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Many plants, including Arabidopsis thaliana, increase in freezing tolerance
in response to low non-freezing temperatures, a phenomenon which is
known as cold acclimation. Molecular studies in plants have shown that
several genes with various functions are induced by low temperature (cold
stress) and osmotic stress such as drought and high salinity. For several stress-
inducible genes, cis-acting elements in promoters regions and the corre-
sponding transcription factors that affect the expression of these genes have
been analyzed in Arabidopsis. The dehydration-responsive element (DRE)/C-
repeat (CRT), cis-acting element, is involved in osmotic stress- and cold
stress-inducible gene expression. Transcription factors that bind to the DRE/
CRT were isolated and named DRE-binding protein 1 (DREB1)/CRT-binding
factor (CBF) and DREB2. The DREB1A/CBF3, DREB1B/CBF1 and DREB1C/
CBF2 regulons are involved in cold stress-responsive gene expression,
whereas, the DREB2 regulon is involved in osmotic stress-responsive gene
expression. In previous experiments, overexpression of the DREB1/CBF
genes in transgenic Arabidopsis plants upregulated several stress-inducible
genes and increased tolerance to freezing, drought and high-salinity stresses.
Subsequent to their discovery, the DREB1/CBF genes have been successfully
used to improve abiotic stress tolerance in a number of different crop plants.
Interestingly, homologous genes of DREB1/CBF have been found in many
other plant species including tomato and rice, which are unable to undergo
cold acclimation. Thus, it is apparent that the DREB1/CBF regulon is ubiqui-
tous within higher plants. Current research endeavors are focusing to identify
additional transcription factors that are associated with stress response. The
ultimate goal of regulon biotechnology is the control of signal transduction
networks, a manipulation which in turn is expected to improve stress
tolerance in plants.

Abbreviations — ABA, abscisic acid; ABF, ABRE-binding factor; ABRE, ABA-responsive element; AREB, ABRE-binding protein;
bHLH, basic helix-loop-helix; bZIP, basic-domain leucine zipper; CBF, C-repeat-binding factor; CRT, C-repeat; DRE, dehydra-
tion-responsive element; DREB, DRE-binding protein; ERD, early responsive to dehydration; ICET, inducer of CBF expression 1;
LEA, late embryogenesis abundant; LUC, luciferase; MYBR, MYB recognition site; MYCR, MYC recognition site; NACR, NAC
recognition site; RD, responsive to dehydration; SnRK, SNF1-related protein kinase; ZF-HD, zinc-finger homeodomain.
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Introduction

As plants are sessile organisms, they are forced to
survive in environments with variable environmental
stresses such as cold stress and osmotic stress which
includes drought and high salinity. Many plants, includ-
ing the extensively characterized model plant
Arabidopsis thaliana, exhibit an increase in freezing
tolerance in response to low, non-freezing tempera-
tures, a phenomenon known as cold acclimation
(Thomashow 1999). A number of genes have been
described that respond to cold and osmotic stress in
plants (Shinozaki and Yamaguchi-Shinozaki 1997,
Thomashow 1999, Zhang et al. 2004a), and it is thought
that their gene products may play important roles for
acclimation of plants. Recently, 299 drought-inducible
genes, 213 high-salinity stress-inducible genes, and 54
cold-inducible genes were identified using a cDNA
microarray containing approximately 7000 independent
full-length Arabidopsis cDNA clones (Seki et al. 2002,
Shinozaki et al. 2003). Functions of their gene products
have been predicted from comparisons of sequence
homology with known proteins. Genes induced during
osmotic and cold stress conditions are thought to
function not only in protecting cells from stress by the
production of important metabolic proteins (functional
proteins) but also in the regulation of genes for signal
transduction in the stress response (regulatory proteins).
Such examples of functional proteins include water
channel proteins, chaperones, proteases, late embryo-
genesis-abundant (LEA) proteins, and enzymes that
are involved with the synthesis of osmoprotectants
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[compatible solutes: sugars, proline (Pro), etc.].
Examples of stress-related regulatory proteins include
transcription factors, protein kinases, and enzymes for
phosphoinositide turnover, and enzymes for the synth-
esis of the plant hormone abscisic acid (ABA). Multiple
studies have attempted to augment plant stress tolerance
by overexpressing various kinds of functional proteins
such as enzymes for the synthesis of osmoprotectants
and ion transporters (Chen and Murata 2002, Zhang
et al. 2004a). However, it has become evident that the
engineering of single enzymes is not sufficient, because
multiple stress responses are necessary for plants to
endure severe stress conditions.

In plants, it is possible for a single transcription factor
to control the expression of many target genes through
the specific binding of the transcription factor to cis-
acting element in the promoters of their respective target
genes. This type of a transcription unit is called a
“regulon.” Analysis of the expression mechanisms of
osmotic stress- and cold stress-responsive genes
revealed apparent presence of multiple regulons in
Arabidopsis (Figs 1 and 2). Among them, the dehydra-
tion-responsive element-binding protein (DREB1)/C-
repeat (CRT)-binding factor (CBF) regulon is involved
in both osmotic stress- and cold stress-responsive gene
expression, and the other regulons including the DREB2
regulon are involved in osmotic stress-responsive gene
expression. It is expected that biotechnological efforts
which strive to control gene expression within these
regulons will improve the tolerance against multiple
stresses in plants.

