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Abstract

Aims The consumption of rice grain produced in mer-
cury (Hg) contaminated soil was identified as a major
route of dietary Hg exposure. The aims were 1) to
determine the most suitable concentration of Se that
can lead to least Hg accumulation in rice grain in real
Hg contaminated paddy field in Qingzhen, and 2) to
elucidate the possible mechanism of the protection
against the phytotoxicity of Hg in rice by Se.

Methods Rice plants were treated with different concen-
trations (0, 0.01, 0.1, 0.5, 1 and 5 pg/mL) of sodium
selenite in a real paddy field in Qingzhen, Guizhou,
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China. The concentrations of Hg and Se in soil, stream
water, rice tissues, and the seed setting rate (SSR) and
thousand seed weight (TSW) were checked. The distri-
bution and chemical forms of Hg and Se in rice root
were studied by XRF and XAS.

Results Treating the rice plants with 0.5 pg/mL of so-
dium selenite achieved the lowest Hg accumulation in
rice grain while the highest SSR and TSW. In rice root,
XRF found decreased Hg uptake, and XAS found Hg-
Se complexes were formed. These findings, together
with the formation of biological barriers like iron
plaque, could explain the decreased accumulation of
Hg in rice grain at Se levels below 0.5 pg/mL. Se
concentrations over 0.5 pg/mL led to increased Hg
accumulation and decreased SSR and TSW, which were
ascribed to the significantly increased Se accumulation
in rice grain.

Conclusions This field study suggest that treatment
with appropriate level of Se (0.5 pg/mL in this study)
is an efficient way to reduce Hg accumulation in rice
and increase rice yield and quality, thereafter to protect
the health of the rice-dependent populations in Hg-
contaminated area.

Keywords Rice - Mercury - Selenium - XRF - XAS -
Seed setting rate - Thousand seed weight

Introduction

Mercury (Hg) is linked to a number of human health
diseases and brings toxic effects to kidneys, livers,
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lungs, especially the central nervous systems (Guallar
et al. 2002). Due to its high toxicity, persistence in the
environment, and bioaccumulation in the food chain,
Hg and its compounds are listed as a priority control
pollutant by many international organizations (Clarkson
and Magos 2006). For the general population, the intake
of marine food is the major way of Hg exposure. In
recent years, it is found that the consumption of crops,
especially the rice grown in Hg-contaminated soil is
another way of Hg exposure (Feng et al. 2008; Horvat
et al. 2003).

The farmland in Qingzhen, Guizhou of Southwestern
China is heavily contaminated by Hg due to the irriga-
tor’s using Hg-containing stream water discharged by an
organic chemical factory (Matsuyama et al. 2004;
Matsuyama et al. 2009; Matsuyama et al. 2005; Qu
1999; Yasuda et al. 2004). The factory applied a similar
production process to that of Chisso Corporation, Japan,
in which Hg was used as a catalyst to produce acetic
acid and finally caused the Minamata Disease. The
concentration of Hg in the soil was found to be 0.56 to
390 mg/kg with an average of 68.3+90.8 mg/kg (Zhang
et al. 2008), which is far beyond the Chinese national
limit for paddy soils (1.5 mg/kg) (Environmental
Quality Standard for Soils (GB15618-1995) 1995). It
is estimated that about 260 ha of local farmland in
Qingzhen was contaminated (Qu 1999; Wang et al.
1990; Xiong 1985; Zhang et al. 2008). Studies found
that the methylmercury (MHg) level in rice reached
19.6 ng/g (Wang et al. 1990) and the total Hg level
was as high as 33.5 ng/g (Horvat et al. 2003), which is
higher than the Chinese national limit for Hg in rice
(20 ng/g) (Chinese Ministry of Health 2005). The MHg
level in many hair and blood samples from local resi-
dents was over 500 ng/g and 50 ng/g, respectively
(Wang et al. 1990). Animal study found the Hg contam-
inated rice could significantly induce the expression of
c-jun mRNA and its protein in brains of rats (Cheng
et al. 2006). All these results suggest that public health
risks need be seriously considered in local populations
and the remediation of the farmland is urgently
necessary.

