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Summary

The classical plant hormone abscisic acid (ABA) was discovered over 50 years ago. ABA 
accumulates rapidly in plants in response to environmental stresses, such as drought, cold, 
or high salinity, and plays important roles in the adaptation to and survival of these stresses. 
This “stress hormone” also functions in many other processes throughout the plant life cycle, 
acting in embryo development and seed maturation, seed dormancy and germination, seed-
ling establishment, vegetative development, root growth, stomatal movement, flowering, 
pathogen response, and senescence. It is transported in the vascular tissues to coordinate root 
and shoot development and function. Receptors for ABA have been identified as a family of 
soluble proteins, which upon binding ABA form coreceptor complexes with phosphoprotein 
phosphatase 2C (PP2C) phosphoprotein phosphatases. The resulting inhibition of activity of 
PP2C enzymes leads to changes in phosphorylation of protein kinases and transcription fac-
tors, to mediate the multiple effects of ABA. The elucidation of ABA perception mechanisms 
and the core components of the signal transduction mechanisms from ABA perception to 
downstream gene expression has expanded our understanding of the functions of ABA. This 
chapter summarizes our current understanding of the key components of ABA metabolism, 
transport, physiological functions, signal transduction, gene expression, and proteolysis.

5.1   Discovery and functions of abscisic acid

Abscisic acid (ABA), a classic plant hormone, was isolated multiple times in differ-
ent studies. Researchers in the early 1950s isolated acidic compounds, referred to as 
β-inhibitors, from plants; they separated these compounds by paper chromatography 
and showed that β-inhibitors inhibit coleoptile elongation in oat. In the early 1960s, 
scientists in the United States isolated an abscission-accelerating compound from young 
cotton fruits, called “abscisin II.” Simultaneously, UK researchers isolated a dormancy- 
inducing factor from sycamore leaves, called “dormin.” The structure of abscisin II was 
determined in 1965 and dormin was subsequently shown to be chemically identical to 
abscisin II. This compound was renamed abscisic acid to reflect its supposed involve-
ment in the abscission process and later work determined that the β-inhibitor is also 
ABA (reviewed in Cutler et al., 2010; Finkelstein, 2013).

ABA is a 15-carbon (C15) compound that belongs to the terpenoid class of metab-
olites. The orientation of the carboxyl group at carbon 2 determines the trans or cis 
isomers of ABA. In addition, an asymmetric carbon atom at position 1′ in the ring deter-
mines the S (+) or R (−) enantiomers. The naturally occurring form is (S)-cis-ABA, 
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whereas commercially available ABA is commonly a mixture of S and R forms in 
approximately equal amounts. Light can isomerize (S)-cis-ABA and (R)-cis-ABA to 
the biologically inactive forms (S)-2-trans-ABA and (R)-2-trans-ABA, respectively. 
Both (S)-cis-ABA and (R)-cis-ABA have strong activity in prolonged ABA responses, 
such as seed maturation; however, the (S)-cis-ABA has stronger activity in rapid ABA 
responses, such as stomatal closure (reviewed in Cutler et al., 2010; Finkelstein, 2013). 
Hereafter, the term ABA refers to (S)-cis-ABA.

Although ABA was originally thought to induce abscission, later work showed 
that ethylene, rather than ABA, regulates abscission. The presence of ABA in 
abscising organs reflects its roles in promoting senescence and/or stress responses, 
which precede abscission. ABA promotes abscission through ethylene (Cracker and 
Abeles, 1969). In Arabidopsis, the ABA-activated calcium-dependent protein kinases 
(CDPKs), CPK4 and CPK11, phosphorylate the N-termini of the ethylene biosynthetic 
enzyme 1–aminocyclopropane-1–carboxylate synthases (ACS). This phosphorylation 
stabilizes ACS and increases ethylene biosynthesis (Luo et al., 2014). However, there 
is a complicated interplay between ethylene and ABA in the control of plant growth 
and development (Ma et al., 2014). For example, in rice, ethylene inhibits root growth 
through ABA production, whereas ABA negatively regulates the ethylene response in 
the coleoptile by modulating OsEIN2 expression (Ma et al., 2014).

Historically, ABA has been thought to be a growth inhibitor; however, young tis-
sues have high ABA levels and ABA-deficient mutants are severely stunted, demon-
strating that ABA is an important regulator of plant growth. ABA is a ubiquitous 
plant hormone and is synthesized in almost all cells that contain chloroplasts or 
amyloplasts. Also, the major components of ABA signaling appear to be conserved 
across land plants (Umezawa et al., 2010). ABA has been found in some bacteria, 
fungi, and a variety of metazoans ranging from sea sponges to humans. However, 
ABA functions as a crucial signaling molecule only in plants; in other organisms 
ABA is a secondary metabolic component.

Over the past three decades, a combination of molecular genetics, biochemical, and 
pharmacological studies have identified almost all of the enzymes in ABA biosynthesis 
and catabolism, with over 100 loci regulating ABA responses and thousands of genes that 
are regulated by ABA in various contexts (reviewed in Finkelstein, 2013). ABA is the 
central regulator of plant resistance to abiotic stresses such as drought, salinity, and low 
temperature. In addition, ABA regulates important aspects of plant growth and develop-
ment, including embryo development and seed maturation, seed dormancy and germina-
tion, seedling establishment, vegetative development, root growth, stomatal movement, 
flowering, pathogen response, and senescence (reviewed in Finkelstein, 2013).

5.2   ABA metabolism
5.2.1   ABA biosynthesis

As with the other plant hormones, the extent of ABA responses depends on its concen-
tration within a particular plant tissue and on the sensitivity of the tissue to ABA. ABA 
biosynthesis, catabolism, and transport all contribute to the concentration of active ABA.
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In fungi, ABA is biosynthesized directly from farnesyl diphosphate; however, in 
plants, ABA is biosynthesized indirectly from carotenoids (reviewed in Nambara and 
Marion-Poll, 2005). In plants, the early steps of ABA biosynthesis take place in chloro-
plasts and other plastids and begin with the C5 isopentenyl diphosphate (IPP), the biolog-
ical isoprene unit that is also a precursor of cytokinins, gibberellins (GAs), strigolactones, 
and brassinosteroids. The addition of three IPP molecules to dimethylallyl diphosphate, 
a double-bond isomer of IPP, generates geranylgeranyl diphosphate (GGPP), a C20 
precursor for several groups of plastidial isoprenoids including carotenoids (reviewed 
in Ruiz-Sola and Rodríguez-Concepción, 2012; Kirby and Keasling, 2009). The first 
committed step of carotenoid biosynthesis is the production of C40 phytoene from the 
condensation of two GGPP molecules (Fig. 5.1) catalyzed by the enzyme phytoene 
synthase. This step is considered to be the main bottleneck in the carotenoid pathway. 
Subsequent desaturation, isomerization, and cyclization steps lead to the production of 
either α- or β-carotene; however, only β-carotene is further metabolized into ABA via 
zeaxanthin. Production of zeaxanthin is catalyzed by β-carotene hydroxylases encoded 
by two homologous genes (BCH1 and BCH2) in Arabidopsis.

Arabidopsis ABA-deficient mutants have defects in the biosynthetic steps down-
stream of zeaxanthin. For example, aba1, the first described ABA-deficient mutant 
of Arabidopsis, was isolated as a suppressor of ga1, a nongerminating GA-deficient 
mutant (Koornneef et al., 1982). The ABA1 gene encodes zeaxanthin epoxidase 
(ZEP), the enzyme catalyzing the conversion of zeaxanthin to all-trans-violaxan-
thin (Rock and Zeevaart, 1991; Barrero et al., 2005). This reaction can be reversed 
by violaxanthin de-epoxidase to produce photoprotective zeaxanthin in response to 
a sudden increase in light intensity (Fig. 5.1). All-trans-violaxanthin is converted to 
9′-cis-neoxanthin or 9-cis-violaxanthin. Arabidopsis ABA-deficient aba4 mutants 
have reduced endogenous levels of 9′-cis-neoxanthin and all-trans-neoxanthin, but 
have increased levels of all-trans-violaxanthin and 9-cis-violaxanthin, leading to 
the conclusion that ABA4 functions as a neoxanthin synthase or as one of the com-
ponents required for neoxanthin synthesis (North et al., 2007). To date, no mutants 
defective in the isomerization of all-trans-violaxanthin or all-trans-neoxanthin have 
been isolated.

The first committed step in the ABA biosynthetic pathway is the oxidative cleav-
age of 9′-cis-neoxanthin and/or 9-cis-violaxanthin, producing the first C15 interme-
diate, xanthoxin, a neutral growth inhibitor that has similar physiological properties 
to those of ABA (Fig. 5.1). This is a rate-limiting regulatory step and is catalyzed 
by 9-cis-epoxycarotenoid dioxygenase (NCED) (Nambara and Marion-Poll, 2005). 
The NCED enzymes are encoded by multigene families in all species analyzed, 
and have nine potential members in Arabidopsis (Tan et al., 2003). The expression 
patterns of NCED genes vary in response to stress and developmental signals. For 
example, AtNCED3 is induced for ABA production upon water stress, whereas 
AtNCED6 and AtNCED9 are induced for ABA production in seeds (Lefebvre et al., 
2006; Frey et al., 2012). Moreover, the tissue localizations of different NCEDs differ, 
although they are all localized in plastids; AtNCED5 is bound to plastid membranes 
but AtNCED2, AtNCED3, and AtNCED6 have both soluble and membrane-bound 
forms (Tan et al., 2003).
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Xanthoxin, which is synthesized in the plastids, moves to the cytoplasm where it 
is converted to ABA via oxidative steps involving the intermediate abscisic aldehyde 
(Fig. 5.1). Conversion of xanthoxin to abscisic aldehyde is catalyzed by a short-chain 
dehydrogenase/reductase (SDR)-like enzyme encoded by ABA2 in Arabidopsis 
(Cheng et al., 2002b; Gonzalez-Guzman et al., 2002). The final step is catalyzed by a 

Figure 5.1 The abscisic acid (ABA) metabolic pathways in plants. The ABA biosynthesis, 
degradation, and conjugation pathways are shown in relation to the cellular compartments 
where these events occur. Biosynthesis steps blocked in the Arabidopsis mutants (aba1, aba2, 
aba3, and aba4) and maize mutants (vp12 and vp14) are indicated.
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family of abscisic aldehyde oxidases (AAOs) that all require a molybdenum cofactor 
(MoCo). Arabidopsis ABA3 encodes a sulfurase that produces a functional cofactor. 
The aba3 mutant lacks all AAO activity and is unable to synthesize ABA (Bittner 
et al., 2001; Xiong et al., 2001).

Characterization of maize viviparous (vp) mutants, which show precocious ger-
mination of seeds while still attached to the plant, a phenomenon also known as 
vivipary, has contributed greatly to the understanding of the ABA biosynthetic path-
way. The vp mutants are blocked at various points in the terpenoid and carotenoid 
biosynthetic pathway. For example, vp12 is deficient in GGPP synthase and VP14 was 
the first cloned NCED gene. More details regarding vivipary are discussed later.

