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Abstract
The basic helix-loop-helix (bHLH) transcription factor family is crucial for plant development and stress responses. In this 
study, we identified 159 bHLH-encoding genes in the wheat (Triticum aestivum L.) genome and determined their roles in 
biotic and abiotic stress tolerance. Phylogenetic analyses showed that the TabHLH genes were classified into 19 groups, which 
shared similar gene structures and conserved motifs. A comprehensive transcriptome analysis revealed that bHLH genes 
were differentially expressed in diverse wheat tissues and were responsive to multiple abiotic and biotic stresses. A gene 
ontology analysis indicated that most bHLH proteins involved in DNA-binding activities and the gene expression regulation. 
Analyses of interaction networks suggested that TabHLHs mediate networks involved in multiple stress-signaling pathways. 
The findings of this study may help clarify the intricate transcriptional control of bHLH genes and identify putative stress-
responsive genes relevant to the genetic improvement of wheat.
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Introduction

The basic helix–loop–helix (bHLH) transcription factors, 
which contain a conserved bHLH domain, form a large 
superfamily widely distributed in plants, and are involved in 
multiple plant biological processes (Abe et al. 2003; Toledo-
Ortiz et al. 2003). The conserved bHLH domain is composed 
of 60 amino acids, with two functional segments, the basic 
and the HLH regions. The basic region, which is located 
at the N-terminus, exhibits DNA-binding activity, whereas 
the HLH region, with two α-helices separated by a loop, 
functions in protein–protein interactions (Murre et al. 1989). 

Because their dual functions enable simultaneous interac-
tions with DNA and proteins, bHLH transcription factors 
are important for diverse signaling networks, plant growth 
regulation and stress responses.

In plants, bHLH transcription factors help regulate many 
biological processes. Specific R2R3-MYB and bHLH tran-
scription factors interact with WD repeat proteins to form 
MYB–bHLH–WD repeat complexes that contribute to the 
tight regulation of flavonoid biosynthesis (Xu et al. 2015). 
In tomato, a PRE-like atypical bHLH transcription factor, 
SlPRE2, affects plant morphology and negatively regu-
lates the accumulation of fruit pigments (Zhu et al. 2017). 
Some bHLH genes are involved in biotic and abiotic stress 
responses (Fujita et al. 2006). A previous study revealed that 
AtbHLH115 positively regulates the Fe-deficiency response 
by binding to the promoters of the Fe-deficiency-responsive 
genes, bHLH38/39/100/101 and POPEYE, and interacting 
with E3 ligase in A. thaliana (Liang et al. 2017). Further-
more, bHLH transcription factors ILR3 and POPEYE con-
tribute to multiple regulatory networks that control plant 
root responses to wounding by modulating glucosinolate 
(GLS) accumulation under Fe-deficiency conditions (Samira 
et al. 2018). The bHLH proteins also control brassinosteroid-
signaling pathways and influence others (Kim et al. 2017). 
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The overexpression of grapevine VvbHLH1 in A. thaliana 
can enhance drought and salt tolerance (Wang et al. 2016). 
The overexpression of a bHLH gene from Tamarix hispida 
in A. thaliana can improve salt and drought tolerance by 
enhancing the osmotic potential and decreasing the accu-
mulation of reactive oxygen species (Ji et al. 2016). Over-
expression of GhbHLH171 in cotton improves plant toler-
ance to the fungus V. dahlia by activating the JA synthesis 
(He et al. 2018). Thus, bHLH transcription factors appear 
to function as crucial regulators of plant development and 
stress responses.