Low temperature

Fig. 1. Regulatory network of
gene expression in response to cold

stress and osmotic stress such as
drought and high salinity: specificity
and crosstalk of gene networks.
Cis-acting elements that are
involved in stress-responsive tran-
scription are shown in boxes.
Transcription factors that control
stress-inducible gene expression are
shown in ovals. Small circles indi-
cate the modification of transcrip-

l tion factors in response to stress

DREB1/CBE

signals for their activation, such as
phosphorylation. Dotted lines indi-
cate possible regulation. Double

DRE/CRT arrow lines indicate possible
RD29A crosstalk.
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Fig. 2. Regulatory network of gene expression in response to cold
stress. Cis-acting elements that are involved in stress-responsive tran-
scription are shown in boxes. Transcription factors that control stress-
inducible gene expression are shown in ovals. Small circles indicate the
modification of transcription factors in response to stress signals for
their activation, such as phosphorylation.

DREB regulons involved in osmotic stress-
and cold stress-responsive gene expression
in Arabidopsis

The promoter of an Arabidopsis drought-, high-salinity-
and cold-inducible gene responsive to dehydration 29A
(RD29A) encoding a LEA-like protein contains two
major cis-acting elements. Specifically, the ABA-respon-
sive element (ABRE) is involved in ABA-responsive gene
expression (see below), and the DRE/CRT is involved in
osmotic stress- and cold stress-inducible gene expres-
sion (Yamaguchi-Shinozaki and Shinozaki 1994). DRE/
CRT (CCGAQ) is a cis-acting element that functions in
ABA-independent gene expression in response to abiotic
stress (Figs 1 and 2). Transcription factors belonging to
the AP2 (APETALA2)/ethylene-responsive element-bind-
ing factor (ERF) family that bind to the DRE/CRT have
been isolated and termed DREB1/CBF and DREB2
(Gilmour et al. 1998, Liu et al. 1998, Stockinger et al.
1997). The conserved DNA-binding motif of DREB1/
CBF and DREB2 is A/GCCGAC (Sakuma et al. 2002).
The DREB1A/CBF3 (DREB1A), DREB1B/CBF1
(DREB1B), and DREB1C/CBF2 (DREB1C) are highly
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similar in amino acid sequences, and the genes occur
tandemly within the Arabidopsis genome (Gilmour et al.
1998, Shinwari et al. 1998). These DREB1/CBF genes
are quickly and transiently induced by cold stress, and
their products activate the expression of multiple stress-
inducible target genes. The DREB2 genes are induced
by dehydration, leading to the expression of various
genes that are involved in drought-stress tolerance (Liu
et al. 1998, Nakashima et al. 2000). In the Arabidopsis
genome, 145 AP2/ERF-related proteins are encoded,
and the DREB subfamily is included within the A-1-A-
6 subgroups (Sakuma et al. 2002) (Fig. 3). The A-1 sub-
group contains six Arabidopsis proteins including
DREB1A, DREB1B, and DREB1C, and the A-2 subgroup
contains eight Arabidopsis proteins, including DREB2A
and DREB2B.

Improved stress tolerance of transgenic
plants overexpressing DREB1/CBF

Overexpression of the DREB1A, DREB1B, and DREB1C
genes in transgenic Arabidopsis plants showed
increased tolerance to freezing, drought, and high salt
concentrations (Gilmour et al. 2004, Jaglo-Ottosen et al.
1998, Kasuga et al. 1999, Liu et al. 1998). These obser-
vations led the researchers to believe that DREB1A,
DREB1B, and DREB1C proteins function without post-
translational modification of the proteins in the devel-
opment of stress tolerance. Overexpression of DREBI1A,
DREB1B, and DREBI1C genes results in multiple bio-
chemical changes that are associated with cold accli-
mation (Gilmour et al. 2000, 2004). Examples of such
changes in plants overexpressing DREBTA included ele-
vated levels of Pro and total soluble sugars such as
sucrose, raffinose, glucose, and fructose. Plants overex-
pressing DREBTA also had elevated delta (1)-(P5CS)
pyrroline-5-carboxylate synthase transcript levels.
Accumulation of P5CS suggests that the resultant
increase in Pro levels is, at least in part, related to
the increased expression of the key Pro biosynthetic
enzyme P5CS. Collectively, these results lead us to
propose that DREB1/CBF integrates the activation
of multiple components of the cold acclimation
response.

A side effect of the overexpression of DREBIA,
DREB1B, or DREB1C in transgenic Arabidopsis is dwarf-
ism (Gilmour et al., 2000, 2004, Kasuga et al. 1999, Liu
et al. 1998). Similarly, the development of dwarf
phenotypes was also found in transgenic tomato over-
expressing Arabidopsis DREB1B, and it was prevented
by exogenous application of gibberellin (GA) (Hsieh
et al. 2002a, b). In comparison with wild-type tomato
plants, GA-treated transgenic plants still exhibited a
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greater degree of dehydration and chilling tolerance.
However, it is important to note that microarray analysis
did not detect the changes in transcript levels of any
known GA-related genes in transgenic Arabidopsis
overexpressing DREB1A, DREB1B, or DREB1C (Fowler
and Thomashow 2002). Recently, DREB1F is reported to
be involved in the regulation of GA biosynthesis and
stress tolerance (Magome et al. 2004). At the present
time, it is not yet clear whether other DREB1/CBF pro-
teins are related to GA synthesis or not.

