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DOM size and aromaticity

Increasing methylation of Hg-S-DOM
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ABSTRACT: Dissolved organic matter (DOM) is a key component of fate and transport models for most metals, including
mercury (Hg). Utilizing a suite of diverse DOM isolates, we demonstrated that DOM character, in addition to concentration,
influences inorganic Hg (Hg(Il);) bioavailability to Hg-methylating bacteria. Using a model Hg-methylating bacterium,
Desulfovibrio desulfuricans ND132, we evaluated Hg-DOM-sulfide bioavailability in washed-cell assays at environmentally relevant
Hg/DOM ratios (~1—8 ng Hg/mg C) and sulfide concentrations (1—1000 xM). All tested DOM isolates significantly enhanced
Hg methylation above DOM-free controls (from ~2 to >20-fold for 20 mg C/L DOM solutions), but high molecular weight/
highly aromatic DOM isolates and/or those with high sulfur content were particularly effective at enhancing Hg methylation.
Because these experiments were conducted under conditions of predicted supersaturation with respect to metacinnabar (/-
HgS(s)), we attribute the DOM-dependent enhancement of Hg(II); bioavailability to steric and specific chemical (e.g, DOM
thiols) inhibition of #-HgS(s) growth and aggregation by DOM. Experiments examining the role of DOM across a wide sulfide
gradient revealed that DOM only enhances Hg methylation under fairly low sulfide conditions (530 #M), conditions that favor

HgS nanoparticle/cluster formation relative to dissolved HgS species.

B INTRODUCTION

Dissolved organic matter (DOM) plays a central role in the
biogeochemical cycling of mercury. Processes affected by DOM
include inorganic mercury (Hg(II);) complexation' > and
transport,”” methylmercury (MeHg) complexation®® and
transport,”'® precipitation''** and dissolution'*'>'® of Hg—
S minerals, and MeHg production by bacteria.'”'® Under-
standing factors that influence MeHg production is paramount
for risk evaluation and management in Hg-impacted
ecosystems, as microbial Hg production is the main driver of
risk associated with Hg pollution.

MeHg groduction occurs mainly in anoxic soils and
sediments' ~>' where dissolved, nanoparticulate, and partic-
ulate H%—sulﬁde species are often the predominant forms of

attributed this novel finding to the role that DOM plays in
stabilizing metal sulfide nanoparticles against growth and
aggregation,'"'>'*** and hypothesized that sufficiently small
and/or disordered forms of HgS might be bioavailable to Hg-
methylating bacteria. Parallel work by Zhang et al.** supports
this hypothesis by confirming that nanoscale metacinnabar (-
HgS(s)) is more bioavailable to Hg-methylating bacteria than
bulk 5-HgS(s).

In this study, we evaluate the effect of DOM source and
character on microbial methylation rates in Hg-DOM-sulfide
solutions, using a model Hg-methylating bacterium, Desulfovi-
brio desulfuricans ND132. Twelve DOM isolates, originating
from a variety of lacustrine, riverine, wetland, and marine

Hg(11),.">"**'~** Previously, we demonstrated that DOM can Received: January 27, 2013
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Table 1. Characteristics of DOM Isolates Used in This Study

isolate

FL Everglades site 2BS hydrophobic
acid (2BSHPoA)

FL Everglades site F1 hydrophobic
acid (F1HPoA)

FL Everglades site F1 transphilic
acid (F1TPiA)

Missouri River fulvic acid (MRFA)

site description

FL Everglades
Area 2A in FL Everglades
Area 2A in FL Everglades
Sioux City, IA

Ogeechee River fulvic acid
%OgRFA)

Ohio River fulvic acid (OhRFA)

sampled at Grange, GA

Cincinnati, OH

Pacific Ocean fulvic acid (POFA)
southwest of Honolulu, HI

Penobscot River hydrophobic acid

Marshland in Water Conservation Area 2BS in
Eutrophied marshland in Water Conservation

Eutrophied marshland in Water Conservation

Major river draining north-central US, sampled at
Small river draining Piedmont of eastern Georgia,
Major river draining east-central US, sampled at
Sample collected from 100 m depth 170 km

River draining central Maine, sampled at

(PRHPoA) Eddington, Maine
Penobscot River transphilic acid River draining central Maine, sampled at
(PRTPiA) Eddington, Maine

Suwannee River humic acid (SRHA,
Standard 1II)

Williams Lake hydrophobic acid
(WLHPoA)

Williams Lake transphilic acid
(WLTPiA)

sampled at Fargo, GA

Seepage lake in north-central Minnesota

Seepage lake in north-central Minnesota

Blackwater river draining Okeefenokee Swamp,

H N Ash  SUVA, (L (mg
C® (%) 0% (%) S®%) (%) C)'m™)
523 48 402 1.6 12 73 3.58 + 0.05
527 48 392 17 1.6 2.8 4.06 + 0.06
480 46 431 2.7 LS 42 2.93 + 0.04
56.7 5.4 35.8 1.3 0.8 0.1 249 + 0.04
543 48 386 09 13 0.4 3.56 + 0.07
558 5S4 360 LS 13 0.6 2.84 + 0.07
562 60 363 11 0.4 0.4 0.51 + 0.03
527 43 414 11 0.5 4.0 4.18 + 0.08
471 42 470 17 nd® 95 2.88 + 0.03
526 43% 420" 122 o0s® 104° 6.44 + 0.15
552 57 365 1.8 0.8 2.1 1.95 + 0.02
496  S4 406 34 1.0 19 1.36 + 0.02

“n.d. = not determined due to insufficient material. *Data provided by International Humic Substances Society (IHSS).

environments, were evaluated for their impact on Hg-
methylation rates at environmentally relevant Hg/DOM ratios
(~0.025 nmol/mg C) and sulfide concentrations (~1—1000
uM). Several field studies have shown that DOM character,
particularly specific UV absorbance (SUVA; a measure
correlated to the size and aromaticity of DOM®), is a strong
correlate of net MeHg production.””** Laboratory studies have
conclusively demonstrated that DOM size and aromaticity are
stron%ly linked to Hg—S dissolution,'® precipitation/aggrega-
tion,” and ordering of HgS.*® In this paper we describe
carefully controlled experiments designed to test the hypothesis
that DOM character (especially DOM size and aromaticity) is a
significant driver of Hg—S bioavailability to Hg-methylating
bacteria. Our results have implications for predicting MeHg
production rates in natural systems. They are particularly
relevant to predicting the impacts of ecosystem-level
perturbations that affect the concentration and quality of
DOM (e.g., land use change and alteration of surface/
subsurface hydrology,®>*' eutrophication,® postacidification

32,33
recovery,” "> etc.).

