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’ INTRODUCTION

Mercury (Hg) methylation is a key process in the under-
standing of the Hg biogeochemical cycle. Once produced in an
aquatic system, methylmercury (MeHg), the neurotoxic form of
Hg, is bioaccumulated in organisms and bioamplified through
food webs. In freshwater systems, it is generally accepted that Hg
methylation takes place in deep and littoral sediments,1�3 and in
anoxic hypolimnions of lakes.4 However, some studies have also
demonstrated the ability of periphyton to methylate Hg.5�9 For
instance, in the Everglades and Brazil, periphyton methylated Hg
at higher rates than sediments,8,10 which can be explained by the
highermicrobial biomass per gDW in periphyton than in sediments.
MeHg concentrations generally account for 3 to 50% of total Hg
(THg) measured in wetland periphyton (Hamelin et al., unpub-
lished data). High Hg methylation (MHg) rates and MeHg
concentrations in periphyton could lead to high MeHg concen-
tration in fish, since periphyton is a more direct food source than
sediment microbes for benthic primary consumers.11�13 Con-
sidering the rapid turnover of the periphytic biofilm organisms,14,15

the amount of Hg that can be transferred to the top of the food
chain could be very high.

Differences between biofilm microbial composition and MeHg
concentrations in the ingested food could partly explain the

marked differences observed between mercury levels in grazers
from different aquatic systems.16 In aquatic environments, mercury
methylation is generally ascribed to the activity of anaerobic
bacteria, mainly to sulfate-reducing bacteria (SRB). This conclu-
sion principally rests on the common observation that inorganic
Hgmethylation rates declined when sediments were treated with
molybdate, a specific inhibitor of sulfate reduction.17�19 Even in
periphyton, SRB have been shown to play an important role in
mercury methylation.5,7,8 However, recent studies reported that
other microorganisms, namely iron reducing bacteria, may
methylate inorganic Hg.20,21

In this study, our objectives were the following: (1) tomeasure
Hg methylation and demethylation rates by periphyton in the
wetland area of a large shallow fluvial lake, using stable isotope
tracers; (2) to identify the main methylators by the addition of
metabolic inhibitors; and (3) to characterize the active microbes
in the periphytic biofilms using 16S rRNA gene sequencing. In
most studies where MHg or demethylation (DHg) rates were
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ABSTRACT: Mercury methylation and demethylation rates were measured in
periphyton biofilms growing on submerged plants from a shallow fluvial lake
located along the St. Lawrence River (Quebec, Canada). Incubations were per-
formed in situ within macrophytes beds using low-level spikes of 199HgO and
Me200Hg stable isotopes as tracers. To determine which microbial guilds are
playing a role in these processes, methylation/demethylation experiments were
performed in the absence and presence of different metabolic inhibitors: chlor-
amphenicol (general bacteriostatic inhibitor), molybdate (sodium molybdate, a
sulfate reduction inhibitor), BESA (2-bromoethane sulfonic acid, a methanogen-
esis inhibitor), and DCMU (3-(3,4-dichlorophenyl)-1,1 dimethyl urea, a photo-
synthesis inhibitor). Active microbes of the periphytic consortium were also
characterized using 16S rRNA gene sequencing. Methylation rates in the absence
of inhibitors varied from 0.0015 to 0.0180 d�1 while demethylation rates ranged
from 0.083 to 0.217 d�1, which corresponds to a net methylmercury balance of�0.51 to 1.28 ng gDWperiphyton�1 d�1. Methylation
rates were significantly decreased by half by DCMU and chloramphenicol, totally inhibited by BESA, and were highly stimulated by
molybdate. This suggests that methanogens rather than sulfate reducing bacteria were likely the primarymethylators in the periphyton
of a temperate fluvial lake, a conclusion supported by the detection of 16S rRNA gene sequences that were closely related to those of
methanogens. This first clear demonstration of methanogens’ role in mercury methylation in environmental periphyton samples
expands the known diversity of microbial guilds that contribute to the formation of the neurotoxic substance methylmercury.
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related to the composition of the microbial community, organ-
isms previously known as Hg methylators, like SRB, were the
only ones targeted by molecular probes.7 Here, the whole
community RNA, rather than DNA, was used and thus, mostly
microbes that were metabolically active were detected. Results of
metabolic inhibitor experiments, together with the molecular
characterization of a large sprectrum of periphytonmicroorganisms,
suggests for the first time a role for methanogens in periphyton
mercury methylation.

