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Abstract
Mercury (Hg) is a global pollutant of environmental and health concern; its methylated form,
methylmercury (MeHg) is a potent neurotoxin. Sulfur-containing molecules play a role in MeHg
production by microorganisms. While sulfides are considered to limit Hg methylation, sulfate and
cysteine were shown to favor this process. However, these two forms can be endogenously converted by
microorganisms into sulfide. Here, we explore the effect of sulfide (produced by the cell or supplied
exogenously) on Hg methylation. For this purpose, Pseudodesulfovibrio hydrargyri BerOc1 was cultivated
in non-sulfidogenic conditions with addition of cysteine and sulfide as well as in sulfidogenic conditions.
We report that Hg methylation depends on sulfide concentration in the culture rather than on the initial
form of sulfur (cysteine, sulfide or sulfate) added, and was independent of hgcA expression. Interestingly,
MeHg production was maximal at 0.1-0.5 mM of sulfides. Besides, a strong positive correlation between
MeHg in the extracellular medium and the increase of sulfide concentrations was observed, suggesting a
facilitated MeHg export with sulfide and/or higher desorption from the cell. We demonstrate that sulfides
(exogenous or endogenous) play a key role in controlling mercury methylation, and should be considered
when investigating the impact of Hg on natural environments.

Introduction
Mercury (Hg) is of high concern due to its toxicity even at low concentration. It is persistent, highly volatile
and is able to convert into highly toxic methylmercury (CH3Hg or MeHg), a strong neurotoxin, that is
bioaccumulated and biomagnified across the aquatic food web (Atchison and Hare 1994; Boudou and
Ribeyre 1997; Farina et al. 2011; Rice et al. 2014). Biotic methylation of inorganic mercury (Hg(II)) by
microorganisms is the primary source of MeHg (Jensen and Jernelöv 1969). The environmental and
health risk associated to Hg contamination is highly dependent on environmental parameters that can
either promote or limit the production of MeHg by microorganisms at the bottom of the food web. Current
knowledge on Hg methylation is based on anaerobic microorganisms such as sulfate-reducing (SRB)
(Compeau and Bartha) and iron-reducing bacteria (Bravo et al. 2018; Kerin et al. 2006) although other
microbial groups (Gilmour et al. 2013), like methanogens, are also known to methylate Hg. Two genes
encoding HgcA (a putative methyl transferase involved in methyl transfer to Hg(II)) and HgcB (a Fe-S
cluster protein involved in HgcA electron recycling) are required for Hg methylation in these
microorganisms (Parks et al. 2013). However, no link between the expression of these genes and the
presence of Hg(II) has been so far observed (Goñi-Urriza et al. 2015; Qian et al. 2018).

In SRB, Hg methylation was shown to be higher under non-sulfide producing growth metabolism (non-
sulfidogenic growth: fumarate respiration or fermentation) compared to sulfide producing condition
(sulfidogenic growth: sulfate respiration) (Bridou et al. 2011; Gilmour et al. 2011; Goñi-Urriza et al. 2015).
A negative linear correlation between sulfide and Hg methylation was also observed in a millimolar range
of sulfide (Benoit et al. 2001a). The decrease of Hg methylation was attributed to a variation in predicted
Hg-S complexes, specifically to a decrease of the dissolved neutral Hg-S species (HgS0 and Hg(SH)2

0)
(Benoit et al. 1999a, b, 2001b; Drott et al. 2007). These neutral forms are suspected to be more available
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for the cell than the charged species and their decrease negatively affect the Hg methylation. While, it is
accepted that in SRB sulfides inhibit Hg methylation, it was observed recently in methanogens that
sulfides at low concentration may promote mercury methylation (Gilmour et al. 2018), questioning the
effect of sulfides concentration as variable on Hg methylation.

The effect of thiols on Hg methylation has been also investigated (Adediran et al. 2019; Liu et al. 2016;
Schaefer and Morel 2009; Thomas et al. 2020), although they are present at much lower concentrations
in aquatic environments compared to sulfate/sulfide (Bouchet et al. 2018; Liem-Nguyen et al. 2017).
Among these thiols, cysteine (at concentrations between 1 and 100 µM) increased the production of
MeHg (Schaefer and Morel 2009). However, cysteine degradation by microbes produces sulfides (Graham
et al. 2012a, b; Thomas and Gaillard 2017; Thomas et al. 2018). These produced sulfides are expected to
limit Hg methylation, although they can form Hg-S complexes that favor Hg bio-uptake (Thomas and
Gaillard 2017; Thomas et al. 2018). The effect of cysteine on Hg methylation is not yet fully understood.
The sulfides produced by SRB from cysteine degradation (and not cysteine per se) could be responsible
for the observed increase in Hg methylation.

