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ABSTRACT: Methylmercury (MeHg) contamination in paddy
fields is a significant environmental issue globally since over half of
the population of our planet consumes rice. MeHg is a neurotoxin
produced by microorganisms in oxygen-limited environments.
Microbial effect on MeHg production is a hotspot of research;
however, it has been largely ignored how the oxidation—reduction
potential (E;) shapes MeHg formation. Here, we elucidated Hg
(de)-methylation in a contaminated soil by increasing Ej, stepwise
from —300 to +300 mV using a sophisticated biogeochemical
microcosm. At the E, range from —300 to —100 mV, high MeHg
concentration and dissolved total Hg (THg) concentration were
found due to a high relative abundance of Hg-methylation bacteria
(e.g, Desulfitobacterium spp.), acidification, and reductive dis-
solution of Fe(oxyhydr)oxides. At the E, range from 0 to +200 mV, the formation of colloids leads to adsorption of Hg and as a
result colloidal Hg increased. MeHg reduction with E, (=300 to +200 mV) increase was mainly attributed to a reduced Hg
methylation, as dissolved THg and relative abundance of Desulfitobacterium spp. decreased by 50 and 96%, respectively, at E, of
+200 mV as compared to E; of —300 mV. Mercury demethylation might be less important since the relative abundance of
demethylation bacteria (Clostridium spp.) also decreased over 93% at Ey, of +200 mV. These new results are crucial for predicting Hg
risks in paddy fields.
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B INTRODUCTION

Geogenic and anthropogenic soil contamination by mercury
(Hg) has a global significance.”” More than thousands of

paddy soil caused by flood—dry cycles, as both microbial and

biogeochemical effects on mobilization and (de)-methylation

of Hg at specific redox conditions remained unknown.
MeHg formation is a microbially mediated process,”” and
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hotspots of Hg contamination occur in nonferrous metal (e.g,,
mercury, gold, lead, and zinc) mining and processing sites and
industrial sites worldwide (Figure 1a).”* The dispersion of Hg
via solid wastes, liquid wastes, and gas from those hotspots has
caused global soil contamination, particularly in farmlands. For
instance, a recent national-wide soil surgery conducted by the
Chinese government showed that over 1.9% of the collected
soil samples are contaminated with Hg.> Concerns about
global soil Hg contamination have been rapidly increasing
because the transformation of Hg into toxic and bioaccumu-
lative methylHg and its accumulation in crops have threatened
the health of millions of people in the world.

The bioaccumulation of methylHg in the terrestrial food
web via paddy fields is an emerging environmental issue
globally, particularly in Asia, where nearly 89% of the world’s
paddy fields are located (Figure S1). The predication of the
biogeochemical behavior of MeHg is essential for the
mitigation of MeHg from paddy soils; however, this is
challenged by the frequent change in redox potential (E;) of
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bacteria processing the hgcA gene sequence is closely related
to Hg methylation."” A number of studies demonstrated a
MeHg production by single isolated bacteria in the presence of
dissolved organic carbon (DOC) and thiols."'* It has been
largely ignored how the degree of oxidation—reduction
potential (E,) affects the process of MeHg formation. Rising
redox potential reduces Hg bioavailability and MeHg in both
soils and sediments.'>'* However, clear and direct evidence on
how E, fluctuation and E,-dependent change in biogeochem-
ical processes affect Hg and MeHg is missing to date. The
mechanistic understanding of Ej-regulated Hg mobilization
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Figure 1. (a) Number of Hg-contaminated sites, which were recorded in the USGS database® and published in the literature,” in different countries
of the world. Different colors of legend indicate that the numbers of contaminated sites in different countries are different. We defined nonferrous
metal (e.g, mercury, gold, lead, and zinc) mining and processing sites and industrial sites (e.g., chemicals, etc.) as Hg-polluted sites. The number of
Hg-polluted sites was collected from the USGS database and the published literature. (b) Hypothesized model describing the biogeochemical
factors participating in MeHg formation during the redox potential (E,) decreasing and increasing.

and (de)-methylation is fragmented, as the change in Hg-
methylation microbial community, the dynamic of carbon and
Fe(oxyhydr)oxides and sulfur chemistry and their coupling
with Hg mobilization/methylation, with fluctuation of E,
remains to be addressed.