Many candidates for the DREB1/CBF target genes
have been identified using microarray analyses (Fowler
and Thomashow 2002, Maruyama et al. 2004, Seki
et al. 2001). Maruyama et al. (2004) searched for
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downstream genes in transgenic plants overexpressing
DREB1A using the full-length cDNA microarray and
Affymetrix GeneChip array and identified 38 genes as
putative DREB1TA downstream target genes. Subsequent
to their identification, the downstream genes of
DREBTA were classified into two groups. The first
group includes proteins that are believed to function in
stress tolerance. Examples of such proteins include LEA
proteins, antifreeze proteins, hydrophilic protein, RNA-
binding protein, an enzyme required for sugar biosynth-
esis (galactinol synthase), and protease inhibitors. It is
likely that these gene products function to increase the
tolerance to drought, high salt, and freezing stresses in
transgenic Arabidopsis. The second group contains
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protein factors that are involved in further regulation of
signal transduction and gene expression that probably
functions in response to stress. Examples of such pro-
teins from the second group include transcription factors
(CoH; zinc finger DNA-binding proteins and AP2/ERF-
type DNA-binding protein) and enzymes that are
involved in phospholipid metabolism (phospholipase
C). Genes encoding transcription factors containing a
CyH,-type  zinc-finger (ZF) motif constitute a large
family in higher plants. The transcription factors STZ/
ZAT10 (STZ) and At5g04340 are two specific examples
of DREBTA downstream target genes (Fig. 2). STZ has
been shown to repress the trans-activation of genes
through an essential DLN-box/EAR-like repression
motif in its C-terminal region. The At5g04340 protein
also contains this same repression motif in its C-terminal
region as well. Recently, Sakamoto et al. (2004) ana-
lyzed transgenic Arabidopsis plants overexpressing STZ
using a cDNA microarray and found that many genes
related to photosynthesis and carbohydrate metabolism
were suppressed in these plants; suggesting that STZ is
involved in the mechanism of growth retardation of the
355 : DREBI1A transgenic plants. Stress-related signaling
has been reported to result in the repression of genes
associated with plant growth and development. Thus, it
is apparent that DREB1A, DREB1B, and DREB1C not only
controls the activation of genes involved in stress toler-
ance but also represses genes that are involved in plant
growth and development, such as photosynthesis-related
genes. Maruyama et al. (2004) also searched for con-
served sequences in the promoter regions of the direct
downstream genes and found A/GCCGACNT in their pro-
moter regions from -51 to -450 as a consensus DRE. The
recombinant DREB1A protein bound to A/GCCGACNT
more efficiently than to A/GCCGACNA/G/C.

Vogel et al. (2005) used the Affymetrix GeneChip
containing probe sets for approximately 24 000
Arabidopsis genes to define a core set of cold-respon-
sive genes and to determine which genes were targets of
DREB1C and six other transcription factors that
appeared to be coordinately regulated with DREB1C.
A total of 514 genes were placed in the core set of
cold-responsive genes, 302 of which were upregulated
and 212 that were downregulated. Hierarchical cluster-
ing and bioinformatic analysis indicated that the 514
cold-responsive transcripts could be assigned to one of
seven distinct expression classes. Furthermore, these
analyses identified multiple potential novel cis-acting
cold-regulatory elements. Eighty-five cold-induced
genes and eight cold-repressed genes were assigned to
the DREB1C regulon. An additional nine cold-induced
genes and 15 cold-repressed genes were assigned to a
regulon controlled by ZAT12. Of the 25 core cold-

66

induced genes that were most highly upregulated, 19
genes were induced by DREB1C and two additional
genes were regulated by both DREB1C and ZAT12.
Thus, the large majority of the most highly induced
genes belong to the DREB1/CBF and ZAT12 regulons
(Fig. 2).  Constitutive expression of ZAT12 in
Arabidopsis caused a small, but reproducible, increase
in freezing tolerance, indicating a role for the ZAT12
regulon in cold acclimation. In addition, ZAT12 down-
regulated the expression of the DREBT/CBF genes, a
phenomenon which indicates a role for ZAT12 in a
negative regulatory circuit that dampens expression of
the DREB1/CBF cold-response pathway (Fig. 2).

Upstream of the DREB1/CBF regulon

The inducer of CBF expression 1 (ICET) gene was identified
through map-based cloning of the Arabidopsis icel muta-
tion, which affected the expression of the DREB1A promo-
ter : luciferase transgene (Chinnusamy et al. 2003). ICE1
encodes a MYC-type basic helix-loop-helix (bHLH) tran-
scription factor that regulates the expression of DREBTA
but not those of the other DREB1/CBF genes (Fig. 2).
Overexpression of ICET in transgenic plants resulted in
improved freezing tolerance, supporting an important role
for ICE1 inthe cold stress response. Molecular analysis of the
DREB1C promoter has identified multiple cis-acting ele-
ments that are involved in cold-inducible gene expression
(Y. Imura et al., unpublished data) (Shinwari et al. 1998,
Zarka et al. 2003), and a DNA-binding protein which inter-
acts with the promoter region containing these elements has
been cloned and shown to be a MYC-type bHLH transcrip-
tion factor that is different from ICET (Y. Imura et al., unpub-
lished data). These results suggest the redundant
involvement of MYC-type bHLH transcription factors in
the regulation of the DREB1/CBF gene expression (Fig. 1).
A cold signal is necessary for the activation of the ICE
proteins, but the mechanism of this signal still remains to
be solved. Analysis of the cbf2 mutant, in which the
DREB1C gene was disrupted, indicated that DREB1C is a
negative regulator of DREB1A and DREB1B expression and
plays a central role in the stress tolerance of Arabidopsis
(Novilloetal. 2004) (Fig. 2). Collectively, these data suggest
that the regulation of DREB1/CBF gene expression might be
more complex than was previously thought.

