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ABSTRACT: Methylmercury (MeHg) contamination in rice via paddy soils is an
emerging global environmental issue. An understanding of mercury (Hg)
transformation processes in paddy soils is urgently needed in order to control
Hg contamination of human food and related health impacts. Sulfur (S)-regulated
Hg transformation is one important process that controls Hg cycling in agricultural
fields. In this study, Hg transformation processes, such as methylation,
demethylation, oxidation, and reduction, and their responses to S input (sulfate
and thiosulfate) in paddy soils with a Hg contamination gradient were elucidated
simultaneously using a multi-compound-specific isotope labeling technique
(200HgII, Me198Hg, and 202Hg0). In addition to HgII methylation and MeHg
demethylation, this study revealed that microbially mediated reduction of HgII,
methylation of Hg0, and oxidative demethylation−reduction of MeHg occurred
under dark conditions; these processes served to transform Hg between different
species (Hg0, HgII, and MeHg) in flooded paddy soils. Rapid redox recycling of Hg species contributed to Hg speciation resetting,
which promoted the transformation between Hg0 and MeHg by generating bioavailable HgII for fuel methylation. Sulfur input also
likely affected the microbial community structure and functional profile of HgII methylators and, therefore, influenced HgII

methylation. The findings of this study contribute to our understanding of Hg transformation processes in paddy soils and provide
much-needed knowledge for assessing Hg risks in hydrological fluctuation-regulated ecosystems.
KEYWORDS: Hg transformation, sulfur amended, paddy soil, multi-compound-specific isotope labeling

1. INTRODUCTION
Over the last few decades, mercury (Hg) cycling in
hydrological fluctuation-regulated ecosystems (e.g., wetlands,
hydroelectric reservoirs, and paddy soils) has gained extensive
attention. This is because, in these ecosystems, inorganic Hg is
more readily transformed into toxic and bioaccumulative
methylmercury (MeHg), as compared to other ecosystem
types.1−7 As a type of wetland, rice paddy fields play an
important role in human MeHg exposure, especially in Hg-
contaminated areas.8,9 This is because rice (Oryza sativa L.)
bioaccumulates MeHg10,11 and paddy soil is a unique source of
MeHg in rice.12−16 Since rice is a staple food for a large
proportion of the population worldwide, MeHg-contaminated
rice and the resulting MeHg exposure risks are recognized as a
global issue.17−19 Therefore, a comprehensive understanding of
the biogeochemical cycling of Hg in paddy soils is urgently
required.

The transformation of Hg species in rice paddy ecosystems
plays a vital role in Hg bioaccumulation and associated human
exposure risks. Of particular importance are Hg methylation,
demethylation, reduction, and oxidation; most of these
processes are predominantly mediated by microorganisms.20

Existing studies have mostly focused on methylation and
demethylation,3,4,21,22 with little attention paid to the

reduction and oxidation processes. Thus, at present, we have
an incomplete picture of Hg cycling in rice paddy soils. How
redox processes affect (de)methylation remains unclear.
Furthermore, most existing studies have only investigated
bulk concentration changes in Hg species in rice paddies, with
little study of interconversion processes.3,4,23,24 Again, this has
limited our understanding of net MeHg production mecha-
nisms. Several studies have spiked stable Hg isotope tracers
into rice paddy systems to simultaneously trace different
transformation processes, including methylation and demethy-
lation,3,4,22,25 partitioning and redistribution,26 and rice plant
uptake and translocation.15,27,28 However, only HgII or MeHg
tracers have been applied to date, and only isotopic signals of
THg or MeHg were measured in these studies. As a result, the
redox processes of Hg in rice paddy systems have not yet been
precisely traced.
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Wetlands are vital to the coupled biogeochemical cycles of
Hg and sulfur (S).29 On the one hand, sulfate reduction to
sulfide and sulfide re-oxidation control the speciation and
bioavailability of Hg by forming Hg−S compounds.29−31

Recent studies have confirmed that the bioavailability of Hg
substrates in methylation is determined not only by the
formation of dissolved Hg−S complexes [e.g., Hg(SH)2,
HgS2H−, HgS2

2−, Hg(SR)2, etc.]30,31 but also by the
intracellular dissolution of HgS nanoparticles.25,32−34 On the
other hand, sulfate reduction mediated by microorganisms is
an important pathway for Hg methylation in natural environ-
ments.35 For the reasons above, S input, especially atmospheric
S deposition, is recognized as a major controlling factor in the
production of MeHg.36−39 More recently, however, a shift
from atmospheric deposition to agricultural addition was
reported as a new influencer of S cycling, and the role of S
fertilizers in Hg transformation in agricultural fields was
highlighted.40 In the United States, agricultural S application
exceeded ∼3.3 Tg yr−1 in 2017 (equal to ∼39.8 kg S ha−1

yr−1),40 and this number is projected to increase due to the
decline in atmospheric S deposition and resulting S
deficiencies in agricultural soils.41 In China, where SO2
emissions have declined from 21.85 Tg S yr−1 in 2011 to
3.18 Tg S yr−1 in 2021,42 increasing application of S fertilizers
has been reported.43 Together, these estimates suggest that
agricultural S additions are on par with atmospheric S
deposition.40 Therefore, S-regulated Hg transformation in
agricultural fields (e.g., paddy soils) requires more attention.
To date, limited studies have examined S input-influenced Hg
transformation in paddy soils, with both promotion and
inhibition of HgII methylation reported.44−47 Most of these
studies were based on bulk Hg concentration measurements,
with little investigation of the precise transformation processes
of Hg. Moreover, S species with different valent states
determine the redox cycling of S and, thus, influence Hg
transformation.29 Accordingly, the role of different S species in
Hg transformation is expected to be differential.