B EXPERIMENTAL SECTION

DOM Isolation and Characterization. DOM fractions
were isolated from a variety of ecosystem types encompassing a
wide range of trophic states and organic matter sources (Table
1). Suwannee River humic acid (SRHA, Standard II) was
obtained from the International Humic Substances Society
(IHSS) and used without additional purification; all other
DOM samples were isolated according to methods described
previously.>*** For each DOM isolate, the elemental
composition of the freeze-dried isolate was determined by
Huffman Laboratories (Golden, CO). Specific UV absorbance
at 4 = 254 nm (SUVA,,) for each isolate was measured by
preparing ~10 mg C/L stocks of each DOM isolate, filtering
through 0.2 ym filters, and measuring total dissolved organic
carbon with a Shimadzu TOC-Vgy total organic carbon
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analyzer and UV absorbance at A = 254 nm with a Cary 4E
UV—vis spectrophotometer. Additional information (average
molecular weight, ?°C NMR, and sulfur speciation by X-ray
near edge absorption spectroscopy (XANES)) has been
previously compiled for a subset of these samples."®

Cell Cultivation and Maintenance. Desulfovibrio desul-
furicans ND132 was employed as a model Hg-methylating
sulfate reducing bacterium (SRB). Strain ND132 was isolated
from Chesapeake Bay bottom sediments.®® It is well
characterized with respect to its growth®” and Hg-methylation
capability (including in Hg-DOM-sulfide solutions)'®*”** and
has a fully sequenced genome.> Strain ND132 was maintained
on estuarine pyruvate-fumarate (EPF) growth medium, which
supports respiratory growth with sulfide production limited to
that produced via L-cysteine degradation.'®

Impact of DOM Character on MeHg Production. We
evaluated the effect of DOM source and character on MeHg
production by strain ND132 in carefully controlled washed cell
assays.>® Cells were grown to midlog phase (optical density at
= 660 nm of ~0.2), harvested by centrifugation (3000X g), and
resuspended in EPF wash buffer (recipe given in Graham et
al.'®). Cell suspensions were then centrifuged a second time
(3000x g) and the cell pellet was resuspended in EPF assay
buffer. The assay buffer consisted of the basic EPF wash buffer
amended with 20 mg C/L of DOM isolate (see Table 1; added
from TOC-measured ~500 mg C/L freshly prepared, 0.2 ym-
filtered stocks made in N,-purged deionized water) and 0.5 nM
of stable-isotope enriched **'HgCl, (98.11% enriched in **'Hg,
Oak Ridge National Laboratories, Oak Ridge, TN). Filter-
sterilized assay buffer was equilibrated for 24 h at 31 °C in the
dark prior to resuspension of the ND132 cells. Cell suspensions
were incubated in the dark for 3 h at 31 °C, and MeHg
production as well as total Hg (THg) partitioning were
measured at the end of the incubation period. Washed cell
assays were performed in triplicate for each DOM isolate. All
sample manipulations were performed under strictly anoxic
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conditions inside a glovebag (Coy Laboratory Products, Grass
Lake, MI) with a 95% N,, 5% H, atmosphere and Pd catalyst
for O, removal. The enriched stable isotope approach was
necessary to separate the Hg spike from Hg found in the DOM
isolates or other medium components.

Each experimental set included triplicate no-DOM controls
and triplicate positive controls containing 500 M L-cysteine
without DOM addition. The 500 uM L-cysteine positive
controls allow us to measure Hg methylation efficiency of
Hg(1I); in a highly bioavailable form.*® These cysteine controls
can then be used to assess and correct for differences in
methylation efficiencies across experiments conducted on
different days with cells harvested at slightly different cell
densities. Our previous work indicated that abiotic Hg
methylation by DOM was insignificant.'® Low sulfide
concentrations (generally 1.0—2.0 uM) in the assays were
obtained from ND132’s degradation of L-cysteine provided in
the growth medium prior to cell washing,

At the onset of each 3 h methylation assay, we measured
optical density (ODgq), cell density, total cell protein, pH, and
inorganic sulfide. At the end of the incubation, we removed
aliquots for ODgg, total cell protein, pH, sulfide, total MeHg
and THg, filter-passing (0.2 pm polycarbonate track etched
filters (Whatman)) MeHg and THg, and particulate MeHg and
THg (MeHg or THg retained on the filter). MeHg and THg
samples were preserved by acidifying with 0.5% v/v trace metal
grade HCI and stored frozen until analysis. To close mass
balance on THg, filter flasks containing assay buffer were
directly amended with 0.5% v/v trace metal grade HCl and 3%
v/v BrCl to recover any Hg adsorbed to bottle walls during the
24 h pre-equilibration period.

Effect of Sulfide Concentration on Hg-DOM-S Bio-
availability. The bioavailability of Hg(II); in Hg-DOM-sulfide
solutions was also evaluated over a much wider range of sulfide
concentrations. These experiments were conducted as
described above except that ~3—1000 uM sulfide was added
to the assay buffer 1—2 h prior to challenging ND132. In these
experiments, the assay buffer consisted of the base EPF wash
buffer, 0 or 20 mg C/L of SRHA, 1 nM **'HgCl,, and various
concentrations of sulfide. Each experiment included samples
unamended with sulfide (with and without DOM addition) and
positive controls without sulfide addition but with 500 yM L-
cysteine addition. Treatments were repeated in duplicate for
three of the six different sulfide spike concentrations for each
experimental set (with and without DOM).

