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Abstract
Backgrounds  The DREB (dehydration-responsive element binding) transcription factor family comprises key 
regulators that are widely used in genetic engineering to improve plant abiotic stress tolerance. However, the 
functional characteristics of DREB genes in safflower (Carthamus tinctorius L.) remain largely unknown.

Results  In this study, a novel DREB gene designated CtDREB1B, was cloned from safflower. The full-length CDS of 
CtDREB1B was 600 bp, encoding a protein of 199 amino acids containing a conserved AP2 domain and belonging 
to the DREB A1 subgroup. Transient expression in maize protoplasts and tobacco leaves showed that CtDREB1B was 
localized to both the nucleus and cell membrane, and yeast assays verified its strong transcriptional activation activity. 
Expression pattern analysis revealed that CtDREB1B was predominantly expressed in S7 flower stage and leaves and 
was strongly induced by cold, drought, salt and IAA, but not by ABA and MeJA. Functional validation demonstrated 
that overexpression of CtDREB1B improved drought and salt tolerance in both yeast and transgenic Arabidopsis 
thaliana. Under drought and salt stresses, transgenic plants accumulated lower levels of reactive oxygen species 
(H₂O₂ and O₂⁻), exhibited higher activities of antioxidant enzymes (SOD, POD, and CAT), and showed significantly 
upregulated expression of core stress-responsive genes (AtABF3, AtRD29A, AtRD29B, AtNCED3, AtCOR15A, and AtSOS1).

Conclusion  This study identifies a potential regulatory mechanism underlying plant drought and salt tolerance 
mediated by a nucleus- and membrane-localized DREB transcription factor, and provides a candidate gene resource 
and theoretical support for the molecular breeding of stress-tolerant crops.

Keywords  DREB transcription factor, Safflower, Drought and salt stress, Transcriptional activation assay, Stress-
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​Introduction
The AP2/ERF (APETALA2/Ethylene-Responsive Factor) 
superfamily is one of the largest and best-characterized 
plant-specific transcription factor families. AP2/ERF 
transcription factors play vital roles in plant growth and 
development, hormone signaling, pathogen defense, as 
well as responses to diverse biotic and abiotic stresses 
[1–3]. They also regulate the biosynthesis of secondary 
metabolites critical for plant adaptation and stress resis-
tance [4]. Members of this superfamily typically contain 
one or two conserved AP2/ERF DNA-binding domain, 
which is composed of approximately 60 amino acids, 
and fold into a typical three-dimensional structure com-
prising 3 β-sheets and 1 α-helix [5]. Based on the num-
ber and characteristics of the AP2/ERF domains as well 
as overall sequence similarity, the AP2/ERF superfamily 
can be classified into five major subfamilies: AP2, ERF, 
DREB, RAV(ABI3/VP1), and Soloist [6, 7]. Among them, 
the ERF subfamily is further subdivided into the ERF and 
CBF/DREB groups [6].

DREB proteins belong to a major subfamily of the 
AP2/ERF superfamily, characterized by a single AP2/
ERF domain, which specifically recognizes and binds to 
the DRE/CRT cis-elements (core sequences: ACCGAC 
or ​T​A​C​C​G​A​C​A​T) in the promoters of stress-responsive 
genes, thereby activating downstream gene expression 
and enhancing plant tolerance to various stresses [8, 9]. 
A key distinction between the DREB and ERF proteins 
resides in two conserved amino acid residues at positions 
14 and 19 of the AP2/ERF domain: DREB proteins typi-
cally contain valine (V) and glutamic acid (E), whereas 
ERF proteins possess alanine (A) and aspartic acid (D) 
[6]. According to structural and sequence features, the 
DREB subfamily is further subdivided into six subgroups 
(A1–A6) [6].

Currently, most functional studies have focused on the 
A1 and A2 subgroups. Numerous studies have shown 
that the A1 members are predominantly involved in 
cold stress responses, whereas A2 members mainly 
function in drought, salt and heat stress tolerance [10, 
11]. For example, FaDREB1 from Festuca arundinacea 
may participate  in cold stress regulation via an ABA-
independent pathway [12]. Upregulation of GhDREB1B 
enhances chilling tolerance in cotton [13], and ectopic 
expression of GhDREB1 in tobacco (Nicotiana tabacum) 
also increases cold tolerance [14]. Overexpression of 
OsDREB1D in A. thaliana enhances its tolerance to low-
temperature stress [15]. In rice, transgenic plants express-
ing OsDREB2A exhibited enhanced tolerance to osmotic 
pressure and salinity stress under the control of an ABA-
responsive promoter [16]. Similarly, overexpression of 
OsDREB2A in soybean conferred increased salt tolerance 
in transgenic lines [17]. Transgenic tobacco overexpress-
ing PgDREB2A also displayed improved tolerance to high 

salt and drought stress [18]. VrDREB2A from cowpea was 
found to enhance drought and high salinity tolerance in 
transgenic A. thaliana [19]. Furthermore, transgenic A. 
thaliana and Lotus corniculatus roots overexpressing 
the PeDREB2a exhibited stronger tolerance to drought 
and high salinity stresses compared with wild-type 
plants [20]. Nevertheless, this functional classification 
is not absolute, and many DREB proteins exhibit broad 
and overlapping stress responsiveness, indicating more 
complex regulatory mechanisms than previously rec-
ognized. For instance, ectopic expression of OsDREB1 
enhances tolerance to drought, salt, and freezing stresses 
in both transgenic rice and A. thaliana [21]. The carrot 
DcDREB1A gene positively regulates drought resistance 
in transgenic plants by improving reactive oxygen spe-
cies scavenging capacity and upregulating the expres-
sion of stress-responsive genes [22]. MaDREB1F confers 
cold and drought tolerance by binding to the promoters 
of MaAOC4 and MaACO20 and modulating the expres-
sion of these key genes involved in jasmonic acid and eth-
ylene biosynthesis [23]. Moreover, overexpression of the 
lily LlDREB1G gene not only increases germination and 
survival rates but also promotes the expression of stress-
related genes, thereby enhancing tolerance to drought, 
high temperature, and low temperature in transgenic 
plants [24]. Overexpression of the EaDREB2 gene in sug-
arcane significantly enhances tolerance to high salt and 
cold stresses [25], while AtDREB2 improves the survival 
rates of A. thaliana under cold stress [5]. VvDREB2A acts 
as a positive regulator in response to cold stress by reduc-
ing ROS accumulation, elevating raffinose family oligo-
saccharide (RFO) content, and promoting the expression 
of cold-responsive genes. Furthermore, ectopic expres-
sion of AmDREB2C from Ammopiptanthus mongolicus 
in A. thaliana enhances tolerance to freezing, heat, and 
drought stresses, likely by inducing the expression of 
FAD genes and facilitating C18:3 accumulation in leaves 
and seeds [26].

