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Abstract: Drought stress can seriously affect the yield and quality of wheat (Triticum aestivum). So far,
although few wheat heat shock transcription factors (Hsfs) have been found to be involved in the
stress response, the biological functions of them, especially the members of the HsfC (heat shock
transcription factor C) subclass, remain largely unknown. Here, we identified a class C encoding
gene, TaHsfC3-4, based on our previous omics data and analyzed its biological function in transgenic
plants. TaHsfC3-4 encodes a protein containing 274 amino acids and shows the basic characteristics
of the HsfC class. Gene expression profiles revealed that TaHsfC3-4 was constitutively expressed in
many tissues of wheat and was induced during seed maturation. TaHsfC3-4 could be upregulated by
PEG and abscisic acid (ABA), suggesting that this Hsf may be involved in the regulation pathway
depending on ABA in drought resistance. Further results represented that TaHsfC3-4 was localized
in the nucleus but had no transcriptional activation activity. Notably, overexpression of TaHsfC3-4 in
Arabidopsis thaliana pyr1pyl1pyl2pyl4 (pyr1pyl124) quadruple mutant plants complemented the ABA-
hyposensitive phenotypes of the quadruple mutant including cotyledon greening, root elongation,
seedling growth, and increased tolerance to drought, indicating positive roles of TaHsfC3-4 in
the ABA signaling pathway and drought tolerance. Furthermore, we identified TaHsfA2-11 as a
TaHsfC3-4-interacting protein by yeast two-hybrid (Y2H) screening. The experimental data show
that TaHsfC3-4 can indeed interact with TaHsfA2-11 in vitro and in vivo. Moreover, transgenic
Arabidopsis TaHsfA2-11 overexpression lines exhibited enhanced drought tolerance, too. In summary,
our study confirmed the role of TaHsfC3-4 in response to drought stress and provided a target locus
for marker-assisted selection breeding to improve drought tolerance in wheat.

Keywords: wheat; drought; abscisic acid; heat shock transcription factors; TaHsfC3-4

1. Introduction

With the continuous changes in the global climate, droughts caused by water short-
ages severely restrict crop yields and quality, posing an increasing threat to food security
worldwide [1,2]. In the past decade, an average loss of 13.7% in global cereal production
was caused by water scarcity [3]. Upon exposure to drought, plants show a series of
impairments, including cell injury caused by the generation of reactive oxygen species
(ROS) and the increase in intracellular temperature, which eventually leads to an increase
in the viscosity of cellular contents, protein aggregation, and denaturation [4]. At the same
time, dehydration causes cell shrinkage followed by a significant decrease in cell volume
and a large accumulation of solutes, resulting in toxicity that negatively affects the function
of certain enzymes, often leading to the reduction of water use efficiency (WUE) and the
inhibition of photosynthesis [4]. In addition, plants will also have obvious morphological
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changes under prolonged dehydration, exhibiting leaf coiling accompanied by wilting and
bleaching [5]. Usually, drought occurs when the soil moisture cannot meet the needs of
plant growth and development, so areas with uneven rainfall distribution and groundwater
shortages are most vulnerable to drought [6]. Wheat is an important cereal crop planted in
semi-arid and arid areas, and its growth and development are often subjected to drought
stress, resulting in reduced production [7]. However, unlike model plants, much less is
known about the genetic basis and molecular mechanism of drought resistance in wheat [8].
Therefore, it is very necessary to study the molecular mechanism of wheat in response to
drought stress and to explore the excellent drought resistance genes to ensure sustainable
food production and global food security.

The response of crops to drought stress is sophisticated and multi-dimensional, in-
cluding “drought escape”, “drought avoidance”, and “drought tolerance” [9–11]. In terms
of improving drought resistance, plants mainly cope with drought stress through a series of
molecular, cellular, and physiological regulations. For example, the induction/repression
of various genes during drought stress could cause the accumulation of osmotic substances,
improvement of antioxidant systems, reduction in transpiration, inhibition of shoot growth,
and decrease in tillering [4]. In addition, drought-induced ABA signaling mediated the
regulation of stomatal movement, the modulation of the root system, and the expression
of various stress-related genes [12]. Over the past two decades, great progress has been
made in the study of ABA signaling in improving the drought resistance of crops [1,2,13,14].
Under well-watered conditions, PP2C-As (clade A protein phosphatase 2 proteins) interact
with group III SnRK2s (sucrose non-fermenting 1-related protein kinase 2 proteins) and in-
hibit ABA signaling [15]. In response to drought stress, ABA accumulates rapidly and binds
to PYL receptors PYR1 (pyrabactin resistance 1), PYL (PYR1-like), or RCAR (regulatory
components of ABA receptor) [16]. The ABA-bound PYL receptors competitively bind to
PP2C-As (clade A protein phosphatases type 2C) to form ternary complexes [17,18]. PP2C-
As inhibition in turn releases SnRK2s, which phosphorylate downstream AREBs/ABFs
(ABA-responsive element-binding protein/ABA-responsive element-binding factors) to
initiate protective responses [19]. In fact, ABA also has important roles in regulating CDPK
(calcium-dependent protein kinases) and MAPK (mitogen activated protein kinases) signal-
ing pathways [20,21]. Taken together, ABA is of prime importance due to its involvement
in the regulation of many downstream drought-responsive genes, thereby enhancing plant
adaptability to water deficit conditions.

In recent years, many key genes and transcriptional regulators have been discovered
in drought tolerance research [1,2]. Among these regulatory genes, transcription factors
(TFs) are particularly promising targets for the genetic improvement of crops in resistance
to environmental stress because the engineering of individual TFs can affect various related
genes in their respective regulons, ultimately influencing the physiological process or
phenotypic traits for which they are responsible [4]. Compared with those in the genomes
of animals and yeasts, genes encoding TFs may occupy a large proportion of the plant
genome, and many TFs generally belong to large gene families, such as the Hsf family,
which is classified into three major classes, namely, HsfA, HsfB, and HsfC [22–25]. Typically,
the proteins encoded by plant Hsfs have relatively conserved structural characteristics,
including a typical N-terminal DBD (DNA-binding domain) characterized by a central
HTH (helix-turn-helix) motif, an OD (oligomerization domain) with an HR-A/B region
which possesses a bipartite heptad pattern of hydrophobic amino acid residues, and a NLS
(nuclear localization signal) for regulating the assembly of the nuclear import complex and
the C-terminal activation domain formed of AHA (aromatic, hydrophobic, acidic) amino
acid residues [24,26,27]. Although Hsfs in plants share a well-conserved modular structure,
their remarkable diversification between monocots and dicots reflects their numerous
functions in the complex signaling pathways and response networks [28]. For instance,
HsfB1 functions as a coactivator, cooperating with class A Hsfs and HAC1/CBP (CREB-
binding protein) during ongoing heat stress in tomato plants, while Arabidopsis HsfB1
was found to act as a transcriptional repressor and negatively regulate the expression of
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heat-inducible Hsfs and Hsps (heat shock proteins) [29,30]. Interestingly, Hsfs of the C2
subclass appear to be monocot-specific, whereas subclasses A9, B3, and B5 are absent in
monocot species [27]. As the indispensable components of the signal transduction pathway,
plant Hsfs mediate stress-related gene expression in response to various abiotic stresses by
binding to the heat shock element (HSE) located in the promoter regions of these associated
genes [31]. However, because bread wheat (Triticum aestivum, AABBDD) is a hexaploid
wheat with a more complex Hsf family structure than that of other species, only a few
members of the wheat Hsf family have been functionally analyzed [32]. In view of the
great potential of Hsfs in improving wheat’s tolerance against environmental stresses,
the identification of new Hsfs will accelerate conventional crop breeding for improved
stress resistance.

In recent years, functional genomics approaches, such as transcriptomics, have become
important tools for understanding TFs in responses to various abiotic stresses, including
drought stress [4]. Our previous studies have demonstrated that there is a new subclass in
wheat with 13 TaHsfC3 members which did not have any orthologous genes in Arabidopsis,
rice, and maize, and the roles of this subclass are currently unknown. Of particular note,
the encoding gene TaHsfC3-4 was highly induced by drought treatment and ABA compared
with other 12 TaHsfC3s in wheat leaves [32]. In this study, we further investigated whether
TaHsfC3-4 mediates ABA signaling and drought tolerance and aim to discover valuable
genetic targets for breeding drought-tolerant wheat cultivars.