Several techniques, including soil washing (Lin
2009), low-temperature thermal desorption (Lai 2008;
Qiu etal. 2014) and phytoremediation (Long et al. 1994)
have been applied to treat the Hg contaminated farmland
in Qingzhen. Due to the volatility of elemental Hg,
thermal desorption is frequently applied to restore Hg
contaminated soils (Wang et al. 2012). It was found
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more than 90 % of the total Hg could be removed from
the contaminated soil at 350 °C (Qiu et al. 2014).
However, the costs of this technique and the effects of
the thermal treatment on soil properties should be care-
fully balanced. Soil washing could remove the soluble
and exchangeable Hg in the heavily polluted soil but the
essential gradients in soil were also removed (Lin 2009).
Besides, the high costs and the disturbance to the soil by
soil washing should also be taken into account.
Phytoremediation uses various plants to degrade, ex-
tract, contain or immobilize contaminants from soil,
which is cheap and simple. It was found that
Boehmeria nivea (L.) Gaudich could extract more Hg
than rice and was proposed to grow Boehmeria nivea
(L.) Gaudich rather than rice in these rice paddy field
(Long et al. 1994). Similarly, Zhao et al. found Rubus L.
and Artemisia argyi H. are Hg-hyperaccumulation
plants and can survive in Hg contaminated area (Zhao
et al. 2014a). However, it should be noted that rice is the
staple food for local residents and it is relatively hard to
change their dietary structure.

Recently, rice grown aerobically was found to mark-
edly reduce the Hg accumulation as well as lead to much
lower proportion of MHg in rice grain (Peng et al.
2012). Further investigation suggests that the decreased
sulfate-reducing bacteria numbers and proportion of Hg
methylators in the rhizosphere are the main reason for
the reduced Hg accumulation (Wang et al. 2014c).
These findings provide an alternative way to reduce
the Hg uptake through rice consumption while keep
the dietary structure for rice-dependent populations.
However, the growth of rice and the rice yield were also
affected in aerobically condition since flooded paddy
ensures increased nitrogen fixation, increased phospho-
rous levels and minimized competition from weeds and
soil-borne pathogens (Bindraban et al. 2006; Peng et al.
2012). Therefore, finding other ways that can keep the
growth pattern of rice while reduce the Hg accumulation
in rice grain is highly desired.

Selenium (Se) is an essential trace element which has
long been found to protect against the toxicity of Hg
(Bjerregaard and Christensen 2012; Koeman et al. 1973;
Kosta et al. 1975). The possible mechanism for this
protection is that, first, Se has high affinity to Hg and
can form Hg-Se complexes, which is inert in the body;
second, Se is incorporated into important
selenoenzymes and their antioxidative properties, which
help eliminate the reactive oxygen species induced by
Hg in vivo (Chen et al. 2006; Ralston and Raymond
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2010). Se supplementation trials have been conducted in
people suffering from Hg poisoning with confirmed
protective role of Se (Li et al. 2012; Seppanen et al.
2000). For plants, recent hydroponic and greenhouse
experiments found that selenite could protect against
the toxicity of Hg in rice and inhibit Hg accumulation
in rice tissues (Wang et al. 2014b; Zhao et al. 2014b).
This is in agreement with another investigation about
the influence of Se on the uptake and translocation of Hg
in the rice-soil system from a Hg mined area, where both
Hg and Se occur due to historic Hg mining and retorting
activities (Zhang et al. 2012). However, to the best of
our knowledge, treatment of rice grown in real Hg
contaminated paddy field like in Qingzhen with Se
was not reported yet and the reason for the re-
duced Hg accumulation in rice is still unclear. The
aims of this study are: 1) To determine the most
suitable concentration of Se that can lead to least
Hg accumulation in rice grain while have the
highest rice yield and grain quality in real Hg
contaminated paddy field in Qingzhen, and 2) To
elucidate the possible mechanism of the protection
against the phytotoxicity of Hg in rice by Se.

Materials and methods
Experimental design

A rice paddy field in Qingzhen was chosen for
this study, which uses the Hg-containing stream
water to flood the paddy field. A widely grown
rice cultivars in this area, Zhongyoul58 (ZY158),
was selected in this experiment. To prevent the
possible disturbance to the paddy field, the rice
was grown in 12 polypropylene (50 cm in length,
35 cm in width, and 35 cm in height) boxes with
no drainage holes. The boxes were put into the
paddy field and the rice was cultivated using the
paddy soil by a local farmer according to normal
practice from June to October, 2010. The experi-
mental boxes were divided into two parallel
groups, and each group of six boxes was added
with different concentrations of sodium selenite
solution (0, 0.01, 0.1, 0.5, 1, and 5 pg/mL, diluted
with the stream water, expressed as control,
0.01Se, 0.1Se, 0.5Se, 1Se, and 5Se group, respec-
tively) every 30 days, until rice matured.

