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Abstract 

AREB (ABA response element binding) proteins in plants play direct regulatory roles in response 
to multiple stresses, but their functions in wheat (Triticum aestivum L.) are not clear. In the present 
study, TaAREB3, a new member of the AREB transcription factor family, was isolated from wheat. 
Sequence analysis showed that the TaAREB3 protein is composed of three parts, a conserved 
N-terminal, a variable M region, and a conserved C-terminal with a bZIP domain. It belongs to the 
group A subfamily of bZIP transcription factors. TaAREB3 was constitutively expressed in stems, 
leaves, florets, anthers, pistils, seeds, and most highly, in roots. TaAREB3 gene expression was 
induced with abscisic acid (ABA) and low temperature stress, and its protein was localized in the 
nucleus when transiently expressed in tobacco epidermal cells and stably expressed in transgenic 
Arabidopsis. TaAREB3 protein has transcriptional activation activity, and can bind to the ABRE 
cis-element in vitro. Overexpression of TaAREB3 in Arabidopsis not only enhanced ABA sensitivity, 
but also strengthened drought and freezing tolerances. TaAREB3 also activated RD29A, RD29B, 
COR15A, and COR47 by binding to their promoter regions in transgenic Arabidopsis. These results 
demonstrated that TaAREB3 plays an important role in drought and freezing tolerances in Ara-
bidopsis. 
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Introduction 
Abiotic stresses, such as drought and freezing, 

limit world growth in wheat production [1, 2]. When 
encountering unfavorable environmental conditions, 
plants produce elevated levels of abscisic acid (ABA), 
which controls guard cell aperture and activates ex-
pression of many stress-related genes involved in 
signal transduction pathways [3, 4]. The 
ABA-mediated signal network in Arabidopsis has been 
well studied. The ABA receptor PYR/PYL/RCAR 
binds ABA, and the bound complex binds to, and 
inhibits, protein phosphatase activity of PP2Cs; inhi-
bition by PP2C on SnRK2 kinase activity is released, in 
turn allowing accumulation of activated SnRK2 ki-
nases, whose direct targets include SLOW ANION 
CHANNEL 1, an anion channel that controls guard 
cell aperture, and downstream transcription factors. 
Transcription factors activate expression of target 

genes [5-7].  
AREBs, also named ABFs (ABRE binding fac-

tors), which belong to the bZIP transcription factor 
family, are regulated by ABA and have important 
roles in plant responses to abiotic stress [8-10]. Nu-
merous ABA and/or stress-regulated genes contain a 
(C/T)ACGTGGC consensus sequence, known as the 
ABA responsive element (ABRE), in their promoter 
regions [11-13]. This cis-element was originally dis-
covered in the RAB16 and Em genes in rice and wheat, 
respectively [14, 15]. The wheat Em gene contains an 
ACGT core sequence (CACGTG) known as a “G-box” 
[16]. Many AREB genes, such as AREB1/ABF2 and 
ABF3, which belong to the bZIP family, were found by 
yeast one hybrid experiments using the ABRE motif 
as bait [17, 18].  

Basic region/leucine zipper (bZIP) proteins are 
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classified by their DNA-binding domains [19]. They 
have a basic region that binds DNA and a leucine 
zipper dimerization motif [20]. In Arabidopsis, bZIP 
proteins can be placed in ten groups based on se-
quence similarity of the basic region and additional 
conserved motifs [8, 21]. AREB transcription factors 
belong to group A [18, 22]. 

The regulatory effects of AREB transcription 
factors on target genes are mainly induced by abiotic 
stresses, and thereby help plants to adjust to new en-
vironments [23, 24]. The target genes mostly encode 
late embryogenesis abundant proteins (LEA), osmot-
in, proline or betaine [25]. LEA gene families encom-
pass numerous genes, such as RD (responsive to de-
hydration), COR (cold regulated), ERD (early respon-
sive to dehydration) and RAB (responsive to ABA) 
[26, 27]. Their protein products are rich in hydrophilic 
amino acids that can protect protein integrity and cell 
structure from stress damage [28, 29]. Osmotic ad-
justment substances, such as proline and betaine, also 
have important roles in stress tolerance [30]. 

