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Abstract

Biofilms can methylate mercury (Hg) at higher rates than unattached bacteria and are increasingly
recognized as important Hg methylation sites in the environment. Our previous study showed that
methylation rates in biofilm cultures were up to 1 order of magnitude greater than those in
planktonic cultures of a sulfate-reducing bacterium. To probe whether the differential Hg
methylation rates resulted from metabolic differences between these two cultures, Hg methylation
assays following molybdate or chloroform inhibition (a specific inhibitor of the acetyl-CoA
pathway) were conducted on biofilm and planktonic cultures of Desulfovibrio desulfuricans
strains M8 and ND132. Molybdate was as effective in inhibiting Hg methylation as well as growth
in both planktonic and biofilm cultures. The addition of chloroform only impacted Hg methylation
in biofilm cultures, suggesting that different pathways are used for methylation in biofilm
compared to planktonic cultures. To investigate this further, expression of the cooS gene, which
encodes for carbon monoxide dehydrogenase, a key enzyme in the acetyl-CoA pathway, was
compared in biofilm and planktonic cultures of ND132. Biofilm cultures showed up to 4 times
higher expression of cooS than planktonic cultures. On the basis of these results, the acetyl-CoA
pathway appears to play an important role in methylation in biofilm cultures of this organism,
possibly by supplying the methyl group to Hg methylating enzymes; methylation in planktonic
cultures appears to be independent of this pathway. This observation has important implications,
particularly in developing reliable models to predict Hg methylation rates in different
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environments and perhaps eventually in being able to control this undesirable chemical
transformation.

INTRODUCTION
Elevated concentrations of methylmercury (MeHg) in natural ecosystems, mostly produced
in situ by specific microbial guilds, are of vital environmental concern because MeHg is a
potent neurotoxin that can readily accumulate in aquatic and terrestrial food chains, posing a
threat to wildlife and human health.1,2 Dissimilatory sulfate-reducing bacteria (SRB) and
iron-reducing bacteria are now widely recognized as the primary methylators of mercury
(Hg) in most aquatic systems;3–8 however, nearly all previous mechanistic methylation
studies to date have been solely conducted with planktonic cultures of these methylating
microbes, even though many acknowledge that the majority of bacteria in both natural and
engineered environments (including those in soil) live as sessile cells, or biofilms.9,10

Indeed, attached microbial communities, such as periphyton in wetlands and microbial mats,
are increasingly recognized as important sites for environmental Hg methylation.11–14

While much remains to be learned about the role of environmental biofilms in the Hg
methylation process, at present biofilms are known to provide conditions conducive to the
growth of anaerobic organisms (including methylating microbes) in systems that would be
considered oxic at the bulk scale owing to reduced microzones that form during biofilm
growth.15–18 The nutrient cycling and symbiotic relationships among organisms that occur
in biofilms may also drive Hg methylation.19–21 For example, the coexistence of SRB with
phototrophic sulfur-oxidizing bacteria may be of particular importance in MeHg formation
because sulfur oxidizers consume sulfide,4,22–25 which may maintain favorable chemical
speciation for Hg uptake by SRB and thus ultimately increase Hg methylation.26 The
biofilm growth mode itself may be another determinant of a cell’s methylation rate, possibly
because of different gene expression or metabolic activities that may occur in organisms
growing as biofilms as opposed to unattached cultures. In fact, previous work with pure
cultures of two strains of Desulfovibrio desulfuricans showed that Hg methylation rates
were 1 order of magnitude higher when the cultures were grown as biofilms compared to
when the same organisms were grown as planktonic cultures.27 However, the biochemical
mechanism of in vivo Hg methylation remains elusive, particularly in biofilms.28–30

