute to neoxanthin synthesis. The results from the 
analyses of neoxanthin-deficient mutants indicate that the preferred substrate of 
NCED could differ according to plant species and both 9-cis-violaxanthin and 
9′-cis-neoxanthin could be the in vivo substrates of NCED. In fact, the parasitic 
plant Cuscuta reflexa does not have neoxanthin but still accumulates ABA under 
dehydration (Qin et al. 2008).

All-trans-epoxycarotenoids, violaxanthin and neoxanthin, are then converted 
into 9-cis isomers by an unknown isomerase (Fig. 2.2). It has been a long-stand-
ing question that gene encodes the 9-cis-epoxycarotenoid-forming isomerase in 
ABA biosynthesis. Recently, Alder et al. (2012) (Alder et al. 2012) found that the 
rice strigolactone biosynthetic enzyme D27 had isomerase activity converting all-
trans-β-carotene into 9-cis-β-carotene and that the conversion activity was revers-
ible. The structural similarity between β-carotene and epoxycarotenoids evokes the 
possible involvement of D27 in ABA biosynthesis. Rice has two additional genes 
homologous to D27, and Arabidopsis has three genes showing similarity to D27. 
Further analyzes of these genes and the corresponding mutants will help to dis-
cover the isomerase. Identification of the isomerase is the final piece for establish-
ing the main framework of the ABA biosynthetic pathway in plants.

9-cis isomers of violaxanthin and neoxanthin are then cleaved into C15 and 
C25 compounds to produce the C15 xanthoxin, the direct precursor of ABA 
(Fig. 2.2). The first discovery of 9-cis-epoxycarotenoid dioxygenase came in 
the study of the viviparous, ABA-deficient, maize vp14 mutant (Schwartz et al. 
1997b; Tan et al. 1997). VP14 encodes a non-heme iron (II)-dependent dioxyge-
nase. Recombinant VP14 recognized the 9-cis configuration of C40 carotenoids 
and was able to cleave 9-cis-violaxanthin, 9′-cis-neoxanthin, and 9-cis-zeaxanthin 
at the 11–12 position but not all-trans isomers (Schwartz et al. 1997b). After the 
cleavage reaction in vitro, C25 compounds such as epoxy-apo-aldehyde or allenic-
apo-aldehyde were generated as by-products with C15 xanthoxin. Whereas xan-
thoxin was detectable in plants, neither of these two C25 by-products could be 
detected (Parry and Horgan 1991; Schwartz and Zeevaart 2010). After the clon-
ing of VP14, NCED genes were isolated from various plant species (Table 2.1). 
Overexpression of NCED genes resulted in higher accumulation of ABA in the 
transgenic plants, indicating that NCED catalyzes the rate-limiting step of ABA 
biosynthesis. NCED genes form a small gene family in various plant species. Most 
plants have a drought-inducible NCED gene whose expression levels are corre-
lated with the accumulation of ABA in response to drought. Carotenoids includ-
ing the substrate of NCED are abundantly localized at the thylakoid membrane in 
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the chloroplast (Parry and Horgan 1991). The PvNCED1 protein is also predomi-
nantly localized at the thylakoid membrane in the chloroplast (Qin and Zeevaart 
1999). The N-terminal amphipathic sequence of VP14 was necessary to bind to 
the thylakoid membrane (Tan et al. 2001). The crystal structure of VP14 revealed 
how it accesses the substrate in the thylakoid membrane via its N-terminal amphi-
pathic region (Messing et al. 2010). In Arabidopsis, drought-inducible AtNCED3 
was detected in two forms with different molecular weights in the chloroplast 
(Endo et al. 2008). The larger form was localized in the thylakoid membrane and 
the smaller existed in the stroma. A similar distribution was observed in a chloro-
plast import assay of AtNCED proteins (Tan et al. 2003). The meaning of the dif-
ferential localization of NCED in the chloroplast remains to be resolved.

After the oxidative cleavage of 9-cis-epoxycarotenoids by NCED, xanthoxin 
(Xan) is translocated from the plastid to the cytosol and then converted into absci-
sic aldehyde (ABAld) (Fig. 2.2). The Arabidopsis aba2 mutant was supposed to 
be impaired in this step since a cell-free extract from the aba2 mutant did not 
show conversion activity from Xan to ABAld (Schwartz et al. 1997a). The aba2 
mutants have a defect in a member of the short-chain dehydrogenase/reductase 
(SDR) gene family, which includes 56 members in the Arabidopsis genome, and 
ABA2 was identified as a cytosolic NAD-dependent oxidoreductase with xanth-
oxin dehydrogenase (XD) activity (Cheng et al. 2002; Gonzalez-Guzman et al. 
2002). Intragenic complementation of aba2 mutant alleles suggested that the activ-
ity of mutated ABA2 enzymes could be recovered through multimer formation 
(Merlot et al. 2002; Rook et al. 2001). Arabidopsis aba2 mutants were originally 
isolated based on their ability to germinate in the presence of inhibitors of gibber-
ellin biosynthesis (LeonKloosterziel et al. 1996; Nambara et al. 1998). Different 
alleles of aba2 such as gin1, sis4, isi4, sre1, and san3 were isolated by various 
kinds of screening that utilized their ability to germinate and grow in toxic concen-
trations of glucose, sucrose, or NaCl (Cheng et al. 2002; Gonzalez-Guzman et al. 
2002; Laby et al. 2000; Rook et al. 2001), or by using thermal imaging screen-
ing (Merlot et al. 2002). These facts indicate that aba2 mutants always have a 
short supply of ABA during their life cycle. In other words, there are no function-
ally redundant genes for ABA2 in the Arabidopsis genome. Hwang et al. (2012) 
reported that neither AtSDR2 nor AtSDR3, the closest homologs of ABA2, was 
likely to substitute the function of ABA2, supporting the uniqueness of ABA2 in 
the Arabidopsis genome. Although orthologs of Arabidopsis ABA2 are likely to be 
conserved in various plant species (Hanada et al. 2011), there have been no reports 
of additional XDs other than Arabidopsis ABA2.

After the conversion of Xan to ABAld, ABA is produced by the oxidation of 
ABAld. Two enzymes are involved in this oxidation step, abscisic aldehyde oxi-
dase (ABAO) and MoCo sulfurase (Fig. 2.2). The conversion activity from ABAld 
to ABA was diminished in cell-free extracts of two wilty tomato mutants, flacca 
and sitiens (Sindhu and Walton 1988; Taylor et al. 1988). The enzyme that oxidizes 
ABAld to ABA was supposed to be an aldehyde oxidase (AO) (Leydecker et al. 
1995; Walkersimmons et al. 1989) and four Arabidopsis aldehyde oxidase genes 
(AAO1-4) were isolated (Table 2.1) (Sekimoto et al. 1998). In-gel activity staining 
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of AAOs revealed that the homodimer of AAO3, could utilize ABAld as a substrate, 
and recombinant AAO3 effectively converted ABAld into ABA (Seo et al. 2000a). 
In addition, the transcript level of AAO3 was increased by dehydration but tran-
scripts of the other AAOs were not (Seo et al. 2000a). The Arabidopsis v11 mutant 
impaired in AAO3 could not synthesize ABA under drought stress, resulting in a 
wilty phenotype (Seo et al. 2000b). While AAO3 is the major ABAO it was reported 
that, the other members of the AAO family have minor contributions to ABA bio-
synthesis in seeds (Seo et al. 2004). In addition, ectopic expression of AAO3 suc-
cessfully rescued the ABA-deficient tomato mutant sitiens (Okamoto et al. 2002). 
sitiens was supposed to impaired in newly identified AO gene other than previously 
reported TAOs (Table 2.1) (Harrison et al. 2011; Min et al. 2000). Recently, three 
AO genes were isolated from Pisum sativum (Zdunek-Zastocka 2008). Recombinant 
PsAO3 protein showed abscisic aldehyde oxidase activity and the levels of PsAO3 
transcript were increased by progressive drought stress in leaves and roots (Zdunek-
Zastocka and Sobczak 2013).

Aldehyde oxidase (AO), xanthine dehydrogenase (XDH), sulfite oxidase (SO), 
and nitrate reductase (NR) are MoCo-containing enzymes in plants (Mendel and 
Hänsch 2002). Whereas the activities of SO and NR need a dioxo Mo-center in 
the MoCo, AO and XDH require the sulfuration of MoCo to generate a mono-
oxo Mo-center for their activity. The tomato flacca, tobacco Npaba1/CKR1, 
and Arabidopsis aba3/los5 mutants were isolated as ABA-deficient phenotypes 
because of the loss of activities in AO and XDH but not NR (Leydecker et al. 
1995; Rousselin et al. 1992; Sagi et al. 1999; Schwartz et al. 1997a). The aba3/
los5 and flacca mutants are impaired in the gene encoding the MoCo sulfurase 
responsible for sulfuration of MoCo (Table 2.1) (Bittner et al. 2001; Sagi et al. 
2002; Xiong et al. 2001). This is the reason why the biochemical defects of flacca 
and aba3 mutants are similar to those of sitiens and aao3 with respect to their ina-
bility to convert ABAld into ABA.

2.4  Indirect Pathway—Possible Minor Routes  
After the Production of Xanthoxin

As mentioned above, Xan is first converted to ABAld, which is then converted to 
ABA. On the other hand, Xan has been supposed to be converted to ABA via two 
possible minor routes in plants (Cowan 2000; Nambara and Marion-Poll 2005; 
Seo and Koshiba 2002).

One pathway might operate via xanthoxic acid (Fig. 2.2). In ripening avo-
cado mesocarp, inhibition of AO activity by tungstate, a potent inhibitor of the 
molybdo-enzymes in plants, results in the accumulation of xanthoxin, suggesting 
that xanthoxin is a substrate of AO (Lee and Milborrow 1997). When Xan was 
utilized as a substrate of AO, xanthoxic acid might be produced by the oxidation 
of xan by AO. Although xanthoxic acid is thought to then be converted into ABA 
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by an enzyme having activity like Arabidopsis ABA2, AtABA2 did not show con-
version activity from xanthoxic acid to ABA (Cheng et al. 2002). While xanthoxic 
acid was not effectively converted to ABA in a cell-free conversion assay, it could 
be converted to ABA (Sindhu and Walton 1988). These results suggest that xanth-
oxic acid could be a precursor in ABA biosynthesis.

The other pathway, via abscisic alcohol, might be activated in some mutants 
(Fig. 2.2). When ABAld was supplied to flacca or sitiens mutants, it was converted 
to abscisic alcohol, showing that ABAld is reduced to abscisic alcohol and then 
oxidized to ABA via a shunt pathway (Rock et al. 1991; Taylor et al. 1988). This 
phenomenon was also observed in the Npaba1/CKR1 mutant in Nicotiana plum-
baginifolia (Parry et al. 1991). The shunt pathway appears to be a minor source 
of ABA in wild-type plants but might play a significant role in mutants defective 
in the oxidation of ABAld to generate ABA directly. One might speculate on the 
possibility of the minor ABA biosynthetic pathways operating in an organ and/or 
developmental stage-dependent manner.

2.5  ABA Catabolism

In contrast to biosynthesis, ABA is catabolized through several pathways in plants. 
ABA catabolism is largely categorized into two types of reaction, hydroxylation 
and conjugation (Fig. 2.3). Among them, ABA 8′-hydroxylation is a key step in 
the major ABA catabolic route in several plant species (Nambara and Marion-
Poll 2005). Hydroxylation at C-8′ of ABA is catalyzed by cytochrome P-450 
type mono-oxygenases, and unstable 8′-hydroxy-ABA is then isomerized spon-
taneously to phaseic acid (PA). Although PA has faint ABA-like activity (Kepka 
et al. 2011; Walton 1983), substantial PA activity is observed in specific tis-
sues such as barley aleurone layers (Hill et al. 1995; Todoroki et al. 1995). PA 
is further metabolized by an unidentified reductase to form dihydrophaseic acid 
(DPA) or epi-DPA, which have almost no biological activity (Walton 1983). 
ABA 8′-hydroxylases are encoded by the CYP707A family (Kushiro et al. 2004; 
Saito et al. 2004) (Table 2.1). The ABA 8′-hydroxylation reaction catalyzed by 
CYP707A requires both NADPH and P450 reductase (Kushiro et al. 2004; Saito 
et al. 2004). CYP707A selectively catalyzes the naturally occurring (+)-S-ABA 
enantiomer, but not the unnatural type (−)-R-ABA (Kushiro et al. 2004; Saito 
et al. 2004). Since ABA 8′-hydroxylase activity was observed in the microsomal 
fraction of suspension-cultured corn cells and CYP707A-green fluorescent pro-
tein (GFP) fusion protein localizes to the endoplasmic reticulum (ER), the ABA 
8′-hydroxylation reaction is thought to take place in the ER (Krochko et al. 1998; 
Saika et al. 2007). Multiple mutants of CYP707A in Arabidopsis accumulate a 
large amount of ABA, whereas overexpression of CYP707A effectively reduces 
endogenous ABA (Millar et al. 2006; Okamoto et al. 2006, 2010, 2011; Umezawa 
et al. 2006). Thus, CYP707A plays a major regulatory role in controlling the level 
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of ABA. In addition to the ABA 8′-hydroxylation pathway, ABA is also hydroxy-
lated at C-7′ and C-9′ to form 7′- and 9′-hydroxy-ABA, respectively (Hampson 
et al. 1992; Zhou et al. 2004). These hydroxylated ABA catabolites have substan-
tial biological activity (Hill et al. 1995; Zhou et al. 2004). Unstable 9′-hydroxy-
ABA is spontaneously isomerized to form neophaseic acid (NeoPA) like PA (Zhou 
et al. 2004). NeoPA is a minor catabolite, but exists in a wide range of plant spe-
cies (Zhou et al. 2004). The levels of neoPA accumulate substantially in restricted 
tissues such as developing seeds of Arabidopsis thaliana and Brassica napus 
(Kanno et al. 2010; Zhou et al. 2004). Arabidopsis CYP707As have minor activ-
ity for the 9′-hydroxylation of ABA in vitro (Okamoto et al. 2011). Additionally, 
endogenous neoPA levels in the Arabidopsis cyp707a mutant are lower than in the 
wild type, as with PA (Okamoto et al. 2011). Therefore, neoPA is thought to be 
produced by CYP707A as a side reaction. On the other hand, the gene encoding 
7′-hydroxylase has not been identified yet. Hydroxylated catabolites of ABA are 
further conjugated with glucose (Cutler and Krochko 1999; Nambara and Marion-
Poll 2005).

Among several conjugated catabolites, ABA glucosyl ester (ABA-GE) is the 
most widespread (Hartung et al. 2002). ABA-GE has been thought to be an inac-
tive pool of ABA and accumulate in the vacuole or apoplast. However, ABA-GE 
is considered a storage or long-distance transport form of ABA that functions as a 
mobile stress signal from roots to shoots (Hartung et al. 2002; Jiang and Hartung 
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2008; Sauter et al. 2002). Glucosylation at the carboxyl group of ABA is catalyzed 
by glucosyltransferase (Lim et al. 2005; Xu et al. 2002). Eight ABA glucosyltrans-
ferases have been reported in Arabidopsis, although only one (UGT71B6) selec-
tively recognizes (+)-ABA, but not (−)-R-ABA (Lim et al. 2005) (Table 2.1). The 
single knockout mutant of UGT71B6 does not show a significant difference in the 
levels of ABA and its metabolites compared with the wild type (Priest et al. 2006). 
In contrast, overexpression of UGT71B6 (UGT71B6OX) causes the accumulation 
of a large amount of ABA-GE (Priest et al. 2006). Nevertheless, UGT71B6OX 
displays only minor changes in ABA levels (Priest et al. 2006). This might be 
because the ABA 8′-hydroxylation pathway is predominantly involved in homeo-
static regulation of ABA.

β-glucosidase hydrolyzes ABA-GE to form active ABA. There are two homolo-
gous β-glucosidases in Arabidopsis, AtBG1 and AtBG2, which localize to ER and 
vacuole, respectively (Lee et al. 2006; Xu et al. 2012) (Table 2.1). The enzymatic 
activity of AtBG1 is enhanced by dehydration-induced polymerization (Lee et al. 
2006). It was reported that the purine metabolite allantoin promotes polymeriza-
tion of AtBG1 and increases endogenous ABA levels (Watanabe et al. 2014). In 
contrast, the AtBG2 protein exists in high molecular weight complexes through 
polymerization under non-stress conditions and is protected from degradation 
under dehydration stress (Xu et al. 2012). However, the details of how allantoin 
regulates the polymerization of AtBG1 and how protein degradation of vacuole-
localized AtBG2 is inhibited under stress remain unknown. The atbg2 mutant does 
not affect endogenous ABA levels, whereas the atbg1 mutant shows markedly 
reduced ABA levels in the extracellular space, but not in the intracellular space 
or xylem sap (Lee et al. 2006; Xu et al. 2012). Additionally, the atbg1 atbg2 dou-
ble mutant shows a more sensitive phenotype to drought stress (Xu et al. 2012). 
Therefore, β-glucosidase-mediated ABA production from ABA-GE is also consid-
ered a key pathway for regulating the local ABA concentration in response to envi-
ronmental stimuli.

2.6  Chemical Inhibitors of ABA Metabolism

Inhibitors of ABA metabolism have been utilized in studies of the physiological 
roles of ABA in plants. They are especially useful for analyzing ABA physiology 
in plant species that are difficult to perform genetic analyses on.

Many researchers have used fluridone and norflurazon as inhibitors of ABA 
biosynthesis (Fig. 2.4). These inhibitors target phytoene desaturase, which func-
tions in carotenoid biosynthesis, and cause concurrent bleaching of plants due to 
the destruction of chlorophyll resulting in loss of ABA biosynthesis (Gamble and 
Mullet 1986). This approach cannot distinguish the effects of ABA from the con-
sequences of depleting most carotenoids and their derivatives (Taylor et al. 2005). 
As mentioned above, carotenoid deficiency causes a pleiotropic phenotype includ-
ing ABA deficiency. Therefore, we need to use these inhibitors carefully.
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Nordihydroguaiaretic acid (NDGA) is an inhibitor of lipoxygenase, which 
catalyzes dioxygenation of polyunsaturated fatty acids (Fig. 2.4). NDGA is sup-
posed to inhibit carotenoid cleavage dioxygenases including NCED (Creelman 
et al. 1992). The application of NDGA to osmotically stressed soybean suspension 
cells inhibited the accumulation of ABA (Creelman et al. 1992). Abamine was first 
developed as an NCED-specific inhibitor based on the structure of NDGA (Han 
et al. 2004). Abamine inhibited ABA production in osmotically stressed spinach 
leaf disks more effectively than NDGA (Han et al. 2004). Kitahata et al. (2006) 
further improved abamine to generate abamineSG, which has increased specific-
ity for NCED without the growth retardation effect seen in abamine. Abamine 
and abamineSG inhibited ABA accumulation by 35 and 77 %, respectively, and 
acted as inhibitors of cowpea NCED in vitro with Ki values of 38.8 and 18.5 μM, 
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respectively (Kitahata et al. 2006). Another group developed several kinds of 
sesquiterpene-like carotenoid cleavage dioxygenase (SLCCD) inhibitors against 
Arabidopsis NCED3, based on the structures of 9-cis-epoxycarotenoid and xanth-
oxin (Boyd et al. 2009). Compounds 13 and 17 inhibited the activity of AtNCED3 
in vitro with Ki values of 93 and 57 μM, respectively (Fig. 2.4) (Boyd et al. 2009). 
Compound 13 had a greater inhibitory effect on ABA biosynthesis in planta than 
compound 17 and abamineSG (Boyd et al. 2009).

Most reported ABA catabolic inhibitors are chemicals targeting CYP707A. 
The structural features of CYP707A inhibitors are categorized into two types, 
azole types and ABA analogues (Fig. 2.4). Since CYP707A is a P-450 mono- 
oxygenase, several P450 inhibitors containing an azole group are considered can-
didate inhibitors of ABA catabolism. Uniconazole impairs the conversion of ABA 
to PA and inhibits the activity of the CYP707A enzyme (Kitahata et al. 2005; 
Saito et al. 2006). Although uniconazole effectively confers drought stress toler-
ance to plants, it was originally developed as a gibberellin biosynthesis inhibi-
tor and consequently induces dwarfism (Izumi et al. 1985; Saito et al. 2006). 
Diniconazole functions as a fungicide, and its chemical structure is similar to that 
of S-uniconazole (Fletcher et al. 1986). Therefore, diniconazole also inhibits the 
activity of CYP707A (Kitahata et al. 2005). However, these azole P450 inhibitors 
arrest plant growth because of the broad inhibition spectrum of azole compounds 
for P450 enzymes (Rademacher 2000; Yokota et al. 1991). The structure of uni-
conazole was modified, and several inhibitors were synthesized to develop a more 
specific inhibitor against CYP707A (Okazaki et al. 2012; Todoroki et al. 2009a, b,  
2010). Unlike uniconazole, abscinazole-E2B selectively inhibits CYP707A, but 
not CYP701A, which is involved in gibberellin biosynthesis. Application of absci-
nazole-E2B increases endogenous ABA levels during dehydration and confers 
drought tolerance with less growth arrest.

Among non-azole-type ABA catabolic inhibitors, ABA analogues designed 
based on the structure of ABA have the potential to function as specific inhibi-
tors. Several ABA 8′- or 9′-derivatives have been synthesized and tested for their 
effect on the activity of the CYP707A enzyme, because C-8′ and its neighboring 
position in ABA are thought to be the possible influence groups for the hydroxy-
lation reaction by CYP707A. (+)-8′-methylidyne-ABA, (+)-9′-acetylene-ABA, 
(−)-9′-acetylene-ABA, and (+)-9′-vinyl-ABA have been reported as suicide sub-
strates that irreversibly inhibit the activity of ABA 8′-hydroxylase (Cutler et al. 
2000). Among these, (+)-9′-acetylene-ABA functions as the most effective inhibi-
tor of ABA 8′-hydroxylase (Cutler et al. 2000). There is no clear explanation why 
9′-derivatives show potent inhibition effects despite the fact that CYP707A mainly 
catalyzes hydroxylation at the C-8′ of ABA. It is possible that the catalytic site of 
CYP707A might recognize both C-8′ and -9′ methyl groups for the hydroxylation 
reaction, since CYP707A catalyzes both 8′- and 9′-hydroxylation of ABA. In addi-
tion to the suicide effect, ABA 8′- or 9′-derivatives are thought to possess ABA 
agonist activity. Indeed, ABA-responsive genes regulated by (+)-8′-methylidyne-
ABA widely overlap with ABA (Huang et al. 2007). To overcome the ABA ago-
nist activity of ABA analogues, several specific inhibitors have been synthesized 
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and developed by integrating designs based on the structural features of ABA 
 analogues and the biochemical activity of CYP707A (Araki et al. 2006; Ueno 
et al. 2005). AHI4 does not exhibit ABA activity such as growth arrest and germi-
nation inhibition, but it strongly inhibits the activity of ABA 8′-hydroxylase (Araki 
et al. 2006). Therefore, co-treatment of ABA and AHI4 enhances ABA’s activ-
ity, and application of AHI4 confers drought stress tolerance (Araki et al. 2006). 
Specific inhibitors are useful not only for understanding ABA metabolic regula-
tion, but also as agrochemicals that can control the action of ABA in crops.
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Abstract Two different types of abscisic acid (ABA) transmembrane transporters, 
the ATP-binding cassette (ABC) type and the NRT1/PTR FAMILY (NPF) mem-
ber proteins, have been identified in Arabidopsis (Arabidopsis thaliana). Previous 
studies indicated that ABA is actively synthesized in cells that are located around 
the vasculature in response to water deficit. This observation suggests that ABA 
has to be translocated to the guard cells to induce stomatal closure. In accord-
ance with this hypothesis, the gene encoding an ABA exporter (AtABCG25) 
is expressed in vascular tissues, whereas the gene encoding an ABA importer 
(AtABCG40) is expressed in guard cells. The expression of another ABA importer 
gene (AtNPF4.6/NRT1.2/AIT1) in the vascular tissues implies that the balance 
between ABA export from and ABA import back into the vascular tissues deter-
mines the amount of mobile ABA present in the apoplastic space. The existence of 
closely related homologues in the AtABCG and AtNPF members that might func-
tion as ABA transporters suggests that ABA transport is regulated in a complex 
manner.

Keywords ABA · Transmembrane transport · Transporters · Regulation

3.1  Passive and Active ABA Transport Across Biological 
Membranes

Movement of abscisic acid (ABA) within plants has been shown in several ways, for 
example, in experiments using radioisotope-labeled ABA as a tracer and by graft-
ing between ABA-deficient mutants and wild-type plants (Ikegami et al. 2009; Frey 
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et al. 2004; Holbrook et al. 2002; Everatbourbouloux 1982; Zeevaart and Boyer 
1984). ABA is synthesized inside cells. Thus, transmembrane transport of ABA 
from the inside to the outside of ABA-synthesizing cells is the first step required for 
movement unless ABA moves through plasmodesmata. ABA has been detected in 
xylem sap (Tardieu et al. 2010; Hartung et al. 2002), indicating that ABA is exported 
to the outside of cells after biosynthesis. Once exported from the site of biosyn-
thesis, ABA can be delivered to neighboring or distant cells and can induce physi-
ological responses. Sites for ABA recognition by receptors that occur both inside 
and on the surface (plasma membrane) of cells have been proposed (Allan et al. 
1994; Anderson et al. 1994; Gilroy and Jones 1994; Schwartz et al. 1994; Yamazaki 
et al. 2003). Studies in Arabidopsis demonstrated that at least two different types 
of proteins, the plasma membrane-localized GPCR-type G proteins and the soluble 
START proteins (PYR/PYL/RCAR), function as ABA receptors (Ma et al. 2009; 
Pandey et al. 2009; Park et al. 2009). The soluble receptor PYR/PYL/RCAR family 
plays a central role in most of the physiological responses mediated by ABA since 
multiple knockout mutants in this family display severe ABA-insensitive phenotypes 
(Gonzalez-Guzman et al. 2012; Park et al. 2009). Therefore, ABA present in the 
apoplast needs to be taken into cells again across a biological membrane to induce 
physiological responses through the PYR/PYL/RCAR receptors.

ABA is a weak acid with a pKa of 4.7 and is ionized at its carboxyl group to form 
ABA− depending on the pH. Compared to ionized ABA−, non-ionized ABA (proto-
nated ABA; ABA-H) can pass relatively easily through biological membrane by pas-
sive diffusion because of its hydrophobic nature. Therefore, pH conditions can affect 
the distribution of ABA between the inside and the outside of cells. The last step of 
ABA biosynthesis takes place in the cytosol where the pH is estimated to be 7.2–7.4. 
Thus, most of ABA in the cytosol exists as ABA− that requires specific transporters 
for extracellular ABA export. Once exported, ABA can move through the apoplastic 
space unless it is taken into cells (Kramer 2006). The pH in the apoplast (estimated 
to be 5.0–6.0) is relatively lower than that in the cytosol; however, the pH of the 
apoplast is still higher than the pKa of ABA, suggesting that active transport mech-
anisms are also required for efficient uptake of apoplastic ABA into cells. Several 
studies have indicated the presence of saturable components (carriers or transport-
ers) that mediate cellular ABA uptake (Bianco-Colomas et al. 1991; Perras et al. 
1994; Windsor et al. 1994; Windsor et al. 1992). On the other hand, apoplastic pH 
increases up to approximately pH 7.0 during water stress, enabling a relatively large 
proportion of ABA-H to move long distances through the apoplast (Wilkinson 1999; 
Wilkinson and Davies 2002; Hartung et al. 2002; Sauter et al. 2001).

3.2  The Sites of ABA Biosynthesis and Action

As described above, transmembrane ABA transport could be associated with 
local and/or long-distance cell-to-cell movement of ABA. Despite many inves-
tigations, the significance of transmembrane transport of ABA and, hence, local 
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and/or long-distant transport of ABA between cells in the regulation of physiologi-
cal responses is largely unknown. ABA has long been considered as a mobile sig-
nal that is produced in roots upon soil drying and is transported to shoots (leaves) 
to regulate water loss by reducing stomatal conductance (Davies and Zhang 1991; 
Schachtman and Goodger 2008). In contrast, root-derived ABA is not always 
required for stomatal closure because leaves can potentially synthesize ABA 
and induce stomatal closure in response to water deficit (Ikegami et al. 2009; 
Holbrook et al. 2002; Christmann et al. 2007). Also, ABA moves from leaves to 
leaves, leaves to roots, vegetative organs to seeds, and maternal tissues to zygotic 
tissues (embryo and/or endosperm) in seeds (Everatbourbouloux 1982; Zeevaart 
and Boyer 1984; Rodriguez-Gamir et al. 2011; Kudoyarova et al. 2011; Ernst 
et al. 2010; Goodger and Schachtman 2010; Ikegami et al. 2009; Frey et al. 2004; 
Karssen et al. 1983; Kanno et al. 2010).

To understand the physiological responses mediated through ABA transport, it 
is necessary to define the site of ABA biosynthesis and the sites of ABA action. 
Earlier studies deduced the site of ABA biosynthesis and subsequent movement 
by measuring endogenous concentrations of ABA from different parts of a plant 
as a function of time. For example, application of water stress to a limited part of 
the root system without changing the leaf water status resulted in reduced stomatal 
conductance, and this phenomenon was associated with an increase in xylem sap 
ABA levels (Davies and Zhang 1991). This finding suggests that the ABA syn-
thesized in roots moved to the leaves (guard cells) through the xylem; however, 
measurements of ABA concentrations from plant tissues at a specific time point do 
not simply reveal the sites of ABA biosynthesis and movement, especially if ABA 
synthesis takes place ubiquitously within plants and if the direction of ABA move-
ment is nonpolar or multi-directional.

Another strategy to identify the site for ABA biosynthesis is to assume that 
ABA is synthesized where ABA biosynthetic enzymes are present. Almost all 
of the genes and enzymes involved in ABA biosynthesis have been identified 
(Nambara and Marion-Poll 2005; Seo and Koshiba 2011), thereby facilitating our 
investigation of the site of ABA biosynthesis. Immunohistochemical staining was 
used to determine the localization of three ABA biosynthesis enzymes, AtNCED3, 
AtABA2, and AAO3, in Arabidopsis by using antibodies raised against the respec-
tive proteins (Koiwai et al. 2004; Endo et al. 2008). AtABA2 and AAO3 were con-
sistently present in leaf vascular tissues, irrespective of water stress conditions. In 
contrast, AtNCED3 was detected in the same region as AtABA2 and AAO3 only 
after, but not before, the stress treatment. These observations indicate that ABA 
biosynthesis is activated in vascular tissues in response to water stress. This, in 
turn, indicates that ABA synthesized in vascular tissues has to be translocated to 
the guard cells to close stomata in response to water stress; however, we cannot 
exclude the possibility that ABA is synthesized not only in vascular tissues but 
also other tissues. It is still possible that ABA biosynthetic enzymes existing at 
undetectable levels could contribute to physiological responses to some extent. 
Transient expression of two ABA biosynthesis genes, AtNCED3 and AAO3, in 
the guard cells of broad beans (Vicia faba) after particle bombardment induced 
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stomatal closure (Melhorn et al. 2008). Similarly, expression of the functional 
AtABA3 gene in the Arabidopsis aba3 mutant background under the control of a 
guard cell-specific promoter complemented the defective stomatal closure at least 
in part (Bauer et al. 2013). These studies suggest that guard cells can potentially 
synthesize ABA and induce stomatal closure. Also, expression of some ABA-
inducible genes are up-regulated in vascular tissues, whereas others are activated 
in non-vascular cells (Endo et al. 2008), indicating that ABA acts at the site of its 
synthesis and also acts in surrounding and/or distant cells. Therefore, the contribu-
tion of ABA derived from a different source to a particular physiological response 
at a particular site needs to be considered very carefully.

3.3  Transmembrane ABA Transporters

Several auxin transporters have been identified by characterizing mutants isolated 
based on their defects in organ development or based on their altered responses 
to exogenously applied auxins or environmental stimuli (Benjamins and Scheres 
2008; Petrasek and Friml 2009). Such mutants contributed significantly toward 
understanding the physiological processes mediated by auxin transport. In con-
trast, forward genetics approaches based on physiological or hormone responses 
have not succeeded in isolating mutants defective in the transport of other hor-
mones including ABA. These findings suggest that hormone transport systems are 
highly redundant or that hormone transport is not required for physiological func-
tions. The latter hypothesis seems unlikely since two different types of ABA trans-
porters, the ATP-binding cassette (ABC) type and the NRT1/PTR FAMILY (NPF) 
member proteins, were identified recently in Arabidopsis (Kuromori et al. 2010; 
Kang et al. 2010; Kanno et al. 2012). These studies demonstrated the importance 
of ABA transmembrane transport in regulating physiological responses.

3.3.1  ABCG

Two independent studies identified ABC proteins belonging to subfamily G in 
Arabidopsis, namely ABCG25 and ABCG40, as an ABA exporter and ABA 
importer, respectively. ABC proteins are defined as proteins that contain an ATP-
binding cassette (Rea 2007; Verrier et al. 2008; Kang et al. 2011). A full-size ABC 
transporter is composed of two ATP-binding cassettes and two transmembrane 
domains, whereas a half-size ABC transporter contains one ATP-binding cassette 
and two transmembrane domains. Half-size ABC proteins are proposed to function 
as a homo- and/or a heterodimer. ABC proteins exist in prokaryotes and eukary-
otes, including bacteria, fungi, yeast, insects, animals, and plants. ABC proteins 
mediate the export or import of various compounds by using the energy generated 
by ATP hydrolysis. There are about 130 ABC genes in Arabidopsis. ABC proteins 
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from eukaryotes are grouped into 8 subfamilies (A–H), but plants do not have the 
H subfamily. Instead, plants contain prokaryote types (subfamily I).

An Arabidopsis mutant defective in AtABCG25, encoding a half-size ABC 
transporter, was isolated from a population of Ac/Ds insertion lines based on its 
altered response to exogenously applied ABA during seed germination and/or 
early seedling growth (Kuromori et al. 2010). The abcg25 mutant was more sensi-
tive to exogenously applied ABA than wild type, suggesting that the function of 
AtABCG25 is related to ABA transport. Using isolated membrane vesicles from 
Sf9 insect cells, the AtABCG25 protein expressed with the baculovirus expres-
sion system was shown to have sufficient activity to transport ABA (Kuromori 
et al. 2010). The Km value of AtABCG25 for ABA [racemic mixture of (+) and 
(−) enantiomers] is 260 nM, and the ABA transport activity of AtABCG25 was 
inhibited by (+)-ABA but not by (−)-ABA, gibberellin (GA), or indole-3-acetic 
acid (IAA). These results suggest that AtABCG25 has a relatively high affin-
ity and specificity for the naturally occurring (+) enantiomer of ABA. Promoter 
activity of AtABCG25 was induced by ABA in vascular tissues, suggesting that 
AtABCG25 regulates ABA export from ABA-synthesizing cells in response to 
elevated endogenous ABA concentrations. Transgenic plants overexpressing 
AtABCG25 had higher leaf surface temperatures with reduced water loss com-
pared to wild type. This result suggests that elevated apoplastic ABA levels caused 
by constitutive ABA export activities of AtABCG25 resulted in an increased 
amount of ABA to be transported from vascular tissues to the guard cells. 
However, the guard cells of overexpressors should have more ABA exporting 
activity that could inhibit stomatal closure even if increased levels of ABA were 
present in the apoplast. The use of tissue/cell-specific promoters to locally regulate 
ABA transport activities should help elucidating the roles of the ABA transporter 
at specific sites.

AtABCG40 (PDR12), a full-size ABC transporter, was originally identified 
based on its involvement in lead (PbII) resistance (Kang et al. 2010). Expression 
of AtABCG40 was induced by PbII treatment. Mutants defective in AtABCG40 
were sensitive whereas AtABCG40 overexpressors were resistant to PbII. Some 
members of the full-size ABCG subfamily have been implicated the transport 
of terpenoids and are also involved in responses to pathogens, salinity, cold, and 
heavy metal stresses (Lee et al. 2005; Moons 2008; Stein et al. 2006; Campbell 
et al. 2003; Rea 2007). These observations motivated Kang et al. (2010) to exam-
ine the involvement of this family in ABA transport, because ABA is a terpe-
noid (sesquiterpene) and is involved in responses to biotic and abiotic stresses. 
Knockout mutants of 13 out of 15 Arabidopsis ABCG/PDR family members were 
investigated for their phenotypes. One mutant, abcg40, was found to be less sensi-
tive to exogenously applied ABA than wild type in terms of inhibiting seed ger-
mination and inducing stomatal closure. These results indicate that AtABCG40 is 
involved in ABA transport. Yeast and tobacco BY2 cells expressing AtABCG40 
incorporated more ABA than the corresponding control cells. The Km value 
of AtABCG40 for ABA is 1 μM when determined in the tobacco BY2 system. 
Also, isolated mesophyll cells from atabcg40 were less active in taking up ABA 
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compared to wild-type cells. All these data suggest that AtABCG40 is an ABA 
importer. In leaves, AtABCG40 promoter activity was abundant in guard cells, 
suggesting that this protein mediates ABA uptake into guard cells. AtABCG40 is 
expressed also in other tissues including roots; however, the roles of this protein in 
these tissues remain to be identified.

A mutant defective in AtABCG22, a half-size ABC transporter related to 
AtABCG25, was found to be defective in stomatal closure (Kuromori et al. 2011). 
It is possible that ABCG22 is involved in ABA transport; however, no ABA 
transport activity has been detected for AtABCG22. Alternatively, AtABCG22 
may regulate stomatal aperture independent of ABA transport as reported for 
AtABCC5/MRP5 and AtABCB14. ABCC5/MRP5 regulates ABA and Ca2+ sign-
aling through the modulation of anion-channel activities; however, the substrate of 
this protein has not been identified (Klein et al. 2003; Suh et al. 2007). Moreover, 
ABCB14 is a malate importer that is highly expressed in guard cells and regulates 
stomatal responses to CO2 (Lee et al. 2008).

3.3.2  NPF

A yeast two-hybrid system that can detect the ABA-dependent interactions 
between the ABA receptor PYR/PYL/RCAR and PP2C protein phosphatases was 
used as a sensor to monitor ABA concentrations in yeast cells and, hence, the 
transport activities of proteins expressed by the yeast cells (Kanno et al. 2012). 
A screen using the yeast two-hybrid system against an Arabidopsis cDNA library 
identified some NPF proteins as candidates for ABA importers; the candidate 
NPF proteins induced interactions between PYR/PYL/RCAR and PP2C in yeast 
cells at low ABA concentrations. Mutants defective in one of the candidate genes, 
AtNPF4.6/AIT1, were less sensitive to exogenously applied ABA, whereas over-
expression of AtNPF4.6 resulted in an enhanced response to ABA during seed 
germination and/or early seedling growth. These data, together with the plasma 
membrane localization of AtNPF4.6, suggest that the protein mediates cellular 
ABA uptake. The inflorescence stems of npf4.6 mutants had lower surface temper-
atures with more open stomata compared to wild type. Considering that AtNPF4.6 
is an ABA importer and that the npf4.6 mutant is defective in stomatal closure, 
it was speculated that AtNPF4.6 mediated ABA uptake into guard cells; however, 
AtNPF4.6 was expressed in vascular tissues. Thus, AtNPF4.6 might regulate the 
amount of ABA transported out from vascular tissues, where ABA is actively 
synthesized, in association with the function of AtABCG25, an ABA exporter. 
Interestingly, overexpression of AtNPF4.6 under the control of the CaMV35S pro-
moter reduced the surface temperature of leaves and stems. This result implies that 
constitutive ABA uptake activity reduced the amount of mobile ABA present in 
the apoplastic space.

NPF proteins were originally identified as low-affinity nitrate transporters 
(NRT1) or di/tri-peptide transporters (PTR) (Tsay et al. 2007; Leran et al. 2014). 
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AtNPF4.6 is identical to the previously characterized nitrate transporter NRT1.2 
(Huang et al. 1999). The Km values of AtNPF4.6 for nitrate and ABA were about 
5.9 mM and 5 μM, respectively (Kanno et al. 2012; Huang et al. 1999). A compe-
tition assay using a modified yeast two-hybrid system with the receptor complex 
showed that nitrate did not compete with ABA as a substrate for AtNPF4.6 (Kanno 
et al. 2013), suggesting that ABA is the better substrate of this protein. In addi-
tion, AtNPF4.6 preferred the naturally occurring (+) enantiomer of ABA to the 
synthetic (−) enantiomer and did not transport GA, IAA, or jasmonic acid. These 
results indicate that AtNPF4.6 is a specific ABA transporter. AtNPF4.1, a closely 
related homologue of AtNPF4.6 that was identified also as an ABA importer can-
didate, transported GA in addition to ABA (Kanno et al. 2012). The physiological 
functions of AtNPF4.1 remain to be determined.

Several other NPF members are reported to transport IAA or glucosinolates 
(Nour-Eldin et al. 2012; Krouk et al. 2010). These findings indicate that NPF pro-
teins transport a variety of compounds. Thus, although several NPF proteins have 
been characterized as nitrate or peptide transporters, careful investigation includ-
ing detailed analysis of their substrate specificities will be required to understand 
their in vivo functions. The nip/lated mutants that are defective in an NPF pro-
tein in Medicago truncatula (MtNPF1.7) have defects in lateral root development 
and root nodule formation (Veereshlingam et al. 2004; Yendrek et al. 2010). The 
defect in lateral root development of nip/lated is partially rescued by exogenously 
applied ABA (Liang et al. 2007). Also, the mutants are less sensitive to exog-
enously applied ABA in terms of stomatal closure and seed germination (Liang 
et al. 2007). These observations indicate that MtNPF1.7/NIP/LATED is somehow 
involved in the physiological responses mediated by ABA; however, ABA trans-
port activities of MtNPF1.7/NIP/LATED have not been reported and this protein 
may function as a high-affinity nitrate transporter (Bagchi et al. 2012).

3.4  Further Prospects

Endogenous ABA levels are regulated by several steps during biosynthesis and 
catabolism. Thus, transmembrane transport of ABA precursors and metabolites 
as well as bioactive ABA will all contribute to define the ABA concentration at 
a specific site. ABA is derived from carotenoids, and early stages of ABA bio-
synthesis take place in chloroplasts (plastids). After the cleavage of epoxycarot-
enoids by 9-cis epoxycarotenoid dioxygenase (NCED), the C15 product xanthoxin 
is converted to ABA via two steps in the cytosol. Since NCEDs are localized to 
the stroma and/or thylakoids (Endo et al. 2008; Tan et al. 2003), xanthoxin has 
to be translocated from the inside to the outside of chloroplasts. The first step in 
the major ABA catabolism pathway is the hydroxylation of the 8′ position by the 
CYP707A subfamily of cytochrome P450 (P450) enzymes (Cutler and Krochko 
1999; Kushiro et al. 2004; Saito et al. 2004). P450s are generally localized in the 
endoplasmic reticulum (ER). Thus, ABA synthesized in the cytosol needs to be 
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Fig. 3.1  A simplified model for the transport of ABA. For simplification, the transport of ABA, 
ABA precursors and metabolites into ABA-synthesizing cells (upper), and ABA biosynthesis in 
the receiving cells (lower) are not considered. Simple arrows and bold outlined arrows indicate 
metabolism (biosynthesis and catabolism) of ABA and transmembrane transport of ABA, respec-
tively. The early steps of ABA biosynthesis take place in chloroplasts (Chl). Xanthoxin, a C15 
product, is produced by the reaction mediated by 9-cis epoxycarotenoid dioxygenase (NCED) 
in chloroplasts. Specific transporters are required for the transmembrane transport of xanthoxin 
from the inside to the outside of chloroplasts. The final reactions of ABA biosynthesis pro-
ceed in the cytosol. ABA is recognized by the soluble PYR/PYL/RCAR receptors and induces 
physiological responses. ABA catabolism mediated by CYP707A to produce 8′-hydroxyl ABA 
(8′-OH ABA) takes place in the endoplasmic reticulum (ER), indicating that transmembrane 
transport of ABA into the ER is required. It is possible that ABA is inactivated also by glucosida-
tion to produce an ABA-glucosyl ester (ABA-GE). Because the ABA-GE hydrolyzing enzyme 
BG1 is localized in the ER, ABA, or ABA-GE has to be transported into the ER. ABA synthe-
sized from ABA-GE could induce physiological responses via PYR/PYL/RCAR. ABA in the 
cytosol is exported extracellularly by ABCG25 and moves through the apoplastic space. ABA in 
the apoplast could induce physiological responses via plasma membrane-localized GPCR recep-
tors. After local or long-distance transport through the apoplast, ABA is imported into cells by 
ABCG40 and/or NPF4.6 and induces physiological responses via PYR/PYL/RCAR. It is also 
possible that ABA-GE is exported from cells, moves through the apoplast, is taken again into 
cells, and induces physiological responses
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translocated to the ER to be inactivated. ABA may also be inactivated by gluco-
sylation; glucosylated ABA (ABA-glucosyl ester; ABA-GE) is hydrolyzed to form 
bioactive free ABA (Nambara and Marion-Poll 2005). The β-glucosidase encoded 
by BG1 in Arabidopsis hydrolyzes ABA-GE (Lee et al. 2006). Since BG1 is local-
ized in the ER, ABA generated by BG1 in the ER has to be translocated to the 
cytosol to induce physiological responses. Also ABA or ABA-GE has to be trans-
located to the ER before or after glucosylation. Several glucosyltransferases in the 
UGT family that have activities to synthesize ABA-GE have been identified (Priest 
et al. 2006; Xu et al. 2002); however, the physiological functions of these glyco-
syltransferases are still not well established. ABA-GE has been detected in the 
apoplast, suggesting that ABA-GE moves between cells (Wilkinson and Davies 
2002; Hartung et al. 2002).

Figure 3.1 illustrates a model for the possible transport or movement of 
ABA. Note that this is a simplified model in which ABA transport into ABA-
synthesizing cells and ABA biosynthesis in the receiving cells are not taken into 
account. It is speculated that the transmembrane transport of ABA, ABA precur-
sors, and ABA metabolites regulate physiological responses in a highly complex 
manner. As described above, three ABA transporters have been identified; how-
ever, relatively mild phenotypes of the mutants defective in the possible ABA 
transporters AtABCG25, AtABCG40 and AtNPF4.6 compared to typical ABA-
deficient mutants such as Arabidospsi aba1, aba2, and aba3, indicate that the 
transport mechanisms are highly redundant. Therefore, further identification of 
ABA transporters will be required for a total understanding of ABA transport. 
Also, to identify how these transporters regulate ABA transport within plants, 
development of techniques to visualize local concentrations of ABA will be 
required.
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Abstract Abscisic acid (ABA) is a phytohormone with key roles in various physi-
ological processes, including germination, stomatal movement, and biotic and 
abiotic stress responses. Given that the sites of ABA biosynthesis and action are 
separated in plant cells, ABA transport is an important step in ABA signaling. 
ABA exhibits distinct patterns of compartmentalization, and its level in a specific 
compartment is not only determined by its rate of biosynthesis and catabolism, but 
also by the rates of ABA export and import. Compartmentalization ensures that the 
physiology of the plant is not affected by ABA under normal conditions and that 
redistribution of ABA in response to stress stimuli triggers ABA stress signaling. 
ABA is transported between cells or tissues and also systemically in whole plants. 
The expression of genes encoding key enzymes in the ABA biosynthesis pathway 
in vascular tissues and the overlap in the expression patterns of genes encoding 
enzymes involved in ABA biosynthesis and ABA transport implies the importance 
of ABA transport, particularly ABA systemic transport, in ABA functioning. The 
root-to-shoot transport of ABA further shows that ABA transport has critical roles 
in plant systemic signaling, and the molecular identification and functional char-
acterization of ABA transporters provided direct evidence that ABA transport is 
required for ABA signaling. The ion-trap mechanism by pH and ABA transporters 
may operate synergistically, but in different manners, to control ABA transport and 
distribution. Further investigations on ABA transport and localization will contrib-
ute to our understanding of mechanisms that modulate ABA signaling in plants.
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4.1  ABA Content in Relation to ABA Biosynthesis  
and Catabolism

ABA is ubiquitous in plant cells. The distribution and abundance of ABA change 
greatly during development and under different environmental conditions. Under 
non-stressed conditions, the ABA level in leaves is generally much higher than 
in whole roots and stems. For example, the ABA content in the leaves of Zea 
may (maize) plants is several fold higher than that of the roots and stems (200–
700 ng g−1 DW vs. below 100 ng g−1 DW, respectively) (Bahrun et al. 2002; Pekic 
et al. 1995). Although the level of ABA varies in different leaves of an individual 
plant, it does not differ much in different regions of the root. However, the level of 
ABA in brace roots is several folds higher than that in the upper and lower roots 
(Pekic et al. 1995). Furthermore, Pilet and Rivier (1981) found that the distribution 
of ABA was asymmetrical in the elongation zone of horizontal maize roots, with 
higher levels in the lower half and lower levels in the upper half of such roots. In 
wheat (Triticum aestivum) plants, the ABA concentration in whole roots is about 
45 pmol g-1 fresh weight (FW), whereas it is 98 pmol g−1 FW in the apical parts 
of roots (Vysotskaya et al. 2008). Rinne et al. (1994) reported that the ABA content 
in the dormant buds of mountain birch (Betzda pubescens) is over 3,000 ng g−1 
FW, which is more than 15 times higher than that in maize leaves. Furthermore, the 
ABA concentration in the terminal buds of short shoots is about four times higher 
than in the basal buds. In the floral organs of navel orange (Citrus sinensis Osbeck 
cv. Washington), the highest ABA levels were observed in the stigma/style shortly 
after anthesis (i.e., 11.5 or 3,036 ng g−1 FW), and these levels were several times 
higher than those measured in leaves (Harris and Dugoer 1986).

Relatively high ABA concentrations have been reported in fruits. For example, 
in ripening grape berries (Vitis vinifera cv. Doradillo) and strawberry (Fragaria 
ananassa), the ABA content may reach 212 ng g−1 FW Coombe and Hale (1973) 
and 150 ng g−1 FW (Jia et al. 2011), respectively. Much higher ABA concentra-
tions were found in some other fruit species. For example, in bilberry (Vaccinium 
myrtillus) fruits, the ABA content may reach over 30,000 ng g−1 DW, which is 
more than 70 times higher than that in leaves (Karppinen et al. 2013). Furthermore, 
the ABA concentration in mangosteens (Garcinia mangostana L.) might be as high 
as 6,600 ng g−1 DW in some developmental stages (Kondo et al. 2002).

The ABA concentration in specific tissues is generally thought to be determined 
by the rate of ABA biosynthesis. However, the rate of ABA catabolism may also 
have an effect. The absolute rate of ABA catabolism was found to be proportional 
to the level of ABA, i.e., the higher the level of ABA, the faster the catabolism 
of this phytohormone (Jia and Zhang 1997). The rate of ABA catabolism has 
been demonstrated to be quite high. In maize leaves, for example, the half-life of 
ABA is less than an hour, and this implies that over 90 % of the ABA in a spe-
cific tissue would vanish as a result of ABA catabolism if ABA biosynthesis was 
to cease completely. Given the rapid rate of ABA catabolism, stable levels of ABA 
in specific tissues are due to a dynamic equilibrium between ABA biosynthesis 
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and catabolism. It has been suggested that the level of xanthophyll precursors is 
several hundred times higher than the ABA level under non-stressed conditions 
(Zeevaart and Creelman 1988). Under stressed conditions, the accelerated rate of 
ABA biosynthesis would likely lead to the depletion of ABA precursors, such that 
content of ABA precursors may become a limiting factor in ABA accumulation. 
In support of this notion, a study by Ren et al. (2007) demonstrated that the water 
stress-induced ABA in maize roots depends on the delivery of ABA precursors 
from the leaves to the roots (Ren et al. 2007).

From a molecular perspective, the changes in ABA content at specific sites are 
generally thought to be determined by key enzymes in the ABA biosynthesis and 
catabolism pathway. ABA arises from the xanthophyll cleavage product. The first 
step of ABA biosynthesis, which is catalyzed by zeaxanthin epoxidase (ZEP), is 
the conversion of zeaxanthin to all-trans-violaxanthin, and the second step, which 
is catalyzed by 9-cis-epoxycarotenoid dioxygenase (NCED), is the production of 
xanthoxin through the oxidative cleavage of 9-cis-violaxanthin and/or 9′-cisneox-
anthin. The later events of ABA biosynthesis are dominated by a major pathway 
that includes the conversion of xanthoxin to abscisic aldehyde, in a reaction that 
is catalyzed by a short-chain dehydrogenase/reductase (ABA2), and the conver-
sion of abscisic aldehyde to ABA, which is catalyzed by ABA aldehyde oxidase 
(AAO3). ABA catabolism includes two major pathways, i.e., the catabolic path-
way of ABA hydroxylation and the conjugation of ABA (Nambara and Marion-
Poll 2005). In the ABA catabolic pathway, 8′-hydroxylation is believed to be the 
key regulator of ABA levels. ABA 8′-hydroxylation is catalyzed by a cytochrome 
P450 monooxygenase (P450). In Arabidopsis, P450 CYP707A genes that encode 
ABA 8′-hydroxylases have been identified (Kushiro et al. 2004; Saito et al. 2004). 
ABA conjugation is largely through the conjugation of the carboxyl and hydroxyl 
groups of ABA with glucose to produce ABA glucosyl ester (ABA-GE). The 
release of ABA from ABA-GE, which is catalyzed by beta-glucosidase, has been 
reported to play an important role in the regulation of ABA accumulation.

The first two steps of the ABA biosynthesis pathway are believed to occur in 
plastids and the later steps occur in the cytosol (Seo and Koshiba 2002). However, 
evidence suggests that ABA is largely distributed in chloroplasts rather than in 
the cytosol. This indicates that the sites of ABA biosynthesis may differ from 
those of the cellular distribution of ABA. Tan et al. (2003) have identified nine 
NCED genes in the complete genome sequence. Spatial expression analysis using 
promoter::GUS fusions in transgenic Arabidopsis plants revealed that different 
AtNCED proteins have different expression patterns, but that localization to chlo-
roplasts is a distinguishing characteristic of all AtNCEDs. Furthermore, several 
AtNCEDs localized largely to vascular tissues. Using a similar approach, Cheng 
et al. (2002) reported that ABA2 is largely localized to vascular tissues in both 
roots and leaves in Arabidopsis seedlings. Similar to the observations for the local-
ization of NCED and ABA2, Koiwai et al. (2004) reported that AAO3 is abundant 
in vascular tissues, especially in phloem companion cells and xylem parenchyma 
cells. These studies suggest that chloroplasts in leaves and vascular tissues play 
important roles in ABA biosynthesis under unstressed conditions.
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4.2  Cellular Compartmentalization and Redistribution

Since ABA is a weak acid, it may exist in undissociated or protonated forms and 
in a dissociated anion form. The protonated form permeates freely across mem-
branes, whereas the dissociated anion does not. Consequently, the amount of ABA 
distributed in different compartments is largely determined by pH; the greater the 
difference in pH between compartments, the greater the amount of ABA accumu-
lates in the more alkaline compartment (Hartung 1983; Baier and Hartung 1988; 
Hartung and Slovik 1991). Based on related parameters, such as membrane con-
ductance, anion permeability, pKa value, and so on, Cowan and Railton (1986) 
developed a mathematic model of ABA distribution, which showed that 4.4, 
68.4, 17.2, and 10 % of the total cell ABA occurred in apoplasts, chloroplasts, 
the cytoplasm, and vacuoles, respectively. Based on a mathematical model devel-
oped using morphological and physiological data experimentally determined in 
Valerlanella locusta, Slovik and Hartung (1992) described the pattern of ABA 
distribution in mesophyll cells, epidermal cells, guard cells, phloem, and the apo-
plasm. According to their analysis (Slovik and Hartung 1992), the highest concen-
tration of ABA occurs in guard cells (i.e., 426.4, 467.6, and 195.7 nM of ABA in 
the cytosol, chloroplast, and vacuole of guard cells, respectively). By contrast, the 
ABA content in mesophyll and epidermal cells was much lower; the ABA content 
in the cytosol and vacuole was only 9 and 2.8 nM for mesophyll cells and 55.1 and 
5.6 nM for epidermal cells, respectively. Regardless of the cell type, chloroplasts 
always had the greatest ABA content.

Immunolocalization techniques using anti-ABA serum or monoclonal anti-
bodies allow ABA to be monitored directly at the cellular and subcellular lev-
els. Using rabbit anti-ABA serum, Sotta et al. (1985) developed an indirect 
immunohistochemical technique involving staining of the peroxidase–antiper-
oxidase (PAP) complex to indicate ABA localization in the buds and leaves of 
Chenopodium plants. The staining patterns showed an apicobasal gradient of 
ABA. Dense staining appeared in buds and vascular tissues. Phloem cells of the 
main axis and chloroplasts of the leaves were specifically labeled. In older buds, 
ABA was mainly distributed in quiescent meristematic cells. Using a combination 
of ABA monoclonal antibody and 568 goat anti-mouse IgG antibodies, Schraut 
et al. (2004) visualized ABA localization and transport in maize roots using confo-
cal laser scanning microscopy and showed that ABA is mainly concentrated in the 
root cap and meristematic root tip and that the exodermis may act as a barrier to 
control the lateral transport of ABA in maize roots. Similarly, immunolocalization 
of ABA in roots and needles of radiate pine (Pinus radiate) showed that ABA is 
mainly located in the exodermis of roots and guard cells of needless (Diego et al. 
2013).

ABA can be observed at the subcellular and ultrastructural levels using immu-
nogold electron microscopy localization. Sossountzov et al. (1986) used this tech-
nique to show that ABA is mainly localized to two sites in the axillary-bud-bearing 
nodes of Chenopodium polyspermum L, i.e., in the plastids of cortical cells and 
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the vascular parenchyma cells associated with sieve elements and xylem vessels, 
and in the cytoplasm and nucleus of cells in the axillary bud tip and procambial 
strands. Immunogold analysis of tomato showed that free ABA mainly localized in 
the apoplast, cytoplasmic vesicles, and amyloplasts, around starch grains, of root 
cap cells, and in the columella and meristematic cells, mainly at the junction area 
with root cap cells and in the wall (Bertrand et al. 1992). Water stress induced 
a significant increase in ABA labeling in the chloroplast, nucleus, and cell walls, 
with the increase being greatest in the cell wall. Based on this observation, the 
authors’ proposed that the increase in apoplastic ABA in lavender exposed to water 
stress was not attributable to ABA release from the chloroplast.

The information provided by immunolocalization studies of ABA at vari-
ous levels largely agrees with the data of ABA quantification in specific tissues 
or cells, and the spatial localization of enzymes involved in ABA biosynthesis, 
such as NCED, ABA2, and AAO3. All of these studies suggest that ABA is par-
ticularly concentrated in buds, root tips, vascular tissues, and stomata. However, 
at the cellular and subcellular levels, there is some disagreement between the 
data. As described above, both histochemical staining of promoter::GUS activity 
and immunofluorescence localization demonstrated that AAO3, the last enzyme 
in the ABA biosynthesis pathway, is mainly present in phloem companion cells 
and xylem parenchyma cells of Arabidopsis (Koiwai et al. 2004). In contrast, 
immunolocalization of ABA in the vascular tissues of Chenopodiu plants did not 
reveal any ABA in the parenchyma cells or the cambial zone (Sotta et al. 1985). 
This may be due to the different plant materials used; however, the ABA distri-
bution pattern is thought to be basically the same among common plant species. 
Furthermore, it should be noted that immunolocalization analysis does not exactly 
reflect the distribution of ABA in plants. Because ABA is a small molecule, ABA 
will only be detected by immunolocalization when it is coupled to a cellular pro-
tein, which implies that the distribution of cellular proteins is an important factor 
affecting ABA localization. Given that the protein content in companion cells is 
not less than in other cells, the reduction or lack of ABA in the companion cells 
of vascular tissues implies that the ABA synthesized in companion cells is trans-
ported through vascular strands to various target tissues and cells.

4.3  Intercellular Transport in Relation to ABA Function

4.3.1  ABA Transport and Distribution in Relation to 
Stomatal Movement

ABA is a major regulator of stomatal movement and is generally thought to be 
a critical mediator of water deficit-induced stomatal closure. Although the signal 
transduction pathways underlying ABA-regulated stomatal movement have been 
extensively studied, there is still much debate about the origin of the ABA sig-
nal. As described above, in leaves, ABA is mainly localized to chloroplasts and 
vascular tissues; therefore, for ABA to mediate stomatal closure, ABA must be 
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transported from the chloroplast or vascular tissues to their sites of action in guard 
cells. To reveal the mechanisms by which ABA mediates drought-induced stoma-
tal closure, it is imperative that we identify the sites of ABA action at the guard 
cells. In the early 1980s, Hartung (1983) demonstrated that the primary site of 
ABA action at the guard cell plasmalemma is either at the outer surface of the 
plasmalemma or at another position that is readily accessible from the outside, 
because exogenous ABA is able to induce stomatal closure at high pH (i.e., 8.0), 
in the absence of ABA uptake. Given that Arabidopsis NCEDs and AAO3 are pri-
marily localized in vascular tissues, Seo and Koshiba (2011) proposed that water 
shortages are first perceived by leaf vascular tissues and that the ABA signal origi-
nates from the vascular tissues that induce stomatal closure.

However, this hypothesis does not consider the roles of ABA in the chloroplasts 
of mesophyll and guard cells. As mentioned above, ABA is abundant in both the 
vascular tissues and chloroplasts. Furthermore, guard cells are not only directly 
attached to mesophyll cells, but also themselves contain chloroplasts. Therefore, 
the ABA in mesophyll and guard cells may also regulate stomatal movement. 
Actually, most of the earlier works suggested that ABA in the mesophyll and 
guard cells plays important roles in stomatal closure. Based on the anion-trap 
mechanism for ABA, Hartung and Slovik (1991) developed a mathematical model 
with which they analyzed the redistribution of ABA in relation to stomatal clo-
sure in leaves in response to drought stress. Based on their analysis, Hartung and 
Slovik (1991) proposed that drought stress causes a pH shift in different compart-
ments of leaves and this pH shift induces a complicated redistribution of ABA 
among compartments. The redistribution of ABA may cause ABA to accumu-
late in guard cell walls to levels that are more than 16-fold over the initial value, 
which would be sufficient to induce stomatal closure. Furthermore, these authors 
proposed that it is the plasmalemma of the epidermal cells that initially senses 
drought stress, such that the epidermal cells play an important role in triggering 
stomatal closure, and the mesophyll cells function to support stomatal closure 
only synergistically. By quantifying the amount of (±)-3H-ABA released from 
(±)-3H-ABA-loaded Xanthium leaves, Bray and Zeevaart (1985) demonstrated 
that the efflux of endogenous ABA from cells was indeed closely correlated with 
the pH gradients among the various cellular compartments, and moreover that 
this efflux could be promoted by drought stress. In agreement with Hartung and 
Slovik’s proposal described above, immunogold localization analysis in lavender 
leaves showed a fourfold increase in ABA, as reflected by the density of immu-
nolabeling in the cell wall under drought (Pastor et al. 1998). Furthermore, Wang 
and Jia (1995) used immunogold electron microscopy localization to show that 
drought stress could lead to an evident increase in ABA content in the apoplast of 
the epidermis, while ABA content in mesophyll cells remained constant during the 
early stages of water stress. Interestingly, in response to drought stress, ABA was 
found to preferentially accumulate in the dorsal wall of guard cells.

While drought stress-induced stomatal closure is generally thought to be medi-
ated by ABA coming from mesophyll and vascular cells, it is difficult to under-
stand why stomatal movement is not affected by the ABA in the mesophyll and 
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vascular cells under non-stressed conditions, because under non-stressed condi-
tions both mesophyll and vascular cells contain much ABA. A reasonable explana-
tion may be that drought stress not only results in an increase in the ABA level in 
mesophyll and vascular cells, but also increases the release of ABA from the mes-
ophyll and vascular cells. Therefore, the ABA in guard cells themselves may well 
have a function in stomatal movement, and this possibility merits further investiga-
tion. There is strong evidence that guard cells contain a large amount of ABA in 
guard cells. For example, in Valerianella locusta, the ABA content in guard cells 
was estimated to be 600 fg per guard cell, corresponding to an even concentration 
of 0.65 mM in the cells (Behl and Hartung 1986), and in isolated protoplasts from 
Vicia faba, it was estimated to be 24–150 fg per guard cell protoplast (Lahr and 
Raschke 1988). More importantly, ABA accumulation in guard cells appears to 
increase in response to drought stress. For example, Cornish and Zeevaart (1986) 
found that the guard cells in V. faba L. plants contained 18 times more ABA when 
isolated from stressed leaves than when isolated from turgid leaves. Given that 
some ABA receptors were localized within cells, a great increase in the ABA con-
tent within the guard cells is likely to contribute to stomatal closure.

4.3.2  ABA Transport and Distribution in Relation  
to Seed and Fruit Development

ABA plays important roles in seed development and germination. During seed 
development, ABA levels changed to different degrees in different tissues. In 
Arabidopsis, ABA levels in whole siliques slowly increased during late develop-
ment, whereas they concomitantly sharply decreased in the seeds and seed enve-
lopes (i.e., the pedicles, receptacles, valves, replums, septa, and funiculi) during 
the middle to final stages of development (Kanno et al. 2010), implying that 
ABA may be transported among different tissues. Given that the seed coat origi-
nates from the mother plant, whereas the endosperm and embryo originate from 
zygotes, ABA is expected to be synthesized only in the zygotic tissues of the 
seeds obtained by crossing an ABA-deficient female and a wild-type male. By 
quantifying the ABA in the F1 and F2 populations derived from crosses between 
the wild type and an ABA-deficient mutant aba2-2, Kanno et al. (2010) demon-
strated that in the absence of zygotic ABA, ABA synthesized in maternal tissues 
could be translocated into the embryos to induce seed dormancy. Grafting analy-
ses using wild-type tobacco (Nicotiana plumbaginifolia) and its corresponding 
ABA-deficient mutants revealed that ABA synthesized in vegetative tissues could 
be transported to the seeds to promote seed development and growth (Frey et al. 
2004). Generating crosses or grafts between the wild type and an ABA-deficient 
mutant is a good approach for investigating ABA transport between tissues. 
However, the observed ABA translocation from wild-type tissues to those of the 
ABA-deficient tissues may not reflect the cases in non-crossed or non-grafted 
plants, because it has been proposed that ABA may be transported within seed 
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tissues as a result of passive diffusion (Bruggeman et al. 2001). Supposing that the 
observed translocation of ABA from wild-type tissues to ABA-deficient tissues is 
the result of passive ABA diffusion, one would expect ABA transport from high 
to low ABA-contained tissues, such that the ABA transport among tissues should 
be a universal and important phenomenon in regulating seed development and 
dormancy.

Many plant species utilize fruit to disperse seeds, and seed development is 
tightly coupled with the development of the whole fruit. For example, once a 
seed is fully developed, the fruit is also fully ripened, therefore promoting the dis-
semination of the seeds. The tight relationship between seed and fruit develop-
ment implies that materials and messages are transferred between seeds and other 
tissues of the fruit (i.e., the pericarp and receptacle). Phytohormones are central 
regulators of both seed and fruit development and ripening. Ripening of the respi-
ration climatic fruits is determined by ethylene. Recently, ABA has been increas-
ingly reported to play important roles in development and ripening in many fruit 
species, especially in the non-respiration climatic species (Giribaldi et al. 2010; Jia 
et al. 2011). Deytieux et al. (2005) reported that, in grape berry (V. vinifera L), a 
non-climacteric fruit, ABA levels greatly increased in both whole berries and sepa-
rated pericarps when the berries changed color and, interestingly, the ABA level in 
pulp rapidly declined during the fruit ripening and dramatically increased in the 
skin tissue. This study suggests that a specific repartition of ABA occurs between 
the different tissues of the berry. Knowledge of the origin and movement of the 
ABA signal among fruit tissues is particularly important for understanding the 
mechanisms underlying fruit development and ripening, but unfortunately, little is 
known about these topics.

4.4  Long-Distance Transport in Relation to Plant Systemic 
Signaling

Higher organisms not only rely on the communication of materials and signals 
among cells, but also among organs. The communication between organs gener-
ally requires long-distance transport of a signal, and this enables higher organisms 
to respond more rapidly and more positively to environmental stimuli. This is best 
demonstrated in animals, where nerve-mediated signaling swift and purposeful 
reactions, thus protecting the animal from possible harm. As in nerve-mediated 
signaling in animals, long-distance signaling in plants is a prerequisite for plants 
being capable of perceiving environmental stimuli. Recently, numerous studies 
have suggested that ABA may act as a long-distance transporter signal to mediate 
root-to-shoot communication under drought stress conditions.

Drought stress is a major factor affecting plant growth and development. As 
more than 90 % of water is lost through stomatal transpiration, the regulation of 
stomatal movement is particularly important for plants’ adaptation to drought 
stress. Leaf stomatal conductance was initially thought to be regulated by a 
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hydraulic signal. However, Blackman and Davies (1985) conducted a root-split 
experiment that demonstrated that stomatal closure could occur when no percep-
tible changes occurred in leaf water potential under soil-drying conditions, imply-
ing the presence of chemical signals involved in root-to-shoot communication. 
As ABA is known to play an important role in the regulation of stomatal move-
ments, there has been much discussion as to whether ABA is a root-to-shoot sig-
nal. Numerous studies have found that drought stress induces a dramatic increase 
in ABA content in both the root and xylem sap, and the increase in ABA is closely 
correlated with a decrease in leaf stomatal conductance (Zhang and Davies 1989, 
1990, 1991). Feeding xylem sap collected from drought plants to detached leaves 
was able to inhibit stomatal movement, and this inhibitory effect was relieved 
when ABA was removed from the xylem sap by an ABA-affinity column (Zhang 
and Davies 1991; Davies et al. 1994). These findings strongly suggest that ABA is 
capable of acting as a long-distance signal to regulate stomatal movement under 
drought stress conditions (Davies and Zhang 1991).

While ABA is a well-known mediator of stomatal closure through long-dis-
tance transport, numerous reports suggest that root-sourced ABA cannot medi-
ate stomatal closure under some conditions. For instance, in some plant species, 
root-sourced ABA was found to have no significant effect on stomatal movement 
(Holbrook et al. 2002; Munns and King 1988). Supposing that drought stress is 
able to increase the xylem ABA concentration significantly, a reasonable explana-
tion for the failure of root-sourced ABA to regulate stomatal movement is that the 
root-sourced ABA cannot be effectively accumulated at its target sites of the guard 
cells. As discussed above, pH is a major factor affecting the distribution and accu-
mulation of ABA, and hence, it is of particular interest to establish whether pH 
modulates the root-to-shoot signaling of ABA. In agreement with this proposal, 
it has repeatedly been shown that drought stress is able to induce an increase in 
xylem sap pH in many plant species (Jia and Davies 2007; Wilkinson 1999), and 
the pH increase in the xylem is proposed to render the apoplast of the leaf more 
alkaline, and this would contribute to the sequestration of more ABA in the apo-
plast of guard cells, thereby promoting stomatal closure (Wilkinson 1999; Jia and 
Davies 2007; Wikinson and Davies 2002). By feeding artificial xylem sap buffered 
to different pH to detached leaves of Commelina communis, Wilkinson and Davies 
(2002) found that an increase in pH could indeed lead to a great reduction in tran-
spiration rate in the presence of low concentrations of ABA. These studies strongly 
suggest that pH can function as a signal that coordinately regulates stomatal move-
ment with the ABA signal under drought stress conditions. Given that the regu-
latory effect of root-sourced ABA on stomatal movement is strongly affected by 
apoplasitc pH, any factors that affect apoplastic pH would be expected to have an 
impact on stomatal movement in relation to root-to-shoot ABA signaling. This has 
been demonstrated by a study of Jia and Davies (2007), which showed that dif-
ferent forms of nitrite nutrition could modify stomatal sensitivity to root-sourced 
ABA, owing to modifications of the apoplastic pH in the leaves of some species.

Water deficit occurs initially from the top of roots and gradually extends toward 
the tip. Once the rate of water transport from soil into roots can no longer balance 
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the rate of water loss from leaves, a decrease in leaf water potential must occur. 
The top region of roots in drying soil produces ABA, while the region deep within 
wet soil helps sustain the leaves in a state of water balance, such that the con-
trol of stomatal movement by root-sourced ABA can be achieved in the absence 
of a decreased leaf water potential under drought stress conditions. As with nerve-
mediated signaling in animals, the root-to-shoot transport of ABA enables plants 
to reduce the transpiration rate soon after exposure to drought stress, thereby mini-
mizing the effects of drought on plant growth and development.

4.5  ABA Transporters in Relation to ABA Transport  
and Distribution

Chemical transport across cellular membranes generally includes two major 
modes, i.e., passive diffusion and transporter-mediated positive transport. 
Investigations on ABA transport have largely focused on passive transport, while 
the contribution of ABA transporters was largely overlooked, owing to the fact that 
ABA transporters were only recently identified. The first evidence for the pres-
ence of ABA transporters came from the observations that ABA transport showed 
a saturable pattern in specific regions of the root (Astle and Rubery 1980; Astle 
and Rubery 1983). However, it was not until 2010 that two ABA transporters, 
i.e., ABCG25 and ABCG40, were successfully identified (Kuromori et al. 2010; 
Kang et al. 2010). The ABA transporters belong to the large family of ABC (ATP 
Binding Cassette) transporter genes in Arabidopsis (Verrier et al. 2008). Besides 
the two ABA transporters, another ABA transporter, AIT1, was recently been iden-
tified as a nitrate transporter, NRT1.2 (Kanno et al. 2012).

The ABA transport capability of AIT1 was demonstrated using a two-hybrid 
system comprised of a PYR1 (a PYR ABA-receptor)-fused GAL4 activation 
domain and PP2C (type 2C protein phosphatase)-fused DNA-binding domain. In 
the presence of external ABA, the expression of AIT1 promoted a physical inter-
action between PYR1 and PP2C, demonstrating entry of external ABA into the 
cells (Kanno et al. 2012). The transport activity of AIT1 was determined using a 
heterologous expression system in yeast and Sf9 cells (Kanno et al. 2012), and it 
was found that AIT1 showed a higher influx transport activity for (+)-ABA than 
for (−)-ABA. A close homologue of AIT1 and AIT3 was also demonstrated to 
have ABA transport activity, but this transporter did not discriminate between (+) 
and (−)-ABA in yeast cells. The transport activity of AtABCG25 was tested in 
membrane vesicles derived from AtABCG25-expressing insect cells. AtABCG25 
showed a relatively high affinity for (+)-ABA, with a Km of 260 nM, and was 
found to be ATP-dependent. The ABA transport activity of AtABCG40 was 
evaluated by expression in yeast and bright yellow 2 (BY2) cells (Kang et al., 
2010). AtABCG40 also showed a high affinity for (+)-ABA with a Km of 1µM. 
Therefore, compared with AtABCG25, the affinity of AtABCG40 for ABA is rela-
tively lower (Kang et al. 2010).
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pAtABCG25::GUS expression analysis indicated that AtABCG25 is expressed 
mainly in vascular tissues. Overexpression of AtABCG25 resulted in a decrease in 
stomatal aperture, as reflected by a higher leaf temperature (Kuromori et al. 2010). 
Also, promoter–GUS analysis showed that AtABCG40 was broadly expressed in 
both leaves and roots, but the expression of AtABCG40 was much higher in guard 
cells than in mesophyll cells. Microarray analysis indicated that the expression of 
AtABCG40 may be eightfold higher in guard cells than in mesophyll cells. Loss-
of-function atabcg40 mutants exhibited a decrease in stomatal sensitivity to ABA 
and drought tolerance, and moreover, the expression of ABA-responsive genes was 
strongly delayed compared with that in wild-type plants. Similarly, AtAIT1 was also 
found to be mainly expressed in vascular tissues and guard cells. Compared with the 
wild type, the stomatal aperture on the stem surface was larger in the ait1 mutants, 
as reflected by a lower surface temperature. Additionally, compared with the wild 
type, the AIT1 mutants were less sensitive to exogenous ABA in terms of seed ger-
mination and post-germinative growth, and conversely, overexpression of AIT1 
resulted in ABA hypersensitivity under the same conditions (Kanno et al. 2012).

The identification of ABA transporters was an important breakthrough in our 
understanding of ABA transport and distribution. The identification of ABA trans-
porters not only provided a more reasonable explanation for the precise control of 
ABA transport and localization, but also demonstrated that ABA transport is an 
absolutely important step in ABA functioning in plants, because the loss and gain 
of function of the ABA transporters altered the plants’ responses to exogenous 
ABA, at least in terms of stomatal movement, seed germination, and gene expres-
sion. Theoretically, the ABA transporters function mainly in two aspects: (1) ABA 
export from its sites of synthesis and (2) ABA import to its sites of action. The 
large overlap in the localization of ABA transporters and key enzymes involved 
in ABA biosynthesis pathway suggests that ABA transporters mainly transport 
ABA from its sites of synthesis. However, given that ABA receptors are proposed 
to be mainly localized within cells (Shen et al. 2006; Santiago et al. 2009), the 
modulation of the plant’s response to exogenous ABA by ABA transporters dem-
onstrates that the ABA transporters function in ABA import from the apoplastic 
space into cells. This is a paradox that is difficult to reconcile. Therefore, although 
several ABA transporters have been identified to date, little is known about the 
mechanisms that control ABA transport and localization in relation to the func-
tion of ABA transporters. As the specific expression of ABA transporters in dif-
ferent tissues and at developmental stages is capable of directly governing ABA 
transport and localization, compared with the ion-trap mechanism, ABA trans-
porter-mediated ABA transport appears to be a more powerful mechanism for 
controlling ABA transport and distribution. Particularly, the specific expression of 
ABA transporters in vascular tissues suggests that the ABA transporters contrib-
ute to the loading of ABA into xylem or phloem for intercellular or long-distance 
transport. It is likely that these two mechanisms play different roles, but operate 
synergistically in ABA transport and distribution. In other words, ABA transport-
ers may play a major role in the intercellular or long-distance transport of ABA, 
whereas the ion-trap mechanism involving pH may play a major role in cellular 
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ABA compartmentalization and redistribution. Nevertheless, the existence of other 
mechanisms involved in ABA transport and localization in relation to the synergis-
tic action of ABA transporters and pH needs to be investigated.

4.6  Concluding Remarks

As for any signaling molecule, the sites of ABA metabolism must be separated 
from its sites of perception, and the localization and transport of ABA are impor-
tant factors in ABA signaling. ABA is a weak acid that is ubiquitous in plant tis-
sues. Both the ion-trap theory of pH and experimental evidence suggest that ABA 
is compartmentalized in plant cells, rather than being evenly distributed. On one 
hand, this compartmentalization ensures that ABA does not interfere with other 
physiological actions in plant tissues or cells containing a high level of ABA 
under normal conditions. On the other hand, the redistribution of ABA follow-
ing changes in pH in cellular compartments under specific conditions ensures that 
ABA may possibly function even if its content remains unchanged. Besides com-
partmentalization and redistribution, intercellular or long-distance transport is an 
important basis for ABA signaling in plants. Particularly, the expressional pattern 
of genes encoding the key enzymes in ABA biosynthesis was found to be highly 
similar to that of ABA transporters, and moreover, loss or gain of the ABA trans-
porters was found to alter the response sensitivity to ABA, strongly demonstrating 
the importance of ABA transport in ABA functioning. The root-to-shoot signaling 
mediated by the long-distance transport of ABA is a good example of the criti-
cal roles of ABA transport in ABA functioning. Although the recent identification 
of some ABA transporters has revealed the molecular basis of ABA transport, lit-
tle is known about the mechanisms that control ABA transport and localization 
in relation to ABA accumulation at action sites. A major reason for this is the 
technical difficulty involved in localizing ABA. The commonly adopted immu-
nolocalization method is not actually an ideal indicator of ABA localization and 
distribution, because it depends on the conjugation of ABA to cellular proteins. 
Immunolocalization in combination with ultracryotomy may be a good technical 
system for this purpose; however, this technique needs to be further developed. 
The development of new technologies to observe ABA localization as well as 
thorough investigations of ABA transporters is required to fully understand ABA 
transport and localization in relation to ABA functioning.
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Abstract The phytohormone abscisic acid (ABA) is involved in many important 
physiological processes such as stomatal closure, seed dormancy, plant growth and 
development, and responses to various environmental stresses. Along with ABA, 
various conjugated forms of ABA, which are inactive in ABA-related physiology, 
have been identified in plant cells. One of the most abundant forms of ABA con-
jugates is an ABA-glucosyl ester named as ABA-GE. The conjugate forms have 
long been thought to be by-products that are generated by one of the catabolic 
processes involved in lowering cellular ABA levels. However, recent studies pro-
vide evidence for the role of ABA-GE as a reservoir for the rapid production of 
active ABA in a compartmentalized fashion. ABA-GE can be converted to active 
ABA through a one-step hydrolysis by two β-glucosidases: AtBG1 and AtBG2, 
that localize to the ER and vacuole, respectively. Moreover, ABA produced from 
ABA-GE by these enzymes is crucial for proper adaptation to abiotic stresses. 
Thus, ABA-GE plays a crucial role in ABA-related plant physiology, which is 
exerted through the hydrolysis by β-glucosidases. In addition, the physiologi-
cal role of ABA-GE is critically dependent on additional activities including de 
novo biosynthesis of ABA, conjugation of ABA with glucose by ABA UDP-
glucosyltransferases, compartmentalization into subcellular organelles and long-
distance transportation between tissues.
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5.1  Introduction

The phytohormone ABA is a 15-carbon sesquiterpenoid which functions in series 
of physiological processes including seed dormancy, stomatal conductance, and 
early embryo morphogenesis as well as in the synthesis of seed storage proteins. 
In addition, ABA also is involved in various abiotic and biotic stress responses. 
Under different environmental conditions, ABA modulates expression of a large 
number of genes so as to optimize plant growth and developmental strategies to 
these conditions (Thomashow 1999; Shinozaki and Yamaguchi-Shinozaki 2000; 
Zhu 2001; Bray 2002).

For these physiological responses, alteration of cellular ABA levels is essential 
and this is achieved through two opposing processes: biosynthesis and catabolism 
of ABA. De novo ABA biosynthesis starts from carotenoids and includes many 
intermediates (Nambara and Marion-Poll 2005). In the lengthy biosynthetic pro-
cess, the intermediate steps leading to xanthoxin occur in chloroplasts, whereas 
the final two steps for conversion of xanthoxin to ABA occur in the cytoplasm 
(Cheng et al. 2002; Gonzalez-Guzman et al. 2002; Seo et al. 2004). On the other 
hand, the catabolic processes of ABA consist of two different pathways: hydrox-
ylation and conjugation. In Arabidopsis, enzymes encoded by the AtCYP707A 
gene family (CYP707A1, 2, 3 and 4) mediate hydroxylation of ABA to produce 
hydroxylated ABA which is first metabolized to PA (Saito et al. 2004), then fur-
ther converted to DPA by isomerization. In the conjugation pathway, glucose is 
added to ABA to produce ABA-glucosyl ester which exhibits little or no biological 
activity and is stored in the vacuole and ER (Vilaró et al. 2006). However, recent 
studies showed that inactive ABA-GE can be converted to active ABA by a one-
step hydrolysis carried out by certain β-glucosidase (Dietz et al. 2000; Sauter et al. 
2002; Lee et al. 2006; Xu et al. 2012, 2013). This indicates that ABA-GE is not a 
simple by-product produced in the inactivation process of ABA but rather plays a 
crucial role as the stored form of ABA.

5.2  Generation of ABA-GE

Until now, the most well-known conjugated form of ABA is ABA-GE which 
exhibits little or no biological activity (Vilaró et al. 2006). ABA-GE is generated 
from ABA in the course of the inactivation. Consistent with this notion, the con-
centration of ABA-GE increases substantially under stress conditions (Sauter et al. 
2002). Moreover, repeated water stress treatment caused increased ABA-GE levels 
in Xanthium strumarium leaf (Zeevaart 1983).

In the cell, ABA-GE is produced by ABA UDP-glucosyltransferase (UGT) 
through esterification of ABA with glucose (Zeevaart and Creelman 1998; Lim 
et al. 2005; Priest et al. 2006; Piotrowska and Bajguz 2011). In Arabidopsis, 
the UGT family consists of more than 100 homologous proteins which can 
be divided into 12 subfamilies (Lorenc-Kukula et al. 2004; Ross et al. 2004; 
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Yonekura-Sakakibara and Hanada 2011). Among these UGTs, UGT71B6 which 
belongs to the subfamily E displays an activity toward naturally occurring (+)-
ABA for glucose conjugation in vitro with an optimum pH between 6.5 and 7.0. 
Indeed, UGT71B6 overexpression in plants leads to high-level accumulation of 
ABA-GE. Interestingly, in these transgenic plants, the levels of ABA catabolites, 
such as PA, DPA and neo-PA, were significantly reduced, which can be explained 
by the fact that these two pathways are involved in the inactivation of ABA in a 
competitive manner. Moreover, these results suggest a coordination of the two cat-
abolic pathways in lowering cellular ABA levels. Interestingly, the free ABA level 
was not affected in these transgenic plants, suggesting that there is a compensation 
mechanism to adjust the cellular ABA levels in plant cells. However, transgenic 
plants overexpressing UGT71B6 were slightly less sensitive to exogenous ABA 
during germination and showed a slightly higher water loss rate from detached 
leaves. In addition, UGT71B6 overexpressers displayed hyposensitivity to 6 % 
glucose at post-germination-growth stages. In contrast, UGT71B6 loss-of-function 
mutants did not display any noticeable phenotypes, which might be due to the 
functional redundancy (Priest et al. 2006). In fact, in Arabidopsis, the subfamily E 
contains additional UGTs: At3g21790 and At3g21800 that are highly homologous 
to UGT71B6 and are located immediately upstream and downstream of UGT71B6, 
respectively (Fig. 5.1a). However, their physiological role and biochemical activi-
ties have not been addressed at the molecular and biochemical levels.

An expression study revealed that UGT71B6 is strongly induced under various 
abiotic stress conditions (Priest et al. 2006). Interestingly, UGT71B6 was induced 
as early as 30 min after the start of the abiotic stress treatment. Thus, under abi-
otic stress conditions, the induction of UGT71B6 is as rapid as NCED3, which 
is involved in the de novo ABA biosynthetic pathway (Endo et al. 2008). It is 
expected that UGT71B6 is induced at the later time points because it is involved 
in lowering ABA levels after abiotic stress responses. However, the rapid induc-
tion of UGT71B6 upon abiotic stress treatments raises the intriguing possibility 
that UGT71B6 might also be involved in abiotic stress responses. One possible 
role of UGT71B6 under abiotic stress conditions is to fine-tune cellular ABA lev-
els to prevent the excessive accumulation of ABA under abiotic stress conditions. 
However, this idea needs to be further tested in future studies.

5.3  β-Glucosidase Homologs in the Hydrolysis of ABA-GE

Whether ABA-GE has any physiological role has been controversial for a long 
time. Considering that (i) the amount of free ABA under water stress conditions 
is greater than that of endogenous ABA-GE under normal conditions (Neil et al. 
1983); (ii) ABA-GE was not able to be hydrolyzed under water stress condi-
tions (Milborrow 1978); and (iii) the activity of ABA-GE splitting enzymes was 
not increased (Lehmann and Vlasov 1988), it has been generally considered that 
ABA-GE is a simple by-product, rather than a stored form of ABA produced 
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Fig. 5.1  Phylogenetic trees of Arabidopsis β-glucosidase homologs and UDP-glucosyltransferase 
homologs. The Arabidopsis β-glucosidase homologs and UDP-glucosyltransferase homologs were 
aligned by MUSCLE, using the default settings for multiple sequence alignments. The aligned 
sequences were used to construct a phylogenetic tree with Molecular Evolutionary Genetics 
Analysis version 5(MEGA5). Distance trees were created by a maximum likely-hood method. To 
estimate the reliability of this tree, a bootstrap analysis was performed with 1000 replicates
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during ABA inactivation (Zeevart 1983; Piotrowska and Bajguz 2011). However, 
there have been multiple lines of evidence that ABA-GE may have a physiologi-
cal role such as being a stored form of ABA. Johnson and Ferrell (1982) reported 
that in needles of Pseudotsugamenziesii, the level of conjugated ABA decreases 
and concomitantly the level of free ABA increases. In addition, it has been sug-
gested that β-glucosidase homologs located at either intracellular or extracellular 
spaces harbor the activity that hydrolyzes glucose conjugated, biologically inac-
tive ABA-GE to produce active ABA in plants. Indeed, in Arabidopsis, a large 
number of genes encode the putative β-glucosidases (Fig. 5.1b) and more than 30 
β-glucosidases were predicted to be secreted to the apoplasmic space (Sauter et al. 
2002). Consistent with this notion, Dietz et al. (2000) showed that intercellular 
washing fluid of barely primary leaves harbors the activity to release active ABA 
from physiologically inactive ABA-GE. The ABA liberated by this β-glucosidase 
can be taken up directly by the cells or loaded into the xylem for long-distance 
transportation. Based on this observation, they suggested that ABA-GE is a stored 
form of ABA. Moreover, considering the impermeability of lipid membranes 
toward ABA-GE, it has been suggested that ABA-GE is an ideal compound for 
long-distance transportation of ABA. Furthermore, because of this property, it has 
been postulated that ABA-GE may function as a long-distance signal transmitted 
from roots to shoots under dehydration stress conditions.

Following up on this long speculation, the most compelling evidence on the pos-
sible role of ABA-GE as a stored form of ABA was provided by recent publications 
on two β-glucosidases in Arabidopsis, AtBG1 and AtBG2, which can hydrolyze 
ABA-GE to ABA (Lee et al. 2006; Xu et al. 2012). A genetic approach showed 
that atbg1 and atbg2 mutants display increased sensitivity to dehydration and salin-
ity stresses. Moreover, atbg1 atbg2 double-knockout mutants showed the additive 
effect on dehydration stress sensitivity, suggesting that they act redundantly. By 
contrast, the ectopic expression of AtBG1 and AtBG2 displayed an enhanced resist-
ance to osmotic stress. Moreover, atbg1 mutants showed many ABA-deficient phe-
notypes. Consistent with these phenotypes, atbg1 mutants have lower ABA levels, 
in particular, greatly reduced extracellular pools of ABA, compared to the wild-type 
plants. Intriguingly, AtBG1 and AtBG2 localize to the ER and vacuole, respectively, 
indicating that ABA is produced in the ER and vacuole in plant cells in addition to 
the cytosol through the de novo biosynthetic pathway. These findings raise funda-
mentally important questions such as what is the physiological meaning of ABA 
production in multiple compartments and how these multiple ABA biosynthetic 
pathways in different organelles are coordinated to maintain the active ABA pool at 
a specific level depending on cellular and environmental conditions. Another inter-
esting aspect of these proteins is the regulation of their activity according to the 
environmental conditions. In the case of AtBG1, it undergoes polymerization into 
high-molecular weight forms to increase the enzymatic activity under dehydration 
stress conditions (Lee et al. 2006; Watanabe et al. 2014), whereas AtBG2 existing 
as high-molecular weight forms at all conditions accumulates to higher levels under 
dehydration stress to increase ABA production (Xu et al. 2012).

In regulating ABA production at the whole plant level, one mechanism would 
be to differentially regulate expression of genes involved in ABA production. 
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AtBG1 and AtBG2 sharing a high-sequence similarity show both overlapping and 
also specific expression patterns. The AtBG1 expression is specifically restricted 
to seed cells, hydathodes, and vascular tissues in leaf tissues (Lee et al. 2006). In 
contrast, AtBG2 showed a more broad-expression pattern, such as veins of coty-
ledons and leaf tissues, the vascular bundles of the hypocotyl, and primary and 
secondary root tissues (Xu et al. 2012). Moreover, both of them are induced under 
osmotic stress conditions.

5.4  Compartmentalization of ABA-GE

Location of AtBG1 and AtBG2 in the ER and vacuole, respectively, implies that 
ABA-GE is stored in the ER and vacuole. Previous studies have shown that nearly 
20 % of total ABA is stored in the vacuole as glucosyl ester forms (Harris and 
Dugger 1986; Xiong and Zhu 2003; Verslues and Zhu 2007; Piotrowska and 
Bajguz 2011). In the cytosol, high levels of ABA are lowered through a process of 
glucose conjugation to ABA-GE by the cytosolic ABA-specific UGTs, and subse-
quently, ABA-GE is stored in the vacuole (Fig. 5.2). Vacuolar storage of ABA-GE 
requires transportation of ABA-GE from the cytosol to the vacuole across the 
tonoplast, which most likely occurs via energy-consuming transporters because 
ABA-GE is highly impermeable to biomembranes. Recently, it has been shown 
that vacuolar ABCC-type ABC transporters, AtABCC1 and AtABCC2, have the 
ABA-GE transport activity when expressed in yeast although in vivo evidence is 
still lacking in plants (Fig. 5.2) (Burla et al. 2013).

In contrast to vacuolar ABA-GE, there is little information on the storage of 
ABA-GE in the ER. However, the fact that AtBG1 localized to the ER hydrolyzes 
ABA-GE to ABA, which is critical for plant development and stress responses, 
strongly suggests that ABA-GE is also stored in the ER. In addition, this finding 
implies the existence of an ABA-GE transporter at the ER membrane. Unfortunately, 
most of the aspects regarding ABA-GE in the ER remain elusive. For example, how 
much of ABA-GE is stored in the ER and which type of transporters is involved in 
the ABA-GE transportation across the ER membrane remains elusive (Fig. 5.2). 
Despite the lack of information on these aspects, it is clear that ABA-GE stored in 
the ER is crucial for cellular homeostasis of ABA not only for abiotic stress condi-
tions but also under normal physiological conditions as evidenced by the fact that 
AtBG1 plays a crucial role in various aspects of ABA-related plant physiology.

5.5  Long-distance Transport of ABA-GE

In ABA-related plant physiology, an important unanswered question is whether 
ABA is transported from one tissue to another via long-distance transportation 
and whether such transport is necessary in plants. The fact that genes involved 
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Fig. 5.2  Production and hydrolysis of ABA-GE and its transport across various subcellular 
membranes. ABA-GE was produced through the conjugation of ABA with glucose UGT71B6 in 
the cytosol. AtABCC1/2 located at the tonoplast direct translocation of ABA-GE from the cyto-
sol to the vacuole. After translocating into the ER or vacuoles, it could be hydrolyzed to produce 
ABA by AtBG1 and AtBG2, respectively. Apoplastic ABA-GE could be also by hydrolyzed to 
ABA by β-glucosidase homologs whose identity is not known, or loaded into the xylem for long-
distance transportation to other tissues. The processes which have been experimentally demon-
strated are depicted in solid lines whereas those unknown are shown by broken lines. Putative 
ABA-GE transporters at various subcellular organelles are marked by a question mark. ER, endo-
plasmic reticulum
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in ABA biosynthesis are expressed in most vegetative tissues including leaves 
and roots argue against a physiological role of the long-distance transportation 
of ABA. However, various biosynthetic genes such as NCED3 and ABA2 are 
highly expressed in vascular tissues (Endo et al. 2008). Moreover, AtBG1 and 
AtBG2 which are involved in the hydrolysis of ABA-GE are also expressed in 
the vascular tissues. Thus, this type of the gene expression pattern is consistent 
with the notion that ABA is transported from one tissue to other via the xylem. 
Another important question regarding long-distance transportation, if indeed 
this occurs in plants, is the question as to which form of ABA, active ABA, or 
inactive ABA-GE, is involved in the long-distance transport. In the case of 
active ABA, long-distance transport through the xylem in stems may not be 
easy because ABA in the xylem sap can diffuse to the surrounding parenchyma 
cells, especially under acidification of xylem saps, which leads to significant 
loss of ABA during transport through the xylem. In contrast, the biochemical 
character of ABA-GE is more fitted to long-distance transportation because of 
its extremely low biomembrane permeability. Consistent with this notion, the 
concentration of ABA conjugates increases in barely xylem saps under salinity 
stress conditions (Dietz et al. 2000). ABA-GE in the xylem could have originated 
from external and internal sources (Sauter et al. 2002). In addition, it has also 
been shown that ABA-GE was detected in the soil solution at higher concentra-
tions than ABA (Sauter and Hartung 2002; Sauter et al. 2002; Jiang and Hartung 
2008). However, only when the exodermis is absent are the Casparian bands 
of the exodermis perfect barriers for ABA-GE, the external ABA-GE could be 
transported into the apoplast of the root cortex (Hartung et al. 2002; Jiang and 
Hartung 2008). Internally, the release of ABA-GE synthesized in the cytoplasm 
of cortex and parenchyma cells into the xylem turns out to be the rate-limiting 
process because of the extremely low permeability of plant plasma membranes 
(Baier et al. 1990; Jiang and Hartung 2008). In this sense, a transporter for 
ABA-GE is necessary and should play a crucial role in loading ABA-GE to the 
xylem under stress conditions. Indeed, Sidler et al. (1998) provided evidence that 
a AtPGP1 transporter located in the plasmalemma in both roots and shoots of 
Arabidopsis seedlings is involved in hormonally regulated developmental pro-
cesses. However, the mechanism of ABA-GE transport across the plasma mem-
brane remains unclear.

It is generally believed that ABA-GE is transported from the root tissues 
to leaf tissues. At the leaf tissues, ABA-GE is subject to two different path-
ways. One of them involves apoplastic glucosidases that could directly hydro-
lyze ABA-GE to release active ABA, which is then involved in regulating 
stomatal opening and closing, or plant development. In another pathway, puta-
tive ABA-GE transporters might conduct the active transport of ABA-GE into 
the cytosol of plant cells and then subsequently from the cytosol to subcellu-
lar organelles such as the ER and vacuole where ABA-GE is stored, or hydro-
lyzed to active ABA by ABA-GE-specific β-glucosidases depending on cellular 
conditions.
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5.6  Perspective and Concluding Remarks

The physiological role of ABA-GE has long been controversial. Now, it is clear 
that ABA-GE, one type of ABA conjugate, is crucial in ABA-related physiol-
ogy by functioning as a stored form of ABA because ABA-GE can be rapidly 
converted to active ABA through a one-step hydrolysis by AtBG1 and AtBG2. 
However, there are many unanswered questions regarding the physiological mean-
ing of ABA. First of all, the identity of the ABA-GE transporter localized at the 
ER and possibly plasma membrane remains elusive, not to mention their action 
mechanisms. In addition, how much ABA-GE is stored in different subcellular 
organelles and how much of the active ABA pool is contributed by the ABA-GE 
pathways remains unclear. Furthermore, how are these different pathways coor-
dinated to maintain the active ABA pool at the cellular and whole plant lev-
els? Therefore, future work should be directed to investigate: (i) the identity of 
ABA-GE transporters at various subcellular organellar membranes and their 
mechanisms of action; (ii) how these transporters are coordinated for homeosta-
sis of ABA levels at the cellular level; (iii) what is(are) the signaling pathway(s) 
involved in the coordination of these multiple biosynthetic and catabolic pathways 
involving multiple organelles under normal growth and abiotic stress conditions 
at the cell level; (iv) how the long-distance transport, if there is any, contributes to 
the homeostasis of ABA at the whole plant level.
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Abstract Searches for ABA receptors started from earlier analysis of ABA-
binding proteins or perception sites, which suggest that ABA signal is perceived 
both inter- and intracellularly. The receptors or candidate receptors for ABA, 
localized to plasma membrane, cytosol, and chloroplast, have been identified. 
Mg-chelatase H subunit (CHLH)/putative ABA receptor (ABAR) is a chloro-
plast-membrane protein, binds ABA, and inhibits a group of WRKY transcription 
repressors to relieve ABA-responsive genes of inhibition. A chloroplast co-chaper-
onin CPN20 interacts with ABAR to antagonize ABAR–WRKY40 coupled sign-
aling. Recent discovery of a crucial ABA signaling component SOAR1 working 
downstream of ABAR suggests that ABAR regulates a central ABA signaling net-
work. GTG1 and GTG2 are a novel class of GPCR-type G proteins, which local-
ize to plasma membrane and may perceive intercellular ABA signal. GDP-bound 
GTGs bind ABA, which initiates the ABA signaling cascade; GTP-bound Gα 
subunit GPA1 inhibits formation of the GTG–GDP, downregulates ABA binding 
to the GTGs and represses ABA signaling. The START-domain PYR/PYL/RCAR 
receptors are cytosolic/nuclear proteins and mediate a core ABA signaling path-
way. ABA binding to the PYR/PYL ABA receptors inactivates negative signaling 
regulators type 2C protein phosphatases, leading to the activation of the SNF1-
related protein kinases SnRK2s through phosphorylation by the GSK3-like BIN2 
kinase, which subsequently phosphorylate downstream targets to induce a diversity 
of ABA responses. How to integrate known ABA signal components, especially 
the ABAR- and GTGs-mediated signaling pathways, into the PYR/PYL/RCAR-
mediated signaling pathway, is a challenging question in the future.
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6.1  Introduction

Abscisic acid (ABA) regulates various aspects of plant growth and development, 
such as seed development, dormancy and germination, seedling growth, and sto-
matal movement, and plays vital roles in the adaptive responses of plants to biotic 
and abiotic stresses, such as drought, high salinity, chilling, and pathogen (Leung 
and Giraudat 1998; Finkelstein et al. 2002; Himmelbach et al. 2003; Cutler et al. 
2010). It is well known that signal transduction of a hormone in cells begins with 
the primary perception process mediated by a hormone receptor, which triggers 
an intracellular, downstream signaling cascade to finally activate physiological 
responses (Venis 1985). Since ABA was identified and characterized by Frederick 
Addicott and his associates in 1963 (Ohkuma et al. 1963; Addicott and Lyon 
1969), extensive research efforts with genetic and biochemical approaches have 
been made, which leads to identification of numerous components of ABA sign-
aling pathways (Giraudat et al. 1992, 1994; Leung et al. 1994, 1997; Leung and 
Giraudat 1998; Cutler et al. 2010). Especially, recent studies have identified the 
receptors or candidate receptors for ABA (Cutler et al. 2010), which allows to 
understand the primary events of ABA signaling. In this chapter, we review the 
advances in the researches of ABA receptors and the insights of these discoveries 
into the mechanisms of the perception processes during ABA signaling.

6.2  ABA-binding Proteins and Perception Sites

6.2.1  Both Intra- and Extracellular Presence of ABA-
binding or Perception Sites

A hormone receptor should meet two essential criteria: One is to perceive the signal 
through binding to the hormone, and another is, after binding, to be able to acti-
vate physiological response by triggering a series of intracellular signaling steps 
(Venis 1985). Search for ABA receptors with the approaches of forward genetics 
through screening mutants defective in putative ABA receptor-encoding genes was 
not successful for a long time, though a lot of important components of ABA sig-
nalling have been identified using these approaches. This is likely because loss-of-
function mutants of ABA receptors may be lethal or show no altered phenotypes 
due to genetic redundancy (McCourt and Creelman 2008). Biochemical approaches 
through analysis and isolation of ABA-binding proteins were considered as an 
alternative path to lead to identification of ABA receptors with reverse genetics.

Studies to test ABA-binding proteins or perception sites used biochemical, cellu-
lar, and even molecular approaches and suggest that there exist ABA-binding or per-
ception sites in the plasma membrane (Horton and Bruce 1972; Meidner and Willmer 
1975; Milborrow 1974; Hocking et al. 1978; Hartung 1983; Hornberg and Weiler 
1984; Anderson et al. 1994; Gilroy and Jones 1992, 1994; MacRobbie 1995; Ritchie 
and Gilroy 1998, 2000; Jeannette et al. 1999; Jacob et al. 1999; Hallouin et al. 2002; 
Yamazaki et al. 2003). Noteworthily, Hocking et al. (1978) isolated the membrane 
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factions from Vicia faba leaves and detected the binding of [3H] (±) ABA to mem-
brane-rich fractions. They showed that the binding bears the properties of binding 
saturation, of which the dissociation constant is 3.5 × 10−8 M with more than one 
binding sites in the membrane factions. Using guard cells isolated from the epider-
mis of Valerianella locusta, Hartung (1983) found that ABA could induce stomatal 
closure at pH 8.0, where nearly all ABA molecules are present as the anion of ABA 
(ABA−), and could not penetrate plasmalemma, which suggests that ABA could be 
perceived by binding sites or receptors outside the plasmalemma and induce stomatal 
closure. Hornberg and Weiler (1984), using guard cell protoplast of Vicia faba leaves, 
provided new, compelling evidence for high-affinity [3H]-cis(+)ABA-binding sites, 
which are located at the plasmalemma with high density and potentially mediate the 
guard cell signaling in response to the extracellular ABA. The possible extracellu-
lar perception site for ABA in guard cells was repeatedly confirmed by several inde-
pendent groups in Commelina, Vicia faba, and Arabidopsis (Anderson et al. 1994; 
MacRobbie 1995; Jacob et al. 1999; Yamazaki et al. 2003). Additionally, the percep-
tion sites of ABA in the plasma membrane were detected in the barley (Hordeum vul-
gare) aleurone protoplasts and Arabidopsis suspension cells (Gilroy and Jones 1992, 
1994; Ritchie and Gilroy 1998, 2000; Jeannette et al. 1999; Hallouin et al. 2002).