Here, a multi-compound-specific isotope labeling technique
was employed together with sulfate and thiosulfate amend-
ments of paddy soil to track Hg methylation, demethylation,
oxidation, and reduction, simultaneously. Hg isotope labeling
(200HgII, Me198Hg, and 202Hg0) and geochemical and microbial
approaches were combined to reveal Hg transformation in
paddy soils and the underlying biogeochemical mechanisms. In
addition to MeHg, isotopic signals of Hg0 were determined,
providing a more integrated understanding of Hg methylation,
demethylation, oxidation, and reduction in paddy soils. In
particular, the Hg transformation mechanisms were addressed
in this study, especially S-regulated Hg transformation in
paddy soils. Knowledge gained from this study can contribute
to an improved understanding of Hg biogeochemistry in
hydrological fluctuation-regulated ecosystems.

2. MATERIALS AND METHODS
2.1. Sample Collection. Rice paddy soil (surface soil, 1−5

cm) and overlying water samples were collected from three
paddy fields. The first was an abandoned Hg mining site (SK,
E 109°12′38″, N 27°31′2″) and the second was an artisanal
Hg smelting site (GX, E 109°11′30″, N 27°33′50″) in the
Wanshan Hg mining area (Wanshan District, Tongren City,
Guizhou Province, China). The third was a control site in a
rural area close to Guiyang City in Guizhou Province (HX, E
106°31′28″, N 26°25‘20″). More detailed descriptions of the

sampling sites are provided in Text S1 in the Supporting
Information.

2.2. Preparation of Hg Isotope Tracers. Multi-
compound-specific Hg isotope tracers, including the inorganic
divalent Hg tracer (200HgII), methyl-Hg tracer (Me198Hg), and
elemental Hg tracer (202Hg0), were used to trace Hg
methylation (i.e., from 200HgII to Me200Hg and from 202Hg0

to Me202Hg), MeHg demethylation (i.e., Me198Hg losses), Hg
reduction (i.e., from 200HgII to 200Hg0 and from Me198Hg to
198Hg0), and Hg oxidation/immobilization (i.e., 202Hg0 losses).
The preparation details are presented in Text S2.

2.3. Incubation Experiment Design. Serum bottles (100
mL, borosilicate glass bottle) were used for the anaerobic
incubation experiment in an oxygen-free glovebox (PLAS-
LABS, USA). Paddy soil and overlying water were mixed in the
glovebox to prepare incubation slurries from each site, as
described by Wu et al.22 and Liu et al.25 (see Text S3). Each
homogenized slurry (30 mL) was weighed into a serum bottle.
The moisture content of the prepared slurries (SK, GX and
HX) was around 75% (Text S3). Four treatments, including
sulfate (Na2SO4) and thiosulfate (Na2S2O3) addition treat-
ments as well as an autoclaved treatment (121 °C for 30 min)
and a control treatment, were prepared. The same amount of S
(equivalent to 2 mg of S) was added to each of the incubation
bottles for the two S treatments. The dosage of exogenous S
was similar to the total S content of paddy soils from Wanshan
(∼200 mg kg−1, ref 48). Isotope-enriched 200HgII, Me198Hg,
and 202Hg0 tracers were spiked into all incubation bottles; the
spiking dosage of Hg tracers depended on the ambient Hg
concentration at each site (Table S1). Then, the incubation
bottles were immediately sealed and gently shaken to mix the
tracers and slurries. They were then covered with aluminum
foil. The total period of incubation was 48 h (at 25 °C in the
glovebox), and three random bottles (triplicates for each site
and each treatment) were destructively sampled at 0 h, 12, 24,
and 48 h. However, due to the periods of incubation, bottle
preparation, and subsampling, the actual time series for
purgeable Hg0 was 2, 14, 26, and 50 h, and for MeHg, it
was 4, 18, 28, and 52 h (see Text S4.1). After incubation, the
isotope-enriched Hg0 species (198Hg0, 200Hg0, and 202Hg0),
MeHg species (Me198Hg, Me200Hg, and Me202Hg), redox
couples (HS−/SO4

2−, NO3
−/NH4

+, and Fe2+/Fe3+), and the
concentration and optical properties (i.e., UV−vis absorption
and fluorescence spectra) of water extracted soil dissolved
organic matter (DOM) were determined. Genomic DNA was
extracted for the quantification of functional genes that encode
Hg and S transformations (hgcA, merA, merB, dsrB, and soxB).
Hg-methylating microbial communities were identified by hgcA
gene amplicon sequencing and metagenomic analysis, and the
sequence data were deposited in the National Centre for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.
gov/), with accession numbers PRJNA950218 and
PRJNA950935, respectively. More details on the subsampling
and measurements are provided in Text S4. The primers used
for quantitative PCR are listed in Table S2.

2.4. Data Analysis. Ambient Hg refers to the Hg that is
naturally present in the soil, and isotope-enriched Hg (198Hg,
200Hg, and 202Hg) refers to Hg from the spiked tracers.49,50

Mass-bias corrected signals of ambient Hg and Hg tracers were
calculated using a simplified approach due to the negligible
differences as compared to the matrix-based signal deconvo-
lution approach51 (Figure S1). Details related to the signal
calculation and comparison methods can be found in Text S5.
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The concentrations of generated MeiHg and iHg0 (i = 198,
200, and 202) were quantified by external calibrations50

(Figure S2). The methylation rate constants [Km-200HgII (d−1)
and Km-202Hg0 (d−1)], demethylation rate constant [Kd-
Me198Hg (d−1)], and volatilization rate constants [Kv-
Me198Hg (d−1) and Kv-200HgII (d−1)] were calculated from
[MeiHg], [iHg0] (i = 198, 200, and 202), and the amounts of
spiked Hg tracers using an irreversible pseudo-first-order
model.52 Meanwhile, the ratios of produced MeHg to spiked
inorganic Hg tracers [Me200Hg/200HgII (%) and
Me202Hg/202Hg0 (%)], the ratio of MeHg losses to spiked
MeHg tracer [Me198Hg demethylation (%)], and the ratios of
produced purgeable Hg0 to spiked Hg tracers [200Hg0/200Hg2+

