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ARTICLE INFO ABSTRACT

Keywords: Selenium (Se) plays an indispensable role in minimizing cadmium (Cd) hazards for organisms. However, their
Cadmium potential interactions and co-exposure risk in the naturally Se-Cd enriched paddy field ecosystem are poorly
Selenium . understood. In this study, rice plants with rhizosphere soils sampled from the Enshi seleniferous region, China,
3;;221:;220“ were investigated to resolve this confusion. Here, translocation and bioaccumulation of Cd showed some

Co-exposure risk abnormal patterns in the system of soil-rice plants. Roots had the highest bioaccumulation factors of Cd (range:

Enshi 0.30-57.69; mean: 11.86 + 14.32), and the biomass of Cd in grains (range: 1.44-127.70 pg, mean: 36.55 +
36.20 pg) only accounted for ~10% of the total Cd in whole plants (range: 14.67-1363.20 pg, mean: 381.25 +
387.57 g). The elevated soil Cd did not result in the increase of Cd concentrations in rice grains (r> = 0.03, p >
0.05). Most interestingly, the opposite distribution between Se and Cd in rice grains was found (* = 0.24, p <
0.01), which is contrary to the positive correlation for Se and Cd in soil (r2 = 0.46, p < 0.01). It is speculated that
higher Se (0.85-11.46 pg/g), higher Se/Cd molar ratios (mean: 5.42 >1; range: 1.50-12.87), and higher pro-
portions of reductive Se species (IV, 0) of the Enshi acidic soil may have the stronger capacity of favoring the
occurrence of Se binding to Cd ions by forming Cd-Se complexes (Se>~ + Cd?* =CdSe) under reduction con-
ditions during flooding, and hence change the Cd translocation from soil to roots. Furthermore, the negative
correlation (% = 0.25, p < 0.05) between the Cd translocation factor (TFyhole grains/roor) and the roots Se indicates
that Cd translocation from the roots to rice grains was suppressed, possibly by the interaction of Se and Cd. This
study inevitably poses a challenge for the traditional risk assessment of Cd and Se in the soils-crops-consumers
continuum, especially in the seleniferous area.

1. Introduction

As a trace element, cadmium (Cd) is toxic for organisms in terrestrial
ecosystems (Rahman and Singh, 2019). Due to the strong mobility of Cd
in the ecosystem of cropland, it is easily taken up and bioaccumulated in
edible parts of crops (Hu et al., 2020). Excessive Cd can negatively affect
the growth of crops, leading to physiological disorders of metabolism
and even deterioration in the quality of agricultural products (Ismael
et al., 2019). Rice, as the staple food, is a key source of Cd intake for
people in South China (Song et al., 2017). Cadmium has a long half-life
and can be highly accumulated in the human kidney and liver; thus
long-term intake of Cd-contaminated grains may induce health
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problems (Baba et al., 2013).

Due to the extensive economic development model in the past, many
environmental problems involving heavy metal contamination were
brought about in China Mainland (Zhao et al., 2015). Currently, the
main pollutants affecting the soil environmental quality of agricultural
land in China are heavy metals, of which Cd is the primary one,
underlined in the “China Ecological Environment Status Bulletin 2020”.
Cd pollution in the agroecosystem is particularly serious in Southern
China (Mu et al., 2019), which is attributed to the local geological
background, industrial activities, or agricultural activities (Wang et al.,
2019a). A field investigation revealed that the Cd concentrations of rice
grains in a Cd-contaminated area in Hunan Province reached 0.69 pg/g
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(Chen et al., 2018), which is equivalent to that in the rice cultivation
region in Japan where “itai-itai disease” occurs. What is more worrying
is that rice accounts for 56% of Chinese residents’ total Cd intake (Song
et al., 2017), posing a threat to food security and people’s health.

