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Mercury methylation and demethylation processes govern the fate of methylmercury in aquatic ecosystems. Under anoxic conditions,
methylation activity is mainly of biological origin and is often the result of sulfate-reducing bacteria. In this study, use of a luminescent biosensor
for screening methylmercury production was validated by exposing the reporter strain to methylating or non-methylating Desulfovibrio strains.
The sensitivity of the biosensor to methylmercury was shown to depend on sulfate-reducing bacterial growth conditions. Bioluminescence was
measured using 1e10 mM of sulfides. As the sulfide level increased, luminescence decreased by 40e70%, respectively. Nevertheless, assuming
an average of 5 mM of sulfide produced during sulfate-reducing growth, a mercury methylation potential of over 4% was detected when using
185 nM of inorganic mercury. Due to technical limitations, mercury speciation has, to date, only been investigated in a small number of bacterial
strains, and no consistent phylogenetic distribution has been identified. Here, the biosensor was further used to assess the Hg methylation
capacities of an additional 21 strains related to the Desulfobulbaceae. Seven of them were identified as methylmercury producers. Cultivation
procedures combined with bacterial biosensors could provide innovative tools to identify new methylator clades amongst the prokaryotes.
© 2017 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: Sulfate-reducing bacteria; Methylmercury; Biosensor; Desulfobulbaceae
108
109
110
111
112
113
114
115
116
117
1. Introduction

Environmental methylation of inorganic divalent mercury
(Hg2þ) constitutes a human health risk due to neurotoxic ef-
fects and biomagnification along aquatic food webs [1,2].
Methylmercury (CH3eHgþ) production has been shown to be
mainly driven by dissimilar sulfate-reducing bacteria (SRB)
[3e6]. Microorganisms involved in the iron cycle [7e9], as
well as some methanogens [10,11], were reported to be slight
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Hg methylators. The ability to produce CH3eHgþ was not
ubiquitous among the sulfate-reducing microorganisms, and
only half of the strains related to the Desulfovibrionaceaewere
identified as Hg methylators [12,13]. In 2013, the presence of
a two-gene cluster, hgcA and hgcB, required for Hg methyl-
ation, was sought by bioinformatics analyses of prokaryotic
genomes. Thus, new clades of predicted Hg methylators have
been identified and confirmed [11,14].

Biological Hg transformations are commonly monitored by
studying species-specific isotopic tracers for inorganic mercury
(HgCl2) and methylmercury (CH3eHgCl) by using
GCeICPeMS(gas chromatography, inductively coupled plasma
and mass spectrometry) [12,13,15] or by using CV-AFS (cold
vapor atomicfluorescence spectrophotometry) [16].Despite their
accuracy and sensitivity, these techniques are complex to set up,
highly time-consuming and expensive to operate. Consequently,
ial mercury methylation: example within the Desulfobulbaceae, Research in
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fewbacterial strains have been examined for theirHgmethylation
capacity thus far. During the last decades, several bacterial sen-
sors have been developed to monitor Hg contamination in envi-
ronmental samples, with detection thresholds in the nanomolar
range [17e22]. The combination of microbial cultivation tech-
niques with one of these biosensors would provide a simple rapid
screening alternative to traditional chemical methods in order to
estimate bacterial Hg methylation potential.

Here, we used for the first time the biosensor Escherichia
coli MC1061 (pmerRBSBPmerlux) [21] to screen for Hg
methylation capacities among sulfate-reducing bacteria. E.
coli MC1061 (pmerRBSBPmerlux) consistently produced an
organomercurial lyase (merB gene) that promotes the cleavage
of the carbonemercury bond of CH3eHgþ. Hg2þ ions are
produced inside the sensor cells inducing the luciferase re-
porter operon (luxCDABE) [23], resulting in luminescence in
the cell [24]. As stated by Ivask et al. [21], E. coli MC1061
(pmerRBSBPmerlux) detects extracellular CH3eHgþ concen-
trations of about one order of magnitude lower than Hg2þ.
This selective detection of organomercurial compounds could
be explained by the higher lipophilicity of the CH3eHgþ,
allowing this ion to cross cell membranes more easily [22,24].
As this biosensor was initially developed and tested to directly
detect methylmercury in situ, one could assume that exposing
the biosensor to sulfate-reducing microorganisms would
interfere with production of the luminescent signal. In the
present study, methylmercury production was concurrently
monitored using the biosensor and GCeICPeMS, and the
effects of cell biomass and sulfides on luminescence were
investigated using an SRB microorganism. Finally, this
biosensor was applied to 21 newly cultivated Desulfobulba-
ceae members which had been identified as abundant in the
Adour estuary system, thus extending our knowledge of the
role of this phylogenetic clade in Hg methylation.

