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ABSTRACT: Methylmercury (MeHg) toxin, formed by anaero-
bic bacteria, is rapidly excreted from cells, but the mechanism of
this process is unclear. We studied the factors affecting MeHg
export and its distribution in cells, on cell surfaces, and in solution
by two known mercury methylators, Geobacter sulfurreducens PCA
and Desulfovibrio desulfuricans ND132. Thiols, such as cysteine,
were found to greatly facilitate desorption and export of MeHg,
particularly by PCA cells. In cysteine-free assays (4 h), less than
10% of the synthesized MeHg was found in solution and greater
than 90% was associated with PCA, of which about 73% was
sorbed on the cell surface and 19% remained inside the cells. In
comparison, 77% of MeHg was in solution, leaving about 13% of
MeHg sorbed and about 10% inside the ND132 cells. Our results
demonstrate that MeHg export is bacteria specific, time
dependent, and influenced by thiols, implicating important roles of ligands, such as natural organic matter, in MeHg production
and mobilization in the environment.

■ INTRODUCTION

Microbial conversion of inorganic mercury species [Hg(II)] to
organometallic methylmercury (MeHg, i.e., CH3Hg

+) has been a
global concern because of the high toxicity of MeHg and its
biomagnification in food chains.1−3 Reducing emission of
mercury has been called for in a recent treaty signed by 147
nations.4 Our understanding of the mechanisms responsible for
Hg(II) methylation by anaerobic bacteria has improved greatly
over the past few years, especially the identification of a gene pair,
hgcA and hgcB, that is essential for Hg methylation.1

Furthermore, recent studies have established that microbial
methylation is tightly coupled with mercury redox trans-
formation, adsorption on cell surface, cellular uptake of Hg(II),
and MeHg export.5−9 Intracellular Hg(II) uptake has been
proposed to involve active transport and is sensitive to Hg(II)
chemical speciation in the external medium, particularly
influenced by specific thiol compounds such as cysteine.5,9,10

However, despite these advances, it remains unclear how Hg(II)
is taken up, how MeHg is exported by methylating bacteria, and
what environmental factors may affect these processes. Studies
have shown that once inside the cell Hg(II) is methylated and
rapidly exported from the cell.5,6,10,11 For example, in assays with
either Geobacter sulfurreducens PCA and Desulfovibrio desulfur-
icans ND132, no significant delay was observed for the excretion
of the synthesized MeHg to the external medium.5,6,11 It is thus
postulated that bacteria may employ Hg(II) methylation and
export as a means of mercury detoxification, i.e., maintaining low
intracellular Hg(II) concentrations.5,12−14 However, these

previous studies involved the use of relatively high concen-
trations of thiols, such as cysteine, glutathione, and thioglyco-
late.5,6,11 Whether these thiols may have facilitated the export of
MeHg or prevented it from sorption onto cell surfaces of the
methylating bacteria is unknown because thiols can compete for
MeHg binding in solution.15,16 MeHg sorption on cell surfaces is
expected because of the presence of abundant cellular thiol
functional groups17,18 and the thiophilic nature of Hg.19

We hypothesized that thiol compounds in solution compete
with the cell surface receptors and sorption sites for MeHg and
thus facilitate the export and desorption of MeHg to the external
media. Using both G. sulfurreducens PCA and D. desulfuricans
ND132, the two well-studied Hg methylators,1,5−9 we
determined time-dependent MeHg export and distribution in
Hg(II) methylation assays as influenced by thiol compounds.
Additionally, we examined the effect of thiols on MeHg sorption
and desorption by cells, in which bacterial synthesis ofMeHg was
minimized by adding no inorganic Hg(II).

■ MATERIALS AND METHODS
G. sulfurreducens PCA was cultured in the nutrient broth Basal
salts containing 40 mM fumarate and 20 mM acetate at 30 °C,
and D. desulfuricans ND132 was cultured in a modified MOY
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medium containing 60 mM fumarate and 60 mM pyruvate at 33
°C.7−9,20 Cells were harvested during mid-exponential phase
with an optical density (OD) of 0.5 to 0.6 and then washed three
times by repeated centrifugation (at 1200g, 10 min, 25 °C) and
resuspension in the assay buffer, a deoxygenated phosphate
buffer saline (PBS) at pH 7.4. The PBS consisted of 0.14MNaCl,
3 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4. The buffer
was first autoclaved and then deoxygenated by boiling and
purging with ultrahigh purity N2 gas for at least 2 h and
subsequently kept in an anaerobic glove chamber (Coy) (98%N2

and 2%H2) for at least 24 h before use. All the washing steps and
subsequent Hg assays were conducted in the glove chamber, as
previously described.7,9,20,21

