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10 Methylmercury Production by Anaerobic Mixed Cultures

12 Katarzyna H. Kucharzykt, Marc A. Deshussest, Kaitlyn A. Porter?, and Heileen Hsu-Kim**

17 The environmental production of the neurotoxin methylmercury occurs through
anaerobic microorganisms such as sulfate-reducers. Rates of mercury methylation are known to
22 be influenced by the productivity of these microbes as well as the bioavailability of inorganic Hg
24 for these organisms. However, the conditions that guide the importance of one factor relative to
the other are not well defined. This paper describes experiments with mixed cultures of

29 methylating microorganisms that indicate the existence of a threshold in activity of methylating
31 microorganisms (e.g., sulfate reduction rate) where net methylmercury production is sensitive to
34 either microbial growth or to Hg speciation and bioavailability. At environmental sites of

36 interest, knowledge of this threshold in microbial activity could be useful for remediation
purposes by allowing a prioritization of actions that can best minimize in-situ production of

a1 methylmercury.
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2 1 Abstract

2 2 Monomethylmercury (MeHg) is produced in many aquatic environments by anaerobic

7 3 microorganism that take up inorganic forms of Hg(Il) and methylate it. Net methylation of

g 4 Hg(II) appears to be correlated with factors that affect the activity of the anaerobic microbial

ig 5  community and factors that increase the bioavailability of Hg(II) to these organisms. However,
ig 6 the relative importance of one versus the other is difficult to elucidate even though this

14 7  information can greatly assist remediation efforts and risk assessments. Here, we investigated the
ig 8  effects of Hg speciation (dissolved Hg and nanoparticulate HgS) and microbial activity on the
g 9  net production of MeHg using two mixed microbial cultures that were enriched from marine

:zlg 10 sediments under sulfate reducing conditions. The cultures were amended with dissolved Hg

g; 11 (added as a dissolved nitrate salt) and nanoparticulate HgS and grown under multiple carbon

23 12 substrate concentrations. The results indicated that net mercury methylation was the highest for
gg 13 cultures incubated in the greatest carbon substrate concentration (60 mM) compared to

g? 14 incubations with less carbon (0.6 and 6 mM), regardless of the form of mercury amended. Net
gg 15  MeHg production in cultures exposed to HgS nanoparticles was significantly slower than in

30 16  cultures exposed to dissolved Hg; however, the difference diminished with slower growing

g; 17  cultures with low carbon addition (0.6 mM). The net Hg methylation rate was found to correlate
22 18  with sulfate reduction rate in cultures exposed to dissolved Hg, while methylation rate was

gg 19  roughly constant for cultures exposed to nanoparticulate HgS. These results indicated a potential

37 20  threshold of microbial productivity: below this point net MeHg production was limited by
39 21  microbial activity, regardless of Hg bioavailability. Above this threshold of productivity, Hg

41 22 speciation became a contributing factor towards net MeHg production.

44 24 Keywords: mercury methylation potential, bioavailability
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2 28  Introduction

2 29 Monomethylmercury (MeHg) is a neurotoxic and highly bioaccumulative compound that
7 30  poses human health risks via dietary fish consumption'-?. In the aquatic environment, mercury

g 31  occurs primarily as inorganic species, including many forms of dissolved and particulate

10

11 32 inorganic divalent mercury (Hg(I))’. A process essential to the bioaccumulation of mercury is
12 33 the production of MeHg by anaerobic microorganisms in aquatic ecosystems.

14 34 Recent research on microbial methylation of mercury has focused on two factors that

16 35  govern this process: 1) The identification of the methylating microorganisms and the

18 36  biochemical pathway of methylation; and 2) The chemical speciation of mercury in anaerobic
19 37  settings and bioavailability of Hg(II) for cellular uptake by methylating microorganisms *°. In
21 38  each case, the environmental factors that contribute to MeHg production have been studied in
23 39  depth. For example, conditions that include anaerobic zones, relatively high amounts of total or
25 40  dissolved organic carbon, and additions of sulfate to freshwater system are all known to increase
41  the productivity of methylating microorganisms, and subsequently MeHg concentrations’ ™.

28 42  Likewise, a fraction of the Hg(Il) in anaerobic settings is bioavailable to methylating organisms,
30 43  and it may include dissolved Hg-ligand species (e.g. dissolved Hg-sulfides) as well as Hg

32 44 associated with particles. In anaerobic settings, Hg(Il) tends to be primarily associated with

33 .
34 45  particulate phases'> '

, including crystalline HgS mineral phases such as metacinnabar,

35 46  amorphous or nanostructured HgS, and adsorbed forms of Hg(II) (e.g., to metal sulfide particles
37 47  and particulate organic matter)’. These various particulate forms of Hg offer a spectrum of

39 48  reactivity and bioavailability to methylating organisms due to differences in rates of dissolution

41 49  and desorption, differences in the ability to accumulate at cell interfaces, and for nanoparticles, a

jé 50  potential ability to cross cell membranes'>™'*,
jg 51 The relative contribution of microbial productivity and Hg bioavailability for net MeHg

46 52 production rates is not well established and is the focus of this study. Previous research on this
48 53  topic focused only on one factor such as sulfate reduction rates or the speciation of inorganic Hg

49 . . R
50 54 for controlling net MeHg production rates.” ' 122

Research that can control for both factors

o1 55  would provide greater insight to the processes that influence mercury methylation potential in the
53 56  environment. For example, our previous work with sediment microcosms ** indicated that in

55 57  some conditions low nutrient availability can limit the productivity of methylating microbes and

57 58  subsequently limit MeHg production rates. In other conditions where methylating
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microorganisms are active, the speciation and bioavailability of Hg may be more important for
controlling MeHg production. The sediment microcosms described in our previous work > did
not test many variables in microbial growth rates. Thus, specific conditions in which one factor
dominates over the other needs to be studied in greater depth.