Safflower (Carthamus tinctorius L.) is a traditional 
medicinal plant in China, introduced via the Silk Road 
by Zhang Qian more than 2 000 years ago. As an annual 
herbaceous species belonging to the Asteraceae family, 
safflower is a widely utilized economic crop with appli-
cations in medicine, fabric dyeing, food coloring, orna-
mentation, biofuel production, and animal feed [27, 28]. 
Dried safflower flowers exhibit antioxidant, anticoagu-
lant, antihypertensive, antitumor, and immunosuppres-
sive activities, and have been widely used in traditional 
Chinese medicine to improve cerebral blood circulation 
and treat various diseases, including gynecological disor-
ders, cerebrovascular diseases, cardiovascular diseases, 
hypertension, and coronary heart disease [29]. Pharma-
cological studies have demonstrated that the medicinal 
properties of safflower are attributed to the accumulation 
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of bioactive secondary metabolites, such as phenolics and 
flavonoids [30, 31]. Safflower exhibits tolerance to envi-
ronmental stresses including drought, salinity, extreme 
temperatures, and hail damage, enabling its global culti-
vation [32]. Nevertheless, seasonal drought and low tem-
perature are critical factors limiting the yield and quality 
of safflower [33, 34]. Despite this, the functional char-
acteristics and regulatory mechanisms of DREB genes 
involved in safflower stress adaptation remain largely 
unknown. Therefore, systematic identification and func-
tional analysis of DREB transcription factors in safflower 
will not only deepen our understanding of the molecular 
regulatory network underlying abiotic stress responses, 
but also provide elite candidate genes and important 
genetic resources for the molecular breeding of stress-
resistant safflower varieties.

Materials and methods
Plant materials and stress treatments
In this study, safflower variety Yuhonghua No. 4 was pro-
vided by Institute of Chinese Herbal Medicines, Henan 
Academy of Agricultural Sciences (Zhengzhou, China). 
Safflower plants were grown under natural conditions 
at the Modern Agricultural Research and Develop-
ment Base of Henan Academy of Agricultural Sciences 
(34°55′ ~ 35°11′ N, 113°36′ ~ 114°15′ E). At the 4–6 leaf 
stage, young roots, stems, and leaves of 5–10 plants 
were collected. After budding, bracts and flowers at dif-
ferent developmental stages were harvested. Accord-
ing to the standard classification of safflower flowering 
stages, inflorescence development was divided into seven 
phases: early floral tissue formation (S1), middle floral 
tissue formation (S2), bud stage (S3), petal exposure stage 
(S4), initial flowering (S5), full flowering (S6), and early 
senescence (S7). Each sample had three biological repli-
cates. After quickly freezing in liquid nitrogen, samples 
were stored at − 80  °C for tissue-specific expression pat-
tern analysis of CtDREB1B.

To analyze the expression pattern of CtDREB1B under 
stress conditions, healthy and uniform-sized Yuhong-
hua No. 4 seeds were selected and sown on vermiculite, 
and germinated in a light incubator for 6  days. Seed-
lings were then cultured with Hoagland’s nutrient solu-
tion, and the solution was replaced every two days. After 
2 weeks of hydroponics, seedlings with consistent growth 
were selected and transferred to Hoagland nutrient solu-
tion containing 20% PEG 6000, 100  mmol·L−1 NaCl, 
100 μmol·L−1 ABA, 100 μmol·L−1 MeJA, or 100 μmol·L−1 
IAA for treatments. For cold stress, seedlings were placed 
in an incubator at 4  °C. The third leaves were collected 
at 0, 3, 6, 12 and 24 h after treatment initiation, immedi-
ately frozen in liquid nitrogen, and stored at −80 °C. All 
experiments were conducted in a constant-temperature 
light incubator (Germplasm Resources Research Section, 

Institute of Chinese Medicinal Materials, Henan Acad-
emy of Agricultural Sciences) with the following settings: 
temperature 25 ± 2 °C, relative humidity 60% ~ 70%, light 
intensity 10 000 lx, and a 16 h light/8 h dark photoperiod. 
Each treatment included 3 biological replicates.

Cloning and sequence analysis of CtDREB1B
The CDS of CtDREB1B was amplified using KOD One™ 
PCR Master Mix (TOYOBO, Osaka, Japan) with gene-
specific primers (Table S1) from the cDNA of safflower. 
The PCR program was set as follows: pre-denaturation 
at 98 ℃ for 2 min; 35 cycles of denaturation at 98 ℃ for 
10 s, annealing at 52 ℃ for 5 s, and extension at 68 °C for 
15  s; and a final extension at 72  °C for 8 min. The total 
reaction volume was 20 μL, containing 10 μL KOD One™ 
PCR Master Mix, 2 μL cDNA, 0.6 μL each of 10 μmol·L−1 
forward and reverse primers, and 6.8 μL sterile ddH2O.

PCR products were cloned into a T-vector (TaKaRa, 
Shiga, Japan) according to a previously reported method 
[35], and then sequenced by Henan Youkang Biotechnol-
ogy Co., Ltd.. The amino acid sequence of CtDREB1B was 
deduced using DNAMAN 6.0 software. DREB amino acid 
sequences from various plant species were obtained from 
the NCBI database, and multiple sequence alignment was 
carried out with DNAMAN. Phylogenetic analysis was 
conducted using MEGA 6.0 based on the neighbor-join-
ing algorithm, with 1 000 bootstrap replicates.

