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          1   Introduction 

 Plants are often exposed to several environmental stresses that adversely affect 
 various stages of their growth and development. It has been estimated that potential 
yield of annual crops is lost up to 82 % due to abiotic stress every year. Drought and 
salinity are already spreading worldwide, and are expected to cause serious 
 salinization of more than 50 % of all available productive, arable lands by the year 
2050 (Ashraf  1994  ) . In a world where population growth exceeds food supply, plant 
breeders and biologists need to fully implement the biotechnologies and agricultural 
practices to overcome these serious issues. 

 Plants overcome environmental stresses by development of tolerance, resistance or 
avoidance mechanisms. Tolerance allows an organism to withstand the assault. 
Resistance involves active countermeasures, while avoidance prevents exposure to the 
stress. Partly due to their sessile nature, plants have developed sophisticated metabolic 
responses, various strategies and pathways to tolerate or resist different forms of stress. 
Plant’s tolerance or susceptibility to abiotic stresses is a complex phenomenon. 
Therefore, intense research has been focused on the mechanisms underlying abiotic 
stress tolerance and adaptation. Though plants have gradually evolved a remarkable 
ability to cope with such highly variable environmental onslaughts, the stresses 
 nevertheless represent a primary cause of crop loss  worldwide. Therefore, to meet the 
increasing demands for agricultural commodities it would be imperative to either 
enhance cultivable land in current use to expand agricultural lands or to create 
 genetically redesigned crops to cope better with the environmental changes. 

 Drought, cold, and high-salinity stresses generate complex stimuli that have 
 different yet related attributes and may deliver quite different information to the 
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plant cells (Xiong et al.  2002  ) . A mild abiotic stress may induce an adaptive response 
in the plant, allowing it to grow with a greater tolerance to the same or different 
stresses (Knight et al.  1998 ; Lang et al.  1994 ; Mantyla et al.  1995 ; Siminovitch and 
Cloutier  1982  ) . The mechanism through which plants perceive environmental signals 
and transmit them to cellular machinery to generate adaptive response is of funda-
mental importance to biology. It is the coordinated action of various genes in a path-
way that bring about the requisite phenotype and lead to plant tolerance. Plant stress 
 adaptation/tolerance not only involves physiological changes but also the changes at 
cellular and molecular levels. The ability of the plant to sustain itself under unfavor-
able  environmental conditions determines by the manifestation of a single or a 
 combination of these inherent changes (Farooq et al.  2009  ) .  

    2   Abiotic Stress Response 

 Drought, salinity, extreme temperatures, and oxidative stress are often intercon-
nected and may induce similar cellular damage. For example, plants suffer from 
dehydration under high salinity and drought, as well as low-temperature conditions, 
all of which cause hyperosmotic stress characterized by metabolic and osmotic 
imbalance in plants. This leads to turgor loss and closure of the stomata, followed 
by repression of cell growth and inadequate photosynthesis (Shinozaki and 
Yamaguchi-Shinozaki  2007  ) . Oxidative stress, which frequently accompanies high 
temperature, salinity, or drought stress, may cause denaturation of functional and 
structural proteins and lipids (Smirnoff  1998  ) . As a consequence, these diverse 
environmental stresses often activate similar cell signaling pathways (Knight et al. 
 1998 ; Shinozaki and Yamaguchi-Shinozaki  2000 ; Zhu  2001,   2002  )  and cellular 
responses, such as the production of stress proteins, up-regulation of anti-oxidants, 
and accumulation of compatible solutes. The switching ‘on’ of such cellular and 
molecular responses include perception of stress signal by membrane receptors, 
which then activate cytoplasmic Ca 2+  and signaling pathways in cytoplasm and 
nucleus. This eventually leads to modi fi cation in the stress-responsive gene 
 expression and physiological changes (Bressan et al.  1998 ; Xiong et al.  2002  ) . Also, 
accumulation of abscisic acid (ABA) plays an important role in abiotic stress 
 signaling and transduction pathways, mediating many responses (Wasilewska et al. 
 2008  ) . The products of these genes ultimately lead to plant adaptation and/or 
 tolerance and help the plant to survive and surpass the unfavorable conditions. The 
mechanism by which plants perceive environmental stress signals and transmit to 
the cellular machinery for activation of adaptive responses is of critical importance. 
This knowledge can be implied for the development of rational breeding and 
 transgenic strategies leading to alleviate stress tolerance in crops. 

 In the past decades, a number of stress-inducible genes have been identi fi ed by 
transcriptome analyses using microarray technology in several plant species, like 
 Arabidopsis , rice, etc. (Bohnert et al.  2001 ; Seki et al.  2001 ; Zhu  2001  )  by several 
research groups. Several genes that are induced by abiotic stresses have been 
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classi fi ed into two major groups (Bray  1993 ; Shinozaki and Yamaguchi-Shinozaki 
 2000 ; Thomashow  1999  ) . One group encodes for functional proteins such as mem-
brane proteins (membrane channel, transporter proteins, etc.), key enzymes for 
osmolyte biosynthesis (proline, glycine betain, sugars, etc.), the detoxi fi cation 
enzymes (catalase, hydrolase, superoxide dismutase, etc.), and the proteins for the 
protection of macromolecules (LEA protein, chaperone, osmotin, etc.). Whilst, 
other group includes regulatory proteins such as transcription factors (bZIP, MYC, 
MYB, DREB, etc.), protein kinases (MAP kinase, receptor protein kinase, etc.), 
proteinases (phosphoesterases, phospholipase C, etc.) that regulate gene expression 
and signal transduction in stress responses and enzymes involved in phospholipids 
metabolism and ABA biosynthesis (Chen and Murata  2002 ; Shinozaki and 
Yamaguchi-Shinozaki  2007 ; Yamaguchi-Shinozaki and Shinozaki  2006  ) . Plant 
engineering strategies for abiotic stress tolerance (Wang et al.  2003  )  rely on the 
expression of genes that are involved in signaling and regulatory pathways (Seki 
et al.  2003 ; Shinozaki et al.  2003  ) , genes that encode proteins conferring stress 
 tolerance (Wang et al.  2004  )  or enzymes present in pathways leading to the  synthesis 
of functional and structural metabolites (Apse and Blumwald  2002 ; Park et al.  2004 ; 
Rontein et al.  2002  ) . Many genes encoding enzymes related to functional  metabolites 
are induced by stress. There is a practical limitation of overexpressing multiple 
genes in a plant in a tissue speci fi c manner to improve stress tolerance. Therefore, 
early responsive genes that regulate a number of functionally related downstream 
genes could be attractive targets for engineering stress tolerance since they may 
regulate quantitative traits. Intuitively, genetic engineering would be a faster way to 
insert bene fi cial genes than through conventional or molecular breeding and thus 
seems to be a viable option to hasten the breeding of “improved” plants. Also, it 
would be the only option when genes of interest originate from cross-barrier  species, 
distant relatives, or from non-plant sources.  

