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Biotic methylation of inorganic mercury (iHg) in aquatic systems is largely driven by microorganisms
such as sulfate-reducing bacteria (SRB). Using the SRB model strain Pseudodesulfovibrio hydrargyri
BerOc1 we investigated biotic iHg methylation aiming to assess the rates of mono-methylmercury
(CH3Hg) production and to characterize the carbon (C) isotopic signatures (5'3C) of the CHzHg
product. BiogenicCHzHg exhibited 6'°C values averaging —23.1 + 2.0%o, representing a '*C-depletion
of 14.4%. compared to the pyruvate carbon source used for the growing of the strain and a 9%.
depletion relative to the microbial biomass. The maximum methylation yield observed in our samples
was around 15% of the available iHg and a constant C isotope fractionation was detected over time.
We propose that the methyl group is metabolically transferred from the carbon sources to cobalaminin
the HgcA protein and subsequently to inorganic mercury (iHg), leading to consistent light C isotope

enriched CH3Hg signatures.

Sulfate-Reducing Bacteria (SRB) are among the most extensively studied
organisms capable of methylating inorganic mercury (iHg)"*. Over the
past few decades, SRBs have been recognized for their significant con-
tribution to microbial Hg methylation, with at least 36 Hg-methylating
strains identified to date’. These bacteria thrive in anoxic environments,
such as sediments and wetlands, where they perform anaerobic
respiration by using sulfate (SO,) as the terminal electron acceptor in
their electron transport chain, rather than oxygen™. Some sulfate-
reducing microorganisms can also use alternative electron acceptors,
such as fumarate, nitrate, nitrite, ferric iron, and dimethyl sulfoxide, and
can use acetic acid, lactic acid, and pyruvate as electron donors®’.
Importantly, the sulfate reduction process is dissimilatory®, meaning it is
not used for cellular biosynthesis, but rather to generate metabolic energy
(electrons) for the cells.

In anoxic environments, SRBs play a key role in the degradation of
organic matter and, in the process, can convert iHg into mono-
methylmercury (CH;Hg)’"". This transformation involves the interaction
of iHg with bacterial enzymes, facilitating the transfer of a methyl group from
a donor, currently identified as the corrinoid protein HgcA'>", to iHg'*".
Mono-methylmercury (CH;Hg) production by SRBs is typically enhanced
in environments rich in organic matter, which supports microbial activity'’.
However, the extent of methylation (% of bioavailable iHg converted to

CH;Hg) varies based on environmental conditions, including pH, tem-
perature, and organic carbon availability'”.

Studies have shown that the methylation capacity of SRBs is strain-
dependent'*™ and is influenced by growth conditions, such as sulfate
reduction or fumarate respiration'. Strains from the (Pseudo)Desulfovibrio
genus are frequently used as model organisms to investigate the mechan-
isms of mercury methylation, in particular the Pseudodesulfovibrio
hydrargyri BerOcl strain'"****. This strain has recently been proposed as
type Pseudodesulfovibrio hydrargyri sp. nov’’. Previously, it was classified as
Desulfovibrio caledoniensis' and Desulfovibrio dechloroacetivorans™, and
these names can still be found in earlier literature.

The BerOcl strain, first identified as capable of methylating iHg in
2009, has since become a key model strain for studying biotic methylation
of Hg. Its genome has been publicly available in databases under access
number LKAQ00000000*. BerOc1 has been extensively studied to explore
various aspects of Hg biomethylation, including the mechanisms of intra-
cellular Hg transport and methylation sites™, the relationships with ener-
getic metabolism™ or Hg isotopic fractionation during biomethylation™.