A 2 000 bp sequence upstream of the ATG start codon 
of CtDREB1B was extracted from the safflower genome 
database, and cis-acting element analysis was conducted 
using the PlantCARE online server ​(​​​h​t​​t​p​s​​:​/​/​b​​i​o​​i​n​f​​o​r​m​​
a​t​i​c​​s​.​​p​s​b​.​u​g​e​n​t​.​b​e​/​w​e​b​t​o​o​l​s​/​P​l​a​n​t​C​A​R​E​/​H​T​M​L​/​​​​​) [36]. 
The identified cis-acting elements were visualized with 
TBtools.

RNA extraction and qRT-PCR analysis
Total RNA was extracted using the FastPure® Universal 
Plant Total RNA Isolation Kit (RC411; Vazyme, Nanjing, 
China). RNA samples with an A260/A280 ratio of 1.8–
2.0 and a total amount of 1 μg were used for first-strand 
cDNA synthesis with the HiScript® III 1 st Strand cDNA 
Synthesis Kit (+ gDNA wiper) (R312; Vazyme, Nanjing, 
China).

qRT-PCR was performed to analyze the tissue-specific 
expression of CtDREB1B, its expression patterns under 
stress conditions, and the expression of stress-responsive 
genes in A. thaliana under salt and drought treatments, 
specific primers are listed in Table S1. Ct60S and AtAc-
tin were used as the internal reference genes. Amplifica-
tion reactions were performed on a QIAquant 96 2-plex 
Real-Time Detection System (Qiagen, Hilden, Germany). 
The total reaction volume was 10 μL, containing 5 μL of 
RealStar Fast SYBR qPCR Mix, 1.0 μL of cDNA (10 ×), 
0.3 μL each of 10 μmol·L⁻1 forward and reverse primers, 

https://bioinformatics.psb.ugent.be/webtools/PlantCARE/HTML/
https://bioinformatics.psb.ugent.be/webtools/PlantCARE/HTML/
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Stress tolerance assays of CtDREB1B in yeast
The CDS of CtDREB1B was amplified using gene-specific 
primers containing homologous arms and inserted into 
the pYES2 vector between the EcoRI and XhoI restriction 
sites. The recombinant plasmid pYES2::CtDREB1B and 
empty pYES2 plasmid were heat-transformed into yeast 
strain BY4741 on SD/-Ura medium at 30℃ for 2–3 days. 
Then single colonies were picked and resuspended in 100 
μL sterile ddH₂O, and the OD₆₀₀ was normalized. Cul-
tures were serially diluted to concentrations of 1.0, 10⁻1, 
10⁻2, and 10⁻3 with sterile ddH₂O. Then 3 μL of each dilu-
tion was spotted onto SG-Ura (SGR) plates containing 
either 0, 2, or 4 M NaCl, 0.5 or 1.5 M mannitol, followed 
by incubation at 30 °C for 3–5 days. Differences in colony 
growth were observed and recorded.

Genetic transformation of A. thaliana
The CtDREB1B CDS was amplified and ligated into the 
pSuper1300 vector driven by the CaMV35S promoter 
between XbaI and SalI restriction sites. The resulting 
plasmid was introduced into Agrobacterium tumefaciens 
GV3101 and transformed into A. thaliana Columbia-0 
(WT) plants using the floral-dip method [41]. Trans-
genic A. thaliana plants were screened on 1/2 MS solid 
medium supplemented with 30  μg·mL−1 HygB and fur-
ther confirmed by PCR using hyg-F/R primers (Table S1). 
Homozygous T3 transgenic lines (OE-3, OE-4, OE-16) 
were used for subsequent analyses.

Tolerance of CtDREB1B transgenic A. thaliana to drought 
and salt stress treatments
T3 homozygous transgenic lines (OE-3, OE-4, OE-16) 
and WT A. thaliana seeds were placed at 4 °C for 3 days. 
After vernalization, seeds were evenly sown in com-
mercial substrate (Pindstrup Substrste No.4, Shanghai, 
China) and cultured in a growth chamber for 7  days 
under the following conditions: temperature 23 °C, rela-
tive humidity 50%, light intensity 10 000  lx, and a 16  h 
light/8  h dark photoperiod. Subsequently, uniformly 
growing seedlings were transferred into pots containing 
equal amounts of substrate and maintained under well-
watered conditions for two additional weeks. Prior to 
stress induction, all plants were saturated with water, and 
each pot was weighed to standardize initial soil mois-
ture. Drought and salt stress treatments began 4  days 
after water withholding. For drought stress, plants were 
treated by withholding irrigation, while salt-stressed 
plants were irrigated three times with 300  mM NaCl 
over a 7 days period. Control plants were watered every 
3  days. Throughout the experiment, pots were rotated 
daily to minimize positional effects. On the 7th day of 
treatment, when phenotypic differences were most sig-
nificant, phenotypes were photographed, and fresh leaves 
were sampled for DAB and NBT staining. Leaf samples 

and 3.4 μL RNase-free ddH₂O. The qPCR program was 
as follows: pre-denaturation at 95 °C for 30 s; 40 cycles of 
denaturation at 95 °C for 10 s and annealing at 60 °C for 
30 s. Each sample included three biological replicates and 
three technical replicates. Relative expression levels were 
calculated using the 2⁻ΔΔCT method [37], and significant 
differences were analyzed using IBM SPSS 20 software.

Subcellular localization of CtDREB1B
The full-length CtDREB1B CDS, excluding the stop 
codon, was amplified as described above and inserted 
into the pSUPER1300-EGFP vector between the HindIII 
and KpnI restriction enzyme sites using the ClonExpress 
II One Step Cloning Kit (Vazyme, Nanjing, China) fol-
lowing the manufacturer’s protocol. The recombinant 
plasmid 35S::CtDREB1B-GFP was transformed into 
Agrobacterium tumefaciens strain GV3101, and then 
infiltrated into the abaxial surface of tobacco (Nicotiana 
benthamiana) leaves as described previously [38].

