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Abstract

Plant growth and productivity are greatly affected by environmental
stresses such as drought, high salinity, and low temperature. Expres-
sion of a variety of genes is induced by these stresses in various plants.
The products of these genes function not only in stress tolerance but
also in stress response. In the signal transduction network from per-
ception of stress signals to stress-responsive gene expression, various
transcription factors and cis-acting elements in the stress-responsive
promoters function for plant adaptation to environmental stresses.
Recent progress has been made in analyzing the complex cascades
of gene expression in drought and cold stress responses, especially
in identifying specificity and cross talk in stress signaling. In this
review article, we highlight transcriptional regulation of gene ex-
pression in response to drought and cold stresses, with particular
emphasis on the role of transcription factors and cis-acting elements
in stress-inducible promoters.
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INTRODUCTION

Drought, high salinity, and low temperature
are all environmental conditions that have an
adverse effect on the growth of plants and the
productivity of crops. Plants have adapted to
respond to these stresses at the molecular and
cellular levels as well as at the physiological
and biochemical levels, thus enabling them to
survive. Expression of a variety of genes is in-
duced by these stresses in various plants (39,
103, 114). The products of these genes func-
tion not only in stress tolerance but also in
the regulation of gene expression and signal
transduction in stress responses (5, 104, 125).

Abscisic acid (ABA) is produced under
water-deficit conditions and plays an impor-
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tant role in the tolerance response of plants to
drought and high salinity. Exogenous applica-
tion of ABA also induces a number of genes
that respond to dehydration and cold stress
(104, 136). Nevertheless, the role of ABA in
cold stress-responsive gene expression is not
clear. Several reports have described genes
that are induced by dehydration and cold
stresses but that do not respond to exogenous
ABA treatment (104, 132, 136). This suggests
the existence of ABA-independent, as well as
ABA-dependent, signal transduction cascades
between the initial stress signal and the ex-
pression of specific genes. The molecular
mechanisms regulating gene expression in
response to dehydration and cold stresses
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have been studied by analyzing the cis- and
trans-acting elements that function in ABA-
independent and ABA-responsive gene ex-
pression during the stresses in Arabidopsis
(104, 132).

In this review article, we focus on tran-
scriptional regulation of gene expression in
response to dehydration and cold stresses,
with particular emphasis on the role of tran-
scription factors and cis-acting elements in
stress-inducible promoters. The signal trans-
duction pathways controlling abiotic stress re-
sponses are very complex, and many excellent
review articles in this area were recently pub-
lished (5, 9, 15, 126).

FUNCTION OF OSMOTIC- AND
COLD-INDUCIBLE GENES

Transcriptome analysis using microarray
technology is a powerful technique, which
has proven very useful for discovering many
stress-inducible genes involved in stress re-
sponse and tolerance (96, 104). Numerous
genes that are induced by various abiotic
stresses have been identified using various mi-
croarray systems (12,22,52,62,72,87,93,94,
121). Recently, more stress-inducible genes
were identified using the Affimetrix 22K
Gene Chip ATHI, and the data obtained are
now avilable from TAIR URL (http://www.
arabidopsis.org/).

Genes induced during stress conditions
function not only in protecting cells from
stress by producing important metabolic pro-
teins, but also in regulating genes for sig-
nal transduction in the stress response. Thus,
these gene products are classified into two
groups (22, 62, 94). The first group includes
proteins that probably function in stress tol-
erance, such as chaperones, LEA (late em-
bryogenesis abundant) proteins, osmotin, an-
tifreeze proteins, mRNA-binding proteins,
key enzymes for osmolyte biosynthesis such
as proline, water channel proteins, sugar and
proline transporters, detoxification enzymes,
enzymes for fatty acid metabolism, proteinase
inhibitors, ferritin, and lipid-transfer pro-

teins. Some of these stress-inducible genes
that encode proteins, such as key enzymes
for osmolyte biosynthesis, LEA proteins, and
detoxification enzymes have been overex-
pressed in transgenic plants and produce
stress-tolerant phenotypes in the transgenic
plants (19, 36). These results indicate that the
gene products of the stress-inducible genes re-
ally function in stress tolerance.

The second group contained protein fac-
tors involved in further regulation of sig-
nal transduction and gene expression that
probably function in stress response. They
included various transcription factors, sug-
gesting that various transcriptional regula-
tory mechanisms function in the drought-,
cold-, or high-salinity-stress signal transduc-
tion pathways (95). These transcription fac-
tors could regulate various stress-inducible
genes cooperatively or separately, and may
constitute gene networks. Functional anal-
ysis of these stress-inducible transcription
factors should provide more information
on the complex regulatory gene networks
that are involved in responses to drought,
cold, and high-salinity stresses. The oth-
ers were proteins kinases, protein phos-
phatases, enzymes involved in phospholipids
metabolism, and other signaling molecules
such as calmodulin-binding protein and 14-
3-3 proteins. At present, the functions of
most of these genes are not fully under-
stood. Some of these stress-inducible regula-
tory genes that encode proteins such as tran-
scription factors have been overexpressed in
transgenic plants and generate stress-tolerant
phenotypes in the transgenic plants (113, 120,
135).

REGULATION OF GENE
EXPRESSION BY OSMOTIC
AND COLD STRESSES

The expression patterns of genes induced by
drought, high-salinity, and cold stresses in
Arabidopsis were analyzed by northern blot
analyses and recently by microarray and quan-
titative Polymerase Chain Reaction (PCR)
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(22, 62, 94, 121). Through this work more
than 300 genes have been identified as being
stress-inducible. Among these genes, more
than half of the drought-inducible genes are
also induced by high salinity, indicating the
existence of significant cross talk between
the drought and high-salinity responses. By
contrast, only 10% of the drought-inducible
genes were also induced by cold stress (94).