Sample collection and preparation

The whole rice plants were harvested at the maturity
stage. The rice samples were washed with deionized
water, then separated to roots, stems, leaves, hulls and
grains. After freeze-dried, their dry weight were
weighed. Finally, these tissues were ground to powders,
and stored at —20 °C prior to further analysis.

The soil samples were collected from rhizosphere (0—
20 cm depth) and placed into the sealed polyethylene
bags to prevent cross pollution. The soil samples were
ground to pass a 150-mesh sieved for further analysis.
The water samples were collected from the stream and
the paddy field.

Analytical methods and quality control

Hg and Se concentrations in rice tissues, soil and water
samples were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS, Thermo Elemental X7,
USA) (Li et al. 2006; Li et al. 2007). Detailed informa-
tion about the analysis can be found in supporting
information, S1.

Distribution of Hg and Se in rice roots by XRF

The rice roots were cut into 40 um slices with a freezing
microtome (CM 1850, Germany). The slices were then
fixed onto 3 wm mylar films prior to X-ray Fluorescence
(XRF) analysis.

The XRF analysis was performed at beamline
BL15U (3.5 GeV, 250 mA) in Shanghai Synchrotron
Radiation Facility (SSRF, China). A detailed description
about the beamline is given in S2. The counts of the
elements of Hg and Se were normalized to that of the /,
to correct the effect of the SR beam flux variation on the
signal intensity and imaged using Igor Pro. 5.01 (Zhao
et al. 2014b).

Hg speciation in rice roots by XAS

For synchrotron radiation X-ray absorption spectrosco-
py (XAS) analysis, the uniform fine powder of freeze-
dried rice roots were pressed into 1 mm-thick tablets for
XAS analysis. HgCl,, Hg(GSH),, HgS, CH;HgCl,
HgSe, and CH;Hg-GSH were used as model
compounds.

The Hg Lij-edge (12,284 eV) spectra of rice roots
and model samples were collected at beamline 14 W1 in
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SSRF. To avoid the possible interference between Hg
Ly-edge and Se K-edge (12,658 eV), only the X-ray
absorption near-edge spectra (XANES) were collected
(Gailer et al. 2000). A detailed description about the
beamline is given in S3. Least-squares linear combina-
tion fitting (LCF) of the XANES spectra was performed
to get the Hg and Se speciation in rice tissues (Li et al.
2010; Ressler et al. 2000). The percentage of each Hg-
containing species in total Hg equals the fractional con-
tribution of a model spectrum to the total spectra.

Statistics

Data sets were analyzed using analysis of variance
(ANOVA) and Student’s z-test using the Statistical
Package for Social Science (SPSS) for Windows (ver-
sion 9.05; SSPS Inc., Chicago, IL). For all tests, values
of p <0.05 were considered to indicate statistical signif-
icance. Where necessary, data sets were transformed to
normalize the distribution.

Results
Hg and Se in the paddy soil and stream water

The Hg and Se contents in the paddy field soil were 236
+13 and 0.69+0.47 mg/kg, respectively. The Hg level in
this study agrees with the results in the same area
reported by other researchers, suggesting the Hg con-
tamination is still there (Horvat et al. 2003; Zhang et al.
2008). As for Se levels in soil, a national survey on 21
main types of soils, from purple soil (Se: 0.076 mg/kg),
red soil (Se: 0.315 mg/kg), yellow soil (Se: 0.397 mg/kg)
to laterite (Se: 0.946 mg/kg) were reported (Tan et al.
2002). The soil in Guizhou belongs to the mixture of
laterite, yellow soil and red soil (Qin et al. 2009). This
suggests that the Se level in this study falls in the
background level of Guizhou province.

After Se treatment, the Hg contents in soil of control,
0.01Se, 0.1Se, 0.5Se, 1Se, and 5Se group were 214,
209, 228, 273, 267 and 254 mg/kg, respectively. The
concentrations of Hg in the 0.1Se, 0.5Se, 1Se and 5Se
group were higher than the control group, suggesting Se
treatment led to concentrated Hg in the rhizosphere.

