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Mercury methylation by anaerobic microorganisms, including sulfate-reducing
bacteria (SRB), is a key process in the production of neurotoxic methylmercury
(MeHg). The chemical speciation of mercury (Hg) strongly influences its
bioavailability as well as its potential for methylation and demethylation, with
sulfur-containing ligands playing a critical role in these processes. In this study,
we used isotopically enriched mercury species (*°Hg(ll), Me*°?Hg) to investigate
how molecular speciation of mercury affects both methylation and
demethylation processes by the sulfate-reducer Pseudodesulfovibrio
hydrargyri BerOcl. Experimental assays were carried out: (i) without external
addition of S-ligands, (i) with the addition of increasing concentrations of
exogenous cysteine (Cys) (0.01, 0.1, and 0.5 mM), or (iii) with the addition of
exogenous sulfide (0.1 mM). We showed that the highest methylation rate (Knetn)
was obtained without the external addition of S-ligands, whereas the addition of
Cys or sulfide decreased Hg methylation regardless of Cys concentration. By
quantitatively determining Hg(ll) speciation in extracellular fractions, we
demonstrated that Hg(ll) was mostly present in the form of Hg(Cys), when
Cys was added. However, metabolically sulfide production from Cys degradation
shifted the chemical speciation of Hg(ll) from Hg(Cys), to a more insoluble
fraction (HgSs)). In the assay without externally added ligands (Cys or sulfide),
speciation models were generated by taking in account the metabolically
produced thiols. These models established the predominance of Hg(ll)
complexes with a mixed ligation involving biosynthesized thiols, OH~, and Cl-
ions. Our results suggest that these complexes with lower thermodynamic
stabilities enhance the MeHg formation rate compared to the more stable
Hg(Cys), or HgS(s) species. Unlike Hg(ll) methylation, the addition of S-ligands
did not affect the rates of demethylation (Kgemetn) of MeHg, even though it caused
a shift in the chemical speciation of MeHg (from MeHgCl to MeHgCys and
MeHgSH). These findings contribute to our understanding of the potential role
of specific S-ligands and chemical speciation in governing the environmental fate
and toxicity of mercury.

speciation, bioavailability, thiols, sulfides, Hg transformations, pure strain culture,
isotopic tracers, hyphenated mass spectrometry techniques
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1 Introduction

The methylation of inorganic mercury [Hg(II)] by diverse
anaerobic microorganisms, including sulfate reducers (SRB), iron
reducers (IRB), and methanogens is driven by the hgcAB gene
cluster. This process is a crucial step in the production of MeHg
(Gilmour et al., 2013; Parks et al., 2013; Gilmour et al., 2018; Bravo
et al,, 2018; Goni-Urriza et al., 2020). Microbial methylation occurs
primarily in anoxic environments such as sediments and soils
(Compeau and Bartha, 1985), where Hg speciation is expected to
be regulated by thiol-containing ligands present in natural organic
matter (NOM) or sulfides (Liem-Nguyen et al., 2017a). However,
while sulfur-containing ligands exhibit the highest affinity for Hg
compared to other ligands (Liem-Nguyen et al, 2017a; Liem-
Nguyen et al, 2017b), our understanding of the mechanism by
which these S-ligands affect the speciation and bioavailability of
Hg(II) remains limited.

Experimental addition of exogenous S-ligands has been one
approach to elucidate the potential impact of complexing ligands
present in the environment. In summary, the addition of
approximately 1-10 uM of specific low molecular mass thiols
(LMM-RSH), particularly Cysteine (Cys), has been demonstrated
to significantly increase the rates of methylation of Hg(Il) in
methylating strains such as the iron reducer Geobacter
sulfurreducens (Schaefer and Morel, 2009; Schaefer et al,, 2011;
Lin et al, 2015; Lu et al., 2016), the sulfate reducer Desulfovibrio
desulfuricans ND132 (Graham et al., 2012a), and non-methylating
strains like Escherichia coli (Ndu et al., 2012; Thomas et al., 2014).
Other thiols such as glutathione (GSH) or penicillamine (PEN) were
reported to either increase or suppress Hg methylation depending
on bacterial strain (Schaefer et al., 2011). This suggests that the
concentration of thiols and their specific binding to Hg in the
extracellular environment can regulate Hg methylation, and it is
also strain-dependent. The increase in Hg(II) methylation in the
presence of micromolar thiol addition has been generally attributed
to a change in the chemical speciation of Hg(II) from HgCl,,OH;_,)
species to the predominance of Hg (LMM-RS), complexes (Schaefer
and Morel, 2009; Lin et al., 2015), which were hypothesized to be
more bioavailable to the model strains studied.

In addition to the role of thiols, the implication of sulfide,
another Hg complexing ligand has likewise been investigated.
Optimum exogenous addition of sulfides up to 500 uM and
200 uM enhanced Hg (II) methylation potential in the sulfate
reducers  Pseudodesulfovibrio  hydrargyri  BerOcl — (40%)
(Barrouilhet et al, 2022), and ND132 (from ~2 to >20-fold)
(Graham et al, 2013), respectively. Maximal methylation was
also observed at sulfide concentrations below 100 uM for three
strains of methanogenic archaea (Gilmour et al., 2018). It has been
suggested that the enhancement in Hg methylation was the
consequence of the formation of nanoscale P-HgS(s) particles
(Graham et al, 2013; Deonarine and Hsu-Kim, 2009; Gerbig
et al, 2011; Graham et al, 2012b; Zhang et al, 2012; Pham
et al., 2014).

