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Abstract

Background
Cadmium (Cd) accumulation in crops will affect the yield and quality of crops, and also harm human
health. The application of selenium (Se) can reduce the absorption and transport of Cd in winter wheat.

Results
The result showed that increasing Se supply signi�cantly decreased Cd concentration and accumulation
in shoots and roots of winter wheat, and the root to shoot translocation of Cd. The Se supply increased
the root length, surface area and root volume, but decreased the root average diameter. Increasing Se
supply signi�cantly decreased Cd concentration in cell wall, soluble fraction and cell organelle in roots
and shoots. An increase of Se supply inhibited Cd distribution in the organelle of shoot and root, but
enhanced Cd distribution in the soluble fraction of shoot and the cell wall of root. The Se supply also
decreased the proportion of active Cd (ethanol-extractable (FE) Cd and deionized water-extractable (FW)
Cd) in roots. In addition, the expression of TaNramp5-a, TaNramp5-b, TaHMA3-a, TaHMA3-b and TaHMA2
were signi�cantly increased with the increase of Cd concentration in roots, and the expression of
TaNramp5-a, TaNramp5-b and TaHMA2 in roots were down-regulated by increasing Se supply, regardless
of Se supply or Cd stress, respectively. The expression of TaHMA3-b in root was signi�cantly down-
regulated by Se10 treatment at both Cd5 and Cd25 but up-regulated by Se5 treatment at Cd25. The
expression of TaNramp5-a, TaNramp5-b, TaHMA3-a, TaHMA3-b and TaHMA2 in shoot were down-
regulated by increasing Se supply at Cd5, and Se5 treatment up-regulated the expression of those genes
in shoot at Cd25.

Conclusions
The results con�rm that Se application limit Cd accumulation in wheat via regulating subcellular
distribution and the chemical forms of Cd in tissues of winter wheat, as well as the expression of
TaNramp5-a, TaNramp5-b and TaHMA2 in root.

Background
Cadmium (Cd) is one of the most dangerous heavy metals due to its detrimental effect on agricultural
soil and potential harm to human health[1]. It is generally believed that plants are the major source of Cd
uptake by human beings. Thus, Cd can harm human health through the enrichment effect of food chain.
Wheat is not only one of the principal food in the north of China but also the most important grain crop in
the world[2]. Cd-polluted wheat accumulation in humans may cause many diseases, such as anemia,
osteoporosis, kidney damage and hypertension[3]. Therefore, it has become an urgent public health
problem to reduce the accumulation of Cd in wheat and maintain food safety[4].
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Although Cd has no essential biological function in plants, the accumulation of Cd in plants will produce
obvious toxic effects, including destroying chlorophyll, inhibiting photosynthesis and crop growth and
development, reducing yield and quality[5]. The intracellular and extracellular mechanisms for
detoxi�cation in plants have gradually developed in the process of adapting to heavy metal stress.
Binding in the cell wall and the transfer to vacuoles may be associated with metal tolerance[6]. The
toxicity and migration ability of heavy metals are closely related to their chemical forms. This suggests
that Cd chemical forms could affect the movement of Cd in plants and be one of the major mechanisms
of heavy metal detoxi�cation[7]. The total amount of Cd entering plants is determined by the absorption
capacity of Cd in root. Cd in soil is absorbed by plant root and transported to other parts through
transporters for some essential elements, such as manganese (Mn), zinc (Zn) and iron (Fe) [8]. At least
seven families of transporters participate in the Cd transport in plants, including natural resistance-
associated macrophage proteins (NRAMP), heavy metal ATPases (HMA), ATP-binding cassette
transporters(ABC), Zrt/Irt-like proteins (ZIP), H+/cation exchanger (CAX), LCT transporter and cation e�ux
family (CE) [9]. Se is an essential trace element for humans, animals and plants[10]. The Se can promote
the growth and development of plants by improving antioxidant function and regulating photosynthesis.
In addition, Se plays a vital role in plant resistance to adversity stress and the alleviation of the toxicity of
heavy metals[11]. The Se is also a bene�cial element for human, which can maintain human health by
improving immunity, resisting aging and reducing cancer risk[12]. In recent years, many research results
showed that Se and Cd in plants are antagonistic. Sun et al. [13] found that Se could reduce Cd
concentration in maize and promote maize growth under Cd stress. Wan et al. [14] also reported that the
translocation of Cd from root to shoot reduced effectively with the increase of Se supply in rice seedlings.
In addition, Ahmad et al. [15] found that Se reduces Cd toxicity by regulating antioxidative system in
Brassica juncea. Shanker et al.[16] revealed that Se and Cd can be combined to form a complex, thus
reducing the toxicity of Cd. These studies suggest that applying Se fertilizer is an effective measure to
reduce Cd accumulation in plants.

The aims of the present study was to: i) re-examine the effects of different Se supply rates on Cd uptake
and translocation; ii) investigate the subcellular distribution and chemical forms of Cd in response to
different Se supply rates; and iii) investigate the expression of Cd transporter genes regulated by different
Se supply rates, under two levels of Cd stress using a hydroponic trial. Our results will contribute to a
better understanding of the mechanism of Se inhibiting Cd uptake and translocation in winter wheat.

Methods
Plant material and experimental designs

Winter wheat (Triticum aestivum cv Zhengmai379, obtained from Henan Agricultural High Tech Group
Co., Ltd.) seeds were sterilized for 15 min with 10% NaClO, rinsed by deionized water, and then cultured at
25 ℃ for 5 days. Then, 20 seedlings of the same size were transferred to the plastic pot containing 4L
nutrient solution. The composition of nutrient solution was: 6.0 mM KNO3, 4.0 mM Ca (NO3)2·4H2O, 2.0
mM MgSO4·7H2O, 1.0 mM NaH2PO4·2H2O, 100μM EDTA-Fe, 46μM H3BO3, 9 μM MnCl2·4H2O, 0.8 μM
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ZnSO4·7H2O, 0.3 μM CuSO4·5H2O, and 0.09 μM Na2MoO4·2H2O. The Cd was added to the solution as
CdCl2 at two levels: 5 and 25 μM and Se was added as Na2SeO3 at three levels: 0, 5, and 10 μM after
seedlings transferred for one week. Six treatments were included: Cd5Se0, Cd5Se5, Cd5Se10, Cd25Se0,
Cd25Se5 and Cd25Se10. Each treatment was replicated three times. The quarter and half strength nutrient
solutions were provided at the �rst and second weeks, respectively, followed by full-strength nutrient
solutions. The greenhouse conditions were as follows: relative humidity 70%, 14h light / 10h dark at 25 /
18 °C, light intensity of 400 μmol m−2s−1.

