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INTRODUCTION

Abscisic acid (ABA) regulates many agronomically important
aspects of plant development, including the synthesis of
seed storage proteins and lipids, the promotion of seed
desiccation tolerance and dormancy, and the inhibition of
the phase transitions from embryonic to germinative growth
and from vegetative to reproductive growth (reviewed by
Leung and Giraudat, 1998; Rock, 2000; Rohde et al.,
2000b). In addition, ABA mediates some aspects of physiological responses to environmental stresses such as
drought- or osmotica-induced stomatal closure, the induction of tolerance of water, salt, hypoxic, and cold stress, and
wound or pathogen response (Leung and Giraudat, 1998;
Rock, 2000; Shinozaki and Yamaguchi-Shinozaki, 2000). A
traditional distinction among these responses has been that
of speed: the stomatal responses are relatively fast, occurring within minutes and involving changes in the activity of
various signaling molecules and ion channels, whereas the
rest are slower and require changes in gene expression.
However, these sets of responses clearly require the action
of common signaling elements, because several individual
mutants (e.g., the Arabidopsis ABA-insensitive abi1 and
abi2 mutants and the ABA-hypersensitive era1 mutant) affect subsets of both types of responses. Furthermore, cell
biological studies have implicated common classes of secondary messengers or components of phosphorylation cascades in both fast and slow responses to ABA.
Despite the existence of these common elements in signaling, some of them highly pleiotropic, none of the genetically defined elements are required for all responses to ABA.
One possible explanation for this is that a mutation producing a loss of all ABA responses would be lethal, such that a
recessive mutation might be recovered as a heterozygote
but could not be characterized physiologically. Alternatively,
there is substantial evidence for multiple redundant ABA
perception and signaling mechanisms, such that no element
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would be absolutely required for all responses. Furthermore,
in addition to the well-characterized antagonisms between
ABA and gibberellic acid (GA), cytokinins, or auxins, recent
studies have demonstrated interactions between signaling by
ABA and ethylene, brassinosteroid, light, or sugars (reviewed
by Rock, 2000; Finkelstein and Rock, 2001; Gazzarrini and
McCourt, 2001; Finkelstein and Gibson, 2002). Thus, it may
be more accurate to think of some of the shared signaling
elements as “nodes” or even “free agents” interacting with a
variety of components in a complex signaling web than as
“common threads” in a shared linear signaling pathway.
Regulatory factors that control ABA response have been
identified by genetic, biochemical, and pharmacological/cell
biological approaches (reviewed by Rock, 2000; Finkelstein
and Rock, 2002). Genetic screens used to date have been
based on aberrant growth or gene expression responses to
ABA. Recently, “reverse-genetics” studies have been used
to test a specific gene’s functional role; these studies use either screening of large mutagenized populations (McCallum
et al., 2000; Parinov and Sundaresan, 2000) or a transgenic
approach to overexpress or disrupt a target gene. Biochemical
studies have identified a variety of gene promoter elements,
kinases, kinase inhibitors, phosphatases, phospholipases,
and transcription factors correlated with ABA response. Cell
biological studies have tested the roles of candidate secondary messengers and signaling intermediates in regulating cellular responses to ABA.
The availability of the Arabidopsis genome sequence (Arabidopsis Genome Initiative, 2000), the public availability of
the rice genome sequence (Sasaki and Burr, 2000; Barry,
2001), and the existence of many expressed sequence tag
projects in a variety of species provide a fourth approach to
identify potential regulatory factors by computerized screens
for homologs of other known regulators. This approach requires functional testing by reverse genetics or other approaches, which is complicated by the fact that 60% of
the genes in Arabidopsis belong to multigene families.
Functional redundancy within these families can mask the
effects of loss-of-function alleles isolated by traditional forward genetic strategies or sequence-based screens for insertional mutations. As a result, ABA mutant or engineered
phenotypes may be tissue specific and subtle.
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ABA PERCEPTION

After arrival at its site of action, the first step in ABA response is expected to be some kind of recognition event.
Several lines of indirect evidence suggest that there are
multiple receptor types: the stereospecificity of ABA analog activities varies among ABA responses, and there appear to be both intracellular and extracellular sites of ABA
action. However, no ABA receptors have been identified to
date.

tracellular ABA perception also was observed in two studies
using ABA-protein conjugates that cannot enter the cell, but
that are biologically active, to induce ion channel activity
(Jeannette et al., 1999) and gene expression (Schultz and
Quatrano, 1997; Jeannette et al., 1999).
Together, these results are consistent with the existence
of both extracellular and intracellular ABA receptors. However, other interpretations are possible, for example, direct
ABA action on plasma and tonoplast membranes (or ion
channels) from the cytoplasmic side, higher affinity of an
ABA receptor for the protonated form, or pH-dependent
pathways.

Intracellular or Extracellular Perception?
The Search for Receptors
The site of action has been investigated by testing cellular
responses to ABA introduced via microinjection, applied externally at various pH values to modulate uptake, or as a
protein conjugate to prevent uptake. Initial evidence for an
intracellular site of ABA action in stomatal regulation was
provided by three observations: (1) the extent to which ABA
inhibited stomatal opening and promoted stomatal closure
was proportional to radioactive ABA uptake; (2) microinjection of ABA into the cytoplasm of guard cells triggered stomatal closure; and (3) application of ABA to the cytosol of
guard cell protoplasts via a patch-clamp electrode inhibited
inward K currents, an effect sufficient to prevent stomatal
opening (Schwartz et al., 1994). Similarly, Allan et al. (1994)
showed that stomatal closure followed the intracellular release of microinjected “caged” ABA after photolysis. Recent
studies of ABA effects on Ca2 flux across the guard cell
plasma membrane showed that ABA led rapidly to Ca 2
channel activation when added to the cytosolic side of the
membrane in inside-out patches, but the activation showed
a significant delay when ABA was added in the cell-attached
configuration (Hamilton et al., 2000). These studies imply
recognition on the cytoplasmic side of the plasma membrane and a close physical association between the presumed ABA receptor and the Ca2 channel.
In other studies with guard cells, microinjected ABA had
no effect on stomatal opening, yet extracellular application of ABA was nearly twice as effective at inhibiting stomatal opening at pH 6.15, at which the fully protonated
form can readily cross the guard cell plasma membrane,
than at pH 8.0, at which the mostly anionic ABA is unable
to cross the membrane as an anion (Anderson et al.,
1994). MacRobbie (1995) also observed a correlation between high external pH and attenuation of ABA-induced
ion efflux. However, the observation that substantial ABA
effects were induced even at high external pH led to the
conclusion that intracellular ABA alone did not suffice to
inhibit stomatal opening.
More direct evidence of extracellular perception was provided by the observation that externally applied, but not microinjected, ABA could repress GA-induced -amylase expression
in barley aleurone protoplasts (Gilroy and Jones, 1994). Ex-

The use of ABA analogs in germination and gene expression
bioassays has suggested the existence of multiple ABA receptors with different structural requirements for activity in
different response pathways (Walker-Simmons et al., 1997;
Kim et al., 1999). Furthermore, the rapid regulation of
plasma membrane and tonoplast ion channel activities
(Assmann and Shimazaki, 1999) might reflect direct interactions between ABA and transport proteins or other metabolic factors (e.g., via allosteric sites for ABA binding). Given
the lack of concrete leads, the search for ABA receptors
should include both intracellular and extracellular compartments and nonproteinaceous molecules. It is critically important for any receptor studies to use ABA analogs to
correlate the specificity of interaction with the degree of biological activity.
In contrast to studies of ethylene and cytokinin signaling,
a genetic approach has failed to identify any putative ABA
receptor(s), to date. Consequently, the greatest progress
has been made using biochemical and cell biological approaches. However, with the exception of an unconfirmed
report (Hornberg and Weiler, 1984), no ABA receptors have
been described. Although ABA binding proteins (Hocking
et al., 1978; Pedron et al., 1998; Zhang et al., 1999) and
carrier-mediated uptake of ABA (Astle and Rubery, 1983;
Bianco-Colomas et al., 1991; Perras et al., 1994; Windsor et
al., 1994) have been reported, there is no evidence to link
these proteins to the physiological effects of ABA.
To further confound the situation, ABA has direct effects
on membrane fluidity and thermal behavior (Parasassi et al.,
1990; Burner et al., 1993; Shripathi et al., 1997), raising the
possibility that ABA activity does not require interaction with
a receptor. Indeed, it is entirely plausible that ABA may be
analogous to lipophilic vitamins such as -tocopherol (vitamin E) or vitamin K, low-molecular-weight compounds that
are required in animals for fertility and blood clotting, respectively. Vitamin E can modulate transcription, yet its molecular mechanism of action is not known (Carlberg, 1999).
On the other hand, the similarities between ABA in plants
and retinoic acid in animals cannot be ignored. Both are
synthesized ultimately from -carotene (also known as pro-
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vitamin A) by oxidative cleavage catalyzed by an evolutionarily conserved enzyme (Gu et al., 1997; Schwartz et al.,
1997). If perception mechanisms also are conserved, ABA
might bind to an intracellular receptor capable of acting as a
transcription factor.
Screening of cDNA expression libraries with novel polyclonal antisera against ABA-related antigens has been one
approach used to identify a putative ABA receptor. Liu et al.
(1999) described a novel barley cDNA that is ABA inducible
in embryos (aba45) and whose product binds a polyclonal
antiserum raised against an anti-ABA monoclonal antibody.
In theory, this means that the polyclonal antibodies may
have epitopes (anti-idiotypic) that mimic the structure of
ABA and therefore could bind to ABA binding proteins, including an ABA receptor. Interestingly, two Arabidopsis homologs of aba45 were found in a yeast two-hybrid screen
using the Arabidopsis formin-like protein AFH1, which itself
is a membrane-localized protein that might be involved in
the organization of the actin cytoskeleton (Banno and Chua,
2000). However, there is no evidence (e.g., specific and saturable binding of ABA to the gene product) to indicate that
the aba45-like gene encodes an ABA receptor or that it interacts with the cytoskeleton.
Further circumstantial evidence for an intracellular ABA
receptor comes from the results reported by Zheng et al.
(1998), who screened a maize cDNA expression library with
anti-ABA binding protein antibodies and identified a clone
with 60% homology with nucleic acid binding proteins. The
affinity-purified ABA binding complex used to raise these
antibodies contained rRNA, suggesting a direct effect of
ABA in regulating translation. Recently, several ABA response loci were identified that encode either doublestranded RNA binding proteins (Lu and Fedoroff, 2000) or
putative RNA processing proteins (Hugouvieux et al., 2001;
Xiong et al. 2001a). However, there is no evidence of ABA
binding for these gene products, so their regulatory effects
are likely to be indirect.
Given the substantial evidence for an extracellular perception site, the plasma membrane is an obvious place to
look for an ABA receptor. A surface plasmon resonance biosensor was used in conjunction with flow cytometry of protoplasts to provide indirect, correlative in vitro evidence for
an ABA receptor complex that interacts with a cell surface
glycoprotein (Desikan et al., 1999). JIM19 is one of a panel
of monoclonal antibodies generated previously against pea
guard cell protoplasts that can modulate ABA responses in
barley aleurone and rice protoplasts (Wang et al., 1995;
Desikan et al., 1999). Using surface plasmon resonance biosensor technology, Desikan et al. (1999) observed specific
binding of plasma membranes to JIM19, and the binding
was antagonized significantly by ABA but not by the ABA
catabolite phaseic acid. The in vitro interactions of plasma
membranes, JIM19, and ABA correlated with the biological
activities of JIM19, ABA, and phaseic acid on the activation
of a green fluorescent protein reporter construct driven by
the ABA-inducible early Met-labeled late-embryogenesis-