2. Materials and methods
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2.1. Luminescent E. coli MC1061 biosensor for the
methylmercury
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Strain E. coli MC1061 containing the plasmid
pmerRBSBPmerlux and kindly provided by Dr Ivask, is a re-
combinant luminescent sensor strain expressing luxCDABE
genes in response to CH3eHgCl [19e21]. For all experiments,
E. coli MC1061 (pmerRBSBPmerlux) was cultivated on LB
medium (Pronadisa, Spain) with ampicillin (100 mg mL�1) in
a shaker (200 rpm) at 37 �C. The bacterial culture in expo-
nential growth phase (OD600 nm ¼ 0.8) was then centrifuged
for 10 min at 6000 �g. The optical density was adjusted to 1.0
OD with LB medium and immediately mixed in equal vol-
umes with the sulfate-reducing strains.
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2.2. Methylating and non-methylating models and
growth conditions
128
129
130
In order to test the biosensor for the detection of Hg-
methylating microorganisms, Desulfovibrio strain BerOc1
Please cite this article in press as: Colin Y, et al., Biosensor for screening bacter
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and Desulfovibrio strain G200 were used as positive and
negative controls, respectively, for CH3eHgCl production.
The Hg methylation potential of these strains was previously
evaluated using stable isotopically enriched Hg species
[15,25,26]. Desulfovibrio strain BerOc1 (kindly provided by
Dr. Ranchou-Peyruse), isolated from the French Mediterra-
nean coast, was able to demethylate CH3eHgþ and methylate
Hg2þ with a methylation yield of 25% [15]. The Desulfovibrio
strain G200 (kindly provided by Prof. Voordouw) did not
produce CH3eHgþ and was only able to cause demethylation
[26]. To limit the formation of potential Hg2þ ligands, SRB
growth based on the dissimilatory reduction of sulfate was, in
the first instance, eliminated by growth with respiration of
organic acids. Fumarate-Na (20 mM) and pyruvate-Na
(20 mM) were, respectively, used as electron acceptor and
electron donor. The strains were grown in a culture medium
that contained per liter: NaCl (5 g); MgCl2$6H20 (0.4 g);
CaCl2$2H20 (0.1 g); KH2PO4 (0.2 g); NH4Cl (0.25 g); KCl
(0.5 g); HEPES buffer (10 mM); selenite tungstate solution
(1 mL) [27]; trace element solution (1 mL) [28]; V7 solution
(1 mL) [29] and resazurin (0.001%) as a redox dye [27]. The
pH was adjusted to 7.2. Anoxic conditions were achieved
using N2 gas-flow with dithionite (200 mM), after sterilization.
Potential hydrolysis of the dithionite, used to reduce the
growth medium, may produce thiosulfate and sulfite which
may be further converted into sulfides (maximum 400 mM).
2.3. Suitability of the biosensor for determination of
biological Hg methylation
Production of the luminescent signal by E. coli MC1061
(pmerRBSBPmerlux) when co-exposed to Desulfovibrio strain
BerOc1 and Desulfovibrio strain G200 was investigated with
different inorganic mercury concentrations. In the late expo-
nential growth phase, Desulfovibrio strains were placed in
sterile Bellco tubes previously flushed with N2. The bacterial
cultures were then spiked with 1.85, 18.5, 37 or 185 nM of
HgCl2 and incubated at 37 �C for up to 6 h. Using an N2

flushed syringe, culture volumes of 100 mL were withdrawn in
triplicate after 0, 15, 60, 120, 240 and 360 min of incubation
and immediately stored at �20 �C. To screen for Hg
methylation, subsamples were defrosted and mixed aerobi-
cally with 100 mL of the biosensor suspension in poly-
propylene 96-well microplates (Thermo Scientific, Nunc).
Plates were incubated for 1 h at 37 �C (200 rpm) and the
luminescent signal was then measured at 482 nm using a
Multi-well Plate Reader (Series 4000 Perspective, Biosystem).
In order to assess the specificity of the biosensor signal, the
incubation of Desulfovibrio strain BerOc1 with 37 nM of
199Hg2þ was reproduced under the same culture conditions
(fumarate respiration), and methylmercury production was
determined in parallel using gas chromatography inductively
coupled plasma mass spectrometry (GCeICPeMS) and the
biosensor. For chemical analysis, 30 mL of pure HCl were
added to 3 mL of bacterial culture to stabilize the mercury
species at 4 �C. Samples were digested with 3 mL of nitric
acid 6 N under a microwave field and then submitted to
ial mercury methylation: example within the Desulfobulbaceae, Research in
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ethylation before GCeICPMS analysis according to Bridou
et al. [15].
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2.4. Impact of cell biomass and sulfides on
methylmercury detection
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Effects of cell biomass and reduced sulfur compounds on the
biological determination of CH3eHgþ were assayed using the
non-Hg-methylating Desulfovibrio strain G200 (negative con-
trol). For each experiment, the strain was grown under sulfate-
reducing conditions in the same culture medium, replacing
fumarate and pyruvate by lactate-Na (20 mM) and Na2SO4