The seedlings were harvested after 21 days, and the shoot and root were separated. Ten seedlings were
dried in an electric oven at 60°C to analyze the Cd concentration in plant issues. The others were frozen in
liquid nitrogen immediately, and then stored at -80℃for further subcellular fractions, chemical forms and
gene expression analysis.

Determination of Cd concentration

The Cd concentration in plant issues were determined by the method of Liu et al. [17]. Dry samples were
powdered and digested in the mixture of HNO3:HClO4 (4:1, v/v). The Cd concentration in solution were
determined using the �ame atomic absorption spectrophotometer (ZEEnit 700, Analytik Jena AG,
Germany).

Determination of root morphology

After 14 days of seedling growth, one seedling from each pot was taken for the root morphological
analysis. The root length, root surface area, root volume, and average root diameter of wheat were
measured by using the root imaging analysis software WinRHI-ZO Version 2009 PRO (Regent
Instruments, Quebec City, Canada) .

Determination of Subcellular fractions

According to Zhao et al. [18], frozen samples were homogenized in pre-cold extraction buffer containing
50 mM Tris-HCl (pH 7.5), 1.0 mM dithiothreitol (C4H10O2S2) and 250 mM sucrose at the ratio of 1:20
(w/v). The mixtures were centrifuged at 924×g for 15min and the cell wall fraction was obtained in the
residue. After centrifuging the supernatant at 20,000×g for 45 min, the supernatant solution and
precipitate were called soluble fraction and cell organelle fraction, respectively. All steps were carried out
at 4 ℃. The mixture of HNO3:HClO4 (4:1, v/v) was used for wet digestion of different fractions and Cd
concentration in digestion solution was determined using the �ame atomic absorption
spectrophotometer (ZEEnit 700, Analytik Jena AG, Germany).

Extraction of Cd in different chemical forms

According to Zhang et al.[19], six kinds of Cd with different chemical forms were extracted. The extractive
sequence was as follows: (1) 80% ethanol (FE-Cd), extracting inorganic Cd and aminophenol Cd; (2)
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deionized water (FW-Cd), extracting water-soluble Cd of organic acid complexes and Cd(H2PO4)2; (3) 1 M
NaCl (FNaCl-Cd), extracting Cd integrated with pectate and protein; (4) 2% acetic acid (FHAC-Cd),
extracting insoluble CdHPO4, Cd3(PO4)2 and other Cd-phosphate complexes; (5) 0.6 M HCl (FHCl-Cd),
extracting oxalate acid-bound Cd; (6) Cd in residues (FC-Cd).

About 0.5 g of frozen samples were added to the extraction solution at the ratio of 1:10 (w/v), and then it
was shaken at 25℃ for 22 h, and centrifuged at 5000×g for 10 min. The precipitate was re-suspended
with the same extractive solution twice, shaken at 25 ℃for 2 h , and then centrifuged at 5000×g for 10
min. Pooled the supernatant after three centrifugations, and evaporated to 1-2 mL on an electric plate.
Each form of Cd was digested with HNO3:HClO4 (4:1, v/v) and Cd concentration were analysed by �ame
atomic absorption spectrophotometer (ZEEnit 700, Analytik Jena AG, Germany).

Expression of TaNramp5-a, TaNramp5-b, TaHMA3-a ,TaHMA3-b , TaHMA2

Total RNA was extracted from seedling shoot and root, and then used for �rst-strand cDNA synthesis
using a PrimeScript™ RT reagent Kit (TakaRa) in accordance with the manufacturer’s protocol. The
expression was determined with TB green premix Ex Taq™ II (TakaRa). Relative gene expression was
calculated by the 2−△△Ct method. The primers for TaHMA2 was obtained from Tan et al.[20], and the
primers for TaNramp5-a, TaNramp5-b, TaHMA3-a and TaHMA3-b were designed by GenScript Real-time
PCR (TaqMan) Primer Design Online (https://www.genscript.com.cn/ based on the mRNA sequences
obtained from the Ensembl database (http://plants.ensembl.org/). Primers for the genes of interest and
reference genes are detailed in Table S1.

Statistics analysis

The main effects and interactions of Cd and Se were statistically examined by two-way ANOVA using
SPSS 7.05 software (Chicago, USA). Tukey-test was used for multiple comparisons at a 5% signi�cance
level (P<0.05).

Results
Cd concentrations, accumulation and migration rate

The Cd and Se treatments had signi�cant effects on Cd concentration and accumulation in shoot and
root as well as Cd migration rate from root to shoot (P < 0.01; Table S2); Their interaction had signi�cant
effects on the Cd concentration (P < 0.01; Table S2) and migration rate from root to shoot (P < 0.05;Table
S2).

The Cd concentration in root was higher than that in shoot (Fig. 1A and B). At Se0 treatment, Cd
concentration in shoot and root was signi�cantly increased by increasing Cd stress level; at Se5 and Se10

treatments, Cd concentration in root was also signi�cantly increased by increasing Cd stress level.
Compared with Se0, Se5 and Se10 signi�cantly decreased the shoot Cd concentration at each Cd stress

http://plants.ensembl.org/
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level, with the range of decreased degree from 27.6% to 67.7% (Fig. 1A). Similarly, Se5 and Se10

signi�cantly decreased the root Cd concentration at each Cd stress level, with the range of decreased
degree from 18.6% to 53.6%, except for the no obvious effect of Se5 on the root Cd concentration at Cd5

(Fig. 1B).