We developed a conceptual model to describe the redox-
dependent Hg mobilization and (de)-methylation in soils
(Figure 1b). Part 1: Under reducing conditions, the activities
of Hg-methylation bacteria (e.g., Desulfitobacterium spp.) may
increase; anaerobic bacteria use organic matter as the energy
source and Fe** and SO, as electron acceptors,'” resulting in
decomposition of organic matter, dissolution of Fe(oxyhydr)-
oxides, and reduction of SO,*~ to $*~ and HS~.''7 Thus, Hg
associated with Fe(oxyhydr)oxides and organic matter may be
liberated. The alteration of organic matter, sulfur, and chloride
chemistry may affect the availability of Hg for microbial
methylation. For instance, the presence of DOC, sulfide, and
Hg** forms neutrally charged complexes Hg(SH),’'® and
HgS’,"” which are bioavailable for methylation. The binding of
Hg with Cl forms the Hg—Cl bond, which is resistant to
methylation. Part 2: Under oxidizing conditions, pH increase
and the decreased abundance and activities of Hg-methylation
bacteria may diminish MeHg production; ferrous-ion oxidation
forms amorphous Fe(oxyhydr)oxides, which can absorb and/
or occlude Hg via forming ternary surface complexes.”””" The

oxidation of sulfide complexes (e.g, FeS, and CuS)*>*
enhances the mobilization of their associated Hg complexes.
Colloids formed by precipitation and aggregation of
amorphous Fe(oxyhydr)oxides, CaSO,, and salts will adsorb/
coprecipitate with Hg.

Here, we used an automated biogeochemical microcosm
system, which enables a precise, systematic, and mechanistic
control of E;. This allows one to study the effects of stepwise
Ey, fluctuation from strong reducing (—300 mV) to oxidizing
conditions (+300 mV) on Hg mobilization and (de)-
methylation in a contaminated soil, revealing the underlying
biogeochemical mechanisms using a combination of geo-
chemical, microbial, and spectroscopic approaches. We
particularly addressed the (1) E,-dependent alteration of
dissolved total Hg (THg), colloidal THg, dissolved MeHg, and
colloidal MeHg; (2) shift of relative abundance of Hg
methylation and demethylation bacteria along E; fluctuations;
(3) dissolution and precipitation of Fe(oxyhydr)oxides during
E, fluctuations, and the impact of these changes on Hg
mobilization; and (4) dynamics of colloids, dissolved organic
carbon (DOC), CI7, and sulfate and their combined effects on
Hg mobilization and methylation. The gained knowledge is
essential for improving our ability to predict Hg hazards and
mitigate its risks in soils and waterlogged sediments at
contaminated sites around the world.

https://doi.org/10.1021/acs.est.0c07321
Environ. Sci. Technol. 2021, 55, 10133—-10141


https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.0c07321?rel=cite-as&ref=PDF&jav=VoR

Environmental Science & Technology

pubs.acs.org/est

B MATERIALS AND METHODS

Soil Sample Collection and Characterization. The
studied soil was collected from a contaminated paddy field in
southwest China (25°63'37.20"N; 105°20'37.40"E). About
200 kg of surface soil samples (0—20 cm in depth) was
randomly collected from a 100 m? field, transported to the
laboratory, air-dried, mixed, and thereafter passed through a 4
mm nylon sieve. The pH, electrical conductivity (EC), organic
matter content, mineralogical composition, and particle size
distribution of the soil were measured using standard
methods™ (Supporting Information, S1.1). Dilute acid (nitric
acid and sulfuric acid (60/40 wt %) at pH 4.2) was used to
extract potentially mobile Hg from the soil. The pH and EC of
the soil were 8.6 + 0.08 and 0.16 dS m™, respectively, and the
organic matter content was 1.21%. Total concentrations of Hg
and Fe in the soil were 8.9 + 2.0 mg kg™’ and 54.8 + 0.92 ¢
kg_l, respectively. The minerals, including quartz, kaolinite,
muscovite, calcite, gibbsite, and Fe,O; were identified as
dominant in the soil using X-ray diffraction (XRD) (Figure
S2).

