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ABSTRACT

The objective of this study was to explain the physiological mechanisms through which Na,SeO; mitigates the
growth and developmental inhibition of pakchoi under HgCl, stress. The results showed that treatment with
HgCl, (40 mg L") led to reduced biomass, dwarfing, root shortening, and root tip necrosis in pakchoi. Compared
to control (CK), the activities of superoxide dismutase (SOD) and peroxidase (POD) in Hg treatment increased,
and the content of malondialdehyde (MDA) also dramatically increased, which negatively impacted the growth of
pakchoi. Low concentrations of Na,SeOs (0.2 mg L") significantly increased the content of soluble sugars com-
pared with control, while chlorophyll, soluble proteins, free amino acids, and vitamin C had no significant
changes. The results of the mixed treatments with HgCl, and Na,SeO; suggested that selenium may be able to
reduce the toxicity of mercury in pakchoi. The biomass, plant height, root length, chlorophyll content, soluble
protein, other physiological indicators, and proline showed significant increases compared with the HgCl, treat-
ment. Additionally, the MDA content and mercury accumulation in pakchoi decreased. Our results revealed the
antagonistic effects of selenium and mercury in pakchoi. Thus, a theoretical basis for studying pakchoi’s mercury-
excreted and selenium-rich cultivation technology was provided.
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1 Introduction

Mercury (Hg) is a highly toxic heavy metal known for its neurotoxic and teratogenic properties [1].
Human industrial activities and inadequate management strategies have led to a significant influx of Hg
into the Earth’s internal circulation, resulting in approximately 20% of cropland and 50% of agricultural
land worldwide being salinity-stressed [2]. Hg pollution has emerged as a major concern worldwide [3].
The average Hg content in China is 0.04 mg kg’ higher than the global average [4]. Plants’ absorption
of elemental Hg and its subsequent enrichment in the food chain seriously threaten food safety.
Consuming food with excessive Hg levels leads to the misassembly of Hg®" within proteins, replacing
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the original protein binding sites and binding to proteins containing sulfhydryl groups. This process triggers
the overproduction of reactive oxygen species (ROS) in organisms, leading to membrane damage and
changes in the activity of antioxidant system enzymes in plants [5]. Consequently, Hg becomes a
biological and environmental contamination source, leading to potential health risks [6].

Selenium (Se) is a crucial trace element for the human body and is often called the “life protector” [7].
Modern medicine has established that Se deficiency can lead to various diseases, including growth
retardation, abnormal thyroid function, Creutzfeldt—Jakob disease, and macrosomia [8]. Humans primarily
obtain Se through dietary sources, with plants being the biosphere’s main natural organic Se contributors
[9]. Essentiality of Se in plants for plants has not been fully established, but research has demonstrated
that appropriate concentrations of exogenous Se can enhance crop yields and improve crop quality [10].
Se also improves antioxidant capacity and stress resistance in plants [11,12]. Moreover, Se has been
found to inhibit plant Hg uptake, as evidenced in studies involving rice and garlic [13,14].

Brassica campestris L. (pakchoi), a common vegetable in China, belongs to the family Cruciferae. It is
characterized by a short growth cycle, easy cultivation, high nutrient content, and excellent capacity for Se
enrichment, making it an ideal Se-rich vegetable [15]. The quality and safety of pakchoi are threatened by Hg
contamination. Some studies have indicated that appropriate spray concentrations of Se (<1.0 mg kg ™)
significantly contribute to the growth and detoxification of Hg in Cruciferous vegetables [16,17].
However, research on the physiological metabolism of Se concerning the promotion of Hg detoxification
under Hg stress is lacking. Therefore, the present study aimed to utilize sodium selenite (0.2 mg L™
Na,SeO;) as a Se source to explore its effect on pakchoi-growth quality under mercuric chloride
(40 mg L' HgCl,) stress. Changes in the growth indices, physiological indices, and antioxidant enzymes
of pakchoi under the influence of Se and Hg were analyzed. The findings can serve as a theoretical basis
and technical support for exploring Pakchoi’s Se-rich and Hg-resistant cultivation techniques.