The Cd accumulation in root was also higher than that in shoot (Fig. 1C and D). At Se0 and Se5

treatments, with the increase of Cd stress level, Cd accumulation in shoot was signi�cantly decreased.
Compared with Se0, Se5 and Se10 signi�cantly decreased the shoot Cd accumulation at each Cd stress
level, with the range of decreased degree from 33.3–71.6% (Fig. 1C). The Se10 signi�cantly decreased the
root Cd accumulation at each Cd stress level by 46.9% and 61.5% (Fig. 1D).

Compared with Cd5 treatment, Cd migration rate from root to shoot was signi�cantly decreased by Cd25

treatment at Se5 (Fig. 2). At each Cd stress level, Se5 and Se10 signi�cantly reduced the Cd migration rate
from root to shoot, with the range of decreased degree from 18.8% to 30.3%.

Root morphology

The Cd, Se treatments and their interaction had signi�cant effects on root length, root total surface area
and root volume (P < 0.01; Table S3). The Se treatments had signi�cant effects on the average root
diameter (P < 0.01; Table S3).

The root length, root volume and root surface area were reduced signi�cantly with increasing Cd stress
(Fig. 3A, C and D). At Cd5, Se5 and Se10 signi�cantly increased the root length, surface area and root
volume, but decreased the average root diameter in winter wheat, with the range of decreased or
increased degree from 12.3% to 89.2%. At Cd25, Se5 and Se10 signi�cantly reduced the average root
diameter by 11.0% and 19.3%, respectively; but Se5 and Se10 signi�cantly increased the root volume by
57.2% and 46.9%, respectively.
Cd subcellular fraction and distribution

The Cd, Se treatments and their interaction had signi�cant effects on subcellular fractions of Cd in
tissues of wheat seedlings (P < 0.01; Table S4).

The Cd concentration in each fraction of shoot and root was signi�cantly increased by increasing Cd
stress level, except for the Cd concentration in cell wall of shoot at Se10, that in soluble fraction and cell
organelle of shoot at Se5 and Se10, and that in cell organelle of root at Se10 (Table 1). At Cd5, Cd
concentration in cell wall, soluble fraction and cell organelle of shoot were signi�cantly decreased by Se5

and Se10, with the range of decreased degree from 19.0–43.2%; Se10 signi�cantly decreased the Cd
concentration in soluble fraction and cell organelle of root by 31.3% and 49.3%, respectively. At Cd25, Se5

and Se10 signi�cantly decreased the Cd concentration in cell wall, soluble fraction and cell organelle of
shoot and root, with the range of decreased degree from 17.9–65.9%.
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Table 1
Subcellular fractions of Cd in tissues of winter wheat (Triticum aestivum cv Zhengmai379) seedlings

grown with low (0 µM), medium (5 µM), or high (10 µM) Se supply under low (5 µM) or high (25 µM) Cd
stress for 21 d.

Treatment Shoot/(mg·kg− 1 DW) Root/(mg·kg− 1 DW)

Cd

(µM·L− 

1)

Se
(µM·L− 1)

Cell wall Soluble
fraction

Cell
organelle

Cell wall Soluble

fraction

Cell
organelle

5 0

5

10

3.53 ± 
0.07b

11.0 ± 1.05b 2.16 ± 
0.32b

21.3 ± 
0.71d

138 ± 
1.65d

10.7 ± 
0.82bc

2.47 ± 
0.14c

8.92 ± 
0.38 cd

1.60 ± 
0.04 cd

19.9 ± 
1.83d

128 ± 
4.40d

8.57 ± 
0.80 cd

2.10 ± 
0.12c

7.06 ± 0.33e 1.14 ± 
0.23d

16.8 ± 
1.45d

95.1 ± 
3.95e

5.39 ± 
0.53e

25 0

5

10

4.61 ± 
051a

14.2 ± 0.84a 3.50 ± 
0.07a

68.8 ± 
0.64a

352 ± 
21.9a

22.2 ± 
1.55a

3.78 ± 
0.04b

10.0 ± 
0.46bc

1.93 ± 
0.11bc

53.1 ± 
3.57b

285 ± 
8.39b

13.3 ± 
1.58b

2.36 ± 
0.18c

7.45 ± 
0.25de

1.41 ± 
0.16d

45.7 ± 
0.66c

188 ± 
1.86c

7.58 ± 
0.67de

Values are means of three independent replicates (± sd). For each trait, means followed by different
letters are signi�cantly different from each other according to two-way ANOVA followed by Turkey
multiple comparison (P < 0.05).

In both of shoot and root, the proportion of Cd in soluble fraction was higher than that in cell organelle or
cell wall (Fig. 4). Cd proportion in cell organelle of shoot at Se0 and Se10, and that in cell wall of shoot at
Se5 and Se10, and that in cell wall of root at each Se level was increased by increasing Cd stress level; Cd
proportion in soluble fraction of shoot and root at each Se level, and that in cell wall of shoot at Se0, and
that in cell organelle of root at each Se level was decreased by increasing Cd stress level. Se supply
decreased Cd proportion in cell organelle of shoot and root at two Cd levels, with the range of decreased
degree from 4.65–38.0% (Fig. 4A and B). But Se supply increased Cd proportion in soluble fraction of
shoot and Cd proportion in cell wall of root, with the range of increased degree from 1.60–21.9%. Se
supply decreased Cd proportion in cell wall of shoot at Cd5 but increased its proportion at Cd25. Se5

increased but Se10 decreased Cd proportion in soluble fraction of root.
Cd chemical forms and distribution

The Cd treatments had signi�cant effects on FE-Cd, FNaCl-Cd, FHAC-Cd and FC-Cd concentration in shoot
as well as the concentration of FE-Cd, FW-Cd, FNaCl-Cd, FHAC-Cd, FHCl-Cd and FC-Cd in root (P < 0.01 or
P < 0.05; Table S5). Se treatments had signi�cant effects on FE-Cd, FW-Cd, FNaCl-Cd and FHAC-Cd
concentration in shoot as well as the concentration of FE-Cd, FW-Cd and FNaCl-Cd in root (P < 0.01 or P < 
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0.05; Table S5), There was an signi�cant interactive effect of Se and Cd on FE-Cd concentration in shoot
as well as the concentration of FE-Cd, FW-Cd, FNaCl-Cd and FHAC-Cd in root (P < 0.01; Table S5).

