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Abstract: Cadmium (Cd) is a heavy metal nonessential for plants; this toxic metal accumulation
in crops has significant adverse effects on human health. The crosstalk between copper (Cu) and
Cd has been reported; however, the molecular mechanisms remain unknown. The present study
investigated the function of wheat Cu transporter 3D (TaCOPT3D) in Cd tolerance. The TaCOPT3D
transcripts significantly accumulated in wheat roots under Cd stress. Furthermore, TaCOPT3D-
overexpressing lines were compared to wildtype (WT) plants to test the role of TaCOPT3D in Cd
stress response. Under 20 mM Cd treatment, TaCOPT3D-overexpressing lines exhibited more biomass
and lower root, shoot, and grain Cd accumulation than the WT plants. In addition, overexpression of
TaCOPT3D decreased the reactive oxygen species (ROS) levels and increased the active antioxidant
enzymes under Cd conditions. Moreover, the transcription factor (TF) TaWRKY22, which targeted the
TaCOPT3D promoter, was identified in the regulatory pathway of TaCOPT3D under Cd stress. Taken
together, these results show that TaCOPT3D plays an important role in regulating plant adaptation to
cadmium stress through bound by TaWRKY22. These findings suggest that TaCOPT3D is a potential
candidate for decreasing Cd accumulation in wheat through genetic engineering.

Keywords: wheat; TaCOPT3D; Cd uptake; TaWRKY22; transcriptional regulation

1. Introduction

Cadmium (Cd) is a nonessential element for plants and has become one of the most
toxic pollutants in water and soil worldwide [1]. Cd interferes with many metabolic and
physiological processes in plants, such as disrupting electron transport, decreasing chloro-
phyll content, causing cell death, and inhibiting nutrient absorption and distribution [2,3].
Excess Cd inhibits plant growth and development in agricultural production and reduces
crop yield and quality [4]. Additionally, Cd accumulates in the edible parts of plants poses
a potential risk to humans through the food chain [5]. Cultivars with low Cd accumulation
capacity can be used to ensure food safety. Moreover, it is crucial to recognize candidates
related to Cd uptake and transport to reduce Cd entry/transfer to the food chain.

Several studies have progressed on the molecular aspects of Cd transporters in
plants [6,7]. Cd enters root cells via a complex pathway, gets absorbed by the roots,
and finally gets translocated to the shoots. However, there is no specific transporter for
Cd uptake and transport [8]. As such, transporters responsible for the uptake of essential
elements are involved in Cd transport, including iron-regulated transporters (IRTs), zinc-
regulated transporter/IRT-like proteins (ZIPs), natural resistance-associated macrophage
proteins (NRAMPs), and heavy-metal ATPases (HMAs) [9,10]. Cd has a similar structure to
several necessary elements (such as Fe, Mn, and Zn) and can replace these elements in the
enzyme [11]. Importantly, enzyme activity is destroyed when Cd enters the cells, leading to
growth inhibition, metabolic abnormality, and death [12]. In addition, Cd entering plants
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causes the production of reactive oxygen species (ROS) that damage protein and DNA, lead-
ing to oxidative stress [13]. Under Cd stress conditions, the activity of antioxidant enzymes,
including peroxidase (POD), superoxide dismutase (SOD), hydrogen oxidation enzymes
(CAT), and glutathione reductase (GR), is increased, thereby enhancing the scavenging of
intracellular ROS and reducing oxidative damage [14].

Copper transporter (COPT) is known to perform Cu acquisition and transport in
eukaryotes [15]. The functions of the members of the COPT are well known to include the
regulation of Cu transport and homeostasis in Arabidopsis [16]. Several COPTs transport
ions other than Cu. For example, Arabidopsis COPT2 is involved in the uptake of Au, while
COPT5 participates in response to Fe deficiency [17,18]. In rice, the expression patterns
of COPT are influenced by Fe, Mn, or Zn [19]. These works suggest the role of COPT in
the uptake and transport of multiple ions. However, the functions of COPT in Cd stress
response are unknown. In a previous study, we found that the gene AetCOPT3 in Aegilops
tauschii was significantly upregulated under cadmium stress [20]. However, the function of
COPT3 in wheat remains unclear.

The current study identified the wheat COPT gene Cu transporter 3D (TaCOPT3D)
under Cd stress. Transcription factor TaWRKY22 binds to the promoter of TaCOPT3D and
regulates its expression. TaCOPT3D overexpression increased Cd content in root tissues but
decreased Cd content in grain. Meanwhile, the transgenic wheat showed a high expression
of TaHMA3 upon Cd exposure. Thus, the study’s findings support the role of TaCOPT3D
under Cd stress and the associated mechanisms, which may provide the foundation for the
breeding of Cd-resistant wheat with low Cd levels in the edible parts.

2. Results
2.1. TaCOPT3D Expression in Wheat under Cadmium Stress

Sequence alignment results showed that the DNA sequences of these three COPT3
genes were highly similar, but three bases of TaCOPT3D located at the 5’ end were missing
(Figure S1). Then, TaCOPT3D-specific primers for RT-qPCR analysis were designed on the
basis of sequence variation (Supplementary Table S1). RT-qPCR revealed that TaCOPT3D
was particularly expressed in the root tissue of wheat (Figure 1a). In addition, Cd exposure
significantly increased the TaCOPT3D transcript levels in wheat (Figure 1b).
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Figure 1. (a) TaCOPT3D specifically expressed in the root tissue of wheat. (b) The expression of 
TaCOPT3D in the root tissue was highly induced by Cd stress. ** Significant differences at p ≤ 0.01. 