S17

abundant gene (Em) promoter, assayed by flow cytometry
of transformed protoplasts. Together, these data suggest
that JIM19 interacts with a functional complex involved in
ABA signaling. However, phaseic acid can substitute for
ABA in regulating other responses (Walker-Simmons et al.,
1997), suggesting that additional ABA receptors are likely to
exist.
Further indirect evidence of a plasma membrane–localized receptor came from in vitro assays of ABA-stimulated
phospholipase D (PLD) activity in plasma membrane–enriched
fractions from barley aleurone protoplasts (Ritchie and
Gilroy, 2000). In vitro activation of PLD by ABA was similar
in kinetics and degree to that measured in vivo and was mediated by G protein. These results suggest, but do not
prove, the existence of an ABA receptor system and elements (e.g., glycoproteins) at the plasma membrane linked
via G proteins to PLD activation.
Another way to identify a receptor is to reconstitute an
ABA signaling pathway in a heterologous system (e.g., Xenopus oocytes). Sutton et al. (2000) microinjected oocytes
with cell-specific (mesophyll versus guard cells) Vicia faba
mRNA pools and then assayed their ability to modulate K 
currents with ABA treatments. They found that expression
of mesophyll cell RNA produced an ABA-regulated outward
K current in oocytes comparable to that observed in mesophyll cells, but only guard cell mRNA conferred ABA regulation
of a coexpressed guard cell–specific K inward-rectifying
channel. The authors concluded that distinct receptor types
and/or signal transduction pathways function in the ABA
regulation of K channels in mesophyll versus guard cells.
The ability to reconstitute ABA perception pathways in oocytes could be useful in characterizing ABA response mechanisms, for example, by expression cloning of rate-limiting
or autonomously functioning components. However, this
approach might not work if multiple components must be
coexpressed to reconstitute the response mechanism.
Another study using the oocyte system found that expression of mRNA from drought-stressed tobacco led to ABA
activation of the endogenous Ca 2-dependent Cl current
(Leyman et al., 1999). Assays with subpools of transcripts
from a cDNA library led to cloning of a syntaxin-like protein,
Nt-SYR1, whose enrichment correlated with an increase in
the ABA-evoked current. Paradoxically, expression of NtSYR1 alone was sufficient for ABA-independent modulation
of the Cl current in oocytes. The relevance of Nt-SYR1 to
ABA signaling in plants was demonstrated by the correlated
disruption of syntaxin function and ABA-regulated ion fluxes
when exposed to either Clostridium botulinum type C toxin
(an inhibitor of syntaxin-dependent vesicle trafficking) or a
soluble fragment of the SYR1 protein (expected to exert a
dominant-negative effect by competing for protein–protein
interactions). Biochemical analysis indicated that Nt-Syr1 is
located primarily at the plasma membrane in roots and to
lesser extents in stems, leaves, and flowers. Expression of
the protein in leaves is enhanced transiently by ABA and
stress signals (Leyman et al., 2000). However, there is no
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evidence that Nt-Syr1 binds ABA, and the ABA-independent
effect of the purified transcript in the oocyte system suggests that its effect on ABA signaling is indirect. Some likely
contribution(s) of syntaxin-like genes to stomatal response
might be the regulation of membrane vesicle trafficking and
the resulting change in surface area and channel composition of guard cell membranes, direct binding and regulation
of ion channel activities (as described in neurons), and scaffolding of a receptor complex (reviewed by Blatt, 2000).
It is hoped that proteomics approaches, combined with
biochemical, genetic, and cell biological studies, will finally
identify the enigmatic ABA receptor(s).

IDENTIFICATION OF SIGNALING INTERMEDIATES

Genetic Approach
Dozens of mutants with defects in ABA response have been
isolated to date, the vast majority of them in Arabidopsis.
The genetic screens and selections that have been used include production of seeds exhibiting vivipary or defective
germination (Robertson, 1955; Sturaro et al., 1996); increased transpiration rates resulting in decreased leaf temperatures (Raskin and Ladyman, 1988); ABA-independent
desiccation tolerance of cell cultures (Furini et al., 1997); altered embryonic development (Meinke et al., 1994); loss or
gain of sensitivity to ABA at germination (Koornneef et al.,
1984; Finkelstein, 1994; Cutler et al., 1996), seedling growth
(Lopez-Molina and Chua, 2000), or root growth (Himmelbach
et al., 1998); incorrect expression of reporter genes (Ishitani
et al., 1997; Foster and Chua, 1999; Delseny et al., 2001);
and screens for suppressors or enhancers of GA-deficient
nongerminating lines or ABA-INSENSITIVE (ABI) lines (Steber
et al., 1998; Beaudoin et al., 2000; Ghassemian et al., 2000)
(Table 1). The loci that have been cloned to date include
those encoding a variety of transcription factors, RNA binding proteins, protein kinases and phosphatases, an enzyme
of phosphoinositide metabolism, and a subunit of farnesyl
transferase.
Additional mutants with defects in responses to multiple
signals, including ABA, have been isolated via non-ABAbased screens such as salt-resistant germination (Quesada
et al., 2000), sugar-resistant seedling growth or gene expression (Arenas-Huertero et al., 2000; Huijser et al., 2000;
Laby et al., 2000; Rook et al., 2001), or defects in auxin,
brassinosteroid, or ethylene response (Wilson et al., 1990;
Alonso et al., 1999; Ephritikhine et al., 1999) (Table 1). The
fact that only some of the hormone response loci appear to
regulate multiple signaling pathways suggests that interactions among these pathways are relatively specific. Possible mechanisms of interactions are discussed in many
recent reviews (McCourt, 1999; Sheen et al., 1999; Gibson,
2000; Coruzzi and Zhou, 2001; Gazzarrini and McCourt,
2001).

Biochemical and Cell Biological Approach

Transcriptional Regulation
A major avenue of biochemical studies of ABA signaling began with the identification of ABA-regulated genes (reviewed by Busk and Pages, 1998; Rock, 2000). In most
vegetative tissues, these are genes involved in response to
abiotic stresses that result in cellular dehydration (Ingram
and Bartels, 1996; Shinozaki and Yamaguchi-Shinozaki,
2000; Xiong et al., 2002). In maturing seed, ABA-regulated
genes include those required for the synthesis of storage reserves and the acquisition of desiccation tolerance (Thomas,
1993; Rock, 2000). Overall, ABA-regulated genes range
from relatively high-abundance transcripts, which are required for adaptation to stress or reserve synthesis, to lowabundance transcripts, which encode signaling components.
Although studies of ABA-regulated genes initially focused on
working backward to regulators of the high-abundance transcripts by sequential identification of cis-acting regulatory regions and the transcription factors that specifically recognize
these DNA sequences, recent studies have focused on the
physiological roles of ABA-regulated kinases, lipases, etc.
These studies have been conducted in a variety of species,
but heterologous expression studies and identification of
orthologs of the regulatory genes have shown that the ABA
signaling mechanisms are highly conserved.
Four main groups of cis-acting sequences are known to
be required or sufficient for ABA inducibility: the G-box elements designated ABA response elements (ABREs) and the
functionally equivalent CE3 (coupling element)-like sequences; the RY/Sph elements; and recognition sequences
for MYB- and MYC-class transcription factors (Table 2) (reviewed by Busk and Pages, 1998; Rock, 2000). The corresponding trans-acting factors were identified initially by ligand
binding screens of cDNA expression libraries (Guiltinan et al.,
1990; Oeda et al., 1991); more recent efforts have used onehybrid screens in yeast with the cis-acting sequence of interest to control reporter gene expression (Kim et al., 1997;
Choi et al., 2000; Uno et al., 2000). These studies have
shown that the ABREs and RY elements are bound by proteins containing basic Leu zipper domains (bZIPs) and B3
domain proteins, respectively.
There are 81 predicted bZIP factor genes in Arabidopsis
(Riechmann et al., 2000), many of which probably are not involved in ABA response. Only one bZIP subfamily has been
linked genetically to ABA response: that composed of ABI5
and its homologs, the ABRE binding factors (ABFs and AREBs)
(Choi et al., 2000; Uno et al., 2000), and AtDPBFs ( Arabidopsis thaliana Dc3 promoter binding factors) (T. Thomas, personal communication). Homologs of these genes have been
characterized in sunflower and rice (Kim et al., 1997; Kim and
Thomas, 1998; Hobo et al., 1999), in which they are correlated with ABA-, seed- or stress-induced gene expression.
However, studies of bZIPs from other species have shown
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that in vitro binding of ABREs need not reflect action in ABA
signaling in vivo (Guiltinan et al., 1990; Izawa et al., 1993;
Nantel and Quatrano, 1996). Conversely, although first identified in connection with light-regulated gene expression, the
bZIP GBF3 is ABA inducible and may participate in ABA
regulation (Lu et al., 1996). Reverse genetic studies for each
of the bZIPs should identify those family members responsible for responding to specific signals in specific tissues.
The Arabidopsis genome encodes 43 members of the B3
domain family, but only 14 of them are within the ABI3/VP1related subfamily (Riechmann et al., 2000). This subfamily
also includes FUS3 (Luerssen et al., 1998) and LEC2 (Stone
et al., 2001), members of the leafy-cotyledon class of regulators that control embryo maturation. Some of the more distantly related B3 domain family members are in the auxin
response factor subfamily and participate in auxin regulation
of gene expression (reviewed by Ulmasov et al., 1999).
Members of both the MYB and MYC transcription factor
families are expressed in response to abiotic stress (Urao et
al., 1993; Abe et al., 1997). Although the MYB gene superfamily in Arabidopsis is composed of 190 genes (Riechmann
et al., 2000), there is only a single MYC gene with the canonical b-HLH-ZIP domain structure, but this shares extensive homology with 139 bHLH factor genes. Both drought
and ABA induce the expression of AtMyc1 and three specific MYB family members (Abe et al., 1997). The MYB/MYC
response system is somewhat slower than the bZIP-ABRE
system, reflecting the need for de novo synthesis of MYB
and MYC proteins. It has been suggested that the MYB/
MYC system regulates slow adaptive responses to dehydration stress (Shinozaki and Yamaguchi-Shinozaki, 2000).
ABA or abiotic stress also induces the expression of some
members of the homeodomain Leu zipper (HD-Zip) family of
transcription factors (ATHB6, ATHB7, and ATHB12), but
their roles in ABA response are not known (Söderman et al.,
1996, 1999; Lee and Chun, 1998).
Although hundreds of ABA-regulated genes have been
identified to date, many of them homologs from a broad
range of species, these are likely to represent a somewhat
anecdotal sampling of the full spectrum of ABA-responsive
genes. Preliminary transcriptional profiling studies in Arabidopsis have shown that as many as 8 to 10% of the genes
on a partial genome chip are either induced or repressed by
12 hr of exposure to ABA at a single developmental stage
(T. Thomas, personal communication). Assuming a similar
abundance of ABA-regulated genes in the rest of the genome leads to an estimation of at least 2000 ABA-responsive
genes in Arabidopsis alone. The advent of genome-wide
transcriptional profiling, coupled with the public availability
of the complete genome sequence for Arabidopsis, should
facilitate the identification of unknown ABA-responsive
genes, the correlation of target genes with specific regulatory factors, and the rapid identification of candidate cisacting sequences of coordinately regulated genes. Such
studies may lead to new classes of regulators or new targets or functions for known regulators. In combination with
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the modular nature of promoters, the existence of at least
four classes of regulators, most with dozens of family members, provides an enormous potential for redundancy and
combinatorial controls in ABA-regulated gene expression.

Early Signaling Intermediates
Assays with single cells provide relatively simple biological
systems for testing the roles of candidate secondary messengers and signaling intermediates in regulating cellular responses. The best-characterized single cell systems for
analyzing ABA responses are inhibition of stomatal opening
and stomatal closing resulting from ionic and osmotically
driven turgor and shape changes in guard cells, and transient gene expression assays in protoplasts or microinjected tissues. Although the initial studies have been performed on diverse species, most of the signaling mechanisms
are conserved and can be dissected further by mutant analyses with Arabidopsis or inclusion of Arabidopsis genes in
heterologous assay systems.