Results also indicate broad variations in
the timing of induction of theses genes and
that there are at least two groups showing
different expression profiles. In one group
gene expression was rapid and transient in
response to drought, high-salinity, and cold
stresses, reached a maximum at several hours,
and then decreased. Most of these genes
encode regulatory protein factors such as
zinc-finger protein, SOS2-like protein kinase
PKSS5, bHLH transcription factor, DREBIA,
DREB2A, AP2/ERF domain-containing pro-
tein RAP2, and growth factor-like protein.
In the other group, gene expression slowly
and gradually increased after stress treatment
within 10 h. Most of these genes encode func-
tional proteins such as LEA proteins, detoxi-
fication enzymes, and enzymes for osmopro-
tectant synthesis. On the other hand, some
these stress-inducible genes respond to ABA,
whereas others do not. ABA-deficient mu-
tants were used to analyze cold-inducible and
drought-inducible genes that respond to ABA
(102, 104). Several genes were induced by ex-
ogenous ABA treatment, but they were also
induced by cold or drought in ABA-deficient
(aba) or ABA-insensitive (abi) Arabidopsis mu-
tants. These results indicate that there are not
only ABA-dependent pathways but also ABA-
independent pathways involved in the abiotic
stress response (Figure 1).

A MAJOR ABA-INDEPENDENT
GENE EXPRESSION UNDER
OSMOTIC AND COLD STRESSES
The Arabidipsis RD29A/COR78/LTI78 gene
is induced by drought, cold, and ABA. How-
ever, this gene is induced in #ba or 4bi mutants
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by both drought and cold stresses, which
indicates that it is governed by both ABA-
dependent and ABA-independent regulation
under drought and cold conditions (130).
Analyses of this promoter have shown that
a 9-bp conserved sequence, TACCGACAT,
named the DRE, is an essential cis-element
for regulating RD29A induction in the
ABA-independent response to dehydration
and cold (131). DRE is also found in the
promoter regions of many drought- and cold-
inducible genes (103, 114). Similar cis-acting
elements, named C-repeat (CRT) and low-
temperature-responsive element (LTRE),
both containing an A/GCCGAC motif that
forms the core of the DRE sequence, regulate
cold-inducible promoters (4, 46, 109, 114).
The ¢cDNAs encoding DRE-/CRT-binding
proteins, CBF/DREBI (C-repeat Binding
Factor/DRE Binding protein 1), and DREB2,
were isolated using yeast one-hybrid screen-

ing (68, 109). These proteins contained the
conserved DNA-binding domain found in
the ERF (etheylene-responsive element-
binding factor) and AP2 proteins. These
proteins specifically bind to the DRE/CRT
sequence and activate the transcription of
genes driven by the DRE/CRT sequence
(Figure 2).

In Arabidopsis, three genes encoding
DREBI1/CBF lie in tandem on chromosome
4 in the following order: DREBIB/CBFI,
DREBIA/CBF3, and DREBIC/CBF2.
There are two DREB2 proteins, DREB2A
and DREB2B (25). Expression of the
DREBI/CBF genes is induced by cold, but
not by dehydration and high-salinity stresses
(68, 105). By contrast, expression of the
DREB? genes is induced by dehydration and
high-salinity stresses but not by cold stress
(68, 79). Later, Sakuma et al. (90) reported
three novel DREB1/CBF-related genes and
six novel DREB2-related genes that were not
expressed at high levels under various stress
conditions. The three DREBI proteins are
probably major transcription factors involved
in cold-induced gene expression and the
DREB2A and DREB2B proteins are involved
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Transcriptional regulatory networks of cis-acting elements and transcription factors involved in osmotic-
and cold-stress-responsive gene expression in Arabidopsis. Transcription factors controlling
stress-inducible gene expression are shown in colored ellipses. cis-acting elements involved in
stress-responsive transcription are shown in boxes. Small filled circles reveal modification of transcription
factors in response to stress signals for their activation, such as phosphorylation. Regulatory cascade of
stress-responsive gene expression is shown from top to bottom. Early and emergency responses of gene
expression are shown in the upper part, and late and adaptive responses in the bottom. Thick gray arrows
indicate the major signaling pathways and these pathways regulate many downstream genes. Broken
arrows indicate protein-protein interactions.

in high-salinity- and drought-induced gene
expression. However, the expression of one
of the CBF/DREBI genes, CBF4/DREBID, is
induced by osmotic stress (31) and the other
two CBF/DREBI genes, DDF1/DREBIF
and DDF2/DREBIE, are induced by high-
salinity stress (71), suggesting the existence
of cross talk between the CBF/DREB1 and
the DREB2 pathways.

DREB1/CBFs: Major Transcription
Factors that Regulate Many
Cold-Inducible Genes Involved in
Stress Tolerance

Transgenic Arabidopsis plants overexpress-
ing CBFI/DREBIB under control of the
cauliflower mosaic virus (CaMV) 35S pro-
moter showed a high tolerance to freez-
(44). Overexpression of the

ing stress
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Figure 2

A model of the induction of the RD29A/cor78/ti78 gene. The RD29 gene
contains both ABRE and DRE/DRT c¢is elements in its promoter. Two
different DRE/CRT-binding proteins, DREB1/CBF and DREB2,
distinguish two different signal transduction pathways in response to cold
and drought stresses, respectively (68). A transcriptional activator, ICE1
(Inducer of CBF Expression 1), functions upstream of the DRE/DREB
regulon (14). HOSI functions as a negative regulator of ICEI (64). FRY1
functions as a negative regulator of drought, cold, and ABA responses
(124). SnRK2 is involved in ABA signaling. ABI1, ABI2, and ERALI
function as negative regulators for ABA signaling.

DREBIA/CBF3 under the control of the
CaMV 35S promoter also increased the tol-
erance to drought, high-salinity, and freezing
stresses (28, 50, 68). These transgenic plants
also caused growth retardation under normal
growth conditions. Use of the stress-inducible
RD29A promoter instead of the constitutive
CaMV 358 promoter for the overexpression
of DREB1A/CBF3 minimizes the negative ef-
fects on plant growth (50).