’MATERIALS AND METHODS

Study Site. The study took place in aquatic meadows of Lake
St. Pierre, a widening of the St. Lawrence River (46� 090 8200 N;
72� 590 1000 W) between Sorel and Trois-Rivi�eres, Qu�ebec, Canada.
More than half of this fluvial lake (total area of 375 km2) is covered
by macrophyte beds and wetlands. The dominant macrophyte
species observed in our sampling site were Potamogeton perfolia-
tus (Perfoliate pondweed), Elodea canadensis (Canadian water-
weed), Scirpus fluviatilis (River bulrush), and Thypha angustifolia
(Narrowleaf cattail).
Sampling. All sampling devices and tools for Hg measurements

were carefully acid-washed and rinsed with nanopure water.
Sampling was carried out at the end of summer, when macro-
phytes densities and water temperatures were high (mid-August
2004). A total of fifteen field replicates (3 per inhibitor treatment
and control) of submerged macrophytes and their associated
periphyton were sampled using 0.68-L Pac-man boxes (a smaller
cylindrical version of the 6-L Downing box,22 modified by C. Vis,
Centre de Service de l’Ontario, Parcs Canada) at 30�45 cm
depth. Care was taken during sampling to minimize losses and
disturbance of periphyton. Physicochemical characteristics of the
water (pH, light, temperature, and dissolved oxygen) were mea-
sured in situ with specific probes (Chekmite 4 pH meter,
Biospherical QSL-101 quantummeter, WTWOxi340 oximeter),
and water grab samples for DOC, THgwater, MeHgwater and
major ions were also taken once within macrophytes beds at the
same depth and the same time that periphyton/macrophytes
sampling was conducted. Water chemistry data and details on
laboratory analyses for these last samples are presented in the
Supporting Information.
Methylation/Demethylation Assays. Filtered lake water

(0.20-μm porosity) was spiked with 199HgO and Me200Hg (Oak
Ridge National Laboratory) at 3 ng 3 L

�1 each, and preincubated
for 1 h to allow equilibration with dissolved ligands. Thereafter
inhibitors were added before the addition of periphyton�
macrophyte complexes (7�10 g DW). Entire macrophytes with
their associated biofilm were incubated in situ in clear polycar-
bonate bottles (total incubation volume of 2 L) within macro-
phyte beds. Polycarbonate was chosen because this material has
optimal light transmittance with minimal Hg andMeHg sorption
to container walls.8,23 All the treatments contained periphyton�
macrophytes complexes and 199HgO andMe200Hg, and included
(1) control (without any inhibitor); (2) BESA (with addition of
5mM2-bromoethane sulfonic acid, a methanogenesis inhibitor);
(3) DCMU (with addition of 10 μM 3-(3,4-dichlorophenyl)-1,1
dimethyl urea, a photosynthesis inhibitor); (4) molybdate (with
addition of 20 mM sodium molybdate, a sulfate reduction
inhibitor), and (5) the general bacteriostatic inhibitor chloram-
phenicol (0.2 mM).5,24,25 Total incubation time was 48 h, but
every 12 h (at dawn and twilight), three replicate bottles were
sacrificed by adding 8 mL of 4 NHCl and samples were stored in

the dark at 21�23 �C (depending on in situ water temperature).
Once in the laboratory, periphyton was separated from macro-
phytes by mechanical shaking (9 min in a Red Devil paint shaker),
a method we had previously tested for removing periphyton
efficiently without destroying algal cells. The periphyton suspen-
sion was then split in 3 � 100-mL aliquots for each measure-
ment (biomass, THg, MeHg, MeHg stable isotopes, community
characterization). MeHg stable isotopes samples were analyzed
at Trent University (Dr. Hintelmann’s Laboratory), Ontario,
Canada. The formation and degradation ofMeHgwere determined
by monitoring the concentrations of the respective isotopes
Me199Hg and Me200Hg by gas chromatography�inductively
coupled plasma mass spectrometry, following protocols in Hintel-
mann and Ogrinc.26 To calculate MHg and DHg rate constants,
we used the following equations:27

