
Contents lists available at ScienceDirect

Journal of Plant Physiology

journal homepage: www.elsevier.com/locate/jplph

TaHsfA2-1, a new gene for thermotolerance in wheat seedlings:
Characterization and functional roles

Zihui Liua,1, Guoliang Lia,1, Huaning Zhanga, Yuanyuan Zhanga, Yujie Zhanga, Shuonan Duana,
Mohamed Salah Amr Sheteiwyb,e, Hongmei Zhanga, Hongbo Shaob,c,d,*, Xiulin Guoa,*
a Plant Genetic Engineering Center of Hebei Province/Institute of Genetics and Physiology, Hebei Academy of Agriculture and Forestry Sciences, Shijiazhuang, 050051,
China
b Salt-Soil Agricultural Center, Key Laboratory of Agricultural Environment in the Lower Reaches of Yangtze River Plain, Institute of Agriculture Resources and
Environment, Jiangsu Academy of Agricultural Sciences (JAAS), Nanjing, 210014, China
c College of Environment and Safety Engineering, Qingdao University of Science & Technology, Qingdao, 266000, China
d Jiangsu Key Laboratory for Bioresources of Saline Soils, Jiangsu Synthetic Innovation Center for Coastal Bio-agriculture, Yancheng Teachers University, Yancheng,
224002, China
e Department of Agronomy, Faculty of Agriculture, Mansoura University, Mansoura, 35516, Egypt

A R T I C L E I N F O

Keywords:
TaHsfA2-1
Thermotolerance
Heat shock transcription factor
Wheat

A B S T R A C T

Heat shock transcription factors (Hsfs) play an important role in regulating heat stress response in plants. Our
previous study found that there were 82 non-redundant Hsfs in wheat, 18 of which belonged to subclass A2. In
this study, we cloned an A2 member, TaHsfA2-1, which encoded a protein of 346 amino acid residues in wheat.
The fusion protein TaHsfA2-1-GFP was localized in the nucleus under normal growth conditions. TaHsfA2-1 was
expressed in nearly all the measured tissues, most highly in mature leaves. The expression level of TaHsfA2-1 can
be enhanced by heat stress, PEG stress, and signal molecules such as H2O2 and SA. Yeast cells transformed with
TaHsfA2-1 improved thermotolerance compared to those with the empty vector. TaHsfA2-1-overexpressing
Arabidopsis displayed a better growth state with more green leaves than wild-type seedlings after heat stress.
Accordingly, the chlorophyll content and survival rate in the transgenic lines were higher than in the wild type,
and relative conductivity in the transgenic lines was lower than in the wild type. Further research found that
TaHsfA2-1-overexpressing Arabidopsis up-regulated the expression of some heat shock protein genes (Hsps)
compared to wild type after heat stress. These results suggested that TaHsfA2-1 is a new gene that improves
thermotolerance in plants by mediating the expression of Hsps. A functional gene was provided for molecular
breeding in the subsequent research.

1. Introduction

Wheat originated from temperate zones and is a cool-season crop,
but currently wheat is subjected to high temperature especially during
the grain-filling stage due to the dramatic changes in the climate
globally. It is predicted that wheat productivity will drop by 4% with
every 1 °C increase in temperature (McDonald et al., 1983). As a result,
the rising temperature has become one of the major climatic disasters
restricting wheat growth and development around the world. Previous
studies showed that the heat stress response (HSR) in wheat is com-
plicated, involving physiological and biochemical processes, regulatory
networks, and multiple signal pathways (Kotak et al., 2007; Zhou and
Abaraha, 2007). The expression of heat shock transcription factors

(Hsfs) and their regulation of stress-related genes are a crucial com-
ponent of the heat stress response (Wu, 1995). Moreover, the roles of
Hsfs in improving thermotolerance have been demonstrated in trans-
genic plants (Charng et al., 2007; Nishizawa-Yokoi et al., 2011). A re-
cent study found that HsfA2 and REF6 established a heritable feedback
loop to maintain transgenerational memory to high temperature in
Arabidopsis (Liu et al., 2019), which confirmed the significant role of
Hsfs in adaptation to high-temperature stress.