(%) and 198Hg0/Me198Hg (%)] were also obtained. The
calculation details and assumptions made for the irreversible
pseudo-first-order model are shown in Text S6. It should be
noted that linear approximations may underestimate the rate

constants in Hg transformation due to the presence of
reversible reactions (e.g., demethylation),53 adsorption, and
precipitation of spiked Hg tracers.54 Therefore, the rate
constants obtained from this study may not be suitable for
comparison with other works using different approaches.
Similarly, using the measured purgeable Hg0 may under-
estimate HgII reduction due to the potential existence of non-
purgeable Hg0 (e.g., immobilized by solid phases).55,56

However, all purgeable Hg0 was produced from Hg reduction;
therefore, Hg volatilization was used in this study to represent
Hg reduction.

2.5. QA/QC and Statistics. The certified reference
material (CRM) ERM-CC580 was used, and the MeHg
recovery measurement for CRM ranged from 76.2 to 108.4%,
with an average of 85.2 ± 9.07% (n = 26), which is comparable
with previous studies.7,16,22,25,46,49 Duplicates were added every
10 samples during measurement, and the relative standard

Figure 1. Methylation rate constants for 200Hg2+ [Km-200Hg2+, (a−c)], methylation rate constants for 202Hg0 [Km-202Hg0, (d−f)], and demethylation
rate constants for Me198Hg [Kd-Me198Hg, (g−i)] as a function of time at the three sites (HX, GX, and SK) across the different treatments. Error
bars indicate the standard error (±SE) for replicates (n = 3). Different lowercase letters indicate that the differences between the treatments at each
time point are significant (one-way ANOVA p < 0.05). Missing lowercase letters indicate no significant difference between treatments. “*” after the
legend suggests that the differences within each treatment at different times are significant (t-test p < 0.05).
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deviation (RSD %) of duplicates is <10%. The instrument
detection limits for Hg by using inductively coupled plasma−
mass spectrometry is 10 pg. Data are presented as the mean ±
standard error (SE). Group differences were assessed by t-tests
and one-way ANOVA with Duncan’s post hoc test using SPSS
23.0 (IBM, IL, USA). Statistical significance (p) was set at
<0.05 (two-tailed).

3. RESULTS
3.1. Variations in Major Redox Couples and Soil

DOM. Redox couples (HS−−SO4
2−, NH4

+−NO3
−, and Fe2+−

Fe3+) were measured to show the redox conditions during
incubation. The concentrations of NH4

+ in the liquid phases of
all paddy slurries were 2−3 orders of magnitude higher than
those of NO3

−; the highest NO3
− concentrations were

observed in the autoclaved treatments (Figure S3). Higher
Fe2+ percentages in total Fe (Fe2+ + Fe3+) were found in the
two S treatments, as compared to the control treatment, at all
sites (p < 0.05, Figure S4). Similar distribution patterns of
SO4

2− were found in the Na2SO4 and Na2S2O3 treatments at
sites HX and SK (Figure S5). The concentrations of sulfide
(HS−) at all sites were 3 orders of magnitude lower than those
of SO4

2− (Figure S5). It is noted that some large variations of
Fe2+, Fe3+, and NO3

− were observed in the autoclaved samples,
and proper explanations are in the Text S7. The concentrations
of soil DOM (represented by dissolved organic carbon, DOC)
varied across the different sites (p < 0.05, Figure S6) but were
similar among the different treatments at a given site (p > 0.05,
Figure S6). UV−vis absorption and fluorescence spectra were
used to characterize the compositional structure of DOM.
Similarly, for almost all spectral indices [i.e., SUVA254, S275−295,
a(355), fluorescence peaks, HIX, and BIX], there were no
differences among the treatments (Figure S7). The only

differences were as follows. First, higher intensities of
fluorescence peak A (p < 0.05, Figure S7d) and peak C (p <
0.05, Figure S7e) were observed in the S addition treatments
(i.e., both Na2SO4 and Na2S2O3 treatments) as compared to
the control at site SK. Second, at site GX, lower intensities of
fluorescence peak B (p < 0.05, Figure S7f) and peak T (p <
0.05, Figure S7g) were observed in the S addition treatments
as compared to the control.

3.2. Copy Numbers of the hgcA, merA, merB, dsrB,
and soxB Genes and Hg-Methylating Communities.
Copies of the mer operon (merA and merB) were below the
detection limit in all treatments at all sites [real-time threshold
cycle (CT) > 31]. Significantly lower copies of hgcA, dsrB, and
soxB were found in the autoclaved samples compared to the
other treatments (p < 0.05, Figure S8). At site GX, the control
treatment exhibited more hgcA genes than the two S
treatments (p < 0.05, Figure S8b), while the opposite trend
was observed at site SK (p < 0.05, Figure S8c). A distribution
pattern similar to that of hgcA was found for dsrB at sites GX
and SK (Figure S8e,f). More copies of the soxB gene in the
Na2S2O3 treatment were observed at the three sites, as
compared to those in the Na2SO4 treatment (p < 0.05, Figure
S8g−i). The hgcA gene amplicon sequencing revealed that the
relative abundances of sulfate-reducing bacterium (SRB)
methylators (i.e., SRB carrying the hgcA gene) in the S
addition treatments at sites HX and GX were 1.04−1.56 and
1.27−1.82 times higher than that in the control, respectively (p
> 0.05). The identified major SRB methylators were
Peptococcaceae, Desulfovibrionaceae, and Desulfobulbaceae (Fig-
ure S9b). The search of the metagenomic data for homologues
of hgcA revealed more SRB methylators in the S addition
treatments than in the control at site HX (23.5% higher in

Figure 2. Volatilization rate constants for 200HgII [Kv-200HgII, (a−c)] and Me198Hg [Kv-Me198Hg, (d−f)] as a function of time at the three sites
(HX, GX, and SK) across the different treatments. Error bars indicate the standard error (±SE) for replicates (n = 3). Different lowercase letters
indicate that the differences between the treatments at each time point are significant (one-way ANOVA p < 0.05). “*” after the legend indicates
that the differences within each treatment at different times are significant (t-test p < 0.05).
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sulfate treatment and 17.5% higher in thiolsulfate treatment,
Figure S9d).