BerOcl cells are small, motile, curved-rod vibrios, and are strictly
anaerobic. The strain grows through sulfate reduction, fumarate respiration,
and pyruvate fermentation, utilizing lactate, pyruvate, and ethanol as carbon
sources, but it seems not to use many other common substrates™. BerOcl
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can both methylate iHg and demethylate CH;Hg, although the Mer operon,
which is typically linked to CH;Hg demethylation, has not been identified in
its genome™. Nonetheless, CH;Hg demethylation has been reported in
various studies'*>*>%, The strain’s iHg methylation potential is significantly
influenced by growth conditions, with maximum activity reported under
fumarate respiration’”. Under non-sulfidogenic growth, BerOcl has
shown a methylation potential ranging from less than 2% to approximately
35% of iHg, depending on factors such as the initial iHg concentration and
the presence of sulfur-containing compounds like cysteine or sulfide in the
growth media™.

Hg stable isotopes, which display both mass-dependent and mass-
independent fractionation, are powerful tools for tracing Hg sources and
understanding transformation pathways in natural environments”*.
Research indicates that microbial methylation of inorganic Hg produces
distinct Hg isotopic signatures largely unaffected by environmental condi-
tions or the type of methylating bacteria®*. This consistency suggests a
shared enzymatic mechanism, likely involving the hgcA and hgcB genes'*”.
To accurately interpret these processes, species-specific isotopic analyses
within cellular fractions are crucial for unraveling the complexity of intra-
cellular Hg transformations. In the case of CH;Hg, analyzing the stable
isotopes of carbon (8"°C) potentially offers additional insight into the origin
and metabolic transformations of the methyl group. However, such studies
have been limited by technical challenges, including the need for high
CH3;Hg concentrations and simple matrices. Recent methodological
advancements, particularly the development of purge and trap-gas
chromatography-combustion-isotope ratio mass spectrometry (PT-GC-
C-IRMS)™™*", have helped overcome these limitations, enabling carbon (C)
isotope analysis of CH;Hg and, more recently, the characterization of C
isotope fractionation during CH;Hg photodemethylation™.

Despite the advances in understanding the genetic traits related to iHg
methylation”, the full metabolic pathway or biological cause for the
methylation is not yet fully understood and the connections between the C
source, methyl group donors, and the CH3;Hg product have not been
established beyond the theory'*”. For the present study, Pseudodesulfovibrio
hydrargyri BerOcl was selected to investigate the biotic methylation of iHg.
The primary objectives were to assess the rates of CH;Hg production under
fumarate respiration using pyruvate as the C source, characterize the C
isotopic signatures (§"°C) of the resulting methylated Hg products, and
discuss if C isotopes are useful to understand methylation pathways in
the cell.

Results

Reaction yields and kinetics

Methylation yields, reaction products, and reaction kinetics were analyzed
from the CH;Hg samples obtained from the two experiments following the
considerations mentioned in the calculations section. In the first biotic
methylation experiment, 15% of the THg measured was in the form of
CH;Hg after 24h of incubation, while in the second experiment, the
maximum yield observed was approximately 9% after 30 h. The difference
in methylation yields between the two experiments was attributed to the
higher biomass production (AODgg) during BME#1 (~0.2) compared to
BME#2 (~0.11), despite the growth rates (i) being similar (~0.050 h™* for
BME#1 and 0.046 h™' for BME#2). The correlation between methylation
potential and biomass production has been documented for BerOc1*** as
well as for other bacterial strains'**, An example of both methylation rate
(ky) calculation and biomass production (AODgg,) corresponding to the
experiment BME#2 is shown in Fig. SI of the Supplementary
Information (S1).

The inherent variability in biomass production and differences in
reaction models make direct comparisons between kinetics from different
studies challenging. As a result, a descriptive approach is commonly used to
compare outcomes. In BME#2, triplicate samples at each time point showed
excellent reproducibility in the percentage of methylation detected, and a
linear increase in CH3;Hg concentration was observed over time (see Fig.
S1.A). The methylation rate constant for BME#2 was calculated using Eq. 2,

yielding a value of ky, = 3.27 (+0.03, SE) x 107> h™". This k,,, value is of the
same order of magnitude as reported in previous studies involving strain
cultures of SRB"’ and using BerOcl under high salinity conditions™*.