Our hypothesis is that Hg(II) methylation is modulated by sulfide regardless of its origin; environmental or
produced by the bacteria from cysteine or sulfate. However, whether sulfides enhance or inhibit Hg
methylation may depends on the concentration of these molecules present in the cell environment. To
support this hypothesis, in this work, (i) the potentials and rates of Hg methylation (ii) the partitioning
between extracellular and cell-associated fractions of Hg species (to distinguish exported from the
adsorbed/intracellular MeHg and Hg(II)) and, (iii) the hgcA expression were measured in the SRB
Pseudodesulfovibrio hydrargyri BerOc1 grown with different concentrations of added (exogenous) or
produced (endogenous) sulfides along with various Hg concentrations. For this purpose, we used P.
hydrargyri BerOc1 under three different conditions regarding sulfide contents: grown i) under fumarate
respiration (non sulfidogenic metabolism) in the presence of a wide range of exogenous sulfide
concentrations, ii) under fumarate respiration in the presence of cysteine and, iii) under sulfate reduction
(sulfidogenic metabolism). Because Hg methylation depends on Hg(II) concentration (Gilmour et al. 2011;
Isaure et al. 2020), the effect of sulfides (added or produced) was also examined at three different Hg(II)
concentrations (from nM to µM). Our study provides new insights into the major role of sulfides on Hg
methylation process at sulfide concentrations of environmental relevance, which is important to address
the risks of Hg regarding the environmental and the health standpoints on this issue.

Materials And Methods

Culture medium composition and growth conditions
The SRB Pseudodesulfovibrio hydrargyri strain BerOc1 was isolated from the Berre Lagoon sediments
and it has been investigated for more than one decade for its capacity to methylate Hg (Ranchou-Peyruse
et al. 2004, 2009, 2018). To perform all the experiments, the strain was grown anaerobically in the dark, at
37°C and pH 7.0 in the Brackish Multipurpose Medium (Widdel and Bak 1992) containing (per liter): 10 g
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NaCl, 1.2 g MgCl2∙6H2O, 0.1 g CaCl2∙2H2O, 0.25 g NH4Cl, 0.5 g KCl, 1 mL trace metal elements SL12B
(Overmann et al.), 1 mL Selenite-Tungstate, 2.38 g HEPES, 1 mL V7 vitamins solution (Trüper and Pfennig
1992) and 0.2 g KH2PO4. Selenite-Tungstate solution is composed of 0.5 g NaOH, 2 mg Na2SeO3 and 4
mg Na2WO4.2H2O per liter and SL12B solution is composed of 300 mg H3BO3; 1.1 g FeSO4.7H2O; 190 mg
CoCl2.6H2O; 50 mg MnCl2.2H2O; 42 mg ZnCl2; 24 mg NiCl2.6H2O; 18 mg Na2MoO4.2H2O and 2 mg CuCl2,
2H2O per liter. The final concentration on sulfur compounds in the basal medium is 3.6 µM.

Cultures were performed with 40 mM pyruvate as carbon source and either with 40 mM sulfate
(sulfidogenic condition) or with 40 mM fumarate (non-sulfidogenic metabolism). Under non-sulfidogenic
growth, 0.1 mM cysteine, or a wide range of sulfide (Na2S) concentration (from 0.0005 to 5 mM) was
added as sulfur source. In growth conditions requiring sulfides addition, sulfides were supplemented 24
hours before the inoculation enabling equilibration with the culture medium maintained in
anoxic/reduced condition. Cultures were inoculated at 0.03 optical density (OD) measured with a
spectrophotometer at 600 nm, from pre-cultures under the same growth condition. Growth was then
monitored by OD, and biomass production (ΔOD600) was calculated as [OD (Tf) – OD (Ti)], where Tf
corresponds to the end of the exponential phase and Ti to the time of the inoculation of the strain.
Growth rate (µ (h−1)) was obtained by dividing the produced biomass during the exponential phase (
ln(biomassproduction)) by time of the exponential growth phase.

Cells numbering was performed by flow cytometry (BD Accuri C6 analysor, TBMCore). Aliquots of 1.6 mL
of cultures were stored at -80°C in 5% (v/v) filtered formaldehyde until cells counting. Samples were
tagged with 10X SYBR® (Invitrogen) for 15 minutes in the dark, and immediately counted using
Trucounts beads (BD). Sulfide quantification was performed by Cline (Cline 1969) method using a
spectrophotometer at 670 nm and adapted to growth conditions and sulfide concentrations expected.
The detection limit was 0.92 µM.