All plant Hsfs have a conserved structure, DNA-binding domain
(DBD), and oligomerization domain (HR-A/B). According to the
number of amino residues between HR-A and HR-B, all the Hsf family
members can be assigned to three major classes (A, B, and C) (Nover
et al., 2001). Among these three classes of Hsf proteins, HsfA class
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members generally contain an activation domain in the C-terminal re-
gion, characterized by an aromatic-hydrophobic-acidic-residue-rich
(AHA) motif, while Hsf B and C lack AHA motifs and have no activator
function of their own (Kotak et al., 2004). Based on their structure,
different Hsfs classes have various biological functions. Many class A
Hsfs serve as HS-induced enhancement of thermotolerance, while class
B Hsfs play a role as a repressor of HS gene expression with an in-
variant-LFGV-tetrapeptide motif adjacent to basic clusters (Röth et al.,
2017). TaHsfC2a is a class c Hsf that has been documented as a tran-
scriptional activator for heat protection genes (Hu et al., 2018).

In studying the central roles of Hsfs in mediating abiotic stresses, the
number of Hsfs that have been identified and cloned in plants in recent
years has increased. But there are few studies on Hsfs from wheat due to
the complexity of the wheat genome. The first cloned Hsf gene from
wheat is TaHsfA4a, in 2009, which is a gene associated with Cd toler-
ance (Shim et al., 2009). Then, TaHsf3 and TaHsfA6f were isolated from
wheat. A previous study reported that the overexpression of TaHsf3 in
Arabidopsis enhanced tolerance to high-temperature stress (Zhang et al.,
2013). TaHsfA6f is a member of the A6 subclass of Hsfs from wheat
(Xue et al., 2015). This gene, being a transcription activator, can di-
rectly regulate TaHSP90.1-A1 and TaGAAP, which has a positive im-
pact on thermotolerance. The class C Hsf, TaHsfC2a, can improve
thermotolerance via an ABA-mediated regulatory network in wheat.
Therefore,It appears that Hsfs belonging to different classes exhibit
different regulatory mechanisms and biological functions.

Based on the latest information on the wheat genome, the Hsf family
of wheat has 82 non-redundant members located on 21 chromosomes
(Duan et al., 2019). Although a large number of heat transcription
factors have been found in wheat, fewer Hsfs have been cloned and
obtained from wheat than from other plants. Therefore, identification
and characterization of more TaHsfs will provide important information
to understand the heat-responsive mechanism and further wheat
breeding to increase heat tolerance via genetic manipulation.

In this study, we cloned one member of the HsfA2 subfamily from
wheat, TaHsfA2-1. To further study the functions of TaHsfA2-1 in the
plant response to heat stress, TaHsfA2-1 overexpressing Arabidopsis
and TaHsfA2-1/athsfa2 transgenic lines were generated.

2. Materials and methods

2.1. Plant materials and growth conditions

Cang6005, a wheat variety with excellent heat resistance, was used
in the present study. Seeds was sterilized by HgCl2 and germinated in an
incubator at 25 °C. When the germ grew to 2−3 cm, the uniformly
germinated seeds were selected and transplanted in the pots.
Thereafter, seedlings were cultivated in Hoagland nutrient solution and
placed in a greenhouse with normal conditions (22/18 °C, 16/8 h day/
night cycle). Seedlings at the two-leaf stage were treated with heat
(37 °C), SA (0.8 mmol·L−1), H2O2 (10mmol·L−1), and PEG (15 % W/V)
stresses respectively. The second leaves were sampled at 2, 4, 6, 12, 24,
and 36 h after the seedlings were subjected to PEG stress, and at 30, 60,
90, 120, and 240min after the seedlings were subjected to heat, H2O2,
and SA treatment. The samples were frozen quickly with liquid nitrogen
and prepared for RNA extraction. The unstressed seedlings were used as
controls. Young roots, shoots, and leaves were taken at the two-leaf
stage. Mature roots, shoots, and leaves were collected when the plants
were flowering. All collected samples were immediately frozen in liquid
nitrogen for expression pattern analysis of specific tissue.

2.2. Amplification and sequencing for cDNA of TaHsfA2-1

Total RNA of wheat was extracted with RNArose Reagent Systems
Kits (Shanghai Huashun Biotechnological Co., Ltd.). Then, cDNA was
synthesized with purified RNA. The coding sequences (CDS) were am-
plified by the specific primers (5′-ATGAGCCACCGGATGATGATG-3′

and 5′-CTAGTCCAGCTTCTCAGCCAAC-3′). The PCR system was as de-
scribed by Zhang et al. (2018). The products were constructed to T
vectors (pEasy-Blunt Simple Cloning Kit, TransGen Biotech), and their
sequence was analyzed by the Shanghai bioengineering Co. LTD.

