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Abstract
Drought stress is a severe environmental factor that greatly restricts plant distribution and crop production. Transgenic 
breeding offers new opportunities for developing drought-resistant varieties. The WRKY transcription factors have been 
reported to be involved in various plant physiological and biochemical processes. In this study, we report the impact of 
TaWRKY46 on abiotic tolerance in wheat (Triticum aestivum L.). The transcription levels of the TaWRKY46 gene were dif-
ferentially regulated by diverse abiotic stresses and hormone treatments, including PEG-induced stress (20% polyethylene 
glycol 6000), cold (4 °C), salt (100 mM NaCl), abscisic acid (100 μM ABA) and hydrogen peroxide (10 mM H2O2). The 
TaWRKY46-GFP fusion protein was localized to the nucleus of wheat protoplast. The N-terminal of TaWRKY46 showed 
transcriptional activation activity. Overexpression of TaWRKY46 in wheat resulted in enhanced drought stress tolerance. 
TaWRKY46-overexpressing plants exhibited increase survival rate, soluble sugar, proline and superoxide dismutase (SOD), 
as well as higher activities of catalase (CAT) and peroxidase (POD), but lower contents of malondialdehyde (MDA) and 
H2O2 content. Taken together, our results indicate that TaWRKY46 functions as a positive factor under drought stress by 
regulating the osmotic balance and ROS scavenging.
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Introduction

Plants constantly encounter various abiotic and biotic 
stresses throughout their life cycle (Abrahám et al. 2003). 
These stresses can simultaneously affect plant growth and 
development and/or alter the distribution of plant species. 
Although sessile plants lack a circulating, somatically 
adaptive immune system, they have developed specific 
mechanisms to respond to diverse environmental signals 
that may cause stress and restrict growth and development 
(Bechtold and Field 2018). Among these mechanisms, a 
number of stress-related genes directly protect the plants 
against stress, or either induce or repress the downstream 
target genes to regulate plant development and defense 

responses synergistically or antagonistically (Skriver and 
Mundy 1990). Transcriptional modulation is vital for the 
complex genetic and biochemical networks to respond to 
stress (Zhang et al. 2012). So far, a large number of tran-
scription factors (TFs) belonging to different protein fami-
lies (such as MYB, DREB, bZIP, NAC and WRKY fami-
lies) have been identified in plants. Among them, the plant 
WRKY transcription factors, comprising a large family of 
regulatory proteins, are shown to play an important role in 
response to various stresses (Chen and Zhu 2004). Since 
the first member was isolated in sweet potato, an increas-
ing number of WRKY members have been identified, 
including 74 members in Arabidopsis thaliana, 109 mem-
bers in rice, 197 in soybean and 43 in wheat (Eulgem et al. 
2000). All the WRKY proteins contain one or two con-
served WRKY domains composed of about 60 amino acids 
with the conserved amino acid sequence WRKYGQK at 
N-terminus and a zinc-finger motif (C-X4-5-C-X22-23-H-
X1-H or C-X7-C-X23-H-X1-C) at C-terminus (Ulker and 
Somssich 2004). The WRKY proteins act as transcription 
factors and bind the W box (TTG​ACC​/T) via the WRKY 
domain to modulate the transcription of target gene. 
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Based on the number of conserved WRKY domains and 
the structure of the zinc-finger motif, WRKY members 
can be subdivided into three major groups (I–III) (Wang 
et al. 2013). Furthermore, group II can be further classified 
into five distinct subgroups (IIa–IIe) based on additional 
conserved structural motifs outside the WRKY domain 
(Rushton et al. 2010).