Analytical Methods. Cell density was measured with a
Coulter Counter (Beckman Coulter Multisizer 4, Brea, CA).
Samples for cell counting were diluted in ISOTON II
electrolyte (Beckman Coulter) and analyzed by counting SO
uL volumes using a 20 um aperture tube (calibrated against
National Institute of Standards and Technology (NIST)
certified latex beads with nominal diameter of 2 ym). Sulfide
analyses were accomplished by diluting samples in sulfide
antioxidant buffer (SAOB) and measuring the potential of
diluted samples with a sulfide specific electrode (calibrated
against Pb titrated Na,S standards).* Samples for total cell
protein were stored frozen until analysis and then analyzed via
the Bradford protein assay.*

MeHg was determined by isotope dilution (ID) gas
chromatography (GC) inductively coupled plasma mass
spectrometry (ICP-MS) following aqueous phase distillation
and ethylation.”®* Stable isotope enriched Me'*Hg was
synthesized in-house via reaction of 'HgCl, (Oak Ridge
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National Laboratories, 91.95% enriched in '*Hg) with
methylcobalamin,** and was used as the ID spike. MeHg
concentrations of ambient and tracer (MeZOIHg) were
calculated based on isotope abundances after correcting for
impurities in the ID spike and **'Hg tracer.* All MeHg
measurements were made using a Brooks Rand MERX
automated MeHg system (Seattle, WA) interfaced to a
Perkin-Elmer Elan DRC II ICP-MS (Shelton, CT).

Total Hg (THg) was determined on digested samples by
SnCl, reduction and detection of Hg(0) vapor with flow
injection ICP-MS.”® Total Hg in medium (unfiltered samples)
and particulate THg (on filters) samples were digested in hot
7:4 v/v HNO;/H,SO, (1:2 v/v sample digest acid) until vapors
turned colorless and were then preserved with 1% v/v BrCl
Filter-passing THg samples were digested overnight with 1% v/
v BrCl at room temperature. Concentrations of excess ' THg
were calculated based on isotope abundances after correcting
for impurities in the isotope tracer.” A summary of relevant
QA/QC information for MeHg and THg analyses can be found
in the Supporting Information.

B RESULTS AND DISCUSSION

Hg Methylation and Hg Partitioning. All tested DOM
isolates enhanced Hg methylation relative to DOM-free
controls (Figure 1). Enhancement ranged from ~2 to ~22-
fold on a percent methylation basis. For each DOM isolate and
control, we tracked Hg and MeHg partitioning behavior. In all
experimental treatments, 0.1 to 0.3 nM (roughly 20 to 65%) of
added **'THg was lost to bottle walls during the 24 h pre-
equilibration period prior to challenging ND132. Total **'Hg
recovery following HCI/BrCl addition directly to pre-
equilibration vessels was 92.5 + 18.2%, indicating that losses
due to Hg(II) reduction and Hg" evasion were minimal. Some
isolates were more effective at limiting THg sorption to bottle
walls than others, but differences in THg partitioning were not
the major drivers of differences in Hg methylation. Total
Me”'Hg production was not correlated with either total
2'THg (p = 0.1, r* = 0.07) or filter-passing **'THg (p = 0.8, r*
< 0.01). We observed a statistically significant (p < 0.05; one-
way ANOVA) enhancement for all DOM additions (compared
to DOM-free controls) regardless of whether data were
compared as total Me**'Hg production, Me?”'Hg production
normalized to cell density, or percent **'Hg methylation (total
Me?'Hg/total **'THg in medium). Other potential exper-
imental variables (pH, sulfide concentration, and cell density)
were held approximately constant within a given experimental
set (see Supporting Information Table S1) and could not
account for the differences in Hg-methylation across DOM
isolates.

Within each set of methylation assays, we included a positive
control containing 500 uM L-cysteine. As noted previ-
ously,"**** Hg(1I) is highly bioavailable in the presence of
cysteine. We observed 87 + 3% and 64 + 5% of total 201Hg
methylated, respectively, in the two positive control experi-
ments with cysteine. Percent **’Hg methylation in treatments
with 20 mg C/L DOM was lower and ranged from 2.7 to 32%.
DOM-free controls yielded the lowest percent *°'Hg
methylated, with 2.1 + 0.1% and 0.88 + 0.02% of measured
Y!'THg methylated in two DOM-free control assays. The
difference in % Hg methylation in the control (500 #M cysteine
addition and DOM-free) experiments conducted at different
times likely reflects differences in cell density and/or cell
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Figure 1. Effect of DOM isolate addition on (a) Hg partitioning and
(b) MeHg production (note log scale) by Desulfovibrio desulfuricans
ND132. Cells were incubated at 31 °C for 3 h in media containing 0.5
nM *'HgCl, pre-equilibrated with 20 mg C/L of each DOM isolate
for 24 h. Experiments were performed in two batches (treatment
groups a and b), each with a no DOM control and a positive control
without DOM amended with 500 yM L-cysteine. Error bars show
standard deviations of triplicate methylation assays. Bars in (b) with
asterisk indicate total MeHg significantly greater than DOM-free
controls (p < 0.001).

growth stage at the time of cell harvesting. MeHg production in
the control experiments can serve as a normalization factor that
allows for comparison of data for methylation assays with small
differences in cell density and/or growth stage.