2.2. Subcellular localization of TaCOPT3D 
The TaCOPT3D was fused into the 3′ region of the GFP gene under the control of a 

CaMV 35S promoter in the vector to produce the TaCOPT3D–GFP fusion construct. The 
fusion vector was transiently expressed in the tobacco leaves by Agrobacterium-mediated 
transformation to analyze the protein expression. TaCOPT3D–GFP was localized mainly 
in the membrane (Figure 2), suggesting that TaCOPT3D probably functioned in the cell 
membrane.  
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Figure 1. (a) TaCOPT3D specifically expressed in the root tissue of wheat. (b) The expression of
TaCOPT3D in the root tissue was highly induced by Cd stress. ** Significant differences at p ≤ 0.01.

2.2. Subcellular Localization of TaCOPT3D

The TaCOPT3D was fused into the 3′ region of the GFP gene under the control of a
CaMV 35S promoter in the vector to produce the TaCOPT3D–GFP fusion construct. The
fusion vector was transiently expressed in the tobacco leaves by Agrobacterium-mediated
transformation to analyze the protein expression. TaCOPT3D–GFP was localized mainly
in the membrane (Figure 2), suggesting that TaCOPT3D probably functioned in the cell
membrane.
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Figure 2. Subcellular localization of TaCOPT3D in tobacco epidermal cells. Scale bars: 10 µM.

2.3. Overexpression of TaCOPT3D in Wheat Increased Cd Tolerance

We created transgenic wheat plants overexpressing TaCOPT3D to evaluate the function
of TaCOPT3D in regulating Cd tolerance. A maize Ubiquitin (Ubi) promoter-driven binary
vector was generated (Supplementary Figure S1a). Two independent transgenic lines (OE1
and OE2) were derived (Supplementary Figure S1b). The expression of TaCOPT3D in
transgenic lines was further investigated, and the TaCOPT3D-overexpression lines clearly
increased TaCOPT3D expression to about twofold compared with WT (Supplementary
Figure S1c).
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Furthermore, Cd tolerance in wheat plants was studied through hydroponic and pot
experiments to assess Cd tolerance due to the changes in TaCOPT3D expression. Under
normal conditions, no evident phenotypic dissimilarities were observed between the WT
and the transgenic lines (Figure 3a,b). In the hydroponic test using 20 mM Cd, the transgenic
lines and the WT demonstrated growth retardation. However, the transgenic lines exhibited
improved growth compared to the WT (Figure 3a). The plants were exposed to Cd stress
during the vegetative and reproductive stages of growth in a pot experiment (Figure 3b).
The WT and transgenic lines appeared similar under normal conditions. Nevertheless,
the TaCOPT3D-overexpressing lines displayed higher Cd tolerance than the WT under Cd
stress (Figure 3b). The comparison of the root, shoot, and grain Cd of WT and transgenic
lines after Cd treatment demonstrated that the Cd content was lower for the transgenic
lines than the WT line in these tissues (Figure 3c).
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These results collectively propose TaCPOT3D as a positive regulator of Cd tolerance
in wheat.

2.4. Overexpression of TaCOPT3D Enhanced the Antioxidant Capacity in Transgenic Wheat under
Cd Stress

Abiotic stress induces ROS accumulation in plants. The levels of H2O2 and O2
•−

accumulation in the WT and transgenic line root tissues under hydroponic conditions were
investigated. The analysis showed no significant differences in the root H2O2 and O2

•−

levels between the WT and transgenic lines without Cd stress (Figure 4a,b). Meanwhile, Cd
stress increased H2O2 and O2

•− levels in both plants; however, the transgenic line H2O2
and O2

•− levels were significantly lower than the WT (Figure 4a,b).
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We further examined the activities of antioxidant enzymes (SOD, CAT, and POD)
between the transgenic and WT lines. Figure 4c–e display similar antioxidant enzyme
activities in the WT and transgenic lines under normal conditions. Meanwhile, Cd stress
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increased antioxidant enzyme activities in the WT and transgenic lines, with significantly
higher activities in the transgenic lines than in WT.

Physiological indicators, including malondialdehyde (MDA) concentration, electrolyte
leakage, and chlorophyll concentration, were examined. The overexpression of TaCOPT3D
increased chlorophyll concentration (Figure 4f). Analysis of the correlation between chloro-
phyll content and net photosynthesis suggested that the transgenic plants retained photo-
synthesis under Cd stress. MDA content and electrolyte leakage were closely correlated
with the degree of cell membrane damage under abiotic stress [21]. The MDA content
increased in all samples of the study under Cd stress compared with those under nor-
mal situations; however, upon Cd exposure, the transgenic lines had significantly lower
MDA content than WT plants (Figure 4g). In addition, the electrolyte leakage was lower
in transgenic wheat seedlings than the WT seedlings under Cd stress (Figure 4h). Thus,
TaCOPT3D overexpression increased Cd tolerance and inhibited Cd accumulation in wheat.
Additionally, the lower MDA content and electrolyte leakage of the transgenic plants upon
Cd exposure reflected a lower degree of damage to the plant cell membranes.