The addition of exogenous S-ligands in excess (as discussed
above) has been one approach for investigating their roles in Hg(II)
thiols
metabolically produced and exported by microorganisms
(Barrouilhet et al., 2022; Hand and Honek, 2005; Adediran et al.,

methylation. However, and/or sulfide may also be
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2019; Thomas et al., 2019; Bakour et al., 2023; Gutensohn et al.,
2023) at concentrations that are sufficient to control Hg speciation
and bioavailability (Adediran et al., 2019). Several microorganisms
have demonstrated the ability to degrade Cys and produce biogenic
sulfide. The degradation of Cys to sulfides has been observed in
E. coli strains (Awano et al., 2005; Shimada et al., 2016; Thomas and
Gaillard, 2017; Thomas et al., 2019; Stenzler et al., 2022),
Desulfovibrio species (Graham et al., 2012a), including the model
strain P. hydrargyri BerOcl (Barrouilhet et al., 2022; Bakour et al.,
2023). Consequently, previous studies with exogenous Cys addition
are likely to involve a mixture of Hg(II)-thiol and Hg(II)-sulfide
species, introducing uncertainties in the interpretation of the results.
Moreover, for the methylating strains that are both able to methylate
and demethylate Hg, these S-ligands may control both processes
(methylation and demethylation) and impact the final net
production of MeHg. The implications of S-ligands in the
demethylation process are still unclear. In this study, we
investigated the role of S-ligands (Cys and sulfide), metabolically
produced and/or exogenously present in the external environment,
in controlling Hg molecular speciation and transformations
(methylation and demethylation) in the sulfate-reducing
bacterium P. hydrargyri BerOcl, a well-established SRB model
of methylating Hg(II)
(Barrouilhet et al., 2022; Ranchou-Peyruse et al.,, 2009; Pedrero
et al., 2012; Goni-Urriza et al,, 2015; Isaure et al, 2020). We
utilized isotopically enriched Hg species (*’Hg(Il), Me’**Hg) to

capable and demethylating MeHg

simultaneously track Hg species and transformations, which could
lead to a more precise interpretation of the impact of S-ligands on
these processes. Experiments were conducted (i) without the
external addition of S-ligands, to investigate the effect of
metabolically produced ones (ii) with increasing concentrations
of Cys, or (iii) with the addition of sulfide. Subsequently, the
potentials and rates of Hg methylation and demethylation,
partitioning of Hg species, molecular speciation of Hg(II) and
MeHg, microbial Cys degradation, and production of sulfide and
other thiols were investigated in BerOcl. By quantifying and
considering the microbially produced thiol compounds, we
conducted relevant

experiments at  environmentally

concentrations of such compounds and generated refined

speciation models for Hg(II) and MeHg in assay media.

2 Materials and methods
2.1 Microbial culture conditions

Pseudodesulfovibrio hydrargyri BerOcl, a sulfate-reducing strain
isolated from Berre Lagoon sediment, is a well-known SRB model
able to both methylate inorganic mercury Hg(II) and to demethylate
methylmercury (MeHg) (Ranchou-Peyruse et al, 2009; Pedrero
2012; Goni-Urriza et al, 2015; 2020;
Barrouilhet et al., 2022). BerOcl was grown anaerobically in the
dark at 37 °C and pH 7.0-7.1 in a multipurpose medium (Widdel
etal, 1992) under fumarate respiration with 40 mM pyruvate as the

et al, Isaure et al,

electron donor and 40 mM fumarate as the electron acceptor
(Supplementary Text S2). Cells were harvested in the early
stationary phase (optical density ODgpg nm at ~0.4-0.5). The
growing cell cultures were carefully transferred into 250-mL
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PTFE centrifuge flasks under anoxic conditions and centrifuged (at
8,000 g, 15 min, 25°C). Cell pellets were collected, pooled, and
sequentially washed three times with mineral base medium. The final
washed cells were gently homogenized in 50 mL of fresh anoxic medium.

For each experimental condition, 500 mL of multipurpose
medium containing 1 mM pyruvate and 1 mM fumarate was
inoculated with 8 mL aliquot of washed cell suspensions to a
final optical density of 0.2, equivalent to final assay with ~10°
cells. mL™', a cells density typical of pure culture experiments
with P. hydrargyri BerOcl (Pedrero et al, 2012; Isaure et al,
2020). For conditions with external S-ligand addition, Cys (0.01,
0.1, or 0.5 mM) or sulfide (0.1 mM) were added and allowed to
equilibrate for 30 min before the addition of Hg. All stock solutions
of Cys (299%, Acros Organics) and Na,S, 9H,0 (98%, Alfa Aesar)
were prepared in deoxygenated Milli-Q water (>18 MQ cm) inside a
glove box amended with N,.

2.2 Simultaneous Hg methylation and
demethylation kinetic assays

All methylation assays were conducted in autoclaved penicillin
flasks prewashed by ultrasonication in 10% HNO; and HCI baths
and rinsed with ultrapure Milli-Q water. For Hg exposure, 50 pL of
0.5 uM of "HgCl, enriched standard solution (ISC science), and
50 pL of 0.05 pM of Me**Hg chloride (LGC standards) were spiked
into the cultures. The cultures under each condition were distributed
into penicillin flasks and incubated at 37°C for 0,4 h, 8 h, 20 h, 28 h,
or 48 h in triplicates. Controls with inactive bacteria were performed
with heated cells (80°C for 1 h) exposed to 0.05 uM of "*’Hg(I),
0.05 uM of Me*”*Hg, either without the addition of S-ligands or with
0.1 mM Cys or 0.1 mM sulfide.