5.2.2   ABA catabolism and storage

In addition to ABA biosynthesis, catabolism and conjugation function as major mech-
anisms for regulating ABA levels in vivo (reviewed in Nambara and Marion-Poll, 
2005). ABA catabolism involves ABA hydroxylation and plants have three differ-
ent ABA hydroxylation pathways (C-7′, C-8′, and C-9′), among which 8′-hydroxyl-
ation is thought to be the predominant ABA catabolic pathway (Cutler and Krochko, 
1999). This step is catalyzed by 8′-hydroxylase and the resulting 8′-hydroxy-ABA 
is spontaneously rearranged to form phaseic acid (PA), which is further catabolized 
to dihydrophaseic acid (Fig. 5.1). ABA 8′-hydroxylase is a membrane-bound cyto-
chrome P450 (CYP450) monooxygenase classified as CYP707A. Single or multiple 
mutants defective in CYP450 genes contain higher endogenous levels of ABA and 
display enhanced stress resistance and increased seed dormancy (Kushiro et al., 2004;  
Saito et al., 2004; Okamoto et al., 2006).

ABA and its catabolites can also undergo conjugation reactions catalyzed by glu-
cosyl transferases, with the most common conjugate being glucosyl ester (ABA-GE) 
(Fig. 5.1). ABA-GE is probably a deactivated product, as it is physiologically inac-
tive. It is thought to be a storage or transport form of ABA and can be hydrolyzed 
by β-glucosidase (AtBG1 in Arabidopsis) to release free ABA (Lee et al., 2006;  
Xu et al., 2012).

5.3   ABA transport

In vegetative plant tissues, ABA biosynthesis is believed to take place in the vascular 
tissues and the guard cells, based on the expression patterns of the key enzymes of the 
ABA biosynthetic pathway, such as the enzymes catalyzing the last three steps of ABA 
biosynthesis (NCED, SDR, and AAO). By contrast, in seeds, all tissues are thought to 
be involved in ABA biosynthesis.

Long-distance ABA transport from roots to leaves has been extensively discussed in 
relation to stomatal closure in response to drought (reviewed in Boursiac et al., 2013). 
Stomata will close when a part of the root system is exposed to water stress, even if the 
water status of leaves remains unchanged. Moreover, the stomatal aperture correlates 
with the ABA concentration in xylem sap, suggesting that ABA synthesized in roots 
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experiencing drought conditions could transit to the xylem sap and be transported 
to the leaves to induce stomatal closure. However, during water stress, ABA accu-
mulates first in shoot vascular tissues and only later appears in roots and guard cells 
(Christmann et al., 2005). Reciprocal grafting experiments demonstrated that ABA 
synthesis in shoots was essential for the plant’s response to root drying (Christmann 
et al., 2007). Moreover, studies challenged the need for ABA from the roots in stoma-
tal regulation by showing that only ABA synthesized in guard cells triggered stomatal 
closure (Bauer et al., 2013). Furthermore, it has now been reported that ABA produced 
in the shoot is required for root growth (McAdam et al., 2016).

The molecular identification of ABA transporters emphasizes the importance 
of ABA transport for proper ABA signaling throughout the plant. The Arabidopsis 
ATP-BINDING CASSETTE G25 (AtABCG25) and AtABCG40 were identified as 
ABA transporters (Kang et al., 2010; Kuromori et al., 2010). AtABCG25 functions 
as an efflux transporter and AtABCG40 functions as an influx transporter of ABA. 
The promoter activity of AtABCG25 was detected in vascular tissues, whereas that 
of AtABCG40 was detected in guard cells, supporting the idea that ABA is trans-
ported from vascular tissues to guard cells (Kang et al., 2010; Kuromori et al., 2010). 
However, the single mutants of atabcg25 and atabcg40 did not show phenotypes typ-
ically observed in ABA-deficient mutants such as aba1, aba2, and aba3, suggesting 
that the ABA transport system might be highly complex and redundant (Kang et al., 
2010; Kuromori et al., 2010). The Arabidopsis ABA-IMPORTING TRANSPORTER 
1 (AIT1), previously characterized as a nitrate (NO3

−) transporter (designated 
NRT1.2), was later shown to be an influx transporter of ABA as well as NO3

− (Kanno 
et al., 2012). The AIT1 gene is expressed in imbibed seeds and vascular tissues, and all 
three transporters localize at the plasma membrane. AIT1 is proposed to regulate sto-
matal aperture in inflorescence stems and may link nitrogen status to ABA signaling 
since it is also a NO3

− transporter (Kanno et al., 2012).

5.4   ABA functions
5.4.1   Seed maturation and dormancy

From both an ecological and agricultural perspective, the plant life cycle can be con-
sidered to begin and end with the seed. A mature Arabidopsis seed consists of three 
major components, each with a distinct genotype: the embryo that will become the 
vegetative plant is diploid (having one maternal and one paternal genome equivalent); 
the endosperm, a single-cell layer surrounding the embryo that provides nourishment 
for embryo development, is triploid (having two maternal and one paternal genome 
equivalents); and the testa (seed coat), an outer layer of dead tissue, is strictly of 
maternal origin. Seed development comprises two major phases, embryogenesis and 
seed maturation. During embryogenesis, the single-celled zygote follows a defined 
pattern of cell division and differentiation to form the mature embryo. Seed matura-
tion begins when the developing embryo ceases cell division and starts growing by 
cell enlargement as it begins to accumulate storage reserves. Finally, the embryos of 
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so-called orthodox seeds dehydrate (losing up to 90% of their water) and become 
desiccation tolerant. As a consequence, their metabolic activity decreases and the 
seeds enter a quiescent state. In some cases the seeds become dormant, a state in 
which a viable seed fails to germinate under favorable conditions. Quiescent seeds 
will germinate upon rehydration; however, the germination of dormant seeds requires 
additional treatments or signals. In contrast to orthodox seeds, recalcitrant seeds 
have a high moisture content at maturity and are not desiccation tolerant (reviewed in 
Bentsink and Koornneef, 2008; Rajjou et al., 2012).

Typically, the ABA content in seeds is very low during early embryogenesis (i.e., 
during histodifferentiation and early pattern formation); however, ABA increases 
when the developing embryos transition to the maturation phase, usually peaking 
around midmaturation. ABA levels usually decline precipitously during late seed 
development, particularly during the maturation drying phase. However, another peak 
of ABA occurs in developing embryos prior to desiccation during later development 
of Arabidopsis seeds. Reciprocal crosses between the wild type and ABA-deficient 
mutants suggest that the first peak of ABA is maternally derived and is important 
to prevent precocious germination at the end of the cell division phase of embryo-
genesis (Karssen et al., 1983). However, de novo synthesis of ABA in developing 
embryos may also contribute to the first peak, with maternal ABA serving as a signal 
to trigger ABA biosynthesis in the embryo or endosperm. Consistent with this notion, 
ABA biosynthetic genes are actively expressed during mid-seed development (10 days 
after pollination) in the Arabidopsis embryo and endosperm (Xiong and Zhu, 2003; 
Lefebvre et al., 2006). The second peak of ABA accumulation depends on the syn-
thesis of ABA in the embryo and is essential for the induction of dormancy (Karssen 
et al., 1983; Frey et al., 2004).

Genetic variations in the structure and/or pigmentation of the testa or the surrounding 
layers (such as the pericarp) lead to altered seed dormancy or longevity (the duration 
of seed viability in prolonged storage) in many species. In addition, when the imma-
ture embryo is removed from the testa and placed in culture medium before the onset 
of dormancy, it germinates precociously. However, the addition of ABA to the culture 
medium inhibits this precocious germination. These observations, together with the fact 
that the endogenous ABA level is high during mid- to late seed development, indicate 
that the maternal ABA located in testa and fruit tissues keeps developing embryos in 
their embryonic state.

Vivipary, also known as preharvest sprouting, occurs in some grain crops when 
they mature in wet weather and studies of various ABA mutants and transgenic lines 
support the involvement of ABA in the prevention of vivipary and the induction of 
dormancy. Several maize viviparous (vp) mutants have been identified; some of these 
are deficient in ABA biosynthesis and one (vp1) is insensitive to ABA. Vivipary in 
the ABA-deficient mutants can be partially prevented by treatment with exogenous 
ABA. Maize VP1 and its Arabidopsis ortholog, ABA INSENSITIVE 3 (ABI3), along 
with FUSCA 3 (FUS3) and LEAFY COTYLEDON 2 (LEC2), are closely related 
B3-domain family transcription factors, and LEC1 is a HAP3 subunit of the CCAAT-
binding transcription factor also known as nuclear factor Y (NF-Y) (reviewed in 
Finkelstein, 2013). These four regulators play prominent roles in the overall control 
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of seed maturation with apparently overlapping functions (Raz et al., 2001). Mutants 
deficient in any of these genes do not exhibit dormancy and often germinate preco-
ciously, and their seeds have phenotypes typical of the vegetative phase, rather than 
the reproductive phase, including reduced desiccation tolerance, and expression of 
germination-related genes. In addition, the expression of LEC1, LEC2, ABI3, and 
FUS3 displays a temporal and spatial pattern during Arabidopsis seed development, 
and there is substantial cross-regulation among these genes (reviewed in Suzuki and 
McCarty, 2008; Finkelstein, 2013).

Arabidopsis ABA-deficient (aba) mutants are nondormant at maturity. Reciprocal 
crosses between wild-type and aba mutant plants showed that seeds exhibited dor-
mancy only when the embryo itself could produce ABA during seed maturation. 
Exogenously applied or maternal ABA was not effective in inducing dormancy in the 
embryos of aba mutants. In addition to the ABA levels, sensitivity to ABA also plays 
an important role in the induction of dormancy. For example, aba insensitive (abi) 
mutants display varying reductions in seed dormancy, although the ABA levels in 
these seeds are higher than in the wild type throughout seed development. Therefore, 
although ABA is important for the inception of dormancy in developing seeds, high 
ABA levels are not required for the maintenance of dormancy during late maturation 
and desiccation of seeds, and there is no clear relationship between the ABA content 
of mature dry seeds (or grains) and the degree of dormancy.

ABA inhibits seed germination and GAs promote seed germination. Also, in most 
plants, the peak in ABA coincides with a decline in the level of GA. The importance 
of the ratio of these two hormones (ABA:GA ratio) was elegantly demonstrated by a 
genetic screen for suppressors of a GA-deficient (ga-1) mutant (Koornneef et al., 1982). 
The ga-1 mutant seeds could not germinate in the absence of exogenous GA, and the 
seeds of mutant plants that had regained the ability to germinate likely carried a sup-
pressor mutation. This screen led to the isolation of the first ABA-deficient mutants of 
Arabidopsis and about half of the suppressed plants were deficient in ABA1, encoding 
ZEP, which generates the epoxycarotenoid precursor of the ABA biosynthetic path-
way. The suppressed seeds carrying ga1 and aba1 mutations could germinate because 
dormancy had not been induced in the seeds, so subsequent biosynthesis of GA was no 
longer required. Conversely, a screen for suppressors of the ABA-insensitive mutation 
abi1-1 identified both GA-deficient and GA-resistant mutants (Steber et al., 1998). 
These studies illustrated that the ABA:GA ratio serves as the primary determinant 
of seed dormancy and germination. The amounts of GA and ABA present in a target 
tissue and the ability of the target tissue to detect and respond to each of the hormones 
determine the relative hormonal activities of ABA and GA.