To date, several plant bHLH proteins have been character-
ized in many species based on genome sequencing. There 
are 162 and 167 bHLHs in A. thaliana and rice, respectively 
(Bailey et al. 2003; Toledo-Ortiz et al. 2003; Li et al. 2006), 
while 155, 124, and 188 bHLHs have been identified in 
bean, potato and apple, respectively (Kavas et al. 2016; Mao 
et al. 2017; Wang et al. 2018). However, less is known about 
the bHLH family in wheat (Triticum aestivum L.), which 
is the second largest cereal crop. Because of the complex 
origin of the allohexaploid wheat species, which contains 
three homologous genomes (A, B, and D), systematic stud-
ies of wheat gene families have proceeded slowly. Owing 
to the economic and social importance of wheat and the 
critical roles of bHLHs in plants, investigations of wheat 
bHLH transcription factors are necessary to elucidate the 
biological processes underlying wheat development and 
stress responses.

In this study, we identified 159 bHLH-encoding genes 
in the wheat genome. We also analyzed their phylogenetic 
relationships, protein motifs, gene structures, expression pat-
terns in diverse tissues, and responses to biotic and abiotic 
stresses. Furthermore, we investigated the TabHLH genes’ 
effects on biological processes, and characterized the bHL-
Hinteraction networks in response to stress. The data from 
this comprehensive study will increase our understanding 
of TabHLH functions associated with stress responses, and 
form a solid foundation for future evaluations of the utility 
of bHLH transcription factors in the genetic improvement 
of wheat.

Materials and methods

Identification of bHLH proteins and analyses 
of phylogenetic relationships

Wheat bHLH protein sequences were acquired from the 
Ensembl database (http://plant s.ensem bl.org/index .html). 
The bHLH protein sequences from rice and A. thaliana 
were downloaded from the RGAP (http://rice.plant biolo 
gy.msu.edu/) and TAIR (http://www.arabi dopsi s.org/) data-
bases, respectively. The hidden Markov model profiles of 

the bHLH domain (PF00010) were used as queries to search 
for predicted bHLH proteins in the wheat dataset with the 
HMMER program (http://hmmer .wustl .edu/) (Eddy 2011). A 
BLAST search with rice and A. thaliana bHLHs as queries 
was used to identify predicted wheat bHLHs. The poten-
tial bHLHs were further examined with the Pfam database 
(http://pfam.sange r.ac.uk/) and Conserved Domain database 
(http://www.ncbi.nlm.nih.gov/cdd/). Additionally, bHLH 
protein sequences from wheat, rice, and A. thaliana were 
aligned with the Clustal X 2.0 program, and the resulting 
alignments were used to construct a phylogenetic tree with 
the MEGA 5.0 program (Tamura et al. 2011).

Analyses of TabHLH sequences and the properties 
of the encoded proteins

The ExPASy database (http://expas y.org/) was used to pre-
dict the molecular weight and isoelectric point of wheat 
bHLH transcription factors. The MEME (version 5.0.1) 
software (http://meme-suite .org/tools /meme) was used to 
analyze conserved protein motifs, while the GSDS data-
base (http://gsds.cbi.pku.edu.cn/) was used to analyze gene 
structures.

Analysis of TabHLH expression profiles

Tissue-specific TabHLH expression levels were analyzed 
based on wheat RNA-sequencing (RNA-seq) datasets 
downloaded from the ENA database (https ://www.ebi.
ac.uk/ena,ERP00 4714). Additionally, the expression profiles 
induced by biotic and abiotic stress treatments were ana-
lyzed based on wheat RNA-seq datasets downloaded from 
the NCBI sequence read archive database (https ://www.
ncbi.nlm.nih.gov/sra; cold: SRR1460552; heat and drought: 
SRP045409; salt: SRR2306546; Fusarium pseudogramine-
arum: SRP048912;), and ENA database (Stripe rust path-
ogen: ERP013983; Zymoseptoria tritici: ERP009837). 
Transcriptome mapping and assembly were completed 
with TopHat (version 2.0.10) and Cufflinks (Trapnell et al. 
2012). Gene expression levels were calculated according to 
the fragments per kilobase of exon per million reads mapped 
(FPKM). The TM4 software was used to generate heat maps 
with  log2-transformed FPKM values for the TabHLH gene 
expression levels induced by different stresses (Saeed et al. 
2003).