Earlier planktonic-culture studies on the mechanism of Hg methylation, conducted on one
model strain of SRB, D. desulfuricans LS, indicated that MeHg synthesis was an
enzymatically catalyzed process associated with the acetylcoenzyme A (acetyl-CoA)
pathway.31–34 In this carbon metabolism pathway, carbon monoxide dehydrogenase,
encoded by the cooS gene, is involved in the cleavage of acetyl-CoA and the further
oxidation of the formed carbon monoxide to carbon dioxide.35 Other work showed that,
although B12-containing methyl transferase plays a key role in MeHg formation in
complete-oxidizing SRB, Hg methylation in incomplete oxidizers (such as D. desulfuricans)
appeared to be independent of the acetyl-CoA pathway.36,37 The recent study by Parks et al.
used rigorous genomic, genetic, and biochemical approaches to identify two genes, hgcA
(which encodes a putative corrinoid protein) and hgcB (which encodes a 2[4Fe-4S]
ferredoxin), necessary for Hg methylation.38 These genes were proposed as key components
of the bacterial Hg methylation pathway, with the HgcA protein hypothesized to facilitate
transfer of a methyl group to inorganic mercury(II) and the HgcB protein serving for HgcA
turnover. The acetyl-CoA pathway is shown as a potential source of C1 units for the
methylating enzymes in the proposed mechanistic model.38 While available evidence from
these studies with planktonic cultures suggests that there may be multiple pathways for Hg
methylation,36 pathways for methylation in biofilms have, to date, not been studied, and it is
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unknown whether there may be a metabolic basis for the high methylation rates observed in
environmental biofilms of the two tested strains of D. desulfuricans.27

To investigate whether differential methylation rates in biofilm versus planktonic cultures of
incomplete-oxidizing SRB resulted from metabolic differences between these two modes of
growth, we extended our study by performing enzyme inhibition assays on planktonic and
biofilm cultures of two strains of D. desulfuricans: the strain M8 is a brackish water strain of
SRB used in our previous work,27 and the strain ND132 is a well-known Hg-methylating
sulfate reducer whose genome has recently been sequenced and thus can be examined
genetically.38–41 Both molybdate, a known inhibitor of sulfate reduction,3 and chloroform
(CHCl3), a known inhibitor of corrinoid-containing enzymes, which play a critical part in
the acetyl-CoA pathway,35 were included in this study to specifically probe the role of the
acetyl-CoA pathway in Hg methylation. In addition, expression of cooS, which encodes for
a key enzyme involved in the acetyl-CoA pathway, relative to the reference genes and cell
count in biofilm and planktonic cultures of this organism was compared.

MATERIALS AND METHODS
Cultures and Growth Media

Both strains were cultured at room temperature (~22 °C) in a medium containing basal salts,
vitamin mixture, selenite–tungstate, thiamine, and a nonchelated trace element mixture,
buffered at pH 7.2 with 30 mM bicarbonate.42 Lactate (35 mM) and sulfate (28 mM) were
chosen as the electron donor and acceptor, respectively. The salinity of the medium was
adjusted to suit each strain: 10 and 1 g/L of NaCl for M8 and ND132, respectively. The
medium was reduced with 0.25 mM titanium(III), which has been shown to not affect the
growth of SRB.43,44 The medium was prepared anoxically under a gas stream passed
through heated copper beads (for inhibition assays, CO2 and N2 in a ratio of 20:80 (%) were
used, and for gene expression assays, H2, CO2, and N2 in a ratio of 5:15:80 (%) were used to
match the headspace in the anoxic chamber). Planktonic cultures were maintained in serum
bottles sealed with butyl rubber stoppers. Biofilm cultures were grown by inoculating sterile
50 mL Falcon tubes filled with 30 mL of a Hg-free medium and containing acid-washed,
autoclaved glass microscopic slides. The Falcon tubes were kept in an anoxic chamber (Coy
Laboratories) in an atmosphere consisting of H2, CO2, and N2 in a ratio of 5:15:80 (%).
While the experimental biofilms were being established (over the course of 1 week for
inhibition tests and 2 weeks for gene expression studies), 50% of the medium was
replenished every 2 days to provide sufficient nutrients to maintain growth.

Prior to inoculation of experimental bottles, planktonic cultures were grown to exponential
phase, pelleted, and resuspended in a fresh medium formulated as described in the previous
paragraph but without sulfate in order to minimize sulfide formation prior to the start of the
experiment. A total of 1 mL of inoculum was then transferred to 50 mL acid- washed serum
bottles containing 30 mL of sulfate-containing assay media (again, formulated as described
in the previous paragraph). Active biofilm-coated slides were transferred to acid-washed,
sterile 50 mL Falcon tubes containing 30 mL of assay media after being rinsed three times in
a fresh sulfate-free medium to eliminate unattached cells. A sulfate-free medium was used to
eliminate sulfide transfer during inoculation because sulfide is known to inhibit methylation.
During inhibition experiments, planktonic cultures were maintained on an orbital shaker at
160 rpm in the dark, while unstirred Falcon tubes containing biofilm-coated slides were
covered with aluminum foil and kept in the anoxic chamber. For gene expression assays, all
cultures were unstirred and uncovered and were kept at room temperature.
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Enzyme Inhibition Tests
Stock chloroform solutions were first prepared in absolute (>99%) ethanol and then diluted
twice (at least a 30-fold dilution each time) in a Hg-free medium. A final concentration of 50
µM chloroform was chosen.35,36 Similar to chloroform, molybdate was added from stock
solutions and then diluted in the medium to the final concentration of 28 mM.36,45 Solutions
of chloroform and molybdate were prepared and filter-sterilized immediately before being
spiked into assay media.