2.3. The subcellular localization of TaHsfA2-1

A plant expression vector with green fluorescent protein,
pCAMBIA1300-GFP, was used to study the subcellular localization of
the target gene. The specific primers (A2-1-GFP) for amplification of
TaHsfA2-1 coding sequence are listed in Table S1. The products of
amplification were constructed to the expression vector of
pCAMBIA1300-GFP according to the description by Li et al. (2019). The
dye operation was conducted according to Zhang et al. (2018). The
laser confocal microscope (Zeiss META510) was used for observation of
fluorescence.

2.4. Transformation of TaHsfA2-1 to yeast cells and identification for
thermotolerance of transforming yeast cells

The construction of the yeast expression vector pYES2-TaHsfA2-1
was performed according to the manufacturer’s instruction (Invitrogen,
USA). The products of PCR cloned by the specific primer (pYES2-A2-1
in Table S2) were constructed into the pYES2 vector according to the
methods described by Zhao et al. (2018). The empty vector and the
vector pYES2-TaHsfA2-1 were transformed into the yeast cell INVSc1.
After positive yeast cells came into the stage of exponential growth,
they were diluted and divided into two groups. One group was placed at
30 °C for growth as a control, and the other group was treated in 50 °C
water for 15min. Then, 8 μl yeast cells from the different groups were
cultured on the SC-Gal-Ura− medium plates, and the transformed yeast
cells were photographed after three to five days.

2.5. The transformation of TaHsfA2-1 into Arabidopsis

The CDS of TaHsfA2-1 was obtained by PCR using the specific
primer (1300-A2-1). The amplification products were inserted into the
binary vector pCAMBIA1300 digested in advance with Xba I and Sac I
using ClonExpress II kit. Then, the pCAMBIA1300-TaHsfA2-1 vector
driven by the CaMV 35S promoter was mobilized into GV3101 cells,
Agrobacterium tumefaciens strain. At the flower-budding stage,
Arabidopsis (ecotype Columbia) and athsfa2 mutant were transformed
by the classical floral dip method (Clough and Bent, 1998; Xu et al.,
2007).

2.6. Thermotolerance analysis in Arabidopsis

The seedlings of transgenic and wild lines of Arabidopsis were
planted on the same 0.5×MS plate. The plates were placed at 22 °C in
a chamber with 100 μmolm−2 s lights. After five days of growth, the
seedlings were subjected to heat stress. The basal thermotolerance
treatment was implemented according to the methods described by
Larkindale et al. (2005). The seedlings were subjected to heat stress
(45℃) for 50min, and then were put back for recovery for eight days.
The acquired thermotolerance treatment was performed as described by
previous studies (Li et al., 2019; Charng et al., 2007). The seedlings
underwent 46℃ stress for one hour prior to 37 ℃ stress for one hour
and recovery for two days. Thereafter, the seedlings were placed under
the original growth conditions for recovery. After eight days, the
seedlings were photographed. The chlorophyll content and relative
electrical conductivity of the seedlings was determined using the
method of Li et al. (2015). The seedlings that grew new leaves were
counted as surviving. All growth-related indicators were from three
biological experiments.
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2.7. Yeast one-hybrid assay

According to the methods of Li et al. (2019), the CDS of TaHsfA2-1
was constructed to pGADT7 and inserted into vector. The promoters of
five AtHsps were inserted into pHIS2.1 vector, respectively. These
constructs were all transformed into yeast cell Y187. After growing at
30℃ for three to five days, the plates were photographed. The inter-
action between TaHsfA2-1 and the promoters of five AtHsps was ana-
lyzed. All primers were are listed in Table S1.

2.8. Expression analysis of HSPs by qRT-PCR

Total RNA from different Arabidopsis plants was extracted and
purified according to previous methods in this study. With 1 μg RNA as
templates, the first-strand cDNA was synthesized by PCR. The expres-
sion levels of various AtHsps in transgenic Arabidopsis plants and wild
type (WT) were determined by quantitative real-time PCR (qRT-PCR)
according to the methods of Li et al. (2015 and 2019). AtActin8 gene
was used for normalizing the gene expression in Arabidopsis, and three
biological replicates were carried out.