At Se0, FE-Cd and FHAC-Cd concentration in shoot as well as the concentration of FE-Cd, FW-Cd, FNaCl-
Cd, FHAC-Cd and FHCl-Cd in root was signi�cantly increased by increasing Cd stress level (Table 2); At
Se5, with the increase of Cd stress level, FE-Cd concentration in shoot as well as the concentration of FE-
Cd, FW-Cd, FNaCl-Cd and FHAC-Cd in root was markedly increased; At Se10, with the increase of Cd stress
level, FE-Cd and FNaCl-Cd concentration in root was signi�cantly increased; but at Se5 and Se10, FNaCl-
Cd concentration in shoot was dramatically reduced by increasing Cd stress level. At Cd5, Se5 and Se10

signi�cantly increased FE-Cd concentration in root but decreased FNaCl-Cd in shoot and FW-Cd in root,
with the range of decreased or increased degree from 25.2% to 60.6% (Table 2). At Cd25, Se5 signi�cantly
increased FE-Cd concentration in shoot but decreased FHAC-Cd in shoot and FW-Cd, FNaCl-Cd in root;
Se10 signi�cantly decreased FE-Cd, FW-Cd, FNaCl-Cd and FHAC-Cd in shoot and root, with the range of
decreased or increased degree from 10.1% to 82.0%.
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Table 2
Chemical forms of Cd in tissues of winter wheat (Triticum aestivum cv Zhengmai379) seedlings grown
with low (0 µM), medium (5 µM), or high (10 µM) Se supply under low (5 µM) or high (25 µM) Cd stress

for 21 d.
Tissues Treatment Cd/mg·kg-1 DW

Cd Se FE FW FNaCl FHAC FHCl FC

Shoot 5 0 0.62 ± 
0.02c

1.27 ± 
0.04ab

19.78 ± 
1.75a

1.36 ± 
0.24b

0.10 ± 
0.01a

0.06 ± 
0.01a

5 0.91 ± 
0.12bc

1.35 ± 
0.10ab

14.79 ± 
1.23b

0.74 ± 
0.12b

0.11 ± 
0.02a

0.06 ± 
0.01a

10 0.80 ± 
0.09bc

1.14 ± 
0.15ab

12.41 ± 
0.94b

0.55 ± 
0.08b

0.10 ± 
0.02a

0.04 ± 
0.01a

25 0 1.28 ± 
0.48b

1.73 ± 
0.53a

14.51 ± 
0.38b

1.75 ± 
0.16a

0.13 ± 
0.04a

0.07 ± 
0.02a

5 2.33 ± 
0.12a

1.10 ± 
0.32ab

12.21 ± 
0.44bc

0.83 ± 
0.22b

0.10 ± 
0.02a

0.07 ± 
0.02a

10 0.51 ± 
0.15c

0.97 ± 
0.19b

9.59 ± 
0.69c

0.71 ± 
0.09b

0.13 ± 
0.02a

0.07 ± 
0.02a

Root 5 0 13.69 ± 
0.80e

118.55 ± 
3.97c

58.36 ± 
4.81de

7.88 ± 
1.73b

0.65 ± 
0.05b

0.12 ± 
0.03ab

5 17.17 ± 
1.28d

80.45 ± 
3.96d

67.25 ± 
3.35 cd

12.46 ± 
0.06b

0.67 ± 
0.08b

0.14 ± 
0.06ab

10 21.91 ± 
1.86c

46.68 ± 
3.13e

56.12 ± 
3.52e

13.00 ± 
0.91b

0.87 ± 
0.13b

0.09 ± 
0.04b

25 0 66.29 ± 
0.53a

201.03 ± 
5.11a

92.93 ± 
1.75a

24.81 ± 
4.66a

3.09 ± 
1.17a

0.21 ± 
0.05a

5 63.23 ± 
1.03a

136.03 ± 
3.56b

83.57 ± 
1.67b

21.32 ± 
4.03a

1.57 ± 
0.46ab

0.12 ± 
0.04ab

10 40.81 ± 
1.11b

53.14 ± 
3.53e

71.91 ± 
3.78c

13.36 ± 
1.69b

1.90 ± 
0.73ab

0.16 ± 
0.02ab

Values are means of three independent replicates (± sd). For each trait, means followed by different
letters are signi�cantly different from each other according to two-way ANOVA followed by Turkey
multiple comparison (P < 0.05).

The Cd proportion in each chemical forms of shoot and root was signi�cantly increased by increasing Cd
stress level, except for FNaCl-Cd of shoot and root, FW-Cd of root, FHAC-Cd of root at Se10,FE-Cd of shoot
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Discussion
Se inhibits Cd absorption via altering root morphology in winter wheat

In our study, Se supply decreased Cd concentration and accumulation in both shoot and root (Fig. 1),
indicating Se supply could inhibit Cd absorption in winter wheat. Huang et al. [21] found that Se
application reduced Cd concentration in brown rice via a pot experiment, and Lin et al. [22] reported that
Se decreasing the toxicity and accumulation of Cd in rice was related to the reduced Cd uptake. Plants
absorb nutrients mainly through the root system [23]. Many studies showed that Cd stress could lead to
the short root length, thick root diameter and reduced lateral root[24]. Our results observed that Se
alleviated the toxic effect of Cd on the root growth of winter wheat, especially at low Cd stress, showing
the increased root length, root surface area, root volume and the decreased root diameter by Se supply

at Se10 and FW-Cd of shoot at Se5 ( Fig. 5). In root, Se5 and Se10 increased the proportion of FE-Cd,
FNaCl-Cd and FHAC-Cd, with the range of increased degree from 9.38% to 135%; but Se5 and Se10

decreased the proportion of FW-Cd, with the range of decreased degree from 14.1% to 43.4%. In shoot, Se
suppy increased the proportion of FW-Cd and FE-Cd at Cd5; but decreased FW-Cd and FE-Cd proportion at
Cd25, FNaCl-Cd and FHAC-Cd proportion at two Cd level, except for FE-Cd at the treatment of Cd25Se5, and
FNaCl-Cd at the treatment of Cd25Se10, with the range of increased or decreased degree from 1.48% to
107%.