Redox Experiments Using Advanced Biogeochemical
Microcosm Technique. A unique biogeochemical micro-
cosm (MC) system, which enables precise control and
presetting of redox changes by an automatic-valve regulation
system along with high-temporal resolution monitoring of E},
pH, and temperature, was exploited to simulate changing
environmental conditions. Three fully independent MCs were
used as triplicates. Each MC was filled with air-dried soil and
water at a mass ratio of 1:8. About 15 g of powdered wheat
straw was added to each MC to simulate the farming practice
of wheat straw returning to farmlands. In addition, 10 g of
glucose was added to each MC to serve as the carbon source
for microorganisms to eliminate any C-limitation effect. The
experimental details have been described elsewhere.'®**

The lowest E;, value (—333 mV) was achieved after 65 h
through microbial reduction effects. When E; reached the
lowest value, it gradually increased due to the weakened
microbial activities by the depletion of carbon sources. It was
impossible to maintain Ey at the lowest value by flushing N.,.
Therefore, after this E, window, E; was raised sequentially in
100 + 20 mV increments by flushing with synthetic air (N,/
0,, 79.5/20.5 vol %) or O, and each targeted E, window was
maintained by flushing with those gases automatically for
about 48 h. Except at —300 mV, six predefinite E;, windows
(=200, —100, 0, +100, +200, and +300 mV) were set and
subsequently sampled after 48 h of equilibrium. According to
Yu and Rinklebe® and Rinklebe et al,?° the maintenance of
soil for about 48 h at a given E;, window was sufficient to reach
the equilibrium of E,-modeled biogeochemical reactions.
Redox potential and pH data of each MC were logged every
10 min during the entire experiment. The E} values shown here
were the predefinite E; windows.

Sampling and Analyses. About 80 mL of soil suspension
was taken from the MCs using a 100 mL syringe. Without
contact with ambient air, each sample was immediately moved
to an anaerobic glovebox under a 95% N,/5% H, atmosphere
(A3S anaerobic workstation, Don Whitley Scientific Limited,
the United Kingdom) and transferred into two SO mL
centrifuge tubes. Thereafter, samples were centrifuged at
5000 rpm for 10 min and moved again into the anaerobic
glovebox, and the supernatants were filtered through 0.4S and
8 pm pore size Millipore nylon membranes (Whatman, Inc.)

to obtain the dissolved and dissolved + colloidal fractions,
respectively. In this work, we define the size fractions as
follows: less than 0.45 um filtrate is dissolved;”” less than 8.0
pm filtrate is colloidal + dissolved; and the 0.45—8.0 um filtrate
as colloid.”® The sedimentated phases from triplicate MCs for
each targeted E, window were mixed with one composite
sample. Each composite was further divided into three
subsamples for the analysis of the microbial community
composition, Fe speciation, and MeHg. The filtrate (<0.45
pum) was divided into six subsamples for Fe, total Hg, MeHg,
DOC, SO,>7, and CI™ analyses. The other filtrate (<8 ym) was
divided into three subsamples for total Hg, MeHg, and
colloidal particle analyses. Subsamples for Fe analysis were
acidified to 2% trace-metal-grade HNOj3; subsamples for total
Hg and MeHg analyses were acidified to 5% HCI (34—37%,
Plasma PURE).