2.9. Phylogenetic analysis

We blasted the database in NCBI (www.ncbi.nlm.nih.gov) with the
TaHsfA2-1 protein sequence as a query. The identified protein se-
quences were aligned with Clustal X 2.0 software, and then the results
were minimally repaired by DNAMAN 8.0 (www.lynnon.com) software.
Phylogenetic trees were generated by MEGA X software using the
neighbor-joining method (1000 bootstrap replicates). ScHsf1 from

Saccharomyces cerevisiae was set as the outgroup.

3. Results

3.1. Cloning of TaHsfA2-1 and analysis of the deduced amino acid
sequence

A cDNA sequence was cloned with specific primers from RNA of
wheat leaves after heat treatment. This sequence was 1041 bp long, and
encoded a protein of 346 amino acid residues, which was named
TaHsfA2-1 in accordance with a report from Duan et al. (2019). The
deduced amino acid sequences of TaHsfA2-1 included a DNA-binding
domain (DBD) which was the typical structure of the Hsfs family, an
adjacent oligomerization domain (OD), and a nuclear-localized signal
(NLS) (Fig. 1). Phylogenetic relationships of TaHsfA2-1 were analyzed
using the neighbor-joining method. The result showed that TaHsfA2-1
belongs to the subfamily of HsfA2 and has the closest relation to a
putative protein AeHsfA2e from Aegilops tauschii (Fig. 2a). Multiple
sequence alignment analysis further confirmed that TaHsfA2-1 had
high homology with AetHsfA2e (94 %), HvHsfA2e from Hordeum vul-
gare, and BdHsfA2e from Brachypodium distachyon (90 and 80 %, re-
spectively) (Fig. 2b). These results illustrated that TaHsfA2-1 contained
highly conserved amino residues in the DNA-binding domain.

3.2. Expression of TaHsfA2-1 in different tissues and induction of TaHsfA2-
1 by abiotic stresses

To identify the expression pattern of HsfA2-1 in wheat, HsfA2-1
expression in different tissues was analyzed using qRT-PCR and semi
RT-PCR (Fig. 3a and Fig. S1). TaHsfA2-1 was expressed in all detected
tissues from wheat, but its amount varied across tissues. The lowest
expression of HsfA2-1 was detected in the young root, which was si-
milar to that in the young shoot. The highest expression level was ob-
served in the mature leaf, which was about 10 and 8 times higher than
expression in the root and sepal, respectively. The expression in other
tissues, such as mature shoot, young leaf, mature root, pistil, embryos,
and stamen, increased by different degrees compared with that in
young root. In addition, the expression levels of HsfA2-1 in mature
vegetative tissues were always higher than those of their young tissues,
except for embryos (Fig. 3a).

The expression of TaHsfA2-1 in leaves dramatically increased and
reached its peak at above 40- fold within 90min and then reduced
under 37 °C (Fig. 3b); while the expression of TaHsfA2-1 in roots peaked
at 60min with about 13-fold and then decreased sharply (Fig. 3c).
Overall, the expression change of TaHsfA2-1 in leaves was significantly
higher than in roots. In leaves, TaHsfA2-1 exhibited the same expression
pattern response to H2O2 and SA treatments, which reached its highest
level within 120min after H2O2 and SA treatments (Fig. 3d and e). PEG
also increased expression of this gene, but the course of the change was
sluggish, with the expression peak behind that of all other stress
treatments (Fig. 3f).

3.3. Subcellular localization assay

The amino acid sequence analysis shows that TaHsfA2-1 has a NLS
motif, suggesting that TaHsfA2-1 is likely to be located in the nucleus. A
TaHsfA2-1-GFP gene fusion construct was transformed into the en-
dodermal cells of tobacco by Agrobacterium tumefaciens EHA105 cells.
GFP green fluorescence showed that the expression of the fusion gene
was only observed in the nucleus (Fig. 4), which indicated TaHsfA2-1
protein was localized in the nucleus (Fig. 5).

3.4. Improved thermotolerance in yeast cells expressing TaHsfA2-1

Yeast cells are well suited for the functional study of other exo-
genous heat shock transcription factors. TaHsfA2-1 was constructed
into the expression vector and transformed into yeast cells to observe
the growth status of transgenic yeast in induced solid medium of ga-
lactose. The results showed that there was no difference between the
growth of yeast transformed with pYES2-TaHsfA2-1 and pYES2 yeast
cells under normal conditions. After 50 °C heat shock treatment, the
yeast cells transformed with pYES2-TaHsfA2-1 grew better than those
with the empty vector. This result showed that TaHsfA2-1 can be in-
duced to express in yeast cells, and improve thermotolerance of yeast
cells.

