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Abstract In wheat, TaMYC8 is a negative regula-
tor of cadmium (Cd)-responsive ethylene signaling. 
In this study, we functionally characterized Tab-
HLH094, a basic helix–loop–helix (bHLH) tran-
scription factor (TF) that inhibits the transcriptional 
activity of TaMYC8. The TabHLH094 protein was 
found in the nucleus of tobacco epidermal cells and 
exhibited transcriptional activation activity. Real-
time quantitative PCR (RT–qPCR) indicated that 
TabHLH094 exhibited root-specific, Cd-responsive 
expression in wheat seedlings. Overexpression of 
TabHLH094 enhanced the tolerance of wheat seed-
lings to Cd exposure. The protein–protein interac-
tion between TabHLH094 and TaMYC8 was verified 
by glutathione S-transferase (GST) pulldown, coim-
munoprecipitation (Co–IP), yeast two-hybrid (Y2H), 
and bimolecular fluorescence complementation 
(BiFC) analyses. TabHLH094 was found to reduce 
the ability of TaMYC8 to bind to the TaERF6 pro-
moter. Furthermore, TabHLH094 could also reduce 

aminocyclopropanecarboxylate oxidase (ACO) and 
ACC synthase (ACS) activities, both of which are 
necessary for ethylene biosynthesis. Taken together, 
these results indicate that TabHLH094 mediates Cd 
tolerance by regulating the transcriptional activity of 
TaMYC8 and decreasing ethylene production.
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Introduction

One highly significant threat to global soil quality is 
heavy metal contamination. Although heavy metals are 
present naturally in many soils, human activities are 
responsible for increasing their concentration in many 
contexts (Ma et  al. 2020a). In particular, industrial 
activities, fossil fuel combustion, inadequate sewage 
sludge treatment, and the overuse of chemical fertiliz-
ers and pesticides have been linked to increased heavy 
metal contamination (Leškovï et  al. 2020). Because 
plants are capable of bioaccumulating heavy metals, 
these pollutants can enter the food web and endanger 
both animal and human health (Zhao et al. 2018).

Exposure to the toxic and nonessential heavy 
metal cadmium (Cd) is severely harmful to liv-
ing cells (Brunetti et  al. 2015), even at miniscule 
concentrations (Elobeid et  al. 2012). In plants, Cd 
exposure can lead to destruction of the photosyn-
thetic system, a reduction in leaf photosynthetic 
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capacity, inhibition of root elongation, and even 
death (Ma et al. 2020b). Because Cd contamination 
of agricultural soils poses such a high risk to plants, 
developing Cd stress-resistant crop cultivars is criti-
cal for food safety and security.

In plants, the extensive basic helix–loop–helix 
(bHLH) transcription factor (TF) superfamily reg-
ulates an array of physiological operations (Mao 
et  al. 2017), including the physiological and bio-
chemical responses to environmental stress expo-
sure (Xu et  al. 2017). For instance, the transgenic 
expression of maize-derived ZmbHLH124 results 
in significantly increased tolerance to water scar-
city (Wei et  al. 2021). Salt-inducible OsbHLH035 
is expressed primarily in germinated rice seeds and 
seedlings (Chen et  al. 2018). In Arabidopsis, Atb-
HLH39 overexpression confers enhanced tolerance 
to Cd exposure (Wu et al. 2012). Recently, we found 
that the wheat-derived bHLH-type TF TaMYC8 
negatively regulates the Cd stress response (Wang 
et al. 2022a, b).

Mounting evidence suggests that interactions 
between proteins may be crucial for the regula-
tion of gene expression. Specifically, many TFs 
interact with other TFs to form homo- and het-
erodimeric complexes. For example, jasmonic 
acid-mediated anthocyanin accumulation is 
regulated by the WD–Repeat/bHLH/MYB com-
plex in Arabidopsis (Qi et  al. 2011). In Brassica 
napus, resistance to Sclerotinia infection is regu-
lated by the interaction between BnWRKY15 
and BnWRKY33 (Liu et  al. 2018). In Medicago 
truncatula, nitrogenase activity is maintained 
during drought stress by the interaction between 
MtCAS31 and MtLb120–1 (Li et al. 2018).

