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Abstract

Arsenic (As) pollution, a potential threat for human health, in vegetables is one of the primary sources of As intake 
by the human body. In the Pot Experiment, the As content, physiological index and antioxidant enzyme activity 
of radish were determined. The results demonstrated that the order of As concentration in radish tissues was 
roots > stems > leaves. Organic selenium (Se) can inhibit the absorption of arsenic in radish more effectively than 
inorganic Se. The application of organic Se and low concentration of selenite (Se(IV)) significantly enhanced the 
stress resistance of radish for increasing superoxide dismutase and peroxidase activity, increasing soluble protein, 
chlorophyll and proline content, and reducing malondialdehyde content. In contrast, the high concentration of 
Se(IV) and selenate (Se(VI)) treatment group demonstrated stress and toxicological effects on radish. This study 
provides an idea for further research on the remediation mechanism of Se to As toxicity and provides a reference 
for the adoption of Se fertilizer in agriculture.

Keywords: arsenic toxicity, selenium intervention, radish, antioxidant enzymes 

Introduction

Arsenic (As) is typically a toxic element. Vegetables are 
the most common food items of people’s daily consump-
tion, so their quality and safety directly affect the human 
health (Fendorf et al., 2010). Related reports of As pollu-
tion in vegetables have attracted much public attention 
(Dahal et al., 2008; Mcbride, 2013; Praveen et al., 2018). 
Zeng et al. (2008) reported that accumulation of As 
occurred in 44.2% of the soil samples taken from vegeta-
ble fields in China, and 9.2% of the samples exceeded the 
safety limits. Su et al. (2005) reported that the excess rate 

of As pollution in vegetables in Lhasa (China) was as high 
as 63.64%, and the highest As pollution index was 7.04.

Studies have established that As entering the plant 
interferes with various metabolic processes of the 
plant (Tripathi et al., 2012), causing retarded plant 
growth, chlorosis, membrane damage and even death. 
Chlorophyll content determines the photosynthetic effi-
ciency of plants and is one of the essential indicators 
reflecting the growth status of plants. Under As stress, 
chlorophyll content was reduced in corn (Silva et al., 
2015), tobacco (Wu et al., 2015) and eucalyptus (Meng 

mailto:wangxianglian@nit.edu.cn
mailto:wangxianglian@nit.edu.cn
mailto:daishewuprof@163.com


Italian Journal of  Food Science, 2022; 34 (1) 45

Remediation mechanism of  selenium to arsenic toxicity in radish

Materials and Method

Pot experiment

In this study, red soil and cherry radish were selected as 
experimental objects (Support Material, Figure S1). The 
pot experiment and management was carried out in accor-
dance with our previous research (Hu et al., 2020, 2021). 
The experimental design included the following 21 treat-
ments: (1) 30-mg As kg–1 (control group [CK]); (2) 30-mg 
As kg–1 + 1-mg Se kg–1 (1Se(IV)); (3) 30-mg As kg–1 + 
3-mg Se kg–1 (3 Se(IV)); (4) 30-mg As kg–1 + 6-mg Se kg–1 

(6Se(IV)); (5) 30-mg As kg–1 + 12-mg Se kg–1 (12Se(IV)); 
(6) 30-mg As kg–1 + 24-mg Se kg–1 (24Se(IV)); (7) 30-mg As 
kg–1 + 1-mg Se kg–1 (1Se(VI)); (8) 30-mg As kg–1 + 3-mg Se 
kg–1 (3Se(VI)); (9) 30-mg As kg–1 + 6-mg Se kg–1 (6Se(VI)); 
(10) 30-mg As kg–1 + 12-mg Se kg–1 (12Se(VI)); (11) 30-mg 
As kg–1 + 24-mg Se kg–1 (24Se(VI)); (12) 30-mg As kg–1 + 
1-mg Se kg–1 (1Se-Y); (13) 30-mg As kg–1 + 3-mg Se kg–1 