3.3. Methylation of 200HgII and 202Hg0. The methylation
rate constants, Km-200HgII (d−1) and Km-202Hg0 (d−1), show the
methylation of spiked 200HgII and 202Hg0, respectively (Figure
1). The variation trend in Km-200HgII was the same at all sites,
with a sharp decrease from 4 to 16 h and a slight decrease
thereafter; the autoclaved treatment at site HX was the only
exception. However, the ranges of Km-200HgII among the study
sites differed greatly. The highest values of Km-200HgII at sites
HX, GX, and SK were all observed at the 4th h, with values of
0.29 ± 0.01 d−1 (in the Na2SO4 treatment, p < 0.05, Figure
1a), 0.048 ± 0.006 d−1 (in both the Na2SO4 and Na2S2O3
treatments, p < 0.05, Figure 1b), and 0.0015 ± 0.00002 d−1 (in
the control treatment, p < 0.05, Figure 1c), respectively. The
ra t io s o f p roduced Me2 0 0Hg to sp iked 2 0 0Hg I I

[Me200Hg/200HgII (%)] and the Me200Hg concentrations
during incubation are shown in Figures S10 and S11,
respectively. The S treatments yielded more production of
Me200Hg than the control treatment at sites HX and GX (p <
0.05, Figure S11), and significantly higher Me200Hg was
observed in the Na2S2O3 treatment at site GX than in the
Na2SO4 treatment (at the 52nd h, p < 0.05, Figure S11b).

The formation of Me202Hg from spiked 202Hg0 reflects the
methylation of 202Hg0. At site HX, the highest Km-202Hg0 was
found at the 4th h in the Na2SO4 treatment (0.66 ± 0.05 d−1, p
< 0.05), followed by the Na2S2O3 treatment (0.49 ± 0.05 d−1,
p < 0.05) and then the control and autoclaved treatments (p <
0.05, Figure 1a). Correspondingly, 10.98 ± 0.85 and 8.08 ±
0.89% of spiked 202Hg0 were transformed to Me202Hg in the
Na2SO4 and Na2S2O3 treatments, respectively, at site HX
(Figure S10d). At sites GX and SK, more Me202Hg was
produced in the Na2S2O3 treatment than in the other
treatments (1.90 ± 0.17% for GX and 1.07 ± 0.59% for SK,
p < 0.05, Figure S10e,f).

3.4. Demethylation of Me198Hg. All Me198Hg tracers
yielded significant degradation over time, except in the
autoclaved treatments (Figure 1). At site HX, there were no
significant differences in Kd-Me198Hg among the control,
Na2SO4, and Na2S2O3 treatments across the whole time series,
with the exception of Kd-Me198Hg in the control treatment
(4.03 ± 0.62 d−1) at the 4th h. At sites GX and SK, the S-
amended treatments yielded higher Kd-Me198Hg values than
the control treatment at the end of incubation (the Na2SO4
treatment in GX and both the Na2SO4 and Na2S2O3
treatments in SK) (p < 0.05, Figure 1h,i). Although
demethylation of Me198Hg was also observed in the autoclaved
treatments, it was significantly lower than that observed in the
other treatments (p < 0.05, Figures S11d−f), suggesting that
microbially mediated demethylation of MeHg is predominant
in paddy soils.

3.5. Reduction of 200HgII and Formation of 198Hg0

from Me198Hg. The volatilization rate constants, Kv-200HgII

(d−1) and Kv-Me198Hg (d−1), show the formation of purgeable
200Hg0 and 198Hg0 by the reduction of spiked 200HgII and
Me198Hg, respectively (Figure 2). Significantly higher amounts
of purgeable 200Hg0 and 198Hg0 were detected in the non-
autoclaved treatments than in the autoclaved samples at all
sites (Figure S12). However, the ratios of produced purgeable
200Hg0 and 198Hg0 to spiked Hg tracers [200Hg0/200HgII (%)
and 198Hg0/Me198Hg (%)] were 1−2 orders of magnitude
lower than those of Me200Hg/200HgII (%) and Me198Hg
demethylation (%) (Figures S10 and S13). In the initial period

(2 h), Kv-200HgII in the control treatment was higher than
those of the S-amended treatments (Na2SO4 and Na2S2O3) at
all sites (p < 0.05, except Kv-200HgII at site GX, Figure 2).
Lower purgeable 200Hg0 in the S treatments, as compared to
the control treatment, was found at site GX across the entire
study period (p < 0.05, Figure S12b) and at site HX in the first
14 h of incubation (p < 0.05, Figure S12a).

Similar to Kv-200HgII, Kv-Me198Hg in the control treatment at
the 2nd h was significantly higher than those of the S
treatments at all sites (p < 0.05, Figure 2). However, a
comparable purgeable 198Hg0 mass was found between the
control and S treatments across most of the incubation period
at sites HX and SK (Figure S12d,f). Less purgeable 198Hg0

mass was observed in the Na2S2O3 treatment than the Na2SO4
treatment at site GX (p < 0.05, Figure S12e). It should be
noted that some production of 198Hg0 may be from 198HgII

reduction instead of from Me198Hg because the purity of our
synthesized Me198Hg was 83.2%, which means that 16.8% of
198HgII remained in the synthesized Me198Hg. Therefore, the
formation of 198Hg0 only from Me198Hg was recalibrated
according to the purity of Me198Hg and the fraction of
conversion from 200HgII to 200Hg0 (Text S8). By subtracting
198Hg0 originating from 198HgII, we found that 86.4 ± 11.6,
89.4 ± 10.4, and 97.1 ± 3.4% of 198Hg0 were from Me198Hg at
sites HX, GX, and SK, respectively. This confirms the
transformation of Me198Hg to 198Hg0. Thus, the recalibration
procedure is necessary for accurately tracing the reduction of
synthesized MeHg tracers; this has been ignored in previous
studies.