Expression of TaNramp5-a, TaNramp5-b, TaHMA3-a, TaHMA3-b and TaHMA2
The Cd, Se treatments and their interaction had signi�cant effects on the transcript levels of TaNramp5-a,
TaNramp5-b, TaHMA3-a, TaHMA3-b, TaHMA2 in shoot and root (P < 0.05 or P < 0.01; Table S6).
The transcript levels of TaNramp5-a, TaNramp5-b, TaHMA3-a, TaHMA3-b and TaHMA2 in root were
higher than those in shoot, except for the transcript level of TaHMA2 in the treatments of Cd25Se5 and
Cd25Se10 (Fig. 6). In root, the transcript levels of TaNramp5-a, TaNramp5-b, TaHMA3-a and TaHMA3-b
were signi�cantly increased with the increase of Cd stress level; increasing Cd stress signi�cantly
increased the transcript level of TaHMA2 at Se0 but decreased that at Se5 and Se10 (Fig. 6A, C, E, G and I).
In shoot, increasing Cd stress signi�cantly decreased the transcript levels of TaNramp5-b and TaHMA2 at
Se0, but increased the �ve genes transcript levels at Se5 as well as the transcript levels of TaHMA3-a,
TaHMA3-b and TaHMA2 at Se10 (Fig. 6B, D, F, H and J). At Cd5, Se10 signi�cantly decreased the transcript
levels of TaNramp5-a, TaNramp5-b, TaHMA3-b and TaHMA2 in root as well as the transcript levels of
TaHMA3-b and TaHMA2 in shoot, and Se5 and Se10 signi�cantly decreased the transcript levels of
TaNramp5-a, TaNramp5-b and TaHMA3-a in shoot. At Cd25, the transcript levels of TaNramp5-a,
TaNramp5-b and TaHMA2 in root were signi�cantly decreased by both of Se5 and Se10 treatments; Se5
signi�cantly decreased the transcript level of TaHMA3-a in root, but increased TaHMA3-b transcript level
in root and the �ve genes transcript levels in shoot; Se10 signi�cantly decreased the TaHMA3-b transcript
level in root and TaNramp5-a transcript level in shoot, but increased transcript levels of TaHMA3-a and
TaHMA2 in shoot.
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(Fig. 3). However, Ding et al. [25] found that the addition of 0.8 mg L− 1 Se to the treatments containing
4 mg L− 1 Cd increased the root length, surface area, volume, and average diameter of rice. The root
morphology have a great in�uence on the absorption of minerals[5]. And the �ne root are the most active
part of the root system for mineral absorption[26]. Nazar et al. [27] also noted that plant nutrients such as
iron (Fe), manganese (Mn) and zinc (Zn) and Cd compete for the same transporters. Therefore, the
inhibited Cd uptake by Se application in this experiment may be related to the decreased root diameter
and the increased mineral nutrient uptake by root.

Se inhibits Cd transport via altering the distribution of Cd in subcellular fraction, chemical forms in
tissues of winter wheat

Our study suggested Se5 and Se10 signi�cantly decreased Cd migration rate from root to shoot, and Cd
concentration in cell wall, soluble fraction and cell organelle of shoot and root (Table 1 and Fig. 2). The
decreased Cd concentration in subcellular fraction was due to the decreased Cd concentration in winter
wheat by Se supply. It was also suggested that most of Cd accumulated in the soluble fraction, followed
by that in the cell wall (Table 1 and Fig. 4). Our results are consistent with the results of Li et al. [28], who
found that the majority of Cd was compartmentalized in the soluble fraction (53–75%) and bound to the
cell wall (19–42%) in Agrocybe aegerita. Cd in soluble fraction and cell wall is easily chelated and �xed
by organic substances, so it is di�cult to transfer to other parts[29]. Li et al. [30] found that Cd in the
soluble fraction of wheat root tended to combine with heat-stable protein (HSP), thus reducing the
mobility and toxicity of Cd. In addition, vacuole (involved in the soluble fraction) is considered to
accumulate the greatest amount of Cd and is the place where waste and by-products are accumulated
[31]. Heavy metals can be separated in vacuoles through bounding with various proteins, organic acids
and organic bases [32]. In our study, Se supply enhanced Cd accumulation in soluble fraction of shoot
(Fig. 4A), indicating that Se supply could inhibit Cd migration to other organs thus to alleviate the Cd
toxicity. Cell wall fraction can bind Cd ions reduce the transport to other parts, which is the �rst barrier to
protect the protoplast from Cd toxicity[33]. Cd proportions in cell wall of root were increased by Se5 and
Se10, respectively (Fig. 4B), suggesting Se supply enhanced Cd accumulation in root thus to inhibit Cd
transport form root to shoot.