The Hg(II) methylation assay was conducted in 4 mL amber
glass vials (National Scientific) in the anaerobic glove chamber.
Each vial contained washed cells of PCA or ND132 (at 108 cell/
mL) and Hg(II) at 25 nM (as HgCl2) in 1 mL PBS or otherwise
specified. Acetate (or pyruvate for ND132) and fumarate (1 mM

each) were added initially as the respective electron donor and
acceptor. The Hg(II) working solution was freshly prepared
from the stock solution of 50 μM HgCl2 in 1% HCl. Cysteine
(0.05−50 μM)was used to study the effect of thiols on the export
of MeHg. Glutathione, 2-mercaptoacetic acid (2-MPA), and
penicillamine (50 μM each) were also used in some assays. All
vials were immediately sealed with a PTFE/silicone cap screw
and kept in the dark on an orbital shaker. At each selected time
point, replicate sample vials (2−3) were taken out of the glove
chamber and sacrificed for the determination of both total MeHg
(MeHgTotal) (without filtration) and soluble MeHg in filtrate
(MeHgsol, filtered through 0.2-μm filters). The cell-associated
MeHg, including both adsorbed and intracellular MeHg, was
obtained by subtracting MeHgsol fromMeHgTotal. All samples for
MeHg analysis were preserved with trace metal-grade H2SO4

(0.2%, v/v) and kept at −20 °C until analysis.
To determine MeHg distribution either on the cell surface or

inside the cell (including periplasmic, membrane, and cytosol

Figure 1. Determination of total methylmercury (MeHg) and soluble MeHg (MeHgsol) in filtrate solution during Hg(II) methylation assays with
washed cells of (a) G. sulfurreducens PCA and (b) D. desulfuricansND132 in a phosphate buffered saline (pH 7.4). The initial Hg(II) concentration was
25 nM, and cell concentration was 108 cells/mL. Error bars represent one standard deviation of replicate samples (n = 4−6) from two independent batch
experiments.

Figure 2. Effects of cysteine concentrations on methylmercury (MeHg) excretion by washed cells of (a) G. sulfurreducens PCA and (b) D. desulfuricans
ND132 at 108 cells/mL in PBS. The excretedMeHgwas expressed as the fraction of the solubleMeHg (MeHgsol) to the total synthesizedMeHg at 4 and
24 h. The initial added Hg(II) concentration was 25 nM, and cysteine concentrations were 0, 0.05, 1, and 50 μM. Error bars represent one standard
deviation of replicate samples (n = 4−6) from two independent batch experiments.
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spaces), a modified washing procedure5,21 was adopted based on
MeHg sorption−desorption assays (described below). After cells
were incubated with Hg(II) for either 4 or 24 h, a set of sample
vials (4−6) was removed from the glove chamber, and half of
them were used for the determination ofMeHgsol andMeHgTotal,
as described above. The remaining vials were used to determine
the washable MeHg (MeHgwash) after equilibrating samples with
glutathione (100 μM final concentration) for about 10 min.
Samples were subsequently filtered, and MeHgwash in the filtrate
was determined (equals to the sum of the cell-adsorbed MeHg
(MeHgad) andMeHgsol). The intracellularMeHg (MeHgcell) was
then calculated by subtracting MeHgwash from MeHgTotal.
MeHg sorption−desorption experiments were also per-

formed, in which stock MeHg standard (5 μM, Brooks Rand
Laboratories) was added to washed cells in PBS (108 cells/mL)
to a final concentration of 5 nM. After equilibration for 4 and 24 h
(or otherwise specified), samples were filtered or washed and
determined for MeHg distributions, as described. To determine
MeHg sorption on PCA cells, cells were exposed to different
concentrations of MeHg, ranging from 0.05 to 1 nM, and
samples were equilibrated for 4 h before analysis of MeHgsol and
MeHgTotal.

9,20,21

A modified EPAMethod 1630 was used for MeHg analysis via
GC-ICP-MS with enriched CH3

200Hg+ as an internal standard, as
described previously.1,20,21 The recovery of spiked MeHg
standards was 100 ± 10%, and the detection limit was ∼6 pg
MeHg. Control assays (with or without cells) were performed in
the same manner, and HgTotal and soluble Hgsol were also
analyzed after samples were oxidized by BrCl (5%, v/v) to ensure
a good mass balance.20,21