Fig. 1. Nucleotide and the predicted amino acid sequences of TaHsfA2-1. The amino acids marked by grey color are a typical DBD, and the adjacent domain is OD
marked by green color. NLS is marked by red color. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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3.5. TaHsfA2-1 improves thermotolerance in transgenic Arabidopsis and
TaHsfA2-1/athsfa2 lines

Three TaHsfA2-1-overexpression lines(48-7,55-11,58-6)which dis-
played different expression amounts (Fig. 6a) were selected to assay the
role of TaHsfA2-1 in thermotolerance in Arabidopsis. Ectopic expression
of TaHsfA2-1 in Arabidopsis did not lead to any phenotypic variation
compared to the wild type (WT) (Fig. 6b). However, the WT exhibited
more yellow leaves, indicating a greater degree of injury as compared
to transgenic lines after heat stress treatment (Figs. 6c).

To further investigate the capability of TaHsfA2-1 to improve
thermotolerance in Arabidopsis, chlorophyll content, relative con-
ductivity, and survival rate of transgenic Arabidopsis were also mea-
sured. There was no difference in these three physiological parameters
between transgenic plants and wild-type seedlings when they grown

under 22 °C conditions. Stronger vitality of transgenic lines was ob-
served only under heat stress conditions. Chlorophyll content and sur-
vival rate of transgenic seedlings were higher, while relative con-
ductivity was lower than that of WT after both basal thermotolerance
and acquired thermotolerance treatments. (Fig. 6e-g). These results are
consistent with the phenotypic observations, which suggested that
TaHsfA2-1 plays a role in improving thermotolerance in plants.

In 22 °C chambers, all plants showed a similar growth state, with
green leaves. No obvious differences were observed among mutant, WT,
and TaHsfA2-1/athsfa2 lines. The mutation of AthsfA2 in Arabidopsis
(athsfa2) did not affect its normal growth (Fig. 7b). All plants subjected
to heat stress (45 °C for 60min) grew slowly (Fig. 7c). Compared with
the mutants, TaHsfA2-1/athsfa2 lines were less susceptible to injury,
with lower relative conductivity and higher chlorophyll content and
survival rate (Fig. 7d-f). In line 2–10, TaHsfA2-1 did not complement