To further confirm the subcellular localization of 
CtDREB, maize leaf protoplasts were isolated and trans-
fected with the recombinant plasmid using the PEG-
calcium method [39]. Briefly, 10  μg plasmid DNA was 
mixed with 100 μL protoplasts (4 × 105 cells/mL), fol-
lowed by gently combined with PEG transfection solu-
tion (40% w/v PEG 4000, 0.6  mM mannitol, 100  mM 
CaCl₂), and then incubated at 25  °C in the dark for 
15 min. After washing with 440 μL W5 solution (150 mM 
NaCl, 100 mM CaCl₂, 0.5 mM KH₂PO₄, 0.5 mM MES, pH 
4.8), the protoplasts were incubated overnight with W5 
medium supplemented with 0.1% (w/v) glucose at 25 °C 
in the dark [40]. GFP fluorescence was detected using a 
confocal laser scanning microscope (LSM710; ZEISS, 
Oberkochen, Germany).

Transcriptional activation assay of CtDREB1B
For transcriptional activation assay, the full-length 
CtDREB1B CDS was cloned into the pGBKT7 (BD) and 
PGBKT7-VP16 (BD-VP16) vectors (Pyeast, Wuhan, 
China) between the EcoR I/BamH I and BamH I/Pst 
I restriction sites, respectively, to generate recombi-
nant vectors BD-CtDREB1B and BD-VP16-CtDREB1B. 
The recombinant plasmids and the empty vectors were 
transformed into yeast strain Y2HGold and cultured 
on SD/-Trp medium at 30 ℃ for 2–3  days. Then single 
fresh colonies were selected, resuspended in ddH₂O, 
and adjusted to an OD₆₀₀ of 0.3. Following 10-fold and 
100-fold serial dilutions, 3 μL of each suspension was 
spotted onto SD/-Trp, SD/-His/-Trp + X-α-gal, and SD/-
Ade/-His/-Trp + X-α-gal selective plates. All plates were 
incubated at 30 °C for 3–5 days, and the growth status of 
each sample was recorded to evaluate the transcriptional 
repression activity of CtDREB1B.
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were simultaneously collected, immediately frozen in 
liquid nitrogen, and stored at − 80  °C for subsequent 
physiological index measurements and RNA extraction 
to analyze the relative expression levels of related genes. 
Each treatment was performed with three independent 
biological replicates, and each replicate contained at least 
12 plants.

NBT and DAB staining
Histochemical staining with NitroBlue Tetrazolium 
(NBT) and 3,3-diaminobenzidine (DAB) was used to 
detect superoxide anion radicals (O₂⁻) and hydrogen per-
oxide (H₂O₂) accumulation in A. thaliana leaves under 
stress, respectively. Staining was performed as previously 
described with minor modifications [42]. Leaves from the 
same position were soaked in 1  mg·ml−1 NBT solution 
(pH = 7.5) or a 1  mg·ml−1 DAB solution (pH = 3.8) and 
incubated at room temperature in the dark for 24 h. After 
staining, leaves were decolorized by boiling in 95% etha-
nol for 15 min and photographed with a digital camera.

Physiological index determination and stress-responsive 
gene expression analysis
The frozen leaf samples were ground into powder in 
liquid nitrogen. The powder was accurately weighed 
and mixed with 9 volumes of 0.1  M PBS (pH7 ~ 7.4) 
(weight(g):volume(mL) = 1:9), vortexed for 1  min, and 
centrifuged at 4000  rpm for 10  min. After which the 
supernatant was used for the determination of SOD, 
POD, and CAT activities using commercial kits (SOD: 
A001-3; POD: A084-3–1; CAT: A007-1–1; Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) 
according to the manufacturer's instructions. Relative 
expression levels of classic stress-responsive genes in 
transgenic and WT plants under drought and salt stress 
were analyzed by qRT-PCR as described avove. Primers 
used here are listed in Table S1.

Statistical analysis
Statistically significant differences (p < 0.05) in gene 
expression levels and physiological indices between 
transgenic and WT plants were analyzed using one-way 
analysis of variance (ANOVA), and followed by Tukey's 
Honestly Significant Difference (Tukey HSD) test for 
post hoc multiple comparisons using SPSS 20. All mea-
surements were performed with at least three indepen-
dent biological replicates, and data are presented as the 
mean ± standard deviation (SD).

Results
Sequence analysis of CtDREB1B
Given the definite role of Arabidopsis AtDREB1A in abi-
otic stress adaptation, we performed a BLAST search 
using the AtDREB1A sequence to mine homologous 

genes in Carthamus tinctorius. CtDREB1B shared high 
sequence identity with AtDREB1A and was therefore 
selected for further systematic analysis. The CtDREB1B 
gene contains a 600  bp open reading frame, encod-
ing a putative polypeptide of 199 amino acids. Multiple 
sequence alignment revealed that CtDREB1B possesses 
a typical AP2/ERF domain, which is composed of three 
antiparallel β-sheets and one α-helix. Sequence identity 
analysis indicated that CtDREB1B exhibits high con-
servation within the AP2 domain when compared with 
five other DREB proteins. Except for EcDREB1E, all five 
DREB members contain the highly conserved amino 
acid residues V14 and E19, which are signature resi-
dues of the DREB family (Fig. 1A). These results confirm 
that the gene isolated in this study belongs to the DREB 
subfamily.

Phylogenetic analysis was performed on AP2/ERF pro-
teins including CtDREB1B and other plant AP2/ERF pro-
teins. According to the classification of AP2/ERF proteins 
in A. thaliana [6], all these sequences were clustered into 
six subgroups according to their AP2 domains charac-
teristics (Fig.  1B). As shown in Fig.  1B, CtDREB1B was 
grouped with CcDREB1A, with which it showed the 
closest phylogenetic relationship, and was classified into 
the A1 subgroup together with 15 other DREB proteins 
(Fig. 1B).