2.3 Hg(ll) and MeHg partitioning and analysis

At the end of Hg exposure, an aliquot of 0.5 mL of the cell
culture (bulk fraction) was sampled and digested in 50% (v/v) of 6 N
nitric acid (HNO;) for Hg(II) and MeHg analysis. 1 mL of the
remaining cell culture was then filtered at 0.2 um (PVDF filter), and
0.5 mL was collected in 50% (v/v) 6 N HNOj; (extracellular fraction).
The samples were stored at 4°C until further analysis. Isotopically
enriched Hg(II) and MeHg concentrations were measured using
capillary gas chromatography (GC TriPlus™ RSH™, Thermo
Scientific) connected to an inductively coupled plasma mass
spectrometer (ICPMS, X2-series, Thermo Electron) (Pedrero
et al, 2012; Bridou et al, 2011). Quantification of isotopically
enriched Hg(II) and MeHg was carried out by reverse isotope
dilution analysis. To summarize, a known amount of fractions
(bulk or extracellular) was buffered at pH 3.9 with a 0.1 M acetic
acid/acetate buffer before being spiked with a known amount of
isotopically enriched Hg species (***Hg(II) and Me**'Hg) as internal
standards. Both Hg(II) and MeHg were ethylated with 5% (v/v)
NaBEt, and extracted with isooctane by vigorous shaking for
20 min. The organic phase containing the Hg species was
collected and analyzed using GC-ICPMS. The experimental data
were mathematically processed by isotope pattern deconvolution
approaches previously developed (Rodriguez-Gonzalez et al., 2007).

Frontiers in Environmental Chemistry

10.3389/fenvc.2025.1559968

This technique allows the quantification of both Hg species
concentrations and transformation factors (i.e., methylation and
demethylation) affecting the two isotopic tracers during the
analytical procedure. The analytical setup and methodology of
GC-ICPMS for mercury speciation analysis are described in
detail elsewhere (Ranchou-Peyruse et al., 2009; Pedrero et al., 2012).

Hg methylation potential and Hg species partitioning were
determined in the same batch culture. Methylation potentials
were calculated in bulk cultures by dividing the MeHg
concentration produced (Tgna. Tinia, TeTi) by the total Hg
concentration measured at T, The partitioning of each Hg
species (Hg(II) and MeHg) in the extracellular fractions was
calculated by dividing the Hg species concentrations in the
supernatant by the Hg species concentrations in the bulk
fraction x100. The percentage of Hg species in the pellet
(ie., cell-associated fraction including sorbed and intracellular Hg
and particles in the medium) was determined by subtracting the
percentage of Hg species in the supernatant fraction from 100%.

Specific methylation and demethylation rate constants (Kern
and Kgemern) were calculated for time series experiments using a
first-order reversible reaction kinetic model. The mathematical steps
for assessing the rate constants were discussed in detail by (Rodri’
guez Marti'n-Doimeadios et al., 2004). Assuming a pseudo-first-
order reversible reaction, the net MeHg formation can be expressed
as follows:

% = Koo [Hg (I1)] = K somern [MeHg] W

By applying the kinetic model, it was possible to obtain both rate
constants from species concentrations obtained from time-series
experiments using the BoxLucasl fitting model (Origin
Lab software).

With the assumption that [Me'*’Hg], = 0 at the onset of the
reaction, Equation 1 can thus be integrated to obtain [Me'*’Hg] as a

function of time.

[Mel99Hg] _ Kmeth
[l”Hg (II)]O Kmeth + Kdemeth

1- e-(Kmam'K.iemuh)l) (2)

The [Me'”Hg]/[""Hg (I)], ratios were then plotted against
incubation time (in hours) using Origin 6.1 software. The Box Lucas
one exponential fitting model was used to resolve Equation 2 and
calculate the methylation (K;,,) and demethylation (Ky) rate constants.

2.4 Hg molecular speciation analysis
and modelling

The concentrations of '*’Hg(Cys),, Me'*’Hg-Cys, and Me*”*Hg-
Cys complexes were determined using an Acquity ultra performance
liquid chromatography (UPLC) system (Waters, Milford, MA)
equipped with a binary solvent pump and a cooled autosampler
connected to a Xevo TQ mass spectrometer (MS). The complexes
were separated using an Acquity UPLC HSS T3 C18 column (2.1 X
50 mm, 1.8 pum, Waters) with a matching Vanguard precolumn.
Aliquots of 10 uL were injected at 0.35 mL-min™"' for the mobile
phase consisting of 0.1% formic acid in water (A) and 0.1% formic
acid in MeOH (B). We applied offline solid-phase extraction (SPE) using
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a mixed-mode reversed-phase ion-exchanger sorbent (Oasis Mcx 3 Cc
Vac Cartridge, 60 mg, 30 um particle Size) for selective preconcentration
of the Hg complexes with an eluting solvent consisting of MeOH/water
(60:40 v/v). Detection was performed in both positive and negative
electrospray ionization modes (ESI). The method for MeHg complexes
was adapted from Liem-Nguyen et al. (Liem-Nguyen et al, 2020),
incorporating an offline SPE preconcentration. The limits of detection
in this study were 8 nM for MeHg-Cys and 4 nM for Hg(Cys),. The
general operating conditions of the instrument are listed in
Supplementary Table SI. The complexes were determined in
extracellular fractions of BerOcl at each kinetic point after filtration
through 0.2 um syringe filters.