More than 40 genes downstream of
DREBI1/CBF have been identified through
the use of both ¢cDNA and GeneChip mi-
croarrays (22, 72,94, 121). Many of their pro-
tein products, such as RNA-binding proteins,
sugar transport proteins, desaturase, carbohy-
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drate metabolism-related proteins, LEA pro-
teins, KIN (cold-inducible) proteins, osmo-
protectant biosynthesis protein, and protease
inhibitors, function against stresses and are
probably responsible for the stress tolerance
of the transgenic plants. The downstream
genes also included genes for transcription
factors such as C2H2 zinc-finger-type and
AP2/ERF-type transcription factors, suggest-
ing the existence of further regulation of gene
expression downstream of the DRE/DREB
regulon (72, 89). The product of one such
downstream gene, STZ, functions as a tran-
scriptional repressor, and its overexpression
retards growth and induces tolerance to
drought stress (89). The target downregu-
lated genes of STZ might promote plant
tolerance and inhibit plant growth under
stress conditions. Conserved sequences in
the promoter regions of the genes directly
downstream of DREB1A were analyzed, and
A/GCCGACNT was found in their promoter
regions between —51 and —450 as a consensus
DRE (72). The recombinant DREB1A/CBF3
protein bound to A/GCCGACNT more effi-
ciently than to A/GCCGACNA/G/C. Thus,
analysis of promoter regions of direct target
genes of a transcription factor allows the ac-
curate elucidation of a cis-acting element that
functions in plants.

Recently, Vogel et al. (121) reported
analysis of the upregulated and down-
regulated genes of CBF2/DREBIC using
the Affymetrix GeneChip containing probe
sets for approximately 24,000 Arabidop-
sis genes. This analysis revealed that the
CBF2/DREBI1A-regulated genes included a
significant portion (28%) of these cold-
induced genes. Additionally, the changes that
occur in the Arabidopsis metabolome in re-
sponse to cold were examined and the role
of the CBF/DREBI1 cold-response path-
way were assessed (18). When the metabo-
lite profiles for nonacclimated and cold-
acclimated wild-type plants were compared
with nonacclimated CBF3/DREB1C overex-
pression plants and the data were subjected to
hierarchical clustering, the results indicated
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that the metabolome of the nonacclimated
CBF3/DREBIC overexpressor was more
similar to that of cold-acclimated than to
that of nonacclimated wild-type plants. Thus,
DREB1/CBF regulates many stress-inducible
genes and has a prominent role in the cold-
responsive gene expression in Arabidopsis.

The DREB/DRE Regulons in Plants
Other Than Arabidopsis

DRE/CRT functions in gene expression in
response to stress in tobacco plants, which
suggests the existence of similar regulatory
systems in tobacco and other crop plants
(131). The DRE/CRT-related motifs have
been reported in the promoter region of
cold-inducible Brassica napus and wheat genes
(46, 84). However, the orthologous genes
of DREB1/CBF have been isolated in many
plant species such as wheat, B. napus, rice,
barley, maize, and cherry (17, 20, 26, 43,
54, 86, 100, 101, 119, 128). Overexpres-
sion of the Arabidopsis DREB1/CBF genes in
transgenic B. Napus or tobacco plants in-
duced expression of orthologs of Arabidop-
sis CBF/DREBI1-targeted genes and increased
the freezing and drought tolerance of trans-
genic plants (43, 51). Constitutive overex-
pression of CBF1I/DREBIB in transgenic
tomato increased drought, chilling, and ox-
idative stress tolerance (37, 38, 135).

In rice, four DREB1/CBF homologous-
genes and one DREB2 homologous gene,
OsDREB1A, OsDREB1B, OsDREBIC and
OsDREBID, and OsDREB2A, respectively,
have been isolated (20). Overexpression of
OsDREBIA in transgenic Arabidopsis re-
sulted in improved high-salinity and freez-
ing stress tolerance. A DREB1/CBF-type
transcription factor, ZmDREBIA, was also
identified in maize (86). The ZmDREBIA
protein was shown to be involved in cold-
responsive gene expression, and the over-
expression of this gene in Arabidopsis re-
sulted in improved stress tolerance to drought
and freezing. These transgenic plants also
showed growth retardation. These results

indicate that similar regulatory systems are
conserved in monocots as well as dicots.
Pellegrineschi et al. (85) showed that over-
expression of DREBIA/CBEF3 driven by the
stress-inducible RD29A4 promoter in trans-
genic wheat improved drought stress toler-
ance. Oh et al. (82) reported that constitu-
tive overexpression of DREBIA using the 35S
promoter in transgenic rice resulted in in-
creased stress tolerance to drought and high
salinity. These observations suggest that the
DRE/DREB regulon can be used to improve
the tolerance of various kinds of agricultur-
ally important crop plants to drought, high-
salinity, and freezing stresses by gene transfer.

Cis-Acting Regulatory Elements and
Transcription Factors that Function
Upstream of CBF3/DREB1A