Here, we sought to functionally characterize the 
wheat-derived bHLH TF TabHLH094 in regulat-
ing the uptake of and tolerance to Cd. We found that 
overexpression of TabHLH094 resulted in decreased 
root-to-shoot translocation of Cd. Additionally, we 
found that TabHLH094 interacts with the bHLH-type 
TF TaMYC8, thereby inhibiting the ability of this TF 
to interact with the promoter of TaERF6. The result-
ant induction of TaERF6 expression affected ethylene 
biosynthesis and conferred tolerance to Cd exposure 
in wheat. The results of this study help clarify the 
mechanism by which bHLH TFs regulate the wheat 
Cd stress response.

Materials and methods

Plant materials

We germinated seeds of “Fielder” wheat (Triticum 
aestivum L.) on sterile filter paper. After 5  days, 
seedlings exhibiting uniform growth were trans-
planted into sand. Seedlings were watered daily 
with half-strength Hoagland medium. Three-leaf-
stage wheat seedlings were watered with Hoagland 
medium mixed with either 0 (control) or 2  mM 
(experimental)  CdCl2 for either 3  h or 5  days, 
depending on the experiment.

Soil pot experiments were carried out at the 
greenhouse of Guizhou Normal University, Gui-
yang, China. The potting soil consisted of clay and 
humus and was prepared at a ratio of 1:1. The treat-
ment group was supplemented with Cd at a dose of 
5 mg/kg. Plant seeds were first sterilized and sown 
in  ddH2O to germinate and then transferred to soil. 
After complete maturation, the seeds were har-
vested for further analysis.

TabHLH094 expression

Total RNA was sampled from both the aerial and 
root tissues of wheat seedlings and reverse‐tran-
scribed into cDNA using kits purchased from 
CwBio (Beijing, China). Taβ–actin was used as 
the internal reference. Real-time quantitative PCR 
(RT–qPCR) was accomplished utilizing SYBR 
Green Super Mix (CwBio, Beijing, China) with a 
QuantStudio 3 RT–PCR System (Thermo Fisher 
Scientific, MA, USA).

Determination of subcellular localization

The TabHLH094 coding DNA sequence (CDS) 
was inserted into the pBI121–GFP vector 
after digestion with EcoR V. Subsequently, the 
35S::TabHLH094–GFP construct was introduced 
into Agrobacterium tumefaciens “GV3101,” and 
these cells were used to transform tobacco epidermal 
cells. Detection of TabHLH094–GFP fluorescence 
was performed using an FV500 confocal laser-scan-
ning microscope (Olympus, Tokyo, Japan).
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Transcriptional activation assay

The TabHLH094 CDS was digested with EcoR V 
and BamH I and integrated into the pGBKT7 vector. 
The recombinant construct was then introduced into 
Saccharomyces cerevisiae “AH109.” The method 
of Song et al. (2020) was used for all transcriptional 
activation assays.

Vector construction and genetic transformation

To produce a plasmid for TabHLH094 overexpression 
lines, the TabHLH094 CDS was cloned into the pCam-
bia1300 vector (Supplementary Fig.  S1). Immature 
“Fielder” wheat embryos were transformed through 
Agrobacterium-mediated gene transfer (Jin et al. 2021). 
Three independent T2 generation TabHLH094 overex-
pression lines were selected for further analysis.

Cd content analysis

Leadmium Green AM Dye (Thermo Fisher Scientific, 
MA, USA) was utilized to visualize Cd accumula-
tion in root tissues. After exposing WT and trans-
genic wheat lines to 2 mM Cd for 5 days, the roots 
were washed with  ddH2O and subsequently soaked in 
Leadmium Green AM Dye (5 μL/mL) for 6 h. Fluo-
rescence (480 nm) was detected with an FV500 con-
focal laser-scanning microscope (Olympus, Tokyo, 
Japan). Fluorescence intensity was quantified by 
measuring fluorescence pixel intensity with ImageJ 
software (Liu et  al. 2018). To quantify the Cd con-
centration in root tissues, WT and transgenic wheat 
seedlings were exposed to 2 mM Cd for 5 days, after 
which the roots were collected and rinsed with  ddH2O 
and subsequently dried at 60 °C. The content of Cd in 
wheat tissues was quantified using inductively cou-
pled plasma–mass spectrometry (ICP–MS) (Thermo 
Fisher Scientific, MA, USA).