NetMeHgproduction ¼ Km½Hg2þ� � Kd½MeHgþ� ð1Þ
where Km = specific MHg rate constant (in d�1) and Kd =
specific DHg rate constant (in d�1). Km and Kd were calculated
from the initial part of the slope of the relation (first 12 h)
between isotopic [MeHg+] and time when [Me199Hg+] and
[200Hg2+] were low enough to simplify eq 1 to

Km ¼ ½Me199Hgþ�=ðt½199Hg2þ�0Þ ð3Þ

½Me200Hgþ� ¼ ½Me200Hgþ�0e-Kdt ð4Þ
where [Me200Hg+]0 and [

199Hg2+]0 are the initial substrate con-
centrations added to the sample in ng g�1. Kd was obtained by
linear regression of ln[Me200Hg+] versus time (t) in days. As the
bioavailability of stable isotopes added is probably higher than
Hg found in the natural waters, these rates are considered maxi-
mum potential rates.
Biomass Determinations. Four 100-mL aliquots of periph-

yton suspension were filtered on precombusted and preweighed
GF/C and kept at �80 �C until analysis. For chlorophyll-α, the
extractions were done with hot ethanol.28 Dry weight wasmeasured
by drying filters (45 �C) to constant weight.29 Identification of
algae phototrophes to species level in Lugol’s solution was done
using an inverted microscope (Leica DMIRB), following Uterm€ohl’s
method.30

THg and MeHg Analyses. Prior to THg and MeHg analysis,
periphyton samples were freeze-dried and weighed. THg con-
centrations were measured by thermal decomposition using a
direct mercury analyzer (DMA 80; Milestone, MLS). From 0.05
to 0.10 g of samples were dried, combusted, and further decom-
posed on a catalytic column at 750 �C. Mercury vapors were
collected on a gold amalgamation trap and subsequently desorbed
by heat and then measured by atomic absorption spectrometry at
253.7 nm.31,32 Samples for MeHg analysis were freeze-dried,
weighed, and extracted in KOH/methanol (25%), and extracts
were analyzed by cold vapor atomic fluorescence (CVFAS).33,34

The working detection limit was 0.01 ng g�1 for Hg and 0.1 ng g�1

for MeHg (three times the standard deviation of 10 procedural
blanks). Blanks and certified reference material (TORT-2, SO-2,
and IAEA, CNRC) were analyzed every 10 samples to ensure
reproducibility and to assess QA/QC. Hg concentrations in
reference material varied slightly over time (CVFAS: TORT-2
CV = 1.7%; DMA: TORT-2 CV = 2.2%, SO-2 CV = 1.7%, and
IAEA CV = 2.2%) but were not significantly (p > 0.05) different
from certified values. No substantial Hg contamination was
detected in the blanks.
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Algal and Microbial Production. In parallel to MHg/DHg
measurements, determination of algal and microbial production
was performed by incubating periphyton/macrophytes com-
plexes during 48 h (with subsampling every 12 h) in order to
assess the efficiency of inhibitors in controlling periphyton
metabolic activity. Algal primary production was measured by
oxygen (O2) production directly in the bottles before and after
MHg/DHg incubations (YSI model 59, precision of (0.01 mg
O2 3 L

�1). Net primary production was calculated by subtracting
initial O2 concentration measured at time zero from the O2

concentration measured after incubation. Community respira-
tion was measured by the O2 consumption in dark bottles kept
under the same conditions as clear ones. For gross primary
production calculation, community respiration was added to the
net O2 production in the clear bottles.35

Production by the entire microbial community was estimated
from 3H-thymidine incorporation.36,37 Assumption was made
that most of the bacteria and archaea were able to incorporate
thymidine. One formaldehyde-sterilized control and three repli-
cate subsamples fromMHg/DHg bottles were spiked with 5 nM
thymidine (specific activity = 85 μCi nmol�1) and incubated for
30 min in glass vials. Incubations were conducted in a dark
insulated box containing water from the sampled station. At the
end of the incubation, thymidine incorporation was stopped
using formaldehyde (2% v/v final concentration). Cells were
collected on 0.2-μm Gelman polycarbonate filters, incubated for
10 min, and rinsed twice with 5 mL of cold 5% trichloroacetic
acid. Filters were stored at 4 �C and analyzed later by a liquid
scintillation counter (Beckman LS1801, Beckman Instruments).
Microbial Community Characterization. Biofilm RNA was

chosen rather than DNA in order to identify which microbes
from the biofilm were actively metabolizing and thus could have
played a role in MHg/DHg processes. The validity of this
approach rests on the fact that active microbes contain more
rRNA than inactive ones.38 The methods for RNA extraction,
DNase treatment, and end-point reverse transcription (RT)-
PCRwere used as described previously.39 Briefly, total RNA from
the periphyton samples was extracted using the DNAeasy Kit
(Qiagen). The extracted crude RNA samples were then diluted
to 50 μg 3mL