Many studies have reported that ABA and AREB 
play vital roles in abiotic stress tolerance in Arabidopsis 
[31, 32], but how they work in wheat remains largely 
unknown [33-36]. In this study, we isolated a novel 
AREB transcription factor, TaAREB3, from wheat. 
Functional analysis showed that TaAREB3 can bind to 
promoters of RD29A, RD29B, COR15A and COR47, 
and activate their expression under stress conditions. 
Transformed Arabidopsis overexpressing TaAREB3 
showed enhanced freezing and drought tolerances. 

Materials and methods 
Plant materials and growth conditions 

Hanxuan 10, a drought tolerant wheat cultivar 
was used for isolation of TaAREB3. Eight diploid spe-
cies, including three A genome (T. urartu) accessions, 
two B genome (Aegilops speltoides) accessions and 
three D genome (Ae. tauschii) accessions were used to 
study gene origins.  

Arabidopsis thaliana (Columbia ecotype) seeds 
were sown on MS medium with 3% (w/v) sucrose 
and 0.8% (w/v) agar. After a 2-day treatment at 4ºC 
the plates were transferred to a light-fitted incubator 
at 22ºC under long days (23 h light/1 h darkness). One 
week later, the seedlings were transferred to soil and 
cultured in a greenhouse at 22ºC (light) and 18ºC 
(darkness) under long day conditions (16 h light/8 h 
darkness).  

Expression pattern of TaAREB3 in wheat 
To detect TaAREB3 responses to abiotic stresses, 

two-week-old wheat seedlings were treated at low 
temperature (4ºC), or sprayed with 50 μM ABA solu-
tion. Plant tissues (stems, leaves, florets, anthers, pis-

tils, seeds and roots) were sampled for expression 
analysis at 0, 1, 3, 6, 12, 24, 48, and 72 h after treat-
ment.  

Isolation of full-length cDNA and phylogenetic 
tree construction of TaAREB3 

Using sequences of Arabidopsis AREB family 
members as references, a complete wheat AREB 
cDNA (named as TaAREB3) sequence information 
was obtained from the wheat A and D genome data-
bases by tBLASTn [37, 38]. The full-length cDNA of 
the TaAREB3 gene was then cloned from wheat total 
RNA by reverse transcription polymerase chain reac-
tion (RT-PCR). Through amino acid sequence anal-
yses using protein BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) various 
bZIP genes were obtained from plant species, such as 
Arabidopsis, rice, barley, and Brachypodium distachyon. 
Phylogenetic analysis was performed by the maxi-
mum likelihood method using Molecular Evolution-
ary Genetics Analysis (MEGA) 5 software. 

Genetic characterization of TaAREB3 
To analyze the genomic origin of TaAREB3 ge-

nome-specific sequences of TaAREB3 were amplified 
using the wheat diploid progenitor species. DNA 
fragments were ligated into a pEASY-Blunt cloning 
vector, and the vectors were transformed into E. coli; 
plasmids were extracted and sequenced with a DNA 
Analyzer ABI 3730. Diversity of the sequencing re-
sults was analyzed with the MegAlign program in 
DNAStar software. 

Subcellular localization of TaAREB3 
The full-length cDNA of TaAREB3 was fused 

into the modified vector pCAMBIA1300 with a 35S 
promoter and GFP tag [39]. The fusion vector and 
control (GFP) were transformed into Agrobacterium 
tumefaciens strain GV3101, which was then trans-
formed into tobacco and Arabidopsis to obtain transi-
ent expression of TaAREB3 and stable transgenic 
lines, respectively. GFP fluorescence was recorded 
with a camera fitted to a confocal laser scanning mi-
croscope (Zeiss LSM700).  

Phenotypic analyses of transgenic plants 
Post-germination seedling greening (that is, 

numbers of seedlings with green cotyledons) levels 
were scored for wild type and transgenics at one week 
after germination on MS media containing 0, 0.1, 0.3, 
0.5 μM ABA [40]. Freezing tolerance assays were 
performed as described by Shi [41]. Briefly, 
two-week-old seedlings grown at 21ºC on 0.8% agar 
plates were treated at -12ºC for 12 h after a 4 d, 4ºC 
treatment (cold acclimation, CA), or at -10ºC for 12 h 
with no cold acclimation (NA). After the freezing 
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treatments and a 2-d recovery at 21ºC, seedling sur-
vival rates were determined. Ion leakage was assayed 
as previously described [42]. Briefly, 1 g of 
two-week-old seedling tissue was immersed in 10 ml 
water for 30 min with gentle shaking, and conductiv-
ity of the solution was recorded. Conductivity was 
again measured after the solution was boiled for 10 
min and cooled to room temperature. Ion leakage was 
calculated as the proportion of conductivity before 
boiling relative to that after boiling. Three-week-old 
seedlings of wild type (WT) and transgenic plants 
deprived of water for 2 weeks were analyzed for 
drought tolerance as described [43].  