Promoters are pivotal regulators of gene expression, 
and dissecting their cis-acting elements provides insights 
into the potential regulatory networks of target genes. 
To elucidate the regulatory mechanism of CtDREB1B, a 
2 000 bp sequence upstream of its ATG start codon was 
retrieved and analyzed using the PlantCARE database. As 
shown in Fig. 1C, the CtDREB1B promoter contains four 
major categories of cis-acting elements. The first cat-
egory was plant hormone-responsive elements, includ-
ing seven types: CGTCA-motif, TGACG-motif, ABRE, 
TCA-element, AuxRR-core, TGA-element, and AAGAA-
motif, among these, ABRE was the most abundant. The 
second category was light-responsive elements, five types 
were detected, namely G-Box, Sp1, I-box, Box 4, and 
GATA-motif, with G-Box being the most abundant. The 
third category was stress-related elements, eight types 
were identified, including: ARE, W-box, STRE, ERE, 
WRE3, MYC, CCAAT-box, and MYB, notably, MYB ele-
ments were particularly enriched. The fourth category 
was plant growth and development-related elements, 
including GCN4-motif, AT-rich element, and CCGTCC 
box (Fig. 1C). This suggests that CtDREB1B may be inte-
grated into complex regulatory networks to mediate 
plant responses to environmental cues and coordinate 
growth and development.
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Expression pattern analysis of CtDREB1B
The expression pattern of a gene is often closely related 
to its function. Therefore, qRT-PCR was performed to 
examine the expression level of CtDREB1B in various tis-
sues (root, stem, leaf, bract) and at seven different flower-
ing stages (S1–S7) in safflower. The results showed that 
CtDREB1B exhibited the highest expression level at the 
S7 flowering stage, followed by leaves and stems, whereas 
relatively low expression was detected in bracts and dur-
ing early flowering stages, indicating an obvious tissue- 
and stage-specific expression pattern (Fig. 2A).

Numerous studies have demonstrated that DREB genes 
are widely involved in plant responses to various abiotic 

stresses. To determine whether CtDREB1B participates in 
stress and hormone signaling pathways, its transcript lev-
els were analyzed in safflower leaves under salt, drought, 
ABA, IAA, MeJA, and low-temperature treatments.

The results showed that under salt stress, CtDREB1B 
expression was rapidly induced within 3  h and peaked 
at 24 h, showing a 30.7-fold increase compared with the 
control (Fig.  2B). Under drought stress, CtDREB1B was 
significantly up-regulated and reached a maximum at 
6  h, with an approximately 687.7-fold induction rela-
tive to the control (Fig.  2C). In contrast, exposure to 
ABA or MeJA treatments, CtDREB1B transcript levels 
first decreased significantly and then gradually returned 

Fig. 1  Sequence analysis of CtDREB1B. A Multiple sequence alignment of CtDREB1B and its homologs from various plant species. The black line indicates 
the conserved DNA-binding domain (AP2/ERF domain). Four red boxes represent three β-sheets and one α-helix, respectively. Asterisks indicate residues 
V14 and E19. B Phylogenetic tree of CtDREB1B and DREB proteins from other plant species. The accession numbers for genes from other species are listed 
in Table S2. C Promoter analysis of CtDREB1B
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to near control levels (Fig. 2D and F). Under IAA treat-
ment, CtDREB1B expression was significantly enhanced 
and peaked at 12 h, showing a 7.6-fold increase (Fig. 2E). 
Under cold stress, CtDREB1B was strongly induced at all 
time points and reached the highest level at 6 h, with a 
69.9-fold increase compared with the control (Fig. 2G).

Taken together, these results demonstrate that 
CtDREB1B expression in safflower leaves is highly 
responsive to salt, drought, and cold stresses, implying 
that CtDREB1B may function as an important regulator 
in plant abiotic stress responses.

Subcellular localization and transcriptional activation 
activity analysis of CtDREB1B
To investigate the biological function of CtDREB1B, its 
subcellular localization was first determined. A recombi-
nant plasmid was constructed by fusing the CtDREB1B 
coding sequence with green fluorescent protein (GFP) 
under the control of the CaMV 35S promoter. The result-
ing 35S::CtDREB1B-GFP fusion construct was then 
transformed into maize leaf protoplasts and tobacco leaf 
epidermal cells via Agrobacterium-mediated transfor-
mation, respectively. For subcellular localization analy-
sis, maize protoplasts were only co-transformed with 
the nuclear marker H2B-mCherry, while tobacco epi-
dermal cells were co-infiltrated with both nuclear and 
plasma membrane markers. As shown in Fig. 3A and B, 

in the control group, the green fluorescence signal was 
widely distributed throughout the entire cell in both 
materials. In comparison, the fluorescence signal of the 
35S::CtDREB1B-GFP fusion protein specifically over-
lapped with the nuclear marker. Moreover, in tobacco 
cells, the CtDREB1B-GFP signal also overlapped with 
the plasma membrane marker. These results collectively 
demonstrated that CtDREB1B localizes specifically to 
both the nucleus and cell membrane.

To examine whether CtDREB1B exhibits transcrip-
tional activation activity, the recombinant vectors BD-
CtDREB1B and BD-VP16-CtDREB1B were generated 
(Fig.  3C). The confirmed fusion constructs and empty 
vectors were separately transformed into yeast Y2HGold 
competent cells. The results showed that all transfor-
mants grew well on SD/-Trp medium. In contrast, only 
the positive control (BD-VP16), BD-CtDREB1B, and 
BD-VP16-CtDREB1B yeast strains could grow normally 
on SD/-His/-Trp + X-α-gal and SD/-Ade/-His/-Trp + X-α-
gal media, and the colonies turned blue. Notably, yeast 
colonies harboring BD-CtDREB1B and BD-VP16-
CtDREB1B showed a darker blue color, indicating that 
CtDREB1B possesses strong transcriptional activation 
activity in yeast (Fig. 3D).

