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Abstract

Purpose Both selenium (Se) and sulfate could largely affect
methylmercury (MeHg) dynamics and phytoavailability in
soil-rice systems, while their combined effects are less under-
stood. Here, we aimed at exploring the potential effects of
sulfate on MeHg accumulation in rice in the presence of Se.
Materials and methods Rice was cultivated in inorganic Hg-
spiked soils amended with Se only (selenite/selenate, “Se
treatments”) or Se and sulfate (“Se+ Sulfate treatments”).
Soil parameters (e.g., pH and redox potential (Eh)), MeHg
concentrations in soils, as well as MeHg or Se accumulation
in rice plants were quantified during the rice growth period.
Results and discussion Soil MeHg concentrations were gen-
erally comparable between Se+ Sulfate and Se treatments.
However, MeHg uptake by rice plants in Se+ Sulfate treat-
ments was 9-31 % lower than those in Se treatments, possibly
due to the increased soil pH and formation of iron sulfides,
which may reduce MeHg phytoavailability under sulfate
amendment. Furthermore, sulfate input enhanced Se accumu-
lation in root (especially in the presence of selenate), which
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could be responsible for the increased MeHg distribution in
root and thus lower MeHg distribution in grain. Consequently,
the reduced plant uptake of MeHg together with the decreased
MeHg distribution in grain resulted in decline of grain MeHg
concentrations in Se + Sulfate treatments (8-31 % lower com-
pared to Se treatments).

Conclusions Our results suggest that sulfate input with Se
could further reduce MeHg accumulation in rice, which im-
proved mechanistic understanding of MeHg behaviors in soil-
rice systems.

Keywords Methylmercury - Mercury - Selenium - Sulfate -
Rice paddy soil

1 Introduction

Mercury (Hg), especially methylmercury (MeHg), is highly
toxic and bioaccumulative (Clarkson 1997; Tchounwou et al.
2003). Microbial transformation of inorganic mercury (IHg)
and massive production of MeHg in rice paddy soils could
result in elevated MeHg levels in rice grain (up to
145 ug kg ™', Horvat et al. 2003). Consequently, consumption
of MeHg-contaminated rice is considered as an important path-
way of human exposure to MeHg in some Hg-contaminated
areas (Feng et al. 2008; Zhang et al. 2010a). Considering that
rice is a staple food in Asia and many other parts of the world,
there is a great need to better understand Hg biogeochemistry
in Hg-contaminated soil-rice systems.

Recently, there is growing evidence that selenium (Se) could
efficiently reduce Hg accumulation in rice plants (i.e., Hg-Se
antagonism, Zhang et al. 2012; Zhao et al. 2014; Wang et al.
2014a; Li et al. 2015). It is proposed that the formation of Hg-
Se complexes in soil and/or high molecular weight Hg-Se com-
plexes in rice root could be responsible for the observed Hg-Se
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antagonism. Furthermore, our recent study evidences that Se
amendment could largely reduce net MeHg production in rice
paddy soils, which could in turn reduce grain MeHg levels
(Wang et al. 2016a). Nevertheless, the underlying mechanisms
are far from clear. Particularly, the effects of key environmental
factors such as sulfate on MeHg accumulation in rice are largely
unknown, which hinders us from predicting effects of Se on
risks of MeHg in contaminated rice paddy fields.

Sulfur cycling has been long believed to be a key biogeo-
chemical process controlling Hg dynamics (e.g., Hg methyla-
tion and bioavailability) in wetland soils. On one hand, sulfate
could affect the activity of sulfate-reducing bacteria (SRB, a
principle microbial methylator for IHg, Gilmour et al. 1992)
and thus microbial production of MeHg (Wang et al. 2014b).
On the other hand, the products of sulfate reduction under
flooded conditions (e.g., iron sulfides and Hg-S complex) have
a great influence on IHg and MeHg availability (Skyllberg
2008; Skyllberg and Drott 2010). Similarly, in rice paddy soils,
sulfate also plays a critical role in Hg biogeochemistry
(Rothenberg and Feng 2012). Consequently, the unintended
input of sulfate, either via fertilization or atmospheric deposi-
tion (Liu et al. 1990; Hu et al. 2002), could potentially affect
the inhibitory effects of Se on Hg bioaccumulation. Our recent
batch experiments provided initial evidence that Se could in-
hibit sulfate-mediated production of MeHg in soils (Wang et al.
2015, 2016b). However, the potential effects of co-application
of sulfate with Se on MeHg accumulation in rice are still un-
known and warrant investigation.