Transcriptional activation activity of TaAREB3 
For transcriptional activation analysis full-length 

or partial sequences of TaARBE3 cDNA were fused 
in-frame with the GAL4 DNA binding domain in the 
pGBKT7 vector. The constructs were transformed into 
yeast strain AH109 containing the His3 and LacZ re-
porter genes following the Yeastmaker™ Yeast 
Transformation System 2 User Manual. Transformed 
yeast cells were cultured on synthetic-defined (SD) 
plates containing SD/-Trp, and SD/-His/-Trp media 
and then subjected to LacZ staining. 
O-nitrophenyl-β-d-galactopyranoside (ONPG) was 
used for quantitative assays of β-galactosidase activi-
ty. 

Purification of recombinant protein and elec-
trophoretic mobility shift assays (EMSA) 

The cDNA of TaAREB3 was fused to pGEX-4T1 
with GST tag, and its protein was expressed in an E. 
coli BL21 cell line. Protein expression and purification 
were carried out following the standard protocol [44]. 
Optimal conditions for fusion were created by adding 
0.2 mM isopropyl-β-d-thiogalactoside (IPTG), and 
incubating the E. coli at 37ºC for 6 h. The recombinant 
protein was purified by Glutathione Sepharose 4B 
(GE Healthcare). Two reverse complementary oligo-
nucleotides were synthesized and annealed to one 
strand as probe. A mixture of a 0.5 μg DNA fragment 
and 20 μg purified protein was incubated in 30 mM 
Tris–HCl buffer (pH 8.0) at room temperature for 30 
min, and then loaded onto a 10% native polyacryla-
mide gel [45]. After electrophoresis in 0.5×TBE buffer 
at 120 V for about 1 h, the gel was stained with eth-
idium bromide for visualization of DNA bands.  

Expression of stress-responsive genes 
WT and transgenic Arabidopsis were grown on 

MS plates for two weeks before seedlings were treated 
with 50 μM ABA for 0, 1, 3, and 6 h. Total RNAs were 
extracted and cDNA templates for real-time PCR were 

obtained as previously described [46]. Seven stress 
responsive genes (RD29A, RD29B, COR15A, COR47, 
RD22, RAB18 and P5CS) were detected by real-time 
PCR performed in triplicate with an ABI 7900 system 
using the SYBR Green PCR master mix kit according 
to the manufacturer’s instructions. Primers for the 
abiotic stress responsive genes are listed in Supple-
mentary table 2. 

Chromatin immunoprecipitation (ChIP) anal-
yses 

Two-week-old seedlings of WT and three trans-
genic lines (two with pCAMBIA1300-TaAREB3-GFP 
and one with the empty vector pCAMBIA1300-GFP) 
were used for ChIP following the published proce-
dure [47]. Anti-GFP antibody (Abcam, AB290) and 
Salmon Sperm DNA/Protein A Agarose (Millipore, 
16-157) were used to precipitate the chromatin com-
plex. ChIP products were dissolved in 500 μL TE and 
5 μL was used for each real-time PCR. The primer 
sequences are listed in Supplementary table 3. Three 
independent experiments, each with three biological 
replicates were performed; each biological replicate 
had three technical replicates. 

Results 
Isolation and structural analysis of TaAREB3 

The full-length cDNA sequence of TaAREB3 
gene was isolated and sequence analysis revealed that 
it contained a 936 bp sequence encoding a polypep-
tide of 311 amino acids with a predicted molecular 
mass of 34 kDa. The TaAREB3 protein contained a 
conserved N-terminal of 145 amino acids (a.a.) with 
Ser/Thr-like protein kinase phosphorylation sites, a 
variable M region (146-257 a.a.) and a conserved 
C-terminal with a bZIP domain (258-311 a.a.) (Figure 
1A, 1B). Alignment and phylogenetic tree analysis 
revealed that TaAREB3 is most similar to the AREB 
subgroup member AtAREB3 that belongs to the bZIP 
family A group (Figure 1C). 