As a comparison, this rate also aligns closely with results from
Rodriguez Martin-Doimeadios et al. (2004)* on natural biotic methylation
in anoxic sediments from the Adour River estuary in France (k,, = 2.27
(£0.10, SE) x 10 h'*)). In that study, surface intertidal sediment (0-5 cm)
was used, and it was noted that demethylation rates were 10 times lower
than methylation rates during 1-day incubations. However, it is important
to recognize that natural sediments contain diverse bacterial strains,
potentially contributing differently to methylation and demethylation
processes.

In terms of methylated products, only CH;Hg was detected in all
samples, with no evidence of dimethyl Hg ((CH;),Hg) formation. This is
consistent with previous studies using BerOcl, where CH;Hg has been the
sole observed methylated species™.

Although numerous studies have demonstrated that iHg methylation
is an intracellular process'**** and that the assimilation of iHg by micro-
organisms is a critical step in this process™, it is essential to confirm that the
CH;Hg produced in our experiments is entirely of biological origin and not
the result of abiotic methylation with organic components present in the
culture medium or even the cell walls. The biotic origin of the CH;Hg
observed in our samples was confirmed through two types of control
experiments. The first control involved triplicate samples with active cells
and iHg addition, which were acidified at ¢ = 0. These samples contained all
the organic compounds and non-enzymatic methylating agents present in
the solution, providing a good indication of whether abiotic methylation was
occurring. The second control consisted of triplicate samples with inactive
cells and iHg addition, incubated under the same conditions as the
experimental samples. After 30 h of incubation, these samples were acid-
ified, and mercury speciation was measured. In both controls, negligible
CH;Hg was detected during the Hg speciation analysis, suggesting that all
CH;Hg produced in our experiments was the result of biological activity.
The iHg methylation percentages observed in all the samples studied is
summarized in Table S1 of the SI material.

Carbon isotope signatures from CHzHg and C sources

The C stable isotopes of the biotically produced CH;Hg were analyzed,
excluding the 4h incubation samples due to insufficient CH;Hg con-
centration for CH;Hg 8"°C-CSIA. Since these samples lacked a reference
point and yielded low concentrations after purification, the §"°C of the 15%
methylated sample (the highest CH;Hg production) was analyzed after
using various purification protocols, alongside the standard CH;Hg con-
trols. Measured §"°C values and the purification protocols applied are shown
in Fig. S2 with more details in Table S2 of the SI. We observed that simple
distillation alone was insufficient to eliminate C matrix interferences, as
indicated by noisy chromatograms, while double distillation followed by gel
preconcentration was found to be the most reliable method, yielding the best
recoveries (Fig. S2).

For the biotically produced CH3Hg, a consistent C isotope signature
was observed across all samples, with an average 8" CCH;Hg value of —23.1
(2.0, SD) %o, independent of methylation yield as shown in Fig. 1. The
constant §°CCH;Hg, regardless of methylation yield, is the result of the
large pyruvate C substrate pool, whose bulk §"°C remains constant during
the experiments. These values broadly align with the §"C range typical of
biologically produced organic matter (-6%o to -30%",). To provide further
insight into the C isotope fractionation during iHg methylation, bulk C
isotopic signatures (8"’ Cp) of the BerOcl pellets and organic components
of the culture media were also measured and represented in Fig. 1 and
detailed in Table 1.

Biotically produced CH;Hg exhibited a ~ 9%o "*C-depletion (lighter C
isotope enrichment) relative to the bulk §°C of bacterial pellets and
a~14%o depletion compared to the carbon source, pyruvate. No other
components showed similar §"*C values; CH;Hg was *C-enriched by ~8%o
and ~10%o relative to the multivitamin V7 solution and fumarate,
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Biotic methylation: §13C vs % methylation
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Fig. 1| 8"°C (%o) values obtained for biotically produced CH;Hg samples. The
orange square represents the sample from BME#1 with 15% methylation, and the
yellow diamonds represent the samples from the BME#2 with 2% and 9% of

methylation, respectively. Bulk §"°C values from BerOcl pellets, C source pyruvate,
fumarate, and multivitamin solution (V7 soln.) containing vitamins B (1,3,5,6,8,10,
and 12) are also shown.