Plant materials, treatments, and quantitative 
real‑time PCR (qRT‑PCR) analysis

Wheat cultivar ‘Chinese Spring’ plants were analyzed in this 
study. Plants were grown in soil under greenhouse conditions 
of 23 °C and a 16-h light/8-h dark photoperiod. We treated 
10-day-old seedlings with 150 mM NaCl or 20% PEG6000 
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(w/v), 100 μM methyl jasmonate (MeJA), which simulated 
salt, drought stress conditions and pathogens infection, 
respectively, while seedlings were incubated at 4 °C to sim-
ulate cold stress conditions (Chartzoulakis and Loupassaki 
1997; Li et al. 2011; Deng et al. 2013). Seedlings grown 
under normal conditions were used as controls. Leaves were 
collected from stress-treated and control seedlings at 0, 1, 
3, 6, 12 and 24 h after treatments for the subsequent RNA 
isolation step (Liu et al. 2013; Wang et al. 2013). Addition-
ally, the roots, stems, leaves, spikes and grains (10 days after 
pollination) were collected from flowering plants for the sub-
sequent tissue-specific gene expression analysis.

Changes in TabHLH expression levels in response 
to drought, cold, salt stresses and MeJA treatment were 
assessed using qRT-PCR assays, which were conducted 
with  SYBR® Premix Ex Taq™ (TaKaRa, Shiga, Japan) and 
the Real-Time Detection System (Bio-Rad, CFX96, USA). 
The specificity and efficiency levels of the qRT-PCR prim-
ers were verified by a melting curve analysis and agarose 
gel electrophoresis (additional data are given in Online 
Resource: Supplementary table S1). The β-actin gene was 
used as an internal reference for all the qRT-PCR analyses. 
The reaction conditions of qRT-PCR are described as fol-
lows: 95 °C for 10 min, followed by cycling for 40 cycles 
of denaturation at 95 °C for 10 s, annealing at 56  °C for 
15 s and extension at 72  °C for 30 s. At the end of the reac-
tion, a melting curve analysis of 65–95 °C was performed. 
Relative gene expression levels were calculated according 
to the  2−ΔΔCt method (Livark and Schmittgen 2001). All the 
samples were analyzed with three replicates.

Gene ontology (GO) enrichment and network 
interaction analyses

Information regarding TabHLH protein functional annota-
tions was acquired from the wheat genome database, after 
which the Blast2GO and WEGO programs were used to 
complete a GO functional enrichment analysis (Conesa et al. 
2005; Ye et al. 2006). We used the AraNet V2 (http//www.
inetb io.org/arane t/) tool to investigate the TabHLH interac-
tion network, which was based on the orthologous genes 
between wheat and A. thaliana. The network was drawn 
with the Cytoscape (version 3.6.1) software (Shannon et al. 
2003).

Results

Identification of the wheat bHLH family 
and analyses of phylogenetic relationships

To identify wheat bHLH family members, a hidden Markov 
model was applied to search the wheat genome database, 

with the bHLH domain PF00010-related sequences as que-
ries. After using the conserved domain database and Pfam 
database to verify the presence of known conserved bHLH 
domains, we identified 159 TabHLH proteins, renamed 
TabHLH1–159 based on the chromosomal locations of the 
corresponding genes. The bHLH proteins were predicted to 
comprise 115 (TabHLH58) to 618 (TabHLH59) amino acid 
residues, with relative molecular masses of 13.17–67.49 kDa 
and theoretical isoelectric points ranging from 4.62 (Tab-
HLH50) to 11.62 (TabHLH61) (additional data are given in 
Online Resource: Supplementary table S2).