Genetic characteristics of TaAREB3 
Eight accessions of wild diploid relatives of 

wheat species were used to identify the genomic 
origin of TaAREB3. As shown in Figure 2A, TaAREB3 
gene was amplified only in accessions carrying A or B 
genomes. We then sequenced DNA fragments and 
found two variants in wheat cv. Hanxuan 10, namely, 
TaAREB3-1 and TaAREB3-2. TaAREB3-1 had 100% 
identity with the DNA fragment in T. uratu accession 
1812 (Figure 2B), whereas TaAREB3-2 differed by 9 
SNPs. TaAREB3-1, hereafter written as TaAREB3, was 
chosen for further functional analyses. 
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Figure 1. Amino acid sequences of AREB-related proteins and phylogenic relationships of selected AREB-related proteins. (A) Comparison of AREB-related 
proteins with high sequence similarity to TaAREB3. Amino acids shaded by color are conserved, with black indicating the highest similarity, red less, and blue least. Consensus 
sequence bases are shown below the sequences. The positions of the C1 to C3 conserved domains and bZIP domains are indicated by lines above the protein sequences. The 
C1, C2 and C3 domains contain potential phosphorylation sites [48]. The highly conserved bZIP domain suggests that all members of this subfamily recognize similar cis elements. 
(B) Structure of TaAREB3 protein. The TaAREB3 protein has three parts. (C) Phylogeny of AREB-related proteins. Alignments were made in Clustal W using default parameters.  

 

 
Figure 2. Genetic characteristics of TaAREB3. (A) Analysis of TaAREB3 in 8 
diploid accessions of hexapolid wheat progenitors. Accessions 204, 205 and 1812 are 
T. urartu (AA). 2033 and 2035 are Ae. speltoides (BB); and 125, 225 and 2281 are Ae. 
tauschii (DD). (B) Sequence diversity of TaAREB3 in the different accessions. Numbers 
1 to 4 represent the TaAREB3 sequences in 204, 205, 1812, and 2033, respectively, 
whereas 5 and 6 represent TaAREB3-1 and TaAREB3-2 in Hanxuan 10. 

 

Expression patterns of the TaAREB3 gene 
In tests for potential functions real-time PCR 

were performed to identify expression patterns of the 
TaAREB3 gene in 2-week-old wheat seedlings under 
various stress conditions. As shown in Figure 3A and 
3B, TaAREB3 expression was induced by ABA and 
low temperature. Transcription levels of TaAREB3 in 
seedlings began to increase after exposure to ABA for 
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1.5 h and reached their highest levels at 2 h, when 
levels were 6-fold that of the non-treated control. Af-
ter 12 h, expression declined to a level much lower 
than the control (Figure 3A). TaAREB3 expression was 
also induced under low temperature conditions, and 
mRNA accumulation reached its highest level of 
6-fold that of the control treatment at 12 h and then 
decreased over the following 24 h (Figure 3B). These 
results suggested that TaAREB3 was induced by ABA 
and low temperature. Expression of TaAREB3 was 
identified by qRT-PCR in a range of tissues (Figure 
3C), but was highest in roots, suggesting that its most 
important functions might occur in roots. 

Subcellular localization of TaAREB3 protein 
We examined the subcellular localization of 

TaAREB3-GFP in tobacco leaves and stable transgenic 
Arabidopsis plants with a fluorescence confocal mi-
croscope. Fluorescence was mainly detected in the 
nuclei in transient assays of epidermal leaf cells of 
tobacco (Figure 4A), and in the nuclei of root cells 
from T3 transgenic Arabidopsis lines (Figure 4B). In 
controls using the empty transformation vector car-
rying the GFP gene, GFP was distributed throughout 
the cell. 

 
Figure 3. Expression patterns of TaAREB3. (A) Expression patterns of TaAREB3 following ABA treatment. Two-week-old wheat seedlings were sprayed with 50 μM ABA 
solution. Whole plants subjected to the treatment were sampled at 0, 1, 3, 6, 12, 24, 48, and 72 h. (B) Expression patterns of TaAREB3 following 4ºC treatment. Two-week-old 
wheat seedlings were treated at low temperature (4ºC). Whole plants subjected to the treatment were sampled at 0, 1, 3, 6, 12, 24, 48, and 72 h. (C) Expression patterns of 
TaAREB3 in various wheat tissues. Tubulin was used as the control. Three independent biological experiments, each with three technical replicates were performed. Error bars 
refer to 2× SE. 