Selenium is a necessary nutrient element for humans. As the core of
selenoenzyme, it plays a part in scavenging free radicals and antago-
nizing heavy metal toxicity (Rayman, 2012). However, most of the area
is in a state of Se deficiency in China (Dinh et al., 2018), causing the
intake of total Se for people to be generally less than the reference value
(60 pg/day) (Li et al., 2014), recommended by the Chinese Nutrition
Society. Interestingly, Se biofortification or Se functional agriculture is
emerging to increase the Se levels in agricultural products (rice, wheat,
eggs, tea) to improve the nutrient status for Se-deficient population
(Schiavon et al., 2020), especially in typical seleniferous areas, such as
Enshi, Ankang, Shitai, and Yichun in China.

The mitigating effect of Se on Cd biological toxicity was generally
confirmed in rats by improving Cd-induced oxidative stress (Jihen et al.,
2009) or forming protein-bound complexes (Gasiewicz and Smith,
1976). The adverse effect of Cd on rice plants could be mitigated by Se
fertilization has been shown by many pot experiments. The key mech-
anism is that Se chelates Cd metal ions in soil (Huang et al., 2018) or in
rice plants (Feng et al., 2021). The interactions of Cd and Se in the soil
are mainly manifested in that Se changes the geochemical distribution of
different fractions of Cd in the soil and reduces the content of soluble Cd
(Huang et al., 2018). The formed insoluble substance of CdSe (K, = 4 x
10’35), less bioavailable for plants (Navarro et al., 2012), might be
responsible for the reduction of soluble Cd in soils (Shanker et al., 1995).
In rice plants, Se may regulate Cd transport genes of Nramp5 (Zhou
etal., 2021) or HMA3 (Huang et al., 2021) in the tissue of roots and then
restain Cd translocation from roots to other tissues. Furthermore, che-
lation of Cd by Se was also found in corn leaves (Zhang et al., 2019).
Although numerous studies of Se on Cd were reported, the impact of Cd
on Se translocation in rice plants seems not so significant (Huang et al.,
2017; Zhang et al., 2019).

Enshi, located in central China, is known as the “World Capital of
Selenium”. The soil Se concentrations range from 0.5 to 47.7 ug/g and
rice Se levels vary from 0.084 to 9.67 pg/g (Sun et al., 2010). The
naturally higher soil Se is mainly attributed to the wide distribution of
shales with high Se in Enshi (Chang et al., 2019a). However, as the
associated heavy metal of Se, Cd (geomean: 4.8 pg/g) is also enriched in
local shales based on the literature analysis (Chang et al., 2019b).
Subsequently, the weathering of parent rocks containing Cd might result
in the highly accumulated Cd in the soil (Yu et al., 2018; Chang et al.,
2019b). A recent study revealed that the Cd in soil was 0.93 + 1.63 pg/g
and even exceeded 10 pg/g at some sites of Enshi (Yu et al., 2020).
Therefore, the Enshi area is a naturally high Se and Cd geological
background area. To achieve agricultural development and rural revi-
talization, Se-functional agriculture is being promoted by the local
governments. Although the biogeochemistry of Se has been well inves-
tigated, the interaction of Se and Cd and their co-exposure risk in such
paddy field ecosystems are poorly understood. Understanding the
interaction of Cd and Se and their co-exposure risk in the local farmland
system is helpful for further implementation of environmental risk
governance and the high-quality development of Se-functional agricul-
ture. It was previously reported that the accumulation of Cd in corns,
collected from the natural Se-Cd rich upland soils of the Wumeng
Mountain area of Guizhou province, were inhibited when soil
bioavailable Se:Cd molar ratios greater than 0.7 (Zhang et al., 2019).
Considering the Se (IV) has a stronger ability to antagonize Cd than Se
(VI) under flooded conditions (Wan et al., 2016) and Se (IV) accounts for
19% of total Se in paddy soil of Enshi (Qin et al., 2017), this study hy-
pothesizes that a possible Se-Cd interaction may occur to control Cd
accumulation in rice and may affect Cd or Se risk assessment in the
natural paddy ecosystem of Enshi. To address the abovementioned
concerns, co-located soil and rice plants were then sampled. This study
aims to provide a more profound implication with regard to the
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environmental risks of Cd and Se at this natural seleniferous area. It may
serve as a valuable reference for stakeholders, including environmental
protection agencies in China and globally.