Table 1| Bulk C isotopic signatures (5§'°Cy,,) from the pellets and the organic components of the culture media

Sample name Chemical formula/content % of molecular weight as C 5°Cbulk (%)
Sodium Pyruvate C3zHszNaO3 33% —8.69
BerOc1 Pellets whole cells from strain BerOc1 ~50% —13.92
V7 Solution Vitamins B (1, 3, 5, 6, 7, 10, 12) ~55% -31.33
Sodium Fumarate C4HoNaOy 30% —33.03

Avg. 8°CCH;Hg = —23.08 (+1.99, SD) %o

The average CSIA §"*CCHzHg from the biotic methylation samples is also shown.

respectively. In summary, the bacterial biomass was ~5%o depleted in **C
compared to pyruvate, while CH;Hg showed a greater depletion of ~14%o
relative to pyruvate and ~9%o relative to the biomass. These values provide
preliminary, operational isotope fractionation factors for CH;Hg produc-
tion by BerOcl. A formal fractionation factor for methylation requires
knowing the §'*C of the unknown methyl donor group, which is position-
specific and was not determined. We suggest that the ~9%o depletion in §°C
between C source and in vitro microbially produced CH;Hg could be a
potential analog for C isotope fractionation between natural organic carbon
substrates and CH3;Hg in aquatic freshwater and marine ecosystems. Our
observation of a ~ 9%o depletion in §'°C then opens the way to use biological
tissue CH3Hg 8"C to understand the origin of the C source and methylation
sites, such as terrestrial vs marine C, or water column vs sediment.

Discussion
The observed "*C-depletion in biomass relative to substrates is consistent
with previous studies” ™ and is typically attributed to enzymatic preference
for lighter isotopes during key reactions such as decarboxylation and
dehydrogenation®. For example, up to 20%o enrichment on the light C
isotopes was observed for other organometals of biogenic origin in compost
incubations™. Additionally, not all carbon atoms from substrates contribute
to biomass production***, adding complexity to determining specific iso-
tope fractionation during both biomass formation and iHg methylation.
While detailed mechanisms of iHg methylation in microbial cells
remain unclear'””, early studies have explored connections between

metabolic pathways, corrinoids, and Hg methylation. Initial research using
radiotracers suggested Hg methylation was part of carbon fixation pathways
like the reductive acetyl-CoA (Wood-Ljungdahl, WL) pathway, with
methyl-tetrahydrofolate (CH;-H,folate) as the methyl donor and cobala-
min (vitamin B12) identified as the main corrinoid, along with a 40-kDa
corrinoid protein'*'**’. However, later findings indicated Hg methylation
could occur independently of the acetyl-CoA pathway, particularly in
microorganisms lacking this carbon fixation mechanism*. The discovery of
the hgcAB gene pair, essential for Hg methylation (with its deletion leading
to a loss of methylation ability), shifted focus back to acetyl-CoA pathway-
like models">"***,. The most used model representation of this Hg methy-
lation mechanism is illustrated in Fig. 2.

Considering a reductive acetyl-CoA like pathway to describe the biotic
methylation observed in BerOcl, several generalizations could help explain
C isotope fractionation and its origin. For example, the methyl group (C1
precursor from Fig. 2) may originate from the carbon-3 amino acid serine,
or its derivative folate as suggested in early studies'’. This methyl group is
then enzymatically transferred to tetrahydrofolate (THF) and subsequently
to iHg via cobalamin-HgcAB protein complex'>'. Serine biosynthesis
typically derives from a phosphorylated form of pyruvate (Fig. 3)*’, which
could link the C source in our experiments to the final methylated product,
CH;Hg. However, without detailed metabolic data for BerOcl, these con-
nections remain speculative.