To investigate the evolutionary relationships within the 
bHLH family, a phylogenetic tree based on bHLH proteins 
from wheat, rice, and A. thaliana was constructed accord-
ing to the maximum-likelihood method, because rice and 
A. thaliana are model monocot and dicot plants, respec-
tively (Fig. 1). The A. thaliana bHLH family has 21 groups 
(Toledo-Ortiz et al. 2003), while TabHLH was divided into 
19 groups, having no members corresponding to those of A. 
thaliana groups 11 and 13. The largest groups were 15 and 
18, with more than 20 members, whereas groups 4, 5, 16, 
and 21 each had fewer thanthree bHLH members. Thus, the 
diverse wheat bHLH family members may have different 
functions. Some bHLH orthologs among wheat, rice, and 
A. thaliana were also identified based on the phylogenetic 
analysis, implying that some ancestral bHLH genes existed 
prior to the divergence of these plant species.

Analyses of conserved motifs and gene structures 
within the wheat bHLH family

To clarify the evolution of bHLH genes, ten conserved 
motifs within bHLH proteins were identified using MEME 
software (Fig. 2b). We determined that all TabHLH pro-
teins contained conserved bHLH motif 1 or 2. The TabHLH 
proteins in groups 15–19 also contained motif 3, while the 
proteins in the other groups contained motif 4. Motif analy-
ses indicated that same group harbored similar conserved 
motifs. However, some motifs were present in some specific 
groups. For example, motif 7 was detected in only group 
19, motif 5 was detected exclusively in group 1, and motif 
8 was present only in group 2. Additionally, motif 10 was 
detected in groups 15 and 19. Most of the bHLH members 
in group 19 harbored motifs 3, 6, 7, and 10, while most 
of the bHLHs in group 2 shared motifs 4 and 8. Thus, the 
TabHLHs clustered in the same group shared similar amino 
acid sequences, which may be useful for characterizing the 
phylogenetic relationships among wheat bHLH genes.

Exon–intron organizations within the bHLH genes were 
also investigated to gain insights into the evolution of their 
gene structures (Fig. 2c). The TabHLH genes in groups 
12 and 21 contained only one exon, while the genes in 

http://www.inetbio.org/aranet/
http://www.inetbio.org/aranet/
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groups 17, 18, and 19 contained 5–8 exons. In contrast, 
the genes in groups 1, 2, 5, 7, 15, and 20 had no more 
than five exons, and the genes in groups 3 and 6 included 
three exons. These observations suggested that similar 
exon–intron organizations exist in TabHLH genes from the 
same group, and that gene structures may have influenced 
the evolution of these genes.

Expression profiles of bHLH family genes in different 
wheat organs

To examine the organ-specific bHLH gene expression 
profiles in wheat plants, we generated expression-level 
data for root, stem, leaf, spike and grain samples based on 
RNA-seq analyses (Fig. 3a; Supplementary table S3). Of 
the 159 TabHLH genes, 154 were expressed in at least one 

Fig. 1  Phylogenetic analysis of bHLH proteins of wheat, rice and A. 
thaliana. The maximum-likelihood (ML) tree was constructed using 
Clustal X 2.0 and MEGA 5.0 softwares. Signs of different shapes rep-

resent bHLH proteins from wheat (red round, Ta), rice (green round, 
Os) and A. thaliana (blue round, At)
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Fig. 2  The conserved motifs 
and gene structure analyses 
of wheat bHLH family. a The 
phylogenetic relationship 
of TabHLHs. b Conserved 
motifs analysis of TabHLHs. 
All motifs were identified 
by MEME database. c Gene 
structure analysis of TabHLHs. 
The gene structures were drawn 
using GSDS database. The blue 
boxes, yellow boxes, and the 
black lines indicate upstream/
downstream, exons and introns, 
respectively
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Fig. 3  Expression profiles of 
wheat bHLH gene family. a 
Expression profiles of TabHLHs 
in different organs of root, stem, 
leaf, spike and grain. The heat 
map was constructed according 
to the FPKM value of wheat 
RNA-seq data. b Expression 
profiles of TabHLHs in response 
to heat, drought, heat plus 
drought, cold and salt stresses. c 
Expression profiles of TabHLHs 
in response to stripe rust patho-
gen, Fusarium pseudogramine-
arum and Zymoseptoria tritici 
infection.  Log2-based FPKM 
value was used to create the 
heat map. Changes in gene 
expression are shown in color as 
the scale
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tested organ, and 146, 141, 147, 141, and 137 genes were 
expressed in the root, stem, leaf, spike, and grain tissues, 
respectively. Moreover, 16.4, 10.7, 13.2, 11.3, and 10.7% 
of the genes were highly expressed (value > 5) in the root, 
stem, leaf, spike, and grain tissues, respectively, indicating 
that bHLH genes have important functions related to wheat 
organ development.