2. Results
2.1. Characteristics and Bioinformatics Analysis of TaHsfC3-4

To further understand the biological function of TaHsfC3-4, the complete coding
sequence of the gene was obtained from the leaves of wheat variety C6005 (GenBank:
OQ680124.1). This gene encodes 274 amino acids and is predicted to have a protein
molecular weight of 30 kDa. The TaHsfC3-4 protein has the basic characteristics similar to
the HsfC from other species, including DBD, OD and NLS, and also lacks AHA (Figure S1).
The three-dimensional structure of TaHsfC3-4 constructed by the online tool swiss-model
software (https://swissmodel.expasy.org/, accessed on 3 January 2024) also indicates that
this gene has 88.24% similarity to the TaHsfC2-like model template and belongs to the
HsfC family (Figure 1A). Next, the phylogenetic tree was constructed using TaHsfC3-4 and
HsfCs from other species. The results indicated that TaHsfC3-4 was highly homologous to
other TaHsfC3 members in wheat and was a typical HsfC gene (Figure S2).

As the connecting points between upstream regulatory factors and downstream re-
sponse genes, cis-elements located in promoters can reflect the biological function of
associated genes [33]. Therefore, the promoter sequence with 2855 bp length, upstream
of the ATG codon of TaHsfC3-4, was isolated from wheat genomic DNA and predicted
by using the PlantCARE database [34]. The results showed that there were twelve ABA-
responsive cis-elements, one salicylic acid-responsive cis-element, one auxin-responsive
cis-element, two gibberellin-responsive cis-elements, six MeJA-responsive cis-elements, two
MYB-binding sites involved in drought inducibility, and one cis-acting regulatory element
related to seed-specific regulation (Figure 1B). The greatest number of ABA-responsive
cis-elements was found in the promoter of TaHsfC3-4, suggesting that ABA may induce or
activate TaHsfC3-4 expression.

https://swissmodel.expasy.org/
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Figure 1. Structural analysis of TaHsfC3-4 protein and predicted cis-elements on the TaHsfC3-4
promoter. (A) Schematic diagram of the TaHsfC3-4 protein. The protein sequence of TaHsfC2a-like
(UniProtKB/TrEMBL, A0A3B6J0E8) was used as a template for alignment and structure prediction
of TaHsfC3-4 with the online tool of SWISS-MODEL (https://swissmodel.expasy.org/, accessed on
3 January 2024). (B) Predicted cis-elements on the TaHsfC3-4 promoter. The bold black line and the
colorful icons represents the promoter and different cis-elements, respectively. Promoter sequences
upstream of the translational start site are marked by negative numbers.

2.2. Expression Patterns of TaHsfC3-4

To explore the expression patterns of TaHsfC3-4, RT-qPCR (real-time quantitative
PCR) was used to determine the transcript levels of TaHsfC3-4 in different wheat tissues at
seedling and reproductive stages. The highest expression of TaHsfC3-4 was found in seeds,
followed by that in young leaf, mature root, young root, young shoot, stamen, mature
leaf, mature shoot, and pistil (Figure 2A). For wheat and other gramineous crops, their
reproductive stages, such as flowering and seed development, are especially sensitive to
drought stress [35–38]. Therefore, we further examined the expression of TaHsfC3-4 during
seed maturation. The RT-qPCR results showed that TaHsfC3-4 was substantially induced
and reached the peak at 27 days after anthesis (Figure 2B).

Next, in order to confirm the induction of TaHsfC3-4 in response to ABA and dehydra-
tion treatments, we detected the expression levels of TaHsfC3-4 in young seedlings of wheat
which were subjected to exogenous ABA and PEG6000, respectively. The results of the
RT-qPCR analyses showed that the transcript levels of TaHsfC3-4 increased and peaked at
12 h in both the roots and leaves under exogenous ABA treatment (Figure 2C,D). Moreover,
it was found that TaHsfC3-4 was also induced by dehydration treatment, and the peak time
of TaHsfC3-4 in roots and leaves was 12 h and 8 h, respectively (Figure 2E,F). Together, ABA
or dehydration treatment strongly promoted the expression of TaHsfC3-4.

https://swissmodel.expasy.org/
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Figure 2. Expression characteristics analysis of TaHsfC3-4. (A) Tissue-specific expression patterns of
TaHsfC3-4. RNA samples derived from nine tissues of wheat at different growth and development
stages. (B) Expression levels of TaHsfC3-4 during seed maturation stage. Total RNA was extracted
from tissue of wheat during seed maturation stage and analyzed by RT-qPCR. (C,D) Time-course
expression of TaHsfC3-4 in roots (C) and leaves (D) treated with or without 200 µM ABA. (E, F) Time-
course expression of TaHsfC3-4 in roots (E) and leaves (F) in the presence or absence of 20% PEG6000.
The roots and shoots of wheat young seedlings were harvested separately after various times of
treatment. The control without ABA or PEG6000 was established in parallel. The wheat TaRP15 gene
was used to normalize relative expression levels. All data represent means ± standard deviation (SD)
of three biological replicates. Different lowercase letters above the bars as determined by one-way
ANOVA indicate significant differences at the p < 0.05 level.
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2.3. TaHsfC3-4 Encodes a Nucleus-Localized Protein with No Transcriptional Activation Activity

As shown in Figure S1, TaHsfC3-4, like other HsfCs, has NLS and also lacks the
AHA motif in terms of the protein structure [39], so the true transcriptional activity and
localization of its protein is worth considering. Firstly, by using the GAL4-based yeast
system, we investigated the transcriptional activity of TaHsfC3-4. As expected, all the
transformants grew well on the yeast synthetic drop-out medium lacking Trp (SD/-Trp).
However, only the yeast transformed with pGBKT7-p53 grew well on the yeast synthetic
drop-out medium lacking Trp, His, and Ade (SD/-Trp/-His/-Ade) and could catalyze X-α-
Gal (5-bromo-4-chloro-3-indolyl-α-d-galactopyranoside acid); the yeast harboring pGBKT7-
TaHsfC3-4 or pGBKT7 barely grew at all on SD/-Trp/-His/-Ade medium (Figure 3A). Next,
the GFP sequence was fused to the TaHsfC3-4 and then transiently expressed in the leaf
epidermal cells of N. benthamiana to detect the subcellular localization of the fusion protein.
It could be seen that the fluorescence signal of TaHsfC3-4-GFP was obviously concentrated
in the nucleus, whereas the fluorescence signal of free GFP was distributed throughout the
whole cell. The results indicated that TaHsfC3-4 may function in the nucleus (Figure 3B).
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Figure 3. Transcriptional activity analyses and subcellular localization of TaHsfC3-4. (A) Transcrip-
tional activation analysis of TaHsfC3-4 in yeast. TaHsfC3-4 proteins were fused to the GAL4 DNA-
binding domain (BD) and then transformed into Saccharomyces cerevisiae strain AH109. The transfor-
mants were spotted onto the yeast synthetic drop-out medium (SD/-Trp and SD/-Trp/-His/-Ade)
and incubated at 30 ◦C for three days. p53 and RecT, positive control; lamin and RecT, negative control.
(B) Subcellular localization of TaHsfC3-4 in the leaf epidermal cells of N. benthamiana. The 35S::GFP
(control) and 35S::TaHsfC3-4-GFP were transformed into the leaf epidermal cells of N. benthamiana
and visualized by DAPI staining. Bars = 20 µm.