During seed maturation, the water content of seeds gradually declines as water is 
replaced by the deposition of insoluble storage reserves, and desiccation (maturation 
drying) is usually the terminal event for orthodox seeds. Desiccation can severely 
damage membranes and other cellular components. For orthodox seeds, ABA induces  
desiccation tolerance during seed development, allowing their survival for long 
periods in a dry state. Desiccation tolerance depends in part on the ability of the 
antioxidant defense systems to scavenge the reactive oxygen species (ROS) gen-
erated during desiccation. Desiccation tolerance also involves the formation of an 
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intracellular “glassy state” by a combination of sugars and late embryogenesis 
abundant (LEA) proteins. The LEA proteins become abundant during late seed mat-
uration and are thought to act as chaperones to protect macromolecular structures 
against desiccation injury. ABA regulates the accumulation of storage proteins and 
desiccation protectants during embryogenesis. Exogenously applied ABA promotes 
the accumulation of storage proteins and LEA proteins in cultured embryos of many 
species. In addition, ABA treatment can induce the synthesis of some LEA proteins 
in vegetative tissues, indicating that ABA regulates the biosynthesis of some LEA 
proteins.

5.4.2   Seed germination

Seed germination, the resumption of growth of the quiescent or dormant embryo of the 
mature seed, begins with water uptake by the dry seeds and ends with the emergence 
of the embryonic axis, usually the radicle, from its surrounding tissues (reviewed in 
Bentsink and Koornneef, 2008; Rajjou et al., 2012). Because germination irreversibly 
commits a seed to grow into a seedling, plants have evolved sophisticated mecha-
nisms to ensure that germination occurs only under optimal environmental conditions. 
Because the ABA:GA ratio plays a decisive role in maintaining seed dormancy, ABA 
homeostasis shifts during germination toward a catabolic state and ABA signals are 
downregulated, whereas GA homeostasis shifts to favor GA biosynthesis and GA 
signaling is activated. Therefore seed germination is often associated with a sharp 
decrease in the ABA:GA ratio.

Germination depends on several environmental factors, e.g., water, oxygen, tem-
perature, and often light and nitrate as well. Of these, water is the most essential factor. 
The water content in mature, air-dried seeds ranges from 5% to 15%, well below the 
threshold required for fully active metabolism. The initial, rapid uptake of water by dry 
seeds is referred to as imbibition. A rapid decrease in endogenous ABA levels occurs 
in both dormant and nondormant seeds during early seed imbibition. In Arabidopsis, 
the expression of CYP707A2, which encodes an ABA 8′-hydroxylase and plays a key 
role in inactivating ABA during germination, rapidly increases after seed imbibition 
(Kushiro et al., 2004). However, several GA biosynthetic genes (such as AtGA20ox3, 
AtGA3ox1, and AtGA3ox2) are upregulated upon imbibition, whereas expression of all 
known GA 2-oxidase genes remains at a low level (Ogawa et al., 2003).

The importance of light in seed germination was first discovered by examination of 
the red (R)/far-red (FR) light-controlled reversible germination of lettuce (c.v. Grand 
Rapids) seeds (Borthwick et al., 1952). Red light promotes seed germination, whereas 
subsequent treatment with FR light reverses the R light-mediated induction of seed 
germination. The germination response of lettuce seeds repeatedly treated with R/FR 
cycles is determined by the last light treatment. Phytochromes, plant photoreceptors 
that sense R and FR light, are the primary sensors for light-regulated seed germi-
nation. Light induces the expression of GA biosynthetic genes (such as AtGA3ox1 
and AtGA3ox2) and an ABA catabolic gene (CYP707A2). Light also represses the 
expression of ABA biosynthetic genes (such as ABA1, NCED6, and NCED9) and GA 
catabolic genes (such as GA2ox2) (Yamaguchi et al., 1998; Seo et al., 2006; Oh et al., 
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2007; Yamauchi et al., 2007). Light-controlled seed germination is mediated in part by 
a bHLH transcription factor, PHYTOCHROME-INTERACTING FACTOR 1 (PIF1; 
Oh et al., 2004, 2007, 2009).

Low temperature, or chilling, can release seeds from dormancy. Many seeds 
require a period of cold treatment (0–10°C) while in a fully hydrated (imbibed) 
state to germinate. Chilling seeds in moist conditions to stimulate germination is 
referred to as stratification; this not only breaks the dormancy of seeds but also has 
the added benefit of synchronizing germination to ensure that plants will mature 
simultaneously. A subset of GA biosynthetic genes is upregulated in response to low 
temperature in Arabidopsis, resulting in an increase in the level of bioactive GAs in 
imbibed Arabidopsis seeds (Yamauchi et al., 2004).

Some seeds may require after-ripening: a period of dry storage at room temperature 
before they can germinate. The duration of the after-ripening requirement may range 
from as short as a few weeks to as long as a few years. In Arabidopsis seeds, the sen-
sitivity to GAs and light increases and ABA content decreases during after-ripening 
(Ali-Rachedi et al., 2004). The changes in ABA content or sensitivity are likely related 
to a progressive decrease of dormancy (hence an increasing potential of germination) of 
after-ripened seeds.

5.4.3   Stress responses

ABA rapidly accumulates in plants in response to environmental stresses such as 
drought, low temperature, or high salinity, and plays important roles in plant adap-
tation to these stresses (reviewed in Yamaguchi-Shinozaki and Shinozaki, 2006; Qin 
et al., 2011). Therefore ABA is considered a “stress hormone.” ABA levels increase 
during stress but decrease when the stress is relieved (Zeevaart, 1980). Under drought 
conditions, ABA concentrations can increase up to 50-fold, which is the most dramatic 
change in concentration reported for any plant hormone in response to an environmen-
tal signal. Drought, low temperature, and high salinity all impose cellular osmotic and 
oxidative stresses, but they differ in other aspects, and consequently, plant responses 
to these stresses also differ.

At the whole-plant level, slightly elevated ABA levels, characteristic of mild 
water stress, promote root growth but inhibit shoot growth, leading to an increased 
root:shoot ratio. The root:shoot ratio appears to be governed by a balance between 
water uptake by the roots and photosynthesis by the shoots. Under water stress, an 
increased root:shoot ratio allows the roots to grow at the expense of the growth of the 
leaves. However, under extended drought stress, the growth of both roots and shoots 
is inhibited and many lateral roots are initiated but their growth stops until the stress is 
relieved. This phenomenon is known as drought rhizogenesis (Vartanian et al., 1994). 
These repressive effects of stress and the redistribution of nutrients depend at least 
partly on ABA signaling because ABA-deficient mutants and some ABA signaling 
mutants do not exhibit these effects.

The water flow across cell membranes to regulate growth and transpiration is largely 
controlled by aquaporins present in the tonoplast and plasma membranes. Arabidopsis 
has 13 plasma membrane-localized aquaporins (known as plasma membrane intrinsic 
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proteins, PIPs) and 10 tonoplast-localized aquaporins (known as tonoplast intrinsic 
proteins). The expression of most aquaporin genes is downregulated during drought 
and salt stresses to limit water loss and potentially create a hydraulic signal to aerial 
parts to induce stomatal closure. In addition, ABA-induced dephosphorylation of 
aquaporins also leads to reduced water flux (Kline et al., 2010).

In addition to modulating water flow, ABA induces the accumulation of pro-
tectants in cells, such as chaperones, LEA proteins, antifreeze proteins, sugars, and 
proline. This stress hormone also activates detoxifying mechanisms that confer 
stress tolerance by regulating redox balance or modifying ion transport to reestab-
lish homeostasis.

5.4.4   Stomatal movement

Stomata, the openings formed by pairs of specialized epidermal guard cells, regulate 
gas exchange in plants. Stomatal apertures affect photosynthesis, water use efficiency, 
and hence crop yields. Several environmental factors induce opening of stomata, 
including blue light, high humidity, and low CO2. Other factors induce closure of 
stomata, including lack of light, low humidity, elevated CO2, and drought. During 
drought, plants accumulate ABA, which induces rapid closure of the stomata to pre-
vent water loss by transpiration. ABA affects stomata by promoting closure and inhib-
iting opening of stomata. Although both effects lead to closed stomata, they are not 
simple reversals of the same process since they involve different ion channels con-
trolled by different signaling mechanisms (reviewed in Schroeder et al., 2001; Kim 
et al., 2010).

The driving force for stomatal movement is turgor pressure. When guard cells 
perceive increased ABA levels, an efflux of anions and K+ ions is triggered, which 
decreases their turgor and volume. ABA triggers an increase of cytosolic Ca2+, 
which activates slow-activating (S-type) and rapid-transient (R-type) anion channels 
(Schroeder et al., 2001). The S-type anion channels generate a slow and sustained 
anion efflux, whereas R-type anion channels are transiently activated within 50 ms. 
Thus the two types of anion channels provide distinct mechanisms for anion efflux. 
Anion efflux via anion channels results in membrane depolarization, which subse-
quently causes an efflux of K+ from guard cells through outward K+ channels in the 
plasma membrane (Kim et al., 2010).

Stomatal opening requires the activation of H+-ATPase in the plasma membrane 
of the guard cells. Blue light induces the phosphorylation and activation of the guard 
cell plasma membrane H+-ATPase, and the membrane hyperpolarization caused 
by H+-ATPase induces the uptake of K+ through inward K+ channels (reviewed in 
Shimazaki et al., 2007). The accumulation of positively charged K+ ions in guard 
cells must be compensated for by anions, mainly in the form of the organic acid 
malate2−, which is formed in the chloroplasts of guard cells. Guard cells also use 
Cl− and NO3

− as counterions for K+. The influx of K+, Cl−, and NO3
− and the 

production of malate increase turgor and volume in the guard cells, which induces 
stomatal opening. ABA inhibits stomatal opening by the downregulation of inward 
K+ channels and H+-ATPase (Kim et al., 2010).



172 Hormone Metabolism and Signaling in Plants

5.5   ABA signal transduction
5.5.1   ABA receptors

Microinjection studies and treatments with impermeant ABA analogs performed 
in the 1990s suggested that ABA may be perceived at both intracellular and extra-
cellular sites. However, since ABA can be quickly transported into cells through 
plasma membrane–localized ABA transporters (see earlier discussion), the existence 
of plasma membrane–localized ABA receptors remains a matter of debate. Several 
proteins were suggested to be ABA receptors before 2009, but their identities remain 
controversial and they will not be discussed further in this chapter. In 2009, two 
groups independently reported a family of 14 Arabidopsis thaliana START proteins, 
called PYR/PYL/RCARs, as ABA receptors (reviewed in Hubbard et al., 2010; 
Raghavendra et al., 2010).

Two separate screens simultaneously identified the previously uncharacterized 
PYR/PYL/RCAR proteins as soluble ABA receptors. In one approach, a chemi-
cal-genetic screen for mutants resistant to pyrabactin, a synthetic growth inhibitor 
that functions as a selective ABA agonist, led to the isolation of pyrabactin resis-
tance 1 (pyr1) mutants (Park et al., 2009). In the other approach, a yeast two-hy-
brid screen using ABI2 as the bait identified RCAR1/PYL9 (Ma et al., 2009). The 
ABI1 and ABI2 proteins are phosphoprotein phosphatases of clade A phosphopro-
tein phosphatase 2Cs (PP2Cs) (see later discussion), which function as negative 
regulators of ABA signaling and act upstream of all known rapid ABA signaling 
responses. The identities of these ABA receptors are unequivocal and have been 
repeatedly confirmed by independent research groups. The 14 PYR/PYL/RCAR 
proteins are highly conserved at the amino acid sequence level, which may explain 
why they had not been identified in many previous attempts to screen for ABA-
insensitive mutants.