    3   Role of ABA in Stress Response 

 ABA is an important phytohormone that plays a pivotal role in various  physiological 
processes during the plant life cycle, including seed dormancy, germination, and 
adaptive responses to various environmental stress conditions (Himmelbach et al. 
 2003 ; Schroeder et al.  2001 ; Shinozaki and Yamaguchi-Shinozaki  2000 ; Zhu  2002  ) . 
Also, the application of ABA to plant mimics the effect of a stress condition. ABA 
level is increased in response to various stress signals, particularly when there are 
changes in the environment that result in cellular dehydration. Accumulation of 
ABA in leaves induces stomatal closure and inhibits opening (Wilkinson et al. 
 2001  ) , thereby maintaining plant water potential under conditions of low soil 
 moisture content or high evaporative demand and thus ABA is aptly called as a 
stress hormone. A rapid and sensitive increase in the ABA production is essential for 
instant cellular as well as long distance regulations. Also, a rapid ABA bleaching is 
needed when the stress is relieved. 
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 Water de fi cit induces activation of genes that encode enzymes for both ABA 
 biosynthesis and hydrolysis of ABA conjugates releasing the active hormone from an 
inactive pool (Iuchi et al.  2000 ; Lee et al.  2006 ; Schwartz et al.  2003 ; Xiong and Zhu 
 2003  ) . The phenomenon of ABA biosynthesis in response to osmotic stress is well 
known (Finkelstein et al.  2002  ) ; however, the signaling networks orchestrated by ABA 
responses are highly complex. ABA is hydroxylated by cytochrome  P450-monooxygenase 
to form unstable hydroxyl-ABA, which is subsequently  converted to phaseic acid. This 
pathway is also regulated by environmental  conditions (Kushiro et al.  2004  ) . Also, ABA 
and hydroxyl-ABA are conjugated with glucose to form inactive ABA-glucose ester 
(ABA-GE) (Cutler and Krochko  1999  )  which can be converted into an active form by 
apoplastic and endoplasmic  reticulum  b  (beta)-glucosidases. Thus, plants have to maintain 
a proper balance of active and inactive forms of ABA, which is critical for plants growth 
and development (Chinnusamy et al.  2004  ) . 

    3.1   ABA Signaling Pathways 

 Main function of ABA seems to be the regulation of plant water balance and osmotic 
stress tolerance. Several ABA de fi cient mutants namely  aba1 ,  aba2 , and  aba3  have 
been reported for  Arabidopsis  (Koornneef et al.  1998  ) . ABA de fi cient mutants for 
tobacco, tomato, and maize have also been reported (Liotenberg et al.  1999  ) . Without 
any stress treatment the growth of these mutants is comparable to wild type plants. 
Under drought stress, ABA de fi cient mutants readily wilt and die if stress persists. 
Under salt stress also ABA de fi cient mutants show poor growth (Xiong et al. 
 2001  ) . 

 Several different sets of  cis - and  trans -acting factors are known to be involved in 
stress-responsive transcription. Some of them are controlled by ABA but others are 
not responsive to exogenous ABA treatment, indicating the involvement of both 
ABA-dependent and -independent signal transduction cascades for  stress-responsive 
gene expression (Bray  1993 ; Shinozaki and Yamaguchi-Shinozaki  2000 ; Thomashow 
 1999 ; Xiong et al.  2002  ) . Abiotic stress response involves at least four different 
regulons in plants. A regulon is a group of genes controlled by a certain type of 
transcription factor. These regulons are (a) AREB/ABF regulon, (b) MYC/MYB 
regulon, (c) NAC (NAM/ATAF and CUC) and ZF-HD regulon and (d) DREB/CBF 
regulon. The former two are ABA-dependent regulons and later two are 
 ABA-independent (Fig.  6.1 ).   

    3.2   ABA-Dependent Signaling Cascade 

 The ABA-dependent pathway may follow either of the two routes, either requiring 
new protein synthesis or not (Ingram and Bartels  1996 ; Shinozaki and 
 Yamaguchi-Shinozaki  1997  ) . Route independent of new protein synthesis, includes 



1516 Role of DREB-Like Proteins in Improving Stress Tolerance of Transgenic Crops

ABA-responsive genes with ABA-responsive element ABRE, (C/T)ACGTG(G/T)
C, in their promoter domain (Himmelbach et al.  2003  ) . ABRE is recognized by 
members of bZip-transcription factor family, AREB/ABF (ABA-responsive 
 element-binding proteins/factors), and activate ABA-induced gene expression. 
 ABA-dependent phosphorylation is required for the activation of AREB/ABF protein. 
Overexpression of ABF3/ABF4 enhances drought tolerance in  Arabidopsis  (Kang 
et al.  2002  ) . Similarly ABF2/AREB1 overexpression improved stress tolerance 
to heat, drought, and oxidative stresses (Kim et al.  2004  ) . Genes involved in the 
route where new protein synthesis is required for ABA-induced expression have 
no ABRE in their promoter region, else having  cis -acting elements with binding 
af fi nity to MYC/MYB transcription factor family (Bray  2002 ; Shinozaki and 
Yamaguchi-Shinozaki  1997  ) .  

