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Abstract
Key message TaHsfA6b-4D relocalizes intracellularly upon heat stress and play a significant role in linking the heat 
stress response to unfolded-protein response so as to maintain cellular homeostasis.
Abstract Heat stress transcription factors (Hsfs) play a crucial role in protecting the plants against heat stress (HS). In case 
of wheat, TaHsfA6b-4D (earlier known as TaHsfA2d) has been identified as a seed preferential transcription factor and its 
role has been shown in various abiotic stresses such as heat, salt and drought stress. In the present study, a homeologue of 
TaHsfA6b gene (TaHsfA6b-4A) was identified and was found to be transcriptionally inactive but it localized to the nucleus. 
Interestingly, TaHsfA6b-4D localized to the endoplasmic reticulum-Golgi complex and peroxisomes under non-stress condi-
tions, but was observed to accumulate in the nucleus upon HS. The expression of TaHsfA6b-4D was upregulated by dithi-
othreitol (DTT), which is a known ER stress inducer. Consistent with this, Arabidopsis transgenic plants overexpressing 
TaHsfA6b-4D performed better on DTT containing media, which further corroborated with the increased expression of ER 
stress marker genes in these transgenic plants in comparison to the wild type plants. Thus, these studies together suggest that 
TaHsfA6b-4D may relocalize intracellularly upon heat stress and may play a significant role in linking the unfolded-protein 
response with heat stress response so as to maintain protein homeostasis inside the cell under heat stress.

Keywords ER stress · Heat stress (HS) · Heat stress response (HSR) · Homeologue · Hsf · Unfolded protein response 
(UPR) · Wheat

Abbreviations
AHA  Aromatic, hydrophobic and acidic amino acid 

residues
DBD  DNA binding domain
DTT  Dithiothreitol
ER  Endoplasmic reticulum
HS  Heat stress
Hsf  Heat stress transcription factor
HSR  Heat stress response
NLS  Nuclear localization signal
OD  Oligomerization domain

UPR  Unfolded protein response
WT  Wildtype

Introduction

Wheat is one of the most important cereal crops that is 
grown worldwide. Being a cool season crop, heat stress 
becomes one of the major abiotic stresses that affect its 
yield. It is predicted that with the increase of every 1 °C 
in temperature leads to the drop of 4% of wheat productiv-
ity. To cope with high temperature stress, plants have well 
conserved heat stress response (HSR) pathway wherein heat 
responsive genes, which majorly includes heat shock pro-
teins, accumulate to prevent heat-induced damage (Wahid 
2007). The expression of these heat shock proteins is in 
turn controlled by heat stress transcription factors (Hsfs) by 
binding to the Heat Stress Element (HSE) present in their 
promoter regions (Iba 2002). Thus, Hsfs function as the ter-
minal components of the signaling pathway controlling the 
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expression of genes responsive to heat stress (Nover et al. 
2001).

Like other transcription factors, Hsf family also has a 
conserved domains with significant diversification in their 
structure. In eukaryotes Hsf proteins are composed of N-ter-
minal DNA binding domain (DBD) followed by oligomeri-
zation domain (HR-A/B or OD), nuclear localization signal 
(NLS), nuclear export signal (NES), repressor domain (RD) 
and C terminal activator domain (CTAD) (Chauhan et al. 
2013; Lohani et al. 2019). DBD is characterized by the pres-
ence of central helix-turn-helix motif, which is known to 
interact with HSE within the promoter region of target genes 
(Scharf et al. 2012). The OD domain (which is composed 
of heptad repeats of hydrophobic amino acids) is connected 
to DBD domain by a flexible linker of 15–80 amino acid 
residues and helps in formation of homo and hetro-dimers 
(Baniwal et al. 2004; Scharf et al. 2012). Interestingly, Hsfs 
are able to maintain a balance between nucleus and cyto-
plasm with the help of NLS and NES, which are present 
at the C-terminus. Moreover, the class A Hsfs have been 
reported to  possess the AHA motifs which are the short 
peptides (formed by aromatic, hydrophobic and acidic amino 
acid residues), responsible for imparting the transcriptional 
activity of these Hsfs (Scharf et al. 2012). On the other hand, 
class B Hsfs are well known to have the repressor domain 
that is formed by tetrapeptide LFGV amino acid residues at 
their C-terminus (Scharf et al. 2012).