Hg methylation assays and Hg species partitioning
All methylation assays were conducted in autoclaved Hungate tubes pre-washed by ultrasonication in
10% HNO3 and HCl baths, and rinsed with ultrapure Milli-Q water. Inorganic Hg(II) stock solution (5 mM
HgCl2 in 1% HCl) was used to yield final concentrations of 0.05 µM, 2 µM or 5 µM.

In order to avoid heterogeneity, media flushed with N2 were inoculated with BerOc1 strain and distributed
in tubes containing 100 µL of Hg(II) at the appropriate concentration. The fully filled tubes were closed
with PTFE coated butyl stoppers, mixed and incubated in the dark at 37°C. Inoculation and Hg addition
were thus performed simultaneously (Online Resource 1a). Quantification of Hg species (i.e. inorganic
mercury, Hg(II) and, methylmercury, MeHg), sulfide concentration and cell numbering in the bulk culture
were determined at both Ti (just after inoculation and Hg addition) and Tf (at the end of the exponential
growth phase). For Hg(II) and MeHg quantification (bulk fraction), an aliquot of 500 µL of the cell culture
was collected and digested in 50% (v/v) of 6N nitric acid (HNO3). The remaining part of the cultures was
centrifuged (30 min, 6000 g at 4°C) to separate supernatant and pellet fractions (Online Resource 1a).
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500 µL of the supernatant was collected and digested in 50% (v/v) 6N HNO3 (extracellular fraction).
Samples were stored at 4°C before the analyses. Abiotic controls without cells were performed under the
same experimental conditions for the three different culture media.

Hg(II) and MeHg concentrations were measured by capillary gas chromatography (GC TriPlus™ RSH™,
Thermo Scientific) connected to an inductively coupled plasma mass spectrometer (ICPMS, X2-series,
Thermo Electron)(Bridou et al. 2011; Pedrero et al. 2012). Quantification of each Hg species
concentration was performed by isotopic dilution (Monperrus et al. 2005). Briefly, a known amount of
fractions (bulk or supernantant fractions) was buffered at pH 3.9 using a 0.1 M acetic acid/acetate buffer
and then spiked with a known quantity of isotopically enriched Hg species (199Hg(II) and 201MeHg). Hg(II)
and MeHg were ethylated using 5% (v/v) NaBEt4 and extracted in isooctane by shaking vigorously during
20 min. Organic phase containing Hg species was collected and analyzed by GC-ICPMS. Each fraction
was measured two times.

Hg methylation potential and Hg species partitioning were determined in the same batch culture.
Methylation potentials were calculated in the bulk cultures by dividing MeHg concentration produced (Ti -
Tf) by total Hg concentration measured at Ti. Partitioning of each Hg species (Hg(II) and, MeHg) between
cell-associated and extracellular fractions was calculated by dividing concentrations of Hg species
measured in the supernatant (extracellular fraction) by concentrations of Hg species measured in the
bulk fraction x100. Percentage of Hg species in the pellet (i.e. cell-associated fraction (sorbed and
intracellular)), were determined by subtracting the percentage of Hg species in the supernatant fraction to
100%.

Spearman’s correlation between the percentage of MeHg in extracellular fraction and sulfide
concentrations was calculated with R software.

hgcA expression assays and analyses

hgcA expression assays were performed under various Hg(II) concentration exposures in non sulfidogenic
condition with either cysteine or sulfide (0.1 mM). Growth was performed as previously described except
that (i) Hg(II) was added at mid-exponential growth phase in the anaerobic chamber and, (ii) Hg
incubation was carried out for one hour (Online Resource 1b). Based on Hg methylation results, hgcA
expression level was measured at Hg(II) concentrations of 0.05 µM, 2 µM and 5 µM with sulfide and,
0.005 µM, 0.05 µM, 0.5 µM, 2 µM with cysteine. Controls without Hg(II) were conducted to determine the
basal hgcA expression.