(20 mM). Once in the late exponential growth phase, the cells
were harvested by centrifugation at 6000 �g for 10 min. Sul-
fides produced during the microbial growth were eliminated by
resuspending the pellet in the mineral base. Impact of cell
biomass was tested by performing tenfold serial dilutions of
Desulfovibrio strain G200. Optical density (600 nm) was used
as a quick approximation of cell abundance. Impact of sulfides
was tested with Desulfovibrio strain G200 (OD600 nm ¼ 0.150),
spiked with 0 up to 10 mM of exogenous sulfides [30] in the
mineral base. The normalized luminescence was calculated by
dividing the luminescence intensity by the luminescence in-
tensity obtained with no sulfides. For both experiments, sub-
samples were spiked with 200 nM of CH3eHgþ. Triplicate
samples of 100 mL were taken and mixed with E. coliMC1061
(pmerRBSBPmerlux) as described above. Results were
expressed as the mean ± SD for the triplicate, and the effect of
cell biomass and sulfides on the bioluminescent signal was
determined at 482 nm. The variation in bioluminescence was
statistically analyzed using linear regression and Student tests.
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2.5. Methylmercury detection threshold under sulfate-
reducing growth condition
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The methylmercury detection threshold of the biosensor was
determined by keeping the sulfides concentration constant at
5 mM in the presence of theDesulfovibrio strain G200 biomass.
Taking into account the dilution when adding the biosensor
suspension, 5 mM of sulfides in the bioassay corresponded to
10 mM of sulfides produced during sulfate-reducing growth
[15]. Samples were spiked with increasing concentrations of
CH3eHgþ up to 40 nM with or without HgCl2 (74 nM). In
addition, the background signal potentially induced by the
HgCl2 spike was estimated under the same conditions of
biomass and sulfides in the presence of 74 nM and 185 nM of
HgCl2, but without CH3eHgþ. The bioluminescent signal was
determined at 482 nm and results were expressed as the
mean ± SD for the triplicates. The variation in bioluminescence
was statistically analyzed using the Student test.
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2.6. Determination of Hg methylation of newly
cultivated Desulfobulbaceae strains
127
128
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Twenty-one sulfate-reducing bacteria (SRB) were assayed
for their Hg methylation potentials using the biosensor E. coli
Please cite this article in press as: Colin Y, et al., Biosensor for screening bacter
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MC1061. These microorganisms are related to the Desulfo-
bulbaceae family and had been isolated from anoxic sedi-
ment of the Adour estuary on the French Atlantic Coast [31].
Strains failed to grow using organic acids (fumarate-Na
(20 mM) and pyruvate-Na (20 mM) as electron acceptor and
electron donor, respectively) and were thus grown under
sulfate-reducing conditions at 25 �C until the exponential
growth phase (DO600 nm ¼ 0.09e0.150). The culture medium
was prepared with water collected from the sampling site and
the following chemicals and solutions were added: KH2PO4,
0.20 g; NH4Cl, 0.24 g; selenite-tungstate solution [27]
(1 mL); trace element SL12 solution [28] (1 mL); vitamins
V7 solution [29] (1 mL); HEPES buffer, 10 mM; resazurin
solution [27] (1 mL). Electron donors were lactate, acetate,
pyruvate and glycerol (5 mM each) and the electron acceptor
was sulfate (20 mM). Bacterial cultures were amended with
1 mM of FeSO4$7H2O in order to complex the sulfides
produced during growth, and were then incubated with
185 nM of HgCl2 for 3 h at 25 �C. For each strain, triplicates
of 100 mL of the supernatants were taken and used to deter-
mine methylmercury production using the biosensor. Desul-
fovibrio strain BerOc1 and Desulfovibrio strain G200 were
used as positive and negative controls, respectively. The
bioluminescent signal induced with the spike of HgCl2 was
removed by subtracting the luminescence measured at the
beginning of incubation (L0H) from the luminescence
measured after 3 h of incubation at 25 �C (L3H). Finally, the
value was normalized using the optical density of the SRB
(OD600 nm) and using the following formula: L ¼ (L3H�L0H)/
OD600 nm.