The goal of this study was to compare the relative contributions of microbial productivity
and Hg speciation for net MeHg production in mixed cultures of anaerobic microorganisms.
Anaerobic sulfate-reducing cultures were enriched from two sediment samples obtained from a
marine location. The growth of the organisms was controlled by varying the concentrations of
organic substrates, while the bioavailability of added Hg was controlled by amending the
cultures with either dissolved Hg or nanoparticulate HgS. The rates of net MeHg production
were then compared to growth rates of the organisms, sulfate reduction rates, and gene

abundance for sulfate reducers.

Materials and Methods

Sediments for microbial enrichments. Sediment samples were obtained from two locations
(MS-1 and MS-2) of the same marine water body in August 2012. The precise location of the site
cannot be disclosed due to contractual agreements with the site managers. The water depth at the
site was approximately 55 to 75 m, while the surface and bottom temperatures averaged 29.5°C
and 27°C, respectively. At both sampling locations, dissolved oxygen was not detectable
beneath the sediment surface layer, and dissolved sulfide was also not detectable (<1 uM),
indicating anoxic but not extremely reducing conditions (per communication with site
managers). The production of methylmercury in sediments at this site is a concern due to the
presence of Hg-bearing particles in the area. The top layer of the sediment (approximately 5 cm)
was collected in triplicates by Van Veen-type grab samplers, packed into acid-cleaned
polyethylene jars with Teflon-lined caps and immediately frozen at -20°C, and transported to the
lab at Duke University for further analysis.

At the lab a subset of each sample was thawed and characterized for texture (i.e., grain
size), total Hg and MeHg content, and organic carbon content. Sediment moisture content was
determined by drying samples at 110°C for 24 hours; pH was determined in a slurry comprising
of 5 parts distilled water and 1 part sediment. Sediment texture was measured by dispersing the

sediments in an aqueous solution of 2.5 N hexametaphosphate ((NaPO3)s) and mixing. The
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2 90 relative size fractions were quantified by the rate of gravitational settling of particles ***°. Pore

2 91  water was extracted from the sediment by centrifuging the sediments under aerobic conditions at
7 92 3000 g for 20 min. The supernatant of this centrifuged sample, designated as “pore water” in this
g 93  study, was analyzed for sulfate concentration.

9 %

12 95  Preparation of anaerobic mixed cultures for Hg methylation. The inocula for the mixed

14 96  cultures were prepared by enriching sediment slurries for anaerobic microorganisms under

16 97  sulfate reducing conditions. These enrichments were prepared by placing 20 g of homogenized
18 98  wet sediments from sites MS-1 or MS-2 into serum bottles containing 200 mL of sterile growth
19 99 medium developed for sulfate-reducing cultures (see references *’, ** and the SI). The serum

21 100  bottles were sealed and incubated in the dark at room temperature (20 to 22 °C) for 7 days. After
23 101 this time the bottles were mixed end-over-end, large sediment particles were allowed to settle,

o5 102 and aliquots of the overlying water served as inocula for the Hg methylation experiments.

103 Enrichments of anaerobic microbial consortia from MS-1 and MS-2 were each performed on two
28 104 different occasions. All handling of the sediments, enrichments and the subsequent mixed culture
30 105 experiments were conducted in an anaerobic chamber (Coy Labs) with an oxygen-free gas

32 106  mixture (90% N, 5% CO,, and 5% H,).

3 107 The Hg methylation experiments were conducted in 30 mL anaerobic culture tubes
35108 containing sterile sulfate reducing medium and inoculated with the supernatant of the enriched
37 109  sediment slurries. In the first round of experiments, the carbon substrate (C-substrate)

39 110 concentrations were varied to the following: 0.6 mM, 6 mM, and 60 mM, each comprising a

41 111 mixture of 2 parts sodium pyruvate and 1 part lactic acid (mole basis). In the second round of

42 mixed culture experiments, five different carbon concentrations were tested (0.6 mM, 0.8 mM, 1
44 113 mM, 6 mM and 60 mM with the same ratio of pyruvate to lactic acid as in the first experiment).
46 114  For each of the carbon concentrations, 20 mL of medium was dispensed into the tubes and 2%
48 115  (vol/vol) of the inoculum was transferred.

50 116 Immediately after inoculation of the culture media with variable C-substrate

51 117  concentrations, the cultures were amended with either dissolved Hg or nanoparticulate HgS from
53 118 their respective stock solutions to a final Hg concentration of 5 nM. The preparation of the

55 119  nanoparticulate HgS stock solutions was followed according to previous work ** and is

57 120 summarized in the SI. The nanoparticles comprised of metacinnabar-like structure with primary
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particle diameter of 3-5 nm ** and were aggregated to an average hydrodynamic diameter of 25.8
nm = 2.9 nm (based on light-intensity weighted dynamic light scattering).

Four sets of controls with the culture media containing 60 mM C-substrate were
incubated under the same conditions as the test samples. These included: (1) A blank containing
the culture medium, microbial inoculum from either MS-1 or MS-2 slurries, and no added
mercury (i.e., Hg blank); (2) An abiotic control consisting of the same culture medium amended
with dissolved Hg or nanoparticulate HgS but no microorganisms; (3) A killed control with the
culture medium inoculated with microorganisms, amended with dissolved Hg or nanoparticulate
HgS, and spiked with 0.4% (vol/vol) concentrated hydrochloric acid (HCI) (trace metal grade);
(4) A molybdate control consisting of the inoculated culture medium amended with dissolved Hg
or HgS nanoparticles, and 20 mM sodium molybdate, a specific inhibitor of sulfate reduction®”
3% All culture tubes were capped with gas-tight seals and placed into the anaerobic jar with
GasPak 150 system (Fisher Scientific) to maintain strict anaerobic conditions. The mixed
cultures were incubated in the dark on a platform shaker (Eppendorf) at 25 rpm for 64 hours at
30°C.