3.6. Oxidation or Immobilization of 202Hg0. The losses
of spiked 202Hg0 through purging suggest that purgeable 202Hg0

is transformed to non-purgeable 202Hg. Both oxidation and
immobilization are responsible for the formation of non-
purgeable 202Hg. Rapid depletion of purgeable 202Hg0 occurred
in this study; more than 99.9% of spiked 202Hg0 could not be
purged out within 2 h (Figure S13g−i). S amendments
significantly decreased the masses of purgeable 202Hg0 at sites
HX and GX when compared with the control treatment (p <
0.05, Figure S12g,h).

4. DISCUSSION
4.1. Mercury Transformation in Paddy Soils. Signals of

isotope-enriched Hg tracers in the control and autoclaved
treatments showed transformations (i.e., methylation, deme-
thylation, reduction, and oxidation/immobilization) between
different Hg species (HgII, MeHg, and Hg0) in paddy soils.

Significantly lower Me200Hg production (Figures S10 and
S11) in the autoclaved treatments compared to the other
treatments suggests that abiotic methylation, if present at all, is
negligible in paddy soils. Methylation of HgII (Km-200HgII)
decreased by orders of magnitude over the Hg contamination
gradient ([THg]: HX (0.15 ± 0.003 mg kg−1) < GX (17.2 ±
1.7 mg kg−1) < SK (609 ± 7 mg kg−1)), which is consistent
with our previous findings.22,25 Microbially mediated processes
are likely the cause,22,25 because (i) there were no differences
in the soil texture and structure between the sites and (ii) Hg
selective pressure can reshape the microbial community
structure of paddy soils, altering the abundance of methylators
or microbial helpers (e.g., syntrophic microorganisms) that
support methylators.57,58 Moreover, a lower concentration but
more aromatic DOM (i.e., lower DOC but higher SUVA254)
was observed at site SK, as compared to sites HX and GX (p <
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0.05, Figures S6 and S7). This implies that DOM with a high
humification degree inhibits microbially mediated HgII

methylation. This is also supported by the observed negative
correlations between Km-200HgII and the humic-like characters
of the DOM at all sites (r = −0.58 and p < 0.05 for Km-200HgII

vs peak A, r = −0.75 and p < 0.01 for Km-200HgII vs peak C, and
r = −0.77 and p < 0.01 for Km-200HgII vs SUVA254, Table S3).
Typically, DOM with a lower molecular weight, less humic
substances, and more autochthonous sources (e.g., low-
molecular-weight organic acids, proteins, and sugars) can
more readily fuel microbially mediated HgII methylation, as
compared to highly aromatic or humic substances.59

Active methylation of 200HgII (Figures 1a, S10a, and S11a)
and increasing copies of the hgcA gene (Figure S8) were
observed in the autoclaved treatment at site HX at the end of
the period of incubation. This suggests potential microbial
succession unaccounted for after autoclaving. An uncertain
effect of autoclaving on the inhibition of bacterial activity has
previously been reported, which is consistent with this
observation.22,60 A spread-plate experiment was conducted
using autoclaved samples to test the activity of microorganisms
(Text S9). No countable colony-forming units were identified,
suggesting that the microorganisms responsible for the increase
in the hgcA signal in the autoclaved samples are nonculturable
with the selected growth medium. Moreover, we observed a
significant correlation between methylation using either 200HgII

or 202Hg0 as the substrate in the autoclaved treatment at site
HX (Figure S14). This implies that both 202Hg0 and 200HgII

can be methylated and their methylation processes are highly
correlated. This is not surprising because Hg0 can be
methylated after oxidation61 in cultures of Desulfovibrio
desulfuricans ND13262,63 and Geobacter sulfurreducens
PCA.63,64 In this study, less than 0.1% of spiked 202Hg0 was
recovered as purgeable 202Hg0 during incubation (i.e.,
dominated by non-purgeable 202Hg, Figure S12g−i). The
rapid formation of non-purgeable 202Hg from spiked 202Hg0

implies the rapid oxidization or solid-phase immobilization of
202Hg0 in paddy soil slurries. Non-purgeable Hg0 can be
present as Hg0 or HgII associated with particles.56 However,
with the presence of natural organic matter65,66 and some
anaerobic bacteria,62,63 Hg0 can easily be oxidized to HgII. In
particular, several recent studies have reported that particulate-
bound HgII can also act as a bioavailable substrate fueling

methylation.67,68 Previously, Colombo et al.62 and Hu et al.63

reported the biotic oxidation of Hg0 through pure culture
studies. The current results demonstrated that abiotic reactions
likely dominate the oxidization of spiked 202Hg0 due to the
lower purgeable 202Hg0 masses recovered from the autoclaved
treatments, as compared to the other treatments (p < 0.5,
Figure S12g−i). In this study, the spiked 202Hg0 in paddy soils
was likely oxidized to 202HgII and then microbially methylated.
Accordingly, both biotic oxidation61−64 and abiotic oxida-
tion65,66 of Hg0 will provide HgII fuel for methylation. This
observation supports the hypothesis that rapid redox recycling
of Hg species contributes to Hg speciation resetting, forming
bioavailable HgII at methylation sites.69