2.4. TaHsfC3-4 Positively Regulates ABA Sensitivity during Post-Germination Growth

To further determine the role of TaHsfC3-4 in the ABA signaling pathway, we generated
three transgenic plants overexpressing TaHsfC3-4 in the pyr1pyl124 quadruple mutant (139-
18, 125-10, and 23-8), which has mutations in multiple PYL genes and shows strong ABA-
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resistant phenotypes (Figure S3). Furthermore, we observed the ABA-related phenotype of
the transgenic lines, the pyr1pyl124 quadruple mutant, and Col-0 during post-germination
seedling development. As shown in Figure 4A,C, in terms of cotyledon phenotypes and the
percentages of green cotyledons, there was no significant difference among the transgenic
lines, the pyr1pyl124 quadruple mutant, and Col-0 under 0 µM ABA treatment. However,
as previously reported, the pyr1pyl124 quadruple mutants were less sensitive to the same
ABA treatment than Col-0 when grown on MS plates with 0.5 µM ABA [15]. Notably, over-
expression of TaHsfC3-4 in pyr1pyl124 complemented the ABA-hyposensitive phenotypes
of the quadruple mutant and showed the same or lower percentages of green cotyledons
when compared with those of Col-0 (Figure 4B,D). Correspondingly, the phenotype of
root elongation was also assayed and compared at the stage of post-germination seedling
development. It was found that no obvious difference in terms of root elongation was
observed among the transgenic lines, pyr1pyl124 quadruple mutant, and Col-0 under 0 µM
ABA treatment (Figure 5A,C). However, the transgenic lines were more sensitive to ABA
treatment like Col-0 when compared with pyr1pyl124 quadruple mutant under ABA treat-
ment. Together, these data suggested that the overexpression of TaHsfC3-4 in pyr1pyl124
could have complemented the post-germination ABA sensitivity of the quadruple mutant
(Figure 5B,D).
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Figure 4. Overexpression of TaHsfC3-4 complemented the ABA-hyposensitive phenotypes of the
pyr1pyl124 quadruple mutant in cotyledon greening. (A–D) The cotyledon greening assay of TaHsfC3-
4 transgenic lines, pyr1pyl124 quadruple mutant, and Col-0 on normal medium (A,C) or medium
supplemented with 0.5 µM ABA (B,D). Values in (C,D) represent means ± SD obtained from three
replicates with 50 seeds per replicate. Different lowercase letters above the bars as determined by
one-way ANOVA indicate significant differences at the p < 0.05 level.
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Figure 5. Overexpression of TaHsfC3-4 complemented the ABA-hyposensitive phenotypes of the
pyr1pyl124 quadruple mutant in root elongation. (A–D) Root elongation assay of TaHsfC3-4 transgenic
lines, pyr1pyl124 quadruple mutant, and Col-0 on normal medium (A,C) or medium supplemented
with 10 µM ABA (B,D). Values in (C,D) represent means ± SD obtained from three replicates with
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indicate significant differences at the p < 0.05 level. Bars = 4 mm.

2.5. The Overexpression of TaHsfC3-4 Enhanced the Tolerance of pyr1pyl124 Quadruple Mutant
to Drought

Since ABA is an important phytohormone for plant drought tolerance, and since
the above results demonstrated that TaHsfC3-4 plays a positive role in ABA signaling,
we inferred that TaHsfC3-4 overexpression may also confer drought tolerance in trans-
genic plants. To further test our hypothesis, identical numbers of transgenic plants, the
pyr1pyl124 quadruple mutant, and Col-0 were grown in soil mix for three weeks before
water was withheld. Except that the pyr1pyl124 quadruple mutant shows delayed growth,
as previously reported [15], there were no obvious differences in the growth performance
between transgenic plants and Col-0 plants under well-watered conditions (Figure 6A).
After drought and rewatering, the transgenic plants recovered better than the Col-0 plant,
while the pyr1pyl124 quadruple mutant had more withered and dead leaves than the Col-0
plant (Figure 6B). Consistent with this observation, the content of chlorophyll in transgenic
plants was also significantly higher than that in the pyr1pyl124 quadruple mutant and
the Col-0 plant, indicating a lower degree of influence in transgenic lines after drought
(Figure 6C). Meanwhile, we investigated the activities of peroxidase (POD), superoxide dis-
mutase (SOD), and malondialdehyde (MDA) production in transgenic lines, the pyr1pyl124
quadruple mutant, and the Col-0 plant under drought treatment or not. The results showed
that under well-watered conditions, there was no difference among the transgenic lines,
the pyr1pyl124 quadruple mutant, and the Col-0 plant. Unexpectedly, there was also no
significant difference in terms of the POD activity among the transgenic lines, pyr1pyl124
quadruple mutant, and Col-0 plant after drought treatment (Figure 6D). However, a higher
activity of SOD and lower production of MDA in transgenic lines was detected when
subjected to drought (Figure 6E,F).
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Figure 6. TaHsfC3-4 enhanced drought-stress resistance of the pyr1pyl124 quadruple mutant.
(A,B) Drought-tolerant phenotypes of soil-grown TaHsfC3-4 transgenic lines, pyr1pyl124 quadruple
mutant, and Col-0. Three-week-old plants were dehydrated for 14 days and then rewatered for 3 days
before phenotyping. (C) Chlorophyll content of TaHsfC3-4 transgenic lines, pyr1pyl124 quadruple
mutant, and Col-0 under drought treatment or not. (D,F) POD, SOD activities, and MDA content of
TaHsfC3-4 transgenic lines, pyr1pyl124 quadruple mutant, and Col-0 under drought treatment or not.
Values in (C–F) represent means ± SD obtained from three replicates with 15 plants per replicate.
Different lowercase letters above the bars as determined by one-way ANOVA indicate significant
differences at the p < 0.05 level.

2.6. TaHsfA2-11 Interacts with TaHsfC3-4 and Is Involved in Improving Drought Tolerance

To elucidate the regulatory mechanism of TaHsfC3-4 in the drought stress response, a
homogenized cDNA library of wheat was used to screen for potential interacting proteins
(Figure S4). Sequencing revealed that a member of the HsfA subclass named TaHsfA2-11
was identified as one of the potential TaHsfC3-4-interacting proteins. To confirm the inter-
action between TaHsfC3-4 and TaHsfA2-11, we obtained the full-length coding sequence
(CDS) of TaHsfA2-11 and fused it with the GAL4 activation domain (AD) to perform a Y2H
assay. As shown in Figure 7A, TaHsfC3-4 is physically associated with TaHsfA2-11 in the
Y2H system. In addition, to verify the interaction between TaHsfC3-4 and TaHsfA2-11
in vivo, split firefly luciferase complementation (LCI) assays were also performed by tran-
siently co-expressing both proteins in the leaf epidermal cells of N. benthamiana. Strong in-
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teraction signals were detected in N. benthamiana leaves transiently co-expressing TaHsfC3-
4-nLUC and cLUC-TaHsfA2-11 but not in those co-expressing TaHsfC3-4-nLUC and cLUC,
cLUC -TaHsfA2-11 and nLUC, or nLUC and cLUC (Figure 7B).
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Figure 7. TaHsfA2-11 interacts with TaHsfC3-4 and improves drought tolerance of transgenic
Arabidopsis. (A) Y2H assays showing the interaction relationships between TaHsfC3-4 and TaHsfA2-
11. The TaHsfC3-4 protein is fused to the GAL4 DNA-binding domain (BD), and the TaHsfA2-11
proteins are fused to the GAL4 activation domain (AD). The transformants were grown on the control
medium DDO (SD/–Trp/–Leu) and selective medium QDO (SD/–Trp/–Leu/–His/–Ade). (B) LCI
assays of TaHsfC3-4-nLUC and cLUC-TaHsfA2-11 in leaves of N. benthamiana. TaHsfC3-4-nLUC and
cLUC-TaHsfA2-11 were transiently expressed in the leaf epidermal cells of N. benthamiana for two
days. Luminescence was observed by using a cooled CCD imaging apparatus. (C) Drought-tolerant
phenotypes of soil-grown TaHsfA2-11 overexpressing transgenic Arabidopsis lines and Col-0. Three-
week-old plants were dehydrated for 14 days and then rewatered for 3 days before phenotyping.

Given the function of TaHsfC3-4 in drought, we speculated that TaHsfA2-11 is also
involved in the response to drought. To test this hypothesis, three transgenic plants overex-
pressing TaHsfA2-11 in Col-0 (3-4, 7-44, and 8-49) were generated, and the role of TaHsfA2-11
in water deficit conditions was analyzed. Experimental results indicated that all the transgenic
plants exhibited a similar growth phenotype as Col-0 under well-watered conditions. After
drought stress, wildtype plants gradually wilted and their leaves became curled, while three
transgenic lines remained turgid with fewer withered leaves (Figure 7C). These results indicate
that TaHsfC3-4 is involved in improving the drought resistance of plants, probably through
the heterologous interaction with TaHsfA2-11. Of course, the discovery of this molecular
mechanism still requires more effort and time.