  Fig. 6.1    A schematic representation of cellular signaling pathways. Stress signal is perceived by 
membrane receptors, activating secondary messenger molecules, signal is transduced by a set of 
transcription factors via two different signaling branches. The  cis - and  trans -elements involved in 
stress-responsive gene expression are also shown. Two different signal transduction pathways were 
followed by DREB proteins in response to cold and drought stresses.  ABRE  abscisic acid respon-
sive binding element;  DRE : drought responsive element;  MYBRS  MYB recognition site;  MYCRS  
MYC recognition site;  NACRS  NAC recognition sequences       
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    3.3   ABA-Independent Signaling Cascade 

 Existence of an ABA-independent pathway was unveiled when ERD1 (early  responsive 
to dehydration1, the Clp protease regulatory subunit encoding gene) transcript was 
found to accumulate even before the accumulation of ABA during the dehydration and 
salinity stress responses in  Arabidopsis  (Nakashima et al.  1997  ) . Promoter analysis of 
ERD1 gene shows the existence of DNA-binding domains for transcription factors 
(TFs) belonging to NAC and ZF-HD (zinc- fi nger homeodomain) family.  Arabidopsis  
plants coexpressing these TFs activate the ERD1 gene expression (Tran et al.  2007  ) . 
NAC family proteins bind speci fi cally to the NAC recognition site (CATGTG) (Tran 
et al.  2004  ) . OsNAC6 overexpressing transgenic plants are reportedly tolerant to salt 
and dehydration stress. 

 During dehydration stress, endogenous ABA began to accumulate 2 h after 
 dehydration stress started and reached maximum in 10 h but rd29A transcript was 
found to accumulate within 20 min after dehydration and is followed by a secondary 
induction phase that begins after ~3 h (Yamaguchi-Shinozaki et al.  1992  ) . This 
 differential behavior suggests that the  fi rst rapid induction of  rd29A  is not mediated by 
endogenous ABA but by an ABA-independent pathway. Promoter analysis of rd29A 
revealed the presence of two  cis -acting elements, one of which is ABRE, which is 
responsible for ABA-dependent late induction, and the other is a new  cis -acting 
e lement (TACCGACAT). This new element was named as dehydration-responsive 
 element (DRE)/C-repeat (CRT) and responsible for very early ABA-independent 
i nduction of rd29A. Many dehydration and low-temperature stress-inducible genes 
were found to have DRE in their promoter (Thomashow  1999 ; Yamaguchi-Shinozaki 
and Shinozaki  1994  ) . A lot of efforts were made to identify the transcription factor that 
regulates DRE with the intuition that the DRE-binding protein would be a very 
early regulatory factor of stress response and, therefore, would be a potential  candidate 
for genetic manipulation. The  fi rst DRE-binding protein identi fi ed was named CBF 
(CRT-binding factor) and was found to improve freezing tolerance in the overexpressing 
non-acclimated plants (Kasuga et al.  1999  ) . Consequently several other TFs that bind 
and activate DRE/CRT were discovered (Jaglo-Ottosen et al.  1998  ) . Those were com-
monly named as DRE-binding (DREB) proteins or CBF. One set of DREB genes were 
found to be induced at low temperature and named DREB1 and other group was found 
induced by dehydration and salinity and named DREB2 genes. All the DREB proteins 
have a conserved AP2/ERF (APETALA2/ethylene-responsive element-binding factor) 
DNA-binding domain (Riechmann and Meyerowitz  1998  )  of 50–60 amino acids in 
length. 

 AP2/ERF gene family is one of the most important multigene families of TFs. 
Recently, the AP2 domain was reportedly found in other proteins outside the plant 
kingdom too (Magnani et al.  2004  ) . AP2/ERF family is classi fi ed into three groups 
based on the number of AP2/ERF domains and gene function. Class I members 
encode a protein containing two ERF/AP2 domains and includes APETALA2 
(AP2), AINTEGUMENTA (ANT), and Glossy15 (Elliott et al.  1996 ; Jofuku et al. 
 1994 ; Klucher et al.  1996 ; Moose and Sisco  1996  ) . Class II proteins have only one 
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ERF/AP2 domain and include EREBPs ,  TINY ,  DREB1/CBF ,  DREB2 ,  Ptis ,  EBP ,  
ERF ,  AtEBP ,  AtERFS ,  and ABI4 (Buttner and Singh  1997 ; Finkelstein et al.  1998 ; 
Fujimoto et al.  2000 ; Ohme-Takagi and Shinshi  1995 ; Solano et al.  1998 ; Vergani 
et al.  1997 ; Wilson et al.  1996 ; Zhou et al.  1997  ) . The third class includes RAV1 and 
RAV2 ,  with two different DNA-binding domains, ERF/AP2. Of all, DREB TFs are 
presumably the most promising candidates for genetic manipulation for attaining 
tolerance against drought, high salinity, low-temperature, and other abiotic stresses. 
This chapter emphasize on the role of DREB- and DREB-like proteins in the stress 
responses.   

    4   DRE-Binding Proteins in Stress Responses 

 In  Arabidopsis , DREB/CBF-like proteins can be classi fi ed into 6 small subgroups 
(A-1 to A-6) based on similarities in the binding domain. Subgroups (A-1, A-2) 
include the DREB1/CBF and DREB2 gene families, respectively. The DREB1 
 family proteins are relatively short and of about 220 amino acids in size while the 
DREB2-family proteins are of about 330 amino acids in size. They show variation 
of amino acid sequences in the DNA-binding domains (Liu et al.  1998  ) . Subgroup 
A-3 has only ABI4 ,  A-4 includes TINY ,  A-5 contains RAP2.1 ,  RAP2.9 ,  and 
RAP2.10 ,  and A-6 includes RAP2.4 .  DREB1/CBF and DREB2 are two  independent 
DREB family members which function via two separate signaling pathways under 
stress (Liu et al.  1998  ) . DREB1 proteins play major role in cold-induced gene 
expression and the DREB2 proteins are involved in high-salinity- and  drought-induced 
gene expression. However, for exception, DREB1-related genes DREB1D/CBF4 
expression is induced by osmotic stress (Haake et al.  2002  )  and DREB1F, DREB1E 
are induced by high-salinity stress (Magome et al.  2004  ) . This suggests the cross-
talk between the CBF/DREB1 and the DREB2 pathways. Overexpression of the 
DREB transcription factors activate a number of downstream genes leading to 
enhanced abiotic stress tolerance. 