2.5. TaCPOT3D Influences the Cd2+ Flux in Wheat Roots

Furthermore, a noninvasive micro-test technique was used to record the transient Cd2+

flux. The Cd2+ influx was less in TaCPOT3D-overexpressing lines than WT under Cd stress
(Figure 5a,b), indicating decreased Cd enrichment with TaCPOT3D overexpression via net
Cd2+ flux inhibition.
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2.6. TaWRKY22 Binds to TaCPOT3D Promoter

Furthermore, a cDNA library was generated using the Cd-treated wheat samples, and
a yeast one-hybrid (Y1H) assay was performed using TaCOPT3D promoter as bait to identify
TaCOPT3D regulation. Twenty-seven positive colonies were sequenced, and a WRKY TF
was characterized. A BLAST search for this sequence (www.ncbi.nlm.nih.gov/BLAST,
accessed on 16 February 2021) revealed TaWRKY22 as the TF. The Y1H experiment was
performed to confirm the effects (Figure 6a).
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Figure 6. (a) Yeast one-hybrid assays; (b) Identification of TaWRKY22 binds to W-box of TaCOPT3D
promoter. (I): Arabidopsis expression of TaCOPT3D-GUS; (II): Arabidopsis expression of TaWRKY22;
(III): Arabidopsis co-expression of TaCOPT3D-GUS and TaWRKY22; (c) EMSA assay showing that
TaWRKY22 fusion protein directly bound to the TaCOPT3D promoter in vitro; (d) Transient expression
assays showing that TaWRKY22 regulates the expression of TaCOPT3D.

Next, we confirmed that TaWRKY22 acted as a transcription factor using transgenic Ara-
bidopsis. Here, pROKII-TaWRKY22 acted as an effector, and pCAMBIA1301-TaCOPT3Dprom
worked as a reporter. The GUS intensity in TaCOPT3Dprom transgenic Arabidopsis was sig-
nificantly stronger than the co-transformed Arabidopsis with TaWRKY22 and TaCOPT3Dprom
(Figure 6b). EMSA was further conducted to validate the TaWRKY22-binding ability of
TaCOPT3Dprom. As indicated in Figure 6c, the TaWRKY22–TaCOPT3Dprom complex was
observed. Comparison of the in vivo and in vitro results suggested that TaWRKY22 is
bound to the TaCOPT3Dprom.

A transcriptional activity assay in tobacco leaves was performed to analyze whether
TaWRKT22 activated TaCOPT3D transcription. As indicated in Figure 6d, TaWRKY22
promoted the expression of the Luc gene under the control of the TaCOPT3D promoter.
These observations indicate that TaWRKT22 directly activates the TaCOPT3D promoter
through in vivo transcription.

www.ncbi.nlm.nih.gov/BLAST
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3. Discussion

Studies have extensively studied the COPT genes associated with Cu, Fe, and Zn
absorption. However, it is unclear how COPT genes act in response to Cd stress in plants.
The current research explored TaCOPT3D in wheat under Cd stress. We further found that
TaCOPT3D was strongly regulated by the TaWRKY22 TF. Thus, the results of this study
preliminarily clarified the wheat Cd stress transcriptional pathway TaWRKY22–TaCOPT3D.

The uptake, transportation, and accumulation of metal ions in plants depend on ion
transporters [22]. The NRAMP, ATP-binding cassette (ABC) transporter, HMAs, yellow-
stripe-like (YSL) proteins, and ZIP metal transporters have been identified as putative
metal ion transporters [23]. Transporters capable of binding metal ions and the transport
of ions through ion channels are located on the cellular membrane of each plant cell [24];
plants have distinct Cd transporters. Previous reports have demonstrated that Cd entry
into plant cells occurs via transporters for other divalent metal ions [8]. A previous study
reported that NRAMP5 in rice (OsNRAMP5) functions as a metal transporter for Mn and
Cd uptake [21,25]. The overexpression of OsNRAMP5 blocked the radial transport of Cd
from the epidermis to the xylem and reduced cadmium accumulation in rice grains [25].
TpNRAMP5 from Triticum polonicum enhanced the accumulation of Cd, Co, and Mn, but
not Zn and Fe [8]. COPT acts as a high-affinity Cu transporter in plants, and some COPTs
are also involved in the Cd response [19]. Arabidopsis thaliana COPT5 mutants (copt5)
are more sensitive to Cd stress than WT plants, and ethylene biosynthesis diminishes
in the presence of Cd [26]. Yuan et al. reported seven members of COPTs in rice, all
of which were characterized for their functions in Cu transport [19]. In addition, these
COPTs cannot mediate Fe and Zn uptake, suggesting that COPTs facilitate the selective
absorption of Cu, Fe, and Zn [19]. TaCOPT3D overexpression in this study increased the
Cd tolerance of wheat. In addition, Cd absorption diminished further under exogenous
Cu application. In yeast cells, Cd was shown to modify Cu deficiency responses [27]. In
rice, Cu could effectively alleviate the stress induced by Cd and increase the rice biomass
and ripening rate; however, 10 µM CuSO4 significantly increased the Cd concentration in
rice grains [28]. Similar results in A. thaliana showed that the Cd content in shoot tissue
significantly increased when grown in a medium supplemented with 0.1 mM Cu [26].