(3Se-Y); (14) 30-mg As kg–1 + 6-mg Se kg–1 (6Se-Y); (15) 
30-mg As kg–1 + 12-mg Se kg–1 (12Se-Y); (16) 30-mg As 
kg–1 + 24-mg Se kg–1 (24Se-Y); (17) 30-mg As kg–1 + 1-mg 
Se kg–1 (1Se-M); (18) 30-mg As kg–1 + 3-mg Se kg–1 (3Se-
M); (19) 30-mg As kg–1 + 6-mg Se kg–1 (6Se-M); (20) 30-mg 
As kg–1 + 12-mg Se kg–1 (12Se-M) and (21) 30-mg As kg–1 + 
24-mg Se kg–1 (24Se-M). As and Se were added in the form 
of a solution comprising sodium arsenite (As(III)), sodium 
selenite (Se(IV)), sodium selenate (Se(VI)), selenium yeast 
(Se-Y) or Se malt (Se-M), which was then mixed into the 
soil. The soil moisture content was maintained at 60–80% 
of the maximum value. After 50 days of equilibration, 
the seeds were sown. Each treatment was replicated for 
three times, and the treatments were arranged in ran-
dom blocks. Plump cherry radish seeds were selected 
and moistened with ultrapure water, and 10 seeds were 
distributed evenly in each pot, which were subsequently 
sprayed with ultrapure water. When the seeds had germi-
nated and developed two true leaves, the seedlings were 
thinned, leaving three plants in each pot. The photoperiod 
was 15 h day–1, and the light intensity was 270~360 μE m–2 
s–1. Furthermore, the indoor temperature was 23°C during 
the day and 18°C at night. After growing for 35 days, the 
cherry radish plants were harvested. Their roots, stems 
and leaves were collected separately, after which they were 
washed and blotted dry with filter paper. After weighing, 
the samples were put in a Ziploc bag and stored at –80°C. 
Radish seeds, Se-Y (containing 2,000-mg kg–1 Se) and 
Se-M (containing 1,600-mg Se kg–1) were purchased from 
a local market in Nanchang, Jiangxi, China.

Determination of chlorophyll and malondialdehyde 
content

The chlorophyll content (expressed as mg kg–1 fresh 
weight [FW]) of radish leaves was determined by the 95% 

et al., 2017). The research established that As treatment 
could significantly reduce the germination rate, bud, 
root elongation and biomass of rice seedlings (Shri et al., 
2009). Under As stress, plants produce a large number of 
reactive oxygen species (ROS), such as superoxide anions 
(O2

–•), hydroxyl radicals (OH–•) and hydrogen peroxide 
(H2O2). ROS can damage macromolecules such as nucleic 
acids, proteins and polysaccharides in cells, resulting 
in peroxidative damage to membrane lipids. The anti-
oxidant enzyme system plays a vital role in removing 
ROS. The antioxidant enzyme system primarily includes 
superoxide dismutase (SOD), catalase (CAT) and perox-
idase (POD) (Meng et al., 2017). Changes in antioxidant 
enzyme activity can reflect the growth and metabolism 
of plants and resistance to environmental stress. Under 
high concentrations of As (20 and 30 mg L–1) stress, the 
activities of SOD, CAT and POD decreased in eucalyptus 
but the malondialdehyde (MDA) content increased sig-
nificantly, and eucalyptus suffered severe oxidative dam-
age (Meng et al., 2017).

Nowadays, exploring the prevention and control meth-
ods to combat As pollution is a hot topic in the inter-
disciplinary research of agricultural environment and 
biology (Dong et al., 2021; Zheng et al., 2022). Selenium 
(Se) is one of the essential nutrients and plays an essen-
tial physiological function in the human body. Se is an 
essential component of many proteins and enzymes, 
such as glutathione peroxidase (GSH-Px) and thiore-
doxin reductase (TR) (Diao et al., 2014). Certain organic 
forms of Se have antioxidant and anti-cancer functions 
(Rayman, 2005). Research proposes that Se has a signif-
icant alleviating effect on As toxicity and inhibits the 
anti-cancer properties of As (La porte, 2011). Other 
scholars have also reported the effects of Se on As tox-
icity in plants (Camara et al., 2018; Pandey and Gupta, 
2018), tobacco (Han et al., 2015) and algae (Kramárová 
et al., 2012). However, these studies primarily focused 
on the effects of Se application on plants in a single 
form. However, comparative studies on the effects of 
Se in various forms (such as inorganic Se and organic 
Se) on As in plants are relatively lacking, and there are 
few reports on the effects of Se on As-contaminated 
vegetables.

Radish, which belongs to the cruciferous family of plant 
kingdom, has a short duration but high yield. It has been 
reported that radish absorbs and enriches As more than 
other daily used vegetables (Huang et al., 2006), and 
cruciferous vegetables, such as radish, have a higher Se 
enrichment capacity than other plants (Pedrero et al., 
2006). Therefore, this study aimed to investigate the 
effects of organic and inorganic Se on the antioxidant 
activity and absorption of As as well as indicators of 
growth in As-stressed radish, and provided information 
to alleviate the health risks of As.
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vortexed for 30 s. The absorbance of the sample was 
recorded at 595 nm.