After 1 hour of incubation with Hg(II), cultures were stopped with 3% (v/v) of RNA protect solution (5%
phenol saturated with Na acetate 1M pH 5.5 into 95% ethanol). Five mL of the culture were centrifuged
(10 min, 5000 g) and total RNA was extracted using EXTRACT-ALL® Kit (eurobio) according to the kit
protocol guidelines. RNA fraction was purified by removing DNA contamination with TURBO DNase
RNase-free™ Kit (Ambion) and quantified with Quant-iT RNA Assay Kit (Invitrogen™) and Synergy HTX
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multi-mode reader (BioTek). Purified RNA was diluted at 20 ng/µL and cDNA was synthesized using M-
MLV-RT (Invitrogen).

hgcA transcripts were quantified by qRT-PCR (quantitative Reverse-transcription PCR) in a Light Cycler
480 (Roche) using the DyNAmo™ ColorFlash SYBR® Green qPCR Kit (Finnzyme), in a final volume of 20
µL with 1 µL of cDNA and the appropriate primers(Goñi-Urriza et al. 2015). gyrB gene expression was
used as housekeeping gene expression for normalization (Goñi-Urriza et al. 2015). hgcA and gyrB primers
were specifically designed to amplified hgcA and gyrB genes in P. hydrargyri strain BerOc1 in a previous
study(Goñi-Urriza et al. 2015). Real time PCR was carried out with an initial denaturation of 7 min at 95°C
followed by 45 cycles of 10 sec at 95°C and 20 sec at 60°C. Melt characteristics of amplicons were
checked at the end of the amplification. Assays were performed in three independent cultures (biological
replicates) each one measured three times (technical replicates). A reaction mixture with DNA-free RNA
was run as a control for detection of DNA contamination. Amplification efficiencies of hgcA and gyrB
primers were determined with standard curves as previously described (Goñi-Urriza et al. 2015), and were
of 1.90 and 1.95, respectively.

hgcA induction level was determined following double delta Ct (Cycle Threshold) procedure using gyrB
expression as reference. Briefly it consists of: (i) a first normalization of the target gene expression (hgcA)
with a reference gene expression (gyrB) and (ii) a second normalization of the Ct in the induced condition
(growth with Hg(II)) with the Ct of the non-induced condition (growth without Hg(II)).

Results And Discussion

Hg methylation is driven by sulfides
The SRB P. hydrargyri strain BerOc1, able to use sulfate or fumarate as electron acceptors, was used in
this study to determine the link between MeHg production and sulfide. The production of MeHg was
assessed at three different Hg(II) concentrations (0.05, 2 and 5 µM of Hg(II)) under non-sulfidogenic
growth (Pyruvate (Pyr)/Fumurate) with cysteine or sulfide added exogenously (0.1 mM) and under
sulfidogenic growth (Pyr/Sulfate). The chosen cysteine and sulfide concentrations correspond to the
minimal sulfur concentration needed for optimal growth without Hg(II) (Online Resource 2a). The Hg(II)
concentrations were chosen from a previous study that showed a maximum of mercury methylation rate
at 5 µM of Hg(II) (Isaure et al. 2020). Sulfide concentrations measured at the end of the growth in the
presence of cysteine (0.010 ± 0.003 - 0.020 ± 0.005 mM, Table 1) are consistent with previous sulfide
concentrations reported for degradation of cysteine by bacteria, including the well-known Hg methylators
Geobacter sulfurreducens PCA and Pseudodesulfovibrio mercurii ND132 (Graham et al. 2012a, b;
Thomas and Gaillard 2017; Thomas et al. 2018). Moreover, for a given growth condition, addition of
Hg(II) did not impact neither bacterial growth nor sulfide concentration (Table 1, Online Resource 2d-f).

Interestingly, the Hg(II) methylation potential under non-sulfidogenic growth with 0.1 mM sulfide was
higher than in the other tested conditions, regardless of the Hg(II) concentration (Figure 1a, Online
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Resource Table). While a progressive decrease of Hg methylation potential over an increase of Hg(II)
concentrations was detected under sulfidogenic growth, a drastic decline over 0.05 µM was noticed under
non-sulfidogenic growth with cysteine (from 15% to < 1%) (Figure 1a). However, under non-sulfidogenic
growth with sulfide only a moderate decline was observed above 2 µM Hg(II). Furthermore, the maximal
rate of production of MeHg per cell (τmax calculation) is between 50 and 100 fold higher (Table 1) in
presence of sulfide. The saturation of MeHg production (from KMichaelis calculation) of BerOc1 grown with
sulfide is reached at higher Hg(II) concentrations than when grown with sulfate (10 times lower than
sulfide) or cysteine (1000 times lower than sulfide). These results indicated that the Hg methylation
mechanism is saturable in the various cell growth conditions tested as previously described under a
different growth condition than tested here (Isaure et al. 2020). Abiotic controls confirmed that measured
Hg methylation was a fully biotic process and that the observed differences between growth conditions
were not related to differences in abiotic Hg methylation (Online Resource 3). Furthermore, our study
reported for the first time that the concentration at which this saturation is reached and the capacity of a
single cell to produce MeHg depends on growth conditions.