In addition to the coupled reactions of oxidization and
methylation of Hg0 in paddy soils, the reduction of HgII was
also co-varied with the methylation of HgII, as indicated by the
significant correlation between log Km-200HgII and log
Kv-200HgII in the control treatment (Figure 3a). Historically,
it was assumed that reduction competes with methylation for
bioavailable HgII substrates; however, this view is rapidly
changing, as Hg0 has been shown to be capable of serving as a
substrate for methylation.62,63 In this microcosm study,
competition between methylation and reduction was also not
observed due to the co-variation between Km-200HgII and
Kv-200HgII (Figure 3a). Lu et al.70 identified a merA- and merB-
containing iron-reducing bacterium capable of simultaneously
methylating HgII and generating Hg0 through reductive
demethylation of MeHg in anoxic conditions. Here, no
significant correlation was observed between 200HgII methyl-
ation (shown as Km-200HgII or Me200Hg/200HgII %) and
Me198Hg demethylation (shown as Kd-Me198Hg and Me198Hg
demethylation %), and the merA and merB genes were below
the detection limit. This suggests that reductive demethylation
of newly formed Me200Hg (via the mer operon) is not the likely
mechanism responsible for the correlation between 200HgII

methylation and reduction. Rather, other pathways, such as the
involvement of c-type cytochromes in HgII reduction63 and/or
photoheterotrophic or fermentative HgII reduction,71 may exist
in paddy soils. The former process depends on extracellular
electron transfer, whereas the latter depends on the presence of
fermentable carbon sources in the dark or stimulation of
bacterial phototrophy in the presence of light.69,71,72 However,
the reduction of 200HgII was 1−2 orders of magnitude lower

Figure 3. log Km-200HgII vs log Kv-200HgII (a) and log Kv-200HgII vs log Kv-Me198Hg (b) at the three sites (HX, GX, and SK) in the control
treatment. Dashed lines represent the 1:1 line between two variables.
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than the methylation of 200HgII (Figures 3a, S11, and S12),
suggesting a predominant role of methylation when compared
with the reduction of HgII in paddy soils. It is also possible that
the newly produced 200Hg0 is rapidly re-oxidized to 200HgII

prior to being methylated to Me200Hg (i.e., avoiding the
purge). This quick redox recycling step may favor 200Hg0

accessibility and availability to methylators. As a result, rapid
anoxic redox cycling, further away from the air/water interface,
may maintain a pool of bioavailable HgII, albeit small, that
sustains methylation. Nevertheless, over a large scale or long
term, Hg reduction and its subsequent evasion may still
contribute to the removal of Hg from rice paddy soils and,
therefore, limit the formation of MeHg, especially in
uncontaminated paddy soils (i.e., HgII methylation is con-
strained by the THg concentration). Therefore, it is critical to
tease apart the importance of these two pathways for the
proper management of paddy systems.

In this study, purgeable 198Hg0 was detected from the spiked
Me198Hg (Figure S12d−f), whereas the ratio of purgeable
198Hg0 to the spiked Me198Hg (198Hg0/Me198Hg %) was 3−4
orders of magnitude lower than the Me198Hg demethylation %
(Figures S10 and S13). The copy numbers of the mer operon
genes (merA and merB), which mediate reductive demethyla-
tion,73,74 were below the detection limit in the control
treatment. In the absence of a broad-range mer operon (i.e.,
involved in both MeHg degradation and HgII reduction), mer-
independent oxidative demethylation (OD) may be a
significant mechanism underlying MeHg degradation in
paddy soils.75 Oxidative demethylation is a nonspecific co-
metabolic process producing HgII and CO2 and is commonly
observed in anoxic conditions.74,76 In this study, the
correlations between Kv-Me198Hg and Kv-200HgII (Figure 3b)
and between purgeable 198Hg0 and 200Hg0 (Figure S15)
suggest that the formation of purgeable 198Hg0 from
Me198Hg is a two-step reaction: Me198Hg is oxidatively
demethylated to 198HgII and then reduced to 198Hg0, likely
using a pathway similar to 200HgII reduction. The data points
were located close to the log Kv-Me198Hg: log Kv-200HgII = 1:1
line (Figure 3b), further supporting the control of Me198Hg
degradation by mechanisms similar to or closely associated
with 198HgII reduction. Moreover, significant correlations were
observed between the purgeable 200Hg0 and 202Hg0 masses at
all sites (Figure S15), implying that the formation of Hg0 from
spiked 200HgII, Me198Hg, and 202Hg0 tracers is the same as HgII

reduction. This further highlights that the formation of HgII

may be a precondition for subsequent methylation and
reduction. In addition, significant correlations between
humic-like characters of DOM (i.e., humic-like compounds
indicated by peak A and peak C and aromaticity indicated by
SUVA254) and Kv (i.e., both Kv-Me198Hg and Kv-200HgII) were
observed but were absent with Kd-Me198Hg (Table S3). This
implies that humic fractions of soil DOM inhibited HgII

reduction. This is the major mechanism explaining the
inhibited transformation of MeHg to Hg0 by humified DOM.

Partitioning of Fe between solid and aqueous phases plays a
role in Hg transformation. This was evidenced by the
significant correlations between the aqueous Fe concentration
(i.e., Fe2++Fe3+) and Km-200HgII or Kv-200HgII in this study
(Table S4). Research has demonstrated that reductive
dissolution of Fe(oxyhydr)oxides may increase the bioavail-
ability of previously adsorbed HgII.24,26 However, the
recrystallization from Fe(oxyhydr)oxides to Fe−S solids (e.g.,
FeS and FeS2) may largely decrease the bioavailability of the

released HgII from Fe(oxyhydr)oxides.25,29 The influence of
redox cycling of Fe in aqueous phases (Fe2+−Fe3+ couple) on
Hg transformation was absent in this microcosm study. More
research on Fe redox cycling in both solid and aqueous phases,
and its influence on Hg transformation, is needed in the future.