To investigate the other possible Hg species that can be formed
in P. hydrargyri BerOcl culture assays, we used Visual Minteq
software to perform thermodynamic modeling. The ranges of Log K
and possible reactions were adopted from Compeau and Bartha
(1985). Our thermodynamic calculations incorporated the total
sulfide, cysteine, metabolically produced thiols, and total Hg and
MeHg concentrations measured in the exposure medium. The
complete speciation model is presented in Supplementary Table S2.

2.5 Sulfide and (LMM-RSH) thiols analysis

Sulfide was measured in the assay medium using a sulfide-
reactive coumarin fluorescent probe, known as o, B-unsaturated
ethanoylcoumarin (DHC) (Yang et al., 2019), after adapting the
method for sulfide detection in P. hydrargyri BerOc1 cultures assays
(Bakour et al., 2023). The detection limit using this approach was
20 nM. For analysis, 1 mL of the bulk fraction was collected at each
kinetic point and analyzed using the DHC probe.

The concentrations of specific LMM-RSH thiol compounds
including Cys, 2-Mercaptoethanesulfonic acid (SULF), PEN, N-acetyl-

L-cysteine  (NacCys),  mercaptosuccinic  acid  (SUC),  2-
Mercaptopropionic acid (2-MPA), GSH, cysteamine (Cyst),1-
Thiolglycerol  (Glyc), mercaptoacetic acid (Mac), N-acetyl-D-

penicillamine (NacPen), L-homocysteine (HCys), y-L-glutamyl-L-
cysteine (y-Glu-Cys), and cysteine-glycine (Cys-Gly) were determined
according to (Liem-Nguyen et al,, 2015), after adapting the method for
UPLC-ESI-MS instrument and using offline SPE preconcentration
(details cited above and in Supplementary Table SI). We applied
offline SPE using an oasis hydrophilic-lipophilic balanced reversed-
phase sorbent (HLB: 3 cc Vac Cartridge, 60 mg, 30 um) for the
selective preconcentration of thiol compounds with an eluting solvent
consisting of MeOH/water (10:90 v/v). The limit of detection was
3-6 nM for all the LMM thiols investigated. The compounds were
determined in extracellular fractions of BerOcl at each kinetic point after
filtration through 0.2 pm syringe filters.

3 Results and discussion

3.1 Simultaneous methylation and
demethylation in the absence and presence
of externally added S- ligands

We used isotopically enriched Hg species to conduct

experimental assays with and without the addition of
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S-containing ligands (Cys and sulfide) to assess their roles in Hg
transformations. The availability of isotopically enriched Hg species
for the transformation processes was evaluated. The concentrations
at the end of the incubation period were always recovered for both
'“"Hg(II) and Me**Hg (~106 and 90%, respectively). A few Me**Hg
losses were observed, which could be attributed to either sorption to
the bottle walls or to particles in the culture medium. The
production of Me'”Hg resulting from 'Hg(II) methylation
increased exponentially within the first few hours and reached a
steady state after 28 h of incubation (Figure 1C). The transformation
rate constants obtained using the kinetic model approaches applied
to Hg species showed a high methylation rate (Kpen) in the
experiments without the external addition of S-ligands (2.1 *
0.2 x 107" mL cell* h™") (Figure 1A). The addition of exogenous
Cys decreased the methylation rate and no significant difference was
observed in Ky with increasing Cys concentrations from 0.01 to
0.5mM (~1.1 x 107" mL cell ' h™", p > 0.05, Kruskal-Wallis). The
addition of 0.1 mM sulfide resulted in the lowest methylation rate
(04+0.2x 10" mLcell " h'") (Figure 1A). In another study, higher
methylation potentials were observed when BerOcl was exposed to
0.1 mM sulfide compared to 0.1 mM Cys (Barrouilhet et al., 2022).
Here, we demonstrated a higher methylation potential upon the
addition of 0.1 mM Cys compared to 0.1 mM of sulfide. However, it
is important to note that, despite using the same strain, BerOcl, the
experimental conditions varied. The previous study investigated
BerOcl under growth conditions, while in this study, we used
resting cell conditions. Additionally, the concentrations of Hg(II)
were not identical, leading to variations in the Hg(II)/Cys or Hg(II)/
sulfide ratios in the exposure medium.

Unlike Hg(IT) methylation, the results showed that the addition
of Cys or sulfide had no effect on the MeHg demethylation rates by
P. hydrargyri BerOcl. No significant difference has been found (p >
0.05, Kruskal-Wallis) (Figure 1A). The production of ***Hg(II)
resulting from Me*Hg degradation increased exponentially
within the first few hours and reached a steady state after 28 h of
incubation (Figure 1D). In the absence of sulfur ligands, the
concentration of **Hg(Il) decreased after 28 h (Figure 1D). This
decrease is attributed to an enhanced methylation of Hg(II) under
these conditions, accounting for the observed reduction.