In addition to these extracellular binding or perception sites at the cell surface, 
the intracellular binding or perception sites were also detected, which may poten-
tially contribute to ABA signal perception within cells. Allan et al. (1994) synthe-
sized and microinjected caged ABA directly into Commelina guard cells, where 
ABA was released internally and subsequently caused stomatal closure, suggest-
ing the presence of the intracellular perception sites. Meanwhile, Schwartz et al. 
(1994) demonstrated that ABA could act from internal of guard cells to regulate 
Commelina stomatal closure, implying that there is an intracellular locus of ABA 
perception. The coexistence of the intracellular and extracellular perception sites 
for ABA in guard cells was consistently reported in Commelina by other groups 
(Anderson et al. 1994; MacRobbie 1995).

ABA-binding sites were also studied in other plants with various tissues and 
were detected at different subcellular fractions of different tissues, such as cyto-
solic fraction of wheat (Veliev 1991), membrane fractions of rice seedling (Chen 
et al. 1992), maize roots (Chen and Zhu 1996), the plasma membrane frac-
tion of Arabidopsis cells cultured in vitro (Pedron et al. 1998), the mesocarp of 
grape berry (Zhang et al. 1999), and developing apple fruits (Zhang et al. 2001). 
All these studies support the presence of the ABA-binding proteins or receptors 
for perceiving ABA signal in both the inside and outside of plant cells (Assmann 
1994; Finkelstein et al. 2002; Verslues and Zhu 2007).

6.2.2  Isolation of ABA-binding Proteins

Isolation of the ABA-binding proteins may be a major step toward identifica-
tion of ABA receptors by reverse genetic approaches. Based on the information 
from the studies of the ABA-binding proteins and using affinity chromatography 



92 X.-F. Wang and D.-P. Zhang

combined with carefully designed affinity probe, two types of ABA-binding pro-
teins have been successfully purified from the epidermis of broad bean (Vicia 
faba) and embryos of Brassica napus, respectively (Zhang et al. 2002; Nyangulu 
et al. 2005). The first ABA-binding protein was purified from the epidermis of 
broad bean (Vicia faba) leaves via the ABA-affinity chromatography where ABA 
molecules were coupled through their carboxyl groups at C-1 to the free amino 
groups located in the spacer arm of EAH-Sepharose 4B, which was used to ‘catch’ 
ABA-binding protein from total proteins (Zhang et al. 2002). An ABA-binding 
protein with a molecular mass of 42 kD and an isoelectric point of 4.86 was iso-
lated, which was shown to bind ABA with saturability, reversibility, high affinity, 
stereo-specificity for the physiologically active (+)ABA. In addition, evidence for 
the potential receptor nature of the purified ABA-binding protein was provided, 
in which the phospholipase D activity induced by ABA in guard cell protoplasts 
(Wang 1999; Ritchie and Gilroy 1998, 2000; Jacob et al. 1999) of broad bean 
leaves in relation to the ABA-binding protein was measured (Zhang et al. 2002). 
The 42-kD ABA-binding protein was further used to identify possible ABA recep-
tor subsequently (see following description). The second ABA-binding protein 
was isolated with a different strategy by considering that the alterations of ABA 
molecule at the C-1 or C-4’ site may have effect on the affinity for ABA receptors 
(Nangulu et al. 2005). A bioactive and biotinylated ABA probe (+)-17, in which 
the C-1 or C-4’ site of ABA remains unmodified, was synthesized. A membrane-
associated ABA-binding protein was purified successfully using this biotinylated 
ABA as an affinity probe (Nangulu et al. 2005).

6.3  Mg-chelatase H Subunit (CHLH): A Receptor  
for ABA in Chloroplast Membrane

6.3.1  CHLH/ABAR Is an ABA-binding Protein

As described above, Zhang et al. (2002) purified an ABA-binding protein (ABAR, 
for putative ABA receptor) via affinity chromatography from broad bean, accord-
ing to which a reverse genetic approach was made to identify a possible receptor 
for ABA. The sequencing results of the ABAR protein led to cloning, from broad 
bean leaves, of a complementary DNA fragment encoding the carboxy-terminal 
half of about 770 amino acids of the putative H subunit of the magnesium proto-
porphyrin-IX chelatase (Mg-chelatase). The yeast-expressed products of both the 
cDNA fragment of broad bean and the full-length cDNA of the Arabidopsis CHLH 
were shown to bind ABA specifically with the [3H]-ABA-binding assay, and the 
ABA-binding properties of the Arabidopsis CHLH meet all criteria of the ligand–
receptor binding (Shen et al. 2006; Wang and Zhang 2008; Wang et al. 2011).

Further, the second line of evidence was provided for the ABA-binding ability of 
the Arabidopsis CHLH/ABAR with a newly developed ABA-affinity chromatogra-
phy technique, which is based on the same principle as that of the technique used 
for purification of the ABA-binding protein (Zhang et al. 2002; Wu et al. 2009; 
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Wang et al. 2011). The C-terminal half, but not N-terminal half of ABAR/CHLH, 
was shown to bind ABA with this system (Wu et al. 2009). However, the ABA-
affinity technique was questioned because the carboxyl group at the C-1 locus of 
ABA, which is required for the activity of ABA, was altered (Cutler et al. 2010). 
This may possibly induce some errors in purification and analysis of ABA-binding 
proteins. In regard to this question, Wu et al. (2009) suggested that the specific 
binding ability to a protein may depend on the whole structure of ABA, and the 
ABA molecule with the C-1-carboxyl group bound may interact with ABA-binding 
protein, though the binding intensity may be reduced. This postulation was sup-
ported by the multiple controls that showed specificity and reliability of ABA bind-
ing to this affinity chromatography column (Wu et al. 2009). Also, we tested the 
functionality of the ABA molecule with the fixed C-1-carboxyl group. Given that 
ABA-Sepharose-4B is too big to permeate into cells and its bioactivity could not be 
tested, we coupled ABA to a small molecule methotrexate to fix the C-1-carboxyl 
group of ABA, forming an ABA derivate ABA-methotrexate (ABA-MTX), which 
may enter cells to test the bioactivity of the C-1-carboxyl group-blocked ABA. 
The results showed that ABA-MTX inhibits seed germination, seedling growth, 
and promote the interaction between an ABA receptor member PYL5 and a type-
2C protein phosphatase member HAB1 (Ma et al. 2009; Park et al. 2009; Santiago 
et al. 2009b) as ABA does, though the activity is decreased (Q. Xin, X.F. Wang, 
and D.P. Zhang, unpublished data), which strongly suggests that blocking the C-1-
carboxyl group of ABA does not result in loss of ABA bioactivity, supporting thus 
the reliability of the ABA affinity chromatography based on ABA-Sepharose-4B 
(Zhang et al. 2002; Wu et al. 2009; Wang et al. 2011).

Several lines of genetic evidence through transgenic manipulation consistently 
support the ABA-binding data (Wu et al. 2009), in which expression of the ABA-
binding domains, C-terminal-truncated proteins of the Arabidopsis ABAR/CHLH, 
results in ABA hypersensitivity in all the major ABA responses including seed 
germination, seedling growth, and stomatal movement, but expression of the 
N-terminal-truncated proteins of ABAR/CHLH, non-ABA-binding domains, 
induces only limited ABA hypersensitivity in either seed germination or seedling 
growth (Wu et al. 2009). These data reveal that the C-terminal half not only cov-
ers the core ABA-binding domains, but also is a core functional region to mediate 
ABA signaling.

The third line of evidence for the binding interaction of the Arabidopsis 
ABAR/CHLH with ABA comes from a test with the surface plasmon resonance 
(SPR) system, by which Du et al. (2012) showed that ABAR/CHLH binds ABA 
with a saturation curve typical for receptor–ligand binding. The ABA-binding 
data with the SPR system are easily reproduced, but the detected ABA affinity to 
ABAR/CHLH is low (disassociation constant Kd ≈ 20 μM) in comparison with 
our previously detected high ABA affinity (about 30 nM) with the 3H-labeled 
ABA-binding assay (Shen et al. 2006; Wu et al. 2009; Wang et al. 2011). This 
is likely due to technical limitations of the SPR system to test the interaction 
between a huge (about 150 kDa), hydrophobic CHLH protein and a small ligand 
ABA (Du et al. 2012).
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In contrast to the Arabidopsis PYR/PYL/RCAR receptor for ABA, which is a 
cytosolic protein with a low molecular mass (about 20 kDa) and a highly hydro-
philic nature (Ma et al. 2009; Park et al. 2009; Santiago et al. 2009a; and also see 
description below), the properties of a chloroplast-membrane ABAR/CHLH pro-
tein (Shang et al. 2010) with a high molecular mass and a slightly hydrophobic 
nature make ABA-binding assay difficult (Wang et al. 2011). This may likely be 
a reason why ABA binding of CHLH was not detected by other groups with the 
3H-labeled ABA-binding assay (Müller and Hansson 2009; Tsuzuki et al. 2011).

6.3.2  CHLH/ABAR Mediates ABA Signaling Positively

CHLH/ABAR is a multi-functional protein, which participates in chlorophyll bio-
synthesis (Walker and Willows 1997), and plastid-to-nucleus signaling (Mochizuki 
et al. 2001; Surpin et al. 2002; Strand et al. 2003; Nott et al. 2006). We observed 
that down- and up-expressions of the Arabidopsis ABAR gene result in ABA insen-
sitivity and hypersensitivity, respectively, in the major ABA responses including 
ABA-induced inhibition of seed germination, post-germination growth arrest, and 
promotion of stomatal closure and inhibition of stomatal opening, revealing that 
ABAR/CHLH is a positive regulator of ABA signaling (Shen et al. 2006; Wu et al. 
2009). There are five abar mutant alleles in Arabidopsis, abar-1, abar-2, abar-
3, cch, and rtl1. The abar-1 mutant, a knockout mutant resulting from a T-DNA 
insertion in ABAR gene, is lethal (Shen et al. 2006). The ABA responses are sig-
nificantly altered in all the rest four mutants. The abar-2, abar-3, cch, and rtl1 
mutants all harbor a single-nucleotide substitution in ABAR gene; the mutations 
of abar-2 and abar-3 result in a single amino acid mutation Leu348 → Phe and 
Ser183 → Phe, respectively, in the N-terminal half of ABAR protein (Wu et al. 
2009), and the cch and rtl1 mutations result also in a single amino acid mutation 
Pro642 → Leu and Leu690 → Phe, respectively, in the middle of ABAR protein 
(Mochizuki et al. 2001; Tsuzuki et al. 2011). The cch mutant shows ABA insen-
sitivity in all the three major ABA responses with ABA-insensitive phenotypes 
relatively weak in seed germination and seedling growth but strong in stomatal 
movement that leads to hypersensitivity to dehydration (Shen et al. 2006; Wu et al. 
2009; Du et al. 2012). The rtl1 mutant is susceptible to drought with significant 
defect in stomatal response to ABA and displays weak ABA-insensitive phenotype 
in seed germination but wild-type phenotype in ABA-induced post-germination 
growth arrest (Tsuzuki et al. 2011; Du et al. 2012). The strong ABA-insensitive 
phenotype in stomatal movement of the cch and rtl1 mutants suggests that the core 
function domains of ABAR for regulation of stomatal response to ABA are more 
lesioned in these mutants. The abar-2 and abar-3 mutants both shows ABA insen-
sitivity in ABA-induced post-germination growth arrest, and seed germination of 
the abar-2 mutant is insensitive to ABA while that of the abar-3 mutant is hyper-
sensitive to ABA (Wu et al. 2009). The abar-2 and abar-3 mutants show wild-type 
phenotypes in stomatal movement in response to ABA, likely because these two 
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mutants involve mutations in the N-terminus of ABAR, which may function as a 
regulatory region but not as a core functional region like the C-terminal half (Wu 
et al. 2009). Together, the phenotypic analysis of the four abar mutants provides 
genetic evidence that ABAR may regulate seed germination/seedling growth and 
stomatal movement in response to ABA through different mechanisms by modifi-
cation of the specific domains in the ABAR molecule (Wu et al. 2009).

As a matter of fact, the ABAR-down-expression lines through transgenic RNAi 
technique show strong ABA-insensitive phenotypes in all the three major ABA 
responses (Shen et al. 2006), but the ABAR-RNAi construct is deleted in the T4 
generation RNAi lines in which the ABAR gene expression is restored to wild-type 
level (X.F. Wang and D.P. Zhang, unpublished data). Currently, there is no mutant 
defective in the C-terminal half of ABAR, which is likely the reason why the 
above-mentioned mutants show relatively weak ABA-related phenotypes in seed 
germination and post-germination growth.

Increasing evidence verifies the essential role of ABAR in ABA signal-
ing. Du et al. (2012) showed that ABAR also regulates guard cell signaling in 
response to ABA in tobacco (Nicotiana benthamiana) leaves. Other groups 
demonstrated that CHLH/ABAR mediates ABA signaling in guard cells in both 
Arabidopsis (Legnaioli et al. 2009; Tsuzuki et al. 2011, 2013) and peach (Prunus 
persica) leaves (Jia et al. 2011b). Recently, Tsuzuki et al. (2013) showed that 
CHLH/ABAR mediates ABA inhibition of blue light (BL)-induced phospho-
rylation of H+-ATPase in Arabidopsis guard cells, suggesting that CHLH/ABAR 
regulates not only ABA-induced stomatal closure but also ABA inhibition of 
BL-mediated stomatal opening. Interestingly, it has been demonstrated that 
CHLH/ABAR mediates ABA signaling in fruit ripening of both peach (Jia et al. 
2011b) and strawberry (Fragaria ananassa) (Jia et al. 2011a). These data demon-
strate that CHLH/ABAR is a conserved ABA signaling regulator in plant cells.

6.3.3  ABAR-mediated ABA Signaling Is Distinct  
from Chlorophyll Biosynthesis

As described earlier, CHLH/ABAR was initially identified as a key enzyme of 
chlorophyll biosynthesis pathway (Walker and Willows 1997), and a regulator of 
plastid-to-nucleus signaling (Mochizuki et al. 2001; Surpin et al. 2002; Strand 
et al. 2003; Nott et al. 2006). Although some ABAR-RNAi transgenic lines and cch 
mutant have low chlorophyll contents and show yellow leaves (Shen et al. 2006; 
Wu et al. 2009), multiple lines of evidence demonstrate that ABAR-mediated 
ABA signaling is distinct from chlorophyll biosynthesis in Arabidopsis. First, the 
ch1-1 and ch1-2 mutants defective in chlorophyll biosynthesis show wild-type 
response to ABA (Shen et al. 2006; Liu et al. 2013). Second, many ABAR-RNAi 
transgenic lines with a chlorophyll level that is not lower than in wild-type plants 
show strong ABA-insensitive phenotypes; no correlation of the chlorophyll con-
tent with ABA signaling was found in the phenotypic analysis with a large number 
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of ABAR-RNAi transgenic lines (Shen et al. 2006). Third, the abar-2 and abar-3 
mutants defective in ABA signaling show normal chlorophyll content in compari-
son to wild-type plants (Wu et al. 2009). Fourth, the transgenic lines expressing 
different truncated ABAR proteins do not alter the chlorophyll content but show 
significant ABA hypersensitive phenotypes in all the major ABA responses (Wu 
et al. 2009). Fifth, the transgenic lines expressing the C-terminus linked to or 
free of the N-terminal chloroplast signal peptide, which leads to localization of 
the expressed C-terminus of ABAR to the chloroplast or to the cytosol only, show 
the same ABA hypersensitive phenotypes; similarly, the transgenic expression of 
the C-terminus free of the N-terminal chloroplast signal peptide in the cch mutant, 
which leads to localization of the expressed C-terminus of ABAR to the cytosol 
but not to the chloroplast, cannot rescue the slight chlorosis phenotype but show 
the same ABA hypersensitive phenotypes as the transgenic lines expressing the 
C-terminus to the chloroplast in the cch mutant that is rescued from the chlorosis 
phenotype (Wu et al. 2009). And last, among the four subunits of Mg-chelatase 
(CHLH, CHLI, CHLD, and GUN4), CHLH/ABAR and CHLI, but not CHLD and 
GUN4, are involved in ABA signaling, suggesting that CHLH interacts with CHLI 
to form a hetero-dimer, which cooperates to regulate ABA signaling, while the 
function of Mg-chelatase requires all the four components/subunits CHLH, CHLI, 
CHLD, and GUN4 to form a hetero-tetramer complex, which catalyzes magne-
sium chelating to protoporphyrin-IX to produce Mg-ProtoIX (Du et al. 2012). This 
model provides an explanation why ABAR-mediated ABA signaling is distinct 
from chlorophyll biosynthesis.

6.3.4  An ABAR–WRKY40 Coupled Signaling Pathway

How a chloroplast ABAR protein transduces ABA signal to downstream cytosolic 
or nuclear components of ABA signaling pathway had been puzzling. Shang et al. 
(2010) observed that the Arabidopsis ABAR is a chloroplast protein, which spans 
the chloroplast envelope with its N- and C-termini exposed to the cytosol, which 
provides opportunities for a chloroplast protein to interact with cytosolic proteins 
that relay ABA signal from ABAR to downstream cascade. Further, Shang et al. 
(2010) identified a group of WRKY transcription factors (WRKY40, WRKY18, 
and WRKY60) as ABAR interaction partners, which bind ABAR through the 
C-terminal half exposed to the cytosolic space. These WRKYs function down-
stream of ABAR as negative regulators of ABA signaling in seed germination 
and post-germination growth, of which WRKY40 is a central negative regulator, 
and inhibit expression of a subset of ABA-responsive genes, such as ABF4, ABI4, 
ABI5, DREB1A, DREB2A, MYB2, and RAB18 (Shang et al. 2010; Liu et al. 2012). 
Besides, WRKY40 inhibits expression of the LHCB genes encoding the light-
harvesting chlorophyll a/b-binding proteins (Liu et al. 2013) and the KAT2 gene 
encoding 3-ketoacyl-CoA thiolase-2 (an enzyme of fatty acid beta-oxidation; Jiang 
et al. 2011), both of which are positively involved in ABA signaling (Jiang et al. 
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2011; Xu et al. 2012; Liu et al. 2013). Further evidence reveals that WRKY18, 
WRKY40, and WRKY60 transcription factors function upstream of ABI4 and 
ABI5 and cooperate to repress ABI4 and ABI5 genes (Shang et al. 2010; Liu et al. 
2012). In addition, these WRKYs may downregulate expression of their own 
genes in a manner of auto- and cross-repression (Yan et al. 2013).

Recently, a chloroplast co-chaperonin 20 (CPN20) was identified as a novel 
interaction partner of ABAR in Arabidopsis, which negatively regulates ABA sign-
aling at the same node with ABAR but upstream of WRKY40 transcription repres-
sor (Zhang et al. 2013, 2014).

These studies support a model that ABAR antagonizes the WRKY transcription 
repressors to relieve ABA-responsive genes of inhibition (Shang et al. 2010; Liu 
et al. 2012; Yan et al. 2013; Zhang et al. 2013, 2014). The cytosolic C-terminus 
of ABAR interacts with a group of WRKY transcription factors, WRKY40, 
WRKY18, and WRKY60, which negatively regulate ABA signaling and inhibit 
expression of ABA-responsive genes, such as ABI4 and ABI5. High level of ABA 
promotes ABAR–WRKY40 interaction, recruits WRKY40 from the nucleus to 
the cytosol, and activates an unknown factor or signaling cascade to downregu-
late WRKY40 expression. Consistent with our observations (Shang et al. 2010), 
an independent group observed that the expression level of the WRKY40 gene is 
greatly enhanced in the cch mutant (Adhikari et al. 2011), supporting that ABAR 
is required for repression of WRKY40. Decrease of WRKY40 relieves ABI4 and 
ABI5 genes of inhibition to induce physiological responses (Shang et al. 2010; Liu 
et al. 2012; Yan et al. 2013; Fig. 6.1). This ABAR–WRKY40 coupled mechanism 
may be inhibited by CPN20, a chloroplast interaction partner of ABAR. CPN20 
interacts with ABAR tightly at low ABA level, competitively attenuating the inter-
action between ABAR and WRKY40, which is favorable to keeping a high level 
of WRKY40 to repress ABA-responsive genes. High level of ABA inhibits the 
ABAR–CPN20 interaction, which in turn promotes the ABAR–WRKY40 inter-
action to trigger the downstream signaling to repress WRKY40 expression and 
finally to relieve ABA-responsive genes of inhibition (Zhang et al. 2013, 2014; 
Fig. 6.1). These findings describe a unique ABA signaling pathway from the early 
signaling events to downstream gene expression.

6.3.5  A Pentatricopeptide Repeat Protein SOAR1:  
A Hub of ABA Signaling Downstream of ABAR

To further explore the mechanism of the ABAR-mediated ABA signaling, a sup-
pressor of the ABAR-overexpression 1D (soar1D) lines was identified from the 
population of the ABAR-overexpression transgenic lines (Mei et al. 2014). The 
SOAR1 gene encodes a pentatricopeptide repeat (PPR) protein, which local-
izes to both the cytosol and nucleus, but not to chloroplast or mitochondrion. 
Downregulation of SOAR1 strongly enhances, but upregulation of SOAR1 almost 
completely impairs, ABA responses, revealing that SOAR1 is a critical, negative, 
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regulator of ABA signaling (Mei et al. 2014). The intensity of the ABA overly 
sensitive phenotypes of the two SOAR1-knockdown mutants soar1-2 and soar1-
3 is similar to, or stronger than, that of the well-characterized abi1 abi2 dou-
ble-knockout mutant. The intensity of the ABA-insensitive phenotypes of the 
SOAR1-overexpressing lines is much stronger than that of the abi1–1 dominant 
mutant, abi4, abi5 loss-of-function mutants and a strong ABI2-overexpressing line 
(Mei et al. 2014). Surprisingly, the seeds of the SOAR1-overexpressors germinate 
and their post-germination seedlings continue to grow in the medium containing 
>200 μM (±)ABA (Mei et al. 2014). Previous studies reported that the seeds of 
the srk2dei mutant, triple-knockout mutant of three SnRK2 members SnRK2.2, 
SnRK2.3, and SnRK2.6, germinate and continue to grow in the presence of 50- or 
100-μM exogenous ABA, which is believed to completely impair ABA response 
(Fujii and Zhu 2009; Nakashima et al. 2009; Umezawa et al. 2009). In this regard, 

Fig. 6.1  Proposed model for the functional mechanisms of ABAR. a A model in which ABAR 
antagonizes WRKY40 transcription repressor to relieve ABA-responsive genes of inhibition 
[modified from Shang et al. (2010) and Zhang et al. (2014)]. WRKY40 negatively regulates ABA 
signaling and inhibits expression of ABA-responsive genes, such as ABA-responsive transcrip-
tion factors (ABFs) including ABI4 and ABI5. High level of ABA promotes ABAR–WRKY40 
interaction and activates an unknown factor or signaling cascade to downregulate WRKY40 
expression. Decrease of WRKY40 relieves ABI4 and ABI5 genes of inhibition. This ABAR–
WRKY40 coupled mechanism is inhibited by CPN20, which interacts with ABAR tightly at low 
ABA level, competitively attenuating the interaction between ABAR and WRKY40. High level 
of ABA inhibits the ABAR–CPN20 interaction, which in turn promotes the ABAR–WRKY40 
interaction to trigger the downstream signaling to repress WRKY40 expression and finally 
to induce physiological responses. b A model for the ABAR-mediated signaling network. In 
addition to the ABAR/CPN20–WRKY40-ABI5-linked signaling as mentioned in the Figure a, 
SOAR1 is involved in the ABAR-mediated signaling downstream of ABAR and upstream of 
ABI5. See detailed explanation in the text. Arrows denote positive regulation or activation and 
bars negative regulation or repression. The solid lines indicate direct effect, and dotted lines indi-
cate indirect effect or yet unknown mechanism. Question mark indicates unconfirmed link
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the intensity of ABA insensitivity of the SOAR1-overexpression lines is compara-
ble to that of the triple loss-of-function mutant of the SnRK2 members, uncover-
ing that SOAR1 is a hub of ABA signaling pathways.

Further genetic evidence reveals that SOAR1 functions downstream of ABAR 
and upstream of the ABA-responsive transcription factor ABI5 (Mei et al. 2014), 
suggesting a possible ABAR-SOAR1-ABI5 linked signaling cascades. Given 
that PPR proteins are a class of RNA-binding proteins involved in many aspects 
of RNA processing (Meierhoff et al. 2003; Williams and Barkan 2003; Lurin 
et al. 2004), the ABI5 mRNA may be a target of the SOAR1 protein (Mei et al. 
2014). The alteration in SOAR1 expression changes significantly the expres-
sion of a subset of genes, of which the encoded proteins have been identified to 
be directly involved in the PYR/PYL/RCAR-mediated ABA signaling, suggest-
ing the PYR/PYL/RCAR-mediated and ABAR-mediated signaling pathways may 
crosstalk to regulate ABA signaling through SOAR1. Together, the discovery 
of SOAR1 as a crucial ABA signaling component suggests a central role of the 
ABAR-mediated signaling pathway in the highly complicated ABA signaling net-
work, and exploration of the mechanisms of the SOAR1 protein that functions in 
the nuclear events will be of particular importance to understand the mechanisms 
of ABA signaling (Fig. 6.1).

6.4  G Protein-coupled Receptors (GPCRs): Receptors for 
ABA at the Cell Surface

As described earlier, previous experiments suggested that there are plasma mem-
brane-localized ABA receptors to perceive the extracellular ABA signal (Gilroy 
and Jones 1992; Anderson et al. 1994; Assmann 1994; Jeannette et al. 1999; 
Finkelstein et al. 2002; Verslues and Zhu 2007). G protein-coupled receptors 
(GPCRs) are a class of plasma membrane proteins, which constitute, together with 
their G protein partners, one of the most elaborate receptor–effector-linked signal-
ing cascades and play a vital role in perceiving extracellular signal in eukaryotic 
cells (Pierce et al. 2002; Offermanns 2003). The core components of the G pro-
tein signaling are comprised of Gα, Gβ, and Gγ subunits, and G protein-coupled 
receptors (GPCRs), among which the three G protein subunit form heterotrimeric 
G proteins (Pierce et al. 2002; Offermanns 2003). The catalytically active protein 
of the complex, Gα subunit, which has both GTP-binding and GTPase activity, 
acts as a bimodal molecular switch, typically with a GDP-bound off mode and a 
GTP-bound on mode. GDP-bound Gα remains associated with Gβγ (GDP-Gαβγ) 
and represents the inactive signaling status. Signal perception of GPCRs results in 
their conformation changes, which leads to exchange of GDP for GTP at the Gα 
subunit and dissociation of the heterotrimer into free GTP-Gα and Gβγ dimers, 
both of which can relay signal to trigger downstream signaling events. The G pro-
tein signaling is terminated by regeneration of the GDP-bound Gα subunit and 
re-association of the G protein heterotrimer, thus completing one signaling cycle 
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(Pierce et al. 2002; Cabrera-Vera et al. 2003; Offermanns 2003; Pandey et al. 
2009; Hackenberg et al. 2013; Urano et al. 2013).

G proteins have been shown to regulate plant growth and development and act 
as nodes for integration and amplification of a host of abiotic, biotic, and hormo-
nal signals (Assmann, 2004). The Arabidopsis genome encodes one Gα (GPA1), 
one Gβ (AGB1), two Gγ (AGG1 and AGG2) subunits and one regulator of G pro-
tein signaling (RGS) protein, which may form G protein complexes to function 
with GPCRs to link ligand perception with downstream effectors (Ma et al. 1990; 
Ma 1994; Mason and Botella 2000, 2001; Jones and Assmann 2004). Multiple 
lines of evidence have shown that the G protein complexes regulate ABA signaling 
(Wang et al. 2001; Coursol et al. 2003; Pandey and Assmann 2004; Pandey et al. 
2006), suggesting that GPCR-type plasma membrane receptors for ABA function 
at the cell surface to perceive ABA signal.

6.4.1  GCR1 and GCR2: Do They Sense ABA  
at the Cell Surface?

Pandey and Assmann (2004) identified a GPCR, named GCR1, which encodes a 
protein predicted to possess 7-transmembrane domain structure characteristic of 
GPCRs. GCR1 negatively regulates ABA signaling in seedling growth and stoma-
tal movement and interacts with GPA1, acting as a negative regulator of GPA1-
mediated ABA responses in guard cells (Pandey and Assmann 2004). However, it 
remains unknown whether GCR1 perceives extracellular ABA signal as a receptor 
for ABA. GCR2 is the second candidate GPCR reported to be involved in ABA 
signaling, which was shown to function as a plasma membrane receptor for ABA 
(Liu et al. 2007a). However, it remains controversial whether GCR2 is a mem-
ber of GPCRs and regulates ABA signaling as an ABA receptor (Johnston et al. 
2007; Liu et al. 2007b; Gao et al. 2007; Chen and Ellis 2008; Guo et al. 2008; 
Illingworth et al. 2008; Muschietti and McCormick 2010). So, more supporting 
evidence is needed to clarify whether GCR2 is a bona fide ABA receptor.

6.4.2  GTG1 and GTG2: GPCR-type G Proteins  
Acting as Cell Surface ABA Receptors

Pandey et al. (2009) identified two homologous GPCR-type G proteins, named 
GPCR-type G proteins 1 and 2 (GTG1 and GTG2), which show homology to a 
human orphan vertebrate GPCR (GPR89). GTG1 and GTG2 have classic GTP-
binding and GTPase activity of G proteins and interact with GPA1 that in turn 
affects GTPase activity of the GTG proteins. The double gtg1 gtg2 mutant exhib-
its significant ABA hypersensitive phenotypes in ABA-induced inhibition of seed 
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germination, post-germination growth arrest and promotion of stomatal closure, 
but single gtg mutant plants show substantially wild-type phenotypes. The gtg1 
gtg2 double mutant phenotype could be fully complemented with expression of 
either GTG1 or GTG2 gene, which implies that GTG1 and GTG2 function redun-
dantly in ABA signaling (Pandey et al. 2009). Further quantitative proteomics-
based analysis supports a significant role of the GTG proteins in regulation of 
ABA response in Arabidopsis roots and provides clues to their possible links with 
some of the well-established effectors of the ABA signaling pathways (Alvarez 
et al. 2013), though a report using independently generated mutant alleles of the 
GTG genes suggests a normal ABA sensitivity of the gtg1 gtg2 double mutants 
(Jaffe et al. 2012).

The ABA-binding assays with 3H-ABA and purified recombinant GTG pro-
teins shows the ABA-binding ability and specificity of the GTG1 and GTG2 
proteins, which meets essential criteria of ligand–receptor binding and sup-
ports the ABA receptor nature of GTGs (Pandey et al. 2009). The ABA-binding 
ability of the GTG proteins was confirmed by an independent study (Kharenko 
et al. 2013). Interestingly, the GTG proteins associated with GDP are more 
favorable to ABA binding than the GTGs–GTP complexes, and inhibition of 
GTPase activity of GTGs will abolish ABA binding, revealing that the GTG 
proteins bind ABA in the GTG–GDP form rather that GTG–GTP form (Pandey 
et al. 2009).

Based on the analysis, a working model was proposed to explain the GTG-
mediated ABA signaling, in which G protein (Gα subunit GPA1) regulates the G 
protein-coupled receptor: GDP-bound GTGs bind ABA, which initiates the ABA 
signaling cascade; GPA1 acts as a ‘rheostat’ on GTG, such that GTP-bound GPA1, 
inhibiting formation of the active complex GTG–GDP, downregulates ABA bind-
ing to the GTGs and represses ABA signaling (Pandey et al. 2009; Fig. 6.2). This 
model suggests an unusual type of G protein signaling, which is opposite from 
conventional model for signaling mediated by G proteins, where GDP-bound Gα 
‘turns off’ the signaling system (Pandey et al. 2009; Klingler et al. 2010). Further 
studies will be needed to identify downstream effectors to elucidate mechanisms 
of the GTG-mediated ABA signaling.

Fig. 6.2  A model for mechanism of the GTG-mediated ABA perception [modified from Pandey 
et al. (2009)]. GDP-bound GTGs (GTG–GDP) bind ABA. GTP-bound GPA1 (GPA1–GTP) 
inhibits the GTG–GDP formation, downregulating ABA binding to the GTGs and thus repress-
ing ABA signaling. See detailed explanation in the text. Arrows denote activation effects and bars 
inhibition effects. Question marks indicate aspects of the model inferred from, but not directly 
demonstrated by, experimental results to date
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6.5  PYR/PYL/RCAR Proteins: Cytosolic ABA Receptors 
Mediating a Central Signaling Pathway

6.5.1  START-Domain Proteins PYR/PYL/RCAR: Soluble 
ABA Receptors Coupled with PP2Cs

Park et al. (2009) developed a chemical genetic strategy to screen candidate recep-
tors for ABA, which may bypass redundancy by inducing phenotypes not revealed 
by conventional forward genetic approaches with single-locus mutation: A selec-
tive agonist can illuminate the function of one member of normally redundant 
regulators or receptors (Cutler and McCourt 2005). In a forward genetic screen 
for new signaling components or receptors for ABA, a synthetic ABA agonist spe-
cifically inhibiting seed germination, called pyrabactin, was used and allowed to 
successfully isolate a PYRABACTIN RESISTANCE 1 mutant allele (pyr1), which 
shows pyrabactin insensitive phenotype in seed germination. PYR1 encodes a 
member of the START-domain superfamily soluble ligand-binding proteins (Iyer 
et al. 2001), and the gene family includes thirteen homologous genes similar to 
PYR1, named PYR-LIKE 1 to PYR-LIKE 13 (PYL1 to PYL13) (Park et al. 2009). 
The pyr1 mutant responds normally to ABA, suggesting that functional redundancy 
from other family members could mask PYR1’s role in ABA signal transduction. 
Indeed, triple and quadruple mutants with genotypes pyr1 pyl1 pyl4 and pyr1 
pyl1 pyl2 pyl4, respectively, show significant ABA insensitivity in seed germina-
tion and seedling growth (Park et al. 2009). The quadruple mutant also shows ABA 
insensitivity in ABA-induced stomatal closure (Nishimura et al. 2010) and ABA-
mediated transcriptional responses (Park et al. 2009). A more recent report showed 
that a sextuple mutant impaired in six PYR/PYL receptors, namely PYR1, PYL1, 
PYL2, PYL4, PYL5, and PYL8, displays extremely strong ABA-insensitive phe-
notypes: It germinates and grows even on 100-μM ABA, and its leaves are overly 
sensitive to drought (Gonzalez-Guzman et al. 2012). Transgenic overexpression of 
either PYL1 or PYL4 restores ABA sensitivity in the triple mutant, revealing the 
functional specificity for ABA signaling (Park et al. 2009). These data illustrate the 
power of the chemical genetic approach for sidestepping genetic redundancy.

Another group (Ma et al. 2009) used reverse genetic approaches to screen new 
components of ABA signaling and identified, by a yeast two-hybrid system, an 
interaction protein of ABI2 type 2C protein phosphatase that has been well char-
acterized as a key, negative, regulator of ABA signaling (Leung et al. 1994, 1997; 
and see Chap. 8). This interaction partner of ABI2 was named regulatory compo-
nent of ABA receptor 1 (RCAR1), which is identical to PYL9. Consistent with the 
observations in the mutants of PYR/PYL genes (Park et al. 2009), downregulation 
of RCAR1/PYL9 reduces, but upregulation of RCAR1/PYL9 enhances, ABA sen-
sitivity in the three major ABA responses in seed germination, vegetative growth, 
and stomatal movement (Ma et al. 2009). Further ABA-binding assays through 
hetero-nuclear single-quantum coherence nuclear magnetic resonance and isother-
mal titration calorimetry techniques showed that PYR1 and RCAR1/PYL9 bind 
ABA (Ma et al. 2009; Park et al. 2009). PYR/PYL/RCAR proteins, upon ABA 

http://dx.doi.org/10.1007/978-94-017-9424-4_8
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binding, inhibit activities of the group-A PP2Cs, such as ABI1 and ABI2 and 
thus antagonize the PP2Cs to positively regulate ABA signaling (Ma et al. 2009; 
Park et al. 2009). The ABA receptor identity of the PYR/PYL/RCAR proteins and 
PYR/PYL/RCAR-PP2C coupled ABA signaling was further confirmed by another 
two groups who identified PYL5 by the yeast two-hybrid assay as an interaction 
partner of HAB1 (Santiago et al. 2009b), and several PYR/PYL proteins by co-
purification technique as interaction partners of ABI1 (Nishimura et al. 2010).

Structural studies provided compelling evidence to support that the 
PYR/PYL/RCAR proteins interact with ABA and function as ABA receptors 
(Melcher et al. 2009; Miyazono et al. 2009; Nishimura et al. 2009; Santiago 
et al. 2009a; Yin et al. 2009; Shibata et al. 2010; see also Chap. 7). Consistent 
with the biochemical observations that the interaction of PYL9 with ABI2 and 
PYL5 with HAB1 stimulates ABA binding to PYL9 and PYL5, respectively 
(Ma et al. 2009; Santiago et al. 2009b), the structural studies provided submo-
lecular evidence that RCAR/PYR1/PYL proteins can form tight complexes with 
PP2Cs and cooperate with PP2Cs in the ABA binding to PYR/PYL/RCAR, 
which induces the enzymatic inactivation of the PP2Cs (Melcher et al. 2009; 
Miyazono et al. 2009; Nishimura et al. 2009; Santiago et al. 2009a; Yin et al. 
2009; Shibata et al. 2010; see also Chap. 7). However, the cooperation of PP2Cs 
with RCAR/PYR1/PYL proteins in the RCAR/PYR1/PYL ABA binding led to a 
question whether the RCAR/PYR1/PYL-PP2C complex is a co-receptor for ABA. 
In regard to this question, the structural studies support a model that ABA first 
binds RCAR/PYR1/PYL proteins, which recruits PP2Cs to bind and stabilize the 
ABA-RCAR/PYR1/PYL complexes (Melcher et al. 2009; Miyazono et al. 2009; 
Nishimura et al. 2009; Santiago et al. 2009a; Yin et al. 2009; Shibata et al. 2010; 
see also Chap. 7), which is consistent with the idea that the PYR/PYL/RCAR pro-
teins, rather than the RCAR/PYR1/PYL-PP2C complexes, are ABA receptors.

6.5.2  A PYR/PYL/RCAR-PP2C–SnRK2-Linked Linear 
Signaling Pathway

Park and colleagues observed that the ABA-induced activation of SNF1-related 
protein kinases (SnRK2s) is reduced in the pyr1 pyl1 pyl2 pyl4 quadruple mutant 
(Park et al. 2009), which is confirmed in a further study showing that the pyr1 pyl1 
pyl2 pyl4 pyl5 pyl8 sextuple mutant lacks ABA-mediated activation of SnRK2s 
(Gonzalez-Guzman et al. 2012), revealing that, in addition to PP2Cs, SnRK2s 
function is dependent on, and downstream of, PYR/PYL/RCAR receptors in 
ABA signaling pathway. The SnRK2s, mainly including SnRK2.2, SnRK2.3, and 
SnRK2.6/OST1, are key players in ABA signaling (see Chap. 8) and were shown 
to be substrates of the clade A PP2Cs in many reports. Several groups found 
that SnRK2.6/OST1 interacts with ABI1, and the SnRK2 activities induced by 
ABA are impaired in abi1–1 mutants (Mustilli et al. 2002; Yoshida et al. 2006; 
Umezawa et al. 2009). Consistent with this, Umezawa et al. (2009) provided clear 
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evidence that the group-A PP2Cs directly interact with SnRK2s and inactivates 
and dephosphorylates SnRK2s. In response to ABA, SnRK2s are activated in asso-
ciation with the internal phosphorylation of multiple serine/threonine residues 
(involving Ser175) in its kinase activation loop. The same sites are dephosphoryl-
ated by PP2Cs, resulting in the inactivation of SnRK2s (Umezawa et al. 2009). In 
addition, Vlad et al. (2009, 2010), using a protein phosphatase profiling strategy 
to screen for putative substrates of HAB1 PP2C, showed that SnRK2.6/OST1 is 
one of the substrates of a HAB1 and identified Ser175 in SRK2.6/OST1 as a target 
site of the PP2C that directly binds in vivo to the regulatory C-terminal domain of 
SRK2.6/OST1. Further results revealed that ABI1, ABI2, and their mutant forms 
display very similar substrate preferences as HAB1 and its mutant form hab1G246D 
(Vlad et al. 2009, 2010). These data provide convincing evidence that SnRK2s are 
direct targets of the group-A PP2Cs and lead to a model that PYR/PYL/RCAR 
inhibits the PP2C-dependent negative regulation of SnRK2s in an ABA-modulated 
fashion (Umezawa et al. 2009). In support of this model, Umezawa et al. (2009) 
reconstituted these three components in vitro using recombinant ABI1 or abi1–1, 
PYR1, and GFP-tagged SnRK2s from the Arabidopsis cells. After incubation with 
PYR1, PP2Cs, and SnRK2s in the presence or absence of ABA, SnRK2 activ-
ity was monitored via an in-gel phosphorylation assay, which showed that PYR1 
inhibits ABI1-mediated inactivation of SnRK2 in an ABA-dependent manner; 
however, a dominant mutation form of ABI1, abi1–1, inactivates SnRK2s even in 
the presence of PYR1 and ABA, consistent with previous data that the dominant 
mutation forms of ABI1 and ABI2, namely abi1–1 and abi2–1, lack RCAR/PYR-
binding ability (Ma et al. 2009; Park et al. 2009). These results also provide a 
clear explanation for why abi1–1 and abi2–1 are dominantly insensitive to ABA 
(Umezawa et al. 2009; see also Chap. 8). This model was further supported by 
reconstituting in vitro the PYR/PYL/RCAR-PP2C-SnRK2.6-ABF2-linked signal-
ing cascades in the Arabidopsis protoplasts, in which ABA-triggered phosphoryla-
tion and activation of the transcription factor depends on the introduction of these 
four components into plant protoplasts (Fujii et al. 2009). It was testified again 
that, in the presence of ABA, the PYR/PYL/RCAR receptor proteins (with the 
exception of PYL13) can disrupt the interaction between the PP2Cs and SnRK2s, 
thus preventing the PP2C-mediated dephosphorylation of the SnRK2s and result-
ing in the activation of the SnRK2 kinases (Fujii et al. 2009).

Most recently, the Arabidopsis glycogen synthase kinase 3 (GSK3)-like kinases 
(BIN2 and BIN2-like BIL1/2) that regulate negatively brassinosteroid signaling 
(He et al. 2002; Li and Nam 2002) were shown to be positive regulators of ABA 
signaling (Cai et al. 2014). BIN2 kinase interacts with, phosphorylates and acti-
vates SnRK2.2 and SnRK2.3 kinases to function in ABA signaling downstream 
of PYR1/PYL/RCAR receptors and PP2Cs (Cai et al. 2014), suggesting a regu-
lation mechanism of SnRK2s by a reversible phosphorylation process where the 
BIN2/BIL kinase-catalyzed phosphorylation cooperates with the PP2C-mediated 
dephosphorylation of SnRK2s in regulating the SnRK activities.

The ABA-responsive bZIP transcription factors (ABFs) were shown to be 
substrates of SnRK2s, which interact with, are phosphorylate by, and function 

http://dx.doi.org/10.1007/978-94-017-9424-4_8


1056 ABA Signal Perception and ABA Receptors

downstream of SnRK2s (Furihata et al. 2006; Fujii et al. 2007, 2009; Fujii and Zhu 
2009; Fujita et al. 2009, 2013; Sirichandra et al. 2010; see also Chaps. 8 and 11). The 
SnRK2s directly activate, through phosphorylation, the transcription factors that bind 
to ABA-responsive promoter elements and regulate gene expression (see Chap. 11). 
In the guard cells, SnRK2s regulate stomatal aperture by modulating the slow anion 
channel SLAC1 and SLAH3, K+ inward channel KAT1 (Lee et al. 2009, 2013; Geiger 
et al. 2009, 2010, 2011; Brandt et al. 2012; Acharya et al. 2013; see also Chap. 8).

Together, these results establish a core signaling pathway, in which 
PYR/PYL/RCAR-PP2C-SnRK2 is the core ABA signaling module, which func-
tions to regulate downstream ABFs or ion channels of guard cells to induce a 
diversity of ABA responses (Cutler et al. 2010; Umezawa et al. 2010; Fig. 6.3).

6.5.3  Functional Diversity of the Members of 
PYR/PYL/RCAR Family

Among the fourteen members of the PYR/PYL/RCAR family, the receptor nature 
of PYL13/RCAR7 is questioned. A study showed that PYL13/RCAR7 is lack of 
the crucial lysine residue for ABA binding and has no physical interaction with 
PP2Cs (Joshi-Saha et al. 2011a), and another two studies reported that PYL13 
did not bind ABA because of changes in conserved amino acid residues involved 
in ABA binding and selectively inhibits PP2CA independent of ABA (Li et al. 
2013; Zhao et al. 2013). However, a recent report showed that PYL13/RCAR7 
inhibits the activities of a number of PP2Cs such as PP2CA and ABI2 in an 

Fig. 6.3  A PYR/PYL/RCAR-mediated linear ABA signaling pathway. Under basal ABA levels, 
clade A PP2Cs function as negative regulators to repress ABA signaling, through either dephos-
phorylation of SnRK2s or interaction with other targets. ABA binding to the PYR/PYL/RCAR 
receptors inactivates PP2Cs, leading to the activation of SnRK2s through phosphorylation by 
BIN2 kinases, which subsequently phosphorylate downstream targets, such as members of the 
ABF transcription factors or regulatory components of the stomatal aperture, such as the anion 
channels SLAC1, which finally induces a diversity of ABA responses. Arrows denote positive 
regulation or activation, and bars denote negative regulation or repression. The solid lines and 
dotted lines indicate direct effects and indirect effects, respectively. Question mark indicates 
unconfirmed link
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ABA-dependent manner, although not the structurally related HAB1, thus func-
tions as a bona fide ABA receptor (Fuchs et al. 2014). Further study will be needed 
to clarify these discrepancies.

The other 13 members of PYR/PYL/RCARs act undoubtedly as ABA recep-
tors, which function redundantly but with diverse functional specialization features 
to regulate ABA signaling. First, PYR/PYL/RCAR receptors can be character-
ized on their oligo-merization states; some members of PYR/PYL receptors are 
homo-dimeric (PYR1, PYL1, and PYL2), while others are monomeric (PYL4, 
PYL5, PYL6, PYL8, PYL9, and PYL10) (Dupeux et al. 2011; Hao et al. 2011; 
see also Chap. 7). The homo-dimer assembly is required to regulate strictly the 
ABA-dependent switching of the signal transduction by PYR/PYL/RCARs. The 
intrinsic affinities of the receptors for ABA are closely related to their monomeric/
dimeric states (Dupeux et al. 2011). The Kd of the monomeric receptors is approx-
imately 1 μM (Santiago et al. 2009a; Szostkiewicz et al. 2010; Dupeux et al. 
2011), whereas that of the dimeric receptors (Kd > 50 μM) is almost two orders 
of magnitude lower (Dupeux et al. 2011). This difference can be explained by the 
unfavorable contribution of dimer dissociation to the thermodynamics of ABA 
binding rather than by differences in the ABA-binding cavity (Dupeux et al. 2011). 
However, both monomer and dimer bind ABA with high affinity when interacting 
with PP2Cs (Kd ≈ 30–60 nM) (Ma et al. 2009; Santiago et al. 2009a, b; see also 
Chap. 7). It is noteworthy that the PYL3 receptor is a trans-dimer, which suffers a 
cis- to trans-dimer transition upon ABA binding to facilitate the subsequent disso-
ciation to monomer (Zhang et al. 2012; see also Chap. 7).

Second, the 14 homologous PYR/PYL/RCARs may selectively interact with 
six members of clade A PP2Cs that are implicated in ABA signaling (Fujii et al. 
2009; Cutler et al. 2010; Raghavendra et al. 2010; see also Chap. 8), which may 
form numerous combinations of the receptor-PP2C complexes. Importantly, some 
of the closely related receptor complexes differ in their selectivity and sensitivity 
to ABA or natural structural derivatives of ABA and are likely to target different 
downstream components (Ma et al. 2009; Park et al. 2009; Santiago et al. 2009b; 
Hao et al. 2011; Kepka et al. 2011; Szostkiewicz et al. 2010). For example, in con-
trast to PYR1 and PYLs 1 to 4, PYL9 and PYL5 show constitutive binding interac-
tions with PP2Cs (Ma et al. 2009; Park et al. 2009; Santiago et al. 2009b). PYR1, 
PYL1, PYL2, and PYL3 inhibit PP2Cs, such as ABI1, HAB1, HAB2, and PP2CA, 
in an ABA-dependent manner, while PYL5, PYL6, PYL8, PYL9, and PYL10 
inhibit PP2Cs even in the absence of ABA; PYL4 inhibits HAB2 PP2C activity 
only in the absence of ABA; ABA-independent inhibition of PP2C requires the 
PYLs to exist in a monomeric state (Hao et al. 2011). HAI1 PP2C (encoded by 
At5g59220 gene) is selectively inhibited by some PYR/PYL/RCAR receptors, and 
its close relatives, such as PP2CA/AHG3 and AHG1, show a contrasting sensitiv-
ity to PYR/PYL inhibition (Antoni et al. 2012). Different oligo-merization states of 
PYR/PYL/RCAR receptors and multiple receptor complexes could potentially fine-
tune a multitude of ABA responses in different tissues or under various conditions.

Additionally, different expression patterns of the genes encoding differ-
ent members of PYR/PYL/RCARs suggest substantial functional differences of 

http://dx.doi.org/10.1007/978-94-017-9424-4_7
http://dx.doi.org/10.1007/978-94-017-9424-4_7
http://dx.doi.org/10.1007/978-94-017-9424-4_7
http://dx.doi.org/10.1007/978-94-017-9424-4_8


1076 ABA Signal Perception and ABA Receptors

the different members (Antoni et al. 2012; Gonzalez-Guzman et al. 2012). The 
expression level of PYL3 and PYL10 to PYL13 is extremely low in the whole 
plant level, while the expression of PYR1 and the rest of PYL1 to PYL9 could 
be detected in both vegetative and reproductive tissues at different levels (Antoni 
et al. 2012; Gonzalez-Guzman et al. 2012).

This functional diversity of different members of PYR/PYL/RCAR receptors 
has been supported by several recent reports. A study revealed that PYL8 inter-
acts with at least five PP2Cs, namely HAB1, HAB2, ABI1, ABI2, and PP2CA, 
and plays a non-redundant role for the regulation of root ABA sensitivity; the 
single pyl8 mutant shows ABA insensitivity in root growth (Antoni et al. 2013). 
Further, Zhao et al. (2014) found that PYL8 promotes lateral root growth inde-
pendently of the core ABA–SnRK2 signaling pathway by enhancing the activities 
of MYB77 and its paralogs, MYB44 and MYB73, to augment auxin signaling. 
Yin et al. (2013) provided genetic evidence that four ABA receptors PYR1, PYL1, 
PYL2, and PYL4 are not sufficient for ABA-induced stomatal opening inhibi-
tion in Arabidopsis: ABA-induced stomatal closure is impaired in the pyr1 pyl1 
pyl2 pyl4 quadruple ABA receptor mutant, whereas ABA inhibition of the open-
ing of the mutant’s stomata remains intact; ABA substantially inhibits blue light-
induced phosphorylation of H+-ATPase in guard cells in both the mutant and 
the wild type (Yin et al. 2013). This suggests that stomatal opening and closure 
in response to ABA are differentially regulated, and other more members of the 
PYR/PYL/RCAR receptors, or other different classes of ABA receptors, such as 
ABAR/CHLH or GTG1/GTG2, are required for ABA-induced inhibition of stoma-
tal opening.

6.6  Summary

Recent identification of the receptors or candidate receptors for ABA, local-
ized to plasma membrane, cytosol, and chloroplast, confirms previous observa-
tions that ABA signal is perceived both inter- and intracellularly. ABAR/CHLH 
is a chloroplast-membrane protein involved in multiple functions including chlo-
rophyll biosynthesis, plastid-to-nucleus retrograde signaling and ABA signal-
ing. Multiple lines of evidence demonstrate ABA-binding ability of ABAR, 
though structural study will be needed to resolve the interaction of ABAR with 
ABA at the subcellular level. Increasing evidence well supports that ABAR is a 
crucial player in ABA signaling, which antagonizes a group of WRKY transcrip-
tion repressors (WRKY18/40/60) to relieve ABA-responsive genes of inhibition. 
The ABAR–WRKY40 coupled mechanism may be inhibited by CPN20, a chloro-
plast interaction partner of ABAR. High level of ABA inhibits the ABAR–CPN20 
interaction, which in turn promotes the ABAR–WRKY40 interaction to trigger 
the downstream signaling to repress WRKY40 expression and finally to relieve 
ABA-responsive genes of inhibition (Fig. 6.1). Recent discovery of a PPR protein 
SOAR1 that functions as a key regulator of ABA signaling downstream of ABAR 
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suggests that ABAR regulates a central ABA signaling network. It is intriguing 
to uncover the mechanism by which SOAR1 functions downstream of ABAR in 
ABA signaling.

GTG1 and GTG2 are a novel class of G proteins, namely GPCR-type G pro-
teins, which may perceive intercellular ABA signal. In the GTG-mediated ABA 
signaling, GDP-bound GTGs bind ABA, which initiates the ABA signaling cas-
cade; GTP-bound GPA1 inhibits formation of the active complex GTG–GDP, 
downregulates ABA binding to the GTGs, and represses ABA signaling (Fig. 6.2). 
This model suggests an unusual type of G protein signaling, which is opposite to 
the conventional model for signaling mediated by G proteins, where GDP-bound 
Gα turns off the signaling system. Further studies will be needed to identify down-
stream components to elucidate underlying mechanisms of the GTG-mediated 
ABA signaling.

The PYR/PYL/RCAR-mediated signaling pathway is the currently best-charac-
terized ABA signaling pathway. Under basal ABA levels, clade A PP2Cs function 
as negative regulators to repress ABA signaling, either through dephosphorylation 
of SnRK2s or interaction with other targets. ABA binding to the PYR/PYL ABA 
receptors inactivates PP2Cs, leading to the activation of SnRK2s through phospho-
rylation by BIN2/BILs kinases, which subsequently phosphorylate downstream tar-
gets, such as members of the ABF transcription factors or regulatory components 
of the stomatal aperture, such as the anion channels SLAC1 and SLAH3. Some 
PP2C members such as ABI1, working downstream of PYR/PYL/RCAR recep-
tors, also inhibit the calcium-dependent kinases CPK21 and CPK23 (see Chap. 8), 
which share the anion channels SLAC1 and SLAH3 as substrates with SnRK2s to 
control stomatal movement. This core signaling pathway connects ABA percep-
tion, inactivation of clade A PP2Cs, and activation of SnRK2 protein kinases and 
their various downstream targets to induce a diversity of ABA responses (Fig. 6.3). 
However, how to integrate known ABA signal components, especially the ABAR- 
and GTGs-mediated signaling pathways, into the PYR/PYL/RCAR-mediated sign-
aling pathway, is a challenging question in the future.
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Abstract Abscisic acid (ABA) has been found to play an important role in the 
adaptive responses to the abiotic and biotic stresses, such as drought and high 
salinity, as well as the regulation of plant development, such as seed germina-
tion. Recent studies have identified several ABA receptors, including chloro-
plast envelope-localized receptor (the H subunit of chloroplast Mg2+-chelatase), 
three plasma membrane-localized receptors (G protein-coupled receptor 2 and 
two GPCR-type G proteins), and cytosol/nucleus-localized pyrabactin resistant-
like (PYLs) (or named regulatory component of ABA receptor (RCAR)), among 
which PYLs are mostly known and confirmed by many groups. In the ABA 
signaling pathway, PYLs change their conformations upon binding to the ABA 
molecule, and then directly bind to and inhibit the downstream A-group protein 
phosphatases 2C (PP2Cs). PYLs/PP2Cs heterodimer blocks substrates binding to 
PP2Cs, and thus releases the downstream transcription factors sucrose-non-fer-
mentation kinase subfamily 2 (SnRK2s) whose kinase activity is formerly inhib-
ited by PP2Cs through physical interaction and dephosphorylation, finally allows 
the plants to adapt to the stress conditions. This chapter will focus on the struc-
tural basis of ABA perception by PYR/PYL/RCAR receptors, elucidate its molec-
ular mechanisms and provide some structural details for further design of ABA 
analogues.
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7.1  The Detection of ABA Receptors

As we all know, a receptor, which is usually a protein molecule found on the sur-
face of a cell or in the cytoplasm/nucleus, receives chemical signals from outside 
of the cell. The molecule that binds to a receptor is called a ligand, which can 
be a peptide or other small molecules like hormone. The receptors have several 
features such as: high affinity with ligand; saturable and reversible binding; high 
specificity. Abscisic acid (ABA) is a plant hormone that regulates a lot of pro-
cesses including seed germination, development, and abiotic stress tolerance, 
especially drought resistance (Kline et al. 2010). By binding to the receptors of the 
cell, ABA molecule delivers its signal to the downstream messengers, and finally 
to the responsive genes, thus regulating the expression of many genes. In the ABA 
signaling pathway, the perception by the ABA receptors is mostly important.

Usually, through traditional genetic approach, many proteins involved in hor-
mone signaling are identified through screening of Arabidopis mutants with 
reduced or enhanced sensitivity to a hormone. Many hormone receptors were 
cloned through this method (Santner and Estelle 2009). But for ABA, it did not 
work, because ABA receptors were endowed with functional redundancy or plei-
otropic effects including embryo or gamete lethality (Santiago et al. 2012). By 
using biochemical techniques, ABA-binding proteins CHLH/ABAR/GUN5 were 
first found by Zhang group (Shen et al. 2006), then G protein-coupled receptors 
GCR2 (Liu et al. 2007), GTG1/GTG2 (Pandey et al. 2009), were also found to 
bind ABA by pharmacological evidence. A chemical genetic approach using a syn-
thetic selective ABA agonist, pyrabactin (4-bromo-N-pyridin-2-yl methyl naphtha-
lene-1-sulfonamide), was pursued to identify a family of soluble ABA receptors, 
which is named PYRABACTIN RESISTANCE 1 (PYR1)-like (PYL) (Park et al. 
2009). Mutants were not strongly abscisic acid resistant until the plants lost at 
least three members of PYLs family. In an independent study, Ma et al. 2009 also 
identified the PYLs family and referred it as the regulatory component of ABA 
receptors (RCAR) by a yeast-2-hybrid screen. RCAR interacted with PP2Cs in an 
abscisic acid-dependent manner and inhibited its phosphatase activity.

PYR/PYL/RCAR receptors belong to the START/Bet v I superfamily, which 
forms a helix-grip fold structural motif containing a seven-stranded β-sheet and 
three-to-four α-helices. The helix-grip fold creates a large conserved hydropho-
bic ligand-binding pocket that can bind diverse lipids, hormones, and antibiotics 
(Klingler et al. 2010). There are 14 PYR/PYL/RCAR family members, named 
PYR1, PYL1-PYL13 in Arabidopis, showing functional redundancy.

7.2  Structural Insights into PYR/PYL/RCAR Receptors

The crystal structures of ABA receptors, PYR1, PYL1, PYL2, PYL3, PYL5, 
PYL9, PYL10, and PYL13 (Miyazono et al. 2009; Santiago et al. 2009; Yin et al. 
2009; Hao et al. 2011; Zhang et al. 2012, 2013 ; Li et al. 2013), had been reported 
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to date. These data confirmed that the PYLs family belongs to a branch of the Bet 
v I superfamily, which possesses a large and conserved hydrophobic ligand-bind-
ing pocket.

From the published apo-PYLs structures, we know that all the PYLs share a 
highly similar helix-grip structure, in which the α2 helix and the C-terminal α4 
helix enclose a seven-stranded β-sheet to create a ligand-binding pocket, which 
accommodate the solvent (Fig. 7.1). Two highly conserved loops encompass 
the ligand-binding pockets: the residues SGLPA ‘gate’ loop (also refers to CL2 
loop) between the β3 and β4 strands; the residues HRL ‘latch’ loop (also refers 
to CL3 loop) (Melcher et al. 2009; Yin et al. 2009) between the β5 and β6 strands 
(Fig. 7.1). These two loops are very important for ABA binding.

Usually, the conformation of the receptor molecule changes when binding to 
ligand. This alters the interaction of the receptor molecules with associated bio-
chemicals and, in turn, leads to a cellular response mediated by the associated 
biochemical pathway. From the ABA-bound structures of PYR1, PYL1, PYL2, 
PYL3, PYL9, PYL10 (Miyazono et al. 2009; Santiago et al. 2009; Yin et al. 2009; 
Hao et al. 2011; Zhang et al. 2012, 2013; Li et al. 2013), the ABA is encaged in 
the binding pocket by a combination of hydrophobic interactions and water-medi-
ated hydrogen bonds (see Fig. 7.2b, c). First, the acidic head group of ABA faces 
innermost, forms a conserved water-mediated hydrogen bond network with polar 
residues of PYLs, defining the location of the pentadienoic acid moiety and the 
hydroxyl group of ABA in the binding pocket, and forming charge interactions 
with a conserved lysine (such as K59 in PYR1, K86 in PYL1, K79 in PYL3) (see 
Fig. 7.3). These polar interactions help to locate the ABA molecule. However, this 
lysine residue is replaced by a glutamine in PYL13, consistent with the lack of 
evidence for binding ABA. In the recently published structure of PYL13 (Li et al. 
2013), we know that in addition to the lost lysine residue, there would be a steric 
clash between the aromatic ring of Phe71 residue in PYL13 and the hydrophobic 
moiety of ABA. An invariant residue leucine is located in the corresponding site 

Fig. 7.1  Structure 
comparison of PYR1, PYL3 
and PYL10. PYR1 (pdb 
ID: 3K90), PYL3 (pdb ID: 
3KLX) and PYL10 (pdb 
ID: 3UQH) are shown in 
green, cyan and magenta, 
respectively. Binding pocket 
is shown in yellow ellipse
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in other PYLs abrogate completely this steric clash (Li et al. 2013). Second, the 
isoprene moiety and the cyclohexene ring (see Fig. 7.2d) form a lot of hydropho-
bic interactions and water-mediated hydrogen bonds with the side chains in PYLs. 
Among these, the interactions between ABA and residues in the gate or latch loops 
are most important in stabilizing its closure conformation.

Through the superposition of apo-PYLs and (+)-ABA-bound PYLs structures, 
it reveals notable conformation changes in the gate-and-latch loops. In apo-form, 
the proline residue in the gate (such as P88 in PYR1, P115 in PYL1, P92 in PYL2, 
P112 in PYL3) is flipped out of the binding pocket. Upon binding (+)-ABA, the 
proline moves toward the ligand to cover the cavity. In addition, the imidazole ring 
of histidine on the latch (such as H115 in PYR1, H142 in PYL1, H119 in PYL2, 
H139 in PYL3) also turns into the binding pocket to form van der Waals contacts 
with the cyclohexene moiety of ABA (see Fig. 7.2a). Besides, the front part of the 

Fig. 7.2  (+)-ABA binding in the PYL3 pocket. a Superposition of apo-PYL3 (pdb ID:3KLX, 
cyan) and PYL3-(+)-ABA (pdb ID:4DSC, green). Pro112 in gate loop is flipped out of the bind-
ing pocket in the apo-form. Residues Pro112 and His139 in latch loop turn into the cavity after 
binding ABA. b ABA (cyan) buried in the PYL3 cavity, Lys79 is located at the bottom of the cav-
ity, establishes an electrostatic interaction between its amine group and the carboxylate group of 
the ABA. c 2D map of interactions between (+)-ABA and PYL3. Hemispheres represent hydro-
phobic interactions whereas polar interactions are represented by lines. Cyan spheres indicate 
water molecules. Mg2+ indicates magnesium ions. d The chemical structure of (+)-ABA
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C-terminal α-helix is also involved in the gate closing. In PYR1 and PYL10, the 
front parts of the C-terminal α-helix alter conformation after binding (+)-ABA 
(see Fig. 7.8a). These conformational alterations facilitate the latch loop lock the 
closed gate loop by hydrogen bonds and van der Waals contacts, refers to open-to-
closed gating mechanism. Altogether, the gate-and-latch loops in apo-PYLs adopt 
an open conformation that allows the entry of ABA into the binding pocket. Upon 
binding ABA, the gate-and-latch loops fold over ABA to complete ABA enclosure 
by conformation changes.

Interestingly, the published PYR1, PYL1, PYL2, and PYL3 structures were 
homodimers, whereas PYL5, PYL9, and PYL10 were monomers. From gel filtra-
tion chromatography, we know that PYR1, PYL1–3 are dimers in solution, PYL4–
10 are monomers in solution (Hao et al. 2011). The structural changes by ABA 
perception mentioned above only consider one protomer of PYLs. Thus we should 
consider the oligomeric state of PYLs. For homodimeric PYLs, the above mecha-
nisms also can be applied. For PYR1, PYL1, PYL2, except PYL3, the apo-PYLs 
and ABA-bound PYLs form cis-homodimers by the gate loop and the C-terminal 
α-helix. Upon binding ABA, the gate loop and the C-terminal α-helix change their 
conformation just like those in the monomeric PYLs, which alter the relative ori-
entation of the two promoters and weaken the dimeric assembly to form complex 
with ABA. Similar dimerization of PYL3 (cis-homodimer) has also been found in 
the apo-PYL3 structure (see Fig. 7.4a), but ABA-bound PYL3 transforms into the 
trans-homodimer by a protomer rotation of almost 135° compared with the cis-
homodimer (see Fig. 7.4b). The gate-and-latch loops in the trans-homodimer are 
more exposed into the solvent (Zhang et al. 2012) (see Fig. 7.4b). Therefore, based 
on the solved structures of PYLs-(+)-ABA, the PYLs could be divided into three 
major subclasses, cis-homodimer for PYR1, PYL1, and PYL2, trans-homodimer 
for PYL3, monomer for PYL4–PYL13 (Zhang et al. 2012).

The above-mentioned ABA is a naturally S-(+)-ABA form (also referred to 
as (+)-ABA), with one asymmetric carbon atom at C-1’ position. However, the 
synthetic enantiomer (-)-ABA (also referred to as R-(-)-ABA) has been exten-
sively investigated since the discovery of ABA (Cutler et al. 2010) (see Fig. 7.5a). 
Previous studies showed that in some assays, the (-)-ABA has same or ever higher 
activity compared with (+)-ABA (Milborrow 1974). Two hypothesized mecha-
nisms were mentioned for explaining the bioactivity of (-)-ABA; one is the same 
occupied site between these two ABA molecules by flipping the cyclohexene plane 
(Milborrow 1974), the other is the dual selectivity of ABA receptors (Nambara 
et al. 2002). From the reported assay (Zhang et al. 2013), all PYLs inhibited the 
phosphatase activity of PP2Cs in the presence of (+)-ABA except PYL7, PYL11, 
and PYL12 that denied soluble expression in Escherichia coli. However, the situ-
ation for (-)-ABA in all PYLs was different. The inhibition of HAB1 by mono-
meric PYLs was stronger than that by cis-dimeric PYLs, except monomeric 
PYL10. Interestingly, trans-dimeric PYL3 showed a powerful inhibition of PP2Cs 
like monomeric PYLs. PYL5 bound (-)-ABA very strong, while PYL9 did not 
inhibit PP2Cs activity in the presence of (-)-ABA. Due to the highly sequence 
conservation, further structural investigations of apo-PYL5, PYL3-(-)-ABA and 
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Fig. 7.3  Secondary structure alignment of PYL10 with other PYL/RCAR family members. 
The secondary structures of PYL10 are shown above the sequence. The structure composed of 
four helices and seven β strands. The PYLs sequence number is shown in the right. This figure 
was made by the program ALSCRIPT (Barton 1993). The nomenclature of gate (L4 loop) and 
latch (L5 loop) according to the publication is colored purple (Melcher et al. 2009). The gate-
and-latch loops residues are colored in yellow, the critical residues involved in ABA binding and 
ABI1 interactions are colored red and purple. The residues in PYLs affect constitutive binding 
and inhibition of PP2Cs is colored in blue
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PYL9-(+)-ABA were determined to uncover the reason (Zhang et al. 2013). By 
superimposing these three structures, we found that the binding orientation and 
pocket of (-)-ABA in PYLs are obviously different from those of (+)-ABA (see 
Fig. 7.5b), which might deny the “flip” hypothesis. Structural and biochemical 
investigations showed the major variable residues surrounding the mono-methyl 
and di-methyl groups of ABA cyclohexene ring might underlay the preference of 

Fig. 7.4  Formation of the PYL3 trans-homodimer with ligands. a Apo-PYL3 is a cis-homodi-
mer, two protomers are related by a twofold rotation axis, parallel to the plane of the page. b 
The PYL3-(+)-ABA complex structure is a trans-homodimer. The (+)-ABA (color blue) bind-
ing pocket in ligand-bound PYL3 is exposed to the solvent and cycled (purple). Two protomers 
are related by a twofold rotation axis, perpendicular to the plane of the page (Zhang et al. 2012)

Fig. 7.5  Structure alignment of (-)-ABA with (+)-ABA. a Chemical structure of (+)-ABA and 
(-)-ABA. b Superposition of (+)-ABA and (-)-ABA from their complex structures in PYL3. 
There were partially rotation and shift between the rings in both ABA. c Superposition of apo-
PYL5, PYL3-(-)-ABA and PYL9-(+)-ABA indicated that the major variant residues underlain 
the favor of PYL binding with (-)-ABA. Two bulk side chains of I112 and L165 in PYL9 seri-
ously collided to 7′ and 8′ methyl groups of (-)-ABA, respectively. The stereo constraints were 
vanished in PYL5 because of two corresponding small side chains. On the other hand, V66I in 
PYL9 would give a strong coordination with 8′ and 9′ methyl groups in (-)-ABA through a strong 
hydrophobic network (Zhang et al. 2013)
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PYL binding to ABA enantiomers, such as steric hindrance by the two bulk side 
chains of I112 and L165 in PYL9 (see Fig. 7.5c). Moreover, hydrophobic interac-
tion through indirect interaction with 8′, 9′ methyl groups of (-)-ABA also con-
tributes the stereospecificity of PYLs to ABA enantiomers, because V66I mutation 
increases PYL9’s inhibitory ability on PP2Cs (see Fig. 7.5c). This study on PYLs 
preference to (-)-ABA might provide novel insights into the design of selective 
ABA agonists.

7.3  The Architecture of Ternary Complexes  
PYLs–ABA–PP2Cs

As we all know, the important role of PYLs in ABA signaling pathway is to 
inhibit the phosphatase activity of PP2Cs in an ABA-dependent manner. The crys-
tal structures of four ternary complexes have been reported, PYL1–ABA–ABI1, 
PYL2–ABA–HAB1, PYR1–ABA–HAB1, and PYL3–ABA–HAB1 (Melcher et al. 
2009; Yin et al. 2009; Dupeux et al. 2011; Zhang et al. 2012). Moreover, the struc-
tures of PYL10–HAB1 and PYL13–PP2CA in the absence of ABA have also been 
solved recently (Hao et al. 2011; Li et al. 2013).

In these structures, the PP2Cs catalytic cores (residues: ABI1 125-429, HAB1 
172-511) adopt a folding with two central five-stranded β-sheets sandwiched by 
two pairs of α-helices, and the catalytic site located at the edge of the two central 
β-sheets (see Fig. 7.6a). The antiparallel β-sheets of PP2Cs provide the binding 
interface with PYLs, so the activity of PP2Cs is blocked by the closed gate loop of 
PYLs when binding to each other. Other than the blocked active sites, the PP2Cs 
contact with the PYLs through a small protruding region containing an important 
Trp residue (Trp300 in ABI1, Trp385 in HAB1). This Trp residue points into the 
ABA-binding pocket through the gate-and-latch loops covering ABA molecule, 
and forms a water-mediated hydrogen bond to the ketone group of ABA. Upon 
the insertion of the Trp in PP2Cs into the ABA-binding pocket, the gate loop and 
latch loop undergo conformational changes to close the pocket, generate additional 
contacts between PYLs and ABA molecule. Thus, the Trp residue acts as a lock to 
keep the gate-and-latch loops in a more closed conformation, which is referred to 
gate–latch–lock mechanism. Apart from these interactions, a conserved arginine 
residue of PP2Cs stacks its guanidinium group with a conserved proline residue 
on the gate loop (Arg389 in HAB1, Pro112 in PYL3). Moreover, the gate loop of 
PYLs directly packs against the PP2Cs active site with a conserved serine residue, 
which exposed upon ABA binding and formed two hydrogen bonds with the con-
served residues of PP2Cs (metal-stabilizing residue Glu203 in HAB1), and with 
the conserved glycine residue on the active site loop of PP2Cs (Gly180 in ABI1, 
Gly246 in HAB1) (see Fig. 7.6b). Thus, the phosphatase active center of PP2Cs 
is competitively blocked by PYLs bound. Overall, PP2Cs use their active sites to 
interact with the gate-and-latch loops of PYLs and induce some conformational 
changes; these PP2Cs-induced conformational changes make a higher binding 
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affinity between PYLs and ABA. And finally, the activity of PP2Cs is inhibited by 
binding to PYLs.

As mentioned above, PYR1, PYL1, PYL2, and PYL3 are homodimers in their 
apo states, but the binding ratio between PYLs and PP2Cs is 1:1 in the PYLs–
PP2Cs complex structure. Even interestingly, the homodimer interface encom-
passes the region that plays an important role in interacting with PP2Cs. So, how 
can the dimeric PYLs bind to the PP2Cs? From the analysis of the structures of 
dimeric PYR1, PYL1, PYL2, PYL3, the dimeric interfaces mainly appeared on 
the gate loop and the C-terminal α-helix (see Fig. 7.7a, b), showing that fixation 
of the gate loop in the dimeric interface prevents the binding of PP2Cs to the gate 
loop. Therefore, before the receptor binds to the downstream proteins (PP2Cs), 
the dimeric PYLs need to be dissociated. Receptor dimerization may therefore be 
a mechanism to reduce basal receptors–downstream proteins interaction (PYLs–
PP2Cs), by blocking downstream activity. Significantly, the binding of ABA 
to dimeric PYLs does not disrupt the dimerization. Once ABA binds to dimeric 
PYLs, the gate loop of PYLs changes its conformation to close the gate, and the 
relative distance between these two PYLs protomers becomes larger. These two 
changes rearrange the interface residues, bring about the decrease of van der 
Waals contact and hydrogen bonds at the dimeric interface (see Figs. 7.3b and 
7.7b). Hence, the binding of ABA induces the closure of the gate loop, generates 
a platform to interact with PP2Cs, further weakens the dimerization interaction, 
and finally facilitates the dissociation of dimeric PYLs to form a 1:1 PYLs–PP2Cs 
complex.

In the above-mentioned ABA signaling pathway, ABA first binds to PYLs, and 
then the PYLs–ABA complex binds to the downstream PP2Cs; this process is 
called the induced pathway. However, some PYLs do not need ABA to inhibit the 
phosphatase activity of PP2Cs; this process is called the constitutive pathway.

Fig. 7.6  PYL3–ABA–HAB1 complex structure. a Overall structure of PYL3–ABA–HAB1 
complex (pdb ID: 4DSC). Active center of PP2Cs is shown in pale yellow. b The interface 
between PYL3 and HAB1 in the PYL3–ABA–HAB1 complex. S108 of PYL3 contacts with 
G246 and E203 of HAB1. P112 of PYL3 stacks with R389 of HAB1. W385 of HAB1 inserts the 
binding pocket. ABA, green; PYL3, cyan; HAB1, magenta
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The recent research had examined the effect of all PYLs (except for PYL7, 
11, 12, 13) on inhibiting the phosphatase activity of four PP2Cs, including 
ABI1, HAB1, HAB2, and PP2CA, in the presence or absence of ABA (Hao et al. 
2011). They found that a subclass of PYLs proteins, such as PYL10, exhibited 
constitutive binding and inhibition of PP2Cs even in the absence of any ligands. 
While other PYLs relied on ABA to inhibit PP2Cs. By comparing the structures 
between apo-PYL10 and apo-PYL3, we know that the gate loop of the apo-
PYL10 is partially in the closed conformation (see Fig. 7.8a). Thus, ligand-free 
PYL10 is able to adopt a compatible conformation for PP2Cs recognition. By 
comparing the structure of apo-PYL10 with other dimeric PYLs (see Fig. 7.8b), 

Fig. 7.7  Interaction of two PYLs molecules in PYLs-(+)-ABA structure (cyan and green). a 
PYL1-(+)-ABA (pdb ID: 3JRS) and b PYL3-(+)-ABA (pdb ID: 4DSC). ABA, α4 and gate are 
shown. Nitrogen: blue, oxygen: red

Fig. 7.8  a Structural superimposition of the apo-PYL10 with PYL10-(+)-ABA and apo- PYL3 
reveals a partially close conformation of the gate loop in the ligand-free PYL10. Apo-PYL10 
(PDB: 3RT2) is in violet, apo-PYL3 (PDB: 3KLX) in yellow, PYL10-(+)-ABA (PDB: 3R6P) 
and ABA in cyan. b Structural comparison of ABA-bound PYL10 (cyan) and PYL3-(+)-ABA 
(PDB: 4DSB, gray). The ABA molecule in PYL10 is shown as green sticks. Leu79 and Lys80 are 
at the entrance of the ligand-binding pocket, affecting the ABA-independent inhibition of PP2Cs. 
Both the corresponding residues in PYL3 are valine
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we found that the bulkier hydrophobic residue (Leu79) at the entrance of the 
ligand-binding pocket in PYL10 provided a platform to dock the pocket-fac-
ing, hydrophobic Leu83 of gate loop, thus facilitating a closed conformation of 
the gate loop. On the contrary, the corresponding residue in other PYLs except 
PYL13 is valine (see Fig. 7.3), which is smaller than leucine. Moreover, a lysine 
in PYL10 (Lys80), which prevents PYL10 dimerization in solution (the charged 
residue is unfavorable in the hydrophobic interface), is replaced by isoleucine or 
valine residues of dimeric PYLs (see Fig. 7.8b). Therefore, PYL10 exists as a 
monomer.

Taken together, in order to achieve ABA-independent inhibition of PP2Cs, PYLs 
should be a monomer first. Then, the residues guarding the ligand-binding pocket 
of PYLs must be bulky and hydrophobic so that they can make sufficient hydropho-
bic contacts to stabilize a closed gate loop in the absence of ABA. If the biochemi-
cal features of PYLs pockets cannot match these requirements, an amphipathic 
ligand, such as ABA or pyrabactin, is required to close the gate loop to the binding 
pocket. Recent studies found that PYL13 selectively inhibited PP2CA independ-
ent of ABA, and PYL13 antagonized PYL10 in the ABA-independent inhibition of 
PP2Cs because PYL13 and PYL10 were the only two PYLs containing a Leu resi-
due instead of Val residue to facilitate the closure of the gate loop (Li et al. 2013).

Although some monomeric PYLs can bind to PP2Cs in the absence of ABA, 
their inhibitory is greatly reduced compared with the inhibitory in the presence of 
ABA. This can be structurally explained by the fact that ABA enhances the inter-
action between PYLs and PP2Cs by a lot of hydrophobic interactions and water-
mediated hydrogen bonds.

The structural research have revealed how the binding of ABA to PYLs leads 
to the inhibition of PP2Cs, but how does this event then convey to other outputs? 
An important clue came from the finding of Snf1 (Sucrose-non-fermentation 
1)-related kinases subfamily 2 (SnRK2s) as a positive regulator of ABA signaling 
(Park et al. 2009). The SnRK2s subfamily contains 10 members in Arabidopsis. 
In normal growth conditions where cellular ABA levels are low, PP2Cs bind and 
dephosphorylate SnRK2s to keep them in inactive state. When stresses come, ele-
vated cellular ABA binds to PYLs, which in turn bind and deactivate the phos-
phatase activity of PP2Cs, and then release the SnRK2s (Boudsocq 2004; Belin 
et al. 2006; Vlad et al. 2009). The activated SnRK2s could be self-activated via 
auto-phosphorylation, then phosphorylate different downstream targets, such as 
the b-ZIP transcription factors and ion channels SLAC1 (slow anion channel 1), 
KAT (inward rectifying K+ channel) (Geiger et al. 2009; Lee et al. 2009; Sato 
et al. 2009), and so on.

SnRK2s contain a Snf1-related kinase domain and a highly acidic C-terminal 
segment termed ABA box, which is important for their interactions with PP2Cs 
(Boudsocq et al. 2006). The solved SnRK2s–PP2Cs complex structure reveals 
marked similarity in PP2Cs recognition by SnRK2s and ABA receptors (Soon 
et al. 2012). In addition to the highly acidic C-terminal region, SnRK2.6 contrib-
utes three separate regions within the kinase domain for binding to HAB1: first, 
the activation loop inserts deeply into the catalytic cleft of HAB1 and mimics the 
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gate loop of PYLs; second, the region near residues Arg139, Ile183, and Glu144 
of SnRK2.6 mimics the cleft formed by the gate-and-latch loops of PYLs and 
the conserved tryptophan (such as Trp385 in HAB1) from PP2Cs inserts into this 
region; third, the SnRK2.6 αG helix binds to the region near the PYLs interac-
tion site in HAB1 (see Fig. 7.9a). The SnRK2s–PP2Cs interface largely overlaps 
with the PYLs–PP2Cs binding interface; the HAB1 structure in the SnRK2.6–
HAB1 complex is nearly identical to that in the PYLs–HAB1 complex. Thus, both 
SnRK2.6 and PYLs use a similar gate-and-lock mechanism to recognize PP2Cs 
(see Fig. 7.9b) (Soon et al. 2012).

In Arabidopsis, there are 14 members of PYLs, nine members of PP2Cs, and 10 
members of SnRK2s, differential binding between PP2Cs and PYLs, PP2Cs and 
SnRK2s is important for regulating the physiological responses of Arabidopsis to 
the stress conditions. And the common recognition mechanism of gate–latch–lock 
likely ensures the signaling pathway by preventing the inappropriately regulation.

7.4  Chemical Regulation of PYLs

ABA agonists may be able to improve the yield of crop plants under different 
stresses as well as to manipulate ABA response in different tissues or in develop-
mental stages. Pyrabactin was first identified as a synthetic and receptor-selective 
ABA agonist, which led to the identification of PYR1 (Park et al. 2009). Through 
years’ research, the complex structures of PYL1, PYL2, PYL3, and PYR1 with 
pyrabactin were reported (Hao et al. 2010; Melcher et al. 2010; Yuan et al. 2010; 

Fig. 7.9  Structures of the SnRK2.6-HAB1 complex (pdb ID: 3UIG). a A structure overview. 
SnRK2.6 is shown in red, HAB1 is colored green. The three separate regions within the kinase 
domain of SnRK2.6 for binding to HAB1 are shown, the activation loop is colored magenta and 
the αG helix is colored cyan. Besides, residues Arg139, Ile183, and Glu144 (yellow) of SnRK2.6 
make an interaction with the conserved ABA-sensing tryptophan (Trp385 in HAB1, blue). b 
Overlay of the interaction surfaces in the SnRK2.6-HAB1 and PYL2-ABA-HAB1 complexes
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Zhang et al. 2012). Pyrabactin binds to PYL1 and PYR1 in productive mode as 
an agonist, whereas to PYL2 or PYL3 in non-productive mode as an antagonist, 
revealing that pyrabactin can adopt different conformations within the highly con-
served ligand-binding pocket of PYLs (Zhang et al. 2012).

Structural analyses have revealed that pyrabactin occupies the similar bind-
ing pocket to ABA, although their chemical structures are different. From the 
superimposition of the structures of PYLs–ABA and PYLs–pyrabactin, several 
key interactions are conserved between them. The pyridyl nitrogen or the sulfon-
amide functional group of pyrabactin occupies the position of carboxylate oxy-
gen of ABA, forming hydrogen bonds with Lys86 and Glu121 in PYL1 (Lys64 
and Glu98 in PYL2). The amine group of the sulfonamide moiety of pyrabactin 
occupies the position of the hydroxyl group of ABA, forming a hydrogen bond 
with Asn197 in PYL1 (Asn173 in PYL2). The naphthalene ring of pyrabactin 
mimics the 2,6,6-trimethyl-cyclohexene ring of ABA, forming hydrophobic 
interactions with the gate loop of PYLs and promoting the closure of gate (see 
Fig. 7.10a).

Moreover, there are also some obvious differences between the solved four 
PYLs–pyrabactin complexes. Pyrabactin can induce the closure of the gate in 
PYR1 and PYL1, PYL3 as an agonist or antagonist, but not in PYL2, although 
it is bound in the same binding pocket. Compared with those in PYL1 or PYR1, 
the naphthalene and pyridine rings of pyrabactin bound in PYL2 rotate almost 

Fig. 7.10  Structural basis for pyrabactin selectivity. a Structure superimposition of structures 
PYL1-pyrabactin (3NEF, green), PYR1-pyrabactin (3NJO, yellow), PYL2-pyrabactin (3NR4, 
cyan) and PYL3-pyrabactin (3OJI, magenta). The lower panel shows the chemical structures of 
ABA and pyrabactin. b The molecular determinant affects the agonism and antagonism of pyra-
bactin toward PYR1, PYL1 and PYL2. c Structure superimposition of PYL2-pyrabactin and 
PYL3-pyrabactin. The residues affect the gate loop closure are shown in sticks
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90º, made that the napthalene ring be located too far from the gate loop of PYL2 
to close it. Two hydrophobic residues Val114 and Val67 in the binding pocket of 
PYL2 (corresponding to Ile110 and Ile62 in PYR1, Ile137 and Ile89 in PYL1) that 
arrange the orientation of the pyrabactin are smaller than those in PYL1 or PYR1. 
And the position of larger residue Ile137 in PYL1 would collide with the naph-
thalene ring of pyrabactin in the PYL2 conformation. So, these two smaller valine 
residues make the naphthalene ring locate deeply in the binding pocket and far 
from the gate loop. And thus the gate is unable to be closed due to the loss of its 
interaction with pyrabactin (see Fig. 7.10b).

However, the situation in PYL3 is totally different, the orientations of the naph-
thalene and pyridine ring of pyrabactin are rotated by 80° compared with those 
in PYL1–pyrabactin complex. Moreover, the sulfonamide group moves to Phe81 
and does not form a hydrogen bond with Lys79, while the conserved Lys residue 
in other PYLs forms a hydrogen bond with the pyridyl nitrogen to locate pyra-
bactin inside to the binding pocket. Pyrabactin can induce the closure of the gate 
in PYL3, but the gate loop moves further toward the binding pocket and tightly 
closes the latch. On the other hand, Leu111 in PYL3 binds to pyrabactin tighter, 
which also gives rise to the approach between the gate loop and the binding 
pocket compared with that in PYL1, PYL2, or PYR1. So, there is no enough space 
between the gate loop and the latch loop for the insertion of conserved Trp resi-
due from PP2Cs. Taken together, pyrabactin works as an antagonist for PYL3 (see 
Fig. 7.10c) (Zhang et al. 2012).

From the above analysis, pyrabactin is a receptor-selective ABA agonist and 
antagonist. By solving the structure of the PYL1–pyrabactin–ABI1 complex, we 
know that this complex resembles the structure of the PYL1–ABA–ABI1 com-
plex, in which the closure of the gate is further stabilized by the insertion of the 
locking residue Trp300 of ABI1. In the ternary complex, the gate–latch interface is 
tightly packed against the active site of ABI1, therefore providing a mechanism of 
phosphatase inhibition (Melcher et al. 2010).

These different pyrabactin binding orientations in PYLs either provide or lack 
Van der Waals interactions required to induce the gate closure, and these struc-
tural information shed lights on the concept of ABA receptor agonism and antago-
nism, lead to the design of pyrabactin derivatives with higher affinity and agonistic 
activity.

7.5  The Outlook of Synthetic ABA Analog

By comparing pyrabactin and (+)-ABA in their structures complexed with PYLs, 
we know that these two ligands overlap with each other despite the distinct chemi-
cal structures. First, both of pyrabactin and ABA ligands are amphipathic, each 
consisting of polar groups buried deep inside the pocket and hydrophobic groups 
adjacent to the gate-and-latch loops. Second, the pyridyl nitrogen and the sulfona-
mide group of pyrabactin mimic the carboxylate and the hydroxyl groups of ABA, 
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respectively, facilitating the ligand locate inside to the binding pocket through 
water-mediated hydrogen bonds. Third, the bromo-naphthalene ring resembles 
the 2,6,6-trimethyl-cyclohexene ring of ABA, which makes hydrophobic interac-
tion with the hydrophobic residues of the gate loop to induce a closed conforma-
tion (Hao et al. 2010) (see Fig. 7.10a). Therefore, changing the pyridyl ring or 
the bromo-naphthalene ring is the general principle in designing function ABA 
analog.

As we all know, the salt bridge between the carboxylate of ABA and the 
amine group of the conserved Lys in PYLs (except for PYL13) is essential for 
ABA binding. Due to the lack of this salt bridge, lower efficacy of the PYL1–
pyrabactin-mediated PP2Cs inhibition compared with that of ABA was found. 
Thus, modification of some function groups on pyrabactin may affect the binding 
efficacies of the ligands (Hao et al. 2010). First, by altering the nitrogen position 
on the pyridyl ring or adding some groups to the pyridyl ring, it would not form 
hydrogen bonds with the polar residues or other residues in PYLs, so the syn-
thetic ABA analog could not locate into the binding pocket, thus altering the bind-
ing between PYLs and PP2Cs. Second, modifying some chemical groups in the 
bromo-naphthalene ring, it would affect the binding of the gate loop to the ligand; 
thus, the gate closes properly or not, so further influencing the binding with down-
stream PP2Cs.

All these mentioned above are established on the structural analysis. In order 
to build up the mechanism of synthetic ABA analog, we need more knowledge of 
synthetic chemistry to guide.

7.6  Other Receptors, Other Hormones

Previous reports have shown that ABA perception happens at different sites 
in cells, such as plasma membrane and cytoplasm; thus, ABA receptors need to 
locate in different sites (Hamilton et al. 2000; Levchenko et al. 2005). So, there 
may exist other ABA receptors except for PYLs.

A report identified a G protein-coupled receptor (GPCR) homologue, GCR2, 
with a Kd (dissociation constant) value of 2.1 nM to bind ABA. Binding of ABA 
to GCR2 results in release of the G protein and dissociation of the Gαβγ hetero-
trimeric complex to activate downstream ABA effectors and to trigger the ABA 
responses (Liu et al. 2007). However, GCR2 has been controversial with respect 
to the reproducibility of ABA-related phenotypes (Gao et al. 2007). No published 
reports from other groups to date have independently reproduced the experimental 
results. On the other hand, GCR2 lacks the typical seven transmembrane domain 
of GPCRs by bioinformatics analysis.

Second, GPCR-type G proteins GTG1 and GTG2 have nine predicted trans-
membrane domains, are localized at the plasma membrane. GTG1 and GTG2 both 
have specific GTP-binding ability and GTPase activities. They can both bind spe-
cifically to the natural S-ABA stereoisomer in a saturable manner with Kd values 
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of approximately 40 nM, similar to the value reported for GCR2 (Pandey et al. 
2009). However, they showed an unusual type of G protein signaling, in which 
the GTP-bound Gα protein ‘turns off’ signaling while the GDP-bound form allows 
ABA binding to the GTG receptor and the initiation of a signaling cascade, differ-
ent from the conventional model for signaling by G proteins. However, the above 
experiments were unable to show evidence for at least one binding site per GTG 
protein molecule (Klingler et al. 2010).

Another possible ABA receptor protein in Arabidopsis is CHLH (Mg-chelatase 
H subunit), a chloroplast protein involved in chlorophyll biosynthesis. With the Kd 
value of 30–40 nM, a lot of overexpression, RNAi, insertion, and point mutations 
experiments have shown the affinity between CHLH and ABA (Shen et al. 2006).

Compared with those above ABA receptors, PYLs are widely studied with crys-
tallographic studies, site-specific mutations, and so on. Also, ABA-PYLs signal-
ing pathway are investigated in detail. Studies of PYLs give more information 
for understanding of ABA signaling and give more means to identify other ABA 
receptors.

Structural studies of other phytohormone receptors have been identified in 
recent years. Auxin binds to TIR1 and mediates contacts between TIR1 and the 
transcriptional repressor Aux/IAA, but auxin binding does not induce significant 
conformational changes in the receptor, so auxin is called a molecule glue (Tan 
et al. 2007). However, gibberellin induces conformational changes in GID1, pro-
viding the binding interface for the transcriptional repressor DELLA, functioned 
as allosteric effector (Murase et al. 2008; Shimada et al. 2008). Similar to gib-
berellin, ABA induces conformational changes in PYLs by binding to the pocket, 
creating a binding interface for PP2Cs. So, ABA regulates PYLs as an allosteric 
effector. Although the common action of phytohormone toward receptors is to 
introduce interaction to the downstream proteins, the mechanisms of the action are 
quite different for each receptors (Umezawa et al. 2010).

These structural investigations have led to major progress in understanding hor-
mone signaling; the mechanistic basis of them provides a rational framework for 
future design of alternative ligands.

This chapter gives a detailed structural analysis of ABA perception by 
PYR/PYL/RCAR receptors and the PYLs–ABA–PP2Cs ternary complex struc-
tures, explains the gate–latch–lock mode, and elucidates its molecular mecha-
nisms. However, many questions are still unknown, why the ABA signaling 
pathway in Arabidopsis involves so many different PYLs receptors. The structural 
mechanism of the individual receptors differs in their sensitivity and selectivity in 
response to ABA, how can we develop new selective ABA agonists and antago-
nists to use in agriculture? Finally, this is just a beginning to understand the ABA 
signaling pathway. Much work needs to be done to gain a global mechanistic syn-
thesis of the complete signaling network.
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Abstract Reversible protein phosphorylation, catalyzed by protein kinases and 
phosphatases, is involved in almost all key events of cell metabolism and sign-
aling in eukaryotes. A wide array of protein kinases and phosphatases have been 
identified as crucial players in ABA signaling, among which Ca2+-dependent pro-
tein kinases (CDPKs), sucrose non-fermenting-1 (SNF1)-related protein kinases 
(SnRKs), mitogen-activated protein kinases (MAPKs), receptor-like kinases 
(RLKs), and type 2C and type 2A protein phosphatases (PP2Cs and PP2As) are 
relatively best characterized and their functional mechanisms in ABA signaling 
begin to be understood. In this chapter, we examine these advances in the plant 
protein kinases and phosphatases as well as the insights of these discoveries into 
the mechanisms of ABA-signaling network.

Keywords ABA signal transduction · Phosphorylation · Dephosphorylation ·  
Protein kinase · Protein phosphatase

8.1  Introduction

Reversible protein phosphorylation (i.e., protein phosphorylation and de-phospho-
rylation), catalyzed by protein kinases and phosphatases, represents a major form 
of reversible posttranslational modification. Molecular genetic and biochemical 
studies have greatly advanced our knowledge of protein kinases and phosphatases 
and provide compelling evidence that the reversible protein phosphorylation is 
involved in almost all key events of cell metabolism and signaling in eukaryotes, 
serving as an important “on-and-off” switch in the regulation of the cell activities 
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by modulating the conformation, activity, localization, and stability of substrate 
proteins (Hunter 1995; Cohen 1997; Smith and Walker 1996; Ichimura et al. 
2002; Luan et al. 2002; Hrabak et al. 2003; Luan 2003; Schweighofer et al. 2004; 
McCormack et al. 2005; Morillo and Tax 2006; Farkas et al. 2007; Colcombet 
and Hirt 2008; De Smet et al. 2009; Halford and Hey 2009; Luan 2009; Weinl 
and Kudla 2009; Gish and Clark 2011; Perochon et al. 2011; Boudsocq and 
Sheen 2013; Schulz et al. 2013; Hamel et al. 2014). Both protein kinases and 
phosphatases were originally discovered in animal systems in which reversible 
protein phosphorylation plays important roles in diverse cellular processes such 
as signal transduction, glycogen metabolism, cell cycle progression, ion trans-
port, and developmental regulation (Hunter 1995). In plants, as in animals, it has 
been recognized that nearly all aspects of cell function involve reversible phos-
phorylation, and significant progress has been made in the identification of plant 
protein kinases and phosphatases and elucidation of their functional mechanisms 
by which plants respond to developmental and environmental cues (Smith and 
Walker 1996; Ichimura et al. 2002; Luan et al. 2002; Hrabak et al. 2003; Luan 
2003; Schweighofer et al. 2004; McCormack et al. 2005; Morillo and Tax 2006; 
Farkas et al. 2007; Colcombet and Hirt 2008; De Smet et al. 2009; Halford and 
Hey 2009; Luan 2009; Weinl and Kudla 2009; Gish and Clark 2011; Perochon 
et al. 2011; Boudsocq and Sheen 2013; Schulz et al. 2013; Hamel et al. 2014). In 
the field of ABA signal transduction, the researches of the identification of protein 
kinases and phosphatases involved in ABA signaling have attracted much attention 
in the last decades, and an increasing number of protein kinases and phosphatases 
have been reported to be important components of ABA signaling, covering a 
wide range of protein kinase and phosphatases, such as Ca2+-dependent protein 
kinases (CDPK), SNF1-related protein kinases (SnRKs), mitogen-activated pro-
tein kinases (MAPKs), receptor-like kinases (RLKs), clade-A protein phosphatase 
2C (PP2C), and protein phosphatase 2A (PP2A). Some of these protein kinases 
and phosphatases play pivotal roles in ABA signaling, forming a reversible protein 
phosphorylation cascade, which deepens our understanding of highly complicated 
ABA-signaling pathway. In this chapter, we examine these advances in the plant 
protein kinases and phosphatases as well as the insights of these discoveries into 
the mechanisms of ABA-signaling network.

8.2  Ca2+-Dependent Protein Kinases (CDPK) Involved in 
ABA Signaling

8.2.1  CDPKs: Key Ca2+ Sensors in Plant Cells

Ca2+ has long been recognized as a major, conserved second messenger in eukary-
otic cells in responses to developmental and environmental stimuli. Ca2+ signaling 
is believed to be modulated by specific Ca2+ signatures, i.e., the specific patterns 
of variations in the amplitude, duration, location, and frequency of cytosolic free 
Ca2+-spikes in response to different stimuli. It has been accepted that the specific 
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Ca2+ signatures are recognized by different Ca2+ sensors to transduce specific 
Ca2+-mediating signals into downstream events (Sanders et al. 1999; Harmon 
et al. 2000; Rudd and Franklin-Tong 2001), though the molecular, cellular, and 
genetic links between Ca2+ signatures and the multiple downstream signaling 
events are largely obscure. Plants have several classes of Ca2+ sensor proteins, 
including calmodulin (CaM) and CaM-related proteins (CMLs) (Zielinski 1998; 
Snedden and Fromm 2001; Luan et al. 2002; McCormack et al. 2005; Perochon 
et al. 2011), calcineurin B-like (CBL) proteins (Luan et al. 2002; Luan 2009; 
Weinl and Kudla 2009), and Ca2+-dependent protein kinases (CDPKs) (Harmon 
et al. 2001; Cheng et al. 2002b; Hrabak et al. 2003; Boudsocq and Sheen 2013; 
Schulz et al. 2013; Hamel et al. 2014).

CDPKs are Ser/Thr protein kinases that are found in vascular and nonvascular 
plants, in green algae, and also in certain protozoa, but not found in animals or yeast; 
CMLs and CBLs are also restricted to plants and some protists, while CaM exists 
ubiquitously in all eukaryotic cells (Hrabak et al. 2003; Defalco et al. 2010). Unlike 
CaM and CBL that must relay the Ca2+-induced conformational change to their pro-
tein partners, CDPKs are a novel class of Ca2+ sensor having the unique feature of 
both Ca2+ sensing and kinase activities within a single protein to directly translate 
Ca2+ signals into phosphorylation events (Cheng et al. 2002b; Ludwig et al. 2004; 
Harper and Harmon, 2005; Boudsocq and Sheen 2010). CDPKs are the best char-
acterized Ca2+ sensor involved in most of Ca2+-stimulated protein kinase activities 
identified in plants (Harmon et al. 2001; Cheng et al. 2002b; Hrabak et al. 2003; 
Boudsocq and Sheen 2013; Schulz et al. 2013; Hamel et al. 2014).

CDPKs have a conserved molecular structure: an N-terminal variable domain, 
followed by a Ser/Thr kinase domain joined to a C-terminal CaM-like domain 
via a junction region that serves to stabilize and maintain kinase in an auto-inhib-
ited state (Harper et al. 1991, 1994; Harmon et al. 2001; Cheng et al. 2002b. See 
Fig. 8.1). The junction region is sometimes referred to as “auto-inhibitory junc-
tion domain.” The CaM-like domain harbors four EF-hand Ca2+-binding motifs, 
which are organized into two lobes that have distinct Ca2+ affinities, resulting 
in different roles in CDPK regulation (Harper et al. 2004; Harper and Harmon 
2005; Boudsocq and Sheen 2013; Liese and Romeis 2013). A model for CDPK 
activation was proposed in which the auto-inhibitory junction domain interacts 
with and keeps the kinase domain in an inactive state by acting as a pseudosub-
strate that restricts access to the kinase catalytic center in the absence of or at low 
level of Ca2+ (Harper et al. 2004; Harper and Harmon 2005). Ca2+ binding to the 

Fig. 8.1  A schema of the CDPK structure. The N-terminal variable domain is followed by a 
Ser/Thr kinase domain (PK) and the auto-inhibition domain of this kinase; a C-terminal CaM-
like domain (CaM) serves as a Ca2+ sensor. See detailed explanation in the text
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CaM-like domain induces a conformational change that releases the auto-inhibi-
tion (Harper et al. 2004; Harper and Harmon 2005). This results in kinase activ-
ity, enabling CDPK autophosphorylation as well as the phosphorylation of target 
substrates (Liese and Romeis 2013). Besides Ca2+, phosphorylation, lipids, and 
interaction with 14-3-3 proteins have been reported to further modulate CDPKs 
in vitro (Harper et al. 2004; Harper and Harmon 2005; Klimecka and Muszynska 
2007; Cheng et al. 2002b; Ludwig et al. 2004; Witte et al. 2010; Klimecka et al. 
2011). This working model was supported and refined by recent structural analysis 
(Wernimont et al. 2010, 2011; Schulz et al. 2013; Hamel et al. 2014).

The CDPKs are encoded by a large multigene family, which is divided into 
four subgroups (Harmon et al. 2000; Cheng et al. 2002b). The Arabidopsis 
genome encodes 34 CDPK members, rice (Oryza sativa) encodes 29 members, 
wheat (Triticum aestivum) encodes 20 members, maize (Zea mays) encodes 35 
members, and poplar (Populus trichocarpa) encodes 30 members (Harmon et al. 
2000; Asano et al. 2005; Li et al. 2008; Ma et al. 2013; Zuo et al. 2013). The 
large gene-family-encoded CDPKs implicate possible redundancy and/or diver-
sity in their functions (Harmon et al. 2001; Cheng et al. 2002b; Boudsocq and 
Sheen 2013; Hamel et al. 2014). Growing evidence indicates that CDPKs regu-
late many aspects in plant growth and development as well as plant adaptation to 
biotic and abiotic stresses (Bachmann et al. 1995, 1996; McMichael et al. 1995; 
Pei et al. 1996; Sheen 1996; Li et al. 1998; Sugiyama et al. 2000; Romeis et al. 
2001; Hrabak et al. 2003; Shao and Harmon 2003; McCubbin et al. 2004; Choi 
et al. 2005; Ivashuta et al. 2005; Mori et al. 2006; Yu et al. 2007; Zhu et al. 2007; 
Zou et al. 2010; Asano et al. 2011, 2012; Brandt et al. 2012; Boudsocq and Sheen 
2013; Ding et al. 2013; Liese and Romeis 2013; Liu et al. 2013). In plant hormone 
signaling, CDPKs are believed to be important regulators to be involved in various 
signaling pathways (Cheng et al. 2002b; Ludwig et al. 2004; Asano et al. 2012; 
Boudsocq and Sheen 2013).