A comparison of gene expression profiles among the 
five analyzed organs revealed that most genes were more 
highly expressed in the roots and leaves than in the stems 
and grains, suggesting that these genes are important for 
roots and leaves development. Additionally, 131 genes 
were expressed in all five organs, with seven of these genes 
(TabHLH-50, -59, -78, -105, -140, -150, -154) being highly 
expressed (value > 5). Thus, these genes are likely impor-
tant for wheat organ development. Furthermore, regarding 
tissue-specific expression, five genes (TabHLH-4, -55, -57, 
-124, -135), 11 genes (TabHLH-1, -15, -28, -29, -45, -71, 
-76, -87, -144, -148, -158), two genes (TabHLH-30, -95) 
and three genes (TabHLH-51, -97, -94) were specifically 
expressed (value > 5) in the roots, leaves, spikes, and grains, 
respectively. The TabHLH62 and TabHLH109 genes were 
predominantly expressed (value > 5) in the roots, stems, and 
grains. Moreover, TabHLH25 was preferentially expressed 
(value > 5) in the stems and leaves, while TabHLH136 was 
preferentially expressed in the spikes and grains. These 
results implied that TabHLH functions differ in an organ-
dependent manner. The organ-specific TabHLH expression 
patterns may provide valuable information for future inves-
tigations of wheat organ development and function.

Expression profiles of wheat bHLH genes 
under abiotic stress

The TabHLH expression patterns in response to heat, 
drought, cold, and salt stress conditions were investigated 
based on RNA-seq data to elucidate bHLH functions dur-
ing exposures to abiotic stresses (Fig. 3b; Supplementary 
table S4). The expression levels of most of the 159 TabHLH 
genes were affected by these abiotic stresses, and 98.7% 
of the genes were responsive to more than one stress treat-
ment. Additionally, the expression levels of 20.1%, 26.4%, 
38.4%, and 47.8% of the genes were upregulated by heat, 
drought, cold, and salt stresses, respectively, of which, 9.4%, 
10.7%, 15.7%, and 25.8% of the genes exhibited significantly 
upregulated expression levels (value > 1). In contrast, the 
expression levels of 57.2%, 50.9%, 34.6%, and 45.8% of the 
genes were downregulated by heat, drought, cold, and salt 
stresses, respectively, of which, 38.4%, 26.4%, 11.9%, and 
25.8% of the genes exhibited significantly downregulated 
expression levels (value < − 1). Moreover, two genes (Tab-
HLH72 and -85), twogenes (TabHLH87 and -128), eight 
genes (TabHLH-6, -47, -119, -120, -144, -145, -146, -147), 

21 genes (TabHLH-5, -25, -32, -50, -56, -58, -59, -62, -66, 
-74, -75, -87, -105, -124, -143, -148, -151, -152, -153, -154, 
-158) showed specific expression of significantly upregu-
lated (value > 1) under heat, drought, cold and salt stress 
conditions, respectively. Meanwhile, the expression levels of 
three genes (TabHLH5, TabHLH35, and TabHLH95) were 
significantly upregulated in response to all the tested abi-
otic stresses, indicating that they may contribute to stress 
responses. Furthermore, eight genes (TabHLH-4, -11, -22, 
-29, -40, -55, -74, and -121), three genes (TabHLH-109, 
-143 and -154), one genes (TabHLH-25), 13 genes (Tab-
HLH-2, -22, -46, -65, -69, -70, -85, -108, -110, -113, -115, 
-119 and -149) showed specific expression of significantly 
downregulated under heat, drought, cold and salt stress con-
ditions, respectively. Thus, TabHLH proteins may help regu-
late wheat responses to diverse abiotic stresses.