The DREB1/CBF regulon in other plants

Many species from tropical regions, such as tomato,
rice, and maize, are unable to tolerate freezing and
suffer chilling injury when exposed to low temperatures.
In contrast, plants from temperate regions, such as
wheat, canola, and Arabidopsis, are able to survive
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both chilling and freezing temperatures. The dynamic
ability of these plants to increase in freezing tolerance in
response to low temperature is a process that is known
as cold acclimation (Thomashow 1999). Recent
advances in the understanding of DREB1/CBF suggests
that the DREB1/CBF regulon has an important role for
cold acclimation. Homologous genes of DREB1/CBF
have been found in many plant species such as wheat,
canola, rye, and Brassica napus; all of which are cap-
able of undergoing cold acclimation (Jaglo et al. 2001,
Zhang et al. 2004a) (Fig. 3). Interestingly, Zhang et al.
(2004b) reported that tomato, a chilling-sensitive plant,
encodes three DREB1/CBF homologs, LeCBF1-3, that
are present in a tandem array in the genome. Only the
tomato LeCBF1 gene was found to be cold inducible.
Constitutive overexpression of LeCBF1 in transgenic
Arabidopsis plants induced expression of DREB1/CBF-
targeted genes and increased freezing tolerance. These
data clearly indicated that LeCBF1 encodes a functional
homolog of the Arabidopsis DREB1/CBF proteins.
Overexpression of Arabidopsis DREB1B (CBF1) in
tomato has been shown to increase the “chilling” and
drought tolerance of transgenic tomato plants (Hsieh
et al. 2002a, b). However, constitutive overexpression
of either LeCBF1 or Arabidopsis DREB1A in transgenic
tomato plants did not increase “freezing” tolerance (Zhang
et al. 2004b). Gene expression studies, including the use
of a cDNA microarray representing approximately 8000
tomato genes, only identified four genes that were
induced 2.5-fold or more in the LeCBF1 or DREB1A over-
expressing plants. Three of the four identified genes were
putative members of the tomato DREB1/CBF regulon as
they were also upregulated in response to low tempera-
ture. From these results, they concluded that an intact
DREB1/CBF cold-response pathway is present in tomato.
However, the tomato DREB1/CBF regulon differs from
that of Arabidopsis and appears to be considerably smal-
ler and less diverse in function.

In a similar line of study, Dubouzet et al. (2003)
isolated rice homologs for DREB1/CBF and DREB2,
four OsDREBTs, and one OsDREB2 from rice genomic
sequences and determined that they function in stress-
inducible gene expression. Similar to its Arabidopsis
homolog, overexpression of OsDREBTA in Arabidopsis
revealed that this gene has a similar function in stress-
responsive gene expression and stress tolerance. These
data indicate that similar transcription factors function
in dicotyledonous and monocotyledonous plants.
However, in microarray and RNA blot analyses, some
stress-inducible target genes of the DREB1A proteins
that only have ACCGAC as DRE were not overexpressed
in the OsDREBTA transgenic Arabidopsis plants. The
OsDREB1A  protein  bound to GCCGAC more
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preferentially than to ACCGAC, whereas, the DREBTA
proteins bound to both GCCGAC and ACCGAC with
similar efficiency. Recently, Oh et al. (2005) developed
transgenic rice plants that constitutively expressed
Arabidopsis DREB1A. The overexpression of DREBTA
in transgenic rice resulted in elevated tolerance to
drought and high salinity and produced relatively low
levels of tolerance to low-temperature exposure.
Similarly, our group also developed transgenic rice
plants that constitutively expressed DREBTA or
OsDREBTA genes (Y. Ito et al., unpublished data). In
our case, however, these factors in transgenic rice ele-
vated tolerance to drought, high salinity, and low tem-
perature. A novel DREB1/CBF transcription factor
named ZmDREB1TA was also identified in maize (Qin
et al. 2004). It was found that the maize ZmDREB1A
was involved in cold-responsive gene expression, and
overexpression of the ZmDREB1A gene in Arabidopsis
resulted in increased drought and freezing tolerance.

The DREB2 regulon involved in osmotic
stress-responsive gene expression

In contrast to the DREB1/CBF genes, overexpression of
DREB2 in transgenic plants does not improve stress
tolerance, a phenomenon which suggests that DREB2
proteins require post-translational activation (Liu et al.
1998). The DREB2 protein is expressed under normal
growth conditions and is activated in the early stage of
the osmotic stress response through post-translational
modification (Fig. 1). Domain analysis of DREB2A
revealed that a negative regulatory domain exists in
the central section of DREB2A, and deletion of this
region makes DREB2A a constitutive active form
(DREB2A-CA) (Y. Sakuma et al., unpublished data).
Transgenic Arabidopsis plants overexpressing this con-
stitutive active form of DREB2A (DREB2A-CA) showed
growth retardation and improved tolerance to drought
stress. Subsequent microarray analysis utilizing RNA
isolated from DREB2A-CA overexpressing plants
revealed that many dehydration-inducible genes were
expressed in the transgenic plants even under non-
stressed conditions. However, it is important to note
that several unique genes were upregulated exclusively
in DREB2A-CA overexpression Arabidopsis plants and
were not upregulated in the transgenic Arabidopsis
plants overexpressing DREBTA.