Determination of proline

The proline concentration (expressed as μg g−1 FW) was 
measured by acid ninhydrin colorimetry (Leyva et al., 
2011; Yin and Zhang, 2016). The radish root (0.2 g) sam-
ple was extracted with 3% sulfosalicylic acid (5 mL) in 
boiling water for 20 min. After centrifugation, the super-
natant (2 mL) was mixed with acetic acid (3 mL) and acid 
ninhydrin (3 mL). The mixture was then taken into boil-
ing water for 40 min. The cooled mixture was extracted 
with toluene (5 mL). The absorbance of the organic phase 
was determined at 520 nm using toluene as a blank.

Determination of As in radish

The total As content in radish roots, shoots and leaves was 
quantified by inductively coupled plasma mass spectrom-
etry (ICP-MS; Agilent 7700x, USA). The sample pretreat-
ment and detailed steps were performed according to the 
previously published method (Hu et al., 2019). In brief, 
the pre-ground raw radish samples were mineralized with 
nitric acid to analyze total As content. Each sample was 
filtered through a 0.45-μm microfiltration membrane and 
stored at 4°C before ICP-MS analysis (Table 1).

Statistical Analysis

The data of biochemical index for radish samples were 
expressed as fresh weight. All assays were performed at 
least in triplicate. Data were summarized using mean 
values and standard deviations (SD) and analyzed statis-
tically using analysis of variance (ANOVA) at a 95% con-
fidence level (95% CL) using SPSS 19.0.

ethanol extraction method (Saelee et al., 2012). Fresh 
radish leaves (0.2 g) were cut into small pieces. Then the 
sample was extracted with 20-mL 95% ethanol in dark-
ness for about 24 h. Finally, the absorbance of samples 
was measured at 665, 649 and 652 nm, and the blank 
experiment was set up using 95% ethanol. 

The MDA content (expressed as mmol g–1 FW) was 
measured by thiobarbituric acid colorimetry accord-
ing to the study conducted by Hashemi et al. (2010). 
Briefly, the radish root was cut and homogenized, then 
extracted with 0.1% (w/v) trichloroacetic acid (TCA) in 
a pre-chilled pestle and mortar. The mixture was centri-
fuged at 15,000 g for 15 min at 4°C. The obtained super-
natant (250 μL) was mixed with 2-mL thiobarbituric acid 
reagent, then boiled for 30 min in a water bath and cen-
trifuged at 6,000 g for 10 min. Finally, the absorbance of 
the subsample was tested at 532 nm. 

Determination of SOD, POD and soluble protein

Extract for enzymatic assays was prepared according to 
the study conducted by Bai et al. (2013). Fresh radish root 
samples (0.05 g) were homogenized using phosphate buf-
fer (100 mmol L–1, pH 6.8, 10 mL) and centrifuged under 
17,000 g for 15 min at 4°C. The supernatant was used for 
assays of SOD, POD and soluble protein.

The SOD activity was assayed by using the photo-
chemical nitrogen blue tetrazolium (NBT) method 
(Beauchamp and Fridovich, 1971). The 3-mL reaction 
mixture consisted of 50-mM phosphate buffer, pH 7.8; 
9.9-mM L-methionine; 57-μM NBT; 0.025% (w/v) Triton 
X-100 and 0.0044% (w/v) riboflavin. The reaction was 
allowed to run for 15 min. Blanks and controls were run 
in the same manner but without irradiation and enzyme, 
respectively. The absorbance was measured at 560 nm. 
The unit of SOD activity (expressed as U g–1 h–1 FW) was 
defined as being present in the volume of extract that 
inhibited the NBT photoreduction by 50%.

The POD activity was measured by the method of 
guaiacol oxidation with guaiacol (Pan et al., 2006) as the 
substrate in a total volume of 3 mL. The reaction mix-
ture consisted of 50-mM potassium phosphate buffer 
(pH 6.1); 1% guaiacol; 0.4% H2O2 and enzyme extract. 
The reaction was initiated by the addition of H2O2, and 
changes in the absorbance at 470 nm were recorded for 
2 min. Enzyme activity was calculated and expressed as 
μg g–1 min–1 FW.

The soluble protein content (expressed as mg g–1 FW) was 
quantified following the study conducted by Bradford 
(1976). For protein quantification, 1.0-mL extract was 
mixed with 5-mL Coomassie Brilliant Blue reagent, and 

Table 1. Instrument parameter of inductively coupled plasma 
mass spectrometry (ICP-MS).