Organisms like Saccharomyces cerevisiae, nematodes and 
Drosophila possess only one Hsf gene which is required 
for HSR and also for the growth and development, whereas 
vertebrates are reported to have four Hsfs (Greg et al. 1988; 
Sorger and Pelham 1988; Miller and Mittler 2006). In plants, 
three classes of Hsfs have been reported (class A, B and 
C), depending upon the distinctive flexible linker and OD 
(HR-A/B) domain architecture. Class A and C Hsfs have 
an extended HR-A/B due to insertion of 21 and 7 residues 
whereas class B Hsfs have HR-A/B regions that are more 
similar to non-plant Hsfs (Nover et al. 2001). Moreover, 
there are reports that suggest that class A and C Hsfs exists 
as trimer and HsfB1 forms dimer in case of tomato (Nover 
et al. 2001). Thus, variation in structure and domain archi-
tecture of Hsf contributes to their different biological func-
tions. Class A Hsfs are known to impart thermotolerance 
in plants whereas class B act as a repressor of certain HS 
induced genes (Röth et al. 2017). Apart from this, genome 
wide studies have been done wherein 21 Hsfs in Arabidop-
sis (Scharf et al. 2012), 64 in brassica (Zhu et al. 2017), 24 
in tomato (Scharf et al. 2012), 25 in rice (Chauhan et al. 
2011), and 25 in maize (Yong-Xiang et al. 2011) have been 
reported. Recently, in wheat 82 Hsf members have been 
identified (Duan et al. 2019).

The protein unfolding response (UPR) is one of the 
conserved pathways in eukaryotes and is activated by the 

accumulation of misfolded proteins in the ER. Environmen-
tal stresses like heat stress which disrupt protein folding in 
ER leads to the activation of UPR (Bao and Howell 2017). 
In case of Arabidopsis, membrane associated transcrip-
tion factors i.e. AtbZIP28, AtbZIP17 and AtbZIP60 play an 
important role in UPR by activating the downstream target 
genes (Deng and Howell 2013). In contrast to ER-UPR, pro-
tein unfolding in cytosol trigger HSR and HsfA2 has been 
shown as a specific Hsf involved in the HSR response. A 
recent study by Kataoka et al. has highlighted how the coor-
dination between AtbZIP28 and AtHsfA2 help in regulation 
of heat stress signals (Kataoka et al. 2017). Interestingly 
HsfA2 has been reported to be regulated by alternative splic-
ing and nonsense-mediated decay (Sugio et al. 2009). It was 
further demonstrated that a heat inducible splice variant of 
HsfA2 (HsfA2-III) is involved in self-regulation of HsfA2 
transcription in Arabidopsis (Liu et al. 2013). In case of 
rice, it has been shown that alternative splicing of OsHs-
fA2a helps in regulating stress-specific cellular adaptation 
responses (Wang et al. 2013). A subsequent report by Cheng 
et al. highlighted that the alternatively spliced variant of 
OsHsfA2d (i.e., OsHsfA2dI) functions in HS induced UPR 
by regulating the expression of OsBiP1(Cheng et al. 2015).

In case of wheat, it has already been reported that TaHs-
fA2d and TaHsfA2-1 provides thermotolerance in Arabidop-
sis thaliana (Chauhan et al. 2013; Liu et al. 2020). However, 
TaHsfA2d later has been renamed as TaHsfA6b by Scharf 
et al. (2012) and Poonia et al. (2020). Its overexpression in 
barley attributed thermotolerance to the transgenic plants by 
reducing the oxidative load generated during the HS (Poonia 
et al. 2020). In the present study, an attempt has been made 
to further explore the role of TaHsfA6b (earlier known as 
TaHsfA2d) in HSR. With the help of updated wheat refer-
ence genome, it was found to be located at chromosme 4D. 
Interestingly, similar to the splice variant of TaHsfA2d iden-
tified in Arabidopsis and rice, a homeologue of TaHsfA6b-
4D was identified, which was found to be coded by chromo-
some 4A. The transcriptional inactivity of TaHsfA6b-4A 
and its nuclear localization suggested its possible role in 
regulating the function of TaHsfA6b-4D. Apart from this, 
subcellular localization studies have showed the presence of 
TaHsfA6b-4D in organelles such as ER-Golgi complex and 
peroxisomes under control conditions. However, it was found 
to accumulate inside the nucleus under HS which suggested 
its possible role in ER-UPR. This was further supported 
by the fact that the expression of TaHsfA6b-4D peaked in 
wheat seedlings after treatment of DTT. The TaHsfA6b-4D 
overexpression lines of Arabidopsis thaliana were found to 
survive better in comparison to wild type (WT) plants in 
the presence of DTT, which is a known protein unfolding 
inducer. Thus, our results suggest that TaHsfA6b-4D might 
play an important role in linking UPR with HSR and might 
be regulated by its homeologue i.e. TaHsfA6b-4A.
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Materials and methods