2 Materials and Methods

2.1 Material Sources
Pakchoi seeds were purchased from Jingzhou Agricultural Market (Jingzhou, China). The variety was
Golden Cabbage from Hualing Hi-Tech (Jingzhou, China).

2.2 Plant Culture and Treatments

The pakchoi was raised in a hole-tray substrate (soil-vermiculite—perlite = 5:1:1) and sown in late
September 2022. It was subsequently transplanted uniformly in hydroponic tanks (410 mm %X 260 mm %
140 mm) after growing four to six true leaves, to which pure water without a nutrient solution was added.
Seven days after transplanting, plants with uniform growth were selected and planted in new incubators
with a medium containing one-fourth concentration of nutrient solution, configured based on Hoagland
hydroponics experimental formula and Arnon micronutrient formula [18]. Nine plants were grown in
each incubator as a group. Each group was a biological replicate and was repeated three times. Plants
were treated with mercuric chloride alone (40 mg L") [19], sodium selenite alone (0.2 mg L") [20], a
combination of mercuric chloride and sodium selenite (HgCl, 40 mg L™ + Na,SeO; 0.2 mg L"), and no
treatment control (CK) using a three-factor design. The interval for each treatment was one week, with a
total of three times. After three weeks, plant materials were harvested and washed. Then, the underground
and aboveground were partly frozen in liquid nitrogen and stored in a refrigerator at —80°C for further use.

2.3 Detection of Total Se and Total Hg Contents
Hg content was determined based on the method of Deng et al. [21] through hydride-generation atomic
fluorescence spectrometry (Beijing Haiguang Instrument Co., Beijing, China). In a typical procedure, 0.5 g
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of pakchoi sample was weighed and placed in a digestion jar. After adding 5 mL of nitric acid, the jar was
covered with a lid that was tightened. It was left overnight to allow digestion according to the standard
operation procedure of the microwave-digestion instrument. It was taken out after cooling, and the lid
was slowly opened to exhaust the gas. A small amount of water was used to rinse the inner lid, and the
digestion jar was placed on a temperature-controlled hot plate, which was heated at 80°C to drive off the
brown gas. The degradation solution was collected and transferred into 25 mL plastic volumetric flasks.
The inner jar was washed three times with a small amount of water, and the washing solution was
combined in the volumetric flask and fixed to the standard line. After mixing well, it was left to
determine the total Hg content.

The total Se content of pakchoi was detected according to our previous report with minimum
modification [22]. In a typical procedure, 0.2 g of samples were weighed, placed in a digestion tube, and
digested with 10 mL of HNO; and 2 mL of H,O, in a micro-wave-digestion system. The solution was
added with 5 mL of HCI and continuously heated on a heating plate until it became transparent and white
smoke was generated. Its volume was fixed to 10 mL with deionized water for total Se determination.

2.4 Determination of Soluble Protein, Soluble Sugar, Free Amino Acid, Vitamin C, and Chlorophyll

Content

The contents of soluble protein, sugar, free amino acid, and vitamin C were determined as described by
Gui et al. [20]. Soluble protein was evaluated by Coomassie Brilliant Blue G-250 colorimetry at 595 nm.
Soluble sugar was measured using anthrone colorimetry with a UV—visible spectrometer at a wavelength
of 620 nm. The total free amino acid was quantified by ninhydrin colorimetry and detected at 570 nm.
Vitamin C was measured by the 2,6-dichloro-indophenoltitration method and detected at 525 nm.
Chlorophyll was determined by ethanol extraction. Every treatment group contained three biological
replicates.

2.5 Determination of Antioxidase Activity and Antioxidants

Referring to the method of Zhu et al. [23], plant enzymes were extracted from pakchoi shoots after
treatments with Se and Hg to analyze antioxidant enzyme activities. Specifically, approximately 0.1 g of
frozen shoots were ground into powder under ice bath conditions and then added to 0.9 mL of phosphate
buffered saline (PBS) (0.1 M, pH 7.4) to make a homogenate. The homogenate was centrifuged (4000xg,
10 min) and the final supernatant was used for the determination of peroxidase (POD), superoxide
dismutase (SOD), catalase (CAT), malondialdehyde (MDA), and proline (PRO) according to the
instructions of the respective assay kits (A084-3, A001-1, A007-1, A003-1, A107-1, Nanjing Jiancheng
Bioengineering Institute, China).