2. Materials and methods
2.1. Study area

Enshi has a humid subtropical monsoon climate with abundant
rainfall and four distinct seasons. The annual average precipitation is
~1600 mm, and the average annual temperature in the territory is
16.2 °C (Qin et al., 2013). The Se ore and Se-rich stone coal resources
containing abundant vanadium, molybdenum, cadmium, and other
metal elements are mainly produced in Permian silicon-bearing carbo-
naceous shale (Yao et al., 2002). The trace metals of copper, zinc,
plumbum, and so on were reported in a previous study, showing
non-polluted farmland soil, apart from the Cd and Se (Chang et al.,
2019b). Se-enriched agricultural products have been vigorously pro-
moted with rapidly developed Se functional agriculture in this area in
recent years.

2.2. Sample collection and preparation

24 sites of rice plants and the corresponding rhizosphere soils were
sampled from the Enshi region (Figure S1, N = 24) in September 2016,
in which the total soil Se, extracted bioavailable Se, soil pH, and organic
carbon (SOC) were previously reported (Chang et al., 2019a) and
directly used for this study. To further look into the potential Cd-Se
interaction, different rice tissues (including roots, stems, leaves, husks,
and grains, were subjected to Cd analysis. Sequential chemical extrac-
tion procedures for fractions of soil bioavailable Cd have been given
previously, where ultrapure water was applied to abstract the fraction of
water-soluble and 1 M MgCl, was used to take out the exchangeable Cd
(Chang et al., 2019b). The extracted solutions were firstly filtered with
0.45 pm filter membranes (JINTENG®) to avoid the influence of possible
particulate impurities on the following analysis. Then the solution
samples were tested by ICP-MS (Nexion 300X, PerkinElmer) after being
diluted by ultrapure water.

Analysis of Cd in soil and plants tissues. 0.05-0.1 g of soil sample was
digested with the distilled 3.4 mL of HNO3 and 0.6 mL of HF, and
0.1-0.15 g of plant sample was digested with the distilled 3.0 mL of
HNOs3 at 160 °C for 38 and 20 h in 15 mL of Teflon bombs respectively.
After digestion, 2 mL of 30% (v/v) HyO, were added to the cooled
bombs, then placed at the platen heater (~90 °C), to evaporate the so-
lutions to be nearly dry. Then, 3 mL of distilled HNO3 and 2 mL of ul-
trapure water were supplemented to the bombs, placed in an oven at
160 °C for 8 h (Chang et al., 2019b). After cooling, the solution was
diluted and detected by ICP-MS. Before the test, the diluted solutions
were filtered with a 0.45 pm filter membrane. To ensure the quality of
the experiment, standard reference materials of GBW10020 (citrus leaf)
and GBW07405 (GSS-5, yellow-red soil) were used during the digestion
process of samples. The analysis results of standard reference materials
for GBW07405 is 0.42 + 0.03 pg/g (0.38-0.46 ng/g; reference value:
0.45 pg/g); and the analysis result for GBW10020 is 0.18 + 0.01 pg/g
(0.17-0.20 pg/g; reference value: 0.17 pg/g). The mean recovery of Cd
for GBW07405 and GBW10020 are all ranged within 90-110%. The
relative variance was within 10% for all sample duplicates.

2.3. Bioaccumulation and translocation factors

The bioaccumulation factors (BAFs), mainly used to evaluate the
ability of different parts of plants to accumulate the related elements in
rhizosphere soil, were calculated using the following equation:

BAFiice tissue = Crice tissue/Cagit M
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where Crice rissue represents the concentrations of Cd in rice tissue and Cgy
indicates the concentrations of Cd in the soil.

The translocation factors (TFs), characterizing the migration ability
of elements between rice tissues, were calculated as:

TFlissue 1/tissue2 = C(issue 1/Ctissue2 (2)

where Cise1 is the concentration of Cd in rice tissue 1 and Cyjggez is the
concentration of Cd in rice tissue 2.