Fig. 2  Expression pattern analysis of CtDREB1B in safflower. A Expression patterns of CtDREB1B in various safflower tissues; (B–G) Expression patterns of 
CtDREB1B under high salt, drought, ABA, IAA, MeJA, and low-temperature treatments, respectively. For each treatment, the expression level at 0 h was 
used as the control for normalization. All experiments were performed in three biological replicates. Data bars represent the mean ± standard deviation 
(SD) of three replicates. Statistical analysis was performed using one-way ANOVA, and different lowercase letters indicate significant differences (p < 0.05)
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CtDREB1B enhances salt and drought tolerance in yeast
To assess the potential function of CtDREB1B under 
abiotic stress, yeast cells transformed with empty vec-
tor pYES2 or recombinant vector pYES2-CtDREB1B 
were grown on SGR medium supplemented with vari-
ous concentrations of NaCl (0, 2, and 4 M) or mannitol 
(0, 0.5, and 1.5 M) for 3–5 days. The results showed that 
the growth of both transgenic and control yeast cells 
was gradually inhibited with increasing concentrations 
of NaCl or mannitol. However, yeast cells expressing 
CtDREB1B displayed significantly enhanced tolerance to 

salt and osmotic stress compared with the control, espe-
cially under 4  M NaCl and 1.5  M mannitol treatments 
(Fig. 4). These results indicate that CtDREB1B enhances 
the tolerance of yeast cells to salt and drought stresses.

CtDREB1B enhances salt and drought tolerance in A. 
thaliana
To further explore the function of CtDREB1B in plant 
abiotic stress responses, wild-type and CtDREB1B-over-
expressing A. thaliana plants were subjected to drought 
and salt treatments. After 5  days of water deprivation, 

Fig. 4  Functional analysis of CtDREB1B in yeast grown under drought and salt stresses. A Schematic diagrams of pYES2 and pYES2-CtDREB1B vectors. B 
Yeast growth on SGR medium supplemented with different concentrations of NaCl (0, 2, and 4 M) or mannitol (0, 0.5, and 1.5 M) for 5 days

 

Fig. 3  Subcellular localization and transcriptional activation activity analysis of CtDREB1B. A Subcellular localization of CtDREB1B in maize leaf proto-
plasts; (B) Subcellular localization of CtDREB1B in tobacco leaf epidermal cells. Maize leaf protoplasts and tobacco leaves were transformed with 35S-GFP 
(control) or 35S-CtDREB1B-GFP (fusion construct) via Agrobacterium infection, and observed and photographed under a laser confocal microscope at 16 h 
and 60 h, respectively. From left to right: GFP fluorescence, marker fluorescence, bright-field image of cell morphology, and merged image. C Schematic 
diagram of the vectors used for transcriptional activation assay; (D) Transcriptional activation activity analysis of CtDREB1B in yeast. The fusion protein of 
GAL4 DNA-binding domain and CtDREB1B was expressed in yeast strain Y2HGold. The BD vector was used as the negative control, and the full-length 
CtDREB1B was fused to the GAL4 BD domain. Transformed yeast cells containing BD (negative control), BD-VP16 (positive control), BD-CtDREB1B, and 
BD-VP16-CtDREB1B were cultured on SD/-Trp, SD/-His/-Trp + X-α-gal, and SD/-Ade/-His/-Trp + X-α-gal media. X-α-gal staining was performed to detect 
β-galactosidase activity
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transgenic plants overexpressing CtDREB1B exhibited 
visibly stronger drought tolerance than wild-type plants 
(Fig.  5A). Meanwhile, DAB and NBT staining showed 
weaker signal intensities in transgenic lines than in 
wild type, indicating lower accumulation of H2O2 and 
O2

− (Fig. 5B).
For salt tolerance analysis, plants were treated with 

300  mM NaCl for 5  days. CtDREB1B-overexpressing A. 
thaliana plants showed markedly enhanced salt toler-
ance compared with wild-type plants (Fig.  6A). Consis-
tent with the drought treatment, DAB and NBT staining 
intensities were also lower in transgenic plants under salt 
stress, suggesting reduced ROS accumulation (Fig.  6B). 
Collectively, these results demonstrate that overexpres-
sion of CtDREB1B effectively improves drought and salt 
tolerance in A. thaliana.

Overexpression of CtDREB1B affects antioxidant enzyme 
activities in A. thaliana
Abiotic stress usually triggers excessive ROS accumu-
lation and oxidative damage in plants. To investigate 
whether CtDREB1B modulates the antioxidant defense 
system, the activities of SOD, POD, and CAT were mea-
sured in wild-type and transgenic A. thaliana under 
drought and salt stresses. The results showed that under 
drought stress, CAT and SOD activities were significantly 
higher in CtDREB1B-overexpressing plants than in wild-
type plants, while POD activity showed no significant dif-
ference (Fig. 5C–E). Similarly, under salt stress, CAT and 
SOD activities were remarkably elevated in CtDREB1B-
overexpressing plants compared with the wild type, 
whereas POD activity showed no obvious difference (Fig. 
6C–E). These results suggest that CtDREB1B enhances 
drought and salt tolerance in A. thaliana, at least partially 

Fig. 5  Overexpression of CtDREB1B enhances drought stress resistance in A. thaliana. A Phenotypes of wild-type (WT) and CtDREB1B-overexpressing 
plants after drought treatment; (B) DAB and NBT staining of WT and CtDREB1B-overexpressing plants under control and drought conditions; (C–E) CAT, 
POD, and SOD activities in WT and CtDREB1B-overexpressing plants under control and drought conditions. Data bars represent the mean ± standard devi-
ation (SD) of three replicates. Statistical analysis was performed using one-way ANOVA. Different lowercase letters indicate significant differences (p < 0.05)
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by regulating antioxidant enzyme activities to reduce 
ROS levels.

Overexpression of CtDREB1B affects the expression of 
classic stress-related genes in A. thaliana
To determine the molecular mechanism by which 
CtDREB1B enhances stress tolerance, the transcript lev-
els of six well-known stress-responsive genes (AtABF3, 
AtNCED3, AtRD29A, AtRD29B, AtCOR15A, and 
AtSOS1) were analyzed by qRT-PCR under drought and 
salt conditions. Under drought stress, all six genes were 
significantly induced in both wild-type and transgenic 
plants, with much higher induction levels in CtDREB1B-
overexpressing lines (Fig.  7). Among them, AtRD29A, 
AtRD29B, and AtCOR15A exhibited the most dramatic 
upregulation, reaching 36.7-, 30.9-, and 59.8-fold higher 
expression than in wild-type plants, respectively.