4.2. Role of Sulfate and Thiosulfate in Hg Trans-
formation in Paddy Slurries. The influences of S addition
on Hg methylation/demethylation were not only dependent
on the S species but also on the study site (Figures 1 and 2,
S11, and S12). The roles of S species in different Hg
transformation processes raise two questions: (i) how does the
S input influence Hg transformation in paddy soils? and (ii) do
sulfate and thiosulfate affect the abovementioned processes to
the same extent? These two questions are addressed below.

4.2.1. Hg Speciation Change- vs Microbial-Driven Hg
Transformation under S Input Conditions. The bioavailability
of Hg and the microbial community are recognized as
important factors determining biotic Hg cycling in the natural
environment.20,77 However, it is still not clear whether S-
dependent Hg transformation is regulated by Hg speciation (or
mobility/bioavailability) or by changes in the microbial
community structure and function in response to S species
amendments. Recently, Li et al.21 and Lei et al.47 reported that
an increase in Hg mobility, rather than changes in the structure
and functional profiles of microbial methylators, triggers an
enhancement of Hg methylation in S-amended paddy soils.
Here, Hg speciation and the microbial community were found
to play different roles in Hg methylation in S-treated paddy
soils with different Hg contamination levels.

At sites (HX and GX) with low and moderate [THg] levels,
opposing influences of S addition on Hg methylation and
reduction were observed; the addition of Na2SO4 and Na2S2O3
increased the formation of Me200Hg but decreased the
formation of 200Hg0 from 200HgII (p < 0.05, Figures 1, 2, and
S10−S13). If the bioavailability of Hg is increased, it is
expected that S addition would promote HgII methylation and
reduction synchronously, especially given the presence of the
co-varied methylation and reduction of HgII as discussed above
(Figure 3a). Despite the very limited experimental evidence,
the uptake of HgII species by Hg methylators and Hg reducers
is assumed to be comparable. In our previous study, SRBs were
confirmed to be the dominant HgII methylators at site HX and
one of the HgII methylators at site GX.22 Here, both Na2SO4
and Na2S2O3 provided SO4

2−, thus fueling the SRB following
oxidization or disproportionation of S2O3

2−.78−80 Therefore,
the SRB-mediated HgII methylation at sites HX and GX was
likely promoted. In particular, higher SO4

2− concentrations (p
< 0.05, Figure S5a) and copy numbers of the dsrB gene (p <
0.05, Figure S8d) in the S treatments compared to the control
treatment were identified at site HX. At site GX, however, S
addition significantly reduced the abundance of the dsrB gene
(p < 0.05, Figure S8e), and this was closely correlated with
hgcA gene copies (Figure S16). This implies that in addition to
SRB, other microorganisms are also involved in HgII

methylation, and SO4
2− might be a limiting factor for

methylation at site GX.22 In addition, more SRB methylators
were observed in the S addition treatments compared to the
control at sites HX and GX through either hgcA gene amplicon
sequencing or metagenomic analysis (Figure S9), which
provides direct evidence that the activity of SRB methylators
was promoted by adding both sulfate and thiolsulfate. Among
all the identified SRB methylators, Desulfomonile is likely a key
SRB genus associate with HgII methylation at sites HX and GX
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under S addition, due to its significant co-variation with log
Km-200HgII (Figure S17).

Inhibition of 200HgII reduction under S addition at sites HX
and GX (p < 0.05, Figures 2 and S12) could be interpreted in
two ways. (i) S addition promotes both HgII and Hg0

methylation. The rapid redox cycling of Hg0 makes it a
bioavailable substrate for methylation (discussed above) which,
therefore, reduces the amount of purgeable Hg0. (ii)
Exogenous S addition may break the balance between HgII

methylators (i.e., SRB) and HgII reducers, thereby reducing the
activity of HgII reducers. However, the communities of HgII

reducers in this study remain unknown (i.e., merA-independent
reducers), and more research is needed.

At the most contaminated site (SK, with the highest
[THg]), HgII methylation and reduction were hampered,
whereas demethylation of MeHg was promoted in the S-
treated paddy soils when compared with the control treatment
at site SK (Figures 1, 2, S11, and S12). It should be noted that
a much higher NO3

− concentration (1−3 orders of magnitude
higher than those at sites HX and GX) was observed in the
autoclaved treatment compared to the other treatments at site
SK (p < 0.05, Figure S1c). This suggests that significant
dissimilatory reduction of NO3

− occurred in the presence of
microorganisms.81 The reduction of a large amount of NO3

−

may deplete electron donors for HgII methylation (e.g., sulfate
reduction, iron reduction, and methanogenesis processes) and
HgII reduction,82−84 as evidenced by the higher SO4

2− (p <
0.05, Figure S5) and lower Fe2+ (p < 0.05, Figure S6)
concentrations at the end of incubation when compared with
sites HX and GX. In addition, our previous work revealed that
methanogens are involved in MeHg formation at site SK.22 In
this study, among the community of Hg methylators, higher
relative abundances of Methanothrix and Methanoregula,
carrying hgcA genes, were observed at site SK as compared
to sites HX and GX (Figure S9c). Therefore, adding SO4

2− will
bring more competition for substrates between SRB and
methanogens. In particular, the formation of CH4 is
thermodynamically more difficult than the reduction of
SO4

2− (i.e., a lower Eh is required).85 In the matter of
MeHg demethylation, promotion of SRB by the addition of
SO4

2− sources may facilitate SRB-mediated OD, since SRB is
one of the major players in OD,74,86 and OD was the dominant
pathway for MeHg degradation in this study. The role of DOM

in Hg transformation among different treatments is limited,
due to the comparable optical properties for most of the
indices (Figure S6). It is worth mentioning that consumption
of protein-like compounds under the S addition treatments was
observed at site GX (lower peak B and peak T than control, p
< 0.05, Figure S6e,f). This partly explains the promoted activity
of microorganisms (e.g., SRB) under sulfate and thiosulfate
addition because the protein-like substances could be utilized
preferentially by microorganisms.87

The evidence discussed above suggests that the increased
production of MeHg is likely attributed to the facilitated
activity of HgII methylators under the exogenous S input. Hg
transformations are more sensitive to microorganisms involved
in S cycling than Hg speciation changes regulated by reduced S
species. S amendments affect the microbial community
structure and functional profile of Hg methylators by directly
supplying metabolic substrates (i.e., SO4

2− for SRB) or
amplifying the competition for metabolic substrates.