Electrophoretic mobility shift assay (EMSA)

Utilizing our previously published method (Wang 
et  al. 2022a, b), the 5′–GGC AAA CTC ACG TTC 
GTC CAT TGC A–3′ sequence was labeled at the 3′ 
end with biotin as the hot probe. The TaMYC8 and 
TabHLH094 CDSs were cloned into the pET32a 
vector to produce the TaMYC8–His and Tab-
HLH094–His fusion proteins, respectively. LightShift 

Chemiluminescent EMSA Kits (Thermo Fisher 
Scientific, MA, USA) were utilized for all EMSA 
experiments.

Yeast two-hybrid (Y2H) experiment

The Y2H experiment was performed utilizing the 
Matchmaker Gold Y2H System (Clontech, CA, USA) 
using the manufacturer’s standard directions. Briefly, 
the TabHLH094 and TaMYC8 CDSs were cloned 
into the pGBKT7 and pGADT7 vectors, respectively. 
The recombinant constructs were then cotransformed 
into Saccharomyces cerevisiae “AH109.”

Coimmunoprecipitation (Co–IP) experiment

The TabHLH094 and TaMYC8 open reading frames 
(ORFs) were inserted into the pTCK303–Flag and 
pCAMBIA2300–MYC binary vectors, respec-
tively. To study the interaction between TabHLH094 
and TaMYC8, both 35S::TabHLH094–Flag and 
35S::TaMYC8–MYC were transiently coexpressed 
in tobacco leaves. Anti‐Flag affinity gel (Abmart, 
Shanghai, China) was used to precipitate Flag‐fused 
protein. Anti-MYC and anti-Flag antibodies (Abmart, 
Shanghai, China) were utilized for immunoblotting.

GST pulldown experiment

To study the interaction between TabHLH094 and 
TaMYC8, the TabHLH094–His and TaMYC8–GST 
fusion proteins were expressed in pET32a–Tab-
HLH094 or pGEX–4  T–1–TaMYC8 construct-car-
rying Escherichia coli “BL21(DE3).” Purification of 
fusion proteins was performed with either a GST–Tag 
Protein Purification Kit (Beyotime, Shanghai, China) 
or a His–Tagged Protein Purification Kit (CwBio, 
Beijing, China). The pulldown assay was then per-
formed using a GST pulldown kit (FitGene, Guang-
zhou, China).

Bimolecular fluorescence complementation (BiFC)

The TabHLH094 and TaMYC8 ORFs were inserted 
into the EcoR V-digested pXY106 vector and the 
BamH I-digested pXY104 vector to construct the 
TabHLH094–nYFP and TaMYC8–cYFP fusion pro-
teins, respectively. The plasmid combinations were 
infiltrated into tobacco leaves using A. tumefaciens. 
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Yellow fluorescent protein (YFP) in tobacco leaves 
was visualized with an FV500 confocal laser-scan-
ning microscope (Olympus, Tokyo, Japan).

Luciferase complementation imaging (LCI) 
experiment

The reporter construct was produced by inserting the 
TaERF6 promoter into pGreenII 0800–LUC. The effec-
tors were constructed by inserting the ORFs of Tab-
HLH094 and TaMYC8 into pGreenII 62–SK. Subse-
quently, four A. tumefaciens combinations were infiltrated 
into four distinct portions of the same individual tobacco 
leaves. After culturing the tobacco leaves for 36 h, each 
leaf was treated with 100  mM luciferin and kept for 
5  min in darkness prior to luminescence detection. A 
NightOWL II LB 983 low-light cooled CCD imaging 
apparatus (Berthold Technologies, Bad Wildbad, Ger-
many) was utilized to measure luciferase activity.

Aminocyclopropanecarboxylate oxidase (ACO) and 
ACC synthase (ACS) activities

To each sample of plant material (1 g), 10 μM pyr-
rolyl phosphate (PLP), 3% crosslinked polyvinylpyr-
rolidone (PVPP), 1  mM phenylmethylsulfonyl fluo-
ride (PMSF), 0.1 M potassium phosphate buffer (pH 
8.0), 1  mM acetylphenylenediamine tetraacetic acid 
(EDTA), and 4 mM dithiothreitol (DTT) were added. 
The mixture was centrifuged at 12,000  g and 4  °C 
for 15 min. A 500 µL sample of the supernatant was 
incubated in 1.5 mL of a mixture containing 10 µM 
PLP, 0.1 M potassium phosphate buffer (pH 8.0), and 
250 µM s–adenosylmethionine (SAM). Incubation of 
the reaction mixture was carried out at 30 °C for 1 h, 
after which we added 700 μL of 0.1%  HgCl2 to arrest 
the reaction. The arrested reaction mixture was sub-
sequently incubated for 10 min at 4  °C, after which 
200 μL of a precooled NaOH solution saturated with 
5% NaClO (NaClO:NaOH = 2:1, v/v) was added. The 
method of Zhang et  al. (2018) was utilized for the 
measurement of ACO and ACS enzymatic activities.