The demethylation rates (Kgemern) Was 4-16 times higher than
methylation rates (Kyewn), as previously reported for BerOcl (Perrot
et al,, 2015), demonstrating that demethylation efficiency is greater
than that of methylation. This ratio decreased with the addition of
Cys or sulfide, highlighting the significant role of these S-complexing
ligands in regulating the net MeHg production by bacterial cells.
This decrease is attributed to the decrease in Hg(II) methylation
observed in the presence of S-ligands, as demethylation was
not affected.

To go deeper into the implications of S-ligands (Cys and sulfide)
in Hg speciation and methylation/demethylation, we conducted
further into the
partitioning of Hg, as well as the metabolism of S-compounds.

investigations molecular speciation and

3.2 Hg(ll) and MeHg species partitioning

We investigated Hg species

and cell-associated/particulate

partitioning between the

extracellular (ie., cell-sorbed,
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intracellular and particulate) fractions in BerOcl incubated under
different conditions (Figure 2; Figure 3).

3.2.1 Hg(ll) partitioning

"YHg(II) added to the culture and ***Hg(II) formed by biotic
demethylation showed dissimilar partitioning. In general,
""Hg(II) added to the culture was in the extracellular fraction,
but also associated with cells/particulate fractions (20%-60%)
(Figure 2), as previously observed for BerOcl(Pedrero et al.,
2012; Barrouilhet et al., 2022). Conversely, only ~20% of the
*Hg(II) resulting from demethylation is associated with cells,
while the major fraction is found in the extracellular medium
(Supplementary Figure S1).

Varying concentrations of Cys (0.01, 0.1, and 0.5 mM) or
sulfide (0.1 mM) do not influence the distribution of ***Hg(II)
produced through biotic demethylation (Supplementary Figure
S1). Nevertheless, for '"""Hg(II) introduced to the culture,
the cellular/particulate fraction association increased with
rising Cys levels after 20 h of exposure (Figures 2B-D).
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When 0.5 mM Cys was added, BerOcl cells showed
approximately 80% of Hg(II) associated with cellular/
particulate fractions at 48 h (Figure 2D). In the case of
sulfide addition, about 60% of '’Hg(II) was primarily
associated with cellular/particulate fractions from the initial

hours of exposure (Figure 2E).

3.2.2 MeHg partitioning

The distribution of Me*”’Hg introduced to the culture and
Me'*’Hg produced through biotic processes was found to be
similar, with approximately 95% located in the extracellular
fraction (Figure 3; Supplementary Figure S2), confirming
previous findings. The formed MeHg was immediately
exported. Earlier research noted no significant lags in the
export of synthesized Hg(II) and MeHg, suggesting that the
excreted Hg had minimal affinity or low selectivity for cell
surface receptors and transporters (Schaefer and Morel, 2009;
Gilmour et al., 2011; Schaefer et al., 2011; Graham et al., 2012a).
Introducing increasing concentrations of Cys (0.01, 0.1, and
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FIGURE 2

Partitioning (%) of added *°Hg(ll) between extracellular (blue), the % of Hg(Cys)2 complex detected in the extracellular fraction (blue dash) and cell
associated/particulate (red) fractions at the time = 0, 4, 20, 28 and 48 h during exposure to 0.5 uM of **°Hg(ll) and 0.05 uM of Me?°?Hg. (a) Experimental
without addition of external S-ligands (b) with the addition of 0.01 mM of Cys (c) 0.1 mM Cys (d) 0.5 mM Cys (e) 0.1 mM of sulfide. The percentage was
calculated by considering the Hg concentration in the three studied fractions. The same culture batches were used to determine the Hg species in
the bulk and extracellular fractions for each kinetics. After sampling for Hg species determination using GCICPMS (bulk + supernatant), cultures were
filtered (0.2 um), and the molecular speciation of Hg(ll) was measured in the extracellular fraction using LCMSMS. Error bars represent the averages from

three independent experiments, and the error bars are +1 S.D.

0.5 mM) or sulfide (0.1 mM) did not substantially impact
the partitioning of either added Me*”’Hg or biotically
methylated Me'”Hg (Figure 3; Supplementary Figure S2).
Nevertheless, it was observed that in the experiment with
0.1 mM sulfide addition, a higher proportion of Me'*’Hg
(100%) was exported to the extracellular fraction compared
to other conditions (~80%) (Supplementary Figure S2). For
BerOcl, a strong positive correlation was observed between
MeHg in the extracellular medium and increased sulfide
concentrations (Barrouilhet et al., 2022), indicating that
sulfide MeHg and/or enhance
desorption from the cell.

may facilitate export

Frontiers in Environmental Chemistry

3.3 S-containing molecules degradation and
production

3.3.1Sulfide production from Cys degradation by P.
hydrargyri BerOc1

To control the absence of S-ligands in the medium at t = 0 in the
assay, the cells were harvested, washed, and transferred to the
experimental medium. When no exogenous Cys was added,
sulfide remained undetectable (LOD 20 nM) in the medium for
48 h. Upon introducing exogenous Cys at 0.01, 0.1, and 0.5-mM
concentrations, a notable reduction in Cys levels (Figure 4A) and an
increase in sulfide production were observed over time (Figure 4B).
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FIGURE 3

Partitioning (%) of added Me?°?Hg between extracellular (blue), the % of MeHgCys complex detected in the extracellular fraction (blue dash) and cell
associated/particulate (red) fractions at the time = 0, 4, 20, 28 and 48 h during exposure to 0.5 pM of **°Hg(ll) and 0.05 uM of Me?°?Hg. (a) Experimental
without addition of external S-ligands (b) with the addition of 0.01 mM of Cys (c) 0.1 mM Cys (d) 0.5 mM Cys (e) 0.1 mM of sulfide. The percentage was
calculated by considering the Hg concentration in the three studied fractions. The same culture batches were used to determine the Hg species in
the bulk and extracellular fractions for each kinetics. After sampling for Hg species determination using GCICPMS (bulk + supernatant), cultures were
filtered (0.2 ym), and the molecular speciation of MeHg was measured in the extracellular fraction using LCMSMS. Error bars represent the standard

deviation of three independent replicates, each measured three times.