■ RESULTS AND DISCUSSION
G. sulfurreducens PCA andD. desulfuricansND132 were used first
to determine whether MeHg can be effectively exported during
Hg(II) methylation. In the absence of cysteine or complexing
organic ligands, G. sulfurreducens PCA cells produced a total of
0.5 and 1.0 nMMeHg in PBS at 4 and 24 h, respectively, but only
about 0.06 and 0.3 nMMeHg were found in the filtrate solutions,
designated as MeHgsol (Figure 1a). A large percentage of MeHg
(>70%) remained associated with PCA cells after 24 h of
incubation; only about 11% and 30% of MeHg were in solution
after 4 and 24 h, respectively (Figure 2a). The ND132 strain is a
more efficient Hg methylator than PCA1,5,11,20 and produced a
total of 2.0 and 4.4 nMMeHg in 4 and 24 h, respectively (Figure
1b). Compared to PCA, ND132 cells appeared to be more
efficient in exportingMeHg because 76% and 69% ofMeHgwere
found in the filtrate solutions of the 4 and 24 h assays,
respectively (Figures 1b and 2b). In control experiments, we
found no significant loss of MeHg during filtration or sample
preservation (Figure S1 of the Supporting Information).
These results clearly indicate that MeHg was not exported

instantaneously, particularly by G. sulfurreducens PCA cells.
Previous studies reported no significant delays in the export of
the synthesized MeHg5,6,10,11 and thus postulated that the
excreted MeHg had little affinity or low selectivity for the cell
surface receptors and transporters.6 This is in contrast with the
extremely high affinity of inorganic Hg(II) sorption onto cell
surfaces.5,8

To determine whether the presence of thiols may compete
with the cell surface receptors for MeHg binding, we investigated
the effect of cysteine in facilitating MeHg export and desorption
during Hg(II) methylation by both PCA and ND132 cells.
Results (Figure 2) show that soluble MeHg in the external media

increased dramatically with increasing cysteine concentrations
(from 0.05 to 50 μM). With the addition of only 0.05 μM
cysteine, i.e., Hg(II):Cysteine = 1:2, about 20% of the
synthesized MeHg was excreted at 4 h and about 72% at 24 h
by PCA cells (Figure 2a). Note that the excreted MeHgsol was
normalized to the total MeHg produced at a given cysteine
concentration or time because cell production of MeHg varies
with the cysteine concentration and incubation time (Figure S2
of the Supporting Information).9 With increasing cysteine
concentrations, more MeHg was exported to the external
media by PCA, and at 50 μMcysteine, greater than 96% ofMeHg
was found in the filtrate solution at either 4 or 24 h (Figure 2a).
Similarly, the presence of cysteine increased MeHg export by
ND132 cells (Figure 2b), although the increased export was not
as much as those by PCA cells because ND132 itself is much
more efficient at exporting MeHg (Figure 1b). At the cysteine
concentration of 50 μM, greater than 93% of MeHg was in the
external solution of ND132 (Figure 2b). Together these results
demonstrate the critical influence of cysteine on the export and
desorption of MeHg. We also evaluated the effects of other thiol
ligands, including glutathione, penicillamine, or 2-mercapto-
acetic acid (50 μM each) on MeHg export. Results similar to the
effects of cysteine were obtained (Figure S3 of the Supporting
Information); no notable differences between the filtered and
unfiltered samples were observed, suggesting that all these thiols
either facilitated the export of MeHg or prevented it from
sorption onto the cell surface.
To examine whether the cell-associated MeHg remained

inside the cell or was sorbed on the cell surface, we used a
modified washing procedure to distinguish the sorbed versus the
intracellular MeHgcell.

5,21 MeHgcell in the Hg(II) methylation
assay was estimated by the difference between the total cell-
associated MeHg and MeHgad (Figure 3a,b). This washing
procedure is effective as evidenced in MeHg sorption and
desorption studies, where only MeHg was added to both PCA
and ND132 cells (Figure 3c,d and Figure S3 of the Supporting
Information). Results (Figure 3a) indicate that a significant
fraction of MeHg was retained inside the PCA cell, and MeHgcell
accumulated initially but decreased with time. At 4 and 24 h,
about 19.1% and 8.6% of MeHg were intracellular. A majority of
MeHg was sorbed on PCA cell surfaces (MeHgad, ∼72.6% and
66.4% at 4 and 24 h, respectively) (Figure 3a), leaving only a
small fraction (8.3% and 25%) in solution. In comparison,
ND132 cells retained about 13% and 8% ofMeHg inside the cells
after 4 and 24 h, respectively (Figure 3b), and a much lower
amount of MeHg (10% and 22% at 4 and 24 h, respectively) was
sorbed on the cell surface. A majority of MeHg (70−77%) was
thus found in solution (Figure 3b). This comparison again shows
that ND132 cells are more efficient in exporting MeHg or
possess a lower affinity to sorb MeHg than PCA. These results
also suggest that thiols not only caused desorption ofMeHg from
the cell surface but facilitated MeHg export because in the
presence of cysteine (50 μM) greater than 96% and greater than
93% of MeHg were found in the external media of the PCA and
ND132 cells, respectively.
To further verify the interactions between MeHg and cell