 
 

Figure 4. Subcellular localization of TaAREB3 protein. (A) GFP and 
TaAREB3-GFP localization in transiently transfected epidermal cells of to-
bacco leaves. The vector harboring GFP or TaAREB3-GFP was separately 
introduced into Agrobacterium, and transferred into tobacco leaves. Fluores-
cence was detected under a laser scanning confocal microscope. The left ones 
are green fluorescence images, middle ones are bright field images, and the 
right ones are merged images. Bar = 20 μm. (B) GFP and TaAREB3-GFP 
localization in a root of a stable transgenic Arabidopsis plant. The vector 
harboring GFP or TaAREB3-GFP was separately introduced into Agrobacterium, 
and transferred into Arabidopsis. The roots of transformed plants were 
observed under a laser scanning confocal microscope. The images from left to 
right are the same that in (A). Bar = 100 μm. 
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TaAREB3 protein specifically binds to the 
ABRE cis-element in vitro 

The promoters of ABA and/or stress regulated 
genes share a consensus sequence known as the 
ABA-responsive element (ABRE) and the AREB pro-
teins bind with ABRE cis-elements [13, 14]. Electro-
phoretic mobility shift assays were performed to test 
whether TaAREB3 binds to ABRE cis-acting elements 
in vitro. Expression and purification of protein were 
carried out using E. coli BL21 cultures harboring a 
pGEX-4T1 vector with the TaAREB3 cDNA, with GST 
used as a control (Figure 5A). Probes for ABRE and 
mutated ABRE (mABRE) are shown in Figure 5B. Pu-
rified TaAREB3 bound to ABRE was identified by 
much slower migration compared to the free probe 
(Figure 5B, lane 4), but TaAREB3 could not bind to 
mABRE (Figure 5B, lane 3), and GST could not bind to 
ABRE (Figure 5B, lane 2). Thus, TaAREB3 protein 
binds to the ABRE cis-element in vitro. 

Transcriptional activation of TaAREB3 
The yeast system was used to determine whether 

TaAREB3 could act as a transcriptional activator. 
Full-length TaAREB3 and different fragments were 
fused to the DNA-binding domain of GAL4 (pGBKT7 
plasmid) to identify its ability to activate transcription 
of the upstream GAL4 sequence-driven His and LacZ 
reporter genes (Figure 6A). Yeast cells containing only 
pGBKT7 were used as the negative control. They all 
grew well on SD/-Trp, but only yeasts that carried M 

region fragments grew on the SD/-His/-Trp medium 
and showed LacZ staining (Figure 6B, 6C, 6D). This 
provided evidence that transcriptional activation ac-
tivity was controlled by the M region. Yeasts with 
both the M and C terminal regions failed to grow on 
the SD/-His/-Trp medium and lacked LacZ staining, 
indicating that the C terminal may have an inhibitory 
effect on the M region’s transcriptional activation ca-
pability. A relative quantitative assay of 
β-galactosidase activity using ONPG as substrate 
provided similar results (Figure 6E). 

Overexpression of TaAREB3 in Arabidopsis 
affected ABA sensitivity 

We transformed Arabidopsis with TaAREB3 and 
obtained more than 20 transgenic lines. The expres-
sion levels of TaAREB3 in 6 lines are shown in Sup-
plementary figure 1. Lines OE1 and OE3 with differ-
ent expression levels of TaAREB3 were selected for 
functional studies. Because TaAREB3 is induced by 
ABA we tested whether overexpression of TaAREB3 
in Arabidopsis affects ABA sensitivity. We scored cot-
yledon greening at one week after completion of 
germination. At 0.3 μM ABA, about 60% of OE1 and 
OE3 germinated seedlings displayed green cotyle-
dons compared to about 90% for WT (Figure 7A). This 
showed that overexpression of TaAREB3 led to severe 
ABA sensitivity and that TaAREB3 was involved in 
ABA signal transduction. 

 