Previous studies have examined the roles of plant WRKY 
proteins in response to pathogens, and WRKY proteins can 
function as either positive or negative regulators of the 
defense response (Zhou et al. 2015). For example, overex-
pression of ZmWRKY33 in Arabidopsis induced expression 
of RD29A that is known to be involved in stress signaling, 
and enhanced salt tolerance of the transgenic plants (Wang 
et al. 2018). Overexpression lines of OsWRKY11 showed 
significant heat and drought tolerance, as indicated by slower 
leaf-wilting and increased survival rate of green parts of 
plants (Wu et al. 2009). GmWRKY21 transgenic plants were 
tolerant to cold stress, whereas GmWRKY54 conferred salt 
and drought tolerance. Transgenic plants overexpressing 
GmWRKY13 exhibited sensitivity to salt and mannitol stress 
(Zhou et al. 2008). Although evidence that WRKY proteins 
are involved in abiotic stress is increasing, the understand-
ing of the roles of these proteins in the responses to abiotic 
stress is progressing relatively slowly, and the challenge to 
elucidate the molecular mechanisms of defense remains (Xu 
et al. 2014). Wheat is the dominant crop for human food 
and livestock feed. Current and future concerns include 
improving wheat yield and quality under hostile environ-
ments. Understanding the molecular mechanism of WRKY 
genes in wheat is important for breeding of this important 
crop. To date, 28 WRKY genes have been reported to be 
expressed under abiotic stress, among which 21 genes were 
up-regulated under drought, oxidative stress and pathogen 
stress. In wheat, TaWRKY2 and TaWRKY19 are associated 
with abiotic tolerance in wheat (Niu et al. 2012). Together, 
the above findings suggest that the WRKY transcription fac-
tors play a crucial role in plant development. However, there 
is still little information about the function of WRKY tran-
scription factors in biotic and abiotic stresses and hormone 
signaling in wheat. Therefore, understanding the underlying 
roles of WRKY proteins in the tolerance of biotic and abiotic 
is an important global problem for breeding programs. In 
the present study, a cDNA clone, TaWRKY46, encoding a 
putative III WRKY gene, was isolated and characterized, and 
the gene expression patterns under various biotic and abi-
otic stresses were investigated. TaWRKY46 can be induced 
by abiotic stresses and multiple defense-related signaling 
molecules. The overexpression of TaWRKY46 in wheat sig-
nificantly enhanced resistance to drought. Hence, this study 
was conducted with the aim of understanding the mechanism 
by which the WRKY transcription factors regulate plant 
responses to drought stress.

Materials and methods

Plants materials and stress treatments

Wheat (Triticum aestivum L. cv. Bainong 207) was used in 
this study. Seeds were germinated and grown in greenhouse 
conditions at 25 °C with a 16 h light/8 h dark cycle. For salt 
and PEG treatments, 2-week-old seedlings were treated with 
100 mM NaCl or 20% PEG-6000, respectively, and sam-
pled at 0, 1, 3, 6, 12 and 24 h after treatment. For signaling 
molecule treatment, the seedlings were treated with 100 μM 
ABA and 10 mM H2O2, respectively, and then sampled at 
0, 1, 3, 6, 12 and 24 h after treatment. For cold treatment, 
seedlings were transferred to low temperature room (4 °C) 
and sampled at 0, 1, 3, 6, 12 and 24 h. Leaves from sterile 
water treatment were taken as a control. For the tissue-spe-
cific expression assay, roots, stems and leaves were collected 
from sterile seedlings, while pistils and stamens were col-
lected from wheat plants in the growth chamber. All organs 
and tissues were quickly frozen in liquid nitrogen, ground to 
powder by adding liquid nitrogen, and then stored at − 80 °C 
for use.

Amplification and sequence analysis of TaWRKY46

Total RNA was extracted from young wheat leaves using 
Plant RNA Reagent (TIANGEN, China). First-strand cDNA 
was obtained by using 1 μg of total RNA, Oligo (dT) 12–18 
primers and reverse transcriptase according to the manu-
facturer's instruction. PCR amplification was done using 
ES Taq DNA Polymerase (CWBIO, Beijing, China) with 
proofreading activity. The temperature cycles were: 4 min 
at 94 °C, 40 s at 94 °C, 40 s at 58 °C, 30 s at 72 °C for 
35 cycles; and 7 min at 72 °C. PCR products were puri-
fied by agarose gel recovery kit (TIANGEN, Beijing), sub-
cloned into pMD-19T vector and sequenced. Nucleotide and 
deduced amino acid sequences were analyzed using DNA-
MAN 6.0. Theoretical isoelectric point (PI) and molecular 
weight were predicted in an internet server, ExPASy (Expert 
Protein Analysis System, http://​www.​expasy.​org/​tools). Mul-
tiple sequence alignments of translated gene sequence was 
carried out with the program DNAMAN 6.0. A phylogenetic 
tree, based on the genetic distance of the protein sequences 
as determined using the MEGA-5.0 program, was generated.