Transcriptional regulation may be an adaptation to respond to different levels of abi-
otic and biotic stresses [29]. Plants often respond to environmental stimuli by activating
specific TFs, and the TFs then bind to the promoter sequences of target genes to initi-
ate the transcription of downstream genes to respond to environmental changes [30]. In
the present work, Y1H screening using the TaCOPT3D promoter as bait was conducted
to identify a TF that targeted the TaCOPT3D promoter (Figure 6a). The results demon-
strated that TaWRKY22 could activate the gene expression of the TaCOPT3D promoter
(Figure 6c,d). WRKY proteins constitute a large family of TFs in plants involved in plant
growth, development, and responses to biotic and abiotic stresses [31]. The WRKY TF binds
explicitly to the W-box or W-box-like elements containing the TGAC core sequence [32].
Numerous transcriptional regulation pathways have been shown to serve as important
mechanisms in response to heavy-metal stress in plants [32–34]. WRKY13 activates PDR8
expression to positively regulate Cd tolerance in Arabidopsis [31]. Arabidopsis A4 heat-
shock TF HsfA4a regulates Cd tolerance by activating the expression of the metallothionein
gene [35]. In addition, OsWRKY22 promotes aluminum (Al) tolerance via the activation
of OsFRDL4 expression in rice [30]. The present work using overexpressing Arabidopsis
demonstrated that TaWRKY22 bound to the W-box in the TaCOPT3D promoter (Figure 6b).
TaWRKY22–TaCOPT3D constitutes a regulatory pathway involved in Cd response in wheat.

4. Materials and Methods
4.1. Plant Materials and Treatments

The wheat cultivar Bobwhite, as the wildtype (WT) line, was used for genetic engi-
neering. For the hydroponic experiment, the seeds of Bobwhite were germinated in ddH2O,
transferred to Hoagland’s nutrient solution, and maintained in a growth chamber with
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25/20 ◦C day/night temperatures and a photoperiod of 16 h/day using photosynthetically
active radiation. At the trefoil stage, the wheat seedlings were treated with 20 mM Cd
(CdCl2·5 H2O), while seedlings maintained with no treatment were used as the control (0
mM Cd). The seedlings were collected at different timepoints (0 h, 1 h, 3 h, 6 h, 12 h, 24
h, and 14 days) after the treatment, immediately frozen in liquid nitrogen, and stored at
−80 ◦C for further analysis of enzyme activity, gene expression, and ion content. For the
pot experiment, germinated seeds were maintained at 4 ◦C for 14 days, transplanted into
pots, and maintained in a phytotron with a 12 h photoperiod using a cool white fluorescent
light and an indoor temperature of 26 ◦C. These pots were further divided into two groups;
one had 1 kg of peat soil alone (control), and the second had 1 kg peat soil with 1 mg Cd
(CdCl2·5 H2O; experimental group). Before planting wheat, 200 g of compound fertilizer
(15% nitrogen, 10% phosphorus, and 15% potassium) was added to each pot. The plants
were irrigated with 20 L of water every 2 weeks until wholly ripened. Finally, 10 seedlings
were selected per treatment per line to determine seed Cd content.

4.2. Cloning of Coding Sequence of TaCOPT3D

The total RNA from the root and shoot tissue was extracted using an RNApure Plant
Kit (CwBio, Beijing, China), following the manufacturer’s instructions. A total of 2 µg of
RNA was employed to synthesize the first-strand cDNA using a SuperRT cDNA Synthesis
Kit (CwBio, Beijing, China). TaCOPT3D was cloned from cDNA using primers designed
on the basis of the reference sequence of TraseCS3D02G306300. The high–fidelity DNA
polymerase Ex Taq (Takara, Dalian, China) was used to amplify all the required gene
products. The amplified fragment was cloned into pMD18-T vector (Takara, Dalian, China)
and sequenced. At least three independent clones were sequenced.

4.3. Analysis of Gene Expression

Multiple alignment of the coding sequences of TaCOPT3A (TraesCS3A02G296400),
TaCOPT3B (TraesCS3B02G340700), and TaCOPT3D (TraesCS3D02G306300) was performed
using DNAMAN software. Primers for real-time quantitative PCR (RT-qPCR) were de-
signed on the basis of specific regions identified from the multiple sequence alignments of
TaCOPT3A, TaCOPT3B, and TaCOPT3D. The expression of the genes was analyzed using
an UltraSYBR One–Step RT–qPCR Kit (CwBio, Beijing, China) in a real–time polymerase
chain reaction (PCR) system (LightCycler 96, Roche, Basel, Switzerland). The wheat β-actin
was used as an internal control, and the relative expression levels of genes were calculated
using the 2−∆∆CT method [36].

4.4. Gene Cloning and Plant Transformation

The open reading frame (ORF) of TaCOPT3D was amplified and cloned into the
pCambia3300 vector at the BamH I and Kpn I restriction sites to obtain the Ubi:TaCOPT3D
construct. All binary vectors harboring the desired constructs were transferred into strain
EHA105 and transformed into the wheat cultivar Bobwhite using Agrobacterium-mediated
transformation [37].

Promoter of TaCOPT3D were cloned into pCAMBIA1301 to drive β-glucuronidase
(GUS), generating the pCAMBIA1301-TaCOPT3Dprom-box. The TaWRKY22 was cloned
into the pROKII vector, generating pROKII-TaWRKY22. Then pROKII-TaWRKY22 and
pCAMBIA1301-TaCOPT3Dprom-box were transformed into Arabidopsis, respectively. To
investigate transient co-expression of the TaWRKY22 and TaCOPT3Dprom pCAMBIA1301-
TaCOPT3Dprom-box and pROKII-TaWRKY22 were co-transiently transformed into Arabidop-
sis. The Arabidopsis transformation was carried out using the Agrobacterium tumefaciens-
mediated method [26].