G Proteins
Biochemical and pharmacological studies have shown that
G proteins, phospholipases, protein kinases, and protein
phosphatases participate in early events in ABA signaling
(reviewed by Rock, 2000; Assmann, 2002; Yang, 2002). Because these classes of proteins function in a wide range of
signaling events, a critical question regards how specificity
is conferred. For those classes of regulators represented by
large gene families, individual family members may perform
specialized functions, but this must be confirmed by functional tests. However, Arabidopsis has only one or two isoforms of each G protein subunit, 1 order of magnitude fewer
than are present in animal genomes. Recent studies show
that loss of function for the single G  gene (GPA1) disrupts
aspects of both auxin and ABA signaling (Ullah et al., 2001;
Wang et al., 2001), indicating that this component is not a
likely source of response specificity.
The other major class of GTPase molecular switches in
plants are the monomeric Rops (Rho/rac-related GTPases
from plants, a plant-specific branch of the RAS superfamily),
whose Arabidopsis members also have been known as
Aracs and AtRacs (Yang, 2002). This subfamily of GTPases
is composed of 11 members in Arabidopsis, representing
four distinct groups, whose physiological and developmental roles are being analyzed in loss-of-function lines and
gain-of-function (constitutively active and dominant-negative) transgenic lines. These studies have shown that Rop9
and Rop10 appear to act redundantly in negatively regulating ABA effects on seed germination and seedling growth,
such that double mutants resemble era1 mutants (Yang, 2002).
Both of these Rops contain farnesylation motifs and display
ERA1 -dependent localization to the plasma membrane,
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Table 1. Mutants Defective in ABA Synthesis or Response

Species

Mutation Selection/Screen

Arabidopsis

aba1

aba2

aba3

aao3
abi1-1

abi2-1

Suppressors of
ABA deficient; wilty; decreased
non-germinating
stress or ABA induction of
GA-deficient lines
gene expression; sugarresistant seedling growth
Reduced dormancy ABA deficient; wilty; decreased
stress or ABA induction of
gene expression; sugarresistant seedling growth
Reduced dormancy ABA deficient; wilty; decreased
stress or ABA induction of
gene expression; freezing
sensitive; sugar-resistant
seedling growth
Wilty phenotype
ABA-deficient leaves; wilty, but
near-normal seed dormancy
ABA-resistant
Nondormant seed; pleiotropic
germination
defects in vegetative ABA
response
ABA-resistant
Similar to abi1-1
germination

abi3

ABA-resistant
germination

abi4

ABA-resistant
germination

abi5

ABA-resistant
germination

abi8

ABA-resistant
germination

abh1

ABA-hypersensitive
germination and
guard cell
response
Enhanced response
to ABA at
germination
Enhanced response
to ABA at
germination
Enhance ABA
resistance of abi1-1
ABA-resistant
root growth

era1

era3

ctr1
gca1
gca2
gca3gca8
ade1
hlq
sbr

Phenotype

Pleiotropic defects in seed
maturation; vegetative effects
on plastid differentiation
Sugar- and salt-resistant
germination and seedling
growth

Slightly sugar-resistant
germination and seedling
growth
Stunted growth, defective
stomatal regulation; male
sterile
Pleiotropic; also enhanced
drought tolerance

Enhanced stomatal response/
drought tolerance, meristem
defect
Allelic to ein2; ethylene
insensitive
Reduced dormancy, constitutive
triple response to ethylene
Pleiotropic effects on growth,
stomatal regulation, and
germination

ABA-resistant
root growth
Deregulation of KIN2:: No growth phenotype
LUC expression
Aberrant patterns
Pleiotropic, seedling lethal
of Dc3::GUS
expression

Alleles or
Orthologs Gene product
los6
npq2

Zeaxanthin
epoxidase

gin1
isi4
sis4

References
Koornneef et al., 1982; Ishitani
et al., 1997; Niyogi et al.
1998; Xiong et al., 2001b
Leon-Kloosterziel et al., 1996;
Laby et al., 2000; Rook et
al., 2001

frs1
los5

Aldehyde
oxidase Moco

Leon-Kloosterziel et al., 1996;
Ishitani et al., 1997; Llorente
et al., 2000; Rook et al.,
2001; Xiong et al., 2001c

Tomato
sitiens?

Aldehyde
oxidase
Protein
phosphatase
2C
Protein
phosphatase
2C
B3 domain
transcription
factor
APETALA2
domain
transcription
factor

Seo et al., 2000

Cereal
VP1
gin6
isi3
san5
sis5
sun6
AtDPBF1

bZIP domain
transcription
factor

Koornneef et al., 1984; Leung
et al., 1994; Meyer et al.,
1994
Koornneef et al., 1984; Leung
et al., 1997; Rodriguez et al.,
1998
Koornneef et al., 1984;
Giraudat et al., 1992
Finkelstein, 1994; Finkelstein
et al., 1998; ArenasHuertero et al., 2000; Huijser
et al., 2000; Laby et al.,
2000; Rook et al., 2001
Finkelstein, 1994; Finkelstein
and Lynch, 2000a; LopezMolina and Chua, 2000
Finkelstein and Lynch, 1997

mRNA CAP
Hugouvieux et al., 2001
binding protein

wiggum

ein2

Farnesyl
transferase,
-subunit
Membranebound metal
sensor?
Protein kinase
(Raf family)

Cutler et al., 1996

Alonso et al., 1999;
Ghassemian et al., 2000
Kieber et al., 1993; Beaudoin
et al., 2000
Himmelbach et al., 1998; Pei
et al., 2000
Himmelbach et al., 1998
Foster and Chua, 1999
Rock, 2000; Subramanian et
al., 2002
Continued
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Table 1. (continued).

Species

Mutation Selection/Screen

Phenotype

hos1

Hypersensitive to ABA-induced
gene expression

cla1

Hypersensitive to
osmotic stress
induction of
RD29::LUC
Hypersensitive to
osmotic stress
induction of
RD29::LUC
Supersensitive to
ABA and drought
induction of
RD29::LUC
Chloroplasts altered

hyl1

Hyponastic leaves

Hypersensitive to ABA

axr2

Auxin-resistant root Resistant to ABA and ethylene;
growth
dominant negative
Brassinosteroid
ABA hypersensitive
insensitive
De-etiolated
ABA hypersensitive

hos2
hos5

sad1

bri1
det2

ABA hypersensitive

jar1
jin4
lec1

Jasmonic acid
resistant
Leafy cotyledons,
seed lethal

Hypersensitive to ABA-inhibition
of germination
Slightly ABA-resistant
germination

los1

Low sensitivity to
osmotic stress
induction of
RD29::LUC
Hypersensitivity to
Glc and Suc
Hypersensitive to
auxin
UV light sensitivity

Low sensitivity to ABA induction
of gene expression

uvs66
Resurrection cdt-1
plant
Barley

cool

Maize

vp1

vp2vp14
rea

ABA-independent
desiccation
tolerance
Decreased leaf
temperature
Viviparous

U6-related
Sm-like small
ribonucleoprotein
1-Deoxy-Dxylulose-5phosphate
synthase
Double-stranded
RNA binding
protein
IAA7 transcription
regulation
Ser/Thr protein
kinase
Steroid
reductase
Inositol
polyphosphate-1-phosphatase

ABA deficient

Defective
germination

Red embryonic axis caused by
anthocyanins; ABA-resistant
germination; occasional
vivipary

Xiong et al., 2001a

Estévez et al., 2001

Lu and Fedoroff, 2000

Wilson et al., 1990; Nagpal et
al., 2000
Li and Chory, 1997; Steber
and McCourt, 2001
Steber and McCourt, 2001
Xiong et al., 2001b

Nuclear WD40
Németh et al., 1998; Bhalerao
domain protein
et al., 1999
Ephritikhine et al., 1999
Albinsky et al., 1999
Regulatory RNA
or small
peptide

ABA insensitivity in guard cells

Viviparous

(Ishitani et al., 1997; Lee et al.,
2001

Staswick et al., 1992; Berger
et al., 1996
CCAAT-box
Meinke et al., 1994; Parcy et
binding, HAP3
al., 1997; Lotan et al., 1998
homolog

Hypersensitive to ABA (also to
cytokinin, ethylene, and auxin)
ABA hypersensitive, BR
deficient
Hypersensitive to ABA inhibition
of root growth
Constitutive ABA response in
callus cultures

ABA-insensitive seeds

References

Ishitani et al., 1997; Xiong et
al., 1999

Reduced ABA biosynthesis,
hypersensitive to ABA
inhibition of germination and
root growth
ABA deficient

Constitutive
expression of
RD29::LUC

sax1

RING finger
protein

Hypersensitive to ABA-induced
gene expression

fry1

prl1

Alleles or
Orthologs Gene product

Furini et al., 1997

Raskin and Ladyman, 1988
ABI3

B3-domain
transcription
factor

Robertson, 1955; McCarty et
al., 1991
Robertson, 1955; Neill et al.,
1986; Schwartz et al., 1997
Sturaro et al., 1996
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Table 2. Transcriptional Regulators Implicated in ABA Signaling
Binding Site/Factor Class

Genus

Factor

References

ABA response elements (ABREs)/bZIPs

Arabidopsis

ABI5/AtDPBF1
AtDPBF2
AtDPBF3/AREB3
AtDPBF4
AtDPBF5/ABF3
ABF1
ABF2/AREB1
ABF4/AREB2
GBF3
DPBF1, -2 and -3
TRAB1
PvZIP6
ROM2 (repressor)
EmBP-1
ABI3
AfVP1
CpVP1
C-ABI3
PvALF
PtABI3
OsVP1
TaVP1
VP1
AtMYB2
AtMYC
ATHB6
ATHB7
ATHB12
ABI4

Choi et al., 2000; Finkelstein and Lynch,
2000a; Lopez-Molina and Chua, 2000; Uno
et al., 2000

Helianthus
Oryza
Phaseolus

MYB
MYC
Unknown/HD-Zip

Triticum
Arabidopsis
Avena
Craterostigma
Daucus
Phaseolus
Populus
Oryza
Triticum
Zea mays
Arabidopsis
Arabidopsis
Arabidopsis

Unknown/AP2

Arabidopsis

RY/Sph elements/B3 domain proteins

Lu et al., 1996
Kim et al., 1997; Kim and Thomas, 1998
Hobo et al., 1999
AF369792a
Chern et al., 1996
Guiltinan et al., 1990
Giraudat et al., 1992
Jones et al., 1997
Chandler and Bartels, 1997
Shiota et al., 1998
Bobb et al., 1995
Rohde et al., 1998
Hattori et al., 1994
Bailey et al., 1999
McCarty et al., 1991
Abe et al., 1997
Abe et al., 1997
Söderman et al., 1996; Lee and Chun, 1998;
Söderman et al., 1999
Finkelstein et al., 1998; Söderman et al., 2000

a Member

of the ABI5 homologous subfamily, but no direct evidence for a role in ABA signaling; isolated from ethylene-treated leaf abscission
zones of bean.

suggesting that they might act downstream of ERA1 in a
signaling pathway.
Transgenic studies also have shown that Rop6/AtRac1
can inhibit ABA effects on the actin cytoskeleton in guard
cells (Lemichez et al., 2001), whereas Rop2 negatively regulates seed dormancy and inhibition of germination by ABA
(Li et al., 2001). However, manipulation of Rop2 activity also
disrupted a wide variety of developmental processes as well
as responses to auxins and brassinolides. Although interpretation of the transgenic phenotypes is complicated by the
possibilities that the transgenes act ectopically or disrupt
closely related family members, it appears that several of the
Rops inhibit various aspects of ABA response. Furthermore,
ERA1 is allelic to WIGGUM, which, along with CLAVATA as
part of a Rop- and KAPP protein phosphatase–containing
complex, controls floral meristem proliferation (Trotochaud
et al., 1999; Ziegelhoffer et al., 2000). The Rops may be important nodes in a complex regulatory network that mediates hormonal and environmental control of growth and
development. However, the pleiotropic defects of the transgenic lines suggest that Rop response specificity may not

be explained simply by specialization of function among the
monomeric G proteins but also may depend on interactions
with specific activators and targets.