A gene for a transcription factor, Inducer
of CBF Expression 1 (ICE1), was identified
through the map-based cloning of the Ara-
bidopsis icel mutation. The icel mutation af-
fects the expression of the CBF3/DREBIA
promoter:LUC transgene (14). ICEI encodes
a MYC-like bHLH protein that regulates
the expression of CBF3/DREBIA but not
that of other CBF/DREBI genes, indicting
that there are different expression mecha-
nisms among the three CBF/DREBI genes.
Molecular analysis of the DREBIC/CBF2
promoter identified multiple cis-acting ele-
ments involved in cold-responsive gene ex-
pression (105, 134; Y. Imura, unpublished
information). Zarka et al. (134) reported
two promoter sequences, designated ICErl
and ICEyr2, that function cooperatively to
induce gene expression under cold condi-
tions. [CErI contains the sequence CACATG,
which includes a consensus recognition site
for bHLH proteins, CANNTG (73). There-
fore, ICEr1 is a potential binding site for the
ICE1 protein. However, ICE1 does not regu-
late the expression of CBF2/DREBIC. Thus,
the transcription factors that bind to these
cis-acting elements remain to be identified.
A DNA-binding protein that interacts with
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ICEr1 of the DREB1C/CBF promoter has
been isolated using yeast one-hybrid screen-
ing and shown to be a MYC-like bHLH pro-
tein that is different from ICE1 (Y. Imura,
unpublished information). These results sug-
gest the redundant involvement of MYC-
type bHLH transcription factors in the cold-
responsive expression of DREB1/CBF genes.
Novillo et al. (81) reported that the c4f2
mutant, in which the CBF2/DREBI1C gene
has been disrupted, has higher capacity to tol-
erate freezing, dehydration, and salt stresses.
They found that CBEF/DREBI1-regulated
genes showed stronger and more sustained
expression in the ¢#f2 plants, which results
from increased expression of CBF1/DREB1B
and CBF3/DREBIA in the mutant. Thus,
CBF2/DREBIC functions as a negative reg-
ulator of CBF1/DREBIB and CBF3/DREBIA
expression in Arabidopsis, indicating complex
regulation of DREBI/CBF gene expression.

The DREB2 Proteins Function in
Osmotic Stress-Responsive Gene
Expression

The DREB2A protein has a conserved
ERF/AP2 DNA-binding domain and rec-
ognizes the DRE sequence like DREBIA
(68). Among the eight DREB2-type proteins,
DREB2A and DREB2B are major transcrip-
tion factors that function under dehydra-
tion and high-salinity stress conditions (79,
90). However, overexpression of DREB2A
in transgenic plants neither caused growth
retardation nor improved stress tolerance,
suggesting that the DREB2A protein re-
quires post-translational modification such as
phosphorylation for its activation (68). Nev-
ertheless, the activation mechanism of the
DREB2A protein has not yet been eluci-
dated. Domain analysis of DREB2A using
Arabidopsis protoplasts revealed that a nega-
tive regulatory domain exists in the central
region of DREB2A and deletion of this re-
gion transforms DREB2A to a constitutive ac-
tive form. Overexpression of the constitutive
active form of DREB2A resulted in growth
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retardation in transgenic Arabidopsis plants.
These transgenic plants revealed significant
tolerance to drought stress but only slight
tolerance to freezing. Microarray analyses of
the transgenic plants revealed that DREB2A
regulates expression of many dehydration-
inducible genes. However, some genes down-
stream of DREB2A are not downstream of
DREBIA, which also recognizes DRE/CRT
but functions in cold-stress-responsive gene
expression (Y. Sakuma, unpublished informa-
tion). The genes downstream of DREB2A
play an important role in drought stress toler-
ance, but alone are not sufficient to withstand
freezing stress.

OTHER ABA-INDEPENDENT
GENE EXPRESSION UNDER
OSMOTIC AND COLD STRESSES

There are several dehydration-inducible
genes that do not respond to either cold or
ABA treatment, suggesting the existence of
another ABA-independent pathway in the de-
hydration stress response. These genes in-
clude early response to dehydrationl (ERD1I),
which encodes a Clp protease regulatory
subunit, ClpD (78). ERDI is not only in-
duced by dehydration, but also upregulated
during natural senescence and dark-induced
senescence (106). Promoter analysis of ERD1
in transgenic plants indicates that the cis-
acting elements responsible for gene expres-
sion during dehydration and etiolation are
separately located in two discrete portions
of the ERDI promoter. Moreover, two dif-
ferent novel cis-acting elements, a MYC-
like sequence (CATGTG) and a 14-bp rpsl
site 1-like sequence, are involved in induc-
tion by dehydration stress (106). Recently,
three cDNAs encoding MYC-like sequence-
binding proteins—ANACO019, ANACO5 5, and
ANACO72—were isolated by the yeast one-
hybrid screening method (115). Microarray
analysis of transgenic plants overexpressing
either ANACO019, ANACOSS, or ANACO72
revealed that several stress-inducible genes
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were upregulated in the transgenic plants,
and the plants showed significantly increased
drought tolerance. However, ERD1 was not
upregulated in the transgenic plants. cDNAs
for the transcription factor that binds to the
14-bp 7psI site 1-like sequence was isolated
by using one-hybrid screening. These cDNAs
encoded zinc-finger homeodomain (ZFHD)
proteins and one of these genes, ZFHD1, was
shown to function as a transcriptional activa-
tor in response to dehydration stress (L.-S. P.
Tran, unpublished information). Overpro-
duction of both the NAC and ZFHD proteins
increased expression of ERD]I, indicating that
both cis-acting elements are necessary for ex-
pression of ERDI. The NAC proteins func-
tion as transcription activators in cooperation
with the ZFHD proteins or alone.

Several genes for transcription factors are
also induced under cold conditions. One
such gene, ZAT12, was overexpressed under
the control of the CaMV 35S promoter in
transgenic Arabidopsis plants, and upregulated
genes in the plants were analyzed using mi-
croarray. More than 20 cold-inducible genes
were upregulated in the transgenic plants
and these transgenic plants showed a small,
but reproducible, increase in freezing toler-
ance, indicating that ZAT'12 functions in cold-
responsive gene expression and plays an im-
portant role in cold acclimation (121).

A MAJOR ABA-RESPONSIVE
GENE EXPRESSION UNDER
OSMOTIC STRESSES

ABA plays an important role in the adapta-
tion of vegetative tissues to abiotic stresses
such as drought and high salinity, as well
as in seed maturation and dormancy (11,
104). ABA promotes stomatal closure in guard
cells, mediating by solute efflux, and regu-
lates the expression of many genes that may
function in dehydration tolerance in both
vegetative tissues and seeds (33). Many ABA-
inducible genes contain a conserved, ABA-
responsive, cis-acting element named ABRE
(ABA-responsive element; PYACGTGGC) in

their promoter regions. The ABRE functions
as a cis-acting DNA element involved in ABA-
regulated gene expression. This sequence was
first identified in the wheat Em gene, which
functions mainly in seeds during late embryo-
genesis (30), and in the rice RABI6 gene,
which is expressed in both dehydrated vegeta-
tive tissues and maturating seeds (76). ABRE is
a major cis-acting element in ABA-responsive
gene expression.