Expression analysis of TaHsfA6b‑4D 
and TaHsfA6b‑4A

For semi quantitative PCR, forward primer was made from the 
end of first exon and reverse primer was made from the start 
of the last exon. This primer combination was used for check-
ing the expression of TaHsfA6b-4D and TaHsfA6b-4A under 
different stresses by semi quantitative PCR. Amplification was 
performed using High Fidelity Phusion enzyme (NEB, England). 
PCR amplicons were separated on 2% agarose and bands were 
extracted from gel using gel extraction kit (Qiagen, Germany). 
Each band was given for sequencing. For expression analysis 
TaHsfA6b-4D and TaHsfA6b-4A, plants were subjected to heat 
stress at 42 °C for 2 h and salt (200 mM NaCl), drought (200 mM 
mannitol) and cold (4 °C) for 24 h. Further, expression was 
checked at different time period for temperature stress.

Phylogenetic analysis and protein structure 
prediction

The protein sequences of all the plant species were downloaded 
from Ensembl and TAIR databases and were used for the con-
struction of the phylogenetic tree. Multiple sequence alignment 
was carried out by the CLUSTALW program, and the phyloge-
netic tree was constructed using the MEGA7 program by Neigh-
bor-Joining method. Phyre2 web portal was used for prediction of 
three-dimensional structure of TaHsfA6b proteins of wheat and 
TaHsfA2d proteins of Arabidopsis and Oryza sativa.

Subcellular localization

To determine the subcellular localization of TaHsfA6b-4D, and 
TaHsfA6b-4A, complete ORF of two were amplified using HF 
Phusion enzyme (NEB) and cloned in pENTR D-topo vec-
tor followed by their mobilization into the destination vector 
i.e. pSITE-3CA, under CaMV35S promoter. Complete ORF 
of these genes were fused in frame with C terminal of YFP. 
PDS-1000 bombardment system (Bio-Rad, Canada) was used 
for bombardment of onion epidermal cells, at a pressure of 
1100 psi with gold particles coated with plasmid construct 
(Lee et al. 2008). Transformed onion peels were kept at 27 °C 
for 16 h in dark and fluorescence was observed in confocal 
microscope (Leica, Germany).

Transactivation assay of TaHsfA6b‑4D 
and TaHsfA6b‑4A

To study the transactivation activity of TaHsfA6b-4D, the 
full length coding sequence and its deletion constructs 
(DBD, DBD + OD, AHA, NLS) were amplified using 

specific primers and cloned into the vector pGBKT7 (Clon-
tech, USA), using the NdeI and SmaI restriction sites. Simi-
larly full length sequence of TaHsfA6b-4A was cloned into 
pGBKT7 vector. The recombinant plasmids were trans-
formed into the yeast strain AH109 harboring the HIS3 
reporter gene. Positive clones were selected on histidine 
lacking media. Dropout assay was performed on different 
synthetic media with different concentration of 3-AT (Sigma 
Aldrich, USA) and incubated for 5 days. Full-length protein 
transactivation assay of TaHsfA6b-4D was carried out at 
different stringent media such as -HW with increasing con-
centration of 3-AT.

TaHsfA6b‑4D cloning and characterization 
in Arabidopsis thaliana

For generation of Arabidopsis overexpression plants, full 
CDS of 1026 bp was amplified from Triticum aestivum 
(PBW343 wheat cultivar). The amplified product was then 
cloned in an entry vector  (pENTRTM/D-TOPO) and then in 
destination vector pMDC32 under CaMV35S promoter fol-
lowing Gateway™ cloning strategy (Directional TOPO clon-
ing kit and LR clonase Enzyme mix II kit, Invitrogen Inc. 
USA). The GV3101 strain of Agrobacterium tumefaciens 
harboring pMDC32- TaHsfA6b-4D was used for transfor-
mation in Arabidopsis thaliana through floral dip method 
(Clough and Bent 1998). The  T1 seeds were selected on 
MS-agar plates supplemented with 50 µg/µl of hygromycin 
and the resistant plants were transferred to pots. Further, the 
overexpressing transgenics were confirmed by PCR using 
hygromycin and gene specific primers. Selected plants were 
further grown up to  T3 homozygous stage. The plants were 
confirmed by PCR (Fig. S1). For characterization in Arabi-
dopsis one-week old transgenic plants were transferred to 
MS media 2.5 mM DTT (Hossain et al. 2016). Phenotype of 
plants was observed after four days.