Secondary Messengers
Inositol triphosphate (IP3), which is produced by phospholipase C (PLC) activity, acts as a secondary messenger in ABA
signaling, regulating stomatal function and gene expression
(Gilroy et al., 1990). Expression of only one of the six Arabidopsis PLC genes, AtPLC1, is induced by ABA (Hirayama et
al., 1995). Studies of antisense and overexpression lines have
shown that AtPLC1 is necessary, but not sufficient, for ABA
effects on germination, growth, and vegetative gene expression (Sanchez and Chua, 2001). More highly phosphorylated
inositides also have been shown to act as signals in animal
cells (reviewed by Shears, 1998), and IP6 appears to function
in the ABA inhibition of stomatal opening (Lemtiri-Chlieh et
al., 2000). The recent discovery that a defect in phosphoinositide metabolism results in hypersensitivity to ABA and
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abiotic stresses further emphasizes the role of phosphoinositides as secondary messengers (Xiong et al., 2001b).
Phosphatidic acid (PA), which is produced by the action
of phospholipase D (PLD), also mediates ABA regulation of
stomatal aperture (Jacob et al., 1999) and gene expression
(Ritchie and Gilroy, 1998; Gampala et al., 2001). ABA stimulation of PLD activity in microsomes derived from barley
aleurone plasma membranes is initiated by ABA perception
at the plasma membrane and mediated by G protein activity
(Ritchie and Gilroy, 2000). The Arabidopsis genome contains 11 predicted PLD genes grouped into five subfamilies.
Although many of these homologs are induced by a variety
of stresses (Wang et al., 2000) and show different tissue distributions and subcellular localizations (Fan et al., 1999),
ABA promotes the expression and increased activity of only
the most prevalent PLD, PLD. Antisense suppression of
PLD slows abscisic acid– and ethylene-promoted senescence of detached Arabidopsis leaves, providing functional
evidence of a role for this family member in ABA signaling
(Fan et al., 1997). In contrast, AtPLD expression and activity are induced by dehydration but not by ABA (Katagiri et
al., 2001).
Pharmacological and Ca2-imaging studies have shown
that stomatal closure is induced by exposure to external Ca 2
or elicitors of Ca2 release, and ABA-induced closing involves
both Ca2-dependent and Ca2-independent mechanisms
(reviewed by Schroeder et al., 2001). However, recent studies
suggest that the Ca2-independent signaling elements do not
represent a completely separate Ca2-independent ABA signaling pathway (Webb et al., 2001). Auxin-induced stomatal
opening also is correlated with cytosolic Ca 2 concentration
([Ca2]cyt) increases, indicating that the detailed characteristics
of the Ca2 oscillations, amplitudes, and localizations (the
“Ca2 signature”) and the cellular interpretation of the [Ca2]cyt
change are critical determinants of response specificity.
[Ca2]cyt increases can result from the release of Ca 2
from intracellular stores and/or influx through plasma membrane channels. Ca2 release from intracellular stores can
be induced by IP3 (Gilroy et al., 1990) or cyclic ADP-Rib
(Leckie et al., 1998); inhibiting the production or action of either signal only partially blocks ABA-induced [Ca 2]cyt increases (MacRobbie, 2000), indicating that both contribute
to the increases but that neither is sufficient for full response. Another calcium-mobilizing molecule, sphingosine1-phosphate, also appears to contribute to drought-induced
ABA signaling leading to stomatal closure (Ng et al., 2001).
[Ca2]cyt increases also may be self-amplifying by promoting
further Ca2 release from the vacuoles (McAinsh et al.,
1995). Transient Ca2 influx currents are induced by hyperpolarization activation of Ca2-permeable plasma membrane channels (Grabov and Blatt, 1998a).
Recent studies have shown that ABA sensitizes these
channels, apparently by enhancing the production of reactive oxygen species (ROS; e.g., H 2O2) that can serve as secondary messengers leading to channel activation (Pei et al.,
2000; Zhang et al., 2001). ROS production is a common

S23

Rop-dependent response to several stresses leading to stomatal closure, including drought and pathogen attack (Lee
et al., 1999), and the ROS-dependent pathway of response
may be shared by multiple stresses (Yang, 2002). Consistent with this view, constitutive activation of an H 2O2-activated mitogen-activated protein kinase cascade confers
enhanced tolerance of abiotic stresses (Kovtun et al., 2000).
Finally, although ABA signaling can result in sustained
steady state [Ca2]cyt increases, various signals that affect
stomatal aperture induce [Ca2]cyt oscillations with distinct
periodicity, and responses in ABA mutants can be “rescued” by imposing the correct periodicity with exchanges of
external buffer solutions (Allen et al., 2000, 2001).
In addition to the Ca2-mediated changes, ABA-induced
stomatal closing depends in part on cytosolic alkalization
(reviewed by Grabov and Blatt, 1998b). The pH stimulation
of stomatal closure can occur in isolated membrane
patches and appears to function in part by increasing the
number of Kout channels available for activation (Miedema
and Assmann, 1996). In addition, increased external pH decreases the activity of Kin channels (Hedrich et al., 1995)
and increases the activity of GORK, a guard cell–localized
Kout channel (Ache et al., 2000). Because ABI1 protein
phosphatase 2C is activated by increasing pH (Leube et al.,
1998) and inactivates ABA responses (Gosti et al., 1999;
Merlot et al., 2001), the activation also may be a feedback
mechanism for ABA desensitization.
Transient gene expression assays monitor responses to
ABA during a period of several hours rather than minutes to
hours. These studies have made use of microinjection to introduce potential signals or inhibitors into intact tissues.
Similar to guard cell signaling, Ca 2, IP3, PA, and cyclic
ADP-Rib can act as secondary messengers for the ABA
induction of gene expression (Gilroy and Jones, 1992;
Heimovaara-Dijkstra et al., 1995; Wu et al., 1997; Ritchie
and Gilroy, 1998; Ghelis et al., 2000b; Webb et al., 2001).
Surprisingly, even S-type anion channel activity is required
for ABA-induced gene expression (Ghelis et al., 2000a).
Bombardment and electroporation of genes encoding signaling components also have been used to test these genes’
functions in intact tissues and protoplasts, respectively.
Such studies have been used to analyze interactions among
transcription factors and their dependence on specific secondary messengers or phosphorylation states (Hagenbeek
et al., 2000; Uno et al., 2000; Gampala et al., 2001).

Phosphorylation Cascades
Many kinases have been implicated in ABA signaling affecting stomatal regulation and/or gene expression (Table 3).
Some of these show ABA-inducible expression (Hwang and
Goodman, 1995; Hong et al., 1997; Lee et al., 1998; Mikami
et al., 1998; Gómez-Cadenas et al., 1999; Piao et al., 1999),
whereas others are expressed constitutively but are activated by ABA (Li and Assmann, 1996; Burnett et al., 2000).
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Table 3. Genes Implicated in ABA Signaling by Reverse Genetics or Expression Pattern
Locus/Gene

Engineered Effect

Phenotype

Response to ABA

Gene Product

References

AAPK
(from
Vicia faba)

Dominant
negative

No ABA-induced
stomatal closure; no
ABA activation of
plasma membrane
anion channels

Activated

Ser/Thr
protein kinase

Li and Assmann, 1996;
Li et al., 2000

AMBP
kinase (from
Pisum
sativum)
ARSK1
ATCDPK1
ATCDPK1a

AtIP5PII

Constitutively active
mutants expressed
transiently in maize
leaf protoplasts
Overexpression

AtPLC1

Antisense
suppression

AtPP2C

Wild-type and mutant
proteins expressed
transiently in maize
leaf protoplasts;
antisense
suppression

AtRac1/Rop6

Dominant-positive
and dominantnegative

GPA1

T-DNA insertion

Activation; correlated
ABA-activated
with stomatal closure
myelin basic
& dehydrin expression
protein kinase

Burnett et al., 2000

Induced by ABA or NaCl

Root specific
ser/thr kinase
Calcium-dependent
protein kinases

Hwang and Goodman,
1995
Sheen, 1996

Inositol
polyphosphate
5-phosphatase II
Phosphoinositide
specific
phospholipase C
Protein
phosphatase 2C

Sanchez and Chua,
2001

Constitutive activation of
an ABA responsive
reporter gene (HVA1LUC)
ABA-insensitive
germination, growth
and gene expression
ABA-insensitive
germination, growth
and gene expression
Over-expression blocked
ABA-inducible
transcription; null
mutation had little
effect; dominant
interfering mutant
strongly repressed ABA
responses. Antisense
conferred increased
sensitivity to ABAinduced cold-tolerance
and growth inhibition
Dominant positive
blocked ABAmediated effects on
actin cytoskeleton and
stomatal closure;
dominant negative
induced closure in
absence of ABA

Increased leaf
transpiration; no ABA
inhibition of guard cell
Kin channels and pHindependent ABAactivation of anion
channels

Small GTPase

Sanchez and Chua,
2001
Sheen, 1998;
Tahtiharju and
Palva, 2001

Lemichez et al., 2001

Repressed; correlated
Cyclin-dependent
with cell division activity
kinase
G protein -subunit

Hemerly et al., 1993

Induced by ABA and
NaCl; may function in
stress response
ABA effect unknown;
induced by osmotic
stress

GSK3/shaggy-like
protein kinase

Piao et al., 1999

His kinase
osmosensor

Urao et al., 1999

Wang et al., 2001

Continued
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Table 3. (continued).
Locus/Gene

Engineered effect

Phenotype

ICK1
MAPKKK

PIP5K

PKABA1

Constitutive
expression

PLD

Antisense

ROP2

Dominant negative
constitutive

Suppression of GAinducible gene
expression in aleurone;
small effect on the
ABA induction of a LEA
gene
Decreased ABA and
ethylene promotion of
senescence
Altered sensitivity to
germination inhibition
by ABA

RPK1

WAPK (from
tobacco)

Functional evidence of kinase participation in any response
initially relied on pharmacological inhibitors; recent studies
have made use of dominant-negative alleles to assay the
roles of specific kinases (Sheen, 1996; Li et al., 2000). For
example, AAPK encodes a guard cell–specific ABA-activated Ser/Thr protein kinase that was suspected of functioning in the ABA regulation of stomatal aperture (Li et al.,
2000). Expression of recombinant AAPK defective in ATP
binding inhibits ABA-induced stomatal closure by preventing the activation of anion channels, but it does not affect
the ABA inhibition of stomatal opening, thereby demonstrating its role in a segment of the ABA signaling chain that is
specific for stomatal closing. Presumably, identification of
its substrate will help identify additional members of this signaling pathway.
In addition, some members of the protein phosphatase
2C family have been shown to have pleiotropic negative effects on ABA signaling (Sheen, 1998; Gosti et al., 1999;
Merlot et al., 2001). It is intriguing to speculate that these
may act to reverse the phosphorylation catalyzed by kinases such as AAPK, but none of their specific substrates
have been identified. Similarly, both ABA-induced gene expression and stomatal closure can be altered by okadaic

Response to ABA

Gene product

References

Induced; may suppress
cell division
ABA effect unknown;
induced by abiotic
stresses
Induced by ABA and
abiotic stresses

Inhibitor of cyclindependent kinase
Mitogen-activated
protein kinase
kinase kinase
Phosphatidylinositol-4-phosphate
5-kinase
Ser/Thr-protein
kinase (from
barley)

Wang et al., 1998

Induced

Induced by ABA and
abiotic stresses;
abiotic stressinduction not ABAdependent
Unknown; induced by
abiotic stresses
Induced

Mizoguchi et al., 1996

Mikami et al., 1998

Gómez-Cadenas et al.,
1999

Phospholipase D

Fan et al., 1997

Rho-type small
GTPase

Li et al., 200

Receptor-like
protein kinase

Hong et al., 1997

Ribosomal S6
kinase-like
Wounding-induced
protein kinase

Mizoguchi et al., 1996
Lee et al., 1998

acid, an inhibitor of PP1/PP2A phosphatases, but whether
okadaic acid stimulates or inhibits ABA response varies
among species (Kuo et al., 1996; Grabov et al., 1997; Pei et
al., 1997; Wu et al., 1997). In Arabidopsis, okadaic acid partially inhibits ABA activation of S-type anion channels and
stomatal closure (Pei et al., 1997). Recently, a PP2B (calcineurin-like) Ca2 binding protein, AtCBL1, was found to be
induced by drought (Kudla et al., 1999); this protein could
participate in response to [Ca2]cyt changes. Although a variety of potential Ca2 sensors correlated with stress response have been identified, relatively few also are ABA
responsive (Takahashi et al., 2000).