    4.1   DREB1/CBF Regulates Cold-Inducible Gene Expression 

 In  Arabidopsis,  three genes encoding DREB1B/CBF1, DREB1A/CBF3, and 
DREB1C/CBF2 have been mapped on chromosome 4. Transgenic  Arabidopsis  
plants overexpressing CBF/DREB1 genes showed improved survival rates under 
low temperatures (Jaglo-Ottosen et al.  1998 ; Kasuga et al.  1999  ) . However, the 
DREB1A overexpression caused growth retardation of transgenic plants under 
 normal growth conditions. Replacing the constitutive  Ca MV 35S promoter with 
stress-inducible rd29A promoter minimizes the plant growth defect without 
 compromising with the yield and also imparted tolerance to drought and salinity 
(Fowler and Thomashow  2002 ; Kasuga et al.  1999  ) . Similarly,  Medicago 
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trancatula  DREB1C gene when over expressed into China Rose under  Arabidopsis  
rd29A promoter, show normal growth phenotype and enhance freezing tolerance 
in transgenic plants (Chen et al.  2010  ) . Gene Chip and cDNA microarrays have 
identi fi ed more than 40 genes downstream of DREB1/CBF (Fowler and 
Thomashow  2002 ; Maruyama et al.  2004 ; Seki et al.  2002 ; Vogel et al.  2005  ) . 
Categorically these genes belong to LEA proteins, osmoprotectant biosynthesis 
proteins, RNA-binding proteins, sugar transport proteins, desaturases, carbohydrate 
metabolism-related proteins, KIN (cold-inducible) proteins, protease inhibitors. 
These gene products are probably responsible for the stress tolerance of the 
 transgenic plants. Transcription factors like C2H2 zinc- fi nger-type and AP2/ERF-
type, act downstream to CBF/DREB suggesting existence of further regulation of 
gene expression downstream of the DRE/DREB regulon (Maruyama et al.  2004 ; 
Sakamoto et al.  2004  ) . Whilst, CBF3/DREB1 regulates the expression of a number 
of downstream genes during stress response, it itself is controlled by the Inducer of 
CBF e xpression 1 (ICE1) protein, a MYC-type bHLH (basic helix-loop-helix) TF 
(Chinnusamy et al.  2003  ) . The ICE1 protein is negatively regulated by the higher 
expression of Osmotically responsive genes 1 (HOS1) protein, a RING E3 ligase, 
which is responsible for ubiquitination and subsequent degradation of ICE1 protein 
(Dong et al.  2006  ) . ICE1 ubiquitination can be blocked by SIZ1-dependent 
s umoylation (Miura et al.  2007  ) . SIZ1 is a SUMO E3 ligase that mediates ICE1 
sumoylation which activates and/or stabilizes ICE1 protein, thus facilitating its 
activity controlling the expression of the CBF3/DREB1A gene. However, ICE1 
does not regulate the  expression of CBF2/DREB1C. The CBF2 gene is activated 
by members of calmodulin binding transcription activators, CAMTA (Hua  2009  ) . 
ICE2, an ICE1 homolog,  probably regulates the CBF1 gene (Fursova et al.  2009  ) . 
Also, CBF/DREB1 is negatively regulated by MYB15 TF. So, different pathways 
are involved in activation of different DREB1 proteins.   

    5   DREB2 Protein-Mediated Stress Response Under 
Osmotic Stress 

 DREB2 protein subfamily has two main members, DREB2A and DREB2B (Furihata 
et al.  2006  ) .  Arabidopsis  genome encodes at least six DREB2 homologues other 
than DREB2A and DREB2B. DREB2A and DREB2B are induced strongly by 
drought and high salinity, but the others are not (Sakuma et al.  2006a,   b  ) . Unlike 
CBF/DREB1, transgenic plants overexpressing DREB2A did not show growth 
retardation. Also, overexpression of AtDREB2A and OsDREB2A in  Arabidopsis  
was insuf fi cient for stress-inducible gene expression (Dubouzet et al.  2003 ; Liu 
et al.  1998  ) . This suggested that some posttranslational modi fi cations might be 
needed by DREB2A for the activation of stress-inducible gene expression. The 
amino acid and domain analyses of AtDREB2A gene revealed the presence of a 
predicted nuclear localization signal in its N-terminal region, a transcriptional 
 activation domain in the C-terminal region between amino acids 254–335, AP2/
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ERF domain from amino acids 78–135 and a negative regulatory domain in the 
central region of the protein (136–165). Deletion of this negative regulatory domain 
resulted in signi fi cant increase of its activity. Sequence analysis shows the presence 
of a PEST sequence (RSDASEVTSTSSQSEVCTVETPGCV) in this region. The 
PEST sequence is rich in proline (P), glutamic acid (G), serine (S), and threonine 
(T). PEST sequence is often associated with proteins of short intracellular half-life, 
hence PEST sequences are hypothesized to act as a signal peptide for protein 
 degradation (Rogers et al.  1986  ) . The removal of negative regulatory domain 
 containing the PEST sequence transforms DREB2A in a constitutively active form 
(DREB2-CA) (Sakuma et al.  2006a,   b  ) . The DREB2A protein containing the PEST 
sequence is degraded rapidly by the ubiquitin-proteasome system, whereas 
DREB2A-CA has a long lifetime in the nucleus. It was recently reported that over-
expression of DREB2A-CA gene induces not only drought- and salt-responsive 
genes but also heat-shock (HS)-related genes (Sakuma et al.  2006a,   b  ) . Thus the 
DREB2A up-regulated genes can be classi fi ed into three groups: genes induced by 
HS, genes induced by drought stress, and genes induced by both HS and drought 
stress. HS stress induces HS proteins (HSPs). The expression of DREB2A itself was 
found to be induced by HS transiently and signi fi cantly. Microarray analysis of 
DREB2A-CA overexpressing  Arabidopsis  plants revealed the up-regulation of a 
number of drought, salt and heat responsive downstream genes even under 
 non-stressed conditions (Sakuma et al.  2006a,   b  ) . Surprisingly, it shows the induc-
tion of a gene for heat shock factor (HSF), AtHsfA3 ,  along with genes for LEA 
proteins, dehydrins, and COR15A, which function in acquisition of stress tolerance 
to drought and high-salinity genes. The heat induction of HSFA3 is directly regu-
lated by the transcription factor DREB2A. Heat-inducible DREB2A can bind to the 
DRE element in the promoter of HSFA3 under heat shock to induce HSFA3 and 
further activate HSP expression (Schramm et al.  2008 ; Yoshida et al.  2008  ) . 
Overexpression of DREB2C, another CRT/DRE-binding ERF member, enhances 
thermo-tolerance of transgenic  Arabidopsis  plants (Lim et al.  2007  ) . Taken together, 
these results indicated that DREB2A plays a critical role in regulating drought- and 
heat-stress-responsive gene expression (Sakuma et al.  2006a,   b  ) . 