3. Discussion
3.1. TaHsfC3-4 Is a Typical HsfC Gene

It is now well-established that Hsf plays a crucial role in protecting against stress
damage by regulating the transcript levels of stress-responsive genes [28]. Compared with
few Hsf members in model plants such as Arabidopsis, tomato plants, and rice, a large
number of Hsfs have been isolated and identified at a genome-wide scale in wheat [27].
Based on the analysis of the reference genome, more HsfC genes were discerned in mono-
cots, such as in wheat, and up to 5 and 7 genes were classified into subclasses C1 and C2,
respectively. In fact, there are more genes assigned into subclasses C1 and C2 in wheat
(Figure S2). Meanwhile, the presence of subclass C2 is considered to be an important
feature that distinguishes monocot plants from eudicots [27]. With the development of
comparative genomics, a new clade named HsfC3 with 13 members in wheat has been
found, and the function of these genes urgently needs to be explored [32]. In the present
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study, we successfully cloned an HsfC3 gene from wheat based on our previous omics
data and named it TaHsfC3-4 here. Like other HsfBs and HsfCs, TaHsfC3-4 has the basic
characteristics but also lacks the AHA domain in terms of its protein structure (Figure S1
and Figure 1A) [39]. Indeed, TaHsfC3-4 is localized to the nucleus and has potential in the
regulation of downstream stress response genes, while it does not have transcriptional
activation activity in yeast cells (Figure 3A,B). It is worth mentioning that the characteristic
tetrapeptide LFGV in the C-terminal domain of class HsfB (except HsfB5), functioning
as repressor domain (RD), was also not been found in TaHsfC3-4 [40–42]. Therefore, we
speculated that TaHsfC3-4 may act as a coactivator to co-regulate the expression of drought
response genes with other regulatory factors. However, we cannot rule out that TaHsfC3-
4 could exert a negative regulation of gene expression as an individual transcriptional
suppressor through an unknown repressor domain.

3.2. TaHsfC3-4 Enhances Tolerance to Drought Depending on ABA Signaling Pathway

The phytohormone ABA plays a vital role in plant adaptation during droughts and
other stresses [43]. ABA can trigger a series of physiological and biochemical processes
such as stomatal closure, root system modulation, transcriptional activation of gene ex-
pression, post-translational modification of proteins, and metabolic alterations in order to
cope with environmental stresses, particularly, drought [44]. Thus, many ABA-induced
genes are also involved in plants’ response to drought. In our study, the greatest number
of ABA-responsive cis-elements was found in a promoter of TaHsfC3-4, suggesting that
ABA may induce or activate TaHsfC3-4 expression (Figure 1B). Next, the gene expression
profiles showed that the TaHsfC3-4 transcripts were induced by ABA or dehydration treat-
ment strongly in both the leaves and roots of wheat (Figure 2C–F), which is consistent
with our previous transcriptomic data [32]. Similarly, in a recent study, three TaHsfC2a
homoeologous genes were markedly upregulated by drought and ABA treatment [45].
Since TaHsfC3-4 shared higher similarity with HsfC2a, similar results were to be expected
(Figures S1 and 1A). Additionally, ABA also regulates many important aspects in plants,
including seed germination and dormancy, post-germination seedling growth, leaf senes-
cence, and so on [44]. Our experimental results show that the transcript levels of TaHsfC3-4
in seeds was highest among the tested tissues and substantially induced during seed matu-
ration (Figure 2A,B), suggesting that TaHsfC3-4 is involved in seed maturation. Therefore,
in the future, some of our efforts will be devoted to investigating the potential molecular
mechanisms of TaHsfC3-4 regulated by ABA during seed maturation.

The multiplicity of Hsfs in plants is predicted to be related to their numerous functions
in the complex signaling pathway and response networks [28]. Although most plant
Hsfs are regulated by heat stress, including up- and downregulation, there are several
Hsfs that have been reported to be involved in the plant response to drought via ABA
dependent/independent pathways. For example, Arabidopsis HSFA1b has been shown
to be a key factor of drought/dehydration tolerance, and its function is independent
on the expression of ABA- or dehydration-responsive genes [46]. In contrast, HSFA3 is
regulated by a heat- and drought-responsive TF DREB2A in the drought stress response [27].
In addition, Xiang et al. showed that rice OsHsfB2b was strongly induced in response to
ABA and dehydration treatments and functioned as a negative regulator during drought
stress [47]. After analyzing the ABA responses in seed germination, cotyledon greening,
root growth, and drought tolerance in HSFA6b-null mutant, HSFA6b-OE, and dominant-
negative effect (HSFA6b-RD) lines, Huang et al. found that HSFA6b positively regulated
ABA-mediated drought resistance [48]. In this study, our phenotypic assay of the transgenic
lines, pyr1pyl124 quadruple mutant, and Col-0 plant showed that TaHsfC3-4 was a positive
regulator in pleiotropic ABA signaling including cotyledon greening (Figure 4) and root
growth (Figure 5). Furthermore, overexpression of TaHsfC3-4 conferred drought tolerance
in transgenic plants (Figure 6). In brief, TaHsfC3-4 enhances tolerance to drought through
the ABA signaling pathway.
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3.3. TaHsfC3-4 and TaHsfA2-11 Might Work Cooperatively to Regulate Drought-Responsive
Gene Expression

Evidence suggests that drought-responsive TFs interact with each other as well as
components of other stress pathways to regulate target genes’ expression [4]. Basic leucine
zipper protein ABF2 have been shown to physically interact with DREB2C, an AP2-domain
protein [49]. It was also reported that there were similar interactions between AREB/ABFs
and NACs. For instance, ANAC096 interacts with ABF2/AREB1 and ABF4/AREB2 under
dehydration and osmotic stress [50]. In the current study, we showed that TaHsfA2-11 was
identified as one of the potential TaHsfC3-4-interacting proteins and enhanced drought
tolerance in transgenic plants (Figure 7). Previous studies have shown that HsfA2 is an
important regulatory factor during heat stress and forms heterodimers with HsfA1 resulting
in the synergistic transcriptional activation of heat stress response genes [51]. However,
there is growing evidence that the HsfA2 subclass is also involved in various other abiotic
stresses, including drought. More recently, TaHsfA2e-5D was reported to be highly induced
by drought, cold, and salinity. Overexpression of TaHsfA2e-5D in Arabidopsis improved
both thermotolerance and drought tolerance [52]. Taken together, our data presented here
not only demonstrate the roles of Hsf in drought, especially the members of the HsfC3
subclass, but also provides a target locus for marker-assisted selection breeding to improve
drought tolerance in wheat.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Cang6005, a semi-winter wheat cultivar, was used for gene cloning and expression anal-
ysis and was cultivated in Hoagland nutrient solution or soil mix. In addition, Columbia-0
(Arabidopsis thaliana) and pyr1pyl1pyl2pyl4 (pyr1pyl124) quadruple mutant (provided by
Prof. Hongtao Liu, National Key Laboratory of Plant Molecular Genetics, CAS Center for
Excellence in Molecular Plant Sciences, Institute of Plant Physiology and Ecology, Chinese
Academy of Sciences), used for genetic transformation and phenotypic analysis, were
seeded in the same pot containing nutrient soil. Nicotiana benthamiana, used for observation
of the fluorescence signal, was cultivated in soil mix. All the plants materials mentioned
above were grown in a controlled environment under day/night conditions of 16 h/8 h
(70–100 µmol·m−2·S−1), 25 ◦C, and 50–60% relative humidity.

4.2. Bioinformatics Analysis of TaHsfC3-4

The protein sequences in different species used for multiple sequence alignment
analysis were downloaded from the NCBI website (https://www.ncbi.nlm.nih.gov/).
Evolutionary analyses were conducted using MEGA X (https://www.megasoftware.net,
accessed on 18 December 2023). Multiple sequence alignment analysis was carried out by
the DNAMAN 8.0 software. Protein structure analysis was performed using the online
tool of SWISS-MODEL (https://swissmodel.expasy.org/, accessed on 3 January 2024).
Cis-acting elements within approximately 2855 bp of the upstream promoter region of
TaHsfC3-4 were predicted by using PlantCARE database [34].