The majority of produced Me*”'Hg was exported from cells
during the 3 h assays (Figure 1b). Across all of the experiments
(including DOM-free controls and cysteine containing positive
controls), filter-passing Me**'Hg represented 70.7 + 12.7% of
the total Me*'Hg measured at the end of the experiment.
MeHg export in the cysteine-containing positive controls was
90.6 + 3.5% of total MeHg production but only 58.4 + 1.0% in
DOM-free, cysteine-free controls. The average of 70% MeHg
export is similar to that reported in our earlier work across
DOM concentration gradients'® or with various Desulfovibrio
species.>® Interestingly, with this larger data set looking at Hg
methylation in the presence of a variety of DOM isolates, we
did observe a positive correlation between total Me**'Hg
production and the fraction of Me?*'Hg that was filter (0.2 ym)
— passing (* = 0.53, p < 0.001). This correlation implies that
factors that enhance Hg(II); bioavailability for uptake and
methylation may also enhance the extracellular export of
MeHg.

Influence of DOM Character on Hg—S—DOM Methyl-
ation. All of the DOM isolates that we evaluated were found to
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significantly enhance Me**'Hg production under mildly sulfidic
conditions, but the degree of enhancement varied substantially
depending on the identity of the DOM isolate. In order to help
understand the DOM properties that influence bioavailability in
Hg-DOM-S solutions, we performed regression analyses
examining the relationships between various DOM character-
istics and MeHg production in the short term washed cell
assays. MeHg data were log transformed to achieve normality
before regression analysis.

Significant positive correlations with MeHg production were
observed for SUVA,, (r* = 0.51, p = 0.009 for regression vs log
cell-normalized Me*'Hg and * = 0.41, p = 0.02 for regression
vs log %Me**"Hg; Figure 2a and c) and organic matter sulfur
content (r* = 0.36, p = 0.0S for log cell-normalized Me?"'Hg; *
= 042, p = 0.032 for log % MeZOIHg,’ Figure 2b and d). No
significant relationships were found between either N content
or C/N ratio and MeHg production. Modeled together,
SUVA,,, and S content explained 86% of the variability in
MeHg production (p < 0.001).

log[cell — normalized MezmHg]

= —23.7 + 0.19 X SUVA,, + 0.58 X [S(wt%)] (1)
MeHg production in the Hg-DOM-S solutions was well
described by the two-parameter model with the exception of
the F1 HPoA isolate, for which the model under-predicted
observed Hg methylation (Supportlng Information Figure S1).

In our previous paper,'° we hypothesized that DOM
enhanced methylation primarily by limiting -HgS(s) growth
and/or aggregation'”™'* and that molecular clusters or
nanoparticles of HgS were bioavailable to Hg-methylating
bacteria. Concurrent work by Zhang et al.** clearly showed
smaller, more poorly ordered HgS to be more bioactive, even
after correcting for surface area effects. Our finding that
SUVA,;, was correlated to Hg(II); uptake/methylation is
consistent with the idea that DOM sterically hinders HgS
formation'"'*'**** and that smaller and/or poorly ordered
species are more bioavailable to Hg methylating bacteria.'®* A
growing body of literature indicates that DOM size and
aromaticity are important controls on metal sulfide nanoparticle
growth.'** ZnS(s) growth rates determined by dynamic light
scattering have been shown to negatively correlate with
SUVA,q, (a metric linked to DOM size and aromat1c1ty26)
Using extended X-ray absorption fine structure (EXAFS),
Gerbig” found that the Hg coordination number of
metacinnabar-like nanoparticles decreased linearly with increas-
ing SUVA,.

We hypothesize that Hg methylation rates in Hg-DOM-
sulfide solutions are correlated to SUVA,, precisely because
DOM properties (SUVA, molecular weight, aromaticity) that
govern HgS particle growth profoundly influence Hg(II);
bioavailability and methylation. As a further test on this idea,
we compared methylation in Hg-DOM-S solutions containing
hydrophobic and transphilic acid fractions isolated from the
same site. The hydrophobic acid fraction contains a greater
proportion of aromatic C than does the transphilic fraction.*®
For two of the three isolate pairs (Florida Everglades F1 site
and Penobscot River site), Hg-methylation was 2—3 fold higher
for the hydrophobic acid fraction compared to the transphilic
acid fraction (methylation rates for the Williams Lake isolates
were statistically indistinguishable).

Field data corroborate our laboratory findings. MeHg
concentrations in the field have been positively correlated
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Figure 2. DOM properties influence MeHg production by strain ND132 in short-term washed cell assays containing 0.5 nM added **'HgCl,, 20 mg
C/L of each DOM isolate, and 1.5 & 0.2 uM H,Sr. Panels (a) and (b) show the relationship between cell normalized MeHg production and specific
UV absorbance at 254 nm (SUVA,,) and sulfur content of DOM isolate, respectively. Panels (c) and (d) show relationships between fractional
MeHg production (total Me?*'Hg/total **'THg in medium) and SUVA (c) or sulfur content (d). Dashed lines show average Me?*'Hg production in
DOM:-free controls. Error bars show standard deviations of triplicate methylation assays and, where not visible, are smaller than the data markers.

s a) total THg in medium s b) filter-passing THg
<10 T 10
E o
5 08| 20 mg C/L SRHA Eos
g g
£ 06 '/./._‘\'\,/' 2os 20 mg C/L SRHA
=] 0
s 8
£ o4 2 04
- no DOM added 8
£ 02 Z 02 no DOM added
2 o0 % —9-o @
» ? 00— oo
3 0.0 8 00
g 10 100 1000 3 1 10 100 1000
[H2S]T (uM) [H2S]T (uM)
z d) total MeHg 3 e) cell-normalized MeHg
§ ! 2 100
2 20 mg C/L SRHA g
3 /—‘\'—’\ £ 20 mg C/L SRHA
g o D 101
o I~
I g R
S 0 O
“o no DOM added =T no DOM added
s 001 =2 11
—_ -
g s 8
2 29
@ 0.001 2o
8 1 10 100 1000 o8& 1 10 100 1000
[
[H2S]T (M) [H2S]T (uM)

fractional Hg-methylation
(total Me®®'Hg/total **'THg)

excess particulate 2°'THg (nM)