�1 for DNase treatment with the TURBO DNA-
free kit (Applied Biosystems) according to the manufacturer’s
instructions. The DNase-treated RNA samples were then diluted
to 10 μg 3mL

�1 and 1 μL (10 ng) of each RNA sample was used
as a template in each RT-PCR reaction, by following the protocol
for the Access RT-PCR System kit (Promega life science). For
bacterial sequences, PCR amplifications of the 16S rRNA gene
were carried out with primers 27f and 519r,40 whereas for
archaean sequences, amplifications were carried out with primers
344f and 907r.41,42 Control reactions did not include RT.
Reactions were incubated at 45 �C for 45 min for reverse transcrip-
tion to produce the first-strand cDNA, followed by 94 �C for
2 min to denature the RT, and followed by 40 amplification
cycles of 94 �C for 30 s, 53 �C for 20 s (for bacteria), or 48 �C for
30 s (for archaea), 68 �C for 1 min, and final extension at 68 �C
for 10 min.
Six clone libraries for the three most interesting treatments—

control, molybdate, and BESA (33 clones in each library)—were
constructed with the PCR products of 16S rRNA genes of
bacteria and archaea, individually. The 16S rRNA gene PCR
product of each sample was extracted from 1% agarose gel by
using the QIAquick Gel Extraction Kit (Qiagen Sciences, MD),
and was then cloned into pGEMT-easy vector (pGEMT-easy

Vector System, Promega, Madison, WI) according to the man-
ufacturer’s instructions. The ligation mixture was transformed
into Escherichia coli DH10B competent cells (Invitrogen, USA),
and transformants were selected on LB (Luria broth) agar
plates supplemented with ampicillin (100 μg 3mL�1) and X-gal
(40 μg 3mL�1). White colonies were picked and inoculated in LB
broth containing ampicillin, and plasmids were extracted from
these cultures to screen for insert-containing clones. For restric-
tion fragment length polymorphism (RFLP) analysis, the clones
were digested with EcoRI andHaeIII and run on 1% agarose gel. At
least three clones of each RFLP pattern were chosen; in total 31
clones were sent to Genewiz (South Plainfield, NJ) for sequencing.
The resulting sequence from each clone was used as query in

searches performed using BlastN (National Center for Biotech-
nology Information, Bethesda, MD) and myRDP (Ribosomal
Database Project II, East Lansing, MI) to identify the sequences
most closely related to the periphyton 16S rRNA genes. When
more than one sequence was found as top hits for a single
sequence, the highest common taxonomic rank shared by all hits
was chosen as the most closely related to the environmental
clone. In the case that a common rank did not exist among the
hits, we eliminated those that, based on their known character-
istics (e.g., extreme halophiles, thermophiles, or acidophiles),
were not likely to be found in the studied periphyton. The
sequences have been deposited in GenBank under accession
numbers HQ848523�HQ848553.

’RESULTS

Periphyton Biomass, Total and Methylmercury Concen-
trations. The algal community was mainly dominated by dia-
toms (Coconeis placentula, Navicula radiosa, Fragilaria capucina),
with few chlorophytes (Stigeoclonium nanum, Protoderma viride,
Spyrogyra sp.) and cyanophytes (Oscillatoria tenuis, Coelosphaer-
ium kuetzingianum).
Periphyton biomass varied from 1.5 to 4.8 mg DW gDW of

macrophytes�1 and algal biomass represented 678�773 μg Chl-
α gDWofmacrophytes�1.Mean THg andMeHg concentrations
in periphyton were 88( 30 and 3.9( 0.3 ng gDW�1 respectively.
Mercury Methylation and Demethylation Rates. In the

absence of inhibitors, methylation rates (Km) varied from 0.0015
to 0.0180 d�1 while demethylation rates (Kd) ranged from 0.083
to 0.217 d�1. A mass balance between MHg and DHg was
calculated considering in situ [THg] and [MeHg]; we obtained a
net variation ofMeHg from�0.51 to 1.28 ng gDWperiphyton�1

d�1. These theoretical variations ofMeHg are consistent with the
seasonal variations in [MeHg] measured in situ (Hamelin et al.,
manuscript in preparation).
Effect of Inhibitors on Primary Production and Microbial