However, a number of environmentally in-
duced genes other than ABA contain a sim-
ilar conserved cis-acting element called the
G-box (CACGTGGC) (74). Deletion and
mutational analyses of promoters responsive
to light, UV radiation, and coumaric acid
have also shown that disruption of the G-
box compromises the ability of each pro-
moter to respond to its respective stimulus.
All of these promoters require at least one
cis-acting element in addition to the G-box
for appropriate transcriptional activation. For
ABA-responsive transcription, a single copy of
ABRE is not sufficient. ABRE and coupling
elements such as CE1 and CE3 constitute an
ABA-responsive complex in the regulation of
wheat HVA1 and HVA22 genes (98, 99). Two
ABRE sequences are necessary for the expres-
sion of Arabidopsis RD29B in seeds and for
the ABA-responsive expression of RD29B in
vegetative tissue (117). One of these ABRE
sequences might function as a coupling ele-
ment. Most of the known coupling elements
have similarity with ABREs and contain an
A/GCGT motif (35). Either additional copies
of the ABRE or coupling elements are neces-
sary for ABA-responsive gene expression.

Arabidopsis cDNAs encoding the bZIP
transcription factors referred to as ABRE-
binding (AREB) proteins or ABRE-binding
factors (ABFs) were isolated using the yeast
one-hybrid screening method (16, 117).
Among these AREB/ABF proteins, expres-
sion of AREB1/ABF2, AREB2/ABF4, and
ABF3 was upregulated by ABA, dehydra-
tion, and high-salinity stresses. They function
as trams-acting activators through transient
expression studies in protoplasts (117). Their
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activities were reduced in the ABA-deficient
aba2 mutant and in the ABA-insensitive abi1
mutant, but were enhanced in the ABA-
hypersensitive ezl mutant (60, 61, 117).
In the Arabidopsis genome, 75 distinct bZIP
transcription factors exist and 13 members
are classified as a homologous subfamily of
AREBs that contain three N-terminal (CI,
C2, C3) and one C-terminal (C4) conserved
domains (6, 45, 111). Most of the AREB
subfamily proteins are involved in ABA-
responsive signal transduction pathways in
vegetative tissues or seeds (16, 21, 69, 117).
Avrabidopsis AREB1/ABF2, AREB2/ABF4, and
ABF3 were mainly expressed in vegetative tis-
sues but not in seeds (16, 117), whereas Ara-
bidopsis ABI5 and EEL were expressed dur-
ing seed maturation and/or germination (6,
21, 69). Rice homolog TRAB1 and barley ho-
molog HvABIS also activate ABA-responsive
gene expression in seeds (13, 34). It is pos-
sible that redundancy and tissue-specific ex-
pression of these genes may be important for
their function.

Kang et al. (49) reported that overexpres-
sion of ABF3 and ABF4/AREB2 resulted in
ABA-hypersensitive phenotypes in germina-
tion and seedling growth stages in Arabidop-
sis. These transgenic plants also showed im-
provement of drought stress tolerance and
the expression of some ABA-responsive genes,
such as LEA class genes (RD29B, rabl$),
cell cycle regulator genes (ICKT), and pro-
tein phosphatase 2C genes (ABI1 and ABI2),
suggesting that AREB/ABF proteins are in-
volved in ABA response and stress toler-
ance in plants. Moreover, ABF2/AREB1 was
shown to be an essential component of glu-
cose signaling, and its overexpression also
improved stress tolerance to drought (53).
However, AREB1/ABF2 and AREB2/ABF4
require ABA for their maximum activation, as
shown by their low transactivation abilities in
protoplasts prepared from the ABA-deficient
aba2 mutant (117). ABA-responsive 42-kDa
kinase activities phosphorylate conserved re-
gions of AREB/ABFs, which suggests that
ABA-dependent phosphorylation may be in-
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volved in activation of the AREB subfamily
proteins (117). Inrice, TRAB1 was also shown
to be phosphorylated rapidly in response to
ABA (48).
Phosphorylation-/dephosphorylation-reg-
ulated events play important roles in ABA
signaling. Several type-2 SNF1-related
protein kinases (SnRK2-type) such as AAPK
(ABA activated protein kinase) in Vicia faba
(67) and OST1/SRK2E in Arabidopsis (77,
133) were reported as ABA-activated protein
kinases, and were shown to mediate the
regulation of stomatal aperture and function
upstream of ABA-responsive expression. In
Arabidopsis, 9 of 10 SnRK2 are activated
by hyperosmolarity and 5 of the 9 SnRK2
are activated by ABA (8). Recently, ABA-
activated SnRK2 protein kinases were shown
to phosphorylate the conserved regions of
AREB/ABFs (25). These kinases might phos-
phorylate and activate the AREB/ABF-type
proteins in Arabidopsis. In rice, 10 SnRK2
protein kinases were reported. All family
members are activated by hyperosmotic
stress and three of them are also activated
by ABA (57). These rice ABA-activated
SnRK2 can phosphorylate an ABRE-binding
factor TRAB1 (58). Dominant negative
mutations of both ABII and ABI2 encoding
type 2C protein phosphatase cause the
ABA-insensitive mutants abil and abi2 (65,
66, 75). Because null mutations of ABI1 and
ABI2 resulted in ABA hypersensitivity, ABI1
and ABI2 are thought to negatively regulate
ABA-dependent responses (29).
Overexpression of AREB1/ABF?2 in trans-
genic plants is not sufficient to activate its
downstream genes such as RD29B. Domain
analysis of AREBI1 using Arabidopsis proto-
plasts revealed thatan activation domain exists
in the N-terminal region of AREB1. To over-
come the masked transactivation activity of
AREBI, a constitutive active form of AREB1
was created using the N-terminal activation
and bZIP DNA-binding domains. Transgenic
Arabidopsis plants overexpressing the active
form of AREB1 showed ABA hypersensitiv-
ity and enhanced drought tolerance, and eight
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genes in two groups were upregulated: LEA-
class genes and ABA- and dehydration-stress-
inducible regulatory genes such as linker hi-
stone H1 and AAA ATPase. In the promoter
region of each gene, two or more ABRE mo-
tifs were found. By contrast, an areb I null mu-
tant and a dominant loss-of-function mutant
of AREBI1 with a repression domain exhib-
ited ABA insensitivity and some of the upreg-
ulated genes were downregulated (24). Thus,
AREBs/ABFs regulate ABA-mediated ABRE-
dependent gene expression that enhances
drought tolerance in vegetative tissues, and
phosphorylation/dephosphorylation plays an
important role in the activation of the
AREB/ABF proteins.