Estimation of chlorophyll content

Ten-day-old WT and transgenic plants were transferred to 
media containing DTT (2.5 mM). After four days 50 mg of 
leaf tissue was taken in a tube containing 5 ml of DMSO. 
Tubes were incubated overnight for chlorophyll bleaching. 
Absorbance was taken at 645 and 663 nm in a UV-Vis spec-
trophotometer (Hitachi U-2810, Tokyo, Japan) and chloro-
phyll content were estimated accordingly to Arnon ( 1949).

RNA isolation and expression analysis

For expression analysis in wheat, 10-day old seedlings of 
PBW343 were subjected to DTT (7.5 mM for 3 and 6 h). 



624 Plant Molecular Biology (2022) 108:621–634

1 3

Control and treated samples were frozen in liquid nitrogen 
for RNA isolation. Total RNA was isolated using the RNeasy 
plant mini kit (Qiagen, Germany) according to the manufac-
turer’s instructions, including on-column DNase I treatment 
to remove genomic DNA contamination. 2 µg of the total 
RNA was used as template to synthesize cDNA employing 
the High Capacity cDNA Archive kit (Applied Biosystems, 
USA) and mixed with 200 nm of each primer and SYBR 
Green PCR Master Mix (Applied Biosystems) for real-time 
PCR analysis, using the ABI Prism 7000 sequence detection 
system and software (PE Applied Biosystems) according to 
the manufacturer’s protocol. Housekeeping gene TaGAPDH 
were used as internal control in wheat. Primers used for this 
experiment are listed in Table S1.

Results

Identification of TaHsfA6b‑4D and TaHsfA6b‑4A 
gene

It has been reported in rice and Arabidopsis that HsfA2d 
undergoes alternate splicing and the splice variants might 
play a role in regulating its function (Liu et al. 2013; Cheng 
et al. 2015). To see if a similar situation exists in case of 
wheat, we checked for the splicing of TaHsfA6b-4D. For 
this expression of TaHsfA6b-4D was analyzed by semi 
quantitative PCR by using the forward primer from the 
end of first exon and the reverse primer from the start of 
the last exon. Similar strategy has been used by Liu et al. 
(2013) and Cheng et al. (2015) for identification of HsfA2 
splice variants. Initially as expected, two variants of TaHs-
fA6b-4D were observed (Fig. 1A). Interestingly, under heat 
stress conditions predominantly lower band correspond-
ing to TaHsfA6b-4D was observed whereas in cold stress 
an upper band was observed, which was speculated as its 
Isoform at that time (Fig. 1B). In salt and drought stress 
both the variants were seen (Fig. 1B). When expression was 
checked in a time course manner to see if Isoform (upper 
band) appeared later during heat stress (Fig. 1D), it was 
found that only TaHsfA6b-4D existed in heat stress. This 
speculated TaHsfA6b-4D Isoform was then amplified and 
cloned for sequencing purpose. Upon sequence analysis, 
it was found that the TaHsfA6b-Isoform was coded by the 
homoelogue chromosome i.e. 4A and the protein had a pre-
mature STOP codon which leads to the formation of a trun-
cated protein (Fig. 2A). At the protein level, it was found 
to have only the DNA binding domain (Fig. 2B) and the 
other characteristic domains were missing. Thus, this Iso-
form was actually found to be TaHsfA6b homeologue, here 
after referred to as TaHsfA6b-4A. Moreover, the expression 
pattern of these TaHsfA6b homeologues was analyzed in 
different developmental stages of the wheat plant (Fig S2). 

Both the homeologs showed differential expression pattern 
in various tissues such as stigma, ovary, anther and leaf. 
Thus, it appears that both the homeologues show differential 
expression pattern not only under stress but also in various 
developmental tissues.  