2.6 Data Analysis
Data were analyzed using SPSS22 (SPSS Inc., Chicago, IL, USA) by one-way ANOVA. All treatments’
data are expressed as the mean values representing three biological triplicates + standard errors. Comparisons

between multiple treatment groups were performed by Duncan’s multiple significant difference test at
p <0.05.

3 Results

3.1 Changes in Biomass and Cell Morphology of Pakchoi Treated with Hg and Se

Pakchoi growth was affected by exogenous Na,SeO3 or HgCl, treatments (Fig. 1 and Table 1). Under
HgCl, stress, the aboveground and underground weights of pakchoi were 4.06 and 0.57 g, respectively,
which were only 25% and 50% of the control (CK). Likewise, plant height and root length were
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measured at 7.29 and 8.86 cm, which were 55% and 65% of the CK. Simultaneously, pakchoi growth
inhibition and root tip necrosis were observed. On the contrary, the pakchoi growth did not differ
significantly under Na,SeQOj; treatment. The weight of the aboveground parts and root length decreased,
and the average plant height increased slightly, but none of them showed significant differences compared
with the CK (Table 1). In the HgCl, + Na,SeO; treated group, the average aboveground, root weights,
and root length were 6.40 g, 0.70 g, and 11.83 cm, respectively, which were 60%, 23%, and 34% higher
than those in HgCl,, but still less than CK. Therefore, it was hypothesized that Se might be responsible
for alleviating the growth stress of Hg on pakchoi.

Figure 1: Growth phenotypes of pakchoi under different mercury or selenium treatments. CK, no treatment
control; Hg, HgCl, 40 mg L™ treatment; Se, Na,SeO; 0.2 mg L™ treatment; Hg + Se, HgCl, 40 mg L™' +
Na,SeO; 0.2 mg L™

Table 1: Effects of different mercury or selenium treatments on growth indices of pakchoi

Treatment Aboveground (g)  Underground (g)  Plant height (cm)  Root length (cm)
CK 16.47 + 1.25a 1.13 £ 0.05a 13.29 + 1.93ab 18.71 £ 2.41a
Na,SeO3 14.53 = 0.90a 0.90 £ 0.06b 15.31 £ 1.58a 13.79 + 1.96ab
HgCl, 4.06 + 0.46¢ 0.57 £ 0.05¢c 7.29 £ 1.06¢ 8.86 £ 1.26¢
HgCl, + Na,SeO;  6.40 = 0.70b 0.70 £ 0.06b 10.36 &+ 1.56b 11.83 £1.72b

Note: Different letters within the columns indicate significant differences (p < 0.05) between the treatment interactions.

3.2 Changes in Physiological Indicators of Pakchoi under Hg and Se Treatments

To explore the effect of Se and Hg on pakchoi’s nutrient parameters, the contents of soluble protein,
soluble sugar, vitamin C, free amino acids, and chlorophyll were measured (Table 2). Under HgCl,
treatment, all detected parameters significantly decreased. The soluble protein, vitamin C, and chlorophyll
contents decreased to about half of CK, while the levels of soluble sugars and free amino acids reached
about 85% of CK, indicating that Hg caused substantial damage to the growth of pakchoi. Treatment with
Na,SeO; alone obviously increased the soluble sugar content, while the levels of soluble protein, vitamin
C, free amino acid, and chlorophyll did not change significantly. In the HgCl, + Na,SeO; treatment
group, the contents of soluble protein, soluble sugar, and chlorophyll increased significantly compared
with the HgCl, treatment, reaching 81%, 94%, and 78% of that in CK, respectively.
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Table 2: Alteration in physiological indexes of pakchoi under different treatments of Hg and Se

Treatment Soluble protein  Soluble sugar  Vitamin C Free amino acid Chlorophyll
(mgg ') (mgg ') (mgg ') (mgg ') (mgg ')
CK 6.34 + 0.88a 1592 £0.24b 0.59 £0.15a  1.66 = 0.13ab 0.50 £ 0.02a
Na,SeO; 6.51 £ 0.48a 18.25+0.33a 048 +£0.07a 1.81 £0.07a 0.50 £ 0.01a
HgCl, 3.66 + 0.04c 13.62 £ 0.47d 0.28 £0.047b 1.43 +£0.05¢ 0.25 £ 0.05¢
HgCl, + Na,SeO; 5.11 £0.25b 15.03 £ 0.27¢c 036 £0.10ab 1.53 £ 0.05bc 0.39 = 0.02b

Note: Different letters within the columns indicate significant differences (p < 0.05) between the treatment interactions.