Fig. 2. Phylogenetic analysis and amino acid sequence alignment of TaHsfA2-1. (A) Phylogenetic relationships of TaHsfA2-1 and other selected plant species.
Phylogenetic tree was created by Neighbor-Joining method using the Mega X program. ScHsf1 was used as the outgroup. GenBank accession numbers of the proteins
are as follows: TaHsfA2-1 (Triticum aestivum, QEQ56377), AetHsfA2e (Aegilops tauschii, XP_020187328), HvHsfA2e (Hordeum vulgare, BAJ89362), BdHsfA2e
(Brachypodium distachyon, XP_003557472), SbHsfA2e (Sorghum bicolor, XP_002466300), ZmHsf05 (Zea mays L., MH845619), DoHsfA2e (Dichanthelium oligosanthes,
OEL36325), PhHsfA2e (Panicum hallii, XP_025794070), SiHsfA2e (Setaria italica, XP_004981438), OsHsfA2e (Oryza sativa, XP_015630486), ZmHsf17 (Zea mays L.,
NP_001146716), SbHsfA2b (Sorghum bicolor, XP_002459419), PhHsfA2b (Panicum hallii, XP_025799458), SiHsfA2b (Setaria italica, XP_004955620), DoHsfA2b
(Dichanthelium oligosanthes, OEL19986), OsHsfA2b (Oryza sativa, XP_015645272), TaHsfA2b (Triticum aestivum, AHZ44765), AetHsfA2b (Aegilops tauschii,
XP_020146162), HvHsfA2b (Hordeum vulgare, BAJ90333), TaHsfA2d (Triticum aestivum, AHB61248), AetHsfA2d (Aegilops tauschii, XP_020178141), BdHsfA2d
(Brachypodium distachyon, XP_024314977), OsHsfA2d (Oryza sativa, EAY88649), ZmHsf01 (Zea mays L., NP_001146536), SbHsfA2d (Sorghum bicolor,
XP_002468465), DoHsfA2d (Dichanthelium oligosanthes, OEL38242), SiHsfA2d (Setaria italica, XP_004985605), PhHsfA2d (Panicum hallii, PVH33209), ZmHsf04 (Zea
mays L., GRMZM2G010871_P01), DoHsfA2c (Dichanthelium oligosanthes, OEL22818), PhHsfA2c (Panicum hallii, XP_025792788), SiHsfA2c (Setaria italica,
XP_02267924), SbHsfA2c (Sorghum bicolor, XP_002467215), AetHsfA2c (Aegilops tauschii, XP_020147337), HvHsfA2c (Hordeum vulgare, BAJ89673), BdHsfA2c
(Brachypodium distachyon, XP_010234740), OsHsfA2c (Oryza sativa, XP_025876421), TaHsfA2a (Triticum aestivum, AVH78332), AetHsfA2a (XP_020200656),
HvHsfA2a (BAJ88237), BdHsfA2a (XP_003559435), PhHsfA2a (XP_025817582), SbHsfA2a (XP_002463891), SiHsfA2a (XP_012704129), OsHsfA2a (EAY91834),
AtHsfA2 (Arabidopsis thaliana, AEC07800), ScHsf1 (Saccharomyces cerevisiae, NP_011442). (B) Sequence alignment of TaHsfA2-1 and other plant HsfA2e proteins.
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Fig. 3. Expression analysis of TaHsfA2-1. (a) Tissue-specific expression patterns of TaHsfA2-1. The expression level in young root was set as 1. (b) and (c) Analysis of
TaHsfA2-1 expression changes in response to heat shock at 37 °C in leaf and root, respectively. (d), (e), and (f) Expression of TaHsfA2-1 under H2O2, SA, and PEG
treatments, respectively. The expression of untreated samples was set as 1. Data are means ± SD from three biological experiments.
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the thermotolerance of AtHsfA2 completely. The thermotolerance of
line 2–10 was higher than that of athsfa2, but lower than that of WT.
These results showed that TaHsfA2-1 can partially rescue the heat
sensitive phenotype in athsfa2.

3.6. Expression of TaHsfA2-1 up-regulated expression of AtHsps

In order to ascertain the regulatory role of TaHsfA2-1 on Hsps in
Arabidopsis, five AtHsp genes were selected in this study. Yeast one-

hybrid assay showed that the promoters of the five AtHsps can interact
with TaHsfA2-1 directly (Fig. 8a). So Therefore, the expression of
AtHsps may be regulated by TaHsfA2-1. The results of qRT-PCR showed
that there were no significant differences in expression levels between
the wild-type plants and transgenic lines 55-11 under normal growth
conditions. Heat stress significantly up-regulated expression of five
AtHsps, but the increase of AtHsps expression was much higher in
transgenic lines than in WT (Fig. 8b). These results indicated that
TaHsfA2-1 can participate in the plant response to heat stress by

Fig. 4. Subcellular localization of the TaHsfA2-1-GFP fusion protein in tobacco epidermal cells. (a) Cells expressing TaHsfA2-1-GFP under DAPI red florescence; (b)
Cells expressing TaHsfA2-1-GFP under green channel florescence; (c) Cells expressing TaHsfA2-1-GFP under white light;(d) Cells merged with A, B, and C. The scale
bar represents 25 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The growth state of yeast cells transformed with pYES2-TaHsfA2-1 and empty vector pYES2 with or without HS at 50 °C for 15min. These experiments were
repeated three times.
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regulating the expression of AtHsps.