PYR/PYL/RCARs are members of the soluble START [steroidogenic acute reg-
ulatory (StAR)-related lipid transfer] domain superfamily proteins, which contain 
a central hydrophobic ligand-binding pocket (Iyer et al., 2001). The initial evi-
dence for ABA binding of PYR1 was obtained by heteronuclear single quantum 
coherence nuclear magnetic resonance experiments (Park et al., 2009) and ABA 
binding of RCAR1/PYL9 was confirmed by isothermal titration calorimetry assays 
(Ma et al., 2009). The crystal structures of ABA-bound PYR/PYL/RCARs were 
then quickly reported for PYR1 (Nishimura et al., 2009; Santiago et al., 2009), 
PYL1 (Miyazono et al., 2009), and PYL2 (Melcher et al., 2009; Yin et al., 2009), 
and for coreceptor complexes PYL1-ABA-ABI1 (Miyazono et al., 2009; Yin et al., 
2009) and PYL2–ABA–HAB1 (Melcher et al., 2009). The ligand-binding site of 
PYR/PYL/RCAR proteins lies within a large internal cavity and the binding of 
ABA by PYR/PYL/RCARs induces conformational changes of the receptor pro-
teins, which seal ABA inside the receptor and reshape the protein surface, thus 
providing a novel site for interaction with PP2C proteins. A conserved tryptophan 
residue of the PP2Cs inserts into the PYR/PYL/RCAR proteins to interact with 
the ABA molecule; therefore, PP2Cs further stabilize the ABA binding of PYR/
PYL/RCARs, with an approximately 10-fold increase in affinity in the presence of 
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PP2Cs (Ma et al., 2009; Santiago et al., 2009). The PYR/PYL/RCARs also occlude 
access to the Mg2+-containing active site of the PP2C, inhibiting its phosphatase 
activity in the presence of ABA (Melcher et al., 2009; Miyazono et al., 2009;  
Yin et al., 2009).

Structural studies also indicated that some PYR/PYL/RCAR proteins exist as 
dimers and convert into monomers in response to ABA; this probably has an import-
ant signaling function, as the final PYR/PYL/RCAR–PP2C complex is a heterod-
imer (Nishimura et al., 2009; Santiago et al., 2009; Yin et al., 2009). In addition, 
although the PYR/PYL/RCAR–PP2C interaction is ABA-dependent for PYR1 and 
PYL1–4, yeast two-hybrid analyses showed that PYL5–12 interact constitutively 
with PP2C (Park et al., 2009). A subsequent structural and biochemical study further 
confirmed these observations and revealed that the ABA-independent inhibition of 
PP2Cs by PYLs requires: (1) monomeric PYLs, which appear to be necessary for 
constitutive association with and inhibition of PP2Cs, and (2) bulky and hydro-
phobic residues guarding the ligand-binding pocket of PYLs (Hao et al., 2011).  
In addition to ABA, PA, the oxidative catabolite of ABA, can also be perceived by a 
subset of ABA receptors, and thus activate these ABA receptors (Weng et al., 2016) 
(Fig. 5.2).

5.5.2   ABA coreceptors

The first ABA-responsive loci identified in Arabidopsis, designated ABA INSENSITIVE 
1-3 (ABI1 - ABI3), were first reported by Koornneef et al. (1984). The ABI1 gene, 
which encodes a PP2C, was cloned a decade later (Leung et al., 1994; Meyer et al., 
1994). The ABI2 gene was cloned thereafter and surprisingly, ABI2 was shown to 
be a close homolog of ABI1. Also the initial alleles (abi1-1 and abi2-1) reported by 
Koornneef et al. (1984) harbor identical substitutions at an equivalent position in their 
catalytic domains (G180D for abi1-1 and G168D for abi2-1) (Leung et al., 1997; 
Rodriguez et al., 1998). Later work showed that ABI1 acts as a negative regulator of 
ABA signaling (Gosti et al., 1999) and both abi1-1 and abi2-1 are dominant mutations 
that block the interactions between ABI1 or ABI2 and the PYR/PYL/RCAR receptors 
(Ma et al., 2009; Miyazono et al., 2009; Park et al., 2009).

The ABI1 and ABI2 proteins belong to the clade A PP2Cs and Arabidopsis has a 
total of nine phosphoprotein phosphatases in this clade (Schweighofer et al., 2004). 
In addition to ABI1 and ABI2, four other members (HAB1, HAB2, AHG1, and 
AHG3/PP2CA) also have established functions as negative regulators of ABA sig-
naling (Leonhardt et al., 2004; Saez et al., 2004; Kuhn et al., 2006; Yoshida et al., 
2006; Nishimura et al., 2007). The remaining three members, HAI1, HAI2, and 
HAI3, appear to have functionally differentiated from other clade A PP2C mem-
bers since the hai1 hai2 hai3 triple mutants were ABA insensitive in germination 
but moderately hypersensitive in postgermination ABA responses (Bhaskara et al., 
2012). However, a more recent report showed that HAI2 also negatively regulates 
the ABA response in germination (Kim et al., 2013). An outstanding feature of 
clade A PP2C genes is that they are all rapidly induced by exogenous ABA treat-
ments (Rodriguez et al., 1998; Saez et al., 2004; Kuhn et al., 2006; Fujita et al., 2009),  
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which may be part of an ABA desensitization mechanism that functions under abi-
otic stress to adjust ABA signaling to strongly increased levels of ABA (Raghavendra 
et al., 2010).

As mentioned earlier, the ABA-binding affinities of some PYR/PYL/RCARs are 
enhanced when they interact with clade A PP2Cs; therefore, PP2Cs are also con-
sidered ABA coreceptors. Formation of the PYR/PYL/RCAR-ABA-PP2C complex 
blocks substrate entry into PP2C, thus relieving PP2C-mediated inhibition of the 
downstream SnRK2 kinases (see later discussion; Melcher et al., 2009; Miyazono 
et al., 2009; Yin et al., 2009) (Fig. 5.2). Some PYR/PYL/RCARs can also interact 
with PP2Cs in an ABA-independent manner, but exogenous ABA strongly increases 
their inhibition of PP2C activity (Hao et al., 2011). The ABA-independent interaction 
of these PYR/PYL/RCARs with PP2Cs might be explained by: (1) these PYR/PYL/
RCARs potentially being involved in processes other than ABA responses, or (2) their 
maintaining a basal level of ABA signaling since ABA is essential for plant growth 
and survival (Hao et al., 2011).

5.5.3   Protein kinases

The identification and characterization of clade A PP2Cs as ABA coreceptors indi-
cated the importance of protein phosphorylation/dephosphorylation in ABA signaling. 
Consistent with this concept, several classes of protein kinases were identified and 
characterized as important regulators of ABA signaling, including SnRK2s, SnRK3s/
CIPKs, CDPKs/CPKs, MAPKs, and receptor-like kinases.

5.5.3.1   SNF1-related protein kinase 2s

The A. thaliana genome encodes 38 protein kinases that are related to sucrose 
nonfermenting 1 (SNF1) from yeast. These were named SNF1-related protein 
kinases (SnRKs) (Hrabak et al., 2003). Based on sequence similarity and domain 
structures, Arabidopsis SnRKs can be further divided into SnRK1 (3 members), 
SnRK2 (10 members), and SnRK3 families (25 members) (Hrabak et al., 2003). 
In the SnRK2 family (SnRK2.1 to SnRK2.10), SnRK2.2, SnRK2.3, and SnRK2.6 
[also known as OPEN STOMATA 1 (OST1)] function as central, positive regu-
lators of ABA signaling (Fig. 5.2). The first report regarding the involvement of 
this family of protein kinases in the ABA signaling pathway described PKABA1, 
which participates in ABA suppression of gene expression in barley aleurone 
layers (Gomez-Cadenas et al., 1999). Subsequently, a guard-cell-specific ABA-
activated serine–threonine protein kinase (AAPK) from Vicia faba was shown to 
be involved in the regulation of ABA-induced stomatal closure (Li et al., 2000). 
The putative AAPK ortholog in Arabidopsis, SnRK2.6/OST1, was shown to mod-
ulate ABA regulation of stomatal aperture (Mustilli et al., 2002; Yoshida et al., 
2002). The two other kinases most closely related to SnRK2.6/OST1, namely 
SnRK2.2 and SnRK2.3, were later shown to play important roles in mediat-
ing ABA-regulated seed germination, root growth, and gene expression (Fujii 
et al., 2007). An Arabidopsis triple mutant defective in all three of these SnRK2 



Figure 5.2 The abscisic acid (ABA) signaling pathway in the guard cell and in the nucleus. In the absence of ABA, the ABA coreceptors, clade A PP2Cs, are active and repress 
SnRK2 activity and downstream events, whereas in the presence of ABA, ABA-bound PYR/PYL/RCARs interact with PP2Cs and inhibit their activity, thus allowing the activa-
tion of SnRK2s, CPKs, and GHR1 and the phosphorylation of target proteins. Green arrow, positive regulation; red bar, negative regulation. ABA, abscisic acid; ABF, ABRE-
binding factor; ABO, ABA OVERLY-SENSITIVE; ACS, 1–aminocyclopropane-1–carboxylate synthase; ABI, ABA INSENSITIVE;CAT, catalase; CPK, calcium-dependent 
protein kinase; CYP, cytochrome P450; GHR, GUARD CELL HYDROGEN PEROXIDE-RESISTANT; GORK, guard cell outward rectifying K+ channel; GPX, glutathione 
peroxidase; KAT, K+ CHANNEL IN ARABIDOPSIS THALIANA; OST, OPEN STOMATA; PA, phaseic acid; Pa, phosphatidic acid; PAP, phosphonucleotide 3′-phosphoad-
enosine 5′-phosphate; PIP, plasma membrane intrinsic protein; PUB, PLANT U-BOX E3 LIGASE; pyr, pyrabactin resistance; QUAC, quickly activating anion channel; RAV, 
related to ABI3/VP1; RBOH, RESPIRATORY BURST OXIDASE HOMOLOG; RIFP, RCAR3 INTERACTING F-BOX PROTEIN; SLAC, SLOW ANION CHANNEL-
ASSOCIATED; SnRK, SNF1-related protein kinase; XRNs, 5′ to 3′ exoribonucleases; TF, transcription factor; WRKY, each letter represents an amino acid.
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proteins (known as subclass III) exhibited severe ABA-insensitive phenotypes 
that indicated strong defects in ABA signaling (Fujii and Zhu, 2009; Fujita et al., 
2009; Nakashima et al., 2009a). The seeds of the snrk2.2 snrk2.3 snrk2.6 tri-
ple mutant could even germinate on 300 μM ABA, indicating that the mutant is 
totally insensitive to ABA (Fujita et al., 2009). In addition, the snrk2.2 snrk2.3 
snrk2.6 triple mutant showed strong defects in plant growth and seed produc-
tion, indicating that ABA plays important roles in regulating plant growth and 
reproduction (Fujii and Zhu, 2009). The activities of SnRK2.2, SnRK2.3, and 
SnRK2.6/OST1 were strongly activated by ABA, whereas those of SnRK2.7 
and SnRK2.8 were weakly activated by ABA (Boudsocq et al., 2004; Furihata 
et al., 2006). Interestingly, all of the SnRK2s, except SnRK2.9, can be activated 
by osmotic stress and an Arabidopsis mutant impaired in all 10 SnRK2 kinases 
exhibited defects in gene regulation and ABA accumulation under osmotic 
stress, indicating that SnRK2s are critical for osmotic stress responses in plants  
(Fujii et al., 2011).