Importantly, Hg methylation potentials were higher with 0.1 mM of sulfide, compared to cysteine
condition (expected to favor Hg methylation (Schaefer and Morel 2009)) regardless of the Hg(II)
concentration added (Figure 1a). However, in presence of cysteine around 10 µM of sulfides were
measured (Table 1). We thus hypothesized that the variation observed in Hg methylation depends on
sulfide concentration (added or produced) rather than directly on the added cysteine. Therefore, we
investigated Hg(II) methylation at varying concentration of sulfides (from 0.0005 to 5 mM). The range of
sulfide concentrations were chosen following the measured sulfide production under cysteine and sulfate
reduction growth (Table 1). Two Hg(II) concentrations, 0.05 and 2 µM Hg(II) (where the differences
between Hg(II) potential are the most prominent (Figure 1a)), were used to test the effect of sulfide
concentration on Hg(II) methylation potentials. Addition of low exogenous sulfide concentrations (< 0.05
mM) limited BerOc1 growth only at 2 µM of Hg (II) while sulfide above 2 mM was toxic for the growth,
regardless of the Hg(II) concentration added (Table 1, Online Resource 2b-c). At 0.05 µM of Hg(II), Hg
methylation potentials increased with the increase of sulfide concentrations up to 0.5 mM, and then
decreased at higher sulfide concentrations (Figure 1b). The same pattern was observed with 2 µM of
Hg(II) with a maximal Hg methylation reached at 0.1 mM of sulfides (Figure 1c). Overall, our data showed
that sulfide at concentration ranged from 0.1 to 0.5 mM favors Hg methylation in P. hydrargyri BerOc1
and that lower sulfide concentration (< 0.1 mM) and higher sulfide concentration (> 0.5 mM) from that
range are disadvantageous to the process. Several previous studies concluded that the presence of
sulfide has an inhibitory effect on Hg methylation (Benoit et al. 1999a, a). The inhibitory effect on Hg
methylation at high sulfide concentration was for instance observed in Desulfobulbus propionicus (1pr3)
by testing sulfide concentration from 0.05 to 2 mM (Benoit et al. 2001a). However, because only one
concentration of sulfide below 0.1 mM was tested in this study, the beneficial effect of sulfide on Hg
methylation was not noticed on the plot. Additionally, an optimum of sulfide concentration (between 0.01
and 0.1 mM) favoring Hg methylation has been observed in methanogens (Gilmour et al. 2018). The
modeling linking sulfate concentration to MeHg production in natural ecosystems also identified a similar
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pattern, with an optimum of Hg methylation ranging from 0.2 to 0.5 mM of sulfate (Gilmour and Henry
1991). Since the optimal concentration of sulfide favoring Hg methylation in our study is close to the
optimal concentration of sulfate favoring Hg methylation in Gilmour and Henry study (Gilmour and Henry
1991), we can suggest that sulfide is the main parameter here favoring Hg methylation, since sulfate can
be reduced to sulfide.

The mechanism by which S containing molecules favors Hg methylation is far from being understood.
Thomas et al (Thomas et al. 2020), identified Hg-S complexes in non-growing Geobacter sulfurreducens
PCA (a Hg(II) methylating bacterium) incubated with cysteine. In this study, the addition of cysteine also
increased Hg(II) methylation and the authors suggested that the degradation of cysteine produces sulfide
that forms Hg-S complexes and those complexes would favor Hg(II) methylation through a facilitated Hg
uptake, as demonstrated in E. coli (Thomas et al. 2019). Unfortunately, sulfide production by G.
sulfurreducens PCA was not provided. Further spectroscopic analysis and characterization of Hg-S
complexes under a range of sulfide concentrations would shed light on the role of sulfide at 0.1-0.5 mM
in the production of Hg-S forms and the increase of Hg(II) methylation.