ICP-MS

RF power 1,590 W

Ar plasma gas flow 15.0 L min–1

Ar auxiliary gas flow 0.86 L min–1

Ar nebulizer gas flow 1.0–1.1 L min–1

He gas flow rate 4.2 mL  min–1

Spray chamber temperature 2°C

Isotopes monitored 75As

Integration time per isotope for elemental analysis 100 ms

Acquisition mode for elemental analysis Spectrum

Note: The full name of  RF is radio-frequency power.
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Figure 1. Radish growth in the CK, 1Se and 24Se treatment groups with application of different Se sources: sodium selenite 
(Se(IV)), sodium selenate (Se(VI)), selenium yeast (Se-Y) and selenium malt (Se-M).

Results and Discussion

The growth characteristics of radish

Figure 1 shows the growth of radish in the control group, 
low Se treatment level (1Se) and high Se treatment level 
(24Se). It was observed that the growth of radish with 
organic Se source was better than that of inorganic Se 
source. In the Se(VI) treatment group, the growth of rad-
ish was significantly inhibited and root development was 
limited. It suggested that the organic Se (including Se-Y 
and Se-M) could significantly promote the growth of rad-
ish whereas the expected growth of radish was severely 
inhibited with the gradual increase of Se application in 
Se(VI) treatments. The present study suggests that the 
application of organic Se fertilizer was more beneficial for 

growth of plants than the application of inorganic Se fer-
tilizer, which was consistent with previous reports (Surai 
and Dvorska, 2001; Wang and Lovell, 1997). Organic Se 
could effectively increase the content of organic matter 
and bioaccessible Se in the soil and improve the con-
tent of phosphorus and potassium to increase soil fer-
tility and enhance the absorption and utilization of crop 
nutrients (Li et al., 2017). Studies have demonstrated that 
using organic Se fertilizer could significantly improve the 
growth and nutritional quality of grapes, increase the Se 
content and reduce the accumulation of heavy metals 
(Zhu et al., 2017).

In the current study, different exogenous Se had different 
effects on the growth of radish. The possible reason was 
that Se(IV) was slightly less mobile because of its ease of 
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radish growth. This could be related to different types of 
Se sources in the entire growth cycle of radish. Compared 
with organic Se, inorganic Se was characterized by imme-
diate effect, short duration and vegetative growth stage. 
Higher concentrations of inorganic Se, especially Se(VI), 
inhibited the growth and development of radish, while 
Se nutrient deficiencies may exist during the reproduc-
tive growth stage. Hence, this could affect the chlorophyll 
content of radish to a certain extent.

Studies have established that the application of Se 
increased the chlorophyll content of wheat leaves, and the 
increase of chlorophyll content in the heading and flow-
ering stages was higher than that in other stages (Chu et 
al., 2013). Magnesium and nitrogen are the primary com-
ponents of chlorophyll, while copper, zinc, manganese 
and iron are involved in the biosynthesis of chlorophyll. 
Under As stress, the chlorophyll content of plants was 
decreased. This happened after As had entered the plant 
body, and the decreased concentration of chlorophyll 
was associated with hindered biosynthesis, and was not 
due to degradation (Mishra et al., 2016). Li et al. (2008) 
reported that As can replace Mg ions in chlorophyll 
molecules and interfere with the activity of chlorophyll 
synthetase, which hinders the synthesis of chlorophyll. 
The activity of chlorophyll enzymes is degraded and the 
chlorophyll is decomposed rapidly with the toxicity of 
As (Li et al., 2008). In general, soil Se application could 
increase the level of chlorophyll synthesis by promoting 
the absorption of mineral elements related to chlorophyll 
synthesis by plant leaves (Yao et al., 2009). Therefore, dif-
ference in the effects of different types of exogenous Se 
treatments on chlorophyll content in this study could be 
explained by different synergistic effects of various exog-
enous Se on mineral elements related to chlorophyll syn-
thesis. Since the above results were only a reflection of 
the results of mature stage, the analysis of carotenoids in 

adsorption on the surface of soil particles whereas Se(VI) 
was more mobile and easily absorbed by plant roots 
within a short period; this caused the vegetable growth 
of radish to be limited. The two organic Se fertilizers 
applied to the soil were absorbed easily by the soil col-
loid and provided more organic nutrients. During plant 
growth, the fertilizer effect is gradually released through 
the action of microorganisms. Hence, the biomass of rad-
ish increased to varying degrees.