Based on the partial 16S rRNA gene sequences of
the Desulfobulbaceae strains (800 bp), a phylogenetic
tree was constructed using neighbor-joining [32] with
MEGA software version 4 [33]. Bootstrap trials were set
at 1000 replicates and shown on the nodes of the tree.
Based on hgc genes available in public databases and
related to the sulfate-reducing bacteria, primers hgcAF1
(GGMRTYAAYGTCTGGTG) and hgcBR1 (TGCATG-
GARTGCGGSG) were designed and tested to amplify the Hg
methylation-related genes (hgcA and hgcB) of the Desulfo-
bulbaceae strains tested. PCR conditions were optimized as
follow: 0.4 mM of each primer, 0.2 mM of dNTPs, 3 mM of
MgCl2, 2U of Taq DNA polymerase (Eurobio) in its buffer.
PCR was carried out as follows: 5 min at 94 �C for the initial
denaturation, 34 cycles of 30 s at 94 �C, 30 s at 60 �C, 45 s at
72 �C; and a final extension for 10 min at 72 �C. PCR
products were run on 1% agarose gel and purified with the
GFX DNA and Gel Band Purification kit (GE Healthcare).
Amplicons were ligated into the PCRTOPO 2.1 TA cloning
vector (Invitrogen, The Netherlands) and transformed into
competent E. coli TOP 10F0 cells (Invitrogen, The
Netherlands) according to the manufacturer's instructions.
The partial hgc gene sequences of the strains isolates deter-
mined in this study have been deposited in the European
Nucleotide Archive (ENA) under accession numbers
LT746361 to LT746380.
ial mercury methylation: example within the Desulfobulbaceae, Research in
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3. Results and discussion
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3.1. Suitability of the biosensor for determination of
biological Hg methylation
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Throughout this study, Desulfovibrio strains BerOc1 and
strain G200 were used as positive and negative controls,
respectively. They were used to monitor methylmercury pro-
duction with the bacterial sensor over time and with various
HgCl2 concentrations (Fig. 1). Whichever HgCl2 concentra-
tion was used, the initial signal (T0) was very low. A low
bioluminescent signal was reported for Desulfovibrio strain
G200 for all HgCl2 concentrations tested (luminescent signal
between 1 and 5). In contrast, a significantly higher lumines-
cent signal was detected after only 15 min of incubation at
37 �C when Desulfovibrio strain BerOc1 was incubated with
HgCl2 concentrations from 18.5 up to 185 nM (Fig. 1). These
results demonstrate the CH3eHgþ-selective detection of
sensor E. coli MC1061 (pmerRBSBPmerlux). A spike of
1.85 nM of HgCl2 did not allow Hg methylation to be detec-
ted. We hypothesized that the CH3eHgþ produced was
probably below the detection limit. The time to reach the
maximum signal intensity was estimated to be 50e120 min for
all incubations (Fig. 1), and probably corresponds to a balance
between methylation and demethylation activities, as already
described by Bridou et al. [15]. The luminescence due to
CH3eHgþ production increased proportionally (2-fold) in
microbial cultures spiked with 18.5 and 37 nM of HgCl2,
suggesting a linear response between the amount of CH3eHgþ

formed and the light intensity. The culture incubated with
185 nM of HgCl2 provided the highest luminescence, but it
was only double that of the culture spiked with 37 nM of
HgCl2. This result may originate from biosensor signal satu-
ration or a non-linear response of the BerOc1 strain with
increasing HgCl2 concentrations. This will not prove to be a
Fig. 1. Bioluminescence in E. coli MC1061 (pmerRBSBPmerlux) over time

when incubating Desulfovibrio strain BerOc1 with different HgCl2 concen-

trations (1.85; 18.5; 37 and 185 nM), under fumarate respiration. Data

represent mean ± SD of three independent measurements. Solid squares,

circles, triangles and diamonds refer to the bioluminescent signal measured

when spiking with 1.85, 18.5, 37 and 185 nM of HgCl2, respectively. Open

diamonds represent the optical density of Desulfovibrio strain BerOc1 at

600 nm over time.
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technical limitation for screening for new methylators when
using the same initial-HgCl2 concentration. Assuming Hg
methylation of 25% by Desulfovibrio strain BerOc1 [15], and
taking into account the dilution when adding the biosensor
suspension, the CH3eHgþ produced by Desulfovibrio strain
BerOc1 would be 0.25 nM and 2.5 nM when spiked, respec-
tively, with 1.85 nM (no signal) and 18.5 nM (luminescence
detected) HgCl2. This result is consistent with the detection
limit of 0.30 nM reported previously by Rantala and co-
workers [24].

In a new experiment, CH3eHgþ produced by Desulfovibrio
strain BerOc1 was concurrently monitored using
GCeICPeMS and the biosensor for an initial spike of 37 nM
of HgCl2 (Fig. 2A). The

199CH3eHgþ concentration detected
after 6 h of incubation was 13.2 nM (35% of the HgCl2 added)
and was consistent with the 25% Hg methylation of the strain
previously tested [15]. Linear regression analysis data showed
a positive relationship between CH3e199Hgþ detected with
the chemical method and bioluminescence measured at
482 nm, with a coefficient of regression value r2 ¼ 0.99
Fig. 2. Comparison between GCeICPeMS and E. coli MC1061

(pmerRBSBPmerlux) for monitoring of biological methylmercury production.