5.5.3.2   CBL-interacting protein kinase/SNF1-related protein 
kinase 3s

Calcium serves as a critical, versatile messenger in many adaptive responses and 
developmental processes in plants, and cellular calcium signals are detected and 
transmitted by calcium-binding proteins that function as sensor molecules (Weinl  
and Kudla, 2009). Calcineurin B-like proteins (CBLs) are a unique group of calcium 
sensors that form a complex network with their target kinases, CBL-interacting pro-
tein kinases (CIPKs), also classified as SnRK3s (Hrabak et al., 2003; Weinl and Kudla, 
2009). The A. thaliana genome encodes 10 CBL and 26 CIPK proteins. Each CBL 
protein consists of four EF-hand motifs and each CIPK harbors a kinase domain at 
the N-terminal end and a regulatory domain at the C-terminal end (Weinl and Kudla, 
2009). CBLs bind to Ca2+ ions and interact with the C-terminal regulatory domain of 
CIPKs, which leads to the activation of CIPKs. Thus Ca2+ sensing and kinase activity 
form two flexible, combinable modules, which allow the formation of a complex and 
dynamic Ca2+-decoding signaling network (Weinl and Kudla, 2009).

Some CBL-CIPK complexes are implicated in ABA signaling. For example, the 
complex between SCaBP5 (CBL1) and PKS3 (CIPK15) functions as a negative reg-
ulator of ABA-regulated seed germination, stomatal aperture, and gene expression 
(Guo et al., 2002). Thus SCaBP5 (CBL1) and PKS3 (CIPK15) may constitute a cal-
cium-sensing system involved in feedback inhibition of ABA responses. In addition, 
PKS3 (CIPK15) physically interacts with the ABA coreceptors ABI1 and ABI2. The 
dominant mutations abi1-1 and abi2-1 suppress the ABA-hypersensitive phenotypes 
of pks3 (cipk15) or scabp5 (cbl1) in seed germination and seedling growth, suggesting 
that the complex of SCaBP5 (CBL1) with PKS3 (CIPK15) acts in the same pathway 
as ABI1 and ABI2 in ABA signaling (Guo et al., 2002). CIPK3 acts as a negative reg-
ulator of ABA signaling during seed germination, but ABA-induced stomatal closure 
was not affected in a loss-of-function cipk3 mutant (Kim et al., 2003). In addition, 
CIPK3 regulates the expression of cold- and salt-induced genes, but not drought- 
induced genes, indicating that CIPK3 regulates selective pathways in response to 
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abiotic stresses (Kim et al., 2003). CIPK1 and CIPK23 are also negative regulators 
of ABA signaling, but CIPK23 appears to play a dominant role in ABA regulation of 
stomatal movement, but not of germination, whereas CIPK1 regulates ABA responses 
in seed germination (D’Angelo et al., 2006; Cheong et al., 2007). One report showed 
that CIPK26 interacts with several ABA signaling components, ABI1, ABI2, and 
ABI5, and its stability may be regulated by the E3 ubiquitin ligase KEEP ON GOING 
(KEG) (Lyzenga et al., 2013). However, in contrast with the negative roles of CIPKs 
reported in most studies, the cipk26 mutants did not show any ABA-related pheno-
types, whereas the CIPK26-overexpression lines were hypersensitive to ABA during 
seed germination, implying that CIPK26 may play a positive role in ABA signaling 
(Lyzenga et al., 2013).

Two independent reverse genetic analyses showed that CBL1 regulates salt, 
drought, and low temperature stress responses in Arabidopsis, implying that CBL1 
acts as a central integrator of responses of the plant to abiotic stresses (Albrecht et al., 
2003; Cheong et al., 2003). However, the cbl1 mutant did not show any obvious ABA-
related phenotypes in these reports, whereas the loss of function of CBL9, a closely 
related homolog of CBL1, renders plants hypersensitive to ABA during seed germina-
tion and seedling growth, suggesting that CBL9 plays a negative role in ABA signal-
ing (Pandey et al., 2004).

5.5.3.3   Calcium-dependent protein kinases (CDPKs)

CDPKs contain a kinase catalytic domain and an autoinhibitory junction domain, 
with a calmodulin-like calcium-binding regulatory domain at their C-termini (Hrabak 
et al., 2003). Therefore CDPKs combine both kinase and calcium sensor domains in 
one protein and can be directly activated by calcium (Weinl and Kudla, 2009). The A. 
thaliana genome contains 34 genes predicted to encode CDPKs (Cheng et al., 2002a) 
and CDPK genes and proteins are indicated by CPK, followed by a number.

The first evidence for CDPK involvement in ABA signaling was provided 
by a report that the constitutively active forms of CPK10 (CDPK1) and CPK30 
(CDPK1a) could activate an ABA-inducible promoter in maize leaf protoplasts 
(Sheen, 1996). Later work showed that CPK32 interacts with ABA-responsive ele-
ment-binding factor 4 (ABF4) and can phosphorylate ABF4 at Serine 110, which is 
highly conserved among ABF family members (Choi et al., 2005). Overexpression 
of CPK32 resulted in ABA-hypersensitive inhibition of seed germination, indicat-
ing that CPK32 positively regulates ABA signaling, possibly by modulating ABF4 
activity (Choi et al., 2005). Analyses of the mutants impaired in CPK3 and CPK6 
functions showed that these two CDPKs play positive roles in ABA-mediated regu-
lation of stomatal aperture; however, the mutants did not show ABA-related pheno-
types in seed germination and seedling growth (Mori et al., 2006). By contrast, the 
cpk4 and cpk11 mutants exhibited pleiotropic ABA-insensitive phenotypes in seed 
germination, seedling growth, and stomatal movement, and the cpk4 cpk11 double 
mutants showed stronger phenotypes. In addition, CPK4 and CPK11 can phosphor-
ylate ABF1 and ABF4 in vitro, suggesting that these two kinases may regulate ABA 
signaling through these transcription factors. Therefore CPK4 and CPK11 play posi-
tive roles in the CDPK/calcium-mediated ABA signaling pathway (Zhu et al., 2007). 
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In contrast to the positive roles of CDPKs identified in most reports, one study using 
CPK12-RNAi lines suggested that CPK12 may function as a negative regulator of 
ABA signaling (Zhao et al., 2011).

5.5.3.4   Mitogen-activated protein kinases

Evidence obtained in the last decade strongly supports the involvement of mitogen- 
activated protein kinases (MAPKs) in ABA signaling. An MAPK module typically 
includes combinations of at least three protein kinases: an MAP3K (MAPKKK), an 
MAP2K (MAPKK, MKK, or MEK), and an MAPK (MPK) (reviewed in de Zelicourt 
et al., 2016). The A. thaliana genome encodes at least 80 MAP3Ks, 10 MAP2Ks, and 
20 MAPKs. The ABA-mediated activation of MAPKs has been reported in several 
plant species, including barley, maize, pea, and rice (reviewed in Danquah et al., 
2014). In Arabidopsis seedlings, H2O2 and ABA can activate MPK3 and overexpres-
sion of MPK3 increases ABA sensitivity in postgermination growth (Lu et al., 2002). 
ABA can also increase MPK1 and MPK2 activity (Ortiz-Masia et al., 2007), and the 
ABA-dependent MKK1-mediated activation of MPK6 regulates CATALASE1 (CAT1) 
expression and H2O2 production (Xing et al., 2008). MPK9 and MPK12, which are 
preferentially expressed in guard cells, positively regulate ROS-mediated ABA  
signaling in guard cells (Jammes et al., 2009). Phosphor-proteomic analyses revealed a  
significant fraction of ABA-induced phosphorylation sites as potential MAPK targets  
(Umezawa et al., 2013; Wang et al., 2013). Moreover, an entire ABA-activated 
MAPK module, composed of MAP3K17/18-MKK3-MPK1/2/7/14, was identified 
and the expression of MAP3K17 and MAP3K18 is dramatically induced by ABA 
(Danquah et al., 2015).

5.5.3.5   Receptor-like kinases

Other types of protein kinases, such as the receptor-like kinases, have also been impli-
cated in ABA signaling. The RECEPTOR-LIKE KINASE1 (RPK1) gene, encoding a 
leucine-rich repeat (LRR) receptor kinase in the plasma membrane, is upregulated by 
ABA. The loss-of-function mutants of RPK1 displayed decreased sensitivity to ABA 
during germination, seedling growth, and stomatal closure, indicating that RPK1 is 
a positive regulator of ABA signaling (Osakabe et al., 2005). A mutant deficient in 
GUARD CELL HYDROGEN PEROXIDE-RESISTANT1 (GHR1) was isolated by 
its fast water-loss phenotype (Hua et al., 2012). The ghr1 mutant was impaired in 
ABA and H2O2 induction of stomatal closure, but did not exhibit any apparent differ-
ences in seed dormancy or in ABA inhibition of seed germination and seedling growth 
(Hua et al., 2012). Further analyses indicated that GHR1 physically interacts with and 
phosphorylates SLOW ANION CHANNEL-ASSOCIATED1 (SLAC1), a key anion 
channel in stomatal signaling, and this activation was inhibited by the ABA core-
ceptor ABI2, but not ABI1 (Hua et al., 2012) (Fig. 5.2). The homologs of GHR1 are 
conserved in monocots and dicots, indicating that a wide variety of crop plants might 
have a similar molecular mechanism for regulating ABA- and H2O2-mediated guard 
cell movement under drought stress (Hua et al., 2012).
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5.5.4   Transcription factors

5.5.4.1   ABI transcription factors

The abi3 mutation was first reported by Koornneef et al. (1984) along with two dom-
inant mutants insensitive to ABA, abi1-1 and abi2-1 (see previous discussion). The 
ABI3 gene was cloned (Giraudat et al., 1992) and the encoded protein displayed high 
sequence similarity to maize VP1 (McCarty et al., 1991), both of which belong to the 
B3-domain transcription factor family. The abi3 loss-of-function mutants had severe 
defects in seed development, exhibited a viviparous phenotype under humid condi-
tions, and produced mature seeds that remained green after desiccation, suggesting 
that the maturation program is defective and that seed germination occurs prema-
turely (Nambara et al., 1992, 1995). Of the 87 B3-domain family transcription factors 
encoded in the A. thaliana genome, ABI3 groups in a distinct clade with two other 
members, FUS3 and LEC2 (Suzuki and McCarty, 2008; Romanel et al., 2009). Loss 
of function of either FUS3 or LEC2 blocked seed maturation, similar to what was 
observed in the abi3 mutants. In addition, the lec2 and fus3 mutations caused a partial 
transformation of embryo cotyledons to true leaves (Meinke et al., 1994). However, 
unlike abi3, the fus3 and lec2 single mutants were still sensitive to ABA, but the fus3 
mutation combined with the abi1-1, abi2-1, or abi3 mutations exhibited increased 
vivipary and decreased desiccation tolerance (Keith et al., 1994). In addition, FUS3 
negatively regulates active GA accumulation through repression of GA3ox2 and pos-
itively regulates ABA accumulation (Curaba et al., 2004; Gazzarrini et al., 2004). 
Moreover, ABA promotes the stability of ABI3 and FUS3 (Gazzarrini et al., 2004; 
Zhang et al., 2005).