Quantitative real‑time PCR

Organ-specific expression patterns and gene expression pat-
terns of TaWRKY46, after various stress treatments, were 
determined by qRT-PCR analysis. qRT-PCR was performed 
using the SYBR Premix Ex Taq (TaKaRa, Dalian, China) 

http://www.expasy.org/tools
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and the CFX96TM Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). The wheat TaActin gene was used 
as a control. During the qRT-PCR analysis, each sample 
was analyzed using three technical replicates, and data ana-
lyzed by analysis software based on the comparative 2−ΔΔCt 
method of relative gene quantification.

Subcellular localization analysis

To observe the subcellular localization, the full open read-
ing frame (ORF) of TaWRKY46 was amplified with prim-
ers as shown in Table 1. The PCR product was inserted in 
frame into the pBI121-GFP vector. The resultant construct 
p35S:TaWRKY46-GFP and the control vector p35S:GFP 
were genetically introduced into wheat protoplasts. Follow-
ing pre-incubation at 22 °C for 24 h, the green fluorescence 
protein (GFP) signal was detected with a laser confocal 
microscope (Zeiss LSM510 Meta, Jena, Germany).

Transcriptional activation assay

For transcriptional activation analysis, the full-length coding 
region and deletions fragments of TaWRKY6 were gener-
ated by PCR using specific primers (primers are provided 
in Table 1). The PCR products were ligated to the yeast 
expression vector pGBKT7 and were named pBD-TaWRKY, 
pBD-TaWRKY-N1, pBD-TaWRKY-N2, pBD-TaWRKY-C1, 
pBD-TaWRKY-C2, respectively. The plasmid pGBKT7 
(pBD) was used as the negative control. These plasmids 

were transformed into yeast strain AH109. The transformed 
yeast cells were selected on SD/-Trp and were verified by 
PCR. The positive colonies were transferred onto the SD/-
His plates with or without X-α-D-Galactoside (X-α-D-gal). 
The plates were incubated at 30 °C for 3 days.

Generation of transgenic wheat plants

To obtain transgenic wheat plants, the coding sequence of 
the TaWRKY46 containing termination codon was amplified 
by RT-PCR and cloned into BamH I/Sma I restriction sites of 
the pBI121 vector under the control of the 35S promoter of 
cauliflower mosaic virus. The primers containing the BamH 
I/Sma I restriction sites are listed in Table 1. Agrobacte-
rium strain GV3101 harboring the recombinant plasmid was 
used for wheat transformation through (Zhao et al. 2006). 
To isolate positive transgenic lines, RNA was isolated from 
leaves of transgenic wheat seedlings, and RT-PCR analysis 
was conducted. Primers used in these studies are shown in 
Table 1.

Analysis of transgenic plants under drought 
condition

Drought tolerance assays were performed using 4-week-
old plants. Three independent transgenic homozygous T3 
lines seedlings (Transgenic lines TG1, TG4, and TG8) and 
wild-type (WT) seeds were transplanted in the same pot and 
treated with drought stress by withholding water for 21 days. 