2.4. Statistical analysis

The software of IBM SPSS Statistics 22 was utilized to perform cor-
relation analysis. Correlation coefficient (r) and significance probability
(p) values were given during the regression fits. T-tests, showing the
significant difference of concentrations and bioaccumulation factors of
Cd in plants tissues, also were calculated. Additionally, Microsoft Office
2013 and Origin 2021 were used to perform graphics drawings. Since no
significant correlations were found between the major metal elements in
soil and Cd in rice, the only impact of Se on Cd translocation and bio-
accumulation was discussed in the study.

3. Results and discussion
3.1. The total and bioavailable Cd in soils

The total Cd concentrations of paddy soil samples varied from 0.35 to
2.67 pg/g (mean:1.28 + 0.62 ug/g), which is comparable to a recent soil
investigation study (range: 0.12-21.95 pg/g, mean: 0.93 + 1.63 pg/g)
(Yuetal., 2020), but ten times higher than the natural background of Cd
in Chinese soil (0.097 ug/g, Wei et al., 1991). The soil in Enshi is acidic,
with a mean pH of 5.33 4+ 0.46 (Chang et al., 2019a). The lower soil pH
may result from the decomposition of organic matter in soil and shales,
which was revealed by the negative correlation between pH and organic
matter (,2 = 0.25, p < 0.01) (Chang et al., 2019a). The mean concen-
tration of soil Cd seriously exceeded the risk screening values (0.3 ug/g,
pH < 5.5), and one-third of soil samples reached the risk intervention
values (1.5 pg/g, pH < 5.5) for paddy soil contamination set by the
Chinese government (GB 15618-2018).

The Cd species of water-soluble and exchangeable are deemed as the
most bioavailable for plants (Ma and Rao, 1997). The concentrations of
water-soluble Cd ranged from 0.79 to 22.66 ng/g (mean: 7.50 ng/g),
while the proportions varied largely from 0.09% to 1.12% (mean:
0.61%) (Chang et al., 2019b). A positive correlation between the
water-soluble and the total soil Cd was found (Table S1, p < 0.01), which
indicates that total soil Cd defines the level of water-soluble Cd. How-
ever, a significant negative relationship was found between the pro-
portions of water-soluble Cd to the pH values (> = 0.53, p < 0.01),
revealing that pH largely affects the release of water-soluble Cd from the
soil. It is also observed that the proportion of water-soluble Cd at pH
~4.8 is ten times higher than that at pH ~7; this finding is comparable to
a recent study, which found that the decreased pH results in a sharp
increase of the soluble Cd (Wang et al., 2019a). The specific mechanism
for the increased water-soluble Cd with increasing soil acidity may be
controlled by the interaction of Cd fractions, the competition between
Cd%*" and other metal ions (Ca®", Mg?t, Fe**, and AI*"), and the
desorption or adsorption process (Dou et al., 2020). Additionally, the
concentrations of exchangeable Cd varied from 0.21 to 1.36 pg/g (mean:
0.52 + 0.29 pg/g), and its proportions varied from 27.14% to 58.21%
(mean: 41.23%) (Chang et al., 2019b), comparable to those in other
acidic soils (Wang et al., 2019b). A positive correlation between
exchangeable and total soil Cd is also observed (Table S1, r? =0.90, p<
0.01), which still indicates that exchangeable Cd was primarily
controlled by the total soil Cd. However, the weaker negative correlation
of pH and the proportions of exchangeable Cd to total Cd (2 = 0.22, p =
0.02), implying that the effect of pH on exchangeable Cd is weaker than
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that on water-soluble Cd.
3.2. The pattern of Cd bioaccumulation in rice