Here, we mainly aimed at exploring the effects of sulfate on
MeHg accumulation in rice in the presence of Se. Because rice
grain is an intensive bioaccumulator of MeHg (Zhang et al.
2010b), we focus on MeHg (instead of IHg) biogeo-
chemistry in soil-rice systems. Rice was cultivated in IHg-
spiked soils amended with Se (i.e., selenate or selenite) and
different levels (0-960 mg kg ') of sulfate. Soil parameters
(e.g., pH and redox potential (Eh)), MeHg concentrations in
soils, as well as MeHg or Se accumulation in rice plants were
quantified during the rice growth period.

2 Materials and methods
2.1 Soil

Soil was sampled form a rice paddy field in Yixing, Jiangshu
Province of China in 2014. After air-drying, the soil was sieved
to an effective diameter of <2 mm and mixed homogenously.
The soil is typical of Anthraquic Ustifluvents (widely distributed
throughout Taihu area of the Yangtze Rive Delta, China, Du et
al. 2007) and mainly composed of 86+4 % slit and 7+3 %
clay, with pH of 5.5+£0.0 and organic carbon content of 2.1
+0.0 %. Reducible sulfate content in soil was 243+2 mg kg~

! Total Se, Hg, and MeHg levels in soil were 0.9+0.1 mg kgfl,
02+0.0mgkg ', and 1.2+0.2 ug kg ' (n=3), respectively.

2.2 Pot experiments

Soil was spiked with THg (as 80 mg L™ mercury nitrate
monohydrate, Sigma-Aldrich) and equilibrated under flooded
conditions for 20 days, after which differences in Hg geochem-
ical fractionation or bioavailability became less evident between
spiked and ambient Hg (Ma et al. 2015). The total Hg concen-
tration in the spiked soil was 2.2+0.1 mg kg ' (n=21), which
was within the range of reported soil Hg concentrations (0.56—
390 mg kg ') in Hg-contaminated areas (e.g., due to discharge
from chemical factories, Zhang et al. 2008; Huang et al. 2011).

After that, the IHg-spiked soils were amended with Se and
different levels of sulfate. For Se application, Se (Na,SeOs,
Se(IV) or Na,SeQy, Se(VI), Sigma-Aldrich) were added to
achieve a target concentration of 3.0 mg Se kg ™' soil (herein
referred to as Se(IV) or Se(VI) treatment). The Se level was
selected mainly based on the toxic threshold of Se to rice
plants (Mikkelsen et al. 1989). Concurrently, different levels
of sulfate were added at concentrations of 240 or 960 mg
sulfate kgﬁl soil, which were one or four folds of the ambient
sulfate level in the soil (243 mg kgﬁl) (herein referred to as
Se + sulfate treatments, i.e., Se(IV)+ 1S, Se(IV)+4S,
Se(VI)+ 1S, and Se(VI)+4S treatments). The total sulfate
levels in soils fell into the range of sulfate levels reported in
paddy soils (Wei 1981). A control treatment using IHg-spiked
soil in the absence of Se and sulfate amendment was also
included. Therefore, a total of seven treatments were set up
with triplicate per treatment, i.e., control, Se(IV), Se(IV) + 1S,
Se(IV)+48S, Se(VI), Se(VD) + 1S, and Se(VI) +4S treatments.