ABA SIGNALING IN SEEDS AND SEEDLINGS

Phase Transitions: The Decisions to Divide or Enlarge,
Arrest or Germinate
Seed maturation begins when developing embryos cease
cell division and start growing by cell enlargement as they
begin to accumulate storage reserves. This transition is
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correlated with an increase in seed ABA content, consistent
with the fact that ABA can induce the expression of a cyclindependent kinase inhibitor (ICK1) (Wang et al., 1998) that
would lead to cell cycle arrest at the G1/S transition. Studies
with ABA-deficient mutants of tomato showed that mature
seed had a significantly higher proportion of G2 cells (4C
DNA) than other genotypes, providing further support for the
idea that endogenous ABA is required for arrest in G1 (Liu et
al., 1994).
During seed maturation in many species, there are two
peaks of ABA accumulation. In some species (e.g., Brassica
napus), these peaks are correlated with low germinability of
isolated embryos (Finkelstein et al., 1985), whereas in others
(e.g., maize), there is no correlation (Rivin and Grudt, 1991).
Genetic studies in Arabidopsis demonstrated that the first
ABA peak is maternally derived and immediately precedes
the maturation phase (Karssen et al., 1983). This is important, in conjunction with the leafy-cotyledon FUS3 and LEC
genes, for preventing premature germination at the end of
the cell division phase of embryogenesis (Raz et al., 2001).
However, although this early ABA peak is reduced threefold
in fus3 mutants, only the double mutants combining fus3
with ABA deficiency are highly viviparous (Nambara et al.,
2000); no ABA-insensitive (abi) or even digenic ABA-deficient (aba3 and aao3) (Seo et al., 2000) Arabidopsis lines are
viviparous. In contrast, maize mutants with single defects in
either ABA response (vp1) or synthesis (other vp mutants)
are viviparous (Robertson, 1955; Robichaud et al., 1980). Although some combinations of abi and leafy-cotyledon mutations also lead to vivipary, there is no good correlation
between the degrees of vivipary and seed sensitivity to ABA
(e.g., compare abi4 lec1 and abi5 lec1) (Table 4). These results further accentuate the distinction between the mechanisms controlling vivipary and the ABA sensitivity of
germination.
Another maize mutant, rea (red embryonic axis), has a
phenotype that combines aspects of the Arabidopsis leafycotyledon and ABA-insensitive classes (Sturaro et al., 1996).
These mutants exhibit occasional vivipary and ABA-resistant germination despite normal ABA levels, mildly impaired
ABA induction of gene expression, and anthocyanin accumulation in embryonic tissue. Furthermore, in cereals such
as barley, sorghum, and wheat, some cultivars are prone to
“preharvest sprouting” (PHS) when maturation occurs under
moist conditions. Genetic analyses of PHS have used quantitative trait locus (QTL) mapping to identify regions correlated with control of vivipary and compared expression of
candidate genes (e.g., VP1) in cultivars with different propensities for PHS. Although wheat and rice VP1 orthologs
show no linkage to QTLs associated with PHS (Anderson et
al., 1993; Bailey et al., 1999), vivipary is correlated with a
high frequency of incorrect splicing of the wheat VP1 homeologs (homologs of VP1 derived from each of the three
wheat genomes) (Holdsworth et al., 2001). Furthermore, a
sorghum VP1 ortholog is linked to such a QTL (Lijavetzky et
al., 2000) and shows altered transcript accumulation in a

Table 4. Comparison of Vivipary and ABA Sensitivity in abi, fus3,
and lec1 Monogenic and Digenic Mutants
Percent
Germination on
ABAb
Genotype

Percent Viviparya

3 M

100 M

Wild type (Wasilewskija)
abi4

0
0

0
0

abi5

0

lec1

3.5
(0–7)
0.6
(0–1.4)
12
(2–32)
0

0
70
(56–88)
39
(18–60)
32
(0–55)
100

abi4, lec1
abi5, lec1
fus3
abi4, fus3
abi5, fus3

19
(9–34)
18
(5–28)

49
(39–58)
5
(0–16)
100
100

0
0
97
(94–100)
4
(3–4)
0
96
(88–100)
74
(53–94)

Percentages shown are means of multiple assay values; ranges are
presented in parentheses.
a The presence of germinated seeds in mature dry siliques was
scored in at least four batches of 60 to 400 seed; high variability
partly reflects the dependence on RH.
b Germination of seeds excised from siliques in late embryogenesis,
just before desiccation, was scored after 3 days of incubation at 4 C
followed by 7 days at 22 C in continuous light on minimal mineral
salt medium supplemented with the indicated concentrations of
ABA; variability partly reflects differences in viabilities among excised seed lots.

PHS-susceptible line (Carrari et al., 2001). The differences in
frequency of vivipary among species might partly reflect the
relative humidities in the maturing fruit. However, the lack of
linkage between wheat Vp1 and PHS traits, and the fact that
some Arabidopsis double mutants exhibit vivipary even at
low humidity, suggest that Arabidopsis and wheat may have
redundant control mechanisms suppressing vivipary that
are lacking or less redundant in species such as maize.
The second peak of ABA accumulation in wild-type Arabidopsis seed depends on synthesis in the embryo itself
(Karssen et al., 1983). Although the embryonic ABA accumulates to only one-third the level accumulated at 10 days
after pollination, it is essential for the induction of dormancy,
which is maintained despite a substantial (approximately
sixfold) decrease in ABA by seed maturity. The ABA content
of a wild-type mature dry seed is only 1.4-fold that of the
peak ABA level in a nondormant ABA-deficient mutant, suggesting that endogenous ABA is not the only signal for dormancy maintenance in mature seed. However, comparisons
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of dormant versus nondormant seed of sunflower (Le PageDegivry and Garello, 1992), barley (Wang et al., 1995), and
Nicotiana plumbaginifolia (Grappin et al., 2000) have demonstrated that dormancy is correlated with de novo synthesis of ABA during imbibition.
Despite the strong evidence for a fundamental role of ABA
in regulating dormancy, this is a complex trait controlled by
many factors, including only a subset of the known Arabidopsis ABA response loci (i.e., ABI1, ABI2, ABI3, and
ERA1). Consistent with a conserved role for ABI3/VP1 in
regulating dormancy, expression levels for wheat VP1 have
been found to correlate with the degree of dormancy in different cultivars (Nakamura and Toyama, 2001). In addition,
several reduced-dormancy Arabidopsis mutants (e.g., rdo1,
rdo2, and dag1) have been identified that have wild-type
ABA levels and sensitivity to ABA (Leon-Kloosterziel et al.,
1996; Papi et al., 2000). However, the genetic interactions
among the rdo and abi3 mutants were interpreted as evidence that RDO2 acts in a pathway mediating ABA-induced
dormancy, whereas RDO1 acts in a distinct pathway. Most
defective-testa mutants also have decreased dormancy
(Debeaujon et al., 2000), and it has been suggested that
GAs are required to overcome the germination constraints
imposed by both the seed coat and ABA-related embryo
dormancy (Debeaujon and Koornneef, 2000). Additional
screens in a variety of species have used mapping studies
to identify QTLs that correlate with dormancy (reviewed by
Foley, 2001).
Although many of the mutants described above have
pleiotropic effects on growth, the hyperdormant mutant comatose (cts) has a seed-specific defect in GA response
(Russell et al., 2000). The aba, abi3, fus3, and lec1 mutations all are epistatic to cts, indicating that CTS is required
to break the dormancy imposed by the action of these other
loci, but its function is not necessary in the absence of dormancy. Contrasting results were obtained in studies of the
control of vivipary by the balance between GA and ABA in
developing maize seed. Seed defective in both GA and ABA
synthesis were not viviparous, indicating that precocious
germination requires promotion by GA synthesized early in
development, even in the absence of inhibition by ABA
(White et al., 2000). However, vp1 mutants are viviparous regardless of their GA content, leading White and colleagues
(2000) to suggest that VP1 acts downstream of both ABA
and GA in controlling the seed maturation-germination transition. Thus, although vivipary and dormancy both affect the
decision of whether or not to germinate, the timing of the
decision and some of the relevant regulatory factors appear
to differ both within and among species.

Identities, Roles, and Interactions of Known Regulators
Controlling Seed Maturation
Aspects of maturation such as reserve accumulation and
late-embryogenesis-abundant (LEA) gene expression are
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controlled largely by the coordinated action of transcription
factors. Promoter sequences for storage protein and LEA
genes contain elements essential to confer hormone responsiveness and stage and tissue specificity (reviewed by
Rock and Quatrano, 1995; Busk and Pages, 1998). Although
many DNA binding factors that interact with these promoters have been identified by biochemical or yeast one-hybrid
approaches, the functional roles of most of them still must
be tested by reverse genetic analyses. To date, only six
classes of transcription factors have been demonstrated by
genetic analyses to be essential for some ABA- or seedspecific gene expression: ABI3/VP1, ABI4, ABI5, LEC1, LEC2,
and FUS3.
ABI3 and VP1 are orthologous genes from Arabidopsis
and maize, respectively, and encode transcription factors of
the B3 domain family (McCarty et al., 1991; Giraudat et al.,
1992). Additional orthologs include the rice OsVP1 (Hattori
et al., 1994), wheat TaVP1 (Bailey et al., 1999), oat AfVP1
(Jones et al., 1997), carrot C-ABI3 (Shiota et al., 1998), bean
PvALF (Bobb et al., 1995), resurrection plant CpVP1
(Chandler and Bartels, 1997), and poplar PtABI3 (Rohde et
al., 1998) genes (Table 2). ABI3/VP1 and their orthologs
contain four conserved domains: an acidic activation domain and three basic domains (B1, B2, and B3) (Figure 1).
The LEC2 and FUS3 genes also have been cloned and found
to encode members of the B3 domain family (Luerssen et al.,
1998; Stone et al., 2001). The Arabidopsis, maize, rice,
bean, and resurrection plant VP1 orthologs all have been
shown to activate the transcription of ABA-inducible promoters in vivo. Furthermore, the conserved B3 domain of
VP1 binds in vitro to the conserved RY element present in
many seed-specific promoters, including those of the C1
and Em genes (Suzuki et al., 1997).
Similarly, FUS3 binds the RY element in vitro and can
transactivate genes containing this element in their promoters (Reidt et al., 2000). However, the B3 domain is not essential for ABA-regulated gene expression in the seed
(Carson et al., 1997). Mutational studies have shown that
the B2 domain is required for the regulation of Em and 2S
albumin genes (Bies-Etheve et al., 1999) and for interaction
with an ABRE (Ezcurra et al., 2000) and the ABRE binding
protein EmBP-1 (Hill et al., 1996). However, full-length VP1
does not bind DNA specifically in vitro, suggesting that it
interacts with other proteins that mediate DNA binding
(Suzuki et al., 1997). Consistent with this hypothesis, mutational analyses of VP1/ABI3-responsive promoters have shown
that the ABREs present in the Em1a and Em1b elements are
sufficient but not necessary for VP1 transactivation (Vasil et
al., 1995). VP1 also acts as a transcriptional repressor of
some genes expressed during germination (Hoecker et al.,
1995); the VP1 repressor function is distinct from the activation domain. Furthermore, repression is not cell autonomous
and requires embryo-specific factors other than ABA and
VP1 (Hoecker et al., 1999).
ABI4 and ABI5 also contain presumed DNA binding and
protein interaction domains. ABI4 is related most closely to
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Figure 1. Domain Structure of B3 and bZIP Domain Transcription
Factors Affecting ABA Response.
Percentages shown beneath the conserved domains in B3 domain
family proteins indicate the range of similarity to maize VP1 among
orthologs from Arabidopsis, rice, oat, carrot, bean, resurrection
plant, and poplar and with the related FUS3 protein. Comparisons
among the bZIP domain family represent percentage of similarity to
ABI5 within the conserved domains among homologous genes in
Arabidopsis, sunflower, and rice. The EmBP-1 protein used for comparison was from wheat.