 
Figure 5. Purification of TaAREB3 protein and EMSA. (A) Expression and purification of TaAREB3 protein. GST and TaAREB3 protein are indicated with arrows. Lane 
1 is a size marker. Lane 2 contains the entire E. coli (which has the pGEX-4T1 vector) protein suspension before IPTG induction. Lane 3 contains entire E. coli (which has the 
pGEX-4T1 vector fused with TaAREB3) protein suspension before IPTG induction. Lane 4 contains entire E. coli (which has the pGEX-4T1 vector) protein suspension after IPTG 
induction. Lane 5 contains entire E. coli (which has pGEX-4T1 vector fused with TaAREB3) protein suspension after IPTG induction. The TaAREB3 band is indicated in lanes 5 and 
7. Lane 6 contains purified GST protein. Lane 7 contains purified TaAREB3 fused protein. (B) EMSA proves that TaAREB3 can bind ABRE in vitro. Probe sequences are shown 
above lanes. The mutant sequence difference is shown in red script. Lane 1 contains only the ABRE probe. Lane 2 contains the ABRE probe + GST protein. Lane 3 contains 
mABRE + TaAREB3 protein. Lane 4 contains ABRE + TaAREB3 protein. 
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Figure 6. Transcriptional activation activity. (A) Different parts of TaAREB3 were fused with the GAL4 DNA binding domain in a pGBKT7 vector. Transcriptional 
activation activities in subfigures B, C, D and E correspond to each of the seven combinations in A. (B) Vectors transformed into yeast strain AH109 containing the His3 and LacZ 
reporter genes all grew very well in SD/-Trp medium. (C) Only yeast cultures with vectors containing the M domain, but not the M + C domains, grew very well in SD/-Trp/-His 
medium. (D) LacZ staining. (E) Quantitative analysis of β-galactosidase activity using ONPG as substrate. X-axis indicates the relative fold of β-galactosidase activity, compared 
to to the empty vector. Three independent biological experiments, each with three technical replicates were performed. Error bars refer to 2× SE. 

 
Figure 7. Overexpression of TaAREB3 in Arabidopsis affects ABA sensitivity. (A) Comparisons of cotyledon greening on MS, or MS supplemented with different 
concentrations of ABA between WT, GFP and two TaARE3-OE lines. (B) Statistical analyses of cotyledon greening rates. Three independent experiments were performed, and 
at least 50 seeds were counted in each experiment. Error bars refer to 2× SE. * P < 0.05, ** P < 0.01 (Student’s t-test). 
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Overexpression of TaAREB3 confers freezing 
tolerance 

Many reports indicate that AREB proteins par-
ticipate in freezing tolerance. After treatment of -10ºC 
for 12 h, about 80% of non-acclimated WT seedlings 
were dead, whereas survival in transgenic lines was 
around 50%. Following cold acclimation at 4ºC for 4 
days, and -12ºC for 12 h, survival rates of 
cold-acclimated TaAREB3-OE seedlings were 45% 
higher than that for WT seedlings (Figure 8A and 8B). 
Ion leakages were measured as indicators of mem-
brane stability. When exposed to freezing stress, 
TaAREB3-OE Arabidopsis seedlings showed about 30% 
ion less leakage than WT plants under both 
non-acclimated and acclimated conditions (Figure 
8C). These results indicate that overexpression of 
TaAREB3 confers plant freezing tolerance. 

TaAREB3 overexpression in Arabidopsis 
strengthens drought tolerance 

The performance of soil-grown TaAREB3 trans-
genic Arabidopsis seedlings was investigated under 
water deprivation conditions. No obvious morpho-
logical differences between the WT and transgenic 
lines were observed under normal conditions. After 3 

weeks of normal growth, the plants were deprived of 
water for 2 weeks and then normal watering was re-
sumed. WT and GFP plants displayed severe wilting 
phenotypes with some dead rosette leaves, but TaA-
REB3 transgenic lines displayed less wilting and bet-
ter recovery (Figure 9A). After re-watering for 5 days, 
about 90% of transgenic plants survived, compared to 
about 60% for the controls (Figure 9B). 

TaAREB3 regulated expression of 
stress-responsive genes 

The above results suggested that overexpression 
of TaAREB3 caused enhanced ABA sensitivity and 
tolerance to drought and freezing. To further under-
stand the molecular mechanisms we assayed expres-
sion levels of seven known abiotic stress-responsive 
genes [30, 49-52] in WT and TaAREB3 transgenic lines 
under ABA treatment and normal conditions. Tran-
scripts of four genes (RD29A, RD29B, COR15A and 
COR47) were similar under normal conditions, but 
with ABA treatment, transcript levels were signifi-
cantly higher in transgenic plants than in WT (Figure 
10). Transcript levels of the other three genes (RD22, 
RAB18 and P5CS) were not significantly changed 
(data not shown). 