4.2.2. Sulfate vs Thiosulfate. Sulfate is a terminal electron
acceptor, and thiosulfate is one of the major intermediates in S
redox cycling.78,80,88,89 In this study, the rates and magnitudes
of Hg transformations in the S treatments were dependent on
the S species (i.e., SO4

2− and S2O3
2−).

Previous studies have reported that HgII can bind with
S2O3

2− and form bioavailable Hg−S2O3 complexes [e.g.,
Hg(S2O3)22− and Hg(S2O3)34−],90−93 which may be the
mechanism underlying Na2S2O3 addition-promoted methyl-
ation. However, the current results appear to suggest a
different scenario. We suspect that the added S2O3

2− was
unstable and readily transformed into SO4

2− rather than
forming Hg−S2O3 complexes; this is evidenced by the similar
SO4

2− concentrations to those in the Na2SO4 treatment
(Figure S5a−c). Furthermore, our modeling exercise (Visual
MINTEQ, Text S10) predicted that the speciation of HgII was
dominated by Hg-sulfide complexes [e.g., HgS2H−, Hg(SH)20,
and HgS2

2−, Figure S18]; Hg−S2O3 complexes, if present at all,
were negligible when sulfides were present in the paddy soils.
In addition to Hg speciation changes, the prolonged supply of
SO4

2− to HgII methylators in the Na2S2O3 treatment is
probably another mechanism for the enhanced HgII methyl-
ation. Rapid depletion of SO4

2− was found in the Na2SO4
treatment. However, in the Na2S2O3 treatment, S2O3

2− and its
acid decomposition products (i.e., SO3

2− and S0)79 involved in

Figure 4. Schematic diagram illustrating Hg cycling in paddy soils and transformation rates of each process. Fractions of conversion are from
Figures S10 and S13.
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disproportionation also continuously supplied SO4
2−. These

reactions are considered to be typical inorganic fermentations
and are independent of external reductants or oxidants.94 In
the current study, the formation of SO4

2− at site GX was slower
than at sites HX and SK, suggesting that the oxidation of
S2O3

2− was likely concomitant with the reduction of SO4
2− in

the Na2S2O3 and Na2SO4 treatments, respectively (Figure
S5b). Moreover, higher abundances of S-oxidizing bacteria
(soxB gene) were observed in the Na2S2O3 treatments than the
Na2SO4 treatments. In particular, copies of the soxB gene were
negatively correlated with [HS−] at site GX (r = −0.87 and p <
0.01), which further confirms the capability of S2O3

2− to
replenish SO4

2− through S oxidation (Figure S8g−i). This
highlights that the role of S-oxidizing bacteria in SRB-mediated
Hg methylation should be given more attention. In summary,
the mechanisms of S2O3

2−- and SO4
2−-regulated HgII

methylation are partly different. Both can enhance SO4
2−

supply for HgII methylation, albeit at different rates. Therefore,
the kinetics of SO4

2− production or microbial SO4
2− utilization

influenced by the S2O3
2− input can more likely explain the

greater formation of MeHg in the Na2S2O3 treatment. This
deserves further study in the future. Although this study was
not able to provide evidence as to how Hg speciation changes
influence Hg methylation under S addition, this should not be
ignored, especially in redox-fluctuation paddy soils.

5. ENVIRONMENTAL IMPLICATIONS
In addition to the widely accepted HgII methylation and MeHg
demethylation, this study provides direct evidence of HgII

reduction, Hg0 oxidation/immobilization, Hg0 methylation,
and the formation of Hg0 from MeHg in paddy soils (Figure
4). These processes are biotically mediated, with only one
exception being that Hg0 oxidation/immobilization is mainly
mediated by abiotic processes. The finding that dark reduction
of HgII occurs through a biotically mediated process in paddy
soils further highlights the role of microbial reduction of HgII

in this environmental media. Interestingly, Hg0 from the dark
reduction of HgII can be methylated upon re-oxidation. The
comparable Km-202Hg0 and Km-200HgII values further imply the
rapid redox recycling of Hg species, fueling methylation. The
transformation of MeHg to Hg0 is attributed to oxidative
demethylation coupled with reduction, instead of reductive
demethylation (RD), in flooded paddy soils; RD may occur
during the drying period (air-exposed) of rice-growing in
paddy soils.74 These findings highlight that (i) biotically
mediated dark reduction of HgII followed by re-oxidation is
also a source of HgII methylation in flooded paddy soils; this
has been largely overlooked previously in redox fluctuating
environments; and (ii) transformation processes for different
Hg species (Hg0, HgII, and MeHg) in paddy soils are closely
associated with each other. In addition to HgII reduction and
methylation as mentioned above, MeHg may also be a source
of Hg0 emission into the atmosphere through oxidative
demethylation and then reduction. This highlights the
continuous and dynamic nature of Hg transformation in
paddy soils.

Sulfate reduction and the formation of reduced S species
(sulfide, elemental sulfur, polysulfides, etc.) have long been
considered as factors influencing Hg transformation due to the
role of the SRB in HgII methylation38,89 and speciation changes
of Hg.29−31 However, this study implies that the oxidation of
reduced S species by S-oxidizing bacteria is also an important
process in HgII methylation. The likely mechanisms are (i) to

provide more sulfate and (ii) to change the rate of sulfate
supply in sulfate reduction. Therefore, SRB-mediated HgII

methylation is not only influenced by the quantity of sulfate
but also controlled by the kinetics of sulfur species trans-
formations, warranting additional work to fully explore their
connection to Hg methylation.
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