The CDPK isoforms are expressed differently in plant organs/tissues (Harper 
et al. 2004; Ray et al. 2007; Li et al. 2008; Wan et al. 2007) with some members 
expressed in most organs whereas others specifically in some tissues. The expres-
sion profiles or kinase activities of the CDPK members were reported to be modi-
fied in response to diverse stimuli, including abscisic acid (ABA), cold, drought, 
salinity, heat, elicitors, and pathogens (Romeis et al. 2001; Ray et al. 2007; Li 
et al. 2008; Wan et al. 2007; Abbasi et al. 2004; Yu et al. 2006, Zhu et al. 2007). 
CDPK members have been showed to be localized to diverse cellular compart-
ments, including the cytosol, nucleus, plasma membrane, endoplasmic reticulum, 
tonoplast, mitochondria, chloroplasts, oil bodies, and peroxisomes (Boudsocq 
et al. 2010; Zou et al. 2010; Li et al. 2008; Myers et al. 2009; Yu et al. 2006; Zhu 
et al. 2007; Lu and Hrabak 2002; Benetka et al. 2008; Mehlmer et al. 2010; Choi 
et al. 2005; Coca and San Segundo 2010). This diversity of subcellular localization 
indicates that CDPKs have access to a plethora of potential substrates through-
out the plant cell. In recent years, biochemical analyses, together with genetic 
approaches, have identified CDPK substrates that are involved in diverse cellular 
processes, such as primary and secondary metabolism, stress responses, ion and 
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water transport, transcription, and cell signaling (Harper and Harmon 2005; Cheng 
et al. 2002b; Curran et al. 2011; Boudsocq and Sheen 2013; Schulz et al. 2013), 
which helps to unravel mechanisms of CDPK functions.

In summary, the multigene family-encoded CDPK members and diversity in a 
broad range of their characteristics, such as expression pattern, subcellular locali-
zation, and substrate specificities, are likely to provide functional specificity and 
redundancy in mediating Ca2+ signaling in developmental and environmental 
responses of plant cells.

8.2.2  CDPKs: Hubs in ABA Signaling

In recent years, major progress has been made to uncover the central roles of 
CDPKs in triggering downstream cellular events in response to ABA. An ear-
lier report showed that the constitutively ectopic expression of two Arabidopsis 
CDPKs AtCPK10/CDPK1 (Arabidopsis gene identifier number At1g18890) and 
AtCPK30/CDPK1a (At1g74740) from subgroup III (Hrabak et al. 2003; Boudsocq 
and Sheen 2013) in maize leaf protoplasts activated a stress- and ABA-inducible 
HVA1 promoter, showing the connection of CDPKs to ABA-signaling pathway 
(Sheen 1996). Later, the function of the AtCPK10 in ABA signaling was confirmed 
genetically: AtCPK10 regulates ABA-mediated stomatal movement in response to 
drought stress possibly by interacting with a heat-shock protein HSP1 (Zou et al. 
2010). Constitutively, active AtCPK10 also induces endogenous stress- and ABA-
inducible genes in Arabidopsis leaf cells (Boudsocq and Sheen 2013), suggesting 
a conservation of specific CDPK functions in dicots and monocots. This transcrip-
tional induction is likely to be mediated by the ABA-responsive transcription fac-
tors, ABFs, which were identified as in vitro substrates for several CDPKs from 
subgroups I and III (Zhu et al. 2007; Choi et al. 2005). An Arabidopsis CDPK, 
AtCPK32, was shown to interact with and activate an ABA-induced transcription 
factor ABF4, resulting in the induction of ABF4 target genes, and constitutive over-
expression of AtCPK32 resulted in ABA-hypersensitive phenotypes in ABA-induced 
inhibition of seed germination (Choi et al. 2005). The Arabidopsis CPK3 and CPK6 
were identified as key, positive regulators in ABA-regulated stomatal signaling (Mori 
et al. 2006), but it has been unknown whether these two CDPK members regulate 
the ABFs or other ABA-responsive transcription factors through which they modu-
late expression of ABA-responsive genes. Yu et al. (2006) isolated an ABA-induced 
CDPK from grape berry, ACPK1, which phosphorylates a P-type ATPase in vitro, 
and was further shown to confer ABA-hypersensitive phenotypes and drought tol-
erance when ectopically expressed in Arabidopsis (Yu et al. 2007). The two closet 
homologs of ACPK1 in Arabidopsis, AtCPK4 and AtCPK11 from subgroup I 
(Hrabak et al. 2003; Boudsocq and Sheen 2013), were shown to function as posi-
tive regulators in all the major ABA responses including seed germination, seedling 
growth, guard cell regulation, and plant tolerance to drought and salt stresses (Zhu 
et al. 2007). Plants overexpressing AtCPK4 or AtCPK11 showed hypersensitivity to 
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ABA and increased tolerance to drought, whereas the cpk4 or cpk11 mutant exhibits 
the opposite phenotypes and the cpk4 cpk11 double mutant shows stronger ABA-
related phenotypes than the single mutants. AtCPK4 and AtCPK11 phosphorylate 
ABF1 and ABF4 (Zhu et al. 2007; Lynch et al. 2012), and AtCPK4 also phospho-
rylates ABF2 (Lu et al. 2013). The two CDPKs regulate expression of a subset of 
ABA-responsive genes probably through these ABA-responsive transcription fac-
tors, which correlates with ABA-related phenotypes and altered drought and salt tol-
erance in the overexpressing lines and loss-of-function mutants (Zhu et al. 2007). By 
contrast, the Arabidopsis CPK12, the closest homolog of AtCPK4/AtCPK11 in sub-
group I (Hrabak et al. 2003; Boudsocq and Sheen 2013), was reported to function 
as a negative regulator of ABA signaling in seed germination and postgermination 
growth, and to phosphorylate ABF1, ABF4 as well as a key, negative ABA-signaling 
regulator ABA insensitive 2 (ABI2), suggesting that different members of the CDPK 
family may constitute a regulation loop by functioning positively and negatively in 
ABA signal transduction (Zhao et al. 2011a, b). Together, all these findings suggest 
that ABA-induced transcriptional reprogramming via ABFs is likely to be a key fea-
ture of the CDPK-mediated ABA signaling (Boudsocq and Sheen 2013).

In crop plants, a homolog of the Arabidopsis CPK4/11/12 in maize, ZmCPK11, 
was reported to regulate ABA-induced antioxidant defense (Ding et al. 2013), 
suggesting that these CDPK members may regulates multiple ABA responses in 
both abiotic and biotic stresses. In rice, two members of CDPK, OsCPK12 and 
OsCPK21, were reported to be positive regulators of ABA signaling in response to 
salt stresses (Asano et al. 2011, 2012). The rice plants overexpressing OsCPK12 
or OsCPK21 showed increased salt tolerance and ABA sensitivity in seedling 
growth, and the expression levels of several ABA- and high salinity-inducible 
genes were enhanced in these transgenic plants. However, the loss-of-function 
oscpk12 mutant and OsCPK12 RNAi lines showed wild-type ABA-related pheno-
types, suggesting that functional redundancy among OsCPK12 and other CDPKs 
exists in the ABA-signaling pathway in rice (Asano et al. 2011, 2012). It remains 
unclear, however, whether these rice CDPKs regulates gene expression through 
ABA-responsive transcription factors like the Arabidopsis ABFs to mediate ABA 
signaling, which needs studies in the future.

Although the role of CDPK phosphorylation has not been thoroughly inves-
tigated, other transcription factors than ABFs and proteins of diverse iden-
tity involved in ABA signaling have also been identified as CDPK substrates in 
vitro. The Arabidopsis CPK11 was shown to interact physically with a nuclear 
zinc finger transcription factor AtDi19-1 (drought-induced 19-1, Rodriguez 
et al. 2006; Curran et al. 2011; Liu et al. 2013) and a heat-shock protein HSP1 
(Uno et al. 2009). The Di19-1 and Di19-2 of cotton (Gossypium hirsutum) were 
reported to regulate plant response to ABA and salt stress (Li et al. 2010). A more 
recent report showed that AtDi19 functions as a transcriptional activator and 
was involved in Arabidopsis responses to drought stress through upregulation of 
pathogenesis-related PR1, PR2, and PR5 gene expressions, and this transactiva-
tion activity of AtDi19 is enhanced by AtCPK11 (Liu et al. 2013). This suggests 
that AtCPK11 may interact with both ABFs (ABF1/4) and AtDi19 transcription 
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factors to regulate gene expression, supporting the point of view that a single 
CDPK member may have multiple substrates, possibly integrating different sign-
aling pathways. As mentioned earlier, the HSP1 was identified as a functionally 
interacting partner of AtCPK10 in ABA signaling of guard cells (Zou et al. 2010), 
suggesting that different CDPK members may share a common substrate or the 
same signaling pathway and that AtCPK11 may function similarly to AtCPK10 
through the common substrate to regulate guard cell signaling in response to ABA.

Recently, two closet homologous Arabidopsis CDPK members, AtCPK21 and 
AtCPK23 from subgroup II (Hrabak et al. 2003; Boudsocq and Sheen 2013), 
together with AtCPK3 and AtCPK6, were shown to interact with and phospho-
rylate the guard cell anion channels SLAC1 and SLAH3 and to be involved in a 
Ca2+-dependent signaling pathway of guard cells in response to ABA through 
regulation of these two direct targets (Geiger et al. 2010, 2011; Brandt et al. 2012; 
Scherzer et al. 2012; Demir et al. 2013). We will describe in the next section this 
Ca2+-dependent ABA-signaling network in the Arabidopsis guard cells.

8.2.3  CDPKs: Key Regulators of Ca2+-Dependent ABA 
Signaling in Guard Cells

It has been known that, during stomatal opening, inward K+ channels mediate 
K+ uptake for net solute accumulation that drives water influx, guard cell swell-
ing, and pore opening, while during stomatal closure, outward K+ channels play 
essential roles in solute removal from guard cells. Efflux of anions through anion 
channels is also essential for stomatal closure (Pandey et al. 2007; Roelfsema 
et al. 2012). In response to drought stress, ABA induces stomatal closure. It has 
been known that ABA regulates ion fluxes involved in stomatal movements in a 
Ca2+-dependent (Hetherington and Woodward 2003; Hetherington and Brownlee 
2004) and Ca2+-independent manner (Levchenko et al. 2005; Marten et al. 2007). 
Recent studies in Arabidopsis showed that the Ca2+-independent activation of 
ion fluxes across the guard cell membranes is mainly mediated by the SNF1-
related protein kinase (SnRK) open stomata 1 (OST1) (described in the next sec-
tion), while Ca2+-dependent activation of such ion fluxes is directly associated 
with the CDPK-dependent phosphorylation of ion channels. The ABA activation 
of slow-type anionic channels and Ca2+ permeable channels were reported to 
be impaired in the cpk3 cpk6 double mutant that displays ABA-insensitive phe-
notypes in ABA-induced stomatal closure (Mori et al. 2006). Despite some dis-
crepancies, AtCPK3 and AtCPK6 were shown to phosphorylate the major guard 
cell anion channel SLAC1 (Negi et al. 2008) and its related homolog SLAH3 
anion channel to activate these channels in Xenopus (Xenopus laevis) oocytes in 
a Ca2+-dependent fashion and in response to ABA, suggesting that AtCPK3 and 
AtCPK6 play an important role in the ABA-controlled, Ca2+-dependent activa-
tion of SLAC-type anion currents in guard cells (Brandt et al. 2012; Scherzer et al. 
2012). The SLAC1 anion channel and its homolog SLAH3 were also shown to 
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be phosphorylated and activated by AtCPK21 and AtCPK23 in response to ABA 
(Geiger et al. 2010, 2011; Demir et al. 2013). However, AtCPK6 and AtCPK23 
preferentially phosphorylate and activate SLAC1 and SLAH3 independently of 
Ca2+, whereas AtCPK3 and AtCPK21 mainly regulate these channels in a Ca2+-
dependent manner (Brandt et al. 2012; Scherzer et al. 2012). This suggests that 
AtCPK6 and AtCPK23, together with the OST1 kinase (see next section), may be 
associated with Ca2+-independent signaling steps, whereas AtCPK3 and AtCPK21 
may regulate Ca2+-dependent SLAC1 and SLAH3 activation in ABA signal-
ing in guard cells. It remains to explore the underlying mechanism how these 
CDPKs function distinctly in relation to Ca2+ dependence in the ABA-mediated 
anion channel activation to understand stomatal regulation in response to ABA. 
Importantly, a signaling pathway has been described from ABA signal percep-
tion to the CDPK-mediated activation of the SLAC1 and SLAH3 anion channels, 
where the PYR/PYL/RCAR family ABA receptor members PYR1 and RCAR1 
inhibit a type 2C protein phosphatase member ABI1 to release AtCPK3/6/21/23 
from inhibition, leading to Ca2+-dependent activation of the anion channels 
of guard cells in response to ABA (Geiger et al. 2010, 2011; Brandt et al. 2012; 
Scherzer et al. 2012; Demir et al. 2013). See Fig. 8.2 and Chap. 6 of this book).

Fig. 8.2  A summary of the protein kinases and phosphatases involved in ABA signaling and 
their possible functional mechanisms in the model plant Arabidopsis. See detailed description in 
the text. Arrows denote positive regulation or activation, and bars denote negative regulation or 
repression. The solid lines indicate direct effect and dotted lines indirect effect. Question mark 
indicates unconfirmed link

http://dx.doi.org/10.1007/978-94-017-9424-4_6
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The Arabidopsis cpk3 and cpk6 show ABA-insensitive phenotypes in ABA-
induced stomatal closure, and the cpk3 cpk6 double mutant shows stronger ABA-
insensitive stomatal phenotypes and Ca2+-insensitive phenotypes in Ca2+-induced 
stomatal closure (Mori et al. 2006). However, cpk21 and cpk23 single mutants do 
not exhibit any stomatal phenotype in response to ABA (Geiger et al. 2010, 2011). 
This suggests that AtCPK3 and AtCPK6 may play a more global role in regula-
tion of the ion fluxes involved in ABA-induced stomatal closure. At the whole-
plant level, overexpression of AtCPK6 enhances salt- and drought stress tolerance, 
whereas no altered stress tolerance is evident in the cpk6 mutant line (Xu et al. 
2010), suggesting a functional redundancy among AtCPK6 and other CDPKs to 
mediate stress signaling. Surprisingly, cpk21 and cpk23 mutants are drought toler-
ant, whereas overexpression of AtCPK21 or AtCPK23 results in plant oversensi-
tivity to drought or osmotic stress (Ma and Wu 2007; Franz et al. 2011), though 
AtCPK21 and AtCPK23, functioning as ABA-induced, Ca2+-dependent activa-
tors of SLAC-type anion currents as described above, should positively regulate 
ABA-induced stomatal closure, and thus, one may expect that the cpk21 and cpk23 
mutant decrease, but the AtCPK21- or AtCPK23 overexpressors increase the ABA 
sensitivity of stomatal movement and tolerance to drought. These opposite effects 
in different levels (or between short-term response in the guard cells and long-term 
response at the tissue or whole-plant level) suggest a high complexity of plant 
stress signaling network where a sophisticated balance between positive and nega-
tive roles at the whole-plant level results in a final, physiological output.

CDPKs may also function to inhibit K+ inward channels, such as KAT1, to 
regulate ABA-induced stomatal closure. It has been reported that loss of function 
of the Arabidopsis CPK10 gene reduced ABA response in stomatal closure by 
downregulating the ABA-induced inhibition of K+ inward channels in guard cells, 
suggesting that AtCPK10 may regulate KAT1 to mediate Ca2+-dependent ABA 
signaling in guard cells (Zou et al. 2010). However, AtCPK4 and AtCPK11 are 
important components of ABA signaling in guard cells, and the loss-of-function 
mutants cpk4 and cpk11 display ABA-insensitive phenotypes in ABA-induced sto-
matal closure (Zhu et al. 2007), but it remains unclear whether these two CDPKs 
are involved in the Ca2+-dependent activation of the ion channels in guard cells in 
response to ABA, which merits further studies.

8.2.4  CDPKs and ABA Signaling: A Summary

CDPKs are versatile and evolutionarily conserved Ca2+ sensors that function as 
central regulators of Ca2+-mediated ABA and stress responses that are crucial for 
plant survival. Recent advances have identified some key players in ABA sign-
aling, including AtCPK3, AtCPK4, AtCPK6, AtCPK10, AtCPK11, AtCPK12, 
AtCPK21, AtCPK23, AtCPK32, OsCPK12, OsCPK21, and ZmCPK11, which 
may function as crucial signaling nodes in ABA-signaling network. A broad range 
of characteristics of CDPKs indicate complex and sophisticated Ca2+-signaling 
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networks via protein phosphorylation to coordinate the dynamic plant cellular pro-
cesses. Among these characteristics, functional redundancy, mainly due to multi-
ple members of the CDPK family, may provide plants with robust responsiveness 
to ABA and adaptability to stressful environment, and substrate specificity may be 
a key feature to confer functional specificity of different CDPK members in ABA 
and stress signaling (Fig. 8.2).

The ABA-responsive transcription factors ABFs were identified as substrates of 
several CDPKs in Arabidopsis, which may be key downstream players of CDPKs 
to regulate ABA-mediated gene expression. Other substrates of diverse iden-
tity, including transcription factors, heat-shock protein, and ion channels, were 
also identified as regulators to relay CDPK-mediated ABA signaling. AtCPK4 
and AtCPK11 function redundantly to regulate major ABA response, possibly by 
phosphorylating two ABA-responsive transcription factors ABF1 and ABF4, and 
AtCPK23, phosphorylating ABF4, may function in concert with AtCPK4 and 
AtCPK11. AtCPK11 may also interact with a nuclear zinc finger transcription fac-
tor AtDi19-1 and a heat-shock protein HSP1 to regulate ABA signaling. AtCPK10 
use the same HSP1 as a functionally interacting partner in ABA signaling of guard 
cells. Four other CDPK members, AtCPK3, AtCPK6, AtCPK21, and AtCPK23, 
may function redundantly in guard cell signaling in response to ABA, likely by 
targeting the common substrates anion channels SLAC1 and SLAH3 (Fig. 8.2). 
Thus, a single CDPK member may have multiple substrates, possibly integrating 
different signaling pathways, and different CDPK members may also share a com-
mon substrate or the same pathway to regulate ABA signaling.

8.3  SNF1-Related Protein Kinases (SnRKs) Involved in 
ABA Signaling

8.3.1  SnRK Family: SnRK1, SnRK2, and SnRK3

Plants contain a large group of protein kinase related to the classical sucrose 
non-fermenting-1 (SNF1)-type kinases from yeast where they function as global 
regulators of carbon metabolism; these kinases are named SNF1-related protein 
kinases (SnRKs) (Halford and Hardie 1998; Hrabak et al. 2003). SnRKs are a 
class of Ser/Thr kinases like CDPKs (Hardie 2000; Hrabak et al. 2003). Based on 
the analysis of their evolutionary origins (sequence similarity and domain struc-
ture), SnRKs are recognized as a family member of the CDPK-SnRK superfam-
ily, which can be subdivided into three subfamilies: SnRK1, SnRK2, and SnRK3 
(Hrabak et al. 2003). The Arabidopsis genome contains 38 SnRKs, of which 3 
(SnRK1.1 to SnRK1.3) are SnRK1s; 10 (SnRK2.1 to SnRK2.10) are SnRK2s; 
and 25 (SnRK3.1 to SnRK3.25) are SnRK3s (Hrabak et al. 2003). The SnRKs of 
the three subfamilies share strong sequence identity in their kinase domains but 
have divergent C-terminal domains which are likely to regulate their activities in 
response to a variety of metabolic and/or stress signaling pathways (Hrabak et al. 
2003; Halford and Hey 2009).
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The SnRK1 group is the most closely related to SNF1 from yeast and to AMP-
activated protein kinases (AMPK) from animals. Plant SnRK1s are likely to form 
heterotrimeric complexes (consisting of α, β, and γ subunits) and may regulate 
carbon metabolism and stress signaling like their yeast and animal counterparts 
(Halford et al. 2000, 2003; Ferrando et al. 2001; Hardie 2000; Hrabak et al. 2003; 
Polge and Thomas 2006; Halford and Hey 2009; Coello et al. 2011; Robaglia et al. 
2012). However, the SnRK2 and SnRK3 groups appear to be plant-specific classes 
of kinases, which diverge from AMPK and SNF1 than do SnRK1s, and may likely 
emerge as a result of duplication and then evolve rapidly, taking on new roles to 
enable plants to link metabolic and stress signaling (Halford et al. 2000; Hrabak 
et al. 2003; Kolukisaoglu et al. 2004; Halford and Hey 2009; Coello et al. 2011). 
The SnRK3s are the CBL-interacting protein kinases (CIPKs), which interact 
with calcium-binding proteins related to animal neuronal calcium sensors and to 
the regulatory B subunit of the protein phosphatase calcineurin (Kudla et al. 1999; 
Hrabak et al. 2003; Luan 2009; Stefan and Kudla 2009). Subsequent analyses have 
identified a complement of 10 CBLs and 25 CIPKs and 10 CBLs and 30 CIPKs in 
the genomes of Arabidopsis and rice (Oryza sativa), respectively (Kolukisaoglu 
et al. 2004). The SnRK members of the three groups have been shown to be 
involved in plant response to ABA, drought, salt, and nutritional stresses, and dis-
ease (Kudla et al. 1999; Hrabak et al. 2003; Kolukisaoglu et al. 2004; Polge and 
Thomas 2006; Halford and Hey 2009; Luan 2009; Stefan and Kudla 2009; Coello 
et al. 2011).

8.3.2  SnRK1S: A Convergence Point of ABA and Sugar 
Signaling Pathways

It has been demonstrated that ABA and sugar signaling pathways may share sign-
aling components (Cheng et al. 2002a; Radchuk et al. 2006). Earlier studies indi-
cated that SnRK1 could be implicated in these interactions (Nemeth et al. 1998; 
Bradford et al. 2003; Thelander et al. 2004; Radchuk et al. 2006; Lu et al. 2007). 
Further, a report showed that overexpression of an Arabidopsis SnRK1.1, a major 
form of the AtSnRK1s, confers sugar- and ABA-hypersensitive phenotype in seed-
ling growth (Jossier et al. 2009), and it is suggested that the AtSnRK1s function 
by phosphorylating ABF (AREB) transcription factors (Zhang et al. 2008). The 
SnRK1s of wheat (Triticum aestivum) were also suggested to be involved in ABA 
signaling (Coello et al. 2012). Most recently, Rodrigues et al. (2013) revealed that 
two members of the clade-A PP2Cs acting as major, negative regulators in ABA 
signaling (reviewed in Cutler et al. 2010, and see the section as follows), ABI1 
and PP2CA, inhibit SnRK1.1 activity by dephosphorylating it to repress SnRK1-
mediated sugar signaling, and ABA promotes SnRK1-mediated sugar signaling by 
inhibiting the PP2Cs (Fig. 8.2), which allows the coordination of ABA and energy 
signaling, strengthening the stress response through the cooperation of two key 
and complementary pathways.
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8.3.3  SnRK2S: A Central Node of ABA-Signaling Pathways

8.3.3.1  Studies in Crop Plants

Compelling evidence has been provided to reveal that members of the SnRK2 sub-
family play critical roles in ABA-signaling pathway and regulate plant responses 
to environmental stresses. Earlier studies in crop plants identified two members of 
the SnRK2 subfamily, PKABA1 from wheat (Triticum aestivum) and AAPK from 
broad bean (Vicia faba), as the ABA-stimulated protein kinases and positive regu-
lators of ABA response (Anderberg and Walker-Simmons 1992; Li and Assmann 
1996; Gomez-Cadenas et al. 1999, 2001; Li et al. 2000, 2002; Shen et al. 2001; 
Johnson et al. 2002). Transcription of PKABA1 is induced by ABA and occurs 
in embryos and seedlings, and PKABA1 functions to mediate ABA-suppressed 
gene expression (Gomez-Cadenas et al. 1999), and phosphorylates and activates 
the ABA-responsive basic-domain leu-zipper (bZIP) transcription factor TaABF, a 
seed-specific homolog of ABI5 of Arabidopsis (Johnson et al. 2002), suggesting 
that the TaABF may serve as a physiological substrate for PKABA1 which may 
regulate ABA signaling through activating this transcription factor in seed devel-
opment and germination (Shen et al. 2001; Johnson et al. 2002). AAPK mediates 
ABA-induced stomatal closure and anion channels (Li et al. 2000) and modulates 
an RNA-binding protein AKIP1 by phosphorylating it and inducing its transloca-
tion into subnuclear speckles in guard cells (Li et al. 2002). In rice, expression 
of three members of the rice SnRK2 subfamily, SAPK8, SAPK9, and SAPK10, 
homologs of PKABA1/AAPK, is induced by osmotic stress and ABA (Kobayashi 
et al. 2004), suggesting that these rice SnRK2s may be involved in ABA and stress 
signaling.

8.3.3.2  SnRK2.2, SnRK2.3, and SnRK2.6 Constitute a Core Signaling 
Point in Arabidopsis

The kinase activities of five Arabidopsis SnRK2 members, SnRK2.2, SnRK2.3, 
SnRK2.6, SnRK2.7, and SnRK2.8, can be activated by ABA, and all of 
the SnRKs except SnRK2.9 can be activated by osmotic stress (Boudsocq 
et al. 2004; Furihata et al. 2006; Yoshida et al. 2006b), suggesting that most 
Arabidopsis SnRK2 members may be involved in ABA and stress signaling. The 
OST1/SnRK2.6 is the first member of the Arabidopsis SnRK2 subfamily that 
was identified by a forward genetic approach as a regulator of ABA signaling; the 
snrk2.6 (ost1) mutant cannot exhibit ABA-induced stomatal closure, revealing 
that it positively regulates stomatal response to ABA (Mustilli et al. 2002; Yoshida 
et al. 2002). However, the SnRK2.6 gene is mainly expressed in guard cells and 
in the vascular system, and seed germination and postgermination growth were 
not affected in snrk2.6 loss-of-function mutant (Mustilli et al. 2002; Yoshida et al. 
2002), suggesting that other SnRK2 protein kinases may function in seed germi-
nation and seedling growth. The studies through a reverse genetic approach in 
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Arabidopsis identified SnRK2.2 and SnRK2.3, two SnRK members most closely 
related to SnRK2.6 (Hrabak et al. 2003), as key positive regulators of ABA signal-
ing: The snrk2.2 and 2.3 single mutants show weak, while the snrk2.2/2.3 double 
mutant exhibits strong ABA-insensitive phenotypes in terms of seed germination 
and seedling growth (Fujii et al. 2007). Thus, SnRK2.2 and SnRK2.3 function 
redundantly in ABA-induced inhibition of seed germination and postgermination 
growth (Fujii et al. 2007). These results led to a hypothesis of functional segre-
gation between SnRK2.6 and SnRK2.2/2.3, i.e., SnRK2.6 functions in guard 
cells, whereas SnRK2.2 and SnRK2.3 specialize in seed germination and seed-
ling growth regulation (Fujii et al. 2007). However, further investigations found 
that, in the snrk2.2/3/6 triple mutant, nearly all major ABA responses are blocked 
(Fujii and Zhu 2009; Nakashima et al. 2009; Fujita et al. 2009), demonstrating that 
these functionally segregated kinases SnRK2.2, SnRK2.3, and SnRK2.6 still work 
redundantly in ABA regulation of guard cells, seed germination, and seedling 
growth, acting together as a core signaling point in ABA-signaling pathways. The 
expression profile of the three SnRK genes supports their redundant, cooperative 
roles in the major ABA responses: SnRK2.6 is expressed not only in guard cells, 
but also in several other tissues, and SnRK2.2 and SnRK2.3 are expressed in all tis-
sues (Fujii et al. 2007, 2011).

Other members of the Arabidopsis SnRK2 subfamily are likely to play roles 
in ABA and/or stress signaling. Loss-of-function mutations in two other closet 
homologous SnRK genes, SnRK2.7 and SnRK2.8, affect expression of ABA- 
and drought-responsive genes, suggesting their potential roles in ABA signal-
ing, though the snrk2.7/2.8 double mutant shows wild-type phenotypes probably 
because of functional redundancy (Mizoguchi et al. 2010). Fujii et al. (2011) gen-
erated an Arabidopsis decuple mutant carrying mutations in all 10 members of the 
SnRK2 subfamily, snrk2.1/2/3/4/5/6/7/8/9/10 and observed that this mutant grows 
poorly under hyperosmotic stress conditions but is similar to the wild type in the 
absence of osmotic stress, revealing critical functions of the SnRK2s in osmotic 
stress signaling and tolerance.

8.3.3.3  Downstream Targets and Functional Mechanism of 
ArabidopsisSnRK2S

The Arabidopsis SnRK2s, like PKABA1 and AAPK (as mentioned earlier) as 
well as SnRK1s, phosphorylate downstream targets to mediate ABA signal-
ing (Zhang et al.2008, and also see test above). SnRK2s have been shown 
to phosphorylate and activate ABA-responsive bZIP transcription factor 
ABFs(ABF1-ABF4 and ABI5)and regulate ABA-responsive genes to medi-
ate ABA signaling(Boudsocq et al. 2004; Kobayashi et al. 2004; Furihata et al. 
2006; Yoshida et al. 2006b; Fujii et al. 2007; Fujii and Zhu2009; Fujii et al. 
2009). In addition to the ABFs, guard cell anion channel SLAC1 was identi-
fied as a substrate of the SnRK2.6/OST1, and the inward K+ channel is also 
likely to be a substrate of SnRK2.6 (Lee et al. 2009, 2013; Geiger et al. 2009, 
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2010; Brandt et al. 2012; Acharya et al. 2013). As described earlier, whereas 
Ca2+-dependent activation of such ion channels is directly associated with the 
CDPKs (Mori et al. 2006; Geiger et al. 2010, 2011; Brandt et al. 2012; Scherzer 
et al. 2012; Demir et al. 2013), the Ca2+-independent activation of the ion chan-
nels is mainly mediated by SnRK2.6 (Lee et al. 2009, 2013; Geiger et al. 2010, 
2011; Brandt et al. 2012; Acharya et al. 2013).

It has been shown that SnRK2.6/OST1 can interact with and phosphorylate an 
inward K+ channel KAT1, indicating that KAT1 is a target of SnRK2.6/OST1 (Sato 
et al. 2009; Acharya et al. 2013). ABA inhibition of inward K+ channels and light-
induced stomatal opening are reduced in ost1 mutants, while transgenic plants over-
expressing OST1 show ABA hypersensitivity in these responses, suggesting that 
SnRK2.6/OST1 negatively regulates KAT1 to induce stomatal closure and inhibit 
stomatal opening in response to ABA (Acharya et al. 2013). A recent report showed 
that SnRK2.6/OST1 interacts with and phosphorylates a K+ uptake transporter 
KUP6, suggesting that this kinase may also regulate stomatal movement through 
the KUP6 K+ transporter (Osakabe et al. 2013). Importantly, like CPK3/6/21/23 
(Mori et al. 2006; Geiger et al. 2010, 2011; Brandt et al. 2012; Scherzer et al. 2012), 
SnRK2.6/OST1 interacts with and phosphorylates guard cell anion channel SLAC1, 
and OST1 coexpression activates SLAC1 anion channels in a heterologous system 
(Xenopus oocytes) (Geiger et al. 2009, 2010; Lee et al. 2009, 2013; Brandt et al. 
2012; Acharya et al. 2013), while ost1 mutant shows strongly reduced slow anion 
currents in Arabidopsis guard cells and is insensitive to ABA-induced stomatal clo-
sure and regulation of slow anion currents, but OST1 overexpressing lines are hyper-
sensitive for these responses, resulting in accelerated stomatal closure in response to 
ABA (Geiger et al. 2009; Acharya et al. 2013). Thus, the CDPK (as described ear-
lier) and OST1 branch of ABA signal transduction in guard cells seem to converge 
on the level of SLAC1. Additionally, the ost1 mutation reduces ABA activation of 
rapidly activating (QUAC1) anion currents in guard cells (Imes et al. 2013), consist-
ent with the idea that SnRK2.6 plays a central role in Ca2+-independent ABA regu-
lation of stomatal behavior by targeting key ion channels in guard cells.

Recently, two independent groups, using phosphoproteomic approach and 
working in Arabidopsis, identified a set of new potential substrates of SnRK2 pro-
tein kinase, including proteins involved in a variety of cell metabolic and signal-
ing processes such as flowering time regulation, RNA and DNA binding, miRNA 
and epigenetic regulation, signal transduction, chloroplast function, and many other 
cellular processes (Wang et al. 2013; Umezawa et al. 2013). Wang and coworkers 
confirmed that, consistent with the SnRK2 phosphorylation of flowering time regula-
tors, the snrk2.2/2.3/2.6 triple mutant flowers significantly earlier than the wild-type 
plants (Wang et al. 2013). Umezaw and coworkers observed that SnRK2 promotes 
the ABA-induced activation of the mitogen-activated protein kinases AtMPK1 
and AtMPK2 and also identified a previously unknown protein, SnRK2-substrate 
1 (SNS1), which is phosphorylated by SnRK2s and negatively regulates ABA 
responses in Arabidopsis (Umezawa et al. 2013). These studies suggest a highly com-
plicated SnRK2-mediated phosphorylation network and are helpful to elucidate the 
functional mechanisms of the SnRK2 protein kinases in ABA-signaling pathways.
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A signaling pathway from the Arabidopsis PYR/PYL/RCAR family receptors 
for ABA to ABF transcription factor or SLAC1 anion channel activation through 
SnRK2.2/2.3/2.6 has been described recently. Similar to the ABA-signaling pathway 
via CPK3/6/21/23 in guard cells, the PYR/PYL/RCAR receptors bind to ABA and 
inhibit the activity of phosphatase A-type PP2Cs which dephosphorylate and inac-
tivate SnRK2s in the absence of ABA and thus activate downstream ABF transcrip-
tion factors or SLAC1 anion channel to induce ABA-responsive gene expression or 
stomatal closure (Ma et al. 2009; Park et al. 2009; Fujii et al. 2009; Umezawa et al. 
2009; Lee et al. 2009, 2013; Cutler et al. 2010; Geiger et al. 2010, 2011; Brandt 
et al. 2012. See Fig. 8.2 and Chap. 6 of this book). Most recently, SnRK2.2 and 
SnRK2.3 were shown to be substrats of the Arabidopsis glycogen synthase kinase 
3 (GSK3)-like kinase, BIN2, which, together with its homologs BIN2-like kinases 
BILs, regulates negatively brassinosteroid signaling (He et al. 2002; Li and Nam 
2002), but is positively involved in ABA signaling (Cai et al. 2014). BIN2 kinase 
activates SnRK2.2 and SnRK2.3 through phosphorylation, and BIN2/BILs function 
downstream of PYR1/PYL/RCAR receptors and PP2Cs (Cai et al. 2014). This sug-
gests a reversible phosphorylation process of SnRK2s where phosphorylation and 
dephosphorylation may be catalyzed by BIN2/BIL kinases and PP2Cs, respectively.

8.3.4  SnRK3S/CIPKs: Mediators of Ca2+-Dependent ABA 
Signaling

The CBL Ca2+ sensor interacts with its target CIPK effector to form a Ca2+ sen-
sor–effector complex to sense Ca2+ signal and trigger downstream signaling 
(Halford and Hey 2009; Luan 2009; Stefan and Kudla 2009; Coello et al. 2011). 
SnRK3s/CIPKs, together with corresponding CBLs, have been suggested to regu-
late Ca2+-dependent ABA signaling in concert with CDPKs. In Arabidopsis, it was 
reported that CIPK15/SnRK3.1/PKS3 interacts with CBL1/ScaBP5, likely acting as 
a CBL1-CIPK15 calcium sensor–kinase complex, functions to negatively regulate 
ABA responses (Guo et al. 2002). The CBL1 closely related calcium sensor CBL9 and 
CIPK3/SnRK3.17, likely forming a CBL9–CIPK3 complex, were also shown to func-
tion as important, negative regulators of ABA signaling: Genetic evidence reveals that 
the cipk3 and cbl9 loss-of-function mutants are hypersensitive to ABA (Kim et al. 2003; 
Pandey et al. 2004, 2008). Additionally, disruption of the CBL1 gene renders plants’ 
hypersensitive to drought and salt stress, suggesting that CBL1 functions as an impor-
tant integrator of abiotic stress responses (Albrecht et al. 2003; Cheong et al. 2003); 
however, in these studies, the cbl1 loss-of-function mutant showed no ABA-related phe-
notypes (Albrecht et al. 2003; Cheong et al. 2003). So it remains controversial whether 
CBL1 mediates ABA responses. A further study identified CIPK1/SnRK3.16 as a 
negative regulator of ABA signaling and suggests that alternative complex formation 
of the kinase CIPK1 with either CBL9 or CBL1 mediates ABA-dependent and ABA-
independent signaling responses (D’Angelo et al. 2006). Thus, additional studies will be 
needed to clarify the role of CBL1 in ABA signaling.

http://dx.doi.org/10.1007/978-94-017-9424-4_6
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Several efforts have been made to explore functional mechanism of the 
Arabidopsis CIPK15-mediated ABA signaling. It was reported that CIPK15 interacts 
with two type-A phosphatases 2C ABI1 and ABI2 (Guo et al. 2002), both of which 
are the most characterized negative regulators of ABA signaling (Leung et al. 1994, 
1997; Meyer et al. 1994; Gosti et al. 1999; Merlot et al. 2001; and also see the sec-
tions as follows), suggesting that they may possibly act as Ca2+-sensors downstream 
or upstream of the ABI1 and ABI2 phosphatases when forming a protein CBL–CIPK 
complex for perceiving calcium signal. Additionally, an AP2 transcription factor ERF7 
that negatively regulates ABA response was shown to be a kinase substrate of CIPK15 
(Song et al. 2005), suggesting that CIPK15 may regulate ABA signaling more directly 
by phosphorylating transcription factor and modulating gene expression.

Additionally, SnRK3.11/CIPK24/SOS2, a key regulator of plant response to salt 
stress (Liu et al. 2000), was shown to interact with the type-A protein phosphatase 
2C ABI2, suggesting that the CIPK kinase and ABI2 phosphatase may possibly con-
trol phosphorylation status of each other to relay salt signaling (Ohta et al. 2003). 
The SOS pathway is one of the CBL–CIPK signaling pathways conferring plant salt 
tolerance. The CBL4/SOS3 calcium sensor (Liu and Zhu 1998) activates the kinase 
SnRK3.11/SOS2 in response to salt stress, and the SOS2 kinase phosphorylates and 
activates SOS1 (Shi et al. 2000), a plasma membrane sodium/proton antiporter (Qiu 
et al. 2002), which keeps potassium homeostasis in plant cells under high salt stress. 
The interaction between ABI2 and SnRK3.11/SOS2 may constitute a point though 
which ABA exerts its effect on plant salt tolerance.

In contrast with the CIPK1, CIPK3, and CIPK15 that function as negative ABA-
signaling regulators, CIPK6/SnRK3.14 and CIPK20/PKS8/SnRK3.6 were shown 
to be positive regulators of ABA signaling in Arabidopsis, which may antagonizes 
CIPK1/3/15 in ABA-signaling pathway. CIPK20/SnRK3.6/PKS18 (T169D, constitu-
tively active form) overexpression lines show ABA-hypersensitive phenotypes, whereas 
RNAi plants show ABA-insensitive phenotypes (Gong et al. 2002). Overexpression of 
an active form of Brassica napus CIPK member BnCIPK6M in Arabidopsis confers 
ABA-hypersensitive phenotypes, while downexpression of its homologous gene the 
Arabidopsis CIPK6 results in ABA-insensitive phenotypes (Chen et al. 2012).

As described earlier, Arabidopsis genome encodes at least 10 members in CBL 
and 25 members in CIPK gene family, which provides a high level of diversity, 
complexity, and flexibility in the function of the CBL–CIPK network. Further 
researches need to identify new members of CIPK-mediating ABA signaling and 
particularly upstream regulators/downstream targets to elucidate their functional 
mechanisms in ABA-signaling pathways.

8.3.5  SnRKs and ABA Signaling: A Summary

SnRKs are a class of Ser/Thr kinases and are recognized as a family member 
of the CDPK-SnRK superfamily, which can be subdivided into three subfami-
lies: SnRK1, SnRK2, and SnRK3. The Arabidopsis genome contains 38 SnRKs, 
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of which 3 (SnRK1.1 to SnRK1.3) are SnRK1s, 10 (SnRK2.1 to SnRK2.10) are 
SnRK2s, and 25 are (SnRK3.1 to SnRK3.25) SnRK3s. The SnRK1 group is the 
most closely related to SNF1 from yeast and to AMP-activated protein kinases 
(AMPK) from animals, whereas the SnRK2 and SnRK3 groups appear to be plant-
specific classes of kinases. The SnRK3s are the CBL-interacting protein kinases 
CIPKs.

SnRK1s likely function as a convergence point of ABA and sugar signaling 
pathways. The Arabidopsis SnRK1.1, a major form of the AtSnRK1s, positively 
regulates sugar- and ABA signaling in seedling growth, possibly by phosphoryl-
ating ABF transcription factors. The SnRK1s of wheat were also suggested to 
be involved in ABA signaling. Two members of the clade-A PP2Cs, ABI1 and 
PP2CA, inhibit SnRK1.1 activity by dephosphorylating it to repress SnRK1-
mediated sugar signaling, while ABA promotes SnRK1-mediated sugar signaling 
by inhibiting the PP2Cs, which allows the coordination of ABA and energy sign-
aling, strengthening the stress response through the cooperation of two key and 
complementary pathways (Fig. 8.2).

SnRK2s play critical roles in ABA-signaling pathway and regulate plant 
responses to environmental stresses. A wheat SnRK2, PKABA1, may mediate 
ABA signaling in seed development and germination, and a broad bean SnRK2, 
AAPK, regulates guard cell signaling in response to ABA. In Arabidopsis, 
OST1/SnRK2.6 is a key player in ABA regulation of stomatal movement. 
SnRK2.2 and SnRK2.3 function redundantly in ABA-induced inhibition of seed 
germination and postgermination growth. However, these functionally seg-
regated kinases SnRK2.2, SnRK2.3, and SnRK2.6 still work redundantly in 
the three major ABA responses, acting together as a core signaling point in 
ABA-signaling pathways. Other members of the Arabidopsis SnRK2 subfam-
ily, such as SnRK2.7/2.8, are likely to play roles in ABA and/or stress signal-
ing. An Arabidopsis decuple mutant carrying mutations in all 10 members of the 
SnRK2 subfamily grows poorly under hyperosmotic stress conditions, reveal-
ing critical functions of the SnRK2s in osmotic stress signaling and tolerance. 
SnRK2s phosphorylate and activate ABA-responsive bZIP transcription factor 
ABFs and regulate ABA-responsive genes to mediate ABA signaling. In addi-
tion, guard cell anion channel SLAC1 and inward K+ channel are substrates of 
the SnRK2.6/OST1. Whereas Ca2+-dependent activation of such ion channels is 
directly associated with the CDPKs, the Ca2+-independent activation of the ion 
channels are mainly mediated by SnRK2.6. Phosphoproteomic approaches iden-
tified a set of new potential substrates of SnRK2 protein kinase in Arabidopsis, 
suggesting a highly complicated SnRK2-mediated phosphorylation network 
(Fig. 8.2).

SnRK3s/CIPKs, together with corresponding CBLs, have been suggested to 
regulate Ca2+-dependent ABA signaling in concert with CDPKs. In Arabidopsis, 
the interactions of CIPK15/SnRK3.1 with CBL1, or CIPK3/SnRK3.17 with 
CBL9, or CIPK1/SnRK3.16 with CBL9, negatively mediate ABA signaling, 
thought it still remains controversial whether CBL1 regulates ABA responses. 
CIPK15 interacts with ABI1 and ABI2 and targets an AP2 transcription factor 



154 S. Liang and D.-P. Zhang

ERF7 that negatively regulates ABA response, suggesting that CIPK15 may reg-
ulate ABA signaling in cooperation with these two ABA-signaling components. 
Additionally, SnRK3.11/CIPK24/SOS2, a key regulator of plant response to salt 
stress, interacts with ABI2, which may constitute a point of ABA action on plant 
salt tolerance. CIPK6/SnRK3.14 and CIPK20/PKS8/SnRK3.6 are positive regula-
tors of ABA signaling in Arabidopsis, which may possibly antagonize CIPK1/3/15 
(Fig. 8.2). Multigene family-encoded CBLs and CIPKs provide a high level of 
diversity, complexity, and flexibility in the function of the CBL–CIPK network in 
ABA signaling.

8.4  Mitogen-Activated Protein Kinases (MAPKs) Involved 
in ABA Signaling

Mitogen-activated protein kinase (MAPK) cascades are universal signal transduc-
tion modules in eukaryotes, including yeasts, animals, and plants. These protein 
phosphorylation cascades link extracellular stimuli to a wide range of cell sign-
aling pathways (Widmann et al. 1999; Chen and Thorner 2007; Colcombet and 
Hirt 2008). MAPKs are serine/threonine kinases that phosphorylate a variety of 
substrates, such as transcription factors, protein kinases, and cytoskeletal proteins. 
MAPKKs (or MEKs) are dual-specificity kinases that phosphorylate MAPKs 
on their threonine and tyrosine residues. MAPKKKs (or MEKKs) are serine/
threonine kinases and phosphorylate MAPKKs on two serine/threonine resi-
dues. MAPKs form the terminal components of the MAPK sequential phospho-
rylation cascades and are activated by MAPKKs, which are in turn activated by 
MAPKKKs (Widmann et al. 1999; Ichimura et al. 2002; Chen and Thorner 2007; 
Colcombet and Hirt 2008). The Arabidopsis genome encodes 20 MAPKs, 10 
MAPKs, and 80 MAPKs (Colcombet and Hirt 2008), which provides a potential 
for functional redundancy and diversity in cell signaling. MAPK cascades have 
been shown to be involved in responses to various environmental stresses and 
developmental processes (Ichimura et al. 2002; Colcombet and Hirt 2008).

Earlier studies revealed that some members of the MAPK family could be acti-
vated by ABA and potentially involved in ABA signaling. For example, several 
barley (Hordeum vulgare) MAPK isoforms that are activated by ABA (Knetsch 
et al. 1996), an ABA-inducible MAPK in Vicia guard cell protoplasts (Mori and 
Muto 1997), a Pisum sativum epidermal MAPK that may correlate with stomatal 
responses to ABA (Burnett et al. 2000), a rice (Oryza sativa) MAPK, OsMAPK5, 
which is involved in disease resistance and abiotic stress tolerance (Xiong and 
Yang 2003), and a maize (Zea mays) MAPK that may be involved in ABA-
induced antioxidant defense (Zhang et al. 2006).

The studies in Arabidopsis help to understand the mechanisms of MAPK 
signaling in response to ABA. ABA treatment activates AtMPK3, and overex-
pression of AtMPK3 increases ABA sensitivity in the postgermination arrest of 
seedling growth (Lu et al. 2002), revealing a role of this MAPK in response of the 
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seedling growth to ABA. In addition, transgenic downregulation of MPK3 expres-
sion impairs ABA inhibition of stomatal opening and H2O2-induced stomatal clo-
sure, but does not affect ABA promotion of stomatal closure and ABA-induced 
H2O2 production, suggesting that MPK3 may function downstream of ROS in 
ABA inhibition of stomatal opening but not in ABA-induced stomatal closure 
(Gudesblat et al. 2007). Overexpression of AtMKK3 or its putative downstream 
kinases AtMPK1 and AtMPK2 enhance plant sensitivity to ABA, suggesting an 
AtMKK3-AtMPK1/2-coupled signaling cascade involved in ABA signaling (Hwa 
and Yang 2008). AtMKK1 and AtMPK6 were reported to link each other and medi-
ate ABA-induced CAT1 gene expression and H2O2 production (Xing et al. 2008). 
A signaling cascade of ABA-AtMKK1-AtMPK6-H2O2 was proposed where the 
ABA-activated AtMPK6 may be a substrate of AtMKK1 and acts upstream of 
CAT1 that regulates H2O2 production to mediate ABA signaling in seed ger-
mination and seedling growth (Xing et al. 2008). Two other MAPK members in 
Arabidopsis, AtMPK9 and AtMPK12, highly and preferentially expressed in guard 
cells, were shown to regulate guard cell signaling in response to ABA. Mutations 
in both MPK9 and MPK12 reduce ABA sensitivity in ABA-induced stomatal clo-
sure and ABA inhibition of stomatal opening, impair ABA and calcium activation 
of anion channels, and enhance transpiration water loss in leaves. The two MAPKs 
share functional redundancy and function as positive regulators downstream of 
ROS in guard cell ABA signaling (Jammes et al. 2009). Based on these findings, 
a model of ABA-ROS-MPK9/12 signaling cascade was proposed (Jammes et al. 
2009), which is essentially consistent with the ABA-ROS-AtMPK3 cascade in 
ABA inhibition of stomatal opening as described earlier (Gudesblat et al. 2007). 
Wang et al. (2010) characterized biochemically an apple MAPK signaling cas-
cade MdMKK1-MdMPK1, which is transiently activated by ABA. Expression of 
MdMKK1 or MdMPK1 in Arabidopsis confers ABA hypersensitivity in seed ger-
mination and seedling growth, and MdMPK1 phosphorylates the Arabidopsis ABI5 
protein. They proposed that the apple MdMKK1-MdMPK1-coupled signaling cas-
cade may function positively in ABA signaling by regulating the phosphorylation 
status of ABI5 or ABI5-like transcription factors (Wang et al. 2010). MdMKK1 
and MdMPK1 are homologs of the Arabidopsis MKK2 and MPK6, respectively. 
The MdMKK1-MdMPK1-coupled signaling seems to be consistent with a previ-
ously reported AtMKK2-AtMPK4/6-coupled signaling cascade that regulates plant 
response to cold and salt stresses (Teige et al. 2004). Recently, a phosphoproteomic 
approach allowed to reveal a possible protein phosphorylation network in the ABA 
signaling pathway in Arabidopsis, where SnRK2 promotes the ABA-induced acti-
vation of the mitogen-activated protein kinases AtMPK1 and AtMPK2, suggesting 
that SnRK2 acts upstream of a MAPK cascade (Umezawa et al. 2013).

Whereas considerable progress has been made in the MAPK-mediated ABA 
signaling (Fig. 8.2), few upstream components and direct target of MAPK medi-
ating ABA signaling have been identified so far. Therefore, further molecular 
genetic and cell biological studies are required to identify new members of the 
MAPK family, their upstream regulators, and direct targets involved in ABA sign-
aling in order to understand the complex network of ABA-signaling pathways.
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8.5  Receptor-Like Kinases (RLKs): Can They Sense ABA 
at the Cell Surface?

Cell surface-localized sensing mechanisms play fundamental roles in both plant 
and animal cells, which perceive, through plasma membrane receptors, extracel-
lular signals from the environment and from other cells, activating downstream 
signaling cascades. Receptor-like kinases (RLKs) are a class of plasma mem-
brane associated receptor kinase and found in metazoans and plants. Plant RLKs 
comprise one of the largest families, with more than 610 and 1131 members in 
Arabidopsis and rice (Oryza sativa), respectively (Shiu et al. 2004; Morillo and 
Tax 2006). Structurally, a typical receptor kinase consists of an extracellular 
domain, a single transmembrane region, and a cytoplasmic Ser/Thr protein kinase 
domain. Extracellular domains vary greatly to perceive a wide range of signals or 
stimuli, while intracellular kinase domains are relatively conserved to transduce 
signals. The RLKs may be classified into multiple subfamilies on the basis of the 
structure of their extracellular kinase domains. The biggest subfamily is leucine-
rich repeat RLKs (LRR-RLKs), and the other subfamilies include cysteine-rich 
repeat (CRR) RLKs (CRKs), S-domain RLKs, domain of unknown function26 
RLKs, and others (Shiu and Bleecker 2001). RLKs have been shown to regulate a 
wide range of plant developmental processes and environmental responses, such as 
the pathogen response, root, shoot and leaf development, meristem maintenance, 
floral organ abscission, organ shape regulation, cellular differentiation, symbiosis, 
self-incompatibility, and brassinosteroid signaling (reviewed in Morillo and Tax 
2006; De Smet et al. 2009; Gish and Clark 2011).

An earlier study identified an ABA-induced LRR-RLK, RPK1, in Arabidopsis 
(Hong et al. 1997), which contains an extracellular LRR and a Ser/Thr kinase 
domain and are localized at the plasma membrane. Expression of the RPK1gene 
is also induced by dehydration, high salt, and low temperature (Hong et al. 
1997), suggesting that RPK1 may be involved in plant response to environmental 
stresses. Genetic approaches showed that the loss of function of RPK1 reduces 
ABA sensitivity in seed germination, plant growth, stomatal closure, and gene 
expression in Arabidopsis, revealing a positive role of RPK1 in ABA signaling 
(Osakabe et al. 2005). Recently, RPK1 was shown to be involved in reactive oxy-
gen species (ROS) signaling during abiotic stresses, and overproduction of RPK1 
enhances both water and oxidative stress tolerance in Arabidopsis (Osakabe et al. 
2010). RPK1 was also reported to regulate ABA-induced leaf senescence (Lee 
et al. 2011), suggesting that RPK1 have multiple functions in ABA and stress 
signaling.

Hua et al. (2012) identified another member of the Arabidopsis LRR-RLK, 
named GHR1, as a positive regulator of guard cell signaling in response to H2O2 
and ABA. The ghr1 mutation impaired H2O2 activation of the calcium channel 
and ABA/H2O2 induction of stomatal closure. GHR1 functions downstream of the 
cytosolic players ABI1 and ABI2 and may control stomatal movement by directly 
interacting with, phosphorylating, and regulating SLAC1 anion channel, a key 
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anion channel in stomatal signaling (see earlier description in CDPK and SnRK 
sections). This study shows that GHR1 is an important player in ABA and H2O2 
signaling for stomatal movement.

Tanaka et al. (2012) identified an Arabidopsis receptor-like kinase, ARCK1, 
as a negative ABA signaling regulator during the postgermination growth. 
ARCK1 is a receptor-like cytosolic protein kinase, which belongs to the 
cysteine-rich repeat RLK (CRK) subfamily. The extracellular region of the cyto-
solic CRK protein contains two copies of the DUF26 domain containing four 
conserved cysteines, three of which form the motif C-8X-C-2X-C, which is pre-
sumed to be involved in formation of the 3D structure of the protein through 
disulfide bonds and plays roles in protein–protein interactions. Another member 
of the CRK subfamily, CRK36, interacts with ARCK1 in the plasma membrane, 
phosphorylates ARCK1 in vitro, and functions as a negative ABA signaling 
regulator during the postgermination growth (Tanaka et al. 2012). These results 
suggest that CRK36 and ARCK1 form a functional complex in the plasma mem-
brane to regulate ABA signaling during the postgermination growth (Tanaka 
et al. 2012).

Sheng Luan’s group (Yu et al. 2012) identified a receptor-like kinase, 
FERONIA (FER), a positive regulator of auxin-promoted growth (Duan et al. 
2010), as a negative regulator of ABA signaling. They described a cross talk 
mechanism between ABA- and auxin-signaling pathways where FER suppress 
ABA response through activation of ABI2, a negative regulator of ABA sign-
aling. The plasma membrane-localized FER kinase interacts with guanine 
exchange factors GEFs including GEF1, GEF4, and GEF10, which, in turn, acti-
vate GTPase ROP11. The ROP11 protein interacts with the A-type PP2C ABI2 
phosphatase and enhances its activity, thereby linking the FER pathway with the 
inhibition of ABA signaling (for the cytosolic ABA receptors PYR/PYL/RCAR 
and A-type PP2C-mediated ABA signaling cascades, see Cutler et al. 2010, and 
Chap. 6 of this book). Interestingly, at the same time, an independent group 
reports that ROP11 GTPase negatively regulates ABA signaling by protecting 
ABI1 phosphatase activity from inhibition by the ABA receptor RCAR1/PYL9 
in Arabidopsis (Li et al. 2012a, b). Thus, this FER–GEFs–ROP11-PP2C linked 
pathway may function in parallel with the PYR/PYL/RCAR-PP2C-coupled 
pathway (Fig. 8.2); however, it remains unknown whether FER may function as 
a cell surface receptor for ABA.

Although candidate plasma membrane receptors for ABA, such as GPCR-
type G proteins GTG1/GTG2 (Pandey et al. 2009), and cytosolic ABA receptors 
PYR/PYL/RCAR-mediated signaling pathway, have been described, an ABA-
signaling pathway from cell surface signal perception to downstream signaling 
processes remains to be elucidated. Can RLKs serve as a plasma membrane ABA 
receptor? Genetic and cell biological studies are required in the future to further 
identify members of the RLK family and their targets involved in ABA signal-
ing in order to uncover primary signaling events that take place in the cell sur-
face for ABA perception and thus to understand the complicated ABA-signaling 
pathways.

http://dx.doi.org/10.1007/978-94-017-9424-4_6
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8.6  Protein Phosphatases Involved in ABA Signaling: 
PP2C, PP2A, and Others

8.6.1  Protein Phosphatase Family: PTP, PPP (PP1, PP2A, 
PP2B), and PPM (PP2C, PDP)

Protein phosphatases can be divided into two major classes: protein tyrosine 
phosphatases (PTPs) and protein serine/threonine phosphatases. Protein tyros-
ine phosphatases include PTPs and dual-specificity phosphatases (DSPTPs). The 
Ser/Thr-specific phosphoprotein phosphatases (PPPs) execute the major phosphatase 
activities in eukaryotes (Olsen et al. 2006). Based upon differential sensitivity to 
small molecule inhibitors, the protein serine/threonine phosphatases are classified 
into the PPP and PPM (for metal ion-dependent protein phosphatase) gene families. 
The PPP family includes types 1 (PP1), 2A (PP2A), 2B (PP2B), whereas the PPM 
family includes type 2C (PP2C) and pyruvate dehydrogenase phosphatase (PDP) 
(Ingebritsen and Cohen 1983; Cohen 1997; Smith and Walker 1996; Luan 2003). 
Among the PP2 members that vary in their subunit structure, divalent cation require-
ments, and substrate specificities, PP2A is a heterotrimer consisting of a catalytic 
C subunit and two distinct regulatory A and B subunits, which does not require 
divalent cations for its activity; PP2B is activated by Ca2+ and is a heterodimer 
of a catalytic A subunit and a regulatory B subunit; PP2B is an important Ca2+-
regulated PPP in other eukaryotes, but is absent in plants; PP2C exists as a mono-
mer and requires Mg2+ for its activity (Cohen 1989, 1997; Smith and Walker 1996; 
Luan 2003). Three major classes of the plant protein phosphatases are homologs of 
the mammalian type-1, -2A, and -2C protein serine/threonine phosphatases (Smith 
and Walker 1996; Luan 2003; Schweighofer et al. 2004). The Arabidopsis genome 
encodes more than 100 phosphatase catalytic subunit sequences (Arino et al. 1993; 
Smith and Walker 1996; Schweighofer et al. 2004), suggesting that the protein phos-
phatases may function in multiple physiological processes in plants. Indeed, molecu-
lar genetic and biochemical studies reveal important roles of these enzymes in plant 
cell events such as signal transduction, regulation of metabolism, cell cycle pro-
gression, hormonal regulation, and stress responses (Smith and Walker 1996; Luan 
2003; Schweighofer et al. 2004; Farkas et al. 2007). Especially, some of the PP2C 
members have been identified as critical components of ABA signaling, working 
together with a class of the cytosolic PYR/PYL/RCAR receptors for ABA (reviewed 
in Cutler et al. 2010, and see Chap. 6 of this book).

8.6.2  Group-A PP2Cs: Central, Upstream Repressors of 
ABA Signaling

The Arabidopsis genome encodes 76 PP2C-type phosphatase candidates, which 
are divided into ten groups (from A to J) (Kerk et al. 2002; Schweighofer et al. 
2004). Group A contains nine members, six of which have been identified as 

http://dx.doi.org/10.1007/978-94-017-9424-4_6


1598 Protein Kinases and Phosphatases Involved in ABA Signaling

important, negative regulators in ABA signaling, including ABI1, ABI2, HAB1, 
HAB2, AHG1, and AHG3/PP2CA.

Early forward genetic approaches allowed to isolate the abi1-1 and abi2-
1 mutants that show dominant, strong ABA-insensitive phenotypes in the major 
ABA responses including reduced seed dormancy, ABA-induced inhibition of 
seed germination, postgermination growth arrest, promotion of stomatal closure, 
and inhibition of stomatal opening (Koornneef et al. 1982; Leung et al. 1994, 
1997; Meyer et al. 1994). The mutations were shown, by the map-based cloning 
technique, to take place in the genes encoding two homologous PP2C proteins, 
named ABI1 and ABI2 (Leung et al. 1994, 1997; Meyer et al. 1994). Further stud-
ies revealed that ABI1 and ABI2 function redundantly as negative regulators of 
ABA signaling essentially because loss of function of these genes results in ABA-
hypersensitive phenotypes and double mutation increases the ABA hypersensitiv-
ity (Sheen 1998; Gosti et al. 1999; Merlot et al. 2001). ABI1 and ABI2 contribute 
nearly 50 % of the ABA-induced PP2C activity, suggesting that these two PP2C 
members play essential roles in the PP2C-mediated ABA signaling, but other 
PP2Cs are also involved in ABA signaling (Merlot et al. 2001), which is veri-
fied by pursuant studies. HAB1, HAB2 (Leonhardt et al. 2004; Saez et al. 2004, 
2006; Robert et al. 2006), and AHG1 (Nishimura et al. 2007) and AHG3/PP2CA 
(Cherel et al. 2002; Kuhn et al. 2006; Yoshida et al. 2006a; Lee et al. 2009) were 
also identified as negative ABA-signaling regulators, all of which belong to the 
clade-A PP2Cs (Schweighofer et al. 2004). The hab1 pp2ca and abi1 pp2ca dou-
ble mutants show ABA-hypersensitive phenotypes in seed germination, postgermi-
nation growth, reduced water loss and enhanced resistance to drought stress, and 
two triple mutants hab1 abi1 abi2 and hab1 abi1 pp2ca show an extreme ABA 
hypersensitivity in the major ABA responses, impaired growth and partial consti-
tutive response to endogenous ABA (Rubio et al. 2009). These genetic data reveal 
that these six members of the clade-A PP2Cs, functioning negatively and redun-
dantly, play central roles in ABA signaling.

The remaining three PP2Cs, HAI1, HAI2/AIP1, and HAI3 (with Arabidopsis 
genome locus At5g59220, At1g07430, and At2g29380, respectively), were 
recently reported to have both effect on ABA-independent low water poten-
tial phenotypes and effect on ABA-sensitivity phenotypes in seed germination 
and seedling growth; however, double or triple mutants of the HAI genes have 
moderate ABA hypersensitivity in seedling growth, while these mutants have 
ABA-insensitive seed germination, which contrasts with the phenotypes of other 
clade-A PP2C mutants (Antoni et al. 2012; Bhaskara et al. 2012). Only was HAI1 
identified clearly as a negative regulator of ABA signaling (Antoni et al. 2012). 
This suggests a level of functional differentiation among the clade-A PP2Cs in 
ABA signaling (Bhaskara et al. 2012).

Recent advances, especially with discovery of the cytosolic PYR/PYL/RCAR 
receptors for ABA (reviewed in Cutler et al. 2010, and see Chap. 6 of this 
book), have uncovered how the clade-A PP2Cs work in ABA signaling. Early 
studies found that the point mutations of both abi1-1 and abi2-1 in ABI1 and 
ABI2 PP2Cs, respectively, involve substitution of the same amino acid residue 
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(substitution of an aspartic acid residue for a glycine residue) at an equivalent 
position close to the Mg2+-coordinating center (G180D for abi1-1 mutation and 
G168D for abi2-1 mutation) in the catalytic domain (Leung et al. 1994, 1997; 
Meyer et al. 1994), but it remained puzzling, for a long time, how this mutation 
results in strong ABA insensitivity (Schweighofer et al. 2004; Cutler et al. 2010). 
Currently, it has been known that the ABA-activated PYR/PYL/RCAR receptors 
interact with and antagonize the clade-A PP2Cs that dephosphorylate and inacti-
vate their substrates SnRK2s and SnRK1s (Ma et al. 2009; Park et al. 2009; Fujii 
et al. 2009; Cutler et al. 2010; Rodrigues et al. 2013). It has been uncovered that 
the abi1-1 and abi2-1 mutations disrupt the interactions between the PP2Cs and 
the ABA receptors PYR/PYL/RCAR, but do not affect the interactions between 
the PP2Cs and their downstream regulatory components SnRK2s (Yoshida et al. 
2006b; Ma et al. 2009; Park et al. 2009; Umezawa et al. 2009; Vlad et al. 2009). 
These mutations reduce PP2C activity of both ABI1 and ABI2 in vitro (Leung 
et al. 1997; Leube et al. 1998; Gosti et al. 1999), but appear to enhance consti-
tutively the dephosphorylation activity of the PP2Cs for their natural substrates 
SnRK2s in vivo (Umezawa et al. 2009), which explains the dominant mutation of 
strong ABA-insensitive phenotypes of the abi1-1 and abi2-1 mutants (Leung et al. 
1994, 1997; Meyer et al. 1994; Gosti et al. 1999), and is consistent with their cen-
tral, upstream roles in ABA signaling.

In addition to the SnRK2s, the Arabidopsis clade-A PP2Cs ABI1 and/or ABI2 
may use CDPK, SnRK1, and SnRK3/CIPK as substrates, such as CPK21, CPK23, 
SnRK1.1, SnRK3.1/CIPK15, and SnRK3.11/CIPK24/SOS2 (see earlier descrip-
tion in the CDPKs and SnRKs sections). The multiple substrates may be likely to 
allow the clade-A PP2Cs to execute specific and/or redundant functions in ABA 
signaling (Fig. 8.2).

It is noteworthy that two homologous members of clade B PP2Cs, PP2C5 and 
AP2C1, were also reported to regulate ABA signaling (Brock et al. 2010), sug-
gesting that PP2Cs of other groups than A group may also be involved in ABA 
signaling. Further studies will be needed to identify additional members of PP2Cs 
involved in ABA signaling and to elucidate their functional mechanisms in the 
complicated ABA-signaling network.

8.6.3  PP2As and PP2A-Like Proteins: Positive or Negative 
Regulators in ABA Signaling?

As mentioned above, the PPP family proteins are composed of PP1, PP2A, and 
PP2B proteins, which are ubiquitous enzymes in all eukaryotes except for PP2B 
that is absent in plants, while their functions are largely unknown in higher plants. 
In the Arabidopsis genome, twenty-six catalytic subunits C-encoding genes of the 
PPP family have been found, which are related to PP1, PP2A, and a novel class 
of phosphatases PP4, PP5, PP6, and PP7, of which PP4 and PP6 are PP2A-like 
proteins according to their sequence similarities (Farkas et al. 2007). Protein 
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phosphatase 2A is a holoenzyme composed of a scaffolding subunit A, a regula-
tory subunit B, and a catalytic subunit C. The subunits A and C directly interact to 
form the AC core enzyme, which binds subunit B to form a variety of heterotrim-
eric complexes (Cohen 1989, 1997; Mayer-Jaekel and Hemmings 1994; Smith and 
Walker 1996; Luan 2003). The regulatory subunit B determines the substrate spec-
ificity, subcellular localization, and catalytic activity of the PP2As (Virshup 2000; 
Janssens and Goris 2001; Luan 2003). For PP2A family proteins, the Arabidopsis 
genome encodes five catalytic C subunits (Arino et al. 1993; Smith and Walker 
1996; Kerk et al. 2002; Schweighofer et al. 2004), three scaffolding A subunits 
(Slabas et al. 1994; Garbers et al. 1996), and 17 regulatory B subunits (Haynes 
et al. 1999; Terol et al. 2002; Farkas et al. 2007). The multiple isoforms may com-
bine to form a wide variety of functional complexes, theoretically accounting for 
255 different heterotrimer combinations that could eventually perform distinct 
functions in the regulation of different processes or redundant functions in specific 
processes (Janssens et al. 2005; Farkas et al. 2007).

Earlier pharmacological studies suggested that protein phosphatases PP1 and 
PP2A might function as positive or negative regulators of ABA signaling (Schmidt 
et al. 1995; Esser et al. 1997; Hey et al. 1997; Wu et al. 1997). Further genetic 
approaches in Arabidopsis allowed to identify a mutant rcn1 with reduced levels 
of PP2A activity, harboring a recessive disruption in the RCN1 gene encoding a 
guard cell-expressed PP2A scaffolding A subunit (PP2A-A1); the mutant shows 
ABA insensitivity in ABA inhibition of seed germination, ABA-induced stomatal 
closing, and ABA activation of slow anion channels, suggesting that the RCN1 is a 
positive regulator of ABA signal transduction in Arabidopsis (Kwak, et al. 2002). 
However, RCN1 is also involved in auxin transport and ethylene responses whose 
mutants therefore exhibit pleiotropic phenotypes resulting from a complicated 
cross talk among the three hormones (Rashotte et al. 2001; Larsen and Cancel 
2003). A T-DNA insertional mutant pp2ac-2 with loss of function of a PP2A 
catalytic subunit (PP2Ac) was identified more recently, in which the total PP2A 
activity is reduced (Pernas et al. 2007). The pp2ac-2 mutant shows ABA hypersen-
sitivity in seed germination, dormancy, seedling growth, and ABA-dependent gene 
expression, while the PP2Ac-2 overexpressing lines show ABA-insensitive pheno-
types (Pernas et al. 2007). These results reveal that PP2Ac-2 is a negative regula-
tor of ABA signal transduction in Arabidopsis. Given that PP2Ac-2 is a catalytic 
subunit with a specific role in ABA signaling, the identification of PP2Ac-2 as a 
negative regulator of ABA responses suggests that PP2As are likely to function 
as a negative, but not positive, component in the ABA-signaling pathway (Pernas 
et al. 2007).

Recently, a study showed that FyPP1 and FyPP3 (for Phytochrome-associated 
serine/threonine protein phosphatase1/3), two homologous catalytic subunits of 
PP6, are negatively involved in ABA signaling in Arabidopsis (Dai et al. 2013). 
It is noteworthy that there are high sequence similarities among the C subunits of 
PP6 and PP2A phosphatases, while the PP6 activity requires Zn2+, but PP2A does 
not require divalent cations for its activity as mentioned above (Cohen 1989, 1997; 
Smith and Walker 1996; Luan 2003; Wang et al. 2007; Dai et al. 2012). Genetic 
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approaches showed that the loss-of-function mutants of FyPP display ABA-
hypersensitive phenotypes in seed germination and postgermination growth (Dai 
et al. 2013). The FyPP proteins directly interact with and dephosphorylate ABI5; 
and further genetic evidence demonstrated an antagonistic interaction between 
FyPP1/3 with SnRK2 in regulating ABA responses (Dai et al. 2013). These find-
ings describe a model that FyPP1 and FyPP3 function as two negative regulators 
of ABA signaling through dephosphorylating ABI5 to counteract SnRK2s that 
phosphorylate ABI5 to promote ABA signaling (Fig. 8.2).

The high degree of genetic redundancy caused by manifold possible combina-
tions of functional complexes may have limited the experimental evidence concern-
ing processes regulated by PP2As. Further identification of more members of PP2As 
or PP2A heterotrimer combinations involved in ABA signaling will be necessary. 
Additionally, it merits to be answered whether PP2As may function as the PP2A-
like protein PP6 to cooperate with SnRK2s to catalyze reversible ABI5 phosphoryla-
tion in ABA signaling, or whether they may function, in a manner similar to PP2Cs, 
as negative regulators directly downstream of the PYR/PYL/RCAR receptors for 
ABA and upstream of SnRK2s in ABA signaling. The elucidation of functional 
mechanisms of PP2As will deepen our understanding of ABA-signaling pathway.

8.7  Concluding Remarks and Perspectives

Extensive research efforts with integrative approaches have led to consider-
able progresses to understand highly complex ABA-signaling network involving 
reversible protein phosphorylation catalyzed by protein kinases and phosphatases. 
A wide array of protein kinases and phosphatases have been identified as crucial 
players in ABA signaling, among which CDPKs, SnRKs, MAPKs, RLKs, PP2Cs, 
and PP2As are relatively best characterized and their functional mechanisms in 
ABA signaling begin to be understood (Fig. 8.2). Particularly, a PYR/PYL/RCAR-
PP2C-SnRK2s-ABI5/ABFs-linked protein dephosphorylation–phosphoryla-
tion signaling cascade has been described, and most recent studies supplement 
this pathway with both a reversible phosphorylation of SnRK2s catalyzed by 
BIN2/BILs and PP2Cs and a reversible ABI5 phosphorylation catalyzed by 
SnRK2s and FyPP1/3 (Fig. 8.2). Additionally, some intriguing signaling cascades, 
such as CDPK-SLAC1/SLAH3-coupled signaling and ABA-ROS-MPK9/12 sign-
aling cascade in guard cells, and a plasma membrane RLK-mediated FER–GEFs–
ROP11-PP2C linked pathway, have been described (Fig. 8.2). However, many 
more regulatory interactions of protein kinases and phosphatases in ABA signal-
ing are probably still hidden. Further studies will be needed to provide compelling 
evidence to link these signaling processes to the bigger picture of ABA-signaling 
pathway/network from the primary perception events of ABA signal to the most 
downstream ABA-specific physiological response. Special attention should be 
attracted to elucidating the possible cooperation of the identified CDPKs, SnRKs, 
MAPKs, RLKs, PP2Cs, and PP2As, and establishing molecular, cellular, and 
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genetic links among them in ABA-signaling pathways. The multiple cross talks 
between them should provide additional layers of regulation to fine-tune plant 
ABA and stress responses. Future molecular, cellular, genetic, genomic, and phos-
phoproteomic (combined with mass spectrometry) studies should lead to more 
precise understanding of specific and redundant roles of the identified protein 
kinases and phosphatases especially through identifying new in vivo substrates 
of these kinases and phosphatases, and to finding new members of these protein 
kinase/phosphatase families and additional, new kinase and phosphatase families 
functioning in the ABA-signaling networks. These future studies should provide 
new insights into the reversible protein phosphorylation-mediated ABA signaling 
to understand its integrated roles in diverse biological responses in plants.
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Abstract Abscisic acid (ABA) has been known as a key phytohormone to reg-
ulate plant and environmental interaction to modulate plant growth and devel-
opment under different environmental diversification. ABA signaling could 
be regulated at different levels, most importantly at transcriptional and post-
translational levels. Among them, ubiquitination and sumoylation have been 
paid attention especially in recent years. Ubiquitination and sumoylation share 
similar biochemistry pathways, but a three-step enzymatic cascade catalyzed by 
their specific E1, E2, and E3 enzymes, respectively. Both kinds of post-transla-
tional protein modifications can act together or separately to control protein sta-
bility, localization, and activity. In this chapter, we will summarize the recent 
development of protein ubiquitination and sumoylation in control of ABA path-
way, including ABA biogenesis and signaling, mainly based on the data from 
researches in the model plant Arabidopsis.

Keywords Ubiquitination · Sumoylation · ABA signaling

9.1  Introduction

Ubiquitin and small ubiquitin-like modifier (SUMO) are small proteins that can 
regulate the stability, localization, or function of the target proteins in eukary-
otic systems by being covalently attached to substrate proteins. Ubiquitination 
and sumoylation involve a three-step enzymatic cascade catalyzed by their spe-
cific E1, E2, and E3 enzymes, respectively. In many aspects, ubiquitination and 
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sumoylation play antagonist roles in protein stability, thus act oppositely in the 
target protein involved in biological processes. Abscisic acid (ABA) is a key phy-
tohormone to regulate plant growth and development, especially in the aspect 
of plant and environmental interaction. Recently, a number of discoveries have 
shown that both ubiquitination and sumoylation participate in many aspects of 
ABA biology, including regulation of ABA biosynthesis, activation or repres-
sion of ABA response, by regulating the stabilization or the degradation of ABA-
signaling components.

9.2  Protein Ubiquitination and Sumoylation

Ubiquitin, a highly conserved 76-amino acid protein, was covalently ligated to 
other proteins to post-translationally regulate the target proteins in eukaryotic 
systems. Ubiquitin modified the substrate protein by either one molecule (mon-
oubiquitination) or polymers (polyubiquitination) covalently attached to the tar-
get. Typically, ubiquitin proteasome system (UPS) firstly requires a three-step 
sequential enzymatic cascade of E1 (ubiquitin-activating enzyme), E2 (ubiquitin-
conjugating enzyme), and E3 (ubiquitin ligase). Among them, E3s are the most 
abundant and very important to define the substrate specificity. For example, 
there are 2 E1s-, 37 E2s-, and 8 E2-like proteins, but over 1,500 different E3s in 
Arabidopsis genome. According to the mechanisms of action and subunit compo-
sition, E3s were classified to four types in plants, HECT, really interesting new 
gene (RING), U-box and Cullin-RING ligases (CRLs). CRLs, the multi-subunit 
ligases, are further divided into four subtypes based on a different target recog-
nition site, SCF E3s (S-phase kinase-associated protein1-cullin1-F-Box ligases), 
BTB E3s (bric-a-brac-tramtrak-broad complex), DDB E3s (the DNA damage-
binding proteins), and the anaphase-promoting complex (APC) (Vierstra 2009). 
Most ubiquitinated proteins were broken down by the 26S proteasome system, 
which degrade the target and release the linked ubiquitin for reuse.

Besides ubiquitin, there are several functional ubiquitin-like proteins (UBLs) 
in eukaryotes, including SUMO, RUB (related to ubiquitin, or Nedd8 in yeast 
and animals), ATG8 and ATG12 (autophagy 8 and 12), FUB1 (fau ubiquitin-like 
protein 1), URM1 (ubiquitin-related modifier 1), UFM1 (ubiquitin-fold modi-
fier1), and HUB1 (homology to ubiquitin1) (Park et al. 2011). Among them, 
SUMO is a kind of essential post-translation modification, firstly identified in 
yeast (Meluh and Koshland 1995), and then exclusively reported in animals and 
plants. Although SUMO shares only about 30 % identity with ubiquitin, three-
dimensional structures are highly conserved, constituted by one α helix and four β 
strands (Fig. 9.1, Downes and Vierstra 2005; Hochstrasser 2009). Only one SUMO 
coding gene exists in yeast and four in human, while eight forms of SUMOs 
(encoded by SUMO1-8) and one SUMO-like pseudogene (SUMO9) are present 
in Arabidopsis (Miura et al. 2007), implying specific function of various forms 
of SUMOs in plants. SUMO preproteins (95-111 amino acids) encoded by these 
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SUMO genes were processed by ubiquitin-like SUMO-specific proteases (ULP) 
that delete about 10 amino acids directly after C terminus diglycine (GG) motif, 
leaving diglycine residues in mature SUMO proteins (Colby et al. 2006). Plant 
ULP also possesses isopeptidase activity to recycle SUMO from substrates, indi-
cating sumoylation is a kind of reversible post-translational modification.

Similar to ubiquitination process, sumoylation of substrate involves sequen-
tial catalytic reaction by a cascade of enzymes: SUMO E1 activating enzyme, 
SUMO E2 conjugating enzyme, and SUMO E3 ligase. In Arabidopsis, SUMO 
E1, a heterodimer SAE1/SAE2 (different from ubiquitination with a single 
E1), activates sumoylation primarily and subsequently transfer SUMO through 
a thioester linkage from a catalytic cysteine residue in E1 to the single known 
SUMO-conjugating E2 (SCE1). Whereas more than 1,500 ubiquitin E3s (or 
complexes) were identified, up to now only two SUMO E3 ligases were identi-
fied in Arabidopsis, AtSIZ1 and HPY2/AtMMS21, which facilitate the transfer 
of SUMO from SUMO E2-conjugating enzyme to substrate protein (Miura and 
Hasegawa 2010). A covalent bond linkage occurs between diglycine of SUMO 
and ε amino group of lysine residue located in a conserved sumoylation motif 
ψKXE/D (ψ, an aliphatic residue, preferably L, I or V; X, any amino acid). 
Mostly from yeast and mammalian, it has been shown that sumoylation con-
trolled a broad of cellular activities, including roles in gene expression, main-
tenance of chromatin integrity, signal transduction, protein trafficking, and 
stabilizing proteins by protecting them from ubiquitination-dependent protein 
degradation.

Proteomic and genetic analysis mainly in Arabidopsis highlight the importance 
of ubiquitination and sumoylation action to control the key factors during hor-
mone synthesis, perception, and downstream signaling in the most plant hormone 
signaling, including auxin, ABA, brassinosteroid (BR), cytokinin, ethylene (ET), 
gibberellins (GA), jasmonic acid (JA), salicylic acid (SA), strigolactone (SL), and 
zeatin. Here, we summarize the current knowledge on the protein ubiquitination 
and sumoylation in ABA signaling in the plants.

Fig. 9.1  The three-
dimensional structure of 
UBQ 14 (AT4G02890) and 
SUMO 1 (AT4G26840) is 
predicted at the Web site 
http://swissmodel.expasy.org

UBQ 14 SUMO 1

GG GG

http://swissmodel.expasy.org
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9.3  Protein Ubiquitination in ABA Signaling

Being sessile organisms, plants are continuously exposed in complex and vola-
tile environment, including abiotic stress, such as drought, salt, and cold, and 
biotic stress, for examples, pathogens and insects. At the same time, plants have 
evolved rapid and efficient mechanisms to adapt changeable conditions. ABA is 
a key hormone for many plant physiological processes, including senescence, 
seed dormancy and germination, and adapting to stress conditions. Recently, the 
understanding of ABA signaling, from the perception to downstream regulation, 
involves many intermediates and is very complicated (Ma et al. 2009; Park et al. 
2009; Cutler et al. 2010). Furthermore, many aspects of ABA biology are regu-
lated by protein ubiquitination.

9.3.1  ABA Biosynthesis Impacted by Protein Ubiquitination

Protein ubiquitination is known to control a broad of protein stability, including 
signaling molecules and metabolic enzymes. SENESCENCE-ASSOCIATED E3 
UBIQUITIN LIGASE1/PLANT U-BOX E3 LIGASE 44 (SAUL1/AtPUB44) has 
been shown to be a functional E3 ubiquitin ligase and directly target ABSCISIC 
ALDEHYDE OXIDASES 3 (AAO3), an enzyme to convert abscisic aldehyde to 
ABA, for ubiquitin-dependent degradation via the 26S proteasome. saul1 mutants 
exhibit enhanced ABA level and show premature senescence (Raab et al. 2009). 
XERICO, encoding a small protein with RING-H2 RING finger motif, has been 
shown to increase ABA levels and drought tolerance of plants through upregula-
tion of AtNECD3, which is a key ABA-biosynthesis gene. Furthermore, yeast two-
hybrid assay indicates that XERICO interacts with an E2 ubiquitin-conjugating 
enzyme, AtUBC8 and also AtTLP9, which is an ASK1-interacting F-box protein 
involved in ABA-signaling pathway (Ko et al. 2006).

9.3.2  ABA Signaling Regulated by Protein Ubiquitination

Recent progress in interpreting the ABA signaling shows a core ABA signal 
pathway, in which ABA receptor proteins (PYR/PRL/RCAR) bind to the type 
2C protein phosphatases (PP2Cs) and inhibit the phosphatase activity in the 
presence of ABA, subsequently releasing the SnRK2s kinases and the accumu-
lated phosphorylated SnRK2s kinases phosphorylating the ABA-responsive 
element binding factors (ABFs) (Ma et al. 2009; Park et al. 2009; Cutler et al. 
2010). Besides a few of ubiquitin conjugases, the increased numbers of E3 
ligases, belonging to different E3 subfamilies, playing important roles in ABA 
signaling have been identified.
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9.3.2.1  RING-type E3 Ligases Involved in ABA Signaling

RING-type E3 ligases were classified due to their conserved cysteine and histidine 
domain. Various RING fingers exhibit binding activity toward E2 ubiquitin-con-
jugating enzymes (Ubc’s) and also the single RING-type E3 ligase has capacity 
to bind and ubiquitinate its substrate(s). This family has around 500 members in 
Arabidopsis, the second large family of E3 in Arabidopsis. A couple of RING 
finger E3 ligases were discovered in ABA signaling. Abscisic Acid-Insensitive 3 
(ABI3), a B3-domain transcription factor, plays a central role in ABA-signaling 
pathway. Both biochemical and genetic evidences demonstrated that the abun-
dance of ABI3 is post-translationally regulated by AIP2 (ABI3-interacting pro-
tein2), a RING-type E3 ligase. AIP2 can directly polyubiquitinate ABI3 in vitro. 
AIP2-overexpression plants show lower levels of ABI3 protein and more resistant 
to ABA compared with wild type plants, which is similar to the phenotype of abi3. 
Whereas aip2 mutant contains higher ABI3 protein levels and is hypersensitive to 
ABA, phenocopying ABI3-overexpressing plants. Therefore, AIP2 is a negative 
regulator through regulating the stability of ABI3 (Zhang et al. 2005).

Plants have evolved protective mechanism to survive from adverse environ-
mental conditions during their transition from heterotrophic to autotrophic growth. 
This post-germination developmental checkpoint is controlled by ABA, which 
induces the accumulation of Abscisic Acid-Insensitive 5 (ABI5) in germination 
stage. ABI5, a basic Leu Zipper transcription factor acting downstream of ABI3, is 
essential for ABA-dependent post-germinative growth arrest (Lopez-Molina et al. 
2001, 2002). ABA-induced ABI5 protein accumulation can be regulated through 
both activation of transcription and enhanced protein stability. Enhanced ABI5 
protein in seedlings treated with 26S proteasome inhibitors indicates that the deg-
radation of ABI5 is dependent on the UPS (Lopez-Molina et al. 2001; Brocard 
et al. 2002). A RING-type E3 KEEP ON GOING (KEG) is a negative regulator 
of ABA signaling, required for keeping the low levels of ABI5 in the absence of 
ABA. KEG can interact with and ubiquitinate ABI5 in vitro. Cytoplasmic deg-
radation of ABI5 is mediated by KEG. keg mutant plants accumulated very high 
levels of ABI5 and resulted in hypersensitivity to ABA, exhibiting plant growth 
arrest immediately after germination in presence of ABA, similar to the phenotype 
of ABI5-overexpressing plants. Loss of ABI5 can partially rescue the keg pheno-
type (Stone et al. 2006; Liu and Stone 2013). Furthermore, KEG protein levels 
are modulated by ABA through self-ubiquitination and subsequent degradation 
via 26S proteasome (Liu and Stone 2010). Another protein, ABI FIVE BINDING 
PROTEIN (AFP) can attenuate ABA signals by promoting ABI5 degradation, 
although the mechanism of this process is not clear (Lopez-Molina et al. 2003).

In addition to ABI5, two other ABI5-related bZIP transcription factors, named 
ABF1 and ABF3, also regulated seed germination and post-germination growth 
(Jakoby et al. 2002; Finkelstein et al. 2005). Similar model to ABI5 degradation 
modulated by KEG, the abundance of ABF1 and ABF3 proteins is also affected 
by ABA and KEG. KEG can interact with and ubiquitinate ABF1 and ABF3 in 
vitro, and the loss of KEG slows the degradation of ABF1 and ABF3 in vivo and in 
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vitro, suggesting that KEG can also modulate the degradation of ABF1 and ABF3. 
Similarly, the loss of ABF1, ABF3, or both of them cannot fully rescue the keg 
phenotype (Chen et al. 2013), which is similar to the abi5 keg double mutant. All 
above evidence indicates that other bZIP transcription factors, such as ABF2 and 
ABF4, maybe function in the similar way (Jakoby et al. 2002). Calcineurin B-like 
interacting protein kinase (CIPK26) was identified as another KEG-interacting 
protein by using a yeast two-hybrid screen. CIPK26 and KEG can interact in 
vitro and in vivo. The degradation of CIPK26 was increased along with the ele-
vated levels of KEG protein, CIPK26-overexpressing plant was more sensitive to 
ABA compared with wild-type plants. Furthermore, CIPK26 was able to phos-
phorylate ABI5 in vitro. So the data show that CIPK26 is involved in ABI5- and 
KEG-mediated ABA-signaling network (Lyzenga et al. 2013). Since no evidence 
showed the KEG can direct ubiquitinate and promote the degradation of CIPK26, 
the triadic relation among CIPK26, KEG, and ABI5 still need to be addressed.

Through testing the germination of 100 different Arabidopsis RING finger gene 
T-DNA insertion mutant lines in the presence of exogenous ABA, Kim’s lab found 
three RING E3 ubiquitin ligases, At Arabidopsis ABA-insensitive RING protein 
1 (AIRP1), At AIRP2 and At AIRP3 were involved in ABA response. These three 
E3 ubiquitin ligases are positive regulators in ABA-dependent response to drought 
stress, among them AtAIRP1 and AtAIRP2 play combinatory roles in this process. 
AtAIRP3 can target the Cys proteinase of the papain family, RESPONSIVE TO 
DEHYDRATION21, for degradation in vitro and in vivo (Ryu et al. 2010; Cho 
et al. 2011; Kim and Kim 2013).

In addition, a number of other RING-type E3 ligases have been shown to play 
positive roles in ABA signaling in both seed germination and post-germination 
growth, although their substrates remain to be identified. These include ATL43 
(Serrano et al. 2006), SDIR1 (Zhang et al. 2007), RHA2a (Bu et al. 2009), and 
RHA2b (Li et al. 2011).

9.3.2.2  U-Box-type E3 Ligases Involved in ABA Signaling

U-box family E3 ligase was classified based on their modified RING finger 
domain, without the full complement of Zn2+-binding ligands, probable involved 
in E2-dependent ubiquitination. At least four U-box-type E3 ligases have been 
characterized in ABA signaling. The expression of AtPUB9 can be induced by 
ABA treatment, accompanying the changes in AtPUB9 subcellular localization 
from the nucleus to the plasma membrane in tobacco BY-2 cells. atpub9 mutant 
plants were hypersensitive to ABA-induced seed germination inhibition, which 
can be rescued by abi3-6, indicating that AtPUB9 is involved in ABA response 
(Bergler and Hoth 2011). AtPUB18 and AtPUB19 are two homologous U-box E3 
ubiquitin ligases. Loss-of-function and overexpression assays reveal that AtPUB18 
and AtPUB19 are negative regulators of ABA-mediated drought responses. 
Moreover, the atpub18atpub19 double mutant displayed more sensitive to ABA 
and enhanced drought tolerance than did each single mutant plant (Bergler and 
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Hoth 2011; Liu et al. 2011; Seo et al. 2012). AtCHIP, a U-box-containing E3 
ligase, plays important roles in temperature stress tolerance and ABA response. 
Overexpression of AtCHIP enhanced plant more sensitive to ABA and low- and 
high-temperature treatments compared with wild type. AtCHIP functions as an 
E3 ligase of the A subunit of protein phosphatase 2A (PP2A), which functions in 
plant response to ABA and stress. In vitro assay showed it seemed that a single 
ubiquitin molecule was added to A subunits of PP2A by E3 ligase AtCHIP; author 
proposed the possibility that the ubiquitylation event might not lead to the degra-
dation of the A subunits of PP2A; instead it might lead to a change in their interac-
tion with the B or C subunit or to the enzymatic activity of PP2A (Yan et al. 2003; 
Luo et al. 2006). In vivo protein-state analysis should be a key point needed to 
support their claim.

9.3.2.3  CRLs Involved in ABA Signaling

The multi-subunit ligases CRLs (CULLIN-RING E3 ubiquitin ligases) are belong 
to the biggest E3 family in Arabidopsis. Upon to now several members of this 
family were founded to be in ABA pathway. Class I homeobox-Leu Zipper (HD-
ZIP) transcription factor, ATHB6, a target of the ABI1, plays a negative role in 
ABA signal pathway in stomatal closure and germination assays (Himmelbach 
et al. 2002). MATH/BTB proteins (BPMs), acting as adaptors for Cullin3-based 
ubiquitin E3 ligase to bind substrate, directly interact with and target ATHB6 for 
proteasomal degradation. The knockdown of BPMs and the overexpression of 
ATHB6 result in ABA insensitivity. Reducing the function of CUL3BPM leads to 
higher accumulation of ATHB6 proteins (Lechner et al. 2011).

Mutants in two DWD genes, DWA1 and DWA2 (DWD hypersensitive to 
ABA1 and 2) encoding substrate receptors for CULLIN4-RING E3 ligase, 
are hypersensitive to ABA and accumulate higher ABI5 proteins. DWA1 and 
DWA2 can interact with ABI5 in vivo. So, DWA1 and DWA2 may work as 
the substrate receptors for Cul4 E3 ligase to promote the degradation of ABI5. 
Furthermore, cul4 mutant is hypersensitive to ABA and has higher ABI5 pro-
tein compared with wild type after ABA treatment (Lee et al. 2010). ABD1 
(ABA-hypersensitive DCAF1) is another substrate receptor for CULLIN4-based 
E3 ubiquitin ligases, which negatively regulates ABA signaling by binding to 
and affecting the ABI5 stability in the nucleus. abd1 mutant is hypersensitive 
to ABA during seed germination and seedling growth and leads to higher accu-
mulation of ABI5 (Seo et al. 2014). In in vivo Co-IP experiments, ABD1 and 
DWA1/2 can bind different isoforms of ABI5. ABD1 interacts with the two iso-
forms of ABI5, while DWA1 and DWA2 interact with the slow migrating form 
of ABI5 (Lee et al. 2010; Seo et al. 2014). Recently, Irigoyen et al. found that 
ABA receptors, PYL8, as well as PYL4 and PYL9, can interact with DET1-, 
DDB1-ASSOCIATED1 (DDA1), which is the part of COP10-DET1-DDA1 
(CDD) complex and can provide substrate for CRL4 ligase. Furthermore, over-
expression of DDA1 promotes the degradation of PYL8 protein and reduces 
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plant sensitivity of ABA (Irigoyen et al. 2014). So, DDA1 negatively regulates 
ABA response by targeting the degradation of ABA receptor, which is very 
important when ABA levels in plant decrease.

Other two F-box proteins are involved in ABA-signaling pathway. DOR, 
a putative F-box protein, belongs to the S-locus F-box-like family related to 
AhSLF-S2 and can interact with ASK14 and CUL1. dor mutant plants are hyper-
sensitive to ABA-induced stomatal closure and tolerant to drought stress. DOR-
overexpressing plants were more sensitive to drought stress (Zhang et al. 2008). 
Based on the physiological analysis about the overexpresser lines and knockdown 
mutant plants, the EID1-like protein 3 (EDL3) is another F-box protein who acts 
as a positive regulator in ABA-signaling pathway (Koops et al. 2011). But up to 
now, no substrate was discovered for both of F-box proteins.

9.3.2.4  E2 Involved in ABA Signaling

Besides ubiquitin E3 ligases control the substrate specificity, ubiquitin conju-
gases were also discovered to be important in substrate recognition and thus 
may also works in the specific physiological regulation. The Mungbean VrUBC1 
(Vignaradiata UBC1) encodes a functional UBC E2. Overexpression of VrUBC1 
plants enhanced ABA-induced stomatal closing and germination inhibition. A 
number of key ABA-signaling genes, such as ABI5, ABF2, ABF3, and ABF4, were 
increased in transgenic plants compared to the wild-type plants. VrUBC1 can 
interact with AtVBP1, a C3HC4-type RING E3 ligase, indicating that VrUBC1 
is involved in ABA response possibly through interaction with a RING E3 ligase 
(Chung et al. 2013). Arabidopsis UBC32 was identified as a stress-induced trans-
membrane-contained E2, similar to its counterpart in yeast and mammals, it was 
discovered to be involved in the ER-associated protein degradation of unfolding 
protein and participate in salt and ABA response in Arabidopsis. The ubc32 lines 
were more insensitive than wild-type plants to ABA in both the germination and 
post-germination stages, while the 35S-UBC32 lines were more sensitive to ABA, 
indicating that UBC32 is also a positive regulator in ABA-signaling pathway (Cui 
et al. 2012).

9.4  Protein Sumoylation in ABA Signaling

Many biochemical and genetic evidences have revealed that SUMO post-trans-
lation modification participates in numerous crucial biological processes in 
plants, including plant vegetative growth and development, flowering regula-
tion, embryogenesis, embryogenesis, hormonal response, nitrogen assimilation, 
pathogen resistance, especially the abiotic stress response, including phos-
phate-deficiency, cold, drought, salt, heat shock, and copper tolerance (Miura 
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and Hasegawa 2010). Up to now, several sumoylation components in sumoyla-
tion pathway were reported to regulate ABA signaling. AtSUMO1/2 overex-
pressing plants with increased level of sumoylation are less sensitive to ABA, 
showing reduced seedling primary root growth inhibition (Lois et al. 2003). 
AtSCE1a, the unique SUMO-conjugating enzyme in Arabidopsis, is colocalized 
in nucleus with AtSUMO1/2. Transgenic plants with AtSCE1a co-suppression 
showed ABA-mediated enhanced root growth inhibition compared to wide type 
(Lois et al. 2003). Both known SUMO E3 ligases were also discovered to be 
involved in ABA signaling. AtSIZ1, as a multiple biological functional SUMO 
ligase E3, is confirmed to be related to ABA signaling, with the evidence that 
the enhanced ABA response was observed in siz1 mutant (Miura and Hasegawa 
2009). The other SUMO E3 ligase, HPY2/MMS21, firstly identified as a modula-
tor of cell cycle progression and meristem maintenance, was also demonstrated 
to participate in ABA signaling. Similar to siz1, enhanced ABA sensitivity was 
also observed in mms21 (Zhang et al. 2013). Altogether, it seems that knock-
out/knockdown of components in sumoylation pathway all increased ABA 
sensitivity.

How does sumoylation regulate plant ABA response? The effect of sumoyla-
tion on key components in ABA-signaling pathway has drawn the attention. 
Genetic analysis showed mutant abi5-4 represses ABA sensitivity in siz1-2 
mutant both in seed germination and primary root growth, which indicates the 
genetic interaction between SIZ1 and ABI5. Biochemical evidence demon-
strated that ABI5 was sumoylated by SIZ1 and SIZ1-mediated ABI5 sumoyla-
tion protected the protein stability of ABI5 (Miura et al. 2009). Whereas AFP 
(ABI 5-binding protein) and KEG (KEEP ON GOING, a RING finger ubiqui-
tin E3 ligase) facilitate ABI5 degradation through 26S proteasomes system, it 
seems that SUMO E3 ligase SIZ1 protects ABI5 protein by sumoylation of ABI5 
to against the ubiquitin-mediated ABI5 degradation (Lopez-Molina et al. 2003; 
Miura et al. 2009; Liu and Stone 2010). The additive ABA-hypersensitive phe-
notype caused by siz1-2afp-1 double mutation compared to single mutant sug-
gested that sumoylation and AFP facilitated ABI5 degradation may function in 
different ways, perhaps other types of protein modifications involved (Miura 
et al. 2009). Moreover, the recent study found phenotype of double mutants of 
abi5-8 myb30-2 under ABA treatment is comparable to wild-type plants dur-
ing seed germination, so do the expression level of a group of stress-responsive 
genes, including COR413, COR15B, LOX3, and BGL2. It is further found that 
MYB30 can be sumoylated at residue K283 dependent on SIZ1. Due to the dif-
ferent sets of genes regulated by MYB30 and ABI5 in response to ABA, MYB30 
and ABI5 were considered to balance different sets of downstream genes expres-
sion upon ABA treatment (Zheng et al. 2012). Additionally, ABI5 is phospho-
rylated by SnRK2.2 and SnRK2.3 in response to ABA, and then ABI5 was 
activated as a transcription factor. Up to know, at least three different protein 
modifications have been found on ABI5 protein, how ABI5 is precisely regulated 
by these three post-translational modifications, and whether there is some kind 
of balance needs further investigation.
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9.5  Conclusions and Perspective

In fact, the synthesis and destruction of proteins are equally important for plant 
to grow and survive from adverse conditions. Therefore, by targeting an ABA 
receptor or ABA-responsive proteins at the right moments, the ubiquitination and 
sumoylation modification modulate the ABA biosynthesis and the sensitivity of 
plant responsive to ABA (Fig. 9.2). Based on the observations illustrated above, 
the following mechanisms are involved, (1) one E3 ligase can target several sub-
strates, (2) one target can be modified by several E3 ligases, (3) the positive regu-
lator and the negative regulator in the same pathway can be regulated by the same 
E3 ligase.

For instance, the ubiquitin ligase KEG, being the negative regulator of ABA, 
leads to the degradation of ABF1, ABF3, ABI5, and CIPK6, and four proteins 
play positive roles in ABA inhibition of seed germination and post-germination 
growth. ABF1, ABF3, and ABI5 are bZIP-type transcription factors, and CIPK26 
is CIPK which can phosphorylate ABI5 in vitro. KEG is stable in the absence of 
ABA, and ABA can promote KEG auto-ubiquitination and degradation by the 26S 
proteasome. The reduction of KEG protein leads to the accumulation of ABF1, 
ABF3, ABI5, and CIPK6, and subsequent growth arrest of plants. Oppositely 
one substrate also could be directly regulated by different E3 or E3 complexes. 
Well-studied cell cycle negative regulator, ICK/KRP (p27), both in mammals and 
plant, is controlled by different types of E3 ligases in different location in cells. In 
nucleus, it is degraded by SCF complex, while in cytosol, it is targeted by RING-
type E3 ligase (Kamura et al. 2004; Ren et al. 2008; Lai et al. 2009). It seems 
that the key transcriptional factor ABI5 is regulated by similar manners. The deg-
radation of ABI5 is modulated by KEG in cytosol under lower ABA level, and 
by DWA1, DWA2, and ABD1 complexes in nucleus, evidenced by the exclusive 
localization of those adaptor proteins in nucleus under higher level of ABA and 
stress conditions. Another example is the SUMO E3 ligase SIZ1, the negative reg-
ulator of ABA by targeting two proteins, ABI5 and MYB30, in plant response to 
ABA. Sumoylation by SIZ1 can stabilize ABI5 and MYB30. Different from abi5 
mutant, myb30 mutants are ABA hypersensitive to ABA during ABA-controlled 
germination. Furthermore, sumoylated ABI5 proteins are inactive, but sumoylated 
MYB30 proteins are inactive. Therefore, SIZ1 sumoylation of both ABI5 and 
MYB30 transcription factors regulate plant ABA response in the parallel way. 
Why the same SUMO E3 ligase has different effects on the activity of different 
substrates, one possibility is that sumoylation might affect other types of protein 
modification, for example, phosphorylation of ABI5 is essential for the activity of 
ABI5. This conception need be addressed experimentally.

Besides the SUMO, different types of E2 and E3 ligases were discovered in 
ABA signaling, the component of the UPS destruction 26S proteasome com-
plex, RPN10, was also found to be important in ABA signaling. rpn10-1 was 
found more sensitive to ABA with the effect on the selective stabilization of the 
short-lived ABA-signaling protein ABI5 (Smalle et al. 2003). Together with all 
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evidences analyzed in this chapter, it is believed that protein ubiquitination and 
sumoylation play vital roles in ABA signaling.
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Fig. 9.2  Ubiquitin and SUMO E3 ligases (complexes) and their substrates participate in ABA 
pathway. Green color refers to substrates. Orange color highlights RING-type E3 ligase. Purple 
color indicates U-box-type E3 ligase. Cullin-based E3 ligases are in light brown color. SUMO E3 
ligases are in blue color



188 Y. Wu et al.

Acknowledgments This research was supported by grant NSFC 91317308/31030047/31270301 
from the National Science Foundation of China, and Qi Xie is supported by 973 Program 
2011CB915402 from the National Basic Research Program of China.

References

Bergler J, Hoth S. Plant U-box armadillo repeat proteins AtPUB18 and AtPUB19 are involved in 
salt inhibition of germination in Arabidopsis. Plant Biol (Stuttg). 2011;13:725–30.

Brocard IM, Lynch TJ, Finkelstein RR. Regulation and role of the Arabidopsis abscisic acid-insen-
sitive 5 gene in abscisic acid, sugar, and stress response. Plant Physiol. 2002;129:1533–43.

Bu Q, Li H, Zhao Q, Jiang H, Zhai Q, Zhang J, Wu X, Sun J, Xie Q, Wang D, Li C. The 
Arabidopsis RING finger E3 ligase RHA2a is a novel positive regulator of abscisic 
acid signaling during seed germination and early seedling development. Plant Physiol. 
2009;150:463–81.

Chen YT, Liu H, Stone S, Callis J. ABA and the ubiquitin E3 ligase KEEP ON GOING affect 
proteolysis of the Arabidopsis thaliana transcription factors ABF1 and ABF3. Plant J. 
2013;75:965–76.