Triplicate bottles/tubes of planktonic and biofilm cultures were prepared. An initial test was
conducted using ND132 with cultures incubated for 7 h at room temperature, followed by 48
h Hg methylation assays (spiked with a 50 ng L−1 inorganic HgII standard). A second set of
tests was conducted with both M8 and ND132 with all inhibitor-assayed cultures incubated
for 7 h at room temperature, followed by 12 h Hg methylation assays (spiked with a 50 ng
L−1 inorganic HgII standard). Each bottle was sampled for MeHg and cell density
measurements at the beginning and end of the methylation assays. Killed cultures spiked
with a Hg standard served as negative controls, while live cultures spiked only with Hg (i.e.,
no inhibitors added) served as positive controls and were included in each batch. Cultures
that did not receive Hg and inhibitors served as blank assays to determine the background
level of MeHg.

Gene Expression Tests
Assay media, as previously described, in half of the bottles/tubes were amended with 50 ng
L−1 inorganic HgII and equilibrated overnight prior to inoculation with ND132. For each of
the four conditions (live ± Hg and killed ± Hg), bottles and tubes were sacrificed in triplicate
for each time point. Four replicate biofilm slides were scraped into one new tube with
phosphate-buffered saline (PBS), thereby “pooling” the biofilm cells for a higher cell count
(12 total biofilms per time point per condition). Inside the anoxic chamber, biofilm cells
were collected by rinsing the slide with sterile PBS, vortexing for 30 s, scraping, rinsing, and
vortexing again, as previously described by other researchers.9,46 The slide was removed
once the PBS solution contained the biofilm cells. Samples from each of the new triplicate
tubes were collected for MeHg, RNA, DNA, and cell counts. Samples were preserved and
stored as follows: Hg samples were syringe-filtered, acidified (0.5% (v/v) HCl for total Hg;
0.2% (v/v) H2SO4 for MeHg), and stored at 8 °C; RNA was stabilized using 2:1 Qiagen
RNAprotect Bacteria Reagent and refrigerated at 8 °C; DNA samples were unamended and
frozen in −80 °C; samples preserved for cell counts received 5% (v/v) formaldehyde and
were refrigerated at 8 °C.

RNA Extraction, Design of Degenerate Primer Sets, and Reverse Transcription (RT)-qPCR
RNA samples unamended with stabilizing reagent were immediately extracted for RNA
content. mRNA was extracted (Qiagen RNeasy kit, Qiagen RNase-Free DNA Digestion kit),
quantified (Nanodrop 2000), and amplified (Qiagen SYBR Green One-Step RT-qPCR kit,
Applied Biosystems StepOnePlus Real-Time PCR System). The location of the cooS gene in
ND132 was located through the EMBL database, and 130 base-pair (bp) amplicon primers
were obtained using GeneBlast. Two sets of primers (150 and 190 bp) for 16S rRNA in
ND132 were designed similarly (see Table 1) and are used to normalize cooS gene
expression. It is noted that, although the use of reference genes is desirable, reference genes
can vary significantly and can adapt to growth conditions.47,48 In such cases, geometric
means of multiple references are used.49–51 Cycling conditions were as follows: 95 °C for
10 min followed by 45 cycles of 94 °C for 15 s, 60 °C for 1 min, and 72 °C for 30 s.
Relative quantification of the qPCR results uses the 2−ΔΔCt method to compare differences
in gene expression.52,53 Both amplification plots and melt curves were obtained during RT-
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qPCR. This expression was normalized to both cells (counted) and the geometric mean of
expression of two primer sets from 16S rRNA.