4. Discussion

With the advancement of genomic knowledge, the majority of
TaHsfs have been analyzed and identified. Initially, Xue et al. (2014)
identified 56 members of the Hsf family from Triticum aestivum using a
bioinformatics analysis of wheat sequences. A recent study reported
that there were 82 non-redundant TaHsfs belonging to three Hsf classes,
A, B, and C (Duan et al., 2019). Despite this large number of Hsfs, few
Hsfs have been cloned and identified in wheat due to the complexity of
the wheat genome. To date, a few Hsfs have been cloned from wheat
(TaHsfA2d and TaHsfA6f belonged to A class; TaHsf3 and TaHsfB2d
belong to B class; TaHsfC2a belong to C class). In this study, a gene of
1041 bp was cloned from wheat seedlings subjected to heat stress. This
gene encodes a protein consisting of 346 aAmino acid residues. Se-
quence alignment analysis found that this gene has a DBD region and
OD region of Hsf and belongs to Hsf class A, referred to as HsfA2-1 in a
previous report (Duan et al., 2019). The HsfA2 subclass has only a
single member in Arabidopsis and tomato, and there are five different
Hsfs in rice (Nover et al., 2001; Guo et al., 2008; Mittal et al., 2009; Liu
et al., 2010). Exceeding our expectations, wheat has 18 members of
HsfA2, the largest subclass in the whole Hsf subclass. With the excep-
tion of No.6 and No.7 chromosomes, HsfA2 members are distributed
across the wheat chromosomes. TaHsfA2-1 is localized to chromosome
5A (Duan et al., 2019). Homology analysis showed that TaHsfA2-1 had
high similarity with HsfA2e from Aegilops tauschii, Hordeum vulgare, and
Brachypodium distachyon, suggesting that TaHsfA2-1 is evolutionarily

conserved. Under normal growth conditions, TaHsfA2-1 is localized in
the nucleus, which is consistent with the NLS motif analysis.

More and more studies suggest that Hsfs play an important role in
the response to various abiotic stresses. Hsfs in plants have been re-
ported to be involved in the response to high-temperature stress (Zhang
et al., 2013; Xue et al., 2014), chilling stress (Li et al., 2003), drought
stress (Hu et al., 2018), oxidative stress (Li et al., 2005; Miller and
Mittler, 2006), and heavy-metal tolerance (Donghwan et al., 2009; Haq
et al., 2013). However, of all plant Hsfs functions, improving thermo-
tolerance is the greatest interest. Class A Hsfs with functional tran-
scriptional activation motifs can directly regulate transcription of the
Hsps under stress conditions (Czarnecka-Verner et al., 2000). Currently,
more studies focused on Class A Hsfs. High-level overexpression
AtHsfA2 in Arabidopsis increased tolerance to heat, osmotic, and salt
stresses (Ogawa et al., 2007). Overexpression of OsHsfA2 in Arabidopsis
also enhanced heat and salt tolerance. The HsfA2 subclass in wheat
contains 18 members. Among these Hsfs, TaHsfA2-8 (TaHsfA2d),
TaHsfA2-7(TaHsfA2e), and TaHsfA2-2(TaHsfA2f) have been character-
ized (Chauhan et al., 2013; Zhang et al., 2018; Zhang et al., 2019).
Overexpression of TaHsfA2-8, TaHsfA2-7, and TaHsfA2-2 in Arabidopsis
all enhanced resistance of transgenic plants to high temperature. In this
study, compared with WT plants, TaHsfA2-1 transgenic Arabidopsis lines
grew better, with higher chlorophyll contents and survival rate and
lower relative electrical conductivity under different heat stress re-
gimes. This suggested that TaHsfA2-1 plays important roles in im-
proving basic thermotolerance and acquired thermotolerance in plants.
Although these A2 Hsfs of wheat exhibited the same functions in im-
proving thermotolerance, they did exhibit different expression patterns.

Fig. 6. Effects of heat stress on growth of TaHsfA2-1-expressing Arabidopsis. (a) The expression analysis of TaHsfA2-1 in transgenic Arabidopsis by semi RT-PCR; (b)
Growth state of 15-day-old transgenic plants and WT under normal conditions ; (c) Growth state of transgenic lines and WT subjected to 45 ℃ for 50min stress prior
to eight-day recovery under normal conditions; (d) Growth state of transgenic lines and WT subjected to 46 ℃ for one hour and eight-day recovery under normal
conditions prior to 37 ℃ stress for one hour and two-day recovery;(e) Effects of heat stress on chlorophyll content of TaHsfA2-1-expressing Arabidopsis ; (f) Effects of
heat stress on relative conductivity of TaHsfA2-1-expressing Arabidopsis; (g) Effects of heat stress on survival rate of TaHsfA2-1-expressing Arabidopsis. Data are
means ± SD from three biological experiments. Single and double asterisks indicate the significant differences between WT and overexpressing lines at P < 0.05
and P < 0.01 level t-test, respectively.
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TaHsfA2-8 was expressed in seed specifically, and was also inducible by
heat stress, salt stress, and ABA (Chauhan et al., 2013). TaHsfA2-7 was
expressed most highly in mature seeds, and was downregulated by
exogenous SA and H2O2 in wheat leaves (Zhang et al., 2018). By con-
trast, the highest expression of TaHsfA2-1 was in mature leaves, and its
expression was upregulated by exogenous SA and H2O2. This gene was
also induced by PEG in wheat leaves. The differences in expression
between these genes implied that these genes may play a role at dif-
ferent growth stages in plants and that different members play different
functions in the plant response to multiple stresses. This is probably
why wheat evolved so many Hsf members.