The abi4 and abi5 mutations were isolated in a genetic screen for ABA-insensitive 
mutants (Finkelstein, 1994). The ABI4 gene encodes a transcription factor of the 
APETELLA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) family (Finkelstein 
et al., 1998) and is a unique, nonredundant gene in Arabidopsis. Searches for ABI4 
homologs in sequenced plant genomes revealed that most plants possess a single gene 
encoding ABI4 (Wind et al., 2013). The ABI4 protein functions as a positive regula-
tor in the ABA signaling pathway, especially during seed development and germina-
tion (Finkelstein, 1994; Finkelstein et al., 1998; Soderman et al., 2000). In addition, 
ABI4 is a versatile factor that functions in diverse signaling pathways, including 
lipid biosynthesis and breakdown (Penfield et al., 2006; Yang et al., 2011b), sugar 
signaling (Arenas-Huertero et al., 2000; Laby et al., 2000), salt responses (Quesada 
et al., 2000), the mitochondrial and chloroplast-nucleus retrograde signaling pathways 
(Koussevitzky et al., 2007; Giraud et al., 2009; Sun et al., 2011), and light signaling 
(Xu et al., 2016). Reports showed that ABI4 also mediates the cross talk of different 
phytohormone pathways such as ABA and cytokinin inhibition of lateral root devel-
opment (Shkolnik-Inbar and Bar-Zvi, 2010), ABA- and jasmonate-mediated plant 
defense responses (Kerchev et al., 2011), and ABA and GA control of seed dormancy 
(Shu et al., 2013, 2016).

The ABI5 gene encodes a transcription factor of the bZIP family (Finkelstein and 
Lynch, 2000) that is grouped in a clade with ABFs/AREBs/DPBFs (see later discussion). 
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The ABI5 protein can integrate signals of several pathways, such as ABA (Finkelstein, 
1994; Finkelstein and Lynch, 2000; Lopez-Molina et al., 2001), sugar (Arenas-Huertero 
et al., 2000; Laby et al., 2000; Brocard et al., 2002; Arroyo et al., 2003), and light (Chen 
et al., 2008; Tang et al., 2013; Xu et al., 2014). Multiple transcription factors such as 
HY5 (Chen et al., 2008), FHY3 and FAR1 (Tang et al., 2013), ABI4 (Bossi et al., 2009), 
RAV1 (Feng et al., 2014), WRKY18, WRKY40, and WRKY60 (Shang et al., 2010; Liu 
et al., 2012), and ABI5 itself (Xu et al., 2014) can directly bind to the ABI5 promoter 
and regulate its expression. In addition, ABI5 also appeared as a target of PIF1 in a 
chromatin immunoprecipitation-microarray study (Oh et al., 2009). Therefore multi-
ple signals converge on the ABI5 promoter and fine-tune its expression by coordinated 
actions of the transcription factors of the respective pathways. The stability of ABI5 is 
enhanced by ABA, whereas AFP (ABI FIVE BINDING PROTEIN) negatively regu-
lates ABI5 stability (Lopez-Molina et al., 2001, 2003).

The ABI3, ABI4, and ABI5 genes are tightly coexpressed while modulating ABA-
regulated processes (Wind et al., 2013) and physiological studies indicated that ABI3, 
ABI4, and ABI5 have similar qualitative effects on seed development and ABA sensi-
tivity, but the null mutations of ABI3 have more severe phenotypes than those of ABI4 
or ABI5 (Finkelstein, 2013). The relationships among ABI3, ABI4, and ABI5 have 
been explored extensively, especially during seed germination, but their relationships 
are complicated. ABI5 interacts with both ABI3 (Nakamura et al., 2001; Lim et al., 
2013) and ABI4 (Finkelstein, 2013); however, ABI5 seems to act downstream of ABI3 
and ABI4 (Lopez-Molina et al., 2002; Bossi et al., 2009). Biochemical approaches 
revealed the important cis-elements to be the RY motif (CATGCA) for ABI3 (Suzuki 
et al., 1997; Ezcurra et al., 2000; Monke et al., 2004), Coupling Element1 (CE1)-like 
sequence (CACCG) or CCAC motif for ABI4 (Niu et al., 2002; Koussevitzky et al., 
2007), and ABA-responsive element (ABRE) (ACGT) for ABI5 (Carles et al., 2002). 
The genes producing the most abundant transcripts in mature seeds have potential 
binding sites for at least two ABI transcription factors, and ABREs are overrepresented 
in all highly expressed genes at this stage (Nakabayashi et al., 2005). Consistent with 
this observation, transcriptome comparisons also revealed that ABI3, ABI4, and ABI5 
regulate overlapping sets of genes (Suzuki et al., 2003; Nakabayashi et al., 2005; 
Reeves et al., 2011). Specifically, ABI3 and ABI5 interact to activate the expression of 
SOMNUS to inhibit seed germination at high temperatures (Lim et al., 2013).

5.5.4.2   ABRE-binding factor/ABA-responsive element binding 
protein/Dc3 promoter-binding factors

The bZIP transcription factor family has a total of 13 bZIP proteins in the ABI5 clade, 
members of which share at least three conserved motifs in addition to the bZIP domain 
(Jakoby et al., 2002). However, only ABI5 was identified by forward genetic screens 
whereas five of them, known as ABRE-binding factors (ABFs or AREBs), were iso-
lated by using ABREs as bait in yeast one-hybrid screening (Choi et al., 2000; Uno 
et al., 2000). In addition, five Arabidopsis bZIPs in this clade were also named Dc3 
promoter-binding factors (DPBFs) (Kim et al., 2002), but DPBF1 is identical to ABI5, 
and DPBF3 and DPBF5 are identical to other known ABF/AREB proteins.
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Most of the related bZIPs also mediate ABA- or stress-regulated gene expres-
sion. Overexpression using the 35S promoter of AREB1 (ABF2), AREB2 (ABF4), or 
ABF3 resulted in ABA hypersensitivity and other ABA-associated phenotypes and 
the transgenic plants exhibited enhanced drought tolerance (Kang et al., 2002; Kim 
et al., 2004; Fujita et al., 2005; Oh et al., 2005). The areb1 areb2 abf3 triple mutant 
and areb1 areb2 abf3 abf1 quadruple mutant displayed impaired expression of ABA- 
and osmotic stress-responsive genes, resulting in increased sensitivity to drought and 
decreased sensitivity to ABA (Yoshida et al., 2010, 2015). Thus these AREBs/ABFs 
are likely the master transcription factors in ABA-regulated drought tolerance.

ABA-dependent phosphorylation of AREB/ABF transcription factors also functions 
as a crucial mechanism in transducing ABA signals. Multiple conserved RXXS/T sites 
in AREBs/ABFs are phosphorylated by SnRK2 protein kinases in an ABA-dependent 
manner, as was shown by in-gel kinase assays (Uno et al., 2000; Furihata et al., 2006; 
Fujii et al., 2007) (Fig. 5.2). Substitution of the Ser or Thr residues to Asp in con-
served RXXS/T sites resulted in high transactivation activity, and transgenic plants 
overexpressing the phosphorylated active form of AREB1 (ABF2) expressed many 
ABA-inducible genes without ABA treatment, indicating that ABA-activated phos-
phorylation of AREBs/ABFs by SnRK2 enzymes regulates the transactivation activity 
of these transcription factors (Furihata et al., 2006).

5.5.4.3   C-repeat-binding factor/dehydration-responsive  
element-binding proteins

The C-repeat-binding factor/dehydration-responsive element-binding protein 1 (CBF/
DREB1) proteins belong to a small group of the AP2/ERF transcription factor family 
(reviewed in Qin et al., 2011). Another subgroup of the AP2/ERF transcription fac-
tor family includes the DREB2 proteins, which were isolated together with DREB1 
in a yeast one-hybrid screen (Liu et al., 1998). These CBF/DREB proteins recog-
nize the dehydration-responsive element (DRE)/C-repeat (CRT) cis-acting element 
(core sequence: CCGAC) located in the promoters of many low temperature- and 
drought-inducible genes (Stockinger et al., 1997; Liu et al., 1998). Most of these CBF/
DREB genes are transcriptionally induced by stress, and then transactivate the expres-
sion of downstream genes that confer stress tolerance to plants (Qin et al., 2011). 
However, currently little is known regarding how these CBF/DREB proteins are reg-
ulated by ABA signaling. The CBF genes are induced by ABA and DREB proteins 
interact with ABF proteins to coordinately regulate the expression of ABA-responsive 
genes (Haake et al., 2002; Knight et al., 2004; Lee et al., 2010b). Therefore, although 
CBFs/DREBs were originally thought to mediate ABA-independent gene expression 
(Yamaguchi-Shinozaki and Shinozaki, 2006), it is evident that they are also involved 
in regulating ABA-responsive gene expression.

5.5.4.4   Other types of transcription factors

Additional transcription factors involved in ABA- or stress-induced gene expression 
have been identified, such as MYB2 and MYC2 (Abe et al., 1997, 2003), several 
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WRKY family proteins (Rushton et al., 2012; Huang et al., 2016), NAC family fac-
tors RD26 and VNI2 (Fujita et al., 2004; Yang et al., 2011a), and B3 domain factor 
RAV1 (Feng et al., 2014). It is widely accepted that the transcription factors, including 
those mentioned previously and those not mentioned or not yet identified, constitute 
a transcriptional network that rapidly changes the expression of a large number of 
ABA-responsive genes.

5.5.5   Ion channels

As described in Section 5.4.4, ABA promotes stomatal closure and prevents stoma-
tal opening by inducing depolarization of the plasma membrane through (1) inhib-
iting the plasma membrane H+-ATPase, (2) inhibiting the inward K+ channels, and 
(3) activating the slow (S-type) anion channels such as SLOW ANION CHANNEL-
ASSOCIATED 1 (SLAC1). Two dominant alleles of Arabidopsis OPEN STOMATA 2  
(OST2), which cause the plant to completely lose the stomatal response to ABA, 
were identified (Merlot et al., 2007). The OST2 gene encodes the major plasma mem-
brane H+-ATPase, ARABIDOPSIS H+-ATPASE 1 (AHA1), and both mutant alleles 
produce constitutively activated H+-ATPases, persistent stomatal opening, and thus, 
ABA insensitivity (Merlot et al., 2007). The inward-rectifying K+ channels KAT1 (K+ 
CHANNEL IN ARABIDOPSIS THALIANA) and KAT2 were shown to facilitate K+ 
influx in guard cells (Kwak et al., 2001; Lebaudy et al., 2008), and KAT1 was inhibited 
by OST1 or its homolog AAPK in V. faba (Mori et al., 2000; Sato et al., 2009), or by 
CPK13 (Ronzier et al., 2014). The SLAC1 protein was identified from independent 
genetic screens for ozone-sensitive mutants (Vahisalu et al., 2008) and CO2-insensitive 
stomatal closure mutants (Negi et al., 2008). The SLAC1 gene belongs to a small fam-
ily of five genes in Arabidopsis that encode proteins with 10 predicted transmembrane 
domains with similarity to bacterial and fungal dicarboxylate/malate transporters 
(Negi et al., 2008; Vahisalu et al., 2008). ABA activation of S-type anion channels 
is impaired in the guard cells of slac1 mutants, thus providing genetic evidence that 
SLAC1 encodes a major anion-transporting component of S-type anion channels in 
guard cells (Vahisalu et al., 2008). Numerous kinases including GHR1, OST1, and 
several CDPKs, such as CPK3, CPK5, CPK6, CPK11, CPK21, and CPK23, can phos-
phorylate the extended cytosolic N-terminal region of SLAC1 and activate its channel 
activity (Mori et al., 2006; Geiger et al., 2009, 2010; Lee et al., 2009; Vahisalu et al., 
2010; Kollist et al., 2014; Brandt et al., 2015). SLAC1 and its Arabidopsis homolog 
SLAH3 interact with KAT1 and directly inhibit KAT1 activity (Zhang et al., 2016). 
The ALMT12 protein also known as QUICKLY ACTIVATING ANION CHANNEL1 
(QUAC1) is an R-type anion channel (Meyer et al., 2010) that interacts with and is acti-
vated by OST1, likely through protein phosphorylation (Imes et al., 2013) (Fig. 5.2).