Cho SK, Ryu MY, Seo DH, Kang BG, Kim WT. The Arabidopsis RING E3 ubiquitin ligase 
AtAIRP2 plays combinatory roles with AtAIRP1 in abscisic acid-mediated drought stress 
responses. Plant Physiol. 2011;157:2240–57.

Chung E, Cho CW, So HA, Kang JS, Chung YS, Lee JH. Overexpression of, a Mung Bean 
E2 Ubiquitin-Conjugating enzyme, enhances osmotic stress tolerance in. PLoS ONE. 
2013;8:e66056.

Colby T, Matthai A, Boeckelmann A, Stuible HP. SUMO-conjugating and SUMO-deconjugating 
enzymes from Arabidopsis. Plant Physiol. 2006;142:318–32.

Cui F, Liu L, Zhao Q, Zhang Z, Li Q, Lin B, Wu Y, Tang S, Xie Q. Arabidopsis ubiquitin conju-
gase UBC32 is an ERAD component that functions in brassin osteroid-mediated salt stress 
tolerance. Plant Cell. 2012;24:233–44.

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR. Abscisic acid: emergence of a core sign-
aling network. Annu Rev Plant Biol. 2010;61:651–79.

Downes B, Vierstra RD. Post-translational regulation in plants employing a diverse set of poly-
peptide tags. Biochem Soc Trans. 2005;33:393–9.

Finkelstein R, Gampala SS, Lynch TJ, Thomas TL, Rock CD. Redundant and distinct func-
tions of the ABA response loci ABA-INSENSITIVE(ABI)5 and ABRE-BINDING FACTOR 
(ABF)3. Plant Mol Biol. 2005;59:253–67.

Himmelbach A, Hoffmann T, Leube M, Hohener B, Grill E. Homeodomain protein ATHB6 is 
a target of the protein phosphatase ABI1 and regulates hormone responses in Arabidopsis. 
EMBO J. 2002;21:3029–38.

Hochstrasser M. Origin and function of ubiquitin-like proteins. Nature. 2009;458:422–9.
Irigoyen ML, Iniesto E, Rodriguez L, Puga MI, Yanagawa Y, Pick E, Strickland E, Paz-Ares J, 

Wei N, De Jaeger G, Rodriguez PL, Deng XW, Rubio V. Targeted degradation of Abscisic 
acid receptors is mediated by the Ubiquitin Ligase substrate adaptor DDA1 in Arabidopsis. 
Plant Cell. 2014.

Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J, Kroj T, Parcy F, 
ZIPRG B. bZIP transcription factors in Arabidopsis. Trends Plant Sci. 2002;7:106–11.

Kamura T, Hara T, Matsumoto M, Ishida N, Okumura F, Hatakeyama S, Yoshida M, Nakayama 
K, Nakayama KI. Cytoplasmic ubiquitin ligase KPC regulates proteolysis of p27(Kip1) at G1 
phase. Nat Cell Biol. 2004;6:1229–35.

Kim JH, Kim WT. The Arabidopsis RING E3 ubiquitin ligase AtAIRP3/LOG2 partici-
pates in positive regulation of high-salt and drought stress responses. Plant Physiol. 
2013;162:1733–49.



1899 Protein Ubiquitination and Sumoylation …

Ko JH, Yang SH, Han KH. Upregulation of an Arabidopsis RING-H2 gene, XERICO, confers 
drought tolerance through increased abscisic acid biosynthesis. Plant J. 2006;47:343–55.

Koops P, Pelser S, Ignatz M, Klose C, Marrocco-Selden K, Kretsch T. EDL3 is an F-box pro-
tein involved in the regulation of abscisic acid signalling in Arabidopsis thaliana. J Exp Bot. 
2011;62:5547–60.

Lai J, Chen H, Teng K, Zhao Q, Zhang Z, Li Y, Liang L, Xia R, Wu Y, Guo H, Xie Q. RKP, a 
RING finger E3 ligase induced by BSCTV C4 protein, affects gemini virus infection by regu-
lation of the plant cell cycle. Plant J. 2009;57:905–17.

Lechner E, Leonhardt N, Eisler H, Parmentier Y, Alioua M, Jacquet H, Leung J, Genschik P. 
MATH/BTB CRL3 receptors target the homeodomain-leucine zipper ATHB6 to modulate 
abscisic acid signaling. Dev Cell. 2011;21:1116–28.

Lee JH, Yoon HJ, Terzaghi W, Martinez C, Dai M, Li J, Byun MO, Deng XW. DWA1 and 
DWA2, two Arabidopsis DWD protein components of CUL4-based E3 ligases, act together 
as negative regulators in ABA signal transduction. Plant Cell. 2010;22:1716–32.

Li H, Jiang H, Bu Q, Zhao Q, Sun J, Xie Q, Li C. The Arabidopsis RING finger E3 ligase 
RHA2b acts additively with RHA2a in regulating abscisic acid signaling and drought 
response. Plant Physiol. 2011;156:550–63.

Liu H, Stone SL. Abscisic acid increases Arabidopsis ABI5 transcription factor levels by pro-
moting KEG E3 ligase self-ubiquitination and proteasomal degradation. Plant Cell. 
2010;22:2630–41.

Liu H, Stone SL. Cytoplasmic degradation of the Arabidopsis transcription factor abscisic acid 
insensitive 5 is mediated by the RING-type E3 ligase KEEP ON GOING. J Biol Chem. 
2013;288:20267–79.

Liu YC, Wu YR, Huang XH, Sun J, Xie Q. AtPUB19, a U-box E3 ubiquitin ligase, nega-
tively regulates abscisic acid and drought responses in Arabidopsis thaliana. Mol Plant. 
2011;4:938–46.

Lois LM, Lima CD, Chua NH. Small ubiquitin-like modifier modulates abscisic acid signaling in 
Arabidopsis. Plant Cell. 2003;15:1347–59.

Lopez-Molina L, Mongrand S, Chua NH. A postgermination developmental arrest checkpoint 
is mediated by abscisic acid and requires the ABI5 transcription factor in Arabidopsis. Proc 
Natl Acad Sci U S A. 2001;98:4782–7.

Lopez-Molina L, Mongrand S, McLachlin DT, Chait BT, Chua NH. ABI5 acts down-
stream of ABI3 to execute an ABA-dependent growth arrest during germination. Plant J. 
2002;32:317–28.

Lopez-Molina L, Mongrand S, Kinoshita N, Chua NH. AFP is a novel negative regulator of ABA 
signaling that promotes ABI5 protein degradation. Genes Dev. 2003;17:410–8.

Luo J, Shen G, Yan J, He C, Zhang H. AtCHIP functions as an E3 ubiquitin ligase of pro-
tein phosphatase 2A subunits and alters plant response to abscisic acid treatment. Plant J. 
2006;46:649–57.

Lyzenga WJ, Liu H, Schofield A, Muise-Hennessey A, Stone SL. Arabidopsis CIPK26 interacts 
with KEG, components of the ABA signalling network and is degraded by the ubiquitin-pro-
teasome system. J Exp Bot. 2013;64:2779–91.

Ma Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, Grill E. Regulators of PP2C 
phosphatase activity function as abscisic acid sensors. Science. 2009;324:1064–8.

Meluh PB, Koshland D. Evidence that the MIF2 gene of Saccharomyces cerevisiae encodes a 
centromere protein with homology to the mammalian centromere protein CENP-C. Mol Biol 
Cell. 1995;6:793–807.

Miura K, Hasegawa PM. Sumoylation and abscisic acid signaling. Plant Signal Behav. 
2009;4:1176–8.

Miura K, Hasegawa PM. Sumoylation and other ubiquitin-like post-translational modifications in 
plants. Trends Cell Biol. 2010;20:223–32.

Miura K, Jin JB, Hasegawa PM. Sumoylation, a post-translational regulatory process in plants. 
Curr Opin Plant Biol. 2007;10:495–502.



190 Y. Wu et al.

Miura K, Lee J, Jin JB, Yoo CY, Miura T, Hasegawa PM. Sumoylation of ABI5 by the 
Arabidopsis SUMO E3 ligase SIZ1 negatively regulates abscisic acid signaling. Proc Natl 
Acad Sci U S A. 2009;106:5418–23.

Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, Lumba S, Santiago J, Rodrigues 
A, Chow TF, Alfred SE, Bonetta D, Finkelstein R, Provart NJ, Desveaux D, Rodriguez 
PL, McCourt P, Zhu JK, Schroeder JI, Volkman BF, Cutler SR. Abscisic acid inhib-
its type 2C protein phosphatases via the PYR/PYL family of START proteins. Science. 
2009;324:1068–71.

Park HJ, Park HC, Lee SY, Bohnert HJ, Yun DJ. Ubiquitin and ubiquitin-like modifiers in plants. 
J Plant Biol. 2011;54:275–85.

Raab S, Drechsel G, Zarepour M, Hartung W, Koshiba T, Bittner F, Hoth S. Identification of 
a novel E3 ubiquitin ligase that is required for suppression of premature senescence in 
Arabidopsis. Plant J. 2009;59:39–51.

Ren H, Santner A, del Pozo JC, Murray JA, Estelle M. Degradation of the cyclin-depend-
ent kinase inhibitor KRP1 is regulated by two different ubiquitin E3 ligases. Plant J. 
2008;53:705–16.

Ryu MY, Cho SK, Kim WT. The Arabidopsis C3H2C3-type RING E3 ubiquitin ligase AtAIRP1 
is a positive regulator of an abscisic acid-dependent response to drought stress. Plant Physiol. 
2010;154:1983–97.

Seo KI, Lee JH, Nezames CD, Zhong S, Song E, Byun MO, Deng XW. ABD1 Is an Arabidopsis 
DCAF substrate receptor for CUL4-DDB1-based E3 Ligases that acts as a negative regulator 
of Abscisic acid signaling. Plant Cell. 2014.

Seo DH, Ryu MY, Jammes F, Hwang JH, Turek M, Kang BG, Kwak JM, Kim WT. Roles of 
four Arabidopsis U-box E3 ubiquitin ligases in negative regulation of abscisic acid-mediated 
drought stress responses. Plant Physiol. 2012;160:556–68.

Serrano M, Parra S, Alcaraz LD, Guzman P. The ATL gene family from Arabidopsis thaliana and 
Oryza sativa comprises a large number of putative ubiquitin ligases of the RING-H2 type. J 
Mol Evol. 2006;62:434–45.

Smalle J, Kurepa J, Yang P, Emborg TJ, Babiychuk E, Kushnir S, Vierstra RD. The pleiotropic 
role of the 26S proteasome subunit RPN10 in Arabidopsis growth and development supports 
a substrate-specific function in abscisic acid signaling. Plant Cell. 2003;15:965–80.

Stone SL, Williams LA, Farmer LM, Vierstra RD, Callis J. KEEP ON GOING, a RING E3 ligase 
essential for Arabidopsis growth and development, is involved in abscisic acid signaling. 
Plant Cell. 2006;18:3415–28.

Vierstra RD. The ubiquitin-26S proteasome system at the nexus of plant biology. Nat Rev Mol 
Cell Biol. 2009;10:385–97.

Yan J, Wang J, Li Q, Hwang JR, Patterson C, Zhang H. AtCHIP, a U-box-containing E3 ubiqui-
tin ligase, plays a critical role in temperature stress tolerance in Arabidopsis. Plant Physiol. 
2003;132:861–9.

Zhang X, Garreton V, Chua NH. The AIP2 E3 ligase acts as a novel negative regulator of ABA 
signaling by promoting ABI3 degradation. Genes Dev. 2005;19:1532–43.

Zhang Y, Yang C, Li Y, Zheng N, Chen H, Zhao Q, Gao T, Guo H, Xie Q. SDIR1 is a RING 
finger E3 ligase that positively regulates stress-responsive abscisic acid signaling in 
Arabidopsis. Plant Cell. 2007;19:1912–29.

Zhang Y, Xu W, Li Z, Deng XW, Wu W, Xue Y. F-box protein DOR functions as a novel inhibi-
tory factor for abscisic acid-induced stomatal closure under drought stress in Arabidopsis. 
Plant Physiol. 2008;148:2121–33.

Zhang S, Qi Y, Liu M, Yang C. SUMO E3 ligase AtMMS21 regulates drought tolerance in 
Arabidopsis thaliana(F). J Integr Plant Biol. 2013;55:83–95.

Zheng Y, Schumaker KS, Guo Y. Sumoylation of transcription factor MYB30 by the small ubiq-
uitin-like modifier E3 ligase SIZ1 mediates abscisic acid response in Arabidopsis thaliana. 
Proc Natl Acad Sci U S A. 2012;109:12822–7.



191

Chapter 10
Reactive Oxygen Species (ROS)  
and ABA Signalling

Ling Bai, Pengtao Wang and Chun-Peng Song

© Springer Science+Business Media Dordrecht 2014 
D.-P. Zhang (ed.), Abscisic Acid: Metabolism, Transport and Signaling,  
DOI 10.1007/978-94-017-9424-4_10

Abstract Various abiotic and biotic stress conditions result in the accumulation of 
both abscisic acid (ABA) and reactive oxygen species (ROS) in plants. The adaptation 
of plants to these stress conditions is a very complex process, which including stress 
signal perception, transduction and change of genes expression. The signalling path-
ways between ABA and ROS are independent of each other or crosstalk at various lev-
els. The first part of this chapter focus on ROS turnover in the presence of ABA and 
under stress conditions, including their generation from photosynthetic system and non- 
photosynthetic system, the ROS detoxification by enzymatic antioxidant systems and 
non-enzymatic low-molecular weight metabolites. The second part is attempted to 
explore the dual role of ROS for toxic to cells and signalling in stress adaptation regu-
lated by ABA. Finally, the third part in detail discusses the crosstalk between ABA and 
ROS in regulation of stomatal movement, dormancy and germination of seed, develop-
ment of root system and stress adaptation in the transcription levels.
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GHR1  Guard cell hydrogen peroxide-resistant1
HSFs  Heat shock transcription factor
Zat  Zinc finger protein
WRKY  WRKY transcription factors
SLAC1  S–type anion channel
GPCR  G protein-coupled receptor
PYL/PYL/RCA  ABA receptor
PP2C  Type 2C protein phosphatase
SOD  Superoxide dismutase
APX  Ascorbate peroxidase
GPX  Glutathione peroxidase
GST  Glutathione-S–transferase
CAT  Catalase
PLD  Phospholipase dalpha1
PA  Phosphatidic acid
PI3P  Phosphatidylinositol 3-phosphate
GCA2  Growth controlled by abscisic acid 2
cGMP  Cyclic guanosine monophosphate
ATHK  Arabidopsis thaliana histidine kinase
HAB1  Hypersensitive to ABA 1
SWI3B  Arabidopsis thaliana homologue of the yeast SWI3 subunit of 

SWI/SNF chromatin-remodelling complexes
GPA1  Gα subunit
RCN1  Reticulocalbin 1
MEK1/2  Mitogen-activated protein kinase kinase 1/2
OXI1  Oxidative signal-inducible serine/threonine protein kinase 1
ANP1  MAPK kinase kinase
AtNDPK2  Nucleoside diphosphate kinase 2
CBL  Calcineurin B-like
CIPK  CBL-interacting protein kinases
AtRac1  Arabidopsis small guanosine triphosphatase (GTPase) protein
SNAC1  Stress-related NAC superfamily of transcription factors
ABP9  ABA-responsive-element (ABRE) binding protein 9

10.1  Introduction

Various abiotic stress conditions, including salinity, extremes of temperature and water 
shortage, result in the accumulation of phytohormone abscisic acid (ABA) in plants. 
This signalling molecule plays an important role in the regulation of plant growth and 
development. These stresses are the principal causes of significant reductions in crop 
yield. Stress tolerance is a complex phenomenon because plants might undergo multi-
ple stresses at the same time during their development. For example, ABA induces the 
closure of stomata in the epidermis, which regulates transpiration and photosynthesis 



19310 Reactive Oxygen Species (ROS) and ABA Signalling

in plants. It also modulates the expression of many genes, the products of which might 
function in stress adaptation and tolerance.

In addition to stimulating the production of ABA, the above stress conditions also 
lead to the generation of reactive oxygen species (ROS), which are highly active and 
toxic. ROS that have been investigated in plants include superoxide radical (O2

·−), 
hydrogen peroxide (H2O2), singlet oxygen (1O2), hydroxyl radical (OH·) and nitric 
oxide (NO). H2O2, O2

·− and OH· can interconvert into one another (Halliwell 2012; 
Quan et al. 2008). Such interconversion may occur spontaneously or be catalysed by 
enzymes (Van Breusegem et al. 2008). Being highly reactive and toxic, ROS have 
long been considered as compounds that damage cellular components, such as by the 
destruction of nucleic acids, the oxidation of proteins and the induction of lipid per-
oxidation (Foyer and Noctor 2005). Unfavourable environmental conditions and ABA 
induce ROS production from numerous sources; an increase in ROS imposes oxida-
tive stress, which can ultimately result in cell death. Therefore, plants have evolved an 
elaborate system to control cellular ROS levels (Mittler et al. 2011). ROS act in signal 
transduction to help the cell to counteract oxidative damage by initiating the expression 
of certain genes and thus activating related signal transduction pathways; these findings 
suggest that ROS function as important signals to activate and control various stress 
responses (Dalton et al. 1999). Not only do ROS function in stress responses, but they 
are also essential for the maintenance of normal energy and metabolic fluxes, the opti-
misation of cell function, the acclimation responses activated by retrograde signalling 
and the regulation of whole-plant systemic signalling pathways (Møller 2001; Jaspers 
and Kangasjärvi 2010). ROS metabolism and signalling in plants have become a fron-
tier of research in basic and applied plant science, given the differential actions of ROS 
depending on the cellular compartments in which they function as components of a 
complex network.

Similarities between ABA and ROS include that both can be induced by various 
stress conditions, both act as ubiquitous ‘signalling molecules’ or ‘secondary mes-
sengers’ in normal plant cell function, and both initiate plant stress adaptation and 
resistance by the modulation of gene transcription. They also exhibit similar spa-
tial and temporal distributions, as well as dynamic changes in plants in response to 
the alteration of environmental conditions. Several reviews that discuss ABA and 
ROS signalling have been published (Ahmad et al. 2010; Song et al. 2014). In this 
chapter, we focus on the turnover of ROS, their biological roles and their crosstalk 
with ABA signalling, and also attempt to describe the relationship between ROS 
and ABA signalling.

10.2  ROS Turnover in the Presence of ABA  
and Stress Conditions

ROS arise in plant cells via a number of routes. It has been estimated that 1 % of 
O2 consumed by plants is diverted to produce ROS in various subcellular loca-
tions (Del Rio et al. 1992). ROS are produced continuously as by-products of 
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various metabolic pathways that are localised in different cellular compartments, 
such as chloroplasts, mitochondria and peroxisomes (Del Río et al. 2006; Navrot 
et al. 2007).

10.2.1  ROS Generation by the Photosynthetic Apparatus

Under steady-state conditions, oxygen generated in the chloroplasts during pho-
tosynthesis can accept electrons passing through the photosystems, thus forming 
O2
·−. The accumulation of ROS is a common response to environmental stresses. 

The chloroplasts and peroxisomes are the major sites of ROS production upon 
exposure to high light (HL) (Foyer and Noctor 2009). In chloroplasts, O2

·− and 
1O2 are mainly produced by photosystems I and II (PSI and PSII). O2

·− arises as 
a result of single electron transfer to molecular oxygen in electron transfer chains, 
principally during the Mehler reactions in PSI (Asada 2006). O2

·− can be dismu-
tated to form H2O2. Compared with both O2

·− and H2O2, OH· is much reactive, 
which can be formed from O2

·− and H2O2 in the presence of Fe, through catalysis 
by the Haber–Weiss reaction (Bhattacharjee 2010). 1O2, an electronically excited 
species of O2 that is also very toxic, is continuously produced during photosyn-
thesis mainly in PSII. The enhanced generation of 1O2 is caused by photoin-
hibition of PSII under excess photochemical stress or light energy (Hideg et al. 
2002). Therefore, excess photochemical energy inevitably increases ROS produc-
tion. The chloroplast may be function as a sensor of environmental information; 
its redox signalling allows the plant to acclimatize to the environmental stresses. 
(Pfannschmidt 2003).

Most (81 %) of 28 HL-responsive genes analysed in one study, including the 
ASCORBATE PEROXIDASE 2 (APX2), require photosynthetic electron transport 
for their expression and are responsive to ABA (68 %) (Bechtold et al. 2008). This 
suggests that both ABA and ROS are crucial in the expression of HL-responsive 
genes. Furthermore, the analysis of mutants with altered ROS metabolism indi-
cated that the expression of 61 % of these genes, including APX2, might be 
responsive to chloroplast-derived ROS (Bechtold et al. 2008).

10.2.2  ROS Generated from Non-photosynthetic Systems

Besides chloroplasts, mitochondria are the other important organelles that are 
sites for ROS production; they probably constitute the main source of ROS in 
plants under dark conditions. The mitochondrial electron transport system can 
produce O2

·−, H2O2 and OH·. Experiments on isolated mitochondria showed that 
about 1–5 % of the O2 used in oxidative respiration leads to H2O2 production 
(Møller 2001). In the mitochondrial electron transport chain, complexes I and III 
are major sites for ROS production under dark conditions and in tissues that lack 
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mitochondria (LaIoi et al. 2004). Impairment of the components in this chain leads 
to the accumulation of ROS in mitochondria. Given that the mitochondrial elec-
tron transport chain also contains an alternative oxidase that can be activated under 
stress to remove toxic ROS (Maxwell et al. 1999), ROS produced from mitochon-
dria are present at only low concentrations in green tissues (Apel and Hirt 2004). 
ABO6 encodes a DEXH box RNA helicase that regulates the splicing of several 
genes that encode components of complex I in mitochondria. Compared with 
wild-type (WT) plants, the abo6 mutant accumulated more ROS in mitochondria, 
but two dominant-negative mutations in the ABA-insensitive1 (abi1-1) and abi2-1 
mutants greatly reduced ROS production in mitochondria. These findings provide 
molecular evidence for the interplay between ABA and auxin through the produc-
tion of ROS from mitochondria (He et al. 2012).

Besides chloroplasts and mitochondria, ROS are also generated extracellu-
larly in apoplasts in plants. pH-dependent cell wall peroxidases, germin-like oxa-
late oxidases and amine oxidases have been proposed as sources of H2O2 in the 
apoplasts of plant cells (Bolwell and Woftastek 1997). Alkaline pH activates pH-
dependent cell wall peroxidases, which produce H2O2 in the presence of reduct-
ant. Apoplast alkalisation upon elicitor recognition precedes the oxidative burst, 
and H2O2 production by a pH-dependent cell wall peroxidase has been proposed 
as an alternative pathway of ROS production during biotic stress (Bolwell and 
Woftastek 1997).

ROS are also generated at the plasma membrane. ROS derived from NADPH-
dependent oxidases (NADPH oxidases) in the plasma membrane participate in 
the oxidative burst associated with localised nonspecific pathogen responses, 
incompatible plant-pathogen interaction and hormone signalling in plants. ROS 
generated by NADPH oxidase RbohC, RbohD and RbohF function in plant 
development, defence and ABA signalling (Foreman et al. 2003; Monshausen 
et al. 2007). ABA induces the generation of H2O2 in Vicia guard cells, and 
the sources of H2O2 are chloroplastic and plasma membrane NADPH oxidase 
(Zhang et al. 2001a, b). Another study suggested that the accumulation of ROS 
occurred upon ABA-induced stomatal closure in Arabidopsis (Pei et al. 2000). 
Two NADPH oxidase subunit genes, AtrbohD and AtrbohF, function in ABA-
mediated stomatal closure, and the atrbohD/F double mutant shows reduced sto-
matal closure and ROS production compared with wild-type plants upon ABA 
treatment (Kwak et al. 2003). The ABA-activated SnRK2 protein kinase open 
stomata 1 (OST1) acts upstream of ROS in guard cell ABA signalling. OST1 
interacts with AtrbohF and can phosphorylate its Ser13 and Ser174 to activate 
NADPH oxidase (Sirichandra et al. 2009), which then causes the production of 
H2O2 (Santiago et al. 2009; Kepka et al. 2011). It was established that ABA-
insensitive mutants play different function in ROS production in ABA-regulated 
stomatal movement. The observation that abi2, but not abi1, mutants can gener-
ate ROS, suggests that the abi2-1 mutation impairs ABA signalling downstream 
of ROS production (Murata et al. 2001). RbohD is also required for ROS-
dependent signal propagation in response to abiotic stresses, such as HL, heat 
and wounding (Miller et al. 2009).
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10.2.3  Regulation of ROS Detoxification by ABA

In all aerobic organisms, the concentration of ROS is tightly controlled by vari-
ous ROS-scavenging antioxidative defence systems (Foyer and Noctor 2005). 
However, the equilibrium between the generation and scavenging of ROS is chal-
lenged by various stress factors, which disrupt the redox homoeostasis of cells, 
leading to oxidative damage (Foyer et al. 1994). The antioxidant defence system 
consists of antioxidant enzymes—such as superoxide dismutase (SOD), catalase 
(CAT) and peroxidase (POD)—and antioxidant compounds, such as ascorbate and 
reduced tripeptide glutathione (GSH; γ-glu-cys-gly). The antioxidant system pro-
tects plants against oxidative damage by scavenging ROS; the presence of anti-
oxidant enzymes and compounds in almost all cellular compartments suggests the 
importance of ROS detoxification for protection against various stresses.
Enzymatic antioxidant systems: The enzymatic antioxidant systems include a 
variety of scavengers, such as SOD, ascorbate peroxidase (APX), glutathione per-
oxidase (GPX), glutathione-S-transferase (GST) and CAT. The discovery of the 
enzymatic activity of SOD 45 years ago (McCord and Fridovich 1969) opened up 
the field of ROS biology.

Three classes of SOD are defined by their metal cofactors: copper/zinc (Cu/Zn-
SOD), manganese (Mn-SOD) and iron (Fe-SOD) (Mittler 2002). SOD enzymes 
provide the first line of defence against the toxic effects of elevated levels of ROS. 
Overexpression of these SOD enhances plant tolerance to various stresses. For 
example, Arabidopsis with Mn-SOD overexpression showed increased salt resist-
ance (Wang et al. 2004). Transgenic tobacco plants that overexpressed Cu/Zn-
SOD were tolerant to multiple stresses, e.g. drought, salt and HL (Badawi et al. 
2004). In addition, Fe-SOD enzymes have been found to function in early chlo-
roplast development in Arabidopsis by protecting the chloroplast nucleoids from 
ROS (Myouga et al. 2008).

CAT enzymes dismutate H2O2 into H2O and O2 and are indispensable for 
ROS detoxification under stress conditions (Garg and Manchanda 2009). APX 
has a higher affinity for H2O2 (µM range) than CAT and POD (mM range), and 
it may have a more crucial role than CAT and POD in scavenging ROS and pro-
tecting cells during stress. The enhanced expression of APX in plants has been 
demonstrated under different stress conditions. APX overexpression in Nicotiana 
tabacum increases plant tolerance of either excess salt or water deficit (Badawi 
et al. 2004). Arabidopsis plants that overexpress OsAPXa or OsAPXb also exhib-
ited increased salt tolerance (Lu et al. 2007). Transgenic plants that overexpress 
SbpAPX, a peroxisomal ascorbate peroxidase gene cloned from Salicornia bra-
chiata, were more tolerant to salt and drought stresses than WT plants (Singh 
et al. 2013).

Another example of an enzymatic antioxidant, GPX enzymes comprise a large 
family of diverse isozymes, which can reduce H2O2 and organic and lipid hydrop-
eroxides and can protect plant cells from oxidative damage (Noctor et al. 2002). 
Analysis of the physiological electron donor system for the Arabidopsis GPX 
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family demonstrated that this system involves thioredoxin, not GSH (Comtois 
et al. 2003; Iqbal et al. 2006; Miao et al. 2006). This suggests that GSH does not 
contribute to the scavenging of ROS via GPX. The seven members of the GPX 
family in Arabidopsis localise to different subcellular sites (Millar et al. 2003). 
The overexpression of GPX enhances the tolerance of transgenic plants to abi-
otic stress. Mutation of AtGPX3 impairs ABA and drought stress responses, and 
AtGPX3 functions to control water loss from the stomata by its interaction with 
ABI2 in the ABA signalling pathway (Miao et al. 2006). Recent results indicated 
that the deficiency of AtGPX8 accelerated the progression of oxidative stress in 
AtGPX8 knockout plants (Gaber 2013). Plant GST enzymes (EC 2.5.1.18) cata-
lyse the conjugation of electrophilic xenobiotic substrates with GSH. GST can 
also reduce peroxides by using GSH. The ability of GST enzymes to remove cyto-
toxic or genotoxic compounds can protect DNA, RNA and proteins from damage 
(Noctor et al. 2002). Plant GST gene families are large, with 25 members in soya-
bean, 42 in maize and 54 in Arabidopsis (Dixon et al. 2002; Sappl et al. 2004). 
GST overexpression can also enhance plant tolerance to various abiotic stresses. 
For example, tobacco seedlings that overexpress GST and GPX showed enhanced 
growth under thermal- or salt-stress conditions (Roxas et al. 2000).

Numerous reports have demonstrated that ABA affects the abundances of scav-
enging enzymes at the transcriptional and post-transcriptional levels. Treatment of 
Syzygium cumini with ABA caused a drastic decrease in CAT activity but increase 
in APX transient and the increase in SOD sustained. H2O2 treatment was also very 
effective in increasing APX, CAT and SOD enzyme activities (Choudhary et al. 
2012). On this issue of transcription regulation, maize calcium-dependent protein 
kinase 11 (ZmCPK11) is involved in ABA-induced up-regulation of the levels of 
expression and activities of SOD and APX, and in the production of H2O2 (Ding 
et al. 2013). As another example of OsDMI3 encodes a rice Ca2+/CaM-dependent 
protein kinase, which is required for ABA-induced increases in the expression and 
activities of SOD and CAT and the production of H2O2 (Shi et al. 2012), the ABA-
activated mitogen-activated protein kinase (MAPK) OsMPK1 is also involved in 
this process (Shi et al. 2014).

Increased drought and salt tolerance in transgenic plants is associated with 
ABA-induced production of H2O2 via NADPH oxidase and NO via NOS-like 
enzymes, which sequentially induce the transcription/translation and activi-
ties of SOD, CAT, APX and glutathione reductase (GR) (Zhang et al. 2009a, b). 
Photosynthetic redox signals and ABA signals integrate antagonistically at a more 
distally located promoter region, called a redox box. There, the APETALA-2-type 
transcription factor RAP2.4a, induces 2CPA transcription upon moderate oxidative 
stress (Shaikhali et al. 2008). However, conflicting results have indicated that ABA 
significantly reduced the activities of SOD, APX, POD and CAT, as well as the 
levels of GSH and ASA, during adventitious rooting (Li et al. 2014).
Non-enzymatic low-molecular-weight metabolites: The non-enzymatic low-
molecular-weight metabolites that protect against oxidative stress are ascorbic acid 
(ASH, vitamin C), GSH, α-tocopherols (vitamin E), carotenoids, flavonoids and 
proline (Mittler et al. 2004; Chen and Dickman 2005).
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ASH is the most abundant and water-soluble antioxidant. Owing to its ability to 
donate electrons in a number of enzymatic and non-enzymatic reactions, ASH has 
been considered as the most powerful ROS scavenger for the prevention of oxida-
tive damage in plants (Athar et al. 2008). It can protect membranes by directly 
scavenging O2

·− and OH· and by regenerating α-tocopherols from tocopheroxyl 
radicals. ASH mostly remains available in reduced form in leaves and chloroplasts 
under normal physiological conditions (Smirnoff 2000).

GSH, which is necessary to maintain the normal reduced state of cells, has 
been considered to be the most important source of intracellular defence against 
ROS-induced oxidative stress (Meyer 2008). All plant cell compartments contain 
GSH, and most GSH is in reduced form (Mittler and Zilinskas 1992; Jimenez et al. 
1998). GSH and other antioxidants together contribute to the regulation of cel-
lular redox status; these regulatory systems respond rapidly to a complex range 
of different changes in the environment. The nuclear pool of glutathione changes 
dynamically in plants (Diaz et al. 2010). GSH plays a pivotal role in the regula-
tion of sulphate transport, signal transduction, conjugation of metabolites, detox-
ification of xenobiotics and the expression of stress-responsive genes (Xiang 
et al. 2001). GSH also plays important roles in plant cell differentiation, cell 
death and senescence, pathogen resistance and enzyme regulation (Rausch and 
Wachter 2005).

Thiol/disulphide exchange reactions link two glutathione molecules by a disul-
phide bond to form glutathione disulphide (GSSG), the oxidised form of GSH. 
The balance between the relative levels of GSH and GSSG is a central compo-
nent in maintaining the cellular redox state (Foyer and Noctor 2005). Depletion of 
GSH in Arabidopsis cell suspensions renders them susceptible to oxidative dam-
age (May and Leaver 1993). ROS, particularly H2O2, can influence the recycling 
of GSSG and GSH, so they have an impact on the redox status of the cell (by 
changing the thiol/disulphide ratio), which can ultimately instigate cellular redox 
signalling. Reversibly oxidised cysteine sulphhydryl groups serve as redox sen-
sors or targets of redox sensing that are important in different physiological pro-
cesses. Treatment of Brassica napus guard cells with ABA identified 65 potential 
redox-responsive proteins. Of these, a SNRK2 kinase and an isoform of isopro-
pylmalate dehydrogenase were confirmed to be redox-regulated and involved in 
stomatal movement regulated by ABA (Zhu et al. 2014). However, considerably 
little is known about the roles of GSH and GSSG in the signal transduction system 
of plants.

The asserted links between antioxidant metabolism and ABA are derived from 
the observation that the ASH-deficient mutant vtc1 (Conklin et al. 2000) has ABA 
levels 1.6-fold higher than those of the wild type (Pastori et al. 2003). It has been 
suggested that cellular responses to an alteration in ASH levels might be mediated 
by ABA (Pastori et al. 2003). Correlation of ABA with regulation of the size of the 
ASH pool and comparison of the regulation of transcript abundance in the starch-
biosynthetic mutant adg1, the ascorbate biosynthesis mutant vtc1 and the ABA 
biosynthetic mutant aba2 showed a link between sugar induction of APX and ASH 
biosynthesis (Heiber et al. 2014). Flavonols are plant metabolites that have been 
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implicated as antioxidants, because it is similar to ASH and flavonols in terms of 
protection for plants. A recent study also showed that ethylene induced guard cell-
specific flavonoid synthesis, suppressed ROS accumulation and decreased the rate 
of ABA-dependent stomatal closure (Watkins et al. 2014).

10.3  Biological Roles of ROS Related to ABA

ROS play a dual role in plants: at low concentrations, they act as signal molecules 
involved in acclamatory signalling that triggers tolerance to stresses, and at high 
concentrations, they lead to damage to biological molecules and cells (Quan et al. 
2008). Research has shown that H2O2 acts as a key regulator that mediates many 
physiological processes, such as stomatal movement (Bright et al. 2006), pho-
torespiration and photosynthesis (Noctor and Foyer 1998), senescence (Peng et al. 
2005), the cell cycle (Mittler et al. 2004) and growth and development (Foreman 
et al. 2003). ROS influence the expression of a number of genes and signal trans-
duction pathways that modulate the plant stress-response processes.

Besides reacting with and damaging cellular components, ROS can also partici-
pate in signal transduction. Owing to its relatively long life and high permeability 
across membranes, H2O2 has been accepted as a secondary messenger. ROS sig-
nalling is a core regulator of plant cell physiology and cellular responses to the 
environment. For example, ROS act as intermediates in many hormone-regulated 
plant biology events: auxin, ethylene, MJ and ABA signals all appear to recruit 
ROS (Acharya and Assmann 2009).

10.3.1  Oxidative Damage

Abiotic stress leads to excessive generation of ROS in plants, which causes 
reduced crop productivity worldwide (Mittler 2002; Apel and Hirt 2004). Being 
highly reactive, most ROS can damage cell structures, nucleic acids, lipids and 
proteins. When the equilibrium between the production of ROS and the antioxi-
dant defence system is perturbed by various biotic and abiotic stresses, increased 
ROS at the intracellular level can cause significant damage to cell structures.

Damage to DNA molecules induced by ROS includes base deletion, pyrimidine 
dimers, cross-links, strand breaks and base modification (Tuteja et al. 2001). Being 
the most reactive, OH· can damage both the purine and pyrimidine bases and also 
the deoxyribose backbone of the DNA molecule (Halliwell 2012). DNA damage 
influences many aspects of plant physiology, which include the disturbance of 
transcription, reduction of protein synthesis, destruction of the cell membrane and 
genomic instability (Britt 1999); these events affect the growth and development 
of the whole plant.

ROS or by-products of oxidative stress can also cause protein oxidation 
by covalent modification. Some of these forms of oxidation are essentially 
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irreversible; the most common is carbonylation, which is a widely used marker 
of protein oxidation (Møller et al. 2007). Whatever the location of ROS synthesis 
and action, ROS are likely to target proteins that include sulphur-containing amino 
acids and thiol groups. A study to investigate protein carbonylation in wheat leaves 
showed that its level was higher in mitochondria than in chloroplasts and peroxi-
somes; this indicates that mitochondria are more susceptible to oxidative damage 
than chloroplasts and peroxisomes (Bartoli et al. 2004). Oxidised peptides are 
used as secondary ROS signalling molecules by mitochondria, chloroplasts, per-
oxisomes and possibly other organelles.

It is important to note that the efficiency of antioxidative systems determines 
the steady-state level of ROS in a cell (Foyer et al. 1994). When the equilibrium 
is perturbed by various stress factors, an increase in the intracellular level of ROS 
can cause significant damage to cell structures; oxidative stress is the dominate 
type of stress in this situation. Therefore, it is the equilibrium between ROS gener-
ation and the rate of antioxidant scavenging that determines which response path-
way plant cells employ.

10.3.2  Oxidative Signalling

It is well established that ROS signalling is important in the regulation of plant 
cell physiology and cellular responses to the environment. ROS have been 
accepted as secondary messengers that participate in many biology processes, 
and more and more evidence has shown that ROS signalling is intertwined with 
other types of signalling. ROS have also been accepted as the ‘cellular indicators 
of stress’, owing to their increased production upon exposure to many stresses 
(Mittler 2002). Oxidative stress can activate the expression of defence-related 
genes. For example, early studies showed that ROS signalling in Arabidopsis 
stimulates antioxidative defence through upregulating the expression of antioxida-
tive genes and activating the genes that encode inducible stress proteins (Santos 
et al. 1996; Karpinski et al. 1997). In this context, a question arises: What are the 
advantages of ROS being used as signal molecules? One advantage is that they 
can rapidly propagate signals along extensive distances throughout the plant. H2O2 
accumulates in many stress situations, and it has a relatively long life and high 
permeability across membranes, which facilitate its role as a secondary messen-
ger. The dynamic nature of ROS has been proved in root hair cells, in which the 
oscillation of ROS was shown to support root hair elongation; in addition, between 
cells, a ROS burst due to wounding can trigger a rapid ROS signal at a rate of 
8.4 centimeters per minute (Miller et al. 2009). This indicates that ROS can act 
as long-distance cell-to-cell signals. Intracellularly generated H2O2 can move into 
neighbouring cells (Allan and Fluhr 1997). A study by Miller et al. (2009) sug-
gested that all cells along the signal pathway were stimulated to generate ROS 
and that their capacity to transmit this signal in an autonomous manner enabled 
transmission of a ROS signal over long distances. It is not known how the signal 
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stimulated ROS production in adhering cells, or what the relationship is between 
the cell ROS-scavenging system and newly formed ROS in each cell that partici-
pates in this long-distance signalling pathway.

The rapid production of ROS in response to different environmental conditions 
and the ability of cells to scavenge ROS using their antioxidant system provide 
another advantage for ROS signalling. Given that the production and scavenging 
of ROS occur at the same time, these two processes produce rapid changes in ROS 
levels, which respond quickly to environmental signals.

Studies that investigated ROS-mediated signalling and its association with 
the expression of specific genes have identified a range of elements that respond 
to oxidative stress, including specific promoters and transcription factors (TFs) 
(Aslund et al. 1999). However, the redox-sensing mechanisms and the associated 
signalling pathways induced by ROS are still somewhat unclear, and the sensors 
for ROS in plant cells have yet to be identified.

Pinheiro and Chaves (2011) undertook a literature survey on reports pub-
lished between 1995 and February 2010 that revealed strong associations between 
drought, photosynthesis, ROS, ABA, sucrose and starch at the metabolite level. 
Analysis of protein and gene networks also revealed important roles for sugars, 
starch, ROS and ABA pathways in responses to drought and changes in photosyn-
thesis. Some regulatory proteins that are associated with photosynthetic responses 
and drought are the TFs T6L1.5, HY5, AHBP-1B and GBF3, members of the bZIP 
(basic leucine zipper domain) family, and a TF that belongs to the abscisic acid-
insensitive 3 (ABI3) family. The involvement of the bZIP and ABI3 TFs, both of 
which are ABA-dependent, in responses to drought and changes in photosynthe-
sis has also been reviewed (Saibo et al. 2009). Binding of ABI4 to the DNA ele-
ment CCACGT might prevent that promoter sequence from being bound by other 
TF, which likely prolongs the duration of signalling. The CCAAT binding factor A 
(CBFA), which is a subunit of the HAP2/HAP3/HAP5 (haeme activator protein) 
trimeric transcription complex, acts downstream of ABI4. When an emergency 
occurs (such as herbicide treatment or environmental stress followed by ABA and 
ROS accumulation), the master transcription factor ABI4 down-regulates certain 
TFs, such CBFA. Thereafter, some other TF subunits enter the transcription com-
plex, and the transcriptional efficiency of stress-responsive genes (including the 
transcription co-factor CBP) is improved instantaneously (Zhang et al. 2013).

Whereas H2O2 can oxidise cysteine residues in proteins to form cysteine sul-
phenic acid or disulphide bonds, cellular reductants can reduce them back to 
cysteine. Depending on these mechanisms, several putative H2O2 sensors have 
been revealed. These include AtGPX3, HSF and two cysteine-rich receptor-like 
kinase and a leucine-rich repeat (LRR-RLK) proteins in Arabidopsis (Miao et al. 
2006; Miller and Mittler 2006; Tripathy and Oelmüller 2012), and their redox 
states are regulated by ROS.

Functional genomics has yet to be used to detect ROS receptors or ROS-sensing 
TFs in plant extracts. It is important to identify the genes and the mechanisms of oxida-
tive stress that can support the breeding of plants that can resist environmental stress. 
Studies to reveal ROS signal function in ABA-regulated stomatal closure have revealed 
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some members of the signalling pathway. In the presence of ABA, the ABA receptor 
PYR/PYL/RCAR (pyrabactin resistance/PYR1-like/regulatory component of ABA 
receptor) forms a protein complex with PP2C, which activates OST1, making it pos-
sible for the ABA signal to be transmitted to the downstream components (Fujii et al. 
2009; Park et al. 2009; Santiago et al. 2009; Umezawa et al. 2009). ABA-activated 
OST1 acts upstream of ROS in guard cell ABA signalling.

To date, no complete description of a global transcriptomic study of any one 
plant species’ response to ROS has been published. The ROS-activated TFs that 
have been revealed in plants are members of the WRKY, Zat, RAV, GRAS and 
Myb families (Tripathy and Oelmüller 2012). Zat12 is an important component 
of the oxidative stress-response signal transduction network of Arabidopsis, 
the expression of which is induced by abiotic stresses and wound-induced sys-
temic signalling (Davletova et al. 2005). Bioinformatics and chromatin immu-
noprecipitation (ChIP) approaches identified seven potential members of the 
ROS-responsive elements (ROSEs). ROSE7/GCC was specifically bound by the 
APETALA2/ethylene-responsive-element binding factor 6 (ERF6), and ERF6 
interacts physically with mitogen-activated protein kinase 6 (MPK6) to regulate 
ROS-responsive gene expression at the transcriptional level (Wang et al. 2013a). 
Activation of a MAPK cascade mediates responses to exogenous ABA and a vari-
ety of abiotic stress conditions in plants (Knetsch et al. 1996; Hirt 2000; Lu et al. 
2002). At least three members of the MAPK family in Arabidopsis—AtMPK3, 
AtMPK4 and AtMPK6—can be activated by different stresses, including oxidative 
stress (Kovtun et al. 2000; Ichimura et al. 2000; Yuasa et al. 2001).

Given that ROS signals are tightly linked with abiotic and biotic stresses, 
unravelling the mechanism of ROS regulation and the details of the genes induced 
by ROS is important for deciphering ROS signals, which should ultimately con-
tribute to the development of high-quality crops.

10.4  Crosstalk Between ABA and ROS Signalling

Substantial effort has been expended on attempts to discover possible crosstalk 
between ABA and ROS in plant stress damage and signalling upon exposure to differ-
ent stress conditions (Table 10.1). For example, the time course of ABA accumulation 
in the leaves of maize plants exposed to water stress was monitored at the same time 
as the increased generation of ROS (such as O2

− and H2O2) and the induction of sev-
eral antioxidant enzymes (such as SOD, CAT, APX and GR) (Jiang and Zhang 2002).

10.4.1  Stomatal Closure

Guard cells, which form stomata, have been investigated as a single-cell sys-
tem that is useful for the elucidation of individual signalling mechanisms that 
function in the cellular signalling network. Given that ABA plays a key role in 
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controlling stomatal closure during drought stress, substantial work has focused 
on ABA signalling in guard cells (Cutler et al. 2010; Kim et al. 2010). It has also 
been reported that H2O2 acts as a key regulator that mediates stomatal movement 
(Bright et al. 2006). Considering that ROS signalling has been shown to be inter-
twined with other hormonal signals, it is likely that ROS are the vital hub that con-
nects the external growth conditions with ABA signals. The relationships between 
ROS and ABA signals mainly involve regulation of guard cell movement. Many 
important advances have been made in unravelling the roles of ROS and their rela-
tionships with ABA signalling in guard cells (Fig. 10.1), reviewed detially by Song 
et al. (2014).

H2O2 can be induced by ABA and accumulates in guard cells (Zhang et al. 
2001a, b; Pei et al. 2000). The function of constitutive ROS accumulation in ABA 
signalling has been studied by using CAT1, CAT2 and CAT3 gene mutants or the 
application of 3-amino-1,2,4-triazole (3-AT, a CAT inhibitor). These mutants and 
this treatment cause a constitutively higher ROS level; however, the accumu-
lated ROS do not affect the stomatal aperture in the absence of ABA or methyl 
jasmonate (MeJA) (Jannat et al. 2011a, b, 2012). However, the enhanced ROS 

Fig. 10.1  ROS signal in guard cells. ROS sensors and targets not only monitor intra- and extracel-
lular ROS levels, but also respond to ROS signals. Black and red lines indicate activation and sup-
pression, respectively. Dashed line indicates the exact details of the signal pathway are still unknown 
(this figure has been adapted from a recent review with little modification: Song et al. 2014)
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production and oscillations in [Ca2+]cyt during ABA-induced stomatal closure 
suggest that ABA-induced ROS accumulation—not the constitutive accumulation 
of ROS—causes ABA-controlled stomatal closure (Jannat et al. 2011a, b). This is 
not to say that constitutively accumulated ROS have no function; recently, a study 
on a mutant lacking APX1 (KO-APX1) showed high sensitivity to wounding or 
MeJA treatment (Maruta et al. 2012). Previously, we discussed that AtGPX3, the 
redox state of which is regulated by H2O2, interacts strongly with ABI2 to control 
stomatal aperture in an ABA-dependent manner (Miao et al. 2006). Exogenously 
applied ABA and 12-oxo-phytodienoic acid (12-OPDA, a precursor of jasmonic 
acid), individually or combined, which promote stomatal closure of ABA and 
allene oxide synthase biosynthetic mutants, albeit most effectively when com-
bined. The potency of this combination in inducing stomatal closure was veri-
fied using tomato (Solanum lycopersicum), Brassica napus and Arabidopsis. 
These data have identified drought as a stress signal that uncouples the conver-
sion of 12-OPDA to JA and have revealed 12-OPDA as a drought-responsive reg-
ulator of stomatal closure, which functions most effectively together with ABA 
(Savchenko et al. 2014).

Guard cell turgor and the size of the stomatal aperture are determined by the 
concentration of ions. ROS regulate stomatal channels and transporters in ABA 
signalling. In a study to analyse the influence of ROS on ion channels by using 
Vicia guard cells, Zhang et al. (2001a) reported that exogenous H2O2 suppressed 
inwards K+ current (Kin

+). Meanwhile, a study that involved Vicia guard cells 
showed that K+ channels responded differently to ABA and H2O2: whereas ABA 
depressed the activity of Kin

+ channels in a reversible manner, H2O2 irreversibly 
depressed the activities of both Kin

+ and Kout
+ channels for guard cells immersed in 

1–50 µM H2O2 (Köhler et al. 2003). Another example of ROS-regulated channel 
activity is the Ca2+-permeable (ICa) channels, which is activated by H2O2 through 
ABA signalling release Ca2+ into the cytoplasm and then triggers stomatal closure 
(Pei et al. 2000). A recent study indicated that PYR/PYL/RCAR ABA receptors 
regulate K+ and Cl− channels through ROS-mediated activation of Ca2+ chan-
nels at the plasma membrane of Arabidopsis guard cells. In a pyr1/pyl1/pyl2/pyl4 
quadruple mutant, the basal activity of Ca2+ channels was not affected, but ABA-
induced ROS-enhanced accumulation was impaired and ABA-evoked Ca2+ chan-
nel activity was lost (Wang et al. 2013b). By investigating activation of the plasma 
membrane, a significantly smaller proportion of atrbohD/F guard cells displayed 
ABA-induced [Ca2+]cyt increase than wild-type guard cells (Kwak et al. 2003). It 
is thus likely that H2O2 signalling converges with the ABA pathway at the point of 
Ca2+ activation.

Receptors-like kinase has also function in both ROS and ABA signalling 
in the regulation of stomatal behaviour. In the ABA pathway, H2O2 is known 
to be located downstream of OST1 in guard cells because ABA-induced ROS 
production does not occur in ost1 mutants (Mustilli et al. 2002). A plasma 
membrane receptor-like kinase, guard cell H2O2-resistant1 (GHR1), activates 
ABA- and H2O2-regulated S-type anion currents and stomatal closure (Hua 
et al. 2012). It was also established that GHR1 phosphorylated and activated 
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the anion channel-associated1 (SLAC1). Protein phosphatases that function 
in ABA-related stomatal movement can be regulated by ROS, and ABI1 and 
ABI2 activities are significantly inactivated by H2O2 (Meinhard and Grill 
2001; Meinhard et al. 2002). Recent research showed that the GSH-deficient 
Arabidopsis mutant cad2-1 showed enhanced H2O2-induced stomatal closure 
and a significant increase of ROS accumulation in whole leaves in response 
to ABA. The cad2-1 mutant enhanced the activation of Ca2+-permeable chan-
nels by H2O2, but did not affect the ABA regulation of S-type anion channels 
(Munemasa et al. 2013).

ROS also regulate the ABA response of guard cells through MAPK cascades. 
Time-course analysis showed that the accumulation of H2O2 activates MAPK 
activity, which promotes stomatal closure (Desikan et al. 2004; Jiang et al. 
2008). Double-mutant mpk9/12 showed increased transpirational water loss and 
decreased sensitivity in terms of the stomatal response to ABA and H2O2, when 
compared with wild-type plants. Both ABA and H2O2 can enhance the pro-
tein kinase activity of MPK12. These results suggested that these two MPK act 
upstream of anion channels and downstream of ROS to promote ABA signalling in 
guard cells (Jammes et al. 2009).

The siz1 mutant, which impairs the SIZ-type small ubiquitin-related modifier 
E3 ligase in Arabidopsis (Muraoka and Miura 2005), displayed ABA hypersen-
sitivity (Miura and Hasegawa 2009). SIZ1 negatively affects stomatal closure 
and drought tolerance through the accumulation of SA (Miura et al. 2013). 
Endogenous ABA is not involved in SA-induced stomatal closure because SA 
can induce stomatal closure not only in Arabidopsis wild-type plants but also in 
ABA-deficient aba2 mutants (Issak et al. 2013). Moreover, SA-induced stomatal 
closure is accompanied by the production of ROS (Issak et al. 2013). Together, 
all of these results suggest that, although the ABA and SA signalling pathways 
are independent of each other, the two regulators coordinately regulate ROS 
production in response to drought and pathogen invasion. Detailed informa-
tion for crosstalk between SA and ABA signalling in guard cells have yet to be 
established.

10.4.2  Dormancy and Germination of Seed

ABA is a key regulator of seed dormancy and germination. A recent study found 
that blue light inhibits the germination of barley by induction of the expression 
of the ABA biosynthetic gene that encodes 9-cis-epoxycarotenoid dioxygenase 
(NCED) and dampening of expression of the ABA-degradation gene, 8′-hydrox-
ylase, which increases ABA content in the grain and prevents the completion of 
germination (Jose et al. 2014). Considerable research has explored the interac-
tion of ABA with ROS in seed dormancy and germination. ROS have recently 
emerged as key players in seed physiology (Bailly et al. 2008). There are sev-
eral reasons why the mechanisms by which ROS act as signalling molecules in 
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seeds remain largely unknown. Firstly, ROS are ubiquitous and present in seeds 
at all stages, from embryogenesis through to germination; they also exist in vari-
ous forms (e.g. O2

·−, H2O2, 1O2 and OH·) in seeds (Bailly et al. 2008). Secondly, 
these compounds have a very short life span (Moller et al. 2007). Thirdly, indi-
vidual ROS can be integrated into several different transduction pathways 
(Mittler et al. 2011), they show various levels of reactivity towards a wide 
range of macromolecules that can propagate the oxidative signal (e.g. proteins, 
Moller et al. 2007) and they have an effect on the cellular redox status (Dietz 
et al. 2010).

It is well known that ROS are produced at a certain level during seed imbi-
bition. It has been proposed that the germination is completed only when the 
ROS content is within an oxidative window that allows ROS signalling (Bailly 
et al. 2008). Levels of ROS above or below this ‘oxidative window for germi-
nation’ would not permit progression towards germination. According to this 
model, seed dormancy—the inability of seeds to germinate in favourable envi-
ronmental conditions (Finch-Savage and Leubner-Metzger 2006)—is regulated 
by ROS signalling. Imbibition of pea seeds in the presence of ABA also reduced 
the endogenous H2O2 contents of pea seedlings in control and thioproline (TP)-
treated seeds. The incubation of pea seeds with TP and/or H2O2 in the presence 
or absence of ABA decreased the activity of H2O2-scavenging enzymes. The 
increase of the endogenous H2O2 contents observed in TP and/or H2O2 treat-
ments in the absence of ABA could be correlated with the decrease in these activ-
ities (Barba-Espín et al. 2012).

The crosstalk between ROS and ABA or gibberellin metabolism and signalling 
might control barley seed dormancy (Bahin et al. 2011). Through its effects on 
ABA metabolism (Liu et al. 2009), NO promotes the release of seed dormancy 
in Arabidopsis (Bethke et al. 2006, 2007). Exogenous H2O2 reduces ABA synthe-
sis and stimulates gibberellin synthesis, thus releasing dormancy (Liu et al. 2010). 
A membrane-bound enzyme, RBOHB (respiratory burst oxidase homologue B), 
which produces O2

·−, affects seed after-ripening and germination in Arabidopsis 
(Müller et al. 2009). Expression of a set of genes related to dormancy upon 
imbibition in cat2-1 and vet1-1 seeds revealed that their nondormant phenotype 
was probably not related to ABA or gibberellin metabolism, but suggested that 
ROS could trigger germination through the activation of gibberellin signalling 
(Leymarie et al. 2012).

10.4.3  Development of Root System

Plants are anchored in the soil by their roots and depend on their root systems 
for water and nutrients. The vital functions of roots make it important to under-
stand the development of root systems. Root growth is regulated by hormones 
and many environmental variables (Teale et al. 2008; Fukaki and Tasaka 2009). 
Although cell cycle progression is negatively controlled by ROS, H2O2 is essential 



20910 Reactive Oxygen Species (ROS) and ABA Signalling

for root gravitropism (Joo et al. 2001). The requirement for ROS in root growth 
has already been established using a mutation in RbohC (rhd2), in that the reduced 
ROS generation in rhd2 decreased Ca2+ channel activities in root hairs, which fur-
ther led to the inhibition of root hair growth (Foreman et al. 2003). The NADPH 
oxidases RbohD and RbohF also regulate root growth, with the double-mutant 
rbohD/rbohF showing marked reductions in root length relative to the wild type 
(Kwak et al. 2003). ROS control the transition from cell proliferation to differen-
tiation in roots via the auxin signalling pathway, which is mediated by the basic 
helix-loop-helix TF UPBEAT1 (Tsukagoshi et al. 2010). As highly dynamic 
signalling molecules, ROS also function as long-distance auto-propagating 
signals (Miller et al. 2009), with ROS oscillations shown to occur in root hairs 
(Monshausen et al. 2007; Takeda et al. 2008).

Plant hormones have long been known to play a crucial role in the regulation 
of root growth (Moubayidin et al. 2009; Ubeda-Tomas et al.2008). Cytokinin, 
auxin, brassinosteroids (BR), ethylene and ABA all play roles in the control of 
meristem size and root growth. ABA acts on quiescent centre (QC) and stem 
cells in order to regulate root meristem size. In addition, QC cells induce divi-
sion when ABA biosynthesis is blocked in seedlings (Zhang et al. 2010). ABA is 
required for root growth and ABA-deficient mutants have reduced root systems 
(Xiong and Zhu 2003); however, high concentrations of exogenous ABA inhibit 
root growth. It is believed that ABA stimulates the production of ROS through 
NADPH oxidases (Kwak et al. 2003). In Arabidopsis, both the single-mutant 
rbohF and the double-mutant rbohD/rbohF are insensitive to ABA-mediated inhi-
bition of root growth (Kwak et al. 2003). However, the mechanisms that underlie 
this process remain elusive. A recent study showed that the double mutants atr-
bohD1/F1 and atrbohD2/F2 were less sensitive to ABA suppression of root cell 
elongation than WT plants. Furthermore, the double mutants showed impaired 
ABA responses in roots, including ROS generation, cytosolic Ca2+ increases 
and activation of plasma membrane Ca2+-permeable channels, compared with 
WT plants. Exogenous H2O2 can activate the Ca2+ channel activity in roots of 
atrbohD1/F1 plants. In addition, exogenous application of the auxin transport 
inhibitor naphthylphthalamic acid effectively promoted ABA-mediated inhibition 
of root growth of the mutants relative to that of WT plants. The ABA-induced 
decreases in auxin sensitivity of the root tips were more pronounced in the WT 
than in atrbohD1/F1. These findings suggest that both AtrbohD and AtrbohF 
are essential for ABA-promoted ROS production in roots. ROS activate Ca2+ 
signalling and reduce auxin sensitivity of roots, thus positively regulating ABA-
inhibited primary root growth in Arabidopsis (Jiao et al. 2013). This suggests that 
ROS not only play roles in ABA-regulated stomatal movement but also in ABA-
regulated root growth.

Besides plasma membrane NADPH oxidases, mitochondrially produced ROS 
have also been proved to be important in the ABA signalling pathway in root 
growth. In a study to screen the regulator in ABA-mediated Arabidopsis root 
growth, a mutant overly sensitive to ABA, abo6, showed a higher level of ROS 
in the mitochondria under both ABA treatment and normal conditions. ABO6 
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encodes a DEXH box RNA helicase that is localised in the mitochondria and is 
required for the splicing of several genes that encode components of complex I 
(He et al. 2012).

Glutathione peroxidases (GPX) fulfil important functions in oxidative signal-
ling and protect against the adverse effects of excessive oxidation. Arabidopsis 
gpx1, gpx4, gpx6, gpx7 and gpx8 mutants had a significantly greater lateral root 
density (LRD) than the wild type. Conversely, the gpx2 and gpx3 mutants had 
significantly lower LRD values than WT. Auxin increased LRD and synthetic str-
igolactone GR24 and ABA decreased LRD in all genotypes. These findings dem-
onstrate the importance of redox controls mediated by AtGPX in the control of 
root architecture (Passaia et al. 2014).

The biological roles of ROS in the ABA-regulated root growth signalling path-
way remain largely unknown. However, secondary messenger calcium has been 
proved to be important in Pro-rich extensin-like receptor kinase 4 (PERK4)-
regulated root growth in ABA signalling (Bai et al. 2009). It is possible that 
changes in Ca2+ might be an element common to the signalling pathways down-
stream of both ROS and ABA.

10.4.4  ROS-dependent Cell Death

Being highly reactive, most ROS can induce oxidative stress, which affects the 
growth and development of the whole plant. When the equilibrium between anti-
oxidative systems and the production of ROS is disturbed by various stress factors, 
an intense increase in the levels of ROS at the intracellular level can cause sig-
nificant damage to cell structures. Increased ROS induces oxidative stress, which 
ultimately results in cell death.

There are two forms of cell death: programmed cell death (PCD) and necro-
sis; they are important features of plant development. ROS participate in both 
of these, with the difference between them being that PCD is genetically regu-
lated, but necrosis is induced by severe and persistent trauma and is considered 
to not be genetically regulated. Experiments that involved cultured soyabean 
cells provided the first evidence that ROS act as signals that initiate plant cell 
death; namely, a short pulse of H2O2 was sufficient to induce it (Pennell and 
Lamb 1997). The precise ROS signal transduction pathway in cell death remains 
somewhat unclear. However, it is known that H2O2-induced cell death needs 
time for the transcription and translation of certain genes, and exogenous H2O2-
induced cell death shows concentration- and time-dependent features (Desikan 
et al. 1998). Exogenous H2O2 applied at a concentration over 5 mM initiates cell 
death in Arabidopsis suspension cultures; this concentration is higher than that 
which stimulates the expression of defence genes (Desikan et al. 1998; Levine 
et al. 1994). These different responses to different levels of H2O2 clearly suggest 
the complexity of the signal transduction mechanisms for ROS that exist in plant 
cells. How can cells discriminate and adopt one of these pathways? What are 
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the pivotal factors in the decision of cells to respond to different levels of H2O2? 
Answering these questions requires the analysis of mutants deficient in ROS sig-
nalling combined with specific ROS staining to facilitate monitoring of the ROS 
dynamics in situ.

ROS signalling is highly integrated with the hormonal signalling pathways that 
regulate many aspects of plant growth and development. The ability of ABA to 
inhibit the expression of α-amylase gene expression is consistent with a role for 
the ABA-induced protein kinase ABA-responsive protein kinase (PKABA) as an 
intermediate in GA signalling. In aleurone cells, the application of ABA results 
in rapid increase in PKABA mRNA levels, and enhancement of PKABA1 tran-
scription can mimic the effect of exogenous ABA in suppressing the expression 
of GA-induced genes, such as those that encode GAMyb and α-amylase (Gómez-
Cadenas et al. 2001). H2O2 released suppression of the accumulation of GAMyb 
mRNA by PKABA and consequently promoted the production of α-amylase 
mRNA; this suggests that the H2O2 generated by GA in aleurone cells is a signal 
molecule that antagonises ABA signalling (Ishibashi et al. 2012).

10.4.5  Stress Adaptation in the Transcription Levels

There has been considerable progress in recent years in understanding how ABA 
and ROS modulate adaptation to stress at the level of transcription. H2O2 has 
been implicated in the numerous observations of ABA-mediated induction of 
antioxidant gene expression (Sakamoto et al. 1995; Guan et al. 2000; Fryer et al. 
2003; Jiang and Zhang 2003; Yoshida et al. 2003). To reveal the molecular mech-
anisms that are involved in the crosstalk between the ABA and ROS signalling 
pathways, several large-scale studies have analysed changes in gene expression 
in response to ROS and/or ABA (Desikan et al. 2001; Seki et al. 2002; Leonhardt 
et al. 2004; Takahashi et al. 2004; Vandenabeele et al. 2004). The effects of exog-
enous ABA and H2O2 on gene expression in Arabidopsis seedlings were investi-
gated by microarray technology using Affymetrix GeneChips (Wang et al. 2006). 
Of the 24,000 genes that were analysed following H2O2 treatment, we found that 
the expression of 459 transcripts was significantly increased, whereas the expres-
sion of 221 transcripts was decreased when compared with those in the seedlings 
that were not exposed to H2O2. Following ABA treatment, we also found that the 
levels of transcription of 391 and 322 genes were upregulated and downregulated, 
respectively. Further analysis indicated that 143 of the upregulated genes and 
75 of the downregulated ones responded to both ABA and H2O2. These results 
imply that there is an overlap between ABA- and H2O2-induced transcription of 
genes and that these two signalling molecules regulate many downstream genes 
in a coordinated manner (Wang et al. 2006). These findings are consistent with 
previous reports that the responses to ABA and oxidative stress are linked (Guan 
et al. 2000; Zhang et al. 2001a; Murata et al. 2001; Kwak et al. 2003; Wang and 
Song 2008).
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Comparison of guard cell expression profiles with those of mesophyll cells 
identified 64 transcripts that were expressed preferentially in guard cells. These 
genes encode TFs, signal transduction proteins such as protein kinases, receptor 
protein kinases and metabolic pathway proteins. Expression profiling has revealed 
that ABA modulates the expression of many ABA signalling components in guard 
cells at the transcript level (Leonhardt et al. 2004). Furthermore, it is important 
to identify the function of previously uncharacterised genes that responded to the 
application of exogenous ABA and H2O2. However, the functions of many of these 
genes and their products remain to be determined; these represent areas of future 
investigation.

10.5  Concluding Remarks

The present chapter described ROS turnover under ABA treatment and stress con-
ditions, their biological roles in plant growth, development and stress responses. 
ROS can induce oxidative damage and defence-responsive activities in plants, with 
the dual roles of ROS depending on the balance between ROS production and the 
scavenging system. In plant cells and tissues, both ABA and ROS can be induced 
by drought, cold and salt stresses. Many components in ABA-regulated stress 
adaptation and resistance in plants have been identified, with a complex regulatory 
network involving ROS being involved in this biological process.

Some other unanswered questions are: What are the components in both ABA 
and ROS signalling? Although many genes have been revealed to be involved in such 
signalling, it is still difficult to draw precise conclusions on the regulatory system. 
Different genetic responses are induced under different abiotic and biotic stresses, 
and ROS generation is the central response to both abiotic and biotic stresses. In 
terms of how ROS signal transduction modulates changes in gene expression upon 
exposure to different stresses, the underlying molecular mechanisms are largely 
unknown, especially for the ABA response. For example, are all of the genes regu-
lated by ROS signalling in the ABA pathway sensitive to the redox state of the cell? 
Answering these questions might require combining the screening of more ROS-
response mutants with the use of advanced imaging tools (Song et al. 2014).

Other relevant questions include: How are ABA and ROS signals transmitted a 
long distance and what happens during cell-to-cell communication? Whether does 
H2O2 replace ABA for long-distance transportation in plant? Although, H2O2 has 
been believed to cross membranes freely studies have indicated that the diffusion 
is limited and its transport need channel proteins such as aquaporins (Bienert et al. 
2006). Therefore, analysis of the mechanism of long-distance transmit will be a 
new target in ABA and ROS research.
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Abstract Abscisic acid plays an important regulatory role in seed development 
and adaptive responses to abiotic stresses in vegetative tissues. The major part of 
the ABA function entails gene expression events. Various genome-wide transcrip-
tome analyses indicate that ABA regulates the largest number of genes among 
major plant hormones. Promoter analyses of the ABA-regulated genes revealed 
that cis-elements sharing the PyACGTGGC core sequence are present in many 
ABA-responsive genes. The element is generally known as ABA response ele-
ment (ABRE), and a subfamily of basic leucine zipper (bZIP) proteins has been 
identified that mediate ABA regulation through the ABRE. Other cis-elements and 
cognate transcription factors (TFs) involved in ABA-dependent transcription have 
also been identified by traditional approaches. Additionally, numerous TFs have 
been reported to regulate ABA-responsive gene expression by reverse genetics 
means. In this article, I will review ABA-dependent transcription, focusing on the 
Arabidopsis TFs whose in vivo functions have been experimentally demonstrated.

Keywords Transcription factors · Abscisic acid (ABA) · Gene regulation

11.1  Introduction

An analysis of public Affymetrix ATH1 GeneChip microarray data sets revealed 
that ABA has the most profound effect on gene expression among seven plant 
hormones (i.e., ABA, GA, IAA, ET, CK, BR, and MJ) (Nemhauser et al. 2006). 
According to the analysis, ABA affects the expression of 2,936 genes. Matsui 
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et al. (2008) demonstrated, by whole-genome expression profiling using a til-
ing array, that more than 6,300 genes are up- or down-regulated by ABA (Matsui 
et al. 2008). These and other studies (Hoth et al. 2002; Seki et al. 2002; Takahashi 
et al. 2004; Zeller et al. 2009) show that up to 25 % of the Arabidopsis genes are 
affected by ABA. ABA plays a key role in seed development and stress response, 
and the studies indicate that large fraction of the ABA-regulated genes are seed-
specific genes, such as storage protein and LEA genes, and that over 60 % of the 
ABA-regulated genes are also responsive to various abiotic stresses.

Approximately 10 % of the ABA-responsive genes are associated with tran-
scription (Nemhauser et al. 2006; Seki et al. 2002), which include most of the 
major classes of transcription factors (TFs), such as bZIP, AP2/ERF, MYB, HB, 
zinc finger, WRKY, etc. Not all ABA-responsive TFs may be involved in ABA 
regulation of gene expression, and, conversely, it is certain that TFs whose expres-
sion is not ABA-dependent are involved in ABA-regulated gene expression. 
Nonetheless, the genome-wide transcriptome studies suggest that several hundreds 
of TFs may be responsive to ABA. Furthermore, the list of TFs involved in ABA 
response and/or stress responses in other plant species is ever-increasing.

Several reviews on ABA-dependent transcription in general and in association 
with stress response are available (Busk and Pages 1998; Cutler et al. 2010; Fujita 
et al. 2011; Nakashima et al. 2009b). Also, a large number of general reviews on 
various classes of TFs are available (see below). In this review, I will focus on 
the Arabidopsis TFs whose functions in ABA signaling have been experimentally 
determined and which can be related to the core ABA signaling pathway men-
tioned in previous chapters.

11.2  Cis-Elements

A number of ABA response elements have been determined by promoter analy-
ses of typical ABA-responsive genes, such as Em, RAB, and RD29A (Busk and 
Pages 1998). Most ubiquitous elements are those possessing the PyACGTGGC 
core sequence. The core element is similar to the G-box, CACGTG, which is pre-
sent in many light-regulated genes (Menkens et al. 1995). The conserved core 
sequence is generally known as ABA response element (ABRE). Originally found 
in the monocot LEA genes (Guiltinan et al. 1990; Marcotte et al. 1989; Mundy 
et al. 1990), the element was found to be present in numerous ABA-responsive 
genes (Gomez-Porras et al. 2007; Yazaki and Kikuchi 2005; Zhang et al. 2005a). 
Later experiments showed that a single ABRE is not sufficient to induce ABA-
dependent gene expression: It usually functions in combination with other cis-
elements for full ABA induction. The additional elements, named “coupling 
elements,” may be the ABRE itself or one of other cis-elements, such as cou-
pling element 1 (CE1) (Shen and Ho 1995), coupling element 3 (CE3) (Shen 
et al. 1996), Motif III (Ono et al. 1996), and Hex III (Lam and Chua 1991). 
Except CE1, these coupling elements share the CGCGTG consensus. CE3 has 
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been demonstrated to be functionally equivalent to the ABRE (Hobo et al. 1999), 
suggesting that the ABRE and coupling elements are likely to be the same class 
of ABA response element. Interestingly, the drought response element (DRE) 
and the C-repeat (CRT) sequence (Baker et al. 1994; Yamaguchi-Shinozaki and 
Shinozaki 1994), which share the CCGAC consensus, function as a coupling ele-
ment in the ABA-induced expression of RD20A (Narusaka et al. 2003). In the 
case of maize RAB17, DRE itself functions as an ABRE (Kizis and Pages 2002).

Other experimentally determined ABREs are the MYB and the MYC recogni-
tion sequences in RD22 (Abe et al. 2003). Mutations of these elements result in 
reduced ABA induction of reporter expression in tobacco.

11.3  ABFs/AREBs/ABI5

A small subfamily of bZIP class TFs that bind to the G-box-type ABRE have 
been isolated by yeast one-hybrid screens (Choi et al. 2000; Uno et al. 2000). 
Subsequently, the TFs, which are named ABRE-binding factors (ABFs: ABF1, 
ABF2, ABF3, and ABF4) or ABRE-binding proteins (AREBs: AREB1, AREB2, 
and AREB3), have been demonstrated to mediate ABA and stress responses in 
vivo (Fujita et al. 2005b; Kang et al. 2002; Kim et al. 2004; Yoshida et al. 2010). 
As mentioned in previous chapters, ABFs/AREBs constitute the core ABA signal-
ing pathway (i.e., PYR/PYL/RCAR-ABI1/2-SnRK2s-ABFs/AREBs) (Cutler et al. 
2010; Fujii et al. 2009). Numerous other bZIP class TFs had been isolated based 
on their in vitro interactions with the ABRE prior to the isolation of ABFs/AREBs 
(Menkens et al. 1995), but their in planta functions in ABA response have not 
been reported.

ABF/AREB family TFs are highly homologous to sunflower Dc3 promoter-
binding factors (DPBFs) (Kim et al. 1997; Kim and Thomas 1998) and their 
Arabidopsis homologs AtDPBFs (AtDPBF1/ABI5, AtDPBF2, AtDPBF3, and 
AtDPBF4) (Kim et al. 2002). Homologous bZIP factors have been reported in 
monocot plants, such as rice, barley, and wheat (Casaretto and Ho 2003; Hobo 
et al. 1999; Johnson et al. 2002). The Arabidopsis bZIP proteins constitute a 
clade consisted of 9 members (Bensmihen et al. 2002; Fujita et al. 2005a; Kim 
et al. 2002; Kim 2006), including ABI5 (see below). The family members share 
a highly conserved bZIP domain and additional short conserved regions, C1–C4. 
Among the nine members, ABF1–ABF4 are expressed in vegetative tissues, and 
their expression is ABA-inducible. Additionally, their expression is stress induc-
ible; that is, ABF2/AREB1, ABF3, and ABF4/AREB2 are highly inducible by high 
salt and high osmolarity, whereas ABF1 is cold inducible (Choi et al. 2000; Fujita 
et al. 2005a). Other five members of the family (i.e., AtDPBF1/ABI5, AtDPBF2, 
AtDPBF3/AREB3, AtDPBF4/EEL, and an unknown gene) are expressed mainly 
in embryos. A binding site selection assay showed that the preferred binding site 
of ABF1, one of the ABFs, is the CACGTGGC, the typical ABRE mentioned 
above (Choi et al. 2000). It also could bind the coupling element CE3. In fact, only 
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ABFs/AREBs were isolated as CE3-binding proteins in our one-hybrid screens 
(unpublished observation).

The in vivo functions of ABF2/AREB1, ABF3, and ABF4/AREB2 in ABA-
dependent stress response have been demonstrated by transgenic approaches. 
Constitutive overexpression of the three bZIP proteins resulted in enhanced ABA 
sensitivity with concomitant increase in stress tolerance, whereas their knockout 
mutations resulted in decrease in ABA sensitivity and stress tolerance (Finkelstein 
et al. 2005; Kim 2006; Yoshida et al. 2010). These phenotypic changes were 
accompanied by changes in the expression levels of a large number of ABA and/
or stress-responsive genes (Abdeen et al. 2010; Fujita et al. 2005a; Yoshida et al. 
2010).

ABI5, which is the same as AtDPBF1 (Kim et al. 2002), has been isolated based 
on genetic screens to isolate ABA response mutants (Finkelstein 1994; Finkelstein 
and Lynch 2000; Lopez-Molina and Chua 2000) and belongs to the ABF/AREB sub-
family. ABI5 plays an important role in ABA response in seeds and during early stage 
of seedling establishment, and its mutations result in ABA-insensitive germination 
and seedling growth (Finkelstein 1994; Lopez-Molina et al. 2002). Transcriptome 
analysis of the transgenic plants overexpressing ABI5 demonstrated that 59 gene are 
up-regulated by ABI5 in ABA-dependent manner (Reeves et al. 2011).

11.4  Modulation of ABFs/AREBs/ABI5 Functions  
by Phosphorylation

Not only the expression of ABF/AREB/ABI5 family members is induced by ABA, 
but their activities are also regulated by ABA posttranslationally (Uno et al. 2000; 
Yoshida et al. 2010). The most important aspect of ABA-dependent posttransla-
tion modification of the bZIP factors is phosphorylation. Various studies indicate 
that ABFs/AREBs are phosphorylated by SnRK2.2/SnrK2D, SnRK2.3/SnRK2I, 
and SnRK2.6/SnRK2E/OST1 (Fujii et al. 2007, 2009; Fujii and Zhu 2009; Fujita 
et al. 2009, 2013; Furihata et al. 2006; Sirichandra et al. 2010). The three SnRK2s, 
which are key regulators of ABA response, are key players in the phosphorylation 
of ABFs/AREBs/ABI5. For instance, ABF1, ABF2/AREB1, and ABI5 are phos-
phorylated by the three SnRKs and by SnRK2.7/SnRK2F and SnRK2.8/SnRK2C 
as well (Furihata et al. 2006; Fujii et al. 2007). ABF3 is phosphorylated by 
SnRK2.6/SnRK2E/OST1 in vivo (Sirichandra et al. 2010). ABI5 also is phospho-
rylated by the three SnRK2s (Fujii et al. 2007; Nakashima et al. 2009a). Recently, 
FyPP1 and FyPP3, which encode PP6 phosphatase catalytic subunits, have been 
reported to negatively regulate ABA response (Dai et al. 2013). The phosphatases act 
antagonistically with SnRKs by dephosphorylating ABI5, and thereby destabilizing it.

Several calcium-dependent protein kinases (CDPKs), which play positive 
regulatory roles in ABA response, are known to phosphorylate ABFs/AREBs. 
CPK32, for example, phosphorylates ABF4, and its overexpression enhances 
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ABA sensitivity (Choi et al. 2005). It also interacts with ABF1, ABF2/AREB1, 
and ABF3. Two other CDPKs, CPK4 and CPK11, phosphorylates ABF1 and 
ABF4/AREB2 and act as positive regulators of ABA response (Zhu et al. 2007).

11.5  Modulation of ABFs/AREBs/ABI5 Functions by 
Protein Degradation

Protein degradation by proteasome is an important mechanism of regulating the 
abundance of regulatory proteins (Vierstra 2009), and it plays an important role in 
the regulation of ABI5 activity. ABA promotes the accumulation of ABI5 protein 
by stabilizing it (Lopez-Molina et al. 2001). This stabilization process involves 
protein phosphorylation, which is accomplished by above-mentioned kinases. 
Thus, protein phosphorylation not only activates the transcriptional activity of 
ABI5 but also increases its stability.

Several components of the ubiquitin-26S proteasome system have been 
reported to control ABI5 degradation. AFP, which is one of the ABI5-interacting 
proteins, facilitates ubiquitin-mediated degradation of ABI5 (Lopez-Molina et al. 
2003). KEEP ON GOING (KEG), a RING-type E3 ligase, ubiquitinates ABI5 and 
promotes its proteasomal degradation to negatively regulate ABA signaling (Liu 
and Stone 2010, 2013; Stone et al. 2006). Recently, ABF1 and ABF3 also have 
been demonstrated to be the substrates of KEG (Chen et al. 2013b). CUL4-based 
E3 ligases, DWA1 and DWA2, act as negative regulators of ABA response by tar-
geting ABI5 for proteasomal degradation (Lee et al. 2010a). Although not related 
to protein degradation directly, ABI5 is a target of the SUMO E3 ligase SIZ1, 
which inactivates and stabilizes ABI5 (Miura et al. 2009). It has been proposed 
that reversible sumoylation of ABI5 by SIZ1 protects inactive form of ABI5 from 
degradation. In this scheme of ABI5 activity regulation, ABA activation of ABI5 is 
preceded by desumoylation of ABI5.

11.6  ABI3/ABI4

ABI3 and ABI4 have been isolated by map-based cloning (Finkelstein 1994; 
Giraudat et al. 1992). ABI3, which is an ortholog of the maize VP1 (McCarty et al. 
1991), belongs to the B3-domain family of TFs (Swaminathan et al. 2008). ABI3 
expression is seed specific, and it plays a key role in the establishment of seed dor-
mancy and seed maturation, together with two other B3 proteins FUS3 and LEC2 
(Holdsworth et al. 2008; Suzuki and McCarty 2008). It also plays an essential role 
in embryo degreening process (Delmas et al. 2013). ABI3 binds to the Sph/RY ele-
ment (TCCATGCAT) present in seed-specific gene promoters (Monke et al. 2004; 
Suzuki et al. 1997), and the genome-wide analysis of ABI3 regulon indicates that 
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98 genes are the targets of ABI3 (Monke et al. 2012). Most of the ABI3 target 
genes are ABA-regulated and seed-specific genes, such as storage proteins, oleosin, 
and LEA protein genes. One of the ABI3 target genes is ABI5, which acts down-
stream of ABI3 to arrest seedling establishment (Lopez-Molina et al. 2002). Several 
studies indicate that ABI3 functions synergistically with ABI5 to regulate ABA-
responsive genes (Casaretto and Ho 2003; Gampala et al. 2002; Hobo et al. 1999; 
Lim et al. 2013; Nakashima et al. 2006). ABI3 protein is unstable in the absence of 
ABA, and it has been shown that AIP2, a RING-type E3 ligase, ubiquitinates ABI3 
to promote its proteasomal degradation (Lopez-Molina et al. 2002; Zhang et al. 
2005b).

Initially, ABI4 has been isolated as ABA-insensitive mutant with seed-specific 
defects (Finkelstein 1994). However, later studies showed that it plays diverse 
roles in sugar signaling, stress response, lipid mobilization, chloroplast retrograde 
signaling, root development, and biosynthesis of ABA and GA (Leon et al. 2012; 
Shu et al. 2013; Wind et al. 2013). ABI4 belongs to the DREB/CBF subfamily of 
the AP2/ERF superfamily (Sakuma et al. 2002), and its binding sites have been 
determined in vitro employing maize ABI4 (Niu et al. 2002). The study shows that 
its preferred binding sites contain the CACCG core sequence, which is similar to 
the coupling element CE1. Reeves et al. (2011) showed that approximately 100 
genes are induced by ectopically expressed ABI4. However, CE1 element is not 
enriched in the promoters of the ABI4 target genes, although ABI4 binds them. 
The result suggests that ABI4 may bind sequences other than CE1 in vivo, and it 
is consistent with the observation that other AP2-domain proteins than ABI4 are 
likely to bind the CE1 element (Shen et al. 2004). Also, strong synergy between 
ABI4 and ABI5, ABF1, or ABF3 was observed in the activation of the promoters 
lacking CE1 in yeast.

The functions of ABI3 and ABI4 in ABA signaling have been firmly estab-
lished. However, their position in the core ABA signaling pathway is not clearly 
understood. ABI3 is epistatic to ABI5; that is, ABI3 acts upstream of ABI5 (Lopez-
Molina et al. 2002), and ABI5 expression is regulated by ABI3. How ABI3 is related 
to upstream components of the core ABA signaling pathway and, if it functions in a 
separate pathway which converges on ABI5 with the core pathway, the identity of 
the upstream regulatory components remains to be determined. Similarly, ABA sign-
aling components functioning upstream of ABI4 remain to be determined.

11.7  AP2/ERF Domain Proteins

In addition to ABI4, several other AP2/ERF domain proteins have been reported 
to function in ABA response. Maize DRE-binding proteins, DBF1 and DBF2, 
are involved in the ABA regulation of RAB17 (Kizis and Pages 2002). DREB2C 
interacts with ABFs and positively regulates ABA response (Lee et al. 2010b). 
Other DREBs, i.e., DREB1A and DREB2A, also interact with ABF2/AREB1 
and ABF4/AREB2, suggesting that ABFs/AREBs and DREB family TFs, 
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which function in the ABA-independent stress response pathway (Nakashima 
et al. 2009b), may cooperate to regulate ABA- and/or stress-responsive genes. 
Overexpression of RAP2.6 enhances ABA and stress responses, indicating 
that it is a positive regulator of ABA response (Zhu et al. 2010). ADAP (ARIA-
interacting AP2 domain protein) interacts with ARIA, which, in turn, interacts 
with ABF2/AREB1 to positively regulate ABA response, and functions as a posi-
tive regulator in ABA-dependent growth regulation and stress response (Lee et al. 
2009). Another AP2 subfamily protein CHO1 mediates ABA response during ger-
mination by repressing GA biosynthesis (Yano et al. 2009).

A group of AP2/ERF family proteins (AtERF1, 2, 5, 13, 15, ERF1, ORA59, 
RAP2.4, etc.) that bind the coupling element CE1 has been isolated by yeast 
one-hybrid screen (Lee et al. 2010c). The proteins, named CE1-binding factors 
(CEBFs), belong to the B-3 or A-6 subfamily of AP2/ERF superfamily. Analysis 
of in planta functions of three CEBFs showed that AtERF13 is a positive regula-
tor of ABA response during seedling growth, whereas RAP2.4 and RAP2.4L are 
involved in stress response.

AP2/ERF family TFs which negatively regulate ABA response have also been 
reported. ABR1 represses ABA response during seed germination and down-
regulates ABA-responsive genes (Pandey et al. 2005). AtERF7 acts as tran-
scriptional repressor, probably as part of a transcriptional repressor complex 
containing Sin3-histone deacetylase, and reduces ABA response during seed ger-
mination and in guard cells (Song et al. 2005). Similarly, AtERF4 negatively regu-
lates ABA response as well as ethylene response (Yang et al. 2005). Most of the 
AP2/DREB/ERF family TFs mentioned above bind the DRE, CE1 element, or eth-
ylene response element (i.e., GCC box) and are also involved in abiotic stress or 
ethylene response.

11.8  WRKY Proteins

Several WRKY family TFs (Eulgem et al. 2000) are known to be involved in ABA 
response (Rushton et al. 2012). Disruption of WRKY2 confers ABA hypersensitiv-
ity during germination and early seedling growth, and its expression is induced by 
ABA in an ABI3- and ABI5-dependent manner (Jiang and Yu 2009). WRKY63/
ABO3 plays both positive and negative regulatory role (Ren et al. 2010). Its loss of 
function mutant is hypersensitive to ABA during germination and seedling growth. 
However, the mutant is impaired in the stomatal regulation and susceptible to 
water-deficit condition. It has been demonstrated that WRKY63 binds the W-box 
(PyTGACPy) in the ABF2 promoter and positively regulates ABF2 expression 
(Ren et al. 2010). WRKY8, on the other hand, mediates mainly defense response, 
but it also positively regulates ABI4 expression (Chen et al. 2013a). Thus, WRKY8 
may be involved in the cross talk between ABA and defense signaling.

Chen et al. (2010) showed that WRKY18 and WRKY60 play positive role in 
ABA inhibition of seed germination and root elongation, whereas WRKY40 has 
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a negative effect on ABA sensitivity (Chen et al. 2010). Previously, these factors 
have been demonstrated to form hetero- and homocomplexes and to be involved 
in defense response (Xu et al. 2006). WRKY18 and WRKY40 expression is rap-
idly induced by ABA, and it has been proposed that the two WRKY proteins 
regulate the expression of WRKY60, whose ABA induction is delayed compared 
with WRKY18 and WRKY40. The molecular basis of WRKY40 function in ABA 
response has been reported (Shang et al. 2010). It binds the W-box in the promot-
ers of major regulatory genes of ABA and stress responses, such as ABI4, ABF4, 
MYB2, DREB1A, and DREB2A, and represses their expression. This repression is 
relieved in the presence of ABA, which suppresses WRKY40 expression and, at 
the same time, recruits WRKY40 from nucleus to cytosol to promote its binding 
to the C-terminus of the chloroplast-localized ABA receptor, ABAR (Shen et al. 
2006). An elaborate model of cooperative and antagonistic interactions between 
the three WRKY proteins has been proposed recently (Liu et al. 2012).

11.9  NAC Proteins

NAC family TFs play a variety of roles in plant development and biotic/abi-
otic stress responses, including hormone signaling (Nakashima et al. 2012; 
Nuruzzaman et al. 2013). The drought-inducible NAC-domain protein 
RD26/ANAC72 is inducible by ABA, and its over- or underexpression enhances 
or represses, respectively, ABA sensitivity, indicating its positive regulatory role in 
ABA response (Fujita et al. 2004). RD26/NAC72 has been isolated as one of the 
ERD1 promoter-binding proteins together with two other NAC TFs, ANAC19 and 
ANAC55 (Tran et al. 2004). These two TFs interact with RHA2, a RING-type E3 
ligase that positively regulates ABA response during germination and early seed-
ling growth (Jiang et al. 2009). Another NAC TF ATAF1 regulates ABA biosyn-
thesis by binding to the promoter region of NCED3 to up-regulate its expression 
(Jensen et al. 2013). Expression of the NAC TF VNI2 is ABA-inducible, and it 
regulates ABA- and/or stress-responsive genes. It has been suggested that VNI2 
integrates ABA signal into leaf senescence (Yang et al. 2011). Another NAC pro-
tein ANAC96 modulates ABA response by cooperatively interacting with ABFs. 
Specifically, it interacts with ABF2 and ABF4 and synergistically activates ABA-
responsive genes (Xu et al. 2013).

11.10  MYB/MYC Proteins

A number of MYB class TFs (Yanhui et al. 2006) have been reported that are 
involved in ABA response. AtMYB2, which binds the ABA/dehydratin-responsive 
promoter of RD22, is inducible by ABA and various abiotic stresses (Abe et al. 
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1997). Overexpression of AtMYB2 up-regulates ABA-responsive genes and confers 
ABA hypersensitivity during germination and enhanced drought tolerance, indi-
cating that it is a positive regulator of ABA response (Abe et al. 2003). Likewise, 
AtMYB15 is ABA/stress-inducible, and its overexpression results in ABA hyper-
sensitivity and enhanced stress tolerance (Ding et al. 2009). Transgenic plants 
overexpressing another ABA-inducible MYB TF gene AtMYB44 are also ABA 
hypersensitive and drought tolerant, whereas its knockout mutants display opposite 
phenotypes (Jung et al. 2008). Interestingly, salt-induced expression of PP2C genes 
(i.e., ABI1, ABI2, HAB1, and HAB2), which are negative regulators of ABA signal-
ing, is repressed in the AtMYB44 overexpression lines. Similar observations were 
also made with AtMYB20: Its overexpression enhances salt tolerance and represses 
the expression of ABI1 and ABI2(Cui et al. 2013). AtMYB20 directly binds the 
MYB recognition sites in the ABI1 promoter. Seo et al. demonstrated that AtMYB96, 
which is ABA- and drought-inducible, is involved not only in ABA/drought 
response but also in the regulation of lateral root development under drought condi-
tion (Seo et al. 2009). AtMYB52 is known to regulate secondary cell wall synthesis, 
but a recent study showed that it also plays a positive regulatory role in ABA and 
stress responses (Park et al. 2011). On the other hand, MYC2 binds to the MYC rec-
ognition site in the RD22 promoter mentioned above and positively regulates ABA 
response and drought tolerance together with AtMYC2 (Abe et al. 2003).

11.11  Homeodomain Proteins

Several homeodomain proteins, especially those belonging to the HD-Zip I sub-
family (Mukherjee et al. 2009), are known to mediate ABA response. ATHB6 has 
been isolated as an ABI1-interacting protein and shown to negatively regulate ABA 
response in germination and stomatal closure (Himmelbach et al. 2002). It has been 
further demonstrated to be a target of CUL3-based ubiquitin E3 ligase (Lechner 
et al. 2011). On the other hand, two highly homologous and ABA/drought-induc-
ible homeodomain proteins, ATHB7 and ATHB12, are positive regulators of ABA 
response during postgermination growth (Olsson et al. 2004). Recently, ATHB12 
has been demonstrated to regulate plant growth by suppressing the GA20 oxidase 
gene expression (Son et al. 2010). ATHB5 is also known as a positive regulator of 
ABA response (Johannesson et al. 2003). Its expression is ABA-inducible, and the 
ABA inducibility is compromised in abi3 and abi5 mutants. Although its knock-
out mutant does not exhibit noticeable phenotypes, its overexpression lines are ABA 
hypersensitive. ATHB20 has been isolated based on gene expression profiling to 
identify genes involved in seed dormancy (Barrero et al. 2010). A T-DNA insertion 
mutant of ATHB2 is more dormant than wild-type plants, whereas the germination 
of its overexpression lines is partially insensitive to ABA. ATHB17, another HD-
Zip I subfamily homebox gene, positively regulates ABA response during seedling 
establishment stage and under water-deficit condition (Park et al. 2013).
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11.12  Zinc Finger Proteins

C2H2 Zn finger proteins constitute one of the largest transcription factor families 
in plants (Ciftci-Yilmaz and Mittler 2008), and several of them negatively regulate 
ABA response. AZF1, AZF2, and STZ are inducible by abiotic stresses and ABA, 
and their encoded proteins possess transcriptional repression activity (Sakamoto 
et al. 2004). Transgenic analyses indicate that they suppress ABA/stress-repressive 
gene expression and ABA signaling (Drechsel et al. 2010; Kodaira et al. 2011). 
ABA-repressive genes are down-regulated in their overexpression lines, whereas 
their knockout lines are ABA hypersensitive. Also, auxin-regulated SAUR family 
genes are repressed in the AZF1 and AZF2 overexpression lines. Another C2H2 
protein gene SAZ is repressed by abiotic stresses, SA and ABA (Jiang et al. 2008). 
The analysis of a SAZ knockout mutant showed that RD29B and RAB18 are up-
regulated in the mutant. Other ABA/stress-responsive genes were not affected, 
suggesting that only a subset of ABA/stress-responsive genes is affected by SAZ.

Members of other subfamily of zinc finger proteins are also involved in ABA 
response. MARD1, for instance, which possess a unique pattern of zinc finger in 
its C-terminus, regulates seed dormancy (He and Gan 2004). An enhancer trap 
mutant, in which MARD1 expression is abolished, is less dormant than wild-type 
plants, and its germination is ABA-insensitive. Several CCCH finger proteins have 
been reported to mediate ABA signaling, although their involvement in transcrip-
tion has not been demonstrated. AtTZF1, which is a member of TZF (tandem zinc 
finger) subfamily zinc finger proteins containing two CCCH motifs in tandem, is 
a positive regulator of ABA response (Lin et al. 2011). Its overexpression results 
in pleiotropic phenotypes, including ABA and sugar hypersensitivity during ger-
mination, enhanced drought cold tolerance, dwarfism, and late flowering. By 
contrast, its RNAi lines exhibit opposite phenotypes. Similarly, other TZF family 
members, TZF4, TZF5, and TZF6, are seed-specific and ABA-inducible, and they 
positively regulate ABA-dependent inhibition of seed germination. The expres-
sion of the TZFs is repressed by GA, and, in turn, they negatively regulate GA 
response (Bogamuwa and Jang 2013). On the other hand, AtTZF2 and AtTZF3 
enhance ABA inhibition of seedling growth and drought tolerance when overex-
pressed (Lee et al. 2012). A number of JA-responsive genes are up-regulated, and 
leaf senescence is delayed in the transgenic plants, suggesting that it is involved in 
JA response as well.

11.13  Conclusion and Perspectives

As summarized in this chapter, a large number of TFs that regulate ABA-responsive 
gene expression have been identified. Numerous TFs with similar functions have 
been reported in other plant species as well. In the case of ABF/AREB/ABI5 fam-
ily members, they constitute the core ABA signaling pathway, PYR/PYL/RCAR-
PP2C-SnRK2-ABF/AREB/ABI5. The signaling pathway(s) associated with other 
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TFs is not understood well. However, many of the TFs appear to affect ABA 
response by modulating the activities or abundance of the core signaling com-
ponents. Several AP2/ERF family proteins and ABI3 physically interact with 
ABF/AREB/ABI5 family members and synergistically cooperate to activate 
ABA-responsive genes. A number of them, on the other hand, activate or repress 
the expression of the core signaling components, such as ABFs/AREBs/ABI5 and 
ABI1/2. Some TFs modulate the expression of key ABA biosynthetic genes, thereby 
affecting the ABA level. In many cases, TFs regulating ABA response also regu-
lates other physiological processes, including other hormone responses (i.e., auxin, 
ethyelene, gibberellin, jasmonate) and defense responses (Ton et al. 2009). These 
TFs are likely to mediate cross talk between signaling pathways by integrating dif-
ferent signals.
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Abstract The phytohormone abscisic acid (ABA) regulates many aspects of plant 
development and adaptation to environmental stresses. Molecular genetics stud-
ies have significantly advanced our understanding on the molecular basis of ABA 
signaling in seeds and seedlings. In this book chapter, we review recent advances 
on the cross talk of signaling pathways between ABA and other phytohormones.
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12.1  Introduction

The phytohormone abscisic acid (ABA) is well known for its regulatory roles in 
integrating environmental constraints with the developmental programs of plants. 
ABA promotes seed dormancy, inhibition of germination and lateral root (LR) for-
mation, and reduction of water transpiration through stomatal pores (Hauser et al. 
2011). During the last decade, tremendous progresses have been made in identi-
fying mechanisms and genes involved in ABA metabolism, transport, and signal 
transduction. Here, we aim to review the interaction networks between ABA and 
other hormone-signaling pathways.
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12.2  Cross Talk Between ABA and Auxin

Auxin and ABA modulate many aspects of plant development together, mostly in 
opposite directions, suggesting that active cross talk occurs between the signaling 
pathways of the two hormones. For example, several components of auxin or ABA 
signaling have been identified as the interaction nodes between ABA- and auxin-
signaling pathways. Wang et al. (2011a) recently found that the expression of 
AUXIN RESPONSE FACTOR 2 (ARF2) could be induced by ABA and the ARF2 
mutants showed enhanced ABA sensitivity in seed germination and primary root 
growth. In contrast, the primary root growth and seed germination of transgenic 
plants overexpressing ARF2 were less inhibited by ABA than that of the wild type. 
Further results showed that ABA treatment altered auxin distribution in the pri-
mary root tips and made the relative auxin accumulation or auxin signal around 
quiescent center (QC) cells and their surrounding columella stem cells to other 
cells stronger in ARF2-101 than in the wild type. Together, this study indicates that 
ARF2 is a novel integrative hub between ABA- and auxin-signaling pathways in 
regulating plant growth (Wang et al. 2011a).

ABA is known to be the sole plant hormone to maintain seed dormancy, which 
acts through a gene expression network involving the transcription factor absci-
sic acid insensitive 3 (ABI3). However, whether the plant growth hormone auxin 
plays a role in the regulation of seed dormancy in response to environmental and 
internal signals remains unclear. Liu et al. (2013) recently showed that auxin also 
plays a critical role in seed dormancy in Arabidopsis. Disruptions in auxin sign-
aling in MIR160-overexpressing plants, auxin receptor mutants, or auxin biosyn-
thesis mutants dramatically released seed dormancy, whereas increases in auxin 
signaling or biosynthesis greatly enhanced seed dormancy (Liu et al. 2013). 
Further results showed that auxin action in seed dormancy requires the ABA-
signaling pathway (and vice versa), indicating that the roles of auxin and ABA 
in seed dormancy are interdependent (Liu et al. 2013). Furthermore, auxin acts 
upstream of the major regulator of seed dormancy, ABI3, by the auxin response 
factors ARF10 and ARF16 to control the expression of ABI3 during seed ger-
mination. This study uncovers a novel mechanism underlying the cross talk of 
auxin- and ABA-signaling pathways that auxin controls seed dormancy through 
stimulation of ABA signaling by inducing ARF-mediated ABI3 activation in 
Arabidopsis (Liu et al. 2013).

It is generally believed that auxin plays a dominant role in LR formation. 
However, ABA negatively affects LR formation. Recently, Shkolnik-Inbar and 
Bar-Zvi (2010) found that mutation of ABSCISIC ACID INSENSITIVE 4 (ABI4), 
which encodes an ABA-regulated AP2 domain transcription factor, results in an 
increased number of LRs. They further showed that ABI4 overexpression impairs 
LR development. The expression of ABI4 in roots is enhanced by ABA and is 
repressed by auxin. Expression of the auxin efflux carrier protein PIN1 is reduced 
in ABI4 overexpressors, whereas enhanced in abi4 mutants. Transport levels of 
exogenously applied auxin were elevated in abi4 mutants and reduced in ABI4 
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overexpressors. Accordingly, the abi4 mutant and ABI4 overexpressor exhibit 
enhanced and reduced root acropetal auxin transport, respectively (Shkolnik-Inbar 
and Bar-Zvi 2010). This study therefore demonstrates that ABI4 integrates ABA 
with auxin pathways probably through the regulation of polar auxin transport.

Although auxin is a major morphogenesis hormone in plants, little is known 
about ABA–auxin interactions during early seedling growth. Under unfavora-
ble environmental conditions, ABA inhibits the developmental transition from 
an embryo into a young seedling. Belin et al. (2009) developed a genetic screen 
to isolate Arabidopsis mutants whose early seedling development was resistant 
to ABA. Through this approach, they identified a recessive mutation in AUXIN 
RESISTANT1 (AUX1), encoding an auxin influx carrier. They showed that the aux1 
and pin2 mutants are insensitive to ABA-dependent repression of embryonic axis 
elongation. Genetic and physiological experiments showed that this involved auxin 
transport to the embryonic axis elongation zone, where ABA enhanced the activity 
of an auxin-responsive promoter. Together, this study suggests that ABA represses 
embryonic axis elongation by potentiating auxin signaling in its elongation zone 
(Belin et al. 2009).

On the other hand, several key components of ABA signaling have also been 
identified in regulating the auxin responses by the transcriptional regulation 
of downstream genes in Arabidopsis. For example, Yang et al. (2011) recently 
reported the functional identification of rice ABI5-like1 (ABL1), which regu-
lates both ABA and auxin responses. ABL1 is expressed in various tissues and 
is induced by both ABA and auxin. The ABL1 deficiency mutant, abl1, showed 
reduced ABA responses, and ABL1 expression in the Arabidopsis abi5 mutant 
was able to rescue the ABA sensitivity (Yang et al. 2011). The ABL1 protein is 
localized to the nucleus and can directly bind ABRE (G-box) elements in vitro. 
The gene expression analysis confirms that the large proportion of downregulated 
genes of abl1 is involved in stress responses, consistent with the transcriptional 
activating effects of ABL1. Most importantly, the abl1 mutant is hypersensitive to 
exogenous IAA, suggesting that ABL1 modulates both ABA and auxin responses 
in rice (Yang et al. 2011).

Rac-like GTPases or Rho-related GTPases from plants (RAC/ROPs) are impor-
tant components of hormone-signaling pathways in plants. Nibau et al. (2013) 
recently revealed that AtRAC7/ROP9 functions as a modulator of both auxin and 
ABA signaling. Plants with reduced levels of AtRAC7/ROP9 had increased sen-
sitivity to auxin and were less sensitive to ABA (Nibau et al. 2013). On the other 
hand, overexpressing AtRAC7/ROP9 activated ABA-induced gene expression but 
repressed auxin-induced gene expression. In addition, both hormones regulated 
the activity of the AtRAC7/ROP9 promoter, suggesting a feedback mechanism to 
modulate the AtRAC7/ROP9-mediated signaling (Nibau et al. 2013). These results 
place AtRAC7/ROP9 as an important signal transducer that integrates auxin and 
ABA signaling in the plant. By contrast, Choi et al. (2013) recently demonstrated 
that ROP-interactive CRIB motif-containing protein 1 (RIC1) is also involved 
in the interaction between auxin- and ABA-regulated root development. RIC1 
expression is highly induced by both hormones and expressed in the roots of 
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young seedlings (Choi et al. 2013). Whereas auxin-responsive gene induction and 
the effect of auxin on root growth and LR formation were suppressed in the ric1 
knockout mutant, ABA-responsive gene induction and the effect of ABA on seed 
germination, root growth, and LR formation were potentiated (Choi et al. 2013). 
Thus, this study suggests that RIC1, which positively regulates auxin responses, 
but negatively regulates ABA responses, is a component of the intricate signaling 
network that underlies auxin and ABA cross talk (Choi et al. 2013).