The concentrations, bioaccumulation factors, and biomass of Cd in
rice plants are given in Fig. 1. It is easily known that rice roots have the
highest Cd concentrations (range: 0.22-32.63 pg/g; mean: 11.31 +
10.30 pg/g) among all rice tissues, followed by stems (range:
0.10-17.98 pg/g; mean: 5.90 + 5.73 pg/g), bran (range: 0.067-5.33 pg/
g; mean: 1.59 + 1.61 pg/g), polished rice (range: 0.028-1.89 pg/g;
mean: 0.74 + 0.71 pg/g), leaves (range: 0.023-2.34 pg/g; mean: 0.56 +
0.62 pg/g), and husks (range: 0.003-1.54 pg/g; average: 0.31 +0.38 pg/
g) (Fig. 1a). Roots had the highest BAFs (range: 0.30-57.69; mean:
11.86 + 14.32), followed by stems (range: 0.062-26.45; mean: 6.72 +
8.45), bran (range: 0.052-7.50; mean: 1.77 + 2.28), polished rice
(range: 0.02-3.54; mean: 0.84 + 1.11), leaves (range: 0.01-2.93; mean:
0.63 + 0.86), and husks (range: 0.0009-1.93; mean: 0.35 + 0.51)
(Fig. 1a). The highest bioaccumulation capacity of Cd in rice roots is
attributed to its special roles in adsorbing, retaining, and transporting
Cd from soils to roots and from roots to shoots. The root is generally
deemed as the main tissue that absorbs Cd for rice plants (Smolders,
2001). Cd%" adsorption from the soil solutions by rice roots cells is
primarily controlled by OsNramp5 that located in the outer and endo-
dermis of the roots (Sasaki et al., 2012). A feasible measure was intro-
duced to decrease the Cd in rice by inhibiting the Cd absorption by rice
roots through genetic mutation of the OsNramp5 (Wang et al., 2019¢).
Furthermore, Once Cd?* enters the roots, biochemical reactions that
detoxify Cd in rice are induced. Like OsHMA3, located in the vacuoles of
roots, can transport Cd ions into the vacuoles (Miyadate et al., 2011) and
the ions can be further chelated by free sulthydryl groups, ultimately
resulting in large bioaccumulation of Cd in roots (Zhang et al., 2013).
Experimental studies also have been proved that overexpression of
OsHMA3 can effectively elevate Cd retention in roots (Sasaki et al.,
2014) and markedly decrease migration of Cd from rhizosphere to
ground tissues (Lu et al., 2019).

Interestingly, the concentrations and BAFs of rice leaves were
slightly lower than those in polished rice (t-test, p = 0.045), which was a
little different from the previous result (root > stem > leaf > rice grain)
(Liu et al., 2020), potentially indicating a stronger translocation ca-
pacity of Cd from leaves to grains via the phloem during the filling stage.
The significantly lower concentrations and BAFs of Cd in the polished
rice than in bran were found (t-test, p < 0.01), indicating that Cd was
intensively distributed along the outside of rice grains, which agrees
well with the y-XRF evidence (Gu et al., 2020). More interestingly, a
recent study found no correlations between Cd levels in bran and pol-
ished rice (Gu et al., 2020); however, a higher positive correlation was
found in the present field study (Table S1, r? =0.92, p < 0.01), which
may imply similar water management measures for the sampling sites,
because largely varied water management may change the supplemen-
tation of Cd from the pore water and ultimately affect the Cd distribution
in grains (Gu et al., 2020).

The Cd biomass in rice tissues differs with concentrations and BAFs.
As Fig. 1b shows, the varying trend of Cd biomass in the whole plants
was as follows: whole plants (range: 14.67-1363.20 pg, mean: 381.25 +
387.57 pg) > stems (range: 2.28-686.77 pg, mean: 195.56 + 215.47 pug)
> roots (range: 2.39-447.69 pg, mean: 127.97 + 126.77 pg) > polished
rice (range: 1.44-127.70 pg, mean: 36.55 + 36.20 ug) > leaf (range:
0.15-45.11 pg, mean: 7.57 + 10.57 pg) > bran (range: 0.29-27.53 pg,
mean: 7.44 + 7.88 pg) > husk (range: 0.02-31.78 pg, mean: 6.16 + 7.69
pug). Nearly half of the total Cd was stored in the stems (51.3%), followed
by roots (33.6%), polished rice (9.6%), leaves (2%), bran (2%), and
husks (1.6%) (Fig. 1¢). Given the much lower Cd biomass in rice grains
than in other tissues, the Cd migration from stems or roots to grains was
inferred to be inhibited extraordinarily. It was reported that nodes in
stems play a role in preventing Cd from being transported to rice grains
(Yamaguchi et al., 2012), which can partly explain the higher Cd
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Fig. 1. Bioaccumulation patterns of concentrations, BAFs, and biomass of Cd in rice tissues collected in the Enshi seleniferous area.

bioaccumulation in stems. The Cd biomass in bran accounts for
approximately 1/6 of the whole Cd in grains, meaning that a milling
process would be feasible in reducing the Cd content in rice grains.