Int. J. Mol. Sci. 2022, 23, 10379 10 of 12

4.5. Detection of Antioxidant Enzyme Activity

The determination of antioxidant enzymes, including superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT), was conducted using test kits (Solarbio, Beijing,
China) according to the manufacturer’s instructions.

4.6. Measurements of Cd2+ Flux

The WT and transgenic wheat plants were used for ion flux measurements. Trefoil-
stage wheat seedlings were treated with Hoagland’s nutrient solution or 20 mM Cd within
Hoagland’s nutrient solution for 24 h. The net Cd2+ flux was measured in wheat root meris-
tematic tissues using noninvasive micro-test technology as described by Zhang et al. [38].

4.7. Measurement of Cd Contents

The Cd contents of seedlings and grains were measured using inductively coupled
plasma mass spectroscopy, according to Zhang et al. [38]. The Cd fluorescence in root
tissues was visualized using the Leadmium Green fluorescent probe (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol.

4.8. Yeast One-Hybrid (Y1H) Assay

The cDNA library was constructed in our previous work [37]. Y1H library screening
was performed according to Lin et al. [39]. The Y1H assay was conducted in the yeast
Y187 strain using the MATCHMAKER One Hybrid System (Clontech, CA, USA), following
the manufacturer’s instructions. The TaCPOT3D promoter was inserted into the pHIS2
reporter vector to obtain pHIS2-TaCPOT3Dpro. The pHIS2-TaCPOT3Dpro and pGADT7-
TaWRKY22 plasmids were co-transformed into Y187, and the culture was spread on a
synthetically defined double drop-out medium lacking tryptophan (Trp) and leucine (Leu).
The transformant was tested on a medium lacking leucine (Leu), tryptophan (Trp), and
histidine (His) supplemented with 90 mM 3-amino-1,2,4-triazole (3-AT) for 3 days.

4.9. Electrophoretic Mobility Shift Assay (EMSA)

An oligonucleotide sequence of the TaCOPT3D promoter was produced and biotin-
labeled at the 3’ end by Sangon (Shanghai, China). The TaWRKY22 coding sequence was
cloned into the pGEX4T-1 vector and subsequently subjected to the EMSA assay using the
LightShift Chemiluminescent EMSA Kit (Pierce, Rockford, IL, USA).

4.10. Transient Expression Assays in Tobacco Leaves

Transient expression assays were performed in tobacco leaves as described by Shang
et al. [40]. TaCPOT3Dprom was cloned into pGreenII 0800-LUC to obtain the reporter
vector, and TaWRKY22 ORF was cloned into pGreenII 62-SK to create the effector vector.
Expression of luciferase (LUC) in the transformed cells was detected by capturing the
images using a NightOWL II LB983 apparatus (Berthold, Germany).

4.11. Statistical Analysis

Student’s t-test was used to compare the mean values and detect statistically significant
differences. Three independent biological replicates were maintained per experiment. A
p-value less than 0.05 was considered statistically significant.

4.12. Primers

Supplementary Table S1 shows all primers used in this study.

5. Conclusions

The current study revealed the function of TaCOPT3D in the Cd response of wheat.
The overexpression of TaCOPT3D activated the ROS-scavenging system, which resulted
in enhanced Cd tolerance. Moreover, a WRKY TF, TaWRKY22, was found to regulate
the expression of TaCOPT3D by binding the W-box in the TaCOPT3D promoter. Thus,
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TaCOPT3D may be a candidate gene for producing safe wheat grains in Cd-contaminated
soil.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms231810379/s1.

Author Contributions: Conceptualization, X.L., F.H. and X.D.; methodology, X.D.; investigation,
X.L. and F.H.; resources, H.W.; data curation, X.L.; writing—original draft preparation, X.L. and
F.H.; writing—review and editing, Y.B.; visualization, X.D.; supervision, M.R.; project administration,
Y.B.; funding acquisition, M.R. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by [Science and Technology Department of Guizhou Province,
China] grant number [ZK2022–315, 2109–4246, 2109–1073, and 2017–5788]; [National Natural Science
Foundation of China] grant number [32160474, 32001433, and 31660390]; [Key R&D Program of
Shandong Province, Major Science and Technology Innovation Project] grant number [2021LZGC009].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. Akindele, E.O.; Omisakin, D.A.; Oni, O.A.; Aliu, O.O.; Omoniyi, G.E.; Akinpelu, O.T. Heavy metal toxicity in the water column

and benthic sediments of a degraded tropical stream. Ecotoxicol. Environ. Saf. 2020, 190, 110153. [CrossRef]
2. Ye, Y.; Li, Z.; Xing, D. Nitric oxide promotes MPK6–mediated caspase–3–like activation in cadmium–induced Arabidopsis thaliana

programmed cell death. Plant Cell Environ. 2013, 36, 1–15. [CrossRef]
3. Yuan, H.M.; Huang, X. Inhibition of root meristem growth by cadmium involves nitric oxide–mediated repression of auxin

accumulation and signalling in Arabidopsis. Plant Cell Environ. 2016, 39, 120–135. [CrossRef]
4. Dias, M.; Monteiro, C.; Moutinho–Pereira, J.; Correia, C.; Gonçalves, B.; Santos, C. Cadmium toxicity affects photosynthesis and

plant growth at different levels. Acta Physiol. Plant. 2014, 35, 1281–1289. [CrossRef]
5. Nada, E.; Ferjani, B.A.; Ali, R.; Imed, M.; Makki, B. Cadmium–induced growth inhibition and extension of biochemical parameters

in Almond seedlings grown solution culture. Acta Physiol. Plant. 2007, 29, 57–62. [CrossRef]
6. Ogawa, I.; Nakanishi, H.; Mori, S.; Nishizawa, N.K. Time course analysis of gene regulation under cadmium stress in rice. Plant