12.3  Cross Talk Between ABA and Cytokinin

Cytokinin is a major phytohormone involved in various aspects of plant growth 
and development. The underlying mechanism remains elusive in which how ABA 
and cytokinin interplay to control plant development. Cytokinin is known to antag-
onize the effects of ABA on stomatal movement and to affect ethylene biosynthe-
sis (Tanaka et al. 2006). Considering that ethylene has an antagonistic effect on 
ABA-induced stomatal closure, a possibility that the antagonistic effects of cyto-
kinin on ABA were mediated through ethylene biosynthesis was proposed by 
Tanaka et al. (2006). Cytokinin, 6-benzyladenine (BA), antagonized ABA-induced 
stomatal closure in a manner similar to that following application of the ethylene 
precursor, 1-aminocyclopropane-1-carboxylic acid (ACC). However, the effects 
were negated when ethylene signaling, perception, or biosynthesis were blocked 
(Tanaka et al. 2006). These observations suggest that cytokinin inhibits ABA-
induced stomatal closure through the modulation of ethylene biosynthesis (Tanaka 
et al. 2006).

Wang et al. (2011b) recently undertook a gain-of-function genetic screen to 
identify ABA-insensitive mutants during seed germination in Arabidopsis using 
an estradiol-inducible approach. In the presence of estradiol, one of these mutants 
gim1 (germination insensitive to ABA mutant 1) exhibited an elevated level of 
cytokinin that was attributed to the estradiol-induced expression of AtIPT8 that 
encodes an isopentenyltransferase for the biosynthesis of cytokinins (Wang et al. 
2011b). Further analyses on alterations of gene transcriptome in the gim1 mutant 
demonstrated that the expression of some ABA-inducible genes, including ABI5, 
was reduced and could not be restored by exogenous ABA treatment (Wang et al. 
2011b). In summary, this study suggests that cytokinin antagonizes ABA sup-
pression to seed germination of Arabidopsis by downregulating ABI5 expression 
(Wang et al. 2011b).

Moreover, Ding et al. (2008) showed that ABA also modulates cytokinin sign-
aling during the regulation of nodulation in Medicago truncatula. Nodulation is 
tightly regulated in legumes to ensure appropriate levels of nitrogen fixation with-
out excessive depletion of carbon reserves. Ding et al. showed that application of 
ABA inhibits nodulation, bacterial infection, and nodulin gene expression in M. 
truncatula. ABA acts in a similar manner as ethylene, regulating Nod factor sign-
aling and affecting the nature of Nod factor-induced calcium spiking. However, 
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this action is independent of the ethylene signal transduction pathway (Ding et al. 
2008). These results showed that ABA can suppress Nod factor signal transduction 
in the epidermis and can regulate cytokinin induction of the nodule primordium in 
the root cortex. Therefore, this study suggests that ABA is capable of coordinately 
regulating the nodule formation and cytokinin signaling (Ding et al. 2008).

12.4  Cross Talk Between ABA and Gibberellin

The phytohormones gibberellin (GA) and ABA play essential and often antago-
nistic roles in regulating plant growth, development, and stress responses. For 
example, GA is associated with the promotion of germination, growth, and flow-
ering. However, ABA inhibits these processes. Moreover, the antagonistic rela-
tionship of the two hormones regulates the transition from embryogenesis to seed 
germination (Razem et al. 2006). Several different mechanisms have been shown 
to underlie this antagonistic interaction in different developmental processes. 
During cereal seed germination, the developing embryo releases GAs to the aleu-
rone cells where they induce the transcription of several genes encoding hydrolytic 
enzymes, including a-amylase. These enzymes are then secreted to the endosperm 
and hydrolyze starch and proteins, supplying nutrients to the developing embryo 
(Weiss and Ori 2007). In contrast, ABA suppresses a-amylase expression. The 
GA-induced, ABA-suppressed transcription of a-amylase in the aleurone layer 
of cereal seeds was classically used as an experimental system to study the inter-
action between GA and ABA. The a-amylase promoter contains a GA response 
element, required for both its activation by GA and suppression by ABA (Rogers 
and Rogers 1992). Gubler et al. (1995) identified a GA-induced Myb-like protein 
(GAMyb) that binds to the GA response element box of the a-amylase promoter 
(Gubler et al. 1995). Induction of GAMyb and a-amylase transcription was shown 
to be mediated by the DELLA protein SLR1. How does ABA affect this pathway? 
The induction of GAMyb and a-amylase by GA is suppressed by an ABA-induced 
Ser/Thr protein kinase, PKABA1. ABA and PKABA1 inhibited the upregulation 
of GAMyb and a-amylase in slr1 mutants as well, suggesting that the inhibition 
of GAMyb and a-amylase by PKABA1 occurs downstream of DELLA (Gomez-
Cadenas et al. 1999, 2001). However, a more recent study has shown that when 
PKABA1 is suppressed by RNAi, ABA still inhibits the GA-induced a-amylase 
expression. This finding indicates that ABA affects this process through an addi-
tional, PKABA1-independent pathway (Zentella et al. 2002). A candidate alterna-
tive ABA-signaling pathway to suppress GA responses in rice may involve two 
ABA-induced WRKY transcriptional regulators (Xie et al. 2006).

A different mechanism of interaction between GA and ABA in the regulation of 
root growth was proposed (Achard et al. 2006). In Arabidopsis, GA promotes and 
ABA suppresses root growth, and both effects seem to be mediated by the DELLA 
proteins (Achard et al. 2006). ABA application increased the stability of RGA and 
blocked its GA-induced degradation. Moreover, the quadruple-DELLA mutant 
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(loss of GAI, RGA, RGL1, and RGL2) is relatively resistant to the growth-inhib-
itory effects of ABA (Achard et al. 2006). Therefore, while during seed germina-
tion, ABA seems to act downstream of DELLA, it affects Arabidopsis growth via 
DELLA. It is thus possible that distinct mechanisms of interaction between GA 
and ABA are utilized for different developmental decisions.

Further, the fine-tuning of the cross talk between GA and ABA was recently 
demonstrated in Arabidopsis. Both ABA and GA can induce the expression of 
microRNA159 (miR159), which targets the MYB33 mRNA. Interestingly, MYB33 
promotes ABA responses in seeds and GA responses in flowers. Thus, the two 
antagonistic hormones exert their actions through a common mediator, MYB33, 
and desensitize their signaling through the same homeostatic mechanism, miR159, 
at different developmental stages (Achard et al. 2004; Reyes and Chua 2007).

Recently, Golldack et al. (2013) uncovered novel antagonizing roles of GA and 
ABA in integrating growth and development in plants with environmental signal-
ing. GRAS transcription factors of the DELLA and SCARECROW-LIKE (SCL) 
types play a key role as major growth regulators and have pivotal functions in 
modulating GA signaling (Golldack et al. 2013). In contrast to a pivotal role of 
GRAS family transcriptional factors in plant growth regulation, recent work has 
suggested that the DELLA and SCL proteins integrate generic GA responses into 
ABA-controlled abiotic stress tolerance (Golldack et al. 2013).

ABA and GA are the primary factors that antagonistically regulate the transi-
tion from dormancy to germination. High ABA and low GA content in seeds 
promote seed dormancy. However, the underlying molecular mechanism involv-
ing cross talk between ABA and GA in this process remains to be elucidated. Shu 
et al. (2013) recently found that ABI4, the key transcription factor in the ABA-
signaling pathway, indeed controls primary seed dormancy. This result contradicts 
the previous conclusion that ABI4 is not involved in the control of seed dormancy. 
Several lines of evidence support this conclusion. For example, detailed physi-
ological analysis of the germination of abi4 seeds that were harvested immedi-
ately and stored for various periods of time and subjected to various treatments 
showed that ABI4 negatively regulates primary seed dormancy (Shu et al. 2013). 
The molecular mechanism responsible for this control is that ABI4 directly or 
indirectly regulates the key genes of the ABA and GA biogenesis pathways, 
which then regulates the ABA and GA contents in seeds (Shu et al. 2013). Taken 
together, this study suggests that ABI4 is a key factor that regulates primary seed 
dormancy by mediating the regulation of GA biogenesis (Shu et al. 2013).

12.5  Cross Talk Between ABA and Ethylene

The plant hormones ethylene and ABA have antagonistic functions in the control 
of plant growth and development, including seed germination and early seedling 
development. Ethylene and ABA may control the biosynthesis, catabolism, or 
signaling of the other to enhance their antagonistic effects on seed germination 
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and early seedling growth (Cheng et al. 2009). Through screening for mutations 
that either enhanced or suppressed the ABA-resistant seed germination phenotype 
of the Arabidopsis abi1-1 mutant, alleles of the constitutive ethylene response 
mutant ctr1 and ethylene-insensitive mutant ein2 were recovered as enhancer 
and suppressor mutations, respectively (Beaudoin et al. 2000). Genetic analy-
ses showed that the ethylene-signaling cascade defined by the ETR1, CTR1, and 
EIN2 genes inhibit ABA signaling in seeds. Epistasis analysis between ethylene- 
and ABA-insensitive mutations indicated that endogenous ethylene promotes 
seed germination by decreasing sensitivity to endogenous ABA (Beaudoin et al. 
2000). In contrast to the situation in seeds, ein2 and etr1-1 roots were resistant 
to both ABA and ethylene. This study indicates that ABA and ethylene antago-
nistically or synergistically to regulate seed germination and root growth, respec-
tively (Beaudoin et al. 2000). Similarly, Ghassemian et al. (2000) demonstrated 
that ethylene appears to be a negative regulator of ABA action during germination 
and positively regulates some aspects of ABA action in regulation of root growth 
(Ghassemian et al. 2000). For example, the era3 mutant that is allelic to ein2 
overaccumulates ABA, suggesting that ethylene signaling negatively regulates 
ABA biosynthesis (Ghassemian et al. 2000). These findings indicate that interac-
tion between ABA and ethylene is complex and possibly interconnected through 
multiple feedback mechanisms. In contrast, the identification of ABA-insensitive 
mutants unveiled the LONG HYPOCOTYL5 (HY5) transcription factor as an 
important molecular link between ABA and ethylene biosynthesis (Li et al. 2011). 
A dramatic increase in ethylene levels in the ABA-insensitive hy5 mutant sug-
gested its role in the repression of ethylene biosynthesis (Li et al. 2011). Taken 
together, these results suggest ABA and ethylene interact to inhibit each other’s 
biosynthesis.

To examine the cross talk between the ethylene and ABA signal transduction 
pathways during ABA-induced stomatal closure, Tanaka et al. (2005) examined an 
ethylene overproducing mutant (eto1-1) and the two ethylene-insensitive mutants 
(etr1-1 and ein3-1). Their results showed that stomata of wild-type plants were 
closed within a few minutes in response to ABA, whereas stomata of the eto1-
1 mutant showed a similar but less-sensitive ABA response. Moreover, ABA-
induced stomatal closure could be inhibited by application of ethylene or the 
ethylene precursor ACC. In contrast, stomata of the etr1-1 and ein3-1 mutants 
were able to close in response to concomitant ABA and ACC application. This 
study indicates that the ethylene-signaling pathway delays ABA-induced stomatal 
closure (Tanaka et al. 2005).

12.6  Cross Talk Between ABA and Jasmonate

The plant hormone jasmonates (JAs) play essential roles in plant defense and 
development. Anderson et al. (2004) revealed a complex interplay between JA- 
and ABA-signaling pathways that regulates plant defense gene expression and 
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disease resistance. For example, exogenous ABA treatment could suppress both 
basal and JA-activated transcription from defense genes (Anderson et al. 2004). 
By contrast, ABA deficiency as conditioned by the mutations in the ABA1 and 
ABA2 genes, which encode enzymes involved in ABA biosynthesis, resulted in 
upregulation of JA-responsive defense genes (Anderson et al. 2004). Collectively, 
these results indicate that the antagonistic interactions between multiple compo-
nents of JA- and ABA-signaling pathways modulate defense and stress responsive 
gene expression in response to biotic and abiotic stresses (Anderson et al. 2004).

The basic helix-loop-helix (bHLH) transcription factor MYC2 has been 
identified as a master regulator of most aspects of the JA-signaling pathway in 
Arabidopsis (Boter et al. 2004; Lorenzo et al. 2004; Dombrecht et al. 2007; Chen 
et al. 2011; Fernandez-Calvo et al. 2011). However, several studies showed that 
MYC2 is also involved in ABA signaling in Arabidopsis. Abe et al. (2003) showed 
that transgenic plants overexpressing MYC2 had higher sensitivity to ABA and 
several ABA-inducible genes were upregulated in the transgenic plants. By con-
trast, the mutant of the MYC2 gene was less sensitive to ABA and showed signifi-
cantly decreased ABA-induced gene expression. These results indicate that MYC2 
also function as a positive regulator of ABA signaling in Arabidopsis (Abe et al. 
2003). Taken together, we propose that MYC2 acts as an integrative hub for the 
regulation of both JA and ABA signaling in Arabidopsis.

Moreover, Nakata et al. (2013) showed that a bHLH-type transcription fac-
tor, ABA-inducible bHLH-type transcription factor/JA-associated MYC2-LIKE1 
(JAM1), acts as a transcriptional repressor and negatively regulates JA signaling. 
Gain-of-function transgenic plants expressing the chimeric repressor for JAM1 
exhibited substantial reduction of JA responses, including JA-induced inhibition 
of root growth, accumulation of anthocyanin, and male fertility. Conversely, jam1 
loss-of-function mutants showed enhanced JA responsiveness, including increased 
resistance to insect attack. JAM1 and MYC2 competitively bind to the target 
sequence of MYC2, which likely provides the mechanism for negative regula-
tion of JA signaling and suppression of MYC2 functions by JAM1 (Nakata et al. 
2013). Considering the role of JAM1 in ABA signaling (Li et al. 2007), we pro-
pose that JAM1 may be a novel integrative hub between ABA- and JA-signaling 
pathways.

Significantly, Chen et al. (2012) recovered the action mechanisms of the medi-
ator25 (MED25) subunit of the Arabidopsis mediator complex in regulating JA- 
and ABA-triggered gene transcription. Their results showed that during jasmonate 
signaling, MED25 physically associates with the basic helix-loop-helix transcrip-
tion factor MYC2 in promoter regions of MYC2 target genes and exerts a posi-
tive effect on MYC2-regulated gene transcription (Chen et al. 2012). By contrast, 
MED25 physically associates with the basic Leu zipper transcription factor ABA-
INSENSITIVE5 (ABI5) in promoter regions of ABI5 target genes and shows a neg-
ative effect on ABI5-regulated gene transcription (Chen et al. 2012). This study 
reveals an important role for MED25 as an integrative hub within the mediator 
complex during the regulation of JA- and ABA-signaling pathways (Chen et al. 
2012).
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12.7  Conclusions

ABA is an important plant hormone that regulates plant growth and response to 
environmental stresses through interacting with different other plant hormones. 
The molecular mechanisms underlying the complex signaling networks between 
ABA and other hormones remain to be further elucidated in future studies.
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Abstract The endogenous phytohormone abscisic acid (ABA) and the exogenous 
signal light regulate both distinct and overlapping processes in plant growth and 
development. This review summarizes recent advances in our understanding of the 
cross-regulation between light and ABA signaling, and their cooperative interac-
tions in modulating plant responses, including seed germination, seedling growth 
and development, stomatal movement, and hydrotropic growth.

Keywords ABA · Light · Cross talk · Modulation

13.1  Introduction

Due to their sessile nature, plants are controlled by endogenous hormones and 
influenced by environmental cues. As one of the most important environmental 
signals, light plays critical roles in regulating diverse plant growth and develop-
mental processes, ranging from seed germination, seedling de-etiolation, phototro-
pism, shade avoidance, stomatal opening, flowering time, and circadian rhythms. 
Accumulating evidence indicates that light interacts with many phytohormone 
signaling, including abscisic acid (ABA), gibberellin (GA), brassinosteroid, 
and ethylene, in controlling various plant response (for reviews, Seo et al. 2009; 
Alabadi and Blazquez 2009; Lau and Deng 2010). ABA regulates many plant pro-
cesses that are also mediated by light, such as seed germination and seedling devel-
opment. The biosynthesis and function of ABA and its regulatory network were 
extensively reviewed in the other chapters of this book. The scope of this chapter 
emphasizes advances in our understanding of interaction between light and ABA 
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Signaling, based largely on progress achieved so far using genetic and molecular 
approaches in Arabidopsis as a model system. In this review, we first describe a 
brief introduction of the light signaling pathway, and then summarize, and discuss 
the convergence of light and ABA Signaling in regulating plant responses.

13.2  Overview of the Light Signaling Pathway

Plants have evolved an array of photoreceptors to perceive and transduce differ-
ent spectra of light that ultimately modulate the transcriptomes and trigger plant 
growth and development. These photoreceptors include the red and far-red light 
(600–750 nm)-absorbing phytochromes (phys), the blue/ultraviolet-A light (320–
500 nm)-absorbing cryptochromes (cry1 and cry2), phototropins (phot1 and 
phot2), and three newly identified LOV/F-box/Kelch-repeat proteins ZEITLUPE 
(ZTL), FLAVIN-BINDING KELCH REPEAT F-BOX (FKF), and LOV KELCH 
REPEAT PROTEIN 2 (LKP2), and UV-B light (282–320 nm)-absorbing UV 
RESISTANCE LOCUS8 (UVR8) (Chen et al. 2004; Christie 2007; Nagatani 
2010; Yu et al. 2010; Heijde and Ulm 2012; Ito et al. 2012). Phytochromes are 
unique photoreceptors because they exist as two distinct but photoreversible forms 
in vivo. The biological active Pfr form absorbs far-red light, whereas the inactive 
Pr form absorbs red light (Li et al. 2011). There are five phytochromes, designated 
phyA to phyE in Arabidopsis thaliana. phyA is light labile, while phyB to phyE 
are light stable (Li et al. 2011).

Seedling de-etiolation is a light-controlled process that has been extensively 
studied in the past decades. Accumulating evidence has established that phys and 
crys control two main branches of light signaling during seedling de-etiolation 
(Lau and Deng 2010). A group of constitutive photomorphogenic/de-etiolated/fusca 
(COP/DET/FUS) proteins act as repressors downstream of phys and crys that 
define the first branch of the light signaling pathway (Lau and Deng 2012). Among 
these proteins, COP1 is a central repressor that targets a number of positive fac-
tors, such as ELONGATED HYPOCOTYL5 (HY5) and LONG HYPOCOTYL IN 
FAR-RED1 (HFR1), for 26S proteasome-mediated degradation, thus desensitizing 
light signaling (Henriques et al. 2009; Lau and Deng 2012). HY5 encodes a basic 
domain/leucine zipper transcription factor that plays a key role in promoting pho-
tomorphogenesis in all light conditions by directly regulating the transcription of 
a wide range of genes (Oyama et al. 1997; Lee et al. 2007). HY5 is stabilized at 
the post-translational level by light and inhibits hypocotyl growth (Osterlund et al. 
2000). In the second branch, a class of basic helix-loop-helix transcription factors, 
designated PHYTOCHROME-INTERACTING FACTORs (PIFs), accumulate 
in darkness and thus regulate gene expression to promote the skotomorphogenic 
response (Leivar et al. 2008). Under light, PIF proteins interact with photoacti-
vated phys and result in PIFs’ phosphorylation and subsequent degradation in an 
unknown manner (Leivar and Quail 2011). PIF proteins mainly regulate the phy-
tochrome pathway, although they might also effect under blue light. Increasing 
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studies demonstrated the broad function of PIFs as integrators in mediating plant 
development (Leivar and Monte 2014).

Extensive studies have identified dozens of intermediates in the light signal-
ing pathway and revealed the importance of transcriptional regulatory networks 
in controlling photomorphogenesis (Jiao et al. 2007; Chory 2010). For exam-
ple, FAR-RED ELONGATED HYPOCOTYL3 (FHY3) and FAR-RED IMPAIRED 
RESPONSE1 (FAR1) are two positive transcription factors transducing signals in 
the far-red light pathway (Hudson et al. 1999; Wang and Deng 2002; Lin et al. 
2007). For more information on light signaling regulation, readers may go through 
some recent reviewer articles (Bou-Torrent et al. 2007; Jiao et al. 2007; Demarsy 
and Fankhauser 2009; Li et al. 2011).

13.3  Inter-regulation Between Light and ABA

13.3.1  Light Regulates ABA Biosynthesis

The ABA metabolic pathway has been described in detail in Chap. 20. Most of the 
genes involved in ABA biosynthesis and catabolism have been identified geneti-
cally. The oxidative cleavage of cis-epoxycarotenoid to xanthoxin is catalyzed by 
9-cis-epoxycarotenoid dioxygenase (NCED) and represents the key regulatory step 
of ABA biosynthesis in plants. ABA 8′-hydroxylases encoded by cytochrome P450 
CYP707A genes catalyze the first committed step in the predominant ABA catabolic 
pathway (Kushiro et al. 2004; Nambara and Marion-Poll 2005). The endogenous 
ABA level is modulated by the precise balance between its biosynthesis and catabo-
lism. Regulation of NCED and CYP707A has thus been proposed to significantly 
determine endogenous ABA level in plants (Nambara and Marion-Poll 2005).

ABA is increasingly accumulated in seeds during their maturation. Studies 
from seed germination have well demonstrated that light plays a crucial role in 
regulating ABA metabolic gene expression and subsequent ABA level. Red light 
decreases, whereas far-red light increases endogenous ABA level in Arabidopsis 
and lettuce (Lactuca sativa L.) seeds (Toyomasu et al. 1994; Seo et al. 2006; 
Sawada et al. 2008). Among AtNCED genes, AtNCED6 and AtNCED9 have been 
shown to play key roles in ABA biosynthesis in developing seeds (Lefebvre et al. 
2006). The transcript level of AtNCED6 remains high after pulse of far-red light 
irradiation and is reduced by a subsequent red light pulse in Arabidopsis seeds. 
In agreement with this notion, the nced6-1 mutant showed enhanced germination 
ability relative to wild type when treated with FR light (Seo et al. 2006). Similarly, 
red light down-regulates LsNCED2 and LsNCED4 and increases LsABA8ox4 
(encoding ABA 8′-hydroxylase) expression (Sawada et al. 2008). As a catabolic 
gene, the expression pattern of CYP707A2 undergoes an opposite manner to that 
of AtNCED6 (Seo et al. 2006). However, photoreversible expression of CYP707A1 
and CYP707A3 appears to be regulated indirectly by light (Seo et al. 2006). Thus, 
ABA biosynthesis is likely regulated through the photoreversible expression of 
AtNCED6 and CYP707A2 in an opposite manner.

http://dx.doi.org/10.1007/978-94-017-9424-4_20
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Photoreversible regulation of ABA level during seed germination is mainly 
mediated by phyB photoreceptor, since reduction of ABA level after red light pulse 
was not observed in the phyB mutant (Seo et al. 2006). When phyB is activated, 
the ABA anabolic genes, ABA-DEFICIENT 1 (ABA1), AtNCED6, and AtNCED9, 
are down-regulated, whereas an ABA catabolic gene, CYP707A2, is induced (Kim 
et al. 2008; Oh et al. 2007). This process is mainly controlled by the transcrip-
tion factor PIL5/PIF1, which negatively regulates phyB responses (Oh et al. 2007, 
other ref). PIL5 indirectly regulates the transcript levels of ABA metabolic genes, 
including ABA1, AtNCED6, AtNCED9, and CYP707A2, and some GA metabolic 
genes, such as GA3ox1 and GA2ox2 (Oh et al. 2007). PIL5 can target SOMNUS 
(SOM) and directly activates its expression. In the som mutant, the expres-
sion levels of ABA1 and AtNCED6 are reduced, whereas the level of CYP707A2 
is increased compared to the wild type. Consistently, the som seeds contain low 
amount of ABA and high levels of active GA4 (Kim et al. 2008). Therefore, PIL5 
regulates endogenous ABA level largely through SOM. However, the question how 
SOM regulates the expression of ABA metabolic genes is still unknown.

Besides, at the seed germination stage, the expression of CYP707A2 is also 
significantly up-regulated, whereas the transcript levels of AtNCED genes 
(including AtNCED2, 3, 5, and 9) are decreased by light during seedling de-etio-
lation (Charron et al. 2009). Moreover, the expression patterns of tomato LeZEP1 
(encoding zeaxanthinepoxidase) and LeNCED are under circadian regulation 
(Thompson et al. 2000). In addition, the transcript level of ABA-INSENSITIVE 3 
(ABI3), encoding a key component in the ABA signaling pathway, is also affected 
by mutations in phyB in Arabidopsis (Mazzella et al. 2005), suggesting that phy-
tochrome regulates both the metabolic and signaling genes of ABA.

13.3.2  ABA Modulates the Expression  
of Light-Responsive Genes

Light-harvesting chlorophyll a/b-binding proteins (LHCBs) are the apoproteins 
of the photosystem II complex that absorb and transfer light energy. Expression 
of these nuclear LHCB genes is tightly controlled by light, and therefore, LHCBs 
serve as typical light-responsive genes (Johanningmeier 1988; Johanningmeier 
and Howell 1984). Being a stress signal, ABA plays an important role in the regu-
lation of LHCB expression under environmental stress conditions. For example, 
exogenously application of high concentrations of ABA inhibits LHCB expression 
in various tissues, including tomato leaves, Arabidopsis seedlings, Lemma gibba 
cells, and developing seeds of soybean (Bartholomew et al. 1991; Staneloni et al. 
2008; Weatherwax et al. 1996; Chang and Walling 1991). However, low level of 
ABA enhances LHCB1.2 transcript level in Arabidopsis seedlings, and cab3 
(GmLHCB) expression in soybean seeds (Voigt et al. 2010; Chang and Walling 
1991). This is consistent with a recent study showing that physiological levels 
of ABA enhance LHCB expression in Arabidopsis (Liu et al. 2013). Liu and the 
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coauthors (2013) further found that ABA is required for full expression of differ-
ent LHCB members likely via the WRKY40 transcription factor. ABA may be an 
inducer to fine-tune LHCB expression under stressful conditions in cooperation 
with light that allows plants to adapt to environmental changes. Moreover, a signal 
transduction chain consisting of GCR1 (a potential G-protein-coupled receptor), 
GPA1 (the sole Ga subunit), RPN1 (one of four members of an iron-containing 
subgroup of the cupin superfamily), and a nuclear factor Y convergences blue light 
and ABA signals to regulate LHCB expression in etiolated Arabidopsis seedlings 
(Warpeha et al. 2007).

In addition, ABA regulates genes involved in the light signal transduction 
pathway. For instance, the transcript levels of FHY3 and FAR1, encoding two key 
positive transcription factors in the phyA pathway, are induced in Arabidopsis 
seedlings after ABA treatment (Tang et al. 2013).

13.4  Light and ABA Coregulate Plant Responses

Light and phytohormone ABA coordinately regulate many plant developmental 
processes, including seed germination, seedling growth, stomatal movement, and 
hydrotropic response, as reviewed below in detail. We focus on the function of 
signaling factors that were genetically identified in recent studies and their regula-
tory mechanisms on each distinct response.

13.4.1  Seed Germination

Seed germination is an adaptive trait of higher plants that is controlled by both 
environmental cues and internal growth regulators, including light, GA, and ABA. 
GA is known to break seed dormancy and promote germination, whereas ABA is 
involved in maintaining seed dormancy and inhibiting germination (Koornneef et al. 
2002; Finch-Savage and Leubner-Metzger 2006). It is now much clear that GA pro-
motes germination by promoting destruction of DELLA repressors, whereas ABA 
prevents germination by stimulating the expression of ABI repressors. Endogenous 
ABA biosynthesis in imbibed seeds is required for the maintenance of seed dor-
mancy in Arabidopsis and tobacco (Ali-Rachedi et al. 2004; Grappin et al. 2000).

Light is a critical determinant environmental factor for seed germination in some 
small-seeded plants, such as Arabidopsis and lettuce (Shinomura 1997). In the mid-
dle of twentieth century, it was discovered that red light promotes, whereas far-red 
light inhibits lettuce seed germination, and the process is reversible by red and far 
red (Borthwick et al. 1952). The photoreceptor responsible for the reversible photo-
reaction was discovered from etiolated Brassica rapa and Zea mays and was named 
phytochrome (Butler et al. 1959). It has been well established that phyA and phyB 
play curical role in the light-mediated seed germination (Shinomura et al. 1994, 1996; 
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Casal and Sanchez 1998). phyA mediates very low-fluence response (VLFR), while 
phyB acts via photoreversible low-fluence response (LFR) to promote seed germi-
nation. However, continuous far-red light inhibits germination via high-irradiance 
response in many plant species (Botto et al. 1996).

Light controls seed germination predominantly through regulating the endog-
enous levels of GA and ABA. ABA inhibits germination of lettuce seeds induced 
by red light, whereas active GA mimics the effect of red light (Kahn et al. 1957; 
Sankhla and Sankhla 1968). Extensive studies have identified a number of factors 
that involve in light-controlled seed germination.

Giltu Choi’s laboratory firstly reported that a basic helix-loop-helix transcrip-
tion factor PIL5 acts as a key negative regulator in phytochrome-mediated seed 
germination (Oh et al. 2004). PIF5 preferentially interacts with the Pfr forms of 
phyA and phyB. When activated by light, phytochromes bind to and accelerate the 
degradation of PIL5 in both seeds and seedlings (Oh et al. 2006; Shen et al. 2005). 
The destabilization of PIL5 thus releases its repression of seed germination and 
allows seeds to germinate. As a result, loss-of-function mutant of pil5 germinates 
well regardless of far-red light treatment mediated by LFR and VLFR, whereas 
PIL5 overexpression transgenic lines fail to germinate under relative low inten-
sity of red light (Oh et al. 2004). It was showed that PIL5 directly binds to the 
promoters of two GA repressor (DELLA) genes, REPRESSOR OF GA1-3 (RGA) 
and GA-INSENSITIVE (GAI), and activates their expression (Oh et al. 2007). 
Furthermore, chromatin immunoprecipitation (ChIP) chip and microarray analyses 
helped to identify large amount of PIL5 direct target genes involved in hormone 
signaling and cell wall modification (Oh et al. 2009). Therefore, PIL5 regulates 
seed germination not only by mediating GA signaling and coordinating GA and 
ABA metabolism, but also by modulating cell wall properties in imbibed seeds. 
Since pil5 could not fully restore the germination deficiency of phyB in the pil-
5phyB double mutant, other factors must be involved in the phyB-mediated germi-
nation process (Oh et al. 2004).

SOM was identified as another negative factor in regulating light-dependent 
seed germination (Kim et al. 2008). The SOM gene encodes a CCCH-type zinc 
finger protein that probably acts as an RNA-binding factor. The som mutants have 
lower levels of ABA and elevated levels of GA and germinate in darkness inde-
pendently of various light regimens (Kim et al. 2008). PIL5 directly promotes the 
expression of SOM through binding to its promoter sequence, and the reduced ger-
mination rate of a PIL5 overexpression line is rescued by the som mutation (Kim 
et al. 2008). Thus, SOM functions downstream of PIL5 and the PIL5-SOM regu-
latory pathway likely defines an essential step in integrating ABA and light sign-
aling to control seed germination. In addition to PIL5, ABI3 was also found to 
be targeted to the RY motifs present in the SOM promoter. ABI3 and PIL5 inter-
act and collaboratively activate the expression of SOM mRNA in Arabidopsis 
imbibed seeds, but independently induce SOM expression in maturing seeds (Park 
et al. 2011). However, HFR1 plays a negative role on PIL5 transcriptional activity 
by interacting with PIL5 and preventing its binding to target DNA. Through the 
HFR1-PIL5 heterdimer, light regulates expression of numerous genes involved in 
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cell wall loosening, cell division, and hormone pathways to initiate seed germi-
nation (Shi et al. 2013). Hence, HFR1 defines a new positive regulator of phyB-
dependent seed germination.

Recently, Lim et al. (2013) demonstrated that ABI3, ABI5, and DELLAs form 
a complex on the SOM promoter to activate SOM expression in imbibed seeds in 
response to high temperature. ABI5 is a bZIP transcription factor that plays impor-
tant role in ABA signaling and ABA responses (Finkelstein and Lynch 2000). Two 
previous researches identified two types of transcription factors that directly regu-
late ABI5 expression (Chen et al. 2008; Tang et al. 2013). A ChIP study indicates 
that HY5 directly binds to the promoter region of ABI5, and the binding ability 
was significantly enhanced by exogenous ABA treatment. Consistent with this 
observation, HY5 is required for the expression of ABA-inducible genes, such as 
ABI3, RAB18, AtEM1, and AtEM6, in seeds and during seed germination (Chen 
et al. 2008). Consequently, hy5 mutant seeds are less sensitive to the inhibition of 
ABA and glucose on germination (Chen et al. 2008).

FHY3 is another type of transcription factor that directly binds to the promoter 
of ABI5 and activates its expression (Tang et al. 2013). Disruption of FHY3 and/or 
its homology gene, FAR1, reduces sensitivity to ABA-mediated inhibition of seed 
germination. Germination of the fhy3 mutant seeds is also less sensitive to salt and 
osmotic stress than that of the wild type (Tang et al. 2013). Strikingly, constitutive 
expression of ABI5 restores the seed germination response of fhy3. Furthermore, 
the expression of several ABA-responsive genes (e.g., ABI1, ABI2, ABF3, RAB18, 
KIN2, COR47, DREB2A, and RD22) is decreased in the fhy3 and/or far1 mutants 
during seed imbibition (Tang et al. 2013).

Although both phyA and phyB photoreceptors are essential for seed germina-
tion, the mechanism underlying their distinct roles has long been a mystery. Using 
a seed coat bedding assay system where dissected embryos are cultured on a layer 
of dissected seed coats, Lee and coauthors (2012) demonstrated that phyA and 
phyB spatially control seed germination in embryo and endosperm, respectively, in 
response to far-red light irradiation. The endosperm mediates far-red repression of 
phyB-dependent germination, whereas FR stimulation of phyA-dependent germina-
tion occurs only in the embryo. These responses specifically involve the light sign-
aling genes PIL5 and RGL2 in the endosperm and PIL5, SOM, GAI, and RGA in 
the embryo, where they regulate the expression of GA and ABA biosynthetic genes 
in each tissue (Lee et al. 2012). Therefore, early upon seed imbibition, far-red light 
inactivation of phyB leads to ABA biosynthesis and releases from the endosperm 
to prevent phyA-dependent promotion of germination in the embryo. This involves 
an extended regulatory network where ABA overrides phyA signaling by interfer-
ing with the expression of light signaling genes and GA and ABA metabolic genes. 
Over time, a weakening of ABA-dependent responses takes place, thus allowing 
phyA-dependent germination after a later light treatment. This results in a phyA-
dependent “explosive” germination unlike phyB-dependent germination (Lee et al. 
2012). Furthermore, far-red light repression of germination involves stabilized 
DELLA proteins GAI, RGA, and RGL2 that stimulate endogenous ABA biosynthe-
sis, which in turn blocks germination through ABI3 (Piskurewicz et al. 2009).
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IMB1 (for imbibition-inducible 1) defines as a putative bromodomain transcrip-
tion factor. The imb1 loss-of-function mutant is hypersensitive to ABA-mediated 
inhibition of cotyledon expansion and greening, and is deficient in the phyA-medi-
ated VLFR of seed germination (Duque and Chua 2003). IMB1 transcript level is 
elevated during seed imbibition. This study implicates that IMB1 might link phyA 
to ABA signaling in seed germination (Duque and Chua 2003). Interestingly, ABI5 
transcript level was up-regulated in imb1 seed germination in ABA when com-
pared to the wild type, suggesting that IMB1 acts upstream of ABI5 in the ABA 
pathway (Duque and Chua 2003).

In addition to transcription factors, two JmjC domain-containing proteins, 
JMJ20 and JMJ22, have been shown as positive regulators of seed germination 
(Cho et al. 2012). JMJ20 and JMJ22 encode histone arginine demethylases, and 
their expression is directly repressed by SOM. Upon phyB activation by red light, 
JMJ20 and JMJ22 are derepressed, resulting in increased GA levels through the 
removal of repressive histone arginine methylation at GA3ox1 and GA3ox2 loci, 
which in turn promote germination (Cho et al. 2012). However, the ABA meta-
bolic genes are not regulated by JMJ20/JMJ22. This study adds an additional layer 
that involves repressive epigenetic mechanism during seed germination.

The F-box protein MORE AXILLARY BRANCHES2 (MAX2) plays an 
important role in promoting photomorphogenesis through modulating GA and 
ABA biosynthetic pathways (Shen et al. 2007, 2012). The max2 mutant seeds 
are hyposensitive to light-induced seed germination and hypersensitive to ABA. 
Surprisingly, expression of ABA biosynthetic and catabolic genes and ABA-
regulated genes is up-regulated by max2 mutation (Shen et al. 2012; Bu et al. 
2014). Though a genetic study indicated that the seed germination phenotype of 
max2 is epistatic to pil5 (Shen et al. 2012), the molecular mechanism between 
MAX2 and PIL5 remains to be elucidated.

13.4.2  Seedling Growth and Development

After seed germination, seedling growth and development are also regulated by 
light and ABA. It has been shown that disruption of HY5 confers tolerance to the 
inhibitory effect of ABA on lateral root growth and seedling growth. The hy5 seed-
lings were also more susceptible to salt and osmotic stresses than the wild-type 
plants (Chen et al. 2008). ABI5::GUS promoter activity was detected in cotyle-
dons, hypocotyls, roots, flowers, and siliques. However, this activity was greatly 
reduced in the hy5 mutant background. Furthermore, light promotes ABI5 expres-
sion in a HY5-dependent manner (Chen et al. 2008). This is because HY5 protein 
is tightly controlled by the COP1-mediated 26S proteasome degradation pathway 
in the dark (Osterlund et al. 2000). As a consequence, overexpression of ABI5 
restores ABA sensitivity in hy5 and enhances light response (hypocotyl elonga-
tion) in the wild type (Chen et al. 2008). Since FHY3/FAR1 also bind to ABI5 
promoter sequence, fhy3 and/or far1 mutants are hyposensitive to ABA-mediated 
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inhibition of seedling greening. FHY3 and FAR1 transcripts are up-regulated by 
ABA and abiotic stresses (Tang et al. 2013). Thus, HY5 and FHY3/FAR1 tran-
scription activators act upstream of ABI5 to integrate light and ABA signaling 
during early seedling development. In addition, the max2 mutant seedlings are 
hypersensitive to ABA (Shen et al. 2012).

13.4.3  Stomatal Movement

ABA is a stress signal that plays a prominent role in inducing stomatal closure to 
prevent water loss in response to drought stress and thereby contributes to tolerance 
for plants (Cutler et al. 2010; Hauser et al. 2011). It has been known that blue light 
receptor phototropins mediate stomatal opening (Kinoshita et al. 2001). Studies 
from our laboratory showed that the fhy3 and far1 mutants have wider stomata, lose 
water faster, and are more sensitive to drought than the wild type; therefore, FHY3 
and FAR1 confer increased resistance to drought (Tang et al. 2013). The drought-
sensitive phenotype of fhy3 may be partly caused by the reduced sensitivity of guard 
cell movement under drought stress conditions, which may induce the production of 
ABA. In agreement with this notion, FHY3 is highly expressed in guard cells (Tang 
et al. 2013). MAX2 plays a similar role as FHY3/FAR1 in modulating stomatal 
movement. The max2 mutant plants are less sensitive to ABA-induced stomatal clo-
sure and display increased water loss and drought-sensitive phenotypes. The expres-
sion of ABA biosynthesis, catabolism, transport, and signaling genes was impaired 
in max2, compared to wild type in response to drought stress (Bu et al. 2014).

Down-regulation or disruption of any member of the LHCB family, LHCB1 to 
LHCB6, reduces responsiveness of stomatal movement to ABA. By contrast, over-
expression of LHCB6 enhances stomatal sensitivity to ABA (Xu et al. 2012). These 
results demonstrate that LHCBs play a positive role in ABA signaling in stomatal 
movement and the plant response to drought. Similarly, LHCBs positively regulate 
seed germination and seedling growth in response to ABA (Liu et al. 2013).

Mg-chelatase catalyzes the formation of Mg-protoporphyrin IX by chelating 
magnesium to protoporphyrin IX in the chlorophyll biosynthesis pathway (Tanaka 
and Tanaka 2007). The H subunit of Mg-chelatase was identified as an ABA recep-
tor, and it functions in the ABA signaling pathway (Shen et al. 2006; Wu et al. 
2009). ABA specifically binds to CHLH, but not to the other Mg-chelatase sub-
units, CHLI, CHLD, and GUN4 (Du et al. 2012). CHLH and GUN4 are major 
targets for light regulation during seedling de-etiolation (Stephenson and Terry 
2008). Genetic studies showed that the rtl1 mutant plants (a chlh allele) display 
ABA-insensitive phenotypes in stomatal movement. Interestingly, down-regulation 
of CHLI also confers ABA insensitivity in stomatal response, while up-regulation 
of CHLI1 results in ABA hypersensitivity in seed germination (Du et al. 2012). 
The involvement of these chlorophyll biosynthesis and binding proteins in sto-
matal movement might coordinate internal development with external signals for 
optical air exchange and maximal photosynthesis.
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13.4.4  Hydrotropic Response

Plant roots undergo hydrotropic growth in response to moisture gradient that 
helps plants acquire water and nutrients. ABA is involved in hydrotropism as the 
hydrotropic response was reduced in the ABA-deficient mutant aba1 and ABA-
responsive genes were induced upon hydro-treatment (Takahashi et al. 2002; 
Moriwaki et al. 2010). Recent study found that hydrotropism is less pronounced 
in dark-grown seedling than in light-grown seedling and pointing out that a light 
signal is required for the hydrotropic response (Moriwaki et al. 2012). A genetic 
study identified MIZUKUSSEI1 (MIZ1) as an essential factor for hydrotropism 
(Kobayashi et al. 2007). Blue light, but not red light, induces the localization of 
MIZ1-GFP fusion protein in the root tip. Light and ABA induce the expression 
of MIZ1 (Moriwaki et al. 2012). MIZ1 transcript level was down-regulated in the 
phyAphyB double and hy5 mutants. Consistently, the hydrotropic curvature was 
reduced in these mutants compared to the wild type (Moriwaki et al. 2012). Thus, 
phyA and phyB photoreceptors and HY5 transcription factor play important roles 
in blue light-mediated induction of MIZ1 and hydrotropism. Moreover, applica-
tion of ABA to hy5 restored its hydrotropic defect, whereas abamine SG (ABA 
synthesis inhibitor) treatment further reduced the hydrotropic response of hy5 
(Moriwaki et al. 2012).

13.5  Future Perspectives

The last decade has made promising progress in our understanding of the coregu-
lation of light and ABA in plant developmental programs, especially in regulating 
seed germination. Although a number of signaling factors in the pathway were iden-
tified, the molecular and biochemical functions of some components are less well 
understood. Some of the known proteins belong to transcription factors and play 
roles through modulating gene expression. Other regulatory levels, including post-
transcription, translation, post-translational modification, and epigenetic regulation, 
are likely involved as well. Furthermore, are there more components involved in 
the cross talk between light and ABA? If any, how do they function? Future studies 
using the combination of genetic and molecular approaches are deserved to answer 
these questions. Elucidating the model and underlying mechanism between light 
and ABA will certainly contribute to our better understanding of plants’ adaptability 
and plasticity to changing environments and help to design stress-tolerant crops in 
agriculture.
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Abstract Fleshy fruits represent an important component of the human diet in 
many parts of the world and often provide valuable sources of vitamins and anti-
oxidant compounds. Much of their nutritional value results from complex bio-
chemical processes that occur during ripening, including changes in color, texture, 
flavor and aroma. The regulation of fruit development and subsequent ripening is 
controlled by several phytohormones, of which perhaps the most characterized has 
been the gaseous hormone ethylene, which triggers the ripening program in cli-
macteric fruits. However, recent studies have reinforced the importance of absci-
sic acid (ABA) biosynthesis, catabolism, and signaling in both the development 
and ripening of fleshy fruits. Here, we provide an overview of these advances and 
summarize the insights that they have provided into the molecular mechanisms for 
ABA from production to action, with particular emphasis on strawberry fruit.

Keywords ABA metabolism · ABA signaling · Fleshy fruit

14.1  Introduction

Ripened fleshy fruits play important roles in our food supply, nutrition, and health. 
Fleshy fruits are generally divided into climacteric and non-climacteric types on the 
basis on variations in respiration intensity and ethylene production during ripening. 
Many of the complex biochemical, molecular and physiological processes that occur 
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during the development and ripening of fleshy fruits have been shown to be regu-
lated by plant hormones. Of these, there has been particular focus on the central role 
played the gaseous hormone ethylene in controlling ripening in climacteric fruits, 
such as tomato (Solanum lycopersicum) (Alexander and Grierson 2002; Adams-
Phillips et al. 2004; Prasanna et al. 2007; Gapper et al. 2013; Seymour et al. 2013; 
Perotti et al. 2014). However, there has been a recent increase in the number of stud-
ies that have addressed the roles of other phytohormones in fruit biology, as well as 
the extent and nature of hormonal cross-talk. This is exemplified by studies of absci-
sic acid (ABA), which has been demonstrated to play an important role in regulat-
ing the ripening of non-climacteric and climacteric fleshy fruits (Zhang et al. 2009; 
Gambetta et al. 2010; Jia et al. 2011; Chai et al. 2011; Akagi et al. 2012; Sun et al. 
2012a, b; Romero et al. 2012; Li et al. 2013; Nicolas et al. 2014). Indeed, it has been 
proposed that, in addition to ethylene, ABA is a fundamentally important regulator 
of fruit maturation and senescence (Zhang et al. 2009).

It is well established that ABA is extremely important in the adaptation of 
plants to adverse environmental conditions, as well as regulating various aspects 
of plant growth and development, such as seed/bud dormancy and growth in 
both the seedling, and root (Leung and Giraudat 1998; Finkelstein et al. 2002; 
Himmelbach et al. 2003; Hirayama and Shinozaki 2007; Gapper et al. 2013; 
Seymour et al. 2013; Perotti et al. 2014). Moreover, much is now known about the 
molecular processes associated with ABA metabolism, signaling and downstream 
responses. ABA receptors, which were sought for by scientists for several decades, 
have now been identified (Fujii et al. 2009; Ma et al. 2009; Miyazono et al. 2009; 
Melcher et al. 2009; Nishimura et al. 2009; Santiago et al. 2009; Shang et al. 
2010), and studies using the experimental model plant Arabidopsis thaliana have 
led to the discovery of two core ABA signaling pathways: ABA-PYR1-PP2C-
SnRK2 (Fujii et al. 2009) and ABA-ABAR-WRKY40-ABI5 (Shang et al. 2010). 
In addition to these breakthroughs in elucidating ABA perception and signal trans-
duction, much progress has also been made toward understanding ABA signal-
ing specifically in fleshy fruits (Zhang et al. 2009; Gambetta et al. 2010; Jia et al. 
2011; Chai et al. 2011; Akagi et al. 2012; Sun et al. 2012a, b; Romero et al. 2012; 
Li et al. 2013; Nicolas et al. 2014). In this review, we summarize some current 
ideas and observations regarding the roles of ABA in the regulation of fleshy fruit 
development and ripening and, where appropriate, recent insights into the underly-
ing molecular mechanisms.

14.2  Effects of ABA on Fleshy Fruit Development  
and Ripening

Earlier studies of the significance of ABA in fleshy fruit development and ripening 
primarily targeted the berries of grape (Vitis vinifera), a non-climacteric fruit, 
where evidence was uncovered of a relationship between ABA and the verai-
son stage of development, which is marked by a berry color change at the onset 
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of ripening (Coombe and Hale 1973; Coombe 1976; Inaba et al. 1976; Scienza 
et al. 1978; Palejwala et al. 1985; Cawthon and Morris 1982; Davies et al. 1997). 
Endogenous ABA levels are minimal 1 week prior to veraison and the application 
of exogenous ABA to grape berries can markedly accelerate the ripening process, 
including the rapid accumulation of sugars and anthocyanins (Coombe and Hale 
1973; Inaba et al. 1976; Palejwala et al. 1985; Kataoka et al. 1982; Matsushima 
et al. 1989; Jeong et al. 2004). It is now widely accepted that ABA is a key factor 
in the regulation of diverse events during grape berry ripening including colora-
tion, sugar accumulation, acid decline and flesh softening (Yu et al. 2006; Wheeler 
et al. 2009; Gambetta et al. 2010; Koyama et al. 2010; Giribaldi et al. 2010; Gagné 
et al. 2011; Nicolas et al. 2014).

In addition to studies in grape berries, considerable progress has been made 
recently in understanding the role of ABA in other non-climacteric fruits and envi-
ronmental factors that alter ABA levels. For example, water deficit treated straw-
berry (Fragaria x ananassa) fruits have higher ABA levels, as well as reduced berry 
size, altered sugar/acid ratios, which affect the taste and levels of health-related 
compounds (phenolic and antioxidant compounds, Terry et al. 2007). Indeed, there 
is considerable physiological and molecular evidence to suggest an important role 
for ABA in the regulation of strawberry fruit ripening: (1) exogenous application of 
ABA or dimethyl sulfoxide (DMSO, an ABA biosynthesis accelerator) significantly 
promotes fruit ripening, whereas fluridone (an ABA biosynthesis inhibitor) markedly 
inhibits fruit ripening; (2) silencing of FaNCED1, a key ABA biosynthesis gene in 
strawberry fruit, results in a reduction in endogenous ABA levels and delayed rip-
ening; (3) exogenous ABA rescues the uncolored phenotype of FaNCED1-RNAi 
fruits, in which FaNCED1 expression has been suppressed using an RNA interfer-
ence (RNAi) strategy (Jia et al. 2011). The importance of ABA in strawberry fruit 
development was also confirmed by silencing of the β-glucosidase gene FaBG3, 
which is involved in ABA synthesis, since the encoded protein hydrolyzes an ABA 
glucose ester to release active ABA (Li et al. 2013). These findings together with 
other studies indicate that ABA as a key regulator of strawberry fruit ripening (Kano 
and Asahira 1981; Manning 1994; Perkins-Veazie 1995; Jiang and Joyce 2003; Terry 
et al. 2007; Jia et al. 2011; Li et al. 2013). However, it should be noted that in addi-
tion to its role in grape berry and strawberry ripening, ABA has been found to influ-
ence diverse processes of characteristics in other fleshy fruit species, including the 
development of astringency in persimmon (Diospyros kaki) fruit (Akagi et al. 2012), 
citrus peel development (Romero et al. 2012), and cherry (Prunus species) fruit mat-
uration (Ren et al. 2010).

In addition to non-climacteric fruits, it is also now clear that ABA can regulate 
fruit development and ripening in climacteric fruits. For example, it was reported 
that application of ABA to detached tomato fruits substantially advances the onset 
of ripening (Mizrahi et al. 1975), which raises that possibility that ABA may also 
act to promote tomato fruit ripening in vivo. A role for ABA regulating tomato 
fruit development was indicated by studies of an ABA deficient tomato mutant 
(high-pigment 3) that accumulates 30 % more carotenoids, has an increased num-
ber of fruit plastids and a higher lycopene content (Galpaz et al. 2008) than wild 
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type frutis. In addition, the results of targeted studies with transgenic tomato sug-
gest that ABA regulates the degree of pigmentation, carotenoid composition, and 
fruit firmness during ripening (Sun et al. 2012a, b). Furthermore, the ABA-deficient 
notabilis/flacca (not/flc) tomato double mutant has been used to demonstrate that 
ABA stimulates cell enlargement and increases fruit size (Nitsch et al. 2012).

In addition, a recent report revealed that ABA may also be involved in suberi-
zation-based wound healing processes in tomato fruit stem scar tissue (Leide et al. 
2011). Other studies have shown that ABA is involved in the regulation of avocado 
fruit growth (Cowan et al. 1997) and peach fruit sugar accumulation (Kobashi 
et al. 2001), suggesting that ABA is likely a common signaling molecule that mod-
ulates many processes in both climacteric and non-climacteric fleshy fruits.

14.3  ABA Metabolism in Fleshy Fruits

In land plants, ABA levels in a specific tissue are determined by the balance 
between ABA biosynthesis, catabolism and conjugation. Biosynthesis results 
from the oxidative cleavage of carotenoids, where the activity of the enzyme 
9-cis-epoxycarotenoid dioxygenase (NCED) represents a major rate limiting step. 
Conversely, ABA catabolism results mainly from 8′-hydroxylation reactions cata-
lyzed by 8′-hydroxylase enzymes, which are encoded by a small family of P450 
monooxygenase CYP707A genes (Zeevaart et al. 1989; Nambara and Marion-Poll 
2005). In addition, ABA conjugation can result from the action of ABA-induced 
glucosyltransferases (GTs), which convert free ABA to an ABA-glucosylester 
(ABA-GE; Xu et al. 2002). Earlier reports suggested that ABA-GE represents an 
inactive end product of ABA catabolism (Lehmann and Schutte 1984; Zeevaart 
1999). However, this idea is called into question as a result of the identification 
of Arabidopsis beta-glucosidase1 (AtBG1), an enzyme that catalyzes the conver-
sion of ABA-GE back into the pool of biologically active ABA, allowing a rapid 
change in ABA levels (Lee et al. 2006). A contemporary model might therefore 
involve the control of plant cellular ABA levels by NCEDs and CYPs in a syn-
thesis/degradation pathway or/and by GTs and BGs in a conjugation/dissociation 
pathway. Potentially, the one-step pathway catalyzed by GTs or BGs allows rapid 
dynamic changes in ABA levels to meet developmental and adaptive requirements.

This foundation of knowledge resulting from studies of A. thaliana and model 
crop species has been valuable in elucidating ABA biosynthesis and catabolism 
in fleshy fruits and in identifying conserved mechanisms of ABA metabolism (Li 
et al. 2011, 2013; Jia et al. 2011; Sun et al. 2012b). For example, down regula-
tion of FaNCED1 expression in strawberry using virus induced gene silencing 
(VIGS) resulted in a significant decrease in ABA levels, as well as uncolored 
fruits, demonstrating that FaNCED1 is a key gene for ABA biosynthesis in fruits 
and plays an important role in fruit ripening (Jia et al. 2011). Moreover, Li et al. 
(2013) reported the importance of BG enzymes in strawberry, showing that 
FaBG3-RNAi-treated fruit has reduced ABA levels and fruit color development 
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and softening is inhibited, indicating a key role of β-glucosidases in regulation of 
ripening (Li et al. 2013). Interestingly, similar results were generated through stud-
ies of tomato fruit, where ABA levels are regulated by SlNCED1 and SlCYP707A1 
(Nitsch et al. 2009; Zhang et al. 2009). It was observed that suppressing the 
expression of the SlNCED1using RNAi lead to a 20–50 % decrease in both ABA 
accumulation and SlNCED1 transcript compared with control fruit, and prolonged 
fruit shelf life by up to 3 weeks (Sun et al. 2012b).

In addition to these important breakthroughs made through observations of straw-
berry and tomato fruits (Li et al. 2011, 2013; Jia et al. 2011; Sun et al. 2012b), simi-
lar studies have been reported of ABA biosynthesis and catabolism in other fruits. 
Water deficit results in a nearly two-fold increase in ABA concentration in berries 
of a red-wine grape Cabernet Sauvignon, the same stress induces a decrease in ABA 
levels in the Chardonnay white-wine grape at veraison and shortly thereafter (Deluc 
et al. 2009). The higher transcript levels of VvNCED1 and VvBG1 together with 
lower transcript abundance of VvCYP1 and VvGT contribute to a continuous accu-
mulation of ABA, especially VvBG1 transcripts increased more rapidly than that of 
VvNCED1 during berry red-coloring. An incubation test in vitro indicated that the 
Escherichia coli-expressed VvBG1 protein had high enzymatic activity, validating 
that β-glucosidase (VvBG1) has high enzymatic activity and might play a role in 
berry ripening (Sun et al. 2014). In avocado fruits, PaNCED1 and PaNCED3, but 
not PaNCED2, were strongly induced as the fruit ripened, and a correlation with 
water stress was also established, since PaNCED1 was induced under these condi-
tions. Furthermore, recombinant PaNCED1 and PaNCED3, but not PaNCED2 could 
cleave 9-cis-xanthophylls into xanthoxin and C (25)-apocarotenoids in vitro, indicat-
ing that ABA biosynthesis in avocado is regulated at the level of carotenoid cleav-
age (Chernys and Zeevaart 2000). In citrus fruit, the accumulation of both ABA and 
ABA-conjugates occurs during fruit maturation (Harris et al. 1986). In citrus peels, 
high levels of ABA are detected and CsNCED1 is likely to play a primary role in 
ABA biosynthesis (Rodrigo et al. 2014). Moreover, in the flavedo and juice sacs, 
expression of CitNCED2 and/or CitNCED3 increases coincident with a substan-
tial accumulation of ABA (Kato et al. 2006). In watermelon fruit, the expression of 
ClBG1, ClNCED4 and ClCYP707A1 has been shown to increase rapidly along with 
ripening, and reaches the highest levels at the stage of harvest. This trend was show 
to be consistent with ABA accumulation, which was also shown to be modulated 
by the described dynamic balance between biosynthesis and catabolic processes via 
these genes, indicating the importance of glucosidase genes in the ripening process 
(Li et al. 2012). Similarly, it was shown that the endogenous ABA content of sweet 
cherry fruit is regulated by PacNCED1, PacCYP707A1 and PacCYP707A3 tran-
scripts during maturation (Ren et al. 2010), and in apple fruits, the major portion 
of the ABA has been shown to pool is conjugated to β-D-glucopyranosyl abscisate 
(ABA-GE) which leads to markedly lower ABA levels (Rock and Zeevaart 1990). 
The peach PpNCED1 gene has been shown to initiate ABA biosynthesis at the onset 
of fruit ripening (Zhang et al. 2009). These reports again reinforce the idea that ABA 
accumulation is involved in the regulation of ripeness and senescence in a broad 
range of fleshy fruits.
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In all, the detection of key ABA biosynthesis and catabolism genes in fleshy 
fruit tissues suggests that although ABA could be transported from the leaves 
to the fruits via the phloem (Shiozaki et al. 1999), it can also be synthesized in 
fleshy fruits in situ. ABA levels in fleshy fruits are regulated mainly by NCED1 
and CYP707A1, the accumulation of ABA-GE catalyzed by GT enzymes, contrib-
utes to a rapid response by one-step dissociation of ABA-EG catalyzed by BG in 
response to developmental and stress cues. During later stages of fruit develop-
ment, beta-glucosidases (BGs) appear to play a more important role in ripening.

14.4  ABA Signaling in Fleshy Fruits

The presence of both transmembrane and cytosolic ABA receptors in plants was 
suggested by early studies using experimental model plants (Hornberg and Weiler 
1984; Allan et al. 1994; Schwarz and Schroeder 1998), such as the identification of 
multiple receptors, secondary messengers, protein kinases and phospholipases, tran-
scription factors, cis-elements, and target genes in A. thaliana. Known ABA recep-
tors include the plasma membrane localized GTG1/GTG2 (Pandey et al. 2009), a 
class of cytosolic PYR/PYL/RCAR (Park et al. 2009; Ma et al. 2009) proteins and a 
plastid/chloroplast magnesium-chelatase H subunit ABAR/CHLH (Shen et al. 2006; 
Wu et al. 2009; Shang et al. 2010). Signalling components include G proteins, phos-
pholipases, and various protein kinases, such as receptor-like kinases, SNF1-related 
protein kinases (SnRKs), calcium dependent protein kinases (CDPKs), calcineurin 
B-like protein kinases (CIPKs), and mitogen-activated protein kinases (MAPKs).
Protein phosphatases of type-2C/A protein phosphatase (PP2C/A), various classes 
of transcription factors, including MYBs/MYCs, B3 domain transcription factors, 
APETALA2 domain transcription factors, bZIP domain transcription factor, and 
WRKY transcription factors, are also among important regulators of ABA levels 
(Nambara and Marion-Poll 2005; Hirayama and Shinozaki 2007; Verslues and Zhu 
2007; Wang and Zhang 2008, and Cutler et al. 2010). To date, two core ABA signal-
ling pathways in A. thaliana have been proposed: the ‘ABA-PYR/PYL/RCAR-PP2C-
SnRK2’ pathway (Fujii et al. 2009), and the‘ABA-ABAR-WRKY40-ABI5’pathway 
(Shang et al. 2010). At the mechanistic level, a detailed gate latch-lock mechanism 
has been identified, in which ABA promotes the interaction of PYR1 and PP2C, 
resulting in PP2C inhibition and SnRK2 activation. This transduces ABA signals 
through phosphorylation of downstream factors such as AREB/ABF, ion channels, 
and NADPH oxidases (Park et al. 2009; Ma et al. 2009; Fujii et al. 2009).

14.4.1  ABA Perception in Flesh Fruits

In addition to pioneering studies in model experimental plants, there has also been 
much interest in understanding the molecular basis of ABA detection by specific 
receptors and subsequent downstream signalling in fleshy fruits. In studies of 
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grape berry microsomes, a high proportion of specific ABA receptors (which had 
a measured Kd value of 17.5–50 nM) were shown to be localized mainly in the 
endomembranes and not in the plasma membrane or in the cytoplasm (Zhang et al. 
1999). In contrast, ABA binding activity was scarcely detectable in microsomes 
derived from the flesh of developing apple fruit, but high ABA binding activity 
was detected in the cytosolic fraction with both high affinity (Kd 2.3 nM) and low 
affinity sites (Kd 58.8 nM; Zhang et al. 2001). Progress has also been made in 
understanding ABA perception in strawberry. Using a newly established tobacco 
rattle virus (TRV)-induced gene silencing technique in strawberry fruit, down-reg-
ulation of the expression levels of FaPYR1 or FaCHLH/ABAR, homologous to the 
A. thaliana ABA receptor genes, was shown to inhibit ripening (Jia et al. 2011; 
Chai et al. 2011). On the basis of these results, a model was proposed for ABA 
perception and signalling transduction during non-climacteric fruit ripening (Li 
et al. 2011). More recently, the Type 2C protein phosphatase FaABI1 was dem-
onstrated to be a negative regulator of strawberry fruit ripening (Jia et al. 2013) 
and it was suggested that the ‘ABA-FaPYR1-FaPP2C-FaSnRK2’ signalling path-
way, involving the positive regulatory effect of FaPYR1 in combination with the 
negative regulatory effect of FaABI1, represents a core mechanism by which ABA 
regulates strawberry fruit ripening (Jia et al. 2013).

Recently, the ABA perception mechanisms and core signalling systems in other 
fruit tree species have also been studied. The V. vinifera proteins VvRCAR6 and 
VvRCAR5 may be the major receptors involved in ABA perception and signalling 
in grape, mainly through VvPP2C4 (Boneh et al. 2012), while VvPYL1 may be an 
ABA receptor that modulates ABA signalling by inhibiting type PP2C activity (Li 
et al. 2012). In tomato, SlPYL1 and SlPYL2 are expressed at high levels through-
out fruit development and ripening, and SlPP2C1 and SlPP2C5 are both strongly 
expressed during the breaker stage, while SlSnRK2.2, SlSnRK2.3, SlSnRK2.4, and 
SlSnRK2C are highly expressed at all maturity stages (Sun et al. 2011).

14.4.2  Downstream Components of ABA Signaling  
in Fleshy Fruits

14.4.2.1  Protein Kinases and Phosphatases

Plant protein kinases and phosphatases include CDPKs, SNF1-related kinases 
(SnRKs), MAPKs, a receptor-type kinase (RPK1), and protein phosphatase PP2Cs 
(Hirayama and Shinozaki 2007). As described above, reversible protein phos-
phorylation has been demonstrated to play key roles in ABA signal transduction 
through the protein kinase SnRK2 and the phosphataseABI1 (Fujii et al. 2009).

In grape berries, earlier studies revealed high activities of both the calcium-
dependent protein kinase (CDPK) and the mitogen-activated protein kinase 
(MAPK) in the lag phase of fruit growth, prior to the ripening stage (Shen et al. 
2004). The subsequent experiments lead to the identification and purification of 
a 58-kD ABA-stimulated CDPK, ACPK1, which localizes to both the plasma 
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membranes and chloroplasts/plastids. The fact that ACPK1 is expressed in a devel-
opmental stage-dependent manner, and that it positively regulates the plasma 
membrane H+-ATPase in vitro, together with the observation that ABA stimu-
lates ACPK1 in a dose-dependent manner, suggest that ACPK1 may be involved 
in the ABA-signalling pathway during berry development (Yu et al. 2006). Similar 
studies found that an apple MAPK signalling cascade, MdMKK1-MdMPK1, is 
involved in ABA signalling, and that MdMPK1 phosphorylates the ABI5 protein 
through a unique residue, Ser314, making ABI5 a potential direct downstream 
component of MAPK in ABA signalling (Wang et al. 2010). In grape berries, a 
glycogen synthase kinase 3 protein kinase, VvSK1, is strongly expressed when 
the berries accumulate glucose, fructose, and ABA, and overexpression of VvSK1 
results in an upregulation of the transcripts of four monosaccharide transporters 
(VvHT3, VvHT4, VvHT5, and VvHT6), an up to 5-fold increase in the rate of glu-
cose uptake, and a doubling in the amount of glucose and sucrose accumulation,. 
This indicates that VvSK1 controls sugar uptake and accumulation by a sugar/
ABA-inducible protein kinase (Lecourieux et al. 2010). More importantly, the core 
phosphorylation signaling of PP2C-SnRK2 has been established in response to 
ABA during strawberry fruit ripening (Jia et al. 2013).

14.4.2.2  Transcription Factor, Cis-Elements and Target Genes

Many transcription factors, cis-elements and target genes related to ABA signal-
ing have been identified in developing fleshy fruit. For example, in persimmon 
fruit, DkbZIP5 was shown to recognize ABA-responsive elements in the pro-
moter region of DkMyb4 and to act as a direct regulator of DkMyb4 in an ABA-
dependent manner. It is reported to suggest that ABA signals may be involved 
in proanthocyanidin (PA) biosynthesis via DkMyb4 activation by DkbZIP5 
(Akagi et al. 2012). In tomato fruit, the higher hexose and acid concentration in 
SlAREB1-overexpressing lines can be correlated with an increased expression of 
genes encoding a vacuolar invertase and a sucrose synthase, suggesting that an 
AREB-mediated ABA signal affects the metabolism of acid and sugar in tomato 
fruit development (Bastas et al. 2011). ABA can also affect cell wall catabolism 
during tomato fruit ripening via down-regulation of the expression of major cata-
bolic genes (SlPG, SlPME, SlTBG, SlXET, SlCels, and SlExp; Sun et al. 2012b), 
but an ABA biosynthesis inhibitor can increase transcript levels corresponding to 
enzyme activities associated with other aspects of fruit ripening, as is the case with 
an alcohol dehydrogenase from mango (Singh et al. 2010) and an indole-3-acetic 
acid-amido synthetase, DlGH3.2, in longan (Kuang et al. 2011). It has been pro-
posed that the expression of FaASR, a member of the ABA-, stress- and ripening-
induced (ASR) set of genes might partially contribute to the acceleration of the 
fruit ripening (Chen et al. 2011). Alterations in strawberry FaABI1 expression 
were reported to regulate the transcripts of a set of both ABA-responsive and rip-
ening-related genes, including ABI3, ABI4, ABI5, SnRK2, ABRE1, CHS, PG1, PL, 
CHI, F3H, DFR, ANS, and UFGT (Jia et al. 2013).
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Taken together, much progress has been made toward understanding ABA 
signaling, including the identification of ABA receptors, protein kinases, protein 
phosphatases, transcription factors, cis-elements, and target genes in fleshy fruit. 
These include the identification of core signaling components controlling the key 
links to fleshy fruit development, including strawberry ‘ABA-FaPYR1-FaPP2C-
FaSnRK2’, grape ‘ABA-VvACPK1-H+-ATPase’ and ‘ABA-VvSK1-VvHTs’, 
apple ‘ABA-MdMKK1-MdMPK1-ABI5’, and persimmon ‘ABA- DkbZIP5- 
DkMyb4-PA’. To date, the target genes include those involved in fruit soften-
ing (PG, PL, PME, TBG, XET, Cels, and Exp)-, sugar metabolism (VvHTs, 
MiADH2)-, pigmentation (PA, CHS, CHI, F3H, DFR, ANS, and UFGT), and rip-
ening (FaASR, DlGH3.2)-related genes.

14.5  Understanding of the Mechanisms for ABA 
Regulation of Fleshy Fruit Ripening

There is considerable interest at present in the relationship between ABA, ethyl-
ene and sugar content in ripening fleshy fruits. Two previous reports suggested that 
ABA facilitates the initiation and progression of ethylene-mediated ripening events, 
possibly by enhancing the sensitivity to ethylene (Jiang et al. 2000) or ethylene 
levels (Riov et al. 1990). In grape berries, sugar and ABA signaling orthologs are 
activated at the onset of the ripening, including the putative sucrose sensor SUT2, 
core G-protein signaling components, GPA1 and RGS1, hexose kinases (Hxk), 
PP2C protein phosphatases, Snf1-related kinases (SnRK), the sugar-related WRKY, 
ABA-related homeodomain–leucine zipper, as well as homeobox (HB) transcrip-
tions factors, ABRE-binding factor (ABF), and AP2 transcription factors (Gambetta 
et al. 2010). Conserved changes in the dynamics of metabolic processes during 
fruit development and ripening across species were found (Klie et al. 2014). During 
tomato fruit growth, ABA stimulates cell enlargement by suppressing ethylene syn-
thesis (Nitsch et al. 2012; Sun et al. 2012b) and during the ripening, a significant 
reduction in ABA levels is thought to promote coloring and firmness, resulting in the 
carbon that normally channels to ABA biosynthesis and catabolism being targeted to 
compounds upstream of ABA biosynthesis, including lycopene, carotene, and pectin 
(Sun et al. 2012a, b). Interestingly, in citrus fruit, ABA my induce its own biosynthe-
sis at the transcriptional level and the feedback regulation of ABA has been shown 
to lead to decreases in carotenoid content in citrus juice sacs in vitro (Zhang et al. 
2012). In strawberry fruit, sucrose may serve as a signalling molecule to promote 
mRNA expression levels of FaNCED1, as well as playing an important role in ABA 
accumulation and fruit ripening (Jia et al. 2011, 2013).

Fleshy fruit can synthesize ABA in response to developmental and environmental 
cues and the accumulation of ABA in fleshy fruit is controlled by four main enzymes 
classes that are fundamentally important in ABA biosynthesis and catabolism: 
NCEDs, CYP707As, GTs, and BGs. In the ripening of fleshy fruit, the interaction 
between ABA, ethylene and sugars occurs at physiological and molecular levels. 
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The initiation of ABA action is triggered by the perception by its receptors, includ-
ing PYRs and ABAR, causing signaling to be relayed by reversible protein phospho-
rylation of protein kinases and phosphatases, including ABI1, SnRK2, ACPK1, SK1, 

Fig. 14.1  A model for ABA metabolism and signaling in fleshy fruits. In response to develop-
mental and environmental cues, fleshy fruit can synthesize ABA mainly by NCEDs and BGs 
while catabolize ABA by CYP707As and GTs. ABA levels in fleshy fruits are determined by 
the balance between ABA biosynthesis and catabolism. One-step dissociation of ABA-EG by 
BGs may rapidly accumulate ABA. The accumulated ABA in fleshy fruit can be perceived by 
its receptors, at least including PYR and ABAR. In turn, the initial signals may be relayed by 
the way of reversible protein phosphorylation, which involves ABI1, SnRK2, ACPK1, MKK1, 
and MPK1. Subsequently, the cascade signaling of phosphorylation can activate downstream 
transcript factors and corresponding cis-elements, including bZIP5, MYb4, ABI3, ABI4, ABI5, 
ABRE, then promote the expression of the ripening-related genes: softening-related genes 
include PG, PL, PME, TBG, XET, Cels, and Exp; sugar metabolism-related genes include SUT1, 
HTs, ADH2, and H+-ATPase, and coloring-related genes include CHS, CHI, F3H, DFR, ANS, 
and UFGT. Finally these expressed genes accelerate fleshy fruit ripening, to a large extent, the 
processes of which could be cooperated by the interaction of ABA with sugar and ethylene. 
Abbreviations: NCDEs, 9-cis-epoxycarotenoid dioxygenases; CYP707As, P450 monooxyge-
nases; GTs, glucosyltransferases; BGs, beta-glucosidases; ABA-GE, ABA-glucosylester; PYR, 
pyrabactin resistance; ABAR, ABA receptor; SnRK2: sucrose non-fermenting 1-related protein 
kinase 2; ACPK1, ABA-stimulated calcium-dependent protein kinase1; MKK1, mitogen-acti-
vated protein kinase kinase 1; MPK1, mitogen-activated protein kinase 1; bZIP5, basic leucine-
zipper 5; MYB4, dehydration responsive element-related transcription factor 4; ABI3-5, abscisic 
acid insensitive 3-5; ABRE, ABA response element; PG, polygalacturonase gene; PL, pectate 
lyase gene; PME, pectin methyl esterase gene; TBG, β-galactosidase gene; XET, xyloglucan 
endotransglycosylase gene; Cels, endo-1,4-β-cellulose gene; Exp, expansin gene; SUT1, sucrose 
transporter 1 gene; HTs, monosaccharide transporter genes; ADH2, alcohol dehydrogenase 
2 gene; H+-ATPase, proton-pump ATPase gene; CHS, chalcone synthase gene; CHI, chalcone 
isomerase gene; F3H, flavanone 3-hydroxylase gene; DFR, dihydroflavonol 4-reductase gene; 
ANS, anthocyanidin synthase gene; UFGT, UDP-glucose:flavonoid 3-O-glucosyltransferase gene
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MKK1, and MPK1. The signalling cascade then involves transcription factors and 
cis-elements, including bZIP5, MYb4, ABI3, ABI4, ABI5, ABRE, triggering ripen-
ing-related genes, which are involved in modulating softening, and accumulation of 
sugars and pigments. To a large extent, the processes of which could be cooperated 
by the interaction of ABA with sugar and ethylene (Fig. 14.1).

14.6  Conclusion and Perspective

Fleshy fruit ripening involves marked physiological and metabolic changes in 
sugar metabolism, softening, and color development, and it is clear that these pro-
cesses are substantially regulated by plant hormones. While the role of ethylene in 
climacteric fruit ripening has been definitively established at the molecular level 
for many years, it is now emerging that ABA is not only involved in the regula-
tion of climacteric fruit development and ripening, but also in the developmental 
processes of non-climacteric fruit. Much progress has been made toward under-
standing the molecular mechanisms involving ABA biosynthesis and signaling in 
strawberry, a model plant for non-climacteric fruit research. However, given the 
complexity of non-climacteric fruit ripening, the studies concerning the interaction 
of ABA with ethylene, of ABA with sugar levels, and of sugars with ethylene, is 
an important area of future research work.
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Abstract Plants loss water and intake CO2 mainly through stomata pores, which 
are surrounded by pairs of guard cells. Drought stress induces the production of 
ABA, and ABA functions as a main endogenous hormone to close stomata to pre-
vent water loss. In the past decades, researchers have made exciting research pro-
gresses in ABA signaling transduction in guard cells, including the identification 
and isolation of a number of important components of ABA signaling network 
from upstream ABA receptors to downstream ion channels, and an uninterrupted 
and relatively complete ABA signaling pathway for ABA-induced stomatal closure 
has emerged. In this ABA signaling cascade, guard cells first sense ABA by the 
binding of ABA to ABA receptors to trigger the protein interaction between ABA 
receptors with PP2Cs, then protein kinases inhibited by PP2Cs can be released and 
further activate downstream S-type anion channel SLAC1, and the efflux of cati-
ons and anions through ion channels drives the stomatal closure. At the same time, 
a number of known components, small molecular messengers and newly identified 
components involving in ABA-induced stomatal closure have not been integrated 
into the ABA signaling network yet, and many scientific questions remain to be 
answered. This chapter will review the main progresses in the ABA regulation of 
stomatal movement, and some remaining questions will be discussed.
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15.1  Introduction

Stomata locate mainly in the surface of plant leaves, and a stomata pore is sur-
rounded by two guard cells. Stomatal movement, including stomatal opening and 
closure, is driven by the changes of volume and osmotic turgor pressure in the two 
guard cells. Stomatal opening results from the accumulation of inorganic ions, 
including K+, Cl−, NO3

−, and osmotic organic molecules such as malate, which 
is mainly from the hydrolyzing of sugar and starch. Stomatal closure is driven by 
the release of the inorganic ions from guard cells plus the gluconeogenic conver-
sion of malate into osmotic inactive starch. Multiple abiotic and biotic stimuli can 
regulate the stomatal movement. When sun rises at morning, light induces stomatal 
opening, and plants intake CO2 for photosynthesis, loss water by transpiration, and 
release oxygen into atmosphere through stomatal pores. During night time, dark-
ness induces stomatal closure. Further research found that both blue light and red 
light can induce stomatal opening. Blue light induces stomatal opening by activat-
ing plasma membrane H+-ATPase, which pumps H+ out of guard cells to hyper-
polarize the plasma membrane (Kasahara et al. 2002; Briggs and Christie 2002), 
and consequently activate plasma membrane inward-rectifying K+ channels (Kin). 
The identification of OST2 (open stomata 2), a H+-ATPase in Arabidopsis, pro-
vides genetic evidences showing the functions of H+-ATPase in stomatal opening. 
ost2 mutants show a constitutive activity of H+-ATPase, which consequently leads 
to open stomata and an insensitivity to ABA-induced stomatal closure (Merlot et al. 
2007). Therefore, OST2 is also named as AHA1 (Arabidopsis H+ ATPase). Red 
light is not only a signal, but also an energy source for mesophyll and guard cells. 
Red light can induce stomatal opening by reducing CO2 concentration in guard cell 
(Shimazaki et al. 2007). Stomatal movement can be regulated by changes of atmos-
phere CO2 level. Elevated CO2 induces stomatal closure, and low CO2 induces sto-
matal opening to ensure an efficient CO2 uptake for photosynthesis in a variable 
environmental CO2 level. Ozone can enter plants through stomata pores, and ozone 
and reactive oxygen species (ROS) derived from ozone can damage plant cells. 
Stomata are capable to be closed in response to ozone to protect plants from the 
damage. The changes of relative air humidity can regulate stomatal movement as 
well, the decreases of relative air humidity close stomata, and the increases of rela-
tive air humidity can open stomata. Besides environmental stimuli, phytohormone, 
including ABA, cytokinin, auxin, ethylene, and jasmonates, can all have regulatory 
effects on stomatal movement, especially ABA, which is the most specific natu-
ral hormone than any others to induce stomatal closure to prevent water loss and 
protect plants from environmental harmful invasion. ABA-induced stomatal clo-
sure is the most well-studied signaling mechanism, but it is also well known that 
some key components of ABA signaling pathway in stomata play essential roles in 
other stimuli-induced stomatal movement, such as SLAC1 and GCA2. The muta-
tions of SLAC1 and GCA2 impair ABA-, light-, and high CO2-induced stomatal 
closure (Negi et al. 2008; Vahisalu et al. 2008). On the contrary, the disruption of 
HT1 (high leaf temperature 1), β-carbonic anhydrases β-CA1 and β-CA4, and the 
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major regulators of CO2 responses, impairs CO2-induced stomatal closure, but 
retains ABA-induced stomatal closure and blue light-induced stomatal opening in 
Arabidopsis (Hashimoto et al. 2006; Hu et al. 2010). Therefore, the regulatory net-
works of stomatal movement for different phytohormones and environmental stimuli 
are not completely independent from each other. They share some key components 
and crosstalk through these shared components. Guard cells can perceive and inte-
grate different stimulating signals together (Merilo et al. 2014), and regulate the sto-
mata pores precisely to ensure an optimal gas exchange. The elucidation of ABA 
signaling network in guard cells not only facilitates our understanding about ABA-
induced stomatal movement, but also will potentially help us to understand how 
other signals involves in stomatal movement.

Drought stress induces ABA production, and ABA closes stomata as a signal of 
drought stress. Almost 30 years ago, the fantastic experiment of dividing the roots 
of maize between two containers, in which soil was dry in one container, but well-
watered in another, resulted in partial closure of stomata and reduced water loss 
while the plant could grow normally (Blackman and Davies 1985). This technique 
was called partial root drying (PRD), which shed a light into the mind of plant sci-
entists, and made them to believe that it is possible to reduce water loss significantly 
without disrupting the normal growth of plants, especially the yield of crops by engi-
neering. Considering the short of fresh water globally, saving fresh water in plant 
growth, including crops, is meaningful for the survival and development of human 
society. Numerous ABA signaling researchers from different countries dedicate their 
energy to unravel the ABA signaling network in stomata for decades, their goals 
are to understand the signaling network and use the knowledge and techniques they 
develop to reduce the water loss and improve the resistant ability of plants against 
environmental stresses. In the last two to three decades, huge advances were made in 
this research field. This chapter will mainly focus on ABA signaling in stomata.

15.2  Stomata Development

Guard cells are derived from epidermal stem cells. Protodermal cells differentiate 
into meristemoid mother cells (MMCs), from which two daughter cells in different 
sizes are derived by asymmetrical cell division. The smaller one (meristemoids) 
has stem cell-like capabilities and is generally engaged for further asymmetric cell 
division. The larger one is called guard mother cell (GMC) and divides symmetri-
cally to yield two guard cells, which surround a pore to form a stomata. Stomata 
stem cells persist mounting in epidermis until all cells complete differentiation. 
Stomata are separated by at least one epidermis pavement cell, and this pattern is 
being kept through the whole period of plant development. Stomata development 
and the formation of correct pattern require an appropriate timing and orientation 
of asymmetric and symmetric cell divisions, cell fate selection, and cell–cell com-
munication, which is possibly mainly through small peptide molecules to ensure a 
correct cell positioning. This process is regulated and influenced by a number of 
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genetic components identified in the last decades, mainly including cell surface 
receptors, secreted small signaling peptides, a series of transcription factors, MAK 
kinase modules, and microRNA (Nadeau 2009; Dong and Bergmann 2010). The 
up- and down-regulation of the associated genes of the regulatory components 
result in the changes of stomata index compared to wild-type plants. In addition, 
emerging evidences show that stomatal development is also regulated by environ-
mental factors, including CO2, light density, and water stress. High carbon diox-
ide (HIC) was identified as a positive regulator of CO2 signaling for stomatal 
development; the hic mutant growing in elevated CO2 showed an increased sto-
mata density and index (Gray et al. 2000; Rae et al. 2006). On the other side, the 
stomata density of some plants decreased significantly compared to their ancients 
living in hundreds of years ago, and the elevated atmosphere CO2 resulted from 
the human activity and industrial development was believed to be the major cause. 
This manner of stomata regulation by atmosphere CO2 takes hundreds of years 
and therefore is “supper slow” compared to CO2-induced stomatal movement, but 
accumulating and significant. Stomata development is also regulated by light. An 
increase in light intensity results in an increase in stomatal index in some plants. 
The light signal is perceived by mature leaves, and stomata patterning changes 
in young developing leaves (Casson and Gray 2008). How the signal is transited 
from mature leaves to young leaves is still unknown. Water condition is a main 
factor regulating stomata movement, and it is well known that ABA functions as 
the main signal to trigger stomatal closure in response to drought stress. It has 
been reported a long time ago that a reduced soil-watering condition resulted in a 
reduction in stomata index in Caltha palustris and wheat (Quarrie and Jones 1977; 
Salisbury 1928; Casson and Gray 2008). But whether drought stress/ABA func-
tions as a general regulator for stomatal development and patterning in plant king-
dom is still unknown. Nevertheless, stomata development is an important aspect of 
gas exchange for plants, in addition to the stomatal movement.

15.3  ABA Triggering Stomatal Closure  
Comes Mainly from Roots

Root is the organ of plants sensing water loss of soil firstly. Then, ABA is synthe-
sized in roots, and the ABA stored in roots as inactive ABA-glucose ester (ABA-GE) 
can also be released at the same time (Lee et al. 2006; Schroeder and Nambara 
2006; Xie et al. 2006). Free ABA synthesized in roots is released into xylem from 
parenchyma cells and transported through xylem into leaves to close stomata. 
Glucose-conjugated ABA released by roots can be transported through xylem into 
leaves as well, and it is believed that conjugated ABA needs to be released as a free 
ABA by β-glucosidases in leaves to be active. Leaves have the ability to synthesize 
ABA when leaf turgor pressure is very low because of water loss. However, ABA 
synthesis begins in root when soil is just beginning to loss water, and leaf turgor 
pressure is still unaffected obviously at that time (Hartung et al. 2002). Therefore, 
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it has been proposed that ABA in leaves triggering stomata closure in response to 
dehydration of soil is mainly imported from roots, not synthesized locally in leaves. 
Indeed both free ABA and conjugated ABA were detected in xylem flow (Hartung 
et al. 2002). On the contrary, ABA level can increase significantly in response to a 
reduced atmospheric relative humidity while roots are not stressed by drought (Xie 
et al. 2006), suggesting that ABA can be produced or released in leaves in response 
to dry atmosphere. Further study found that β-glucosidase plays essential roles in 
leaves in catalyzing ABA release from ABA-GE, which is originally imported from 
roots, and this can explain at least partially the increase of ABA level in leaves in 
response to dry atmosphere. The free/active ABA can be degraded quickly by P450 
protein in leaves after acting as a signal to close stomata, and does not deposit and 
accumulate in guard cells after plants are rescued from drought stress (Jiang and 
Hartung 2008; Schroeder and Nambara 2006; Peuke et al. 2002). Therefore, ABA 
signaling intensity for stomatal movement regulation is regulated by ABA synthe-
sis, long-distance transportation of ABA and conjugated ABA, release of active ABA 
from ABA-GE, and ABA breakdown.

15.4  ABA Receptors, the Key Proteins from Where  
ABA Signaling Initiates for Stomatal Closure

Numerous studies have been done regarding ABA signaling transduction for sto-
matal movement. The simple and easiness of stomata movement assay and the 
identification of many genetic mutants (mainly in Arabidopsis) are the main rea-
sons. For stomata, ABA perceiving is the first step for ABA signaling transduc-
tion, and ABA receptors are the key proteins sensing ABA stimulus for guard 
cells. Despite the identification and isolation of a large number of downstream 
components of ABA signaling pathway in guard cells in the last few decades, 
ABA receptors were completely unknown until recent few years. Using bio-
chemical approach, several proteins binding to ABA in vitro were identified and 
suggested as ABA receptors, including CHLH (H subunit of Mg-chelatase) and 
three G protein-coupled receptors GCR2, GTG1, and GTG2. CHLH (H subunit 
of Mg-chelatase) plays important roles in chlorophyll biosynthesis and plastid-to-
nucleus signaling (Shen et al. 2006). GCR2, GTG1, and GTG2 were suggested 
as ABA receptors by interacting with GPA1, the α subunit of heterotrimeric G 
protein, in guard cells (Pandey et al. 2009; Liu et al. 2007). The functions of het-
erotrimeric G protein in ABA-induced stomatal closure have been reported repeat-
edly (Fan et al. 2008; Wang et al. 2001), supporting the conclusion of that the 
three G protein-coupled receptors are ABA receptors. As ABA receptors should 
be where ABA signaling start in guard cells, a strong ABA-insensitive phenotype 
of stomatal movement was expected in the ABA receptor mutants. However, the 
phenotype of ABA-induced stomatal closure is controversial for gcr2 (Gao et al. 
2007; Liu et al. 2007) and partial in gtg1/gtg2 (Pandey et al. 2009). gun5 mutant 
with a point mutation in the CHLH gene seems to show wild-type phenotypes 
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in the major ABA responses (Zhang DP, personnel communication), but two 
other mutant alleles in the CHLH gene, cch and rtl1 (for rapid transcription 
from leaves), show strong ABA-insensitive phenotypes in ABA-induced stoma-
tal closure and inhibition of stomatal opening (Shen et al. 2006; Wu et al. 2009; 
Du et al. 2012; Tsuzuki et al. 2011, 2013; Zhang et al. 2013). These data sug-
gest that multiple ABA receptors are functioning in guard cells. Using three dif-
ferent methods, yeast two hybrid, chemical genetics, and coimmunoprecipitation 
analysis, a cluster of homologous genes called RCAR/PYR/PYL was identified 
as ABA receptors in Arabidopsis, and this family is composed of fourteen mem-
bers (Park et al. 2009; Nishimura et al. 2010; Ma et al. 2009). Using biochemical 
technique, ABA binding to RCAR/PYR/PRL was detected (Ma et al. 2009; Park 
et al. 2009). Crystallographic structural study found that ABA enters a large inter-
nal cavity of PYR1 for ABA binding (Nishimura et al. 2010). The overexpression 
of RCAR/PYR/PYL leads to a slightly reduced stomata aperture in the absent of 
ABA, and a strong hypersensitive phenotype in ABA-induced stomatal closure in 
an ABA concentration-dependent manner compared to wild type in Arabidopsis 
(Ma et al. 2009). The quadruple mutant pyr1/pyl1/pyl2/pyl4 shows a strong ABA-
insensitive phenotype in ABA-induced stomatal closure, but the single mutant 
pyr1 has no ABA-induced stomatal closure phenotype, indicating the presence of 
functional redundancy within PYR/PYL/RCAR family. Further study is needed to 
explore whether different types of ABA receptors function in guard cells in a cor-
porative manner to provide a mechanism to adjust the sensitivity of ABA percep-
tion for precise responses to drought and other stresses for an optimal stomatal 
aperture and gas exchange (Ma et al. 2009).

To investigate how ABA receptors deliver ABA signaling to downstream 
components after binding to ABA, protein interaction analysis was performed, 
and the direct protein interactions between ABA receptors RCAR/PYR/PYL and 
phosphatases, PP2Cs, including HAB1, ABI1, ABI2, and PP2CA, were detected 
by different groups (Ma et al. 2009; Nishimura et al. 2010; Park et al. 2009), 
and the phosphatase activity of PP2Cs was dramatically inhibited by the protein 
interactions in an ABA concentration-dependent manner (Ma et al. 2009; Park 
et al. 2009). Direct protein interactions between PP2C phosphatases and SnRK 
family were also observed, the protein kinase activity of SnRKs was constitu-
tively released by the protein interactions, and the mutated PP2C phosphatases 
failed to interact with and inhibit SnRKs (Umezawa et al. 2009; Vlad et al. 2009; 
Weiner et al. 2010; Dupeux et al. 2011). Structural analysis confirmed the pro-
tein interaction of PP2C phosphatases with upstream ABA receptors and down-
stream SnRK kinases in protein complexes (Soon et al. 2012; Santiago et al. 
2012). These series fantastic research formed a complete ABA signaling cas-
cade from ABA receptors to downstream ion channels for ABA-induced stoma-
tal closure. In this ABA signaling pathway, guard cells perceive ABA stimulus 
by the binding of ABA to ABA receptors to further trigger the protein interac-
tion between ABA receptors and PP2Cs; this protein interaction inhibits the 
phosphatase activity of PP2Cs and consequently releases the kinase activity of 
SnRKs and CKPKs, which further activate anion channel SLAC1 by protein 
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phosphorylation; the anion efflux further activates outward-rectifying plasma 
membrane K+ channel GORK; finally, the efflux of anions and cations leads to 
the stomatal closure. In this signaling pathway, ABA receptors are the “starting 
line” for ABA signaling transduction in guard cells.

15.5  Components of ABA Signaling Network  
Between ABA Receptors and Downstream  
Plasma Membrane Ion Channels

15.5.1  Components of ABA Signaling in Guard Cells

Protein phosphorylation and dephosphorylation were found being important for 
ABA signaling a few decades ago, and several protein phosphatases from pro-
tein phosphatase 2C (PP2C) family, including ABI1, ABI2, HAB1, and PP2CA, 
were then identified as essential regulators of ABA signaling in Arabidopsis 
guard cells, in which ABI1 and ABI2 are the most well-studied phosphatases. 
Arabidopsis mutants abi1 (ABA insensitive 1) to abi5 (ABA insensitive 5) were 
isolated over 30 years ago by screening seed germination and seedling growth 
in the presence of 10 μM ABA (Koornneef et al. 1984). ABI3 to ABI5 encode 
transcriptional factors, and mainly function in other cell types, not guard cells 
(Finkelstein and Lynch 2000; Giraudat et al. 1992; Shkolnik-Inbar et al. 2013). 
ABI1 and ABI2 are known as two essential negative regulators of ABA signaling 
transduction in guard cells. The abi1 and abi2 mutants show excessive water loss 
phenotype (Finkelstein and Somerville 1990), indicating their functions in ABA-
induced stomatal closure. Interestingly, it turned out that abi1 and abi2 mutants 
are resulted from the same point mutation of a substitution of a Gly by an Asp in 
the conserved catalytic domain in two different PP2C genes (Leung et al. 1994, 
1997). This point mutation in the two homologs reduces the phosphatase activity 
(Leung et al. 1997). ABI1 and ABI2 have a calcium-binding domain (EF hand) 
and were suggested to be a Ca2+-regulated component of ABA signaling in guard 
cells (Leung et al. 1994). However, ABA-induced cytosolic Ca2+ increases were 
impaired in abi1 and abi2 guard cells, but Ca2+ activation of anion channel cur-
rents and external Ca2+-induced stomatal closure were not affected in the two 
mutants (Allen et al. 1999), suggesting that ABI1 and ABI2 function upstream of 
Ca2+ signal in ABA signaling pathway. HAB1 and PP2CA are another two phos-
phatases from PP2C family. HAB1 was initially named as AtP2C-HA, the disrup-
tion of AtP2C-HA leads to an ABA hypersensitive phenotype in seed germination, 
but stomatal closure is not obviously affected (Leonhardt et al. 2004; Saez et al. 
2004). However, the abi1hab1 double mutants showed a reduced transpirational 
water loss compared to abi1 and hab1 single mutants under a drought condition, 
suggesting a cooperative negative regulation of the two phosphatases for ABA 
signaling in guard cells (Saez et al. 2006). PP2CA is more active than other three 
phosphatases in seed germination, and the mutation of PP2CA leads to a strongest 
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ABA hypersensitive phenotype in seed germination compared to abi1, abi2, and 
hab1 (Yoshida et al. 2006; Kuhn et al. 2006). The four PP2Cs involve in ABA 
signaling transduction in guard cells by interacting with upstream ABA receptors 
and downstream protein kinases as described above.

As the counterparts of PP2Cs, some protein kinases are the positive regulators 
of ABA signaling network in guard cells. Currently, the known protein kinases 
for ABA-induced stomatal movement are mainly from calcium-dependent pro-
tein kinase (CPK) family and SNF1-related kinases (SnRK) family. SnRK2.2, 2.3 
and 2.6 are the three SnRK members functioning in guard cells in Arabidopsis. 
The Arabidopsis OST1/SnRK2.6 is the ortholog of AAPK from Vicia faba, and 
the mutant ost1/snrk2.6 shows a strong ABA-insensitive phenotype in stoma-
tal closure (Mustilli et al. 2002; Yoshida et al. 2002). The double mutant of 
snrk2.2/2.3 shows a weaker ABA-insensitive phenotype compared to ost1/snrk2.6 
in stomatal closure (Fujii et al. 2007), and ABA insensitivity of the triple mutant 
snrk2.2/2.3/2.6 is stronger than ost1 and snrk2.2/2.3 (Fujii et al. 2011), indicat-
ing the presence of functional redundancy within the three SnRKs for stoma-
tal closure regulation in Arabidopsis. In the absence of ABA, SnRKs can be 
dephosphorylated/inactivated by PP2Cs and cannot phosphorylate downstream 
S-type anion channel SLAC1 after being dephosphorylated (Belin et al. 2006; 
Umezawa et al. 2009; Vlad et al. 2009; Weiner et al. 2010; Dupeux et al. 2011). 
The increase of ABA level in leaves leads to the binding of ABA to ABA receptors 
PYR/PYL/RCARA, which in turn inhibit the activity of PP2Cs by direct protein 
interaction. SnRKs are then released from PP2C, activated by autophosphoryla-
tion, activate downstream S-type anion channel SLAC1 by phosphorylation, and 
consequently, stomata are closed. The activation and inhibition of downstream 
S-type anion channel SLAC1 by SnRKs and PP2Cs in an ABA-dependent manner 
were verified by direct anion current recordings in Xenopus oocyte (Geiger et al. 
2009) and structural analysis of protein complexes (Soon et al. 2012; Nishimura 
et al. 2009). CPKs are a protein kinase family, which contain a Ca2+-binding 
domain, can be activated by the binding of Ca2+, and further phosphorylate 
downstream targets. The genome of model plant Arabidopsis encodes 34 CDPK 
members, four of which were found functioning in stomatal closure regulation, 
including CPK3, 4, 6, and 11, and the double mutants cpk3/cpk6 and cpk4/cpk11 
show ABA insensitivity in stomatal closure (Mori et al. 2006; Zhu et al. 2007). 
Further research confirmed the functions of CPK6 as an activator of anion chan-
nel SLAC1 by protein phosphorylation in Xenopus oocytes, and the phosphatases 
ABI1, ABI2, and PP2CA can inhibit CPK6-mediated activation of SLAC1 (Brandt 
et al. 2012), suggesting a different signaling branch from SnRKs. Interestingly, 
SLAC1 can also be activated by CPK21 and CPK23 in Xenopus oocytes, but the 
Arabidopsis mutant cpk21 and cpk23 showed a strong drought tolerance pheno-
type rather than drought hypersensitive phenotype compared to wild type (Franz 
et al. 2011; Ma and Wu 2007), indicating that these two CPKs involve in sto-
matal movement regulation in a different manner compared to CPK3, 4, 6, and 
11. Guard cell hydrogen peroxide-resistant 1 (GHR1) is a receptor-like kinase 
localized in the plasma membrane of Arabidopsis guard cells (Hua et al. 2012). 
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The mutant ghr1 was isolated in a genetic mutant screening in a low-pH growth 
medium. This mutant losses more water and wilts faster than wild-type plants 
under drought condition, and ABA- and H2O2-induced stomatal closure were 
impaired in this mutant (Hua et al. 2012). Patch clamping experimental results 
showed that the mutation of GHR1 impaired H2O2 activation of Ca2+ channels, 
and ABA and H2O2 activation of S-type anion channel currents (Hua et al. 2012). 
Further analysis showed that GHR1 functions downstream of ABI1, ABI2, OST1, 
and H2O2, but upstream of SLAC1 (Hua et al. 2012).

Calcineurin-B-like proteins (CBLs) are calcium sensors, interact with, and 
modulate the activity of CBL-interacting protein kinases (CIPKs), which fur-
ther regulate download targets by phosphorylation. Arabidopsis genome has 10 
CBLs and 25 CIPKs, and CBL1 and CBL9 were found functioning in guard cells 
by interacting with and targeting CIPK23 to the plasma membrane of guard cells 
(Cheong et al. 2007). The loss-of-function mutant cpk23 showed a reduced tran-
spirational water loss and ABA hypersensitive phenotypes in stomatal opening and 
closure (Cheong et al. 2007).

AtMRP5, a members of ATP-binding cassette (ABC) family, has been sug-
gested functioning in guard cells as a channel (Gaedeke et al. 2001), and the sto-
matal closure in atmrp5 mutant is insensitive to ABA and external Ca2+ (Klein 
et al. 2003). But patch clamping analysis showed that both depolarization-acti-
vated S-type anion currents and hyperpolarization-activated Ca2+ currents are 
impaired in atmrp5 mutant guard cells simultaneously (Suh et al. 2007), indicating 
that AtMRP5 is a general regulator of ABA signaling rather than an ion channel.

To identify loci involved in ABA signaling, Erwin Grill’s group screened a 
large number of chemically mutagenized Arabidopsis seeds in the presence of 
ABA, and 8 loci GCA1 to GCA8 (growth control exerted by ABA) were identi-
fied (Himmelbach et al. 1998). Further research found that two of them GCA1 and 
GCA2 involve in ABA signaling in guard cells (Himmelbach et al. 1998). GCA2 
was later found functioning upstream of ABA-induced ROS production, the activa-
tion of hyperpolarization-activated inward Ca2+ channels, and cytosolic Ca2+ ele-
vation in guard cells (Pei et al. 2000). Ca2+-imaging analysis showed that GCA2 
involves in CO2- and ABA-induced stomatal closure by regulating the cytosolic 
Ca2+ oscillation pattern (Young et al. 2006; Allen et al. 2001). Recently, Ca2+ 
imaging and patch clamping analysis showed that ABA induces stomatal closure 
in both Ca2+-dependent and Ca2+-independent manners, and GCA2 is important 
for Ca2+-dependent ABA response for stomatal closure, not for Ca2+-independent 
response (Siegel et al. 2009). Clearly, GCA2 is correlated to Ca2+ and functions as 
an important component for both ABA and CO2 signaling in guard cells. However, 
GCA2 has not been cloned so far. The genetic identification of GCA2 will facili-
tate our understanding about ABA signaling in guard cells.

ABA hypersensitive 1 (abh1) is an ABA hypersensitive mutant which was iso-
lated in an Arabidopsis seed germination screening in the presence of 0.3 μM 
ABA, a concentration of ABA allowing wild-type seeds to germinate (Hugouvieux 
et al. 2001). abh1 mutant shows an ABA hypersensitive phenotype in drought-
induced stomatal closure, but ABA content in leaves shows no significant 
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difference between wild-type and abh1 mutant, suggesting that ABH1 is related 
to ABA signaling transduction in guard cells, but not in ABA level regulation 
(Hugouvieux et al. 2001). Patch clamping analysis showed that Kin currents were 
down-regulated, but anion currents were up-regulated in abh1 mutant guard cells 
(Hugouvieux et al. 2002), supporting an important roles of ABH1 in stomatal 
movement. ABH1 is a nuclear mRNA cap-binding protein, which may function in 
guard cells by regulating the transcript level of some components of ABA signal-
ing pathway. Further research found that the expression of PP2CA in abh1 can 
partially suppress the ABA hypersensitive phenotype of abh1 (Kuhn et al. 2006), 
suggesting a connection between ABH1 and PP2CA in stomatal movement regula-
tion. Using abh1 mutant as a background line, a new screening of EMS mutagen-
ized Arabidopsis seeds was recently conducted and leads to the isolation of two 
new mutants called soa2 (suppressor of abh1 hypersensitivity to ABA 2) and soa3 
(Daszkowska-Golec et al. 2013). Both soa2 and soa3 showed drought-tolerant 
phenotypes, suggesting a function of these two proteins in stomatal movement 
(Daszkowska-Golec et al. 2013). But the genetic identification of SOA2 and SOA3 
is still unknown currently.

15.5.2  Second Messengers in Guard Cells

Several types of small molecules function as second messengers and regulators 
for ABA-induced stomatal movement, including free Ca2+, ROS, NO, CO, cyclic 
nucleotides (cAMP and cGMP), and cADP ribose.

Ca2+ is an important second messenger for signaling transduction in both 
mammalian and plant cells, and the changes/oscillation of cytosolic free Ca2+ 
concentration encode signals to mediate the signaling from diverse upstream 
stimuli to downstream targets. In guard cells, ABA can trigger Ca2+ increases 
and oscillation, for which Ca2+ are from both external Ca2+ influx mediated by 
hyperpolarization-activated plasma membrane Ca2+ channels and Ca2+ release 
from intracellular Ca2+ stores in an IP3-dependent manner. The imposed external 
Ca2+-induced cytosolic Ca2+ changes can close stomata in Arabidopsis (Allen 
et al. 2001), and ABA can induce the production of IP3 (Lee et al. 1996), which 
involves in Ca2+ oscillation by inducing intracellular Ca2+ release in guard cells. 
Therefore, the Ca2+ oscillation patterns encode the ABA signaling in guard cells. 
Cytosolic Ca2+ has diverse functions as a second messenger and can mediate the 
signaling from many different stimuli, including ABA, CO2, and ozone for stoma-
tal movement (Young et al. 2006; Vahisalu et al. 2008). Several core components 
of ABA signaling network, including PP2Cs and CPKs as well as SnRKs, con-
tain Ca2+-binding domain and may be regulated by Ca2+. Patch clamping analy-
sis showed that the activation of both anion channel SLAC1 and Ca2+ channels 
in cpk3cpk6 double mutant is impaired, suggesting a Ca2+-dependent activation 
of SLAC1 by CPK3 and CPK6 (Mori et al. 2006). The direct protein interaction 
between CPK6 and SLAC1 as well as the activation of SLAC1 by CPK6 was 
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further confirmed (Brandt et al. 2012). On the contrary, Ca2+ increases and the 
activation of hyperpolarization-activated Ca2+ channels were also impaired or 
abnormal in the guard cells of gca2, ost1, abi1, and abi2 mutants (Allen et al. 
1999; Mustilli et al. 2002), suggesting that these components may function 
upstream of Ca2+. Recent research found that ABA induces stomatal closure in 
Ca2+-dependent and Ca2+-independent manners (Siegel et al. 2009). ABA can 
only induce 30 % stomatal closure response in the absent of cytosolic Ca2+ ele-
vation, the exposure of guard cells to ABA can enhance the ability of Ca2+ to 
activate S-type anion channel currents and down-regulate inward K+ channels, 
and the ABA-insensitive mutant ost1, abi2, and gca2 showed only partial ABA 
response correlated to cytosolic Ca2+ (Siegel et al. 2009). These data suggest an 
ABA-priming hypothesis for ABA-induced stomata closure response.