Statistical analyses

All of the assays were performed under controlled 
environmental conditions utilizing three biological 
replicates. Statistically significant differences among 

treatments were analyzed with either Student’s t-tests 
or one-way analysis of variance (ANOVA).

Primers

Each primer utilized in the present work can be found 
in Supplementary Table S1.

Results

TabHLH094 is positively regulated by Cd exposure

To determine the Cd responsiveness of TabHLH094, 
wheat seedlings were exposed to Cd, and the tran-
script level of TabHLH094 was analyzed and com-
pared to that of untreated (control) seedlings. Expo-
sure to Cd resulted in a significant upregulation of 
TabHLH094 expression in both roots and shoots 
(Fig.  1a), indicating that TabHLH094 is involved in 
the reaction of wheat seedlings to Cd exposure.

TabHLH094 is located in the nucleus

The subcellular localization of the TabHLH094 pro-
tein was examined in tobacco epidermal cells. Tab-
HLH094 is located in the nucleus (Fig. 1b), which is 
consistent with its TF functionality.

TabHLH094 overexpression increased tolerance to 
Cd exposure

To functionally characterize the TabHLH094 
gene, transgenic TabHLH094-overexpressing 
wheat plants were generated. Five independ-
ent transgenic lines were obtained and identified 
through PCR (Supplementary Fig. S2). RT–qPCR 
was further used to determine the expression of 
TabHLH094 in different transgenic lines, and two 
lines with the highest expression (OE1 and OE2, 
Supplementary Fig.  S3) were selected for the 
follow-up experiment. Both WT and transgenic 
wheat exhibited similar phenotypes under control 
conditions. However, under Cd treatment, WT 
wheat exhibited significantly weaker growth and 
shorter roots than transgenic wheat (Fig. 2a). Fur-
thermore, under Cd conditions, the root and shoot 
dry weights of transgenic wheat were significantly 
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higher than those of WT (Fig.  2b). Our results 
suggest that TabHLH094 overexpression enhances 
plant tolerance to Cd exposure.

Overexpression of TabHLH094 inhibits uptake of Cd

To visualize Cd accumulation in root tissue, wheat 
seedlings were exposed for 5 days to 2 mM Cd, after 
which the roots were soaked in Leadmium Green 
AM Dye for 6  h. Overall, WT wheat accumulated 
significantly more Cd in root tissues than transgenic 
wheat (Fig.  3a, b). ICP–MS was then used to quan-
tify the content of Cd in the roots. Consistent with the 
fluorescence results, both the roots and shoots of WT 

wheat were found to contain a higher concentration 
of Cd than transgenic wheat (Fig.  3c). Furthermore, 
the average transfer coefficients of Cd in the WT and 
transgenic lines were 0.86 and 0.54, respectively. 
Our results suggest that TabHLH094 overexpression 
reduces the uptake of Cd into root tissues and reduces 
the transport of Cd to shoots.

Overexpression of TabHLH094 promotes growth and 
decreases the grain Cd content of wheat

The effect of TabHLH094 overexpression on plant 
growth and grain Cd content in wheat under pot 
conditions was assessed. The growth of transgenic 

Fig. 1  Expression of 
TabHLH094 and subcellular 
localization of TabHLH094. 
a TabHLH094 expression 
in Cd-treated wheat, as 
determined by RT‒qPCR. 
Each value is the mean ± SE 
(n = 3). Significant differ-
ences were analyzed by 
Student’s t-test. **P < 0.01. 
b Subcellular localization 
of TabHLH094:GFP in 
tobacco epidermal cells. 
Scale bars = 50 μm
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plants under Cd stress treatment was better than 
that of WT plants (Fig.  4a), and the grain scales 
of transgenic wheat lines were significantly larger 
than those of the WT (Fig.  4b). Furthermore, the 
thousand-grain weight was measured, and Cd stress 
decreased the thousand-grain weight of WT plants 
compared with transgenic lines (Fig. 4c). Under Cd 
conditions, the average thousand-grain weight was 
27.6 g for the WT lines and 34.7 g for the transgenic 
plants. We next analyzed the grain Cd content. As 
shown in Fig. 4d, the Cd content in the WT was sig-
nificantly higher than that in the transgenic lines. 
The average Cd content in the WT wheat grains was 
0.32 mg/kg, while in the transgenic plant grains, the 
average Cd content was 0.18 mg/kg. Thus, overex-
pression of TabHLH094 promoted the growth of 
transgenic wheat under Cd stress and decreased Cd 
accumulation in wheat grains.