Total Hg in dissolved and colloidal fractions was directly
measured by a DMA-80 Hg analyzer (Milestone Stl, Sorisole,
Ttaly), which has a detection limit of 0.01 ng.”” Concentrations
of Fe were analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES) (Ultima 2, Horiba
JobinYvon, Unterhaching, Germany). The concentrations of
DOC were determined by a C/N analyzer (Analytik Jena, Jena,
Germany) and those of SO,*~ and CI™ via an ion chromato-
graph (Personal IC 790, Metrohm, Filderstadt, Germany).
Colloidal particles (® < 8 um) were collected through
ultracentrifugation of 6 mL soil suspensions at 14 000g for 60
min (CS150GXIL, Hitachi, Ltd., Japan). The colloids collected
at E;, values of —300, 0, and 300 mV were analyzed for
morphology and chemical compositions using a scanning
transmission electron microscope (STEM, Hitachi HD-2700,
Hitachi High-Technologies Corp.,, Tokyo, Japan). As for
MeHg analysis, liquid samples were distilled to concentrate
MeHg, and soil samples were extracted by CuSO,-methanol.
Thereafter, MeHg in the solution and extractant were further
subjected to extraction with methylene chloride, back-
extraction with water, and ethylation into methylethyl-Hg for
analysis by a cold vapor atomic fluorescence spectroscopy
(CVAFS) detector (CVAFS, Brooks Rand Instruments)
according to the USEPA method 1630.” Iron speciation in
the precipitated sediments was characterized by Fe K-edge X-
ray absorption near-edge structure (XANES) spectroscopy.
Analytical details and data-quality control are provided in the
Supporting Information, S1.2—S1.5.

Microbial Community Analysis. Total genomic DNA in
~0.25 g of the bulk soil and the soils collected from the
targeted redox window was extracted in triplicate using a Fast
DNA Spin kit (MP Bio, Santa Ana) using the producer’s
protocol. The concentration and purity of the extracted DNA
(in 1% agarose gels) were monitored using the NanoDrop One
(Thermo Fisher Scientificc MA). Thereafter, the dilution of
DNA (to 1 ng mL™") was done according to the monitoring
results. The 16S rRNA genes of V4—V35 distinct regions were
amplified using 515F/907R primer pairs with a 12 bp
barcode.”” The detailed syntheses of primers and polymerase
chain reactions (PCRs), generation of sequencing libraries, and
the sequencing of library are given in the Supporting
Information, S1.6. Theusearch software was used for sequences
analysis. The same operational taxonomic unit (OTU) is
defined if the sequences have a similarity equal to or over 97%.
In general, an OTU is considered to likely represent a certain
species. Each representative sequence was further processed to
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annotate taxonomic information (set the confidence threshold
to default to 0.5) using the SILVA database.

Statistical Analysis. The mean and standard deviation
were calculated from three replicates. One-way analysis of
variance (ANOVA) and the least significant difference (LSD)
test or (two-tailed) were used to show the significant
differences (confidence interval 95%) in means of data.

B RESULTS AND DISCUSSION

Effects of E,/pH Changes on Hg Mobilization. The
measured Ej, range was —333 to +306 mV (Figure 2), which

Redox potential (mV)

A1

100

L L A1 L L
150 200 250 300 350

Incubation time [h]

50

Figure 2. Temporal course of pH-Ej, of the soil slurry measured every
10 min under predefinite E;, conditions; C1—C7 indicate that samples
were taken at those E;, windows from three individual microcosms.

covers the recorded E; range of wetland and paddy soils
worldwide."® The pH showed an E,-dependent behavior, and it
decreased with decreasing Ey, and rose again with increasing Ey
(Figure 2). The production of CO, and organic acids
originating from microbial activities and decomposing organic
matter might account for the low pH under reducing
conditions.'® The pH of the soil at the start of the experiment
(E, of —300 mV) was 6.2, 2 units lower than the bulk soil
(8.2); this acidification might have contributed to Hg

mobilization. Potentially mobile Hg, quantified through
extraction with dilute acid (pH = 4.2), was 50 ng L™ in the
bulk soil, and this sets a maximum limit for Hg mobilization
that can be attributed to acidification.

The dissolved total Hg (THg) concentration (483 ng L")
at E}, of =200 mV was over 8 times higher than Hg mobilized
from the bulk soil via the simple dilute acid (pH = 4.2)
extraction procedure, inferring that Hg mobilization in the
microcosm must be driven by further biogeochemical
processes in addition to acidification. The total Hg
concentration was greater (483 ng L™') under reducing than
oxidizing conditions (163 ng L™") (Figure 3A). The dissolved
Hg concentration decreased as Ej rose from —300 to +100
mV; however, the Hg concentration increased again as Ej
increased from +100 to +300 mV. This redox-dependent
variation of dissolved Hg might be a consequence of the
integrated effects of biogeochemical alterations of Fe(hydr)-
oxides, colloids, and microorganisms.