 Though both DREB1A and DREB2A recognize DRE, however, differences 
were observed between the DREB1A and DREB2A downstream genes. Moreover, 
some common downstream genes, such as COR15A, COR15B, KIN1, and KIN2, 
are recognized by both DREB1A and DREB2A, but their expression levels in the 
DREB2A-CA overexpressing plants were signi fi cantly lower than those in the 
DREB1A transgenic plants (Sakuma et al.  2006a,   b  ) . These differences in expres-
sion level of the downstream genes between the two DREB proteins explain the 
reason for the less freezing tolerance of the DREB2A-CA transgenic plants. 
Extensive promoter analysis of the DREB1A- and DREB2A-up-regulated genes 
demonstrated that the DREB2A protein could recognize both DRE/CRT variants, 
A/GCCGACNT and A/GCCGACNA/G/C, but prefers ACCGAC to GCCGAC. 
DREB1A protein has the highest af fi nity to the A/GCCGACNT sequence These 
different binding speci fi cities between DREB1A and DREB2A may explain why 
these proteins control some  different downstream genes. 
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 Besides the major two subfamilies of DREB proteins, much less is known about 
a lot of small proteins (200aa and less) that bear DREB2-like AP2 domain. In this 
chapter we summarize these DREB2-like small subgroup proteins.  

    6   DREB2-Like Small Proteins 

 DREB proteins play important roles in plant morphology, development, and stress 
responses. A chickpea cDNA library of dehydration-induced transcripts was 
 constructed and a novel DREB2-like TF, CAP2 was isolated (Shukla et al.  2006  ) . In 
comparison to most of the well-known DREB2 family members, CAP2 was found to 
be relatively small (202 amino acids), though it quali fi es for being an AP2  transcription 
factor. Since then, like CAP2, a number of small ORFs containing DREB2-like AP2 
domain have been reported in GenBank from different plants. Like DREB2A of 
 Arabidopsis  and rice ( Oryza sativa ) expression of CAP2 is induced by dehydration 
and salt but not by cold. But, unlike AtDREB2A, CAP2 transcript was induced by 
ABA and auxin. Overexpression of CAP2 in transgenic tobacco caused increase in 
the leaf size and number of lateral roots, also promoted tolerance to salt, osmotic 
and heat stresses. This suggested that CAP2 is involved in both stress response and 
development. Another DREB2-like protein ZmDREB2A from  Zea mays  showed 
enhanced tolerance to drought, high salt and heat stress in the transgenic plants 
without growth penalty. A novel DREB-like gene, GmDREB2, was isolated from 
soybean. It has an open reading frame of 159 amino acids. GmDREB2 was classi fi ed 
into A-5 subgroup in DREB subfamily. GmDREB2 gene expression was induced 
by drought, high salt, and low temperature stresses and ABA treatment. Transgenic 
 Arabidopsis  plants overexpressing GmDREB2 has activated expression of 
 downstream genes resulting in enhanced tolerance to drought and high-salt stresses. 
GmDREB2 overexpression did not cause growth retardation (Chen et al.  2007  ) . 

 Similarly, A-4 subgroup member GhDBP3 (226 amino acids) is an abiotic stress 
and ABA-induced transcriptional activator (Huang and Liu  2006  ) . A member of A-6 
subgroup, ZmDBF1 (222 amino acids) of maize, is also induced by drought, NaCl, and 
ABA treatments in plant seedlings (Kizis and Pagès  2002  ) . A gain-of-function mutant, 
 hardy  was identi fi ed in a phenotypic screen of an activation tagged mutant collection in 
 Arabidopsis  with robust roots and dark green leaves (Karaba et al.  2007  ) . The HRD 
(HARDY) gene belongs to a class of AP2/ERF-like TFs. This gene has an ORF of 184 
amino acids. HRD is probably involved in the  maturation of in fl orescence stage 
 processes that needs tissue protection against desiccation.  Arabidopsis  plants 
 overexpressing HRD gene confers drought and salt tolerance (Verslues et al.  2006  ) . 

 In rice, a DREB2-like gene was isolated and named as ABA-responsive AP2-like 
gene (ARAG1). Its ORF is capable of encoding a 225 amino acid protein. Expression 
of ARAG1 was reportedly up-regulated by drought and ABA treatment as an early 
stress response as compared with the control. ARAG1-transgenic seeds were able to 
germinate in the presence of ABA application. It suggests that ARAG1 was involved 
with the tolerance-associated processes in the seedlings.  
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    7   Conclusion 

 Taken together, a number of recent reports suggest that unlike DREB genes in A-1 
and A-2 subgroups, which are involved only in ABA-independent pathway, these 
DREB2-like proteins are involved in both ABA-dependent and ABA-independent 
pathways. They may act as an overlap point and/or might take part separately in 
both ABA-independent and ABA-dependent pathways. Unlike the authentic DREB 
genes these DREB2-like genes do not show any growth defect when overexpressed. 
Some of them promoted growth and development in addition to abiotic stress 
 tolerance when expressed in other plants. Since, little is known about the role of 
DREB2-like proteins during seed germination and seedling growth, and how they 
are regulated by ABA; a detailed and comprehensive functional study on these small 
AP2 proteins may give us an insight in plant developmental process and stress 
 adaptation/tolerance mechanisms. They may also provide an attractive and 
 complementary option for improving a plant’s performance under stress conditions 
and emerge as an important future strategy for facilitating the crop yield in 
 drought-prone environments for sustainable agricultural production.      

   References 

    Apse MP, Blumwald E (2002) Engineering salt tolerance in plants. Curr Opin Biotechnol 
13(2):146–150  

    Ashraf M (1994) Breeding for salinity tolerance in plants. Crit Rev Plant Sci 13:17–42  
    Bohnert HJ, Ayoubi P, Borchert C et al (2001) A genomics approach towards salt stress tolerance. 