The pots experiments were set up in a glasshouse in
Nanjing, Jiangsu Province, China. Rice seeds
(Wufengyou2168, indica) were cultivated in a soil with low
ambient Hg and Se levels (total Hg 93.4+10.5 pg kg ';
MeHg 0.10+0.05 pg kg '; Se 0.6+0.1 mg kg ") for 30 days
at ambient temperature before transplanting. Thereafter, the 1-
month-old rice seedlings were transplanted into pots filled
with 2.5 kg IHg-spiked soil per pot (two seedlings per pot).
Rice was cultivated in pots for 120 days (June to October,
2014) under flooded conditions (by deionized water) at ambi-
ent temperature (15-38 °C). A total of 79 mg kg' P
(Ca(HPO,4),'H,0), 150 mg kg*1 K (KCI), and 167 mg kg*1
N (CO(NH,),) were supplied into each pot during the entire
experimental period

2.3 Sampling
The redox potential (Eh, relative to the standard hydrogen
electrode) and pH of the soils were monitored on days 45

(the beginning of the tillering stage), 80 (the beginning of
the heading stage), and 140 (harvesting day) using a redox
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potential depolarization automatic analyzer equipped with a
pH electrode (FJA-6, Nanjing Chuan-Di instrument & equip-
ment, China). After removing surface water, the electrodes
were inserted into the soils (5 cm below the soil surface,
rooting zone) and allowed to equilibrate for 2 min for measur-
ing Eh and pH. Meanwhile, soil samples (1-11 cm, rooting
zone) were collected on days 20 (day of seedling transplanta-
tion), 80, and 140, respectively. Soil samples were packed in
vacuum immediately to avoid oxidation and transferred to the
laboratory in a portable ice box. The soil samples were ho-
mogenized and separated into subsamples in a glovebag
(AtmosBag, Aldrich, filled with nitrogen gas) for analysis of
total Hg, MeHg, and Se (details described below in
Section 2.4) and water content. Water content in the soils
was determined by drying soils at 105 °C for 48 h.

On day 140, rice plants were harvested and separated into
grain, straw, and root. All tissue samples were washed thor-
oughly by tap water and deionized water. Husk was manually
removed from the whole grain to obtain brown rice. White rice
was milled by a rice polisher using the whole grain. Iron
plaque on root was removed according to a published method
(Okkenhaug et al. 2012; Jia et al. 2015). Frozen dried
(Labconco, USA) tissue samples were ground into fine pow-
ders by an IKA basic analytical mill (IKA A11, Germany) and
analyzed for total Hg, MeHg, and Se.

2.4 Chemical analysis

For Se determination, soil samples (~0.2 g dry weight) were
digested with 8 mL concentrated HNO and HF (1:1 v/v) at
120 °C for 2.5 h in a microwave-digestion system (Ethos EZ,
Milestone, Italy). Plant tissue samples (~0.03 g dry weight)
were pre-digested with 1 mL concentrated HNO; for 18 h at
room temperature, heated for 2 h at 120 °C, and then added
with 0.2 mL concentrated H,O, and heated at 90 °C for
30 min. The digested samples were filtered through a
0.45-um membrane, and Se in the filtrates was analyzed by
inductively coupled plasma mass spectrometry (NexION-300
ICP-MS, PerkinElmer, USA) in a collision cell mode with
kinetic energy discrimination. Indium (In) was used as an
internal standard.

Total Hg in soil was analyzed by Milestone DMA-80 direct
mercury analyzer following US Environmental Protection
Agency Method 7473. Methylmercury in soil samples were
extracted with HNO3z/CuSO,4-CH,Cl, (Liang et al. 2004).
Plant tissues were digested with 25 % KOH/methanol (w/w)
at 60 °C for 4 h. MeHg in digested solutions was determined
by cold vapor atomic fluorescence spectrometry (CVAFS,
Brooks Rand, USA) following US Environmental Protection
Agency Method 1630. Blank and reference standard materials
were digested and analyzed with each batch of samples
(Electronic Supplementary Material, Table S1).
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The total amount of reducible sulfate in soils was estimated
by the exchangeable sulfate concentration: exchangeable sul-
fate in soils was extracted by a 0.5 M sodium bicarbonate
solution at pH 8.5 (Weber et al. 2009) and determined by
ion chromatography (Dionex ICS-1100, Thermo Fisher
Scientific, USA).