the drought response element binding (DREB)/CBF subfamily of the APETALA2 (AP2) domain family, but the similarity is
confined to the AP2 domain. The target sequence for ABI4
binding is unknown at present; DRE cis elements are not
present in a variety of ABI4-regulated genes (R.R. Finkelstein,
unpublished observations). In contrast, ABI5 was identified
independently by homology with a sunflower gene isolated
via a yeast one-hybrid screen using the ABA-responsive
Dc3 promoter as “bait” (T. Thomas, personal communication). In both sunflower and Arabidopsis, ABI5 and its
ortholog are members of a small gene subfamily, whose
members are designated (At)DPBFs (Arabidopsis thaliana
Dc3 promoter binding factors) (Kim et al., 1997; Kim and
Thomas, 1998; T. Thomas, personal communication); ABI5
corresponds to AtDPBF1. A rice homolog of ABI5, TRAB1,
was identified by a two-hybrid screen using the basic domains of OsVP1 as bait and shown to interact with ABREs in
vitro and to activate ABA-inducible transcription in rice protoplasts (Hobo et al., 1999).
Additional Arabidopsis ABI5 family members have been
correlated with ABA- or stress-induced gene expression in
seedlings and designated AREBs or ABFs (Choi et al., 2000;
Uno et al., 2000); all share three conserved charged domains in their N-terminal halves as well as the bZIP domain
at their C termini (Figure 1). In vitro studies with the sunflower DPBFs have demonstrated that this subfamily binds

to G-box elements required for ABA regulation, the ABREs
(Kim et al., 1997). The ABI5/DPBF/ABF/AREB subfamily
members differ from the other bZIP proteins in that they tolerate variability in the ACGT core element essential to the
ABRE G-box. These bZIP factors have been shown to form
heterodimers in some combinations, including with ABI5 (Kim
et al., 1997; T. Thomas, personal communication). This finding suggests that they are likely to participate in the regulation
of many of the same target genes, thereby providing functional redundancy that could explain the weakly ABA-resistant phenotype of abi5 null mutants (Finkelstein, 1994;
Finkelstein and Lynch, 2000a; Lopez-Molina and Chua,
2000) as well as the failure to find mutants with defects in
any of the other family members. Analyses of transcript accumulation in abi5 mutants indicate that, like ABI3, ABI5 can
either activate or repress gene expression, but ABI5 and
ABI3 may have either synergistic or antagonistic effects on
gene expression, depending on the gene (Finkelstein and
Lynch, 2000a; Delseny et al., 2001).
The LEC1 gene encodes a homolog of the HAP3 subunit
of CCAAT binding factors (Lotan et al., 1998), a family composed of 10 genes in Arabidopsis. Although CCAAT boxes
are common features of promoters transcribed by RNA
polymerase II, their binding factors often show tissue- or
stage-specific expression, such that specific sets of genes
are activated by different heterodimers or homodimers
(Lekstrom-Himes and Xanthopoulos, 1998). Although lec1
mutations have very limited effects on ABA sensitivity
(Meinke et al., 1994; West et al., 1994), LEC1 appears to potentiate the ABA response by genetic interactions with ABI3,
ABI4, and ABI5 (Parcy et al., 1997; I. Brocard and R.R.
Finkelstein, unpublished observations). In the case of ABI3,
LEC1 promotes protein accumulation (Parcy et al., 1997).
Of the known factors that regulate gene expression during
mid to late embryogenesis, some regulate ABA response
(e.g., ABI3/VP1, ABI4, and ABI5) and others primarily regulate the transition from embryogenesis to germinative growth
(e.g., LEC1, LEC2, and FUS) (reviewed by Holdsworth et al.,
1999, 2001). However, this is not a clean distinction, because ABI3/VP1 also represses the phase transition to
germination. Post-transcriptional control also has been
demonstrated for the accumulation of some ABA-inducible
proteins (Bies et al., 1998), but the specific regulators involved have not been identified. Some of the recently identified loci encoding putative RNA processing or binding
proteins (e.g., ABH1, HYL1, and SAD1) (Lu and Fedoroff,
2000; Hugouvieux et al., 2001; Xiong et al., 2001a) might
contribute to this level of regulation.
Mutations in the ABI3, ABI4, and ABI5 loci have similar
qualitative effects on seed development and ABA sensitivity,
but null mutations in ABI3 are more severe than those in
ABI4 or ABI5 (Parcy et al., 1994; Finkelstein et al., 1998;
Finkelstein and Lynch, 2000a). These loci also display similar genetic interactions: digenic mutants combining the
leaky abi3-1 alleles with severe mutations in either ABI4
or ABI5 produce seed that are only slightly more resistant
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to ABA than their monogenic parents, whereas mutations
at any of these three loci greatly enhance the ABA resistance of abi1-1 mutants (Finkelstein and Somerville,
1990; Finkelstein, 1994). Consistent with the similarities in
their phenotypes and genetic interactions, recent studies
show extensive cross-regulation of expression among ABI3,
ABI4, and ABI5 (Söderman et al., 2000). Furthermore, ectopic expression of any of these ABI transcription factors results in ABA hypersensitivity of vegetative tissues, which is
partly dependent on increased ABI5 expression (Parcy et
al., 1994; Söderman et al., 2000; Lopez-Molina et al., 2001).
Together, these results suggest that these three transcription
factors participate in combinatorial control of gene expression, possibly by forming a regulatory complex mediating
seed-specific and/or ABA-inducible expression. Consistent
with this, two-hybrid analyses in yeast and transient reporter
activation assays in rice protoplasts have demonstrated
direct and synergistic interactions between ABI3 (or its
monocot ortholog VP1) and ABI5 (or its rice homolog
TRAB1) (Hobo et al., 1999; Nakamura et al., 2001; Gampala
et al., 2002). These studies have shown that ABI3 and ABI5
interact directly via the B1 domain of ABI3 and two of the
conserved charged domains in ABI5 (Nakamura et al.,
2001), suggesting that ABI5 binding to ABRE elements may
tether ABI3 to target promoters and facilitate its interaction
with RY elements and transcription complexes. Yeast twohybrid screens using only the B2 and B3 domains of ABI3 or
oat VP1 as bait identified interactions with several presumed
transcription factors. The interacting proteins included a
CONSTANS-related factor, the RPB5 subunit of RNA polymerase II, and a homolog of the human C1 protein involved
in cell cycle control (Jones et al., 2000; Kurup et al., 2000),
but not ABI5 or its homologs.
Synergistic effects of ABI3 and heat shock factors also
have been shown to be important for the ABI3-dependent
expression of small heat shock proteins (Rojas et al., 1999).
In addition, other bZIP proteins may be linked indirectly to
ABI3 via interactions with a 14-3-3 protein, as described for
connections among the proteins EmBP1, Vp1, and GF14
(Schultz et al., 1998). Such interactions may either promote
or inhibit DNA binding (Nantel and Quatrano, 1996), and it
has been suggested that PvALF (the bean ortholog of ABI3/
VP1) may trigger chromatin remodeling to permit ABAmediated gene activation (Li et al., 1999). Despite the observed genetic interactions, ABI4 does not appear to interact physically with either ABI3 or ABI5 (Nakamura et al.,
2001); two-hybrid screens are in progress to identify potential cellular contacts for ABI4 (R.R. Finkelstein and T. Lynch,
unpublished results).
The ectopic expression studies were interpreted initially to
mean that the seed specificity of embryonic gene expression was attributable to the seed-specific expression of key
regulators (Parcy et al., 1994), as had been observed for the
maize VP1 gene (McCarty et al., 1991). However, most of
the Arabidopsis regulators are expressed and functional in
other processes during vegetative growth (Finkelstein et al.,
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1998; Arenas-Huertero et al., 2000; Finkelstein and Lynch,
2000a; Huijser et al., 2000; Laby et al., 2000; Lopez-Molina
and Chua, 2000; Rohde et al., 2000b; Lopez-Molina et al.,
2001). In fact, seed specificity may be conferred by genes
such as PICKLE (PKL) that repress embryogenesis-promoting regulators such as LEC1 (Ogas et al., 1997, 1999) after
germination. It is not known whether PKL interacts with any
of the ABA response loci or how repression by this constitutively expressed gene is limited to postgerminative events, but
the pkl phenotype is far more sensitive to modulation of GA
levels than ABA levels (J. Ogas, personal communication).
Null alleles of ABI3 (abi3-3 and abi3-4) (Giraudat et al.,
1992; Nambara et al., 1992) or double mutants combining
the weak abi3-1 allele with ABA deficiency (the aba1-1 mutant) (Koornneef et al., 1989) have more severe defects in
seed maturation than any of the other abi mutants. These
plants produce “green seed” that fail to lose chlorophyll, accumulate storage proteins, or attain desiccation tolerance
and have a high degree of denatured protein (Koornneef et
al., 1989; Ooms et al., 1993; Wolkers et al., 1998). Although
applied ABA does not induce dormancy in ABA synthesis or
ABA response mutants (Karssen et al., 1983), it reverses the
aba1 and abi3-1 effects on desiccation tolerance and seed
protein accumulation (Meurs et al., 1992). In this respect,
exogenous ABA functions similarly to maternal ABA, which
is required for progression into the maturation phase of embryogenesis (Raz et al., 2001).
Collectively, these results suggest that ABI3 is required
for processes in seed development that can respond to high
endogenous ABA but do not require it. However, the severe
reduction of free ABA by seed-specific expression of antiABA antibodies results in a green-seed phenotype in transgenic tobacco (Phillips et al., 1997), indicating that some endogenous ABA is essential for seed maturation. In contrast
to the results with abi3 mutants, the dominant-negative
abi1-1 and abi2-1 alleles do not affect storage reserve synthesis or desiccation tolerance, regardless of whether ABA
biosynthesis is altered by the presence of the aba1-1 allele
(Koornneef et al., 1989; Finkelstein and Somerville, 1990).
Even more severe defects are observed with some combinations of mutations in ABA biosynthetic loci (ABI1, ABI3,
ABI4, or ABI5) with those in FUS3 or LEC1; these plants
produce highly pigmented seed that fail to accumulate storage reserves or attain desiccation tolerance and that sometimes are viviparous (Keith et al., 1994; Meinke et al., 1994;
Parcy et al., 1997; Nambara et al., 2000; I. Brocard and R.R.
Finkelstein, unpublished observation). Germination assays
with exogenous ABA show that the double mutants are 10fold to 30-fold less sensitive to ABA than their monogenic
abi parents, even though the lec1 and fus3 mutations have
little or no effect, respectively, on ABA sensitivity. Thus, the
FUS3 and LEC1 gene products appear to potentiate ABIdependent ABA sensitivity. Although fus3 and lec1 seed
accumulate normal amounts of ABI3 protein, its accumulation was decreased significantly in the double mutants
(Parcy et al., 1997).
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These results show that most of the embryonic regulators
are transcription factors with complex patterns of cross-regulation and some direct interactions. Consequently, ectopic
expression of any of these factors can move some aspects
of “seed-specific” gene expression to another developmental stage or tissue. The effects of ABA and some key regulators at mid and late embryogenesis are summarized in
Figure 2. Note that the regulators are arranged in different
combinations that affect various processes, not in a regulatory hierarchy.
Having identified a series of transcriptional activators
and their target genes, it should be possible to dissect the
signaling pathway involved in the ABA activation of these
transcription factors. Of the three ABI transcription factors,
only ABI5 and some of its family members show significant
ABA inducibility of their transcripts. In the case of ABI5,
protein accumulation is enhanced further by ABA-induced
phosphorylation and the resulting stabilization of the protein, at least during the early phases of germination (LopezMolina et al., 2001). To evaluate the contributions of presumed earlier components of the signaling pathways, as
well as the interactions among these transcription factors,
we assayed ABA-responsive promoter activity in a rice embryonic protoplast transient expression system. Activation
of Em–-glucuronidase (GUS) expression by five different
effectors was compared in protoplasts treated with or
without 100 M ABA (Figure 3A). These studies show that
VP1 and most of the ABI5/ABF bZIPs tested are sufficient
for Em-GUS activation and enhanced ABA response, but
the contributions and ABA dependence of these effectors
vary widely.
It is interesting that EmBP1, a DNA binding protein found
to bind the ABREs of the Em promoter, does not contribute