At each time point, replicate culture tubes (n = 2 or 3) were sacrificed and subsampled for
chemical and biological analyses. Prior to liquid sample collection, the tubes were vortexed, and
1 mL of gas was collected from the headspace using a gas-tight syringe. The gaseous mercury
content (e.g., Hg") in the samples was analyzed by injecting the sample into a gas-tight vial filled
with ultrapure water (Barnstead Nanopure, >18 MQ-cm) containing 2% (vol /vol) BrCl. These
samples were then stored for at least 3 days at room temperature prior to total mercury analysis.
After the collection of the headspace, liquid aliquots were withdrawn for measurements of
optical density at 660 nm (ODggonm), DNA, total mercury, acid volatile sulfide and sulfate (SO42).
The remainder of the culture was preserved for MeHg analysis by adding 0.4% (vol/vol)
concentrated hydrochloric acid (HCI) (trace metal grade) and stored at 4°C until analysis.

Samples at 10, 48 and 64 hours of incubation were subject to the DNA extraction
followed by the quantitative PCR analysis with primers targeting sulfate reducing
microorganisms. The details of this method are described in the SI section. The relative
abundance of sulfite reductase gene was calculated from the copy numbers of total bacteria in the

sample and correlated to the net mercury methylation production.



Page 9 of 28 Environmental Science: Processes & Impacts

1

2

2 152  Chemical analyses. The concentration of total mercury in liquid samples was quantified by

2 153  stannous chloride reduction, gold amalgamation, and cold vapor atomic fluorescence

7 154 spectrometry (CVAFS) *'. For total mercury concentration in sediments, the samples were first
g 155  digested in a mixture of 8 mL concentrated HCI and 2 mL concentrated HNOj; and heated to
10

11 156 90°C for 5 h. After the digestion step, the solution was cooled and diluted for analysis by
12157  CVAFS.

14 158 Methylmercury concentration in liquid samples was quantified by distillation, aqueous
16 159  phase ethylation, gas chromatographic separation, pyrolysis and inductively coupled plasma
18 160 mass spectrometry’”. The efficiency of the distillation step was quantified by spiking each

19 161 sample with Me*”'Hg (50 pg mercury) as an internal standard. The recovery of the Me*'Hg

21 162  spike was used to correct for the MeHg concentration in each sample®.

23 163 Methylmercury in the original MS-1 and MS-2 sediment samples was extracted by acid-
gg 164  dichloromethane leaching and aqueous back extraction prior to analysis>*. Sediment MeHg

g? 165  concentrations were corrected for extraction efficiency using a MeHg standard (Brooks Rand)
gg 166  and reported on dry sediment weight basis.

32 167 Total organic carbon (TOC) in sediments was quantified by the difference of total carbon

32 168  content and inorganic carbon content of dried sediment samples (i.e. heated to 100°C). Inorganic
34 169 carbon content corresponded to the total carbon quantified in dried samples that were further
35 170  heated to 400°C for 12 h. All carbon contents were determined using a TOC-V CPH total organic

37 171  carbon analyzer (Shimadzu).

38

39 172 Sulfate concentration was determined by ion chromatography (Dionex 1CS-2000,

40

41 173 Sunnyvale, CA) using an AS18 analytical column, ASRS 300 suppressor and KOH eluent

jé 174  generator. Samples for acid volatile sulfide (AVS) quantification were preserved with ZnSO, and

44 175  KOH (final concentrations of 20 mM and 4 mM, respectively) and stored at 4° C until analysis.
46 176  For analysis, each sample was placed into a closed glass reactor with 1 N HCI, purged with ultra

48 177  high purity N, for 30 min into a 10% v/v NaOH solution, and analyzed for sulfide concentration

49 . .

50 178 via colorimtery.>
o1 179

52

53 180 Data Analyses. Linear-least squares regressions were performed for time-dependent MeHg and
55 181  sulfate concentration data from the cultures. The slope values for these regressions were used to

57 182  estimate rates of net MeHg production and sulfate reduction. The regression parameters (slope
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and intercept) were calculated and reported with their respective standard errors. Correlations
were also performed to compare the sulfate-reducing community (expressed as sulfate reduction
rate or gene abundance) with mercury methylation (expressed as net rate of production or % of
total Hg as MeHg). Single-factor analysis of variance (ANOVA) was used to compare rates
between culture treatments (e.g., sulfate reduction rates in dissolved Hg amendments versus nano
HgS amendments). Significant differences between treatment types were designated for
comparisons yielding p-values less than 0.05. All statistical analyses were performed with the

Analysis ToolPak in Microsoft Excel.

Results and Discussion

Characteristics of sediments for the enrichments. The analysis of relevant chemical
characteristics of the MS-1and MS-2 sediments used for the enrichments (Table 1) indicated that
sulfate concentrations in the porewaters were approximately 2700 - 2900 mg L. Total Hg
concentrations in MS-1 and MS-2 sediments were 12.2 + 5.9 mg kg and 16.6 + 2.8 mg kg™,
respectively, and reflected elevated mercury concentrations relative to the median crustal earth

concentration (approximately 0.05 mg kg™ *’

). Methylmercury content in sediments was also
high (Table 1). However, the MeHg represented only a small percentage of the total Hg (0.001-
0.002%). Total organic carbon (TOC) content was greater for the MS-1 sediment than for MS-2,
but overall. was relatively low for both sediments (31.8 + 0.8 mg kg™ and 4.5 + 0.6 mg kg for
MS-1 and MS-2, respectively). Thus, the activity of the native microbial community was

expected to be low.