The Se contents in soil were 0.74, 0.52, 0.41, 0.75,
0.78 and 0.85 mg/kg, respectively. Compared to the Se
level in soil before Se treatment, the 0.5Se, 1Se, and 5Se
group had a bit higher but not significantly increased Se
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level. After Se treatment, no significant difference was
found for the Se level soil, suggesting the addition of
this small amount of Se did not change the Se status in
the paddy field.

The Hg and Se contents in stream water used for
irrigation in this study were 0.11+0.04 ng/L and 4.56+
2.36 ng/L, respectively. It was reported that the Hg
contents in the stream water reached 12.7 ng/mL in
1999 (Horvat et al. 2003). This suggests that the Hg
contamination in the stream water is less serious than
before. This also means that the Hg contamination in
rice is mostly from the paddy soil now. The Se level in
the stream water was below the Chinese national max-
imum contaminant level for surface water (20 ng/L)
(Minstry of Environmental Protection 2002).

Mass distribution of Hg and Se in whole rice plant

Mass distribution of Hg and Se in different tissues of
rice plant is shown in Fig. 1. The mass of Hg or Se in a
tissue was calculated based on the concentration of Hg
or Se in a tissue times the dry weight of the tissue. The
mass distribution is the mass of Hg or Se in a tissue
divided by the total mass of Hg or Se in the whole plant.

From Fig. 1, it can be seen in the control group, Hg in
roots, stems, leaves, hulls and grains were 82, 7, 2.5, 3
and 5.5 % of total Hg, respectively. Meng et al. (Meng
et al. 2010) found similar distribution of Hg in rice grain
but larger proportion of Hg in leaves due to Hg0 in
ambient air in artisanal Hg mining site. After Se treat-
ment, the proportion of Hg in root increased to 94, 94,
92, 90 and 87 % in 0.01, 0.1, 0.5, 1 and 5Se group,
respectively. On the other hand, the Hg proportion in
grain were 2,2,2.2,2.5 and 3 % of'total Hg, in 0.01, 0.1,
0.5, 1 and 5Se group, respectively. This result shows
that Se treatment increased the proportion of Hg in root
but decreased the proportion of Hg in rice grain.

For Se, it was 70, 5, 3, 5 and 17 % in roots, stems,
leaves, hulls and grains, respectively in the control
group. After Se treatment, significantly increased pro-
portion of Se was found in grains, which were 31, 42,
41, 40, 39 and 62 % in 0.01, 0.1, 0.5, 1 and 5Se group,
respectively.

The bioaccumulation factors (BAF, rice/soil concen-
trations ratios) and the transfer factors (TF, rice/root
concentrations ratios) are two indicators for the uptake
of Hg from soil to rice grain and the transfer of Hg from
rice root to grain. The BAFs and TFs of Hg are shown in
Table 1. The BAF for Hg is 0.00025 in the control
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Fig. 1 Mass proportions of Hg and Se in rice tissues of a whole rice plant in different groups

group, while 0.5Se group is 0.00014, approximately
half of the control, suggesting Se below 0.5 pug/mL
greatly inhibited Hg to enter the rice grain. On the other
hand, the BAF of Hg is 0.00026 in 1Se group, 0.00037
in 5Se group, respectively, indicating that Se higher than
0.5 pg/mL promotes the Hg accumulation in rice grain.

The transfer factors (TF, rice/root concentrations
ratios) of Hg is 0.0012 in 0.01Se group, 0.0011 in
0.1Se group and 0.0013 in 0.5Se group, compared
with 0.0036 in the control group (Table 1). For
1Se and 5Se group, similar transfer factors were
found in the control group. This also suggests that
Se level below 0.5 pug/mL could reduce the trans-
fer of Se from root to rice grain while Se level
higher than 0.5 pg/mL did not change the transfer
efficiency from root to rice grain.

Table 1 Bioaccumulation factors of mercury (rice/soil concentra-
tions ratios), and transfer factors of mercury (rice/root concentra-
tions ratios) at different groups

Se concentration BAF** TF*®

Control 0.00025+2.56E-05 0.0036+3.72E-04
0.01Se 0.00020+1.72E-05 0.0012+1.04E-04
0.1Se 0.00020+1.92E-05 0.0011+1.11E-04
0.5Se 0.00014+8.91E-05 0.0013+0.83E-04
1Se 0.00026+1.42E-05 0.0035+1.91E-04
5Se 0.00037+2.99E-05 0.0035+2.85E-04

“mean = SD, n=3

2 BAF Bioaccumulation Factors, ® 7F Transfer Factors

Concentration of Hg and Se in rice grain

The mean concentration of Hg in rice grain of the
control group is 53.15 ng/g (Fig. 2), which is nearly
2.7 times higher than the Chinese national limit for Hg
in rice as 20 ng/g (Chinese Ministry of Health 2005).