Different chemical forms of Cd have distinct migration capacity. For example, Compared with
undissolved Cd phosphate (FHAC-Cd) and Cd oxalate (FHCl-Cd), inorganic and organic water-soluble Cd
(FE-Cd and FW-Cd, respectively) have higher migration ability and greater harm to plant cells [7]. Some
studies showed that FNaCl-Cd played an important role in the alleviation of Cd toxicity [18, 34]. In our
study, Cd was mainly integrated with pectates and protein (FNaCl-Cd) in shoot and existed in the form of
FW-Cd and FNaCl-Cd in root (Table 2 and Fig. 5). It indicates that Cd easily migrate from root to shoot in
the water-soluble form but the toxicity of Cd also can be alleviated via converting Cd into undissolved
pectate and protein-bound form. Qiu et al.[35] found that the majority of Cd in both the root and shoot of
cabbage was in the extraction of 1 M NaCl. Some speci�c polar compounds contain hydroxyl or carboxyl
which can combine with Cd to form a non-toxic complex[18]. Se supply signi�cantly decreased the total
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proportion of active Cd (FE-Cd and FW-Cd) but increased the proportion of FNaCl-Cd and FHAC-Cd in root,
suggesting that Se supply reduced the mobility of Cd from root to shoot via promoting the transformation
of Cd from active form to inactive form in root. The total proportion of active Cd (FE-Cd and FW-Cd) in
shoot was decreased by high Se (Se10) supply at Cd25, suggesting that high level of Se supply could
inhibit the mobility of Cd in shoot at high Cd stress level.
Down-regulation of Cd transporter genes might be responsible for Se-decreased Cd accumulation in
winter wheat

It is widely believed that Cd enters plant root mainly through the Mn channel protein Nramp5 [36].
Nramp5 is a member of the Nramp family, located on the plasma membrane of plant roots [36]. In our
study, the expression of TaNramp5-a and TaNramp5-b was found in both root and shoot, and that were
signi�cantly increased with the increase of Cd concentration (Fig. 6A, B, C and D), suggesting that
Nramp5 might be involved in the absorption and transport of Cd in wheat plants. It is in agreement with
the results of Ma et al.[37] showing that the expression of OsNramp5 was signi�cantly increased with
increasing Cd concentration. Tang et al.[38] and Sasaki et al.[36] observed that knockout of OsNramp5
can signi�cantly reduce the Cd concentration in root and shoot of rice. In our study, Se supply
signi�cantly decreased the expression of TaNramp5-a and TaNramp5-b in shoot as Cd stress was low
(Fig. 6B and D), indicating that Se supply might inhibit the remobilization of Cd in shoot. In addition, Se
supply signi�cantly decreased the expression of TaNramp5-a and TaNramp5-b in root (Fig. 6A and C),
indicating that the down-regulation of TaNramp5-a and TaNramp5-b by Se supply might be helpful to
decrease Cd uptake in wheat. Cui et al.[39] also found that Se pretreatment decreased the expression of
OsNramp5 thus to inhibit Cd uptake.

Heavy metal ATPases (HMAs) is responsible for the transmembrane transport of cations and play an
important role in Cd transport. HMA3 (heavy metal ATPase3), is located on the vacuole membrane in the
root. And it is involved in the sequestration of Cd into the vacuoles of root cells, thereby decreasing the
transport of Cd to the shoot and reducing the toxicity of Cd [40]. Sasaki et al.[41] reported that
overexpression of OsHMA3 leaded to decreased root-to-shoot translocation of Cd. In our study, the
expression of TaHMA3-a and TaHMA3-b was found in both root and shoot, and that were signi�cantly
increased with the increase of Cd concentration (Fig. 6E, F, G and H), suggesting that HMA3 might be
responsible for the transport of Cd in wheat plants. Se supply down-regulated the expression of HMA3 in
shoot at Cd5 but up-regulated that at Cd25 (Fig. 6F and H ), also indicating that Se supply could inhibit the
remobilization of Cd in shoot by enhancing the sequestration of Cd into the vacuoles as Cd stress was
high. Cui et al. [39] also showed that Se pretreatment activated the expression of OsHMA3 thus to
enhance the transport of Cd into vacuoles.

HMA2 (heavy metal ATPase2), which is homologous with HMA3 and belongs to the heavy metal ATPase
family. HMA2 plays a role in the loading of Cd and Zn into xylem and get involved in the root-to-shoot
translocation of Cd and Zn [20]. Our results showed that the expression of TaHMA2 was found in both
root and shoot, and that were signi�cantly increased with the increase of Cd concentration (Fig. 6I and J).
It suggested that HMA2 might be involved in the transport of Cd in wheat plants. This is consistent with
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the results of Tan et al. [20] showing that the overexpression of HMA2 in wheat and rice increased the
root-shoot translocation of Zn/Cd. A recent report showed that La decreased Cd accumulation in wheat,
which may be related to the TaHMA2 down-regulation [42]. In our study, Se supply signi�cantly decreased
the expression of TaHMA2 in root, indicating that the down-regulated TaHMA2 by Se supply might
contribute to the inhibited Cd root-to-shoot translocation and �nal decreased Cd accumulation in shoot of
winter wheat. The expression of TaHMA2 in shoot was signi�cantly increased by Se supply at Cd25 (Fig.
J), suggesting that Se supply might promote the remobilization of Cd in shoot by up-regulating the
expression of TaHMA2 as Cd stress level was high.

Conclusions
Our results showed that TaNramp5, TaHMA3 and TaHMA2 might be responsible for the uptake and
transport of Cd in wheat plants. Se supply could inhibit Cd absorption and root-to-shoot transport in
winter wheat. Our results suggested that Se supply inhibit Cd absorption via reducing the root diameter
and down-regulating the expression of TaNramp5. Meanwhile, Se supply inhibit the root to shoot
translocation of Cd via promoting the distribution of Cd in cell wall and soluble fraction and in the
inactive form in root, as well as down-regulating the expression of TaHMA2 in root of winter wheat.
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M NaCl; FHAC-Cd: Cd extracted by 2% acetic acid ; FHCl-Cd: Cd extracted by 0.6 M HCl; FC-Cd: Cd in
residues.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

The datasets generated or analyzed during the current study are available from the corresponding author
on reasonable request.

Competing interests

The authors declare that they have no competing interests.