TabHLH094 interacts with TaMYC8

RNA was extracted from the leaves of Cd-exposed wheat 
and utilized to construct a cDNA library. TabHLH094 was 
used as bait in a Y2H screening assay to identify potential 
protein interaction partners. Sequence analysis of candi-
date proteins indicated that the bHLH-type TF TaMYC8 
can directly interact with TabHLH094. We validated the 
physical interaction between TabHLH094 and TaMYC8 
using a Y2H assay. We found that cells coexpressing 
both TabHLH094–AD and TaMYC8–BD successfully 
grew on –Leu/–Trp/–Ade/–His dropout selection medium 
(Fig.  5a). To further validate whether TabHLH094 can 
physically interact with TaMYC8–BD, a BiFC assay was 
performed in tobacco epidermal cells. Pronounced YFP 
fluorescence was observed in cells cotransformed with 
both TabHLH094–nYFP and TaMYC8–cYFP (Fig. 5b). 
GST pulldown assays were performed on the purified 

Fig. 2  TabHLH094 
positively regulates 
Cd tolerance in wheat. 
a Phenotypes of Cd-treated 
WT and transgenic wheat. 
Three-leaf-stage wheat 
seedlings were watered with 
Hoagland medium mixed 
with 2 mM (experimental) 
 CdCl2 for 5 days. Scale 
bar = 5 cm. b Dry weight 
of control and Cd-treated 
WT and transgenic wheat. 
Each value is the mean ± SE 
(n = 3). Different lowercase 
letters signify significant 
(P < 0.05) differences



Mol Breeding (2023) 43:57 

1 3

Page 7 of 13 57

Vol.: (0123456789)

recombinant TaMYC8–GST and TabHLH094–HIS pro-
teins, and the results revealed that TaMYC8–GST could 
pull down TabHLH094–HIS (Fig. 5c). Finally, a Co–IP 
experiment was carried out utilizing tobacco leaves tran-
siently expressing either TaMYC8–MYC with Flag or 
TabHLH094–Flag. We found that TaMYC8–MYC could 
be coimmunoprecipitated only with the TabHLH094–Flag 
fusion protein (Fig.  5d). Our results indicate that Tab-
HLH094 can physically interact with TaMYC8 in  vitro 
and in vivo.

A TabHLH094–TaMYC8 binary complex blocks the 
transcriptional activity of TaMYC8

Our previous study found that TaMYC8 regulated the 
expression of TaERF6, thereby altering the Cd expo-
sure response of wheat (Wang et al. 2022a, b). Here, we 
evaluated whether the TabHLH094–TaMYC8 binary 
complex affects the ability of TaMYC8 to bind to the 
TaERF6 promoter. EMSA indicated that the band sig-
nal of the TaMYC8–HIS protein and TaERF6 promoter 
complex was significantly reduced after the addition 
of the TabHLH094–HIS protein (Fig. 6a). LCI assays 
in tobacco leaves revealed a strong luminescence sig-
nal localized to the TaMYC8 and TaERF6 promoter 
coinjection area, with minimal signals observed in the 
TabHLH094, TaMYC8, and TaERF6 promoter coinjec-
tion areas (Fig. 6b). Together, these results indicate that 
the TabHLH094–TaMYC8 binary complex inhibits the 
ability of TaMYC8 to bind to the promoter of TaERF6 
both in vivo and in vitro.