Plant Physiol Biochem 39(3–4):295–311  
    Bray EA (1993) Molecular responses to water de fi cit. Plant Physiol 103(4):1035–1040  
    Bray EA (2002) Abscisic acid regulation of gene expression during water-de fi cit stress in the era 

of the Arabidopsis genome. Plant Cell Environ 25(2):153–161  
    Bressan RA, Hasegawa PM, Pardo JM (1998) Plants use calcium to resolve salt stress. Trends 

Plant Sci 3(11):411–412  
    Buttner M, Singh KB (1997) Arabidopsis thaliana ethylene-responsive element binding protein 

(AtEBP), an ethylene-inducible, GCC box DNA-binding protein interacts with an ocs element 
binding protein. Proc Natl Acad Sci U S A 94(11):5961–5966  

    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(3):250–257  

    Chen M, Wang QY, Cheng XG et al (2007) GmDREB2, a soybean DRE-binding transcription 
 factor, conferred drought and high-salt tolerance in transgenic plants. Biochem Biophys Res 
Commun 353(2):299–305  

      Chen JR, Lü JJ, Liu R, Xiong XY, Wang TX, Chen SY, Guo LB, Wang HF (2010) DREB1C from 
Medicago truncatula enhances freezing tolerance in transgenic M. truncatula and China rose 
(Rosa chinensis Jacq.). Plant Growth Regulation 60(3):199–211  

    Chinnusamy V, Ohta M, Kanrar S et al (2003) ICE1: a regulator of cold-induced transcriptome and 
freezing tolerance in Arabidopsis. Genes Dev 17(8):1043–1054  

    Chinnusamy V, Schumaker K, Zhu JK (2004) Molecular genetic perspectives on cross-talk and 
speci fi city in abiotic stress signalling in plants. J Exp Bot 55(395):225–236  

    Cutler AJ, Krochko JE (1999) Formation and breakdown of ABA. Trends Plant Sci 
4(12):472–478  



158 D. Jain and D. Chattopadhyay

    Dong C-H, Agarwal M, Zhang Y, Xie Q, Zhu J-K (2006) The negative regulator of plant cold 
responses, HOS1, is a RING E3 ligase that mediates the ubiquitination and degradation of 
ICE1. Proc Natl Acad Sci 103(21):8281–8286  

    Dubouzet JG, Sakuma Y, Ito Y et al (2003) OsDREB genes in rice, Oryza sativa L., encode tran-
scription activators that function in drought-, high-salt- and cold-responsive gene expression. 
Plant J 33(4):751–763  

    Elliott RC, Betzner AS, Huttner E et al (1996) AINTEGUMENTA, an APETALA2-like gene of 
Arabidopsis with pleiotropic roles in ovule development and  fl oral organ growth. Plant Cell 
8(2):155–168  

    Farooq M, Wahid A, Kobayashi N, Fujita D, Basra SMA (2009) Plant drought stress: effects, 
mechanisms and management. In: Lichtfouse E, Navarrete M, Debaeke P, Véronique S, 
Alberola C (eds) Sustainable agriculture. Springer, Netherlands, pp 153–188  

    Finkelstein RR, Wang ML, Lynch TJ, Rao S, Goodman HM (1998) The Arabidopsis abscisic acid 
response locus ABI4 encodes an APETALA 2 domain protein. Plant Cell 10(6):1043–1054  

    Finkelstein RR, Gampala SSL, Rock CD (2002) Abscisic acid signaling in seeds and seedlings. 
Plant Cell 14(Suppl 1):S15–S45  

    Fowler S, Thomashow MF (2002) Arabidopsis transcriptome pro fi ling indicates that multiple 
regulatory pathways are activated during cold acclimation in addition to the CBF cold response 
pathway. Plant Cell 14(8):1675–1690  

    Fujimoto SY, Ohta M, Usui A, Shinshi H, Ohme-Takagi M (2000) Arabidopsis ethylene- responsive 
element binding factors act as transcriptional activators or repressors of GCC box-mediated 
gene expression. Plant Cell 12(3):393–404  

    Furihata T, Maruyama K, Fujita Y et al (2006) Abscisic acid-dependent multisite phosphorylation 
regulates the activity of a transcription activator AREB1. Proc Natl Acad Sci U S A 
103(6):1988–1993  

    Fursova OV, Pogorelko GV, Tarasov VA (2009) Identi fi cation of ICE2, a gene involved in cold 
acclimation which determines freezing tolerance in Arabidopsis thaliana. Gene 
429(1–2):98–103  

    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(2):639–648  

    Himmelbach A, Yang Y, Grill E (2003) Relay and control of abscisic acid signaling. Curr Opin 
Plant Biol 6(5):470–479  

    Hua J (2009) From freezing to scorching, transcriptional responses to temperature variations in 
plants. Curr Opin Plant Biol 12(5):568–573  

    Huang B, Liu J-Y (2006) Cloning and functional analysis of the novel gene GhDBP3 encoding a 
DRE-binding transcription factor from Gossypium hirsutum. Biochim Biophys Acta 
1759(6):263–269  

    Ingram J, Bartels D (1996) The molecular basis of dehydration tolerance in plants. Annu Rev Plant 
Physiol Plant Mol Biol 47:377–403  

    Iuchi S, Kobayashi M, Yamaguchi-Shinozaki K, Shinozaki K (2000) A stress-inducible gene for 
9-cis-epoxycarotenoid dioxygenase involved in abscisic acid biosynthesis under water stress in 
drought-tolerant cowpea. Plant Physiol 123(2):553–562  

    Jaglo-Ottosen KR, Gilmour SJ, Zarka DG, Schabenberger O, Thomashow MF (1998) Arabidopsis 
CBF1 overexpression induces COR genes and enhances freezing tolerance. Science 
280(5360):104–106  

    Jofuku KD, den Boer BG, Van Montagu M, Okamuro JK (1994) Control of Arabidopsis  fl ower and 
seed development by the homeotic gene APETALA2. Plant Cell 6(9):1211–1225  

    Kang JY, Choi HI, Im MY, Kim SY (2002) Arabidopsis basic leucine zipper proteins that mediate 
stress-responsive abscisic acid signaling. Plant Cell 14(2):343–357  

    Karaba A, Dixit S, Greco R et al (2007) Improvement of water use ef fi ciency in rice by expression 
of HARDY, an Arabidopsis drought and salt tolerance gene. Proc Natl Acad Sci U S A 
104(39):15270–15275  

    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(3):287–291  



1596 Role of DREB-Like Proteins in Improving Stress Tolerance of Transgenic Crops

    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(1):75–87  

    Kizis D, Pagès 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(6):679–689  

    Klucher KM, Chow H, Reiser L, Fischer RL (1996) The AINTEGUMENTA gene of Arabidopsis 
required for ovule and female gametophyte development is related to the  fl oral homeotic gene 
APETALA2. Plant Cell 8(2):137–153  