5.5.6   The role of ROS in ABA signaling

In Arabidopsis, NADPH oxidases, named respiratory burst oxidase homologues 
(RBOHs), are encoded by a small family of 10 genes and are crucial components in 
ABA signaling (Kwak et al., 2003). The plasma membrane–localized RBOHs produce 
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extracellular superoxide that can be easily converted into H2O2, which can be trans-
ported into the cytoplasm by aquaporin PIP2;1 to trigger stomatal closure (Grondin 
et al., 2015). The OST1 kinase is able to phosphorylate PIP2;1 at Ser121 and enhance 
its water transport activity. Apoplastic H2O2 signaling is also likely transduced into 
cells through GHR1 (Hua et al., 2012). OST1 and CIPK26 can phosphorylate and reg-
ulate AtrbohF NADPH oxidase (Sirichandra et al., 2009; Drerup et al., 2013). AtrbohD 
and AtrbohF can be activated by the phospholipase Dα1 product phosphatidic acid in 
ABA signaling (Zhang et al., 2009).

In addition to RBOHs, ABA also promotes the production of ROS in mitochondria 
and chloroplasts. The ABA OVERLY-SENSITIVE 5 (ABO5) and ABO8 genes encode 
pentatricopeptide repeat (PPR) proteins that are required for cis-splicing of mitochon-
drial nad2 intron 3 and nad4 intron 3, respectively, in the formation of complex I (an 
NADH oxidase) of the electron transport chain (Liu et al., 2010; Yang et al., 2014). 
The ABO6 gene encodes a DExH-box RNA helicase that regulates the splicing of sev-
eral genes of complex I (He et al., 2012). Mutations in these three genes increase the 
ABA-promoted production of ROS, suggesting that ABA signaling mediates the pro-
duction of ROS in mitochondria (Miller et al., 2010). In chloroplasts, SAL1/FRY1 is 
an oxidative stress sensor. The activity of SAL1 phosphoadenosine phosphatase can be 
redox regulated by intramolecular disulfide bond formation and dimerization, which 
causes the accumulation of the phosphonucleotide 3′-phosphoadenosine 5′-phosphate 
(PAP) in chloroplasts. PAP is transferred from chloroplasts to nuclei to inhibit 5′ to 3′ 
exoribonucleases (XRNs) that are involved in mediating mRNA metabolism, resulting 
in changes in gene expression (Estavillo et al., 2011; Chan et al., 2016).

Sensing of ROS is also achieved by glutathione peroxidase 3 (GPX3), which inter-
acts with ABI1 and ABI2, thus modulating PP2C activities (Miao et al., 2006). H2O2 
inhibits the activities of ABI1, ABI2, and HAB1, which releases PP2C inhibition of 
the downstream target kinases (Meinhard and Grill, 2001; Meinhard et al., 2002; 
Sridharamurthy et al., 2014). ABA also induces the production of nitric oxide (NO) 
in guard cells, which S-nitrosylates cysteine 137 of OST1 and impairs OST1 activity 
(Wang et al., 2015). PYR1 can be nitrated at the tyrosine residue by NO. Tyrosine 
nitration reduces the ABA-induced activity of PYR1 and promotes proteasomal- 
mediated degradation of PYR1 (Castillo et al., 2015).

5.5.7   ABA signaling pathway and evolution of the core 
components

Rapid progress over the last decade has led to the construction of a simplified model 
of ABA signaling in which a central ABA signaling module is made up of three pro-
tein classes, ABA receptors, coreceptors, and SnRK2 kinases, and is responsible for 
the earliest events of ABA signaling (Fig. 5.2). In the absence of ABA, the PP2Cs are 
active and repress SnRK2 activity and modify downstream events. In the presence of 
ABA, ABA-bound PYR/PYL/RCAR proteins interact with PP2C enzymes and inhibit 
their activity, thus allowing activation of SnRK2 and phosphorylation of target pro-
teins. Several SnRK2 targets have been identified to date, both at the plasma mem-
brane and in the nucleus, such as the transcription factors ABI5 and ABFs/AREBs, the 
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ion channels SLAC1 and KAT1, and the ROS-generating enzyme RESPIRATORY 
BURST OXIDASE HOMOLOG F (RbohF) (Sirichandra et al., 2009). Phosphorylation 
of these target proteins by SnRK2s transduces ABA signals and allows for ABA con-
trol of gene expression, ion channels, and production of secondary messengers such as 
ROS (Fig. 5.2). In support of this model, an in vitro reconstitution study demonstrated 
that the PYR/PYL/RCARs, clade-A PP2Cs, SnRK2s, and ABFs are the core compo-
nents to complete ABA regulation of gene expression (Fujii et al., 2009).

With the sequencing and genome analyses of the green alga Chlamydomonas 
reinhardtii, the moss (bryophyte) Physcomitrella patens, and the fern (lycophyte) 
Selaginella moellendorffii, the core components of the ABA signaling pathway have 
been found in all classifications of land plants, and the development of an ABA sig-
naling system appears to be highly correlated with the evolution from aquatic to ter-
restrial plants (Umezawa et al., 2010). Therefore it is believed that the achievement of 
drought tolerance is one of the critical steps in the evolution of land plants, in which 
establishment of the core ABA signaling pathway is critical (Umezawa et al., 2010).

5.6   ABA control of nuclear gene expression

The expression of numerous genes is regulated by ABA during seed maturation and 
acclimation to various stresses such as drought, high salinity, and low temperatures. 
Transcriptome profiling analyses revealed genome-wide gene expression changes 
regulated by ABA. About 10% of the genes display ABA-regulated expression in 
Arabidopsis seedlings, with approximately equal numbers of ABA-induced and ABA-
repressed genes (Nemhauser et al., 2006). ABA regulates two to six times more genes, 
compared with most of the other plant hormones (Nemhauser et al., 2006). It should 
be noted that the set of ABA-regulated genes depends on cell type and developmental 
stage, but it is generally believed that the ABA-regulated genes contribute to the tol-
erance of dehydration conditions, which can occur as part of development as in seed 
or pollen maturation, or in response to environmental stresses such as drought, high 
salinity, or low temperatures (Cutler et al., 2010).

Comparisons of the transcriptomes of Arabidopsis and rice exposed to ABA, 
drought, high salinity, and other abiotic stresses have revealed that 5%–10% of the 
transcriptome is changed by these treatments. More than half of the drought- inducible 
genes are also induced by ABA and high salinity, whereas only approximately 10% of 
the drought-inducible genes are also induced by low temperatures (Shinozaki et al., 
2003; Nakashima et al., 2009b). Therefore it is evident that there is significant cross 
talk among the ABA-mediated responses to drought and high salinity. However, many 
genes that are induced by drought and low temperature stresses do not respond to 
exogenous application of ABA in Arabidopsis, suggesting the existence of ABA-
dependent and ABA-independent signal transduction pathways in response to drought 
and cold stresses (Yamaguchi-Shinozaki and Shinozaki, 2006).

The genome of the moss P. patens encodes all of the components of the core ABA 
signaling pathway identified in angiosperms (Rensing et al., 2008) and ABA regulates 
similar classes of genes in Arabidopsis and P. patens (Cuming et al., 2007), suggesting 
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that the regulation of ABA signaling may be evolutionarily conserved (Komatsu et al., 
2009; Khandelwal et al., 2010). In addition, transcriptome analyses using Arabidopsis 
genome tiling arrays showed that approximately 8000 transcriptionally active regions 
(TARs) are present in the “intergenic” regions, and 5%–10% of these TARs are regulated 
by ABA (Matsui et al., 2008; Zeller et al., 2009). The biological roles of these ABA-
inducible “intergenic” TARs in mediating ABA signaling remain largely unknown.

5.7   Ubiquitin–proteasome system in ABA signaling

Tight control of the turnover of key regulatory components in the ABA signaling path-
way is critical for plant growth and development, as well as for survival of stress 
conditions (reviewed in Yu et al., 2016). Ubiquitin-26S proteasome system (UPS)-
mediated proteolysis is a prominent mechanism for removing proteins from the cell. 
The covalent attachment of ubiquitin to its target proteins is accomplished through 
sequential reactions catalyzed by the ubiquitin-activating enzyme (E1), the ubiquitin 
conjugation enzyme (E2), and ubiquitin ligase (E3). Ubiquitin is activated by E1 in an 
ATP-dependent manner and E2 accepts the activated ubiquitin on a cysteine and forms 
a thioester bond with ubiquitin. The E3 ligase mediates the transfer of ubiquitin from 
E2 to the substrate by forming an isopeptide bond between the glycine of ubiquitin 
and the lysine of the target protein (Vierstra, 2009). Therefore E3 ligases are respon-
sible for the specificity of ubiquitination by recruiting the appropriate target proteins.

The Arabidopsis E3 ubiquitin ligase SENESCENCE-ASSOCIATED E3 
UBIQUITIN LIGASE1/PLANT U-BOX E3 LIGASE 44 (SAUL1/AtPUB44) directly 
targets ABSCISIC ALDEHYDE OXIDASE 3 (AAO3), an enzyme that converts 
abscisic aldehyde to ABA, for ubiquitin-dependent degradation via the 26S protea-
some (Raab et al., 2009). The saul1 mutants accumulated more AAO3 protein and 
ABA, and thus exhibited premature senescence. Thus SAUL1 prevents premature 
senescence by targeting AAO3 for degradation (Raab et al., 2009).