Other regulons involved in osmotic stress-
responsive gene expression

ABA plays an important role in the signal transduction
of osmotic stress in plants. ABRE (ABRE : ACGTGG/TC)
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is a major cis-acting element that functions to regulate
ABA-responsive  gene  expression  (Fig. 1). In
Arabidopsis, it was determined that two ABRE motifs
are important for the regulation of ABA-responsive
expression of the RD29B gene encoding a LEA-like
protein (Uno et al. 2000). The basic leucine zipper
transcription factor ABRE-binding protein (AREB)/
ABRE-binding factor (ABF) can bind to ABRE and acti-
vate ABA-dependent gene expression (Choi et al. 2000,
Uno et al. 2000). Activation of the AREB1/ABF2
(AREB1) and AREB2/ABF4 (AREB2) proteins has been
shown to require an ABA-mediated post-translational
modification (Uno et al. 2000), which is probably an
ABA-dependent phosphorylation event (Fig. 1). It is
likely that the ABA-activated protein kinases, including
a SNF1-related protein kinase 2, might phosphorylate
and activate the AREB/ABF-type proteins (Yoshida et al.
2002). In Arabidopsis, overexpression of ABF3 or
AREB2 caused ABA hypersensitivity, reduced transpira-
tion rate, and enhanced drought tolerance of the trans-
genic plants (Kang et al. 2002). The AREB1 is reported to
be an essential component of glucose signaling, and its
overexpression affects multiple stress tolerance includ-
ing drought, salt, and heat (Kim et al. 2004).

The induction of the Arabidopsis drought-inducible
gene RD22, which encodes a protein having a homol-
ogy to an unidentified seed protein, is mediated by ABA.
A MYC transcription factor, AtMYC2, and a MYB
transcription factor, AtMYB2, have been shown to bind
cis-elements, MYC-recognition site: CANNTG and
MYB-recognition site: C/TAACNA/G in the RD22 pro-
moter and cooperatively activate RD22 (Abe et al.
1997) (Fig. 1). These MYC and MYB proteins are synthe-
sized after endogenous levels of ABA accumulate,
thereby indicating that their role is in a late stage of
the stress responses. Overexpression of both AtMYC2
and AtMYB2 not only caused an ABA-hypersensitive
phenotype but this also improved the osmotic stress
tolerance of transgenic plants (Abe et al. 2003).
Microarray analysis of MYC- and MYB-overexpressing
transgenic plants revealed target genes for MYC and
MYB. Examples of such target genes included the
alcohol dehydrogenase gene and ABA- or jasmonic
acid (JA)-inducible genes (Abe et al. 2003). These data
indicate that crosstalk between ABA- and JA-responsive
gene expression occurs via the AtMYC2 transcription
factor.

The early responsive to dehydration 1 (ERDT) gene
encoding a Clp protease regulatory subunit responds to
dehydration and high salinity before the accumulation
of ABA. This pattern of gene regulation suggests that an
ABA-independent pathway exists in the dehydration
stress response of Arabidopsis (Nakashima et al. 1997).
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Analysis of the ERD1 promoter identified two novel cis-
acting elements that are involved in induction by dehy-
dration stress (Simpson et al. 2003). Base substitution
analysis showed that a 14-bp rpsi-like region
(CACTAAATTGTCAC) and a CATGTG motif are neces-
sary for the induction of the ERD1 gene in dehydrated
plants (Fig. 1). Tran et al. (2004) isolated three cDNA
clones encoding proteins that bind to the 63-bp promo-
ter region of ERD1, the specific location which contains
the CATGTG motif (Fig. 1). These three cDNA clones
encode proteins which belong to the NAC transcription
factor family including RD26. Microarray analysis of
transgenic plants overexpressing the NAC genes
revealed that several drought-inducible genes were
upregulated in the transgenic plants. It is important to
note that these plants also exhibited significantly
increased drought tolerance. However, ERD1 was
not upregulated in the transgenic plants. Recently a
one-hybrid screening approach was used to isolate
cDNAs encoding the transcription factor that binds
to the rpsl! site 1-like sequence. These cDNAs
encode Zinc-finger homeodomain (ZF-HD) transcrip-
tion factors (L.-S. P. Tran et al., unpublished data).
Overexpression of both NAC and ZF-HD proteins acti-
vated the expression of ERD1 under non-stressed nor-
mal growth conditions in the transgenic Arabidopsis
plants.

Crosstalk between the DREB regulons and
the other regulons

Many osmotic-stress and cold-inducible genes contain
both DRE/CRT and ABRE motifs in their promoter
regions. It was originally thought that these cis-acting
elements would function independently from one
another. However, precise analysis of these cis-acting
elements, which both reside within the RD29A promo-
ter region, revealed that DRE/CRT functions coopera-
tively with ABRE as a coupling element in ABA-
responsive gene expression in response to drought stress
(Narusaka et al. 2003). This observation indicates that
there are interactions between the DREB and the AREB/
ABF regulons (Fig. 1).

Recently, an osmotic stress-inducible DREB1D gene
has been identified (Haake et al. 2002). Genes of the
DREB1/CBF family are mainly induced by cold stress,
but the drought-inducible gene DREB1D functions to
provide crosstalk between DREB2 and DREB1/CBF reg-
ulatory systems. The drought-inducible expression of
DREBI1D is controlled by ABA-dependent pathways,
suggesting that DREB1D may function in the slow
response to drought that relies upon the accumulation
of ABA (Fig. 1). Moreover, ABA induces the DREB1/CBF
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gene transcription and subsequent induction of cold-
regulated genes via the DRE/CRT promoter element
(Knight et al. 2004). A maize DRE-binding protein,
DBF1, has been shown to function as a transcriptional
activator of the responsive to ABA 17 (rab17) promoter
by ABA (Kizis and Pages 2002). This also suggests that
that the DRE/CRT is involved in an ABA-dependent
pathway for the regulation of stress-inducible genes in
some plants.