Production. Net primary production without inhibition was
0.14 ( 0.01 mg O2 gDW�1 h�1. DCMU totally suppressed
periphytic photosynthesis while the other inhibitors did not
affect algal metabolism (Figure 1A). Microbial thymidine incor-
poration in control treatment was 6.15 ( 0.80 � 10�15 mole
thymidine gDW�1 h�1. BESA and chloramphenicol significantly
decreased microbial heterotrophic production by 50% while
molybdate stimulated it by 20% (Figure 1B).
Effect of Inhibitors on Mercury Methylation and De-

methylation Rates. DCMU and chloramphenicol significantly
decreased Km by half in periphyton and the addition of BESA
severely inhibited it by nearly 100% (Figure 1C). In contrast,
molybdate addition enhanced methylation rate up to 45 fold
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relative to unsupplemented controls (Figure 1C). Molybdate, the
only addition to affect demethylation rates, completely suppressed
it (Figure 1D).
Characterization of the Active Microbial community.

Groups of active bacteria and archaea were identified at the
end of the MHg/DHg experiments, for the treatments with
BESA, molybdate, and for the control. From the 16S rRNA clone
libraries, we obtained 9�12 sequences per treatment. Because of
the low number of clones that were sequenced, these sequences
represent highly dominant active taxa in the periphyton community
(Figure 2). Sequences representing taxa known to include Hg
methylators such as those of the Deltaproteobacteria, were not
detected in any of the libraries. On the other hand, sequences
most similar to those of methanogens were present in the three
archaean libraries. The control included 2 sequences most similar
to those of methanogens (Methanococcales andMethanobacteriales),
while BESA and molybdate treated peripyton included three
such sequences (Methanobacteriales, Methanococcales, and
Methanosarcinales).

’DISCUSSION

The most important result reported here is the clear evidence
for methylation by methanogens in environmental samples. This
conclusion is based on the observation that methylation was
totally inhibited by BESA (inhibitor of methanogenesis) and

Figure 1. Effect of inhibitor addition (mean ( standard error) on
epiphytic community as compared to control treatment during 48 h
incubation: (A) photosynthesis production, (B) microbial production,
(C) mercury methylation rate constants (Km d�1), and (D) mercury
demethylation rate constants (Kd d�1). * shows treatments that are
significantly different from control (Dunnett’s test, a = 0.05).

Figure 2. Proportion of each taxa representing active bacteria and
archaea in periphyton samples from MHg/DHg incubations with and
without metabolic inhibitors. Clone identification is based on DNA
sequences and groups established by RFLP patterns. The libraries
obtained with primer sets targeting archaeal (344f/907r) and bacterial
(27f/519r) were combined for presentation of each treatment results.
The decaled portions and the associated percentage correspond to the
methanogens. Archaeal orders are denoted by bold italic font and
bacterial orders are denoted by italic font only.

http://pubs.acs.org/action/showImage?doi=10.1021/es2010072&iName=master.img-001.jpg&w=229&h=600
http://pubs.acs.org/action/showImage?doi=10.1021/es2010072&iName=master.img-002.jpg&w=210&h=279
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highly stimulated by molybdate (inhibitor of sulfate-reduction)
and is strongly supported by the detection of transcripts of 16S
rRNA genesmost closely related to those of methanogenes in the
active periphyton community. The evidence that methanogens
methylate Hg in periphyton closes a circle in methylation
research which started in the 1960s by showing that Hg was
methylated by extracts of methanogens.43 Subsequently, many
studies with pure cultures and environmental incubations con-
tributed to the broadly accepted paradigm that SRB are the
principle Hg methylators.17,44 Our report brings us back to the
conclusion that methanogens in some environments methylate
Hg. Together with observations that Fe-reducing bacteria methy-
late Hg,20,21 the findings reported here call for a change in our
view of methylation from a process attributed to a single microbial
guild, SRB, to a process that may be carried out by several guilds
of anaerobic microbes. This change would necessitate studies on
the microbiological and environmental factors that determine
which group methylates under which conditions.
Mercury Methylation and Demethylation Rates in Periph-

yton. Km rates in Lake St. Pierre periphyton were slightly
lower than those measured by Desrosiers et al. (0.096�1.224
ngMeHg 3 d