4.3. Isolation of Total RNA and Identification of TaHsfC3-4

For tissue-specific expression patterns of TaHsfC3-4, tissues of wheat at different
growth and development stages were collected for RNA sample isolation. In order to
examine the expression levels of TaHsfC3-4 during the seed maturation stage, the total
RNA was extracted from the tissue of wheat at different days after anthesis. In addition,
to determine whether the expression of TaHsfC3-4 was induced by 200 µM ABA and 20%
PEG6000 treatments in wheat, the roots and the second-expanded leaves of young wheat
seedlings were harvested separately after various times of treatment for the extraction of
RNA. All the above RNA were extracted by using the TRIpure (Aidlab, Beijing, China),
according to the manufacturer’s protocol, and its concentration was measured using Nan-
oDrop2000 (Thermo Fisher Scientific, Waltham, MA, USA). Then, 1 µg of purified RNA

https://www.ncbi.nlm.nih.gov/
https://www.megasoftware.net
https://swissmodel.expasy.org/
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was used as template to reverse-transcribe to cDNA. In addition, to detect TaHsfC3-4 in
transgenic plants, total RNA was extracted from three-week-old transgenic Arabidopsis
plants, and semi-quantitative RT-PCR was performed with specific primers designed by
using Primer 5.0 software. The specific primers are listed in Table S1.

4.4. Gene Expression Analysis Using RT-qPCR

RT-qPCR was used to explore the tissue expression pattern and the induction of
the TaHsfC3-4 gene during ABA and PEG treatments. The experiment was performed
with SYBR Green Real-time PCR Master Mix (TaKaRa, Dalian, China) according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). Referring to our previous
research methods [53], TaRP15 was selected as internal control to normalize the data.
The relative expressions of genes were calculated using the average values of 2−∆∆ct.
The analysis of each sample was repeated three times, and the results are presented as
means and standard deviations. SPSS 19.0 software was used to analyze the statistical
significance. The primers used are listed in Table S1.

4.5. Subcellular Localization

For subcellular localization assays, the TaHsfC3-4 coding sequence without a stop
codon was amplified and inserted into the pJIT1-hGFP expression vector driven by the
CaMV35S promoter. This construct and empty plasmid were transformed into Agrobac-
terium tumefaciens GV3101 cells and infiltrated into N. benthamiana leaves. Then, the plants
were grown for another two days. Before imaging, the nucleus of N. benthamiana leaves was
stained with 1 mg·mL−1 DAPI dye (4′,6-diamidino-2-phenylindole). Fluorescence signals
in the transformed N. benthamiana leaves were observed with a confocal laser scanning
microscope (META510, Zeiss, Oberkochen, Germany).

4.6. Transactivation Activation Analysis in Yeast

For transcriptional activation activity assays, the full-length CDS of TaHsfC3-4 was
constructed into the yeast pGBKT7 vector and then introduced into Saccharomyces cerevisiae
strain AH109 following the yeast protocol handbook (TakaRa, Dalian, China). The transfor-
mants were spotted onto the yeast synthetic drop-out medium (SD/-Trp and SD/-Trp/-
His/-Ade) and incubated at 30 ◦C for three days before observation. The transcriptional
activation activities were evaluated according to yeast growth status and the activity of
α-galactosidase.

4.7. Generation of Transgenic Plants

To generate the complemented lines of TaHsfC3-4 in pyr1pyl124 quadruple mutant and
transgenic plants overexpressing TaHsfA2-11 in Col-0, the coding regions of TaHsfC3-4 and
TaHsfA2-11 were cloned by PCR and inserted into the pCAMBIA1300 vector. The recombi-
nant plasmids were introduced into Agrobacterium tumefaciens GV3101 cells. According to
the classical floral dip method, genetic transformation was performed at the stage of flower-
budding in pyr1pyl124 quadruple mutant and Col-0. The transgenic seeds were selected on
MS-agar plates containing 30 µg·mL−1 hygromycin and detected by PCR. Homozygous
T3 transgenic lines were selected for phenotypic observation.

4.8. Phenotypic Assay under ABA Treatment

For cotyledon greening assays, sterilized seeds were grown on 1/2 MS-agar plates with
or without 0.5 µM ABA and kept at 4 ◦C for 3 days. Green cotyledons were recorded on
the eighth day after the plates were transferred to a growth chamber at 25 ◦C under a 16 h
light/8 h dark photoperiod with a light intensity of ~100 µE m−2 s−1. For root length assays,
four-day-old seedlings were transferred onto 1/2 MS-agar plates supplemented or not with
10 µM ABA and grown vertically for another four days. Subsequently, the root elongation
was measured, and photographs of seedlings were taken at the specified time points.
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4.9. Drought Tolerance Assay

Sterilized seeds of various genotypes were first stratified for 3 days at 4 ◦C in the
dark and then germinated for 7 days on 1/2 MS-agar plates with 1% sucrose. Seven-
day-old seedlings were transplanted to the soil mix and grew for fourteen days with
normal watering. Subsequently, the plants were subjected to drought stress by withholding
watering for 14 days. After rewatering for 3 days, photographs were taken and the rosette
leaves of different lines were collected to measure the physiological indexes.

4.10. Measurements of Physiological Indexes

Chlorophyll contents in the leaves of seedlings were measured photometrically, and
the method was slightly improved [54]. In brief, 1 g of leaves was put into a 100 mL test tube
containing 20 mL mixture (acetone: pure methanol: ddH2O, 4.5:4.5:1.0) and homogenized.
The homogenate was analyzed immediately after filtration. Then, OD645 and OD663 of the
filtrate were spectrophotometrically determined for chlorophyll a (Ca) and chlorophyll
b (Cb), respectively. Finally, the content of total chlorophyll (Ca+b) was obtained by the
following formula: Ca+b = 8.02 × OD663 + 20.20 × OD645.

For determination of SOD activity, put 1 g of leaves into a mortar and add 5 mL
phosphoric acid buffer (0.1 mM EDTA, 0.3% Triton X-100, and 4% polyvinylpolyrrolidone).
Grind the samples thoroughly. Filter the homogenate and centrifuge for 20 min with
10,500× g. The supernatant was the crude enzyme liquid. Take 1 mL supernatant into test
tube containing 3 mL reaction mixture (13.05 mM DL-Methionine, 0.1 µM EDTA, 75 µM
nitro-blue tetrazolium, 2 µM riboflavin). Then, put the test tube in a light incubator and
shine it for 10 min. The test tube without crude enzyme solution was used as the control.
OD500 value of the control (Ack) and the sample mixture (As) were quickly determined.
Measure the protein content (pro) of the supernatant. The activity of SOD was calculated
according to the following formula: U/mg·pro = (Ack − As)/(0.5 × Ack × pro).

The activity of POD was measured by guaiacol method. Put 1 g of leaves into a mortar
and add 5 mL potassium dihydrogen phosphate buffer (20 mM, pH 6.0) with a little quartz
sand to grind the samples. Transfer the mixture to a test tube and centrifuge for 10 min
at 10,000× g. The supernatant was the crude enzyme liquid. Then the change (A1 − A0)
of OD470 value was measured. Measure the protein content (pro) of the supernatant.
The activity of POD was calculated by the following formula: U/mg·pro·min = (A1 − A0)
× Vt/pro·Vs·0.01. Vt is the total volume of crude enzyme liquid and Vs is the volume of
enzyme liquid taken at the experiment.

Thiobarbituric acid (TBA) reactive substances assay was used to determine the content
of MDA [47]. Briefly, put 1 g of leaves into a mortar and add 10 mL trichloroacetic acid
(10%) with a little quartz sand to grind the samples. Transfer the mixture to the test tube
and centrifuge for 10 min at 4000× g. Take 2 mL the supernatant into a new test tube and
add 2 mL 0.6% thiobarbituric acid prepared with 10% trichloroacetic acid. Then, boil the
mixture in water for 15 min. Cool quickly and centrifuge for 10 min at 4000× g. Measure
OD532, OD600, and OD450 values of the supernatant. Measure the protein content (pro) of
the supernatant. The content of MDA was obtained following the formula: nmol/mg·pro
= 6.45 × (OD532 − OD600) − 0.56 × OD450/pro.