Growth rates of mixed cultures under variable carbon substrate concentration and type of
added Hg. The growth rates of the mixed cultures depended on the concentration of C-substrate
present in the culture media and was unaffected by the type of mercury added. In all cases,
similar growth patterns were observed, with faster growth kinetics for cultures incubated at the
greatest concentrations of C-substrate (Figure 1). Examination of the growth curves revealed an
initial 2 h to 5 h lag phase followed by a rapid 10-hour increase in cell density, corresponding to
a specific growth rate p of 0.064 to 0.070 h™'. This fast growth was followed by significantly

slower growth or no additional growth.
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Net production of MeHg in mixed cultures. Net MeHg production depended on the type of
mercury added (i.e., dissolved Hg and nanoparticulate HgS) and the amount of C-substrate
present in the growth media (Figure 2). Both mixed cultures exposed to dissolved Hg
demonstrated net increases of MeHg concentrations during the exponential and stationary phases
of growth (from approximately 5 h to 64 h incubation time). In the mixed cultures inoculated
from the MS-1 sediment enrichment (Figure 2A), 10.9%, 22.6%, and 29.8% of the added
dissolved mercury spike (5 nM total) was converted to MeHg at the end of the experiment for
mixed cultures incubated in 0.6 mM, 6 mM and 60 mM C-substrate, respectively. For the mixed
cultures derived from the MS-2 sediment enrichment (Figure 2C), relatively less of the added
dissolved Hg was converted to MeHg (1.4 to 5.3% as MeHg). This difference between the mixed
cultures is likely due to differences in composition of microbial populations in the MS-1 and
MS-2 derived cultures.

For mixed cultures that received HgS nanoparticles (Figures 2B and 2D), MeHg
concentrations in most cultures increased during the first 5 h to 24 hours and slowed after this
point to the end of the experiment. In MS-1 mixed cultures with HgS nanoparticles added, 3.9 to
12.7% of initial Hg spike was converted to MeHg at the end of the experiment, while in the MS-
2 mixed cultures, 0.3 to 2.1% of initial Hg was methylated. These percent methylated values
were 3 to 4 times lower than in respective cultures with dissolved Hg added and the same C-
substrate concentration. Moreover, these differences between the dissolved Hg and
nanoparticulate HgS amendments were not caused by variable bacterial growth rates, as cell
growth was the same regardless of the type of added Hg (Figure 1). Rather, the difference was
likely due to the limited bioavailability of Hg originating from HgS nanoparticles relative to
dissolved Hg.

The mercury added to the culture flasks was, for the most part, fully recovered in the
culture media during the entire experiment. In both MS-1 and MS-2 mixed cultures amended
with either dissolved Hg or nanoparticulate HgS, at least 85% of the added Hg was quantified in
the culture media (Figure S1). Approximately 15 to 25% of the added mercury sorbed to the
container while less than 1.0% was recovered in the headspace of the culture vials. We also
hypothesize that the speciation of the Hg changed during the course of the incubation. For
example, the production of sulfide (Figure S2) from the sulfate reducing community likely

changed the speciation of Hg in the cultures and the relative partitioning of Hg between

10
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dissolved and particulate phases. Nevertheless, the initial form of Hg added to the cultures (i.e.
dissolved Hg or nanoparticulate HgS) played an important role in determining net methylation
rates.

In the Hg blank, killed controls, and abiotic controls, the measured MeHg concentrations
were less than 4.1 pM for all time points (data not shown). These concentrations were much
smaller than the MeHg concentrations observed at the end of the 64-h incubations for all the live

cultures amended with either form of mercury (Figure 2).

Consumption of sulfate and abundance of sulfite reductase genes. The activity of SRB was
evaluated by monitoring sulfate concentrations during the incubation and quantifying the relative
abundance of sulfite reductase genes in the cultures. In all mixed cultures, sulfate concentrations
followed an approximately linear decrease with time (Figure 2). The greatest decrease in sulfate
concentration was observed for cultures incubated with 60 mM C-substrate, an observation
consistent with the expected greater microbial activity at higher substrate concentration.

The addition of sodium molybdate resulted in almost complete inhibition of sulfate
consumption and MeHg production (Figure S3), consistent with previous studies.””** The
concentrations of MeHg at the end of the incubation in these cultures ranged from 0.06 to 0.16%
of initial mercury spike, thus indicating that the predominant mercury methylators in these mixed
cultures were associated with the sulfate reducing community (to be expected given the
enrichment conditions).

The abundance of the sulfite reductase dsr4 gene normalized to the abundance of the 16S
rDNA gene increased with incubation time (Figure S4), as expected for cultures grown under
sulfate reducing conditions. The relative amount of dsr4 was greatest for mixed cultures
incubated with 60 mM C-substrate (19% for MS-1 and 10% for MS-2 culture). For context, the
abundances of dsr4 in the surface of marine sediments can vary from 2 to 30%.%>* The
abundance of dsr4 gene in the MS-1 mixed cultures appeared to increase with each time point
during incubation (Figures S4A and S4B). However, for the MS-2 culture, the abundance of
dsrA gene was relatively lower and did not increase appreciably during the first 48 h of the
incubation (Figures S4C and S4D). A slight increase was observed at the 64 h time point, when

the relative dsrA gene abundance was 1% to 9%. These values, however, are less than the

11
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1

2

2 275  relative dsrA gene abundances observed in the MS-1 mixed cultures, consistent with differences
2 276  in growth rates and MeHg concentrations between the two mixed cultures.

7 277

g 278  Correlations between microbial growth, sulfate reduction, and net MeHg production. The
ig 279  relationships between microbial growth, sulfate reduction, and net MeHg production were

12 280  compared for time points between 10 and 64 hours in the incubation. These time points were

14 281  selected because the largest changes in MeHg concentrations were observed during this time

16 282  frame for the mixed cultures (Figure 2). Cell density of most cultures showed a strong linear

18 283 relation to the MeHg concentrations (Figure 3), similar to other studies 2740 An exception to this
19 284  trend was observed for the MS-2 mixed culture with dissolved Hg added, where net MeHg

21 285  concentrations increased while cell growth was minimal (Figure 3C).