OTHER TYPES OF
ABA-DEPENDENT GENE
EXPRESSION UNDER
DEHYDRATION STRESS

ABRE-like motifs are notinvolved in the ABA
regulation of some stress-inducible genes
such as RD22. Induction of the dehydration-
inducible RD22 is mediated by ABA and
requires protein biosynthesis for its ABA-
dependent expression (1). MYC and MYB
recognition sites in the RD22 promoter func-
tion as cis-acting elements in the dehydration-
inducible expression of RD22 (2). A MYC
transcription factor, AtMYC2 (rd22BP1), and
a MYB transcription factor, AtMYB2, bind
these cis-elements in the RD22 promoter and
cooperatively activate the expression of RD22.
These two transcription factors are synthe-
sized after the accumulation of endogenous
ABA, indicating that they play roles in a
late stage of the plant’s response to differ-
ent stresses. ITransgenic plants overproduc-
ing MYC and MYB had higher sensitivity
to ABA and revealed osmotic stress toler-
ance (2). Microarray analysis of the transgenic
plants indicated the presence of several tar-
get genes such as ABA-inducible genes, in-
cluding an ArADH gene, and jasmonic-acid
(JA)-inducible genes (2). By contrast, an At-
MYC2 mutant was less sensitive to ABA and

showed significantly decreased ABA-induced
gene expression of RD22 and AtADHI.
Recently, AtMYC2 was also reported as a
transcription factor that functions in JA and
JA-ethylene-regulated defense responses in
Arabidopsis (3, 7, 70). Cross talk occurs on
AtMYC2 between ABA- and JA-responsive
gene expression at the MYC recognition sites
in the promoters. In addition, genetic analysis
of AtMYC?2 suggests that it acts as a negative
regulator of blue-light-mediated photomor-
phogenic growth (129). AtMYC2 might be a
common transcription factor of ABA, JA, and
light-signaling pathways in Arabidopsis.

Arabidopsis RD26 encodes a NAC pro-
tein and is induced not only by dehydration
but also by ABA. Transgenic plants overex-
pressing RD26 were highly sensitive to ABA,
whereas RD26-repressed plants were insen-
sitive (23). Microarray analysis showed that
ABA- and stress-inducible genes were upreg-
ulated in RD26-overexpressing plants and re-
pressed in RD26-repressed plants, indicating
that a cis-regulatory factor, the NAC recog-
nition site, may function in ABA-dependent
gene expression under stress conditions.

The homeodomain-containing transcrip-
tion factor ATHB6 binds to an AT-rich cis-
acting element CAATTATTG and interacts
with ABI1. The interaction between ATHB6
and ABI1 is positively correlated with the
PP2C activity of the ABII catalytic domain.
Transgenic Arabidopsis plants that constitu-
tively express ATHB6 revealed ABA insen-
sitivity in a subset of ABIl-dependent re-
sponses. Thus, ATHB6 functions as a negative
regulator downstream of ABI1 in the ABA sig-
nal transduction pathway (32). AtERF7 binds
to a cis-acting element, a GCC-box, and acts
as a repressor of GCC-box-mediated tran-
scription. AtERF7 interacts with the protein
kinase PKS3, which is a global regulator of
ABA responses and can be phsphorylated by
PKS3. Overexpression of AtERF7 in trans-
genic Arabidopsis plants reduced ABA re-
sponses in guard cells and decreased drought
tolerance, whereas reductions in AtERF7 ex-
pression caused ABA hypersensitivity in guard
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cells, seed germination, and seedling growth.
AtERF7 may bind to the GCC-box of ABA-
induced genes and repress further gene ex-
pression. The DNA-binding and/or tran-
scriptional repressor activity of AtERF7 may
be regulated by PKS3 via phosphorylation
(108).

Maize ERF/AP2-type transcription fac-
tors DBF1 and DBF2 can bind the DRE/CRT
sequence of a maize rabl17 gene. However,
these proteins were grouped into a different
subfamily from those of DREB1A/CBF and
DREB2A. DBF1 was shown to be an activator
of the ABA-dependent expression of the rab17
gene, whereas DBF2 overexpression reduced
promoter activity in either control or ABA-
induced conditions (55). Various kinds of tran-
scription activators and repressors function in
ABA-dependent transcription in plants.

REGULATION OF ABA
BIOSYNTHESIS AND
DEGRADATION DURING
DEHYDRATION AND
REHYDRATION

ABA is synthesized de novo during dehy-
dration, and degraded during rehydration
after dehydration. Recently, many genes in-
volved in ABA biosynthesis during dehy-
dration were identified based on genetic
and molecular approaches, especially in Ara-
bidopdis (80). Among them, AENCED?3 for 9-
cis-epoxycarotenoid dioxygenase (42), AAO3
for abscisic aldehyde oxidase (97), AtABA3
for MoCo sulfurase (123), and AZZEP (121)
for zeaxanthin epoxidase are upregulated by
dehydration, but AtABA2 is not. NCED is
a key enzyme of ABA biosynthesis, and Az-
NCED?3 is most strongly induced by dehy-
dration and high salinity. Overexpression of
AtNCED?3 improved dehydration stress tol-
erance in transgenic plants and its knockout
mutant showed a dehydration-sensitive phe-
notype (42). This indicates that AANCED3
must have an important role in ABA accu-
mulation during dehydration. The regulation
of AtNCED3 gene expression is important
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in the dehydration-induced biosynthesis of
ABA; however, this theory has yet to be fully
demonstrated.