0.8

06

0.4

0.2

0.0

c) particulate THg

20 mg C/L SRHA

no DOM alded

1 10 100 1000
[H2S]T (uM)

f) fractional MeHg production

Hg-methylation in 0.5 mM
cysteine positive control

20 mg C/L SRHA

no DOM added

1 10 100 1000
[H2S]T (0M)

Figure 3. Effect of DOM addition (20 mg C/L Suwannee River humic acid (SRHA)) on Hg methylation by strain ND132 across a sulfide gradient.
In these experiments, 1.0 nM ***HgCl, was pre-equilibrated with minimal medium containing either 0 or 20 mg C/L SRHA for 24 h, then spiked
with 0 to ~1200 M Na,S. The Hg—DOM-—S solution was reacted for 2 h prior to introducing the solution to strain ND132. Cells were incubated
for 3 h at 31 °C and total **'Hg (**'THg) partitioning (a, b, c) and Me*'Hg production (d, e, f) were measured at the end of the experiment. Data
in d and e are shown on log scale to facilitate comparison. Cell suspension pH values increased from 7.33 to 8.33 as [H,S]; increased from 3 to
~1000 uM (pH values tabulated in Table S2 of Supporting Information).
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with hydrophobic dissolved organic carbon concentration*” and
negatively correlated with spectral slope ratio™® (spectral slope
ratio is inversely correlated with SUVA,, and decreases with
increasing DOM aromaticity and average molecular weight46).
More surprising was our finding that Hg methylation in Hg-
DOM:-sulfide solutions was correlated with the total S content
of the DOM isolates. Under low Hg/DOM ratio conditions,
Hg can form complexes with strong thiol binding sites in
DOM."**” The complexation reaction can be written:

Hg’* + 2RS™ = Hg(SR), )

where RS™ is a reduced thiol site in DOM. Strong Hg-binding
thiol sites are only a fraction of total DOM sulfur content, but
total S content and reduced S content (determined by XANES
in a previous study'®) were strongly correlated for the subset of
samples for which reduced S content data were available (r* =
0.89, n = 7). While our two-parameter regression model is
based upon total DOM S content, it is likely that DOM thiol
content is the significant predictor of Hg methylation in
DOM-Hg—sulfide solutions. Our previous thermodynamic
modeling indicates that, even allowing for a very large binding
constant for Hg(SR), formation (i.e.,, log K = 42.0""), DOM-
thiols will not outcompete inorganic sulfide for Hg(Il); under
common field conditions in anaerobic sediments and saturated
soils, that is, when DOM concentrations are on the order of 10s
of mg C/L and [H,Sy] is present at uM concentrations.'®
While DOM thiols are not predicted to be present in sufficient
quantity so as to totally solubilize HgS(s), DOM thiols may
play an important role in surface adsorption of DOM onto
nascent HgS particles, perhaps through interaction with
coordinatively unsaturated surface Hg atoms. This idea is
analogous to the ternary complex of Hg, DOM, and sulfide
proposed by Miller et al.>* except that DOM thiols would be
coordinated to a surface Hg—S species rather than an aqueous
species. The apparent independence of S content (or reduced S
content) on DOM interaction with metal sulfide particles
observed in prior studies'®* may be a reflection of the much
higher metal/DOM ratios used (e.g., S pmol Zn/mg C in
Deonarine et al.**) compared to this work (0.025 nmol Hg/mg
C). At lower Hg/DOM ratios, interactions of specific S-
containing DOM functional groups (e.g, thiols, thioethers,
organic polysulfides, etc.*®) with the HgS surface may play a
role in slowing HgS nanoparticle/cluster growth, leading to
enhanced Hg(II); bioavailability. In summary, we hypothesize
that both steric and HgS—DOM ligand interactions are
important to DOM inhibition of HgS particle growth/
aggregation which in turn leads to the demonstrated effect of
DOM character on Hg methylation in Hg—DOM-S solutions.

Effect of DOM Across a Sulfide Concentration
Gradient. Having demonstrated that DOM concentration'®
and character (this paper) were important drivers of Hg
methylation under mildly sulfidic conditions (<10 yM H,Sy),
we set out to ask whether DOM enhanced Hg methylation over
a wider range of sulfide concentrations as encountered in
natural environments. Figure 3 shows the results of an
experiment comparing Hg methylation across a sulfide gradient
either with or without 20 mg C/L of SRHA, a strong enhancer
of Hg-methylation in low sulfide solutions.

In both the SRHA and DOM-free treatments, significant loss
of added **'HgCl, occurred due to sorption of **'Hg onto
bottle walls during the 24 pre-equilibration period of Hg with
SRHA and medium components (Figure 3a). Sorptive losses
were more substantial in the DOM-free treatments, resulting in
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a total *'Hg pool available for methylation that was ~5—6
times lower in the DOM-free experiments compared to the
experiments with SRHA. Partitioning of **'THg between the
filterable and particulate phases was roughly constant over the
sulfide concentration gradient for both the DOM-free and
SRHA experiments. However, it should be noted that medium
pH was almost 1 unit higher at the highest sulfide
concentrations due to insufficient buffering capacity upon
addition of mM levels of Na,S to minimal medium containing
only 5 mM 3-(N-morpholino)propanesulfonate (MOPS)
buffer (see Supporting Information Table S2).