�1)5 for epilithon of boreal shield lake, but they were
similar to the ones obtained with epiphytes from Florida wet-
lands (0.2�20%),6 and higher than values observed with epi-
phytes from a Wisconsin oligotrophic lake (0.011�0.062%).45

Microbial community composition and biofilm’s structure must
be important factors controlling MHg. In Desrosiers et al.,5

periphyton growing on artificial Teflon substrates were used,
whereas in the Everglades6 macrophytes were chopped in pieces.
In this study, epiphytes were collected on natural substrata
(macrophytes) and incubations were done without altering the
biofilm structure (e.g., without cutting macrophytes into pieces
or separating biofilms from their subsrate). In Wisconsin, the
periphyton was scraped from the substrate prior to incubation,45

which may have destroyed the integrity of the mat structure. The
multiple layers within periphyton matrix must influence Km and
Kd rates as more layers in the mat may enable a redox gradient,
thus creating more niches for different microbial groups to
coexist and participate in MHg processes.
The Kds measured here were similar to the ones reported by

Mauro et al. (nd�20%)6 with dense macrophyte-associated
periphyton from highly eutrophied zones of the Everglades.
However, our Kds were up to 35 times higher than the ones
measured by Korthals andWinfrey (0.62�1.28%)45 with periph-
yton from an oligotrophic lake in Wisconsin. Productivity of the
systemmust be a key factor controlling periphyton net DHg rates
and MeHg accumulation.43

Effect of Metabolic Inhibitors on Mercury Methylation
and Demethylation. Recent experiments using DCMU and
chloramphenicol with periphyton have reported a partial de-
crease of MHg as compared to control samples.5,8 Here, these
inhibitors decreased MHg rates by half, suggesting either direct
or indirect contribution of prokaryotes and phototrophs to MHg
processes. For instance, algae could directly methylate Hg,46 or
they could indirectly promote Hg methylation by releasing
metabolites involved in redox reactions in the biofilm matrix
thereby increasing bioavailable Hg concentrations for MHg.47

They could also excrete more algal organic carbon that would
fuel microbial metabolism and thus stimulate Hgmethylation. As
the inhibition of photosynthesis by DCMU did not affect
microbial production, the hypotheses of either the direct effect
and/or of controlling Hg bioavailability seem the more plausible.

Partial inhibition by chloramphenicol was also observed in
other studies with similar inhibition experiments.8,48 Chloram-
phenicol is a broad-spectrum prokaryotic inhibitor of bacterial
protein synthesis and is known to inhibit methanogens.49 How-
ever some bacteria, even some strains of SRB methylators, are
resistant to this chemical.50

By treating incubations with BESA (which inhibits coenzyme
M activity), we completely suppressed MHg, and by using
molybdate, we enhanced MHg 45 fold. As SRB are strong
competitors for the same sources of energy, their inhibition by
molybdate would stimulate other microbial guilds, which suggest
that methanogens played an important role in mercury methyla-
tion of the studied periphyton. Former studies that investigated
methanogens and SRB involvement in MHg51 found a slight
inhibition after BESA addition. Compeau and Bartha found also a
strong inhibition with molybdate, and they concluded that
methanogens played an indirect role and/or that SRB were more
efficient in the methylation processes.17