2.5 Statistical analysis

Statistical significance was determined by Tukey’s multiple
comparison test of one-way analysis of variance (ANOVA)
(p=0.05). All analysis was performed using SPSS, version 16.0.

3 Results
3.1 MeHg, Eh, and pH in soils

In this study, we are mainly concerned with the potential ef-
fects of sulfate on MeHg biogeochemistry and bioaccumula-
tion in the presence of Se. Therefore, the effects of Se on
MeHg bioaccumulation (i.e., treatments amended with Se on-
ly vs. the control) are not discussed in details but provided
elsewhere (Wang et al. 2016a).

Soil MeHg levels during rice growth period were shown in
the Electronic Supplementary Material, Fig. S1 (also reported
in Wang et al. 2016b). Compared to the evident decrease in soil
MeHg levels under Se amendment (Se vs. control), sulfate in-
put had generally minor effects on soil MeHg concentrations
(Se+ Sulfate vs. Se). Meanwhile, a temporal variation in MeHg
levels in all Se-amended soils was demonstrated: MeHg levels
peaked on day 80 (21.1-30.7 ug kg ') but were generally lower
on day 20 (14.1-15.9 ug kg ") or day 140 (15.5-24.4 ugkg ™).

Sulfate input generally decreased soil Eh but increased pH
on days 80 and 140 (Se + Sulfate vs. Se), especially under high
dose of sulfate (Se(IV)+4S or Se(VI)+4S vs. Se) (Fig. 1).
Coinciding with the temporal variation in soil MeHg levels,
soil Eh was generally higher on day 80 (12.7-57.7 mV) than
those on day 45 (8.1-26.8 mV) or 140 (2.5 to —28.7 mV).
Moreover, the dark grayish color in the soils was ob-
served, especially under high dose of sulfate amendment, sug-
gesting formation of iron sulfides. Meanwhile, pH values
were generally higher in Se(IV)/Se(VI)+4S treatments than
those in Se(IV)/Se(VI)+ 1S or Se treatments during the rice
growth period.

3.2 Accumulation and distribution of MeHg and Se in rice
plants

Uptake of MeHg by whole plants (pg pot ') and tissue MeHg
concentrations are shown in Figs. 2a and 3, respectively. In the
presence of Se, sulfate input tended to reduce MeHg uptake
(Se+ Sulfate vs. Se). Uptake of MeHg was 9-26 % lower in
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Fig. 1 Eh (a, b) or pH (¢, d) in (A) (B)
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ANOVA with Tukey’s test,
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treatments within the same day
(i.e., day 20, 80, or 140)
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Se(IV)+ Sulfate treatments compared to Se(IV) treatments,
and 22-31 % lower in Se(VI)+ Sulfate compared to Se(VI)
(Fig. 2a). Similarly, MeHg concentrations in brown rice or
white rice were 8-31 % or 11-29 % lower in Se(IV)+
Sulfate or Se(VI)+ Sulfate treatments relative to their Se-
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Fig.2 Uptake of MeHg (a) or Se (b) by rice plants from soils in different
treatments with or without Se and sulfate amendment. Data are presented
as means = SD (n=3). Different letters (lowercase letters, i.e., a, b, for
Se(IV); uppercase letters, i.e., A, B, for Se(VI)) indicate significant
differences (one-way ANOVA with Tukey’s test, p <0.05) among Se-
amended treatments
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amended counterparts, and significant declines were observed
in Se(IV)+4S and Se(VI)+4S treatments (p<0.05, Fig. 3).
However, root or straw MeHg levels did not differ significant-
ly among Se, Se(IV) + Sulfate, and Se(VI) + Sulfate treatments
(Fig. 3). No significant difference in tissue biomass (root,
straw, or brown rice) among treatments was noted either
(Electronic Supplementary Material, Table S2).
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Fig.3 Concentrations of MeHg in root, straw, brown rice, and white rice
in different treatments: a Se(IV)-amended treatments; b Se(VI)-amended
treatments. Data are presented as means+ SD (n=3). Different letters
(i.e., a, b) indicate significant differences (one-way ANOVA with
Tukey’s test, p <0.05) among Se-amended treatments
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In response to sulfate input, MeHg distributions among
tissues varied (Fig. 4). In the presence of Se(VI), the propor-
tion of MeHg in root increased significantly from 4.1 %
(Se(VI)) to 8.8 % (Se(VI)+4S, p<0.05), while that in brown
rice decreased significantly from 92.3 % (Se(VI)) to 85.0 %
(Se(VD)+4S, p<0.05, Fig. 4b). In comparison, MeHg distri-
butions in all Se(IV)-amended treatments were less variable:
no significant difference was found in MeHg distributions (in
brown rice or root) between Se(IV) + Sulfate and Se(IV) treat-
ments (Fig. 4a).