ABA is catabolized to inactive form by ox-
idation or conjugation (80). Recently, a ma-
jor regulatory step in the oxidative pathway
of ABA catabolism was shown to be ABA §'-
hydoxylase, a kind of cytochrome P450, and
its gene was determined to be CYP707As
(63, 88). CYP707As are strongly induced
by exogenous ABA treatment, dehydration,
and rehydration. Among the 4 CYP707As,
CYP707A3 is the major ABA-catabolizing en-
zyme and is mainly expressed in vegetative
tissues. Its expression is controlled by dehy-
dration/rehydration (63, 116). The expres-
sion profile of CYP707A3 in response to re-
hydration is very rapid compared with that of
the rehydration-inducible gene, proline de-
hydrogenase ProDH (83, 116). Regulation of
CYP707A43 gene expression may be regulated
by a novel regulatory system in response to
rehydration.

REGULATION OF GENE
EXPRESSION DURING
REHYDRATION AFTER
DEHYDRATION

Many genes that are regulated during
rehydration after dehydration have been
identified using microarray analysis (83).
These rehydration-inducible genes function
in recovery from stress conditions. Among
them, gene expression for proline dehy-
drogenease ProDH has been extensively
studied during dehydration and rehydration.
ProDH functions in proline catabolism
during rehydration. The ProDH promoter
has been extensively analyzed to show that
ACTCAT is an important cis-acting element
in rehydration-responsive gene expression
(91). Many rehydration-inducible gene
promoters contain the ACTCAT motif that
functions in rehydration-responsive gene
expression (83). Recently, ACTCAT-binding
proteins were identified as ATB2-type bZIP
(ATB2/AtbZIP11,

transcription  factors
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AtbZIP2, AtbZIP44, and AtbZIP53) based
on the binding specificity (92). The ATB2
subgroup of bZIP proteins specifically
bind to ACTCAT and transactivate the
ACTCAT-containing promoter in transient
expression using protoplasts. ATB2 sub-
group bZIP transcription factors function in
hypoosmolarity-inducible gene expression.

GENETIC ANALYSIS OF SIGNAL
TRANSDUCTION IN RESPONSE
TO DEHYDRATION AND COLD
STRESSES

A unique mutant screening system in trans-
genic Arabidopsis plants using a firefly lu-
ciferase reporter gene (LUC) under the con-
trol of the RD29A promoter was developed
to screen Arabidopsis mutants with altered in-
duction of stress-responsive genes by dehy-
dration, high salinity, cold, and ABA. Using
this system, many Arabidopsis mutants have
been isolated that exhibit altered expression
of the RD29A::LUC gene at constitutive (cos),
high (bos), or low (los) levels in response to
various abiotic-stress or ABA treatments (40).
The mutated genes function not only up-
stream of RD29A induction in signal trans-
duction pathways but also in post-trans-
criptional regulation of the activation of
the DREB1/CBE, DREB2, and/or AREB/
ABF transcription factors.

The occurrence of mutations with differ-
ential responses to dehydration, high salin-
ity, cold, and/or ABA reveals complex cross
talk among signaling pathways in dehydra-
tion, high-salinity, and cold-stress responses,
and suggests that stress-signaling pathways
are not completely independent. Recently,
many genes were identified using map-based
cloning such as fieryl (flyl)/hos2, fiy2, hosl,
hos9, bos10, los1, los2, los4, los5/aba3, los6/abal,
and sad1 (126). Some of the products of these
genes function directly in the regulation of
transcription. The hos] mutation causes en-
hanced induction of the CBF/DREBI tran-
scription factors by low temperature as well
as of their downstream cold-responsive genes

(41). HOS1 encodes a novel protein that con-
tains a RING-finger motif, which may func-
tion in the degradation of the ICE protein (14,
64). Hos1 is ubiquitously expressed in all plant
tissues and the HOSI protein resides in the
cytoplasm at normal growth temperatures.
However, in response to low-temperature
treatments, it accumulates in the nucleus.
FRY2/CBL1 functions as a transcriptional re-
pressor and contains a region homologous to
the catalytic domain of RNA polymerase I C-
terminal domain phosphatases found in yeast
and animals (59, 126). FLY2/CPL1 also con-
tains two double-stranded RNA-binding do-
mains that may function in mRNA processing.

The hos9 mutation occurs in a home-
odomain transcription factor gene that affects
gene expression and freezing tolerance with-
out changing the expression of CBF/DREBI
genes. Mutation of HOS9 also alters sev-
eral developmental characteristics including
growth rate, flowering time, and trichome
density. HOS9 may control freezing tolerance
mainly through constitutive pathways sepa-
rate from the CBE/DREBI regulon (137).
The hosI0 mutants are extremely sensitive
to freezing temperatures, completely unable
to acclimate to the cold, and hypersensitive to
salinity. Induction of NCED3 (a gene encod-
ing the rate-limiting enzyme in ABA biosyn-
thesis) by dehydration and ABA accumulation
are reduced by this mutation. HOSI0 encodes
a putative R2ZR3-type MYB transcription fac-
tor that is localized to the nucleus. HOS10
is essential for cold acclimation and may af-
fect dehydration stress tolerance in plants by
controlling stress-induced ABA biosynthesis
(138).