3.3 Effect of Hg and Se Treatments on the Total Hg and Se Contents of Pakchoi

The Se content of pakchoi was affected by different treatments (Fig. 2a). Among them, the Hg treatment
led to a decrease in the Se content of pakchoi, which remained at 0.14 pg kg '. The highest Se content was
found in the group with Na,SeO; treatment alone, which was two-fold higher than that in the CK. The Se
content under the co-treatment with HgCl, + Na,SeO5 reached 0.29 ug kg ™', significantly lower than that
in the Se treatment but also significantly higher than that of CK and Hg treatments.
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Figure 2: Changes of total Se and total Hg contents in pakchoi under different treatments with Na,SeO; or
HgCl,. (a) Selenium contents in different treatments. (b) Mercury contents in different treatments. Different
lowercase letters indicate significant (p < 0.05) differences among treatments

The Hg content of pakchoi varied significantly under different treatments (Fig. 2b). In the HgCl,
treatment, Hg content reached 42 pg kg ', which was fourteen-fold higher than that in the control. By
comparison, no change occurred in Hg content with the Se-only treatment. In the HgCl, + Na,SeO;
group, Hg content was measured at 30.4 pg kg ', which was ten-fold higher than that of the control
group. However, Hg content was still significantly lower compared to that of the group treated with
HgCl, alone. Accordingly, the decrease in Hg content in pakchoi was assumed to be due to Se.

3.4 Effect of Hg and Se Treatments on MDA and PRO in Pakchoi

Plants accumulate PRO in response to abiotic stresses. As shown in Fig. 3a, Hg treatment dramatically
increased PRO levels in pakchoi to resist stress. In the Se-treated group alone, there was no significant change
in PRO content. However, treating pakchoi with both Se and Hg resulted in a significant 72% increase in
PRO content compared to Hg-treated pakchoi. It could be seen that Se began to promote PRO production
in large quantities to protect pakchoi from Hg stress.



956 Phyton, 2024, vol.93, no.5

(a

N’

(b) 45

10 4

500 -

400 T

H o

300

200 A

PRO content (ug g' FW)
| o
MDA content (umol g' FW)
[}
1
(¢}

d
100 - T

oL == [
CK

T T T 0 T T T T

c
Se Hg Hg + Se CK Se Hg Hg + Se

Figure 3: Contents of PRO and MDA in pakchoi under different treatments with Na,SeO3 or HgCL,. (a)
PRO contents in different treatments. (b) MDA contents in different treatments. Different lowercase
letters indicate significant (p < 0.05) differences among treatments

MDA is an end product of the lipid peroxidation reaction in cells, which can cause significant damage to
cell membranes. As shown in Fig. 3b, there was a dramatic increase in MDA content under mercury stress,
reaching almost twice that of CK. However, the addition of selenium reduced the MDA content by 14% and
alleviated the damage in pakchoi. Treatment with selenium alone resulted in a substantial reduction in MDA
content, which was found to be beneficial for the growth of pakchoi.

3.5 Effect of Hg and Se Treatments on POD, CAT, and SOD Activities in Pakchoi

Antioxidant enzymes played an important role in plants subjected to abiotic stresses, they showed very
different changes in the experiment (Fig. 4). In the Hg-treated group, POD activity was significantly
increased to 270% of that in CK. However, it was reduced to 67% in the Se + Hg treatment group
compared to the Hg-treated group. In the Se + Hg group, the CAT activity was about 70% of that of CK,
but much higher than that of the Hg alone group, which was only 18% of that of the control. In addition,
SOD activity in the Hg-treated and Se + Hg treatment groups increased by approximately 12% for CK,
and there was no significant difference between these two groups. In Se treatment alone, the contents of
all three antioxidant enzymes did not change significantly, demonstrating that Se does not increase the
activity of antioxidant enzymes in pakchoi in the absence of Hg stress.
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Figure 4: (Continued)
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Figure 4: Effect of different treatments with Na,SeO; or HgCl, on the activities POD, CAT, and SOD in
pakchoi. (a) POD enzyme activities in different treatments. (b) CAT enzyme activities in different
treatments. (c) SOD enzyme activities in different treatments. Different lowercase letters indicate
significant (p < 0.05) differences among treatments