3.3. Se versus Cd in soils and rice tissues

Se-rich black shale was recognized as the potential source of Se in the
soil (Chang et al., 2019a). Black shale is a special sedimentary rock
abundant in organic matter and heavy metals (Duan et al., 2020), and its
weathering and degradation by natural geological processes or anthro-
pogenic activities may give rise to the heavy metals being released into
the ambient (Yu et al., 2011). In this study, the Cd in soil was positively
correlated with the soil Se (7 = 0.46, p < 0.01, Figure S3a), which in-
dicates that Se and Cd may have the same source and Cd also derived
from the Se-rich black shale.

The concentrations of Se in polished rice varied widely from 0.09 to
1.88 pg/g (average: 0.59 + 0.42 pg/g), higher than the standards of Se-
rich rice set by China (0.04-0.3 pg/g, GB 22499-2008) (Chang et al.,
2019a). The average of Cd in the polished rice was 0.74 + 0.71 pg/g
(range: 0.028-1.89 pg/g), two-thirds of which exceeded the limit stan-
dard for rice in China (0.2 pg/g, GB 2762—2017). Here, it is worth
emphasizing that the levels of Cd were inversely correlated to those of Se

in the rice grains (= 0.24, p < 0.01) (Fig. 2, Table S2). Three points
(the empty dots in Fig. 2, that was not included into the regression
analysis) abnormally deviated from the fitted curve; however, the un-
derlying causes still need to be further explored, given the complexity of
field research. Similarly, inverse correlations of Se and Cd in other aerial
tissues were also observed (Figure S3), which is contrary to the positive
correlation of Se and Cd in soil (% = 0.46, p < 0.01).

3.4. Preliminary risk assessment for Cd/Se co-exposure in the polished
rice

In terms of the Chinese guidelines for Se-rich rice (40-300 ng/g, GB
22499-2008) and limits of Cd contamination in rice (<200 ng/g, GB
2762—2017), six types of polished rice could be characterized as: low
Se/high Cd, low Se/low Cd, rich Se/high Cd, rich Se/low Cd, high Se/
high Cd, and high Se/low Cd (Fig. 2). Only the rice type with rich Se/low
Cd represents no intake risk for the locals, whereas other types still pose
a risk to varying degrees. Notably, nearly all Se:Cd molar ratios of rice
samples with rich Se/high Cd were lower than 1, possibly implying the
limited ability for Se antagonizing with Cd when this type of rice is
consumed by the locals. Low Se/high Cd or rich Se/high Cd types of rice
are exceptionally harmful, representing a particularly excessive Cd
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intake risk. The high Se/low Cd rice may indicate a potential Se expo-
sure risk due to the ample Se intake, approximately 252 + 184 pg/day by
consumption of rice (Chang et al., 2019b). Although selenosis would
hardly occur based on the current Se intake levels in this study (selenosis
generally involves Se intake >800 pg/day), long-term intake of high Se
rice still should be avoided to control the total Se intake to not exceed
400 pg/day, as recommended by the Nutrition Society of China. How-
ever, it is hard to give a definite conclusion regarding such high Se/high
Cd rice samples due to the lack of risk assessment criteria for high Se-Cd
co-exposure for human bodies. The harmful effects of Cd on organisms
could be mitigated by adequate Se intake (Chen et al., 2020). Generally,
the total Cd intake, less than 60 pg/day, is safe for humans with 60 kg
body weight (WHO, 1972). To avoid the adverse effect of long-term
intake of Cd-containing rice (~315 pg/day for the locals, Huang et al.,
2013) on the health, locals should be advised to limit ingesting much
rice with excessive Cd (>0.2 ug/g), especially for rice with a Se:Cd molar
ratio <1. The low Se/low Cd rice only indicates Se deficiency but was
not found in the Enshi samples. Since the levels of Cd in rice can not be
predicted by Cd in soil, the traditional knowledge for Cd risk analysis in
rice is challenging. According to preliminary discussions above, the
intake risk of these six types of rice grains might be ranked as follows:
low Se/high Cd > rich Se/high Cd > high Se/high Cd > high Se/low Cd
> low Se/low Cd > rich Se/low Cd. However, more practical in-
vestigations involving different Cd/Se co-exposure groups should be
carried out to clarify the inference.