Application of regulon biotechnology to
improve stress tolerance in crop plants

As the DREB1/CBF regulon is ubiquitous within the
higher plants (Fig. 3), “DREB technology” which aims
to control the expression of the DREB1/CBF regulon is
expected to improve abiotic stress tolerance in crop
plants. At the present time, the DREB1/CBF genes of
Arabidopsis have been successfully used to engineer
and augment abiotic stress tolerance in a number of
different species. However, constitutive overexpression
of the DREB1/CBF genes in plants showed an undesir-
able dwarf phenotype (Gilmour et al. 2000, Liu et al.
1998). As a means to overcome this problem, stress-
inducible promoters that have low background expres-
sion under normal growth condition have been used in
conjunction with the DREB1/CBF genes to achieve
increased stress tolerance without growth retardation
(Kasuga et al. 1999). Constitutive overexpression of
Arabidopsis DREBTA improved drought and low-tem-
perature stress tolerance in tobacco, and regulation of
transgene expression via the stress-inducible RD29A
promoter minimized the negative effects on plant
growth (Kasuga et al. 2004). Similarly, the Arabidopsis
DREB1A gene was placed under control of the RD29A
promoter and transferred via biolistic transformation
into bread wheat (Pellegrineschi et al. 2004). In com-
parison with controls, plants expressing the DREBTA
gene exhibited a 10-day delay in wilting when water
was withheld. This substantial increased resistance to
water stress indicates that a combination of the RD29A
promoter and DREBTA is useful for improvement of
various kinds of transgenic plants that are tolerant to
environmental stress. We are currently collaborating
with many research groups, and we have the common
goal to improve stress-tolerant crop plants utilizing reg-
ulon biotechnology (Nakashima and Yamaguchi-
Shinozaki, 2005). It is hoped in the future that the
collective efforts and results of these collaborative stu-
dies will positively contribute to sustainable food pro-
duction in developing countries and with help to
prevent global-scale environmental damage that is
resultant from abiotic stress.

Physiol. Plant. 126, 2006

Acknowledgements — We are grateful to Dr Yoh Sakuma of
Japan International Research Center for Agricultural Sciences
for his support to make a phylogenic tree of the DREB1/CBF,
DREB2, and other proteins having the ERF/AP2 domains.

References

Abe H, Yamaguchi-Shinozaki K, Urao T, Iwasaki T,
Hosokawa D, Shinozaki K (1997) Role of Arabidopsis
MYC and MYB homologs in drought- and abscisic acid-
regulated gene expression. Plant Cell 9: 1859-1868

Abe H, Urao T, Ito T, Seki M, Shinozaki K, Yamaguchi-
Shinozaki K (2003) Arabidopsis AtMYC2 (bHLH) and
AtMYB2 (MYB) function as transcriptional activators in
abscisic acid signaling. Plant Cell 15: 63-78

Chen TH, Murata N (2002) Enhancement of tolerance of
abiotic stress by metabolic engineering of betaines
and other compatible solutes. Curr Opin Plant Biol 5:
250-257

Chinnusamy V, Ohta M, Kanrar S, Lee BH, Hong X, Agarwal M,
Zhu JK (2003) ICE1: a regulator of cold-induced
transcriptome and freezing tolerance in Arabidopsis.
Genes Dev 17: 1043-1054

Choi H, Hong J, Ha J, Kang J, Kim SY (2000) ABFs, a family
of ABA-responsive element binding factors. J Biol Chem
275:1723-1730

Dubouzet )G, Sakuma Y, Ito Y, Kasuga M, Dubouzet EG,
Miura S, Seki M, Shinozaki K, Yamaguchi-Shinozaki K
(2003) OsDREB genes in rice, Oryza sativa L., encode
transcription activators that function in drought-, high salt-
and cold- responsive gene expression. Plant ) 33: 751-763

Fowler S, Thomashow MF (2002) Arabidopsis transcriptome
profiling indicates that multiple regulatory pathways are
activated during cold acclimation in addition to the CBF
cold response pathway. Plant Cell 14: 1675-1690

Gilmour S), Zarka DG, Stockinger EJ, Salazar MP, Houghton JM,
Thomashow MF (1998) Low temperature regulation of
Arabidopsis CBF family of AP2 transcriptional activators as
an early step in cold-induced COR gene expression. Plant
16: 433-442

Gilmour SJ, Sebolt AM, Salazar MP, Everard JD, Thomashow MF
(2000) Overexpression of the Arabidopsis CBF3 tran-
scriptional activator mimics multiple biochemical changes
associated with cold acclimation. Plant Physiol 124:
1854-1865

Gilmour S, Fowler SG, Thomashow MF (2004) Arabidopsis
transcriptional activators CBF1, CBF2, and CBF3 have
matching functional activities. Plant Mol Biol 54: 767-781

Haake V, Cook D, Riechmann JL, Pineda O, Thomashow MF,
Zhang JZ (2002) Transcription factor CBF4 is a regulator of
drought adaptation in Arabidopsis. Plant Physiol 130:
639-648

Hsieh TH, Lee JT, Charng YY, Chan MT (2002a) Tomato
plants ectopically expressing Arabidopsis CBF1 show

69



enhanced resistance to water deficit stress. Plant Physiol
130: 618-626

Hsieh TH, Lee JT, Yang PT, Chiu LH, Charng YY, Wang YC,
Chan MT (2002b) Heterology expression of the
Arabidopsis C-repeat/dehydration response element bind-
ing factor 1 gene confers elevated tolerance to chilling and
oxidative stresses in transgenic tomato. Plant Physiol 129:
1086-1094