MeHg and Cell Density Determination
MeHg analysis was performed via distillation/ethylation/gas chromatography–cold vapor
atomic fluorescence spectrometry.54 Prior to distillation, interference resulting from sulfide
was eliminated by acidifying samples with 9 N sulfuric acid and then purging with gold-
coated sand-trap-filtered nitrogen (45 mL min−1 for approximately 25 min).27 The cell
density from both planktonic and biofilm cultures was determined by direct counts using 4′,
6-diamidino-2-phenylindole staining and epifluorescent microscopy in accordance with our
previous protocols.27

RESULTS
Effects of Inhibitors in Both Planktonic and Biofilm Cultures

Our previous study comparing the Hg methylation rates on a per cell basis between
planktonic and biofilm cultures of a methylating sulfate reducer, D. desulfuricans M8,
indicated that the specific Hg methylation rate in biofilm cultures was approximately 1 order
of magnitude higher than that in planktonic cultures.27 In the current study, the importance
of the acetyl-CoA pathway in both planktonic and biofilm cultures of this strain, as well as
another known Hg-methylating strain, D. desulfuricans ND132, was tested using specific
inhibitors.

As expected, a similar and effective inhibition of growth and Hg methylation was observed
in both planktonic and biofilm cultures of M8 and ND132 amended with molybdate, a
known competitive inhibitor for sulfate in SRB.55 However, results show that chloroform
had no significant influence on either growth or methylation in planktonic cultures. Growth
rates were not significantly different in cultures with and without chloroform addition for
ND132 (0.040 h−1) and M8 (0.051 h−1). Hg methylation was also not affected significantly
(p > 0.05; t test) by the presence of chloroform (Figure 1).

Yet, unlike planktonic cultures, chloroform inhibition on Hg methylation was observed in
biofilm cultures. Both ND132 and M8 produced lower MeHg concentrations in cultures
incubated with chloroform, and the specific rates of Hg methylation in chloroform-amended
cultures decreased by a factor of greater than 2 compared to cultures in the absence of
inhibitors (p < 0.05; t test; Figure 1). Interestingly, chloroform had no influence on the
growth of biofilm cultures, as seen in 0.025 h−1 (chloroform-free cultures) vs 0.025 h−1

(chloroform-amended cultures) of ND132 and 0.063 vs 0.069 h−1 of M8, respectively.

Figure 2 depicts a longer (2 day) inhibition experiment with ND132, in which an even
greater difference in rates can be observed between biofilm and planktonic cultures. Because
it is unclear whether cells that detached from biofilms during the experiments should be
treated as biofilm or planktonic cells, specific Hg methylation rates illustrated in Figure 2
were calculated according to the case 1 method described in an earlier study, which assumed
that the detached cells still methylate Hg at the same rate as the attached cells.27 It should be
noted that case 1 calculations resulted in more conservative numbers compared to case 2
calculations, which account for methylation by the detached cells at the rate determined for
the planktonic system so that only attached cells are regarded as true biofilm cells.

Comparison of cooS Gene Expression
Given that the results from chloroform inhibition assays indicated a potential role of the
acetyl-CoA pathway in biofilm cultures, the importance of Hg methylation by this pathway
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was further explored by comparing gene expression of cooS in biofilms and planktonic
cultures of D. desulfuricans ND132. Expression of cooS normalized to the cell number (i.e.,
copies/cell) was approximately 4 times higher in biofilms compared to planktonic cultures
(Figure 3A). The cell count error, as calculated by the square root of total cells by the
number of total cells, was less than 6.5% for live biofilm and planktonic cultures, as well as
for killed planktonic cultures. The error was as high as 13% for killed biofilm cultures, as a
result of significantly fewer cells present to be counted. Primer dimerization did not appear
to occur based on melting curve analysis. Similar results were observed when normalizing to
the geometric mean of expression of two primer sets from 16S rRNA (Figure 3B).

DISCUSSION
While significant progress has been made toward identifying the biochemical mechanism
that leads to MeHg production in bacterial cells, to date this mechanism has not been
definitively identified.30,38,56 The recent study by Parks et al. identified genes necessary for
Hg methylation in SRB, although the exact pathway(s) by which Hg is methylated in these
organisms is not known for certain.38 Results of previous studies have suggested that the
acetyl-CoA pathway is involved in this microbially mediated environmental process in
methylating SRB, particularly when this pathway is used in methylating SRB for primary
carbon metabolism (i.e., in complete-oxidizing SRB).31–34,36 Considering that other
pathways of Hg methylation occurring independently of the acetyl-CoA pathway are still
unclear,36,37,57 an understanding of whether metabolic differences between planktonic and
biofilm cultures of Hg-methylating D. desulfuricans strains, in particular the role of the
acetyl-CoA pathway in the production of MeHg in biofilm versus planktonic cultures, could
help to elucidate the differential methylation rates observed in these two growth modes.
Thus, enzyme inhibition and RT-qPCR assays specifically targeting the gene and enzyme
required in the acetyl-CoA pathway were conducted in this study.