22

23 286 Additional comparisons were made between the rates of net MeHg production and sulfate
24

o5 287  consumption for the time periods of most active net Hg methylation (Figure 4). These rates were
g? 288  calculated from the slopes of linear regressions for the 10 h to 64 h data points shown on Figure

28 289 2, and also for a second round of enrichment experiments performed with five different C-

30 290  substrate concentrations (time-course data not shown). While we recognize that some of the

32 291  concentrations values were not linear with time, we used this approach to provide an estimate
34 292 that could be used for comparison purposes. The parameters for the regressions are shown in
35293 Tables S1 and S2.

37 294 When all sulfate reduction rates were compared for the same cultures, the rates did not
39 295 change with the type of Hg added (Figure 4). For example in the MS-1 cultures, sulfate reduction
41 296  rates were 0.25 - 0.5 mM h! in the dissolved Hg amendments (Figure 4A) and 0.21 — 0.37 mM
297  h'inthe nanoparticulate HgS amendments (Figure 4B). These rates were not significantly

44 298  different (p = 0.36 for single factor ANOVA). Likewise in the MS-2 cultures, the sulfate

46 299  reduction rates were 0.15 — 0.25 mM h™ in the dissolved Hg amendments and 0.12- 0.34 mM h!
48 300 in the nanoparticulate HgS amendments (p = 0.34) (Figure 4C and 4D). We also note that these

58 301 rates are similar to sulfate reduction rates observed in saline settings that are rich in organic
g; 302  matter and highly productive ecosystems (up to 1.5 mM h™). '%#
53 303 The rates of net methylation were for the most part faster in cultures that received

55 304  dissolved Hg than those that received nanoparticulate HgS. For example in the MS-1 cultures
57 305  thatreceived dissolved Hg, net MeHg production rates were 8.7 — 18.1 pM h! (Figure 4A), while

60 12
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the cultures receiving nanoparticulate HgS had rates of 1.4 — 5.4 pM MeHg h™' (Figure 4B).
Similar trends were observed for the MS-2 cultures, although the difference was smaller (1.1 —
4.4 pM h" in dissolved Hg amendments; 0.17 — 1.7 pM h™ in the nanoparticle HgS amendments,
Figure 4C and 4D). For context, the rates of net MeHg production shown in Figure 4 were
similar to or greater than rates observed previously in sediment slurries amended with the same
amount of mercury (0.5 — 3 pM h™).?

The difference in methylation rates between dissolved Hg and nanoparticulate HgS
amendments is consistent with expectations that dissolved Hg is more bioavailable to the
microorganisms than nanoparticulate HgS. However, the difference diminished at low sulfate
reduction rates. In other words, the slope of the regression line in Figure 4A is greater than the
slope of the regression for Figure 4B . A comparison of slope values for Figures 4C and 4D was
not warranted, as both values were not significantly different from zero (p > 0.05).

The contribution of the sulfate reducers in the mixed cultures is further highlighted in
Figure 5, where the percentage of methylated mercury is plotted as a function of the relative
abundance of dsrA genes. Regression analysis indicated significant correlations (p < 0.05, n=9)
between these two parameters for the mixed culture from MS-1 (Figures 5A and 5B).The
correlations indicated that cultures spiked with dissolved Hg showed a steeper positive trend
(slope = 1.4 (% as MeHg)*(% dsrA abundance)”, Figure 5A) than the nanoparticulate HgS
amended ones (slope = 0.65 (% as MeHg)*(% dsrA abundance) ™, Figure 5B). Similarly, for MS-
2 cultures, there was a steeper positive trend in amendments with dissolved Hg (slope = 0.67,
Figure 5C) relative to the culture amended with nanoparticulate HgS (slope = 0.13, Figure 5D).
The slope values for the MS-2 culture were smaller than the MS-1 culture due to the smaller
abundance of dsr4 genes in MS-2 (<6%) relative to the MS-1 (5-20%).

The trends shown in Figures 4 and 5 suggest that if the experiments were performed at
low microbial growth rates (i.e., sulfate reduction rates much less than 0.1 mM h™"), net MeHg
production would likely be similar regardless of the type of Hg added. The results of this study
did not have sufficiently low sulfate reduction rates to fully demonstrate this phenomenon.
However in our previous experiments with sediment slurry microcosms®, cultures with low
sulfate reduction rates (ca. 5 10 mM h™") had produced MeHg at the same net rate even though
they received forms of Hg with different bioavailability (i.e., dissolved Hg and nanoparticulate

HgS). In this case the low productivity of the microbial community, as indicated by low sulfate
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reduction rates, was the limiting factor for controlling net MeHg production. In contrast, at high
sulfate reduction rates (such as those shown in Figure 4) the bioavailability of Hg was important
for controlling net MeHg production. The notion of growth-limited versus bioavailability-limited
mercury methylation would imply the existence of a threshold sulfate reduction rate. However,
the quantification of this threshold cannot be firmly established with this data set due to
relatively large uncertainties of the regression parameters (i.e. slope and intercept) for the data in
Figure 4. Further work should include a broader range of microbial growth rates, particularly at

low growth conditions.

Net methylation potential was greater in MS-1 cultures than in MS-2 cultures. The mixed
cultures derived from MS-1 had a net production rates of MeHg (Figure 4A and 4B) that were 2
to 10 times faster than the culture enriched from MS-2 (Figure 4C and 4D), regardless of the
form of mercury supplied. Likewise, sulfate reduction rates for the MS-1 cultures were generally
faster than rates for the MS-2 cultures.