Maximal Me**'Hg production, both in the presence and
absence of SRHA occurred at a H,S; concentration of ~10—30
UM. Across the entire sulfide gradient, substantially more Hg
methylation was observed in the treatments with 20 mg C/L
SRHA, with 4—70 times more MeHg produced in the SRHA
treatments (Figures 3d and e). In these sulfide gradient
experiments, DOM may have enhanced total Hg methylation in
part by increasing the total dissolved Hg concentration available
for methylation (Figures 3a and b). Because total **' THg in the
medium was substantially different in SRHA and DOM-free
experiments, examining trends in the percentage of **'THg
methylated (total Me*”'Hg/total **'THg in medium) is more
instructive (Figure 3f). Comparing %Me*”'Hg production, we
see that the addition of SRHA only significantly impacts Hg
methylation for [H,S;] < ~30 uM. The increase in %Hg
methylation observed at the lowest sulfide concentration (~10-
fold increase in %Me*"'Hg) was similar to that observed in
separate experiments involving this isolate with similar sulfide,
DOC, and 2OITHg concentrations.'®

The DOM enhancement factor (defined as the %
methylation with DOM relative to % methylation without
DOM) decreased substantially with increasing [H,S]y for 1 <
[H,S]t < 100 uM (Figure 4). At total sulfide concentrations
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Figure 4. Enhancement in MeHg production by Suwannee River
Humic Acid (SRHA) (%MezmHg for 20 mg C/L SRHA experiment/
%Me**'Hg in DOM-free experiment) vs total sulfide concentration
([H,S]1). Error bars represent relative percent difference between
duplicate treatments, and where not visible are smaller than data
markers.

above 100 M we observed no difference in Hg-methylation
with and without DOM. Our observation that DOM enhances
Hg methylation only at low sulfide concentrations (<~30 yM
H,St) is consistent with the idea that DOM enhances Hg-
methylation primarily by stabilizing Hg—S clusters or nano-
particles that dominate Hg speciation at relatively low sulfide
concentrations. At higher sulfide concentrations, truly dissolved
Hg—S complexes (HngHy(z_z’”}')) are expected to become the

dx.doi.org/10.1021/es400414a | Environ. Sci. Technol. 2013, 47, 5746—5754



Environmental Science & Technology

dominant Hg—S species at the expense of bulk or nanoscale -
HgS(s) (sample calculations are shown in Supporting
Information Table S3). If, as we hypothesize, the primary of
role of DOM in enhancing Hg bioreactivity is via particle
stabilization and/or growth inhibition, we do not anticipate
DOM to appreciably affect bioavailability under conditions
thermodynamically unfavorable for -HgS(s) formation.

The increase in Hg(1I); bioavailability with increasing [H,S]
(up to about 100 uM total sulfide in both DOM-rich and
DOM-free solutions) may be indicative of a higher relative
bioavailability for truly dissolved HgS species relative to
nanoparticulate ﬁ—HgS(s).25 The trend of increasing bioavail-
ability with increasing sulfide concentration was reproducible
over a large number of independent washed cell experiments in
DOM-free solutions (Figure S), giving us high confidence in
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Figure S. Effect of sulfide concentration on Hg methylation by ND132
in DOM-free washed cell assays. Me’”'Hg production data are
normalized to Me?*'Hg concentrations for a corresponding positive
control containing 0.5 mM L-cysteine at equivalent cell density and
growth stage. Total **'Hg concentrations measured at the end of the
experiments ranged from 0.12 to 0.37 nM (mean = 0.23 + 0.08 nM);
pH ranged from 7.14 to 8.33 (mean = 7.38 & 0.28). Note that data
corresponding to high sulfide concentrations (>300 pM) had
significantly higher pH than the mean (>7.5).

this result. The decrease in %methylation at the highest sulfide
concentrations (Figure 4) may be an artifact of a pH shift
favoring formation of deprotonated forms of Hg—S (ie,
HgS,H™ and HgS,”) at the expense of neutral Hg(SH), (see
Supporting Information Table S3), the magnitude of this
decrease depending upon the choice of equilibrium constant for
f HgS(s) solubility. Previous studies have postulated that
Hg(II); bioavailability and uptake is controlled by passive
diffusion of neutral dissolved Hg species across the cell wall and
membrane.*"*>*°% At present, we are reluctant to assign the
increase in Hg bioavailability with increasing sulfide to a
particular species (i.e., neutral Hg—S species) for two reasons.
First, and most importantly, numerous studies'>”'*'%?*
indicate that equilibrium may not be a relevant concept for
Hg—S—DOM systems and hence Hg—S biouptake. Second,
even if one were to suppose equilibrium, the large uncertainty
associated with log Ky, for dissolution of -HgS(s) (magnified
if one considers the potential effects of particle size on the
overall thermodynamic driving force®'), precludes reliable
calculations of Hg(Il); speciation in solutions that are either
slightly under- or slightly oversaturated with respect to p-
HgS(s). We note that this uncertainty likely applies to
predictions of Hg(II) speciation in natural waters or sediment
porewaters, where total Hg concentrations are often similar to
or lower than those used in the current study (0.1—1 nM).

In many field studies of Hg methylation in sediments and
soils, sulfide is a highly significant correlate of Hg methylation
or MeHg accumulation. Often, a sulfide concentration at which
MeHg production is maximal is observed, and above which
MeHg production declines. The optimal sulfide concentration
varies signiﬁcantlgr among ecosystems, ranging from roughly 1
to 100 pM,*H2852756 although the maxima is most often at or
below 10 yM. Our finding of enhanced methylation over a
sulfide gradient of 1 to perhaps 100 xM stands in contrast to a
number of these previous field and laboratory”®’ studies
reporting inhibition of methylation over this sulfide range. An
important distinction of the present report from previous work
is the fact that THg concentration and Hg partitioning
(measured as filter-passing THg) were essentially invariant
over the sulfide gradient studied herein. Significant changes in
total Hg concentration and aqueous phase Hg(II); concen-
tration may complicate apparent relationships between sulfide
concentration and MeHg production. Additionally, in field soils
and sediments, sulfide production leads to formation of Hg-
reactive particulate phases, namely FeS(s) (mackinawite) and
FeS, (pyrite), that may alter Hg bioavailability. These
complexities are absent from our washed cell laboratory
experiments. Importantly, these experiments were done in
very short time frames, while natural environments represent
longer periods of equilibration. The complexity of the
relationships between sulfide, DOM and MeHg production
deserves further study, including the kinetics of complex and
particle formation, and the applicability of these findings to Hg
in mixed metal—sulfide nanoparticles.