to the activation of this fusion even though it appears to be
present in a complex that includes VP1 (Schultz et al.,
1998). However, maize VP1 and Arabidopsis ABI5, like rice
OsVP1 and TRAB1, act synergistically to activate Em-GUS
expression (Figure 3B), demonstrating that this interaction
involves components conserved between monocots and dicots. Furthermore, ABA enhances this synergism. Additional
studies have shown that La3, which is hypothesized to promote Ca2 release, acts synergistically with ABA and VP1 to
activate ABA-responsive promoters (Gampala et al., 2001,
2002). In contrast, an inhibitor of PLD (1-butanol) antagonizes ABA-inducible expression but does not fully block ABA/
VP1 induction (Figure 3C). The observation that 1-butanol or
abi1-1 is less effective at blocking ABA/VP1 responses than
the response to ABA alone suggests that VP1 signaling may
depend in part on PLD- and ABI1-independent mechanism(s) (Gampala et al., 2001).

Germination of Mature Seed
Although endogenous ABA is essential for the induction of
dormancy and the germination of mature Arabidopsis seed
can be suppressed by as little as 3 M exogenous ABA, the
role of the low level of endogenous ABA remaining in seed
at this stage is not clear. In fact, if suppression of germination requires de novo ABA synthesis, as described for
dormant seed, the residual ABA produced during embryogenesis may be irrelevant. However, in other species, ABA
is high at maturity, and increased germinability is correlated
with removal of the endogenous ABA. Low concentrations
of sugar (either Glc or Suc at 30 to 90 mM) or peptone can
overcome exogenous ABA inhibition of radicle emergence,

Figure 2. Scheme of Signaling Pathways in Seed Development.
Arrows represent promotion of processes or expression of the regulators. Bars represent inhibitors of the indicated processes. The positions of
loci do not imply the order of gene action.
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even at concentrations up to 100 M ABA, but greening and
subsequent seedling growth still are blocked (Garciarrubio
et al., 1997; Finkelstein and Lynch, 2000b). This antagonism
is light dependent (Finkelstein and Lynch, 2000b), possibly
because GA synthesis increases (Toyomasu et al., 1998) or
ABA levels decrease (Toyomasu et al., 1994) in light.
It has been suggested that exogenous sugar permits germination by overcoming a nutritional deficiency (Garciarrubio
et al., 1997) caused by the inhibition of reserve mobilization
by exogenous ABA. However, the optimal concentration of
Glc for promotion of seed germination is too low to be consistent with a purely nutritional effect (Finkelstein and Lynch,
2000b). In addition, recent studies of isocitrate lyase–deficient mutants have shown that the glyoxylate cycle is not
essential for Arabidopsis germination, and postgerminative
growth can be supported by either photosynthesis or exogenous sugar in the absence of a functional glyoxylate cycle
(Eastmond et al., 2000). Furthermore, mature Arabidopsis
seed apparently differ from other oilseeds in that they mobilize much of their lipid reserves in the presence of ABA and
no sugar, despite showing no visible signs of germination
(Pritchard and Graham, 2001).
Other studies show that wild-type seed incubated on low
Suc and ABA for up to 5 days after stratification, such that
germination is arrested after radicle emergence (Finkelstein
and Lynch, 2000b), accumulate ABI5 protein (Lopez-Molina
et al., 2001). ABI5 accumulation is correlated strongly with
the maintenance of desiccation tolerance in these arrested
seedlings. ABA, the induced ABI5 gene product, and potentially other interacting factors may be required to delay or
prevent escape from phase II of germination (and the accompanying loss of desiccation tolerance) under conditions
of insufficient moisture to support seedling growth.
ABA effects on germination also are antagonized by gibberellins, ethylene, and brassinosteroids (BRs). Consistent
with this fact, ABA-deficient mutations were isolated initially
as suppressors of nongermination caused by GA deficiency
(Koornneef et al., 1982), and the GA response mutant sleepy
(sly) was isolated as a suppressor of abi1-1 (Steber et al.,
1998). Recent studies show that nongermination of sly is
rescued by BR, whereas BR-deficient or BR-insensitive
lines are hypersensitive to ABA inhibition of germination
(Steber and McCourt, 2001). Furthermore, new alleles of
ethylene response genes such as ctr1 and ein2 also have
been identified in screens for suppressors and enhancers of
seed sensitivity to ABA, respectively, and it appears that
even the single mutants have slightly altered ABA response
(Beaudoin et al., 2000; Ghassemian et al., 2000). Comparison
of monogenic and digenic phenotypes show that the ctr1
and abi1-1 mutations synergistically enhance ABA-resistant
germination (Beaudoin et al., 2000). In contrast, abi3 mutations appear epistatic to the ABA hypersensitivity conferred
by ein2, whereas the ein2 and abi1-1 effects are additive.
Despite questions regarding the biological relevance of
the exogenous ABA inhibition of germination, this is a convenient quantitative assay for ABA sensitivity and has been
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used to dissect the response mechanism. In addition to being regulated by all five cloned ABI loci (Koornneef et al.,
1984; Finkelstein, 1994), the ERA loci (Cutler et al., 1996;
Ghassemian et al., 2000) CTR1 (Beaudoin et al., 2000;
Cutler et al., 1996; Ghassemian et al., 2000), SLY (Steber et
al., 1998), DET2, BRI1 (Steber and McCourt, 2001), ABH1
(Hugouvieux et al., 2001), and Rops2, Rops9, and Rops10
(Yang, 2002), ABA response requires AtPLC1 activity and
can be retarded by high-level expression of an inositol 1,4,5trisphosphate 5 phosphatase (Sanchez and Chua, 2001).
Transgenic lines that eliminated the ABA-induced increase
in IP3 levels displayed reduced ABA sensitivity in assays of
germination, seedling growth, and gene expression. However, ectopic expression of PLC or antisense suppression of
Ins(1,4,5)P35 phosphatase gene expression did not increase
IP3 levels or ABA response in the absence of added ABA,
indicating that PLC1 expression is necessary but not sufficient for ABA response. In contrast, the defects in phosphoinositide catabolism in fry1 mutants are sufficient to increase both IP3 levels and ABA sensitivity (Xiong et al., 2001b).
Some of the best-characterized effects of ABA in germination are those associated with the antagonism of GAinduced reserve mobilization, especially starch mobilization
in cereal grains (Lovegrove and Hooley, 2000). Starch mobilization is catalyzed by the activation of -amylases, a family
of enzymes subject to differential spatial, temporal, hormonal, and metabolic regulation affecting expression at
multiple levels, including transcription, mRNA stability, and
enzyme secretion into the starchy endosperm (Thomas and
Rodriguez, 1994; Jacobsen, 1995). GA promotes the expression of responsive -amylase genes by inducing the
synthesis of a transcription factor, GAMyb, that specifically
binds the GA response element of their promoters (Gubler et
al., 1995). In addition to functioning in GA induction, the GA
response element is required for downregulation by ABA
(Skriver et al., 1991). Before seed maturity, the repressor activity of VP1 specifically inhibits the expression of GA-induced
genes, resulting in very low GA sensitivity at this stage
(Hoecker et al., 1995).
In aleurone of germinating mature barley seed, ABA induces the expression of a protein kinase, PKABA1, that represses the GA induction of GAMyb (Gómez-Cadenas et al.,
1999, 2001). Inhibition by PKABA1 cannot be counteracted
by the constitutive GA responsiveness conferred by the
slender mutant, indicating that PKABA1 acts downstream of
the step regulated by SLENDER. The abi1-1 dominant-negative mutant also has no effect on the PKABA1 or ABA repression of -amylase, and PKABA1 has little effect on
ABA-induced gene expression, suggesting that ABA induction and repression are mediated by two separate signaling
pathways (Shen et al., 2001). Early steps in this signaling
pathway appear to involve G protein–mediated activation of
PLD and signaling by PA and Ca 2 as secondary messengers. GA-induced -amylase expression also can be
inhibited in the scutellar epithelium by the combined effects
of ABA and sugars (reviewed by Finkelstein and Gibson,
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2002). In addition to antagonizing GA-induced gene expression, ABA dramatically slows the process of programmed
cell death in aleurone cells, such that ABA-treated protoplasts remain viable roughly 30-fold longer than GA-treated
cells (surviving for 6 months versus 5 to 8 days) (Fath et
al., 2000). Similarly, ABA appears to delay the ethylene-induced programmed cell death that occurs at the end of the
grain-filling period in cereal endosperm development
(Young and Gallie, 2000), but the mechanisms for both of
these effects on programmed cell death are unknown.
Interactions among some of the regulatory elements and
hormonal and environmental signals that regulate germination are shown schematically in Figure 4. Additional regulators that specifically control dormancy (e.g., RDO and DAG)
without altering ABA sensitivity are not included.

Seedling Growth
In contrast to the antagonistic effects of low sugar versus
ABA on germination, high concentrations of sugars (300
mM) can inhibit seedling growth in an ABA-dependent manner that cannot be explained simply by the osmotic effects
of sugar (reviewed by Gibson, 2000). Consequently, numer-

Figure 3. Regulation of ABA-Responsive Promoter Activity in a Rice
Embryonic Protoplast Transient Expression System.
(A) Fold effect of transiently expressed bZIP transcription factors on
the ABA activation of the wheat Em promoter. Rice protoplasts were
transformed with Em-GUS and/or the effector construct 35SEmBP1, Ubi-ABI5, Ubi-ABF1, Ubi-ABF3, or 35S-VP1 and treated
with or without 100 M ABA for 16 hr. Fold activation of Em-GUS
was calculated relative to control (no ABA, no effector) and normalized to the non-ABA-inducible Ubi-LUC reporter, which was
cotransformed as an internal control. Asterisks indicate values that
are significantly different from the control (P 0.002; two-sided Student’s t test, equal variance assumed). Daggers indicate that treatments with effectors resulted in a significant difference in Em-GUS

activity from ABA treatment alone (P 0.007; two-sided Student’s t
test, equal variance assumed). “Dummy” DNA was transformed
along with Em-GUS to balance the total amount of input plasmid
DNA between various treatments. Comparisons were done between
paired samples from parallel experiments and plotted to obtain the
meta-analysis. Error bars represent SEM, with three or four replicates per sample.
(B) ABI5 interacts synergistically with ABA and VP1 to transactivate
the wheat Em promoter. Protoplasts were transformed with either
Em-GUS alone or in combination with Ubi-ABI5 and/or 35S-VP1
constructs. Numbers in parentheses indicate average fold activation
compared with ABA induction alone. Asterisks indicate values that
are significantly different from the control (P
0.003; two-sided
paired Student’s t test). The dagger indicates that ABI5/VP1 synergy
is significantly different from activation by any of the effectors alone
(P 1 107; two-sided paired Student’s t test). Error bars represent SEM, with three replicates per sample. (Figure modified from
Gampala et al. [2002]; reprinted with permission.)
(C) 1-Butanol (1-But) antagonizes to the same extent the ABA induction of Em-GUS and ABI5 and VP1 synergy with ABA. Experimental
treatments and fold induction calculations were as described in (A).
Numbers in parentheses indicate the relative percentage inhibition of
Em-GUS expression compared with control samples (no 1-butanol
added). Asterisks indicate that ABI5 and VP1 synergy with ABA is
significantly different from ABA activation alone (P
0.01; twosided Student’s t test, equal variance assumed). Daggers indicate
significant difference from the no butanol treatment (P 0.008; twosided Student’s t test, equal variance assumed). Values are averages ( SEM) of three replicate transformations.
In (A) to (C), the y axis indicates fold induction in Em-GUS activity
per unit of Ubi-LUC.
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Figure 4. Scheme of Signaling Pathways That Interact with the ABA Regulation of Germination.
Arrows represent promotion of processes or expression of the regulators. Bars represent inhibitors of the indicated processes. The positions of
loci do not imply the order of gene action.