3.5. Impact of Se on Cd translocation in soil-rice plants and possible
mechanisms

Soil is considered as the major source of Se in rice tissues (Qin et al.,
2013). The Se and Cd in polished rice are all positively correlated to
their levels in roots (r> = 0.77, p < 0.01, for Se; = 0.74, p < 0.01, for
Cd), indicating that both Se and Cd in polished rice are contributed by
roots that taking up Se and Cd from the soils. Interestingly, no positive
correlations between Cd in soil and rice or between bioavailable Cd
fractions and rice were found in the collected Enshi samples (Figure S2),
which contradicts the general result, that a good correlation of Cd in rice
grains and soil solutions was observed (Wen et al., 2020). The increased
total or bioavailable Cd did not result in a subsequent increase in Cd in
rice but rather showed a decreasing trend (Figure S2) in the study.

Selenium shows a robust impact on decreasing the Cd mobility in
soils and the uptake capacity by roots (Affholder et al., 2019). In pre-
vious soil culture experiments, applying only 0.5 pg/g of sodium selenite
reduced the transport capacity of Cd from the soils to the iron plaque of

roots by 71%, and the Cd concentrations in rice dropped by 44.4% (Hu
etal., 2014). It is worth noting that the soil Se concentrations range from
0.85 to 11.46 pg/g in this study (Chang et al., 2019a), even higher than
the added Se mentioned above. It is speculated that strong interactions
of Se and Cd may exist in the Enshi acidic paddy soils (Fig. 3). The un-
usual non-correlation between Cd in soils and rice tissues (Table S1) may
indicate that uptake and mobility of Cd from soils to roots were largely
inhibited. Under flooded conditions, species transformation of Se from
the high valence to low valence (Se042~—Se032~—Se’—Se?™) generally
occurs in the soil-water system (Wang et al., 2019d). In the cornfield rich
in Se and Cd, the antagonistic effect of Se on Cd was found in corn plants,
especially when the bioavailable Se:Cd molar ratio (range: 0.4-1.1) of
the soil >0.7 (Zhang et al., 2019), whereas the soil Se:Cd molar ratio
averagely reached 5.42 (range: 1.50-12.87) in this study. A negative
linear correlation between the Se:Cd molar ratios of soils and the con-
centrations of Cd in rice was found (r* = 0.15, p = 0.058), which re-
sembles that of the study on corn by Zhang et al. (2019). However, the
threshold effect between the soil Se:Cd molar ratio and the bio-
accumulation of Cd was not found in this study, which differs from the
previous corn study. The lack of threshold effect here might be ascribed
to the much higher soil Se and Se:Cd molar ratios than the study by
Zhang et al. (2019). In addition, the Se(IV) and elemental Se(0) account
for 19-44% and 6.1-14.9% of the total soil Se respectively in Enshi (Qin
et al., 2017). Thus, it may provide a considerable abundance of reduc-
tive Se to interact with Cd and form Cd-Se complexes in soils.
Selenium also plays a part in immobilizing Cd among plants tissues
by direct or indirect interactions with Cd. Here, a negative correlation of
roots Se and TF (Cpolished rice/Croor) Was found (? = 0.25, p < 0.05,
Fig. 4a), indicating that Cd translocation from roots to polished rice was
inhibited by the increased roots Se. Se(IV) is the major available species
for rice roots taking up Se from acidic soil under flooded conditions (Li
et al., 2010). After being taken up by rice roots, selenite (Seth may
rapidly be reduced into organic Se (Li et al., 2008), like the form of
C-Se-C (Zhao et al., 2013), then complicated CdSe/CdS inert complexes
may be formed in tissues. The increased Se not only brings about sele-
nocysteine and selenoproteins rich in selenols (-SeH) but also induces
the increased formation of glutathione (GSH) (Srivastava et al., 2009)
and phytochelatins (PCs) (Wan et al., 2016). These substances rich in
sulfhydryl (-SH) functional groups have a strong ability to chelate Cd
ions (Yadav, 2010). Additionally, -SH groups can also be replaced by
-SeH groups due to the higher chemical activity of -SeH (Arnér, 2010).
PC with -SeH can preferentially chelate Cd** to form Cd-Se inert sub-
stances, which are then transported to vacuoles to restrict the mobility of
Cd from roots to grains (Ismael et al., 2019; Riaz et al., 2021). The
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inhibitory impact of the increased Se on Cd mobility causes a certain
amount of Cd retention in roots and a reduction in seeds, as found in this
study (Fig. 2, Figure S3) and the oilseed rape study by Zhao et al. (2019).
More interestingly, a significant negative correlation was found between
the Cd in rice seeds and the Se:Cd molar ratios of roots (% = 0.83, p <
0.01, Fig. 4b), which demonstrates that the rapidly increased Se relative
to Cd largely affected Cd translocation from roots to rice seeds. As
Fig. 4b shows, there would be an active Se-Cd interaction when the root