Characteristics of chlorophyll content in radish

Chlorophyll content determines plant’s photosynthetic 
efficiency and is one of the crucial indicators reflecting 
the growth status of plants. As shown in Figure 2A, the 
chlorophyll content at 1Se and 3Se levels in the Se(IV) 
and Se(VI) treatment groups was significantly higher 
than the control group (p < 0.05), while it was opposite 
in the 24Se level. 

Except for the 24Se level in the Se-M treatment group, 
the chlorophyll content in all organic Se treatments was 
higher than that in the control group (p < 0.05). With 
increase in the application of Se, the chlorophyll content 
of radish in the inorganic Se treatments decreased grad-
ually, while that in the organic Se treatments increased 
in the beginning but decreased later. It was seen that the 
application of an appropriate amount of low Se concen-
tration increased chlorophyll to improve the growth of 
radish, while the application of high Se concentration 
had an inhibitory effect on the growth of radish. Organic 
Se had a more pronounced effect on promoting radish 
growth than inorganic Se, and the tolerance concen-
tration of radish to organic Se was higher than that of 
inorganic Se. Decrease of chlorophyll content in Se(VI) 
treatments depicted noticeable toxicological effects on 
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Figure 2. (A) Concentration of chlorophyll content in radish with application of different Se sources: sodium selenite (Se(IV)), 
sodium selenate (Se(VI)), selenium yeast (Se-Y) and selenium malt (Se-M) (mg kg-1 FW). (B) The MDA content in radish with 
application of different Se sources: sodium selenite (Se(IV)), sodium selenate (Se(VI)), selenium yeast (Se-Y) and selenium malt 
(Se-M) (mmol g–1 FW).
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in radish, depicting the toxicological effect of Se(VI) on 
radish. Both SOD and POD are antioxidant enzymes 
that scavenge excessive ROS in plants and protect cells 
from ROS poisoning, thus maintaining normal body 
metabolism.

The proline content initially increased in the Se(IV), Se-Y 
and Se-M treatment groups but decreased later, while in 
the Se(VI) treatment group, the proline content gradu-
ally increased with the increase of Se application levels 
(Figure 4A). In the Se(IV) treatment group, the proline 
content at the 3Se, 6Se and 12Se levels was significantly 
higher than that in the control group (p < 0.05). In the 
Se(VI) treatment group, the content of proline gradually 
decreased with the increase of Se content, but was lower 
than that in the control group (p < 0.05). The highest 
value of proline content was at 6Se level in Se-Y treat-
ment group and at 12Se level in Se-M treatment group, 
which was 1.31 and 1.39 times, respectively, in compari-
son to the control group. It was reported that supplement 
Se could increase proline content in wheat (Khan et al., 
2015) and enhance its resistance because of regulatory 
interaction between ethylene, proline and glutathione 
(gamma-glutamyl-cysteinyl-glycine [GSH]) metabolism.

The soluble protein content of Se(IV), Se-Y and Se-M 
treatment groups was significantly higher than that of 
the control group (p < 0.05) (Figuire 4b). There was no 
significant difference in the soluble protein content of 
each Se application level in the Se(IV) treatment group, 
while the Se-Y and Se-M treatments demonstrated a 
gradual increasing trend. The soluble protein content of 
the Se(VI) treatment group was significantly lower than 
that in the control group at high Se levels (12Se and 24Se 
levels; p < 0.05).

The above results indicate that resistance to 
As-contaminated radish varies with the application of 

leaves and the dynamic monitoring of chlorophyll at dif-
ferent stages of growth of radish must be strengthened in 
the future studies.

Characteristics of MDA, SOD, POD, proline and soluble 
protein content in radish

The MDA content indicates the degree of lipid peroxi-
dation caused by ROS, and the MDA content of each Se 
treatment group presented a trend of initial increase and 
subsequent decrease (Figure 2B). In organic Se treatment 
groups, the MDA content reached the highest value at 
6Se level with 122.24 for Se-Y treatment and 97.67 for 
Se-M treatment. The MDA content decreased to the low-
est at the 24Se level, which was significantly lower than 
in the control group (p < 0.05). MDA is the end product 
of lipid oxidation which aggravates membrane damage. 
MDA content can be used as an essential indicator of cell 
lipid peroxidation, biofilm damage and plant stress resis-
tance (Zhu et al., 2017).