ous screens for sugar-resistant seedling growth have identified new alleles of ABI4 and two ABA biosynthetic loci
(Arenas-Huertero et al., 2000; Huijser et al., 2000; Laby et
al., 2000; Arroyo Becerra et al., 2001). In addition, such
screens have revealed new alleles of ctr1 (Gibson et al.,
2001), which also enhances ABA-resistant germination
(Beaudoin et al., 2000). Although these results suggest interactions between ABA, ethylene, and sugar signaling, they
appear relatively specific because abi1, abi2, and abi3 mutants show essentially normal sugar responses.
The observation that abi4 or aba mutants can ameliorate
the sugar hypersensitivity conferred by hexokinase overexpression (Arenas-Huertero et al., 2000) is consistent with
models in which ABA and sugar could act in either parallel
or intersecting pathways. However, high Glc induces both
ABA synthesis and expression of ABI4 and ABI5, suggesting that altered ABA levels or response may mediate some
aspects of sugar signaling (Arroyo Becerra et al., 2001; I.
Brocard and R.R. Finkelstein, unpublished data). Furthermore, we found that overexpression of ABI3, ABI4, or ABI5
confers hypersensitivity to Glc, consistent with a role for
these ABI genes in mediating the response to both ABA and
sugar (Figure 5). It is noteworthy that Glc induces expression of these ABI genes (most strongly) when applied relatively early in germination/seedling growth, coinciding with
the developmental window of sensitivities to the inhibitory
effects of high sugar (Gibson et al., 2001) and the ABA induction of ABI5 accumulation (Lopez-Molina et al., 2001).
After germination, ABA and ethylene signaling display
complex interactions. Although these hormones act antagonistically at germination, both inhibit root growth (Beaudoin

et al., 2000; Ghassemian et al., 2000). Consistent with a
model in which they act in the same or parallel pathways
controlling root growth, either chemical or genetic disruption
of ethylene signaling results in reduced sensitivity of root
growth to inhibition by ABA. However, ethylene-overproducing mutants have decreased ABA sensitivity, and treatment with aminoethoxyvinylglycine to block ethylene synthesis
results in increased ABA sensitivity, implying another antagonistic interaction. One suggested explanation for this apparent inconsistency is that ABA inhibits root growth by
signaling through the ETR1 response pathway, but it cannot
use this pathway in the presence of ethylene (Ghassemian
et al., 2000).
The inhibitory effects of ABA on growth have long been
recognized as resulting from a combination of limited cell
extensibility (Kutschera and Schopfer, 1986) and inhibited
cell division attributable to arrest at the G1 phase of the cell
cycle (Liu et al., 1994). A possible explanation for the effects
of ABA on progression through the cell cycle has been provided by the discovery that ABA induces the expression of a
cyclin-dependent protein kinase inhibitor that interacts with
both Cdc2a and CycD3 and is correlated with decreased
Cdc2-like histone H1 kinase activity (Wang et al., 1998). The
participation of G proteins in the control of the cell cycle is
suggested by the discovery that a null insertion mutant of
the sole G gene in Arabidopsis confers reduced cell division to aerial tissues (Ullah et al., 2001) and blocks ABA inhibition of stomatal opening (Wang et al., 2001). However, in
this case, the mutant phenotype indicates that G proteins
mediate events that promote cell division, contrary to the
observed effects of ABA. Thus, this G protein can function
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Figure 5. Sensitivity of Seedlings of Wild-Type, abi, and ABI Overexpression Lines to Glc.
(A) Growth and anthocyanin accumulation in seedlings exposed to Glc. Seed of the indicated genotypes were incubated on minimal mineral salt
media supplemented with 0, 4, or 6% Glc for 7 days before scoring individuals with either expanded true leaves or pink cotyledons caused by
anthocyanin accumulation. The low percentages of either characteristic observed for the ABI overexpression lines on all media, and even for the
wild-type lines on high Glc, reflect the inhibition of both germination and seedling growth.
(B) Seedlings of the indicated genotypes after 7 days of growth on 4% Glc. The 35S::ABI3 line is isolate C7A19, described by Parcy et al. (1994);
the 35S::ABI4 line is isolate 114, described by Söderman et al. (2000); the 35S::ABI5 transgene contains an ABI5 cDNA, extending 23 bp 5 to
the initiating codon, fused downstream of the 35S promoter of Cauliflower mosaic virus in pGA643 (T. Lynch and R.R. Finkelstein, unpublished
data).
Col, Columbia; Ws, Wassilewskija.

as either a promoter or an inhibitor of ABA response, depending on the response.
With regard to the potential mechanisms of ABA effects
on cell cycle or extensibility, it is interesting that an inhibitor
of ABA response, ERA1, encodes a subunit of farnesyl
transferase. Although many of the specific targets of ERA1dependent farnesylation are unknown, potential targets
containing a C-terminal sequence conserved among yeast
and animals have been identified by computerized screening (reviewed by Nambara and McCourt, 1999). These include cell cycle regulators, cell wall modifiers, ROPs, and
transcription factors. Farnesylation of these proteins might
affect their functions by regulating their membrane localization or potential for protein–protein interactions.
Although the studies described above focus on the
growth-inhibiting effects of high ABA concentrations, the
stunted growth of ABA-deficient plants even when well watered implies that the low endogenous ABA levels in unstressed plants actually promote growth. Recent studies in
maize and tomato suggest that the stunted growth of ABAdeficient plants is caused by the overproduction of ethylene

(Sharp et al., 2000; Spollen et al., 2000), which normally
would be inhibited by ABA.

ABA SIGNALING IN VEGETATIVE STRESS RESPONSES

Genetic analyses of vegetative ABA responses have shown
that the relative importance of the Arabidopsis ABA response loci changes after germination and commitment to
seedling growth. The ABI1, ABI2, ERA1, ABH1, HYL1,
GCA1, and GCA2 loci affect many aspects of ABA-regulated vegetative growth, including cell elongation and/or
stomatal regulation. Many additional Arabidopsis ABA response mutants with limited phenotypic effects have been
identified based on alterations in ABA- or stress-regulated
gene expression (Table 1) (reviewed by Finkelstein and
Rock, 2001). In contrast, mutations in ABI3, ABI4, and ABI5
have their greatest impact on gene expression during seed
maturation, but all three genes are expressed to a limited
degree in vegetative tissues (Finkelstein et al., 1998; Rohde et
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al., 1999; Finkelstein and Lynch, 2000a) and appear to play a
role in seedling salt or sugar response (Arenas-Huertero et
al., 2000; Huijser et al., 2000; Laby et al., 2000; Quesada et
al., 2000; Rook et al., 2001) (Figure 5). Both abi4 and abi5
also show some limited defects in ABA-regulated vegetative
gene expression (Finkelstein and Lynch, 2000a; Söderman
et al., 2000). In contrast to that of the other ABI genes, vegetative ABI3 expression is localized to the meristem and appears to be involved in vegetative quiescence processes,
plastid differentiation, and floral determination (Rohde et al.,
1999, 2000a; Kurup et al., 2000).
A major role of ABA during vegetative growth is to optimize growth under adverse conditions by maintaining osmotic homeostasis. At the cellular level, ABA can promote
the tolerance of some abiotic stresses, including cold, salinity, and drought. Although these stresses share the common
element of inducing cellular dehydration, comparison of
stress-induced gene expression in ABA biosynthesis and response mutants has demonstrated that there are both ABAdependent and ABA-independent signaling pathways, with
a complex array of interactions (reviewed by Rock, 2000;
Shinozaki and Yamaguchi-Shinozaki, 2000; Xiong et al., 2002).
At the whole plant level, dehydrative stresses cause reduced stomatal aperture to minimize water loss via transpiration. In addition, mild water stress drives root growth but
inhibits shoot growth, whereas severe stress inhibits both
root and shoot growth. ABA is a major mediator of these
stress responses, and its signaling mechanisms are best
characterized with respect to its effects on stomata, where it
both promotes stomatal closure and inhibits opening (reviewed by Schroeder et al., 2001). Although these effects
lead to the same end result (i.e., closed stomata), opening
and closing are not simple reversals of the same process,
so the relevant signaling mechanisms differ. In addition to
the electrophysiological changes leading to osmotic water
loss, guard cells undergo a substantial change in volume
accompanied by up to twofold changes in membrane surface area. These large volume and area changes involve
vesicle secretion and endocytosis, possibly mediated by annexin-, syntaxin-, and Rho-like gene products (Kovacs et al.,
1998; Leyman et al., 1999; Lemichez et al., 2001), and reorganization of the actin cytoskeleton (Eun and Lee, 1997).
Like the electrophysiological changes, the ABA effects on
actin reorganization are mediated by Ca 2 signaling and
phosphorylation cascades, including ABI1-dependent signaling.
Although the best-characterized aspects of guard cell response are electrophysiological and ultrastructural changes,
some of the ABA response loci have been shown to modify
guard cell–specific gene expression. Of particular interest
are the observations that 35S::ABI3 expression acts epistatically to abi1-1 (Parcy and Giraudat, 1997) and that abh1
mutants have altered guard cell expression of a small number of genes (Hugouvieux et al., 2001). Some of the regulatory targets of this transcription factor and CAP binding
protein may play critical roles in stomatal function.
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The number of genes shown by genetic and/or molecular
studies to regulate ABA responses has increased to nearly
50 in Arabidopsis alone. The list continues to expand, and
the molecular and genetic studies are converging as the
various ABA response loci are cloned, the putative interacting proteins are identified by two-hybrid screens, and the
roles of suspected signaling intermediates are tested by
manipulating their activities in transgenic plants. Studies of
orthologs and functional tests in heterologous systems have
shown that many of these genes have conserved functions.
There also is substantial diversity in signaling within any
given species, reflected in both redundant and independent
ABA signaling mechanisms. As has been described for
many other signaling systems, the ABA response depends
on coordinated interactions between positive and negative
regulators. Many interactions with pathways that mediate
responses to other signals also have been described, but in
many cases, it is unclear whether these interactions are direct or indirect.
Two of the best-characterized ABA responses are a developmental event and a response to environmental stress:
regulation of seed maturation/germination inhibition and reduction of stomatal aperture, respectively. Although some
loci appear to be critical regulators of both processes, most
of the known embryonic regulators encode proteins that affect transcription, many of them acting combinatorially
rather than in a regulatory hierarchy. In contrast, most of the
identified genes that play major roles in vegetative growth
encode proteins that affect processes such as protein phosphorylation or farnesylation, RNA processing, or phosphoinositide metabolism. These also may display combinatorial
interactions among the many family members of Rops, kinases, phosphatases, and their potential activators and targets. However, events as disparate as stomatal regulation
and ABA-regulated gene expression show many similarities
in terms of the relevant secondary messengers and even a
requirement for S-type anion channel activity.
Despite these major strides toward elucidating ABA signaling, we still have only a fragmented view of the relevant pathways. Some of the remaining specific questions include the
identities of the receptors, the substrates of the various kinases
and phosphatases, which loci interact directly or indirectly, and
the identities of additional signaling elements linking the known
elements into complete pathways or networks.
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