Soil 2007, 325, 97. [CrossRef]
7. Xu, J.; Sun, J.H.; Du, L.G.; Liu, X.J. Comparative transcriptome analysis of cadmium responses in Solanum nigrum and Solanum

torvum. New Phytol. 2012, 196, 110–124. [CrossRef]
8. Peng, F.; Wang, C.; Zhu, J.S.; Zeng, J.; Kang, H.Y.; Fan, X.; Sha, L.N.; Zhang, H.Q.; Zhou, Y.H.; Wang, Y. Expression of TpNRAMP5;

a metal transporter from Polish wheat (Triticum polonicum L.), enhances the accumulation of Cd, Co and Mn in transgenic
Arabidopsis plants. Planta 2018, 247, 1395–1406. [CrossRef]

9. Yamaji, N.; Sasaki, A.; Xia, J.; Yokosho, K.; Ma, J. A node–based switch for preferential distribution of manganese in rice. Nat.
Commun. 2013, 4, 2442. [CrossRef]

10. Castaings, L.; Caquot, A.; Loubet, S.; Curie, C. The high–affinity metal transporters NRAMP1 and IRT1 team up to take up iron
under sufcient metal provision. Sci. Rep. 2016, 6, 37222. [CrossRef]

11. Nocito, F.F.; Lancilli, C.; Dendena, B.; Lucchini, G.; Sacchi, G.A. Cadmium retention in rice roots is influenced by cadmium
availability, chelation and translocation. Plant Cell Environ. 2011, 34, 994–1008. [CrossRef] [PubMed]

12. Koike, S.; Inoue, H.; Mizuno, D.; Takahashi, M.; Nakanishi, H.; Mori, S.; Nishizawa, N.K. OsYSL2 is a rice metal–nicotianamine
transporter that is regulated by iron and expressed in the phloem. Plant J. 2004, 39, 415–424. [CrossRef] [PubMed]

13. Hasanuzzaman, M.; Alam, M.M.; Nahar, K.; Mohsin, S.M.; Bhuyan, M.H.M.B.; Parvin, K.; Hawrylak–Nowak, B.; Fujit, M.
Silicon–induced antioxidant defense and methylglyoxal detoxification works coordinately in alleviating nickel toxicity in Oryza
sativa L. Ecotoxicology 2019, 28, 261–276. [CrossRef] [PubMed]

14. Richards, S.L.; Laohavisit, A.; Mortimer, J.C.; Shabala, L.; Swarbreck, S.M.; Shabala, S.; Davies, J.M. Annexin 1 regulates the
H2O2–induced calcium signature in Arabidopsis thaliana roots. Plant J. 2014, 77, 136–145. [CrossRef] [PubMed]

15. Jung, H.; Gayomba, S.R.; Rutzke, M.A.; Craft, E.; Kochian, L.V.; Vatamaniuk, O.K. COPT6 is a plasma membrane transporter that
functions in copper homeostasis in Arabidopsis and is a novel target of SQUAMOSA promoter–binding protein–like 7. J. Biol.
Chem. 2012, 287, 33252–33267. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms231810379/s1
https://www.mdpi.com/article/10.3390/ijms231810379/s1
http://doi.org/10.1016/j.ecoenv.2019.110153
http://doi.org/10.1111/j.1365-3040.2012.02543.x
http://doi.org/10.1111/pce.12597
http://doi.org/10.1007/s11738-012-1167-8
http://doi.org/10.1007/s11738-006-0009-y
http://doi.org/10.1007/s11104-009-0116-9
http://doi.org/10.1111/j.1469-8137.2012.04235.x
http://doi.org/10.1007/s00425-018-2872-3
http://doi.org/10.1038/ncomms3442
http://doi.org/10.1038/srep37222
http://doi.org/10.1111/j.1365-3040.2011.02299.x
http://www.ncbi.nlm.nih.gov/pubmed/21388416
http://doi.org/10.1111/j.1365-313X.2004.02146.x
http://www.ncbi.nlm.nih.gov/pubmed/15255870
http://doi.org/10.1007/s10646-019-02019-z
http://www.ncbi.nlm.nih.gov/pubmed/30761430
http://doi.org/10.1111/tpj.12372
http://www.ncbi.nlm.nih.gov/pubmed/24180429
http://doi.org/10.1074/jbc.M112.397810


Int. J. Mol. Sci. 2022, 23, 10379 12 of 12

16. Sanz, A.; Pike, S.; Khan, M.A.; Carrió–Seguí, À.; Mendoza–Cózatl, D.G.; Peñarrubia, L.; Gassmann, W. Copper uptake mechanism
of Arabidopsis thaliana high–affinity COPT transporters. Protoplasma 2019, 256, 161–170. [CrossRef]