Effect of Redox Chemistry of Fe(hydr)oxides on Hg
Mobilization. The dissolved Fe concentrations (0.81—1.65
mg L") were the greatest under reducing conditions (—300 to
—200 mV) and decreased sharply to 0.09 mg L™ within the E,,
range of —100 to 0 mV (Figure 3B). They decreased further to
0.02 mg L™" as E, increased from +100 to +300 mV (Figure
3B). A positive correlation between dissolved Fe and Hg was
observed (R* = 0.37, P < 0.05, Figure S3). Under reducing
conditions (acidic), Hg associated with Fe(hydr)oxides
together with Fe could be released as a function of
reductive/acidic dissolution of Fe(hydr)oxides, while under
oxidizing conditions (alkaline), dissolved Fe precipitates as
amorphous Fe(hydr)oxides, which might adsorb Hg. Many
bacteria of Bacillus spp. drive Fe(hydr)oxides reduction,”* and
representative species showed a high relative abundance
(Table S1) in our soil (biotic reduction).”” However, the
separation of abiotic and biotic processes is difficult since
organic matter is present in the soil’* and abiotic processes
should also be considered. The ferrihydrite proportion
decreased by 13% in the soil collected at E;, of —300 mV as
compared to the bulk soil, supporting our assumption of
reductive dissolution of Fe(hydr)oxides. Further, the increase
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Figure 3. (A) Concentration of Hg in the dissolved and colloidal phases in the soil of each Ej, condition. (B) Dissolved Fe concentration in the soil
of each E, condition. (C) Iron (Fe) speciation in the bulk soil and the soils collected at Ej, values of —300, 0, and +300 mV. (D) Concentrations of
dissolved organic carbon (DOC) in the soil solution of each E;, condition. Error bars in (A), (B), and (D) stand for the standard deviation of the

three independent microcosms that served as replicates (n = 3).
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7% Mn

Figure 4. Scanning transmission electron microscope (STEM) images of the colloidal particles (—300, 0, and +300 mV) and STEM—energy-
dispersive spectroscopy (EDS) digital images of silicon (Si), calcium (Ca), copper (Cu), manganese (Mn), aluminum (Al), iron (Fe), and sulfur
(S) in the particles. The white circles indicate a similar distribution pattern of Cu and S at E, of 0 mV and of Ca and S at E;, of +300 mV. The
STEM images of C, N, O, Mg, Cl, Zn, P, F, Na, and K are shown in Figure S6.

of E;, from —300 to 0 mV led to a 6% increase of ferrihydrite,
while further increasing Ej, from 0 to +300 mV did not change
the Fe speciation. These results might indicate the formation
of amorphous Fe(hydr)oxides at E;, over 0 mV (Figures 3C
and S4), and these newly formed Fe(hydr)oxides may be
associated with Hg adsorption.

Effect of Colloids on Hg Availability. We found a vital
role of colloids in Hg immobilization during redox change.
Colloidal Hg concentrations (130—495 ng L™') were higher
than dissolved Hg (163—303 ng L") at the Ej, range from 0 to
+300 mV, while the opposite trend was observed at the Ej
range from —300 to —100 mV (Figure 3A). The E,-dependent
changes in colloids should explain the geochemical behavior of
the colloidal Hg. More colloids were presented in the soil at
the E}, range from 0 to +300 mV than from —300 to —100 mV
(Figure S53).

The STEM—EDS analysis showed the presence of calcium
(18%), silica (9%), Fe (6%), Mn (7%), and Cu (5%) in the
colloids collected at E,, of —300 mV (Figure 4). More elements
were detected in the colloids collected at E, values of 0 (Mg, S,
CL P, K, S, and Zn) and +300 mV (Na, Mg, Al, and K) as
compared to —300 mV (Figures 4 and S6). The similar
distribution pattern of Ca and O in the colloids at all E; ranges
demonstrates the common presence of carbonates (e.g.,
calcite), which is in line with the XRD result of the bulk soil
(Figure S2). A similar distribution pattern of Cu and S and of
Ca and S in the colloids collected at Ej, values of 0 and +300
mV, respectively, indicates the presence of Cu,S** and CaSO,
(e.g, gypsum and anhydrite) (Figure 4). Carbonate, Cu,S, and
Fe oxides were able to absorb Hg.*'”**" Also, Hg could
coprecipitate with CaSO,.** These immobilization processes
could result in a decrease of dissolved Hg and an increase of
colloidal Hg concentration.””*’