Expression profiles of wheat bHLH genes 
under biotic stress

The TabHLH expression patterns in response to stripe rust 
pathogen, Fusarium pseudograminearum and Zymoseptoria 
tritici infection were investigated based on RNA-seq data 
to elucidate bHLH functions during exposures to biotic 
stresses (Fig. 3c; Supplementary table S5). The 86.7% of 
the genes were responsive to more than one biotic stress. 
Additionally, the expression levels of 53.5%, 45.9%, and 
31.4% of the genes were upregulated by stripe rust patho-
gen, Fusarium pseudograminearum and Zymoseptoria tritici 
infection, respectively, of which, 32.7%, 10.1%, and 14.5% 
of the genes exhibited significantly upregulated expression 
(value > 1). In contrast, the expression levels of 30.8%, 
34.0%, and 30.8% of the genes were downregulated by the 
tested biotic stress, respectively, of which, 12.6%, 4.4%, and 
6.3% of the genes exhibited significantly downregulated 
expression (value < − 1). Moreover, nine genes (TabHLH-12, 
-13, -37, -50, -64, -75, -81, -124,-153) showed upregulated 
in response to all tested biotic stresses, indicating they may 
contribute to multiple biotic stress responses. These results 
implied that TabHLHs may help regulate wheat responses 
to diverse biotic stresses.

Validation of differentially expressed bHLH genes

According to the RNA-seq data, TabHLH-29, -75, -97, and 
-124 showed organ-specific expression patterns; TabHLH-2, 
-50, -93 and -124 were upregulated by more than one abiotic 
stress; and TabHLH-29, -50, -124 and -153 were induced 
under tested biotic stress. These differentially expressed 
TabHLH genes were selected for a qRT-PCR analysis to 
validate the RNA-seq data (Fig. 4). After normalization, the 
majority of selected bHLH genes showed the same trend 
and consistent results between RNA-seq data and qRT-PCR 
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data, such as TabHLH75 and TabHLH124 were relatively 
highly expressed in roots. TabHLH29 and TabHLH97 were 
relatively highly expressed in leaves and grain, respectively. 
Except for TabHLH2, the other tested genes were upreg-
ulated by all the tested biotic and abiotic stresses. These 
results indicated that the qRT-PCR data were consistent with 
the RNA-seq data, suggesting it is reasonable to use RNA-
seq data to assess the expression patterns of wheat bHLH 
genes in different organs and in response to various stresses.

GO enrichment among TabHLH transcription factor 
genes

To characterize the functions of TabHLH transcription fac-
tors, a GO enrichment analysis was conducted using the 
Blast2GO and WEGO programs. A total of 94 annotated 
TabHLH genes were categorized into the three main GO 
categories (biological process, cellular component, and 
molecular function) (Fig. 5; Supplementary table S6). For 
the biological process category, 91 TabHLH genes were 
assigned to 16 of the 20 GO terms, with biological regula-
tion and single-organism process representing the dominant 
categories (96.8%). Of the genes belonging to the cellular 
component category, 97.8% were assigned to cell and orga-
nelles. Within the molecular function category, binding 
activity (98.9%) and nucleic acid binding transcription fac-
tor activity (82.9%) were the most highly represented terms. 
These annotations implied that TabHLH genes are involved 
in extensive metabolic activities.