17. Tiwari, M.; Venkatachalam, P.; Penarrubia, L.; Sahi, S.V. COPT2, a plasma membrane located copper transporter; is involved in
the uptake of Au in Arabidopsis. Sci. Rep. 2017, 7, 11430. [CrossRef]

18. Perea–García, A.; García–Molina, N.; Andrés–Colás, N.; Vera–Sirera, F.; Pérez–Amador, M.A.; Puig, S.; Peñarrubia, L. Arabidopsis
copper transport protein COPT2 participates in the cross talk between iron deficiency responses and low–phosphate signaling.
Plant Physiol. 2013, 162, 180–194. [CrossRef]

19. Yuan, M.; Li, X.H.; Xiao, J.H.; Wang, S.P. Molecular and functional analyses of COPT/Ctr–type copper transporter–like gene
family in rice. BMC Plant Biol. 2011, 11, 69. [CrossRef]

20. Wei, J.L.; Liao, S.S.; Li, M.Z.; Zhu, B.; Wang, H.C.; Gu, L.; Yin, H.Y.; Du, X.Y. AetSRG1 contributes to the inhibition of wheat Cd
accumulation by stabilizing phenylalanine ammonia lyase. J. Hazard. Mater. 2022, 428, 128226. [CrossRef]

21. Sui, F.Q.; Chang, J.D.; Tang, Z.; Liu, W.J.; Huang, X.Y.; Zhao, F.J. Nramp5 expression and functionality likely explain higher
cadmium uptake in rice than in wheat and maize. Plant Soil 2018, 433, 377–389. [CrossRef]

22. Pedas, P.; Ytting, C.K.; Fuglsang, A.T.; Jahn, T.P.; Schjoerring, J.K.; Husted, S. Manganese efficiency in barley: Identification and
characterization of the metal ion transporter HvIRT1. Plant Physiol. 2008, 148, 455–466. [CrossRef] [PubMed]

23. Gaedeke, N.; Klein, M.; Kolukisaoglu, U.; Forestier, C.; Müller, A.; Ansorge, M.; Becker, D.; Mamnun, Y.; Kuchler, K.; Schulz, B.;
et al. The Arabidopsis thaliana ABC transporter AtMRP5 controls root development and stomata movement. EMBO J. 2001, 20,
1875–1887. [CrossRef] [PubMed]

24. Song, X.Q.; Liu, L.F.; Jiang, Y.J.; Zhang, B.C.; Gao, Y.P.; Liu, X.L.; Lin, Q.S.; Ling, H.Q.; Zhou, Y.H. Disruption of secondary wall
cellulose biosynthesis alters cadmium translocation and tolerance in rice plants. Mol. Plant 2013, 6, 768–780. [CrossRef] [PubMed]

25. Sasaki, A.; Yamaji, N.; Yokosho, K.; Ma, J.F. Nramp5 is a major transporter responsible for manganese and cadmium uptake in rice.
Plant Cell 2012, 24, 2155–2167. [CrossRef]

26. Carrió–Seguí, A.; Garcia–Molina, A.; Sanz, A.; Peñarrubia, L. Defective copper transport in the copt5 mutant affects cadmium
tolerance. Plant Cell Physiol. 2015, 56, 442–454. [CrossRef]

27. Heo, D.H.; Baek, I.J.; Kang, H.J.; Kim, J.H.; Chang, M.; Kang, C.M.; Yun, C.W. Cd2+ binds to Atx1 and affects the physical
interaction between Atx1 and Ccc2 in Saccharomyces cerevisiae. Biotechnol. Lett. 2012, 34, 303–307. [CrossRef]

28. Han, Y.; Ling, Q.; Dong, F.Q.; de Dios, V.R.; Li, Z.; Zhang, W.; Huo, T.T.; Chen, Y.; Hu, X.Y.; Wang, X.H.; et al. Iron and copper
micronutrients influences cadmium accumulation in rice grains by altering its transport and allocation. Sci. Total Environ. 2021,
777, 146118. [CrossRef]

29. Liang, S.; Xiong, W.; Yin, C.; Xie, X.; Jin, Y.J.; Zhang, S.; Yang, B.; Ye, G.; Chen, S.; Luan, W.J. Overexpression of OsARD1 improves
submergence; drought; and salt tolerances of seedling through the enhancement of ethylene synthesis in rice. Front. Plant Sci.
2019, 10, 1088. [CrossRef]

30. Li, G.Z.; Wang, Z.Q.; Yokosho, K.; Ding, B.; Fan, W.; Gong, Q.Q.; Xin, G.; Wu, Y.R.; Yang, J.L.; Ma, J.F.; et al. Transcription factor
WRKY22 promotes aluminum tolerance via activation of OsFRDL4 expression and enhancement of citrate secretion in rice (Oryza
sativa). New Phytol. 2018, 219, 149–162. [CrossRef]

31. Brand, L.H.; Fischer, N.M.; Harter, K.; Kohlbacher, O.; Wanke, D. Elucidating the evolutionary conserved DNA–binding
specificities of WRKY transcription factors by molecular dynamics and in vitro binding assays. Nucleic Acids Res. 2013, 41,
9764–9778. [CrossRef] [PubMed]

32. Jia, Z.Z.; Li, M.Z.; Wang, H.C.; Zhu, B.; Gu, L.; Du, X.Y.; Ren, M.J. TaWRKY70 positively regulates TaCAT5 enhanced Cd tolerance
in transgenic Arabidopsis. Environ. Exp. Bot. 2021, 190, 104591. [CrossRef]