Table 1   Primers used in this 
study

Primer name Primer sequence (5’-3’) Description

TaWRKY46-F CAG​CAG​AAA​CGT​CGC​CTC​TTCTC​ For gene cloning
TaWRKY46-R GCA​GTA​ATC​TCT​CGA​TGT​GGA​TCC​TTC​
TaWRKY46-GFP-F TCT​AGA​ATG​GCC​CTG​GAC​TCC​GTC​ For subcellular localization
TaWRKY46-GFP-R CCC​GGG​CAA​GAA​CTG​AAA​GTA​CTC​
OE-TaWRKY46-F TCT​AGA​ATG​GCC​CTG​GAC​TCC​GTC​ For transgenic construction
OE-TaWRKY46-R GGA​TCC​CAA​GAA​CTG​AAA​GTA​CTC​
pBD-WRKY-F GAA​TTC​ATG​GCC​CTG​GAC​TCC​GTC​ For transcriptional activation
pBD-WRKY-R GGA​TCC​CAA​GAA​CTG​AAA​GTA​CTC​
pBD-WRKY-N1-F GAA​TTC​ATG​GCC​CTG​GAC​TCC​GTC​
pBD-WRKY-N1-R GGA​TCC​CGG​CGC​GTA​GGT​GTC​CGC​
pBD-WRKY-N2-F GAA​TTC​ATG​GCC​CTG​GAC​TCC​GTC​
pBD-WRKY-N2-R GGA​TCC​GGT​GGT​GTT​GCA​GCT​GTG​
pBD-WRKY-C1-F GAA​TTC​CTA​CAG​ATG​TAC​CTA​CAA​
pBD-WRKY-C1-R GGA​TCC​CAA​GAA​CTG​AAA​GTA​CTC​
pBD-WRKY-C2-F GAA​TTC​ACC​TCG​AGG​CCC​ATC​GGC​
pBD-WRKY-C2-R GGA​TCC​CAA​GAA​CTG​AAA​GTA​CTC​
qRT-TaWRKY46-F GCA​ACC​AGG​ACC​CAG​CAA​ For qRT-PCR
qRT-TaWRKY46-R TCA​GTG​GTG​TCT​GGG​GCG​
TaActin-F ACC​AGC​ACT​GAC​CAA​AGA​A
TaActin-R TAG​CAT​CAC​AAC​CAC​AAC​TA
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Three independent pots were repeated at the same time and 
a representative result displayed. Three independent experi-
mental replications were conducted.

NBT staining and antioxidant enzyme activities

Histochemical staining with NBT has been proposed as 
a common technique to localize O2

− in plants. Therefore, 
accumulation of O2

− in the drought-treated leaves were 
examined by histochemical staining, as has been described 
by Jiang et al. (2016). In addition, the H2O2 concentration 
and MDA content were determined using a hydrogen per-
oxide test kit and a maleic dialdehyde assay kit (Nanjing 
Jiancheng Bioengineering Institute), respectively, according 
to the manufacturer's instructions. Soluble carbohydrate con-
tents were determined by the phenol reaction method (Niu 
et al. 2012). The activity of three antioxidant enzymes, CAT, 
POD, and SOD was spectrophotometrically measured with 
kits produced by the Nanjing Jiancheng Institute.

Statistical analysis

The results are expressed as the mean standard deviation 
(SD) of triplicate experiments (n = 3). Statistical significance 
was determined by Duncan’s multiple range test with an 
analysis of variance (ANOVA) use Statistical Analysis Sys-
tem (SAS) version 9.1. The significance was set at P < 0.05.

Results

Identification and sequence analysis of TaWRKY46

The full-length cDNA of TaWRKY46 isolated from wheat 
leaves was obtained by RT-PCR. The sequence, which 
comprised 872 bp, contained a 669 bp ORF encoding 222 
amino acid residues with an estimated molecular mass of 
24.49 kDa and a theoretical isoelectric point of 8.57. Ana-
lyzing the evolutionary relationships among the various 
species of WRKYs would provide an insight into the evo-
lution of their function. Multi-alignment analysis revealed 
that the deduced WRKY protein was closely related to 
other plant WRKY proteins, sharing 57.14, 57.01, 51.90 
and 57.32% homology with PtWRKY48 (XP_002301524), 

PtWRKY23 (ABK41486.1), VvWRKY48 (XP_002279385), 
and PtWRKY13 (ACV92015), respectively (Fig. 1a). Simi-
lar to the other WRKY transcription factors, TaWRKY46 
has one WRKY domain that contains the highly conserved 
amino acid sequence WRKYGEK and a C2HC zinc-finger 
motif. Phylogenetic analysis further revealed the evolution-
ary relationship to other WRKYs from various plant spe-
cies, suggesting that TaWRKY46 belongs to Group III of 
the WRKY family (Fig. 1b).