    Knight H, Brandt S, Knight MR (1998) A history of stress alters drought calcium signalling 
 pathways in Arabidopsis. Plant J 16(6):681–687  

    Koornneef M, Alonso-Blanco C, Blankestijn-de Vries H, Hanhart CJ, Peeters AJ (1998) Genetic 
interactions among late- fl owering mutants of Arabidopsis. Genetics 148(2):885–892  

    Kushiro T, Okamoto M, Nakabayashi K et al (2004) The Arabidopsis cytochrome P450 CYP707A 
encodes ABA 8’-hydroxylases: key enzymes in ABA catabolism. EMBO J 23(7):1647–1656  

    Lang V, Mantyla E, Welin B, Sundberg B, Palva ET (1994) Alterations in water status, endogenous 
abscisic acid content, and expression of rab18 gene during the development of freezing toler-
ance in Arabidopsis thaliana. Plant Physiol 104(4):1341–1349  

    Lee KH, Piao HL, Kim H-Y et al (2006) Activation of glucosidase via stress-induced polymeriza-
tion rapidly increases active pools of abscisic acid. Cell 126(6):1109–1120  

    Lim CJ, Hwang JE, Chen H et al (2007) Over-expression of the Arabidopsis DRE/CRT-binding 
transcription factor DREB2C enhances thermotolerance. Biochem Biophys Res Commun 
362(2):431–436  

    Liotenberg S, North H, Marion-Poll A (1999) Molecular biology and regulation of abscisic acid 
biosynthesis in plants. Plant Physiol Biochem 37(5):341–350  

    Liu Q, Kasuga M, Sakuma Y et al (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(8):1391–1406  

    Magnani E, Sjolander K, Hake S (2004) From endonucleases to transcription factors: evolution of 
the AP2 DNA binding domain in plants. Plant Cell 16(9):2265–2277  

    Magome H, Yamaguchi S, Hanada A, Kamiya Y, Oda K (2004) Dwarf and delayed- fl owering 1, a 
novel Arabidopsis mutant de fi cient in gibberellin biosynthesis because of overexpression of a 
putative AP2 transcription factor. Plant J 37(5):720–729  

    Mantyla E, Lang V, Palva ET (1995) Role of abscisic acid in drought-induced freezing tolerance, 
cold acclimation, and accumulation of LT178 and RAB18 proteins in Arabidopsis thaliana. 
Plant Physiol 107(1):141–148  

    Maruyama K, Sakuma Y, Kasuga M et al (2004) Identi fi cation of cold-inducible downstream 
genes of the Arabidopsis DREB1A/CBF3 transcriptional factor using two microarray systems. 
Plant J 38(6):982–993  

    Miura K, Jin JB, Lee J et al (2007) SIZ1-mediated sumoylation of ICE1 controls CBF3/DREB1A 
expression and freezing tolerance in Arabidopsis. Plant Cell 19(4):1403–1414  

    Moose SP, Sisco PH (1996) Glossy15, an APETALA2-like gene from maize that regulates leaf 
epidermal cell identity. Genes Dev 10(23):3018–3027  

    Nakashima K, Kiyosue T, Yamaguchi-Shinozaki K, Shinozaki K (1997) A nuclear gene, erd1, 
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 thali-
ana. Plant J 12(4):851–861  

    Ohme-Takagi M, Shinshi H (1995) Ethylene-inducible DNA binding proteins that interact with an 
ethylene-responsive element. Plant Cell 7(2):173–182  

    Park EJ, Jeknic Z, Sakamoto A et al (2004) Genetic engineering of glycinebetaine synthesis in 
tomato protects seeds, plants, and  fl owers from chilling damage. Plant J 40(4):474–487  

    Riechmann JL, Meyerowitz EM (1998) The AP2/EREBP family of plant transcription factors. Biol 
Chem 379(6):633–646  



160 D. Jain and D. Chattopadhyay

    Rogers S, Wells R, Rechsteiner M (1986) Amino acid sequences common to rapidly degraded 
proteins: the PEST hypothesis. Science 234(4774):364–368  

    Rontein D, Basset G, Hanson AD (2002) Metabolic engineering of osmoprotectant accumulation 
in plants. Metab Eng 4(1):49–56  

    Sakamoto H, Maruyama K, Sakuma Y et al (2004) Arabidopsis Cys2/His2-type zinc- fi nger pro-
teins function as transcription repressors under drought, cold, and high-salinity stress condi-
tions. Plant Physiol 136(1):2734–2746  

    Sakuma Y, Maruyama K, Osakabe Y et al (2006a) Functional analysis of an Arabidopsis transcrip-
tion factor, DREB2A, involved in drought-responsive gene expression. Plant Cell 
18(5):1292–1309  

    Sakuma Y, Maruyama K, Qin F, Osakabe Y, Shinozaki K, Yamaguchi-Shinozaki K (2006b) Dual 
function of an Arabidopsis transcription factor DREB2A in water-stress-responsive and heat-
stress-responsive gene expression. Proc Natl Acad Sci U S A 103(49):18822–18827  

    Schramm F, Larkindale J, Kiehlmann E et al (2008) A cascade of transcription factor DREB2A and 
heat stress transcription factor HsfA3 regulates the heat stress response of Arabidopsis. Plant J 
53(2):264–274  

    Schroeder JI, Allen GJ, Hugouvieux V, Kwak JM, Waner D (2001) Guard cell signal transduction. 
Annu Rev Plant Physiol Plant Mol Biol 52:627–658  

    Schwartz SH, Qin X, Zeevaart JAD (2003) Elucidation of the indirect pathway of abscisic acid 
biosynthesis by mutants, genes, and enzymes. Plant Physiol 131(4):1591–1601  

    Seki M, Narusaka M, Abe H et al (2001) Monitoring the expression pattern of 1300 Arabidopsis 
genes under drought and cold stresses by using a full-length cDNA microarray. Plant Cell 
13(1):61–72  

    Seki M, Narusaka M, Ishida J et al (2002) Monitoring the expression pro fi les of 7000 Arabidopsis 
genes under drought, cold and high-salinity stresses using a full-length cDNA microarray. 
Plant J 31(3):279–292  

    Seki M, Kamei A, Yamaguchi-Shinozaki K, Shinozaki K (2003) Molecular responses to drought, 
salinity and frost: common and different paths for plant protection. Curr Opin Biotechnol 
14(2):194–199  