Uptake of Se by whole plants (ug pot™') and tissue Se
concentrations are depicted in Fig. 2b and Fig. S2
(Electronic Supplementary Material), respectively. Sulfate in-
put increased plant uptake of Se in Se(VI) treatments but had
marginal effects on Se uptake in Se(IV) treatments (Fig. 2b),
e.g., Se uptake increased from 66.7+8.4 pg pot ' in Se(VI)
treatment to 78.5+5.2 or 91.4+10.5 pg pot ' in Se(VI)+1S
or Se(VI) +4S treatment. Particularly, Se levels in root showed
the largest increase compared to other plant tissues (Electronic
Supplementary Material, Fig. S2), e.g., 52 % increase in root
(p<0.05) compared to 25 % in rice grain and 8 % in straw,
when comparing Se(VI)+4S and Se(VI) (p>0.05, Electronic
Supplementary Material, Fig. S2B). Likewise, root Se concen-
trations tended to increase with sulfate doses in all Se(IV)-
amended treatments, but no significant change was found
(Electronic Supplementary Material, Fig. S2A). Moreover,
different from MeHg, Se distributions were less affected by
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Fig. 4 Mass distribution of MeHg in rice plant tissues in different
treatments: a Se(IV)-amended treatments; b Se(VI)-amended
treatments. Data are presented as means+ SD (n=3). Different letters
indicate (i.e., a, b) significant differences (one-way ANOVA with
Tukey’s test, p <0.05) among Se-amended treatments
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sulfate input: no significant differences were found between
Se + Sulfate and Se treatments (Electronic Supplementary
Material, Fig. S3).

4 Discussion

4.1 Sulfate input with Se further reduced MeHg uptake
by rice plants

Inhibitory effects of Se on Hg accumulation in rice plants have
been documented in a few recent studies (Li et al. 2015; Wang
et al. 2016a), while the key environmental factors controlling
Hg-Se antagonism were less studied. In this study, we dem-
onstrated that sulfate input could further reduce MeHg uptake
by rice plants in the presence of Se (i.e., Se+ Sulfate vs. Se)
under flooded conditions. The observed reduction should be
attributed to the reduced MeHg phytoavailability following
sulfate addition, rather than the variations in net MeHg pro-
duction in soils due to sulfate input.

Previous studies demonstrated that sulfate input may facil-
itate microbial production of MeHg under sulfate-limiting
conditions by enhancing SRB activities (Gilmour et al.
1992; Han et al. 2010), or reduce MeHg production by bind-
ing IHg with reduced sulfur species (Han et al. 2010; Benoit
et al. 1999). However in this study, sulfate input had minor
effects on net MeHg production and thus MeHg levels in soils
in the presence of Se, which is consistent with the results of
our previous studies (Wang et al. 2015, 2016b). Therefore, the
reduced MeHg uptake by plants following sulfate addition
(especially in all Se(VI)-amended treatments) was unlikely
attributed to the variations in soil MeHg levels. The generally
weak effects of sulfate on soil MeHg levels was possibly due
to the formation of Hg-Se complexes in soils (Zhang et al.
2012; Li et al. 2015; Wang et al. 2016a, b), which was less
available to methylating microbes (Yang et al. 2008; Truong
et al. 2014). Further discussions about the effects of sulfate
and Se amendment on net MeHg production in soils could be
found in a companion paper (Wang et al. 2016b).