 

 
Figure 8. Overexpression of TaAREB3 in Arabidopsis confers freezing tolerance. (A) Freezing tolerance phenotypes of TaAREB3-OE plants. The left panel shows 
two-week-old seedlings pre-treatment, and the other two show two-week-old seedlings treated at -10ºC for 12 h (non-acclimated, NA) or -12ºC for 12 h after 4ºC treatment 
for 4 d (cold acclimated, CA), and photographed after 2 d of recovery. (B) Survival rates of the seedlings in (A). Three independent experiments were performed and at least 50 
seedlings were counted in each experiment. Error bars refer to 2× SE. ** P <0.01 (Student’s t-test). (C) Ion leakage assays of the seedlings in (A). Three independent experiments 
were performed. Error bars refer to 2× SE. ** P <0.01 (Student’s t-test). 
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Figure 9. Overexpression of TaAREB3 strengthens drought tolerance. (A) Drought tolerance in Arabidopsis wild type (Col), GFP and TaAREB3-OE lines grown in soil. 
CK, 5-week-old plants under well-watered. Drought, 3-week-old well-watered plants were deprived of watering for 2 weeks. The bottom panel of photograph was taken 5 days 
after re-watering. (B) Survival rates from drought tolerance experiments. Three independent experiments were performed and at least 30 seedlings were counted in each 
experiment. Error bars refer to 2× SE. ** P < 0.01 (Student’s t-test). 

 
Figure 10. TaAREB3 regulated expression of stress-responsive genes. Time courses of relative transcript levels of RD29A, RD29B, COR15A and COR47 in WT and a GFP 
control, and TaAREB3-OE lines treated with 50 μM ABA. Actin2 was used as the control. Three independent biological experiments were carried out, each with three technical 
replicates. Error bars refer to 2× SE. 
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TaAREB3 binds to stress-responsive gene 
promoters in vivo 

Based on information at the plantCARE website 
(http://bioinformatics.psb.ugent.be/webtools/plant
care/html/), 1, 3, 2 and 2 copies of the ABRE 
cis-element were identified in the promoter regions of 
genes RD29A, RD29B, COR15A and COR47, respec-
tively (Figure 11A). ChIP was performed to determine 
whether TaAREB3 could bind directly to the promoter 
regions in vivo. The transgenic TaAREB3-GFP lines 
and WT and GFP controls were compared. Anti-GFP 
was used for immunoprecipitation of protein-DNA 
complexes. Real-time PCR was used to detect DNA 

fragment abundance relative to the Input, i.e. all pro-
tein-DNA complexes saved before adding antibody. 
TaAREB3-GFP bound to the RD29A, RD29B, COR15A 
and COR47 promoter regions containing ABRE 
cis-elements, but did not bind to the Tubulin promoter 
region lacking ABRE cis-elements. In the absence of 
the GFP antibody, we could not detect TaAREB3-GFP 
bond to DNA fragments. These results indicated that 
TaAREB3 could bind the ABRE cis-elements in the 
promoter regions of the downstream genes and acti-
vate expression in transgenic Arabidopsis under stress 
conditions, thus leading to enhanced stress tolerance. 

 

 
Figure 11. RD29A, RD29B, COR15A, COR47 are direct target genes of TaAREB3. (A) Bars indicate putative TaAREB3 binding sites. A 1.5 kb upstream sequence is 
shown. The ATG translation start site is at position +1. Primers used for ChIP PCR are listed in Supplementary table 3. (B) ChIP assays of TaAREB3-GFP binding to target gene 
promoters. Three independent experiments were performed, each with three biological replicates. Each biological replicate had three technical replicates. The results of 
independent experiments were similar. The data presented were from one experiment. Error bars refer to 2× SE. 

 

Discussion 
TaAREB3 is a novel member of the AREB 
family  

We identified a novel wheat AREB transcription 
factor, TaAREB3. According to its structural features, 
the protein belongs to the bZIP family A group. In 
addition to its bZIP domain, TaAREB3 protein con-
tains conserved C1, C2 and C3 three domains con-
taining potential phosphorylation sites in the N ter-
minals. The middle region of the protein is highly 

variable and therefore might contribute to functional 
diversity. Compared with other bZIP family A group 
members the C terminal of TaAREB3 lacks a C4 do-
main (where is also a potential phosphorylation site) 
[48]. 