Structural and phylogenetic analysis 
of TaHsfA6b‑4D and TaHsfA6b‑4A

To analyze the evolution of the TaHsfA6b-4D and TaHs-
fA6b-4A, we constructed a Neighbor-Joining (NJ) tree based 
on a total of 21 sequences (containing both splice variants 
and HsfA2d gene) obtained from different plants. TaHsfA6b 
and its homeologue were found to be more similar to the 
predicted HsfA2d in Aegilops tauschii (Fig. 3A). This was 
found to be in accordance to the fact that TaHsfA6b-4D 
was located on D genome, which is derived from Aegilops 
tauschii. Domain analysis showed that the TaHsfA6b-4A 
had only DNA binding domain (Fig. 3B), similar to the case 
seen in Arabidopsis and rice. Apart from this, the three-
dimensional structures of Arabidopsis and rice HsfA2d and 
their splice variants were predicted and compared with that 
of TaHsfA6b and its homeologue (Fig. S3). The structure of 
TaHsfA6b-4A was found to be similar to the splice variants 
of Arabidopsis and rice which suggests that even in case of 
wheat a truncated protein is formed which might have a role 
in regulation of TaHsfA6b-4D. 

Analyzing the transcriptional activation 
and localization of TaHsfA6b‑4A

Sequencing of the TaHsfA6b-4A revealed that the CDS of 
TaHsfA6b-4A was found to retain an intron which was found 
to be present in TaHsfA6b-4D. As protein sequence analysis 
showed that it lacked NLS and AHA domains, therefore, it 
did not show trancriptional activity in yeast cells as well 
(Fig. 4C). Apart from this, localization studies in onion peel 
cells demonstrated its localized primarily in the nucleus 
(Fig. 5A).  

Transcriptional activation assay of TaHsfA6b‑4D 
in yeast

Earlier, full length protein of TaHsfA6b-4D was reported 
to exhibit transactivation activity in yeast (Chauhan et al. 
2013) and we also observed the same result. It was found 
that TaHsfA6b-4D full length protein possessed very 
strong transactivation activity. As shown in Fig. 4A, even 
at 100 mM 3-AT concentration, TaHsfA6b-4D was able to 
activate the HIS gene transcription. To gain further insight, 
as to which domain of the protein is responsible for its strong 
transactivation, different domains of the protein (such as 
DNA binding domain, oligomerization domain, NLS and 
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AHA motif) were analyzed for the transactivation activ-
ity in yeast. Amongst the deletion constructs, DBD and 
OD domains of the protein did not show any transactiva-
tion on SD-HW media. Only the protein having NLS and 
AHA domains were found to possess transactivation activity 
(Fig. 4B). Thus, it appears that TaHsfA6b-4D could act as 
trans-activator intracellularly in the cell.

Subcellular localization of TaHsfA6b‑4D

To characterize the function, subcellular localization 
of TaHsfA6b-4D was performed. For this purpose, the 
pSITE-3CA::TaHsfA6b-4D constructs were used to bom-
bard epidermal peels of onion. As TaHsfA6b-4D protein 
contained a nuclear localization signal we hypothesized 
that it should be present inside the nucleus. However, it 
was found to be localized in the cytoplasm in the form 
of speckles (Fig. 5A). The localization of TaHsfA6b-4D 
under HS conditions was checked by keeping the onion 

Fig. 1  Expression Analysis of 
TaHsfA6b-4D and TaHsfA6b-4A 
under different abiotic stress. 
A Expression was checked 
under different abiotic stresses. 
B and C different time points 
of heat and cold stress and D at 
different temperatures. CS cold 
stress, DS drought stress, SS salt 
stress, HS heat stress



626 Plant Molecular Biology (2022) 108:621–634

1 3

cells at 42 °C for 2 h. It was observed that under HS condi-
tion, most of the TaHsfA6b-4D protein accumulated inside 
the nucleus of the cells (Fig. 5B). Thus, it appears that 
during HS TaHsfA6b-4D translocated to the nucleus from 
the cytoplasm where it activated its target genes. To find 
the exact localization of TaHsfA6b-4D, its co-localization 
was performed with certain organelle specific markers. 
Interestingly, it was observed that TaHsfA6b-4D protein 
localized in the ER-Golgi complex and peroxisomes as 

depicted in the Fig. 6. To corroborate these results, we also 
checked for the presence of ER and peroxisomes localiza-
tion signals in the protein sequence of TaHsfA6b-4D (Fig. 
S4). Only ER localization signals were found to be present 
in the protein sequence of TaHsfA6b-4D. 