Expression pattern of TaWRKY46 under various 
stress conditions

To clarify the tissue expression patterns of TaWRKY46, 
mRNA isolated from different wheat tissues were using 
as the templates for qRT-PCR. As shown in Fig. 2a, TaW-
RKY46 mRNA abundance was ubiquitously but differen-
tially detected in all tissues, with the highest expression 
level being observed in leaves and roots and the lowest in 
stems, pistils and stamens. Transcriptional modulation is a 
vital aspect of the complex signal transduction pathway that 
enables plants to respond to biotic and abiotic stresses. To 
investigate the response of TaWRKY46 to abiotic stresses, 
TaWRKY46 expression levels were examined following 
NaCl, PEG600, H2O2, ABA and low temperature treatments 
(Fig. 2b–e). qRT-PCR analysis revealed that TaWRKY46 was 
obviously up-regulated after treatments with PEG and NaCl. 
During ABA and H2O2 treatments, the expression of TaW-
RKY46 was gradually increased by 3.2-fold at 6 h and 2.9-
fold at 12 h, respectively. Low temperature treatment led to 
a slight up-regulation. These results indicate that TaWRKY46 
expression was induced under various stress conditions.

The TaWRKY46 is localized in the nucleus

To investigate the subcellular localization of TaWRKY46, 
a TaWRKY46-GFP gene fusion construct was transformed 
into wheat mesophyll protoplasts. After 48-h incubation at 
room 28, free GFP protein was distributed throughout the 
cells while the TaWRKY46-GFP fusion protein had strong 
fluorescence signals in the nucleus (Fig. 3a). Therefore, 
TaWRKY46 likely function in the nucleus.

Transcription activation activity of TaWRKY46

The yeast expression system was used to investigate whether 
TaWRKY46 possesses transcription activation activity. The 
ORF of TaWRKY46 gene was combined with the DNA-
binding domain to identify transcriptional activation activity. 
Yeast strain AH109 was transformed with fusion plasmids 
pBD-TaWRKY, pBD-TaWRKY-N1, pBD-TaWRKY-N2, 
pBD-TaWRKY-C1, pBD-TaWRKY-C2, and pGBKT7 as 
a control. As shown in Fig. 1, the yeast cells transformed 

Fig. 1   Sequence and phylogenetic analyses of TaWRKY46. a 
Sequence alignment of the deduced TaWRKY46 protein with 
BdWRKY55, SbWRKY48, SiWRKY48, and OsWRKY70, Identi-
cal amino acids are shaded black. The approximately 60-amino acid 
WRKY domain is marked by the two-headed arrow. The C and H 
residues in the zinc-finger motif are marked by triangles. The highly 
conserved amino acid sequence WRKYGEK in the WRKY domain is 
boxed. b Phylogenetic tree of the TaWRKYs domains from various 
plants

◂
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with pBD-WRKY, pBD-WRKY-N1 and pBD-WRKY-N2 
grew well in the SD/-His medium and SD/-Trp medium. 
Meanwhile, yeast cells transformed with pBD-WRKY-C1, 
pBD-WRKY-C2 and pBD could only survive in the SD/-
Trp medium. The staining result showed that the yeast cells 
turned blue in the presents of X-a-D-gal. These results indi-
cated that the His and LacZ reporter genes were activated 
and N-terminal domain and full-length TaWRKY46 have 
transcription activation activity (Fig. 3b).

Overexpression of TaWRKY46 enhances the drought 
tolerance of transgenic plants

The differential expression patterns analysis suggested 
that TaWRKY46 may play a role in multiple stress defense 
responses, especially in the osmotic stress response. Further 
functional analyses of TaWRKY46 in stress tolerance, trans-
genic wheat plants constitutively overexpressing TaWRKY46 
was produced by Agrobacterium-mediated transformation. 
The transgene overexpression in the T3 lines was analyzed 
by qRT-PCR, which indicated that TaWRKY46 expressed 
differentially in the ten transgenic lines, with higher level 
being detected in line TG1, TG4 and TG8 than in other lines 
(Fig. 4a).

To further assess the effect of TaWRKY46 overexpres-
sion on drought tolerance at the vegetative growth stage, 
we performed a drought stress assay using T3 plants of the 
three lines (TG1, TG4 and TG8). Four-week-old WT and TG 
plants were grown in the same pot without water for 21 days. 
After 21-day treatment, the WT showed obvious drought 
stress symptoms (Fig. 4b). When they were re-watered, the 
survival of the WT plants only 21.2%; however, all of the 
transgenic wheat plants survived (Fig. 4c). In addition, the 
fresh weight and dry weight of TG plants were significantly 
higher than WT plants (Fig. 4d, e). The phenotypic char-
acterization suggested that overexpression of TaWRKY46 
enhanced drought stress tolerance.