An important observation from this biotic methylation model (Fig. 2),
assuming cobalamin as cofactor of the HgcA protein, is that it allows for
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Fig. 2 | Most generalized pathway considered to
explain enzymatic methylation of iHg. HgcA and
HgcB are the proteins expressed from the gene
cluster hgcAB considered to be essential for iHg
methylation within the microbial cell. The -CHj3
group is obtained as part of the folate cycle, the most
commonly used mechanism for single-carbon
addition metabolism.
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Fig. 3 | Biosynthesis of serine from pyruvate as proposed by Berman et al. In
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group to iHg is represented in bold and red. Compounds represented are: i-) pyr-
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Afterwards, the serine enters in the serine/glycine synthesis and the folate cycle as the
main single C addition mechanism in many living beings. C3 from serine is added to
tetrahydrofolate (THF) to form CH;-THF and then used for single C addition
metabolisms.

repeated methylation and demethylation of the same cobalamin molecule,
enabling high methylation yields even with low vitamin B12 concentrations
—unlike what has been observed in abiotic methylation experiments with
methylcobalamin>*’. The C isotope fractionation related to this process is,
however, difficult to establish without further specific metabolic informa-
tion on BerOcl strain. In addition, biotic demethylation can potentially alter
the C isotopic signature of CH;Hg in aquatic environments, as shown for
Hg isotopes. Demethylation (biotic and photo-demethylation) has been
observed to enrich both heavier Hg and C isotopes in the remaining CH;Hg
fraction, as lighter isotopes are preferentially removed’*”. Future work
should therefore investigate carbon isotope fractionation during biotic
CH;Hg demethylation.

Pyruvate, a key metabolic node, is regulated by numerous
intrinsic and extrinsic factors’. Assuming the -CH; group originates
from pyruvate as proposed by Berman et al. in 1990%, through the
pyruvate—oxaloacetate—PEP—serine—5-CH;-THF pathway (Fig.
3), the interconnected metabolic reactions must be considered,
especially since the PEP-pyruvate—oxaloacetate node (also known as
anaplerotic node) is a switch point in major metabolic pathways*.
This node integrates diverse essential reactions, with enzymes
adjusting carbon fluxes based on cellular demands, and shifting
functions under different conditions*”*’. The enzymes at this ana-
plerotic node form a complex regulatory network ensuring optimal C
and energy flow’'.
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As mentioned above, it is considered that iHg methylation is the result
of a one-C addition mechanism inside bacteria®, but the precise link
between C isotope fractionation from the C source to CH;Hg is challenging
to identify. The serine/glycine biosynthesis pathway and the folate cycle (Fig.
3) are typically involved in the one-carbon addition metabolism, generating
carbon units for various metabolic demands, including nucleotide bio-
synthesis and methylation reactions™. Serine can be either taken up by the
cell or biosynthesized from pyruvate derivatives. As early as 1990, it was
proposed that this pathway was responsible for mercury methylation in
Desulfovibrio desulfuricans”. However, the specific methylation pathway
may vary between strains, as both autotrophic and heterotrophic
mechanisms for synthesizing cellular material have been identified in
sulfate-reducing bacteria (SRB), including species of Desulfovibrio*"***.
This suggests that the pathway of the transfer of the methyl (-CH3) group
could differ based on strain-specific metabolic capabilities.

The hgcAB gene cluster encodes a methylating system that facilitates
Hg methylation in all known methylating microorganisms, but the exact
mechanism remains unclear'. Although these genes enable Hg efflux, they
are not induced by Hg exposure, and their deletion in strains like Pseudo-
desulfovibrio mercurii ND132 and Geobacter sulfurreducens PCA does not
affect growth or central metabolism'**. This suggests that Hg methylation
may be a specialized or incidental process, with Hg possibly entering an
unknown methylation substrate. The presence of the hgcAB gene pair in
microbial genomes might be environmentally regulated', further compli-
cating the estimation of metabolically induced carbon isotope fractionation.