Meanwhile, our results demonstrated lower Eh but higher
pH in Se+ Sulfate treatments, especially in Se(IV)+4S or
Se(VI)+4S treatment, than those in Se(IV) or Se(VI) treat-
ment on days 80 and 140 (Fig. 1). Those observations are in
line with previous study that sulfate input in flooded soils
could facilitate microbial reduction of sulfate, which de-
creased Eh and increased pH (Lamers et al. 1998; Jia et al.
2015). The increased pH would immobilize MeHg in soils, as
reported previously (Ullrich et al. 2001), resulting in reduced
MeHg availability to rice plants. Meanwhile, S*~ produced
following sulfate reduction could react with Fe** or Fe’* to
form iron sulfides (Lamers et al. 1998; Rickard and Luther
2007), as reflected by the black color gradually shown in the
soils in this study. The accumulation of iron sulfides in
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sulfate-added soils would also reduce MeHg phytoavailability
via surface complexation (Skyllberg 2008; Skyllberg and
Drott 2010). Consequently, sulfate input into the Se-
amended soils would further reduce MeHg phytoavailability
and thus MeHg uptake by rice plants (Se+ Sulfate vs. Se)
under flooded conditions during rice cultivation, as observed
in this study (Fig. 2a).

The significantly decreased net MeHg production in
Se(IV)+4S compared to Se(IV) on day 140 (Electronic
Supplementary Material, Fig. SIA) could be due to the accu-
mulation of iron sulfides in soils, which further immobilize IHg
in soils (Skyllberg and Drott 2010; Jonsson et al. 2012). The
relatively high net MeHg methylation on day 80 could be
attributed to the higher Eh values during heading stage (e.g.,
due to radial oxygen loss, Schmidt et al. 2011), which may
result in oxidation of reduced sulfur species (e.g., iron sulfides)
and thus release of [Hg from soils. Positive effects of sulfate on
MeHg levels in Se-amended soils were reported under
oxic/sub-oxic conditions, probably due to re-oxidation of iron
sulfides and thus release of IHg for methylation (Wang et al.
2016b). However in this study, Eh in soils were relatively low
throughout the experimental period, probably due to the
flooded conditions and minor effects of rice root radical oxy-
gen loss on the overall redox potential changes in the soils, and
thus may lead to the limitation of changes in net MeHg pro-
duction and facilitate reducing MeHg phytoavailability in soils.

4.2 Sulfate input reduced MeHg distribution in grain
and grain MeHg levels

Besides its inhibitory effects on MeHg uptake by plants, sul-
fate input also influenced MeHg distribution among plant tis-
sues in the presence of Se. As mentioned above, there was a
trend that Se accumulation in root increased with increasing
sulfate doses, especially in all Se(VI)-amended treatments
(Electronic Supplementary Material, Fig. S2). The enhanced
root Se levels following sulfate addition could subsequently
increase production of selenocysteine and other organic Se
species (Sors et al. 2005), which would bind strongly with
MeHg within root. Similarly, it has been reported that IHg
could bind strongly with organic Se species in the root of
Indian mustard and green onion (Mounicou et al. 2006;
McNear et al. 2012). Consequently, MeHg would be retained
in the root to a larger extent in Se(VI)+ Sulfate treatments
compared to Se(VI) treatment. Thus MeHg distributions in
brown rice were generally lower in Se(VI)+ Sulfate treat-
ments than those in Se(VI) treatment (Fig. 4), which partly
explain the reduced grain MeHg levels following sulfate in-
put. Therefore, both (1) reduced MeHg phytoavailability and
thus MeHg uptake by plants, and (2) reduced MeHg distribu-
tion in grain, could be responsible for the decreased grain
MeHg levels following sulfate input in all Se(VI)-amended
treatments. However in all Se(IV)-amended treatments, less

evident changes in root Se levels following sulfate addition
and thus insignificant changes in MeHg distribution in root or
grain could be less important in explaining the reduced grain
MeHg levels (Se(IV) + Sulfate vs. Se(IV)).