After 48 h, the sulfide concentrations in the medium peaked at 4.6 +
0.2 uM, 42.3 £ 1.9 uM, and 159.3 + 2.1 pM, corresponding to initial
exogenous Cys measurements of 8.2 + 0.2 uM, 85.5 + 7.4 uM and
4714 +
production and Cys degradation occurred during the first 28 h of

38.0 uM, respectively (Figures 4A, B). Faster sulfide

exposure, and then the rate decreased, leading to a plateau. Controls
with heat-killed cells confirmed that the observed sulfide production
from Cys degradation is a fully biotic process, as no sulfide
production was observed when heated cells were exposed to
0.1 mM Cys (Figure 4B). Moreover, nanomolar concentration of
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Cys was detected in the assay without externally added ligands
(Figure 4A insert). Increasing Cys concentration led to a higher
sulfide concentration in the assay medium; however, the conversion
rate of Cys to sulfide did not increase linearly with increasing
external Cys (Figure 4C). Previous observations have shown that
Cys degradation to sulfide reaches a threshold at 0.5 mM added Cys
and above in E. coli (Thomas and Gaillard, 2017). Therefore, while
increasing the concentration of external Cys may initially increase
the conversion rate of Cys to sulfide, there may be a limit to the
amount of additional Cys that can be converted, beyond which the
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(a) Concentration of Cys measured in the extracellular fraction of BerOcl culture at time = 0, 4, 20, 28 and 48 h during exposure to 0.05 pyM of
199Hg(ll), 0.05 uM of Me?°?Hg. The zoom represents the concentrations of Cys detected in the assay without externally added S-ligands. (b) Concentration
of sulfide in the bulk fraction (c) The conversion rate of Cys to sulfide calculated by dividing the sulfide concentration detected at each kinetic point by the
initial exogenous Cys concentration. The points are the averages from three independent experiments. Controls were performed with heated cells

(80°C for 1 h) exposed to 0.05 pM of **°Hg(ll), 0.05 uM of Me?*?Hg.

conversion rate remains constant or even decreases due to various
factors influencing microbial metabolism.

3.3.2 Metabolically active synthesis and cellular
export of thiol compounds by P. hydrargyri BerOcl
In experiments without the exogenous addition of S-ligands, six
different thiol compounds were detected in the extracellular assay
medium of metabolically active P. hydrargyri BerOcl (Figure 5A).
After 48 h of incubation, the detected LMM-RSH thiols were 2-MPA
(35 + 4 nM), NacCys (30 + 6 nM), Cys (20 = 3 nM), HCys (16 £
2 nM), y-Glu-Cys (12 + 3), and Cys-Gly (10 + 2 nM). The total
concentration of thiol compounds reached 123 nM in the assay
medium at a cell concentration of 1.1 x 10° cells mL™". During the
first 28 h of incubation, the thiol compounds were rapidly produced
and exported (Figure 5A). The assay with heat-killed cells revealed
no detectable formation of thiol compounds, indicating that thiols
were biosynthesized by BerOcl via active metabolism and were not
produced by dead disrupted The iron-reducer G.
sulfurreducens PCA has been also shown to produce and export

cells.

nanomolar concentrations of thiol compounds including Cys, PEN,
NacCys, y-GluCys, Cyst, Glyc, Mac, and HCys (Adediran
et al., 2019).
With  the
concentrations, the same thiols were detected in the medium

addition of exogenous Cys at increasing
(Figures 5B-D). The total concentration of produced thiol
compounds reached 135, 141, and 146 nM for Cys additions of
0.01, 0.1, and 0.5 mM, respectively. The addition of increasing Cys
concentration do not impact the production of the other thiols. This
suggest that the production of these thiols may be not strongly
influenced by changes in Cys levels. Recently, Gutensohn et al.,
2023 demonstrated that external exposure of G. sulfurreducens PCA
to Cys resulted in increased formation of PEN. Experiments using
isotopically labeled Cys confirmed that PEN was formed directly
from Cys via dimethylation of the C-3 atom. Moreover, PEN was
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found to not accumulate intracellularly, which could imply that it is
part of G. sulfurreducens PCA metabolic strategy to maintain Cys
homeostasis. In contrast to PCA, PEN was not detected in our
experiments with BerOcl. However, BerOcl degrade Cys and
produce sulfide to maintain a low intracellular Cys concentration.