ROS were thought to be toxic for plant cells. But research in the last two dec-
ades found that ROS can function in guard cells as important messengers medi-
ating ABA signaling, and hydrogen peroxide (H2O2) is the most effective one 
because of its long life time and stability. ABA-induced ROS production was 
first observed in the guard cells of Vicia faba (Song et al. 2014) and Arabidopsis 
(Pei et al. 2000). Further research identified two NADPH oxidases AtrbohD and 
AtrbohF as the key enzymes for ROS production in Arabidopsis guard cells, and 
the disruption of these two genes impairs ABA-induced ROS production, cyto-
solic Ca2+ increases, activation of hyperpolarization-activated inward Ca2+ chan-
nels, and stomatal closure (Kwak et al. 2003). AtrbohD and AtrbohF localize in 
the plasma membrane of guard cells, but ROS production in chloroplast of guard 
cells was observed (Zhang et al. 2001), suggesting that ROS can be produced in 
multiple area of guard cells. In ABA signaling pathway, ROS production locates 
downstream of ABI1 and OST1, but upstream of ABI2 and GCA2 (Murata et al. 
2001; Mustilli et al. 2002; Pei et al. 2000). Because ROS is such small molecules 
with simple structures, how essential core proteins of ABA signaling network in 
guard cells, such as PP2Cs, GCA2 and kinases (SnRKs, CDPKs, and GHR1), per-
ceive the small molecule without specific structural character is still unknown, and 
further work will be needed to answer the question (Song et al. 2014).

Nitric oxide (NO) plays roles in ABA-induced stomatal closure as a second 
messenger. NO can trigger the increase of cytosolic Ca2+, the efflux of both anion 
and cation, and stomatal closure (Gayatri et al. 2013). The application of either 
ABA or ROS can induce the production of NO, and the disruption of AtrBOHD/F, 
the enzyme catalyzing the production of ROS, impairs the production of both ROS 
and NO (Gayatri et al. 2013). NO scavenger can impair ABA- and ROS-induced 
stomatal closure, and NO donor can mimick ABA- and ROS-induced stomatal clo-
sure responses. Therefore, NO functions downstream of ROS in guard cells. Nitric 
oxide synthase (NOS)-like enzyme is supposed to be the essential protein for NO 
production, but the existence of NOS in plants is still under debate. Together, the 
current results show that NO is an important second messenger-mediating ABA 
signaling in guard cells and localizes downstream of ROS but upstream of cyto-
solic Ca2+ in ABA signaling cascade. Further work will be needed to unravel 
every detail of the mechanisms of NO in ABA-induced stomatal closure.
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cGMP and cAMP are well known as important second messengers in mamma-
lian cells for several decades. Cyclic nucleotide-gated channels (CNGCs) were pro-
posed as the downstream targets of cGMP and cAMP because CNGCs contain a 
nucleotide-binding domain and a calmodulin-binding domain, and can be activated 
by cyclic nucleotides by direct binding in mammalian cells. cGMP was reported 
functioning in guard cells downstream of ROS for the activation of Ca2+ influx in 
Arabidopsis (Dubovskaya et al. 2011). But whether cyclic nucleotides involve in 
ABA signaling transduction in guard cells is still under debate because guanylate 
cyclase and adenylate cyclase could not be identified in plants so far. Recently, 
8-nitro-cGMP was reported as a signaling molecule and involves in ABA signaling 
in Arabidopsis guard cells (Joudoi et al. 2013). The ABA- and NO-induced produc-
tion of 8-nitro-cGMP was detected in guard cells in the presence of ROS (Joudoi 
et al. 2013). 8-nitro-cGMP can induce stomatal closure alone, but 3′,5′-cyclic 
monophosphate (8-bromo-cGMP) did not (Joudoi et al. 2013). CNGCs are the most 
possible downstream targets of cyclic nucleotides in plants. CNGC homologs in 
plants were identified many years ago, and the model plant Arabidopsis has a large 
CNGC family which is composed of 20 members. The functions of cyclic nucleo-
tides and CNGCs will be reviewed below in Ca2+ channel section because CNGCs 
are proposed as Ca2+ channel candidates in plant cells.

15.6  Channels in the Membrane Systems of Guard  
Cells Function as a Motor as Well as Regulators  
for ABA-induced Stomatal Closure

Stomatal movement is driven by the changes of osmotic turgor pressure in guard 
cells. The changes of turgor pressure result from ion flux through plasma mem-
brane and vacuole membrane of guard cells and consequent water flow. Different 
types of ion channels are the main functional proteins mediating ion flux across 
the biological membranes in guard cells. ABA is a main stimulating factor induc-
ing stomatal closure and preventing stomatal opening in response to drought stress 
through a signaling network, in which ion channels are the key components. ABA 
first induces cytosolic free Ca2+ increases and oscillation mainly by activating 
hyperpolarization-activated Ca2+ channels in the plasma membrane of guard cells 
(Pei et al. 2000; Allen et al. 2000), and partially by triggering Ca2+ release from 
intracellular Ca2+ stores (Tang et al. 2007). Cytosolic Ca2+ functions as an essen-
tial second messenger to mediate ABA signaling to further stimulate downstream 
components, including outward anion channels and potassium channels. Anion 
channels and outward-rectifying K+ channels mediate osmotic ion efflux which 
consequently leads to the water loss and stomatal closure. Therefore, ion channels 
play essential roles for ABA-induced stomatal closure and ABA-related inhibition 
of stomatal opening. In the past decades, different channels and associated genes 
were identified, and the channel properties were thoroughly analyzed using elec-
trophysiological and other techniques.
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15.6.1  Plasma Membrane Ca2+ Channels

Ca2+ imaging and electrophysiological techniques provide powerful tools for the 
analysis of Ca2+ ion channels in guard cells. The application of external ABA 
and Ca2+ can trigger cytosolic Ca2+ increases and oscillation, which can be 
monitored using calcium sensor yellow cameleon expressing in vivo (Allen et al. 
2000, 2001). Hyperpolarization voltage-dependent inward Ca2+ currents have 
been recorded in guard cell protoplasts, and ABA can activate the Ca2+ channel 
currents by shifting activating voltage to more positive potential (Hamilton et al. 
2000; Pei et al. 2000), suggesting the presence of ABA-activated inward Ca2+ 
channels in the plasma membrane of Arabidopsis guard cells. Further research 
found that ABA can induce the production of ROS, which consequently activate 
the hyperpolarization-activated Ca2+ channels in Arabdiopsis guard cells (Pei 
et al. 2000). Two NADPH oxidases AtrBOHD and AtrBOHF were identified as 
the essential players for ROS production in Arabidopsis guard cells by transferring 
electrons from NADPH to electron receptors (Kwak et al. 2003). The disruption of 
the two protein encoding genes impaired ABA-induced ROS production, cytosolic 
Ca2+ increases and hyperpolarization-activated inward Ca2+ currents (Kwak et al. 
2003), suggesting that ROS are important mediators for ABA signaling as Ca2+ 
channel activators in guard cells. In addition, glutathione peroxidase 3 can regulate 
ROS homeostasis in guard cells and consequently affect the activity of Ca2+ chan-
nels, and the mutation of this gene in Arabidopsis impaired the ABA activation of 
hyperpolarization-activated Ca2+ channel currents (Miao et al. 2006). Some cal-
cium/calmodulin-dependent protein kinases (CDPKs) (Mori et al. 2006; Zhu et al. 
2007), and phosphatases (Miao et al. 2006; Kohler and Blatt 2002) are important 
ABA signaling regulators in guard cells as described above. The mutations of 
CPK3 and CPK6 impaired the ABA- and hyperpolarization-activated inward Ca2+ 
channel currents in Arabidopsis guard cells (Mori et al. 2006), and the application 
of phosphatase antagonist okadaic acid (OA) and calyculin A (CA) increased the 
open probability of the Ca2+ channels in the excised plasma membrane patches 
of Vicia faba guard cell protoplast (Kohler and Blatt 2002). Despite the numer-
ous analysis on the Ca2+ channel activity and the importance of cytosolic Ca2+ as 
a second messenger for ABA signaling, the identities of plasma membrane Ca2+ 
channels activated by ABA in guard cells are still unknown. How the regulating 
factors involve in the activation of ABA/ROS-activated inward Ca2+ channels in 
plant guard cells remains to be addressed.

The most interesting candidates for the plasma membrane Ca2+ channels in 
plant guard cells are mainly from three channel families, including CNGCs, glu-
tamate receptors (GLR), and annexins (Ma 2011; Ward et al. 2009). It has been 
reported that cGMP involves in ABA-induced stomatal closure and functions 
downstream of ROS to activate cytosolic Ca2+ increases in Arabidopsis guard 
cells (Dubovskaya et al. 2011), suggesting a role of CNGCs as Ca2+ chan-
nels. Few CNGCs were identified as cyclic nucleotide-activated cation channels 
in Arabidopsis in the past few years, including CNGC2, CNGC5, CNGC6, and 
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CNGC18 (Ali et al. 2007; Wang et al. 2013; Gao et al. 2014). CNGC2 is mainly 
permeable to monovalent cation except Na+, and functions mainly in innate 
immunity responses (Ali et al. 2007; Leng et al. 2002). CNGC5 and CNGC6 are 
mainly permeable to divalent cation, including Ca2+ (Wang et al. 2013). However, 
the disruption of CNGC5 and CNGC6, two genes highly expressed in Arabidopsis 
guard cells, does not obviously inhibit the activity of ABA-activated Ca2+ chan-
nels (Wang et al. 2013). For GLRs, it has been reported that the overexpression 
of Arabidopsis GLR3.1 led to the impairment of external Ca2+-induced stomatal 
closure and imposed-Ca2+ oscillation-programmed long-term stomatal closure 
without affecting cytosolic Ca2+ kinetics (Cho et al. 2009). However, external 
Ca2+-induced stomatal closure differs from ABA-induced stomatal closure, 
because the disruption of Ca2+ sensor (CAS) blocks external Ca2+-induced sto-
matal closure without affecting ABA responses in Arabidopsis guard cells (Han 
et al. 2003). Therefore, GLR3.1 and the three CNGCs described above seem not to 
be essential for ABA signaling and may not be ABA-activated hyperpolarization-
activated inward Ca2+ channels. Annexins are ubiquitous soluble proteins, some of 
them can behave as Ca2+ channels, and potentially involve in cytosolic Ca2+ and 
ROS signaling in plant kingdom (Mortimer et al. 2008). But annexins are less ana-
lyzed compared to CNGC and GLR in plants. Annexin 1 involves in drought-stress 
responses in Arabidopsis (Konopka-Postupolska et al. 2009), and the expression of 
annexins in Mimosa pudica is sensitive to ABA (Hoshino et al. 2004). The iden-
tity of annexins as plasma membrane Ca2+ channels in guard cells has not been 
reported yet, and more work is needed to characterize the functions of annexins. 
Together, the journey for seeking ABA-activated Ca2+ channels located in the 
plasma membrane of guard cells as well as the associated encoding genes just 
began, and we may have a long way to go.

There are two sources for cytosolic Ca2+ increases and oscillation: the influx 
of external Ca2+ through plasma membrane Ca2+ channels and Ca2+ release from 
intracelullar Ca2+ stores, such as endocytoplasmic reticulum and vacuole in plant 
cells. ABA can trigger cytosolic Ca2+ increase in an InsP6-dependent manner in 
guard cells (Lemtiri-Chlieh et al. 2003; Lemtiri-Chlieh and Berkowitz 2004), indi-
cating the involvement of intracellular Ca2+ release in ABA-induced stomata clo-
sure. Several types of ion channels, including TPC1 (two pore channel 1) and 
chloride channel (CLC) family, were identified as vacuole membrane channels, and 
some of them involve in intracellular Ca2+ release in Arabidopsis guard cells (De 
Angeli et al. 2006; Peiter et al. 2005). The vacuole membrane-located ion channels 
will be discussed in “Channels in the intracellular membrane” section below.

15.6.2  Plasma Membrane K+ Channels

Several channel families being permeable to K+ were found in plants, especially 
in Arabidopsis, including HKT (high-affinity K+ transporter), KUP/HAK/KTs, 
CNGCs (cyclic nucleotide-gated channels), and Kir1- and shaker-type K+ channel 
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family. The main plasma membrane K+ channels in Arabidopsis guard cells are 
mainly from shaker-type K+ channel family, and the functions of other channel 
families as K+ channels in guard cells are less studied. Shaker-type K+ channel 
family is composed of nine members in Arabidopsis. They share protein struc-
tural similarities, including six transmembrane (TM) domains, a voltage sensor 
located in the fourth TM domain, and a P loop between TM five and six. Shaker 
channel members can form homo- or heterotetramers. In Arabidopsis guard cells, 
the expression of six shaker-type K+ channels, including KAT1, KAT2, AKT1, 
AKT2, GORK, and KC1, can be detected. GORK is the main outward-rectifying 
K+ channels, which is activated by the depolarization of the plasma membrane 
of guard cells. The T-DNA insertional knockout mutation of GORK abolishes 
outward K+ channel currents of guard cells completely and impairs dark- and 
ABA-induced stomatal closure (Hosy et al. 2003). In ABA signaling network, out-
ward anion channels are first activated by upstream kinases as described above, 
the efflux of anion through anion channels results in a depolarization of guard 
cell plasma membrane, and consequently activate GORK. For stomata opening, 
K+ influx through inward K+ channels is required, and the inward K+ channels 
in Arabidopsis guard cells can be activated by hyperpolarization voltage. KAT1, 
KAT2, AKT1, AKT2, and KC1 are the five proteins forming inward-rectifying 
K+ channels in Arabidopsis guard cells (Szyroki et al. 2001). The five inward-
rectifying K+ channel proteins can form homotetramers alone or heterotetramers. 
KC1 does not form functional K+ channels alone, but can integrate into inward 
K+ channels as one of the four subunits and function as an inhibitory regulating 
subunit. KAT1 is the first inward-rectifying K+ channels identified in plant, and 
also the main inward-rectifying K+ channels in guard cells because the expres-
sion level of KAT1 is much higher than other four members, and the disrup-
tion of KAT1 leads to more than 50 % reduction of inward K+ channel activity 
in Arabidopsis guard cells (Szyroki et al. 2001). Dominant negative repressive 
mutants of KAT1 and KAT2 suppress light- and low-CO2-induced stomatal open-
ing (Kwak et al. 2001; Lebaudy et al. 2008). These data provided genetic evi-
dences showing the importance of inward K+ channels for stomatal opening, and 
the presence of five different subunits in K+ channel tetramers provide a regula-
tion mechanism for inward-rectifying K+ channel activity. Another regulation 
mechanism for K+ channels is protein trafficking. ABA-induced internalization 
of KAT1 was observed in Arabidopsis guard cells during stomatal closure, and 
KAT1 can go back to the plasma membrane of guard cells for stomatal opening 
(Sutter et al. 2007; Latorre et al. 2003). ABA can induce stomatal closure by acti-
vating outward K+ channels and inhibiting inward K+ channels simultaneously. 
Using patch clamping technique, the inhibition of inward K+ channel currents by 
a pre-incubation of guard cell protoplast with ABA was observed in Arabidopsis 
(Fan et al. 2008), supporting the inhibitory effects of ABA on inward K+ chan-
nels. Interestingly, the inhibition of inward K+ channels by the disruption of out-
ward anion channel SLAC1 was reported recently in Arabidopsis (Laanemets 
et al. 2013; Wang et al. 2013), and the decrease of cytosolic Ca2+ concentration 
releases partially the inhibitory effects of the mutation of SLAC1 on inward K+ 
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channels (Laanemets et al. 2013). Together, these results show that ABA may 
regulate inward K+ channel currents in different levels, including transcriptional 
level of gene expression, protein trafficking, K+ channel activity, and coordination 
of different types of channels in guard cells. These regulating mechanisms work 
together to facilitate a fast and efficient stomatal movement regulation.

15.6.3  Plasma Membrane Anion Channels

Anion efflux causes the depolarization of the plasma membrane of guard cells, 
further opens the outward-rectifying K+ channel, and so stomata can be closed. 
Therefore, anion channels in the plasma membrane of guard cells play core roles 
for stomatal closure. Over 20 years ago, the activity of anion channel currents 
was recorded using patch clamping technique in Vicia faba guard cell protoplast 
(Schroeder and Hagiwara 1989). Based on the electrophysiological analysis, two 
different types of depolarization-activated anion channel currents were dissected 
electrophysiologically in Vicia faba guard cells (Schroeder and Keller 1992). One 
was activated by depolarization voltage and rapidly deactivated by hyperpolarization 
voltage, and so was named as R-type (rapid) anion current (Schroeder and Keller 
1992). The second depolarization-activated current is activated and deactivated very 
slowly, and so was named as S-type (slow) anion currents (Schroeder and Keller 
1992). Further study revealed that S-type anion channels in Arabidopsis guard cells 
can be activated by cytosolic Ca2+ and external ABA (Pei et al. 1997). However, the 
genetic identities of the two types of anion channels remained unknown for many 
years. Recent work from different groups identified slow anion channel-associated 1 
(SLAC1) as an important component for stomatal closure in Arabidopsis (Negi et al. 
2008; Vahisalu et al. 2008). SLAC1 mainly expresses in guard cells, occasionally in 
vascular tissue (Negi et al. 2008; Vahisalu et al. 2008). SLAC1 belongs to a small 
family with five members in Arabidopsis, and the other four members were named 
as SLAC1 homologs (SLAHs), which mainly express in transmitting tissue in root 
and stem in Arabidopsis (Negi et al. 2008). SLAC1 has ten TM domains, a hydro-
philic N-terminal tail and a hydrophilic C-terminal tail, and these structural charac-
ters suggest that SLAC1 is an ion channel. The loss-of-function mutants of SLAC1 
show strong insensitive phenotypes in stomatal closure in response to ABA, ozone, 
ROS, darkness, CO2 elevation, and decrease of relative air humidity (Negi et al. 
2008; Vahisalu et al. 2008), indicating that SLAC1 is a key downstream component 
for a variety of signals (including ABA) in guard cells. The S-type anion channel 
currents activated by ABA and cytosolic Ca2+ in guard cells were completely abol-
ished in slac1 mutants (Vahisalu et al. 2008), and the fused SLAC1 with GFP can 
light up the plasma membrane of Arabidopsis guard cells and onion epidermal cells 
(Negi et al. 2008; Vahisalu et al. 2008), suggesting SLAC1 is the long-sought S-type 
anion channel in guard cells. Coexpression of the genes of SLAC1 and protein 
kinases OST1 or CPKs heterologously in Xenopus oocytes results in S-type anion 
currents, and coexpression of SLAC1 and OST1 with the negative regulators of ABA 
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signaling, phosphatases ABI1 or ABI2, inhibits OST1-activated SLAC1 currents 
in Xenopus oocytes (Geiger et al. 2009; Lee et al. 2009). Ion selectivity analysis 
showed that SLAC1 has a large permeability to NO3

− and Cl−, but its permeability 
to malate is quite weak (Geiger et al. 2009). These results finally ensured the iden-
tity of SLAC1 as a plasma membrane S-type anion channel in guard cells, and also 
uncovered a mechanism of how SLAC1 is regulated in ABA-induced stomatal clo-
sure. Further research found that Arabidopsis ost1 mutant guard cells showed par-
tially reduced S-type anion channel currents (Geiger et al. 2009), supporting that the 
regulating mechanisms revealed in Xenopus oocytes function in guard cells. slac1 
mutants are insensitive to ABA strongly, but ABA still induces a slight stomatal clo-
sure slowly (Negi et al. 2008; Vahisalu et al. 2008), suggesting that other plasma 
membrane anion channels are functioning in guard cells. Further study found that a 
homolog of SLAC1, SLAH3, involves in stomatal closure by mediating NO3

− efflux 
(Geiger et al. 2011).

As described above, R-type anion channels are another type of anion channels 
mediating anion efflux in guard cells, but the genetic identities are completely 
unknown for decades. Recently, ALMT12, a member of aluminum-activated 
malate transporter (ALMT) family, was found to be required for stomatal clo-
sure (Sasaki et al. 2010), and further analysis revealed that ALMT12 represents 
a R-type anion channel in Arabidopsis guard cells (Meyer et al. 2010). ALMT12 
locates in the plasma membrane of guard cells, and the stomatal closure of 
atalmt12 mutant is partially insensitive to darkness, CO2, and ABA (Meyer et al. 
2010). Patch clamping analysis showed a reduced R-type anion channel currents 
in atalmt12 guard cell protoplast in the presence of external malate, and R-type 
anion currents were also recorded in Xenopus oocytes expressing ALMT12 
gene (Meyer et al. 2010). These studies ensured the identity of ALMT12 as a 
R-type anion channel in Arabidopsis guard cells. ALMT9, another member of 
ALMT family, involves in stomatal closure and was identified as a malate chan-
nel (Kovermann et al. 2007). But ALMT9 locates in the vacuole membrane, not 
plasma membrane of guard cells and other types of plant cells (Kovermann et al. 
2007). Whether more members of ALMT family function in guard cells as plasma 
membrane anion channels needs further analysis.

SLAC1 and SLAH3 are mainly permeable to Cl− and nitrate, not malate; 
ALMT9 is mainly permeable to malate, not Cl−; and ALMT12 is permeable to 
Cl− and can be activated by external malate. These data suggest that differ-
ent anion channels, including SLAC1, SLAH3, ALMT12, and ALMT9, function 
cooperatively to drive anion efflux and stomatal closure in response to ABA.

15.6.4  Channels in the Intracellular Membranes

Ion channels in the plasma membrane of guard cells have been extensively ana-
lyzed. However, ion channels are also present in intracellular biological mem-
brane, especially in vacuole membrane. Vacuole is the main intracellular organ 
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involving in stomatal movement, and the ion uptake from cytoplasm to vacuole 
and release from vacuole to cytoplasm drives the changes of guard cell turgor 
pressure, which is essential for stomatal closure and opening. Over 90 % osmotic 
active solutes released from vacuole to cytoplasm are further released to apoplast 
through plasma mambrane channels (MacRobbie 1998). Therefore, ion channels 
and ion pumps are the main functional proteins mediating ion flux through vac-
uole membrane. Using patch clamping technique, three types of Ca2+-regulated 
channels were identified electrophysiologically in Vicia faba guard cell vacuole, 
including vacuolar K+ (VK) channel, slow vacuolar (SV) channel, and fast vacu-
ole (FV) channel (Allen and Sanders 1996). But these three types of vacuole chan-
nels are regulated by cytosolic Ca2+ differentially (Allen and Sanders 1996) and 
were proposed functioning in stomatal movement in response to different stimu-
lus. TPK1 (twin-pore K+ channel 1) is a vacuolar K+ (VK) channel identified 
in Arabidopsis guard cells. TPK1 is from a family called two-pore-domain K+ 
channel family, which has five members in Arabidopsis, and shares the structure 
topology of four TM domains: two pore domains and two EF hand Ca2+-binding 
domains (Ward et al. 2009). TPK1 can be activated by elevated cytosolic Ca2+ 
and low pH during stomatal closure (Gobert et al. 2007). The disruption of TPK1 
in Arabidopsis leads to the lack of VK channel activity and slower stomatal clo-
sure in response to ABA (Gobert et al. 2007), suggesting a role of TPK1 in ABA-
induced stomatal movement.

SV channel activity is present in multiple tissues in plants, and TPC1 (two 
pore channel 1) was identified to be a SV channel (Peiter et al. 2005). TPC1 has 
two pore domains and can be activated by cytosolic Ca2+ in a voltage-dependent 
manner. TPC1 is a Ca2+-permeable channel with a large conductance and thought 
to involve in Ca2+ release from vacuole in guard cells. The knockout mutation 
of TPC1 leads to an insensitive phenotype to the inhibition of stomatal opening 
induced by external Ca2+ without affecting ABA-induced stomatal closure (Peiter 
et al. 2005). High extracellular Ca2+ can cause the elevation of cytosolic Ca2+ in 
guard cells and further close stomata. Calcium sensor 1 (CAS1) is the sensor to 
sense the changes of extracellular Ca2+ concentration for Arabidopsis guard cells 
(Han et al. 2003). The down-regulation of CAS1 expression level impairs extra-
cellular Ca2+-induced stomatal closure, but leaves ABA response intact in guard 
cells (Han et al. 2003). ABA induces cytosolic Ca2+ increases and oscillation, and 
Ca2+ release from intracellular Ca2+ stores involves in cytosolic Ca2+ oscillation. 
Vacuole is believed to be important for the intracellular Ca2+ release and cytosolic 
Ca2+ oscillation. But the intact ABA response in the guard cells of tpc1 mutant 
suggests that the Ca2+ channels mediating intracellular Ca2+ release for ABA-
induced Ca2+ oscillation differ from TPC1.

FV channel is another type of ion channel located in the membrane of vacu-
ole. FV channel is a nonselective cation channel, which is permeable to cation 
K+, Ca2+, and Mg2+ with a strong ion selectivity over anion (Allen and Sanders 
1996). Mg2+ can inhibit FV channel activity, but the presence of Mg2+ is required 
for the activation of FV channels by cytosolic Ca2+ (Pei et al. 1999). FV chan-
nel is insensitive to cytosolic K+, but can be regulated by luminal K+. It has been 
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proposed that FV channels function as K+ channel mediating K+ release from 
vacuole to cytoplasm, and the luminal K+ in vacuole regulates the activity of 
FV channels in a feedback manner. The more K+ is released from vacuole, the 
lower the FV channel activity is (Pottosin and Martínez-Estévez 2003). So far, the 
genetic identities of FV channels are still unknown, and further study is needed to 
find out the genetic identity and whether FV involves in ABA signaling in guard 
cells.

Malate and nitrate are the most abundant anions mainly stored in vacuole in 
plant cells, and both anions involve in stomatal movement as osmotic solutes. 
Therefore, anion channels or transporters must exist in the vacuole membrane of 
guard cells. In tonoplast, anion channels are mainly from two channel families: 
CLC and ALMT. For ALMT family, ALMT9 was identified as a malate-activated 
chloride-permeable channel located in the tonoplast of guard cells in Arabidopsis 
(Kovermann et al. 2007; De Angeli et al. 2013), and the disruption of ALMT9 
impairs stomata opening without affecting ABA- and dark-induced stomatal clo-
sure (De Angeli et al. 2013). CLC family has seven members in Arabidopsis. Four 
CLC members localize in vacuole, two CLC members localize in Golgi, and one 
localizes in chloroplast. The Arabidopsis vacuole CLC channels include CLCa, 
CLCb, CLCc, and CLCg. AtCLCc is a real channel being permeable to nitrate, 
chloride, and citrate and involves in stomatal movement (Harada et al. 2004). The 
disruption of AtCLCc gene inhibits vacuole chloride currents and impairs light-
induced stomatal opening and ABA-induced stomatal closure (Jossier et al. 2010). 
AtCLCa is the most well-analyzed CLC member. The disruption of AtCLCa 
leads to 50 % reduction of nitrate in root and shoot (Geelen et al. 2000). Further 
research confirmed that AtCLCa functions as a tonoplast NO3

−/H+ exchanger, not 
a channel (De Angeli et al. 2006). Whether CLCa, CLCb, and CLCg involve in 
stomatal movement needs further investigation.

Vacuole is important for ABA-induced stomatal closure, but not all vacuole 
channels are related to ABA signaling cascade because the disruption of some 
vacuole channel/transporter genes does not impair ABA-induced stomatal closure. 
Nevertheless, it is still reasonable to conclude that vacuole channels play critical 
roles in guard cells.

15.7  Conclusion

In the past few decades, fantastic research identified many important components 
for ABA signaling in guard cells and finally revealed the simple but relatively 
complete ABA signaling chain in guard cells. Briefly, the ABA signaling chain for 
ABA-induced stomatal closure can be summarized as the following: First, ABA 
binds to ABA receptors to trigger the protein interaction between ABA recep-
tors and PP2Cs to inhibit the phosphatase activity of PP2Cs; second, the inhibi-
tion of PP2Cs by ABA receptors releases SnRKs and CPKs from the inhibition 
by PP2Cs, and the kinases are then autophosphorylated and auto-activated; third, 
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the activated kinases activate SLAC1 by phosphorylation and trigger the efflux of 
anion through SLAC1 and other anion channels; forth, the efflux of anion causes 
a depolarization of the plasma membrane of guard cells, and the depolarization of 
plasma membrane activates outward K+ channel GORK; finally, guard cells loss 
salt and water, and stomata can close. This relative complete ABA signaling path-
way is so exciting, because it is the first time that we can see an uninterrupted 
ABA signaling pathway and understand much better than ever how ABA closes 
stomata. However, we also should be aware that many other components involving 
in the stomatal closure induced by ABA and stomatal opening inhibited by ABA 
have not been integrated into the ABA signaling network yet, including the known 
components as we describe above, some others components not mentioned in 
this chapter, as well as the unknown components such as plasma membrane Ca2+ 
channels that will probably be identified in the future. Moreover, it was known 
for many years that ABA also regulates stomatal movement in transcription level 
in guard cells. The application of ABA can up- and down-regulate the expression 
levels of some genes in Arabidopsis guard cells and may consequently regulate 
stomatal movement. Much more work will be needed to draw the complete picture 
of ABA signaling network for stomatal movement.

On the other hand, stomatal closure and opening are regulated by diverse sig-
nals, including ABA, ozone, CO2, ROS, and changes of air humidity and pathogen. 
ABA is only one of the stimuli. Emerging results already showed that the cross talks 
between ABA and other signaling are complicated; they share some key components 
and also have their own specific components. For example, the mutations of GCA2 
and SLAC1 impair the stomatal closure induced by ABA, ozone, ROS, CO2, and 
changes of air humidity, but the mutation of HT1 only impairs CO2-induced stomata 
movement without affecting ABA signaling as we mentioned above. To understand 
how guard cells integrate different regulating signals together will need us to unravel 
drought/ABA signaling network as well as the signaling networks of other stimuli, 
and the research progress in one signaling network may unexpectively help us to 
understand other signaling network for stomatal movement regulation.
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Abstract The phytohormone abscisic acid (ABA) plays an essential role in the 
abiotic stress response and tolerance of plants, especially during water-related 
stresses. Thus, ABA is also known as a plant stress hormone. In response to 
drought and/or salinity stresses, the expression of many ABA-responsive genes 
is16.1 induced. Several transcription factors and their corresponding DNA target 
sequences have been identified to control this biological response on the molecu-
lar level. Drought stress can directly induce ABA biosynthesis, transportation, 
and release from its storage form. The activity of ion channels, located on the 
guard cell membrane, is modulated by drought and/or salinity stresses to regu-
late stomata movement, which can be simulated by treatment with ABA. In this 
chapter, we focus on the ABA regulation of drought and salt responses in plants, 
examining gene expression, stress signaling, and ion homeostasis under these 
stresses.

Keywords Drought stress · Salt stress · ABA · Plant responses

16.1  Introduction

Drought and salt stresses are two major environmental constrains threatening plant 
growth and distribution. More than 10 % of the arable land has suffered from 
drought and salinity, resulting in more than 50 % crop losses worldwide (Bray 
et al. 2000; Roychoudhury et al. 2013). Dry soil during a drought causes photo-
synthetic decline, which affects nutrient availability. Salinity can result in physi-
ological drought and ion toxicity (Zhu 2002). Most of the high salinity-inducible 
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genes are also induced by drought, indicating extensive overlapping mechanisms 
between drought and salt stresses (Roychoudhury et al. 2013). Both stresses can 
induce cellular dehydration, causing osmotic stress that triggers the biosynthesis 
and increases the endogenous levels of the phytohormone abscisic acid (ABA). 
Conversely, exogenous application of ABA induces many genes that normally 
respond to drought and high salinity (Shinozaki et al. 2003; Zhu 2002). ABA con-
trols stress adaptation responses and regulates water balance and is the most stud-
ied stress-responsive hormone (Peleg and Blumwald 2011). In this chapter, we 
will examine the roles of ABA in tolerance resulting from drought and salt stresses 
using the probable working model shown in Fig. 16.1.

Fig. 16.1  A model for abscisic acid (ABA)-involved responses to drought and salt stresses in 
Arabidopsis. Drought and high salinity induce increased levels of endogenous ABA, which is 
regulated by the balance of ABA biosynthesis and catabolism mediated by NCED and CYP707A 
genes, respectively. The increased endogenous ABA levels result in the formation of the ABA-
PYR/PYL-PP2C ternary complex. This complex activates SNF1-related protein kinase 2 
(SnRK2s) to phosphorylate downstream components in response to cell dehydration, leading 
to ion transport and stomata closure, expression of stress-responsive genes, etc. ABCG25 and 
ABCG40, as major ABA transporters, play central roles in response to drought and salt stresses. 
Transcription regulatory circuit of major cis-acting elements, transcription factors responding 
to drought and high salinity in cell nuclei are shown in the light purple region. Transcription 
factors involved in regulation of stress-inducible gene expression are shown as colored ellipses. 
Cis-acting elements are shown in gray boxes. Small deep purple circles reveal phosphorylation 
modifications of transcription factors in response to stress signals. SnRK2s are shown in the hex-
agon. Red and orange characters represent the transcription regulatory circuit that responds to the 
drought and salt stresses in an ABA-dependent manner. Green characters represent the transcrip-
tion regulatory circuit in response to stress conditions through an ABA-independent pathway. 
(Figure is modified from the following sources: Miyakawa et al. 2013; Nakashima et al. 2009; 
Roychoudhury et al. 2013; Umezawa et al. 2010).
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16.2  Drought and Salt Stresses Induce ABA-Responsive 
Gene Expression

As sessile organisms, plants cannot adjust their location during unfavorable 
 circumstances such as drought and high salinity. Facing these stressful triggers, a 
long-distance signaling transduction event in plants will start with signal percep-
tion, move to signal relay, and end with the stress response, that is, gene expres-
sion in the cell nuclei. The expression of stress-responsive genes will finally 
determine whether plants adapt and survive or succumb to the stressor.

Both drought and high salinity induce the expression of osmotic stress-
responsive (OR) genes, which are activated under stressful conditions but silent 
under normal conditions (Kawasaki et al. 2001; Roychoudhury et al. 2013; 
Seki et al. 2001, 2002). The ABA-responsive genes increased by drought and 
high salinity can be classified into two general groups. The first group includes 
genes that produce important metabolic proteins to protect cells and tissues 
from stressful conditions. These genes encode enzymes for the biosynthesis of 
osmolyte, acid metabolism, and cell detoxification, as well as those for water 
channel proteins, membrane transporters, proteins for protection of macromol-
ecules such as late embryogenesis abundant (LEA) proteins and osmotins, etc. 
The second group includes genes primarily encoding regulatory proteins for 
modulating downstream genes expression in response to stressful conditions, 
such as protein kinases, protein phosphatases, transcription factors, and so on. 
The transcription factors interact with cis-acting elements to regulate the expres-
sion of stress-inducible genes and finally confer tolerance to stress on the plants 
(Agarwal et al. 2006; Shinozaki and Yamaguchi-Shinozaki 2007). Epigenetic 
mechanisms have also been reported to participate in controlling the transcrip-
tion of stress-inducible gene expression, including DNA methylation, histone 
modifications, histone variants, and non-coding RNA (Chinnusamy and Zhu 
2009).

In the first group of genes discussed above, Rab16, Salt, and Osem from rice, 
Rab18 from Arabidopsis, and Rab17 and dehydrins from maize all belong to LEA 
or LEA-like genes. Overexpressing Rab16A, which originated from a salt-toler-
ant rice variety called pokkali, in tobacco resulted in enhanced tolerance to salt 
stress as well as increased gene expression under ABA, drought, and high salinity 
(Roychoudhury et al. 2007). Similarly, overexpressing the Rab16A gene in indica 
rice also conferred enhanced salt tolerance (Ganguly et al. 2012). ABA-activated 
protein kinase (AAPK) binds to dehydrin mRNA in response to both drought and 
ABA. The OPEN STOMATA1 (OST1) gene is induced by exogenous ABA in pro-
toplasts of guard cells. Both AAPK and OST1 belong to ABA-activated SNF1-
related protein kinases (SnRKs), which function in stomatal closure under drought 
stress (Himmelbach et al. 2003). Arabidopsis overexpressing the AtHD2C gene, a 
member of the histone deacetylases (HDACs) family, show enhanced drought and 
salt tolerance in addition to an up-regulation of the LEA class of genes. This indi-
cates that histone deacetylation plays a role in ABA and osmotic stress responses 
(Sridha and Wu 2006).
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The expression of ABA-responsive genes is important for plant adaptation 
and survival under drought and salt stresses. Fine regulatory mechanisms are 
necessary for a correct expression of these stress-inducible genes, and the tran-
scriptional regulation of gene expression responsive to drought and high salinity 
depends on the interaction of transcription factors with regulatory elements, which 
usually results in the expression of multiple stress-inducible genes, thus confer-
ring improved plant stress tolerance. The transcription regulatory circuits, which 
comprise the main cis-acting elements, transcription factors, and other necessary 
components, in response to drought and salt stresses in the dicotyledonous model 
plant Arabidopsis, are shown in Fig. 16.1. The primary regulatory elements and 
transcription factors will be described next.

16.2.1  ABRE Element and bZIP-Type Transcription Factors

Many ABA-inducible genes contain a conserved ABA-responsive element, ABRE, 
an 8-bp cis-acting sequence (PyACGTGGC), in the promoter regions. ABRE, 
often together with a coupling element (CE), forms an ABA-responsive complex 
(ABRC) (Hobo et al. 1999a). This complex is the most important cis-acting DNA 
element involved in ABA-responsive gene expression.

The ABRE element interacting with transcription factors, also known as 
ABRE-binding factors (ABFs) or ABRE-binding proteins (AREBs), belong 
to the basic leucine zipper (bZIP) family (Choi et al. 2000; Uno et al. 2000). 
In Arabidopsis, approximately 75 distinct bZIP-type transcription fac-
tors have been identified (Jakoby et al. 2002). Among them, AREB1/ABF2, 
AREB2/ABF4, and ABF3 were induced by drought, high salinity, and ABA 
in vegetative tissues (Koornneef et al. 1982; Uno et al. 2000). Overexpression 
of ABF3 and ABF4 in Arabidopsis led to ABA-hypersensitive and enhanced 
drought-tolerant phenotypes, as well as an up-regulated expression of some 
ABA-responsive genes (Kang et al. 2002). Overexpression of the active form 
of ABF2/AREB1 also resulted in significantly improved drought tolerance in 
transgenic Arabidopsis plants (Fujita et al. 2005; Kim et al. 2004). By contrast, 
the areb1 areb2 abf3 triple mutant displays an ABA-insensitive phenotype and 
reduced drought tolerance. Accordingly, the expression of stress-responsive 
genes is largely impaired in the triple mutant (Yoshida et al. 2010). Another 
bZIP-type transcription factor ABA-insensitive 5 (ABI5) induced by drought 
and ABA in seeds and seedlings was cloned (Finkelstein and Lynch 2000; 
Lopez-Molina and Chua 2000). The transcription factor responsible for ABA 
regulation1 (TRAB1), a homolog of ABI5 in rice, was induced by ABA, drought, 
and salt stress (Hobo et al. 1999b). In soybeans, “Group A”-type bZIP proteins 
play important roles in ABA and stress signaling. For instance, the GmbZIP 
gene endowed soybeans with salt tolerance (Liao et al. 2008). In short, the 
bZIP-ABRE system is the key ABA-dependent signal transduction pathway 
under drought and high salinity stresses.
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16.2.2  Additional Cis-Acting Elements  
and Transcription Factors

In addition to ABRE, MYC and MYB elements (Abe et al. 2003) and the NAC 
recognition sites (NACRS) (Fujita et al. 2004; Tran et al. 2004) have also been 
identified as functioning in ABA-inducible gene expression under drought and salt 
stress conditions.

MYC and MYB recognition sites, present in the promoter region of the RD22 
gene, play key roles in ABA-mediated dehydration-inducible expression of RD22. 
Transgenic Arabidopsis overexpressing AtMYC2, AtMYB2, or the two genes 
 simultaneously were hypersensitive to ABA and showed enhanced tolerance to 
osmotic stress (Abe et al. 2003). Overexpressing OsMYB3R-2, an R1R2R3-type 
MYB transcription factor from rice, in transgenic Arabidopsis enhanced resistance 
to drought and salt stresses as well as decreased sensitivity to ABA (Dai et al. 2007).

The cis-acting elements, which usually contain CATGT and harbor CACG 
core sequences, that are bound by NAC transcription factors are called NACRS. 
The Arabidopsis RD26/ANAC072 gene encodes a NAC protein, which can recog-
nize NACRSs in the promoters of some stress-inducible genes and activate their 
expression. Moreover, the promoter itself also contains a NACRS that is induced 
by drought, high salinity, and ABA. Transgenic plants overexpressing RD26 were 
hypersensitive to ABA and showed up-regulated expression of ABA and stress-
inducible genes, whereas plants with the RD26 gene repressed exhibited the con-
verse phenotype (Fujita et al. 2004).

Additionally, an ABA-independent pathway exists in plants, which is mediated 
by the interaction of other transcription factors and cis-acting elements in response 
to drought and salt stresses. It has been widely reported that the dehydration-respon-
sive element/C-repeat (DRE/CRT), with a 9-bp core sequence (TACCGACAT), 
acts in response to drought and high salinity through an ABA-independent signal 
transduction pathway (Yamaguchi-Shinozaki and Shinozaki 1994). DREB2, an 
APETALA2 (AP2)-type transcription factor induced by drought and high salinity, 
transactivates the promoter containing the DRE element of stress-responsive genes. 
Transgenic Arabidopsis plants overexpressing the constitutively active DREB2A 
(DREB2A-CA) showed enhanced drought tolerance (Sakuma et al. 2006). Maize 
ZmDREB2A overexpression in Arabidopsis conferred drought stress tolerance as 
did DREB2A-CA overexpression (Qin et al. 2007). Another AP2-type transcription 
factor, DREB1/CBF, has downstream genes that always contain DRE/CRT elements 
(Maruyama et al. 2004). Overexpressing DREB1A in transgenic rice increased 
stress tolerance to drought and high salinity (Oh et al. 2005). The homolog of 
DREB1 in rice, OsDREB1A, was induced by high salinity but not by ABA, and 
its overexpression in transgenic Arabidopsis improved salt tolerance (Dubouzet 
et al. 2003). The homolog of DREB1 in maize, ZmDREB1A, was also identified 
(Qin et al. 2004), and ZmDREB1A overexpression in Arabidopsis led to enhanced 
drought tolerance. CBF4 is the one DREB1 homolog in Arabidopsis to function in 
an ABA-dependent manner; it is increased by drought and ABA. Overexpression 
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of CBF4 in transgenic Arabidopsis enhanced drought tolerance and up-regulated 
DRE containing stress-responsive genes (Chinnusamy et al. 2004; Haake et al. 
2002). The early response to dehydration1 gene (ERD1), a NAC family member, 
responded to drought and high salinity but not to ABA (Nakashima et al. 1997). 
There are two types of cis-acting elements in the promoter region of ERD1. One, 
a MYC-like sequence (CATGTG) named NACRS, is recognized and bound by 
NAC-type transcription factors (Tran et al. 2004). The other, a 14-bp rps1 site 1-like 
sequence, binds to the zinc finger homeodomain (ZFHD) transcription factor. Both 
cis-acting elements are necessary for the expression of ERD1 under dehydration 
stress. The NAC protein functions as a transcription activator alone or in coopera-
tion with the ZFHD protein to regulate the expression of the ERD1 gene.

16.3  Comparison of Arabidopsis with Crops

In order to understand the regulatory mechanisms underlying ABA-inducible 
gene expression under drought and salt stresses, transcription factors and interna-
tional cis-acting elements involved in ABA signaling were initially investigated 
and reported in the dicotyledonous model plant Arabidopsis. Later, the survey 
was extended to important agricultural crops such as rice, maize, wheat, and bar-
ley because of their significant commercial value. The functions and mechanisms 
of transcription factors regulating gene expression in Arabidopsis and crops have 
some similarities and some differences.

The most important transcription factors, AREB/ABFs, regulate ABA-dependent 
gene expression by binding to the cis-acting elements like ABREs and CEs in the 
promoter regions of target genes. In Arabidopsis, activation of AREB1 requires 
multisite phosphorylation by ABA-responsive 42-KDa kinases. The overexpression 
of the phosphorylated active form of AREB1 in transgenic plants up-regulated the 
expression of ABA-inducible genes in the absence of ABA or under non-stressed 
conditions (Furihata et al. 2006; Uno et al. 2000). In addition, AAPKs, such as 
SnRK2.2, SnRK2.3, and SnRK2.6, that belong to the subclass β SnRK2 family, a 
central hub of ABA signaling, phosphorylate AREB1 to activate ABRE-regulated 
gene expression (Fujii et al. 2007; Furihata et al. 2006; Kobayashi et al. 2004; 
Umezawa et al. 2010). In rice, TRAB1, an ABF transcription factor, was rapidly 
phosphorylated in response to ABA (Kagaya et al. 2002). Kobayashi et al. (2005) 
reported that the ABA-activated SnRK2 in rice phosphorylated TRAB1. OSRK1, 
a protein kinase belonging to the SnRK2 rice family, phosphorylated OREB1, an 
ABRE-binding factor (Chae et al. 2007). In wheat, PKAB1, the ortholog of wheat 
SnRK2, phosphorylated TaABF, a wheat AREB protein (Johnson et al. 2002). 
Hence, phosphorylation modifications by protein kinases to activate ABF-type tran-
scription factors play similar roles in the expression of AREB/ABF-regulated ABA-
responsive genes under drought and salt stresses in both Arabidopsis and crops.

In Arabidopsis, a negative regulatory domain occurs within the DREB2A pro-
tein. Deletion of this domain transforms DREB2A into the constitutively active 
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DREB2A-CA, which is more stable in the cell nucleus than the full DREB2A pro-
tein. Transgenic Arabidopsis overexpressing DREB2A-CA rather than full length 
of DREB2A show strong drought tolerance as well as up-regulated expression of 
stress-inducible genes. This indicates that the negative regulatory domain is responsi-
ble for regulating the stability of DREB2A, and it is important for DREB2A to func-
tion under drought stress conditions (Qin et al. 2008). The DREB2 gene homologs 
have also been identified in crops such as rice, wheat, barley, maize, and pearl millet 
(Agarwal et al. 2007; Dubouzet et al. 2003; Egawa et al. 2006; Qin et al. 2007; Shen 
et al. 2003; Xue and Loveridge 2004), and most of these genes respond to drought 
and high salinity. In contrast to the DREB2A in Arabidopsis, the functional forms of 
the alternatively spliced DREB2A transcripts in wheat, barley, and maize are induci-
ble by stress conditions, although the non-functional transcripts are abundant (Egawa 
et al. 2006; Qin et al. 2007; Xue and Loveridge 2004). Hence, different regulatory 
mechanisms underlie DREB2A function in Arabidopsis and crops.

Although DREB1A/CBF3 and DREB1B/CBF1 are not rapidly induced by 
drought and high salinity, overexpression of DREB1A or DREB1B in transgenic 
Arabidopsis improves stress tolerance to drought and salt stresses (Jaglo-Ottosen 
et al. 1998; Kasuga et al. 1999; Liu et al. 1998). This indicates that DREB1 targets 
multiple genes. Most of the downstream target genes contain DRE/CRT elements 
in their promoter regions and respond to stress tolerance, such as genes encod-
ing phospholipase C, sugar transport protein, LEA protein, and osmoprotectant 
biosynthesis proteins (Maruyama et al. 2004). DREB1 homolog genes have been 
isolated from rice, wheat, barley, maize, and sorghum (Brautigam et al. 2005; 
Dubouzet et al. 2003; James et al. 2008; Qin et al. 2004; Skinner et al. 2005; 
Vagujfalvi et al. 2005; Xiong and Fei 2006; Xue 2003; Zhao and Bughrara 2008). 
Transgenic Arabidopsis or tobacco plants overexpressing DREB1 homolog genes 
derived from other species exhibit enhanced drought stress tolerance as well as 
a significant increase in the expression of stress-inducible genes under control 
conditions (Dubouzet et al. 2003; Qin et al. 2004; Skinner et al. 2005; Xiong and 
Fei 2006; Zhao and Bughrara 2008). Overexpressing transgenic rice DREB1A in 
Arabidopsis accumulates osmoprotectants under non-stress conditions. The trans-
genic tall fescue, harboring DREB1A driven by the stress-inducible RD29A pro-
moter, showed a marked accumulation of proline under drought stress (Zhao et al. 
2007). Transgenic rice overexpressing rice OsDREB1A or Arabidopsis DREB1B 
caused expression of downstream stress-inducible genes (Ito et al. 2006; Lee et al. 
2004). In summary, DREB1 proteins derived from crops function similar to those 
in Arabidopsis.

In Arabidopsis, three NAC-type proteins, ANAC19 (At1g52890), ANAC055 
(At3g15500), and ANAC072 (RD26, At4g27410), were isolated using yeast one-
hybrid screening. These three NAC proteins, together with the ZHFD1 protein, as 
transcription activators, cooperatively regulate the expression of the ERD1 gene, 
which causes acquired stress tolerance to drought and high salinity in transgenic 
plants (Fujita et al. 2004; Tran et al. 2004). In rice, six NAC transcription factors 
have been identified (Ooka et al. 2003). Among them, overexpression of SNAC1 
and SNAC2 in transgenic rice resulted in enhanced drought and salt tolerances 
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(Hu et al. 2006, 2008). In addition, the yield of transgenic rice plants expressing 
SNAC1 was not penalized under favorable growing conditions (Hu et al. 2006), 
and under severe drought stress conditions, these plants still showed stronger 
drought tolerance compared with control plants. OsNAC6, another NAC transcrip-
tion factor, is induced not only by drought, high salinity, and ABA but also by 
blast disease, jasmonic acid, and wounding. Therefore, OsNAC6 overexpression 
in transgenic rice confers enhanced stress tolerance to drought and high salinity 
as well as a strong tolerance to blast disease. The NAC transcription factor gene, 
ONAC010, regulated senescence and improved grain protein and ion content in 
wheat (Uauy et al. 2006). These results indicate that compared with Arabidopsis, 
NAC transcription factors in crops not only function in response to drought and 
salt stresses but are also involved in functions such as seed quality and disease 
resistance.

In conclusion, in the regulatory circuits responding to drought and salt stresses, 
many common mechanisms are shared by Arabidopsis and crops. However, it is 
essential to attend to their differences when effectively improving a correspond-
ing trait in agriculturally important crops using gene transfer technology from 
Arabidopsis. The transcription factors, as central regulators of gene expression, 
will likely become preferential targets for genetic engineering.

16.4  Enhanced ABA Perception, Biosynthesis,  
and Transportation Improve Plant Dehydration 
Stress Tolerance

The discovery of the novel ABA-soluble receptor pyrabactin resistance1 
(PYR)/PYR1-like (PYL)/regulatory components of ABA receptors (RCAR) by 
two independent research groups is known as the crucial breakthrough in recent 
ABA signaling studies. ABA binds these receptors and inhibits the activity of 
protein phosphatases 2C (PP2Cs), including ABI1, ABI2, and HAB1, abro-
gating the inhibition of subclass III sucrose non-fermenting-1 (SNF1)-related 
protein kinase 2 (SnRK2s), switching on the expression of downstream stress-
responsive genes. PYR/PYL/RCAR together with ABA, PP2Cs, and SnRK2s 
constitute the core ABA signaling components that play essential roles in plants 
for responding to cellular dehydration. The overexpression of PYR/PYL/PCAR 
proteins, such as PYL5/RCAR3, PYL8/RCAR3, and RCAR1/PYL9, in trans-
genic Arabidopsis enhanced the response to ABA and afforded higher resist-
ance to drought by inhibiting the activity of downstream PP2Cs (Ma et al. 2009; 
Park et al. 2009; Saavedra et al. 2010; Santiago et al. 2009). By contrast, the 
pyr1 pyl1 pyl2 pyl4 quadruple mutant exhibited less sensitivity to ABA-induced 
stomatal closure and ABA-inhibited stomatal opening (Nishimura et al. 2010). 
Similarly, the pyr1 pyl1 pyl2 pyl4 pyl5 pyl8 sextuple mutant was insensitive to 
ABA and showed increased stomatal aperture and leaf transpiration, as well 
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as severely impaired expression of ABA-responsive genes (Gonzalez-Guzman 
et al. 2012). With the discovery of the ABA receptor, quinabactin, a sulfona-
mide ABA agonist, was found to form a hydrogen bond with the PYL2/PP2C 
complex, which elicited ABA responses in vegetative tissues, such as promot-
ing stomata closure, reducing water loss, and enhancing drought tolerance in 
Arabidopsis and soybean (Okamoto et al. 2013). Cao et al. (2013) recently iden-
tified a small-molecule ABA mimic (AM1) that activates multiple members of 
ABA receptors in Arabidopsis, according to crystal structural evidence and the 
layer of gene expression, to protect plants from drought stress and decreased 
water loss. These reports provide new technologies for improving stress toler-
ance of plants mediated through enhanced ABA signaling by receptors or ABA 
agonists/mimics.

Many of the genes encoding enzymes involved in ABA biosynthesis have been 
identified, such as 9-cis-epoxycarotenoid dioxygenase (NCED), abscisic aldehyde 
oxidase (AAO3), MoCo sulfurase (AtABA3), and zeaxanthin epoxidase (AtZEP), 
which all show increased expression during plant dehydration (Iuchi et al. 2001; 
Nambara and Marion-Poll 2005; Seo et al. 2000; Vogel et al. 2005; Xiong et al. 
2001). Among them, NCED is the key enzyme responsible for ABA biosynthe-
sis; the expression of the NCED gene in either Arabidopsis or tomato increased 
the level of ABA (Iuchi et al. 2001; Thompson et al. 2000b). Furthermore, NCED 
mRNA accumulates mainly in vascular tissues, consistent with ABA biosyn-
thetic sites. NCED is reportedly induced by drought stress in several plant spe-
cies, including Arabidopsis, tomato, maize, bean, and cow pea (Iuchi et al. 
2000; Qin and Zeevaart 1999; Tan et al. 1997; Thompson et al. 2000a, b). In 
Arabidopsis, AtNCED3 is induced by drought and high salinity. The overexpres-
sion of AtNCED3 in transgenic plants enhanced dehydration stress tolerance, 
whereas knockouts of AtNCED3 resulted in a dehydration-sensitive phenotype 
(Iuchi et al. 2001). Transgenic tobacco plants overexpressing SgNCED1 originat-
ing from Stylosanthes guianensis exhibit increased accumulation of ABA in leaves 
as well as enhanced stress resistance to drought and high salinity. The overexpres-
sion of LeNCED1 in tomato plants also resulted in ABA accumulation (Thompson 
et al. 2007). Under drought stress, the induction of VuNCED1 in cowpeas pre-
cedes ABA accumulation. This suggests that the transcriptional regulation of the 
VuNCED1 gene is responsible for the drought-induced ABA accumulation (Iuchi 
et al. 2000). The regulation of endogenous ABA levels depends not only on the 
rate of ABA synthesis but also on the rate of its catabolism. The CYP707A3 gene 
encoding an ABA 8’-hydroxylase in Arabidopsis is highly induced by ABA and 
by rehydration. It is the major enzyme responsible for catalyzing ABA degrada-
tion (Saito et al. 2004). The cyp707a3 mutant plants show reduced transpiration 
rates, enhanced drought tolerance, higher ABA accumulation, and hypersensitiv-
ity to exogenous ABA compared with the wild type. By contrast, plant constitu-
tive expression of the CYP707A3 gene exhibited an opposite phenotype (Umezawa 
et al. 2006). In light of the finding that NCED overexpression in plants also 
hyperaccumulates phaseic acid, it is likely that ABA regulates the accumulation 
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of phaseic acid by activating its catabolism (Qin and Zeevaart 2002). Therefore, 
the levels of ABA are tightly modulated by the balance between ABA biosynthesis 
and catabolism under stressful conditions, and it is feasible to regulate the level of 
endogenous ABA, which can change the drought tolerance of plants.

ABA-induced stomata closure to reduce transpiration and prevent water loss is 
crucial for plants under osmotic stresses, such as those induced by drought and 
high salinity. Many signaling components participate in this reaction, including 
Ca2+, nitric oxide, reactive oxygen species, protein kinases, protein phosphatases, 
G protein, G protein-coupled receptors, and phosphatidic acid. The effect of ABA 
on stomatal closure is to reduce turgor and volume in guard cells, which is medi-
ated by cation and anion effluxes and leads to the depolarization of guard cells 
(Roychoudhury and Paul 2012). ABA is known to function in stomata consist-
ing of two guard cells, but is mainly biosynthesized in vascular tissues (Cheng 
et al. 2002; Koiwai et al. 2004; Okamoto et al. 2009). This indicates that ABA 
transport is crucial for proper ABA function and thus for correct physiologi-
cal responses. AtABCG40, an ATP-binding cassette (ABC) transporter gene, was 
identified in Arabidopsis as an ABA importer in plant cells (Kang et al. 2010). 
Yeast or BY2 cells expressing AtABCG40 show an increase in ABA uptake. By 
contrast, protoplasts of atabcg40 mutants show a decrease in ABA uptake. In the 
atabcg40 mutant, ABA-induced stomata closure is slower than that in the wild 
type and this directly results in reduced drought tolerance. The expression of the 
ABA-responsive genes is accordingly delayed in response to exogenous ABA. 
AtABCG22 has been identified as a member of AtABCG family gene encoding a 
half-size ABC transporter in Arabidopsis and is responsible mainly for stomatal 
regulation. The atabcg22 mutants were sensitive to drought stress, with lower leaf 
temperatures and increased water loss compared with the wild type (Kuromori 
et al. 2011). Another ABA importer, the ABA-importing transporter1 (AIT1) ini-
tially named NRT1.2/NPF4.6, has also been characterized (Huang et al. 1999; 
Kanno et al. 2012). AIT1 is mainly expressed in vascular tissues, where ABA is 
biosynthesized, and acts as an ABA importer responsible for ABA transport from 
its site of synthesis to its site of function, where it facilitates and regulates sto-
mata closure responding to drought stress. The ait1 mutants showed decreased 
sensitivity to exogenously applied ABA, whereas plants overexpressing AIT1 
were more sensitive to ABA (Kanno et al. 2012). In addition, AtABCG25, another 
ABC transporter, is responsible for exporting ABA from inside to outside of cells 
in vascular tissues, playing an important role in stomatal closure. Thus, the over-
expression of AtABCG25 causing an ABA-insensitive phenotype as well as an 
increase in leaf surface temperature may be a result of stomatal closure (Kuromori 
et al. 2010).

In conclusion, newly discovered ABA receptors and genes involved in the regu-
lation of the levels of ABA, as well as ABA transporters responsible for translocat-
ing ABA from sites of biosynthesis to functional sites have greatly enriched our 
knowledge regarding plant responses to drought and salt stresses and have broad-
ened our gene resources and generated new technologies in genetic engineering to 
improve stress tolerance in plants.
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16.5  ABA and Maintenance of Ion Homeostasis Under 
Drought and Salt Stresses

High salinity stress usually causes osmotic stress when ions accumulate in the 
space outside plant cells, whereas it may cause ionic stress when ions concentrate 
inside plant cells (Galvan-Ampudia and Testerink 2011). Plants suffer ionic stress 
not only from the toxic effects of the high cytosolic Na+ concentration but also 
from the disrupted K+ homeostasis resulting from Na+ competing for K+ bind-
ing sites, which leads to a high Na+/K+ ratio. Maintenance of ionic homeosta-
sis by plants is particularly important for adaptation and survival under salt stress 
conditions. Hence, plant cells must initiate ion transport systems to maintain ion 
homeostasis and avoid ion toxicity. The maintenance of ionic homeostasis during 
drought stress is equally as important as that in salt stress, and ABA participates in 
regulating ion transporters/channels responding to both high salinity and drought.

The most well-known family involved in ion transport is the NHX family, 
which belongs to the monovalent cation–proton antiporter superfamily (Chanroj 
et al. 2012; Manohar et al. 2011; Sze et al. 2004). Among NHX family mem-
bers, the salt overly sensitive (SOS) pathway has been intensively studied. The 
salt overly sensitive1 (SOS1)/NHX7, a Na+/H+ antiporter, was identified by 
screening Arabidopsis salt-sensitive mutants (Wu et al. 1996). SOS1 is local-
ized at the plasma membrane, and its transcript level is up-regulated by salt 
stress but not by ABA (Oh et al. 2010). SOS1 is responsible for Na+ extrusion 
from the cytosol to the extracellular space to maintain the intracellular Na+ 
concentration at an appropriate level under high salinity stress (Shi et al. 2002; 
Wu et al. 1996). SOS1 requires SOS2 and SOS3 to facilitate proper function. 
SOS2 encodes a SnRK3 protein kinase with an N-terminal catalytic domain 
and a C-terminal regulatory domain, which phosphorylates the serine residue 
(S1138) in the C-terminal domain of SOS1 localized in the cytosol (Liu et al. 
2000). SOS3, a calcium sensor, encodes a myristoylated calcium-binding protein 
that senses cytosolic Ca2+. Under high salinity stress, high Na+ induces SOS3 
binding to cytoplasmic Ca2+, facilitates the formation of the SOS3-SOS2 com-
plex, and recruits SOS2 to the plasma membrane to phosphorylate and activate 
SOS1. The activated SOS1 promotes Na+ efflux to reduce the cytosolic Na+ 
concentration and mitigate the toxic effects of high salinity (Qiu et al. 2002; 
Quintero et al. 2011; Zhu 2003). In addition, the MAP kinase MPK6, CBL10, 
SOS3-like SCaBP8, and GIGANTEA (GI) play roles in the SOS pathway. NaCl-
induced phosphatidic acid accumulation activates MPK6, which phosphoryl-
ates the C-terminal of SOS1, and the activated SOS1 responds to the salt stress 
(Yu et al. 2010). CBL10 interacts with SOS2 and further regulates the activation 
of SOS1. GI is reported to be involved in the SOS pathway, as its degradation 
releases SOS2 to activate SOS1 under salt stress (Kim et al. 2013). SOS1 func-
tions especially at epidermal tissues, and SOS1 mRNA accumulation in salt-tol-
erant T. salsuginea is higher than that in Arabidopsis (Dinneny et al. 2008; Oh 
et al. 2009). In addition, other NHX family members, for instance, NHX5 and 



326 Y. Ma and F. Qin

NHX6, are also involved in cellular Na+/K+ homeostasis as well as pH bal-
ance. The nhx5nhx6 double mutant exhibited hypersensitivity to high salinity 
stress (Bassil et al. 2011). The homolog of SOS1 in the salinity-tolerant species 
Chrysanthemum crassum (CcSOS1) was identified and found to share approxi-
mately 62 % amino acid sequence identity with the SOS1 in Arabidopsis. The 
CcSOS1 transcript abundance is increased by drought stress. However, its tran-
script level is down-regulated in the leaves of C. crassum in the presence of ABA, 
which indicates that ABA may participate in the expression of CcSOS1 (Song 
et al. 2012). In addition to SOS3, the protein phosphatase 2C, ABI2, has been 
recognized as another SOS2-interacting protein based on a yeast two-hybrid 
screening. Their interaction depended on the conserved protein phosphatase inter-
action (PPI) motif that presented in SOS2 family proteins with 37 amino acid 
residues. The abi2-1 mutant showed increased salt tolerance, decreased ABA sen-
sitivity, and a disrupted interaction between SOS2 and ABI2 (Ohta et al. 2003). 
At least, 23 SOS2-like protein kinase (PKSs) and 8 SOS3-like binding proteins 
(SCaBPs) exist in the Arabidopsis genome (Guo et al. 2001). Guo et al. reported 
that pks3 and scabp5 mutants displayed an ABA hyperinsensitive phenotype as 
well as an up-regulated expression of drought stress-responsive genes, such as 
RD29A. Furthermore, the ScaBP5-PKS3 complex specifically responds to ABA-
induced Ca2+ signaling. This complex together with ABI2 constitutes part of a 
negative regulatory loop that controls ABA sensitivity (Guo et al. 2002). Another 
SOS2-like protein kinase gene PKS18 was identified in Arabidopsis. Transgenic 
plants expressing constitutively active forms of PKS18 (PKS18T/D) were 
hypersensitive to ABA, and the PKS18T/D knockdown plant showed an ABA-
insensitive phenotype (Gong et al. 2002).

AtHKT1, a Na+ transporter localized at the plasma membrane and expressed 
especially in vascular tissues, is putatively responsible for the Na+ efflux from 
xylem vessels under high salinity (Kato et al. 2001; Rus et al. 2001). The hkt1-1 
mutant was sensitive to salt stress because of the excessive accumulation of Na+ 
accumulated in the shoots (Berthomieu et al. 2003). Hence, AtHKT1 is involved 
in Na+ translocation in roots and shoots and in Na+ accumulation in leaves (Horie 
et al. 2007; Moller et al. 2009; Sunarpi et al. 2005). HKT transporter genes have 
also been identified in crop plants, such as wheat and the wheat-relative Triticum 
monococcum and have similar functions as those in Arabidopsis (Munns et al. 
2012). Other types of HKT family members, such as TaHKT2;1 from Triticum 
aestivum, TsHKT1;2 from Thellungiella salsuginea, and EcHKT1;2 from 
Eucalyptus camaldulensis, also participate in K+ transport to maintain K+/Na+ 
balance under salt stress (Ali et al. 2012; Ardie et al. 2009; Laurie et al. 2002; Liu 
et al. 2001; Schachtman and Schroeder 1994). Shkolnik-Inbar et al. reported that 
ABI4 reduced the expression of AtHKT1 to further affect salt tolerance. This indi-
cates that ABA-signaling components are involved in the regulation and expres-
sion of ion transporters (Shkolnik-Inbar et al. 2013).

Additionally, K+ channels such as AKT2 and KAT2, both encoding K+ inward 
rectifying channels, and SKOR, a K+ outward rectifying channel, are all expressed 
in vascular tissue and play important roles in K+ homeostasis (Gaymard et al. 
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1998; Lebaudy et al. 2010; Marten et al. 1999; Pilot et al. 2001; Xicluna et al. 
2007). ABA up-regulated the expression of AKT2 and decreased the expression 
of SKOR under drought and high salinity stresses (Deeken et al. 2002; Gaymard 
et al. 1998; Lacombe et al. 2000; Marten et al. 1999). Cherel et al. (2002) pro-
vided evidence that AtPP2CA, a protein phosphatase involved in ABA signaling, 
interacts with AKT2 and is considered a partner of AKT2. It was reported that 
SRK2E/OST1/SnRK2.6, one of the subclass β SnRK2 family members, global 
regulators of ABA signaling, inhibits the activity of KAT1, an inward K+ channel, 
through phosphorylation of the threonine site at the C-terminal domain of KAT1. 
This in turn enhances drought tolerance (Ichida et al. 1997; Sato et al. 2009; 
Szyroki et al. 2001). GORK encodes a K+-release channel that is expressed mainly 
in guard cells, roots, and vascular tissue and is up-regulated by ABA, drought, and 
high salinity. It is responsible for the K+ efflux from guard cells, a main mecha-
nism to reduce cell turgor and induce stomata closure. PP2Cs, core ABA-signaling 
components, regulate the expression of GORK (Becker et al. 2003). The multiple 
gene mutants of the K+ uptake transporter gene, kup268 and kup68 gork, exhibit 
decreased drought stress tolerance. Furthermore, SRK2E phosphorylates KUP6, 
indicating that ion transport system directly regulated by ABA signaling plays 
important roles in response to drought stress (Osakabe et al. 2013a).

In conclusion, drought and high salinity stresses may lead to an imbalance in 
ion homeostasis. Maintenance of ion homeostasis is vital for the adaptation and 
survival of plants under stressful conditions. Ion transporters or channels are 
mainly responsible for ion transport and flow to maintain ion homeostasis and 
to avoid ion toxicity. ABA may participate by the interaction of ABA-signaling 
components with ion transporters/channels. According to relatively recent reports, 
ABA is primarily involved in the modulation of ion transporters/channels by 
phosphorylation/dephosphorylation modifications in the cytosolic domains of the 
ion transporters/channels through protein kinase SnRK2s, the ABA “core sign-
aling components” (Hubbard et al. 2010; Osakabe et al. 2013b; Umezawa et al. 
2010).
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Abstract Low temperature is a major environmental factor that limits plant 
growth, productivity, and distribution. To ensure optimal growth and survival, 
plants must respond and adapt to cold stress using a variety of biochemical and 
physiological processes. Currently, the most thoroughly understood cold-signal-
ling pathway is the C-repeat binding factor/DRE-binding factor (CBF/DREB) 
transcriptional regulatory cascade. Abscisic acid (ABA) is an important stress 
hormone in plants that has been demonstrated to be involved in the cold stress 
response through regulation of a set of specific stress-responsive genes. The cur-
rent consensus is that both ABA-dependent and ABA-independent pathways are 
involved in plant responses to cold stress. This chapter summarises recent progress 
made in our understanding of cold signalling and the role of ABA in cold stress, 
and we also address cross talk between ABA and several classical phytohormones 
that integrate with cold signalling.

Keywords Cold signalling · ABA regulation · Plant responses · Cross talk

17.1  Introduction

As sessile organisms, plants suffer from a variety of abiotic environmental 
stresses, including low temperature, which can limit plant growth and the geo-
graphic distribution of a plant species, potentially impacting the reproduction 
of economically important crops. To adapt to adverse environments, plants have 
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evolved a number of complex mechanisms to avoid or tolerate cold stress. Cold 
acclimation is one of the most thoroughly understood mechanisms contributing to 
increased cold tolerance in plants. During cold acclimation, plants modulate multi-
ple morphological and physiological processes in order to establish a new state of 
cellular and metabolic homeostasis, which also involves in changes in phytohor-
mone homeostasis, allowing for adaptation to stressful conditions (Hirayama and 
Shinozaki 2010; Theocharis et al. 2012; Zhu et al. 2007).

Abscisic acid (ABA) is a well-known stress hormone that plays a crucial role in 
dehydration stress. However, it has also been suggested that ABA plays a role in 
cold acclimation by triggering specific cellular and molecular osmotic responses. 
This chapter highlights the latest advances in our understanding of cold-response 
mechanisms that are either directly or indirectly influenced by ABA signalling. 
In particular, we focus on the regulatory networks used for signal perception, sig-
nal transduction, and the regulation of stress-responsive genes. Furthermore, both 
antagonistic and synergistic cross talk between ABA and other plant hormones 
involved in cold signalling will be discussed.

17.2  Cold-Signal Sensing and Transduction Pathways

Low temperatures can severely disrupt the metabolism and physiological homeo-
stasis of plant cells and can even lead to plant death. Cold stress can be divided 
into non-freezing chilling stress (below 15 °C and above freezing point) and freez-
ing stress (below freezing point). Chilling stress inhibits the activities of enzymes 
involved in photosynthesis, respiration, and biochemical processes such as reac-
tive oxygen species (ROS) scavenging, leading to oxidative damage that can 
result in toxic compounds accumulation and the inhibition of metabolic reactions 
(O’Kane et al. 1996; Yang et al. 2005). Freezing stress results in the formation of 
intracellular ice crystals that induce cellular dehydration and osmotic stress, lead-
ing to membrane damage, and ultimately, to death of tissues (Uemura et al. 1995; 
Webb and Steponkus 1993). Most temperate plants are able to tolerate freezing 
stress following prior exposure to chilling, non-freezing temperatures, which 
is referred to as cold acclimation (Thomashow 1999). During cold acclimation, 
plants initiate global transcriptome changing and become tolerant to freezing tem-
peratures by increasing the accumulation of osmolytes (such as soluble sugars) 
and antifreezing proteins, as well as by altering membrane composition, which 
together protect plant cells from dehydration and metabolic disruption (Yamada 
et al. 2002).

It has been noted that a reduction in the fluidity of the plasma membrane 
appears to be a primary event for the cold signalling sensing (Yamada et al. 
2002). For example, in Synechocystis, histidine kinases (Hiks) are used to percept 
decreased levels of unsaturated fatty acids in the plasma membrane and activate 
the cold-induced des genes, which are responsible for the feedback maintenance 
of membrane lipid composition to modulate cold tolerance (Suzuki et al. 2000). 
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Lipid composition of membranes, especially the portion of galactolipids contain-
ing unsaturated fatty acids, is crucial for high plant species during cold acclima-
tion. In Arabidopsis, the expression of FAD2, which encodes an enzyme that is 
essential for polyunsaturated lipid synthesis. fad2 mutants show irregular mem-
brane composition and cannot survive at low temperature (Miquel et al. 1993). 
Similar chilling-sensitive phenotypes are also observed in loss-of-function fad5 
(Hugly and Somerville 1992). A recent study showed that a lipid desaturase, 
acyl-lipid desaturase2 (ADS2), is required for chilling and freezing tolerance in 
Arabidopsis and functions by altering membrane lipid composition (Chen and 
Thelen 2013). Furthermore, the Arabidopsis sensitive to freezing2 (SFR2) pro-
tein was identified as a galactolipid-remodelling enzyme that is localised to the 
outer chloroplast membrane, and it is essential for membrane lipid remodelling 
of chloroplast envelope under freezing stress (Moellering et al. 2010; Fourrier 
et al. 2008).

Under cold stress, membrane rigidity triggers second-messenger molecules 
such as Ca2+ and to activate complex signaling pathways involved in protein 
kinases or transcription-factor cascades (Viswanathan and Zhu 2002). However, 
the underlying mechanisms that plants use to perceive and transduce cold signals 
remain elusive. Currently, the most thoroughly understood cold-signalling path-
way is the ICE–CBF–COR transcriptional cascade, which plays a crucial role in 
the activation of multiple downstream cold-regulated (COR) genes (Thomashow 
2010) (Fig. 17.1). Acting as central nodes in the cold acclimation pathway, the 
C-repeat binding factors (CBFs) gene family is conserved in many plant spe-
cies. In Arabidopsis, three CBF transcription factors belonging to the AP2/ERF 
(apetala 2/ethylene-responsive factor) superfamily have been identified. CBFs are 
also known as dehydration-responsive element binding factors (DREBs), which 
recognise the conserved cold- and dehydration-responsive C-repeat/DRE DNA 
motifs found within the promoter regions of COR genes (Liu et al. 1998). CBF1 
overexpression triggers constitutive expression of the COR genes and induces 
freezing tolerance in Arabidopsis (Jaglo-Ottosen et al. 1998). Expression of the 
CBFs is rapidly induced by cold temperatures, and a growing number of stud-
ies have demonstrated that transcriptional regulation of the CBF genes is con-
trolled by multiple mechanisms. In Arabidopsis, CBF2 is a negative regulator of 
the expression of CBF1 and CBF3, and it plays an important role in freezing tol-
erance (Novillo et al. 2004; Novillo et al. 2007). To date, several key upstream 
regulators of the CBF genes have been identified and characterised. CAMTA3 
encodes a calmodulin-binding protein and acts upstream to activate CBF2 
expression by binding to the CG-element in its promoter region in response to 
cold signals (Doherty et al. 2009). The MYC-type, basic helix-loop-helix tran-
scriptional activator inducer of CBF expression 1 (ICE1) has been identified 
as a transcriptional activator that binds to MYC cis-elements within the CBF3 
promoter, and the expression of CBF3 and its target COR genes is impaired in 
ice1-mutant plants during cold acclimation. In addition, overexpression of ICE1 
in Arabidopsis results in increased freezing tolerance, supporting a pivotal role 
for ICE1 in the cold stress response (Chinnusamy et al. 2003). The transcription 
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factor EIN3 was shown to negatively regulate expression of the CBFs by directly 
binding to CBF promoters to modulate the cold stress response in plants. 
Furthermore, a loss-of-function ein3 mutant shows enhanced freezing toler-
ance, whereas overexpression of EIN3 leads to decreased freezing tolerance (Shi 
et al. 2012). Using a genetic screening strategy involving changes in the expres-
sion of a luciferase construct under the control of a stress-inducible RD29A pro-
moter, high expression of osmotically responsive genes1 (HOS1), which encodes 
a RING-type ubiquitin E3 ligase, was isolated as an upstream negative regula-
tor of the CBFs. HOS1 interacts with and ubiquitinates ICE1 to negatively regu-
late the stability of the ICE1 protein (Dong et al. 2006). The R2R3-type MYB 
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Fig. 17.1  Schematic illustration of the cold and dehydration response regulatory networks 
in Arabidopsis. IP3, Ca2+, and ROS act as second messengers in signalling networks to trans-
duce signals through protein kinases or transcription-factor cascades. CBFs and AREB/ABFs 
transcription factors are responsible for the regulation of COR genes containing CRT/DRE 
(CCGAC) and ABRE (ACGT) motifs in their promoters, respectively. In Arabidopsis, approxi-
mately 10 % of the cold-induced transcriptome contains both CRT and ABRE motifs in their 
promoter regions, which are upregulated by both cold and dehydration stresses. CBFs are acti-
vated by ICE1 and CAMTA transcription factors, whereas repressed by MYB15. HOS1 and SIZ1 
encode RING E3 ligase and SUMO E3 ligase, respectively, which antagonistically regulate the 
abundance of ICE1 protein. Cold activates ICE1 protein and AREB/ABFs are induced by ABA-
mediated dehydration signalling pathway. IP3 inositol 1,4,5-triphosphate, ROS reactive oxygen 
species, CPK calcium-dependent protein kinase, MAPK Ras-mitogen-activated protein kinase, 
Ub ubiquitin moiety, SUMO Small ubiquitin-related modifier, Pi phosphoryl group
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transcription factor AtMYB15 (MYB domain protein 15) was found to physically 
interact with ICE1. MYB15 overexpression leads to reduced expression of the 
CBF genes, whereas amyb15 mutant shows increased CBF expression. MYB15 
binds to the CBF3 promoter to repress its CBF expression and negatively regu-
lates freezing tolerance (Agarwal et al. 2006). Subsequently, a SUMO E3 ligase, 
SAP and Miz (SIZ1), was identified as a positive regulator of the ICE1 protein. 
SIZ1 can sumoylate ICE1 and repress the polyubiquitination of ICE1, which, in 
turn, enhances ICE1 stability (Miura et al. 2007). Therefore, regulation of the 
ICE1-CBF cascade at both transcriptional and post-translational levels demon-
strates the existence of a complex network of CBF-dependent cold-signalling 
pathways.

17.3  The Role of ABA Biosynthesis and Signalling  
in Cold Stress

Investigations into the role of ABA in cold stress were originally based on obser-
vations made in the 1960s in woody species, showing that application of the gib-
berellic acid (GA) inhibitor dormin—which was later identified as ABA-resulted 
in increased freezing tolerance in trees, equivalent to that observed in plants 
that had undergone cold acclimation (Chrispeels and Varner 1967; Thomas 
et al. 1965). It has been shown that cold tolerance is usually accompanied by 
increased endogenous ABA levels in various plant species (Daie and Campbell 
1981; Lang et al. 1994; Mantyla et al. 1995). Continuous application of ABA 
induces chilling tolerance in chilling-sensitive plant species, such as maize, rice, 
cucumber, and pepper. Furthermore, exogenous ABA application in temperate 
plants such as poplar, barely, wheat, and Arabidopsis can partially mimic cold 
acclimation and enhance freezing tolerance (Kadlecová et al. 2000; Smoleńska-
Sym et al. 1995; Zhu et al. 2000; Thomashow 1999). Transcriptome analyses 
in Arabidopsis showed that a number of ABA-responsive genes can be induced 
by cold treatment (Zeevaart and Creelman 1988). However, it has also been 
shown that ABA application in several plant species has little effect on freezing 
tolerance, or if there are any changes, they are much less significant than those 
induced by cold acclimation (Gusta et al. 1982; Fayyaz et al. 1978; Holubowicz 
et al. 1982), suggesting the natural diversity of ABA responses in different plant 
species.

The primary source of increased ABA levels under stress conditions is a de 
novo biosynthesis pathway that converts carotenoids into bioactive ABA. ABA 
biosynthesis pathway may be required for full development of the cold response, 
as defects in both basal and acquired freezing tolerance have been observed in 
ABA-deficient mutants. For instance, ABA1 and ABA3 are identified as genes 
encoding enzymes involved in ABA biosynthetic pathway. Cold induction of the 
COR genes is reduced in the aba3 mutants aba3/los5/frs1 (Llorente et al. 2000; 
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Xiong et al. 2002b). Cold acclimation was shown to be impaired in an aba1 
mutant, which has also reduced expression of specific COR genes (Mantyla et al. 
1995). The expression of none of the ABA biosynthesis genes is affected by cold 
treatment in Arabidopsis (Lee et al. 2005). Therefore, ABA biosynthesis is not an 
early event in response to cold stress. Consistent with this, foliar application of 
ABA to a wide range of plant species does not induce cold hardness or freezing 
tolerance (Gusta et al. 2005). A recent study showed that cold stress specifically 
activate the expression of ABA biosynthesis genes in reproductive organs, such as 
the inflorescence meristem, with only slightly increased expression in the leaves 
and vegetable organs (Baron et al. 2012). This finding  supports the notion of ABA 
function  in stimulating and hastening plant harvests under adverse environmental 
conditions. Taken together, ABA may function late in the development of cold-
induced metabolic changes and is required for determining the maximum levels of 
cold tolerance in plants.

ABA activates a wide array of genes associated with stress  response, 
seed dormancy, and stomatal movement through the ABA signalling pathway 
(Yamaguchi-Shinozaki and Shinozaki 2006). The PYR/PYL/RCAR family 
of proteins are ABA receptors that can inhibit the activity of the type-2C pro-
tein phosphatase PP2C in the presence of ABA, relieving the repression of the 
SnRK2 kinases activity, which in turn phosphorylates other downstream regu-
lators (Furihata et al. 2006; Ma et al. 2009; Park et al. 2009). Overexpression 
of TaSnRK2.3 in Arabidopsis results in enhanced root-system architecture and 
significantly enhances the tolerance of this species to drought, salt, and freez-
ing stresses (Tian et al. 2013), whereas downregulation of PP2CA proteins 
increases ABA sensitivity and accelerates cold acclimation in transgenic plants 
(Tahtiharju and Palva 2001). Promoter analysis found that some DRE/CRT 
motif-containing COR genes are induced by cold and dehydration and impaired 
in ABA-deficient mutants (Thomashow 1999; Shinozaki and Yamaguchi-
Shinozaki 2000). As mentioned earlier, CBFs/DREB1s and their homolog, 
CBF4, were shown to bind to CRT/DRE motifs in vivo. CBF4 expression is 
induced by drought and ABA, but not by cold, which is quite distinctive from 
CBF1–CBF3. Overexpression of CBF4 results in increased freezing and 
drought tolerance (Haake et al. 2002). It appears that at least three separate 
regulatory signalling pathways exist that are mediated by the binding of tran-
scription factors to CRT/DRE motifs. Among these, cold-induced CBF1–CBF3 
and drought-induced DREB2 are the primary transcription factors that control 
gene expression through the ABA-independent pathway, whereas CBF4 acts as 
a regulator of the ABA response (Thomashow 1999; Shinozaki and Yamaguchi-
Shinozaki 2000). In addition to the CRT/DRE motif, many cold-response gene 
promoters harbour ABRE cis-elements that can be activated in vivo by ABA 
through direct binding of bZIP transcription-factor proteins (AREBs/ABFs, 
ABRE-binding proteins/factors) (Uno et al. 2000). This evidence explains that 
expression of the COR genes is regulated by both ABA-dependent and ABA-
independent pathways (Fig. 17.1).



34317 ABA Regulation of the Cold Stress Response in Plants

17.4  ABA-Dependent Signalling Pathway for Cold 
Acclimation

Genetic and physiological analyses indicate that ABA-dependent signalling path-
way plays an essential role in stress-responsive gene expression during cold-
induced osmotic stress. ABA biosynthesis genes contribute to the enrichment of 
COR genes, such as RD29A, RD22, COR15A, COR47, and P5CS via activity of 
their ABRE cis-element (Xiong et al. 2001a, 2002b). In the study on Arabidopsis, 
four AREB/ABF transcription factors are found to be required for the activation 
of ABA-mediated signalling (Uno et al. 2000). Among them, ABF1 expression is 
significantly induced by cold, but not by osmotic stress (Choi et al. 2000), whereas 
AREB1/ABF2, AREB2/ABF4, and ABF3 are specifically induced by ABA and 
drought stress (Abdeen et al. 2010; Kang et al. 2002; Fujita et al. 2005). AREB 
proteins do not appear to play a role in CBF-dependent cold signalling; however, 
one study showed that ABF2, ABF3, and ABF4 interact with DREB2C in vitro 
(Lee et al. 2010). In addition, approximately 10 % of ABA-responsive genes are 
also responsive to cold stress (Kreps et al. 2002). Thus, although ABA- and cold 
stress-induced transcription factors show distinct regulation, some of the COR 
genes appear to be induced by both of these stimuli. Therefore, one could specu-
late that limited, cold-induced ABA production could enhance COR gene activa-
tion through the ABA-dependent pathway during cold acclimation.

In addition to AREBs, other bZIP transcription factors belonging to the ABI5 
subfamily have been characterised as ABRE-binding proteins and were shown to 
affect seed germination as well as the cold stress response. For example, ectopic 
expression of the seed-specific transcriptional activator ABI3 confers the abil-
ity to express COR genes in vegetative tissues and enhances freezing tolerance in 
Arabidopsis (Tamminen et al. 2001). ABI5 has been shown to act downstream of 
and interact with ABI3 (Suzuki and McCarty 2008; Finkelstein and Lynch 2000, 
and it can be sumoylated and degraded by the SUMO E3 ligase SIZ1, which 
attenuates ABA signalling (Miura et al. 2009). Indeed, SIZ1-mediated SUMO con-
jugation is also required for the expression of CBF3 by modulating the activity 
of ICE1 (Miura et al. 2007). siz1 mutants are impaired in cold acclimation and 
are sensitive to ABA during seed germination (Miura et al. 2007, 2009). A recent 
study revealed that SIZ1 is able to sumoylate and stabilise the negative regulator 
of ABA signalling MYB30 (Zheng et al. 2012). Therefore, SIZ1 appears to be an 
integration node that mediates ABA and cold responses through post-transcrip-
tional modifications.

Several MYC and MYB family genes have been reported to be important 
regulators of ABA-responsive gene expression under cold stress. For instance, 
MYB96 is induced by ABA and drought, and it enhances ABA-mediated 
drought and freezing tolerance (Guo et al. 2013; Seo et al. 2009). Expression of 
OsMYB3R-2 in rice is induced by cold, drought, and salt stresses, and overexpres-
sion of OsMYB3R-2 increases tolerance to freezing, drought, and salt stresses in 
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transgenic Arabidopsis (Dai et al. 2007). Recent studies suggest that some NAC-
domain family members are involved in stress responses (Olsen et al. 2005). For 
example, expression of a rice NAC gene, OsNAC5, is induced by osmotic stress 
and ABA, and overexpression of OsNAC5 increases stress-induced proline and 
soluble-sugar levels and enhances tolerance to cold, salt, and drought stresses 
(Takasaki et al. 2010; Song et al. 2011). Thus, it can be assumed that cold induc-
tion of some ABA-responsive genes is regulated by different kinds of transcription 
factors.

17.5  Second Messengers Integrate Cold 
and ABA Signalling

Both cold stress and ABA treatment induce the production and accumulation of 
IP3, Ca2+, and ROS inside the cell. These molecules act as second messengers 
in signalling networks to amplify and transduce signals through activating pro-
tein kinases or transcription-factor cascades. Increased inositol 1,4,5-triphosphate 
(IP3) levels, which are catalysed by phospholipase C (PLC) under cold stress, are 
known to release Ca2+ from vacuoles into the cytosol (Allen and Sanders 1995; 
Munnik et al. 1998). In Arabidopsis, FRY1 encodes an inositol polyphosphate 1—
phosphatase that is involved in IP3 metabolism. fry1 mutant plants show signifi-
cantly higher IP3 levels when treated with ABA, and they display defects in cold 
acclimation and hypersensitivity to osmotic stress, with lowered expression of cer-
tain stress-responsive genes (Xiong et al. 2001b).

In plants, Ca2+ is a widely used and important signalling molecule during 
early responses to abiotic stresses, as it functions by activating protein kinase 
cascades, which in turn can activate transcription factors and stress-respon-
sive genes. More specifically, a transient influx of cytoplasmic Ca2+ occurs in 
response to cold shock, and it has been suggested that low-temperature-induced 
changes in membrane fluidity are the primary thermosensor signal that activates 
the Ca2+ influx in plants (Knight et al. 2004). Furthermore, calcium is required 
for the full expression of the COR genes in Arabidopsis. CAX1, which encodes a 
vacuolar membrane-located Ca2+/H+ antiporter, participates in the regulation of 
cold acclimation. Loss-of-function mutations in CAX1 increase CBF expression 
and enhance freezing tolerance following acclimation in Arabidopsis (Catala 
et al. 2003). One calmodulin proteins in Arabidopsis, AtCML9, has recently 
been demonstrated to be responsive to ABA, cold, and salt stress through an 
ABA-dependent pathway. The cml9 mutant exhibits hypersensitivity to ABA and 
enhanced tolerance to stress and drought (Magnan et al. 2008). CaM methyla-
tion is also involved in the early growth of Arabidopsis and responds to ABA, 
cold, and heat stress during germination (Banerjee et al. 2013). As mentioned 
earlier, the calmodulin-binding transcriptional activator CAMTA3 is involved 
in the regulation of freezing tolerance (Doherty et al. 2009). More importantly, 
a recent study suggested that calcium channels may involve in temperature 
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perception in land plants, based on the observation that plants lacking the mem-
brane protein cyclic nucleotide gated calcium channel (CNGC) showed con-
stitutively high levels of Ca2+ influx and impaired thermoperception in a moss 
and in Arabidopsis (Finka et al. 2012). Moreover, a homologue of the synaptic 
Ca2+-binding protein synaptotagmin (SYT1), which is a calcium sensor that can 
prevent Ca2+-dependent membrane, damages in Arabidopsis protoplasts under 
freezing conditions (Yamazaki et al. 2008). These results suggest the central 
role of cytosolic calcium to trigger cold signalling. Ca2+ may function through 
calmodulin or Ca2+ sensors to modulate the activation of downstream calcium-
dependent protein kinases (CPKs). Calcineurin B-like proteins (CBLs), one kind 
of calcium sensors, were also shown to regulate expression of the CBF genes, 
based on the observations that overexpression of CBL1 resulted in reduced 
freezing tolerance, whereas cbl1 null mutants showed increased cold-induced 
expression of stress genes and enhanced freezing tolerance (Albrecht et al. 
2003; Cheong et al. 2003).

Several CBL-interacting protein kinases (CIPKs) and CPKs have been impli-
cated in the responses to ABA, cold, and high-salt stress. In Arabidopsis, the 
expression of CIPK3 is strongly induced by cold stress and ABA treatment, but 
not by drought stress. In addition, the expression of various cold-induced marker 
genes is all significantly delayed in a cipk3 mutant, and the induction of ABA-
responsive genes is also significantly inhibited (Kim et al. 2003). Therefore, 
CIPK3 may function as a cross talk node between signalling pathways for ABA, 
cold, and other abiotic stresses. It has also been suggested that CIPK1 is a conver-
gence point for the ABA-dependent and ABA-independent stress responses. For 
example, CIPK1 can interact with CBL1 and CBL9, resulting in the formation of 
CBL1/CIPK1 and CBL9/CIPK1 complexes that mediate the ABA-independent 
and ABA-dependent responses, respectively, during osmotic stress (D’Angelo 
et al. 2006). Rice OsCDPK7 is a cold- and salt-inducible gene, and overexpression 
of OsCDPK7 confers cold and salt/drought tolerance on rice plants (Abbasi et al. 
2004). Collectively, these results indicate a central role for calcium in sensing and 
transducing the cold and ABA signals.

17.6  ABA and ROS Under Cold Stress

The induction of ROS-scavenging systems is common to many stress pathways 
including ABA and cold stress (Fujita et al. 2006). The roles of ROS in cold 
stress are considered in two ways. On the one hand, excessive ROS levels are 
toxic and can lead to lipid peroxidation, and ultimately, to oxidative stress. On 
the other hand, increased ROS levels can also play a benefit signalling role and 
activate scavenging enzyme systems to eliminate excess ROS in plants sub-
jected to low temperatures. Numerous studies have shown that ROS-scavenging 
enzymes such as superoxide dismutase (SOD), ascorbate peroxidise (APX), 
catalase (CAT), and glutathione peroxidise (GPX) are required for protection 
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against cold-induced oxidative damage (Burdon et al. 1996; O’Kane et al. 1996). 
For example, overexpression of antioxidant-defensive genes enhances chill-
ing tolerance in maize and soybean (Van Breusegem et al. 1999; Kocsy et al. 
2001), whereas repression of catalase gene expression reduces chilling toler-
ance (Kerdnaimongkol and Woodson 1999). Arabidopsis chs (chilling-sensitive) 
mutants display increased sensitivity to chilling temperature, which is at least 
partially due to the excessive accumulation of H2O2 in chs mutant seedlings 
(Huang et al. 2010a, b; Wang et al. 2013; Yang et al. 2010). Recent studies also 
show that ROS act as signal molecules mediating cold stress-signal transduc-
tion. For instance, the Arabidopsis mutant frostbite1 (fro1) has a defective form 
of mitochondrial complex I NADH dehydrogenase, leading to constitutively 
lower ROS levels compared with the wild type, and this mutant shows reduced 
expression of cold stress-responsive genes and decreased cold acclimation (Lee 
et al.2002). ZAT12 encodes a ROS-responsive zinc-finger transcription factor that 
functions as a positive regulator of the cold-response pathway. Overexpression 
of ZAT12 results in enhanced freezing and oxidative tolerance (Davletova et al. 
2005), which suggests that ROS signalling plays a beneficial role in mediating 
cold acclimation in plants.

It has been shown that the application of exogenous ABA effectively alleviates 
the symptoms of cold injury in many species. One explanation for this phenom-
enon is that ABA signalling is able to induce the transcription of ROS-scavenging 
enzymes. Indeed, one study showed that stress-induced ABA accumulation 
stimulates ROS scavenging to help maintain the cellular redox state (Guan et al. 
2000). Furthermore, ABA-dependent proline accumulation under abiotic stress 
is regulated by the ROS-scavenging-mediated cellular redox state, which is also 
important for the cold response (Kishor et al. 2005). In particular, ABA treatment 
enhances ROS accumulation by activating plasma membrane-bound NADPH oxi-
dases (Kwak et al. 2003). ABO5 and ABO6, which encode a PPR (pentatricopep-
tide repeat) protein and DEXH box RNA helicase, respectively, are required for 
ABA-induced ROS production in mitochondria (He et al. 2012; Liu et al. 2010). 
The activities of ABI1 and ABI2 are inhibited by H2O2 in vitro (Meinhard and 
Grill 2001; Meinhard et al. 2002), and further studies demonstrated that ABI2 
interacts with glutathione peroxidase 3 (GPX3), which is an ROS-scavenging 
enzyme that functions as a redox transducer and scavenger to modulate ABA sig-
nalling (Miao et al. 2006). Glucosamine (GlcN) is a naturally occurring amino 
sugar that inhibits plant growth by significantly increasing the production of ROS. 
Ectopic overexpression of GlcN induces cell death, whereas scavenging of endog-
enous GlcN can enhance tolerance to oxidative, drought, and cold stresses in 
Arabidopsis (Chu et al. 2010).

As well-known signalling components downstream of ROS, several mitogen-
activated protein kinases (MAPKs) have been shown to be activated by cold and 
ABA. ABA application induces MAPK activation within only a few minutes 
(Knetsch et al. 1996). The MAPK cascade is an important signalling pathway that 
enables the transmission of environmental and hormone signals to activate regula-
tory components within the cytoplasm and initiate cellular-responsive processes. 
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In vivo assays data revealed that the MKK2–MPK4/MPK6 complex functions 
downstream of MEKK1 during salt and cold stress. MPK4 and MPK6 are strongly 
phosphorylated by MKK2 in response to cold and salt treatment, and null allele of 
mkk2 is impaired in ability of cold acclimation (Teige et al. 2004). Direct evidence 
of MAPK activation by ABA was observed in guard cells. MPK9 and MPK12 
function downstream of ROS as positive regulators of ABA signalling, and mpk9 
mpk12 double mutants are partially but specifically impaired in cold-induced 
stomatal closure, suggesting that they play a role in the cold-mediated ABA sig-
nalling cascade (Jammes et al. 2009). Arabidopsis NDP kinase 2 (NDPK2) was 
shown to interact with two oxidative stress-related MAPKs, MPK3, and MPK6, 
and overexpression of NDPK2 enhances cold tolerance (Moon et al. 2003). Taken 
together, these findings raise the possibility that the MAPK cascade acts down-
stream of ROS in cold and ABA signalling.

17.7  The Effects of Circadian Signals on Cold and ABA 
Signalling

The circadian clock is regulated by a central oscillator consisting of transcription/
translation feedback loops that are entrained to light and temperature cues. The 
MYB transcription factors circadian clock associated1 (CCA1) and late elongated 
hypocotyl (LHY) can directly bind to the promoters of the evening-loop com-
ponents timing of CAB expression1 (TOC1), pseudo response regulator (PRR7), 
and PRR9 to repress their expression after dawn; conversely, PRR7 and PRR9 
act as negative regulators of CCA1 and LHY expression in the morning (Harmer 
2009). Interestingly, CBF gene expression is under circadian regulation, and the 
cold induction of CBFs is gated by the circadian clock (Fowler et al. 2005). It has 
been shown that CCA1 and LHY are positive regulators of CBF expression that 
directly bind to CBF promoters (Lee and Thomashow 2012; Dong et al. 2011). 
In the morning, CBF expression increases following induction of CCA1 and 
LHY, and CBF transcript levels peak shortly after those of CCA1 and LHY. It has 
also been suggested that CAMTA3 and ICE1 act synergistically with CCA1 and 
LHY to induce CBF expression during the day (Dong et al. 2011). During the 
evening, the evening element TOC1 interacts with phytochrome interacting fac-
tor 7 (PIF7) to repress expression of CBF2 by directly binding to its promoter. 
Therefore, the circadian-gated regulation of the CBF genes appears to involve 
the action of CCA/LHY complex and PIF7/TOC1 evening complex (Dong et al. 
2011). A recent study showed that TOC1 functions as a molecular switch that con-
nects the circadian clock to the ABA-mediated drought stress response (Legnaioli 
et al. 2009). ABA signalling is closely related with circadian oscillator period, 
for example, ABA-mediated stomatal movement varies during day and night 
(Tallman 2004). It was proposed that the circadian clock may modulate stoma-
tal closure under high-temperature conditions when water supplies are limited in 
order to optimise water-usage efficiency (Robertson et al. 2009). TOC1 has been 
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found to negatively regulate the expression of ABA-related genes by directly 
interacting with ABI3 (Kurup et al. 2000). Moreover, TOC1 can also bind to the 
promoter of ABAR, a chloroplastic ABA binding protein, to control its circadian 
expression, and the gated-induction of TOC1 by ABA is abolished in ABAR RNAi 
plants. Furthermore, overexpression of TOC1 causes significant changes in plant 
responses to ABA and drought stress, which are indicative of a feedback mecha-
nism linking the circadian clock to the ABA response (Legnaioli et al. 2009). 
Collectively, these findings illustrate the mechanisms by which the circadian clock 
regulates the cold and ABA responses.

17.8  Post-Transcriptional Modification Mediates Cold and 
ABA Signalling

RNA splicing and transport can lead to tissue-specific differences in gene expres-
sion as well as affect mRNA stability and turnover via nonsense-mediated decay 
(McGlincy and Smith 2008). By performing a genetic screen for deregulated 
expression of RD29A promoter-driven luciferase reporter gene, several genes 
encoding RNA processing proteins were identified. Loss of osmotic responsive-
ness 4 (LOS4) encodes a putative DEAD-box RNA helicase that has been impli-
cated in nucleo-cytoplasmic mRNA transport. The recessive mutations los4-1 
and los4-2 affect cold-induced CBF transcription and lead to changes in chilling 
and freezing tolerance (Gong et al. 2002, 2005), suggesting that mRNA trans-
location may also be a control point in cold acclimation. It was also found that 
a los4-2 mutant was hypersensitive to ABA (Gong et al. 2005). A recent study 
identified a regulator of  CBF2  gene expression1 (rcf1-1) mutant that was 
hypersensitive to cold stress. RCF1 also encodes a cold-inducible DEAD-box 
RNA helicase. However, unlike LOS4, RCF1 maintains the proper splicing of 
COR pre-mRNAs under cold stress conditions (Guan et al. 2013). Another pre-
mRNA splicing factor Stabilized1 (STA1) which is required for pre-mRNA splic-
ing and mRNA turnover is upregulated by cold stress, but not by ABA or NaCl 
(Lee et al. 2006). A sta1 mutant displays a chilling-sensitive phenotype and 
hypersensitivity to ABA-induced root growth, as well as defects in splicing of 
the cold-induced COR15A gene (Lee et al. 2006). Arabidopsis FIERY2 (FRY2), 
which encodes an RNA polymerase II C-terminal domain (CTD) phosphatase, 
may function in mRNA processing. FRY2 plays a negative role in regulating salt 
stress and the ABA response during seed germination, and it has been shown 
to be a repressor of the CBF transcription factors. However, a fry2 mutant was 
shown to be hypersensitive to freezing stress (Xiong et al. 2002a). Sensitive to 
ABA and drought2 (SAD2) was found to be involved in nucleo-cytoplasmic traf-
ficking during ABA treatment, and sad2 mutant plants show a hypersensitive 
response to ABA and enhanced expression of stress genes in response to ABA, 
salt, and low temperatures (Verslues et al. 2006). Therefore, post-transcriptional 
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regulation also serves as a major mechanism in the global control of the ABA 
and cold responses.

17.9  Epigenetic Modifications in Cold and ABA Signalling

DNA and histones are epigenetically modified through acetylation and meth-
ylation following exposure to stress (Kim et al. 2010; Feng and Jacobsen 2011). 
HOS15 encodes a protein similar to the human WD-40 repeat protein TBL1 (trans-
ducin-like protein-1), which is involved in histone deacetylation. Both ABA and 
cold induce the expression of HOS15, and hos15-1 mutants exhibit hypersensitiv-
ity to ABA-induced inhibition of germination and freezing stress. Furthermore, 
HOS15 interacts with histone H4, and levels of acetylated histone H4 are higher 
in hos15 mutants than in the wild type (Zhu et al. 2008). Therefore, HOS15 is 
involved in the regulation of ABA and the cold stress response through H4 deacet-
ylation-dependent chromatin remodelling in Arabidopsis. Consistently, increased 
levels of acetylated histone H4 are consistently associated with increased expres-
sion of RD29A in a hos15 mutant compared with the wild type under cold stress. 
On the other hand, histone deacetylation results in a non-permissive chromatin 
conformation that represses transcription. In Arabidopsis, histone deacetylase 6 
(HDA6) has been reported to be involved in the ABA response and low-temper-
ature-mediated flowering (Luo et al. 2012; Chen and Wu 2010). In Arabidopsis, 
HDA6 encodes an RPD3-type histone deacetylase, and a loss-of-function muta-
tion inHDA6, axe1–5, displays hypersensitivity to ABA and salt stress (Luo et al. 
2012). Interestingly, HOS1 was discovered as a chromatin remodelling factor for 
cold-induced transcriptional silencing of the FLC gene through an interaction with 
HDA6, thereby antagonising the actions of FVE and resulting in the inhibition of 
flowering in these plants (He and Amasino 2005; Jung et al. 2013). These findings 
suggest that plant flowering or stress response processes might be epigenetically 
controlled through similar mechanisms.

17.10  Cross Talk Between Phytohormones and the Cold 
Response

Emerging evidence indicates that cold acclimation is influenced by changes in the 
homeostasis of various hormones and that hormone signalling is crucial for regula-
tion of the CBF pathway. Genetic analyses of Arabidopsis mutants with compro-
mised ABA biosynthesis or signalling have identified a complex interplay between 
ABA and other phytohormone-signalling pathways. Generally, when plants are 
challenged by stress conditions, the stress hormones ABA and jasmonate acid (JA) 
inhibit growth by modulating the actions of auxin, GA, and cytokinin (Achard 
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et al. 2006; Wolters and Jurgens 2009; Peleg and Blumwald 2011). The growth 
inhibition decreases the capacity for energy utilisation, which in turn, results in 
cold acclimation processes.