A) Gas chromatography inductively coupled plasma detection was used to

determine the methylmercury concentrations produced by Desulfovibrio strain

BerOc1 grown under fumarate respiration and spiked with 37 nM of HgCl2. B)

Linear regression analysis of the methylmercury concentrations estimated by

GCeICPeMS and the bioluminescence in E. coli MC1061 (pmerRBSBP-

merlux) when Desulfovibrio strain BerOc1 was incubated with 37 nM of

HgCl2.
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(Fig. 2B). This result confirmed the good specificity and linear
signal of the biosensor to CH3eHgþ produced by Desulfovi-
brio strain BerOc1 at low HgCl2 concentrations with, again, a
detection limit below 2 nM (Fig. 2A and B).
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3.2. Impact of cell biomass and sulfides on
methylmercury detection
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In the present study, all sulfate reducers were tested for
their Hg methylation potential during the late exponential
phase of growth in order to avoid any biases. Indeed,
depending on the physiological status of cells, one could hy-
pothesize that Hg methylation rates may vary. Moreover, in
contrast to environmental methylmercury detection in water
samples, the application of the biosensor in growing microbial
cultures may impact the CH3eHgþ detection threshold.
Indeed, during microbial growth, the cell biomass (cell enve-
lope) as well as reduced sulfur compounds at the mM range
formed during the dissimilatory reduction of sulfate [15] may
constitute potential ligands for mercury compounds [13]. Our
bioluminescence measurements showed equivalent values for
all cell biomasses tested (OD600 nm ¼ 0.007e0.122).
Regarding the p-value of linear regression analysis (p > 0.05),
cell density did not impact the results of the assay in short-
time experiments (Fig. S1). Amongst the inorganic ligands,
sulfides are considered as the most effective under anoxic
conditions, controlling the speciation of mercury in ecosys-
tems [34,35]. Even though low concentrations were found to
enhance Hg2þ uptake and methylation rates, higher concen-
trations will reduce its bioavailability [4]. In comparison with
the bacterial culture without sulfides, our study revealed a
reduction in the bioluminescent signal when incubating
Desulfovibrio strain G200 with sulfides (t-test, p < 0.01)
(Fig. 3). This reduction of luminescence reached 50e70% in
the presence of 5e10 mM of sulfides. The reduced signal
intensity could arise because of the binding of methylmercury
to sulfides or the potential toxic effect of sulfides on biosensor
Fig. 3. Bioluminescence in E. coli MC1061 (pmerRBSBPmerlux) when the

non-Hg-methylating strain Desulfovibrio G200 was incubated with 200 nM of

CH3eHgCl and varying sulfide concentrations (0e10 mM). Normalized

luminescence was calculated by dividing the luminescence intensity by the

luminescence intensity obtained with samples without sulfides. Data represent

mean ± SD of three independent measurements.
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functioning. At this stage, further experiments are needed to
identify the main reasons for interferences due to sulfides in
the culture medium. As a consequence, cultivation of SRB
within sulfate-containing media has to be taken into consid-
eration, especially when microorganisms display low Hg
methylation potential. Since not all SRB strains can be tested
under either fermentation or fumarate respiration, increasing
the initial HgCl2 concentration partly overcomes this
limitation.
3.3. The methylmercury detection threshold under
sulfate-reducing growth condition
In order to estimate the CH3eHgþ detection threshold of
the biosensor for strains cultivated under sulfate-reducing
conditions, Desulfovibrio strain G200 culture was incubated
with 5 mM sulfide and with increasing concentrations of
CH3eHgþ. Mixtures of CH3eHgþ (same concentration range)
with 74 nM of HgCl2 were also tested and the results did not
vary significantly (t-test, p > 0.05) compared to CH3eHgþ

alone (Fig. 4). The luminescent signal potentially induced by
inorganic mercury when spiking bacterial cultures with 74 or
185 nM of HgCl2 was determined, and this provided the
baseline for the CH3eHgþ detection limit (3 and 6 light units,
respectively) (Fig. 4). CH3eHgþ concentrations of �8 nM
provided a luminescent signal significantly higher than the
detection baselines (Fig. 4). The detection limit for CH3eHgþ

was around 8 nM and was independent of the initial HgCl2
concentration. This indicates that Hg methylation potentials
over 10% and 4% could be detected in the presence of 74 or
185 nM HgCl2, respectively.
3.4. Determination of Hg methylation of newly
cultivated Desulfobulbaceae strains
Biosensor MC1061 (pmerRBSBPmerlux) was used to
determine the Hg methylation potential of 21 sulfate-reducing
Fig. 4. Bioluminescence in E. coli MC1061 (pmerRBSBPmerlux) when non-

Hg-methylating strain Desulfovibrio G200 contained 5 mM of sulfides and

was spiked with increasing concentrations of methylmercury (0e40 nM)

(filled circles). The luminescent signal potentially induced with 74 nM of

inorganic mercury was determined (empty circles). Data represent mean ± SD

of three independent measurements.
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bacteria. All strains were related to the Desulfopila, Desulfo-
talea and Desulfobulbus genera and were isolated from anoxic
sediments of the Adour estuary [31]. Depending on the culture
technique, this phylogenetic clade was found abundantly in the
first sediment layers and the most-probable-number assay
estimated 1.3 � 106 cells per cm3 of sediment [31]. Based on
the 16S rRNA gene, strains were phylogenetically very close,
showing 96.2%e100% sequence similarity. The occurrence of
minor but consistent genotypic variations amongst these mi-
croorganisms was confirmed by sequencing the dsrAB gene
sequences (74%e100% sequence similarity) allowing closely
related strains to be distinguished (data not shown).