To investigate the physiological differences between WT 
and TG plants, some important physiological indices were 
measured. The accumulation of proline in plant is associated 
with adaptation to environmental stress through metabolic 
adjustments (Ju et al. 2020). We checked the proline con-
tents of transgenic lines and control plants under normal 
growth and drought stress conditions to characterize the 
physiological basis for the improved stress tolerance. The 
proline content was higher in the TG plants after 21 days of 
drought stress (Fig. 4f). Electrolyte leakage, an indicator of 
membrane damage, was also measured following drought 

Fig. 2   Tissue-specific expression assay of TaWRKY46 and expres-
sion patterns of TaWRKY46 under PEG, NaCl, 4, ABA and H2O2 in 
wheat leaves. a Tissue-specific expression assay of TaWRKY46 in 
wheat. The tissues (root, stem, leaf, pistil and stamen) are represented 
by R, S, L, P, and ST, respectively. Expression analysis of TaW-

RKY46 in 10-day-old wheat seeding leaves under different treatments 
by qRT-PCR. b 20%PEG6000 treatments; c 200 mM NaCl treatment; 
d 4 treatment; e 100 μM ABA treatment; f 10 mM H2O2 treatment. 
Values are means ± SD of three replicates. *p < 0.05;**p < 0.01
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stress. The results showed that the leaves of TG plants exhib-
ited significantly lower electrolyte leakage levels, compared 
to those of WT plants leaves (Fig. 4g). In addition, NBT 
staining showed that the accumulated the lower O2

− than 
the WT plants (Fig. 4h). These results demonstrate that the 
transgenic lines possess more powerful resistance to hyper-
osmotic stresses compared to control lines. The activities 
of antioxidant enzymes (SOD, POD, CAT) in TG plants 
were higher than that in WT plants after drought treatment 
(Fig. 5a–c). Moreover, the contents of MDA and H2O2 in 
TG plants were significantly lower than those in WT plant 
under drought (Fig. 5d, e). In addition, the soluble sugar 
levels exhibited a profile similar to that of proline (Fig. 5f). 
In conclusion, the physiological characterization results sug-
gested that overexpression of TaWRKY46 increased proline 
and sugar content and decreased MDA and ROS accumula-
tion under drought conditions.

Discussion

Combination of abiotic and biotic stresses used to limit the 
production. Drought is the most important abiotic stress, 
which seriously restricts crop yield. Numerous studies 

have shown that the regulation of TFs is highly complex, 
involving transcription and protein levels, DNA binding, 
subcellular localization, and other characteristics achieved 
through post-translational mechanisms (Chi et al. 2013). 
WRKY gene is involved in a series of physiological and 
biochemical processes, including plant growth and devel-
opment and resistance to external environment (Chen et al. 
2012). Although some researchers indicated that plant 
WRKY transcription factors are involved in biotic and 
abiotic stresses, the most of these studies mainly focus on 
the model plants, such as A. thaliana and rice, and little 
is known about the role of WRKY transcription factors in 
wheat (Tripathi et al. 2014). To explore the function of the 
WRKY transcription factors in wheat, we isolated a WRKY 
gene from wheat, which is the foremost staple food crop 
in the world, and provides both calories and proteins to 
over 35% of the human population. In this study, multiple 
sequence alignment showed that TaWRKY46 possessed the 
conserved WRKYGQK domain and a C2HC (C-X7-C-X23-
H-X-C) motif (Fig. 2d). The subcellular localization analysis 
demonstrated that the TaWRKY46 protein localized to the 
nucleus (Fig. 3a), which is consistent with previous stud-
ies on WRKY transcription factors from other species (Zou 
et al. 2010). Transcriptional activation analysis illuminated 

Fig. 3   Analysis of the subcellular localization and transcriptional 
activation activity of TaWRKY34. a Subcellular localization of TaW-
RKY46. The TaWRKY46-GFP fusion and the GFP plasmids were 
transformed into wheat mesophyll protoplasts and examined by a 
confocal microscope (Leica). b Transactivation activity of the TaW-
RKY46 protein in yeast. Schematic diagrams of fused vectors illus-

trating the different portions of TaWRKY46 that were fused to the 
yeast vector pGBKT7. Yeast strain AH109 was used in the transacti-
vation activity analysis of TaWRKY46. The transformants were incu-
bated on the SD/-Trp or SD/-His medium and subjected to X-α-gal 
assay
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that the sequence of TaWRKY46 has transcriptional activa-
tion activity (Fig. 3b). These data conclude that the TaW-
RKY46 is a member of the WRKY family in wheat and 
may serve as a transcription activator, and suggest that TaW-
RKY46 may activate the expression of target genes in the 
nucleus and may participate in various plant processes.