The SOD activity at each level in the organic Se group 
was all higher than that in the control group (p < 0.05) 
(Figure 3A). In comparison with the control group, 
the highest value of SOD activity was in treatments of 
6Se(IV), 1Se(VI), 12Se-Y and 6Se-M, which increased 
by 49.27%, 22.37%, 59.63% and 84.23%, respectively. The 
POD activity of Se(IV), Se-Y and Se-M treatment groups 
was higher than that of the control group (p < 0.05), while 
the Se(VI) group depicted the opposite trend (Figure 3B). 
In comparison to the control group, the highest value 
of POD activity was in 12Se(IV), 24Se-Y and 12Se-M 
treatments, which increased by 78.29%, 104.41% and 
123.69%, respectively, while the lowest value of POD 
activity in Se(VI) was at 565.25 at 1Se level. Compared 
with the other three kinds of exogenous Se, Se(VI) evi-
dently inhibited SOD, POD, proline and soluble protein 
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Figure 3. (A) The superoxide dismutase (SOD) activity in radish with application of different Se sources: sodium selenite 
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(5 mg L–1) (Han et al., 2015). Low Se levels (0.1 mg L–1) 
reduce the toxicity of high As levels (5 mg L–1) by reg-
ulating the antioxidant system of flue-cured tobacco by 
reducing the transfer of As(III) from the root to the aerial 
part of the flue-cured tobacco (FCT), thereby promoting 
FCT growth. 

Pandey and Gupta (2018) reported that Se supplementa-
tion could significantly reduce the content of H2O2, NO 
and ROS in rice. Se supplementation alleviated the tox-
icity of As and restored the nutritional deficiency of rice 
induced by As. Besides, Se treatment increased the activ-
ity of thiol metabolism-related enzymes. Yeh et al. (2003) 
reported that the mechanism of Se alleviating the toxicity 
of As was because Se could regulate glutathione peroxi-
dase (GPX) activity. Malik et al. (2012) reported that Se 
could effectively inhibit the As absorption of mung bean 
plants, enhance their antioxidant and anti-stress prop-
erties, and alleviate the toxic effects of As on the stated 
plants. Plants treated with Se were also less affected by 
As-induced cell membrane, chlorophyll and cell viability.

In terms of the mechanism of Se alleviating the toxicity 
of As, following could be the different reasons: First, Se 
is involved in regulating antioxidant enzyme activity in 
plants. Se, as a component of seleno-enzyme activity cen-
ters such as GPX, can catalyze GSH to reduce peroxides 
in plants and participate in the scavenging of free radicals 
in plants, improve antioxidant enzymes such as SOD, 
POD, CAT, GPX, ascorbate peroxidase (APX) and dehy-
droascorbate reductase (DHAR) in plants, thus improv-
ing the antioxidant capacity and resistance to adversity 
in plants. Second, to a certain extent, Se may participate 
in energy and protein metabolism and interaction with 
other elements, or Se increases metallothionein (MTs), 
thiol and glutathione-s-transferase (GST) activity in 
the plant. Third, Se and As may produce a stable As–Se 

organic Se and Se(IV). It was observed that after Se was 
absorbed by radish, it participated in its metabolism and 
effectively enhanced the resistance of radish contami-
nated with As. However, its stress resistance varied with 
different forms of exogenous Se and its application level. 
Generally, Se is primarily involved in the antioxidant 
effect of plants in GSH-Px, and regulates the activities of 
various enzymes in plants and the synthesis of macromo-
lecular substances such as proteins. It was reported that 
the CAT and POD activities, and proline and chlorophyll 
content, were significantly increased, while MDA content 
of wheat seedlings decreased with 1.0-, 2.0- and 3.0-mg 
Se kg−1 treatment (Yao et al., 2009). Application of low Se 
concentrations (5 and 10 μM) enhanced proline accumu-
lation and antioxidative activity in cucumber seedlings 
(Hawrylak-Nowak, 2009). 

The previous study indicated that application of Se sig-
nificantly improved the proline, chlorophyll and protein 
content but reduced the MDA content in rice seedlings 
subjected to As stress (Pandey and Gupta, 2015). The 
observations indicated that seedlings supplemented 
only with As depicted inhibition in growth parameters. 
However, the application of Se improved the growth of 
rice seedlings, level of stress indicators (chlorophyll, 
protein and MDA content) and modulators (cysteine 
and proline) as compared to the individual treatment of 
As. The above reports indicated that Se treatment could 
enhance the resistance of plants to a certain extent. 