3.4 Implications of cellular thiols
metabolism in Hg(ll) speciation and
bioavailability for methylation

3.4.1 Hg(ll) speciation

The addition of exogenous Cys led to sulfide production by P.
hydrargyri BerOcl. To determine whether Hg(II)-Cys or Hg(II)-
sulfide species were favored, we used liquid chromatography-
tandem mass spectrometry to measure Hg(Cys)2 formation in
the extracellular environment over time. The results, shown as
percentages of Hg(Cys)2 relative to total extracellular Hg(II), are
displayed in Figure 2. When 0.01 mM Cys was added, about 80% of
the introduced ""Hg(II) formed Hg(Cys)2 complexes (Figure 2B).
However, with increasing Cys concentrations, the proportion of
’Hg(Cys)2 decreased significantly, reaching 40% and 20% for
0.1 and 0.5 mM Cys, respectively (Figures 2C, D). Chemical
modeling predicted HgS(s) formation in all Cys exposure
experiments (Supplementary Figure S4). HgS(s) precipitation
occurred rapidly, with 100% of Hg(II) forming HgS(s) after 4 h
with 0.1 and 0.5 mM Cys, and 20 h with 0.01 mM Cys
(Supplementary Figure S4). This indicates that sulfide production
from Cys degradation shifted Hg(II) speciation from Hg(Cys)2 to
HgS(s), explaining the observed decrease in Hg(Cys)2. Previous
research has shown cell-associated HgS(s) formation in P.
hydrargyri BerOcl (Isaure et al, 2020) and biomediated HgS(s)
formation from Hg(II)-Cys with Cys addition
(0.1-1 mM) (Thomas et al., 2018). However, our results do not

complexes
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Concentrations of biosynthesized LMM-RSH compounds in extracellular assay medium at the time = 0, 4, 20, 28 and 48 h during exposure to 0.5 yM

of *°Hg(ll) and 0.05 uM of Me?*?Hg with metabolically active P. hydrargyri BerOcl (~108 cells mL-1) for (a) Experimental without addition of external
S-ligands (b) with the addition of 0.01 mM Cys (c) 0.1 mM Cys (d) 0.5 mM Cys. The thiols detected were Cys, HCys, NacCys, Cys-Gly, y-Glu-Cys, and 2-
MPA. Total biosynthesized thiol concentrations were as follows: (a) 123 + 5 nM, (b) 135 + 6 nM, (c) 141 + 7 nM, and (d) 146 + 5 nM.

fully align with thermodynamic predictions, which suggest 100%
Hg(II) as HgS(s) at measured sulfide levels. We detected Hg(Cys)
2 even with sulfide concentrations up to 0.16 mM, indicating the
coexistence of Hg(Cys)2 and HgS(s) in the medium.

Without exogenous S-ligands introduction, BerOcl cells
exported six different thiols, including Cys, at nanomolar levels,
and 'Hg(Cys)2 (LOD 4 nM) was not detected (Figure 2A).
Thermodynamic modeling predicted that HgCl, (aq), HgCl;~
(aq), and HgCl,” (aq) were the dominant Hg(II) species during
the initial incubation hours (Supplementary Figure S4). The
metabolically active synthesis and export of thiols by
BerOcl shifted Hg(II) speciation in the medium to HgOH(LMM-
RS), HgCI(LMM-RS), and Hg(II)-thiol complexes with a 1:
1 stoichiometry.

Frontiers in Environmental Chemistry

3.4.2 Hg(ll) bioavailability for methylation

Hg bioavailability for methylation was highest in the absence
of externally added S-ligands (only metabolically produced
S-ligands were present). Under these conditions, Hg(II)
predominantly forms inorganic complexes (HgOHnCl,_,) and
mixed ligands like HgOH(LMM-RS), HgCI(LMM-RS), and
Hg(1I)-thiol with  1:1  stoichiometry. This
observation that with  lower
thermodynamic stability can enhance the MeHg formation
rate compared to more stable species like Hg(Cys), or HgS)
(Supplementary Table S2). Adediran et al., 2019 (24) determined
Hg(II) methylation rate constants for various Hg(II) species in G.
sulfurreducens PCA, revealing species-specific k'meth values
(x10™ L cell™* h™") in the following order: HgOHnCl,_,

complexes

suggests complexes
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(k'meth = 45) > HgOHnCl1-n (LMM-RS), Hg (LMM-RORS)
(k'meth = 8.8) > Hg(Cysteamine), (k'meth = 7.3) > Hg(Cys),
(k'meth = 3.4) > Hg(NacCys), (k'meth = 0.49). These findings
imply that Hg(IT) complexes with lower thermodynamic stability
are more bioavailable for bacterial methylation, reinforcing the
notion that the specific nature of metal-ligand interactions plays a
crucial role in methylation efficiency. In contrast, previous studies
have shown excess Cys (~1-100 uM) promotes Hg(II) uptake and
methylation (Schaefer and Morel, 2009; Schaefer et al., 2011; Ndu
et al., 2012; Thomas et al., 2014; Szczuka et al., 2015), while
levels of Cys (<200 nM) Hg(II)
(Lu 2016). The in Hg(II)
methylation with micromolar Cys additions, compared to

nanomolar decrease

methylation et al, increase
nanomolar levels, was attributed to a concentration-dependent
shift in Hg(II) speciation from HgOHnCl2-n to Hg(Cys)2,
presumed to be more bioavailable (Schaefer and Morel, 2009;
Lin et al.,, 2015). However, Adediran et al., 2019 found that in
the iron-reducing G. sulfurreducens PCA, the enhancement in
Hg(II) methylation with micromolar Cys (0-10 uM) was not
solely due to changes in Hg(II) speciation, suggesting that other
biochemical pathways regulating Hg(II) methylation warrant
further investigation.