Isotope fractionation from enzymatically catalyzed biosynthetic pro-
cesses is primarily driven by enzyme-mediated reactions rather than the
isotope mass itself*>**”. Enzymes often discriminate against heavier iso-
topes like °C, leading to isotope fractionation but they also induce position-
specific isotope effects, where particular bonds in molecules (often in
intermediates) are more prone to isotope fractionation depending on the
reaction mechanisms®. The observed §“C fractionation from pyruvate to
CH;Hg by BerOcl in the present study could then be the result of pre-
ferential usage of specific carbon positions in pyruvate during fermentation
or other metabolic reactions under anoxic conditions, as suggested in pre-
vious studies™**.

Studies on carbon isotope fractionation in heterotrophs, particularly
related to highly specific mechanisms like Hg methylation, are limited. In
our research, no direct §"°C measurements of the methyl group in biotically
produced CH;Hg have been reported to our knowledge. However, our
observations align with previous work on fractionation in the acetyl-CoA
pathway and sulfate-reducing bacteria (SRB). Studies of carbon fixation
across different bacterial mechanisms show diverse and substantial frac-
tionation, often depending on the carbon fixation route and the targeted
substrate. A common finding is significant isotope fractionation in the
biomass of organisms using the acetyl-CoA pathway relative to the carbon
source’”*"*". However, observed fractionation varies widely, from ~3%o to
over 35%o, making it difficult to use as a definitive marker, highlighting the
need for further study to identify metabolic pathways involved in
methylation.

Summarizing, we observed a *C-depletion of ~5%o in the biomass of
Pseudodesulfovibrio hydrargyri strain BerOcl compared to the C source
(pyruvate) used, a ~ 14%o depletion in CH;Hg relative to pyruvate, and
a ~ 9%o depletion relative to biomass. We suggest that the ~9%o depletion in
8"C between C source and in vitro microbially produced CH;Hg could be a
potential analog for C isotope fractionation between natural dissolved
organic carbon substrates and CH;Hg in aquatic freshwater and marine
ecosystems. These values are consistent with isotope fractionation factors
reported in other carbon flux studies, but currently it is not possible to
establish a specific carbon fixation pathway or the precise origin of C in iHg
methylation, due to the complex enzymatic reactions involved. We consider
that the methyl group for Hg methylation in BerOcl may originate from
pyruvate via a metabolic network involving the serine pathway and folate
cycle, as previously suggested for Desulfovibrio desulfuricans. However,
elucidating the pathways is challenging due to the intricate nature of

enzyme-mediated carbon isotope fractionation, which is influenced more
by enzyme specificity and catalytic efficiency than simple isotope effects.
Further elucidation on BerOcl metabolism and more studies using different
methylators is still required.

Methods

For this study, CH;Hg produced from two separate biotic methylation
experiments (BME) was utilized. Both experiments were conducted at the
IPREM (Institute of Analytical Sciences and Physico-Chemistry for
Environment and Materials, Pau, France), using the same strain and
reagents, under non-sulfidogenic growth conditions (pyruvate/fumarate).
BME#1 was performed as part of a previous study with an initial OD of 0.04,
while BME#2 was conducted as part of a larger experiment for the present
research with an initial OD of 0.02. The specific experimental conditions are
summarized below.

BerOC1 strain and culture growth conditions
The SRB Pseudodesulfovibrio hydrargyri strain BerOcl, isolated in 2004
from sediments of a brackish lagoon (Etang de Berre, southeast France)”,
was used in this study. The strain was routinely pre-cultivated during the
week before the experiment in an anoxic liquid medium at approximately
37°C, with a pH of ~7, and dark conditions. Purity and growth of the strain
were confirmed by multiple phase contrast microscope observations (BX60,
Olympus) and through measurements of optical density (OD) at 600 nm.
For experimental incubations, a multipurpose medium (MM10°%) was
prepared, containing per liter: 10g NaCl, 1.2g MgCL-6H,O, 0.1g
CaCl,-2H,0, 0.25 g NH,CI, 0.5 g KCl, and 2.6 g of HEPES. Additionally,
1 mL each of a trace elements solution (SL12B™), a selenite-tungstate
solution, and a multivitamin solution (V7*°) were added. Cultures were
grown using pyruvate as the C source alongside fumarate respiration to
ensure a non-sulfidogenic metabolism. The pyruvate-fumarate combina-
tion was selected to promote a bacterial metabolism capable of sufficient iHg
methylation yields for C isotope analysis™. These substrates were prepared
in degassed MQ water and added to incubation vials to obtain final con-
centrations of 40 mM each, marking the start of the incubation period.
Cultures were inoculated at an initial OD of 0.04 and 0.02 for BME#1
and BME#2, respectively, from pre-cultures to grow under identical con-
ditions. Growth was monitored by measuring OD at 600 nm, and biomass
production (AODgq,) was calculated using Eq. 1:

AODg, = [OD; — OD,] )

Where ODy; is the optical density at the end of the exponential phase and
ODj; is the optical density at the beginning of the inoculation. The growth
rate, g = (InODy — InOD;)/(tf — ti) (h") was then determined by
dividing the natural logarithm of biomass production during the expo-
nential phase by the duration of the exponential growth phase.

iHg addition and incubation time

Samples were incubated individually in 50 mL crimp-sealed glass vials. For
cultures exposed to iHg, mercury (II) chloride (HgCl,) at natural isotopic
abundance in 1% hydrochloric acid (HCI) was added to the vials before
inoculating with the BerOc1 strain, following similar procedures as previous
studies™**. Control samples, without the addition of Hg, were incubated for
30 h under identical conditions to serve as matrix blanks for subsequent
analyses. An additional control sample with inactive cells was incubated for
30h to assess any potential abiotic iHg methylation. All samples were
incubated in triplicate for predetermined durations. To stop the methylation
process, the medium was acidified with bi-distilled nitric acid (~15 N). From
BME#1, two samples were collected at 24 h, one corresponding to the
condition of addition of iHg and the other to absence of iHg. From BME#2,
triplicate samples were collected at 0 h, 4 h, 8 h, and 30 h for isotopic ana-
lysis. Further details on the samples and conditions are provided in Table 2.
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Table 2 | Composition of the samples analyzed during our
study. Initial OD of 0.04 and 0.02 for BME#1 and BME#2
respectively

Experiments Incubation Conditions
time " - - N
active cells  active inactive
+ no Hg cells + Hg cells + Hg
BME 1 ~24h 1 sample 1 sample -
BME 2 Oh 3 samples® 3 samples —
4h — 3 samples —
8h — 3 samples —
30h 3 samples 3 samples 3 samples?®

2 Experiments 17 samples in total for carbon CSIA

“not analyzed for C isotopes.

Sample processing and analysis

The acidified samples were digested on a hot plate at 90 °C for 4 h before
analysis. For total mercury (THg) concentration analysis, a portion of the
digested sample was diluted with 10% (v/v) aqueous HCl and bromine
monochloride (BrCl). THg concentrations were then measured using cold-
vapor atomic fluorescence spectrometry (CV-AFS). For mercury speciation,
an aliquot of the digested sample was diluted in 40 mL of buffered Milli-Q
water (pH ~5) and analyzed using Purge and Trap-Gas Chromatography-
Cold Vapor Atomic Fluorescence Spectrometry (PT-GC-CVAEFS) after
derivatization with sodium tetra-ethyl borate (NaBEt,). Additionally, the
methodology described by Kleindienst et al. 2023°" was used in non-
acidified samples to determine methylated Hg species in the samples.

CH;Hg compound specific isotope analysis (CSIA) of C stable isotopes
was performed in this study at the Géosciences Environnement Toulouse
laboratory (France). For C CSIA, BerOcl culture aliquot samples were
neutralized with concentrated (~15 N) NaOH and distilled once or twice to
separate CH3Hg from potential interferents, following the procedure
described by Rosera et al.”. THg concentration and Hg speciation were
analyzed before and after each distillation and pre-concentration step. After
the successive neutralizations and distillations, the samples with CH;Hg
concentrations below 7 ng/g were pre-concentrated using binding gels
composed of polyacrylamide crosslink agarose with 3MFS (3-mercapto-
propyl functionalized silica) resin (supplied by DGT® Research).