17.10.1  GA and Cold Stress

As an important plant phytohormone, GA affects plant abiotic stress responses, 
including those to salt, oxidative, and cold stresses during germination and seed-
ling development. Acting as GA-signalling repressors, DELLA proteins have 
been identified as the central modulators of growth under a variety of stress condi-
tions (Achard et al. 2006). ABA promotes the accumulation of DELLA proteins, 
which induces growth repression in plant lateral roots under salt stress through 
an ABA-dependent pathway (Achard et al. 2006). Intriguingly, GA treatment 
rescues normal growth and abolishes the late-flowering phenotype of CBF1-ox 
plants (Achard et al. 2008). Further investigation revealed that cold stress causes 
increased expression of the biosynthetic enzyme genes AtGA2ox3 and AtGA2ox6, 
which reduce endogenous levels of bioactive GA. Consistently, overexpression of 
CBFs represses plant growth via the accumulation of DELLA proteins (Achard 
et al. 2008). ABA is known to act as an antagonist of GA by inhibiting the expres-
sion of GA20ox and GA3ox to reduce GA levels during seed germination (Razem 
et al. 2006) (Fig. 17.2a). It has been demonstrated that the existence of a novel 
mechanism through which CBFs may regulate dormancy in parallel to their func-
tions in CBF-mediated cold signalling, by regulation of DOG1 expression, which 
is a positive regulator of GA catabolism and ABA biosynthesis that promotes seed 
maturation at cool temperatures (Chiang et al. 2011; Kendall et al. 2011). A recent 
study showed that ABI3 and ABI5 interact with DELLA proteins to inhibit seed 
germination by repressing the expression of high-temperature-induced genes (Lim 
et al. 2013). Thus, DELLA-dependent growth restraint is necessary for cold accli-
mation and temperature-mediated seed germination.

17.10.2  Cytokinin and Cold Stress

Cytokinin signalling belongs to the two-component signalling system, which 
involves plant adaptation to environmental stress (Argueso et al. 2009; Nishimura 
et al. 2004). The accumulated body of evidence indicates that cytokinin acts as 
an antagonist of ABA during environmental stress responses (Peleg and Blumwald 
2011; Hwang et al. 2012). Based on studies involving mutants or transgenic plants 
with altered cytokinin biosynthesis, it has been postulated that cytokinin acts as a 
negative regulator to modulate abiotic stress signalling (Nishiyama et al. 2011). 
In Arabidopsis, the cytokinin receptor histidine kinases AHK2, AHK3, and 
CRE1 have been shown to play important roles in the regulation of plant abiotic 
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responses in both ABA-dependent and ABA-independent signalling pathways 
(Tran et al. 2007); on the other hand, the homologous gene AHK1 was identi-
fied as an osmotic stress sensor that positively regulates abiotic stress (Wohlbach 
et al. 2008; Kumar et al. 2013; Tran et al. 2007). Increasing evidence suggests a 
negative role for cytokinin signalling in cold- and ABA-mediated abiotic stress. 
For instance, ahk2 ahk3 double mutants are highly tolerant to cold, drought, and 
salt stress and show strong expression of ABA-responsive genes (Jeon et al. 2010; 
Tran et al. 2007). However, whether cytokinin receptors can perceive stress signals 
is still unclear. AHP2, AHP3, and AHP5 function as redundant negative regula-
tors of the drought stress response in both ABA-dependent and ABA-independent 
manners (Nishiyama et al. 2013). These studies support the notion that AHK2–
AHK4 and AHPs play negative roles under unfavourable environmental conditions 
and may integrate with ABA signalling to modulate stress responses (Fig. 17.2b). 
Type-A ARR genes are negative response regulators in cytokinin signalling path-
way. They are induced by cytokinin as well as by cold stress (To et al. 2004). 

Fig. 17.2  Models of multiple interactions between ABA and other plant hormones in cold 
stress response. There are multiple points of interaction between ABA and other plant hormones 
including GA (a), cytokinin (b), ethylene (c), JA (d), and SA (e) in regulation of plant response 
to cold stress. CTK cytokinin, ETH ethylene, DELLA DELLA protein, AHK Arabidopsis histi-
dine kinase, AHP Arabidopsis histidine phosphor-transferase, ARR Arabidopsis response regu-
lator, EIN3 Ethylene insensitive3, JAZ jasmonate-zim-domain protein, MYC2 MYC-related 
transcriptional activator2
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Overexpression of type-A ARRs enhances freezing tolerance in Arabidopsis (Shi 
et al. 2012). In contrast, another study demonstrated that type-A ARRs are nega-
tive regulators of the cold response (Jeon et al. 2010). Although it can be assumed 
that the cytokinin signalling pathway plays a negative regulatory role in freezing 
tolerance, at least partially through inhibition of the ABA response, further study 
will be necessary to define the exact role of cytokinin signalling, particularly for 
the ARRs, in the regulation of cold signalling.

17.10.3  Ethylene and Cold Stress

Ethylene plays an important role in regulating plant responses to drought, flood-
ing, and biotic stress (Wilkinson and Davies 2010). However, the function 
of ethylene in plant responses to cold stress appears to be complex and species 
dependent. Increased ethylene biosynthesis has been correlated with enhanced 
chilling and freezing tolerance in several plant species, including tomato 
(Lycopersicones culentum), cucumber (Cucumis sativus), and tobacco (Nicotiana 
tabacum cv. NC89) (Wang and Adams 1982; Ciardi et al. 1997; Zhang and Huang 
2010). In contrast, improved cold tolerance was associated with the suppression 
of ethylene biosynthesis in mung bean (Vignaradiata) and Arabidopsis (Collins 
et al. 1995; Shi et al. 2012). In Arabidopsis, application of the ethylene precursor 
ACC decreases freezing tolerance, whereas application of the ethylene biosynthe-
sis inhibitor AVG and the ethylene receptor antagonist AgNO3 promote freezing 
tolerance. Consistent with these findings, several ethylene-insensitive mutants, 
including etr1-1, ein4-1, ein2-5, ein3-1, and ein3 eil1, exhibit enhanced freezing 
tolerance. Genetic and biochemical analyses revealed that ethylene negatively reg-
ulates cold signalling, at least partially, through direct transcriptional control of the 
COR CBFs and type-A ARR genes via EIN3 (Shi et al. 2012) (Fig. 17.2c).

It is known that ethylene can promote seed germination and repress seed dor-
mancy by antagonising ABA (Wilkinson and Davies 2010). Previous studies indi-
cated that etr1-1 and ein2-5 mutants show enhanced seed dormancy, and their 
germination is hypersensitive to ABA (Chiwocha et al. 2005; Wang et al. 2007). 
As ABA accumulates in etr1 and ein2 mutants (Ghassemian et al. 2000; Chiwocha 
et al. 2005; Wang et al. 2007), ethylene may negatively regulate ABA biosynthe-
sis during germination. Consistent with this notion, microarray data showed that a 
group of genes involved in ABA signalling are upregulated in an ein3 eil1 double 
mutant (Shi et al. 2012). Interestingly, a recent study revealed the mechanism of 
how ABA inhibits root growth by increasing ethylene biosynthesis in Arabidopsis. 
ABA-activated calcium-dependent protein kinases, CPK4 and CPK11 can phos-
phorylate ethylene biosynthesis synthase ACS6 and enhance its stability, thus 
promoting ethylene production (Luo et al. 2014). Although the mechanisms under-
lying the complex cross talk between ethylene, ABA, and cold signalling remain 
unclear, it appears likely that the upregulation of ABA-responsive genes also con-
tributes to the freezing tolerance of ethylene-insensitive mutants.
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17.10.4  JA and Cold Stress

JA has recently been found to positively modulate cold tolerance. In 
Arabidopsis, exogenous application of JA significantly improves freezing tol-
erance, whereas blockage of JA biosynthesis and signalling decreases freez-
ing tolerance. Further study revealed that JAZ1 and JAZ4 proteins physically 
interact with the ICE1-proteins to repress their transcriptional activity, thereby 
repressing expression of CBFs and their regulons (Hu et al. 2013) (Fig. 17.2d). 
Therefore, it appears that JA modulates cold stress primarily through an ABA-
independent pathway. However, an antagonistic interaction between ABA and JA 
signalling has also been reported. In particular, the transcription factor MYC2 
was shown to act as a node for the integration of ABA and JA signalling. MYC2 
can directly interfere with defence signalling through JAZ-mediated repression, 
whereas MYC2 acts as an important positive regulator of the ABA-dependent 
signalling pathway (Abe et al. 2003; Fernandez-Calvo et al. 2011) (Fig. 17.2d). 
Furthermore, recent studies showed that an ABA-inducible bHLH transcrip-
tion factor, JAM1, acts as a repressor that negatively regulates JA signalling in 
Arabidopsis (Nakata et al. 2013).

17.10.5  SA and Cold Stress

Salicylic acid (SA) is important for the activation of plant defence responses 
(Raskin 1992). Multiple studies have demonstrated a link between cold sig-
nalling and the SA-mediated defence response. Cold stress induces the accu-
mulation of SA in Arabidopsis, whereas SA-deficient mutants show increased 
growth in response to cold (Scott et al. 2004). Gain of function of R/R-like pro-
tein mutants that overproduce SA, such aschs1, chs2, and chs3, display chilling-
sensitive phenotypes that are partially dependent upon SA (Huang et al. 2010a; 
Yang et al. 2010; Wang et al. 2013). Indeed, there appears to be an optimal 
threshold of endogenous SA that is crucial for the chilling-dependent inhibition 
of plant growth. Nevertheless, the exact role of SA in freezing tolerance remains 
unclear. For example, several SA-overproducing mutants, including cpr1, cpr5, 
and slh1, show enhanced freezing tolerance (Yang et al. 2010), whereas overex-
pression of DEAR1 (DREB and EAR motif protein) induces SA accumulation 
and freezing sensitivity in Arabidopsis (Tsutsui et al. 2009). The master regu-
lator of cold signalling, ICE1, was shown to directly regulate the expression of 
BON1-associated protein (BAP1), which encodes a C2-domain protein that nega-
tively mediates the SA-dependent defence responses (Zhu et al. 2011; Yang et al. 
2006). CAMTA3/AtSR1 recognises the CBF2 promoter to positively regulate 
CBF2 expression during cold stress, but it also interacts with the EDS1 promoter 
to repress SA-dependent disease resistance (Kim et al. 2013; Doherty et al. 2009; 
Du et al. 2009).
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ABA has been shown to play a broad role in the regulation of plant defence 
responses. For example, ABA acts a positive regulator of the defence response 
during pathogen invasion, whereas it acts as a negative regulator of the defence 
response following pathogen invasion (Yasuda et al. 2008; Ton et al. 2009; Robert-
Seilaniantz et al. 2011). A recent study revealed that ABA deficiencies antagonise 
the high-temperature inhibition of disease resistance by enhancing the nuclear 
accumulation of the resistance proteins SNC1 and RPS4 in Arabidopsis (Mang 
et al. 2012). Therefore, ABA and SA may act antagonistically to affect plant devel-
opment and the defence response, as well as the cold stress response (Fig. 17.2e).

17.11  Conclusions

Cold acclimation is a complex physiological process that is affected by various 
developmental and environmental factors, including growth stage, tissue type, 
photoperiod, hydration status, and low temperatures. ABA has long been thought 
to play an important role in mediating the cold response in plants, and accumula-
tion of ABA may indeed be required for full cold acclimation. However, the extent 
of its role in vivo has been controversial. It appears that ABA biosynthesis is not 
a major aspect of the early cold stress response but rather that it contributes to 
the maximum induction of cold-responsive genes during later stages. It is also 
possible that ABA plays diverse roles in the regulation of multiple physiological 
processes that are affected by chilling or freezing stress. However, the majority of 
the molecular mechanisms underlying how ABA affects freezing tolerance remain 
to be investigated. In particular, elucidating whether the key components of ABA 
signalling are involved in CBF-regulated cold acclimation should be a priority for 
those studying the role of ABA in cold signalling. In addition, understanding the 
signalling networks between ABA and the other relevant plant hormones during 
the cold stress response will be crucial for determining any potential applications 
for ABA in enhancing plant tolerance to cold stress.
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Abstract Plants use endogenous and environmental cues to trigger flowering. 
While variations in day length and temperature play a major role in controlling 
the transition to flowering, little is known about water stress-derived signals. 
Drought conditions cause early flowering in various plant species. Since it is well 
recognized that drought conditions also stimulate abscisic acid (ABA) accumu-
lation, ABA signalling might underpin the observed early flowering response. 
Experiments have shown that exogenous applications of ABA cause flowering 
time alterations, suggesting that ABA might be an endogenous component affect-
ing the floral transition. Confirming a role for endogenous ABA in flowering, 
mutants impaired in ABA production display flowering alterations, although a 
consensus as to the precise mode of action of ABA in plants is lacking. ABA acti-
vates flowering in several plant species and in Arabidopsis it promotes activation 
of the key floral gene FLOWERING LOCUS T. However, how ABA signalling is 
integrated in the floral network remains poorly understood. The evidence reviewed 
here suggests that ABA activates a complex network of signalling components 
including transcription factors with contrasting effects in flowering. Lesions in 
these ABA-Photoperiod interaction signalling genes produce alterations in flower-
ing but their regulation and site of action have been so far elusive. ABA is mainly 
known as a stress hormone and its role in flowering is only beginning to emerge. 
In this chapter we will review the evidence for and against ABA controlling the 
floral transition.
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18.1  Introduction

Plasticity in the switch to flowering shows the ability of plants to modify an inbuilt 
developmental programme according to environmental cues. To maximise repro-
ductive success, the environmentally-sensitive processes of fertilization, embryo-
genesis and seed development must occur in coincidence with the most favourable 
environmental conditions.

Variations in day length (photoperiod) or temperature play an important role in 
the switch to flowering. In species like Arabidopsis (i.e. long day plants) flower-
ing is strongly accelerated under long day photoperiods (LDs). While photoperiod 
represents a major environmental cue affecting the floral transitions, less is known 
regarding the role of water-derived signals. This is interesting as water availabil-
ity plays a major role in plant adaptation and distribution. Water scarcity triggers 
ABA accumulation in plants, which in turn causes stomatal closure and induces 
expression of stress-related genes (Shinozaki and Yamaguchi-Shinozaki 2007). 
ABA thus coordinates different networks of environmental and developmental 
pathways leading to stress avoidance. Water deprivation is also known to trigger 
flowering in different plant species, also referred to as drought escape-DE- (Xu 
et al. 2005; Lafitte et al. 2006; Sherrard and Maherali 2006; Ivey and Carr 2012; 
Franks et al. 2007; Franks 2011; Sharp et al. 2009; Srivastava et al. 2000). The 
onset of DE forces plants to flower early and produce seeds before the environ-
ment becomes too dry to survive (Verslues and Juenger 2011). Since it is well 
recognized that drought conditions trigger ABA accumulation in plants, ABA sig-
nalling might underpin the observed variations in DE responses.

The transition to flowering occurs at the shoot apical meristem (SAM), a 
dome-like structure comprising a group of undifferentiated cells responsible for 
the generation of all lateral primordial (leaves and buds) as well as the inter-
nodes (Sussex 1989; Huala and Sussex 1993). Plants are able to detect internal 
and external cues and integrate these signals in the SAM. At the floral transi-
tion, the Arabidopsis vegetative SAM shifts from producing leaves/shoots to 
flowers (Schultz and Haughn 1993). Four main pathways have been shown to 
contribute to the floral transition including the photoperiodic, the vernalization, 
the autonomous and the gibberellin pathways (Simpson et al. 1999; Bernier 
1993; Martínez-Zapater et al. 1994). Furthermore, temperature and plant age 
play an important role in fine-tuning flowering according to environmental 
fluctuations or endogenous cues (Blázquez et al. 2003; Balasubramanian et al. 
2006; Wang et al. 2009; Kumar and Wigge 2010; Seo et al. 2009). These signals 
are integrated and share common components with the four major pathways 
described above.

In this chapter, we will critically analyse the evidence for and against ABA 
controlling the floral transition. We will highlight flowering genes and pathways 
emphasising their relevance to ABA signalling. Most data on ABA action derive 
from experiments in the model organism Arabidopsis thaliana (Thale cress) 
although data from other plant species will also be included in our discussion.
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18.2  Is ABA a Flowering Hormone?

Traditionally ABA has been mainly associated with the control of germination 
and different stress responses, principally those connected to drought stress (Fujita 
et al. 2011; Finkelstein et al. 2002). Experiments have shown that exogenous 
applications of ABA cause flowering time alterations, suggesting that ABA might 
be an endogenous component affecting the floral transition (Domagalska et al. 
2010; Blazquez et al. 1998; Wang et al. 2013b). However, from a genetic stand-
point, flowering alterations caused by ABA signalling or biosynthetic mutants are 
not dramatic, although this does not rule out an important role for ABA in flower-
ing. Thus, how ABA participates in the floral transition has been elusive thus far.

Hormone signalling ensures developmental flexibility to plants (Santner et al. 
2009). It is therefore not surprising that several hormonal pathways have been 
shown to modulate the floral transition. In the context of the floral transitions ABA 
is generally considered as an inhibitor of flowering, although in some experiments 
it appeared to be a promoter. For example, endogenous ABA is a positive regula-
tor of the DE response via the upregulation of the key floral gene FLOWERING 
LOCUS T(FT) (Riboni et al. 2013). However, exogenous ABA applications inhibit 
flowering in Arabidopsis and other plants including darnel (Lolium temulentum), 
(Blazquez et al. 1998; Domagalska et al. 2010; King and Evans 1977). A genome-
wide transcript analysis showed that FT is downregulated following ABA appli-
cations. However a similar downregulation occur also in ABA insensitive 1-1 
(abi1-1) mutants (Hoth et al. 2002). Whole plant ABA applications thus negatively 
regulate FT expression, independent of the well-established endogenous ABA sig-
nalling. Alternatively, the negative effect of ABA on FT is non specific and/or indi-
rect. One hypothesis is that ABA applications in Arabidopsis might be hampered 
by the intrinsic spatial and temporal-dependent regulation of ABA signalling, thus 
making it difficult to distinguish which experimental design fully mimics endog-
enous ABA action. In this respect, root applications of ABA promote flowering, 
which is in contrast with other experiments using exogenous ABA (Koops et al. 
2011).

Circadian fluctuation in ABA levels, gating of ABA signalling as well as tis-
sue specific ABA signalling and transport are well documented in plants (Lee et al. 
2006; Legnaioli et al. 2009; Covington et al. 2008; Endo et al. 2008). Perhaps 
whole plant applications of ABA subvert such fine tuned mechanism of endoge-
nous ABA metabolism. This could be indeed be the case as in the short day plant 
Pharabitis nil exogenous ABA applications during the first part of the inductive 
short day are inhibitory whilst ABA promotes flowering when applications occurs 
at the end of the night (Wilmowicz et al. 2011). Quantifications of endogenous 
ABA levels indicate that the hormone reach a maximum at the end of the inductive 
night, coincidently with the temporal window when ABA applications are most 
effective. The pharmacological manipulation of endogenous ABA by treatments 
with ABA biosynthesis inhibitors at the end of the night results in a delay in flow-
ering (Wilmowicz et al. 2008). These data suggest a gating mechanism whereby 
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ABA promotes flowering in Pharabitis, but only in coincidence with a compe-
tence window. Therefore, the location and timing of ABA application could play a 
crucial role in determining how ABA affects flowering.

18.2.1  Clues from ABA Deficient Mutants in Arabidopsis

Extensive genetic screens coupled with physiological and biochemical analy-
ses have defined the biosynthetic steps required for ABA production (Nambara 
and Marion-Poll 2005; Seo and Koshiba 2002). Unfortunately the phenotypes 
of ABA biosynthetic mutants do not provide clues as to unambiguously assign a 
role for endogenous ABA in flowering. Originally the ABA insensitive mutants 
abi1 were shown to flower earlier under SDs, although this was not apparent 
under LDs (Martínez-Zapater et al. 1994; Chandler et al. 2000). Similar con-
clusions were drawn for aba1 alleles impaired in ABA production grown under 
LDs. However these experiments were carried out under in vitro conditions, not 
in soil (Barrero et al. 2005). aba2/glucose insensitive 1 mutants (Wassilewskija 
background) exhibit a small early flowering phenotype under long and short 
days conditions suggesting an inhibitory role for ABA during the floral transition 
(Domagalska et al. 2010; Cheng et al. 2002). However, transgenic lines that over-
express 9-CIS-EPOXYCAROTENOID DIOXYGENASE 3 (NCED3, a key enzyme 
in the ABA biosynthesis) do not produce any consistent alterations in flowering 
and, if anything, are slightly earlier flowering than wild type (Domagalska et al. 
2010). Thus, increased levels of endogenous ABA do not recapitulate the effect of 
exogenous ABA applications in producing the expected delay in flowering (Wang 
et al. 2013b). Further complicating the topic, flowering time alterations in ABA 
deficient mutants appear to be ecotype-dependent in Arabidopsis. Under LDs low 
expression of osmotic stress-responsive genes 6 (los6) mutants (allelic to aba1, 
C24 background) are early flowering and a similar observation was made for los5 
(allelic to aba3, C24 background) (Xiong et al. 2001, 2002a). In contrast, in the 
Columbia background, aba1/npq1, aba2-4 or aba1 T-DNA insertion mutants are 
late flowering indicating that ABA is a positive regulator of flowering (Riboni 
et al. 2013). In summary, the action of endogenous ABA appears to be highly 
background specific although the cause for such specificity is currently unknown.

18.2.2  ABA Deficient Mutants in Other Plants

Studies from ABA-deficient mutants from tomato provide additional hints as to 
the role of ABA in regulating the floral transition. The notabilis (not) mutant har-
bours a null allele of the tomato 9-CIS EPOXYCAROTENOID DIOXYGENASE1 
(LeNCED1), the enzyme that catalyses the first dedicated step of ABA biosynthe-
sis (Burbidge et al. 1999). The flacca (flc) mutant contains a 6 base pairs deletion 
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in a molybdenum-cofactor sulfurase, which reduces the oxidizing capacity of alde-
hyde oxidases involved in the conversion of abscisic aldehyde to ABA, the final 
step in ABA biosynthesis (Sagi et al. 1999). Despite their reduced ability to syn-
thesize ABA, not and flc mutants still contain considerable levels of ABA, amount-
ing to 47 and 21 % of wild type, respectively (Herde et al. 1999). Nevertheless, 
these two mutants show an extended vegetative phase compared to the wild type, 
indicating a positive role for ABA in the transition between vegetative and repro-
ductive growth in tomato (Carvalho et al. 2011).

More conclusive evidence in support of a promoting role for ABA in the transi-
tion to flowering comes from the analysis of SD plants (El-Antably and Waering 
1966). In soybean, a preferential short day crop, ABA-related transcripts accu-
mulate in the SAM upon transferring to floral inductive conditions. Up-regulation 
of biosynthetic genes, including NCED1, translate into a significant increase in 
ABA levels in SAMs from SD-treated plants, prior to the induction of floral genes 
(Wong et al. 2009). This correlative evidence not only implies a floral-promoting 
role for ABA in soybean, but also suggests the striking overlap of the floral signal-
ling pathway with that of abiotic stress responses.

18.3  ABA Interaction with the Photoperiod

Photoperiodic flowering is the result of complex interactions between the circa-
dian clock (an endogenous timekeeping mechanism) and external cues, which ulti-
mately results in the activation of a set of floral genes (Imaizumi 2010). Central 
to photoperiod-dependent flowering is the pattern of accumulation of the flower-
ing protein CONSTANS (CO) (Putterill et al. 1995). CO expression is regulated 
transcriptionally by the circadian clock through the GIGANTEA (GI)-FLAVIN-
BINDING, KELCH REPEAT, F-BOX (FKF1) complex (Imaizumi et al. 2005; 
Sawa et al. 2007; Fornara et al. 2009; Song et al. 2012). However, CO protein 
accumulates only under LDs when the CO mRNA coincides with the light phase 
at the end of the day (Valverde et al. 2004; Suarez-Lopez et al. 2001). Stabilization 
of CO depends on photoreceptors PHYTOCROME A, CRYPTOCHROME 1 
and 2 (CRY1 and 2) which promote CO stability at the end of a long day, while 
PHYTOCHROME B (PhyB) destabilizes CO protein in the morning (Valverde 
et al. 2004). CO is the transcriptional regulator that promotes flowering by inducing 
expression of the florigens genes FT and TWIN SISTER OF FT (TSF) in the phloem 
companion cells of the leaves (An et al. 2004; Yamaguchi et al. 2005; Kardailsky 
et al. 1999; Kobayashi et al. 1999). While favourable photoperiod triggers FT tran-
scription, it is the FT protein that moves through the phloem from the leaves to 
the SAM to initiate the floral transition (Corbesier et al. 2007; Mathieu et al. 2007; 
Jaeger and Wigge 2007; Notaguchi et al. 2008). In the shoot apex, FT interacts 
with a set of b-ZIP transcription factors (FLOWERING D, FD and FD PARALOG, 
FDP), whose expression is largely SAM-specific (Wigge et al. 2005; Abe et al. 
2005; Jaeger et al. 2013). Here, the FT/FD heterodimer activates several MADS 
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box-type transcription factors, namely SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS 1 (SOC1), APETALA1, and FRUITFUL, responsible for triggering the 
floral transition in the SAM (Abe et al. 2005; Wigge et al. 2005).

Genetic and expression data suggest a role for ABA in the activation of the 
florigen genes (Riboni et al. 2013). First, drought conditions promote FT upreg-
ulation, resulting in a DE response (Riboni et al. 2013; Su et al. 2013). Second, 
aba1 mutants display a reduced FT expression, especially under drought condi-
tions. Consistent with the idea of ABA stimulating flowering in a photoperiodic-
dependent manner, aba1 mutants do not show any obvious flowering phenotype 
under SDs, when no photoperiodic-dependent activation of FT occurs. Also, no DE 
response occurs under SDs, despite a substantial increase in endogenous ABA, nor 
in gi mutants under LDs. Interestingly, ABA accumulates primarily in the vascular 
tissue in Arabidopsis (Endo et al. 2008; Koiwai et al. 2004; Cheng et al. 2002), 
overlapping with the site of FT expression. In addition to FT, FT-like genes are 
present in Arabidopsis including TSF and MOTHER OF FT AND TFL1 (MFT) 
and they all appear to be positively regulated by ABA (Xi et al. 2010; Riboni et al. 
2013). Taken together these data argue in favour for a positive role for endogenous 
ABA in flowering via potentiation of florigen-like genes in a photoperiodic manner.

It is unclear how ABA might affect photoperiodic signalling. Drought stress 
results in an increase in FT expression without affecting the physiological circa-
dian oscillation of FT (Riboni et al. 2013; Su et al. 2013). Because the pattern 
of FT transcript accumulation is mainly dictated by variations in CO protein lev-
els, ABA might directly affect CO protein levels and/or activity. Supporting an 
increase in CO transcription under drought conditions, FLOWERING BHLH 1 
(FBH1), a basic helix-loop-helix-type transcription factor and CO positive acti-
vator is phosphorylated in vivo following ABA signalling activation (Ito et al. 
2012; Wang et al. 2013a). However the role of phosphorylation on FBH1 activ-
ity is unclear. An alternative ABA target is EID1-like protein 3 (EDL3), a positive 
regulator of ABA signalling and an activator of CO. EDL3 transcript is upregu-
lated following ABA applications. EDL3 encodes an F-box type protein that acts 
upstream of CO and positively increase its mRNA levels, thus providing a link 
between ABA and photoperiodic flowering (Koops et al. 2011). These observa-
tions suggest ABA acting upstream of CO. However, CO transcripts upon drought 
conditions are slightly decreased despite GI and FKF1 being upregulated (Han 
et al. 2013). A further possibility could be that ABA promotes GI activity by 
facilitating its direct action on FT promoter, independent of CO. Other light sens-
ing proteins could be involved in this mechanism. Cryptochromes are emerging 
as important general components of ABA-dependent signalling since the overex-
pression of CRY1 from wheat (TaCRY1a) in Arabidopsis results in an ABA hyper-
sensitive phenotype (Xu et al. 2009). Similarly to gi, cry2 mutants have defective 
DE response, despite accumulating increased ABA levels (Riboni et al. 2013; 
Boccalandro et al. 2012). Most importantly, CRY2 positively regulates FT expres-
sion through different mechanisms, including stabilization of GI (Saijo et al. 2008; 
Zuo et al. 2011; Liu et al. 2008). Therefore, it is intriguing to speculate that CRY2 
may participate in the GI- and ABA-dependent activation of FT.
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18.4  Possible Drought Independent Roles of ABA in 
Flowering

Besides drought, ABA could mediate several endogenous and environmental stim-
uli that affect flowering via regulation of FT levels. One example is warm ambient 
temperature, an important cue for flowering in several plant species. FT expression 
is upregulated following an increase in ambient temperature and this is partially 
independent of CO (Balasubramanian et al. 2006; Kumar et al. 2012). Warm tem-
perature causes the upregulation of several ABA-related transcripts and ABA lev-
els are elevated under warm temperature in germinating seeds (Balasubramanian 
et al. 2006; Toh et al. 2008). These correlative observations may point to a role 
for ABA in warm ambient temperature-mediated flowering response. ABA could 
also play an important role in carbon signalling. Expression analysis have shown a 
significant overlap between glucose- and ABA-regulated gene expression (Li et al. 
2006). Also, genes involved in trehalose metabolism are upregulated upon ABA 
applications. This is interesting as trehalose metabolism plays a key role in flower-
ing (Wahl et al. 2013). Trehalose-6-phosphate acts at two sites: it is required for 
the optimal induction of FT in the leaves and it affects the expression of flowering 
genes in the SAM independent of FT.

18.5  Flowering Time Phenotypes Associated with Lesions 
in ABA Signalling Components

Genetic screens identified several mutants altered in both ABA and flowering 
responses. Supporting a negative role for ABA in flowering, some ABA hypersen-
sitive mutants display a late flowering phenotype. For instance mutants for the β 
subunit of farnesyl transferase era1 (enhanced response to ABA 1) are late flower-
ing under both LDs and SDs (Yalovsky et al. 2000). Similarly, hyponastic leaves 
1 mutants combine hypersensitivity to ABA and late flowering (Lu and Fedoroff 
2000). Genetic screens for hos (high expression of osmotically regulated genes) 
mutants identified two CTD phosphatase-like (CPL-like) genes (dubbed cpl1 and 
cpl3) (Koiwa et al. 2002). Both cpl1 (also known as fiery2) and cpl3 mutants are 
characterized by increased sensitivity to ABA (Koiwa et al. 2002; Xiong et al. 
2002b). However, whilst cpl1 mutants are late flowering, cpl3 are early flowering. 
AtCPL1 and AtCPL3 phosphatases are believed to be general regulators of gene 
expression that modulate the phosphorylation of RNA Polymerase II.

Mutations in the gene encoding the large subunit of the nuclear mRNA cap-
binding protein complex (CBC), ABA hypersensitive 1 (ABH1), result in an early 
flowering phenotype, irrespective of the day length (Kuhn et al. 2007; Bezerra 
et al. 2004). The early flowering of abh1 mutants can be largely attributed to a dra-
matic reduction of the strong flowering repressor FLOWERING LOCUS C (FLC) 
(Bezerra et al. 2004). The FLC messenger RNA is heavily processed and interacts 
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with three proteins with RNA recognition motifs including FCA, FLK and FPA 
(Lim et al. 2004; Macknight et al. 1997; Schomburg et al. 2001). Thus CBC may 
modulate the sensitive step of interaction between FLC mRNA and the regulators 
of FLC. Despite highlighting the importance of RNA processing in both ABA sig-
nalling and FLC regulation, ABH1 action does not provide clues as to whether and 
how ABA might play a specific regulatory role in FLC transcript processing.

The above-mentioned mutants show clear defects related to ABA responses, 
yet their pleiotropic nature does not provide clues as to the precise role of ABA 
in flowering. The recent identification of PYRABACTIN RESISTANCE (PYR)/
REGULATORY COMPONENT OF ABA RECEPTOR (RCAR) proteins as ABA 
receptors (Ma et al. 2009; Park et al. 2009) define the early events in ABA signal 
transduction.

Three classes of protein represent key ABA signalling nodes: PYR/RCARs, 
PROTEIN PHOSPHATASE 2Cs (PP2Cs) and SUCROSE NON-FERMENTING1-
SNF1-RELATED PROTEIN KINASE 2s (SnRK2s). In ABA signalling, PYR/RCARs 
act as ABA receptors, PP2Cs act as negative regulators of the pathway and SnRK2s 
act as positive regulators of downstream signalling (Cutler et al. 2010; Umezawa et al. 
2010). ABA binds to the PYR/RCAR receptors and this complex inhibits the action 
of group A PP2C proteins allowing SnRK2s activation and phosphorylation of their 
targets. In the absence of ABA, PP2Cs dephosphorylate SnRK2s thus preventing their 
activity (Umezawa et al. 2009; Vlad et al. 2009; Soon et al. 2012). Interestingly, bio-
chemical differences in the PYR/RCAR-PP2C interaction exist, depending on the 
PYR/RCAR isoform and this suggests that the mechanism of ABA perception and sig-
nalling is more complex than anticipated (Hubbard et al. 2010).

In support for a positive role of ABA in flowering, triple pp2c mutants are sig-
nificantly earlier flowering compared to wild type under LDs (Riboni et al. 2013). 
There are increased levels of FT transcripts accumulation in pp2c triple mutants, 
suggesting that ABA acts upstream of FT transcription. SnRK2s activity is up-reg-
ulated following phosphatase down regulation, implying that SnRK2-type kinases 
could mediate ABA signalling upstream of FT upregulation (Fujii et al. 2009; 
Umezawa et al. 2009). In agreement with this model SnRK2.6/OST1 overexpress-
ing plants produce a small flowering acceleration under LDs (Zheng et al. 2010). 
However, the triple snrk2 mutants are early flowering under LDs (Wang et al. 
2013a, b), arguing in favour of a negative role of ABA in flowering. The similar 
early flowering phenotype of triple snrk2 and triple pp2c mutants argues against 
a simple signalling cascade converging onto the activation of FT. Since SnRK2s 
targets are diverse and involved in several independent processes one could specu-
late that their deregulation might produce pleiotropic effects (Wang et al. 2013a; 
Umezawa et al. 2013). A more detailed description of the SnRK2s and PP2Cs 
regulative network would therefore help in discriminating ABA-direct from 
ABA-indirect effects. Biochemical and genetic studies indicate that several kinds 
of reversible protein phosphorylation events play an important role in the regu-
lation of ABA signalling. Phosphoproteomic screens indicate that several flower-
ing proteins are targeted by SnRK2s, although less is known about the regulatory 
role of phosphorylation on the activity of these proteins (Wang et al. 2013a). ABA 
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induces a rapid activation of mitogen-activated protein kinases (MAPKs), and 
of calcium-dependent protein kinases (CDPKs), some of which are also targeted 
by SnRK2s for phosphorylation (Jammes et al. 2009; Lu et al. 2002; Mori et al. 
2006; Zhu et al. 2007; Wang et al. 2013a). AGAMUS-like MADS-box transcrip-
tion factors were shown to be MPK substrates (Popescu et al. 2009). Additionally, 
the flower repressor FLC (flowering locus C), the FLC paralog MAF5.2 (MADS 
AFFECTING FLOWERING 5variant 2), and REF6 (RELATIVE OF EARLY 
FLOWERING) are phosphorylated by MAPKs. Thus MPK signalling may play an 
important role in the control of flowering time as well as adding further complex-
ity to the ABA-regulated network of phosphorylation.

The early flowering phenotype of triple snrk2 mutants is much more pro-
nounced under SDs conditions compared to LDs (Wang et al. 2013a). Also, 
despite exhibiting an early flowering phenotype under LDs, triple pp2c mutants 
are considerably late under SDs (Riboni et al. 2013). These independent findings 
are consistent with a negative role of ABA signalling in flowering under SDs. 
Because the photoperiodic pathway plays a marginal role in flowering under SDs, 
it is highly unlikely that the negative effect of ABA signalling in flowering under 
SDs is exerted through the downregulation of FT. Since several pathways promote 
flowering under SDs directly at the shoot apex, ABA might counteract other floral 
promoting signals directly in the SAM (Porri et al. 2012; Galvão et al. 2012; Wang 
et al. 2009). Nevertheless ABA biosynthetic mutants do not present altered flower-
ing under SDs (Riboni et al. 2013). Thus, ABA signalling, rather than ABA per se, 
is likely to be responsible for the floral inhibition observed under SDs. Shedding 
some light on this paradox is the recent discovery that a subclass of PYR proteins 
can bind and inhibit PP2Cs in the absence of any ligand. This finding supports the 
notion that a basal level of ABA signalling is constitutively present in Arabidopsis, 
even when ABA is absent (Hao et al. 2011). Inhibition of flowering might be an 
important role fulfilled by this particular clade of PYR proteins.

18.6  Role of ABA Downstream Effectors in Flowering

ABA plays an important role in gene expression by affecting the activity of several 
transcription factors, which, in turn, mediate ABA responses. ABA INSENSITIVE 
3 and 5 genes encode B3-type and basic Leucine zipper (bZIP)-type transcription 
factors, respectively (Finkelstein et al. 2002). ABI3, and ABI5 play a prominent 
role during seed germination and early seedling development (when these genes are 
highly expressed). However, low levels of expression of these genes can be found in 
vegetative tissues (Rohde et al. 1999; Brocard et al. 2002). Knockout and gain-of-
function alleles in these ABA transcription factors result in alterations in flowering 
time suggesting a role for ABA during vegetative development through modula-
tion of these transcription factors. Besides affecting individual transcription factor 
activity, ABA is likely to play a more general role in control of gene expression by 
affecting chromatin remodelling complexes (Saez et al. 2008; Han et al. 2012).
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The over expression of ABI5 results in a late flowering phenotype, while abi5 
loss-of-function mutants are early flowering under LDs (Wang et al. 2013b). 
ABI5 acts as a transcriptional activator and binds to an ABA-responsive element 
(ABRE), which are common elements in the promoters found in many ABA-
induced genes (Busk and Pagès 1998; Zhang et al. 2005). A number of ABRE 
binding factors (ABFs; also referred to as AREBs) were identified, including 
ABF1, ABF2/AREB1, ABF3, ABF4/AREB2 (Uno et al. 2000; Choi et al. 2000). 
The ABFs genes are upregulated following drought stress and their overexpression 
results in plants with enhanced drought tolerance and altered expression of ABA/
stress-regulated genes (Fujita et al. 2005; Kang et al. 2002). Similarly to ABI5, the 
overexpression of ABFs also results in late flowering, pointing to a negative role 
for this clade of bZIPs in flowering (Fujita et al. 2005). However multiple ABFs 
knock-out mutants do not display evident flowering alterations (Yoshida et al. 
2010). Posttranslational modifications play a key role in ABI5 and AREB/ABF 
activity since SnRK2s phosphorylate ABI5 and ABI5-like bZIP transcription fac-
tors in an ABA-dependent manner to promote gene expression (Furihata et al. 
2006; Fujii et al. 2007, 2009; Lopez-Molina et al. 2001; Wang et al. 2013b).

ABI5 acts as a positive regulator of FLC, a MADS-box protein that suppresses 
flowering (Michaels 1999). FLC levels are negatively regulated by the autono-
mous and vernalization pathways that promote flowering indirectly by repressing 
FLC levels (Simpson 2004). ABA-dependent stimulation of SnRK2s promotes 
ABI5 activity and FLC upregulation. Deletions of different phosphorylation sites 
through targeted mutagenesis results in lack of ABI5 activity in vivo and no FLC 
activation even in the presence of exogenous ABA applications. Transcript analy-
sis indicates that two important floral integrators (FT and SOC1) are upregulated 
in abi5 mutants, which is in agreement with a reduced FLC activity. Likewise, FT 
and SOC1 are decreased in 35S::ABI5 plants. However, neither 35S::ABI5 nor abi5 
mutant plants display changes in flowering under SDs.

Other important layers of regulation are likely to play a role in control-
ling bZIPs activity and, as a result, regulation of flowering by ABA. NUCLEAR 
FACTOR-Y-type transcription factors interact with ABI5 and ABFs and participate 
in FT expression by interacting with CO (Kumimoto et al. 2010, 2013; Wenkel 
et al. 2006). Furthermore, mutations in the FyPP1 and FyPP3 (PHYTOCHROME-
ASSOCIATED SERINE/THREONINE PROTEIN PHOSPHATASE 1 and 3) cause 
an ABA hypersensitive phenotype and an accumulation of hyper phosphorylated 
ABI5 forms (Dai et al. 2013). Despite over accumulating ABI5 protein, fypp1 
mutants are early flowering although it is not clear whether this can be directly 
related to ABI5 or defective signalling in other pathways (Kim et al. 2002).

Other transcription factors mediate ABA response, but independent of SnRK2-
mediated phosphorylation. One such transcription factor is ABSCISIC ACID 
INSENSITIVE 3 (ABI3), a B1/B3 transcription factor responsible for the posi-
tive and negative regulation of a plethora of ABA responses (Parcy et al. 1994; 
Giraudat et al. 1992; Rohde et al. 2000a, b, 2002; Mönke et al. 2012; Suzuki et al. 
2003). Besides the well established role in seed germination and early seedling 
development, ABI3 has broader function in vegetative development, including 
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control of flowering time (Kurup et al. 2001; Rohde et al. 2000a). abi3 mutants 
are early flowering under both SDs and LDs while ABI3 overexpression results in 
an increased vegetative phase under LDs (Kurup et al. 2001; Rohde et al. 2000a; 
Zhang et al. 2009). The question arises as to how ABI3 affects the floral transi-
tion. The role of ABI3 in transcriptional reprogramming is complex (Mönke et al. 
2012; Suzuki et al. 2009). Following spray with ABA, abi3 mutants display high 
levels of TSF, suggesting a repressive role for ABI3 on TSF expression (Suzuki 
et al. 2003). In germinating seeds, expression of another florigen gene (MFT) is 
downregulated by ABI3. MFT is then involved in a negative feedback regulation of 
ABA signalling by directly repressing ABI5 (Xi et al. 2010). It is unclear whether 
this model can be extended to the regulation of the vegetative phase. However, 
these data could provide a molecular framework for how florigen-like proteins, 
ABI3 and ABA related bZIPs interact. Second they point to a model where ABI3 
acts as a negative regulator of flowering through downregulation of florigen-like 
genes. Intriguingly, the physical interaction between ABI3 and CO might explain 
the ABI3-mediated regulation of the florigen genes. ABI3 binds to the CO CCT 
(CO, CO-like, TOC1) domain (Kurup et al. 2001). The CCT domain appears to be 
involved in the recruitment of the CO protein to the promoter of FT (Tiwari et al. 
2010). Thus, binding of ABI3 may interfere with CO (and perhaps other CCT-
domain containing proteins) binding to chromatin. A more precise understanding 
of ABI3-action warrants further investigation and could provide valuable clues as 
to how ABA and photoperiod interact to affect flowering.

Combined genetic and expression data suggest a model where ABI3 acts 
upstream of ABI5. First the abi3 germination defects can be rescued by the ectopic 
expression of ABI5. Conversely the ectopic expression of ABI3 cannot rescue the 
germination defect of abi5 mutants. Second elevated ABI3 levels trigger ABI5 
protein expression in the presence of ABA (Lopez-Molina et al. 2002). ABI3 also 
interacts with ABI5, suggesting a mode of cross talk between ABI3 and ABI5 
(Nakamura et al. 2001). Thus, besides negatively regulating florigen-like genes, 
ABI3 may also delay flowering indirectly, through upregulation of ABI5.

ABI3 activity is regulated through ubiquitination and subsequent proteasome-
dependent degradation (Zhang et al. 2009). An ABI3-interacting protein (AIP2) 
can polyubiquitinate ABI3 and affect ABI3 levels in vivo. A model has emerged 
where increasing ABA levels trigger AIP2 transcriptional activation. AIP2 in turn 
negatively regulates ABA signalling by targeting ABI3 for destruction. These data 
argue against the idea that the flowering repressive role of ABA is dependent on 
ABI3, because ABA would promote its degradation.

Other transcription factors play a role in ABA signalling and have been 
reported to alter the floral transition. ABA modulates the nuclear import and activ-
ity of a set of transcription factor to regulate gene expression. ABA can positively 
regulate the transcription of SOC1 through the action of the OXIDATIVE STRESS 
2 (OXS2) zinc-finger transcription factor family. These proteins are able bind in an 
ABA-dependent manner the promoter of SOC1 and multiple mutants in the OXS2 
family are late flowering, consistent with the proposed OXS2 role as activators of 
flowering (Blanvillain et al. 2011).
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In conclusion, rather than operating in a hierarchal cascade of signalling events, 
these data suggest ABA acting at multiple (transcriptional and post-transcriptional) 
levels in the regulation of several transcription factors. Each class of transcription 
factor positively or negatively regulates the floral transition by acting on a specific 
floral integrator; OXS2-factors converge on SOC1, ABI3 on TSF/MFT and ABI5 
on FLC. A future goal will be to understand how and where ABA co-ordinately 
activates such a complex network of transcription factors, the underlying regula-
tory logic and ultimately its physiological significance (Fig. 18.1).

18.7  ABA Interaction with Other Hormonal Pathways 
During the Floral Transition

Several phytohormones participate in the floral transition including Gibberellic 
acid (GAs), Cytokinin, Salicylic Acid, Ethylene, Nitric Oxide and Brassinosterodis 
(D’Aloia et al. 2011; Wilson et al. 1992; Achard et al. 2007; Martínez et al. 2004; 
Domagalska et al. 2007; He et al. 2004). Due to the well-established hormone 
cross-talk, ABA could affect flowering indirectly, e.g. by modifying other hormo-
nal pathways (Gazzarrini and McCourt 2003). The levels of the floral repressing 
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Fig. 18.1  A schematic model summarizing different modes of action of ABA during the floral 
transition. 1 ABA upregulates the transcription of EDL3 and affects FBH1 activity in an unknown 
manner. Both these proteins are positive regulators of CONSTANS (CO). 2 ABA potentiates pho-
toperiod-stimulated GI activity, independent of CO. 3 ABA promotes degradation of ABI3, an 
interactor of CO, which might lead to an increase in CO activity. 1–3 lead to activation of FT. 4 
ABA promotes the activity of OXS2, a direct activator of SOC1. 5 ABA induces FLC expression 
via upregulation of ABI5 activity. FLC causes downregulation of FT and SOC1 expression
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hormone Ethylene are increased in aba mutants plants, and may contribute to their 
late flowering (LeNoble et al. 2004; Riboni et al. 2013). Ethylene in turn suppresses 
flowering through the downregulation of GAs biosynthesis (Achard et al. 2007). 
ABA-GAs cross-talk plays a fundamental role during the germination process where 
ABA counteracts GA biosynthesis and signalling, thus triggering seed dormancy as 
GAs beak dormancy to allow germination (Weiss and Ori 2007). Interestingly in the 
context of the transition to flowering, ABA may act in parallel to GAs with respect 
to FT upregulation (Riboni et al. 2013). GAs are absolutely required for flowering 
under SDs, when the inductive photoperiodic pathway is not active (Wilson et al. 
1992; Reeves and Coupland 2001). Under LDs the role of GAs is less pronounced 
but still present. Different lines of evidence suggest that GAs promote the floral tran-
sition at different sites, by positively regulating FT and TSF transcription (in paral-
lel with CO) in leaves and by stimulating the SQUAMOSA PROMOTER BINDING 
PROTEIN-like (SPL) genes, upstream of SOC1 in the shoot apical meristem (Porri 
et al. 2012; Galvão et al. 2012; Hisamatsu and King 2008). Both ABA and GAs 
appear to share a strong photoperiodic dependency in the way they can activate FT 
expression. ABA does not activate FT or TSF under SDs. Similarly, the upregula-
tion of FT following applied GA is far more effective under LDs compared to SDs 
(Hisamatsu and King 2008). Taken together these results suggest that ABA and GAs 
require a photoperiodic component for their ability to upregulate FT, although ABA 
appears more stringent than GAs in this requirement. Whilst ABA and GAs are pro-
posed to both converge to florigen transcription under LDs, the role of ABA sig-
nalling under SDs is opposite to that of GAs. ABA could play an important role in 
the SAM by counteracting positive flowering signals from GAs. The molecular basis 
for these mechanisms is unknown and further experiments are needed to reveal the 
underlying photoperiodic component(s) and the spatial context involved.

18.8  Concluding Remarks

ABA is mainly known as a stress hormone and its role in flowering is only beginning 
to emerge. Independent reports suggest ABA acting as a promoter of flowering in SD 
plants. In contrast a consensus as to the precise mode of action of ABA in LD plants 
is lacking. This begs to the question as to whether the ABA-mediated effects on flow-
ering are conserved in plants and if so, their relationship with photoperiod. Ecotype/
species specific effects, but also cultivation practices and conditions might affect the 
observed variability in LD plants/backgrounds and need to be investigated further.

Although progresses have been made in linking ABA signalling to FT expres-
sion the molecular basis fora photoperiod-ABA cross talk is unknown. Similarly, 
the mechanism and physiological significance of ABA in the transcriptional/post 
transcriptional control of FLC remain poorly understood. Key questions remain 
as to how early phosphorylation signals are integrated in the photoperiodic or 
autonomous floral pathways, whether they involve other components alongside the 
PYR/RCAR module and their spatial/temporal modes of regulation. Downstream 
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of these early phosphorylation events, the evidence reviewed here suggests that 
ABA activates a complex network of transcription factors, some of which hav-
ing opposing function in flowering. A more precise understanding of the early 
downstream targets of ABA signalling as well as the regulatory logic of the ABA-
related network of transcription factors warrant further investigations.

Recent advancements in hormone signalling reveal how their site of production, 
mode of transport and action is strictly controlled; ABA may thus be no exception. 
A key goal is therefore to have a better understanding of the spatial context where 
ABA acts (perhaps in combination with other hormones) during vegetative devel-
opment. Spatial and temporal constraints might affect the final output of ABA sig-
nalling. Tissue specific and temporal manipulation of ABA signalling could inform 
the nature of these constraints. Knowledge obtained through these experiments 
will provide concepts that help to understand how enormously variable water-
dependent signals are translated into developmental adaptations in plants.
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Abstract The circadian clock is an endogenous timing mechanism that controls a 
variety of physiological, metabolic, and developmental process. It serves as a time-
keeper allowing the organisms to predict recurrent environmental variations, ensur-
ing that the onset of key processes coincides with appropriate conditions. In plants, 
the use of genome-wide approaches revealed that clock-regulated genes are overrep-
resented in several plant hormones and stress-responsive pathways, especially those 
related with abscisic acid (ABA). Concretely, the circadian clock controls the daily 
fluctuations in ABA concentration and modulates plant sensitivity to this hormone 
in a process called gating. In turn, changes in ABA levels due to stressful condi-
tions feed back the clock by modifying its pace. Emerging findings have proven that 
ABA and circadian clock reciprocal regulation is essential to integrate internal and 
external cues to properly adjust key physiology and development processes such as 
flowering transition, seed dormancy and germination, and abiotic and biotic stress 
responses. This mutual regulation is crucial for plant fitness and survival as allows to 
anticipate and precisely respond to predictable stressful conditions.

Keywords ABA signaling · Circadian clock · Cross talk

19.1  Circadian Clock

Day and night cycles, as a result of the Earth’s rotation over its axis, lead to drastic 
changes in the environmental conditions, challenging the life since the beginning of 
the evolution. For this reason, the living organisms have adapted their physiological, 
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developmental, and metabolic process following a rhythmic pattern within a period of 
24 h, in clear coordination with the diurnal cycle (Hubbard et al. 2009; de Montaigu 
et al. 2010). These diurnal oscillations are known as circadian rhythms and the endog-
enous mechanism responsible for generating and maintaining this rhythmicity is 
called circadian clock (Wijnen and Young 2006). Until the present day the circadian 
clock has been found to be present in almost all organisms studied from photosyn-
thetic bacteria to higher plants and mammals (Harmer 2009; Más 2008; McClung 
2008). Some examples of circadian rhythms include the sleep–wake cycles in ani-
mals, locomotor activity in insects, or photosynthesis and leaf movement in plants. 
The presence of circadian rhythms has been suggested to be advantageous to adapta-
tion (Dodd et al. 2005; Ouyang et al. 1998; Woelfle et al. 2004), allowing the organ-
isms to coordinate their physiology and metabolism anticipating the environmental 
changes result of the day/night transitions. Furthermore, the circadian clock allows 
to temporally separate biological, physiological, or metabolic incompatible process 
such as feeding and sleeping, nitrogen fixation and photosynthesis or anabolism and 
catabolism (Golden et al. 1997; Vollmers et al. 2009; Yang 2010).

Circadian rhythms exhibit a 24-h cycle that can be represented as a sinusoi-
dal function, defined by certain parameters such as amplitude, phase, and period 
(Fig. 19.1). This oscillation is sustained even in the absence of environmental 

Fig. 19.1  Schematic representation of the mathematical parameters used to define the circadian 
oscillation. a The period is defined as the time between a specific phase of the cycle and when 
this is repeated again. The amplitude is defined as the difference between the maximum (or mini-
mum) and the average value of the rhythmic parameter studied. b The phase is defined as the 
state of an oscillation relative to another reference rhythmic oscillation. c Schematic representa-
tion of the circadian oscillation of stomatal aperture
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cues (for example, continuous light and constant temperature) with periods close 
to 24 h. Daily changes in light and temperature are able to synchronize these 
rhythms every day, so the rhythmicity exactly matches the 24-h cycle (Liu and 
Bell-Pedersen 2006; Más and Yanovsky 2009; McClung 2006). Furthermore, the 
circadian rhythms remain almost unchanged over a wide range of physiologi-
cal temperatures, thus they are temperature compensated (Bruce and Pittendrigh 
1956). Hence, the clock has an interesting duality. On the one hand, it is a flexible 
mechanism capable of being synchronized by environmental changes, and on the 
other hand, it is a robust and precise timekeeper maintained at different tempera-
tures (Pittendrigh 1954).

Classically, the clock signaling pathway has been represented as linear and uni-
directional with three functional modules: input, central oscillator, and output. The 
input is the module capable of sensing and transmitting the environmental infor-
mation to the central oscillator, synchronizing it; thus, the central oscillation is 
in resonance with the external environment. The central oscillator is the mecha-
nism responsible for generating and maintaining the rhythmicity that is going to 
be transmitted to the output. The output is defined by those rhythmic processes 
controlled by the clock. However, the present knowledge indicates that this linear 
and unidirectional idea is an oversimplification and the clock signaling pathway is 
more complex and branched.

19.2  Evolution of the Circadian Clock Model

The generation of circadian rhythms is based on negative feedback loops, involv-
ing repressors and activators elements that regulate each other’s expression, 
localization, and/or activity (Bell-Pedersen et al. 2005; Wijnen and Young 2006). 
In Arabidopsis thaliana, the first model described involves the MYB transcrip-
tion factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) (Wang and Tobin 
1998) and LATE ELONGATED HYPOCOTYL (LHY) (Schaffer et al. 1998) that 
downregulate the expression of the pseudo response regulator TIMING OF CAB 
EXPRESSION 1 (TOC1) (Makino et al. 2002; Strayer et al. 2000). In turn, TOC1 
activates CCA1 and LHY. This mutual regulation allows to generate an antiphasic 
and rhythmic expression on TOC1 and CCA1/LHY (Alabadi et al. 2001). While 
CCA1 and LHY expression peaks early in the day, TOC1 has its maximum expres-
sion during the evening. CCA1 and LHY therefore are classified as morning genes 
and TOC1 as evening gene (Fig. 19.2).

The functional involvement of these components in the circadian clock has 
been proven in numerous studies. In plants constitutively expressing CCA1 (Wang 
and Tobin 1998) or LHY (Schaffer et al. 1998), the clock is no longer functional, 
whereas loss-of-function mutations of these components results in a clock period 
shortening (Green and Tobin 1999; Mizoguchi et al. 2002). Although LHY and 
CCA1 display high sequence homology, similar phenotypes, and the same phase 
of expression, their function is only partially redundant (Mizoguchi et al. 2002). 
Similar studies showed that the constitutive overexpression of TOC1 leads to 
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arrhythmia (Más et al. 2003a). In contrast, TOC1 loss-of-function mutant showed 
a clear period shortening under white light conditions (Más et al. 2003a) and com-
plete arrhythmia under constant darkness or red light. Therefore, TOC1 shows a 
dual function dependent and independent of light, suggesting a possible role as 
molecular connector between the clock input and the processes rhythmically con-
trolled by the oscillator (Más et al. 2003a).

After the initially described feedback loop between TOC1 and CCA1/LHY, 
early computational models postulated the presence of at least two additional 
feedback loops interconnected between them (Locke et al. 2006; Rand et al. 
2004; Zeilinger et al. 2006). In the so-called morning loop, CCA1/LHY activates 
the expression of PSEUDO RESPONSE REGULATOR 7 (PRR7) and PSEUDO 
RESPONSE REGULATOR 9 (PRR9), both members of TOC1 family. In turn, 
PRR7 and PRR9 act to repress the expression of CCA1/LHY (Farre et al. 2005; 
Nakamichi et al. 2005; Salome and McClung 2005). The evening loop involved 
an unknown factor called “Y” that activates TOC1 expression, whereas TOC1 
feeds back by repressing Y expression. The authors proposed GIGANTEA (GI), 
a multiple-domain protein with several independent functions, as a possible fac-
tor “Y”, although genetic data were not entirely consistent with it (Ito et al. 
2009; Martin-Tryon et al. 2007). Additionally, they suggested the presence of a 

Fig. 19.2  Historical evolution of the proposed model of the Arabidopsis circadian clock. Schematic 
representation of the three most relevant models (Alabadi et al. 2001; Locke et al. 2006; Pokhilko 
et al. 2013) proposed for the Arabidopsis circadian clock core regulation. Red arrows and blue bro-
ken lines represent activation and repression, respectively. Elements belonging to the morning or 
evening loop are shown in yellow and gray, respectively. For simplicity, only elements in circles 
represent proteins (EC, ZTL and COP1). Post-translational regulation is indicated by dotted lines
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component called “X” modulating TOC1 activation of CCA1 and LHY, as TOC1 
and CCA1/LHY expressions are too far temporally (Fig. 19.2).

This model represented a breakthrough on the understanding of how the rhyth-
micity is generated and also inspired most of the works until now. However, the 
model was incomplete as many other essential elements for a proper clock func-
tion had been described, and also did not include the important post-transcriptional 
and post-translational regulation described by some of these components.

Among the several components of the clock that are not included in this model 
should be highlighted CCA1 HIKING EXPEDITION CCA1/LHY (CHE) (Pruneda-
Paz et al. 2009), a CCA1 repressor by direct binding to its promoter region. In 
turn, CCA1 and probably LHY repress CHE expression, forming a new feedback 
loop. Also, LUX ARRHYTHMO (LUX), a MYB factor that is expressed at dusk, 
is essential for maintaining the rhythmicity (Hazen et al. 2005; Onai and Ishiura 
2005). Mutations in this gene lead to the absence of rhythmicity in plants under 
constant conditions. In terms of its function, LUX interacts with two essential 
clock proteins, EARLY FLOWERING 3 (ELF3) and EARLY FLOWERING 4 
(ELF4), forming a DNA-binding protein complex-denominated Evening Complex 
(Nusinow et al. 2011).

The actual model of the circadian clock has undergone a significant revision 
recently. TOC1 and the other PRRs proteins were shown to be transcription fac-
tors binding DNA through their conserved CCT domain (Gendron et al. 2012). 
Unexpectedly, the PRRs proteins act as transcriptional repressors. Indeed, experi-
ments where TOC1 was acutely induced by either ABA or ethanol-responsive 
transgenes led to immediate downregulation of CCA1 and LHY transcrip-
tion (Huang et al. 2012). These results challenged the well-establish model as 
TOC1 does not act to promote LHY and CCA1 transcription but to repress it. 
Furthermore, the identification of the Evening Complex allowed to postulate the 
mechanism responsible for LHY and CCA1 activation. Mutations in either lux, 
elf3 or elf4 lead to higher TOC1 levels (Dixon et al. 2011; Helfer et al. 2011; Kikis 
et al. 2005; Kolmos et al. 2009), suggesting that the Evening Complex might allow 
the CCA1 and LHY expression at dawn by downregulating TOC1 and therefore 
lift the repression (Pokhilko et al. 2012). Incorporating all these new evidence, a 
new model arose where CCA1/LHY lead the sequential expression and repression 
of the PRRs genes PRR9, PRR7, PRR5, and TOC1 that keep CCA1/LHY expres-
sion levels down and finally the Evening Complex release the repression before 
dawn allowing the cycle to restart (Fig. 19.2).

19.3  Interaction Between the Circadian Clock  
and ABA Signaling Networks

Many physiological processes show circadian rhythms, including essential pro-
cesses such as stomatal and leaf movements (Seung et al. 2012; Harmer et al. 
2000; Dodd et al. 2005), osmotic and cold responses (Bieniawska et al. 2008; 
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Matsui et al. 2008), hormone signaling and metabolism (Covington et al. 2008), 
calcium ion fluxes (Johnson et al. 1995), flowering (Song et al. 2013), sugars sign-
aling (Blasing et al. 2005), nitrogen assimilation (Gutierrez et al. 2008) and cyclic 
adenosine diphosphate ribose (cADPR) signaling (Dodd et al. 2007a). Therefore, 
it is not surprising that a large proportion of the transcriptome is subjected to cir-
cadian regulation. Indeed, microarray expression analysis estimated that at least 
one-third of the transcriptome is under clock control (Covington et al. 2008). The 
use of tilling arrays also allowed to identify intragenic regions, introns, and natu-
ral antisense transcripts with circadian regulation, extending the clock control far 
beyond the protein coding transcripts (Hazen et al. 2009).

The functional clustering of clock microarray datasets revealed that circadian-reg-
ulated genes were overrepresented in several hormones and stress-responsive path-
ways (Covington et al. 2008). Concretely, clock datasets were found to extensively 
overlap with ABA datasets (Mizuno and Yamashino 2008). The relationship between 
the circadian clock and ABA is interesting because, while the circadian clock antici-
pate environmental changes, ABA controls many environmental stress responses, 
such as water use and drought tolerance, as well as cold responses (Finkelstein et al. 
2002). Indeed, genes under clock regulation were also found to be overrepresented 
in microarray datasets from osmotic, salt, and drought stress (Covington et al. 2008). 
Considering the significant overlap between clock, ABA, and ABA-related stress-
responsive pathways, it is not surprising that ABA levels show circadian rhythms 
and the clock is able to modulate plant sensitivity to ABA (Robertson et al. 2009). 
Furthermore, the regulation between ABA and the circadian clock is bidirectional as 
ABA feeds back by modifying the circadian pace (Hanano et al. 2006).

19.4  Circadian Regulation of ABA Metabolism

ABA-induced responses are regulated by the amount of biologically active hor-
mone present in the cells or tissues. This amount is a result of rates of biosyn-
thesis, catabolism, transport, and activation/deactivation. Transcriptomical analysis 
showed that several key enzymes involved in ABA biosynthesis and its precur-
sors and are clock-regulated. For instance, ABA DEFICIENT 1 (ABA1) and ABA 
DEFICIENT 2 (ABA2), CLOROPLASTOS ALTERADOS 1 (CLA1), PHYTOENE 
SYNTHASE (PSY), 9-CIS-EPOXYCAROTENOID DIOXYGENASE (NCED), which 
are involved in ABA biosynthesis, synthesis of isoprenoid precursors and carot-
enoid synthesis, respectively (Covington et al. 2008; Seung et al. 2012). Similarly, 
some of the components in ABA degradation and transport also exert circadian 
regulation (Seung et al. 2012). Additionally, day/night cycles and probably the 
circadian clock regulate the activity of an ABA-specific β-glucosidase, AtBG1, 
implicated in the production of bioactive ABA through hydrolysis of glucose-con-
jugated ABA (ABA-GE) in response to stress (Lee et al. 2006).

Overall, the circadian clock seems to modulate ABA metabolism at all levels. 
Indeed, ABA levels in leaves show diurnal fluctuations, with a major abundance 
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peak at the end of the day (Fukushima et al. 2009). Interestingly, NCED, one of 
the limiting steps in ABA synthesis de novo in response to drought and salt stress, 
showed diurnal oscillation in its abundance similar to ABA (Thompson et al. 
2000). Although the circadian regulation of ABA metabolism is clear, little is 
known about the molecular mechanisms implicated.

The first evidences of a molecular link between ABA metabolism and the 
circadian clock were provided by an extensive metabolomic analysis of the 
prr9/prr7/prr5 triple mutant (Fukushima et al. 2009). This mutant displays 
defects in biosynthetic pathways involved in chlorophyll, carotenoid, tocoph-
erol, and ABA. Particularly, it shows a significant induction of the carotenoid 
and ABA biosynthetic pathways, resulting in constitutive high ABA content, 
thus suppressing diurnal oscillation (Fukushima et al. 2009). Not surprisingly, 
prr9/prr7/prr5 mutant displayed drought resistance, freezing tolerance, and upreg-
ulation of cold-responsive genes (Nakamichi et al. 2009).

19.5  Circadian Modulation of the ABA Core  
Signaling Network

Although the transcriptomical analysis indicated an important role of the clock 
modulating ABA-mediated responses, the molecular mechanisms involved in that 
regulation are largely unknown. Some key elements in ABA signaling exert robust 
diurnal oscillation, most likely due to clock regulation. Among them should be 
highlighted elements implicated in the ABA perception such as PYL3, RCAR1, and 
ABAR/CHLH, and essential ABA signal transduction elements such as SnRK2.6, 
ABI1, ABF3, and HAB1 (Seung et al. 2012).

Molecularly, TOC1 has emerged as a central component acting as a molecular 
switch between clock and ABA pathways, especially in response to drought stress. 
TOC1 represses the candidate ABA receptor ABAR/CHLH (Legnaioli et al. 2009; 
Shen et al. 2006; Wu et al. 2009) by direct binding to its promoter region, thus reg-
ulating its diurnal expression. Furthermore, TOC1 directly interacts and modulates 
the activity of key proteins downstream ABA perception such as the phytochrome-
interacting factor (PIF) family proteins and the CBF/DREB1 transcription factors, 
both implicated in drought and cold responses (Kidokoro et al. 2009), as well as ABA 
INSENSITIVE3 (ABI3), an essential factor in seed germination and drought tolerance 
(Kurup et al. 2000).

Although TOC1 has been proven to have a pervasive role connecting circadian 
clock with ABA signaling, the presence of CCA1 binding elements in the promot-
ers of genes encoding several ABA signaling components, including ABAR/CHLH, 
suggests that other circadian clock components might be implicated in this regula-
tion (Pokhilko et al. 2013). Indeed, mutations in CCA1 and LHY genes result in 
plant hypersensitivity to salt, osmotic, and heat stress (Kant et al. 2008). Hence, 
more exhaustive studies are still needed to undercover the intricate mechanisms 
that allow the circadian clock to precisely modulate the ABA responses.
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19.6  ABA Regulation of the Circadian Clock Function

The interaction between ABA and the circadian clock is not a unidirectional 
process. Conversely, a mutual regulation exists. While the circadian clock 
modulates ABA levels and sensitivity according to time, ABA in turn set the 
clock pace in response to environmental stresses. Indeed, external addition of 
ABA lengthens the period of bioluminescence in seedlings expressing the pro-
moters of chlorophyll a/b-binding protein (CAB2/LHCB1*1, a marker gene for 
clock output), COLD AND CIRCADIAN REGULATED 2 (CCR2/AtGRP7; 
a possible slave oscillator component), and CCA1 (Hanano et al. 2006) fused 
to the luciferase. Consistent with these results, the period of CCR2 promoter 
activity is shortened in the ABA-deficient mutant aba2 (Hanano et al. 2006).

Interestingly, TOC1 expression is acutely induced by ABA, and this induction 
is gated by the clock (Legnaioli et al. 2009). ABA treatment in the most sensi-
ble window advances the phase of TOC1 binding to ABAR/CHLH promoter and 
acutely repress its expression. In addition, ABA upregulation of TOC1 expression 
needs the presence of a functional ABAR/CHLH, establishing a feedback loop 
between ABA and the circadian clock, where TOC1 and ABAR/CHLH play a cen-
tral role (Legnaioli et al. 2009).

Precise regulation of TOC1 expression had been proven to be essential for 
proper circadian clock function. Slightly increases in TOC1 expression, either 
by chemical inhibition of deacetylation or by the presence of additional copies 
of TOC1 gene, resulted in a period lengthening of the clock (Más et al. 2003b; 
Perales and Mas 2007). Similarly, ABA induces TOC1 expression at certain cir-
cadian phases and might lead to an overall increase of TOC1 levels. Therefore, 
it is suggested that TOC1 may be responsable for the period lengthening caused 
by external addition of ABA. However, other mechanisms may also be implicated. 
For instance, cADRP levels play an important role in molecular and physiological 
ABA responses and are modulated both by ABA and the circadian clock (Dodd 
et al. 2007b; Sanchez et al. 2004). Additionally, prolonged high levels of cADRP 
shorten the clock period, indicating a mutual regulation between cADRP and the 
circadian clock (Dodd et al. 2007b).

Another possible molecular connection that might be important in the ABA and 
the circadian clock cross talk is represented by the SNW/Ski-interacting protein 
(SKIP). SKIP interacts with PRR7 and PRR9 pre-mRNA and was suggested to be 
important in their splicing processes. Mutations in this gene lead to an increase 
of PRR7 and PRR9 non-functional splicing variants and a temperature-dependent 
lengthening of the circadian clock period (Wang et al. 2012). Additionally, SKIP 
expression was shown to be induced by salt, mannitol, and ABA treatments and 
reduced SKIP protein levels lead to altered tolerance to abiotic stress (Lim et al. 
2010). Considering that altered ratios between the PRR9 splicing variants gen-
erate impaired circadian function (Sanchez et al. 2010). It is possible that ABA-
mediated induction of SKIP expression might produce an increase in PRR7 and 
PRR9 functional splicing variants and therefore a setting on the clock pace.
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19.7  Circadian Gating on ABA Responses

An essential aspect in circadian clock function lies in its ability to respond dif-
ferentially to external stimuli depending on the circadian time through a process 
called gating (Millar and Kay 1996). A clear example of this capability is the light 
input. While during the dusk and dawn, the circadian clock is extremely sensible to 
light changes, allowing a fine-tuning of the period, in the middle of the night, light 
signals (such as a thunder) are gated, thus not significantly affecting the circadian 
clock pace. This phenomenon can be explained by the diurnal oscillation of pho-
toreceptors along with other factors. However, the gating phenomenon is not only 
important in clock synchronization, but also is essential mediating the response to 
stimuli in some downstream processes such as ABA signaling.

Although ABA has been typically associated with responses to rather ran-
dom environmental changes, most of these stressful conditions are more likely 
to occur in a certain moment during the diurnal cycle (Fig. 19.3). Multiple lines 
of emerging evidence indicate that the capacity to respond to those environ-
mental challenges is gated by the clock. This idea is in agreement with a more 
efficient use of the resources and consequently and increased plant fitness. Two 
of the most well-studied physiological processes where the ABA signaling is 
clearly gated by the clock are the stomatal movements and the cold response.
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Fig. 19.3  Circadian oscillation of biotic and abiotic stress (adapted from Spoel and Van Ooijen 
2014). Many biotic and abiotic stresses fluctuate over the day cycle showing a circadian oscilla-
tion. This figure represents the approximate Zeitgeber time (ZT) where those stresses reach their 
maximum. ZT0 and ZT12 represent dawn and dusk, respectively
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19.7.1  Stomatal Movements

Circadian regulation in stomatal aperture had been largely reported in well-watered 
plants. The circadian clock allows to anticipate dawn and dusk transitions, promoting 
stomata opening before dawn, to maximize the CO2 uptake necessary for photosynthe-
sis, and stomata closure at dusk, avoiding unnecessary water loss without any increase 
in carbon fixation. For instance, disruption of the circadian function by CCA1 overex-
pression results in impaired stomatal movements failing to anticipate dawn and dusk. 
In these plants, stomata do not start to open before dawn and remain open at dusk, 
until the dark induces closure (Dodd et al. 2005). Additionally, CCA1-overexpressing 
plants showed increased water consumption and reduced carbon fixation levels, indi-
cating the importance of this regulation for plant fitness (Dodd et al. 2005).

During water-deficit stress, ABA reduces the size of the stomatal pore. 
However, ABA is less effective at closing stomata in the morning than in the after-
noon (Correia et al. 1995). Thus, the ABA-mediated stomata closure might be 
gated by the circadian clock. This may ensure that stomata are open to facilitate 
CO2 uptake in the cool of the morning, when transpiration is lower, but are closed 
in the heat of the afternoon if water supply is limiting.

Although the circadian gating of the ABA-mediated stomatal closure is 
essential to enhance fitness in plants, the molecular mechanisms implicated are 
still largely unknown. The first molecular evidences were provided by studies 
using plants miss-expressing TOC1. These plants show impaired ABA-mediated 
stomata closure and altered drought tolerance. While TOC1 overexpression 
leads to drought hypersensitivity and reduced sensitivity to ABA, plants with 
reduced TOC1 expression show increased drought tolerance and ABA hyper-
sensitivity. TOC1 effect on stomata aperture requires a functional ABAR/CHLH 
as TOC1 directly binds to its promoter (Legnaioli et al. 2009). ABAR/CHLH is 
also necessary for ABA-mediated induction of TOC1 expression (see above). 
Interestingly, the TOC1 promoter region contains two ABA-responsive elements 
(ABRE), commonly associated to ABA-induced genes through PP2C/SnRK2 
pathway (Yoshida et al. 2010; Nakashima and Yamaguchi-Shinozaki 2013). 
Together with current circadian clock models, these findings allowed to build 
a simple mathematical model able to explain the interaction between the cir-
cadian clock and ABA to control stomata aperture (Fig. 19.4) (Pokhilko et al. 
2013). This model, although is still simple and might suffer important revisions 
in the future, challenges the current model of ABA perception (see Chap. 7) and 
represents an important step toward the understanding of this crucial process for 
plant adaptation to the changing environmental conditions in water supply.

19.7.2  Cold Response

The exposure to non-damaging low temperature triggers the cold response 
and the induction of freezing tolerance. Clock gating of the cold responses was 

http://dx.doi.org/10.1007/978-94-017-9424-4_7
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first postulated after a series of wide cold-responsive transcriptomal analysis. 
These studies showed significant differences depending on the sampling time 
(Bieniawska et al. 2008). More detailed analysis including the promoter region of 
cold-induced genes showed a significantly overrepresentation of evening elements 
(EE), CCA1/LHY binding elements commonly associated with genes expressed 
during the evening.

Molecularly, ABA and cold induce the transcription factors DEHYDRATION-
RESPONSIVE ELEMENT-BINDING PROTEIN 1b (DREB1b), DREB1c and 
DREB1a (also known as CBFs genes), which are partly responsible for cold 
response and the induction of freezing tolerance (Vogel et al. 2005). Analysis 
of their promoter regions revealed the presence of EEs often coupled to ABA-
responsive elements (ABRE), and both elements might be necessary for cold 
induction (Mikkelsen and Thomashow 2009). Indeed, DREB1/CBF expression 
shows diurnal oscillation and its cold induction exert circadian gating (Fowler et al. 
2005). In this sense, cold induction studies at different circadian times showed a 
time-dependent induction with its maximum 4 h after dawn. Similar studies using 
CCA1-overexpressing plants showed no diurnal variation in the cold response, 
clearly in agreement with the circadian gating of DREB1/CBF cold induction 
(Fowler et al. 2005). The importance of CCA1 and LHY was further studied by 
using double cca1/lhy mutants that exhibit significantly low levels of DREB1/CBF 
expression and reduced freezing tolerance (Dodd et al. 2007b). Furthermore, CCA1 
and LHY exhibit temperature-dependent splicing; while the functional splicing vari-
ants of CCA1 are produced preferentially at low temperatures and are important for 
cold induction of DREB1/CBF, LHY active variant is preferentially transcribed at 
high temperatures (James et al. 2012; Seo et al. 2012).

Other clock-related genes also have been described to participate in the 
cold-induced freezing tolerance. The gi-3 mutant is susceptible to freezing, 

Fig. 19.4  Simplified model 
defining the regulation of the 
stomatal aperture by ABA 
and circadian clock (adapted 
from Pokhilko et al. 2013). 
Red arrows and blue broken 
lines represent activation 
and repression, respectively. 
Transcriptional and protein 
regulation are shown by solid 
and dotted lines, respectively
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probably due to a decreased endogenous sugar concentration (Cao et al. 2007). 
Additionally, PRR5 and TOC1 bind the DREB1/CBF promoter to repress 
its expression (Nakamichi et al. 2012), most likely in collaboration with 
PHYTOCHROME-INTERACTING PROTEIN 7 (PIF7) (Maruyama et al. 
2004). Furthermore, the arrhythmic triple mutant prr5/prr7/prr9 displays con-
stant high DREB1/CBF transcription levels and shows increased freezing toler-
ance (Nakamichi et al. 2009). These results are in agreement with the diurnal 
oscillation of the DREB1 genes and may be indicative of an ABA-independent 
transcriptional regulation.

ABA also mediates increases in cADPR and [Ca2+]cyt in response to cold, 
and these stimuli are necessary for the induction of a numerous cold-responsive 
genes such as RD29A (RESPONSIVE TO DESICCATION29A) (Viswanathan 
and Zhu 2002; Wu et al. 2003). Abundance of the RD29A transcripts, [Ca2+]cyt 
and [cADPR] has been shown to be circadian-regulated (Dodd et al. 2006, 2007; 
Johnson et al. 1995). Furthermore, cold response experiments at different times 
have shown that RD29A and [Ca2+]cyt are also gated by the circadian clock, 
with maximum response during the day (Dodd et al. 2006). Reciprocal regulation 
between the clock and cADRP suggests that the gating of ABA and the cold sign-
aling might be due to a control of the abundance of the transducing second mes-
sengers by the circadian clock.

Gating experiments showed that cold induction of DREB1/CBF, [Ca2+]cyt and 
RD29A is maximized during the day period. This is indicative that this pathway 
may be different to the cold response resulting from the temperature drop during the 
night. Together with the important role of the circadian clock in photoperiod recog-
nition in seasonal processes such as flowering (Andres and Coupland 2012), these 
findings strongly suggest that this cold induction may account for an onset of long-
term responses such as induction of freezing tolerance in preparation for winter.

19.8  Circadian Regulation of Other ABA-related 
Physiological Processes

Many aspects of plant growth, development, and stress responses in plants 
are regulated by the circadian clock, including diurnal processes such as pho-
tosynthesis, stomatal opening, hypocotyl growth and leaf movement, or sea-
sonal processes, such as floral transition, seed dormancy, and freezing tolerance 
(McClung 2006; Yakir et al. 2007). Some of these processes are also known to 
be modulated by ABA (Finkelstein and Rock 2002). However, the interconnec-
tions between clock and ABA regulation are in most of the cases still unknown. 
The role of ABA in these processes have been extensively reviewed in previ-
ous chapters, the following section briefly describes some of the most relevant 
aspects of the circadian regulation and the possible connections with the ABA 
signaling.
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19.8.1  Seed Dormancy and Germination

Seed studies in order to determine the moment during the development when 
the circadian clock starts revealed that rhythmic gene expression begins on the 
second day after inducing germination by hydration, even in the absence of 
light (Penfield and Hall 2009; Salome et al. 2008; Zhong et al. 1998). These 
results confirm that seed hydration is sufficient to initiate the circadian clock. 
However, studies combining hydration with light cycles showed a considerable 
increase in the robustness and amplitude of the circadian rhythms, suggest-
ing that a light signal is critical to the clock initiation and progression in seeds 
(Kikis et al. 2005).

Seed dormancy allows plants to germinate only when suitable environmental 
conditions are present. Environmental cues have been shown to regulate seed dor-
mancy and germination by modulating levels of two phytohormones with opposite 
action. ABA establishes and maintains dormancy inhibiting germination, while 
gibberellins promote the breaking of dormancy and induce germination (Finch-
Savage and Leubner-Metzger 2006). Taking in to account that several enzymes 
involved in gibberellin and ABA metabolism are controlled by the circadian clock, 
it is not surprising that mutations that alter circadian rhythms also affect germina-
tion (Penfield and Hall 2009). In this sense, ztl (ZEITLUPE, an F-box and blue 
receptor protein that mediates proteasomal degradation of TOC1 protein) and 
lux mutants exhibit reduced germination (Penfield and Hall 2009). Furthermore, 
stratification induces germination less efficiently in these mutants than wild-type 
seeds, while lhy/cca1 double mutants germinate more efficiently. Germination 
defects in these mutants may be due to alterations in hormone signaling as hap-
pens in other stages of plant development (Covington and Harmer 2007; Dodd 
et al. 2007b; Hanano et al. 2006; Legnaioli et al. 2009; Mizuno and Yamashino 
2008).

A possible mechanistic link connecting the circadian clock with seed dor-
mancy and germination was postulated by the observation that TOC1 interact 
in yeast two hybrid with the central regulator of dormancy ABI3 (Kurup et al. 
2000). This notion was recently been reinforced in studies showing that proper 
TOC1 levels are necessary for the ABA-mediated inhibition of germination 
(Castells et al. 2010). Thus, a proper function of the circadian clock in com-
bination with the external signals is an essential mechanism that regulates the 
germination process.

19.8.2  Biotic Stress

Raising evidences have linked the circadian clock with the biotic responses, 
specifically pathogen resistance (Roden and Ingle 2009; Walley et al. 2007). 
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Concretely, A. thaliana sensitivity to oomycete and Pseudomonas syringae infec-
tion shows diurnal variations with an enhanced resistance at dawn, when the 
infection is more likely to occur, and the circadian clock seems to play an impor-
tant role (Wang et al. 2011; Bhardwaj et al. 2011). Additionally, recent stud-
ies showed that not only the clock may modulate biotic stress responses, but 
the immune response can also input the clock and modify its pace (Zhang et al. 
2013). Although the connections between biotic stress and the circadian clock are 
unknown, recent findings indicate an intricate and complex cross talk between 
these two pathways.

Many genes implicated in plant defense against pathogens show circadian regu-
lation and a large number of them also contain an EE in their promoter regions 
(Wang et al. 2011). In agreement with this observation, resistance to infection is 
compromised at dawn in cca1 mutants, whereas CCA1 overexpression results 
in an increased resistance (Wang et al. 2011). Similarly, diurnal variation in the 
resistance to Pseudomonas infection was lost after suppression of circadian 
rhythms, by either CCA1 overexpression or elf3 mutation (Bhardwaj et al. 2011). 
This induced resistance at dawn is believed to be due to the higher expression lev-
els of pathogen-associated molecular patterns (PAMPs)-triggered immunity genes.

To infect a plant, Pseudomonas syringae and other pathogens should first invade 
the leaf lamina through the stomata. The first layer of defense is constituted by 
the recognition of PAMPs by specific receptors and is known as pattern-triggered 
immunity (PTI). Activation of PTI induces rapid stomatal closure to prevent further 
access of the pathogen into the leaf intercellular space. PTI-induced stomatal closure 
requires components from the ABA signaling pathways such as reactive oxygen spe-
cies (ROS) (Cho et al. 2009). Indeed, cellular ROS levels are enhanced by ABA in 
guard cells (Pei et al. 2000) and required for stomata closure. Both stomata closure 
and ROS levels have been shown to be clock-regulated (Lai et al. 2012). Circadian 
modulation of ROS levels is likely to be controlled through CCA1 direct regulation 
of genes implicated in ROS homeostasis. Interestingly, exogenous applications of 
ROS are able to modulate the circadian clock progression (Lai et al. 2012), adding 
another pathway whether ABA signaling can turn to regulate the clock pace.

19.8.3  Floral Transition

Flowering is a critical developmental switch in the plant life cycle. Establishing 
the correct timing for this transition is essential to determine reproductive suc-
cess. The molecular mechanisms implicated in the control of flowering time have 
been most extensively studied in Arabidopsis and classically divided in four main 
pathways: vernalization, photoperiodic, autonomous, and gibberellin (Ream et al. 
2012; Milec et al. 2014; Andres and Coupland 2012; Mouradov et al. 2002).
Particularly, the circadian clock plays a major role in the regulation of photoperi-
odic flowering pathway, acting as an internal mechanism able to  discriminate the 
duration of the day.
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Concretely, Arabidopsis is a facultative long-day plant capable of flowering 
in both long-day and short-day conditions, but the floral transition occurs much 
earlier in long-day conditions (Hayama and Coupland 2004). The interactions 
between the light signals and the circadian clock converge in CONSTANS (CO), 
a key gene in the photoperiodic regulation of the flowering transition. CO gene 
expression, protein stability, and activity are regulated by light/dark cycles and 
the circadian clock (Suarez-Lopez et al. 2001; Yanovsky and Kay 2002). In long-
day conditions, the expression of CO is restricted to the afternoon, whereas under 
short-day conditions its expression is mainly shifted to the dark period (Suarez-
Lopez et al. 2001). This CO oscillatory expression has been proven to be essen-
tial for the photoperiodic discrimination (Yanovsky and Kay 2002) and therefore 
extensively studied. To precisely control the diurnal CO expression, in the morning, 
CO is repressed by CYCLING DOF FACTORs (CDFs) through direct binding to 
its promoter region (Fornara et al. 2009; Imaizumi et al. 2005). At the same time, 
CCA1/LHY represses the CO activators FLAVIN-BINDING, KELCH REPEAT, 
F-BOX 1 (FKF1) and GI. In the afternoon, repression of FKF1 and GI is released, 
which form a blue light-dependent complex. The FKF1-GI complex removes CDF 
repressors via proteasomal degradation (Sawa et al. 2007). At the same time, the 
CDF expression is downregulated sequentially by PRR9, PRR7, PRR5, and TOC1 
(Nakamichi et al. 2009, 2012; Ito et al. 2008), thus ensuring CO expression.

Functionally, CO directly promotes FLOWERING LOCUS T (FT) expression, 
one of the major florigens. FT is synthesized in the leaf vascular tissue and trans-
ported through the phloem to the meristem where, together with other factors, it 
promotes the transcription reprogramming that is going to allow the floral transi-
tion (Kobayashi and Weigel 2007; Turck et al. 2008). CO activation of FT depends 
at least in part on the action of the photoreceptors, PHYA, CRY1, and CRY2 
(Kardailsky et al. 1999; Kobayashi et al. 1999; Samach et al. 2000). These photo-
receptors promote the stabilization of CO protein and stability, whereas PHYB and 
SUPRESSOR OF PHYA-105 (SPA1) stimulate CO degradation (Ishikawa et al. 
2006; Laubinger et al. 2006; Valverde et al. 2004).

Preventing photoperiodic flowering induction under non-favorable environ-
mental conditions is essential for the reproductive success. Therefore, ABA, being 
the major stress-response hormone, might play an important role. Indeed, ABA 
is considered a flowering repressor. External addition of ABA delays flowering, 
whereas ABA-deficient mutants show early flowering phenotype (Achard et al. 
2006; Barrero et al. 2005). Considering the pervasiveness of ABA and circadian 
clock interaction, it is most likely that ABA may play also a role in the photo-
periodic flowering pathway. In this sense, exogenous ABA lengthens the clock 
period (Hanano et al. 2006) and therefore is possible that, under photoperiodic 
inductive conditions, ABA might delay CO expression by shifting its peak to the 
dark period, thus inhibiting flowering. This is also consistent with the ABA acute 
induction of TOC1 because its precise expression has been shown to be essential 
to sense variations on the photoperiod (Perales and Mas 2007).

Although ABA may delay flowering partially by its interaction with the 
photoperiodic pathway, its inhibitory role has been majorly associated with 
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FLOWERING LOCUS T (FLC) (Wang et al. 2013), a potent flowering repressor. 
ABA promotes SnRK2-mediated phosphorylation of the transcription factor ABI5, 
and phosphorylated ABI5 is able to bind FLC promoter and induce its expression, 
thus extending vegetative growth (Wang et al. 2013). Conversely, FLC expres-
sion is repressed by vernalization and autonomous pathways through modulation 
of the chromatin structure (Michaels 2009). Furthermore, some studies indicated 
that FLC might have circadian regulation (Fujiwara et al. 2010), indicating that 
FLC might act by integrating ABA, vernalization, autonomous pathway, and circa-
dian signals to regulate flowering. Interestingly, vernalization also inputs the circa-
dian clock by modifying its pace provably through FLC expression (Salathia et al. 
2006). Consistently, FLC was shown to lengthen the circadian period at higher 
temperatures, contributing to temperature compensation, most likely through regu-
lation of LUX expression (Edwards et al. 2005). Altogether, these results impli-
cate a complex cross talk among ABA, circadian clock, and flowering pathways 
in which FLC plays a central role. Also, FLC emerges as another possible link 
through which ABA signaling might turn to regulate clock progression.

19.9  Concluding Remarks

The circadian clock involves a complex signaling network that is able to coordi-
nate external stimuli and an internal time mechanism to optimize multiple pro-
cesses all along the developmental process of plants. Given the important role of 
ABA in regulating many physiological and developmental processes in response 
to the changing environment, the integration of ABA signaling with the circadian 
clock network increases the robustness and the plasticity of the response, thus 
enhancing plant fitness and survival.

During the last few years, a series of exiting discoveries have been contributed 
substantially to a better understanding of the molecular mechanisms implicated 
in ABA signaling and the circadian clock organization. However, most of these 
studies have considered these pathways independently. Multiple lines of emerg-
ing evidence indicate an intricate network connecting ABA and the circadian clock 
involving multiple interactions at all levels. Thus, extending our knowledge on the 
links between these two essential signaling pathways will be crucial to understand 
at deeper level how plants cope with their changing environment.
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Abstract Plants live in complicated environments in which they are obliged to 
defend against a broad range of attackers. In order to protect themselves, plants 
have evolved complex regulatory signaling networks where multiple hormonal 
pathways antagonistically or synergistically interact and influence plant defense 
responses. Beside of its prominent roles in abiotic stress tolerance, the plant hor-
mone abscisic acid (ABA) has also been emerged as crucial regulator in biotic 
stresses. Accumulated studies have shown that ABA can exert both positive and 
negative influence on host defense, and its efficacy is dependent on the specific 
plant–attacker combination. In this chapter, we mainly focused on recent literature 
dealing with the roles of ABA in modulating plant defense responses against vari-
ous attackers.

Keywords ABA · Plant–pathogen interaction · Biotic and abiotic stress · Cross talk

20.1  Introduction

Being unable to escape from the surrounding complex circumstances, plants are 
obligated to respond more effectively than animals to various living-threaten 
stresses in order to successfully survive and reproduce. These stresses can nega-
tively or even harmfully affect the growth and productivity of plants and can be 
broadly divided into two categories: abiotic and biotic. Abiotic stresses include 
all the non-living environmental factors, such as water deficiency (drought), 
excessive salt (salinity), threshold temperatures (from freezing to scorching), 
decreased availability of essential nutrients (nutrient starvation), and variable 
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light conditions. Biotic stresses are those that occurs as a result of damage done to 
plants by other living organisms, such as bacteria, viruses, fungi, oomycetes, para-
sites, and herbivores These stresses can occur at multiple stages of plant develop-
ment and often more than one stress simultaneously affects the plant, potentially 
restricting plant growth, plant development, or even determining plant species dis-
tribution across different types of environments.

The adaption to various stresses of all living organisms is the outcome of inter-
action between their genome and the ever-changing environment. In order to bet-
ter adapt to adverse conditions and finally complete their life cycles, plants have 
evolved plenty of complex signaling systems to respond to external and internal 
cues to regulate growth and development under stressful environments. These 
responses are mediated by plant growth regulators (phytohormones), compounds 
derived from plant biosynthetic pathways that can act both locally and systemi-
cally. Numerous studies have demonstrated that plant hormones play critical regu-
latory roles in both plant growth and development and the responses to adverse 
stresses. In general, it is accepted that the plant hormones consist of five major 
classes of plant hormones, namely abscisic acid (ABA), ethylene (ET), cytokinin 
(CK), auxin (IAA), gibberellin (GA), as well as jasmonate (JA), brassinosteroids 
(BR), salicylic acid (SA), nitric oxide (NO), strigolactone (SL), karrikins, poly-
amines, and plant peptide hormones, and it is imaginable that additional growth 
regulators would be discovered in the future. So far, thanks to so many excellent 
researchers’ efforts in these fields, we have been made significant research pro-
gresses associated with the biosynthesis of plant hormones, their metabolism, as 
well as their roles in signaling. In this chapter, we will mainly discuss the role of 
ABA in different plant–attacker interactions.

20.2  Hormonal Modulation of Plant Immunity

During the long-term and constant interactions with various microbial pathogens or 
herbivores, resistant plants have successfully evolved sophisticated defense mecha-
nisms to protect themselves. Normally, plants use both constitutive and inducible 
defense responses to fend off various attackers. Constitutive defenses were based 
on many preformed barriers, such as cell walls, waxy epidermal cuticles, and bark; 
while inducible defenses include the production of toxic chemicals, pathogen-
degrading enzymes, and deliberate cell suicide, which were activated upon the rec-
ognition of pathogen attack. The constitutive and inducible defenses constitute a 
multilayered defense which is initiated sequentially during plant–attacker interac-
tions (Chisholm et al. 2006; Jones and Dangl 2006; Nishimura and Dangl 2010).

The defensive response of the plant upon pathogen infection is the outcome of 
highly coordinated sequential changes at the cellular level, during which the plant 
hormones play important roles (Ton et al. 2009). SA, jasmonic acid (JA), and eth-
ylene (ET) are the primary defense hormones, and their importance in plant innate 
immunity is well documented, particularly in the model plant Arabidopsis thaliana 
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(Grant and Jones 2009; Robert-Seilaniantz et al. 2011). The SA signaling pathway 
is mainly linked to resistance to biotrophic pathogens that feed on living host tissues 
and often associated with hypersensitive response (HR; Durrant and Dong 2004; 
Vlot et al. 2009), while the JA and ET signaling pathways are predominantly associ-
ated with resistance to necrotrophic pathogens that promote host cell death at early 
stages of infection (Glazebrook 2004). It is well known that there has an mutual 
antagonism between SA-mediated and JA/ET-mediated defense signaling pathways 
(Kunkel and Brooks 2002). More recently, other plant hormones, including the stress 
hormone ABA and the developmental hormones, such as cytokinins (CKs), auxin, 
brassinosteroids (BRs), and gibberellins (GAs), have also been demonstrated to be 
important regulators during plant–microbe interactions (Mauch-Mani and Mauch 
2005; Robert-Seilaniantz et al. 2007; Grant and Jones 2009). Interestingly, numer-
ous studies have suggested that these hormones participated in disease responses by 
interaction antagonistically or synergistically with the SA–JA–ET backbone of the 
plant immune signaling network (Verhage et al. 2010; Pieterse et al. 2012; Robert-
Seilaniantz et al. 2007). Thus, it is interesting to reveal how pathogens disturb and 
evade plant defense responses by manipulation of hormone signaling and how hosts 
counteract this manipulation (Grant and Jones 2009). In this chapter, we focus on 
recent literature dealing with the roles of ABA in plant immunity.

20.3  Roles of ABA in Plant–Pathogen Interaction

Beside of its prominent roles in plant response to abiotic stress, the plant hormone 
ABA has also been demonstrated to function as a crucial regulator in plant biotic 
defense responses. Accumulated studies have shown that ABA can exert a posi-
tive or negative influence on the host defense against almost all types of attack-
ers, such as bacterial, fungal, and oomycete pathogens, as well as herbivore and 
virus, and its efficacy is dependent on the specific plant–attacker combination (Ton 
et al. 2009; Cao et al. 2011). Further more, studies have demonstrated that ABA 
has variable roles throughout different phases of plant defense (Ton et al. 2009). 
Below, we will first talk about the role of ABA in defense against bacterial, fungal, 
and oomycete pathogens.

20.4  Expression Pattern of ABA Pathway Core  
Components Under Pathogen Challenge

The public availability of micro-array datasets allows researchers to obtain some 
clues as to certain gene’s function toward particular stress conditions. Recently, 
Chan summarized the transcriptional profiling of Arabidopsis ABA pathway core 
components under different pathogen infection based on both publicly available 
micro-array data and their qRT-PCR results. Their results showed that most ABA 
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pathway core components (from ABA synthesis, metabolism, transport, to signal 
transduction) were responded to pathogen infection. For example, the expression 
of three key ABA biosynthesis enzymes, namely NCED3, ABA3/LOS5 and AAO3, 
was all induced by Pseudomonas syringae pv. Tomato DC3000, Pseudomonas 
syringae pv. maculicola ES4326, and Botrytis Cinerea infection; similarly, the 
expression of two ABA catabolism genes, CYP707A1 and CYP707A4, was also 
slightly induced in a long-term manner by the infection of the three pathogens 
(Chan 2012). Thus, homeostasis of endogenous ABA is important for the plant to 
properly respond to pathogen infection. Recently, PYR/PYLs, a family of novel 
START domain proteins, were identified as ABA receptors (Ma et al. 2009; Park 
et al. 2009). The ABA-bound receptors are able to inactivate the PP2Cs and dis-
rupt or decrease the physical interaction between the PP2Cs and the SnRK2 s 
and finally transduce the signal to downstream targets (Fujii et al. 2009). Chan’s 
results also showed that the expression levels of most PYR/PYLs were inhibited 
while the expression levels of most PP2Cs were induced by pathogen infection 
(Chan 2012). Therefore, there has an increased ratio of PP2Cs:PYR/PYLs upon 
pathogen infection which may be required for activation of the downstream ABA 
signal pathway. Consistent with the these findings, one recent research has demon-
strated that Arabidopsis plants impaired in ABA biosynthesis, such as aba1-6, or 
in ABA signaling, like the quadruple pyr/pyl mutant (pyr1pyl1pyl2pyl4), showed 
enhanced resistance to the fungus Plectosphaerella cucumerina while the hab1-
1abi1-2abi2-2 mutant impaired in three phosphatases that negatively regulate 
ABA signaling, are more susceptible to this fungus (Sánchez-Vallet et al. 2012). 
In tomato, the expression of ABA pathway core components was also affected in 
B.cinerea-infected fruits (Blanco-Ulate et al. 2013). Based on both the expression 
pattern and function of ABA pathway core components under pathogen infec-
tion, we can deduce that ABA may play important roles during plant–pathogen 
interactions.

20.5  ABA and Stomatal Innate Immunity

Plants use innate physical and biochemical barriers to protect themselves from a 
variety of pathogens. Thus, to successfully infect a host plant, pathogens need to 
evolve mechanisms that allow them to circumvent plant mechanical barriers, such 
as cell walls and waxy epidermal cuticles. Some fungal pathogens penetrate plant 
tissue using mechanical force or by secreting cuticle- and cell-wall-degrading 
enzymes (Mendgen et al. 1996; van Kan J.A. 2006). But unlike fungal pathogens, 
bacteria pathogens cannot directly penetrate the leaf epidermis and instead enter 
leaf tissues using preexisting openings, such as stomata, hydathodes, nectarthodes, 
and wounds (Melotto et al. 2008). Among them, stomata represent a major route 
for many phytopathogens to enter the plant tissues (Zeng et al. 2010). In order to 
prevent pathogen entry into host tissue through the stomata, plants can actively 
close the stomata by activating stomatal innate immunity, which usually occurs 
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1 h after exposure to pathogenic and non-pathogenic bacteria (Melotto et al. 
2006, 2008; Schulze-Lefert and Robatzek 2006; Zeng et al. 2010; Faulkner and 
Robatzek 2012). Furthermore, perception of several pathogen- or microbe-associ-
ated molecular patterns (PAMPs or MAMPs), such as the flagellin derivative flg22 
and lipopolysaccharides, can rapidly induce stomatal closure and then activate 
stomatal innate immunity (Melotto et al. 2006; Zeng et al. 2010). Interestingly, 
besides of its prominent role in regulating stomatal closure upon drought stresses 
(Schroeder et al. 2001), several studies have also demonstrated the involvement of 
ABA in stomatal innate immunity. For example, the Arabidopsis mutants defec-
tive in ABA synthesis (aba3-1) or ABA signaling (ost1-2) are unable to perceive 
two PAMPs, flg22 and lipopolysaccharide, and fail to induce stomatal closure. 
Thus, it is evident that ABA can positively prevent pathogen infection by function-
ing in PAMP-induced stomatal closure (Melotto et al. 2006). The ABA-controlled 
PAMP-induced stomatal closure required several key steps, including ABA syn-
thesis, NO production, and the OST1 kinase (Melotto et al. 2006). Similarly, SA 
can also induce stomatal closure, and the SA-deficient mutants eds5-1, eds16-
1/sid2, and NahG transgenic plants, or SA signaling mutants, such as npr1, show 
impaired ability in closing the stomata in response to the Pst DC3000 or PAMPs, 
indicating the important role of SA in stomatal innate immunity (Melotto et al. 
2006; Zeng et al. 2010). Further studies demonstrated that the SA signaling regu-
lator NPR1 acts downstream of SA, but upstream of ABA in stomatal immunity 
(Zeng and He 2010). Recently, it was reported that the rhizobacteria Bacillus 
subtilis FB17-mediated stomatal closure involved both SA and ABA signaling 
(Kumar et al. 2012). However, the mechanism of possible cross talk between SA 
and ABA during stomatal innate immunity is still unclear.

In turn, pathogens have evolved a variety of virulence factors to counteract 
stomatal innate immunity and finally colonize the host tissues through reopening 
the stomata. Pst DC3000 can reopen stomata by producing the effector molecule 
coronatine (Melotto et al. 2006; Zeng and He 2010). Recent study demonstrated 
that Pst DC3000 can also produce another effector HopM1 to reduce both bacte-
rial PAMP flg22 and the fungal PAMP chitin-induced stomatal closure (Lozano-
Durán et al. 2013). Similarly, Xanthomonas campestris pv. campestrisis (Xcc) can 
also overcome stomatal innate immunity through a DSF cell-to-cell signal-regu-
lated virulence factor which has the ability to revert bacteria, lipopolysaccharide, 
or ABA-induced stomatal closure (Gudesblat et al. 2009). The bacterial citrus 
pathogen, X. axonopodis pv. citri, can produce a plant natriuretic peptide (PNP) 
to antagonize ABA-dependent stomatal closure and finally create a favorable host 
environment for its own survival (Gottig et al. 2008). Some fungal pathogens also 
use virulence factors, such as fusicoccin and oxalate, to counteract stomatal clo-
sure (Turner et al. 1969; Guimaraes et al. 2004). Hence, based on these reports, 
we can deduced that ABA functions in stomatal innate immunity by controlling 
stomatal closure upon pathogen infection while some successful pathogens have 
evolved virulence factors to counteract stomatal innate immunity. The ABA-
mediated stomatal innate immunity constitutes an important part of the plant pre-
invasive penetration resistance (Ton et al. 2009).
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20.6  ABA and Callose Deposition

Upon the recognition of a successful invasion, the host plant would activate post-
invasive resistance responses, such as rapid callose deposition and generation of 
reactive oxygen species (ROS), during which ABA involved. Compared with its 
positive roles in stomatal innate immunity, the role of ABA in post-invasive resist-
ance responses is controversial and seems to vary among different plant–pathogen 
interactions.

Accumulating studies have demonstrated that both ABA and callose can 
affect the consequence of many plant–pathogen interactions, and ABA can both 
negatively and positively affect the deposition of callose which is dependent on 
the plant–pathogen combination (Flors et al. 2001). However, the exact molecu-
lar mechanism behind the modulation of callose by ABA upon pathogen attack 
is unclear.

In plant–bacteria interactions, several studies have demonstrated that ABA gen-
erally functions as a negative regulator in the post-invasive defense by suppress-
ing bacteria-induced callose formation. When challenged with Pst DC3000, ABA 
hyper-responsive abi2 mutants strongly decreased callose deposition accompa-
nied by enhanced susceptibility, while ABA-insensitive abi1-1 and abi2-1 mutants 
deposit augmented levels of callose which coincided with enhanced resistance (de 
Torres-Zabala et al. 2007; Goritschnig et al. 2008). Furthermore, pre-treatment 
with ABA also strongly reduced callose deposition in subsequently Pst DC3000 
inoculated plants (de Torres-Zabala et al. 2007).