Fig. 2  Gene structure and protein domain analysis. A Gene structure 
of TaHsfA6b-4D and TaHsfA6b-4A gene. Exons are depicted in pink 
color, intron are depicted by solid line. Orange color depicts the UTR 

region. B Protein domain analysis ofTaHsfA6b-4D and TaHsfA6b-4A. 
Heatster software was used to predict the protein domains
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Developmental role of TaHsfA6b‑4D

Recently, different Hsfs have been shown to constitutively 
express in different developmental stages of wheat (Guo 
et al. 2020). To gain further understanding regarding the 
functional role of TaHsfA6b-4D, its overexpressing trans-
genic plants, were grown on MS media under control condi-
tions (Fig. 7). They showed not only enlongated roots but 
also had larger number of lateral roots as compared to WT 
plants. Therefore, length of roots and total number of lateral 
roots were calculated in control conditions and were found to 
be more in comparison to WT plants (Fig. 7A, B). 

Role of TaHsfA6b‑4D in unfolded protein response

Subcellular localization study indicated the presence of 
TaHsfA6b-4D in the ER-Golgi complex, which led to the 
speculation that it might have a role in the UPR. Therefore, 
the expression of TaHsfA6b-4D was checked in wheat after 
DTT treatment. DTT is a strong reducing agent for protein, 
therefore it is used as an ER stress inducer in plants (Yu et al. 
2019). When the wheat seedlings were subjected to DTT 
treatment, expression of TaHsfA6b-4D was significantly 
increased within 3 h of treatment (Fig. 8A). To further con-
firm this result, TaHsfA6b-4D overexpression lines of Arabi-
dopsis thaliana were subjected to DTT containing media 
and the phenotype was observed after four days, as shown in 
Fig. 8B. Transgenic plants grown on DTT containing media 
performed better as compared to WT plants. Also, the chlo-
rophyll content of transgenic plants were high as compared 

to WT plants (Fig. 8C). This analysis clearly indicated the 
involvement of TaHsfA6b-4D in UPR. 

To further assess the ER stress in Arabidopsis transgenic 
plants, the overexpression lines were checked with various 
ER stress marker genes under control and DTT conditions. It 
was observed that the relative expression of AtBip3, AtPDI, 
calnexin and Calreticulin genes were found to be higher in 
overexpression lines than the WT under both control as well 
in DTT treated seedlings (Fig. 9). These data together indi-
cated that TaHsfA6b-4D may play a major role in regulating 
the expression of stress response genes in UPR which is a 
major constituent of stress response in HS. 

Discussion

HS is known to be one of the major causes which leads 
to the accumulation of misfolded proteins inside the cell. 
Accumulation of misfolded proteins in the ER leads to ER 
stress which elicits the UPR whereas the protein accumula-
tion in the cytosol leads to the activation of HSR (Li et al. 
2020). Both of these responses help to maintain cellular 
homeostasis. While both HSR and UPR occur indepen-
dently in two different compartments of the cell, there have 
been reports that highlight the connection between the two 
(Kataoka et al. 2017; Li et al. 2020). In the present study, 
an attempt has been made to identify the potential role 
of TaHsfA6b in linking UPR and HSR. Our experimen-
tal analysis under cold and heat stress, helped to identify 
TaHsfA6b homeologues (i.e. TaHsfA6b-4D and TaHsfA6b-
4A) which showed differential expression pattern under 

Fig. 3  Phylogenetic analysis ofTaHsfA6b-4D and TaHsfA6b-4A. A and B nucleic acid and C protein sequences from other plants were used to 
generate phylogenetic tree. Along with phylogenetic tree, gene structure and protein domains for each gene is also depicted
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both the stresses (Fig. 1A). TaHsfA6b-4D was found to 
heat responsive whereas TaHsfA6b-4A was found to be 
cold responsive. Also, they were found to differentially 
express in various developmental tissues of the wheat 
(Fig. S2). Although, from sequence analysis TaHsfA6b-4A 

resembled like the splice variant of TaHsfA6b-4D, but they 
both were found to be coded from homeologous chromo-
somes. This scenario was found to be different from that 
reported in case of rice and Arabidopsis wherein splice 
variant of HsfA2d are generated from the same locus 