Overexpression of TabHLH094 inhibits the activities 
of ACS and ACO

The ERF gene encodes a TF that regulates ethylene 
synthesis, and both ACO and ACS are rate-limiting 

Fig. 3  Overexpression of TabHLH094 limited Cd accumula-
tion in root tissues. a Comparison of fluorescence intensities 
(reflective of Cd content) in the roots of WT and transgenic 
wheat. b Fluorescence intensities in root tissues were quanti-
fied using ImageJ software. The data are expressed as the 
means ± SDs of three independent experiments. Different 
lowercase letters signify significant (P < 0.05) differences. c 
Concentration of Cd in the roots of WT and transgenic wheat. 
Three-leaf-stage wheat seedlings were watered with Hoagland 
medium mixed with 2  mM (experimental)  CdCl2 for 5  days. 
Each value is the mean ± SE (n = 3). Different lowercase letters 
signify significant (P < 0.05) differences

▸
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Fig. 4  a Plant phenotypes 
of WT and TabHLH094 
overexpression lines were 
observed with or without 
Cd. Scale = 30 cm. b Grain 
phenotypes of WT and 
TabHLH094 overexpression 
lines were observed with or 
without Cd. Scale = 2 cm. 
c Thousand-grain weight 
of WT and TabHLH094 
overexpression lines under 
control and Cd stress condi-
tions. Each value is the 
mean ± SE (n = 3). Different 
lowercase letters signify 
significant (P < 0.05) 
differences. d Cd content 
in the grains of WT and 
TabHLH094 overexpres-
sion lines under 5 mg/kg Cd 
conditions. Each value is 
the mean ± SE (n = 3). Dif-
ferent lowercase letters sig-
nify significant (P < 0.05) 
differences
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Fig. 5  TabHLH094 
interacts with TaMYC8 to 
improve tolerance to Cd 
exposure. a Y2H analysis of 
the TabHLH094–TaMYC8 
interaction. L: leucine, T: 
tryptophan, A: alanine, H: 
histidine. b BiFC analysis 
of TabHLH094–nYFP 
and TaMYC8–cYFP in 
tobacco leaf cells. Scale 
bars = 30 μm. c Pulldown 
assays indicating that 
TabHLH094 physically 
interacts with TaMYC8 
in vitro. d Co–IP assays 
indicating that TabHLH094 
physically interacts with 
TaMYC8 in vivo
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enzymes involved in ethylene synthesis (Yin et  al. 
2018). Because our results indicated that the Tab-
HLH094–TaMYC8 binary complex inhibits the abil-
ity of TaMYC8 to bind to the promoter of TaERF6 
and thereby inhibits TaERF6 expression (Fig. 6a, b), 
we sought to determine whether the enzymatic activi-
ties of ACO and ACS were correspondingly inhibited 
in TabHLH094-overexpressing wheat lines. Under 

Cd stress, TabHLH094-overexpressing wheat lines 
exhibited significantly lower ACS and ACO activi-
ties than WT plants (Fig. 7a, b). Therefore, it appears 
that the overexpression of TabHLH094 can inhibit the 
enzymatic activity of ACO and ACS, thereby reduc-
ing ethylene biosynthesis and improving Cd stress 
tolerance.

Discussion

The excessive accumulation of the phytohormone 
ethylene promotes maturation and reduces tolerance 
to heavy metal exposure (An et  al. 2017). Our pre-
vious study revealed that TaMYC8 negatively regu-
lates tolerance to Cd exposure in wheat (Wang et al. 
2022a, b). Furthermore, we revealed that Cd exposure 
promoted the expression of TaEFR6, an ethylene-
responsive TF, as well as the activities of ACO and 
ACS (Wang et al. 2022a, b). Here, we discovered that 
TabHLH094 directly interacts with TaMYC8 to form 
a binary complex that inhibits the ability of TaMYC8 
to transcriptionally regulate TaERF6, thereby confer-
ring enhanced tolerance to Cd exposure.

The primary route of Cd exposure in humans is the 
ingestion of crops produced on Cd-polluted soils (Luo 
et  al. 2012). Therefore, reducing the Cd content of 
crop plants may be an effective way to limit the expo-
sure of animals and humans to toxic levels of Cd. Sev-
eral genes have been discovered to decrease the accu-
mulation of Cd in plant tissues. For example, several 
ERF TFs, including ERF34 and ERF35, have been 
reported to be central to the Cd exposure response 
in plants (Xie et al. 2021). In soybean, GmWRKY142 
limits the accumulation of Cd by upregulating the Cd 
tolerance type 1 genes GmCDT1–2 and GmCDT1–1 
(Cai et  al. 2020). The purpose of creating a Cd-tol-
erant wheat line is not only to promote plant growth 
under Cd stress conditions but also to minimize Cd 
accumulation in the edible parts. Here, we found that 
TabHLH094 overexpression enhanced the growth and 
development of wheat under Cd conditions (Fig.  2a 
and Fig.  4a–c). Furthermore, in both seedlings and 
grains, TabHLH094 overexpression lines accumulated 
significantly less Cd than WT plants (Fig. 3 and 4d).