Contrarily, in some plant–fungal–oomycetes interactions, ABA can exert an 
positive role by stimulating callose deposition or by modulating the priming of 
callose deposition (Ton and Mauch-Mani 2004; Flors et al. 2001). Treatment 
with exogenous ABA can mimic the effect of β-aminobutyric acid (BABA) 
and result in priming for pathogen-inducible callose deposition, coinciding 
with enhanced resistance against P. cucumerina and Alternaria brassicicola. 
It was also demonstrated that both the intact ABA signaling and callose for-
mation are crucial for BABA-induced resistance against P. cucumerina and A. 
brassicicola in Arabidopsis, since the ABA-deficient mutant aba1-5, the ABA-
insensitive mutant abi4-1 and the callose-deficient mutant pmr4-1 failed to 
express the BABA-induced resistance. The reduction or absence of primed cal-
lose deposition in BABA-treated aba1/ibs3 and abi4 plants upon infection by 
Hyaloperonospora parasitica and P. cucumerina, respectively, further provides 
a causal link between ABA signaling and callose deposition (Ton and Mauch- 
Mani 2004; Ton et al. 2005). Thus, these studies clearly showed that ABA 
functions in the BABA-induced augmentation of pathogen-induced callose dep-
osition. However, it should be noted that besides of its role in callose deposition, 
ABA-dependent resistance can also to be exerted in a callose-independent man-
ner, such as activation of JA biosynthesis, as reflected in Arabidopsis–Pythium 
irregulare interaction (Adie et al. 2007).
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20.7  ABA and ROS

Reactive oxygen species (ROS) burst is one of the most important plant defense 
responses to pathogens, whose efficacy in plant defense remains controversial 
(Elad 1992; Mehdy 1994; Asselbergh et al. 2007). Several studies implied that 
there may exist an correlation between ABA level or signaling and ROS gen-
eration. Studies using the ABA-deficient sitiens tomato mutant revealed that the 
timely and localized hyper-induction of hydrogen peroxide (H2O2, a major ROS) 
and subsequent HR-mediated defense response in the epidermal cell wall can 
effectively arrest the necrotrophic pathogens B. cinerea and Erwinia chrysanthemi 
(Asselbergh et al. 2007, 2008). Consistently, treatment with exogenous ABA can 
restore the pathogen susceptibility of sitiens and also suppress H2O2 accumula-
tion in this mutant (Asselbergh et al. 2007). Thus, ABA deficiency in sitiens 
contributes to the generation of H2O2 which may result in the epidermal ROS/
HR-mediated defense responses. Recently, Seifi et al. further showed that both 
epidermal HR-mediated response and mesophyllic GS1/GABA-shunt-mediated 
anti-cell death mechanism constitute the multifaceted resistance mechanism in 
sitiens against B. cinerea (Seifi et al. 2013).

On the other hand, ROS are important messengers in ABA-mediated stress 
responses. Studies have demonstrated that ROS play important roles in both 
MAMP- and ABA-induced stomatal closure. ABA and flg22 activate the plasma 
membrane-resident NADPH oxidases to trigger H2O2 production (Kwak et al. 
2003; Mersmann et al. 2010). The NADPH oxidase RESPIRATORY BURST 
OXIDASE HOMOLOGUE D and F (RBOHD and RBOHF) function redundantly 
in ABA-induced stomatal closure, and the atrbohD/F double mutations severely 
impair this process (Kwak et al. 2003). However, the MAMP-triggered ROS pro-
duction is mainly dependent on the RBOHD, whose mutation abolished the flg22- 
and elf18-dependent stomatal closure (Mersmann et al. 2010; Macho et al. 2012). 
In addition, the chloroplastic enzyme ASPARTATE OXIDASE (AO), which cata-
lyzes the first irreversible step in the de novo biosynthesis of NAD, is also required 
for PAMP-induced RBOHD-dependent ROS burst and stomatal closure; however, 
it does not impact RBOHF-mediated ABA-induced ROS burst or ABA-induced 
stomatal closure (Macho et al. 2012). Thus, the ABA and MAMP-triggered pro-
duction of ROS is achieved partially by sharing some common components.

20.8  Interplay Between ABA and SA–JA–ET During 
Plant–Pathogen Interaction

Based on the above observations, impairment in ABA synthesis or signal resulted 
in altered responses of host plants to various pathogen attack, indicating the 
involvement of ABA in plant biotic stresses. Besides of the above-mentioned 
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effect of ABA in callose deposition and ROS generation, ABA can also affect the 
expression of defense-related genes. Accumulating evidences have demonstrated 
that ABA can participate in plant biotic stress responses by connecting to the well-
documented SA and JA/ET-mediated signaling pathways. Compared to the pre-
dominantly antagonistic relation between ABA and SA, the interaction between 
ABA and JA/ET can be both synergistic and antagonistic.

20.9  ABA and SA

Numerous studies have provided evidences that ABA can negatively regulate 
SA-mediated pathogen responses. The production of ABA was enhanced by Pst 
DC3000 infection, implying that ABA may increase susceptibility of host plant to 
this bacterium (Truman et al. 2006; de Torres-Zabala et al. 2009). Coincidently, 
both exogenous ABA application and addition of exogenous ABA by over-expres-
sion of ABA biosynthesis-related NCED genes result in increased growth of bac-
terial pathogens, while mutations in Arabidopsis ABA synthesis mutants, such 
as aba3-1 and aao3, confer enhanced resistance to Pst DC3000 infection (Mohr 
and Cahill 2003; Fan et al. 2009; de Torres-Zabala et al. 2009). Similarly, exog-
enous ABA application renders rice hypersusceptible to the infection by both the 
rice leaf blight bacteria Xanthomonas oryzae pv oryzae (Xoo) and the blast fun-
gus Magnaporthe grisea, and further analysis demonstrated that ABA promotes 
susceptibility to the two pathogens by suppressing SA-regulated defenses (Jiang 
et al. 2010; Xu et al. 2013). Furthermore, ABA suppresses the induction of SAR 
by inhibition of SA-dependent gene expression (Yasuda et al. 2008). Studies also 
showed that ABA can suppress SA accumulation. For example, exogenous ABA 
application can reduce SA content in P. syringae pv. Tomato (Pst 1065)-infected 
leaves (Mohr and Cahill 2007). This finding was echoed by a subsequent study 
where the increased resistance in the ABA-deficient aao3 mutant was accompa-
nied by a higher basal and induced SA level, coincident with the enhanced basal 
and induced expression level of the SA biosynthetic gene ICS1, implying that 
ABA can suppress SA biosynthesis through downregulation of ICS1 (de Torres-
Zabala et al. 2009). In ABA-deficient sitiens tomato mutants, it was showed that 
the enhanced resistance to B. cinerea was correlated with the elevated expression 
of the SA biosynthesis gene PHENYLALANINE AMMONIA LYASE (PAL) and 
increased sensitivity to BTH-induced PR1 expression, indicating that ABA can 
promote susceptibility to B. cinerea in tomato by negatively modulating the SA-
dependent defense pathway (Audenaert et al. 2002). Together, these results dem-
onstrated that ABA appears to suppress the SA-dependent signaling mechanisms.

Interestingly, SA can both enhance and suppress the ABA-mediated signaling 
pathway. For example, it was showed that SA can positively regulate ABA accu-
mulation—at least in the latter stages of infection, as reflected by the reduced 
accumulation of endogenous ABA in the Pst DC3000-infected sid2-1 mutants 
(de Torres-Zabala et al. 2009), while the activation of the SA-mediated SAR can 
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inhibit the expression of ABA biosynthesis-related and ABA responsive genes, 
in which the NPR1 protein or signaling downstream of NPR1 may participate 
(Yasuda et al. 2008). Collectively, we can deduce that the bidirectional interac-
tion between ABA and SA can occur at multiple points of their signaling pathways 
with their effect of cross talk prominently antagonistic.

20.10  ABA and JA/ET

Numerous studies have also suggested that there is a complex cross talk between 
ABA and JA/ET-mediated signaling pathways. As we know that the JA sig-
nal pathway can be divided into two antagonistic branches, namely the ET co-
regulated ethylene response factor (ERF)-branch and the ABA co-regulated 
MYC-branch. The ERF-branch is mainly responsible for the resistance to necro-
trophic pathogens and is controlled by the AP2/ERF domain transcription fac-
tors ERF1 and ORA59, leading to activation of the downstream marker gene 
PDF1.2 (Penninckx et al. 1998; Lorenzo et al. 2004; Pré et al. 2008),while the 
MYC-branch is activated during plant–herbivore interactions and is regulated 
by the basic helix-loop-helix leucine zipper proteins MYC2/3/4, resulting in the 
transcription of VSP1 and VSP2 marker genes (Anderson et al. 2004; Thaler and 
Bostock 2004; Lorenzo and Solano 2005; Fernández-Calvo et al. 2011; Niu et al. 
2011). Interestingly, ABA can confer synergistic effects on the MYC-branch while 
antagonistic effects on the ERF-branch, as demonstrated by the opposite effects 
of ABA on two branches’ master genes, with enhanced expression for MYC2 and 
VSP2 but suppressed expression for ERF1, ORA59, and PDF1.2 (Anderson et al. 
2004; Kazan and Manners 2013). Consistent with these findings, it was reported 
that ABA-deficient mutants showed increased susceptibility to herbivory (Thaler 
and Bostock 2004; Bodenhausen and Reymond 2007) and enhanced resistance 
to necrotrophic pathogens (Anderson et al. 2004; Sánchez-Valletetal et al. 2012). 
Studies also demonstrated that ABA can function as an essential signal to promote 
JA biosynthesis and then lead to the activation of defense responses against the 
damping-off oomycete P. irregulare (Adie et al. 2007). Additionally, there exist 
bidirectional antagonism between ABA and ET signaling. For example, the eth-
ylene insensitive mutant ein2 had elevated ABA levels (Ghassemian et al. 2000), 
while increased ABA levels may result in reduced ethylene levels as demonstrated 
by the OsMPK5 over-expression plants or exogenous ABA treatment in rice 
(Xiong and Yang 2003; Yang 2007). Together, ABA can both suppress and enhance 
the JA/ET-mediated defense responses whose efficacy is determined by the combi-
nation between host plants and pathogens.

Furthermore, there may have complex cross talk between ABA, JA, and SA 
during the interaction between A. brassicicola and susceptible Brassica juncea or 
resistant Sinapis alba. The susceptible B. Juncea triggered an SA-mediated bio-
trophic mode of defense response upon challenge with A. Brassicicola, while the 
resistant S. Alba initiated enhanced ABA response to counteract SA response and 
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synchronously restore the necrotrophic mode of resistance by enhancing JA bio-
synthesis (Mazumder et al. 2013). Thus, ABA can function in plant disease resist-
ance by enhancing one defense pathway but inhibiting another defense pathway.

Besides of the above-mentioned regulation of ABA during plant patho-
gen defense, such as stomatal innate immunity, callose deposition, ROS, and 
cross talk with SA/JA/ET, ABA can affect plant defense responses by modulat-
ing the cell wall composition (Sánchez-Vallet et al. 2012) and also functions in 
induced systemic resistance (ISR) that is elicited by below-ground rhizobacteria in 
Arabidopsis (Van der Ent et al. 2009; Kumar et al. 2012).

20.11  Roles of ABA in Plant–Herbivore Interaction

In order to efficiently counteract the attack by herbivorous insects, plants have 
evolved surveillance systems aimed to recognize attacking harmful insects and 
respond with proper defense mechanisms, including the “early warning” response, 
wound-induced resistance (WIR), and herbivore-associated molecular pattern 
(HAMP)-induced immunity (HTI) (Erb et al. 2012). Following the recognition 
of an herbivorous insect, plants use an complex signaling cascades to reprogram 
their phenotype. Although the recognition of pathogens or herbivores can be very 
specific, plants may use a “common downstream signaling machinery” to acti-
vate defense responses (Katagiri et al. 2010). Similar to their important roles in 
plant response to pathogen infection, phytohormones are also involved in herbi-
vore defense, with the JA pathway playing a dominant role in host resistance. In 
addition to this core hormonal signal, other plant hormones, including ABA, are 
also been shown to participate in herbivore defense, and more and more evidence 
demonstrated that different multiple hormone signaling pathways can cross-talk 
or interact to translate initial perception events into appropriate responses that 
increase survival and/or reproduction of plants under herbivore attack (Erb et al. 
2012). Below, we will focus on the role of ABA in herbivore defense.

Several studies have showed that herbivore attack or treatment with herbivo-
rous oral secretions (OS) increases the ABA level in the host plant (Erb et al. 2009; 
Schäfer et al. 2011; Erb et al. 2011; Tooker and De Moraes 2011). Analysis using 
of mutants with altered ABA biosynthesis or signaling also supports participation 
of ABA in herbivore defense. In most cases, ABA-deficient mutants were reported 
to be more susceptible to herbivory (Thaler and Bostock 2004; Bodenhausen and 
Reymond 2007). Transcription profiling analysis also revealed a modulating influ-
ence of ABA on herbivore-induced gene expression (Bodenhausen and Reymond 
2007). Interestingly, recent studies have shown that ABI4 may integrate redox 
signaling pathway to promote resistance to aphid feeding, while the aba2 and 
abi1 mutant plants showed opposite aphid resistance to those of abi4 (Kerchev 
et al. 2013), suggesting that the ABI4-mediated redox regulation may have a 
greater effect than ABA on aphid resistance in Arabidopsis. Another study showed 
that mutation in aba2 gene compromised Pieris rapae-induced resistance and 
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P.rapae-induced expression of VSP1, a marker defense gene during plant–herbivore 
interaction (Vos et al. 2013). These studies implied that ABA may play important 
roles in herbivore defense. Further studies demonstrated that the ABA-mediated 
defense response against herbivore attack is tightly interconnected with the JA path-
way and that the modulation of ABA synthesis or signaling in response to herbivore 
attack can modulate JA-driven defense responses. For example, during plant–herbi-
vore interactions, ABA and JA can synergistically regulate the transcription of the 
MYC2 transcription factor, which is activated upon feeding by herbivorous insects 
and finally regulated the expression of downstream marker genes, such as VSP1 
and VSP2 (Anderson et al. 2004; Thaler and Bostock 2004; Lorenzo and Solano 
2005; Fernández-Calvo et al. 2011; Niu et al. 2011). Furthermore, ABA functions 
as a crucial regulator of P. Rapae-induced resistance in systemic tissues by acti-
vating primed JA-regulated defense responses in Arabidopsis (Vos et al. 2013). 
Research in Nicotiana attenuata also demonstrated that the ABA signaling was 
required for OS-triggered defense responses partly by enhancing the accumulation 
of the JA and its associated responses (Dinh et al. 2013). In Dionaea muscipula, 
the ABA signaling pathway was used to protect the carnivore from untimely prey 
catching during periods of drought, while the jasmonate signaling pathway plays 
essential roles in signaling systemically the presence of a predator and also subse-
quently eliciting secretions (Escalante-Pérez et al. 2011). Thus, ABA and JA can 
synergistically or separately function in plant responses to insect attack.

20.12  Roles of ABA in Plant–Virus Interaction

The interaction between plants and viral pathogens reflects a sophisticated coevo-
lution of recognition, defense, and counter-defense mechanisms. Because of the 
limited genetic information encoded by the virus genome, plant viruses must 
depend entirely on host cells to replicate their genome and produce infectious 
progeny, during which they should use a variety of strategies to suppress or bypass 
host defense. In plants, these strategies involve enhancing infection by manipu-
lating host resources, such as the formation of replication complexes (Hills et al. 
1987), enlargement of the plasmodesma (PD) size exclusion limit (Wolf et al. 
1989; Waigmann et al. 1994), evolution of viral suppressors of RNA silencing 
(VSRs) to counteract antiviral silencing (Burgyán and Havelda 2011), interference 
with regulation of the plant cell cycle (Gutierrez 2000; Lai et al. 2008), and usage 
of host components for its own replication (Cui et al. 2007). In turn, plants have 
developed diverse defense mechanisms to fight viral infection, such as HR and 
SAR responses, RNA silencing, hormone-mediated signaling pathways, as well as 
regulation of metabolism (Durrant and Dong 2004; Seo et al. 2004; Herbers et al. 
1996; Chen et al. 2010; Ding and Voinnet 2007; Ding 2010). Numerous reports 
have demonstrated that several plant hormones, such as SA, ET, and ABA, are 
involved in plant basal defense responses in plant–virus interactions. Here, we will 
mainly talk about the role of ABA in plant antivirus defense.
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So far, there has relatively less information related to the ABA–virus interaction 
when compared with the interactions between ABA and non-virus pathogens, such 
as bacteria, fungi, and oomycetes. Several researches have demonstrated that infec-
tion with plant virus can increase the ABA levels in host plants which indicates the 
involvement of ABA in plant antivirus defense. For example, infection with banana 
bunchy top virus (BBTV) or turnip mosaic virus (TuMV) can increase the accumu-
lation of ABA in banana and non-heading Chinese cabbage, respectively (Zhang 
et al. 1997; Wang et al. 2011). Compared with both negative and positive roles of 
ABA in plant defense against non-viral pathogens, previous studies mainly sup-
port a positive correlation between ABA levels and antiviral resistance. In tobacco, 
exogenous application of ABA increases resistance to tobacco mosaic virus (TMV) 
infection, and TMV infection also increases ABA concentrations (Whenham et al. 
1986). Iriti and Faoro also demonstrated that exogenous application of ABA induces 
a significant resistance to tobacco necrosis virus (Iriti and Faoro 2008). Our recent 
results also suggest that ABA has a positive role in tobacco mosaic virus (TMV)-
cg infection. Exogenous application of ABA greatly inhibited the accumulation of 
TMV-cg RNA in systemically infected leaves, and studies using both ABA-deficient 
and ABA-insensitive mutants showed that the transportation of TMV-cg in system-
ically infected leaves was faster in these ABA-related mutants (Chen et al. 2013). 
However, as to the bamboo mosaic virus (BaMV), the ABA pathway may have mul-
tifaceted effects on this virus accumulation in host plants. In this study, although 
exogenous application of ABA enhances resistance to BaMV infection, mutations 
in ABA biosynthesis genes, including NCED3, ABA2, and AAO3, differentially 
affected BaMV accumulation. Their results demonstrated that ABA2 functions in 
BaMV defense by dividing the ABA pathway into two parts, with upstream genes 
(such NCED3) required for BaMV accumulation and downstream genes (such as 
AAO3, ABI1, ABI3, and ABI4) required for plant resistance (Alazem et al. 2014). 
Thus, their finding is contrary to ours related to the role of ABA2 in plant antivirus 
defense. This strengthens the probability that the role of ABA2 in plant virus defense 
seems to vary among different plant–virus interactions. Furthermore, ABA also can 
exert its positive effect on virus infection by downregulating the transcriptional level 
of β-1,3-glucanase genes that can degrade the b-1,3-glucan callose, forming a physi-
cal barrier to viral spread through plasmodesmata (Rezzonico et al. 1998).

Despite the above observations, our knowledge about the role of ABA in anti-
viral defense is still limited and needs further investigation. As we know that each 
plant virus encodes an average of 4–10 proteins required to coordinate the complex 
biochemical and intermolecular interactions that facilitate infection. Really, several 
studies have demonstrated that virus-encoded proteins, such as cucumber mosaic 
virus-encoded 2b and beet severe curly top virus C2, can physically interact with 
Argonaute1 and SAMDC1, respectively, to attenuate host antiviral RNA silencing 
or interferes with DNA methylation-mediated gene silencing in Arabidopsis (Zhang 
et al. 2006, 2011). Thus, it would be interesting to further investigate how and where 
these viral proteins interact with host factors and how various plant virus use these 
interactions to modify the hormone-mediated signaling pathways, especially the 
ABA pathway, to disturb host defense and finally promote infection and vice versa.
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20.13  ABA-Mediated Cross Talk Between  
Biotic and Abiotic Stress

In nature, plants always simultaneously suffered from biotic and abiotic stresses that 
cross-talk with each other. In order to successfully adapt to such complex environ-
ments, plants have developed diverse signaling pathways for combating and tol-
erating them. Numerous evidences have accumulated supporting the notion that 
different signaling pathways are interconnected to constitute the complicated net-
works that lead to various plant responses (López-Pérez et al. 2009; Knight and 
Knight 2001; Chen and Zhu 2004). Among them, the ABA signaling pathway is well 
known for its role in abiotic stresses, especially in drought, and has also emerged 
as an important regulator in plant immunity. Thus, ABA may play important roles 
in mediating the cross talk between biotic and abiotic stresses. Expression profile 
analysis demonstrated that both abiotic and biotic stress treatments can affect the 
expression levels of ABA signaling pathway core components, indicating that abiotic 
and biotic stress responses shared ABA signal pathway in Arabidopsis (Chan 2012). 
Indeed, numerous studies demonstrated that mutations in ABA signaling pathway 
core components cause altered responses to both abiotic and biotic stresses. Further 
studies demonstrated that ABA participated in this process possibly by antagonisti-
cally or synergistically interacting with the prominent defense phytohormones SA, 
JA, and ET, implying that pre-treatment with abiotic stresses may affect the plant’s 
response to subsequent pathogen or herbivore attack and vice versa (Mauch-Mani 
and Mauch 2005; Robert-Seilaniantz et al. 2007; Yasuda et al. 2008; Anderson et al. 
2004). Increasing evidences have showed that abiotic stresses, such as high tempera-
ture and humidity as well as drought and salinity stress, can enhance the suscepti-
bility of plant to biotic stresses (Mohr and Cahill 2003; Koga et al. 2004; Moeder 
and Yoshioka 2009). For example, drought stresses have been shown to enhance 
the susceptibility of host plants to various pathogens, such as Arabidipsis to avir-
ulent Pst 1065, bean plants (Phaseolus vulgaris) to the charcoal rot causal fungus 
Macrophomina phaseolina, as well as vine (Parthenocissus quinquefolia) to the 
xylem-limited bacteria Xylella fastidiosa (Mohr and Cahill 2003; Mayek-Perez et al. 
2002; McElrone et al. 2001). Although abiotic stress responses generally decreased 
the disease resistance, in some cases, pre-exposure to abiotic stress can also enhance 
the resistance to certain pathogens. Examples includes the enhanced resistance of 
tomato against B.cinerea (necrotroph) and Oidium neolycopersici (biotroph) after 
pre-exposure to drought stress and Arabidopsis against virulent bacterial pathogen 
Pst DC3000 after pre-treatment with submergence (Achuo et al. 2006; Hsu et al. 
2013). Thus, abiotic stresses can both positively or negatively affect the resistance 
of host plant to pathogen or herbivore attack. Abiotic stresses, such as drought and 
submergence, can affect the ABA metabolism, signal transduction, and catabolism 
(Saika et al. 2007; Xiong et al. 2002; Chan et al. 2012), indicating that the altered 
responses of host plants to pathogen or herbivore attack after pre-exposure with cer-
tain abiotic stress are at least partially dependent on the ABA signaling pathway. 
Based on the above observations, the role of ABA in plant biotic stresses should not 
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be generalized to one particular pathogen lifestyle (biotroph, hemibiotroph, or necro-
troph), and the exact role that conferred by ABA may correlate with the specific vir-
ulence strategies adopted by individual pathogen species. In turn, since the cross talk 
between ABA and SA or JA/ET may be bidirectional, and indeed, accumulated stud-
ies have demonstrated that the SA and JA/ET are also involved in various plant abi-
otic stresses (Miura and Tada 2014; Fujita et al. 2006; Ballaré et al. 2011), it would 
be reasonable to deduce that biotic stresses may also affect the response of plants to 
abiotic stresses (Yasuda et al. 2008; Mosher et al. 2010; Moeder et al. 2010). Thus, 
ABA functions as a crucial regulator during the adaption of plant to the variable 
environment by mediating the cross talk between biotic and abiotic stresses.

Furthermore, besides of the ABA pathway core components, more and more 
proteins, such as various transcription factors (such as WRKYs, MYBs, NACs) 
and histone deacetylases, were all demonstrated to be involved in both ABA sign-
aling and biotic stresses (Rushton et al. 2010; Chen et al. 2012; Seo and Park 
2010; Jensen et al. 2008; Chen and Wu 2010; Kim et al. 2008); thus, these proteins 
may also participate in the cross talk between biotic and abiotic stresses through 
the coordination with the ABA pathway core components. Further molecular 
studies of such proteins will add new insights into the ABA-regulated cross talk 
between biotic and abiotic stress responses.

20.14  Conclusions and Perspective

As presented in this chapter, the abiotic hormone ABA has been emerged as an criti-
cal regulator in plant biotic stresses. Compared with the positive roles of ABA in sto-
mata innate immunity, it has both positive and negative effects on callose deposition 
and ROS generation which may be determined by the time and location of infection 
or the combination of host plant and attackers. Generally, ABA functions in plant 
biotic stresses by cross talk antagonistically or synergistically with the SA–JA–ET 
backbone of the plant immune signaling network. However, the underlying mecha-
nisms that control the cross talk remained largely unknown. We supposed that the 
cross talk may be conducted through direct interactions of one hormone pathway’s 
core component with another pathway’s core component or direct binding of a given 
DNA binding protein in one hormone pathway to its target gene that functions in 
another pathway. Future research on this fine-tuning of signaling pathways will add 
our knowledge to better understand the complex cross talk between ABA and SA–
JA–ET-mediated stress responses. Furthermore, since there exists an evident trade-
off between abiotic stress tolerance and biotic defense, we should consider more 
when attempting to manipulate the ABA signaling for modern agriculture.
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Abstract The development of fast, sensitive, and accurate analytical methods for 
abscisic acid (ABA) is of increasing importance for elucidation of its metabolism, 
transport, and molecular regulatory mechanisms in plants. In the past several dec-
ades, significant technical advances including sample preparation and detection 
techniques for ABA determination have been achieved. This chapter reviews the 
principles and practice in the extraction, purification, and analysis of ABA. Special 
attention is paid to the recent advances in the solid-phase extraction (SPE) and 
chromatographic methods coupled with mass spectrometry (MS), especially with 
tandem MS. A sum-up protocol based on analysis practice and service of several 
years in the authors’ laboratory is also presented.

Keywords Extraction · Purification · ABA analysis

21.1  Introduction

Quantitative analysis of abscisic acid (ABA) is very important for in-depth study 
of its metabolism, transport, and molecular regulatory mechanisms in plants. 
Therefore, great efforts have been invested in ABA assay methodology. ABA is a 
sesquiterpene with an α,β-unsaturated ketone in the ring and a conjugated diene 
side-chain. Consequently, it has both a high extinction coefficient in the ultraviolet 
region and strong electron-capturing properties (Quarrie et al. 1988). Since the first 
report of ABA isolation and characterization (Ohkuma et al. 1963), different types 
of methods including bioassays, immunoassays, and chromatographic methods, 
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have been described to analyze ABA in plants, and significant technical advances 
on quantifying ABA are achieved (Weiler 1979; Blintsov and Gusakovskaya 2006; 
Forcat et al. 2008; Hou et al. 2008; Su et al. 2013). Because of the good separation 
and qualitative abilities, chromatographic methods coupled with mass spectrom-
etry (MS), especially with tandem MS, have become the most powerful tools for 
ABA analysis from complex plant samples.

Accurate quantitative and qualitative analysis of ABA is difficult because of its 
instability and low physiological concentrations in plants (in the ng/g fresh weight 
range) (Weiler 1979). One of the challenges is to enrich these low-level ABA from 
crude plant extracts in which large amounts of interfering substances are present. 
In addition, the limited quantity of plant tissue available for ABA quantification is 
another challenge. Consequently, the analytic methods must be extremely selective 
and sensitive (Fu et al. 2011). Even the advanced tandem MS systems are used, 
many random errors that bring about inaccurate and imprecise analysis of ABA are 
still unavoidable. This chapter reviews the principles and practice of ABA analysis 
by focusing on the recent advances.

21.2  Sample Preparation

The determination of trace ABA in complex biological samples often requires 
extensive sample preparation techniques prior to analysis, whether quantitative 
or qualitative. Sample preparation is thus of great importance in the rapid sep-
aration and ultra-sensitive analysis of trace ABA, and more sample preparation 
techniques, including sampling, extracting, purifying, and concentrating meth-
ods, have been developed to analyze ABA (Bai et al. 2010; Fu et al. 2011). For 
the analysis of ABA, sample preparation generally comprises several procedures, 
including sampling, freeze-drying, comminuting, homogenization, exhaustive 
extraction from the matrix, and subsequent removal of co-extracted interferences 
by several cleanup steps prior to instrumental analysis. Such a preliminary sam-
ple preparation is often coupled with ABA loss, but the loss can be estimated and 
corrected by recovery analysis of the sample preparation processes using isotope-
labeled ABA.

21.2.1  Sample Extraction

The concentrations and distribution of phytohormones including ABA in plant tis-
sues are affected by temperature, watering regime, air humidity, light intensity, 
and many other environmental conditions (Peleg and Blumwald 2011; Alcázar 
and Parker 2011; Qaderi et al. 2012; Susawaengsup et al. 2011). Therefore, it is 
important to freeze the collected fresh tissues in liquid nitrogen immediately after 
detaching the tissues from plants, and then, the tissues are ground into fine powder 
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with mortar or tissue lyser. No matter what method is selected, the  homogenizing 
process of tissue must be kept at low temperature to minimize the ABA loss 
caused by enzymatic metabolism and chemical degradation.

The extracting method should be based on the physicochemical properties of 
ABA, and the ideal method would provide high extraction efficiency. Solvent 
extraction is still the most widely used method for ABA extraction. Plant mate-
rial extracted in distilled water has also been reported the same extraction effi-
ciency as organic solvents for ABA in several plant tissues (Loveys and van Dijk 
1988; Quarrie et al. 1988; Vernieri et al. 1989). However, most of the reports show 
that the polarity of the extraction solvent should match closely that of the target 
compound, and thereby, the ratio of organic solvent to water has been defined 
according to the polarity of ABA (Fu et al. 2011). Many procedures for extrac-
tion have been developed and diverse solvents such as chloroform, methanol, etha-
nol, acetone, propanol, ethylacetate, and acetic acid have been used (Barkawi et al. 
2010; Vine et al. 1987; Ross et al. 2004; Vilaró et al. 2006; Novák et al. 2008; 
Engelberth et al. 2003). In the organic solvents, methanol has become the pre-
ferred solvent for its small molecular size and low molecular weight (Fu et al. 
2011). In our practice of ABA analysis, 80 % methanol is applied for ABA extrac-
tion with good results (Li et al. 2012). The modified Bieleski’s solvent (methanol/
formic acid/water 15:1:4) is a good choice for the simultaneous extraction of mul-
tiple classes of phytohormones, including auxins, CTKs, ABA, JAs, and a number 
of related metabolites, because it blocks the enzymatic degradation of phytohor-
mones without extracting large quantities of lipids (Kojima et al. 2009; Izumi et al. 
2009; Giannarelli et al. 2010).

21.2.2  Sample Purification

Determination of ABA can be hindered by hundreds of other abundant primary 
and secondary metabolites co-extracted by organic solvents, the purification and 
enrichment of ABA is crucial for the final assay. An increasing number of  methods 
and techniques have been adapted for plant sample purification by considering 
both the physicochemical properties of ABA and the method types of analysis.

21.2.2.1  Liquid–Liquid Extraction

Liquid–liquid extraction (LLE) is based on the solubility difference of target 
analytes between two liquid phases. The most classical extraction is performed 
in separating funnels to extract analytes from an aqueous sample solution into a 
nonpolar or less polar organic solvent. Many organic solvents, such as hexane, 
diethyl ether, butanol, ethyl acetate, dichloromethane/isopropanol, and methyl-
ene chloride/1-propanol, have been used to purify phytohormones including ABA 
(Schmelz et al. 2003; Duffield and Netting 2001; Blake et al. 2002; Durgbanshi 
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et al. 2005; Pacáková et al. 1997; Liu et al. 2002; Xie et al. 2011). However, 
 traditional LLE method is time- and solvent consuming because it involves too 
many steps. Therefore, it has been used decreasingly in phytohormonal analysis 
(Fu et al. 2011).

Recently, liquid–liquid microextraction (LLME) in two application modes 
including hollow fiber-based liquid–liquid–liquid microextraction (HF-LLLME) 
and dispersive liquid–liquid microextraction (DLLME) have been applied for the 
further purification of phytohormones (Wu and Hu 2009; Lu et al. 2010; Gupta 
et al. 2011). HF-LLLME has been used for the simultaneous extraction and 
enrichment of four acidic phytohormones (IAA, ABA, SA, and JA) from natural 
coconut juice samples. This method provided good enrichment factors (48- to 243-
fold) and high recoveries (88.3–119.1 %) for the target phytohormones, along with 
excellent sample cleanup capability (Wu and Hu 2009). DLLME has been applied 
for the simultaneous extraction and enrichment of major classes of phytohor-
mones and plant growth regulators (GA, ABA, SA, IAA, IBA, indole-3-propionic 
acid (IPA), 1-naphthylacetic acid (NAA), and kinetin riboside (KR)) from crude 
extract, and exhibited several merits including high enrichment efficiency and 
reduced sample preparation time (Lu et al. 2010). However, both CHCl3 (extrac-
tion solvent) and acetone (disperser solvent) are toxic, volatile, and flammable, 
thus safe and environmentally friendly solvents are desired in the LLME purifi-
cation of phytohormones. Although LLME is a fast and low solvent-consuming 
method, the complicated organic solvent selection criteria and experimental design 
still limit its application (Fu et al. 2011).

21.2.2.2  Solid-Phase Extraction

Solid-phase extraction (SPE) using cartridges and disc-shaped devices is a widely 
used sample preparation technique for isolation, enrichment, clean-up, and 
medium exchange. The target compounds are separated from other compounds 
dissolved or suspended in the same liquid mixture by SPE according to different 
physicochemical properties of the compounds on the basis of diverse interactions, 
including adsorption, hydrogen bonding, polar and nonpolar interactions, cation, 
anion exchange or size exclusion (Poole 2003). Compared to the LLE method, 
SPE benefits from low intrinsic cost, shorter processing time, low solvent con-
sumption, and simpler processing procedure, thus it affords the possibility of high-
throughput device for sample preparation.

Many kinds of solid particulate medium based on inorganic oxides, low-
specificity compound (chemically bonded, porous polymer, and carbon), and 
group-selective (ion exchange, mixed-mode, macrocyclic, restricted access, immu-
noaffinity, and molecularly imprinted polymer) materials can be used as sorbents 
of SPE (Poole 2003), and several commercial SPE columns, such as Sep-Pak C18, 
Oasis HLB, Oasis MCX, and Oasis MAX, are available for the further purifica-
tion of phytohormones including ABA from crude plant extracts by using differ-
ent separation modes (Dobrev et al. 2005; Liu et al. 2010; Fu et al. 2011). Among 
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the sorbents, spherical particles of hydrophobic silica bonded with octadecyl chain 
(C18) are the most widely used for the sample pre-purification. When the SPE col-
umn is conditioned with weak acid solution and the plant extracts’ pH is adjusted 
with weaker acid, the acidic ABA will remain the neutral form and can be trapped 
on the C18 column after sample loading. Then after, ABA is eluted with the corre-
sponding acidic aqueous solution of methanol or ethanol (Fu et al. 2011).

With the progress of analysis techniques, high-performance liquid chroma-
tography (HPLC) has also been used for sample pre-purification. HPLC can be 
regarded as a special solid-phase extraction technique and can enrich the tar-
get hormones efficiently and remove interfering compounds significantly. 
Fractionation by HPLC is more accurate and reliable than that by other methods. 
However, HPLC has disadvantages such as longer running time, more organic sol-
vents consumption and higher cost compared to ordinary SPE methods.

Solid-phase microextraction (SPME) is a more developed SPE technique which 
allows simultaneous extraction and enrichment of analytes from different sample 
matrices (Prosen and Zupancic-Kralj 1999; Ouyang and Pawliszyn 2006). Since 
SPME was introduced in the early 1990s, it has been widely applied in combina-
tion with GC/HPLC to the sampling and analysis of food, aroma, forensic, environ-
mental, and pharmaceutical samples (Kataoka et al. 2000; Ouyang and Pawliszyn 
2006). SPME was also used for the purification of phytohormones and plant 
growth regulators including ABA, IAA, indole-3-butyric acid (IBA), and NAA in 
plant samples. SPME was capable of selective extraction of phytohormones with 
high recovery and was simpler and faster than other procedures for phytohormonal 
extraction (Liu et al. 2007). As a sampling and sample preparation method, it elim-
inates the need for solvents and combines sampling, isolation and enrichment in 
one step, and is suitable for plant samples of small quantities. However, application 
of SPME is still limited because of the commercial availabilities of fiber coatings 
and special fiber desorption chamber to couple with the GC/HPLC systems.

21.2.2.3  Immunoaffinity Purification

Immunoaffinity purification methods are based on antibody–antigen (Ab–Ag) 
 recognition, and this specific interaction can provide extremely selective enrich-
ment of the sample and thus greatly enhance the sensitivity of the analysis 
(Tarkowski et al. 2009). Several papers have reported on the immunoaffinity chro-
matography (IAC) purification and immunoaffinity gel (IAG) purification of ABA, 
the results suggest that the method is useful for quantifying ABA in plant material 
and represents the advantage of a short-time sample preparation with a high accu-
racy and capability. (Vaňková et al. 1998; Hauserová et al. 2005; Hradecká et al. 
2007; López-Carbonell et al. 2009).

Immunoaffinity purification methods purify analytes according to struc-
tural similarities, so the setup for a suitable affinity system requires a highly 
specific anti-ABA antibody. However, as small organic molecules, ABA and 
its metabolites are haptens, which caused problems for specific recognition by 
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anti-ABA antibodies because many phytohormonal analogs, metabolites, and other 
 structurally similar compounds present in plant sample. The antibody preparation 
step is the key factor for establishment of immunoaffinity purification methods 
for ABA. To improve the durability and reusability of immunoaffinity purification 
methods, a pre-cleanup process with C18-based SPE (Hradecká et al. 2007; Pěnčík 
et al. 2009; Novák et al. 2008; Simerský et al. 2009), mixed-mode SPE (Liang 
et al. 2012), or semi-preparative HPLC (Du et al. 2010) was often necessary in the 
purification of extracts from real plant tissues. Because of their higher selectivity 
but lower throughput than conventional SPE, immunoaffinity purification methods 
still have good potential for purification of trace ABA in plant samples of small 
quantities.

21.2.3  Techniques for Analysis

In plant tissues, phytohormones including ABA are present at very low levels 
against a background of a wide range of more abundant primary and secondary 
metabolites. Despite the application of complex purification steps to separate 
the analyte from crude plant extracts, there are still a large number of interfering 
metabolites in the samples for final assay, highly selective and sensitive analytical 
methods for ABA analysis are still essential. For the determination and quantifica-
tion of ABA, many analytical methods, such as bioassay, immunoassay, biosen-
sor, chromatography, and chromatography/mass spectrometry, have been adopted. 
Many advanced analytical techniques, such as single-cell capillary electrophore-
sis, nanoelectrospray, and quantum dots, are increasingly being explored in the 
development of ABA analytical methods. In this section, two types of commonly 
used methods including immuno-based methods and chromatographic methods are 
summarized.

21.2.3.1  Immuno-based Methods

Immuno-based methods including radioimmunoassay (RIA), enzyme-linked 
immunosorbent assay (ELISA) and immunosensor are specific detection meth-
ods based on the specific antibody–antigen (Ab–Ag) binding property. The spec-
ificity of the Ab–Ag interaction is the key factor affecting quantification results. 
However, due to the low-affinity and strong cross-reactions of polyclonal antibod-
ies (pAbs) in the presence of high levels of ABA precursors, ABA catabolites or 
conjugates, the application of immunoassay techniques for the quantitative analy-
sis of ABA were limited initially. In 1980s, the introduction of monoclonal anti-
bodies (mAbs) has provided attractive alternatives to the traditional immunoassays 
of ABA by reducing the need for purification and speeding up analysis for a large 
number of samples (Mertens et al. 1983; Weiler 1984; Harris and Dugger 1986, 
Harris et al. 1988, Leroux et al. 1985).
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Radioactively labeled Ag (Ag*) to bind with Ab is used to form the specific 
Ag*–Ab complex in RIA, following which the analytes are quantified by measure-
ment of radioactivity. In the assay, special security measures should be taken in 
the assay because radioisotopes are used (Fu et al. 2011). RIA is a highly sensi-
tive method, which can detect target molecules at nmol or pmol lever (Tarkowski 
et al. 2009). After mAbs instead of pAbs were used, one of the major objectives in 
developing RIA methods was to reduce the purification procedures prior to quan-
tification, thus some RIA systems without complex purification steps for ABA 
analysis were developed (Weiler 1979). Because RIA is relatively quick, it is still 
used in ABA assay today especially when a large number of small samples to be 
processed (Su et al. 2013; Thiagarajan et al. 2013).

Ag can be labeled with easily assayed enzyme instead of radioisotope in 
ELISA. Accordingly, ELISA combines the specificity of Ag–Ab reaction with the 
sensitivity of enzymic assays and provides a sensitive method with lower detection 
limit for ABA analysis. Weiler (1982) developed a solid-phase ELISA for abscisic 
acid, and abscisic acid conjugates at fmol level (detection limit: 50–60 fmol). Only 
little procedural effort was required for the assay which can be completed within 
6 h. After that, several ELISA assays including direct ELISA and indirect ELISA 
for free and conjugated ABA have been reported (Ross et al. 1987; Norman et al. 
1988; Cahill and Ward 1989; Zhang et al. 1991). Two solid-phase competitive 
ELISA systems were also developed for detecting free and bound ABA (Blintsov 
and Gusakovskaya 2006). Currently, ELISA kits are commercially available from 
biotechnology companies and research institutions. Compared with RIA, ELISA 
is less expensive and easier to set up despite the common problem of cross-reac-
tion with structurally similar compounds; moreover, the hazards of RIA associated 
with the radioactive waste disposal can be excluded (Tarkowski et al. 2009).

Immunosensors are affinity ligand-based solid-state biosensor devices in 
which the immunochemical reaction is coupled to a transducer. The fundamental 
basis of all immunosensors is also the specificity of the molecular recognition of 
Ag and Ab to form a stable complex. In contrast to traditional immunoassays of 
RIA and ELISA, modern transducer technology enables the label-free detection 
and quantification of the immune complex (Luppa et al. 2001). Electrochemical 
immunosensor, one of the commonly used immunosensors, combines the sensi-
tivity of electroanalytical methods with the inherent bioselectivity of the biologi-
cal component (e.g., antibody or aptamer). These immunosensors presented good 
specificity and high sensitivity and have been successfully applied to ABA analy-
sis (Li et al. 2008, 2010; Wang et al. 2009). In addition, immobilization protocols, 
 biosensor regeneration, signal amplification, equipment miniaturization, and anti-
body (or aptamer) properties are considered in the development and applications 
of these immunosensors. For example, to develop an amperometric immunosen-
sor for ABA, an approximate 10-nm-thick gold layer was first sputtered uniformly 
onto the electrode surface, and then gold nanoparticles were chemically grown 
directly on the gold layer for antibody adsorption by immersing the electrode 
into H2AuCl4 solution (Wang et al. 2009), or an anti-ABA antibody was adsorbed 
directly on a porous nanogold film (Li et al. 2008).
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Although immuno-based methods are excellent for the detection of ABA 
because of their high selectivity and sensitivity, the specificity of antibodies 
restricts the applications of the method in the simultaneous detection of multiple 
classes of phytohormones. On the other hand, the immuno-based methods are less 
dependent on large equipment and are more amenable to miniaturization, they 
are more portable and suitable for in situ screening of target hormones in plant 
tissues (Bai et al. 2010). Compared with the existing chromatographic methods, 
though the established immuno-based methods are not as sensitive as LC-MS/MS, 
even LC-MS combined with solid-phase extraction, they offer the advantages of 
fast detection, simplicity in operation because no complex purification steps are 
required prior to analysis, thus are frequently used today.

21.2.3.2  Chromatographic Methods

Gas chromatography (GC) was the earliest chromatographic method used for 
quantitative analysis of ABA (Lenton et al. 1968; Davis et al. 1968). As ABA is 
not a volatile compound, it needs to be derivatized to increase the volatility and 
also to improve the thermal stability prior to GC-based analysis (Fu et al. 2011). 
After the application of mass spectrometry (MS) detector, GC with MS (GC-MS) 
was more reliable and specific for identification and quantification of ABA (Li 
et al. 1992; Müller et al. 2002). Although GC-based methods provide high resolu-
tion and low limit of detection, they are generally not used currently to analyze 
ABA because they are labor-intensive and costly, more and more studies turn to 
use alternative techniques such as HPLC or LC-MS.

HPLC, which enables rapid, high-resolution purification of ABA from extracts, 
can provide relatively reliable identification and quantification of ABA by UV 
absorbance without derivatization when using a UV detector. Therefore, HPLC 
coupled with UV detector was a popular tool used for ABA analysis in a long 
period of time. However, it is inadequate for the accurate measurement of ABA 
only based on the retention time and UV or fluorescence spectroscopy because 
many components may be present in one peak with a complicated matrix. Owing 
to the introduction of MS detector, HPLC combined with MS detector (LC-MS), 
especially with tandem MS detectors (LC-MS/MS), overcomes the disadvantages 
of HPLC with UV detector and become a more powerful and more commonly 
applied method for ABA determination. Ultra-performance liquid chromatography 
(UPLC), which can achieve higher resolution, higher sensitivity and more rapid 
separation than traditional HPLC, has also been employed to combine with tan-
dem MS detectors (UPLC-MS/MS) for ABA analysis in recent years (Müller and 
Munné-Bosch 2011; Fu et al. 2012; Balcke et al. 2012; Niu et al. 2013).

MS is an analytical technique that measures the mass-to-charge ratio (m/z) of 
charged particles. The analytes are ionized in the ion source, and then formed an 
ion beam to pass through the ion guide system, followed by analysis with a mass 
analyzer based on the m/z ratio (Fu et al. 2011). Electrospray ionization (ESI) is the 
most common ion source used in MS systems because of its fairly high sensitivity 
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and low background (Tarkowski et al. 2009). Selective ion monitoring (SIM) mode, 
in which only specific characteristic ions of the target compound are measured, 
provides higher sensitivity and selectivity than monitoring all ions simultaneously, 
a data acquisition mode named full scan. A better alternative is the multiple reac-
tions monitoring (MRM) mode with higher selectivity based on the tandem mass 
spectrometry (MS/MS) technique, which can be performed either in time or space, 
corresponding to triple quadrupole mass spectrometry (QQQ MS) and ion trap 
mass spectrometry (IT MS), respectively. In MRM, a precursor mass ion is selected 
in the first-stage quadrupole and then fragmented in the collision cell to yield diag-
nostic product ions filtered by the third-stage quadrupole. A signal is detected only 
when the selected precursor ion passes the first-stage quadrupole and the selected 
product ion passes the third-stage quadrupole; thus each ionized compound gives a 
distinct precursor-to-product ion transition in the MRM mode, which is diagnostic 
for the presence of a particular compound in an extract (Fu et al. 2011).

Although chromatographic methods have high separation efficiency, direct 
loading of crude extracts onto chromatographic columns would cause separa-
tion efficiency deteriorating, irreparable column damage and fouling, and MS 
signal suppressing, and thus, purification and enrichment of the crude extracts 
is necessary. Overall, advances of highly sensitive MS techniques have greatly 
reduced the amount of plant material required and overcome the low detectability 
of ABA. In recent years, LC-MS/MS becomes the most accurate technique for 
ABA analysis (López-Carbonell and Jáuregui 2005; Fletcher and Mader 2007; 
Pan et al. 2008, 2010; Ma et al. 2008; Izumi et al. 2009; Balcke et al. 2012; Yu 
et al. 2013).

Since the metabolomics is of more and more importance in the mechanism 
and cross-talk research of ABA (Forcat et al. 2008; Kanno et al. 2010); Pan et al. 
(2008) developed a rapid and sensitive method for simultaneous quantification of 
multiple classes of phytohormones including ABA and some related metabolites 
in 50–100 mg of fresh Arabidopsis leaves without purification or derivatization. 
After being frozen in liquid nitrogen, the leaves were ground into powder, and 
500 μL of 1-propanol/H2O/concentrated HCl (2:1:0.002, vol/vol/vol) with internal 
standards were added, followed by agitation for 30 min at 4 °C. One milliliter of 
CH2Cl2 was added, followed by agitation for another 30 min and then centrifu-
gation at 13,000 g for 5 min. After centrifugation, two phases were formed and 
plant debris was in the middle of two layers. The lower layer was concentrated 
and re-solubilized in 0.3 mL of MeOH and then 25 μL was injected to column for 
analysis. The mixtures of standard compounds were separated by reversed-phase 
HPLC and analyzed by tandem mass spectrometry (RP-HPLC/ESI–MS/MS) in 
the MRM mode. The identities of phytohormones in the crude plant extracts were 
confirmed by analysis of product ion fragments obtained by the hybrid triple quad-
rupole/linear ion trap mass spectrometry, operating in the information dependent 
acquisition (IDA) mode. A variety of synthetic, isotopically labeled, or modified 
compounds were selected as internal standard. The extraction efficiencies of the 
phytohormones in this study ranged from 85 to 98 % in one round of extraction. 
By this method, one person can easily analyze 80 samples in 6 h.
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Forcat et al. (2008) also described an efficient method for the rapid quan-
titative determination of ABA. Plant material was harvested into liquid nitrogen 
and freeze dried, then 10 mg of powdered tissue was weighed into a new 2-mL 
microfuge tube and extracted with 400 μL of 10 % methanol containing 1 % ace-
tic acid to which internal standards had been added in a bead beater with 3-mm 
tungsten beads for 2 min, placed on ice for 30 min then centrifuged at 13,000 g for 
10 min at 4 °C. The supernatant was carefully removed and the pellet re-extracted 
with 400 μL of 10 % methanol containing 1 % acetic acid. Following a further 
30 min incubation on ice, the extract was centrifuged and the supernatants pooled. 
The two extractions resulted in 90–95 % recovery of the targeted analytes. The 
extracts (50 μL) were analyzed by HPLC-electrospray ionization/MS-MS using 
an Agilent 1100 HPLC coupled to an Applied Biosystems Q-TRAP 2000 in the 
MRM mode. The method requires minimal 10 mg freeze dried tissue and is highly 
reproducible and can accurately measure ABA across the expected physiological 
dynamic range. Moreover, it compares well with other methods that have more 
complex extraction methods. The use of freeze dried material promotes ease of 
handling and automation, and it is more convenient for scaling up extraction, espe-
cially dealing with multiple samples during a time course analysis.

A simple and fast protocol for ABA analysis developed by our group is as 
 follows: 50–200 mg of fresh plant tissue was well ground with a small glass pestle 
in a 2-mL vial. Following the addition of 1 mL of 80 % methanol, homogenates 
were well mixed in an ultrasonic bath and then kept at 4 °C overnight. After being 
centrifuged at 15,200 g for 10 min, the supernatant was collected and then vacu-
umed to dryness in a Jouan RCT-60 concentrator. Dried extract was dissolved in 
200 µL of sodium phosphate solution (0.1 mol/L, pH 7.8) and later passed through 
a Waters Sep-Pak C18 cartridge. The cartridge was eluted with 1500 µL of 80 % 
methanol and the eluate was vacuumed to dryness again. After being dissolved 
in 50 µL of 10 % methanol and injected 5 µL into the Shimadzu LC-MS/MS 
8030 system in which an Acquity UPLC BEH column (2.1 mm I.D. × 100 mm, 
1.7 μm) was used. The column temperature was set at 40 °C. Elution of the sam-
ples was carried out with 0.02 % aqueous acetic acid (solvent A) and acetonitrile 
(solvent B), and a gradient mode [(min/%/%) for 0/90/10, 3/20/80; 5.0/20/80, 
6.0/90/10] at a flow rate of 0.25 mL/min. MS/MS conditions were as follows: col-
lision energy −18.0 eV, m/z 181/134.1. The mass spectrometer was set to MRM 
mode using ESI in negative ion mode, with a nebulizing gas flow at 3L/min, a 
drying gas flow at 15L/min, a desolvation temperature at 250 °C, a heat block 
temperature at 480 °C. 2H6-ABA was used as an internal standard. For ABA, the 
ionization conditions (pre-bias voltages of 19 V for quadrupole 1 and 28 V for 
quadrupole 3; collision energy of 10 eV; m/z of 263/153.2) were employed. While 
for 2H6-ABA, the ionization conditions (pre-bias voltages of 20 V for quadrupole 
1 and 15 V for quadrupole 3; collision energy of 11 eV; m/z of 269/159.2) were 
employed. The ABA concentrations were calculated according to calibration curve 
which created by internal standard of deuterium labeled ABA. The method is 
capable to analyze pg level ABA in about 100 mg of fresh plant samples.
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21.3  Summary

Since the isolation and characterization of ABA have been reported (Ohkuma 
et al. 1963), many analytical systems for the precise and accurate identification 
and quantitative determination of trace ABA has been developed for the bet-
ter understanding of the molecular mechanisms of ABA. Based on the literature 
reviewed in this paper, a sum-up protocol for ABA analysis is given in Fig. 21.1.

All of the current analytical techniques require prior preparation of highly puri-
fied extracts which are achieved by one or more steps. The pretreatment steps 
should be minimized to curb matrix effect of interfering substances. Universal 
and selective sample preparation techniques, including LLE, SPE, IAE, and MIP 
extraction, have been successfully applied to separate and enrich ABA from plant 
tissues. SPE benefits from low intrinsic cost, shorter processing time, low solvent 
consumption, and simpler processing procedure, and becomes the most popular 
method for fast and high-throughput purification of samples.

Immuno-based analytical methods depended on the antigen–antibody specific 
interaction have high sensitivity and specificity for purification and detection of 
ABA, but cross-reactions cause many problems. Biosensor, the real-time quanti-
fication approach, is somehow restricted by its limited reproducibility and short 
service life. The capability of combination with GC or LC broadens detection with 
mass spectrometry. Compared with other assays, the MS methods, which exhib-
its more advantages including high sensitivity, high selectivity, high-throughput 
and excellent accuracy, have been proved to be a reliable tool for ABA analysis. 
In particular, GC or LC coupled with tandem mass spectrometry not only signifi-
cantly improves the sensitivity but also provides structural information based on 

Fig. 21.1  A typical sum-up 
protocol for ABA analysis. 
See detailed description in 
the text
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fragmentation patterns. LC-MS/MS has become the most powerful tool in ABA 
analysis because ABA can be analyzed directly without derivatization, which is 
needed by the GC-MS or GC-MS/MS. In addition, the metabolomics potential of 
LC-MS/MS in simultaneous analysis of ABA-related conjugates and metabolites, 
multi-phytohormonal profiles is very promising. However, the high cost of instru-
ments and the consumption of stable isotope-labeled internal standards also hinder 
its wider application (Fu et al. 2011). Additionally, although the amount of plant 
material needed per sample has been greatly decreased for LC-MS/MS, sensitivity 
improvement for future methods to ultra-high or single-cell level is still desired; 
since in many research cases, the amount of available sample is quite limited.

Currently, the established procedures for ABA analysis involve the detaching 
of tissues from the plants, which may induce some changes in phytohormonal 
level. Also, the samples are usually homogenized in the extraction solvent with 
the quantified results showing only the average ABA level in the whole tissue (Bai 
et al. 2010). However, in-depth investigation of the molecular mechanism has 
uncovered the temporal and spatial patterns of phytohormones signaling in plants. 
To date, there have no established methods to follow the in situ and real-time 
changes in endogenous ABA concentration, the introduction of some new analyti-
cal techniques, such as the microminiaturization of biosensor probes, sequence-
specific DNA biosensors and in vivo imaging may contribute to its realization.

Acknowledgments The work in the authors laboratory was financially supported by Natural 
Science Foundation of China (Grants 90817101, 91117006 and 91317312), Scientific Research 
Fund of Hunan Provincial Education Department (12K060, 12K061) and Program for Science 
and Technology Innovative Research Team in Higher Educational Institutions of Hunan Province.

References

Alcázar R, Parker JE. The impact of temperature on balancing immune responsiveness and 
growth in Arabidopsis. Trends Plant Sci. 2011;16(12):666–75.

Bai Y, Du F, Liu H. Determination strategies of phytohormones: recent advances. Anal Methods. 
2010;2(12):1867–73.

Balcke GU, Handrick V, Bergau N, Fichtner M, Henning A, Stellmach H, Tissier A, Hause B, 
Frolov A. An UPLC-MS/MS method for highly sensitive high-throughput analysis of phyto-
hormones in plant tissues. Plant Methods. 2012;8(1):47.

Barkawi LS, Tam Y-Y, Tillman JA, Normanly J, Cohen JD. A high-throughput method for the 
quantitative analysis of auxins. Nat Protoc. 2010;5(10):1609–18.

Blake PS, Taylor JM, Finch-Savage WE. Identification of abscisic acid, indole-3-acetic acid, jas-
monic acid, indole-3-acetonitrile, methyl jasmonate and gibberellins in developing, dormant 
and stratified seeds of ash (Fraxinus excelsior). Plant Growth Regul. 2002;37(2):119–25.

Blintsov A, Gusakovskaya M. Immunoenzyme method for differential assay of free and bound 
ABA. Russ J Plant Physiol. 2006;53(3):407–12.

Cahill D, Ward E. An indirect enzyme-linked immunosorbent assay for measurement of abscisic 
acid in soybean inoculated with Phytophthora megasperma f. sp. glycinea. Phytopathology. 
1989;79(11):1238–42.

Davis LA, Heinz D, Addicott F. Gas-liquid chromatography of trimethylsilyl derivatives of absci-
sic acid and other plant hormones. Plant Physiol. 1968;43(9):1389–94.



44321 Principles and Practice of ABA Analysis

Dobrev P, Havlíček L, Vágner M, Malbeck J, Kamínek M. Purification and determination of 
plant hormones auxin and abscisic acid using solid phase extraction and two-dimensional 
high  performance liquid chromatography. J Chromatogr A. 1075;1:159–66.

Du F, Bai Y, Bai Y, Liu H. Quantitative detection of trace systemins in Solanaceous plants by 
immunoaffinity purification combined with liquid chromatography/electrospray quadrupole 
time-of-flight mass spectrometry. Anal Chem. 2010;82(22):9374–83.

Duffield P, Netting A. Methods for the quantitation of abscisic acid and its precursors from plant 
tissues. Anal Biochem. 2001;289(2):251–9.

Durgbanshi A, Arbona V, Pozo O, Miersch O, Sancho JV, Gomez-Cadenas A. Simultaneous 
determination of multiple phytohormones in plant extracts by liquid chromatography-electro-
spray tandem mass spectrometry. J Agric Food Chem. 2005;53(22):8437–42.

Engelberth J, Schmelz EA, Alborn HT, Cardoza YJ, Huang J, Tumlinson JH. Simultaneous 
quantification of jasmonic acid and salicylic acid in plants by vapor-phase extrac-
tion and gas chromatography-chemical ionization-mass spectrometry. Anal Biochem. 
2003;312(2):242–50.

Fletcher AT, Mader JC. Hormone profiling by LC-QToF-MS/MS in dormant macadamia integri-
folia: correlations with abnormal vertical growth. J Plant Growth Regul. 2007;26(4):351–61.

Forcat S, Bennett MH, Mansfield JW, Grant MR. A rapid and robust method for simultaneously 
measuring changes in the phytohormones ABA, JA and SA in plants following biotic and 
abiotic stress. Plant Methods. 2008;4(1):16.

Fu J, Chu J, Sun X, Wang J, Yan C. Simple, rapid, and simultaneous assay of multiple carboxyl 
containing phytohormones in wounded tomatoes by UPLC-MS/MS using single SPE purifi-
cation and isotope dilution. Anal Sci. 2012;28(11):1081–7.

Fu J, Sun X, Wang J, Chu J, Yan C. Progress in quantitative analysis of plant hormones. Chin Sci 
Bull. 2011;56(4–5):355–66.

Giannarelli S, Muscatello B, Bogani P, Spiriti M, Buiatti M, Fuoco R. Comparative determina-
tion of some phytohormones in wild-type and genetically modified plants by gas chroma-
tography–mass spectrometry and high-performance liquid chromatography–tandem mass 
spectrometry. Anal Biochem. 2010;398(1):60–8.

Gupta V, Kumar M, Brahmbhatt H, Reddy C, Seth A, Jha B. Simultaneous determination of dif-
ferent endogenetic plant growth regulators in common green seaweeds using dispersive liq-
uid–liquid microextraction method. Plant Physiol Biochem. 2011;49(11):1259–63.

Harris MJ, Dugger WM. The occurrence of abscisic acid and abscisyl-β-D-glucopyranoside in 
developing and mature citrus fruit as determined by enzyme immunoassay. Plant Physiol. 
1986;82(2):339–45.

Harris MJ, Outlaw WH, Mertens R, Weiler EW. Water-stress-induced changes in the abscisic 
acid content of guard cells and other cells of Vicia faba L. leaves as determined by enzyme-
amplified immunoassay. Proc Nat Acad Sci. 1988;85(8):2584–8.

Hauserová E, Swaczynová J, Doležal K, Lenobel R, Popa I, Hajdúch M, Vydra D, Fuksová K, 
Strnad M. Batch immunoextraction method for efficient purification of aromatic cytokinins. J 
Chromatogr A. 2005;1100(1):116–25.

Hou S, Zhu J, Ding M, Lv G. Simultaneous determination of gibberellic acid, indole-3-acetic 
acid and abscisic acid in wheat extracts by solid-phase extraction and liquid chromatogra-
phy–electrospray tandem mass spectrometry. Talanta. 2008;76(4):798–802.

Hradecká V, Novák O, Havlíček L, Strnad M. Immunoaffinity chromatography of abscisic acid 
combined with electrospray liquid chromatography–mass spectrometry. J Chromatogr B. 
2007;847(2):162–73.

Izumi Y, Okazawa A, Bamba T, Kobayashi A, Fukusaki E. Development of a method for com-
prehensive and quantitative analysis of plant hormones by highly sensitive nanoflow liq-
uid chromatography–electrospray ionization-ion trap mass spectrometry. Anal Chim Acta. 
2009;648(2):215–25.

Kanno Y, Jikumaru Y, Hanada A, Nambara E, Abrams SR, Kamiya Y, Seo M. Comprehensive 
hormone profiling in developing Arabidopsis seeds: examination of the site of ABA biosyn-
thesis, ABA transport and hormone interactions. Plant Cell Physiol. 2010;51(12):1988–2001.



444 Z. Huang et al.

Kataoka H, Lord HL, Pawliszyn J. Applications of solid-phase microextraction in food analysis. 
J Chromatogr A. 2000;880(1):35–62.

Kojima M, Kamada-Nobusada T, Komatsu H, Takei K, Kuroha T, Mizutani M, Ashikari M, 
Ueguchi-Tanaka M, Matsuoka M, Suzuki K. Highly sensitive and high-throughput analy-
sis of plant hormones using MS-probe modification and liquid chromatography–tandem 
mass spectrometry: an application for hormone profiling in Oryza sativa. Plant Cell Physiol. 
2009;50(7):1201–14.

Lenton J, Bowen M, Saunders P. Detection of abscisic acid in the xylem sap of Willow (Salix 
viminalis L.) by Gas–Liquid Chromatography; 1968.

Leroux B, Maldiney R, Miginiac E, Sossountzov L, Sotta B. Comparative quantitation of absci-
sic acid in plant extracts by gas-liquid chromatography and an enzyme-linked immunosorb-
ent assay using the avidin-biotin system. Planta. 1985;166(4):524–9.

Li C, Liu Z, Zhang Q, Wang R, Xiao L, Ma H, Chong K, Xu Y. SKP1 is involved in abscisic acid 
signalling to regulate seed germination, stomatal opening and root growth in Arabidopsis 
thaliana. Plant Cell Environ. 2012;35(5):952–65.

Li Q, Wang RZ, Huang ZG, Li HS, Xiao LT. A novel impedance immunosensor based on 
O-phenylenediamine modified gold electrode to analyze abscisic acid. Chin Chem Lett. 
2010;21(4):472–5.

Li X, La Motte CE, Stewart CR, Cloud NP, Wear-Bagnall S, Jiang C-Z. Determination of IAA 
and ABA in the same plant sample by a widely applicable method using GC-MS with 
selected ion monitoring. J Plant Growth Regul. 1992;11(1):55–65.

Li Y, Xia K, Wang R, Jiang J, Xiao L. An impedance immunosensor for the detection of the phy-
tohormone abscisic acid. Anal Bioanal Chem. 2008;391(8):2869–74.

Liang Y, Zhu X, Zhao M, Liu H. Sensitive quantification of isoprenoid cytokinins in plants by 
selective immunoaffinity purification and high performance liquid chromatography–quadru-
pole-time of flight mass spectrometry. Methods. 2012;56(2):174–9.

Liu B, Zhong X, Lu Y. Analysis of plant hormones in tobacco flowers by micellar electrokinetic 
capillary chromatography coupled with on-line large volume sample stacking. J Chromatogr 
A. 2002;945(1):257–65.

Liu H, Li Y, Luan T, Lan C, Shu W. Simultaneous determination of phytohormones in plant 
extracts using SPME and HPLC. Chromatographia. 2007;66(7–8):515–20.

Liu X, Yang Y, Lin W, Tong J, Huang Z, Xiao L. Determination of both jasmonic acid and methyl 
jasmonate in plant samples by liquid chromatography tandem mass spectrometry. Chin Sci 
Bull. 2010;55(21):2231–5.

López-Carbonell M, Gabasa M, Jáuregui O. Enhanced determination of abscisic acid (ABA) and 
abscisic acid glucose ester (ABA-GE) in Cistus albidus plants by liquid chromatography–
mass spectrometry in tandem mode. Plant Physiol Biochem. 2009;47(4):256–61.

López-Carbonell M, Jáuregui O. A rapid method for analysis of abscisic acid (ABA) in crude 
extracts of water stressed Arabidopsis thaliana plants by liquid chromatography–mass spec-
trometry in tandem mode. Plant Physiol Biochem. 2005;43(4):407–11.

Loveys B, Van Dijk H. Improved extraction of abscisic acid from plant tissue. Funct Plant Biol. 
1988;15(3):421–7.

Lu Q, Chen L, Lu M, Chen G, Zhang L. Extraction and analysis of auxins in plants using disper-
sive liquid–liquid microextraction followed by high-performance liquid chromatography with 
fluorescence detection. J Agric Food Chem. 2010;58(5):2763–70.

Luppa PB, Sokoll LJ, Chan DW. Immunosensors—principles and applications to clinical chemis-
try. Clin Chim Acta. 2001;314(1):1–26.

Ma Z, Ge L, Lee AS, Yong JWH, Tan SN, Ong ES. Simultaneous analysis of different classes of 
phytohormones in coconut (Cocos nucifera L.) water using high-performance liquid chroma-
tography and liquid chromatography–tandem mass spectrometry after solid-phase extraction. 
Anal Chim Acta. 2008;610(2):274–81.

Mertens R, Deus-Neumann B, Weiler E. Monoclonal antibodies for the detection and quantitation 
of the endogenous plant growth regulator, abscisic acid. FEBS Lett. 1983;160(1):269–72.



44521 Principles and Practice of ABA Analysis

Müller A, Düchting P, Weiler EW. A multiplex GC-MS/MS technique for the sensitive and quan-
titative single-run analysis of acidic phytohormones and related compounds, and its applica-
tion to Arabidopsis thaliana. Planta. 2002;216(1):44–56.

Müller M, Munné-Bosch S. Rapid and sensitive hormonal profiling of complex plant samples by 
liquid chromatography coupled to electrospray ionization tandem mass spectrometry. Plant 
Methods. 2011;7(1):37.

Niu Q, Zong Y, Qian M, Yang F, Teng Y. Simultaneous quantitative determination of major plant 
hormones in pear flowers and fruit by UPLC/ESI–MS/MS. Analytical Methods; 2013.

Norman SM, Poling SM, Maier VP. An indirect enzyme-linked immunosorbent assay 
for (+)-abscisic acid in Citrus, Ricinus, and Xanthium leaves. J Agric Food Chem. 
1988;36(1):225–31.

Novák O, Hauserová E, Amakorová P, Doležal K, Strnad M. Cytokinin profiling in plant tissues 
using ultra-performance liquid chromatography–electrospray tandem mass spectrometry. 
Phytochemistry. 2008;69(11):2214–24.

Ohkuma K, Lyon J, Addicott F, Smith O. Abscisin II, an abscission-accelerating substance from 
young cotton fruit. Science. 1963;142(3599):1592–3.

Ouyang G, Pawliszyn J. SPME in environmental analysis. Anal Bioanal Chem. 2006;386(4):1059–73.
Pacáková V, Štulı́k K, Vlasáková V, Březinová A. Capillary electrophoresis of cytokinins and 

cytokinin ribosides. J Chromatogr A. 1997;764(2):331–5.
Pan X, Welti R, Wang X. Simultaneous quantification of major phytohormones and related com-

pounds in crude plant extracts by liquid chromatography–electrospray tandem mass spec-
trometry. Phytochemistry. 2008;69(8):1773–81.

Pan X, Welti R, Wang X. Quantitative analysis of major plant hormones in crude plant 
extracts by high-performance liquid chromatography–mass spectrometry. Nat Protoc. 
2010;5(6):986–92.

Peleg Z, Blumwald E. Hormone balance and abiotic stress tolerance in crop plants. Curr Opin 
Plant Biol. 2011;14(3):290–5.

Pěnčík A, Rolčík J, Novák O, Magnus V, Barták P, Buchtík R, Salopek-Sondi B, Strnad M. 
Isolation of novel indole-3-acetic acid conjugates by immunoaffinity extraction. Talanta. 
2009;80(2):651–5.

Poole CF. New trends in solid-phase extraction. TrAC Trends Anal Chem. 2003;22(6):362–73.
Prosen H, Zupančič-Kralj L. Solid-phase microextraction. TrAC Trends Anal Chem. 

1999;18(4):272–82.
Qaderi MM, Kurepin LV, Reid DM. Effects of temperature and watering regime on growth, gas 

exchange and abscisic acid content of canola (Brassica napus) seedlings. Environ Exp Bot. 
2012;75:107–13.

Quarrie S, Whitford P, Appleford N, Wang T, Cook S, Henson I, Loveys B. A monoclonal anti-
body to (S)-abscisic acid: its characterisation and use in a radioimmunoassay for measuring 
abscisic acid in crude extracts of cereal and lupin leaves. Planta. 1988;173(3):330–9.

Ross AR, Ambrose SJ, Cutler AJ, Allan Feurtado J, Kermode AR, Nelson K, Zhou R, Abrams 
SR. Determination of endogenous and supplied deuterated abscisic acid in plant tissues by 
high-performance liquid chromatography-electrospray ionization tandem mass spectrometry 
with multiple reaction monitoring. Anal Biochem. 2004;329(2):324–33.

Ross GS, Elder PA, McWha JA, Pearce D, Pharis RP. The development of an indirect enzyme 
linked immunoassay for abscisic acid. Plant Physiol. 1987;85(1):46–50.

Schmelz EA, Engelberth J, Alborn HT, O’Donnell P, Sammons M, Toshima H, Tumlinson JH. 
Simultaneous analysis of phytohormones, phytotoxins, and volatile organic compounds in 
plants. Proc Nat Acad Sci. 2003;100(18):10552–7.

Simerský R, Novák O, Morris DA, Pouzar V, Strnad M. Identification and quantification of 
several mammalian steroid hormones in plants by UPLC-MS/MS. J Plant Growth Regul. 
2009;28(2):125–36.

Su YH, Su YX, Liu YG, Zhang XS. Abscisic acid is required for somatic embryo initiation through 
mediating spatial auxin response in Arabidopsis. Plant Growth Regul. 2013;69(2):167–76.



446 Z. Huang et al.

Susawaengsup C, Rayanakorn M, Wongpornchai S, Wangkarn S. Investigation of plant hor-
mone level changes in shoot tips of longan (Dimocarpus longan Lour) treated with potas-
sium chlorate by liquid chromatography–electrospray ionization mass spectrometry. Talanta. 
2011;85(2):897–905.

Tarkowski P, Ge L, Yong JWH, Tan SN. Analytical methods for cytokinins. TrAC Trends Anal 
Chem. 2009;28(3):323–35.

Thiagarajan A, Lada R, Pepin S, Forney C, Desjardins Y, Dorais M. Temperature and photo-
period influence postharvest needle abscission of selected Balsam Fir (Abies balsamea L. 
(Mill.)) genotypes by modulating ABA levels. J Plant Growth Regul. 2013;32(4):843–51.

Vaňková Rr, Gaudinová A, Süssenbeková H, Dobrev P, Strnad M, Holı́k J, Lenfeld J. Comparison 
of oriented and random antibody immobilization in immunoaffinity chromatography of cyto-
kinins. J Chromatogr A. 1998;811(1):77–84.

Vernieri P, Perata P, Armellini D, Bugnoli M, Presentini R, Lorenzi R, Ceccarelli N, Alpi A, 
Tognoni F. Solid phase radioimmunoassay for the quantitation of abscisic acid in plant crude 
extracts using a new monoclonal antibody. J Plant Physiol. 1989;134(4):441–6.

Vilaró F, Canela-Xandri A, Canela R. Quantification of abscisic acid in grapevine leaf (Vitis vin-
ifera) by isotope-dilution liquid chromatography–mass spectrometry. Anal Bioanal Chem. 
2006;386(2):306–12.

Vine JH, Noiton D, Plummer JA, Baleriola-Lucas C, Mullins MG. Simultaneous quantitation of 
indole 3-acetic acid and abscisic acid in small samples of plant tissue by gas chromatogra-
phy/mass spectrometry/selected ion monitoring. Plant Physiol. 1987;85(2):419–22.

Wang R, Li Y, Li Q, Shen G, Xiao L. A novel amperometric immunosensor for phytohormone 
abscisic acid based on in situ chemical reductive growth of gold nanoparticles on glassy  carbon 
electrode. Anal Lett. 2009;42(17):2893–904.

Weiler EW. Immunoassay of plant growth regulators. Annual review of plant physiology. 
1984;35(1):85–95.

Weiler EW. Radioimmunoassay for the determination of free and conjugated abscisic acid. 
Planta. 1979;144(3):255–63.

Weiler EW. An enzyme-immunoassay for cis-(+)-abscisic acid. Physiol Plant. 1982;54(4):510–4.
Wu Y, Hu B. Simultaneous determination of several phytohormones in natural coconut juice by 

hollow fiber-based liquid–liquid–liquid microextraction-high performance liquid chromatog-
raphy. J Chromatogr A. 2009;1216(45):7657–63.

Xie W, Han C, Zheng Z, Chen X, Qian Y, Ding H, Shi L, Lv C. Determination of Gibberellin A3 
residue in fruit samples by liquid chromatography–tandem mass spectrometry. Food Chem. 
2011;127(2):890–2.

Yu J, Meng Q, Liu W, Lu Y, Ren X. Analysis of acidic endogenous phytohormones in grapes 
by using online solid-phase extraction coupled with LC-MS/MS. J Chromatogr Sci. 2013. 
doi: 10.1093/chromsci/bmt162..

Zhang N, Xu Y, Zhou X. The development of an indirect enzyme linked immunosorbent assay 
for abscisic acid. Journal of Nanjing Agricultural University. 1991;14(3):21–4.

http://dx.doi.org/10.1093/chromsci/bmt162


447

Chapter 22
Improvement of Stress Tolerance in 
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Abstract Abiotic stresses such as extremes in water, temperature, and salinity are 
major limiting factors for the productivity of most crops. The plant response and 
adaptation to these stresses are controlled by numerous small-effect loci and regulated 
by hundreds of genes controlling various developmental and physiological processes. 
The elucidation of the abscisic acid (ABA) functional mechanisms in mediating the 
response and adaptation to stresses as described in the previous chapters has provided 
many opportunities for the development of new crop varieties with enhanced stress 
resistance. In this chapter, we mainly focus on the recent studies of ABA-related 
genes (involved in metabolism, signaling, and regulation) that have been well char-
acterized and are known to affect stress resistance and especially those genes which 
have been engineered in crops for stress resistance improvement. Although there 
is evidence that many ABA-related genes have a biologically significant effect in 
improving stress resistance, a large gap remains to generate crops with significantly 
improved stress resistance in the field. A significant challenge is to unveil the com-
plex mechanisms of stress resistance in crops by more intensive and integrative stud-
ies to find the key functional components involved in the ABA-mediated biological 
processes as tools for engineering and breeding stress-resistant crops.

Keywords Stress tolerance · Genetic manipulation · ABA-related genes

22.1  Introduction

Climate change, the distribution of contagious water, and soil salinization are 
global problems relevant to all of the living organisms on the earth and are 
caused mainly by the increasing world population. These extreme environmental 

H. Du · L. Xiong (*) 
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factors are known as abiotic stresses, and they affect plant growth and devel-
opment and in particular the productivity of field crops worldwide. Thus, the 
production of increased quantities of food with limited land and adverse envi-
ronmental conditions are immense challenges to the sustainable development 
of agriculture (Mittler 2006; Borlaug 2007). These goals might be attained by 
conventional plant breeding approaches, and in fact, using the traditional meth-
ods of crossing and selecting progeny, breeders have produced new varieties with 
improved stress resistance (Witcombe et al. 2008). Meanwhile, increasing evi-
dence suggests that modern plant biotechnologies have much greater potential 
to make substantial stress resistance improvements in major crops (Zurbriggen 
et al. 2010).

Abscisic acid (ABA) is recognized as a stress hormone that coordinates the 
complex networks of stress responses. Under drought or salt stress conditions, 
the endogenous plant ABA level can rise to about 40-fold, triggering the clo-
sure of stomata, and the accumulation of dehydrins and late embryogenesis 
abundant proteins for osmotic adjustment (Verslues et al. 2006). Cold or heat 
stress also increases endogenous ABA levels in plants but to a much lesser 
extent. Many ABA-deficient rice mutants showed enhanced water loss from 
stomata under drought stress conditions and displayed drought-sensitive pheno-
types (Du et al. 2013). Due to the physiological importance of ABA in drought 
responses, the genetic basis of drought-induced ABA accumulation was investi-
gated in rice (Quarrie et al. 1997) and maize (Tuberosa et al. 1998; Landi et al. 
2005).

ABA signaling also plays critical roles in stress response pathways by pro-
ducing various yet specific outputs such as stomatal closure, changes in the root 
system, and an increase in the osmotic adjustment ability. Recently, one of the 
breakthroughs in ABA biology was the discovery of a core ABA signaling cascade 
consisting of the ABA receptor PYR/PYL/RCAR, negative regulator PP2C protein 
phosphatases, and positive regulator SnRK2 protein kinases which can activate 
transcription factors to regulate the expression of downstream genes (Described 
in the previous chapters). Numerous genes involved in ABA signaling and regu-
lation have been tested by transgenic approaches for their effects in influencing 
stress tolerance through proper regulation of ABA responsiveness, water loss, and 
stress-related gene expression (Hu and Xiong 2014; Nakashima and Yamaguchi-
Shinozaki 2013), some of which may be promising for improving crop perfor-
mance under stress conditions.

As a “stress hormone,” ABA has been well studied from production to signal-
ing pathways, especially as a key regulator under drought stress conditions. The 
above chapters on ABA focused on metabolism, transportation, signaling and regu-
lation, and responses to particular stresses, mainly in the model plant Arabidopsis. 
This chapter focuses on the recent studies of ABA-related genes that have been 
well characterized in physiological, molecular, or biochemical processes involved 
in abiotic stress tolerance. For ease of reference, the ABA-related genes that have 
been tested in crops for improving stress resistance are listed in Table 22.1, and 
these genes are described in different categories: ABA metabolism, ABA signaling, 
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regulation of ABA signaling, and downstream functional proteins. A comprehensive 
review on this information will be useful to the communities for the future efforts in 
developing stress-resistant crops by exploring the knowledge of ABA biology.

22.2  Enhancing Stress Resistance by Manipulating ABA 
Metabolism

The endogenous ABA level is determined by ABA biosynthesis, catabolism, and 
the release of ABA from ABA–glucose conjugates (Nambara and Marion-Poll 
2005; Lee et al. 2006). Therefore, the identification of all of the components affect-
ing ABA metabolism is essential for a complete understanding of the action of the 
hormone, which in turn helps in manipulating ABA levels for stress resistance. 
The mutants that were unable to produce carotenoid precursors for endogenous 
ABA synthesis exhibited pre-harvest seed sprouting and/or wilted leaves in maize, 
rice, and tomato, and such mutants often showed drought-sensitive phenotypes 
(Schwartz et al. 1997; Burbidge et al. 1999; Fang et al. 2008). Some genes control-
ling the early steps of ABA biosynthesis have been used in genetic engineering for 
improving plant drought tolerance. For example, constitutive over-expression of a 
bacterial β-carotene hydroxygenase (BCH) gene crtZ in tobacco led to increased 
zeaxanthin (an ABA precursor) synthesis and enhanced UV tolerance (Gotz et al. 
2002), providing an association between the xanthophyll cycle and stress tolerance 
in plants. Similarly, over-expression of a rice DSM2 gene which encodes BCH and 
which converts β-carotene to zeaxanthin resulted in significantly improved drought 
resistance of the transgenic rice at both the seedling and reproductive stages (Du 
et al. 2010). NCED (9-cis-epoxycarotenoid dioxygenase) is a drought-inducible 
gene encoding a rate-limiting enzyme for ABA biosynthesis. Over-expression of 
NCED could increase endogenous ABA levels, trigger stomatal closure, and lead 
to improved drought tolerance in transgenic tomato (Thompson et al. 2000) and 
tobacco (Qin and Zeevaart 2002). The over-expression of the NCED gene by a con-
stitutive promoter resulted in increased ABA accumulation and water-use efficiency 
(WUE), but with apparently little impact on long-term biomass production. Positive 
effects on drought stress under field conditions were also observed in transgenic 
rice over-expressing AtNCED2 (Xiao et al. 2009). LOS5/ABA3 encodes a molyb-
denum cofactor (MoCo) sulfurase which functions in the final step of ABA biosyn-
thesis in Arabidopsis. When LOS5/ABA3 was over-expressed in rice, transgenic rice 
showed improved spikelet fertility and grain yield under drought stress conditions 
in the field (Xiao et al. 2009). LOS5 also had a positive effect on improving drought 
tolerance when it was over-expressed in soybean, cotton, and maize, and the phe-
notype was associated with ABA accumulation and the expression of stress-related 
genes via ABA signaling, which sequentially caused a set of stress-related physi-
ological and biochemical responses (Yue et al. 2012; Li et al. 2013; Lu et al. 2013). 
Genetic association mapping identified allelic variation in ZmAO3 which controls 
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the biosynthesis of ABA, and the variation was associated significantly with the 
endogenous ABA levels in the silks of water-stressed plants (Setter et al. 2011). 
Fleury et al. (2010) found that the “drought tolerant” wheat genotype RAC875 pro-
duced fewer tillers, showed moderate osmotic adjustment, increased ABA content, 
and reduced stomatal conductance, providing a link between drought resistance and 
allelic variation of ABA biosynthesis in natural crop varieties.

ABA biosynthesis can also be affected by changes in the levels of other 
endogenous phytohormones. For example, TLD1 is a rice GH3-13 gene which 
encodes indole-3-acetic acid (IAA)-amido synthetase, and it is dramatically 
induced by drought stress. A gain-of-function mutant, tld1-D, showed increased 
ABA biosynthesis and expression of late embryogenesis abundant (LEA) pro-
tein genes and enhanced drought tolerance (Zhang et al. 2009). However, over-
expressing OsGH3-2, which also encodes an IAA-amido synthetase, led to 
significantly reduced ABA levels but increased resistance to cold stress (Du et al. 
2012).

22.3  Improving Stress Tolerance by Manipulating ABA 
Signaling

A core ABA signaling model has been proposed which includes the binding of 
ABA to the receptors PYR/PYL/RCAR which inhibit the type 2C protein phos-
phatases (PP2C) of group A, resulting in the activation of SNF1-related type 2 
protein kinases (SnRK2s), which subsequently activate various ion channels and 
ABA-dependent gene expression by phosphorylating bZIP transcription fac-
tors (Ma et al. 2009b; Raghavendra et al. 2010). The group A PP2C are negative 
regulators of ABA signaling. The elimination of group A PP2C is sufficient to 
ensure moss survival to full desiccation, implying that group A PP2Cs emerged 
in land plants to confer desiccation tolerance, possibly facilitating the propaga-
tion of plants on land (Komatsu et al. 2013). The maize ZmSAPK8/ZmOST1 
sequence is highly homologous to that of the AtOST1 and is required for drought 
and salt tolerance responses, and this kinase can phosphorylate ZmSNAC1 
together with ZmOST1 to function as a positive regulator of water deficit sign-
aling in guard cells (Vilela et al. 2013). However, whether manipulation of 
ZmOST1 can enhance drought tolerance in maize remains to be investigated. 
The SnRK2 subfamily consists of ten members that were designated as SAPK1 
to SAPK10 (osmotic stress/ABA-activated protein kinases) in rice. All of the 
SAPKs were shown to be activated by hyperosmotic stress (Kobayashi et al. 
2004). The SAPK8, SAPK9, and SAPK10 kinases were also activated by ABA 
and were able to phosphorylate the rice bZIP transcription factor TRAB1, sug-
gesting that the regulation of the bZIP transcription factors by SnRK2 kinases is 
conserved among plant species (Kobayashi et al. 2005). In vitro phosphorylation 
assays demonstrated that the rice OsbZIP46 protein could be phosphorylated by 
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SAPK2 and SAPK6, suggesting that OsbZIP46 may be activated by posttrans-
lational phosphorylation modification, which is related to the increased toler-
ance to drought and osmotic stresses in the OsbZIP46CA1 over-expression rice 
(Tang et al. 2012). To date, despite the critical roles of ABA signaling in stress 
responses, very limited effort has been spent on exploring the ABA signaling 
components for improving stress resistance.

22.4  Improving Stress Tolerance by Engineering ABA-
Related Transcription Factors

22.4.1  AREB/bZIPs

Transcription factors are involved in regulating or amplifying ABA signaling. 
Among them, ABA-responsive element-binding proteins/factors (AREB/ABF) 
(or bZIP transcription factors) play major roles in this aspect. These transcription 
factors contain a basic region which binds DNA and a leucine zipper dimeriza-
tion motif to create an amphipathic helix and function in ABA-dependent regula-
tory systems in response to stress (Kang et al. 2002). A large number of studies 
reported that many bZIPs mediate the stress response by modulating ABA signal-
ing intensively in model plants. Therefore, numerous efforts on enhancing stress 
tolerance by modulating bZIP transcription factors have been attempted in many 
crops. When an Arabidopsis bZIP gene ABF3 was over-expressed in rice under 
the control of the maize ubiquitin promoter, the transgenic rice seedlings showed 
delayed leaf rolling and wilting after drought stress treatment (Oh et al. 2005). In 
rice, the bZIP family is comprised of approximately 100 members, and at least 33 
OsbZIP genes are responsive to drought stress (Nijhawan et al. 2008). Constitutive 
over-expression of OsbZIP23 in rice resulted in enhanced sensitivity to ABA and 
significantly improved tolerance to drought and high-salinity stresses (Xiang et al. 
2008). Transgenic rice over-expressing OsbZIP72 showed hypersensitivity to 
ABA, elevated levels of expression of ABA-responsive genes such as LEAs, and 
enhanced drought tolerance (Lu et al. 2009). Recently, OsbZIP46 in the constitu-
tively active form was tested in rice, and over-expression of OsbZIP46 resulted in 
improved drought tolerance (Tang et al. 2012). Meanwhile, some ABA-responsive 
bZIP genes in other crops have been identified or functionally verified by trans-
genic studies in model plants. For example, over-expression of the maize bZIP 
transcription factor ZmbZIP72 enhanced the expression of ABA-inducible genes, 
such as RD29B, RAB18, and HIS1-3, and improved the drought and salt tolerance 
of transgenic Arabidopsis plants (Ying et al. 2012). Transgenic Arabidopsis over-
expressing soybean GmbZIP132 showed an increase in salt tolerance during ger-
mination (Liao et al. 2008a), and over-expression of GmbZIP44, GmbZIP62, and 
GmbZIP78 resulted in increased tolerance to salt and freezing stresses (Liao et al. 
2008b). Of special note is that a bZIP gene GmbZIP1 from soybean confers stress 
tolerance not only to drought, but also to salt and cold stresses (Gao et al. 2011a). 
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Improvement of multi-stress tolerance was reported for transgenic tomato over-
expressing SlAREB1, which showed increased tolerance to salt and water stress 
(Orellana et al. 2010). These reports suggest that the roles of ABA-dependent bZIP 
transcription factors in the modulation of stress tolerance are conserved in plants, 
and some of the bZIP genes are promising candidates for genetic engineering for 
developing stress-resistant crops in the future.

22.4.2  WRKYs

WRKY transcription factors, originally isolated from plants containing one or 
two conserved WRKY domains, are key regulators of many processes includ-
ing the responses to biotic and abiotic stresses (Zou et al. 2004; Eulgem and 
Somssich 2007). Recent studies on the diverse ABA signaling pathways sug-
gest that WRKY transcription factors may also play important roles in regulat-
ing plant responses to ABA. The magnesium-protoporphyrin IX chelatase H 
subunit (CHLH/ABAR) functions as a receptor of ABA in Arabidopsis (Shen 
et al. 2006). ABAR spans the chloroplast envelope, and the cytosolic C termi-
nus of ABAR interacts with a group of WRKY transcription factors (WRKY40, 
WRKY18, and WRKY60) which function as negative regulators of ABA sign-
aling in seed germination and post-germination growth (Shang et al. 2010). 
WRKY40 binds in vivo to W box-containing fragments of the promoters of many 
ABA-dependent genes such as ABI4, ABI5, ABF4, and RAB18, which places 
these WRKYs upstream of other known ABA-responsive transcription factors 
(Shang et al. 2010).

In crops, a few WRKYs were reported for their involvement in ABA and stress 
response regulation. Tao et al. (2011) reported that two alleles of OsWRKY45 play 
different roles in ABA signaling and salt stress adaptation in rice. OsWRKY45-
1-over-expressing lines showed reduced ABA sensitivity, but no obvious differ-
ences in response to salt stress. In contrast, OsWRKY45-2-over-expressing lines 
showed increased ABA sensitivity and reduced salt stress tolerance. In addition, 
OsWRKY45-1 and OsWRKY45-2 transgenic plants showed differential expres-
sion of a set of ABA- and abiotic stress-responsive genes, although they showed 
similar responses to cold and drought stresses. The different roles of the two 
alleles in ABA signaling and salt stress may be due to their transcriptional media-
tion of different signaling pathways (Tao et al. 2011). Over-expression of another 
WRKY gene OsWRKY11 caused significant desiccation tolerance and induction 
of genes encoding raffinose synthase and galactinol synthase (Wu et al. 2009). 
Recently, OsWRKY13 was reported to selectively bind to the DNA segments 
harboring known cis-elements in the promoters of SNAC1 and OsWRKY45-1 in 
vivo during abiotic stresses, thus directly suppressing the transcription of SNAC1 
and WRKY45-1 in vascular tissue and guard cells (Xiao et al. 2013). OsWRKY13-
suppressing plants showed an increased SNAC1 transcript level and enhanced tol-
erances to drought stress (Xiao et al. 2013). These results together suggest that 
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some members of the WRKY family are also involved in the regulation ABA sign-
aling and are potential candidate genes for improving stress resistance, although 
different WRKYs may have different roles in the regulation of stress responses.

22.4.3  Other ABA-Related Transcription Factors

Dehydration-responsive element-binding (DREB) transcription factors specifi-
cally interact with the dehydration-responsive element/C-repeat (DRE/CRT) cis-
acting element and control the expression of many stress-inducible genes in plants 
(Yamaguchi-Shinozaki and Shinozaki 1994). Previous studies often presumed that 
DREBs act in the regulation of ABA-independent pathways. However, several 
studies have suggested that some DREBs may also function in an ABA-dependent 
manner for regulating stress tolerance. For example, OsDREB1F was induced by 
ABA, and over-expression of OsDREB1F in Arabidopsis resulted in the upregu-
lation of RD29B and RAB18, which are typical ABA-dependent stress-induced 
genes, suggesting that activation of stress-responsive genes by OsDREB1F may be 
achieved via both ABA-dependent and ABA-independent pathways (Wang et al. 
2008). ARAG1, another ABA-responsive DREB gene, plays a role in seed germina-
tion and drought tolerance of rice, and an ARAG1-knockdown line was hypersensi-
tive to ABA during seed germination and seedling growth (Zhao et al. 2010).

NAC (NAM, ATAF, and CUC) is a plant-specific transcription factor family 
with diverse roles in development and stress regulation (Nakashima et al. 2012). 
SNAC1 is an ABA and stress-responsive NAC gene conferring drought resistance 
in rice (Hu et al. 2006). SNAC1-over-expressing transgenic rice plants were hyper-
sensitive to ABA application during seedling growth, and the over-expression lines 
exhibited 22–34 % higher seed setting in the field than the negative control under 
severe drought stress conditions imposed at the reproductive stage (Hu et al. 2006). 
Over-expression of another rice stress-responsive NAC gene SNAC2 resulted in sig-
nificantly increased sensitivity to ABA, and the transgenic rice showed enhanced 
cold tolerance (Hu et al. 2008). These results suggest that some NAC transcription 
factors also function as important transcriptional activators in ABA-dependent gene 
expression and may be useful in stress tolerance improvement in crops.

Ethylene response factors (ERFs) are plant transcriptional regulators mediating 
the progression of plant development and stress response (Gutterson and Reuber 
2004). The tomato ERF protein TSRF1 is able to interact with a GCC box-like 
sequence containing the core sequence of the ZmABI4-binding-CE1-like ele-
ment and regulates the ABA response, and over-expression of TSRF1 in tobacco 
enhanced ABA sensitivity during germination, cotyledon expansion, and root elon-
gation (Zhang et al. 2008a). In addition, over-expression of TSRF1 in rice led to 
improved drought and osmotic tolerance (Quan et al. 2010). Another tomato ERF 
transcription activator, TERF1, was proposed to act as a linker between the eth-
ylene and osmotic signaling pathways, and over-expression of TERF1 in tobacco 
enhanced drought tolerance and ABA sensitivity during seedling development 



45722 Improvement of Stress Tolerance in Crops …

(Huang et al. 2004; Zhang et al. 2005). In rice, ABA suppresses the expression of 
SUB1A (also encoding an ERF protein), and over-expression of SUB1A resulted in 
an ABA-hypersensitive phenotype, thereby activating stress-inducible gene expres-
sion and improving drought and submergence resistance (Fukao et al. 2011).

Some members of the MYB transcription factor family also regulate ABA-
related stress responses in plants. Transgenic tobacco constitutively express-
ing AmMYB1, a single-repeat MYB isolated from the salt-tolerant mangrove tree 
Avicennia marina, showed reduced sensitivity to ABA but enhanced tolerance 
to salinity stress, suggesting that AmMYB1 may function as a regulator of ABA 
and stress signaling (Ganesan et al. 2012). In rice, the expression of OsMYB3R-2 
was induced by cold, drought, and salt stress. Transgenic Arabidopsis plants 
over-expressing OsMYB3R-2 showed increased tolerance to cold, drought, salt, 
and ABA treatments (Dai et al. 2007). A subsequent study demonstrated that 
OsMYB3R-2 may play an important role in the cold stress signaling pathway 
modulated by the cell cycle and a putative DREB/CBF pathway in rice (Ma et al. 
2009a). In addition, over-expression of the R2R3-type MYB gene OsMYB2 in rice 
enhanced salt and dehydration tolerance, and the transgenic plants were more sen-
sitive to ABA (Yang et al. 2012).

A few zinc finger transcription factors are also involved in the regulation of 
ABA and stress responses. Transgenic rice over-expressing a zinc finger gene 
ZFP245 showed increased sensitivity to exogenous ABA and tolerance to cold 
and drought stresses by regulating proline levels and reactive oxygen species-scav-
enging activities (Huang et al. 2009). Over-expression of another zinc finger gene 
ZFP179 in rice also resulted in hypersensitivity to exogenous ABA and increased 
salt tolerance at the seedling stage, and it was suggested that ZFP179 was involved 
in both the ABA-dependent and ABA-independent pathways (Sun et al. 2010).

Nuclear factor Y (NF-Y) is a heterotrimeric transcription factor complex com-
posed of the NF-YA, NF-YB, and NF-YC proteins. Over-expression of GmNFYA3, 
encoding the NF-YA subunit of the NF-Y complex in soybeans, resulted in 
reduced leaf water loss and enhanced drought tolerance in Arabidopsis (Ni et al. 
2013). In addition, the transcript levels of ABA biosynthesis (ABA1, ABA2), ABA 
signaling (ABI1, ABI2), and stress-responsive genes (RD29A and CBF3) were gen-
erally higher in GmNFYA3-over-expression plants than in the controls, suggesting 
that GmNFYA3 functions in the positive modulation of drought stress tolerance, 
partially through the regulation of ABA-related pathways (Ni et al. 2013).

22.5  Manipulating Posttranscriptional Regulators of ABA 
Signaling for Improving Stress Tolerance

Increasing evidence suggests that ABA signaling may also be regulated at the 
posttranscriptional or posttranslational levels. SDIR1 is a RING finger E3 ligase 
which positively regulates stress-responsive ABA signaling in Arabidopsis, and 
over-expression of SDIR1 leads to enhanced ABA-induced stomatal closure 
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and drought tolerance (Zhang et al. 2007). Ectopic expression of SDIR1 in rice 
and tobacco plants also led to improved drought tolerance (Zhang et al. 2008b). 
Transgenic rice over-expressing an ortholog of SDIR1 and OsSDIR1 showed 
strong drought tolerance compared to control plants (Gao et al. 2011b). Drought-
induced expression of ZmRFP1, a putative ortholog of SDIR1 in maize, was 
impaired in the ABA-deficient mutant viviparous14, indicating that ZmRFP1 
responds to drought stress in an ABA-dependent way (Xia et al. 2012). OsDSG1, 
which is most similar to Arabidopsis AIP2, has E3 ubiquitin ligase activity and can 
target ABI3, and the osdsg1 mutant plants that exhibited significantly increased 
expression of ABA signaling and responsive genes were more tolerant to salt and 
drought stresses (Park et al. 2010). In addition, transgenic tobacco constitutively 
over-expressing OsBIRF1, which encodes a rice RING-H2 finger protein, exhib-
ited reduced ABA sensitivity and increased drought tolerance (Liu et al. 2008).

Small interfering RNAs (siRNAs) may also be involved in the regulation of 
ABA-related stress responses. In rice, siR441 and siR446 are positive regulators 
of ABA signaling and tolerance to abiotic stress, possibly by regulating MAIF1 
expression (Yan et al. 2011a). The expression of MAIF1, encoding an F-box 
domain protein mainly localized in the plasma membrane and nucleus, is induced 
rapidly and strongly by ABA and abiotic stresses, and over-expression of MAIF1 
reduced ABA sensitivity and abiotic stress tolerance in rice (Yan et al. 2011b).

Mitogen-activated protein kinase (MAPK) cascades play an important role in 
mediating ABA and stress responses in eukaryotic organisms. In rice, basal-level 
OsMAPK5 can be activated by ABA very quickly before the accumulation of its 
mRNA and protein, and OsMAPK5-over-expression rice exhibited increased 
OsMAPK5 kinase activity and increased tolerance to drought, salt, and cold 
stresses (Xiong and Yang 2003).

22.6  Improving Stress Resistance by Manipulating Other 
ABA-Related Functional Genes

The output of ABA signaling and/or its regulation includes expression changes 
or the activation of numerous downstream functional proteins which translate 
the original signal input into diverse physiological responses to the stresses (see 
reviews by Nambara and Marion-Poll 2005; Boursiac et al. 2013; Fukao and 
Xiong 2013; Hu and Xiong 2014). Here, we only introduce some of the ABA-
related downstream genes which were seldom reviewed previously.

ABA accumulation in the roots of stressed plants can stimulate root growth 
and increase root hydraulic conductivity (Zhu et al. 2005; Lian et al. 2006). In this 
process, aquaporins, or water channel proteins which are members of major intrin-
sic proteins (MIPs) and translocate water across cell membranes, have been dem-
onstrated for their roles in stress-induced physiological processes (Ishibashi et al. 
2000; Javot and Maurel 2002). Plasma membrane intrinsic proteins (PIPs) have 
also been investigated for their induction under water deficit conditions (Malz and 
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Sauter 1999). ABA application can increase hydraulic conductance, thus promot-
ing water movement from roots to leaves (Hose et al. 2000). The early induction 
of ZmPIP2-4 may also be mediated by ABA, implying that ABA may transiently 
induce the water conductivity of roots and the water permeability of cortex cells in 
maize (Zhu et al. 2005). The expression of the water channel protein gene RWC3 
was increased in upland rice at the early stages of treatment with 20 % polyethylene 
glycol (PEG) 6000, whereas no significant expression change was detected in low-
land rice, indicating that RWC3 probably plays a role in drought avoidance in rice 
(Lian et al. 2004). Treatment with ABA also enhanced the expression of several PIP 
genes in upland rice (Lian et al. 2006), and transgenic Arabidopsis over-expressing 
OsPIP2-2 showed enhanced tolerance to salt and drought stresses (Guo et al. 2006).

The functions of some protein-modification enzymes are also involved in 
ABA responses. Squalene synthase (SQS) is a farnesyl-diphosphate farnesyl-
transferase which catalyses the first reaction of the branch of the isoprenoid meta-
bolic pathway committed specifically to sterol biosynthesis (Tansey and Shechter 
2001). It has been demonstrated that RNAi-mediated disruption of a rice SQS 
gene resulted in reduced sensitivity to ABA and improved drought tolerance at 
both the vegetative and reproductive stages (Manavalan et al. 2012). Transgenic 
canola over-expressing a farnesyltransferase gene ERA1 driven by a drought and 
ABA-inducible rd29A promoter showed increased ABA sensitivity, a significant 
decrease in stomatal conductance, and increased drought tolerance at mid-flower-
ing under field conditions (Wang et al. 2005).

22.7  Conclusions and Perspectives

It is apparent that ABA, as an important signal molecule, can mediate signal trans-
duction involved in the responses to multiple abiotic stresses. The core ABA sig-
nal perception components which involve PYR/PYL/RCAR, PPC2, and SnRK2 
in Arabidopsis are especially important in understanding the molecular basis of a 
regulatory network controlling ABA-dependent stress responses (Ma et al. 2009b; 
Nishimura et al. 2009). A recent study showed that a large number of ABA bio-
synthesis and signaling components are conserved in plants (Hauser et al. 2011). 
These findings will help us to discover similar ABA-regulated pathways and net-
works in crops and to discover potential candidate genes for genetic improvement 
of stress tolerance in crops. However, when compared to Arabidopsis, the amount 
of data on ABA-regulated genes and their functions in crop species is scattered. 
Further intensive studies on ABA biology in economically important crops need to 
be carried out to gain better insights into the mechanisms of stress responses.

It should also be noted that there are negative side effects of ABA on normal 
growth and yield potential. For example, over-expression of NCED by a consti-
tutive promoter in tomato had negative effects (increased seed dormancy), while 
transgenic tomato over-expressing LeNCED1 by a Rubisco rbcS3C promoter, 
which is light-responsive and expressed in a circadian manner, showed much 
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higher levels of ABA accumulation in leaves and sap, but no negative effects on 
seed dormancy. However, these plants exhibited a set of severe abnormal symp-
toms resulting from the consequences of long-term and high levels of ABA 
accumulation (Tung et al. 2008). Therefore, the moderate and timely increase in 
ABA biosynthesis may be critical for genetic improvement of stress resistance in 
crops. In addition, stress-inducible promoters may be useful for engineering of 
ABA-related genes. For example, transgenic rice over-expressing the trehalose-
6-phosphate synthase/phosphatase gene by a drought-inducible promoter showed 
increased amounts of trehalose and drought tolerance without obvious negative 
effects on plant growth or grain yield (Garg et al. 2002). In the future, the applica-
tion of specific genes on stress resistance needs to be optimized by using stress-
inducible and/or tissue-specific promoters.

Even though many ABA-related genes have proven to be effective in enhancing 
stress resistance by transgenic approaches, the effects of these genes were mostly 
shown based on greenhouse experiments with plants grown in small pots or only 
at the seedling stages. Due to the complex nature of stress in the field, those genes 
proven to be effective in the greenhouse have to be further evaluated in the field 
before being adopted in breeding programs.

The last challenge is how to tackle the different abiotic stresses that simultane-
ously occur under natural field conditions. In the future, it is essential to examine 
the effects of ABA-related genes for stress resistance under multiple stress com-
bination conditions. Meanwhile, the nature of different crops in stress adaptation 
may further complicate the stress resistance effect for the same gene(s). Therefore, 
intensive knowledge on ABA biology obtained from model plants needs to be inte-
grated into specific crops according to their inherent nature of stress response and 
adaptation to specific stresses.
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