Fig. 4  Transcriptional activation assay of TaHsfA6b-4A and TaHs-
fA6b-4D in yeast. A and B  Growth of yeast cells harbouring histi-
dine reporter gene were transformed with fusion constructs pDEST- 
GBKT7::TaHsfA6b-4D and its deletions were analyzed on SD/-Trp 
(-T) medium and on SD/-Trp/-His (-HW) medium. Yeast cells trans-
formed with the empty vector pGBKT7 (EV) alone were used as a 

control. C  Transcriptional activation assay of TaHsfA6b-4A in 
yeast. Growth of yeast cells harbouring histidine reporter gene were 
transformed with fusion constructs pDEST- GBKT7::TaHsfA6b-4A 
were analysed on SD/-Trp (-T) medium and on SD/-Trp/-His (-HW) 
medium. Yeast cells transformed with the empty vector pGBKT7 
(EV) alone were used as a control
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(Liu et al. 2013; Wang et al. 2013). The localization and 
transactivation studies showed its presence in the nucleus 
although it lacked the transactivation potential (Figs. 4 and 
5). This could be because of the premature stop codon in 
the protein sequence leading to the generation of protein 
only having the DNA binding domain (Fig. 2). Interest-
ingly, in case of Arabidopsis, the heat inducible splice 
variant of HsfA2 (i.e. HsfA2II) also formed a truncated 

protein having only DNA bindng protein and inturn self-
regulated the transcription of HsfA2 by binding to its pro-
moter (Liu et al. 2013). Thus, it is probable that TaHsfA6b-
4A might also regulate the expression of TaHsfA6b-4D, 
although future experiments needs to validate this. Moreo-
ver, the phylogenetic analysis depicted the presence of Iso-
form like protein in other polyploid species as well, such 
as barley (Fig. 3A). This hinted towards the evolutionary 

Fig. 5  Subcellular localisation 
of TaHsfA6b-4D and TaHs-
fA6b-4A in onion epidermal 
cell. A CDS of TaHsfA6b-4D 
and TaHsfA6b-4A was cloned 
in frame with YFP protein 
and observed under confocal 
microscope to locate the genes. 
TaHsfA6b-4D protein can be 
seen in the form of speckles 
inside the cell under control 
conditions. B Subcellular 
localisation of TaHsfA6b-4D 
under heat stress. TaHsfA6b-4D 
total protein accumulated in the 
nucleus under HS condition. 
YFP Yellow fluorescent protein



630 Plant Molecular Biology (2022) 108:621–634

1 3

conserved nature of TaHsfA6b isofroms/homeologues in 
other crop species.

It is known from earlier studies that change in environ-
mental conditions leads to the changes in protein localization 
inside the cell (Fernandez-Bautista et al. 2017; Meena et al. 
2020). Subcellular localization of HsfA2 has been exten-
sively studied in case of Arabidopsis, rice and tomato and 
it showed varied pattern of localization and regulation in 
these plants. Tomato, HsfA2 has been known to localize in 
the cytoplasm under control conditions but it showed accu-
mulation in the nucleus under HS conditions (Scharf et al. 
1998). Whereas in case of Arabidopsis, HsfA2 localized in 
both the nucleus and cytoplasm (Meiri and Breiman 2009). 
In case of rice, HsfA2d was found to localize to the nucleus 
only (Cheng et al. 2015). Surprisingly, the localization of 
TaHsfA6b-4D revealed its occurrence in the ER-Golgi com-
plex and in the peroxisomes (Fig. 6). This corroborated with 
the fact that it harbored an integral ER localization signal 

(Fig. S4). However, the peroxisomal localization signal was 
found to be absent in the peptide sequence. Therefore, it is 
speculated that either there exists a poor peroxisomal locali-
zation signal in the TaHsfA6b-4D peptide sequence or it 
interacts with some other protein which takes it inside the 
peroxisomes.

Hsfs are known to regulate various heat responsive genes 
by binding to HSE in their promoter region. Using yeast 
transactivation studies, TaHsfA6b-4D was found to possess 
strong transactivation potential which was majorly contrib-
uted by the AHA and the NLS motifs (Fig. 4). Moreover, 
under HS condition, TaHsfA6b-4D translocated to nucleus 
which could probably occur due to its temperature depend-
ent conformational transition (Fig. 5B). In case of tomato, 
interaction of HsfA2 with HsfA1 leads to its translocation 
into the nucleus under HS conditions (Heerklotz et al. 2001). 
Thus, the results indicate the presence of a heat regulated 
intracellular distribution of TaHsfA6b-4D inside the cell.