Under salt stress, the expression patterns of these 
stress-related genes were similar to those under drought 
stress. Notably, AtNCED3, AtRD29A, AtCOR15A, and 
AtSOS1 were strongly activated in transgenic plants, 
with maximal expression levels 58.5-, 38.6-, 30.9-, and 
30.9-fold higher than in wild-type plants, respectively 
(Fig.  8). These results demonstrate that overexpression 
of CtDREB1B significantly enhances the transcriptional 
induction of core drought- and salt-responsive genes, 
further supporting that CtDREB1B functions as a posi-
tive regulator in plant abiotic stress tolerance.

Discussion
DREB transcription factors are core regulators in plant 
responses to drought, salt, and other abiotic stresses. 
Therefore, the identification and characterization of 
DREB transcription factors lay a foundation for analyz-
ing the molecular mechanisms of stress tolerance and 

Fig. 6  Overexpression of CtDREB1B enhances salt stress resistance in A. thaliana. A Phenotypes of wild-type (WT) and CtDREB1B-overexpressing plants 
after salt treatment; (B) DAB and NBT staining of WT and CtDREB1B-overexpressing plants under control and salt conditions; (C–E) CAT, POD, and SOD 
activities in WT and CtDREB1B-overexpressing plants under control and salt conditions. Data bars represent the mean ± standard deviation (SD) of three 
replicates. Statistical analysis was performed using one-way ANOVA. Different lowercase letters indicate significant differences (p < 0.05)
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developing new stress-tolerant crop varieties. With the 
rapid development of high-throughput sequencing and 
the continuous enrichment of plant genomic resources, 
the functions and regulatory mechanisms of DREB pro-
teins have been widely studied in many plant species. 
However, the function of DREB transcription factors 
in safflower remains largely unknown. In this study, we 
cloned the CtDREB1B gene from safflower, which con-
tains a highly conserved AP2/ERF domain. Previous 

studies have shown that valine (V) at position 14 in the 
AP2 domain is critical for specific DNA-binding activity, 
while glutamate (E) at position 19 shows relatively minor 
variation [6].  In the present study,  sequence alignment 
revealed that the 14th amino acid was uniformly valine 
(V) among all compared sequences, and all contained 
glutamate (E) at position 19 except for EcDREB1E. These 
results are consistent with previous reports and further 
confirm that CtDREB1B belongs to the DREB subfamily.

Fig. 8  Relative expression levels of classic abiotic stress-responsive genes in CtDREB1B transgenic lines compared with wild-type plants under salt stress 
analyzed by qRT-PCR. All experiments were performed in three replicates. Data are presented as mean ± standard deviation (SD). Statistical analysis was 
conducted using one-way ANOVA. Different lowercase letters indicate significant differences (p < 0.05)

 

Fig. 7  Relative expression levels of classic abiotic stress-responsive genes in CtDREB1B transgenic lines compared with wild-type plants under drought 
stress analyzed by qRT-PCR. All experiments were performed in three replicates. Data are presented as mean ± standard deviation (SD). Statistical analysis 
was conducted using one-way ANOVA. Different lowercase letters indicate significant differences (p < 0.05)
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Most characterized DREB proteins localize to the 
nucleus to activate transcription. Interestingly, subcel-
lular localization assays in both tobacco epidermal cells 
and maize protoplasts showed that CtDREB1B was dis-
tributed in both the nucleus and cell membrane. This 
dual localization pattern is rare in the DREB family and 
has only been reported in rice [43]. OsDREB1B local-
ized to both the nucleus and plasma membrane under 
normal conditions, but translocated exclusively into the 
nucleus upon cold stress, implying a potential nuclear 
envelope-anchored sequestration-release mechanism 
involved in stress responses. Under normal conditions, 
the protein may be tethered to the membrane in an inac-
tive state. Upon stress stimulation, it may be released 
into the nucleus to bind DRE/CRT cis-elements and rap-
idly activate downstream stress-responsive genes. This 
potential regulatory strategy may enable plants to mount 
rapid and flexible stress responses without the growth 
penalty caused by constitutive nuclear activation, thus 
balancing stress resistance and growth fitness. Our find-
ings broaden the diversity of subcellular localization pat-
terns and regulatory models within the DREB family and 
provide new insights into the molecular basis of plant 
drought and salt tolerance.

Expression pattern analysis revealed that CtDREB1B 
was predominantly expressed in the S7 flower stage 
and leaves, and was significantly induced by various 
abiotic stresses, including low temperature, drought, 
and salt stress, as well as treatment with IAA, but 
not by ABA and MeJA. This expression profile differs 
from some previously reported DREB homologs. For 
instance,  LcDREB3a,  GhDBP2, and  GmDREB2  were 
up-regulated by low temperature, ABA, salt, or osmotic 
stress [44–46]. By contrast, AtDREB1A and AtDREB2A 
were insensitive to ABA [6]. In rice, OsDREB1A and 
OsDREB1B were rapidly induced by cold but did not 
respond to ABA, while  OsDREB2A was induced within 
24 h after dehydration and salt stress, and exhibited only 
weak responses to ABA and cold [21]. The TaDREB1 
isolated from wheat was strongly induced by cold, but 
showed poor responses to drought, salt, and ABA [47], 
and WCBF2 was rapidly induced by low temperature 
and drought, but not regulated by ABA [48]. Simi-
larly, ABA treatment failed to induce the expression of 
HcDREB2, conversely, HcDREB2 expression was rapidly 
induced by low temperature, drought, and high salt [49]. 
Taken together, these results indicate that the expression 
responses of DREB genes to abiotic stresses vary consid-
erably among different plant species, reflecting diverse 
evolutionary adaptations and regulatory mechanisms 
within this transcription factor family.