Inhibitory effects of sulfate on Se uptake by plants have been
reported previously. For instance, sulfate addition has been
demonstrated to inhibit selenate uptake in plants, such as wheat
and Indian mustard (Terry et al. 2000; Sors et al. 2005), mainly
because selenate uptake could be linked with sulfate transporter
in the root. Differently in this study, increased Se accumulation
in root following sulfate input was observed in Se (especially in
all Se(VI)) amended treatments, which was largely unex-
plained. The sulfate input-induced increase in root Se could
probably be explained by the inhibitory effects of sulfate on
the formation of iron plaque on root surface: sulfate input facil-
itated formation of iron sulfides in the anoxic soils, which de-
creased the mobility of Fe* in the rhizosphere and thus transfer
of Fe®* to root surface. This may subsequently reduce iron
plaque formation on root surface (Fan et al. 2010) and increase
Se uptake by root, in view of the inhibitory effects of iron
plaque on root uptake of Se (Zhou et al. 2007; Huang et al.
2015). Future studies are necessary to better explain the positive
effects of sulfate input on Se accumulation in rice root. Besides,
more evident increase in Se bioaccumulation following sulfate
addition was observed in all Se(VI)-amended treatments than
those in all Se(IV)-amended treatments (Fig. 2b, Electronic
Supplementary Material, Fig. S2), which could subsequently
lead to the significantly reduced MeHg distribution in grain
for Se(VI)+4S (compared to Se(VI)). This could possibly be
explained by the higher phytoavailability of selenate (Terry
et al. 2000; Sors et al. 2005).

5 Conclusions

Our previous studies provided initial evidences for the impor-
tance of MeHg-Se antagonism in soils (i.e., Se inhibited net
MeHg production in soils, Wang et al. 2016a) and indicated
the potential effects of sulfate and Se on net MeHg production
in soils (Wang et al. 2015, 2016b). Based on those observa-
tions, we further explored the potential effects of sulfate on
MeHg accumulation in rice in the presence of Se in this study.
Our results indicated that sulfate could further reduce MeHg
accumulation in rice plants (especially in grain) in the pres-
ence of Se under flooded conditions during rice cultivation,
probably through reducing MeHg phytoavailability and de-
creasing MeHg distribution in rice grain (especially in all
Se(VI)-amended treatments). The negative effects of sulfate
input on MeHg uptake by plants could be attributed to the
increased pH and/or accumulation of reduced sulfur species
(e.g., iron sulfides) in soils. The decreased MeHg distribution
in grain was possibly explained by the enhanced Se accumu-
lation and thus retention of MeHg in root. Although the
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mechanisms of Hg, Se, and sulfate interactions are far from
clear at this stage, our study is suggestive of many research
avenues. For instance, mechanistic studies are necessary to
better understand the potential effects of sulfate input on
MeHg phytoavailability in soils in the presence of Se.
Besides, it would also be interesting to further explore the
effects of sulfate input on Se accumulation in rice root under
anoxic conditions, which may modify MeHg-Se interaction in
root and thus MeHg translocation within rice plants.

Meanwhile, our results provided initial evidence that co-
application of sulfate and Se could further reduce grain MeHg
levels, compared to treatments amended with Se only. Further
field studies are necessary to confirm the possibility of using
Se + sulfate fertilization to reduce MeHg accumulation in rice
and to mitigate the risk of MeHg in Hg-contaminated
farmland.
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