4.11. Yeast Two-Hybrid Assay

To study protein interactions in yeast, the coding sequences of TaHsfC3-4 and TaHsfA2-
11 were cloned into the pGBKT7 and pGADT7 vectors, respectively. The bait and prey con-
structs were co-transformed into Saccharomyces cerevisiae strain AH109 by the lithium acetate
method according to the manufacturer’s guidelines. Successfully transformed colonies were
identified on yeast SD medium lacking Leu and Trp. Then, the transformants were spotted
onto the yeast synthetic drop-out medium (SD/-Trp/-Leu and SD/-Trp/-Leu/-His/-Ade)
and incubated at 30 ◦C for three days before observation. The possible interaction was
evaluated according to yeast growth status and the activity of α-galactosidase.
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4.12. LCI Assay

The LCI assays for the interaction between TaHsfC3-4 and TaHsfA2-11 were performed in
N. benthamiana leaves. The coding sequences of TaHsfC3-4 and TaHsfA2-11 were, respectively,
fused with the N-terminal and C-terminal parts of the luciferase reporter gene to obtain the
TaHsfC3-4-nLUC and cLUC-TaHsfA2-11 constructs. Constructs including empty vectors were
transformed into Agrobacterium tumefaciens GV3101 cells and infiltrated into N. benthamiana
leaves. Then, the plants were grown for another two days, and the infiltrated leaves were
analyzed for LUC activity by using chemiluminescence imaging (Tanon 5200).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25020977/s1.

Author Contributions: This study was designed by X.M., X.G., G.L., Z.M., B.Z. and H.Z. performed
bioinformatics analysis and wrote the manuscript. Z.M., B.Z., Z.L. and S.D. performed most of the
experiments. X.M., X.G. and G.L. oversaw the entire study and contributed with valuable discussions.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Hebei Natural Science Foundation (No. C2021301024,
No. C2022301018, No. C2023205050), HAAFS Agriculture Science and Technology Innovation Project
(No. 2022KJCXZX-SSS-2, No. 2023KJCXZX-HZS-3) and the Talents Construction Project of Science
and Technology Innovation of HAAFs (No. C22R1301).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

TF: transcription factor; Hsf: heat shock transcription factor; ABA: abscisic acid; HSE: heat shock
element; DBD: DNA-binding domain; OD: oligomerization domain; HR-A/B region: hydropho-
bic amino acid residues; AHA: aromatic, hydrophobic, acidic amino acid residues; NLS: nuclear
localization signal; RD: repressor domain; SOD: superoxide dismutase; POD: peroxidase; MDA:
malondialdehyde; WUE: water use efficiency.

References
1. Yang, Z.R.; Qin, F. The battle of crops against drought: Genetic dissection and improvement. J. Integr. Plant Biol. 2023, 65, 496–525.

[CrossRef] [PubMed]
2. Mao, H.D.; Jiang, C.; Tang, C.L.; Nie, X.J.; Du, L.Y.; Liu, Y.L.; Cheng, P.; Wu, Y.F.; Liu, H.Q.; Kang, Z.S.; et al. Wheat adaptation

to environmental stresses under climate change: Molecular basis and genetic improvement. Mol. Plant. 2023, 16, 1564–1589.
[CrossRef] [PubMed]

3. Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of extreme weather disasters on global crop production. Nature 2016, 529, 84–87.
[CrossRef]

4. Joshi, R.; Wani, S.H.; Singh, B.; Bohra, A.; Dar, Z.A.; Lone, A.A.; Pareek, A.; Singla-Pareek, S.L. Transcription factors and plants
response to drought stress: Current understanding and future directions. Front. Plant Sci. 2016, 7, 1029. [CrossRef] [PubMed]

5. Sahoo, K.K.; Tripathi, A.K.; Pareek, A.; Singla-Pareek, A. Taming drought stress in rice through genetic engineering of transcription
factors and protein kinases. Plant Stress 2013, 7, 60–72.

6. Luo, L.J.; Zhang, Q.F. The status and strategy on drought resistanceof rice. Chin. J. Rice Sci. 2001, 15, 209–214.
7. Kulkarni, M.; Soolanayakanahally, R.; Ogawa, S.; Uga, Y.; Selvaraj, M.G.; Kagale, S. Drought response in wheat: Key genes and

regulatory mechanisms controlling root system architecture and transpiration efficiency. Front. Chem. 2017, 5, 106. [CrossRef]
8. Mir, R.R.; Zaman-Allah, M.; Sreenivasulu, N.; Trethowan, R.; Varshney, R.K. Integrated genomics, physiology and breeding

approaches for improving drought tolerance in crops. Theor. Appl. Gene 2012, 125, 625–645. [CrossRef]
9. Kooyers, N.J. The evolution of drought escape and avoidance in natural herbaceous populations. Plant Sci. 2015, 234, 155–162.

[CrossRef]
10. Krannich, C.T.; Maletzki, L.; Kurowsky, C.; Horn, R. Network candidate genes in breeding for drought tolerant crops. Int. J. Mol.

Sci. 2015, 16, 16378–16400. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25020977/s1
https://www.mdpi.com/article/10.3390/ijms25020977/s1
https://doi.org/10.1111/jipb.13451
https://www.ncbi.nlm.nih.gov/pubmed/36639908
https://doi.org/10.1016/j.molp.2023.09.001
https://www.ncbi.nlm.nih.gov/pubmed/37671604
https://doi.org/10.1038/nature16467
https://doi.org/10.3389/fpls.2016.01029
https://www.ncbi.nlm.nih.gov/pubmed/27471513
https://doi.org/10.3389/fchem.2017.00106
https://doi.org/10.1007/s00122-012-1904-9
https://doi.org/10.1016/j.plantsci.2015.02.012
https://doi.org/10.3390/ijms160716378


Int. J. Mol. Sci. 2024, 25, 977 16 of 17

11. Zhang, H.; Sun, X.P.; Dai, M.Q. Improving crop drought resistance with plant growth regulators and rhizobacteria: Mechanisms,
applications, and perspectives. Plant Commun. 2022, 3, 100228. [CrossRef] [PubMed]

12. Yang, W.; Liu, X.D.; Chi, X.J.; Wu, C.A.; Li, Y.Z.; Song, L.L.; Liu, X.M.; Wang, Y.F.; Wang, F.W.; Zhang, C.; et al. Dwarf apple
MbDREB1 enhances plant tolerance to low temperature, drought, and salt stress via both ABA-dependent and ABA-independent
pathways. Planta 2011, 233, 219–229. [CrossRef]

13. Gong, Z.Z.; Xiong, L.M.; Shi, H.Z.; Yang, S.H.; Herrera-Estrella, L.R.; Xu, G.H.; Chao, D.Y.; Li, J.R.; Wang, P.Y.; Qin, F.; et al. Plant
abiotic stress response and nutrient use efficiency. Sci. China Life Sci. 2020, 63, 635–674. [CrossRef] [PubMed]

14. Gupta, A.; Rico-Medina, A.; Caño-Delgado, A.I. The physiology of plant responses to drought. Science 2020, 368, 266–269.
[CrossRef] [PubMed]

15. Park, S.Y.; Fung, P.; Nishimura, N.; Jensen, D.R.; Fujii, H.; Zhao, Y.; Lumba, S.; Santiago, J.; Rodrigues, A.; Chow, T.F.F.; et al.
Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START proteins. Science 2009, 324, 1068–1071.
[CrossRef]

16. Cutler, S.R.; Rodriguez, P.L.; Finkelstein, R.R.; Abrams, S.R. Abscisic acid: Emergence of a core signaling network. Annu. Rev.
Plant Biol. 2010, 61, 651–679. [CrossRef]

17. Ma, Y.; Szostkiewicz, I.; Korte, A.; Moes, D.; Yang, Y.; Christmann, A.; Grill, E. Regulators of PP2C phosphatase activity function
as abscisic acid sensors. Science 2009, 324, 1064–1068. [CrossRef]

18. Soon, F.F.; Ng, L.M.; Zhou, X.E.; West, G.M.; Kovach, A.; Tan, M.H.E.; Suino-Powell, K.M.; He, Y.Z.; Xu, Y.; Chalmers, M.J.; et al.
Molecular mimicry regulates ABA signaling by SnRK2 kinases and PP2C phosphatases. Science 2012, 335, 85–88. [CrossRef]