To assess any matrix effects and potential carbon isotope fractionation
induced by these purification and separation processes, we analyzed our in-
house CH;Hg chloride standard™*" in Milli-Q water and in biotic methy-
lation blanks (containing cells and culture media without iHg addition).
Triplicate CH;Hg controls in Milli-Q water and matrix blanks were pro-
cessed in parallel with each sample, following the exact preparation pro-
cedures applied to the samples. Finally, CSIA of C isotopes was performed
using Purge and Trap-Gas Chromatography-Combustion-Isotope Ratio
Mass Spectrometry (PT-GC-C-IRMS) for all samples with sufficient
CH;Hg concentration, along with corresponding CH;Hg standard controls.

For bulk §”C analysis of BerOcl pellets and the organic compounds
used (fumarate, pyruvate, V7) in the culture media, a continuous flow mass
spectrometer (Delta V, Thermo Scientific, Germany) coupled to an elemental
analyzer (Flash EA 2000, Thermo Scientific, Italy) was used at the Pole
Spectrométrie Océan (IUEM, CNRS, IRD, Plouzané, France). To prepare for
this analysis, 3-5 g of the fumarate and pyruvate substrates were transferred
into 5mL Eppendorf tubes, and approximately 5mL of the stock multi-
vitamin solution (V7) was freeze-dried for two days. Pellets (BerOcl cells)
were grown in 2 L of MM 10 medium, centrifuged to separate the cells from
the supernatant, rinsed, frozen at -80°C to preserve cell integrity, and freeze-
dried for two days before being sent for bulk carbon isotope analysis.

Calculations
The rate constant (k,,) for the iHg methylation reaction was estimated using
a simplified irreversible pseudo-first-order model. Although the

BerOcl strain is known to demethylate CH;Hg, we considered only the
irreversible methylation process due to our inability to quantify demethy-
lation during the experiments, since unlike other studies®’, only Hg with
natural abundance isotopic composition was used. Moreover, during our
experiments, methylation appeared to dominate, as CH;Hg concentrations
consistently increased over time (Fig. S1A). We then considered that the
duration of the experiment was short enough to use the simplification of
k(methylation of Hg") » k(demethylation of CH5Hg)".

The ky,, was determined by calculating the slope from the best linear fit
of the natural logarithm (In) of the remaining fraction of iHg species
(f [iHg] ,) over time, as shown in Eq. 2:

In(f [iHg] )= —k,xt )

The remaining fraction of iHg over time was calculated based on the
observed increase in CH;Hg concentration, rather than the decrease in iHg,
due to the challenges in accurately measuring the reduction in reactant
concentration. The approximation used to estimate f[iHg] is shown in Eq. 3:

f(ng)remuining =L ~1 _f(ng) methylated ~1 _f(CH3Hg)f0rmed

(€)

The fraction of CH;Hg formed was calculated as the ratio of the
observed CH;Hg concentration at time ¢ to the THg concentration mea-
sured in the sample. The measured THg concentration was used, rather than
the expected concentration based on the initial iHg added, due to varying
degrees of iHg loss, which affected differently the THg levels in each incu-
bation vial. Similar iHg loss has been observed before in biotic methylation
cultures, mainly attributed to factors like HgS(s) formation, vessel wall
adsorption, or Hg’ formation****** but was considered not important for our
study since Hg isotope fractionation wasn’t directly analyzed. For the same
reasons, the methylation yields for C isotope analysis were also calculated
based on the THg concentrations measured in each sample rather than the
THg expected concentration. This also was carried on to ensure same
considerations between the two different experiments analyzed in this work.
For more information on the percentages of methylation and THg recovery,
see table S1 on the S1.

Data availability
All relevant data supporting the findings of this study are included in the
main manuscript and the Supplementary Information.
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