Only 2 strains belonging to the Desulfobulbaceae had been
investigated for their Hg2þ methylation activity before this
study [6,36]. Our knowledge of the diversity and distribution
of hgc genes in this sulfate-reducing family remains limited,
and further references strains are required in order to enrich
database used by culture-independent studies. In this context,
21 Desulfobulbaceae strains were cultivated under sulfate-
reducing conditions as described in [31]. Even though
Desulfopila- and Desulfotalea-related strains shared high 16S
rDNA sequence similarities, their Hg methylation potential
varied considerably (Fig. 5). Using the bacterial sensor, strains
PR2A12, PR4H04, PR5B01, PR8E06 and PR2D11 were
identified as Hg methylators. Other closely related strains did
not exhibit Hg methylation capacities or, the CH3eHgþ pro-
duced was below the detection limit. Among SRB belonging
to the d-Proteobacteria, Ekstrom et al. [37] had already
demonstrated that Hg methylation was not metabolic-group-
Fig. 5. Phylogenetic tree based on the 16S rRNA gene sequences (accession numb

Adour estuary sediments. The tree was constructed using the neighbor-joining meth

the nodes. Strains were grown under sulfate-reducing conditions and spiked with

biosensor E. coli MC1061 (pmerRBSBPmerlux). Strains reported as Hg methylators

according to the formula (L3H�L0H)/OD600 nm. The bacterial strains for which h

asterisk.

Please cite this article in press as: Colin Y, et al., Biosensor for screening bacter

Microbiology (2017), https://doi.org/10.1016/j.resmic.2017.09.005
dependent. Hg methylation capacities may be strain-
dependent rather than genus or metabolic group dependent
among the Desulfobulbaceae family. In comparison to the
luminescence measured for Desulfovibrio strain BerOc1,
strains PR2A12, PR4H04, PR5B01, PR8E06 and PR2D11
displayed equivalent or higher methylation potentials. Finally,
Desulfobulbus-related strains PR8A05 and PR2D12 were
found to produce less CH3eHgþ compared to strains affiliated
with the Desulfopila and Desulfotalea genera (Fig. 5). Both
strains are closely related to the strain Desulfobulbus propio-
nicus, formerly identified as an Hg methylator [6,36]. Based
on the molecular study of microbial communities involved in
Hg methylation, Mosher and co-workers [38] demonstrated
that Desulfobulbus genus members positively correlated with
methylmercury in contaminated stream sediments. Recurrent
mercury contamination combined with high abundance of this
clade in anoxic sediments (>106 cells per cm3) may pose a risk
to human populations.

Using the primer developed in this study, the two-gene cluster
involved in Hg methylation, hgcA and hgcB, could be amplified
from 11 out of the 21 Desulfobulbaceae members tested
(Fig. S3). However, among the 7 Hg methylators detected using
the bacterial sensor, Hg-methylation-related genes could be
amplified only from strains PR2A12, PR8E06, PR2D12 and
PR8A05. In contrast, strains PR5F08, PR6A05, PR5G01,
PR4C04, PR6H10, PR8E02, and PR7H05, for which no Hg
methylation activity was formerly reported with the biosensor,
carry both hgcA and hgcB genes and were partially sequenced.
Using the new primer set developed by Christensen et al. [39],
ers: HE600725eHE600902) from sulfate-reducing isolates recovered from the

od. Bootstrap values (in %) are based on 1000 replicates each and are shown at

185 nM of HgCl2. Their Hg methylation potential was determined with the

are in bold in the phylogenetic tree and CH3eHg
þ production was expressed

gc genes were successfully amplified and sequenced are highlighted with an
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additional positive amplifications of hgc genes were obtained for
strains PR4H04, PR5A03, PR7B05, PR5B01, PR7D06,
PR6H10, PR2A10, PR6A02, PR8B06 and PR2D11. Never-
theless, these new amplicons failed to be sequenced, possibly due
to primer dimer formation or to the fact that Hg-methylation-
related genes are GC-rich DNA sequences [39]. Such a result
suggests that further primer development or other primers sets are
required in order to fully investigate the genetic diversity of hgc
genes within sulfate reducers. The detection of hgc genes in
Desulfobulbaceae strains which were identified as non-Hg-
methylators by the biosensor revealed that these bacterial
strains can be involved in Hg methylation in situ. The growth
conditions used in the laboratory may not fulfill all conditions
required to ensure optimal Hg methylation by sulfate reducers,
resulting in methylation rates below the detection threshold. In
natural habitats, geochemical processes are suspected to signif-
icantly influence Hg availability and thus, indirectly, Hg
methylation rates [40,41]. Moreover, sulfate-reducing bacteria
are known to use versatile energy metabolic pathways [42], and
not yet identified regulation processes can potentially impact
bacterial Hg methylation activities. Interestingly, translation of
the PCR-amplified genes sequences revealed that strain PR5F08
exhibited a mutation resulting in premature termination of
translation of the hgcA gene (Fig S2). This mutation was
confirmed from the forward and reverse primers, and was sug-
gested to have serious effects on Hg methylation activity, since
the incomplete corrinoid protein would probably be non-
functional. As the primer set developed in this study does not
amplify the full length of the two-gene cluster, it can be expected
that other nonsense mutations, resulting in an unfinished protein
product, occur in the other bacterial strains tested and signifi-
cantly impact their Hg methylation activity. As a consequence,
studies exclusively based on culture-independent techniques and
amplifying partial hgc genes must be cautious in their interpre-
tation of Hg methylation capacities of prokaryotes.