Jaglo KR, Kleff S, Amundsen KL, Zhang X, Haake V, Zhang JZ,
Deits T, Thomashow MF (2001) Components of the
Arabidopsis C-repeat/dehydration-responsive element
binding factor cold-response pathway are conserved in
Brassica napus and other plant species. Plant Physiol 12:
910-917

Jaglo-Ottosen KR, Kleff S, Amundsen KL, Zhang X, Haake V,
Zhang JZ, Deits T, Thomashow MF (1998) Arabidopsis
CBF1 overexpression induces COR genes and enhances
freezing tolerance. Science 280: 104-106

Kang JY, Choi HI, Im MY, Kim SY (2002) Arabidopsis basic
leucine zipper proteins that mediate stress-responsive
abscisic acid signaling. Plant Cell 14: 343-357

Kasuga M, Liu Q, Miura S, Yamaguchi-Shinozaki K,
Shinozaki K (1999) Improving plant drought, salt,
and freezing tolerance by gene transfer of a single
stress-inducible transcription factor. Nat Biotechnol 17:
287-291

Kasuga M, Miura S, Shinozaki K, Yamaguchi-Shinozaki K
(2004) A combination of the Arabidopsis DREBTA gene
and stress-inducible rd29A promoter improved drought-
and low-temperature stress tolerance in tobacco by gene
transfer. Plant Cell Physiol 45: 346-350

Kim S, Kang JY, Cho DI, Park JH, Kim SY (2004) ABF2, an
ABRE-binding bZIP factor, is an essential component of
glucose signaling and its overexpression affects multiple
stress tolerance. Plant J 40: 75-87

Kizis D, Pages M (2002) Maize DRE-binding proteins DBF1
and DBF2 are involved in rab17 regulation through the
drought-responsive element in an ABA-dependent
pathway. Plant J 30: 679-689

Knight H, Zarka DG, Okamoto H, Thomashow MF, Knight MR
(2004) Abscisic acid induces CBF gene transcription and
subsequent induction of cold-regulated genes via the CRT
promoter element. Plant Physiol 135: 1710-1717

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-
Shinozaki K, Shinozaki K (1998) Two transcription factors,
DREB1 and DREB2, with an EREBP/AP2 DNA binding
domain separate two cellular signal transduction pathways
in drought- and low-temperature-responsive gene
expression, respectively, in Arabidopsis. Plant Cell 10:
1391-1406

Magome H, Yamaguchi S, Hanada A, Kamiya Y, Oda K
(2004) pwarf and delayed-flowering 1, a novel Arabidopsis
mutant deficient in gibberellin biosynthesis because of
overexpression of a putative AP2 transcription factor. Plant
) 37:720-729

70

Maruyama K, Sakuma Y, Kasuga M, Ito Y, Seki M, Goda H,
Shimada Y, Yoshida S, Shinozaki K, Yamaguchi-
Shinozaki K (2004) Identification of cold-inducible
downstream genes of the Arabidopsis CBF3/DREB1A
transcriptional factor using two microarray systems. Plant J
38: 982-993

Nakashima K, Yamaguchi-Shinozaki K (2005) Molecular
studies on stress-responsive gene expression in
Arabidopsis and improvement of stress tolerance in crop
plants by regulon biotechnology. JARQ 39: 221-222

Nakashima K, Kiyosue T, Yamaguchi-Shinozaki K, Shinozaki K
(1997) A nuclear gene, erd, encoding a chloroplast-
targeted Clp protease regulatory subunit homolog is not
only induced by water stress but also developmentally
up-regulated during senescence in Arabidopsis thaliana.
Plant ) 12: 851-861

Nakashima K, Shinwari ZK, Sakuma Y, Seki M, Miura S,
Shinozaki K, Yamaguchi-Shinozaki K (2000) Organization
and expression of two Arabidopsis DREB2 genes encoding
DRE-binding proteins involved in dehydration- and high-
salinity-responsive gene expression. Plant Mol Biol 42:
657-665

Narusaka Y, Nakashima K, Shinwari ZK, Sakuma Y, Furihata T,
Abe H, Narusaka M, Shinozaki K, Yamaguchi-Shinozaki K
(2003) Interaction between two cis-acting elements,
ABRE and DRE, in ABA-dependent expression of
Arabidopsis rd29A gene in response to dehydration and
high-salinity stresses. Plant J 34: 137-148

Novillo F, Alonso JM, Ecker JR, Salinas ) (2004) CBF2/
DREB1C is a negative regulator of CBF1/DREB1B and
CBF3/DREBTA expression and plays a central role in stress
tolerance in Arabidopsis. Proc Natl Acad Sci USA 101:
3985-3990

Oh §J, Song SI, Kim YS, Jang HJ, Kim SY, Kim M, Kim YK,
Nahm BH, Kim JK (2005) Arabidopsis CBF3/DREB1A and
ABF3 in transgenic rice increased tolerance to abiotic
stress without stunting growth. Plant Physiol 138: 341-351

Pellegrineschi A, Reynolds M, Pacheco M, Brito RM,
Almeraya R, Yamaguchi-Shinozaki K, Hoisington D (2004)
Stress-induced expression in wheat of the Arabidopsis
thaliana DREB1A gene delays water stress symptoms
under greenhouse conditions. Genome 47: 493-500

Qin F, Sakuma Y, Li J, Liu Q, Li YQ, Shinozaki K,
Yamaguchi-Shinozaki K (2004) Cloning and functional
analysis of a novel DREB1/CBF transcription factor
involved in cold-responsive gene expression in Zea mays
L. Plant Cell Physiol 45: 1042-1052