19. Hauser, F.; Li, Z.X.; Waadt, R.; Schroeder, J.I. SnapShot: Abscisic acid signaling. Cell 2017, 171, 1708. [CrossRef]
20. Zhang, H.F.; Liu, D.Y.; Yang, B.; Liu, W.Z.; Mu, B.B.; Song, H.X.; Chen, B.Y.; Li, Y.; Ren, D.T.; Deng, H.Q.; et al. Arabidopsis CPK6

positively regulates ABA signaling and drought tolerance through phosphorylating ABA-responsive element-binding factors. J.
Exp. Bot. 2020, 71, 188–203. [CrossRef]

21. Chen, L.; Zhang, B.; Xia, L.J.; Yue, D.D.; Han, B.; Sun, W.N.; Wang, F.J.; Lindsey, K.; Zhang, X.L.; Yang, X.Y. The GhMAP3K62-
GhMKK16-GhMPK32 kinase cascade regulates drought tolerance by activating GhEDT1-mediated ABA accumulation in cotton.
J. Adv. Res. 2023, 51, 13–25. [CrossRef] [PubMed]

22. Golldack, D.; Lüking, I.; Yang, O. Plant tolerance to drought and salinity: Stress regulating transcription factors and their
functional significance in the cellular transcriptional network. Plant Cell Rep. 2011, 30, 1383–1391. [CrossRef]

23. Jin, J.P.; Zhang, H.; Kong, L.; Gao, G.; Luo, J.C. PlantTFDB 3.0: A portal for the functional and evolutionary study of plant
transcription factors. Nucleic Acids Res. 2014, 42, D1182–D1187. [CrossRef] [PubMed]

24. Baniwal, S.K.; Bharti, K.; Chan, K.Y.; Fauth, M.; Ganguli, A.; Kotak, S.; Mishra, S.K.; Nover, L.; Port, M.; Scharf, K.D.; et al. Heat
stress response in plants: A complex game with chaperones and more than twenty heat stress transcription factors. J. Biosci. 2004,
29, 471–487. [CrossRef] [PubMed]

25. Udvardi, M.K.; Kakar, K.; Wandrey, M.; Montanari, O.; Murray, J.; Andriankaja, A.; Zhang, J.Y.; Benedito, V.; Hofer, J.M.I.; Chueng,
F.; et al. Legume transcription factors: Global regulators of plant development and response to the environment. Plant Physiol.
2007, 144, 538–549. [CrossRef]

26. Sakurai, H.; Enoki, Y. Novel aspects of heat shock factors: DNA recognition, chromatin modulation and gene expression. FEBS J.
2010, 277, 4140–4149. [CrossRef] [PubMed]

27. Scharf, K.D.; Berberich, T.; Ebersberger, I.; Nover, L. The plant heat stress transcription factor (Hsf) family: Structure, function and
evolution. Biochim. Biophys. Acta 2012, 1819, 104–119. [CrossRef]

28. Guo, M.; Liu, J.H.; Ma, X.; Luo, D.X.; Gong, Z.H.; Lu, M.H. The plant heat stress transcription factors (HSFs): Structure, regulation,
and function in response to abiotic stresses. Front. Plant Sci. 2016, 7, 114. [CrossRef]

29. Bharti, K.; Koskull-Döring, P.V.; Bharti, S.; Kumar, P.; Tintschl-Körbitzer, A.; Treuter, E.; Nover, L. Tomato heat stress transcription
factor HsfB1 represents a novel type of general transcription coactivator with a histone-like motif interacting with the plant CREB
binding protein ortholog HAC1. Plant Cell 2004, 16, 1521–1535. [CrossRef]

30. Ikeda, M.; Mitsuda, N.; Ohme-Takagi, M. Arabidopsis HsfB1 and HsfB2b act as repressors of the expression of heat-inducible Hsfs
but positively regulate the acquired thermotolerance. Plant Physiol. 2011, 157, 1243–1254. [CrossRef]

31. Xue, G.P.; Sadat, S.; Drenth, J.; McIntyre, C.L. The heat shock factor family from Triticum aestivum in response to heat and other
major abiotic stresses and their role in regulation of heat shock protein genes. J. Exp. Bot. 2014, 65, 539–557. [CrossRef] [PubMed]

32. Duan, S.N.; Liu, B.H.; Zhang, Y.Y.; Li, G.L.; Guo, X.L. Genome-wide identification and abiotic stress-responsive pattern of heat
shock transcription factor family in Triticum aestivum L. BMC Genom. 2019, 20, 257. [CrossRef] [PubMed]

33. Haberer, G.; Hindemitt, T.; Meyers, B.C.; Mayer, K.F.X. Transcriptional similarities, dissimilarities, and conservation of cis-elements
in duplicated genes of Arabidopsis. Plant Physiol. 2004, 136, 3009–3022. [CrossRef] [PubMed]

34. Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Peer, Y.V.d.; Rouzé, P.; Rombauts, S. PlantCARE, a database of plant
cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 2002, 30,
325–327. [CrossRef] [PubMed]

35. Samarah, N.H.; Alqudah, A.; Amayreh, J.; McAndrews, G. The effect of late-terminal drought stress on yield components of four
barley cultivars. J. Agron. Crop Sci. 2009, 195, 427–441. [CrossRef]

36. Samarah, N.H.; Haddad, N.; Alqudah, A. Yield potential evaluation in chickpea genotypes under late terminal drought in relation
to the length of reproductive stage. Italian J. Agron. 2009, 3, 111–117. [CrossRef]

https://doi.org/10.1016/j.xplc.2021.100228
https://www.ncbi.nlm.nih.gov/pubmed/35059626
https://doi.org/10.1007/s00425-010-1279-6
https://doi.org/10.1007/s11427-020-1683-x
https://www.ncbi.nlm.nih.gov/pubmed/32246404
https://doi.org/10.1126/science.aaz7614
https://www.ncbi.nlm.nih.gov/pubmed/32299946
https://doi.org/10.1126/science.1173041
https://doi.org/10.1146/annurev-arplant-042809-112122
https://doi.org/10.1126/science.1172408
https://doi.org/10.1126/science.1215106
https://doi.org/10.1016/j.cell.2017.11.045
https://doi.org/10.1093/jxb/erz432
https://doi.org/10.1016/j.jare.2022.11.002
https://www.ncbi.nlm.nih.gov/pubmed/36414168
https://doi.org/10.1007/s00299-011-1068-0
https://doi.org/10.1093/nar/gkt1016
https://www.ncbi.nlm.nih.gov/pubmed/24174544
https://doi.org/10.1007/BF02712120
https://www.ncbi.nlm.nih.gov/pubmed/15625403
https://doi.org/10.1104/pp.107.098061
https://doi.org/10.1111/j.1742-4658.2010.07829.x
https://www.ncbi.nlm.nih.gov/pubmed/20945530
https://doi.org/10.1016/j.bbagrm.2011.10.002
https://doi.org/10.3389/fpls.2016.00114
https://doi.org/10.1105/tpc.019927
https://doi.org/10.1104/pp.111.179036
https://doi.org/10.1093/jxb/ert399
https://www.ncbi.nlm.nih.gov/pubmed/24323502
https://doi.org/10.1186/s12864-019-5617-1
https://www.ncbi.nlm.nih.gov/pubmed/30935363
https://doi.org/10.1104/pp.104.046466
https://www.ncbi.nlm.nih.gov/pubmed/15489284
https://doi.org/10.1093/nar/30.1.325
https://www.ncbi.nlm.nih.gov/pubmed/11752327
https://doi.org/10.1111/j.1439-037X.2009.00387.x
https://doi.org/10.4081/ija.2009.3.111


Int. J. Mol. Sci. 2024, 25, 977 17 of 17

37. Samarah, N.H.; Mullen, R.E.; Anderson, I. Soluble sugar contents, germination and vigor of soybean seeds in response to drought
stress. J. New Seeds 2009, 10, 63–73. [CrossRef]

38. Samarah, H.; Alqudah, A. Effects of late-terminal drought stress onseed germination and vigor of barley (Hordeum vulgare L.).
Arch. Agron. Soil Sci. 2011, 57, 27–32. [CrossRef]