In conclusion, biosensor E. coli MC1061 (pmerRBSBPmer-
lux) was successfully used to determine the Hg methylation
potential of sulfate-reducing bacteria. Even if this biological
tool is not as accurate as a chemical quantification, it constitutes
a quick and easy way to screen for CH3eHg

þ production
among sulfate-reducing bacteria. Twenty-one newly cultivated
Desulfobulbaceae strains were tested for their Hg methylation
potential, and 7 were identified as Hg methylators. Further
studies on the presence of hgcA and hgcB genes in these strains
are needed to investigate why closely related microorganisms
exhibit differing Hg methylation potential. Recently, iron-
reducing bacteria, methanogens, syntrophs, acetogens and
fermentative firmicutes were reported to be Hg methylators by
investigating the whole genome database [14], and were further
shown to produce CH3eHg

þ [11].These results suggested that
Hg methylation is not restricted to sulfate and iron-reducing
bacteria, and other Hg-methylating phylogenetic groups are
still to be identified. The combination of high-throughput
cultivation of anaerobes in 384-well microplates [31], com-
bined with the use of a biosensor for organomercurial com-
pounds, may be considered as a method to screen for the
presence of Hg-methylating bacteria in the environment. The
Please cite this article in press as: Colin Y, et al., Biosensor for screening bacter
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newly identified Hg methylators could then be used to expand
the hgcA and hgcB sequence database and to further develop in
situ molecular studies of these genes.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

Yannick Colin received funding from the French Ministry
of Education and Investigation and the French National
Agency for Research (ANR) through the INTERCONNECT
Project (grant ANR-11-CESA-0020) and the INSU through
the EC2CO project (DIRECT and MERCURY). A. Ivask and
collaborators kindly provided E. coli MC1061 (pmerRBSBP-
merlux) used in this study. Our thanks to Rosie Cox for cor-
recting the English and to reviewers for improving the
manuscript.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.resmic.2017.09.005.

References

[1] Legrand M, Lam R, Sousa Passos CJ, Mergler D, Salin ED, Chan HM.

Analysis of mercury in sequential micrometer segments of single hair

strands of fish-eaters. Environ Sci Technol 2007;41:593e8.

[2] Merritt KA, Amirbahman A. Methylmercury cycling in estuarine sedi-

ment pore waters (Penobscot River estuary, Maine, USA). Limnol Oce-

anogr 2008;53:1064.

[3] Compeau GC, Bartha R. Sulfate-reducing bacteria: principal methylators

of mercury in anoxic estuarine sediment. Appl Environ Microbiol 1985;

50:498e502.

[4] Gilmour CC, Henry EA. Mercury methylation by sulfate-reducing bac-

teria-biogeochemical and pure culture studies. Abstr Pap Am Chem Soc

1992;203. AMER CHEMICAL SOC 1155 16TH ST, NW, WASHING-

TON, DC 20036, p. 140eGEOC.

[5] Benoit JM, Mason RP, Gilmour CC. Estimation of mercury-sulfide

speciation in sediment pore waters using octanol-water partitioning and

implications for availability to methylating bacteria. Environ Toxicol

Chem 1999;18:2138e41. http://dx.doi.org/10.1002/etc.5620181004.

[6] King JK, Kostka JE, Frischer ME, Saunders FM. Sulfate-reducing bac-

teria methylate mercury at variable rates in pure culture and in marine

sediments. Appl Environ Microbiol 2000;66:2430e7.

[7] Fleming EJ, Mack EE, Green PG, Nelson DC. Mercury methylation from

unexpected sources: molybdate-inhibited freshwater sediments and an

iron-reducing bacterium. Appl Environ Microbiol 2006;72:457e64.
[8] Kerin EJ, Gilmour CC, Roden E, Suzuki MT, Coates JD, Mason RP.

Mercury methylation by dissimilatory iron-reducing bacteria. Appl En-

viron Microbiol 2006;72:7919e21.
[9] Yu R-Q, Flanders JR, Mack EE, Turner R, Mirza MB, Barkay T.