Environmental Implications. Observed correlations be-
tween DOM concentrations and Hg methylation rates, MeHg
concentrations, and sediment-pore water distribution coef-
ficients (K;) show that DOM is an important control on MeHg
fate and transport in sediments and soils.”***** Our findings
here show that DOM character, in addition to concentration,
influences MeHg production in nature. DOM size, hydro-
phobicity, and sulfur content all appear to influence Hg(II);
bioavailability to Hg-methylating bacteria in the presence of
micromolar sulfide concentrations. Our findings provide a
rationale for the previous identification of environments with
high concentrations or fluxes of highly aromatic DOM—
particularly wetlands and ugpland/ wetland interfaces—as MeHg
production hot spots.”*”***® Special consideration to limiting
Hg and sulfate deposition to such environments is warranted in
order to most effectively limit MeHg production and exposure.
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Table S1. Ancillary data for Hg methylation assays with various DOM isolates. Experiments were run in two batches (a and b) on different
days with separate controls (no DOM and no DOM with 500 uM L-cysteine) for each batch. Batch “a” is indicated by light gray, and batch
“b” in darker gray. For cell density, cell-protein, and pH, reported quantities are the average of 3 replicates at t=0 h and t=3 h. Error estimates
are standard deviations of triplicate methylation assays.

. e Final Total
Cell density | Total cell Initial 201
s . (t=3h) | Me*'Hg
Treatment (x10 protein pH [H2S]t .
cells/mL) | (mg/L) @mvy | [HaSIr | production
(uM) |in3h(pM)
- ——————————————————————————— |
No DOM control (a) 7.8140.26 484407 | 7.5940.01 | 1.54+0.09 | 1332009 | 5.90+0.10
o LML = SEURILASTE | o g 484414 | 7324001 | 4274003 | 22.62+0.32 26045
control (a)

20 mg C/L 2BSHPoA 5.68+0.54 331425 | 7484002 | 135:0.01 | 137£0.05 | 41.8+13
20 mg C/L FIHPoA 5.75:0.14 374408 | 747£001 | 1302012 | 134£001 | 992428
20 mg C/L FITPiA 5.8340.61 365020 | 7.47£0.01 | 1.64£0.04 | 1524013 | 36.640.4

20 mg C/L SRHA 5.8120.13 40.8:04 | 7.4740.02 | 1.4320.06 | 1.5840.08 | 45.4+0.5

20 mg C/L WLHPoA 8.010.34 492411 | 7474001 | 1.6320.13 | 1.52+0.03 11.040.1
20 mg C/L WLTPIA 7.92+0.22 470411 | 7484001 | 2.1140.03 | 1.95:0.06 | 10.620.2

NO DOM control (b) 7.3220.19 49.648.0 | 7.3740.01 | 132+0.11 | 1.04£0.08 | 2.18£0.05

Do DOW = SIDMILGS | 5 e a0 457419 | 7308002 | 3.33£0.12 | 17.61£0.47 21945
control (b)
20 mg C/L MRFA 6.21+0.34 391409 | 73120.01 | 0.97+0.11 | 1.30£0.03 | 537+0.13
20 mg C/L OgRFA 6.2240.34 391437 | 7.3120.01 | 1.1840.05 | 1.26£0.07 | 32.142.1
20 mg C/L OhRFA 6.3120.12 377414 | 7308002 | 139£005 | 1.54:001 | 212406
20 mg C/L POFA 5.96:0.23 404413 | 7334001 | 1254004 | 1254005 | 521%0.11

20 mg C/L PRHPoA 6.99+0.13 465417 | 7334001 | 14240.12 | 1334002 | 19.3+04

20 mg C/L PRTPIA 7.34+0.10 454412 | 7334001 | 2.1740.03 | 1.8940.02 | 10.4=0.1




Table S2. Summary of ancillary data for sulfide gradient experiment with Suwannee
River humic acid (SRHA). Data in light gray are for experiments without added DOM,
data in dark gray are for experiments with 20 mg C/L SRHA, data in white are for
positive controls without sulfide amendment but with 500 uM L-cysteine. Treatment
relative percent differences (RPDs) were 5.4+6.7% for cell density, 0.19+0.14% for pH,
and 4.0+4.8% for sulfide.

Cell Initial | Fonal
Treatment d(inls (l)gy pH [H2S]t [(It-I=2 381]11
cells/mL) (uM) (uM)
No DOM, no sulfide spike 4.78 7.33 3.0 2.3
No DOM, sulfide spike 1 5.22 7.32 5.9 4.1
No DOM, sulfide spike 1 replicate 5.19 7.34 6.0 4.2
No DOM, sulfide spike 2 4.90 7.33 12.8 8.2
No DOM, sulfide spike 3 4.32 7.36 39.4 24.0
No DOM, sulfide spike 3 replicate 4.60 7.37 39.1 25.4
No DOM, sulfide spike 4 4.96 7.48 152.7 101.8
No DOM, sulfide spike 5 4.86 7.81 568.2 449.1
No DOM, sulfide spike 5 replicate 5.02 7.84 577.5 460.1
No DOM, sulfide spike 6 4.66 8.33 1248.1 1019.0
20 mg C/L SRHA, no sulfide spike 4.75 7.3 2.7 2.6
20 mg C/L SRHA, sulfide spike 1 4.39 7.3 4.9 4.9
20 mg C/L SRHA, sulfide spike 1 replicate 5.37 7.31 5.9 5.1
20 mg C/L SRHA, sulfide spike 2 4.71 7.31 11.4 9.5
20 mg C/L SRHA, sulfide spike 3 4.55 7.34 36.0 29.2
20 mg C/L SRHA, sulfide spike 3 replicate 4.69 7.34 36.0 30.9
20 mg C/L SRHA, sulfide spike 4 4.04 7.42 135.2 116.8
20 mg C/L SRHA, sulfide spike 5 4.81 7.76 499.0 475.3
20 mg C/L SRHA, sulfide spike 5 replicate 4.67 7.79 511.3 495.0
20 mg C/L SRHA, sulfide spike 6 4.68 8.28 1052.6 1123.2
No DOM + 500 uM L-cysteine 4.46 7.24 3.6 18.5
No DOM + 500 uM L-cysteine replicate 4.54 7.24 35 17.8