Effect of Sulfate and DOC on Hg (Im)-Mobilization.
Concentrations of DOC ranged between 157 mg L™" at E;, of
+200 mV and 1288 mg L™" at E, of —300 mV (Figure 3D).
These values were comparable to a previous study that
reported that total organic carbon and DOC in soils spiked
with straw were 17700 and 654 mg kg™, respectively."" The
DOC concentration was higher at lower E,, which was likely
due to the microbial decomposition of straw and glucose. In

other words, microbial activities (e.g., Fe(hydr)oxide reducers)
were more active at low E,, and this would intensify
microorganism-associated biogeochemical reactions (e.g., Fe-
(hydr)oxide reductive dissolution).*” For instance, the
presence of the highest concentrations of DOC, dissolved
Fe, and Hg at the lowest E; demonstrated the stimulated
reductive dissolution of Fe(hydr)oxides by a carbon source,
releasing Fe, and the associated Hg. The DOC concentration
decreased gradually with the increase of Ej, which might be
attributed to both the depletion of straw and glucose and
adsorption of DOC by newly formed Fe(hydr)oxides.”>**
DOC can enhance the Hg mobilization by acting as a carrier,
as supported by a strong positive correlation between DOC
and Hg (R* = 0.48, P < 0.05) (Figure S7).

We expected a significant dissimilatory reduction of sulfate
under reducing conditions (—300 to —100 mV)."> However,
concentrations of sulfate were higher in the E, range from
—300 to 0 mV than from +100 to +300 mV (Figure S8). This
may have been due to poor sulfate reduction reactions in the
E,, range from —300 to 0 mV or the scavenging of sulfate from
the soil liquid phase at the Ej range from +100 to +300 mV.
We propose two scenarios to support this explanation. First,
preferential or concurrent reduction of NO;~ and Fe(hydr)-
oxides preserves sulfate since these compounds are more
thermodynamically favorable for reduction than sulfate.'”
Second, sulfate reduction at high E;, might be related to
newly formed Fe(hydr)oxide adsorption, as proposed by
Sparks,”> who reported that sulfate could be absorbed by
Fe(hydr)oxides via the formation of surface outer- and inner-
sphere complexes.

Composition of the Microbial Community at Pre-
definite E;, Windows. Soil microbial community composi-
tions at the genera level differed significantly between the
predefinite E, windows (Figure S5). Among the identified
genera (Figure S9), Clostridium spp. and Desulfitobacterium
spp. accounted for 1.4—16 and 0.15—1.57% of abundance of
microorganisms across Ej, ranges from —300 to 0 mV,
respectively, and 0.9—3.1 and 0.03—0.06% for E, ranges from
+100 to +300 mV, respectively (Figure S). The relative
abundances of Clostridium spp. and Desulfitobacterium spp.
significantly decreased as a function of E, increase (P < 0.0S,

https://doi.org/10.1021/acs.est.0c07321
Environ. Sci. Technol. 2021, 55, 10133—-10141


https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07321/suppl_file/es0c07321_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07321?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.0c07321?rel=cite-as&ref=PDF&jav=VoR

Environmental Science & Technology

pubs.acs.org/est

a I Clostridium spp
I Desulfitobacterium spp

Relative abundance (%)

04
-300mV -100mV ~ OmV ~ +100mV +200mV +300mV

Figure S. Relative abundances of Clostridium spp. (summarization of
the relative abundance of Clostridium_sensu_stricto_1 and Clostri-
dium_sensu_stricto_12) and Desulfitobacterium spp. in the soil as a
function of the redox potential. Error bars are the standard deviation
of the three independent replicates (n = 3). The small case letters on
the top of each bar indicate if the difference in relative abundance of
each genus among different redox conditions is significant at the P <
0.05 level.