Page 14/21

Funding

The Basic research project of key scienti�c research plan of colleges and universities in Henan Province
(Program No. 19zx007), the Science and Technology Innovation Foundation of Henan Agricultural
University (KJCX2019A19), and the National Natural Science Foundation of China (Program No.
41501311, 41201286) provided �nancial support for our research.

Authors' contributions

HL conceived and designed the experiments. PZ, SQ, CL,YW, XQ and HS performed the experiments. ZN
and JZ analyzed the data. JZ wrote the paper. All authors have read and approved the submitted
manuscript.

Acknowledgements

We sincerely thank Henan Agricultural High Tech Group Co., Ltd. for kindly providing seeds of
Zhengmai379.

References
1. Chen F, Wu FB, Dong J, Vincze E, Zhang GP, Wang F, Huang YZ, Wei K. Cadmium translocation and

accumulation in developing barley grains. Planta. 2007;227:223–32.

2. Betts A, Jia PW, Dodson J. The origins of wheat in China and potential pathways for its introduction:
A review. Quatern Int. 2014;348:158–68.

3. Wei XG, He JH, Wang SY, Chen JJ, Du YQ, He WB, Yang XQ. Concentration and evaluation on
pollution of Cd in vegetable farm soils and vegetables of Guangzhou. Soil Environ Sci. 2002;11:129–
32.

4. Rizwan M, Ali S, Abbas T, Zia-Ur-Rehman M, Hannan F, Keller C, Al-Wabel MI, Ok YS. Cadmium
minimization in wheat: a critical review. Ecotoxicol Environ Saf. 2016;130:43–53.

5. Qin XM, Nie ZJ, Liu HE, Zhao P, Qin SY, Shi ZW. In�uence of selenium on root morphology and
photosynthetic characteristics of winter wheat under cadmium stress. Environ Exp Bot.
2018;150:232–9.

�. Hall JL. Cellular mechanisms for heavy metal detoxi�cation and tolerance. J Exp Bot. 2002;53:1–11.

7. Zhang W, Lin KF, Zhou J, Zhang W, Liu LL, Zhang QQ. Cadmium accumulation, subcellular
distribution and chemical forms in rice seedling in the presence of sulfur. Environ Toxicol Phar.
2014;37:348–53.

�. Clemens S, Aarts MG, Thomine S, Verbruggen N. Plant science: the key to preventing slow cadmium
poisoning. Trends Plant Sci. 2013;18:92–9.

9. Song Y, Jin L, Wang X. Cadmium absorption and transportation pathways in plants. Internat J
Phytoremediat. 2017;2:133–41.



Page 15/21

10. Zhu YG, Pilon-Smits EAH, Zhao FJ, Williams PN, Meharg AA. Selenium in higher plants:
understanding mechanisms for bioforti�cation and phytoremediation. Trends Plant Sci.
2009;14:436–42.

11. Jihen EH, Imed M, Fatima H, Abdelhamid K. Protective effects of selenium (Se) and zinc (Zn) on
cadmium (Cd) toxicity in the liver of the rat: effects on the oxidative stress. Ecotoxicol Environ Saf.
2009;72:1559–64.

12. Steinbrenner H, Sies H. Protection against reactive oxygen species by selenoproteins. BBA Gen Subj.
2009;11:1478–85.

13. Sun HY, Wang XY, Dai HX, Zhang GP, Wu FB. Effect of exogenous glutathione and selenium on
cadmium-induced chan[24]s in cadmium and mineral concentrations and antioxidative metabolism
in maize seedlings. Asian J Chem. 2013;25:2970.

14. Wan Y, Yu Y, Wang Q, Qiao Y, Li H. Cadmium uptake dynamics and translocation in rice seedling:
in�uence of different forms of selenium. Ecotoxicol Environ Saf. 2016;133:127–34.

15. Ahmad P, Allah EA, Hashem A, Sarwat M, Gucel S. 2016. Exogenous application of selenium
mitigates cadmium toxicity in Brassica juncea L.(Czern & Cross) by up-regulating antioxidative
system and secondary metabolites. J Plant Growth Regul.2016; 35:936–950.

1�. Shanker K, Mishra S, Srivastava S, Srivastava R, Dass S, Prakash S, Srivastava MM. Effect of
selenite and Selenite on plant up take of cadmium by maize (Zea mays). Bull Environ Contam
Toxicol. 1996;56:419–24.

17. Liu D, Tu LY, Zhao XH, Yin JQ, Wu ZC, Hu CX, Tian XP, Yang J. Effect of selenium application to the
cadmium-polluted rhizosphere on plant growth and chemical behavior of cadmium. Acta Sci Circum.
2016;3:999–1005.

1�. Zhao YF, Wu JF, Shang DR, Ning JS, Zhai YX, Sheng XF, Ding HY. Subcellular distribution and
chemical forms of cadmium in the edible seaweed, Porphyra yezoensis. Food Chem. 2015;168:48–
54.

19. Zhang W, Lin KF, Zhou J, Zhang W, Liu LL, Zhang QQ. Cadmium accumulation, subcellular
distribution and chemical forms in rice seedling in the presence of sulfur. Environ Toxicol Phar.
2014;37:348–53.

20. Tan JJ, Wang JW, Chai TY, Zhang YX, Feng SS, Li Y, Zhao HJ, Liu HM, Chai XP. Functional analyses
of TaHMA2, a P1B-type ATPase in wheat. Plant Biotechnol J. 2013;11:420–31.

21. Huang BF, Xin JL, Dai HW, Zhou WJ. Effects of interaction between cadmium (Cd) and selenium (Se)
on grain yield and Cd and Se accumulation in a hybrid rice (Oryza sativa) system. J Agric Food
Chem. 2017;65:9537–46.

22. Lin L, Zhou WH, Dai HX, Cao FB, Zhang GP, Wu FB. Selenium reduces cadmium uptake and mitigates
cadmium toxicity in rice. J Hazard Mater. 2012;235:343–51.

23. Malamy JE. Intrinsic and environmental response pathways that regulate root system architecture.
Plant Cell Environ. 2005;28:67–77.