Accumulating evidence shows that the PYR/PYL/RCARs receptors are regulated 
by 26S proteasome-mediated degradation. RING FINGER OF SEED LONGEVITY1 
(RSL1) is a single subunit RING-type E3 ligase that was shown to mediate ubiquitina-
tion of PYL4 and PYR1 in vitro and promote the degradation of these receptors in vivo 
(Bueso et al., 2014). Overexpression using the 35S promoter of RSL1 reduces ABA 
sensitivity and rsl1 RNAi transgenic lines that silenced at least three members of the 
RSL1-like gene family show enhanced sensitivity to ABA. The RSL1 protein interacts 
with two ABA receptors, PYR1 and PYL4, on the plasma membrane. Furthermore, 
following brefeldin A treatment, PYL4 localized to the microsomal fraction when 
coexpressed with RSL1. These results suggest that RSL1 acts as a negative regula-
tor in the ABA signaling pathway by mediating the ubiquitination of ABA recep-
tors and modulating their half-life, protein interactions, or trafficking (Bueso et al., 
2014). DET1-, DDB1-ASSOCIATED1 (DDA1), part of the COP10-DET1-DDB1 
(CDD) complex, binds to PYL8, PYL4, and PYL9 and promotes their proteasomal 
degradation. Accordingly, DDA1 negatively regulates ABA-mediated developmental 
responses such as inhibition of seed germination, seedling establishment, and root 
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growth (Irigoyen et al., 2014). The F-box E3 ligase RCAR3 INTERACTING F-BOX 
PROTEIN 1 (RIFP1) interacts with the ABA receptor PYL8/RCAR3 in the nucleus 
and facilitates its proteasomal degradation. The rifp1 mutant plants showed increased 
ABA-mediated inhibition of seed germination, whereas the RIFP1 overexpressing 
plants displayed the opposite phenotypes (Li et al., 2016). Together, these different 
types of E3 ligases act as negative regulators of ABA signaling by targeting different 
members of the PYR/PYL/RCARs for 26S proteasome-mediated degradation.

In terms of ABA coreceptors, work showed that the U-box E3 ligases PUB12 and 
PUB13 interact with ABI1, but the ubiquitination occurs only when ABI1 is interacting 
with the ABA receptors (Kong et al., 2015). The pub12 pub13 double mutant, which 
accumulates more ABI protein than the wild type, exhibits reduced sensitivity to ABA. 
Introduction of the abi1-3 loss-of-function mutation into the pub12 pub13 double mutant 
recovers its ABA-insensitive phenotypes. Interestingly, PUB12 and PUB13 only interact 
with ABI1 but not with other clade A PP2Cs (Kong et al., 2015). Thus PUB12 and PUB13 
play important roles in ABA signaling by modulating the key negative regulator ABI1.

Several transcription factors, both positive and negative players in ABA signaling, 
have been shown to be regulated by UPS-mediated proteolysis in the nucleus. For exam-
ple, the ABI5 transcription factor is targeted by several E3 ubiquitin ligases including 
KEG (KEEP ON GOING, a RING-type E3 ligase) and three substrate receptors for 
CULLIN4-based E3 ligases including DWA1 (DWD HYPERSENSITIVE TO ABA1) 
and DWA2, and ABD1 (ABA-HYPERSENSITIVE DCAF1). The ABI5 protein accu-
mulates in seedlings treated with 26S proteasome inhibitors and in mutant plants lacking 
RPN10 (a subunit of the 26S proteasome), suggesting that ABI5 turnover is dependent 
on the 26S proteasome pathway (Lopez-Molina et al., 2001; Smalle et al., 2003). KEG 
directly interacts with and targets ABI5 for ubiquitination in vitro, indicating that ABI5 
is a substrate of KEG. The keg mutants accumulate more ABI5 and are hypersensi-
tive to ABA compared with the wild type, and loss of ABI5 partially rescues the ABA-
hypersensitive phenotype of the keg mutants (Stone et al., 2006; Liu and Stone, 2010). 
Moreover, ABA promotes ABI5 accumulation by inducing the ubiquitination and pro-
teasomal degradation of KEG (Liu and Stone, 2010). Interestingly, it was suggested 
that KEG mainly targets ABI5 for degradation in the cytoplasm in the absence of ABA, 
whereas in response to ABA, ABI5 accumulates in the nucleus (Liu and Stone, 2013) 
and its stability may be controlled by DWA1, DWA2, and ABD1. The DWA1, DWA2, 
and ABD1 proteins function as substrate receptors in the CUL4-DDB1 E3 ligases and 
they all interact with ABI5 and regulate ABI5 protein stability (Lee et al., 2010a; Seo 
et al., 2014). Therefore DWA1, DWA2, and ABD1 act as negative regulators of ABA sig-
naling, and their mutants are hypersensitive to ABA (Lee et al., 2010a; Seo et al., 2014).

The stability of ABI3 is directly regulated through polyubiquitination by 
ABI3-INTERACTING PROTEIN2 (AIP2), a RING-type E3 ligase (Zhang et al., 
2005). The aip2 mutant shows higher ABI3 protein levels and is hypersensi-
tive to ABA, similar to the phenotype of ABI3-overexpressing plants, whereas the  
AIP2-overexpressing plants exhibit the opposite phenotypes. Therefore AIP2 plays a 
negative role in ABA signaling by modulating the stability of ABI3 (Zhang et al., 2005).

The class I homeobox-leucine zipper (HD-ZIP) transcription factor ATHB6 plays a 
negative role in the ABA signaling pathway (Himmelbach et al., 2002). The ATHB6 
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protein interacts with Arabidopsis MATH (Meprin and TRAF homology)-BTB (bric-a-
brac/tramtrack/broad) proteins (BPMs), which act as substrate adaptors in CUL3-based 
E3 ligase complexes (Lechner et al., 2011). Genetic and biochemical data showed that 
BPMs directly interact with and target ATHB6 for proteasomal degradation. Consistent 
with this model, the ATHB6 level increased and the ubiquitinated form of ATHB6 
decreased in an artificial microRNA amiR-bpm line, whereas a faster turnover of ATHB6 
was observed in transgenic plants overexpressing BPM6 (Lechner et al., 2011). The amiR-
bpm line and ATHB6 overexpression lines showed larger stomatal apertures than the wild 
type in darkness or after ABA treatment (Lechner et al., 2011). Together, CUL3-based E3 
ligase complexes, utilizing BPMs as substrate adaptors, target ATHB6 for proteasomal 
degradation and thus play an important role in ABA control of stomatal aperture.

5.8   Summary points

 •  In plants, ABA biosynthesis begins in the plastids with the conversion of C5 isopentenyl 
diphosphate (IPP) to xanthoxin (a C15 intermediate), which moves to the cytoplasm where 
it is converted into ABA via oxidative steps involving the intermediate abscisic aldehyde.

 •  ABA catabolism involves hydroxylation and conjugation reactions and functions as a major 
mechanism for regulating ABA levels in vivo.

 •  During drought stress, ABA accumulates first in shoot vascular tissues and only later appears 
in roots and guard cells. The identification of AtABCG25 as an ABA efflux transporter and 
AtABCG40 and AIT1/NRT1.2 as ABA influx transporters emphasizes the importance of 
ABA transport for ABA signaling throughout the plant.

 •  In response to environmental stresses, such as drought, low temperature, or high salinity, ABA 
levels increase dramatically and play important roles in the adaptation to these abiotic stresses.

 •  The molecular identification of PYR/PYL/RCAR proteins as ABA receptors led to the cur-
rent model of the ABA signaling pathway including a central ABA signaling module made 
up of ABA receptors, coreceptors, and SnRK2s, acting upon transcription factors and down-
stream regulators such as ion channels and ROS-generating enzymes.

 •  Several classes of transcription factors are involved in ABA signaling. ABA regulates about 
10% of the genes in Arabidopsis seedlings through the action of these transcription factors.

 •  Several types of E3 ubiquitin ligases have been identified in Arabidopsis that are involved 
in ABA-regulated proteolysis of ABA biosynthetic enzymes and of the key components of 
ABA signaling, including ABA receptors, coreceptors, and transcription factors.

5.9   Future perspectives

 •  To elucidate how ABA biosynthesis is triggered during plant responses to drought stress.
 •  To investigate whether plants have additional ABA receptors and to determine the other 

functions of the PYR/PYL/RCAR ABA receptors.
 •  To understand how ABA signaling factors interact with other hormone signaling pathways 

in plant growth and development, and in response to pathogens.
 •  To identify which metabolites are crucial for drought tolerance in ABA signaling.
 •  To dissect how ROS and Ca2+ signaling are transduced in ABA signaling.
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 •  To study why different plants have different levels of drought tolerance even though the key 
components of the ABA signaling pathway are highly conserved among higher plants.

 •  To improve water use efficiency and resistance to drought stress in crops based on the under-
standing of ABA signaling.

Abbreviations

AAO Abscisic aldehyde oxidase
ABA Abscisic acid
ABA-GE Glucosyl ester
ABCG25 ATP-BINDING CASSETTE G25
ABD ABA-HYPERSENSITIVE DCAF
ABF ABRE-binding factor
ABI ABA INSENSITIVE
ABO ABA OVERLY-SENSITIVE
ABRE ABA-responsive element
AHA ARABIDOPSIS H+-ATPASE
AIP ABI3-INTERACTING PROTEIN
AIT1 ABA-IMPORTING TRANSPORTER 1
BCH β-Carotene hydroxylase
BR Brassinosteroid
CAT Catalase
CBF C-repeat-binding factor
CBL Calcineurin B-like protein
CDD COP10-DET1-DDB1
CDPK Calcium-dependent protein kinase
CE1 Coupling element 1
CIPK CBL-interacting protein kinase
CRT C-repeat
CYP450 Cytochrome P450
DDA DET1-DDB1-ASSOCIATED
DMAPP Dimethylallyl diphosphate
DPBF Dc3 promoter-binding factor
DRE Dehydration-responsive element
DREB Dehydration-responsive element-binding protein
DWA DWD HYPERSENSITIVE TO ABA
E1 Ubiquitin-activating enzyme
E2 Ubiquitin conjugation enzyme
E3 Ubiquitin ligase
FR Far-red
FUS FUSCA
GA Gibberellin
GGPP Geranylgeranyl diphosphate
GHR GUARD CELL HYDROGEN PEROXIDE-RESISTANT
GPX Glutathione peroxidase
HD-ZIP Homeobox-leucine zipper
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IPP Isopentenyl diphosphate
KAT K+ CHANNEL IN ARABIDOPSIS THALIANA
KEG KEEP ON GOING
LEA LATE EMBRYOGENESIS ABUNDANT
LEC LEAFY COTYLEDON
LRR Leucine-rich repeat
MAPK Mitogen-activated protein kinase
MoCo Molybdenum cofactor
NCED 9-cis-Epoxycarotenoid dioxygenase
NF-Y Nuclear factor Y
NO Nitric oxide
NRT Nitrate transporter
OST OPEN STOMATA
PA Phaseic acid
Pa Phosphatidic acid
PAP 5′-phosphate
PIF PHYTOCHROME-INTERACTING FACTOR
PIP PLASMA MEMBRANE INTRINSIC PROTEIN
PUB PLANT U-BOX E3 LIGASE
pyr pyrabactin resistance
QUAC QUICKLY ACTIVATING ANION CHANNEL
R Red
RBOH RESPIRATORY BURST OXIDASE HOMOLOG
RIFP RCAR3-INTERACTING F-BOX PROTEIN
ROS Reactive oxygen species
RPK RECEPTOR-LIKE PROTEIN KINASE
RSL RING FINGER OF SEED LONGEVITY
SAUL SENESCENCE-ASSOCIATED E3 UBIQUITIN LIGASE
SDR Short-chain dehydrogenase/reductase
SLAC SLOW ANION CHANNEL-ASSOCIATED
SNF Sucrose nonfermenting
SnRK SNF1-related protein kinase
TAR Transcriptionally active region
TIP TONOPLAST INTRINSIC PROTEIN
UPS Ubiquitin-26S proteasome system
VDE Violaxanthin de-epoxidase
vp viviparous
XRNs 5′ to 3′ exoribonucleases
ZEP Zeaxanthin epoxidase
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