In the present study, the MDA content in radish was 
higher than that in the control group with some treat-
ments, indicating an increase in the activity and con-
tent of GSH-Px in radish by Se application, but was 
not enough to offset the As damage to plant cells. It 
was reported that adding the appropriate amount of Se 
(0.1 mg L–1) could reduce the toxicity of high-dose As 
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content of As in radish stems depicted a decreasing trend 
with the increase of Se application, while As in radish 
leaves depicted an initial increasing and then decreasing 
trend (Figure 5A). The Se(VI) treatment group indicated 
apparent toxicological effects of Se and inhibited the 
growth of radish roots, so the data were missed. The As 
content in radish leaves and stems at each treatment level 
demonstrated a gradually decreasing trend in Se(VI) 
treatment, while the As content in leaves, stems and roots 
at each treatment level gradually decreased in Se-Y treat-
ments (Figures 5B and C). In Se-M treatments, the distri-
bution characteristics of the As content in roots, stems 
and leaves of radish tissues indicated a gradually decreas-
ing trend with increased Se application (Figure  5D). 
The present study demonstrated that the application of 
Se(IV) and organic Se could alleviate the toxicological 
effects of As better than Se(VI). This result was consis-
tent with the literature report (Camara et al., 2018). This 
could be because Se and As stimulated the response of 
plant antioxidant enzyme activities, thereby changing the 
translocation of heavy metal elements (Feng et al., 2013).

The relationship between different amounts of exogenous 
Se application and As in radish leaves, stems and roots is 
shown in Figures S2–S4 (Support Material). The content 

complex with low toxicity in plants, thus inhibiting the 
antioxidant damage caused by As in plants.

Quantify the As content in roots, shoots and leaves  
of radish

As shown in Figure 5, the content of As in roots, stems 
and leaves of radish was 3.93, 2.70, 1.61 mg kg–1, respec-
tively, in the control group. The distribution characteris-
tics of As content in radish was: roots > stems > leaves. 
From bottom to top, the As content depicted a decreas-
ing trend. This pattern was entirely consistent with the 
results reported by Carbonell-Barrachina et al. (1999) 
and Smith et al. (2009). The content of As in the roots 
of plants was more significant than that in the upper 
part of the ground, which was due to the binding of As 
by phytochelatins, which restrict the upward migration 
of As (Smith et al., 2009). The content of As in radish 
in the Se(IV), Se(VI), Se-Y, Se-M treatment groups was 
lower than that in the control group, which indicated 
that Se could significantly mimic the absorption of As in 
radish. In the Se(IV) treatment group, the content of As 
in the root of each treatment’s radish depicted the ini-
tial decreasing and then increasing trend. However, the 
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to differences in the properties of different Se sources, 
leading to different chemical and biological effects of As 
and microorganisms on soil and plants. The results of 
ANOVA (Table 2) established that different Se sources, 
Se levels and their interaction factors have incredibly sig-
nificant effects on As content and enzyme activities in 
various tissues of radish.

Conclusion

In this study, the influence of inorganic Se and organic 
Se was studied on the growth, physiological indexes and 
characteristic of As content on radish plant under As 
stress. The study demonstrated that supplementing Se at 
lower concentrations helped to improve the defense abil-
ity of radish against As toxicity. The results established 
that, except for Se(VI), the other three exogenous Se 
(including Se(IV), Se-Y and Se-M) improved stress resis-
tance in radish. Compared with inorganic Se treatment, 
organic Se treatment efficiently hindered the absorption 
of As in radish. Applying organic Se was more beneficial 
to radish growth than inorganic Se, while the application 
of Se(VI) demonstrated a significant toxic effect. It was 
observed that the agronomic effects of different exog-
enous Se applications were different, which provided a 
corresponding research basis for applying agricultural 
soil and crop Se fertilizer. At the same time, it provided 
related supporting material for the further development 
of As–Se interaction mechanism. Subsequent research 
on the mechanism of interaction between As and Se is 
required to provide theoretical basis for applying Se fer-
tilizer and As pollution control in agriculture.
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Table 2. Analysis of two-factor variance of arsenic content and plant enzymes on radish tissues.

Factors Significance proline Chlorophyll

As content 
in roots

As content 
in shoots

As content 
in leaves

MDA SOD POD Soluble 
protein

Se source ** ** ** ** ** ** ** ** **

Se content ** ** ** ** ** ** ** ** **

Se source × Se content ** ** ** ** ** ** ** ** **

n = 15, **p < 0.01. 
Abbreviation: selenium (Se), arsenic (As), malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD).
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Figure S2. Relationship between arsenic content in radish roots and the adding amount of exogenous selenium of sodium 
selenite (Se(IV)), sodium selenate (Se(VI)), selenium yeast (Se-Y) and selenium malt (Se-M).