Sakamoto H, Maruyama K, Sakuma Y, Meshi T, lwabuchi M,
Shinozaki K, Yamaguchi-Shinozaki K (2004) Arabidopsis
Cys2/His2-type zinc-finger proteins function as transcrip-
tion repressors under drought, cold, and high-salinity stress
conditions. Plant Physiol 136: 2734-2746

Sakuma Y, Liu Q, Dubouzet JG, Abe H, Shinozaki K,
Yamaguchi-Shinozaki K (2002) DNA-binding specificity of
the ERF/AP2 domain of Arabidopsis DREBs, transcription

Physiol. Plant. 126, 2006



factors involved in dehydration- and cold-inducible gene
expression. Biochem Biophys Res Commun 290: 998-1009

Seki M, Narusaka M, Abe H, Kasuga M, Yamaguchi-
Shinozaki K, Carninci P, Hayashizaki Y, Shinozaki K
(2001) Monitoring the expression pattern of 1300
Arabidopsis genes under drought and cold stresses
by using a full-length cDNA microarray. Plant Cell 13:
61-72

Seki M, Narusaka M, Ishida J, Nanjo T, Fujita M, Oono Y,
Kamiya A, Nakajima M, Enju A, Sakurai T, Satou M,
Akiyama K, Taji T, Yamaguchi-Shinozaki K, Carninci P,
Kawai J, Hayashizaki Y, Shinozaki K (2002) Monitoring the
expression profiles of 7000 Arabidopsis genes under
drought, cold, and high-salinity stresses using a full-length
cDNA microarray. Plant J 31: 279-292

Shinozaki K, Yamaguchi-Shinozaki K (1997) Gene expres-
sion and signal transduction in water-stress response. Plant
Physiol 115: 327-334

Shinozaki K, Yamaguchi-Shinozaki K, Seki M (2003)
Regulatory network of gene expression in the drought and
cold stress responses. Curr Opin Plant Biol 6: 410-417

Shinwari ZK, Nakashima K, Miura S, Kasuga M, Seki M,
Yamaguchi-Shinozaki K, Shinozaki K (1998) An
Arabidopsis gene family encoding DRE/CRT binding pro-
teins involved in low-temperature-responsive gene
expression. Biochem Biophys Res Commun 250: 161-170

Simpson SD, Nakashima K, Narusaka Y, Seki M, Shinozaki K,
Yamaguchi-Shinozaki K (2003) Two different novel
cis-acting elements of erd1, a clpA homologous
Arabidopsis gene function in induction by dehydration
stress and dark-induced senescence. Plant ) 33: 259-270

Stockinger EJ, Gilmour SJ, Thomashow MF (1997)
Arabidopsis thaliana CBF | encodes an AP2 domain-
containing transcriptional activator that binds to the
C-repeat/DRE, a cis-acting DNA regulatory element that
stimulates transcription in response to low temperature
and water deficit. Proc Natl Acad Sci USA 94: 1035-1040.

Thomashow MF (1999) Plant cold acclimation: freezing tol-
erance genes and regulatory mechanisms. Annu Rev Plant
Physiol Plant Mol Biol 50: 571-599

Edited by C. Guy

Physiol. Plant. 126, 2006

Tran LS, Nakashima K, Sakuma Y, Simpson SD, Fujita Y,
Maruyama K, Fujita M, Seki M, Shinozaki K, Yamaguchi-
Shinozaki K (2004) Isolation and functional analysis of
Arabidopsis stress-inducible NAC transcription factors that
bind to a drought-responsive cis-element in the early
responsive to dehydration stress 1 promoter. Plant Cell 16:
2481-2498

Uno Y, Furihata T, Abe H, Yoshida R, Shinozaki K,
Yamaguchi-Shinozaki K (2000) Arabidopsis basic leucine
zipper transcription factors involved in an abscisic acid-
dependent signal transduction pathway under drought and
high-salinity conditions. Proc Natl Acad Sci USA 97:
11632-11637

Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG,
Thomashow MF (2005) Roles of the CBF2 and ZAT12
transcription factors in configuring the low temperature
transcriptome of Arabidopsis. Plant J 41: 195-211

Yamaguchi-Shinozaki K, Shinozaki K (1994) A novel cis-
acting element in an Arabidopsis gene is involved in
responsiveness to drought, low- temperature, or high-salt
stress. Plant Cell 6: 251-264

Yoshida R, Hobo T, Ichimura K, Mizoguchi T, Takahashi F,
Aronso J, Ecker JR, Shinozaki K (2002) ABA-activated
SnRK2 protein kinase is required for dehydration
stress signaling in Arabidopsis. Plant Cell Physiol 43:
1473-1483

Zarka DG, Vogel JT, Cook D, Thomashow MF (2003) Cold
induction of Arabidopsis CBF genes involves multiple ICE
(inducer of CBF expression) promoter elements and a cold-
regulatory circuit that is desensitized by low temperature.
Plant Physiol 133: 910-918

Zhang JZ, Creelman RA, Zhu JK (2004a) From laboratory to
field. Using information from Arabidopsis to engineer salt,
cold, and drought tolerance in crops. Plant Physiol 135:
615-621

Zhang X, Fowler SG, Cheng H, Lou Y, Rhee SY, Stockinger EJ,
Thomashow MF (2004b) Freezing-sensitive tomato has a
functional CBF cold response pathway, but a CBF regulon
that differs from that of freezing-tolerant Arabidopsis. Plant
J 39: 905-919

VAl