Overall, how sulfide, sulfate (Gilmour and Henry 1991) and cysteine (Schaefer and Morel 2009) affect Hg
methylation depends mainly on their concentrations. In marine environments, sulfate can be found at
concentrations up to 20 mM (Jørgensen et al. 2019) and cysteine at fM to nM concentrations (Joe-Wong
et al. 2012; Liem-Nguyen et al. 2017; Bouchet et al. 2018; Adediran et al. 2019). At those concentrations,
sulfate and cysteine are not expected to play a major role in MeHg production (Gilmour and Henry 1991;
Schaefer and Morel 2009). However, other S-containing molecules, especially those involved in the sulfur
biogeochemical cycle (sulfide, sulfite, thiosulfate, and polysulfide), reach concentrations between 0.1 and
1 mM in marine and freshwater sediments (Findlay 2016; Findlay and Kamyshny 2017; Gentès et al.
2017) and can all be transformed into sulfide by reduction or degradation. Here, we reported an increase
of Hg methylation at sulfide concentration encountered in the environment. We hypothesize that in
natural environments, sulfate will enhance Hg methylation because it favors SRB metabolism but sulfide
(regardless of its origin, exogenous or endogenous) will govern the extent of Hg methylation potentials.

Sulfides influence methylmercury partitioning
In a previous study, a link between Hg species partitioning and Hg methylation was observed with various
thiols molecules (Schaefer and Morel 2009). Thus, to further understand differences on Hg methylation
observed with various S containing molecules and sulfide concentration in our study, we investigated the
Hg species (Hg(II) and MeHg) partitioning between the extracellular and the cell-associated (cell-sorbed
and intracellular) fractions in BerOc1 grown under the three growth conditions (Pyr/Fumarate with
cysteine or sulfide and, Pyr/Sulfate) and with sulfide gradient under Pyr/Fumarate condition. Distribution
of Hg species was measured at the beginning of the growth (Ti, Hg(II), Online Resource 4) and at the end
of exponential phase (Tf, Hg(II) and MeHg produced) at increasing Hg(II) concentrations (Figure 2, Figure
3). For a given growth condition, increasing Hg(II) concentrations did not affect neither Hg(II) (Figure 2a)
nor MeHg (Figure 3a) partitioning. Hg(II) became more associated with the cells over time (Online
Resource 4a, Figure 3a) and, was mostly associated with cells at the end of the exponential growth phase
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(80-100%) regardless of the growth condition (Figure 3a). On the contrary, MeHg distribution between
extracellular and the cell fractions depends on the growth condition (Figure 3a): while most of the MeHg
was detected in the extracellular fraction under sulfidogenic growth (96 ± 2%), the proportion in the
extracellular fraction reached only 30 ± 4% under non-sulfidogenic condition with cysteine. An
intermediate distribution (50 ± 5%) of MeHg was observed in non-sulfidogenic growth with sulfide. Thus,
the proportion of extracellular MeHg increased with the increasing sulfide concentrations measured in the
cultures (Figure 3a, Table 1). The dominance of produced MeHg in the extracellular medium has been
already observed and was interpreted as an export of MeHg by the bacteria or desorption from the cells
(Graham et al. 2012b; Liu et al. 2016; Pedrero et al. 2012). We thus infer that the export/desorption of
MeHg from the bacterial cells can be favored by sulfide.

In order to test this hypothesis, we measured the distribution of Hg species in the extracellular and the
cell-associated fractions in BerOc1 cells grown with increasing exogenous sulfide concentrations. At both
0.05 and 2 µM of Hg(II), Hg(II) became more associated to the cell fraction over time for all of the sulfide
concentrations tested (Online Resource 4b-c and Figure 2b-c), as observed for BerOc1 under
Pyr/Fumarate with cysteine and Pyr/Sulfate conditions (Online Resource 4a and Figure 2a). Thus, Hg(II)
partitioning appear not to be influenced by sulfide concentration. Remarkably, the extracellular MeHg
increased with the increase of sulfide concentrations regardless of the Hg(II) concentration added (Figure
3b, Figure 3c). A strong positive correlation was observed (Spearman correlation rho = 0.89, p value <
0.001). Previous studies showed an increase of the extracellular MeHg in presence of thiols (Ndu et al.
2016). More specifically, cysteine strongly enhanced the extracellular MeHg produced by G.
sulfurreducens PCA and more slightly by Pseudodesulfovibrio mercurii ND132. Accordingly, a facilitated
MeHg cell export and desorption from the cells was proposed via the cysteine (Lin et al. 2015). However,
no data of sulfide contents was provided (Lin et al. 2015) and, in the light of the recent papers (Thomas
et al. 2019), it may be possible that the facilitated export/desorption was the consequence of sulfide
production due to cysteine degradation. Our results show that sulfide, either exogenous or endogenous
(produced by the cell via cysteine degradation or sulfate reduction), could be a strong parameter involved
in MeHg export and/or desorption from the cell.