Contribution of coexisting sulfate and iron reducing bacteria to methyl-

mercury production in freshwater river sediments. Environ Sci Technol

2012;46:2684e91.
[10] Hamelin S, Amyot M, Barkay T, Wang Y, Planas D. Methanogens:

principal methylators of mercury in lake periphyton. Environ Sci Technol

2011;45:7693e700.

[11] Gilmour CC, Podar M, Bullock AL, Graham AM, Brown SD,

Somenahally AC, et al. Mercury methylation by novel microorganisms

from new environments. Environ Sci Technol 2013;47:11810e20.
ial mercury methylation: example within the Desulfobulbaceae, Research in

https://doi.org/10.1016/j.resmic.2017.09.005
http://dx.doi.org/10.1002/etc.5620181004


8 Y. Colin et al. / Research in Microbiology xx (2017) 1e8

RESMIC3617_proof ■ 29 September 2017 ■ 8/8

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
[12] Gilmour CC, Elias DA, Kucken AM, Brown SD, Palumbo AV,

Schadt CW, et al. Sulfate-reducing bacterium Desulfovibrio desulfur-

icans ND132 as a model for understanding bacterial mercury methyl-

ation. Appl Environ Microbiol 2011;77:3938e51.

[13] Graham AM, Aiken GR, Gilmour CC. Dissolved organic matter en-

hances microbial mercury methylation under sulfidic conditions. Environ

Sci Technol 2012;46:2715e23.

[14] Parks JM, Johs A, Podar M, Bridou R, Hurt RA, Smith SD, et al. The

genetic basis for bacterial mercury methylation. Science 2013;339:

1332e5.

[15] Bridou R, Monperrus M, Gonzalez PR, Guyoneaud R, Amouroux D.

Simultaneous determination of mercury methylation and demethylation

capacities of various sulfate-reducing bacteria using species-specific

isotopic tracers. Environ Toxicol Chem 2011;30:337e44. http://

dx.doi.org/10.1002/etc.395.

[16] Ebdon L, Foulkes ME, Roux SL, Mu~noz-Olivas R. Cold vapour atomic

fluorescence spectrometry and gas chromatography-pyrolysis-atomic

fluorescence spectrometry for routine determination of total and organ-

ometallic mercury in food samples. The Analyst 2002;127:1108e14.
http://dx.doi.org/10.1039/B202927H.

[17] Selifonova O, Burlage R, Barkay T. Bioluminescent sensors for detection

of bioavailable Hg (II) in the environment. Appl Environ Microbiol 1993;

59:3083e90.
[18] Tescione L, Belfort G. Construction and evaluation of a metal ion

biosensor. Biotechnol Bioeng 1993;42:945e52.

[19] Ivask A, Hakkila K, Virta M. Detection of organomercurials with sensor

bacteria. Anal Chem 2001;73:5168e71.
[20] Hakkila K, Maksimow M, Karp M, Virta M. Reporter genes lucFF,

luxCDABE, gfp, and dsred have different characteristics in whole-cell

bacterial sensors. Anal Biochem 2002;301:235e42.
[21] Ivask A, R~olova T, Kahru A. A suite of recombinant luminescent bac-

terial strains for the quantification of bioavailable heavy metals and

toxicity testing. BMC Biotechnol 2009;9:41.

[22] Nagata T, Muraoka T, Kiyonoa M, Pan-Hou H. Development of a

luminescence-based biosensor for detection of methylmercury. J Toxicol

Sci 2010;35:231e4.

[23] Frackman S, Anhalt M, Nealson KH. Cloning, organization, and

expression of the bioluminescence genes of Xenorhabdus luminescens.

J Bacteriol 1990;172:5767e73.

[24] Rantala A, Utriainen M, Kaushik N, Virta M, V€alimaa A-L, Karp M.

Luminescent bacteria-based sensing method for methylmercury specific

determination. Anal Bioanal Chem 2011;400:1041e9.
[25] Ranchou-Peyruse M, Monperrus M, Bridou R, Duran R, Amouroux D,

Salvado JC, et al. Overview of mercury methylation capacities among

anaerobic bacteria including representatives of the sulfate-reducers: im-

plications for environmental studies. Geomicrobiol J 2009;26:1e8.

[26] Pedrero Z, Bridou R, Mounicou S, Guyoneaud R, Monperrus M,

Amouroux D. Transformation, localization, and biomolecular binding of

Hg species at subcellular level in methylating and nonmethylating

sulfate-reducing bacteria. Environ Sci Technol 2012;46:11744e51.

[27] Widdel F, Bak F. Gram-negative Mesophilic Sulfate-reducing Bacteria.

The Prokaryotes. Springer; 1992. p. 3352e78.
Please cite this article in press as: Colin Y, et al., Biosensor for screening bacter

Microbiology (2017), https://doi.org/10.1016/j.resmic.2017.09.005
[28] Overmann J, Fischer U, Pfennig N. A new purple sulfur bacterium from

saline littoral sediments, Thiorhodovibrio winogradskyi gen. nov. and sp.

nov. Arch Microbiol 1992;157:329e35.
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