The average concentration of Se in the control group
is 143 ng/g (Fig. 2), which is in agreement with the
previous study by Horvat et al. (Horvat et al. 2003).
After Se treatment, the concentrations of Se are 383,
759, 832, 1376, 3313 ng/g in 0.01, 0.1, 0.5, 1Se, 5Se
groups, respectively. It can be seen that Se treatment is
an easy way to enrich Se in rice grain. Several other
studies found that Se treatment could increase Se con-
centration in grains up to 51 times (Chen et al. 2002;
Fang et al. 2009; Wang et al. 2013).

Seed setting rate and thousand seed weight of rice grain

Seed setting rate (SSR) is the percentage of cereal crops
plump grains accounted for the total number of spike-
lets, and thousand seed weight (TSW) or thousand ker-
nel weight (TKW) is the weight of one thousand seeds,
both of which are important indexes for rice yield and
quality (Li et al. 2013). The reference values for SSR
and TSW of ZY 158 are 82.9 and 28.0 g by China Rice
Data Center (http://www.ricedata.cn/variety/varis/
603097.htm). However, due to Hg contamination, the
SSR and TSW in the rice grown in Qingzhen were
significantly lower than the reference value as 61.4
and 16.5 g (Fig. 3).
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After Se treatment, 0.01Se, 0.1Se and 5Se groups
have reduced SSR, but 0.5Se and 1Se groups have
increased SSR, 69.9 and 69.8 %, respectively. As for
TSW, the 0.01, 0.1, 0.5 and 1Se groups have increased
TSW but the 5Se group with even lower TSW than the
control group, suggesting lowered rice yield. 0.5Se
group has the TSW of 21.6 g, which is the best among
all the groups.

Spatial distribution and chemical forms of Hg and Se
in rice roots

Root is the first biological barrier that protects the rice
plant from Hg contamination in soil. Since it was found
in this study that root is the major tissue that accumu-
lated Hg, the spatial distribution and chemical forms of
Hg and Se in the 0.5Se group were investigated using
XRF and XAS.
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The spatial distribution of Hg and Se in rice roots is
shown in Fig. 4. The normalized X-ray fluorescence
intensities are scaled from blue to red, suggesting low
to high levels of Hg or Se. In the control group, Hg is
distributed not only in the epidermal and endodermal
tissues but also in the vascular tissues, which agrees
with other studies on mercury distribution in plant roots
(Carrasco-Gil et al. 2011; McNear et al. 2012). This is
ascribed to the cysteine rich domains in the major root
cells and Hg has a high affinity to the thiol in cysteine
domain (Zhao et al. 2014b).

After treating with Se, the co-existence of Hg and Se
was found in the epidermal and vascular tissues but with
decreased accumulation of Hg, compared to the control
group. This suggests that Se treatment decreased the
uptake of Hg into the root from the soil and the aerial
part of rice.
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Fig. 3 Seed setting rate (SSR) and thousand seed weight (TSW) of rice grain in different groups. **p <0.01, *p <0.05 compared with the

control group
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Fig.4 The distribution of Hg and
Se in rice roots. (a,b) the cross
section of the root in the control
group and Se-treated group under
optical microscope; (al) the
distribution of Hg in the cross
section of the root in the control
group by XRF; (bl, b2) the
distribution of Hg and Se in the
cross section of the root in the Se-
treated group by XRF

Several studies found that Hg and Se could form Hg-
Se complexes in the plant roots. For example, Caruso
et al. confirmed the existence of a Hg—Se containing
protein (molecular weight>70 kDa) in the roots of
Brassica juncea and soybean using size exclusion chro-
matography (Mounicou et al. 2006; Yathavakilla and
Caruso 2007). However, the chemical forms of Hg and
Se in rice root are not clear yet. Zhang et al. proposed
that Hg-Se complexes may exist in the rhizosphere/rice
roots but no further evidence was presented (Zhang et al.
2012). In this study, the chemical forms of Hg and Se
were studied by XAS, which applies synchrotron
radiation-based X-rays to probe local structural and
electronic environment with minimal sample prepara-
tion, *% 37