    Shinozaki K, Yamaguchi-Shinozaki K (1997) Gene expression and signal transduction in water-
stress response. Plant Physiol 115(2):327–334  

    Shinozaki K, Yamaguchi-Shinozaki K (2000) Molecular responses to dehydration and low tem-
perature: differences and cross-talk between two stress signaling pathways. Curr Opin Plant 
Biol 3(3):217–223  

    Shinozaki K, Yamaguchi-Shinozaki K (2007) Gene networks involved in drought stress response 
and tolerance. J Exp Bot 58(2):221–227  

    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(5):410–417  

    Shukla RK, Raha S, Tripathi V, Chattopadhyay D (2006) Expression of CAP2, an APETALA2-
family transcription factor from chickpea, enhances growth and tolerance to dehydration and 
salt stress in transgenic tobacco. Plant Physiol 142(1):113–123  

    Siminovitch D, Cloutier Y (1982) Twenty-four-hour induction of freezing and drought tolerance in 
plumules of winter rye seedlings by desiccation stress at room temperature in the dark. Plant 
Physiol 69(1):250–255  

    Smirnoff N (1998) Plant resistance to environmental stress. Curr Opin Biotechnol 9(2):214–219  
    Solano R, Stepanova A, Chao Q, Ecker JR (1998) Nuclear events in ethylene signaling: a tran-

scriptional cascade mediated by ethylene-insensitive3 and ethylene-response-factOR1. Genes 
Dev 12(23):3703–3714  

    Thomashow MF (1999) Plant cold acclimation: freezing tolerance genes and regulatory mecha-
nisms. Annu Rev Plant Physiol Plant Mol Biol 50:571–599  

    Tran LS, Nakashima K, Sakuma Y et al (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(9):2481–2498  



1616 Role of DREB-Like Proteins in Improving Stress Tolerance of Transgenic Crops

    Tran LS, Nakashima K, Sakuma Y et al (2007) Co-expression of the stress-inducible zinc  fi nger 
homeodomain ZFHD1 and NAC transcription factors enhances expression of the ERD1 gene 
in Arabidopsis. Plant J 49(1):46–63  

    Vergani P, Morandini P, Soave C (1997) Complementation of a yeast delta pkc1 mutant by the 
Arabidopsis protein ANT. FEBS Lett 400(2):243–246  

    Verslues PE, Agarwal M, Katiyar-Agarwal S, Zhu J, Zhu JK (2006) Methods and concepts in 
quantifying resistance to drought, salt and freezing, abiotic stresses that affect plant water sta-
tus. Plant J 45(4):523–539  

    Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG, Thomashow MF (2005) Roles of the CBF2 and 
ZAT12 transcription factors in con fi guring the low temperature transcriptome of Arabidopsis. 
Plant J 41(2):195–211  

    Wang W, Vinocur B, Altman A (2003) Plant responses to drought, salinity and extreme tempera-
tures: towards genetic engineering for stress tolerance. Planta 218(1):1–14  

    Wang W, Vinocur B, Shoseyov O, Altman A (2004) Role of plant heat-shock proteins and molecu-
lar chaperones in the abiotic stress response. Trends Plant Sci 9(5):244–252  

    Wasilewska A, Vlad F, Sirichandra C et al (2008) An update on abscisic acid signaling in plants 
and more …. Mol Plant 1(2):198–217  

    Wilkinson S, Clephan AL, Davies WJ (2001) Rapid low temperature-induced stomatal closure 
occurs in cold-tolerant Commelina communis leaves but not in cold-sensitive tobacco leaves, 
via a mechanism that involves apoplastic calcium but not abscisic acid. Plant Physiol 
126(4):1566–1578  

    Wilson K, Long D, Swinburne J, Coupland G (1996) A Dissociation insertion causes a semidomi-
nant mutation that increases expression of TINY, an Arabidopsis gene related to APETALA2. 
Plant Cell 8(4):659–671  

    Xiong L, Zhu J-K (2003) Regulation of abscisic acid biosynthesis. Plant Physiol 133(1):29–36  
    Xiong L, Gong Z, Rock CD et al (2001) Modulation of abscisic acid signal transduction and bio-

synthesis by an Sm-like protein in Arabidopsis. Dev Cell 1(6):771–781  
    Xiong L, Schumaker KS, Zhu JK (2002) Cell signaling during cold, drought, and salt stress. Plant 

Cell 14(Suppl):S165–S183  
    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. The Plant Cell 
Online 6(2):251–264  

    Yamaguchi-Shinozaki K, Shinozaki K (2006) Transcriptional regulatory networks in cellular 
responses and tolerance to dehydration and cold stresses. Annu Rev Plant Biol 57:781–803  

    Yamaguchi-Shinozaki K, Koizumi M, Urao S, Shinozaki K (1992) Molecular cloning and charac-
terization of 9 cDNAs for genes that are responsive to desiccation in Arabidopsis thaliana: 
sequence analysis of one cDNA clone that encodes a putative transmembrane channel protein. 
Plant Cell Physiol 33(3):217–224  

    Yoshida T, Sakuma Y, Todaka D et al (2008) Functional analysis of an Arabidopsis heat-shock 
transcription factor HsfA3 in the transcriptional cascade downstream of the DREB2A stress-
regulatory system. Biochem Biophys Res Commun 368(3):515–521  

    Zhou J, Tang X, Martin GB (1997) The Pto kinase conferring resistance to tomato bacterial speck 
disease interacts with proteins that bind a cis-element of pathogenesis-related genes. EMBO J 
16(11):3207–3218  

    Zhu JK (2001) Cell signaling under salt, water and cold stresses. Curr Opin Plant Biol 
4(5):401–406  

    Zhu JK (2002) Salt and drought stress signal transduction in plants. Annu Rev Plant Biol 
53:247–273      


	Chapter 6: Role of DREB-Like Proteins in Improving Stress Tolerance of Transgenic Crops
	1 Introduction
	2 Abiotic Stress Response
	3 Role of ABA in Stress Response
	3.1 ABA Signaling Pathways
	3.2 ABA-Dependent Signaling Cascade
	3.3 ABA-Independent Signaling Cascade

	4 DRE-Binding Proteins in Stress Responses
	4.1 DREB1/CBF Regulates Cold-Inducible Gene Expression

	5 DREB2 Protein-Mediated Stress Response Under Osmotic Stress
	6 DREB2-Like Small Proteins
	7 Conclusion
	References