surfaces, additional experiments were performed by adding stock
MeHg to the cell suspensions, which were then filtered and
washed to determine the sorption or uptake of MeHg. In control
experiments, we found no demethylation or notable loss of
MeHg even after 5 days in the presence or absence of cysteine
(50 μM) (Figure S1b of the Supporting Information). However,
substantial amounts of MeHg were found to be associated with
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PCA cells (MeHgad + MeHgcell, ∼ 80%) (Figure 3c), whereas
only about 18% and 34% of MeHg associated with ND132 cells
at 4 and 24 h, respectively (Figure 3d). PCA cells exhibited a high
affinity in sorbing MeHg as shown by the linear partitioning of
MeHg in either the Hg(II) methylation assay or MeHg
sorption−desorption assay studies (Figure 3e). Importantly we
found that after 24 h a fraction of MeHg could be internalized to
the PCA and ND132 cells since a significant amount of MeHg
(8% on PCA or 20% on ND132) could not be desorbed by 100
μM glutathione. In contrast, in the 4-h assay, nearly 100% of the
sorbed MeHg on the cell surface could be desorbed, or little
internalization of MeHg occurred (Figure 3c,d). These results
indicate that cells were capable of taking up MeHg with time
when MeHg was added to the external media. Slightly more
MeHg was taken up by ND132 than PCA cells in 24 h (Figure
3c,d). This observation appears in line with that ND132 cells are
more efficient than PCA in exporting or transporting MeHg in
and out of the cell. Taken together, these results demonstrate
that MeHg can be either exported (while MeHg is being
synthesized by cells) or internalized across the cell outer surface
(when biosynthesis is absent and MeHg is added, Figure 3c,d),
and these processes are time dependent.
Hg(II) methylation followed by efficient export of MeHg has

been suggested as one of the potential detoxificationmechanisms
of cells to get rid of Hg.5,12−14 We show that biosynthesized
MeHg is distributed inside the cells, on the cell surface, and in
solution, and the proportion of the distribution is time and ligand
dependent. In the absence of thiols, most MeHg was found on
surface of cells; more MeHg is associated with the surface of G.
sulfurreducens PCA than D. desulfuricans ND132 cells (Figure 3).
PCA cells showed a high sorption affinity for MeHg (Figure 3e),
which may partially explain why its MeHg production usually
levels off in 24 h in cysteine-free assays8,9,20 but increases
continuously to a high level (up to 5 times) in the presence of
cysteine.9 Sorption and accumulation of MeHg on PCA cells in
the absence of thiols may lead to toxic effects on PCA, resulting in
suppressed MeHg production. Cysteine could allow desorption
and continuous export of MeHg, although different thiols (e.g.,
cysteine or glutathione) also impact the overall MeHg
production due to competitive interactions between cells and
thiols for Hg(II) in solution.5,9,16 In contrast, ND132 is much
more efficient in producing and excreting MeHg, likely due to its
ability to produce thiolate compounds11,22 which facilitate the
export and desorption of MeHg. Therefore, addition of thiols
showed less influence on MeHg production by ND132 cells.
Interestingly, ND132 exhibits a lower sorption affinity for MeHg
than for inorganic Hg(II), whereas the PCA cells sorb Hg(II)
more weakly than MeHg, the opposite.5,8 These observations
suggest that different binding domains or mechanisms may be
involved in Hg(II) and MeHg sorption, uptake, and export in
different strains of bacteria and thus highlight the need for future
studies to better understand the mechanisms. Although free
thiols are generally low in freshwater,23 orders of magnitude
higher levels of thiol exist in biofilms,24 where bacterial consortia
thrive. Abundant thiol functional groups are also known to exist
in natural organic matter.17,18,25 These environmental thiols may
thus exert an important control on MeHg export from cells, in
addition to their influences on Hg(II) uptake and methylation in
the environment.26−28

Figure 3. (a, b) Determination of methylmercury (MeHg) distribution
inside cells, on cell surfaces, and in solutions during Hg(II) methylation
assays with washed cells of (a) G. sulfurreducens PCA and (b) D.
desulfuricans ND132 at 108 cells/mL in PBS. The initial added Hg(II)
concentration was 25 nM. The soluble MeHg (MeHgsol) was
determined in filtrate solution. The adsorbed MeHg (MeHgad) was
determined by washing cells with 100 μM glutathione followed by
filtration. The intracellular MeHg (MeHgcell) was estimated by
subtracting MeHgsol and MeHgad from the total MeHg. (c, d)
Determination of MeHg distribution in MeHg sorption and desorption
assays. The initial added MeHg concentration was 5 nM, and no Hg(II)
was added. Other experimental conditions were the same as those used
in the Hg(II) methylation assay. (e) MeHg sorption and partitioning on
washed cells of PCA (108 cells/mL) in PBS. Solid symbols represent
data obtained from Hg(II) methylation assays, and open symbols were
fromMeHg sorption assays. Error bars represent one standard deviation
of replicate samples (n = 2−6).
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