The differences between these two mixed cultures are not known, but could be explained
by a number of factors. For example, the MS-1 and MS-2 cultures originated from two different
original sediment samples. Thus, the enrichments produced two distinct microbial communities
that likely differed in abundance of methylating and demethylating microorganisms. While the
data indicated that sulfate reducing microorganisms were the major organisms in both cultures
and the principal methylators of Hg (as indicated by the molybdate controls and the positive
relationships between sulfate reduction, C-substrate concentration, and MeHg concentrations),
not all sulfate reducers are capable of MeHg production®®. Thus, the relative abundance of
methylators was likely greater for MS-1 cultures than for MS-2 cultures. As there are many
possible explanations for such functional differences between the mixed cultures, further analysis
is needed for the overall microbial community composition and biomolecular signatures specific

to the Hg methylation phenotype.

Environmental implications. Our results show that net mercury methylation is related to the
bioavailability of mercury and microbial growth, as demonstrated in a previous study’. The new

finding here is the possible existence of a threshold in activity of methylating microorganisms
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(i.e., sulfate reduction rate in our experiments) where net MeHg production is sensitive to either
microbial growth or to Hg speciation and bioavailability. At environmental sites of interest,
knowledge of this threshold in microbial activity could be useful for remediation purposes by
allowing a prioritization of factors that influence net MeHg production. For example, at field
sites of relatively low activity for methylating microorganisms, remedial actions that attempt to
reduce Hg bioavailability may not be effective. Rather, the remediation strategy should focus on
those measures that suppress the activity of the methylators (e.g., aeration, preventive measures
for eutrophication). In contrast, for sites above the threshold of microbial activity, actions could
aim to reduce both microbial activity of methylators and the bioavailability of Hg.

The results of this research also demonstrated that microbial growth and carbon substrate
concentration played an important role in net MeHg production. Despite the similar growth
yields over the 64 h incubation time, MS-1 and MS-2 mixed bacterial cultures methylated
mercury at different rates and yields. Given the higher percentage of SRB found in MS-1 culture
and a rapid steady increase in dsrA4 gene copy numbers parallel to the increase in net MeHg
production, we may assume that this culture consisted of either a greater abundance of Hg
methylators or microorganisms with higher rates of methylation . Likewise, the MS-2 culture
could have comprised of more MeHg degrading microbes. Phylogenetic analysis of both cultures
could assist in the understanding of this phenomenon.

In the mixed culture experiments for this study, sulfate reduction rates were used as a
proxy for the activity of methylators since the experiment was designed to enrich for sulfate
reducing microorganisms. This research also showed that relative gene abundance for the sulfate
reducers could be an indicator of activity of the methylating community. However, in the natural
environment, other anaerobic microorganisms including iron reducers and methanogens are

known to methylate Hg*™*

. Future work is needed to include a broader diversity of methylating
microorganisms. This work would require a more appropriate parameter to signify the
productivity of all methylating microorganisms and perhaps should quantify gene expression in
addition to gene abundance. The recent discovery of a gene cluster directly linked to Hg

methylation*> **

provides a promising path forward in this respect.
Overall this study demonstrated that differentiation of key factors affecting mercury
methylation can be achieved by designing experiments that simultaneously control for the initial

mercury speciation and microbial activity. Such an approach may provide a basis for the

15
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1

2

2 399  development of methods to quantify mercury methylation potential and conceptual models that
2 400  quantitatively link mercury methylation potential to specific changes in geochemical and

7 401  biological conditions in the field.

g 402

ig 403  Acknowledgements. We are grateful to Brooke Hassett and Paul Heine for their assistance with

12 404  sulfate analyses and sediment characterization. We also thank Scott Langdon for his assistance
14 405  with molecular biology analyses. This research was supported in part by the Department of

16 406  Energy Early Career Scientist program (DE-SC0006938) and the National Institute of

18 407  Environmental Health Sciences (ROIES024344).

19
0 408
g; 409  Supporting Information

23 410  SIsection includes detailed methods for the preparation of HgS nanoparticles and mercury

o5 411  enriched isotope solutions, sulfate reducing medium composition, chemical analyses,

412  quantification of total 16S rDNA and dsrA4 gene fragments, linear regression parameters for

28 413 correlations between net MeHg concentration and growth (ODggo), mercury mass balance,

30 414  methylmercury production in molybdate amended controls, abundance of dsrA4 genes relative to

32 415 16S rDNA and abundance of dsr4 genes versus C-substrate concentration.

60 16



©CoO~NOUTA,WNPE

Environmental Science: Processes & Impacts Page 18 of 28

References

1.

10.

11.

12.

13.

14.

15.

16.

Committee on the Toxicological Effects of Methylmercury, Board on Environmental
Studies Toxicology and N. R. Council, The National Academies Press, 2000.

D. Mergler, H. A. Anderson, L. H. M. Chan, K. R. Mahaffey, M. Murray, M. Sakamoto and
A. H. Stern, Ambio, 2007, 36, 3-11.

H. Hsu-Kim, K. H. Kucharzyk, T. Zhang and M. A. Deshusses, Environ. Sci. Technol.,
2013, 47, 2441-2456.

J. Munthe, R. Bodaly, B. A. Branfireun, C. T. Driscoll, C. C. Gilmour, R. Harris, M.
Horvat, M. Lucotte and O. Malm, Ambio, 2007, 36, 33-44.

C.-C. Lin, N. Yee and T. Barkay, in Environmental Chemistry and Toxicology of Mercury,
John Wiley & Sons, Inc., 2012, ch. 155-191.

R. P. Mason, M. L. Abbott, R. Bodaly, O. R. Bullock, J. Jr, C. T. Driscoll, D. Evers, S. E.
Lindberg, M. Murray and E. B. Swain, Environ. Sci. Technol., 2005, 39, 14A-22A.

T. Barkay and I. Wagner-Dobler, in Advances in Applied Microbiology, eds. A. 1. Laskin, J.
W. Bennett and G. M. Gadd, Elsevier Academic Press Inc, San Diego, 2005, vol. 57, pp. 1-
52.