Se:Cd molar ratio was <3:1, while weaker at > 3:1. However, the hy-
droponic experiment by Guo et al. (2021) finds that the interaction of Se
and Cd may get weaker at Se:Cd molar ratio greater than 1. These may
indicate that the Se-Cd interaction in roots is somewhat different be-
tween the field and hydroponics study. Additionally, selenomethionine
was found to combine with Cd in corn leaves by using the HPLC-ICPMS
technique (Zhang et al., 2019). Also, deeper identification on the Cd or
Se species should be done to compare enough this study to the previous
corn study in the following work.

4. Conclusions and environmental implications

The unusual translocation and bioaccumulation patterns of Cd in the
shale-soil-rice system are worthy of attention in the Enshi region. In this
study, the acidic soil environment, the higher total Se, reductive Se
species, and molar ratios of Se:Cd, may favor the interaction of Cd with
Se in the system of soil and rice plants. The increased Se levels in soil and
roots greatly affect the geochemical fate of Cd, which may primarily
result in the inverse distribution of Se and Cd in polished rice at this
natural seleniferous area. The rice with high Cd/insufficient Se may
have a very higher food safety risk. Unfortunately, this type of rice is not
easily identified by determining the soil Cd based on the observed non-
positive correlation between Cd in soils and rice. Therefore, the neces-
sary investigation of Cd in the rice paddy ecosystem is suggested to be
conducted to avoid the production of Se-rich rice but containing high
levels of Cd. The real added-value of the study is that it enlightens us to
ponder how to formulate a scientific risk assessment method to take a
new look at the risks of Cd in the paddy soils-crops-consumers chain,
considering the interaction of Cd and Se. More practical fieldwork and
direct evidence are needed to deeply reveal the antagonism actions of Cd
and Se along with this chain. One point is that toxicity or bioaccessibility
of Cd, no matter in local foods or humans, may be weakened by the
presence of Se. Some primary investigations found that the Cd-induced
nephrotoxicity might be alleviated by Se in the residents of Enshi (Chen
et al., 2020) and Shitai (Yang et al., 2021). In addition, direct charac-
terization on Se-Cd complexes, such as by XANES, p-XRF, and
UHPLC-Q-Exactive Orbitrap MS evidence will be expected to more
deeply reveal the mechanism of Se antagonizing Cd in this naturally Se
and Cd enriched area. Many scientific studies still need to be conducted
to better serve the local eco-environment, functional agriculture, and
people’s health.
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