Figure S1. Pot experiment of radish with different Se sources application of sodium selenite (Se(IV)), sodium selenate (Se(VI)), 
selenium yeast (Se-Y) and selenium malt (Se-M).
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Figure S4. Relationship between arsenic content in radish leaves and the adding amount of exogenous selenium of sodium 
selenite (Se(IV)), sodium selenate (Se(VI)), selenium yeast (Se-Y) and selenium malt (Se-M).
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Table S1. Correlation between arsenic and plant enzymes in radish after addition of selenite (Se(IV)) (n = 15).

As content in 
roots

As content in 
shoots

As content in 
leaves

MDA SOD POD Soluble 
protein

Proline Chlorophyll

As content in roots 1

As content in shoots –0.544* 1

As content in leaves 0.131 –0.002 1

MDA 0.180 –0.198 0.959** 1

SOD –0.158 –0.002 0.830** 0.865** 1

POD 0.351 –0.024 0.901** 0.848** 0.540* 1

Soluble protein –0.173 0.365 0.522* 0.430 0.539* 0.425 1

Proline –0.093 0.736** 0.478* 0.293 0.236 0.542* 0.582* 1

Chlorophyll –0.318 0.871** –0.222 –0.427 –0.194 –0.255 0.223 0.581* 1

**It represents a significant correlation at the 0.01 level (one-sided). *It represents a significant correlation at the 0.05 level (one-sided).  
Abbreviation: selenium (Se), arsenic (As), malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD).

Table S2. Correlation between arsenic and plant enzymes in radish after addition of selenate (Se(VI)) (n = 15).

As content in 
shoots

As content in 
leaves

MDA SOD POD Soluble 
protein

Proline Chlorophyll

As content in shoots 1

As content in leaves 0.853** 1

MDA –0.888** –0.856** 1

SOD 0.973** 0.918** –0.950** 1

POD –0.580* –0.593* 0.491 –0.537* 1

Soluble protein 0.396 0.386 –0.609* 0.522* 0.324 1

Proline 0.777** 0.720** –0.884** 0.858** –0.117 0.846** 1

Chlorophyll 0.916** 0.808** –0.865** 0.937** –0.338 0.644* 0.923** 1

**It represents a significant correlation at the 0.01 level (one-sided). *It represents a significant correlation at the 0.05 level (one-sided). 
Abbreviation: selenium (Se), arsenic (As), malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD).

Table S3. Correlation between arsenic and plant enzymes in radish after addition of selenium yeast (Se-Y) (n = 15).

As content in 
roots

As content in 
shoots

As content in 
leaves

MDA SOD POD Soluble 
protein

Proline Chlorophyll

As content in roots 1

As content in shoots 0.772** 1

As content in leaves 0.885** 0.861** 1

MDA 0.229 0.401 0.198 1

SOD –0.313 –0.157 –0.277 0.647** 1

POD –0.777** –0.847** –0.846** –0.209 0.211 1

Soluble protein –0.687** –0.806** –0.827** 0.072 0.596** 0.844** 1

Proline 0.332 0.691** 0.477* 0.810** 0.345 –0.414 –0.354 1

Chlorophyll –0.142 –0.029 –0.161 0.723** 0.952** 0.031 0.503* 0.357 1

**It represents a significant correlation at the 0.01 level (one-sided). *It represents a significant correlation at the 0.05 level (one-sided). 
Abbreviation: selenium (Se), arsenic (As), malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD).
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Table S4. Correlation between arsenic and plant enzymes in radish after addition of malt selenium (Se-M) (n = 15).

As content in 
roots

As content in 
shoots

As content in 
leaves

MDA SOD POD Soluble 
protein

Proline Chlorophyll

As content in roots 1

As content in shoots 0.872** 1

As content in leaves 0.949** 0.893** 1

MDA 0.237 0.372 0.132 1

SOD –0.543* –0.383 –0.619** 0.663** 1

POD –0.530* –0.297 –0.513* 0.525* 0.786** 1

Soluble protein –0.730** –0.596** –0.746** –0.395 0.219 0.301 1

Proline –0.368 –0.142 –0.355 0.764** 0.903** 0.837** –0.044 1

Chlorophyll 0.617** 0.710** 0.620** 0.578* 0.042 –0.077 –0.638** 0.257 1

**It represents a significant correlation at the 0.01 level (one-sided). *It represents a significant correlation at the 0.05 level (one-sided). 
Abbreviation: selenium (Se), arsenic (As), malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD).
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