The bZIP family A group in Arabidopsis, has 13 
members, including the well studied AtbZIP39/ABI5, 
AtbZIP36/ABF2/AREB1, AtbZIP38/ABF4/AREB2, 
AtbZIP66/AREB3, AtbZIP40/GBF4, AtbZIP35/ABF1 
and AtbZIP37/ABF3 [8]. Although these genes have 
been shown to take part in plant stress response, dif-
ferent genes may function in different environments. 
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For example, overexpression of AtABF3 or AtABF4 
both enhance drought tolerance [9]; OsABI5 overex-
pression enhances salinity tolerance [53]; AtA-
REB1/ABF2 is required for winter seedling survival 
and its overexpression confers multiple stress toler-
ances [31, 54]; and TaABL1 (ABI-like) improves mul-
tiple abiotic stress tolerances in transgenic plants [35]. 
Our results showed that overexpression of TaAREB3 
can enhance plant tolerances to drought and freezing. 
Why and how different AREBs respond to different 
stresses need further study. 

Different expression patterns of TaAREB3 and 
AtABI5 

TaAREB3, also named as TaABI5L2 (ABA In-
sensitive 5 like 2) [38]. ABI5, which was reported as a 
bZIP family A group member was induced by ABA, 
cold and NaCl in Arabidopsis seedlings mainly imme-
diately after germination [55]. In this study TaAREB3 
was strongly induced by ABA and low temperature in 
young seedlings. Thus AtABI5 and TaAREB3 expres-
sion levels and response times differ under different 
abiotic stress conditions. AtABI5 expression was 
highest in mature seeds [56] suggesting that ABI5 
controls ABRE-mediated transcription mainly in 
seeds [4]. Although TaAREB3 activity was detected in 
a range of tissues, its expression was highest in roots. 
This suggests that TaAREB3 has a different expression 
pattern from AtABI5. We therefore compared the 
promoter regions of these two genes, and found there 
was very low similarity (data not shown), perhaps 
explaining the different expression patterns. 

Target gene differences between TaAREB3 
and other AREBs 

We compared TaAREB3 and other 
AREB-regulated abiotic stress responsive genes. For 
example, ABI5 mainly activates several late embryo-
genesis-abundant genes, including AtEm1 and AtEm6 
[48], and Tamarix hispida ThABF1 directly regulates 
expression of ThbZIP1 [57]. Expression levels of 
stress-responsive genes RD29B and RAB18 were 
up-regulated in TaABL1 transgenic lines under both 
stress and normal conditions [35]. Wabi5 functions as a 
transcriptional activator and positively regulates the 
expression of the Wdhn13, Wrab18, and Wrab19 genes 
under drought stress [58]. We found that four 
stress-responsive genes (RD29A, RD29B, COR15A, 
COR47) were more highly expressed in TaAREB3 
transgenic plants than in controls under ABA treat-
ment. This suggests that although AREB protein can 
bind to ABRE, binding to different downstream target 
genes may be specific. Under normal conditions ex-
pression of the four genes was the same in control and 
transgenic plants suggesting that overexpression of 

TaAREB3 was not sufficient to active expression of 
downstream target genes. More TaAREB3 target 
genes need to be studied by ChIP sequencing.  

TaAREB3 may be phosphorylated and function 
under stress 

Although transgenic Arabidopsis plants had 
TaAREB3 protein under normal conditions, WT and 
transgenic plants displayed the same phenotypes and 
same expression levels of TaAREB3 target genes. This 
suggests that TaAREB3 must be activated before it 
functions. Previous studies indicated that ABA and 
stress can induce both transcriptional and 
post-translational regulation of AREBs [59, 60]. In-gel 
kinase assays showed that the activation of AREB 
proteins requires phosphorylation by protein kinase 
SnRK2 in an ABA-dependent manner [18]. Phos-
phorylation was necessary for AREB to induce 
downstream gene expression [61, 62]. TaAREB3 has 
conserved C1, C2, and C3 domains in the N terminal; 
these contain phosphorylation sites and therefore may 
function only after being phosphorylated by SnRK2 
under stress conditions. Nevertheless, further study is 
required to determine how this protein is 
post-translationally regulated. 

In conclusion, we characterized a novel wheat 
AREB transcription factor TaAREB3, which can be 
induced by ABA and low temperature. In heterolo-
gous Arabidopsis TaAREB3 can bind to the promoters 
of RD29A, RD29B, COR15A, and COR47 to initiate 
activity. Overexpression of TaAREB3 in Arabidopsis 
not only enhanced ABA sensitivity, but also increased 
drought and freezing tolerances. These results con-
tribute to our understanding of the TaAREB3 gene 
and provide a candidate gene for improvement of 
stress tolerance in wheat. 
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