Table S3. MINEQL+ (v. 4.5) calculated equilibrium speciation of Hg in DOM-free sulfide gradient experiments (Figure 3 in main
paper). Whether B-HgS(s) (metacinnabar) precipitation is predicted at higher sulfide concentrations is dependent upon the choice of
log Kgo for metacinnabar. All thermodynamic data used for calculation is equivalent to that used in Graham et al. (ref 18 in main
text).

a) log Kgo=38.0 (HgS + H'=Hg”" + HS)

measured quantities modeled equilibrium concentration (M)
measured UNF measured , 2- + .
THg (M) [H>S]t measured pH Hg(SH), (aq) HgS,H HgS, HgS(aq) HgSH metacinnabar
(nM)
1.03E-10 2.64 733 3.31E-14 6.16E-13 | 3.06E-13 | 3.05E-12 | 9.82E-16 9-90E-11
1.34E-10 304 732 6.44E-14 1.17E-12 | 5.67E-13 | 3.05E-12 | 1.00E-15 1.29E-10
1.24E-10 >-08 734 6.28E-14 1.19E-12 | 6.06E-13 | 3.05E-12 | 9.60E-16 1.I9E-10
1.50E-10 105 733 1.32E-13 245E-12 | 1.22E-12 | 3.05E-12 | 9.82E-16 143E-10
1.75E-10 317 736 3.78E-13 7.52E-12 | 4.00E-12 | 3.05E-12 | 9.16E-16 1.60E-10
1.75E-10 322 737 3.78E-13 7.69E-12 | 4.19E-12 | 3.05E-12 | 8.95E-16 1.60E-10
1.76E-10 127 748 1.23E-12 3.21E-11 2.25E-11 | 3.05E-12 | 6.95E-16 1I7E-10
1-38E-10 209 781 9.70E-13 | 543E-11 | 8.15E-11 | LISE-12 | 1.23E-16 | “ndersaturated
1.39E-10 >19 7.84 8.75E-13 525E-11 | 845E-11 | 1.08E-12 | 1.08E-1 | \ndersaturated
1.44E-10 130 8.33 1.30E-13 241E-11 | 120E-10 | 2.11B-13 | 6.83E-1g | Undersaturated




b) a) log Ky, = 36.0 (HgS + H'= Hg*" + HS")

measured quantities

modeled equilibrium concentration (M)

measured UNF measured
[H2S]t measured pH Hg(SH), (aq) HgS,H" HgSzz' HgS(aq) HgSH' metacinnabar
THg (nM)

(M)
1.03E-10 2.64 7.33 8.54E-13 1.58E-11 | 7.87E-12 | 7.84E-11 | 2.53E-14 | undersaturated
1.34E-10 5.04 7.32 1.78E-12 3.23E-11 | L57E-11 | 842E-11 | 2.78E-14 | undersaturated
1.24E-10 5.08 7.34 1.59E-12 | 3.01E-11 | 1.53E-11 | 7.70E-11 | 2.42E-14 | Undersaturated
1.50E-10 10.5 7.33 2.89E-12 S36E-11 | 2.66E-11 | 6.69E-11 | 2.16E-14 | Undersatrated
1.75E-10 317 7.36 443E-12 | S8IE-11 | 4.69E-11 | 3.56B-11 | 1.07p-14 | |ndersaturated
1.75E-10 322 7.37 4.32E-12 8.79E-11 | 4.79E-11 | 348E-11 | 1.02B-14 | undersaturated
1.76E-10 127 7.48 3.66E-12 9.59E-11 | 6.73E-11 | 9.09E-12 | 2.08E-15 | undersaturated
1.38E-10 509 7.81 9.70E-13 543E-11 | 8.15B-11 | 1.15E-12 | 123E-16 | Undersaturated
1.39E-10 519 7.84 875E-13 | 525E-11 | 84SE-11 | 108E-12 | 1.08E-16 | ‘ndersaturated
1.44E-10 1130 8.33 1.30E-13 241E-11 | 120E-10 | 2.11E-13 | 6.83E-1g | |ndersaturated




Table S4. Summary of analytical precision, reproducibility and detection limits for total Hg (THg) and methylmercury (MeHg)

analyses.
Analysis Method Detection RPD” of Spike SRM*®
Limit* duplicate Recovery | recovery
analyses
Total and Distillation, Tracer* MeHg | 1.1£1.1% (n= | n.d.® 119.9+14.9% (n
filter-passing | ethylation, ID- =2.2pM; 5 pairs) =9y
MeHg GC-ICP-MS! ambient MeHg
=15 pM’
Total and HNO3/H,SO, Tracer THg = 3.0£3.5% (n= | 94.6£6.3% (n | n.d.
filter-passing | digestion, flow- | 1.2 pM; 19 pairs) =16)
THg injection ICP- ambient THg
MS =20.6 pM

“Instrument detection limits calculated as 3 times the standard deviation of distillation or digestion blanks. Reported detection limits
are method detection limits and account for sample dilution.

® Relative percent difference

¢ Standard reference material

4 ID-GC-ICP-MS = isotope dilution-gas chromatography-inductively coupled plasma-mass spectrometry

“Tracer = stable isotope enriched **'Hg

Detection limit calculated for 1 mL sample distillations

n.d. = not detemined

"Average recovery of MeHg in oyster tissue SRM (NIST 1566b).
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Figure S1. Measured vs. predicted cell-normalized Me**'Hg in experiments containing

20 mg C/L DOM isolate, 1.48+0.23 uM [H,S]r and 0.32+0.07 nM total **'Hg in the
medium. Predictions were based on a linear model including DOM SUV A,s4 and sulfur
content as the only explanatory variables. Florida Everglades isolate FIHPoA is noted
for deviating significantly from the model.
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