4 Discussion

Mercury (Hg) is a very harmful heavy metal, and high concentrations of it can cause plant-cell structure
abnormalities and malfunction, thereby inhibiting plant growth. Selenium (Se) is an essential trace element
for the human body and has various effects, such as improving the immune system, preventing cancer, and
regulating blood pressure balance. Although selenium is not an essential trace element for plant growth,
applying appropriate concentrations of selenium can promote plant growth, thereby improving plant yield
and quality. Studies have shown that Se can improve plant resistance, alleviate heavy-metal stress in
plants, and reduce their uptake of heavy metals, effectively alleviating heavy-metal pollution in plants
[24]. Suitable Se concentrations promote maize growth and significantly increase plant biomass [25].
Conversely, high Se concentrations inhibit maize growth, reduce plant dry-matter accumulation, and
decrease seed quality. The plant height, stem thickness, root length, and branch number of Perilla
frutescens initially increase and then decrease with increased selenium concentration [26]. The total
protein and vigor index of Suaeda salsa under mercury stress conditions increases after Se application
[27], indicating that suitable Se concentrations can improve the stress caused by heavy metals such as Hg
on plant growth. Selenium can combine with elemental mercury to form insoluble Se-Hg complexes
around the plant root system, which promotes the production of phytochelatins (PCs) and thus reduces
mercury accumulation in the plant [28,29]. The use of hydroponics in this experiment may have reduced
the amount of selenium-mercury complexes during the washing process after collection of the material,
resulting in lower measurements. Similar to the above studies, our results revealed that the Na,SeO; +
HgCl, treatment reduced growth inhibition and increased the biomass of pakchoi compared with HgCl,
treatment alone. This finding indicated that exogenous Se effectively alleviated the stress effect of Hg on
pakchoi growth (Fig. 5).

Applying Se at appropriate concentrations can improve the nutritional quality of pakchoi. A study on
grapes has revealed that the foliar application of exogenous Se significantly improves the fruit quality in
soluble solids, total sugars, sugar-to-acid ratio, vitamin C, tannins, and anthocyanins, as well as increases
the yield of grapes in three types of grapes [30]. Foliar spraying of sodium selenite also improves
intrinsic qualities, such as vitamin C, carotenoid, soluble protein, soluble sugar, and total flavonoids in
broccoli sprouts [31]. Vitamin C itself is an antioxidant and is more sensitive to heavy metal stress [32].
Selenium acts more as a protector in antagonizing heavy metal stress, and selenium treatment alone had
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little effect on changes in vitamin C content [33]. Soluble sugars are involved in physiological activities in
plants as osmotic pressure compounds. Under mercury stress, plant cells are damaged, and soluble sugar
content is reduced [34]. At the same time, exogenous selenium treatment increased soluble sugar content
[35]. This increase in osmotic substances may be a defense mechanism for plants to mitigate the damage
caused by exogenous elements through osmoregulation [36]. Selenium has an antagonistic effect on
mercury, thus gradually restoring the soluble sugar content to the plant’s own level. The role of selenium
in mitigating changes in soluble protein and free amino acid content in Hg-stressed plants remains to be
investigated. In the present work, the application of Se was effective in increasing the contents of soluble
protein and soluble sugar in Hg-stressed pakchoi, consistent with the results of previous studies on other
horticultural plants. This finding indicated that Se treatment was effective in increasing selenium content
and improving the multiple nutritional qualities of pakchoi (Fig. 5).
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Figure 5: Possible mechanisms of selenium attenuation of mercury stress in pakchoi