ANOVA), but they remained unchanged when E, increased to
+200 mV. The anaerobic habit of Clostridium spp. and
Desulfitobacterium spp. could explain their variation under
different redox conditions. Many bacteria in Desulfitobacterium
spp. (e.g., Desulfitobacterium metallireducens, Desulfitobacterium
dehalogenans) had been identified as Hg methylators,** and
Clostridium spp. were considered as Hg demethylators
(Clostridium_sensu_stricto_1 and Clostridium_sensu_stric-
to 12).*” The presence of Desulfitobacterium spp. and
Clostridium spp. may closely relate to Hg methylation and
demethylation in our soil during redox fluctuations. Results of
the microbial community composition on the class level are
presented in the Supporting Information, S2.1.
Redox-Dependent Hg Methylation and Demethyla-
tion. Dissolved MeHg decreased with the increase in Ej
(Figure 6A). Mercury methylation potential (efficiency),
defined as the ratio of MeHg to THg, is used to indicate the
net MeHg production in sediments or soils.***’ This Hg-
methylation potential showed a similar trend to the dissolved
MeHg and was higher at E;, ranges between —300 and —100
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= 1.0
=11
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> ’7. \
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Figure 6. (A) Concentration of MeHg in the dissolved and colloidal
phases of soil samples collected at each E; condition. (B) Methylation
potential of soil samples at each E;, condition. The error bars are the
standard deviation of the three independent microcosms, which
served as replicates (n = 3).

mV (105—123 X 107%) than within the range between 0 and
+300 mV (18—52 X 107°) (Figure 6B). These results indicate
that Hg tends to be methylated under strong reducing
conditions. Mercury methylation can occur via the biotic and
abiotic pathways.”*~>> Abiotic methylation needs suitable and
sufficient methyl donors (e.g, methylcobalamin),” compo-
nents that should be absent under our experimental microcosm
conditions as they are usually present inside organisms. We
therefore believe that Hg methylation in our soil was
dominantly biotic. Among the identified bacteria (genus),
Desulfitobacterium spp. is a potential Hg methylator (Figure
S9). The Hg-methylation potential increased with the increase
in the relative abundance of Desulfitobacterium spp., which
supports the assumption of a strong interaction between
bacteria of this genus and Hg methylation (Figure S10A).
Colloidal MeHg concentration, as a function of E}, showed a
different distribution with the dissolved MeHg (Figure 6A).
The colloidal MeHg concentration enhanced as Ej increased
from —300 to —100 mV, reaching a maximum at 0 mV, and
then reduced again at higher E,. The increase in colloidal
MeHg concentration was accompanied by a decrease in
dissolved MeHg concentration at the Ej range from —300 to 0
mV. This led to our hypothesis that the high concentration of
colloidal MeHg observed under these E; ranges might be
attributed to the sorption and coprecipitation of MeHg with
colloids.>* However, the underlying mechanism of reduced
colloidal MeHg concentration for E;, values >+100 mV might
be different. The concentrations of dissolved and colloidal
MeHg showed a decreasing trend when Ej, values were higher
than +100 mV (Figure 6A). For this phenomenon, we propose
two scenarios. On one hand, microbially mediated methylation
became weak, as dissolved THg concentration and the relative
abundance of Hg-methylation bacteria (e.g., Desulfitobacterium
spp.) decreased with increasing E;, (Figures 3A and S). On the
other hand, MeHg demethylation could promote its
concentration reduction. MeHg demethylation occurs through
both biotic and abiotic pathways.”> Biotic demethylation
should be linked to Clostridium_sensu_stricto_1 and Clostri-
dium_sensu_stricto_12 (0.9—16%) as they were likely to be
MeHg demethylators’’ and presented at high relative
abundances in the soil during the redox changes (0.9—16%).
However, their relative abundances were the highest at E;, of
—300 mV at which the highest MeHg concentration was
observed (Figure S10B). We attributed this phenomenon to
the greater MeHg production rate than its demethylation rate
at low E;. With Ej increasing, particularly over +100 mV, Hg
methylation became rather weak, and the MeHg demethyla-
tion rate might thus exceed its production rate. Photo-
decomposition”-mediated demethylation is expected to be of
minor importance here because the used microcosm system
was covered with aluminum foil to avoid the intrusion of light.
Effect of Biogeochemical Factors on Hg Methylation
and Demethylation. The mercury methylation potential
(ratio of MeHg to THgSé) was positively correlated with the
ratio of DOC to THg and negatively correlated with the
chloride concentration (Figures S11 and S12). We interpret
this as an integrated effect of Hg mobilization, DOC, and CI~
on Hg methylation as follows. Increasing the ratio of DOC to
dissolved Hg appears to enhance Hg methylation. DOC
contains a diverse range of organic carbon components with
different molecular weights, functional groups, and polarities,
and they have various effects on Hg methylation in the
environment. For example, Bravo et al.%’ reported that
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phytoplankton-derived organic compounds were more capable
of enhancing Hg methylation than terrigenous organic matter
in boreal lake sediments due to their difference in chemical
composition. We hypothesize that increasing the DOC
concentration might increase the abundance of components
such as hydrophobic surfaces in the soil,”® enhancing Hg
methylation. The negative correlation between the CI™ and
MeHg-to-THg ratio (Figures S8 and S12) indicates that a high
concentration of CI™ inhibits Hg methylation. This might be
attributed to the formation of the Hg—Cl bond, which is more
resistant to methylation than the Hg—O bond.>”