Data from chloroform inhibition tests with the strains M8 and ND132 revealed that Hg
methylation was only inhibited in biofilm cultures. Consistent with work done by Ekstrom et
al., methylation was not inhibited by chloroform in planktonic cultures of both of these
incomplete oxidizers.36 In their work, Ekstrom et al. showed that, with 50 µM chloroform,
Hg methylation was effectively inhibited (lower than the detection limit) in planktonically
growing cultures of the complete oxidizer, Desulfococcus multivorans 1be1. In another set
of their experiments, neither Hg methylation nor growth of an incomplete-oxidizing strain,
Desulfovibrio africanus, was inhibited over a shorter incubation (5 h) with chloroform.
Longer incubation (3 days) eventually affected culture growth; however, no significant
difference in the specific Hg methylation rates was observed between shorter- and longer-
incubated cultures.36 The result that the addition of chloroform only impacted Hg
methylation in biofilm cultures in this study indicated a role for the acetyl-CoA pathway for
methylation in biofilm but not planktonic cultures of the organisms tested. Further, while Hg
methylation in chloroform-amended biofilm cultures was inhibited, it was not inhibited
completely, suggesting that multiple pathways for Hg methylation may take place in biofilm
cells. Parks et al. proposed a mechanism by which the proteins encoded by the genes they
identified as necessary for methylation (hgcA and hgcB) might methylate Hg, which may
involve the acetyl-CoA pathway as well as other pathways to provide a C1 source. Because
it is unknown whether the proteins encoded by hgcA and hgcB are involved with additional
metabolic pathways in SRB, our findings that an unknown pathway may also be involved
are not inconsistent with these results.

The importance of the acetyl-CoA pathway in biofilm cultures relative to that in planktonic
cultures was also supported by the result of the cooS expression tests because biofilm
cultures showed up to 4 times higher expression of cooS than planktonic cultures on a per
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cell basis. While similar results were observed when copy numbers were normalized to the
geometric mean of expression of 16S rRNA using two primer sets (Figure 3B), it should be
kept in mind that standardization of mRNA in gene expression studies has been a complex
issue that has not been fully resolved. Ideally, expression would be normalized to the cell
count but the accuracy of the cell count can be a concern.50 Although the use of reference
genes is preferable, expression of reference genes can vary significantly. It has been
suggested that reference genes can adapt to growth conditions, which is especially important
for biofilms because their metabolic processes may differ significantly from planktonic
cultures.47,48 Desirable reference genes would express equally despite experimental
treatments; however, in cases when they do not, geometric means of multiple reference
genes are used.49–51 The use of reference, or housekeeping, genes for biofilms, in particular,
is complex and has not yet been thoroughly investigated.

It is known that, in response to environmental signals, biofilm bacteria can express new
phenotypes that distinguish themselves from their planktonic counterparts.9,58–60 This is
illustrated by data that have shown higher resistance to toxic compounds, including
antimicrobials, metals, and metalloids, in biofilm cultures than in planktonic cultures.61–63

In particular, work on the susceptibility of planktonic and biofilm cells of the same
microorganism to antibiotics has shown that the structures of biofilms do not simply provide
a diffusion barrier to these compounds; instead, the biofilms employ distinct resistance
mechanisms and exhibit differential gene expression compared to planktonic modes of
growth.64–66 In biofilms, significant upregulation of multiple genes related to cellular
function and metabolic pathways may occur;67,68 thus, the formation of biofilms may favor
one pathway over another. Presumably, it is possible that such alternation of gene and
protein expressions may result in different metabolic pathways between biofilm and
planktonic cultures, thus causing differences in Hg methylation. Indeed, the results of our
work showing that differences in expression of a gene are likely important in methylation
between biofilm and planktonic cultures suggest a metabolic basis for the high methylation
rates observed in environmental biofilms.