Our results align with the framework that indicates as the
thermodynamic stability of an aqueous metal complex increases,
the bioavailability of the metal decreases (Morel et al., 1991;
Slaveykova et al., 2005; Xu et al., 2012). We observed a higher
Kmeth for less stable Hg(II) complexes, underscoring that biotic
ligand models explain much of the data, yet some aspects of
Hg(II) uptake and methylation remain inadequately addressed by
ligand affinity alone. This is crucial, as less stable mixed ligand
Hg(II) species, while not predominant in thermodynamic
equilibrium, may be kinetically favored under specific
conditions (Miller et al., 2009; Jiang et al., 2015), Our study
demonstrates that these species can significantly contribute to
MeHg formation when present.

The of Hg(II)
microorganisms remain to be fully elucidated. Proposed

mechanisms uptake by methylating
mechanisms include the uptake of thermodynamically stable
Hg(II) species via passive diffusion of neutral HgS’(aq) and
Hg(SH),’ (aq) (Benoit et al., 1999), and active uptake processes
for the Hg(Cys), complex (Schaefer and Morel, 2009).
Additionally, metal uptake likely involves binding to cell
surface functional groups (Hudson, 1998; Campbell et al.,
2002), with mechanisms such as ligand exchange reactions,
either through complex dissociation in solution (Slaveykova
et al,, 2005; Di Toro et al., 2001) or transient ternary complex
formation (Aristilde et al., 2012; Flynn et al., 2014; Fein, 2017).
Regardless of the uptake mechanism, the metal transfer rate
from solution to cell surface depends on the metal’s affinity for
aqueous and cell surface ligands and their relative concentration
(Zhao et al., 2016). As the thermodynamic stability of an
aqueous metal complex increases, the bioavailability of the
metal decreases (Morel et al., 1991; Slaveykova et al., 2005;
Xu et al., 2012). Our results, showing a higher Kmeth for less
stable Hg(II) complexes, align with this framework. Although
biotic ligand models explain most data, some aspects of Hg(II)
uptake and methylation remain unexplained by ligand
affinity alone.
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3.5 Implications of cellular thiols metabolism
in MeHg speciation and bioavailability for
demethylation

The formation of MeHg-Cys in the extracellular medium was
quantified using liquid chromatography tandem mass spectrometry.
Figure 3 displays the percentage of Me**Hg-Cys species relative to
total extracellular Me**Hg. The experiments involving Cys addition
demonstrated that Me®*Hg formed complexes with Cys to produce
Me**Hg-Cys (Figure 3). The proportion of Me**Hg-Cys in the
extracellular medium remained relatively stable (approximately
60%-80% of total added Me*”Hg) as Cys concentrations increased
from 0.01 to 0.1 mM. However, at the highest Cys exposure (0.5 mM),
the concentration of Me**HgCys significantly decreased over time,
reaching only 10% of the added Me*’Hg after 48 h (Figure 3). To
investigate the formation of MeHg-sulfide species under the
experimental conditions, thermodynamic modeling was conducted.
Chemical modeling of MeHg revealed the presence of MeHgSH and S
(MeHg)2 in all experiments with Cys exposure (Supplementary
Figure S5). The formation of MeHgSH increased with higher Cys
concentrations, reaching 100% of MeHg at 0.5 mM addition. This
explains the observed decrease in Me*”HgCys, which can be
attributed to a shift in MeHg chemical speciation from MeHgCys
to MeHgSH and S (MeHg)2. In experiments without externally added
S-ligands, MeHg***Cys was not detected. Thermodynamic modeling
was performed to examine the species formed in the absence of excess
S ligands (Supplementary Figure S5). MeHgCl was found to be the
dominant MeHg species throughout the exposure period. The
metabolically active synthesis and cellular export of thiol
compounds (LMM-RSH) by P. hydrargyri BerOcl did not alter
the chemical speciation of MeHg in the assay media. While
extensive literature exists on the thermodynamics of Hg(II)
complexation (Dyrssen and Wedborg, 1991; Ravichandran, 2004;
Smith et al., 2004; Cardiano et al., 2011; Drott et al., 2013; Warner
and Jalilehvand, 2016; Liem-Nguyen et al., 2017b), there is less data
available on the thermodynamic formation constant for MeHg,
particularly regarding its complexation with thiol compounds. This
lack of data may lead to an underestimation of MeHg-thiol compound
formation. This study demonstrated that the addition of S-ligands
(Cys and sulfide) induced a change in the chemical speciation of
MeHg. However, the shift in MeHg chemical speciation from
MeHgCl to MeHgCys, MeHgSH, and S (MeHg)2 did not impact
demethylation rates (Kdemeth).

4 Conclusion

In this work, Hg(II) and MeHg speciation and molecular
transformations were investigated using the model strain P.
hydrargyri BerOcl. The use of isotopic enriched mercury species
allowed precise tracking of mercury their
transformations. We showed that the highest methylation rate

species and
(Kineth) was obtained under conditions without addition of
ligands. Under such conditions, by quantifying and taking in
account microbial produced thiols, refined speciation models
were generated. These models revealed that Hg(II) formed
complexes with mixed binding involving biosynthesized thiols,
OH" ions and CI” ions. Our results suggest that these complexes
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increase the rate of MeHg formation compared to the more stable
Hg(Cys), or HgS(s) species. Unlike Hg(II) methylation, the addition
of S-ligands did not affect the rates of demethylation of MeHg, even
though it caused a shift in the chemical speciation of MeHg. The
results of this study provide valuable insights into the underlying
mechanisms of mercury methylation and demethylation.
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