The structural conservation of WRKY protein deter-
mines the functional specificity of regulating gene expres-
sion. Many studies have showed most WRKY proteins of 
the same group have similar functions in many plants. The 
dynamic expression patterns of TaWRKY46 were affected by 
stressors, including cold (4 °C), NaCl, PEG, ABA and H2O2 
(Fig. 2). The WRKY transcription factors mediate signal 
transduction by activating adaptive responses and regulating 
downstream genes. During responses to multiple stresses, 
a single WRKY gene often participates various signaling 
pathways, indicating its diverse regulatory mechanism. The 
expression of some stress-induced genes has been proved to 
be related to stress tolerance. The response of TaWRKY46 
to a broad range of environmental stresses implied that 

TaWRKY46 may be involved in the cross talk of the multi-
environmental stress response in wheat. The drought toler-
ance phenotype of TaWRKY46 transgenic wheat plants was 
the result of a collection of physiological indexes observed 
in the overexpressing plants. Under drought stress condi-
tions, the TG wheat displayed higher survival rates most 
likely because the water loss was reduced in these plants 
compared to control plants (Fig. 4c). Our findings were 
consistent with previous results reporting that BcWRKY46, 
TaWRKY2, TaWRKY19, and HvWRKY38 conferred drought 
and salt stresses, and enhanced stress tolerance, in transgenic 
plants (Niu et al. 2012; Wang et al. 2012; Xiong et al. 2010). 
Our results suggest that overexpression of TaWRKY46 in 
wheat remarkably enhances the plants’ tolerance to drought 
stress.

Drought first causes osmotic stress to plants and then 
causes secondary damage such as maladjustment of oxy-
gen metabolism. Under osmotic stress, plants usually 
maintain water balance by accumulating organic mat-
ters. In this study, TaWRKY46 could regulated many 

Fig. 4   Analysis of the enhanced drought tolerance in transgenic lines. 
a TaWRKY46 transcript levels of WT and ten TG wheat lines deter-
mined by RT-PCR.  b Phenotype of WT and TG wheat lines after 
21 days of drought treatment. c Survival rate. d, e Fresh weight (d) 

and dry weight (e) of WT and TG wheat lines under drought stress. 
f Proline content. g Relative electrolyte leakage. h MDA content. g 
Tissue localization of O2

− generation by NBT staining. Values are 
means ± SD of three replicates. *p < 0.05;**p < 0.01
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biochemical and physiological processes to resist drought, 
e.g., increase the activities of antioxidant enzymes (SOD, 
CAT and POD) (Fig. 5a–c) to minimize oxidative dam-
age during drought stress, reduced the cell membrane that 
functions as an osmoprotectant to reduce the effects of 
osmotic stress. These results showed that TaWRKY46 can 
maintain cell water absorption, prevent oxidative damage 
and improve plant resistance to drought stress by enhanc-
ing plant osmotic regulation and antioxidant capacity.

In conclusion, a wheat Group II WRKY gene, TaW-
RKY46, was up-regulated by PEG, NaCl, ABA, H2O2 and 
cold treatments. Overexpression of TaWRKY46 enhanced 
the tolerance to drought stress in transgenic wheat with 
increased proline and soluble sugar accumulation, 
decreased MDA and IL, improved antioxidant system and 
up-regulated transcription levels of ROS-related and stress 
responsive genes under various stresses. These results 
demonstrated that TaWRKY46 is a potential candidate gene 
for crop improvement. In our study, TaWRKY46 trans-
genic plants underwent normal development compared 
with controls, but we have not statistically analyzed the 
effects on productivity. Further studies should focus on 
the grains yield of transgenic plants under drought stress 
conditions.
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