A recent study on abiotic interaction of MeHg and sulfide predicted the formation of bismethylmercury
sulfide as the dominant MeHg species in sulfidic solutions (Kanzler et al. 2018). In mammalian cells, the
bismethylmercury sulfide formation from MeHg has been proposed as a mechanism of cell detoxification
(Yoshida et al. 2011). In this study, sulfide (exogenous or produced via cysteine and homocysteine
degradation) form bismethylmercury sulfide in the presence of MeHg, avoiding MeHg binding to cellular
proteins (Yoshida et al. 2011). In our study, the progressive decrease of cell associated MeHg observed
when sulfide concentration increased could be explained by the formation of bismethylmercury sulfide
that avoid the binding of MeHg to cellular proteins. However, it is difficult to speculate on the combined
role of Hg methylation and MeHg export for Hg cell detoxification since no link between both Hg
methylation potentials and MeHg export could be found. MeHg export probably protects BerOc1 cells
against MeHg toxicity. In the other hand, the decrease of Hg methylation potential observed at high
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sulfide concentrations may be the consequence of a lower availability of Hg because of Hg-S complexes,
limiting Hg toxicity.

The increase of Hg methylation in presence of sulfide is not associated to hgcA overexpression

hgcAB are the only genetic determinisms identified as necessary for Hg methylation(Parks et al. 2013).
To investigate if the increase of Hg methylation observed with 0.1 mM of sulfide was related to the
overexpression of the enzymatic mechanism of Hg methylation, the expression of hgcA gene (involved in
the methyl transfer to Hg) was measured in BerOc1. We selected cells growing under non-sulfidogenic
growth with 0.1 mM sulfide and 0.1 mM cysteine, where Hg methylation was lower (Figure 1a). Low hgcA
overexpression (from 1.8 to 2.2) was observed for cysteine for all the Hg(II) concentrations tested (Figure
4a). In contrast, no overexpression could be detected for 0.1 mM sulfide, where the methylation potentials
were higher (Figure 1a and Figure 4b). Thus, no direct link could be established between hgcA expression
and Hg methylation potentials. The high Hg methylation potential observed is likely linked to the cellular
environment, such as sulfides reported here or substrates used for bacterial growth as previously reported
(Goñi-Urriza et al. 2015). In addition, our results revealed that hgcA gene is expressed at basal level even
at increasing Hg(II) concentrations. Hg(II) seems not control hgcA expression, unlike other metals (Zn, Cu,
As, Fe) which regulate the expression of genes encoding enzymes controlling their transformation (Andrei
et al. 2020; Andrews et al. 2003; Pederick et al. 2015; Silver 1996; Silver and Phung 2005). Nevertheless,
the available data regarding the expression of hgcAB gene are so far insufficient to ascertain that hgcAB
genes are not regulated. A transcriptional regulator, arsR, located upstream hgcAB genes and
cotranscribed with hgcA clearly suggests a regulated process (Goñi-Urriza et al. 2020). Its implication in
the regulation of hgcAB genes expression and the factors that trigger the ArsR response are still unknown
and should be addressed in future studies.

Conclusion
In this work, the influence of sulfide regardless of its origin (added exogenously or produced
endogenously from cysteine or sulfate) on mercury methylation and Hg species partitioning was
investigated using the model strain Pseudodesulfovibrio hydrargyri BerOc1. The mercury methylation
assays showed that there is a range of sulfide concentration (0.1 to 0.5 mM) that enhance mercury
methylation. Remarkably, no matter the S containing molecules used, the driven parameter is the sulfide
concentration, whatever if the molecule is added exogenously or produced by the cells (via cysteine
degradation or sulfate reduction).

Importantly, partitioning assays also demonstrated that MeHg export increases with increasing sulfide
concentration. A drastic shift was observed: low sulfide concentrations lead to MeHg being associated to
the cells while high sulfide concentrations results in extracellular MeHg, likely exported from the cells.
Despite the lack of correlation between MeHg export and Hg methylation in this study, such a shift in
partitioning of MeHg, was never observed. Sulfide has a central role in determining MeHg production and
export. The evaluation of the concentration of sulfide in natural environments is thus important and
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should provide information on the possibility of the neurotoxic methylmercury spread in the aquatic
environment, in order to better evaluate the risks of environmental Hg contamination and its impact on
public health.
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Tables
Table 1 Sulfide concentration, biomass production, growth rate, Hg methylation rate (τ), maximal Hg
methylation rate (τmax) and, Hg(II) concentrations to reach half of the maximal methylation rates (KMic)
measured/calculated in P. hydrargyri strain BerOc1 grown under non-sulfidogenic (Pyr/Fum) conditions
(with cysteine or sulfide) or under sulfidogenic (Pyr/Sulfate) condition

   a Sulfide concentration in cultures was measured at the end of the exponential growth phase (Tf). Limit
of Detection (LD). Biomass production (∆OD600) was determined by subtracting optical density
measured at the end of the exponential growth phase (Tf) from OD measured at the time of strain
inoculation (Ti). Standard deviations were calculated from at least three independent replicates. 
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b : Hg(II) Methylation rates (τ)   where the MeHg concentration produced (Tf -
Ti) was divided by Ȼ (concentration of cells produced during growth (Tf-Ti)) and the incubation time with
Hg(II).