In this study, we observed a large increase in mercury methy-
lation following the addition of molybdate. This strongly sug-
gests that SRB are not likely to be significant methylators in our
periphyton biofilm even though the large increase in MHg may
be partially due to the complete inhibition of DHg by this
treatment. Indeed, as seen with the characterization of the active
microbial community, none of the identified 16s rRNA gene
sequences in the molybdate treatment were related to those of
SRB. Most of the studies measuring periphyton MHg rates with
molybdate addition found a substantial decrease in MHg rates,
from 60 to 95%.5,8 As discussed before, maybe differences in
trophic status of the systems, biofilm tickness, and niche diversity
enabled different groups of microbes to methylate. A few studies
have reported an absence of inhibition, or a low level of
stimulation of MHg, 1.5�1.9 fold, following molybdate addition
to lake sediments or bacterial cultures.21,52 Here, the observed 45
fold increase inMHg is markedly higher than what has previously
been reported.
Our results indicate that microbes other than SRB may be

important as methylators. In fact, molybdate increased microbial
production (Figure 1B), suggesting that molybdate addition
changed the dynamics of microbial interactions in the periphyton
consortium to favor the activity of the Hg methylators (Figure 1C).
Periphytic biofilms are complex communities with species re-
sponding differently to the presence of metabolic inhibitors.
Competition and also syntrophy betweenmethanogens and SRB
is well documented. SRB inhibition by molybdate leads to an
accumulation of short-chain fatty acids and hydrogen, as well as
acetate, propionate, and butyrate. Some of these substrates can
be used by methanogenic archaea in the absence of competition
from SRB.53 As they compete for some of the same nutrients and
electron donors,54 inhibition of one of the two groups may
channel the flow of energy toward the other group.
The absence of DHg under molybdate treatment suggests

three possible hypotheses: (1) SRB are the major players in DHg
under the conditions present in our biofilm, (2) methanogens
and other microbes are so efficient to methylate Hg that, even if
DHg occurs, it was not detectable because of the fast turnover to
MeHg, (3) given that a strong cooperation exists between
methanogens and sulfidogens51 whereby SRB provide metabolic
products that are consumed bymethanogens, then when SRB are
inhibited, maybe methanogens are not able to demethylate.
Using a similar approach as in our study, Oremland et al.55 and
Marvin-Dipasquale and Oremland56 investigated which microbes
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and processes were involved in oxidative DHg, the degradation of
MeHg to inorganic Hg and CO2, by sediment incubations and
bacterial cultures. Based on experiments with specific inhibitors,
they concluded that in anoxic freshwater sediments, both metha-
nogens and sulfidogens contributed to this process. Here, BESA
did not have an effect on DHg, suggesting that methanogens
were not directly involved in mercury demethylation by periph-
yton in our samples. Together, this study suggests a clear
distinction between the microbial guilds that methylate Hg
(methanogens) and degrade MeHg (SRB) in the periphyton in
Lake St. Pierre.
Most of the 16S rRNA gene sequences that were retrieved

from control, BESA, and molybdate treatments were most
similar to those common in water and sediments from estuaries
and freshwaters.57�60 Some of them are usually found under
anaerobic conditions, but they may be found in anaerobic
compartments within the aerobic biofilm matrix.61,62 Sequences
most closely related to those of methanogens were common in
the three treatments. Moreover, the proportion of methanogens
compared to the entire microbial community ranged from 16.6%
in BESA to 21.2% in control and to 33.3% in molybdate
treatment (Figure 2). Methanogens could be the ones respon-
sible for the high MHg observed in this last treatment. These
results provide an excellent starting point for future research into
more specifically identifying the species of methanogens respon-
sible for mercury methylation. We cannot exclude the possibility
that the other active microbes in our samples, as indicated by
similarity of 16S rRNA genes to those of common aerobes
(Neisseiriales, Pseudomonadales,Oscillatoriales, Thiotricales, Enter-
obacteriales, Actinomycetales, Burkholderiales, and Bacilliales),
contributed directly or indirectly to MHg or DHg.
This study reports significant rates of MHg in periphytic

biofilms of the largest fluvial lake of the St. Lawrence River. As
macrophyte beds are covering more than half of this lake, the
contribution of periphyton to the overall MeHg budget of this
large river should not be ignored. On a larger scale, recent
reports21,63 and this study may lead to a paradigm shift regarding
microbial methylation. Whereas in the past, SRB were seen as the
main methylators, it is now clear that in some systems other
microorganisms, such as methanogens and iron-reducers, methy-
late. The biotic complexity of periphytic biofilm and its ever-
changing redox conditions probably create a highly competitive
environment where populations and their activities change rapidly.
More research is needed on the genetic identification of microbes
in natural consortiums, synergies and competitions among them,
and the in situ conditions determining who are the main Hg
methylators in a given environment and under certain conditions.
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