Figure S1 shows the normalized Hg Ly spectra of
roots in the control and Se-treated groups with a serial of
Hg compounds. It can be seen that both CH;HgClI and
HgCl, have a shoulder peak at 12,284 eV while the
control roots, the Se-treated roots, HgSe, and Hg
(GSH), do not exhibit such shoulder peak. This suggests
that Hg in the roots may complex with Se or S rather
than CL

LCF results of the control and Se-treated groups are
shown in Table 2 and Figure S2. In the control group, over
81 % of the Hg was in the form of Hg-S using Hg
(GSH), as a model compound, while in the Se-treated
group, the Hg-S forms reduced to 71.9 and 27.8 % was
in the form of Hg-Se using HgSe as a model compound.
These results clearly show that Hg-Se complexes were
formed in roots besides the Hg-S compounds.

Discussions

The most suitable level of Se with least Hg
accumulation in rice grain

The average concentration of Se in the rice grain in the
control group is 143 ng/g, which indicates that
Qingzhen has reasonable Se availability. This was con-
firmed by the analysis of Se level in paddy soil, which is
0.69+0.47 mg/kg. This may also explain why the soil
Hg is certainly high, but the grain Hg is not that much
higher than the national limit.

Table 2 Percentage of Hg sepcies in the control and Se-treated groups by LCF fitting. Values in parentheses show the SD

Sample HgCl, Hg(GSH), HgS CH;HgCl HgSe CH;HgGSH
Control 18.1(2.3) 81.5(3.1) <1 — — —
Se-treated <1 71.9 (3.1) — — 27.8(3.0) —
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Although selenate is usually more effective than sel-
enite to get Se into plant parts beyond the root, our
previous studies found that selenate is more phytotoxic
than selenite (Zhao et al. 2013). Besides, under the
reducing conditions as in rice paddy field, selenate will
largely be reduced to selenite and even selenide.
Therefore, only selenite was used in this study.

After Se treatment, the lowest Hg accumulation in
rice grain is in 0.5Se group, which is 37.36 ng/g. Wang
et al. also found that the low Se group (with Se level at
1 mg/kg in soil) through greenhouse experiment, which
falls in the same Se range in soil to this study, got similar
Hg level in rice grain (Wang et al. 2014b). They found
that Se level at 5 mg/kg (high Se group) in soil could
reduce the Hg concentration in rice grain to be below
20 ng/g. However, they did not test whether this level of
Se in soil affected the rice grain yield and quality or not.
Furthermore, Se in soil at 5 mg/kg was considered as Se-
excessive and the potential risk of selenosis should be
considered when applying to real paddy field (Tan
1996). The 1 and 5Se group got elevated Hg accumula-
tion in rice grain, which was 3.5 and 4.7 times higher
than the Chinese national limit. This indicates that Se at
0.5 pg/mL gets the least accumulation of Hg in rice
grain but Se levels over 0.5 pg/mL can even enhance the
accumulation of Hg in rice grain. Besides, when con-
sidering the SSR and TSW, this study also suggests that

Fig. 5 Cross-sectional diagram
of the rice root and the
rhizosphere, showing the
proposed mechanism for the
reduced Hg accumulation in rice
grains at low Se concentration. (1)
The decreased bioavailability of
Hg by forming Hg-Se complexes
in the rhizosphere; (2) The
induction of iron plaque on root
surface by Se; (3) The formation & | Hg
of biological barriers like
Casparian bands and suberin
lamellae; (4) The formation of
Hg-Se complexes in root

Hg
-
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the 0.5Se group has the highest rice grain yield and rice
quality.

The mechanism on Se protection against Hg toxicity

In this study, it was found that the 0.5Se group has the
lowest Hg accumulation in rice grain while the highest
yields and quality in a real Hg contaminated paddy field
in Qingzhen. This is significant from the view of the
protection of the health of the rice-dependent popula-
tions. The mechanism for this protection may be as-
cribed to several reasons. A summarization of the pro-
posed mechanism is shown in Fig. 5.

First, Se could reduce the bioavailability of Hg and
the production of MHg in the rhizosphere and thus
suppressed the uptake of Hg into the root cells (Wang
et al. 2014b). This is because selenite (SeO5> ") can be
reduced to selenide (Se*”) in rhizosphere and to com-
bine with Hg*" in soil to form insoluble HgSe com-
pounds which is less bioavailable to rice (Plant et al.
2003). Besides, HgSe compounds may further react
with the abundant dissolved organic matters in rhizo-
sphere to form large molecular weight HgSe complexes
to further reduce the bioavailability of Hg (Chiasson-
Gould et al. 2014).