c τmax : Maximal Hg methylation rate was calculated based on a Double-Reciprocal or Lineweaver-

Burk Plot 

d KMic : Michaelis-Menten constant represents the Hg(II) concentration to reach half of the maximal
methylation rate determined by the Lineweaver-Burk Plot.

Figures

Figure 1

Hg methylation potential (%) of P. hydrargyri BerOc1. (a) Hg methylation at 0.05, 2 and 5 µM Hg(II) under
non-sulfidogenic growth (Pyr/Fum) with either 0.1 mM cysteine or 0.1 mM sulfide or under sulfidogenic
condition (Pyr/Sulfate). Hg methylation at either (b) 0.05 µM or (c) 2 µM of Hg(II) under Pyr/Fum with a
range of sulfide concentrations (white circle: added exogenously; gray triangle: measured in the cysteine
growth condition; gray diamond: measured in the sulfidogenic growth condition). Inoculation and Hg(II)
addition were performed at the same time. Pyruvate (Pyr) was used as carbon source at 40 mM for all the
growth conditions and, sulfate and fumarate (Fum) were added at 40 mM as electron acceptor to
promote sulfidogenic (Pyr/Sulfate) or non-sulfidogenic (Pyr/Fum) metabolisms, respectively. MeHg
potentials (% of total recovered Hg converted to MeHg) were measured at the end of the exponential
phase (Tf). Error bars represent the standard deviations of three independent replicates. NG: No growth
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Figure 2

Partitioning of inorganic mercury (Hg(II)) between extracellular (grey) and cell-associated (black)
fractions at the end of the exponential growth phase (Tf). (a) The partitioning of Hg(II) at 0.05, 2 and 5
µM Hg(II) under non-sulfidogenic growth (Pyr/Fum) with either 0.1 mM cysteine or 0.1 mM sulfide or
under sulfidogenic condition (Pyr/Sulfate). The partitioning of Hg(II) at either (b) 0.05 µM or (c) 2 µM of
Hg(II) under Pyr/Fum with a range of sulfide concentrations (added as exogenous sulfide or measured in
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the cultures). The same cultures were used to determine Hg species in the bulk fraction at the end of the
exponential growth phase and Hg species partitioning. After sampling for Hg species determination,
cultures were centrifuged and the extracellular Hg(II) and MeHg were measured in the supernatant. Error
bars represent the standard deviations of three independent replicates, each one measured three times

Figure 3

Partitioning of MeHg between extracellular (grey) and cell-associated (black) fractions at the end of the
exponential growth phase (Tf). (a) The partitioning of MeHg at 0.05, 2 and 5 µM Hg(II) under non-
sulfidogenic growth (Pyr/Fum) with either 0.1 mM cysteine or 0.1 mM sulfide or under sulfidogenic
condition (Pyr/Sulfate). The partitioning of MeHg at either (b) 0.05 µM or (c) 2 µM of Hg(II) under
Pyr/Fum with a range of sulfide concentrations (added as exogenous sulfide or measured in the
cultures). The same cultures were used to determine Hg species in the bulk fraction at the end of the
exponential growth phase and Hg species partitioning. After sampling for Hg species determination,
cultures were centrifuged and the extracellular Hg(II) and MeHg were measured in the supernatant
fraction. Error bars represent the standard deviations of three independent replicates, each one measured
three times

Figure 4

Expression level of hgcA gene in P. hydrargyri strain BerOc1 under non-sulfidogenic growth (Pyr/Fum)
with cysteine (a) and sulfide (b) at various Hg(II) concentrations. Hg(II) was spiked at the beginning of the
exponential growth phase and incubated for 1 hour. A control condition was performed without Hg(II) (0
μM). Expression levels of hgcA gene were normalized using gyrB gene expression levels in the same
condition, following double delta Ct method. Error bars represent the standard deviations of three
independent replicates, each one measured three times
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