The fly I mutation results in superin-
duction of ABA- and stress-responsive genes.
FLY1 encodes an inositol polyphosphate
1-phosphatase, which functions the
catabolism of inositol 1, 4, 5-trisphosphate

in

(IP3). Flyl mutant plants accumulate more
IP3 than do the wild-type plants in both
control and ABA-treated plants (124). FLY1
is a general negative regulator that con-
trols cold, osmotic stress, and ABA signal
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Table 1 Transcription factors that function in osmotic- and cold-stress-responsive gene expression and

their binding sites in the promoter regions of the stress-inducible Arabidopsis genes

Transcription Transcription

factor name factor type cis element Gene Stress condition References
DREB1A/CBF3 AP2/ERF DRE/CRT | RD29A4, Cor15A | Cold (27, 68)
DREB1B/CBF1 AP2/ERF DRE/CRT | RD29A4, Cor15A | Cold (68, 108)
DREBIC/CBF2 | AP2/ERF DRE/CRT | RD29A4, Corl15A | Cold (27, 68)
CBF4/DREBID | AP2/ERF DRE/CRT Dehydration (31)
DREB2A AP2/ERF DRE RD294 Dehydration (68)
DREB2B AP2/ERF DRE RD29A4 Dehydration (68)
DDF1/DREBIF | AP2/ERF High salinity (71)
DDF2/DREBIE | AP2/ERF High salinity 71)
ICE1 bHLH ICErl? CBF2/DREBIC | Cold 14)
ANACO019 NAC NACR ERD1 Dehydration (115)
ANACO055 NAC NACR ERDI Dehydration (115)
ANACO072/RD26 | NAC NACR ERD1 Dehydration (23,115)
ZFHD1 ZFHD rpsl site ERDI1 Dehydration (115)
ZAT12 Zinc finger Cold (121)
STZ Zinc finger Cold, dehydration (89)
AREBI1/ABF2 bZIP ABRE RD29B ABA, dehydration (16,117)
AREB2/ABF4 bZIP ABRE RD29B ABA, dehydration (16, 117)
ABF3 bZIP ABRE ABA, dehydration (16)
AtMYB2 MYB MYBR RD22 ABA, dehydration (118)
AtMYC2 bHLH MYCR RD22 ABA, dehydration 1
ATHB6 Homeodomain | Atrich ABA (32,107)
AtERF7 ERF/AP2 GCC-box ABA (108)
ATB2/AtbZIP11 | bZIP ACTCAT ProDH Rehydration 92)
AtbZIP2 bZIP ACTCAT ProDH Rehydration 92)
AthZIP44 bZIP ACTCAT ProDH Rehydration 92)
AtbZIP53 bZIP ACTCAT ProDH Rehydration 92)
HOS9 Homeodomain Cold (137)
HOS10 MYB ABA, dehydration (138)
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transduction, and provides genetic evidence
that phosphoinositols play an important role
in ABA and stress-related signal transduction
in plants (127). Biochemical analysis has
shown that phospholipase C functions up-
stream of RD29A expression in osmotic stress
signaling (112), which may be negatively
regulated by FLYI.

Five freezing-sensitive [sensitivity to freez-
ing (sf7)] Arabidopsis mutants were isolated on
the basis of their inability to survive freez-
ing after cold acclimation and their chromo-
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some positions were mapped on the Arabidop-
sis genome (122). Among these mutants, sfr6
plants were deficient in the expression of cold-
inducible genes such as KINI, COR154, and
LTI78/RD29A (56). Microarray analysis in-
dicates that the sfi6 mutation specifically af-
fects the expression of genes containing the
DRE/CRT motif under cold and osmotic
stress conditions (10). As the expression level
of DREBI/CBF or DREB? is not reduced in
this mutant, the failure to express CRT/DRE-
regulated genes correctly may involve the
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interaction of DREBI/CBF and DREB2
transcription factors with the CRT/DRE
promoter element (10).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Many plant genes are regulated in response
to abitoic stresses, such as dehydration and
cold, and their gene products function in
stress response and tolerance. In the sig-
nal transduction network from perception of
stress signals to stress-responsive gene ex-
pression, various transcription factors and
cis-acting elements in the stress-responsive
promoters function not only as molecular
switches for gene expression but also as ter-
minal points of stress signals in the signal-
ing processes (Figure 1; Table 1). Timing
of stress-responsive gene expression is regu-
lated by a combination of transcription fac-
tors and cis-acting elements in stress-inducible
promoters (Figure 1). DRE/CRT and ABRE
are major cis-acting elements in abiotic stress-
inducible gene expression. DRE/CRT func-
tions in the early process of stress-responsive
gene expression whereas ABRE functions af-
ter the accumulation of ABA during dehydra-
tion and high-salinity stress response. There
are many ABA-inducible transcription factors
that function downstream of ABA responses
and stress responses. These transcription fac-
tors are involved mainly in late and adaptive
processes during stress responses.

Different promoter cis-acting elements are
involved in the cross talk between differ-
ent stress signals that regulate gene expres-

ACKNOWLEDGMENTS

sion. DRE/CRT is a major cis-acting el-
ement in cold-inducible gene expression.
Thus, DRE/CRT functions in cross talk
between dehydration/salinity stress response
and cold stress response. Combinations of
cis-acting elements and transcription factors
are important to determine cross talk in
stress signaling pathways. DRE is one of
the coupling elements of ABRE, which re-
sults in cross talk at the promoter level be-
tween ABA-independentand ABA-dependent
pathways.

Abiotic stresses affect plant growth and de-
velopment, such as flowering time and cell
growth. This indicates cross talk between en-
vironmental stress signals and plant growth.
Plant hormones are involved in these cross
talk events. Transcription is important in reg-
ulating plant development and environmental
interactions, which may be affected by cross
talk in transcriptional regulatory networks.
Cross talk between signal transduction path-
ways will be an important subject in the near
future.

Negative regulation as well as positive reg-
ulation are important for gene expression.
The degradation of transcription factor pro-
teins plays an important role in the nega-
tive regulation of gene expression. Specific F-
box proteins are involved in stabilizing some
transcription factors in stress response (64).
Recently, RNA interference or mRNA degra-
dation were suggested to function in stress-
responsive gene expression (47, 110). Com-
plex regulation of gene expression may cause
complex and flexible responses of plants to
abiotic stresses.
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