A likely connection between Hg methylation and the acetyl-CoA pathway in biofilm
cultures can also be inferred from the significantly higher methylation rates observed in
biofilm versus planktonic cultures for both M8 and ND132 (Figures 1 and 2). King et al.
have suggested that Hg methylation potential may be related to genetic composition and/or
carbon metabolism in SRB.69 Results from their pure culture experiments showed that Hg
methylation rates on a per cell basis were up to 3 orders of magnitude higher in the family
Desulfobacteriaceae, which is the family of SRB that uses the acetyl-CoA pathway for
complete oxidation of carbon substrates compared to the other family of SRB,
Desulfovibrionaceae. The same pattern was also observed by Ekstrom and Morel from their
cobalt limitation assays, which showed that D. multivorans, a complete oxidizer that uses
the acetyl-CoA pathway for major carbon metabolism, made 10–50 times more MeHg per
cell than a Desulfovibrio strain, D. africanus (DSMZ 2603).37

It is noted that the process of intracellular MeHg synthesis has been postulated to be most
likely a metabolic mistake rather than a mechanism that confers Hg resistance in SRB;30,70

however, a tight coupling between Hg methylation and MeHg export from the cell of Hg-
methylating strains observed in a recent study has brought up the question of whether
methylation may be a strategy for bacteria to avoid buildup and subsequent toxicity of
cellular Hg, or possibly a part of the Hg detoxification process.29 In the present study, it was
observed that (1) chloroform only inhibited Hg methylation and not growth in biofilms and
(2) the acetyl-CoA pathway seems to influence the rate of formation of MeHg in biofilm
cultures only, possibly by providing C1 for Hg methylation.38 These results, combined with
the observation that, in general, biofilm cells typically show higher resistance to toxic metals
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than planktonic cells, suggest that whether methylation may serve as a mechanism for
resistance to or reduction of HgII toxicity for D. desulfuricans biofilms warrants future
study.

One of the major goals of Hg methylation research is to determine factors influencing Hg
transformation potentials in order to develop quantitative, reliable models to predict Hg
methylation rates in different environments. Theoretically, such a model should rely on
parameters that adequately describe (i) the microbial community composition, (ii) the
bioavailability of inorganic HgII, and (iii) the principal biochemical pathways responsible
for Hg methylation.71,72 Recent research has attempted to predict in situ methylation rates
using information on SRB activity and methylation.69,73 Our study contributes to a deeper
understanding of the actual methylation rates in sediments and in attached communities.
Extending this work to field samples would indicate the environmental importance of a
metabolic basis for increased methylation in attached communities. Whether detached
biofilm cells would retain increased methylation capability is an open question. If so, events
such as rain could disturb attached communities and transport cells with higher Hg
methylation rates. In addition, having an understanding of the mechanisms by which SRB
methylate Hg holds promise for informing remediation strategies in engineered treatment
systems.
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Figure 1.
Observed methylation rates after a 12 h methylation test following a 7 h inhibition test in
planktonic and biofilm cultures: (A) D. desulfuricans ND132; (B) D. desulfuricans M8.
Error bars represent the standard deviations of triplicate assays.
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Figure 2.
Methylation rates after a 2-day methylation test following 7 h of exposure to inhibitors in
planktonic and biofilm cultures of D. desulfuricans ND132. Blank columns represent rates
of planktonic cultures. Light-filled columns are the rates of biofilm cultures according to
case 1 calculations, assuming the detached cells still methylate Hg at the same rates as the
biofilm cells. Dark-filled columns are the methylation rates of biofilm cells, accounting for
methylation by detached cells at the rates determined for planktonic cultures (case 2). Error
bars represent the standard deviations of triplicate assays.
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Figure 3.
Comparison of cooS gene expression, based on the 2−ΔΔCt method for relative quantification,
between planktonic and biofilm cultures of D. desulfuricans ND132 in the presence and
absence of Hg. (A) Copies per cell are relative values based on changes in the threshold
cycle. (B) Copies of cooS per copies of 16S rRNA are also based on relative values based on
changes in the threshold cycle. Blank columns represent planktonic cultures. Dark columns
represent biofilm cultures. Error bars represent the standard error of triplicate experimental
bottles (each bottle was subjected to triplicate analysis).
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Table 1

Primers Used in RT-qPCR

primer forward sequence (5′ → 3′) reverse sequence (5′ → 3′)

cooS AGGGCGAGACCAAGGATTAC GCGAAAAAGCACTCCATGAC

16S rRNA primer set 1 GGGGGAAACCCTGACGCAGC TGCTGGCACGGAGTTAGCCG

16S rRNA primer set 2 CGACGCCGCGTGTAGGAAGA ACGCACGCTTTACGCCCAGT
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