39. Kotak, S.; Port, M.; Ganguli, A.; Bicker, F.; von Koskull−Döring, P. Characterization of C-terminal domains of Arabidopsis heat
stress transcription factors (Hsfs) and identification of a new signature combination of plant class A Hsfs with AHA and NES
motifs essential for activator function and intracellular localization. Plant J. 2004, 39, 98–112. [CrossRef]

40. Czarnecka-Verner, E.; Yuan, C.X.; Scharf, K.D.; Englich, G.; Gurley, W.B. Plants contain a novel multi-member class of heat shock
factors without transcriptional activator potential. Plant Mol. Biol. 2000, 43, 459–471. [CrossRef]

41. Ikeda, M.; Ohme-Takagi, M. A novel group of transcriptional repressors in Arabidopsis. Plant Cell Physiol. 2009, 50, 970–975.
[CrossRef] [PubMed]

42. Fragkostefanakis, S.; Röth, S.; Schleiff, E.; Scharf, K.D. Prospects of engineering thermotolerance in crops through modulation of
heat stress transcription factor and heat shock protein networks. Plant Cell Environ. 2015, 38, 1881–1895. [CrossRef] [PubMed]

43. Singh, D.; Laxmi, A. Transcriptional regulation of drought response: A tortuous network of transcriptional factors. Front. Plant
Sci. 2015, 6, 895. [CrossRef]

44. Muhammad Aslam, M.; Waseem, M.; Jakada, B.H.; Okal, E.J.; Lei, Z.; Saqib, H.S.A.; Yuan, W.; Xu, W.; Zhang, Q. Mechanisms of
abscisic acid-mediated drought stress responses in plants. Int. J. Mol. Sci. 2022, 23, 1084. [CrossRef] [PubMed]

45. Hu, X.J.; Chen, D.D.; Mclntyre, C.L.; Dreccer, M.F.; Zhang, Z.B.; Drenth, J.; Kalaipandian, S.; Chang, H.P.; Xue, G.P. Heat shock
factor C2a serves as a proactive mechanism for heat protection in developing grains in wheat via an ABA-mediated regulatory
pathway. Plant Cell Environ. 2018, 41, 79–98. [CrossRef]

46. Bechtold, U.; Albihlal, W.S.; Lawson, T.; Fryer, M.J.; Sparrow, P.A.; Richard, F.; Persad, R.; Bowden, L.; Hickman, R.; Martin, C.;
et al. Arabidopsis HEAT SHOCK TRANSCRIPTION FACTORA1b overexpression enhances water productivity, resistance to
drought, and infection. J. Exp. Bot. 2013, 64, 3467–3481. [CrossRef] [PubMed]

47. Xiang, J.H.; Ran, J.; Zou, J.; Zhou, X.Y.; Liu, A.; Zhang, X.W.; Peng, Y.; Tang, N.; Luo, G.Y.; Chen, X.B. Heat shock factor OsHsfB2b
negatively regulates drought and salt tolerance in rice. Plant Cell Rep. 2013, 32, 1795–1806. [CrossRef]

48. Huang, Y.C.; Niu, C.Y.; Yang, C.R.; Jinn, T.L. The heat stress factor HSFA6b connects ABA signaling and ABA-mediated heat
responses. Plant Physiol. 2016, 172, 1182–1199. [CrossRef]

49. Lee, S.J.; Kang, J.Y.; Park, H.J.; Kim, M.D.; Bae, M.S.; Choi, H.I. DREB2C interacts with ABF2, a bZIP protein regulating abscisic
acid-responsive gene expression, and its overexpression affects abscisic acid sensitivity. Plant Physiol. 2010, 153, 716–727.
[CrossRef]

50. Xu, Z.Y.; Kim, S.Y.; Hyeon, D.Y.; Kim, D.H.; Dong, T.; Park, Y.; Jin, J.B.; Joo, S.H.; Kim, S.K.; Hong, J.C. The Arabidopsis NAC
transcription factor ANAC096 cooperates with bZIP-type transcription factors in dehydration and osmotic stress responses. Plant
Cell. 2013, 25, 4708–4724. [CrossRef]

51. Chan-Schaminet, K.Y.C.; Baniwal, S.K.; Bublak, D.; Nover, L.; Scharf, K.D. Specific interaction between tomato HsfA1 and HsfA2
creates hetero-oligomeric superactivator complexes for synergistic activation of heat stress gene expression. J. Biol. Chem. 2009,
284, 20848–20857. [CrossRef] [PubMed]

52. Bi, H.H.; Miao, J.N.; He, J.Q.; Chen, Q.F.; Qian, J.J.; Li, H.H.; Xu, Y.; Ma, D.; Zhao, Y.; Tian, X.J.; et al. Characterization of the wheat
heat shock factor TaHsfA2e-5D conferring heat and drought tolerance in Arabidopsis. Int. J. Mol. Sci. 2022, 23, 2784. [CrossRef]
[PubMed]

53. Meng, X.Z.; Zhao, B.H.; Li, M.Y.; Liu, R.; Ren, Q.Q.; Li, G.L.; Guo, X.L. Characteristics and regulating roles of wheat TaHsfA2-13
in abiotic stresses. Front. Plant Sci. 2022, 13, 922561. [CrossRef] [PubMed]

54. Porra, R.J.; Thompson, W.A.; Kriedemann, P.E. Determination of accurate extinction coefficients and simultaneous equations for
assaying chlorophylls a and b extracted with four different solvents: Verification of the concentration of chlorophyll standards by
atomic absorption spectroscopy. Biochim. Biophys. Acta 1989, 975, 384–394. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/15228860902786525
https://doi.org/10.1080/03650340903191663
https://doi.org/10.1111/j.1365-313X.2004.02111.x
https://doi.org/10.1023/A:1006448607740
https://doi.org/10.1093/pcp/pcp048
https://www.ncbi.nlm.nih.gov/pubmed/19324928
https://doi.org/10.1111/pce.12396
https://www.ncbi.nlm.nih.gov/pubmed/24995670
https://doi.org/10.3389/fpls.2015.00895
https://doi.org/10.3390/ijms23031084
https://www.ncbi.nlm.nih.gov/pubmed/35163008
https://doi.org/10.1111/pce.12957
https://doi.org/10.1093/jxb/ert185
https://www.ncbi.nlm.nih.gov/pubmed/23828547
https://doi.org/10.1007/s00299-013-1492-4
https://doi.org/10.1104/pp.16.00860
https://doi.org/10.1104/pp.110.154617
https://doi.org/10.1105/tpc.113.119099
https://doi.org/10.1074/jbc.M109.007336
https://www.ncbi.nlm.nih.gov/pubmed/19491106
https://doi.org/10.3390/ijms23052784
https://www.ncbi.nlm.nih.gov/pubmed/35269925
https://doi.org/10.3389/fpls.2022.922561
https://www.ncbi.nlm.nih.gov/pubmed/35832224
https://doi.org/10.1016/S0005-2728(89)80347-0

	Introduction 
	Results 
	Characteristics and Bioinformatics Analysis of TaHsfC3-4 
	Expression Patterns of TaHsfC3-4 
	TaHsfC3-4 Encodes a Nucleus-Localized Protein with No Transcriptional Activation Activity 
	TaHsfC3-4 Positively Regulates ABA Sensitivity during Post-Germination Growth 
	The Overexpression of TaHsfC3-4 Enhanced the Tolerance of pyr1pyl124 Quadruple Mutantto Drought 
	TaHsfA2-11 Interacts with TaHsfC3-4 and Is Involved in Improving Drought Tolerance 

	Discussion 
	TaHsfC3-4 Is a Typical HsfC Gene 
	TaHsfC3-4 Enhances Tolerance to Drought Depending on ABA Signaling Pathway 
	TaHsfC3-4 and TaHsfA2-11 Might Work Cooperatively to Regulate Drought-ResponsiveGene Expression 

	Materials and Methods 
	Plant Materials and Growth Conditions 
	Bioinformatics Analysis of TaHsfC3-4 
	Isolation of Total RNA and Identification of TaHsfC3-4 
	Gene Expression Analysis Using RT-qPCR 
	Subcellular Localization 
	Transactivation Activation Analysis in Yeast 
	Generation of Transgenic Plants 
	Phenotypic Assay under ABA Treatment 
	Drought Tolerance Assay 
	Measurements of Physiological Indexes 
	Yeast Two-Hybrid Assay 
	LCI Assay 

	References