Regulatory network of TabHLH transcription factors

To decipher theinteractions among TabHLH transcription 
factors and wheat genes, we predicted the associated regu-
latory network using an orthology-based method (Fig. 6). 
We detected 17 TabHLH genes with similarities to A. 
thaliana genes. Additionally, a wheat regulatory network 
involving 117 gene pairs was created, suggesting that the 
wheat bHLHs commonly function in networks regulating 
gene expression and metabolic processes (Supplementary 
tables S7 and S8). Moreover, TabHLH152 was orthologous 
to A. thaliana transcription factor bHLH87 (AT3G21330), 
and interacted with 24 wheat genes, including genes 
encoding transcription factors (bZIP53, WRKY55, RVE1, 
MYB15, and COL7) and other factors (GIF1). Further-
more, TabHLH137 and TabHLH119 interacted with 13 
and 11 genes, respectively. The other TabHLHs interacted 
with fewer than ten genes. In addition, some TabHLHs 
interacted with each other, such as the interactive gene 
pairs TabHLH81–TabHLH86, TabHLH86–TabHLH126 
and so on. A GO analysis of the genes involved in the pre-
dicted network revealed functions related to the regulation 
of transcription, leaf morphogenesis, root meristem, and 
seed growth (Fig. 7). Thus, TabHLH transcription factors 
may be crucial members of the regulatory networks that 
mediate wheat development and stress responses.

Fig. 4  Validation of the expression level of TabHLHs by qRT-PCR 
analyses. The relative expression levels of selected TabHLHs in dif-
ferent organs, under drought, cold, salt and MeJA treatments. The 
mRNA fold difference was relative to that of root samples for organs 

special expression and untreated samples for different stress treat-
ments expression used as calibrator. Data are mean ± SD of n = 3 bio-
logical replicates
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Discussion

The bHLH transcription factors play vital roles in regulating 
plant developmental processes and responses to environmen-
tal stresses. Characterizing the core underlying regulatory 
network may advance our understanding of bHLH functions 
in diverse biological processes. Although some bHLH genes 
have been studied in many plants, relatively little informa-
tion is available regarding wheat bHLH genes. In this study, 
we identified 159 genes encoding bHLH transcription factors 
in the wheat genome. The phylogenetic, conserved motif, 
and gene structure analyses of wheat bHLH genes revealed 
that each group shared similar motifs and exon–intron 
organizations, which typical characteristics have also been 
observed in other plants (Sun et al. 2015; Kavas et al. 2016). 
The results suggested that TabHLH genes in the same group 
were relatively closely related during evolution.

Wheat is a vital crop worldwide, and plant develop-
ment and stress responses are important factors influenc-
ing crop yield and quality. The bHLH transcription factors 
are reportedly important for plant development and stress 
responses in several species, including potato, carrot, and 
apple (Chen et al. 2015; Mao et al. 2017; Wang et al. 2018). 
In this study, TabHLH110 was specifically expressed in the 
roots. In A. thaliana, AtABS5 (AT1G68810), which is an 
ortholog of TabHLH110, is expressed in the roots, where 
it affects vascular cell division in the root apical meris-
tem (KyokoOhashi-Ito et al. 2014). Our data also revealed 
that most bHLH genes were induced by tested abiotic and 
biotic stresses, suggesting that they have a regulatory role 
influencing responses to biotic and abiotic stresses. Similar 

phenomena have been observed in apple, potato, and carrot 
(Chen et al. 2015; Mao et al. 2017; Wang et al. 2018). There-
fore, wheat bHLHs may be extensively involved in different 
wheat developmental processes and regulate multiple stress 
responses.