Chloroplasts are the main site of photosynthesis in plants, and chloroplast content can affect the strength
of their photosynthesis. Studies have shown that appropriate concentrations of Se can, to some extent, mitigate
the structural damage and functional impairment of plant cells caused by heavy-metal stress and thus restore
plant-chloroplast damage caused by heavy-metal stress. The mitigation is done by increasing chlorophyll
content, reconstructing chloroplast ultrastructure, and reorganizing cystoid and stromal structures [37], as
well as increasing chloroplast size, unsaturated fatty acidity, and cell-membrane fluidity [38]. The
reactivation of membrane enzymes and the restoration of important metabolite transport can alleviate
heavy metal stress in plants [39]. Proline (PRO) is involved in the maintenance of osmotic balance and the
stabilization of cell membrane structure and function. The addition of Se under cadmium stress increases
PRO metabolism and thus mitigates the effects of cadmium stress on wheat photosynthesis [40]. Similar
studies have been reported in rice, where low doses of Se solutions increase photosynthesis in rice plants
[41]. Se application to sorghum seedlings significantly increases the photosynthesis rate, stomatal
conductance, and transpiration rate [42,43]. The repair of plant cell structures including chloroplasts is
primarily regulated indirectly by Se, which promotes the uptake of essential trace elements such as Fe, Cu,
Zn, and P. This phenomenon indirectly promotes the synthesis of chlorophyllate reductase and the repair
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of plant bilayer structures, thereby indirectly reducing heavy-metal stress in plants [44,45]. The current study
showed that the chloroplast content under Hg stress increased after Se application, which showed that
selenium mitigates the damage caused by Hg to the intracellular chloroplasts of pakchoi. PRO, as one of
the regulators of normal plant growth, also varies within the expected range. Therefore, an appropriate
amount of Se can exert a protective effect on pakchoi under Hg stress (Fig. 5).

Similar to other abiotic stresses, mercury stress decreases the antioxidant capacity of plants, leading to
elevated levels of reactive oxygen radicals (ROS), which cause lipid peroxidation damage and the production
of MDA in cells [46,47]. Selenium is an essential micronutrient for antioxidant and metabolic reactions in
plants. It can directly or indirectly scavenge ROS, reducing MDA content and protecting plant safety.
Experimental studies on wheat [48], rice [49], tomato [50], and canola [51] have shown that Se enhances
their antioxidant capacity and stress resistance, ensuring normal growth. In the current research, POD
activities in pakchoi significantly increased to resist oxidative damage caused by mercury stress.
However, high concentrations of HgCl, lead to a drastic reduction in CAT activity. After the appropriate
increase of exogenous Se, POD activities and MDA content in pakchoi significantly reduced, and CAT
content was significantly elevated close to the control. These results indicate that selenium incorporation
effectively alleviated the oxidative stress caused by mercury (Fig. 5).

5 Conclusions

Pakchoi is a prevalent edible vegetable in China. However, it is essential not to ignore the problem of
occasional mercury contamination. To find out the way to alleviate the mercury stress in pakchoi, we took the
treatment of pakchoi with 0.2 mg L™' Na,SeOs, 40 mg L™' HgCl,, and 40 mg L' HgCl, + 0.2 mg L™
Na,SeO3 combined treatment. The plant weight, height, root length, and physiological indexes such as
soluble protein, soluble sugar, vitamin C, free amino acids, chlorophyll, and antioxidant enzymes were
detected. We found that pakchoi biomass and height were obviously reduced under mercury stress, severe
damage to the root tip, and significant decreases in all nutrient indices. Meanwhile, POD activity and
MDA content significantly increased, while the content of CAT dramatically decreased. By contrast, in
the Se + Hg co-treated group, pakchoi growth inhibition was alleviated, biomass was enhanced, pakchoi
aboveground and root elongated, and the content of proline and physiological indices such as soluble
protein and soluble sugar increased significantly. Meanwhile, the MDA content and POD activity also
decreased significantly, while CAT activity was significantly elevated close to the control. The results
indicate that exogenous selenium supplementation may be an effective method to reduce the
accumulation of mercury in pakchoi. Our results have important implications for the management of
mercury pollution and provide some technical guidance for the technology of selenium-enriched
vegetable cultivation.
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