The plant response to abiotic stress involves an array 
of TFs, particularly bHLH TFs (Dong et  al. 2021), 
which regulate the abiotic stress response in two ways. 

Fig. 6  The TabHLH094–TaMYC8 binary complex blocks 
the transcriptional activation activity of TaMYC8. a In  vitro 
EMSA indicating that the band signal of the TaMYC8-TaERF6 
promoter was significantly reduced after the addition of the 
TabHLH094–HIS protein. b LCI assays indicating that the 
TabHLH094–TaMYC8 binary complex blocks the transcrip-
tional activity of TaMYC8
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First, bHLH TFs can directly modulate downstream 
gene expression. For example, in apple, the bHLH-type 
TF MdMYC2 curtails tolerance to aluminum (Al) expo-
sure through direct regulation of MdERF3 expression 

(An et al. 2017). Our previous study revealed that the 
bHLH-type TF TaMYC8 regulates TaERF6 expres-
sion, thereby weakening the Cd exposure tolerance of 
wheat plants (Wang et  al. 2022a, b). Second, bHLH 
TFs can form complexes with other TFs to modulate 
downstream gene expression. In Phalaenopsis, antho-
cyanin biosynthesis is regulated by a MYB–bHLH 
complex involving PeMYC4 and PeMYB4L (Wang 
et  al. 2022a, b). In Eriobotrya japonica, the Ejb-
HLH1–EjMYB2–EjAP2–1 ternary complex acts to 
delay cold-induced lignification (Xu et  al. 2019). The 
IbPYL8–IbbHLH66–IbbHLH118 ternary complex in 
sweet potato regulates the drought stress response by 
mediating the expression of tonoplast intrinsic pro-
tein 1 (IbTIP1), ABA-responsive element-binding fac-
tor 2 (IbABF2), and ABA-insensitive 5 (IbABI5) (Xue 
et  al. 2022). In this study, TabHLH094 enhanced Cd 
tolerance in wheat by forming a binary complex with 
TaMYC8 and repressing the expression of the down-
stream TaERF6 gene (Figs. 5 and 6).

Several phytohormones act to regulate the plant 
response to stress as well as other physiological func-
tions (Wu et  al. 2020). In particular, the phytohor-
mone ethylene negatively regulates the reaction of 
plants to exposure to Cd (Schellingen et al. 2014). In 
Petunia hybrida, acdS overexpression limits ethyl-
ene biosynthesis in both floral and vegetative tissues, 
thereby enhancing the lifespan of the flowers and the 
tolerance to Cd stress (Naing et al. 2022). The process 
of Cd-induced ethylene production relies on ACO 
and ACS gene expression (Schellingen et  al. 2014). 
Reducing ACS and ACO gene expression, which 
results in reduced ethylene biosynthesis, can improve 
plant tolerance to environmental stress (Li et al. 2019; 
Espley et al. 2019). Here, we found that the overex-
pression of TabHLH094 resulted in reduced ACO and 
ACS activities (Fig. 7), which would likely result in 
reduced ethylene biosynthesis.

Conclusion

Here, we report the identification of the bHLH-type 
TF TabHLH094, which positively regulates Cd stress 
tolerance in wheat. TabHLH094 can interact with 
TaMYC8, inhibit the ability of TaMYC8 to bind to 
the promoter of TaERF6, and downregulate TaERF6 
expression. These actions should result in a reduction 
in ethylene biosynthesis, further improving Cd stress 

Fig. 7  The effect of Cd exposure on the activities of (a) ACO 
and (b) ACS in TabHLH094-overexpressing wheat. Three-
leaf-stage wheat seedlings were watered with Hoagland 
medium mixed with 2  mM (experimental)  CdCl2 for 5  days. 
Each value is the mean ± SE (n = 3). Different lowercase letters 
signify significant (P < 0.05) differences
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tolerance in wheat. The results of this study help 
clarify the mechanism by which the bHLH TF Tab-
HLH094 regulates the wheat Cd stress response. This 
TF may prove to be a fruitful target for the breeding 
of wheat with reduced Cd accumulation.
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