In this study, heterologous expression of CtDREB1B in 
yeast improved the tolerance of yeast strains to drought 
and salt stress to a certain extent. Moreover, transgenic A. 

thaliana plants overexpressing CtDREB1B also exhibited 
enhanced tolerance to drought and salt stress, indicating 
that CtDREB1B may act as a positive regulator involved 
in plant abiotic stress tolerance. Abiotic stress usually 
triggers excessive accumulation of ROS, such as H₂O₂ 
and O₂⁻, leading to severe oxidative damage [50, 51], 
and plants maintain ROS homeostasis mainly through 
the antioxidant enzyme system. In our study, transgenic 
plants overexpressing CtDREB1B showed significantly 
reduced accumulation of H₂O₂ and O₂⁻, accompanied 
by increased activities of SOD, POD, and CAT. These 
results suggest that CtDREB1B may enhance drought 
and salt tolerance, at least in part, by activating the anti-
oxidant system and alleviating ROS-mediated oxidative 
damage. DREB transcription factors typically improve 
plant tolerance to multiple abiotic stresses by binding to 
DRE/CRT cis-elements and activating the expression of 
downstream stress-responsive genes [9, 52]. Therefore, 
we analyzed the relative expression levels of representa-
tive stress-responsive genes in transgenic and wild-type 
A. thaliana. qRT-PCR analysis showed that the tran-
script levels of stress marker genes, including AtRD29A, 
AtRD29B, AtCOR15A, AtABF3, AtNCED3, and AtSOS1, 
were significantly upregulated in transgenic A. thaliana 
compared with the wild type. These findings are con-
sistent with observations in  StDREB2-overexpressing 
cotton [53] and  BaDBL1-overexpressing  A. thaliana 
[54], where enhanced antioxidant enzyme activities and 
upregulated stress-related gene expression led to reduced 
ROS accumulation and improved stress tolerance. Nota-
bly, the expression of CtDREB1B was strongly induced 
by drought and salt stress, but showed no significant 
response to exogenous ABA treatment. As a conserved 
DREB1/CBF-type transcription factor, this expression 
pattern indicates that the transcriptional regulation of 
CtDREB1B belongs to the ABA-independent pathway 
and it acts upstream of the core ABA signaling cascade 
[55]. Conversely, ectopic overexpression of CtDREB1B 
significantly upregulated the expression of AtNCED3, a 
rate-limiting gene essential for ABA biosynthesis, as well 
as AtABF3 (a core transcription factor in ABA signaling) 
and the ABA-responsive marker gene AtRD29B. These 
findings illustrate that CtDREB1B enhances drought and 
salt tolerance primarily by activating ABA biosynthesis 
and reinforcing ABA signal transduction, representing 
a typical crosstalk between ABA-independent tran-
scriptional induction and ABA-dependent downstream 
physiological outputs in plant stress responses [56]. In 
addition, CtDREB1B may directly or indirectly upregulate 
AtSOS1 to maintain Na⁺ homeostasis under salt stress. 
Based on these results, we propose a putative regulatory 
model: stress-induced CtDREB1B may activate DRE-
containing target genes, stimulate ABA biosynthesis and 
signaling, enhance the antioxidant system, and maintain 
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ion homeostasis, thereby synergistically improving plant 
drought and salt tolerance (Fig. 9).

This study provides preliminary characterization of 
the CtDREB1B gene from safflower and its function in 
heterologous systems, but several limitations should 
be acknowledged, which also offer valuable insights for 
future research. First, due to the incomplete establish-
ment of safflower’s transgenic system, all functional veri-
fications of CtDREB1B were conducted exclusively in 
heterologous hosts (yeast and A. thaliana), with no in 
vivo functional verification performed in its native spe-
cies (safflower itself ). Second, the molecular mechanism 
underlying the dual subcellular localization of CtDREB1B 

(nucleus and cell membrane) remains elusive. While this 
study successfully observed the localization pattern, but 
did not identify the key amino acid sequences or struc-
tural domains responsible for membrane anchoring, 
furthermore, the potential stress-induced nuclear trans-
location process of CtDREB1B and its regulatory trig-
gers were not thoroughly verified. Third, the direct target 
genes of CtDREB1B have not been identified. Although 
we observed the upregulation of multiple stress-respon-
sive genes in transgenic A. thaliana, these genes may be 
indirect downstream targets, and the specific DRE/CRT 
cis-elements bound by CtDREB1B and its direct regula-
tory targets in the stress response pathway remain to 

Fig. 9  A brief model of the potential mechanism by which CtDREB1B enhances drought and salt stress tolerance in A. thaliana. When exposed to salt 
and drought stress, transgenic A. thaliana plants overexpressing CtDREB1B gene was able to upregulated the expression of typical stress-related and ABA 
biosynthesis genes, which consequently enhanced the activities of SOD, POD and CAT, decreased the accumulation of H2O2 and O2

−, and ultimately 
improved the tolerance of transgenic A. thaliana to salt and drought stress
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be confirmed through complementary techniques such 
as chromatin immunoprecipitation (ChIP), yeast one-
hybrid, and dual-luciferase reporter assays. Future studies 
will focus on elucidating the precise molecular mecha-
nism underlying the stress-induced release and nuclear 
translocation of CtDREB1B, identifying its direct target 
genes and uncovering its interacting proteins within the 
safflower stress response network.

Conclusions
In this study, we successfully cloned the CtDREB1B 
gene from safflower, which contains a 600 bp full-length 
CDS encoding a 199-amino-acid protein belonging to 
the DREB A1 subgroup. The expression of CtDREB1B 
is induced by cold, drought, salt stresses and IAA treat-
ment, but not by ABA and MeJA. CtDREB1B is dual-
localized to the nucleus and cell membrane, and has 
transcriptional activation activity in yeast. Overexpres-
sion of CtDREB1B in yeast improved the drought and 
salt tolerance of the strains. Similarly, overexpression 
of this gene in A. thaliana led to reduced accumula-
tion of H2O2 and O2

−, increased activities of SOD, POD 
and CAT, and upregulated expression of key stress-
responsive genes (e.g., AtRD29A, AtRD29B, AtCOR15A, 
AtABF3, AtNCED3, and AtSOS1). Collectively, our find-
ings uncover a novel regulatory mechanism of drought 
and salt tolerance mediated by the dual-localized 
(nucleus and cell membrane) DREB transcription factor 
CtDREB1B, and expand the current understanding of the 
functional and subcellular localization diversity of DREB 
transcription factors. This study also provides a promis-
ing candidate gene for the genetic improvement of crop 
stress tolerance, but further in-depth research is required 
before its practical application in molecular breeding.
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