Page 16/21

24. Ge LQ, Cang L, Yang J, Zhou DM. Effects of root morphology and leaf transpiration on Cd uptake and
translocation in rice under different growth temperature. Environ Sci Pollut Res Int. 2016;23:24205–
14.

25. Ding YZ, Feng RW, Wang RG, Guo JK, Zheng XQ. A dual effect of Se on Cd toxicity: evidence from
plant growth: root morphology and responses of the antioxidative systems of paddy rice. Plant Soil.
2014;375:289–301.

2�. Jia Y, Tang SR, Ju XH, Shu LN, Tu SX, Feng RW, Giusti L. Effects of elevated CO2 levels on root
morphological traits and Cd uptakes of two Lolium species under Cd stress. J Zhejiang Univ Sci B.
2011;12:313–25.

27. Nazar R, Iqbal N, Masood A, Khan MIR, Syeed S, Khan NA. Cadmium toxicity in plants and role of
mineral nutrients in its alleviation. Am J Plant Sci. 2012;10:1476–89.

2�. Li X, Ma H, Li L, Gao Y, Li Y, Xu H. Subcellular distribution, chemical forms and physiological
responses involved in cadmium tolerance and detoxi�cation in Agrocybe Aegerita. Ecotox Environ
Safe. 2019;171:66–74.

29. Gallego SM, Pena LB, Barcia RA, Azpilicueta CE, Iannone MFE, Rosales P, Benavides MP. Unravelling
cadmium toxicity and tolerance in plants: insight into regulatory mechanisms. Environ Exp Bot.
2012;83:33–46.

30. Li DD, Zhou DM, Wang P, Weng NY, Zhu XD. Subcellular Cd distribution and its correlation with
antioxidant enzymatic activities in wheat(Triticum aestivum)roots. Ecotox Environ Safe.
2011;74:874–81.

31. Vögeli-Lange R, Wagner GJ. Subcellular localization of cadmium and cadmium-binding peptides in
tobacco leaves: implication of a transport function for cadmium-binding peptides. Plant physiol.
1990;92:1086–93.

32. Verkleij JAC, Schat H, Shaw AJ. Mechanisms of metal tolerance in higher plants. Heavy Metal
Tolerance in Plants Evolutionary Aspects. 1990;179–194.

33. Wang X, Liu YG, Zeng GM, Chai LY, Song XC, Min ZY, Xiao X. Subcellular distribution and chemical
forms of cadmium in Bechmeria nivea (L.) Gaud. Environ Exp Bot. 2008;62:389–95.

34. Fu XP, Dou CM, Chen YX, Chen XC, Shi JY, Yu MG, Xu J. Subcellular distribution and chemical forms
of cadmium in Phytolacca americana L. J Hazard Mater. 2011;186:103–7.

35. Qiu Q, Wang Y, Yang Z, Yuan J. Effects of phosphorus supplied in soil on subcellular distribution and
chemical forms of cadmium in two Chinese �owering cabbage (Brassica parachinensisL.) cultivars
differing in cadmium accumulation. Food Chem Toxicol. 2011;49:2260–7.

3�. Sasaki A, Yamaji N, Yokosho K, Ma JF. Nramp5 is a major transporter responsible for manganese
and cadmium uptake in Rice. Plant Cell. 2012;24:2155–67.

37. Ma J, Cai H, He C, Zhang W, Wang L. A hemicellulose-bound form of silicon inhibits cadmium ion
uptake in rice (Oryza sativa) cells. New Phytol. 2015;206:1063–74.



Page 17/21

3�. Tang L, Mao BG, Li YK, Lv QM, Zhang LP, Chen CY, He HJ, Wang WP, Zeng XF, Shao Y, Pan YL, Hu YY,
Peng Y, Fu XQ, LI HQ, Xia ST, Zhao BG. Knockout of OsNramp5 using the CRISPR/Cas9 system
produces low Cd-accumulating indica rice without compromising yield. Sci Rep. 2017;7:14438.

39. Cui JH, Liu TX, Li YD, Li FB. Selenium reduces cadmium uptake into rice suspension cells by
regulating the expression of lignin synthesis and cadmium-related genes. Sci Total Environ.
2018;644:602–10.

40. Ueno D, Milner MJ, Yamaji N, Yokosho K, Koyama E, Clemencia Zambrano M, Kaskie M, Ebbs S,
Kochian LV, Ma JF. Elevated expression of TcHMA3 plays a key role in the extreme Cd tolerance in a
Cd-hyperaccumulating ecotype of Thlaspi caerulescens. Plant J. 2011;66:852–62.

41. Sasaki A, Yamaji N, Ma JF. Overexpression of OsHMA3 enhances Cd tolerance and expression of Zn
transporter genes in rice. J Exp Bot. 2014;65:6013–21.

42. Yang H, Xu ZR, Liu RX, Xiong ZT. Lanthanum reduces the cadmium accumulation by suppressing
expression of transporter genes involved in cadmium uptake and translocation in wheat. Plant Soil.
2019;441:235–52.

Figures

Figure 1
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Cd concentration and accumulation in shoot (A and C, respectively) and root (B and D, respectively) of
winter wheat (Triticum aestivum cv Zhengmai379) seedlings.

Figure 2

Cd migration rate from the root to shoot of winter wheat seedlings (Triticum aestivum cv Zhengmai379)
seedlings.

Figure 3
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Root morphology parameters of winter wheat seedlings (Triticum aestivum cv Zhengmai379) seedlings.

Figure 4

Proportions of Cd in subcellular fractions of winter wheat seedlings (Triticum aestivum cv Zhengmai379)
seedlings.

Figure 5

Proportions of Cd in chemical forms of winter wheat seedlings (Triticum aestivum cv Zhengmai379)
seedlings.
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Figure 6

The expression of TaNramp5-a, TaNramp5-b, TaHMA3-a, TaHMA3-b and TaHMA2 of winter wheat
seedlings (Triticum aestivum cv Zhengmai379) seedlings.
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