G. Compeau and R. Bartha, Appl. Environ. Microbiol., 1985, 50, 498-502.
C. C. Gilmour, E. A. Henry and R. Mitchell, Environ. Sci. Technol., 1992, 26, 2281-2287.

J. K. King, J. E. Kostka, M. E. Frischer and F. M. Saunders, Appl. Environ. Microbiol.,
2000, 66, 2430-2437.

J. K. King, J. E. Kostka, M. E. Frischer, F. M. Saunders and R. A. Jahnke, Environ. Sci.
Technol., 2001, 35, 2491-2496.

K. A. Warner, E. E. Roden and J.-C. Bonzongo, Environ. Sci. Technol., 2003, 37, 2159-
2165.

C. R. Hammerschmidt and W. F. Fitzgerald, Environ. Sci. Technol., 2006, 40, 7764-7770.

A. T. Schartup, R. P. Mason, P. H. Balcom, T. A. Hollweg and C. Y. Chen, Environ. Sci.
Technol., 2012, 47, 695-700.

A. M. Graham, G. R. Aiken and C. C. Gilmour, Environ. Sci. Technol., 2012, 46, 2715-
2723.

S. Jonsson, U. Skyllberg, M. B. Nilsson, P.-O. Westlund, A. Shchukarev, E. Lundberg and
E. Bjorn, Environ. Sci. Technol., 2012, 46, 11653-11659.

17



Page 19 of 28

©CoO~NOUTA,WNPE

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Environmental Science: Processes & Impacts

A. L.-T. Pham, A. Morris, T. Zhang, J. Ticknor, C. Levard and H. Hsu-Kim, Geochim
Cosmochim Acta, 2014, 133, 204-215.

T. Zhang, B. Kim, C. m. Levard, B. C. Reinsch, G. V. Lowry, M. A. Deshusses and H.
Hsu-Kim, Environ. Sci. Technol., 2012, 46, 6950-6958.

J. K. King, F. M. Saunders, R. F. Lee and R. A. Jahnke, Environ. Toxicol. Chem., 1999, 18,
1362-1369.

C. R. Hammerschmidt and W. F. Fitzgerald, Environmental Science & Technology, 2004,
38, 1487-1495.

J. M. Benoit, C. C. Gilmour, R. P. Mason and A. Heyes, Environmental Science &
Technology, 1999, 33, 951-957.

A. Drott, L. Lambertsson, E. Bjorn and U. Skyllberg, Environmental Science &
Technology, 2007, 41, 2270-2276.

T. Zhang, K. H. Kucharzyk, B. Kim, M. A. Deshusses and H. Hsu-Kim, Environ. Sci.
Technol., 2014, 48, 9133-9141.

P. R. Day, in Methods of Soil Analysis. Part 1. Physical and mineralogical properties,
including statistics of measurement and sampling, Black, C A, Madison, WI, 1965, ch. 43,
pp. 545-567.

G. W. Gee and D. Or, in Methods of soil analysis. , eds. J. H. Dane and G. C. Topp,
Madison, WI, 2002, vol. 4, pp. 255-293.

M. L. Jackson, ed. p. b. t. author, Madison, WI, 1979.
J. Benoit, C. C. Gilmour and R. Mason, Appl. Environ. Microbiol., 2001, 67, 51-58.

C. C. Gilmour, D. A. Elias, A. M. Kucken, S. D. Brown, A. V. Palumbo, C. W. Schadt and
J. D. Wall, Appl. Environ. Microbiol., 2011, 77, 3938-3951.

R. S. Oremland and D. G. Capone, in Adv. Microb. Ecol., Springer, 1988, pp. 285-383.
L. G. Wilson and R. S. Bandurski, J.Biol. Chem., 1958, 233, 975-981.

G. A. Gill and W. F. Fitzgerald, Mar. Chem., 1987, 20, 227-243.

N. S. Bloom, J. A. Colman and L. Barber, Fresen. J. Anal. Chem., 1997, 358, 371-377.
H. Hintelmann and R. Evans, Fresen. J. Anal. Chem., 1997, 358, 378-385.

Y. Cai, R. Jafté, A. Alli and R. D. Jones, Anal. Chim. Acta, 1996, 334, 251-259.

H. E. Allen, G. Fu and B. Deng, Environ. Toxicol. Chem., 1993, 12, 1441-1453.

18



©CoO~NOUTA,WNPE

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Environmental Science: Processes & Impacts

J. D. Cline, Limnol. Oceanogr., 1969, 14, 454-458.
H. J. M. Bowen, Environmental Chemistry of the Elements, Academic Press, London, 1979.

L. Quillet, L. Besaury, M. Popova, S. Paissé, J. Deloffre and B. Ouddane, Mar Biotechnol,
2012, 14, 363-381.

A. Breuker, S. Stadler and A. Schippers, FEMS Microbiology Ecology, 2013, 85, 578-592.
D. Acha, C. A. Pabon and H. Hintelmann, FEMS Microbiol. Ecol., 2012, 80, 637-645.
K. S. Habicht and D. E. Canfield, Geochimica et Cosmochimica Acta, 1997, 61, 5351-5361.

C. C. Gilmour, M. Podar, A. L. Bullock, A. M. Graham, S. D. Brown, A. C. Somenahally,
A.Johs, R. A. Hurt Jr, K. L. Bailey and D. A. Elias, Environ. Sci. Technol., 2013, 47,
11810-11820.

J. K. Schaefer and F. M. Morel, Nat. Geosci., 2009, 2, 123-126.

S. Hamelin, M. Amyot, T. Barkay, Y. Wang and D. Planas, Environ. Sci. Technol., 2011,
45, 7693-7700.

J. M. Parks, A. Johs, M. Podar, R. Bridou, R. A. Hurt, S. D. Smith, S. J. Tomanicek, Y.
Qian, S. D. Brown and C. C. Brandt, Science, 2013, 339, 1332-1335.