Fig. 6  Subcellular localisation of TaHsfA6b-4D along with different 
organelle markers. CDS of TaHsfA6b-4D was cloned in frame with 
YFP protein and observed in onion epidermal cells under confocal 

microscope. Different organelle markers were used to locate the gene 
in onion epidermis cells. ER endoplasmic reticulum marker, YFP yel-
low fluorescent protein
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ER is known to be involved in the synthesis and folding 
of proteins inside the cell, which is achieved by the combi-
natorial effect of certain HSPs, foldases and lectins (Gida-
levitz et al. 2013). During stressful conditions the demand 
of protein folding increases and exceeds the capacity of the 
system. This results in the accumulation of unfolded pro-
tein in the ER and leads to the UPR (Fernandez-Bautista 
et al. 2017). Thus, ER stress forms a major constituent 
of various stresses such as heat, drought and salt (Park 
and Park 2019). The presence of TaHsfA6b-4D in the ER-
Golgi complex led to the speculation of it being involved 
in the UPR. This was further investigated by checking the 
expression of TaHsfA6b-4D after DTT treatment which 
causes protein unfolding inside the cell. TaHsfA6b-4D 
was found to be upregulated within 3 h of the DTT treat-
ment (Fig. 8A). Further, when the performance of Arabi-
dopsis transgenics overexpressing TaHsfA6b-4D gene 
was analyzed on DTT containing media, the transgenics 
plants performed better as compared to WT (Fig. 8B). 
Even the expression of ER stress marker genes such as 
AtBip3, AtPDI, Calnexin and Calreticulin was higher in 
the transgenics (Fig. 9). Thus, this data clearly indicated 
the involvement of TaHsfA6b-4D in the UPR. In support of 
this idea, recent report by Li et al. (2020) has demonstrated 
that the expression of HSFTF-13 (HsfA6b family member) 
was found to be downregulated in bzip60-2 Arabidopsis 
mutant. Also, HSFTF-13 was observed to be regulated by 
bZIP60. Further the authors have suggested that bZIP60 

plays an important role in linking UPR with the HSR (Li 
et al. 2020). Therefore, it is probable that in case of wheat 
as well, TaHsfA6b-4D might be involved in linking HSR 
with UPR.

Apart from stress, role of Hsfs have been well docu-
mented in plant development as well. In case of poplar, the 
transcripts of PtHsfs of the B4 subfamily showed higher 
expression during leaf expansion stage (Liu et al. 2019). In 
Arabidopsis also, overexpression of HsfB4 caused shorter 
root length (Begum et al. 2013). Similar to this case, over-
expression of TaHsfA6b-4D in Arabidopsis caused elongated 
roots and more lateral root development in the transgenics as 
compared to WT (Fig. 7). Thus, apart from stress responses, 
TaHsfA6b-4D might play a role in root developmental pro-
cesses as well.

In conclusion, hexaploid crops like wheat, possess home-
ologues which could function similar to splice variants 
reported in Arabidopsis and Oryza sativa. TaHsfA6b-4D was 
found to be one of the heat responsive Hsf member which 
apart from being involved in HS also played an important 
role in plant root development. Moreover, it also appeared to 
be involved in the UPR and therefore could play an impor-
tant role in maintaining the cellular homeostasis. However, 
in future it will be of interest to explore how TaHsfA6b-4D 
regulate the expression of ER stress marker genes and how 
it connects HSR with UPR. Also, investigating its down-
stream target genes involved in plant development processes 
becomes another area of subsequent research.

Fig. 7  Phenotype of transgenic 
plants overexpressing TaHs-
fA6b-4D under control condi-
tions. A Plants grown under 
control conditions. Phenotype 
was observed after ten-day. 
B Root length and number of 
lateral roots were calculated in 
WT and transgenic lines under 
control conditions. Asterisks on 
top of the error bars represents 
the significance levels (Students 
t-test; p value ≤ 0.05)
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Fig. 8  Expression and pheno-
typic analysis of TaHsfA6b-4D. 
A 10-day-old seedlings of 
Triticum aestivum cv. PBW343 
variety were subjected to DTT 
(7.5 mM) for 3 and 6 h. Expres-
sion was checked using qRT 
PCR. Three biological and three 
technical replicates were used in 
the experiment. TaGAPDH was 
used as an internal housekeep-
ing gene.  B Phenotype of 
transgenic Arabidopsis plants 
overexpressing TaHsfA6b-
4D. 1-week-old plants were 
subjected to DTT treatment. 
Phenotype was observed after 
four-day. C Chlorophyll content 
of WT and transgenic plants 
after DTT treatment. Aster-
isks on top of the error bars 
represent the significance levels 
(Students t-test; p value ≤ 0.05)
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