Hsps are known as molecular chaperones to protect thermo-labile
proteins from heat-induced denaturation in plant cells (Wang et al.,
2004; Basha et al., 2010; Waters, 2013). However, the temperature
triggering the expression of substantial heat protection proteins such as
Hsps in temperate cereals is generally higher than that which causes a

significant reduction of some important synthase activity in wheat
(Hendershot et al., 1992; Nguyen et al., 1994; Campbell et al., 2001).
Therefore, the proactive regulation roles of Hsfs to Hsps are particularly
important in the process. Under normal conditions, Hsfs were present in
the monomer and latent state. After heat stress, Hsfs were activated by
induction of trimerization and high-affinity binding to DNA by ex-
posure of domains for transcriptional activity (Wu, 1995; Scharf et al.,
2012). Therefore, the expression of Hsps did not induced express in
large amount in TaHsfA2-1-overexpressing transgenic lines. AtHsp18.2,
AtERDJ3A, AtHsa32, AtHsp70b, and AtHsp90 were up-regulated sig-
nificantly in transgenic Arabidopsis overexpressing TaHsfA2-1 under
heat stress. It was reported that Hsps, a molecular chaperone, can
prevent irreversible protein aggregation and re-solubilize proteins that
have already aggregated (Lee et al., 1995; Hilario et al., 2011; Hilton
et al., 2013). Owing to the protection of higher levels of Hsps, TaHsfA2-
1 overexpressing Arabidopsis grew better, and its chlorophyll content

Fig. 7. Effects of heat shock on growth of WT, athsfa2 mutant, and TaHsfA2-1/athsfa2 lines. (a) The expression analysis of TaHsfA2-1 in transgenic athsfa2 mutant by
semi RT-PCR; (b) The growth state of WT, athsfa2 mutant, and TaHsfA2-1/athsfa2 under normal growth conditions; (c) The growth state of WT, athsfa2 mutant, and
TaHsfA2-1/athsfa2 recovered for eight days under normal growth conditions prior to 70-min heat treatment at 44 °C. (d) Chlorophyll content of WT, athsfa2, and
TaHsfA2-1/athsfa2 lines without heat stress and with heat stress; (e) Relative conductivity of WT, athsfa2, and TaHsfA2-1/athsfa2 lines without heat stress and with
heat stress; (f) Survival rate of WT, athsfa2, and TaHsfA2-1/athsfa2 lines without heat stress and with heat stress. Data are means ± SD from three biological
experiments. Single and double asterisks indicate the significant differences between mutants and TaHsfA2-1/athsfa2 lines at P < 0.05 and P < 0.01 level t-test,
respectively.
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and survival rate were higher as compared with wild-type Arabidopsis.
Similarly, this proactive mechanism was also verified in experiments of
TaHsf3 and TaHsfC2a. Microarray analysis showed that Arabidopsis
HsfA2 had 46 target genes (Nishizawa et al., 2006), and OsHsfA2e had
37 target genes, including Hsps, reactive oxygen scavengers, and other
stress-related proteins (Yokotani et al., 2008). Therefore, there must be
other target genes for TaHsfA2-1 apart from Hsps. The changes of other
target genes for TaHsfA2-1 in transgenic plants need to be studied
further.

5. Conclusions

This study demonstrates the importance of TaHsfA2-1 in the plant
response to heat stress. TaHsfA2-1 can displace the functions of AtHsfA2
and rescue the heat sensitivity in athsfa2. TaHsfA2-1 overexpression
enhances thermotolerance in Arabidopsis. TaHsfA2-1 may participate in
the plant response to heat stress by regulating the expression of AtHsps.
In particular, it would be meaningful to further study whether TaHsfA2-
1 is involved in the SA- or H2O2-mediated signal transduction pathway.
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