19

Page 20 of 28



Page 21 of 28 Environmental Science: Processes & Impacts

1

2

2 Figure Captions

2 Figure 1. Growth of microorganism, as shown by optical density (OD) at 660 nm in mixed

; anaerobic cultures extracted from MS-1 (A,B) and MS-2 (C,D) sediments, grown under different
20 C-substrate concentrations (0.6 mM, 6 mM and 60 mM), and amended with either dissolved Hg
11 (A,C) or nanoparticulate HgS (B,D). The error bars represent 1 s.d. for triplicate biological

ig samples.

14

ig Figure 2. Net production of methylmercury (filled symbols) and reduction of sulfate (open

g symbols) in mixed anaerobic cultures from MS-1 (A,B) and MS-2 (C,D) sediments, grown under
19 different C-substrate concentrations, and amended with either 5 nM dissolved Hg (A,C) or 5 nM
3(1) nanoparticulate HgS (B,D). The error bars represent 1 s.d. for triplicate biological samples.

gg Linear regressions were performed for the 10 - 64 h data points; the regression parameters are

gg listed in Table S2.

26

27 Figure 3. Relationship between methylmercury concentration and cell density of mixed

gg microbial cultures enriched from MS-1 (A, B) and MS-2 (C, D) sediments grown under different
32 C-substrate concentrations, and amended with either dissolved Hg (A, C) or nanoparticulate HgS
gg (B, D). The error bars represent 1 s.d. for triplicate biological samples. Linear regression

gg parameters are listed in Table S3.

g? Figure 4. Net MeHg production rate as a function of sulfate reduction rate calculated between 10
gg and 64 hours for mixed microbial cultures grown at different C-substrate concentrations. Mixed
40 cultures were enriched from MS-1 (A, B) and MS-2 (C, D) sediments and were amended with
j; either dissolved Hg (A, C) or nanoparticulate HgS (B, D). The error bars represent 1 s.d. for

ji triplicate samples in the test groups. Some errors bars are smaller than the data points. Solid

jg black lines correspond to linear least squares regression of the data.

j; Figure 5. Net methylation of mercury (as % of total Hg) as a function of dsr4 gene relative

gg abundance for the 10 to 64 h incubation time points for mixed microbial cultures grown at

g; different C-substrate concentrations. Mixed cultures were inoculated from enrichments of MS-1
gj (A, B) and MS-2 (C, D) sediments and were amended with either dissolved Hg (A, C) or

gg nanoparticulate HgS (B, D). Solid black lines correspond to linear least squares regression of the
57 data.

58

59
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Table 1. Characteristics of original sediments used in enrichment experiments. Concentrations
represent the mean + standard deviation of triplicate samples. Sediment concentrations are
reported on a dry weight basis.

Sediment sample ID
MS-1 MS-2
10 Sediment texture Clay loam Sandy loam
11 Clay (%) (<2 pm) 63 9
13 Silt (%) (2-50 um) 28 10
14 Sand (%) (> 50 pm) 9 81
15 pH (pore water) 7.6 8.0
17 Total mercury in sediment (mg kg™) 12.2+£5.9 16.6£2.8
18 Methyl mercury in sediment (ng kg™") 145£25.6 381+40.8
20 TOC in sediment (mg kg™) 31.8+0.8 4.5+ 0.6
29 Sulfate (pore water, mg L'l) 29344273 2749+418
23 Wet-to-dry mass ratio 1.34 1.28

Parameters

©CoO~NOUTA,WNPE
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Figure 1. Growth of microorganism, as shown by optical density (OD) at 660 nm in mixed

anaerobic cultures extracted from MS-1 (A,B) and MS-2 (C,D) sediments, grown under different
C-substrate concentrations (0.6 mM, 6 mM and 60 mM), and amended with either dissolved Hg

(A,C) or nanoparticulate HgS (B,D). The error bars represent 1 s.d. for triplicate biological

samples.
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33 Figure 2. Net production of methylmercury (filled symbols) and reduction of sulfate (open
symbols) in mixed anaerobic cultures from MS-1 (A,B) and MS-2 (C,D) sediments, grown under
36 different C-substrate concentrations, and amended with either 5 nM dissolved Hg (A,C) or 5 nM
37 nanoparticulate HgS (B,D). The error bars represent 1 s.d. for triplicate biological samples.

38 Linear regressions were performed for the 10 - 64 h data points; the regression parameters are

39 listed in Tables S1 and S2.
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Figure 3. Relationship between methylmercury concentration and cell density of mixed
microbial cultures enriched from MS-1 (A, B) and MS-2 (C, D) sediments grown under different
C-substrate concentrations, and amended with either dissolved Hg (A, C) or nanoparticulate HgS
(B, D). The error bars represent 1 s.d. for triplicate biological samples. Linear regression
parameters are listed in Table S3.
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Figure 4. Net MeHg production rate as a function of sulfate reduction rate calculated between 10
and 64 hours for mixed microbial cultures grown at different C-substrate concentrations. Mixed
cultures were enriched from MS-1 (A, B) and MS-2 (C, D) sediments and were amended with
either dissolved Hg (A, C) or nanoparticulate HgS (B, D). The error bars represent 1 s.d. for
triplicate samples in the test groups. Some errors bars are smaller than the data points. Solid
black lines correspond to linear least squares regression of the data.
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Figure 5. Net methylation of mercury (as % of total Hg) as a function of dsr4 gene relative
abundance for the 10 to 64 h incubation time points for mixed microbial cultures grown at
different C-substrate concentrations. Mixed cultures were inoculated from enrichments of MS-1
(A, B) and MS-2 (C, D) sediments and were amended with either dissolved Hg (A, C) or
nanoparticulate HgS (B, D). Solid black lines correspond to linear least squares regression of the
data.
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