Second, Se could promote the formation of iron
plaque (Li et al. 2014; Zhou et al. 2014). Iron plaque
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can sequester metal(loid)s by adsorption and/or co-pre-
cipitation. For example, it was found that iron plaque
significantly inhibited the uptake of arsenic in rice
(Chen et al. 2005). Li et al. found through hydroponic
experiment that Se addition enhanced the formation of
iron plaque and inhibited the translocation of Hg (Li
et al. 2014). Our XRF results (Fig. 4) clearly show that
Hg distributed in the epidermis of rice root and Hg in
vascular tissues of roots decreased significantly after Se
treatment at 0.5 pg/mL.

Third, Se could induce and enhance the development
of extracellular barriers. For example, root anatomy
found that Casparian bands and suberin lamellac were
formed in Se treated rice root (Wang et al. 2014b).
Casparian strip is a band of cell wall material deposited
on the radial and transverse walls of the endodermis,
which can block the passive flow of materials, such as
water and solutes into the stele of a plant. Suberin
lamellae are formed in the endodermis of many species
after Casparian band deposition, which also significant-
ly affects the radial uptake of water, dissolved nutrients
and radial loss of oxygen (Perumalla and Peterson
1986).

Fourth, Se could form large molecular weight Hg-Se
complex in root that could not be translocated to the
aerial part of rice. Wang et al. also found that over 80 %
of the total Hg was in root in four different rice cultivars
(Wang et al. 2014a). Our results suggest that over 90 %
of the Hg was blocked in rice root (Fig. 1) after Se
treatment. XANES fitting (Table 2 and Figure S2) found
that 27.8 % of the Hg was in the form of Hg-Se
complex.

The uptake of Hg from soil to the plants involves
symplastic and apoplastic pathways (Patra and Sharma
2000). The block of the symplastic and apoplastic path-
ways by the formation of Casparian bands and suberin
lamellae and other biological barriers like iron plaque
will decrease the uptake and translocation of large mo-
lecular weight Hg-Se complexes. This will then reduce
the Hg accumulation in rice grains after Se treatment at
0.5 pg/mL. However, this could not explain the in-
creased accumulation of Hg in rice grain at Se levels
over 0.5 ug/mlL, i.e., in the 1Se and 5Se group, the Hg
concentration was even higher than the control group.

Our study found that Se treatment could significantly
increase Se levels in rice grain (Fig. 2), especially those
in 5Se group as 3313 ng/g, which is in agreement with
other studies (Carey et al. 2012; Hu et al. 2013). Since
Se has high affinity to Hg (logKsp=—64.5), it is easy to

understand that high Se in grain will promote the trans-
location and redistribution of Hg and thus lead to the
increased Hg accumulation in rice grain. Besides, Hg
uptake is found to be via various essential element
membrane transporters. For example, Esteban et al.
(Esteban et al. 2013) found reduced Hg uptake was
observed in the presence of Mn for oilseed rape, sug-
gesting that Hg influx is mediated by Mn transporter. On
the other hand, Hu et al. (Hu et al. 2013) found that Se
treatment could reduce the uptake and transportation of
Mn in rice. Therefore, the presence of Se may promote
the Hg influx through Mn transporter and lead to the
increased Hg accumulation in rice grain. Furthermore,
the chemical forms of Hg and Se with high level of both
Hg and Se in rice grain deserve further study. If Hg-Se
complex is formed in rice grain, which is less bioavail-
able, it may in fact bring less health risks to the rice-
dependent populations than the control rice.

Conclusions

Since the 1 and 5Se groups have lowered rice yield and
quality and increased Hg accumulation, 0.5 pg/mL of
Se is regarded as the most appropriate concentration to
treat rice growing in Hg contaminated paddy field in
Qingzhen.

This study not only provides an alternative way
to reduce Hg in rice grain in real paddy field, but
also help elucidating the mechanism about the
protection by Se in Hg contaminated rice. It
should be noted that although Se treatment at
levels of 0.5 pug/mL could reduce the Hg accumu-
lation in rice grain, it did not change the Hg level
in soil. Therefore, it is recommended that the Se
treatment should be combined with other remedia-
tion techniques to not only reduce the Hg accu-
mulation in rice grains but also decrease the Hg
contamination in the paddy field.
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