33. Sheng, Y.B.; Yan, X.X.; Huang, Y.; Han, Y.Y.; Zhang, C.; Ren, Y.B.; Fan, T.T.; Xiao, F.M.; Liu, Y.S.; Cao, S.Q. The WRKY transcription
factor; WRKY13, activates PDR8 expression to positively regulate cadmium tolerance in Arabidopsis. Plant Cell Environ. 2019, 42,
891–903. [CrossRef]

34. Wang, J.; Duan, X.C.; Wang, Y.Z.; Sheng, J.J. Transcriptomic and physiological analyses of Miscanthus lutarioriparius in response
to plumbum stress. Ind. Crop Prod. 2022, 176, 114305. [CrossRef]

35. Shim, D.; Hwang, J.; Lee, J.; Lee, S.; Choi, Y.; An, G.; Martinoia, E.; Lee, Y. Orthologs of the class A4 heat shock transcription factor
HsfA4a confer cadmium tolerance in wheat and rice. Plant Cell 2009, 21, 4031–4043. [CrossRef]

36. Schmittgen, T.D.; Livak, K.J. Analyzing real–time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef]

37. Wang, H.C.; Wei, J.L.; Li, M.Z.; Liao, S.S.; Zhu, B.; Yin, H.Y.; Du, X.Y. TaHSP17.8 regulates TaJUB1D in the management of low
cadmium accumulation in wheat. J. Exp. Bot. 2020, 184, 104374. [CrossRef]

38. Zhang, W.W.; Song, J.F.; Yue, S.Q.; Duan, K.X.; Yang, H.Q. MhMAPK4 from Malus hupehensis Rehd. decreases cell death in tobacco
roots by controlling Cd2+ uptake. Ecotox. Environ. Safe. 2019, 168, 230–240. [CrossRef]

39. Lin, T.T.; Yang, W.N.; Lu, W.; Wang, Y.; Qi, X.T. Transcription factors PvERF15 and PvMTF–1 form a cadmium stress transcriptional
pathway. Plant Physiol. 2017, 173, 1565–1573. [CrossRef]

40. Shang, Y.; Yan, L.; Liu, Z.Q.; Cao, Z.; Mei, C.; Xin, Q.; Wu, F.Q.; Wang, X.F.; Du, S.Y.; Jiang, T.; et al. The Mg–chelatase H subunit of
Arabidopsis antagonizes a group of WRKY transcription repressors to relieve ABA–responsive genes of inhibition. Plant Cell 2010,
22, 1909–1935. [CrossRef]

http://doi.org/10.1007/s00709-018-1286-1
http://doi.org/10.1038/s41598-017-11896-5
http://doi.org/10.1104/pp.112.212407
http://doi.org/10.1186/1471-2229-11-69
http://doi.org/10.1016/j.jhazmat.2022.128226
http://doi.org/10.1007/s11104-018-3849-5
http://doi.org/10.1104/pp.108.118851
http://www.ncbi.nlm.nih.gov/pubmed/18614714
http://doi.org/10.1093/emboj/20.8.1875
http://www.ncbi.nlm.nih.gov/pubmed/11296221
http://doi.org/10.1093/mp/sst025
http://www.ncbi.nlm.nih.gov/pubmed/23376772
http://doi.org/10.1105/tpc.112.096925
http://doi.org/10.1093/pcp/pcu180
http://doi.org/10.1007/s10529-011-0763-9
http://doi.org/10.1016/j.scitotenv.2021.146118
http://doi.org/10.3389/fpls.2019.01088
http://doi.org/10.1111/nph.15143
http://doi.org/10.1093/nar/gkt732
http://www.ncbi.nlm.nih.gov/pubmed/23975197
http://doi.org/10.1016/j.envexpbot.2021.104591
http://doi.org/10.1111/pce.13457
http://doi.org/10.1016/j.indcrop.2021.114305
http://doi.org/10.1105/tpc.109.066902
http://doi.org/10.1038/nprot.2008.73
http://doi.org/10.1016/j.envexpbot.2021.104374
http://doi.org/10.1016/j.ecoenv.2018.09.126
http://doi.org/10.1104/pp.16.01729
http://doi.org/10.1105/tpc.110.073874

	Introduction 
	Results 
	TaCOPT3D Expression in Wheat under Cadmium Stress 
	Subcellular Localization of TaCOPT3D 
	Overexpression of TaCOPT3D in Wheat Increased Cd Tolerance 
	Overexpression of TaCOPT3D Enhanced the Antioxidant Capacity in Transgenic Wheat under Cd Stress 
	TaCPOT3D Influences the Cd2+ Flux in Wheat Roots 
	TaWRKY22 Binds to TaCPOT3D Promoter 

	Discussion 
	Materials and Methods 
	Plant Materials and Treatments 
	Cloning of Coding Sequence of TaCOPT3D 
	Analysis of Gene Expression 
	Gene Cloning and Plant Transformation 
	Detection of Antioxidant Enzyme Activity 
	Measurements of Cd2+ Flux 
	Measurement of Cd Contents 
	Yeast One-Hybrid (Y1H) Assay 
	Electrophoretic Mobility Shift Assay (EMSA) 
	Transient Expression Assays in Tobacco Leaves 
	Statistical Analysis 
	Primers 

	Conclusions 
	References