In plants, transcription factors, which regulate gene 
expression by interacting with the promoter regions of 
downstream target genes, are crucial for multiple bio-
logical processes. The plant bHLH–MYB complex helps 
regulate developmental activities, and metabolism, as well 
as gibberellin, jasmonate, and abscisic acid (ABA) signal-
ing. In A. thaliana, the jasmonate ZIM-domain-contain-
ing proteins can interact with MYB–bHLH–WD repeat 
complexes, and activate downstream signal cascades to 
modulate jasmonate-mediated anthocyanin accumulation, 
trichome initiation, and gibberellin and jasmonate sign-
aling (Qi et al. 2011, 2014). The bHLH–MYB complex 
can bind to the rd22 promoter region functioning as a cis-
acting element to regulate the drought- and ABA-induced 
expression of rd22, thereby functioning as a transcrip-
tional activator influencing abscisic acid (ABA) signal-
ing (Abe et al. 2003). MYB–bHLH–TTG1 transcription 
factor complexes can regulate anthocyanin accumulation 
in developing A. thaliana seedlings (Appelhagen et al. 
2011). Additionally, bHLHs form homodimers and heter-
odimers to regulate gene expression networks (Zhu et al. 
2015). The auxin-regulated bHLH transcription  factor 
TMO5 and its heterodimeric bHLH partner LHW form 
a complex that mediates vascular cell division and early 
vascular development (Vera-Sirera et al. 2015; Ohashi-
Ito and Fukuda 2016). Moreover, bHLH proteins can 

Fig. 5  Gene ontology (GO) 
enrichment of the TabHLHs. 
The results are summarized 
under the three main GO 
categories: biological process, 
cellular component and molecu-
lar function. The right y-axis 
indicates the number of genes 
in each category. The left y-axis 
indicates the percentage of a 
specific category of genes in the 
corresponding GO category
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also interact with other factors to form bHLH–PAS and 
bHLH–FBXO45 complexes (Salat et al. 2015; Fribourgh 
and Partch 2017). Although the A. thaliana bHLH fam-
ily affects multiple biological processes, there are rela-
tively few reports describing bHLH signaling in wheat. 
In this study, we constructed a wheat bHLH interaction 
network based on our orthological analyses (Fig. 6; Sup-
plementary Tables 6, 7 and 8). We identified TabHLH 
dimer complexes, bHLH–MYB complexes, and some 
other complexes based on the network. These complexes 
may have vital functions in networks regulating wheat 
gene expression and metabolic processes. Furthermore, 
a GO functional enrichment analysis indicated that Tab-
HLH genes are significantly enriched for functions related 
to the regulation of gene expression. The TabHLH target 
genes are also significantly enriched for functions related 

to cellular processes and pathways for organ development 
and stress responses (Fig. 7). From the interaction net-
work and the expression profile analyses, some putative 
functional genes were identified, such as TabHLH152, 
which interacted with more than 20 wheat genes and was 
induced by drought, cold and NaCl treatments, indicating 
that it might have important roles in wheat responses to 
abiotic stress. The AtbHLH87, ortholog of TabHLH152 
in A. thaliana, has clear functional connections to cold- 
and heat-stress responses (Rasmussen et al. 2013), and 
AtbHLH is involved in light stress response by associa-
tion with some zinc finger proteins and phytochrome (Jiao 
et al. 2007). The interaction network suggested that Tab-
HLH genes are critical for wheat development and external 
stress responses.

Fig. 6  The interaction network 
of TabHLHs in wheat according 
to the orthologs in A. thaliana. 
The network was drawn using 
Cytoscape software database. 
The yellow nodes and blue 
nodes indicate TabHLHs and 
interacted proteins, respectively
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Conclusions

In summary, a genome-wide analysis identified 159 wheat 
bHLH genes, and their classifications and evolutionary 
relationships were clarified using phylogenetic, conserved 
motif, and gene structures analyses. The bHLH expression 
profiles revealed that these genes mediate wheat develop-
ment and stress responses. GO enrichment and interaction 
network analyses confirmed that TabHLH genes are crucial 
for responses to stresses. As important transcription fac-
tors, TabHLHs function as pivotal regulators of the expres-
sion of downstream gene targets associated with specific 
cellular responses. In wheat, these transcription factors 
are activated by diverse external stimuli and interact with 
target genes to form a regulatory signaling network. The 
data presented herein will be valuable for future func-
tional characterizations of bHLH genes and the breeding 
of improved wheat cultivars.
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