Summary, Highlights, and Environmental Implica-
tions. The global reduction of Hg” emission is the aim of the
Minamata Convention, which entered into force in 2017.
However, the risks of MeHg in previously contaminated
environments, particularly in waterlogged soils and sediments,
cannot be eliminated naturally. The predication of the
biogeochemical behavior of MeHg is a prerequisite to
minimizing Hg risk to human beings. Here, our results deepen
the understanding of the Hg contamination process and its
biogeochemical cycle in paddy soils and sediments. We
demonstrate that decreasing the O, (anaerobic conditions)
favored the establishment of Hg-methylation bacteria
(Desulfitobacterium spp.) and reductive dissolution of Fe-
(oxyhydr)oxides, leading to the liberation and methylation of
Hg in the soil. During Ej;, change from anaerobic to aerobic, the
gradual decrease of the relative abundance of Hg-methylation
bacteria (Desulfitobacterium spp.) and dissolved Hg concen-
tration resulted in a reduction of MeHg. The reduction of
dissolved Hg concentration is due to adsorption by colloids
formed at high E;. In addition, demethylation of MeHg by
bacteria (Clostridium spp.) contributed to MeHg decreasing.
Our findings substantially improve the general understanding
of the global biogeochemical cycle of Hg in the nature,
particularly in frequently flooded zones of the entire world.

We highlighted (1) the importance of the largely overlooked
interactions between dissolved Hg and colloids that are
prevalent in the environment. In addition to the alteration of
the microbial community, redox change from anaerobic to
aerobic forms a large amount of colloids, which can bind with
Hg to increase its mobilization but decrease its availability for
methylation. (2) Hg methylation might be more significant
than its demethylation in determining MeHg concentration
during redox changes. We observed a clear decrease in the
relative abundance of Hg demethylation bacteria with Ej
increasing (Figure 5) and thus expected a weakened
demethylation effect. In other words, the MeHg concentration
reduction was weak. However, the MeHg concentration still
decreased constantly with E, rising (Figure 6A). We attributed
this phenomenon to a significant decrease in MeHg formation,
leading to a poor supplement of MeHg in the soil.

In a global context of increased demands for rice caused by
population boom and persistent contamination of Hg in paddy
soils, our results provide new insights into how MeHg can be
formed and diminished and the degree of these effects, with
the change in redox potential. Further, our results should be
helpful for the design of a more effective management of Hg-
contaminated soils worldwide. Here, we found that the
increase in E, by flushing with air or oxygen reduced the
concentration of MeHg and bioavailable Hg in the soil. This
may mitigate the risk of the transfer of Hg into rice and thus
the exposure of MeHg via food consumption in highly Hg-
contaminated areas. Therefore, periodic draining or aeration of

10139

paddy soils to increase the Ej provides a method that is less
destructive and free of secondary contamination with a low
energy consumption to control the risks of MeHg in soils of
the world.
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