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ABSTRACT

Methylmercury (MeHg) is a neurotoxin formed from inorganic divalent mercury (Hg') via microbial methyla-
tion, and boreal wetlands have been identified as major sources of MeHg. There is however a lack of studies in-
vestigating the relationship between the chemical speciation of Hg'' and MeHg formation in such environments,
in particular regarding to role of thiol compounds. We determined Hg"' methylation potentials, ke, in boreal
wetland soils using two Hg" isotope tracers: '®®*Hg(OH),(aq) and Hg" bonded to thiol groups in natural organic
matter, 2°°Hg"-NOM(ads), representing Hg" sources with high and low availability for methylation. The '**Hg
(OH),(aq) tracer was consistently methylated to a 5-fold higher extent than 2°°Hg''-NOM (ads), independent
of environmental conditions. This suggests that the concentration of Hg'' in porewater was a decisive factor for
Hg" methylation. A comprehensive thermodynamic speciation model (including Hg" complexes with inorganic
sulfide (H,S), polysulfides (H,S,), thiols associated with natural organic matter (NOM-RSH) and specific low
molecular mass thiols (LMM-RSH) provided new insights on the speciation of Hg" in boreal wetland porewaters,
but did not demonstrate any clear relationship between k;,e¢, and the calculated chemical speciation. In contrast,
significant positive relationships were observed between k¢, and the sum of LMM thiol compounds of biolog-
ical origin. We suggest two possible mechanisms underlying these correlations: 1) LMM thiols kinetically control
the size and composition of the Hg" pool available for microbial uptake, and/or 2) LMM thiols are produced by

microbes such that the correlation reflects a relation between microbial activity and MeHg formation.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

The contamination of aquatic and terrestrial ecosystems with meth-
ylmercury (MeHg) can constitute a threat to wildlife and human health

* Corresponding author.

(Mergler et al., 2007; Scheulhammer et al., 2007). Methylmercury is
formed intracellularly through the methylation of inorganic divalent
mercury (Hg") by phylogenically diverse microorganisms (Compeau
and Bartha, 1985; Fleming et al., 2006; Gilmour et al., 1992; Hamelin
et al.,, 2011; Kerin et al., 2006) carrying the specific hgcAB methylation
gene cluster (Gilmour et al,, 2013; Parks et al., 2013). The chemical spe-
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2014; Jonsson et al., 2012) and aqueous phases (Adediran et al., 2019;
Schaefer and Morel, 2009; Schaefer et al., 2011) is a key factor for
MeHg formation by controlling Hg" solubility/partitioning and availabil-
ity for cellular uptake, respectively. The activity of methylating microbes
is predominantly controlled by the availability of metabolic electron do-
nors (Bravo et al,, 2017; Drott et al., 2007; Kim et al,, 2011) and accep-
tors (Benoit et al., 2003). The role of the chemical speciation of Hg"
(aq) for MeHg formation has been extensively studied in laboratory ex-
periments on model systems (e.g. (Adediran et al., 2019; Benoit et al.,
2001a; Schaefer and Morel, 2009; Schaefer et al., 2011)), but there are
noteworthy few studies investigating this relation in natural environ-
ments (Benoit et al., 1999; Drott et al., 2007; Hollweg et al., 2010).

The chemical speciation of Hg" in oxygen-deficient environments
promoting MeHg formation is predominantly controlled by a distribu-
tion between complexes with inorganic sulfide (H,S) and polysulfides
(HsSy) and organic thiols (RSH) (Skyllberg, 2008). Here we use the
term low molecular mass thiols (LMM-RSH) for a specific set of thiol
compounds with a molecular mass up to the mass of glutathione
(GSH), i.e. 307 Da. The term natural organic matter associated thiols
(NOM-RSH) is used for thiol functional groups in natural organic matter
molecules where the molecular structure and mass are not identified.
The term RSH is used for thiol molecules in general. Appreciable rates
of microbial uptake and methylation have been demonstrated in assays
with bacteria cultures exposed to Hg" complexes with inorganic sulfide
(Benoit et al., 2001b), while lower rates were reported when Hg" com-
plexes with polysulfides dominate (Jay et al., 2002; Kampalath et al.,
2013). It has further been demonstrated that the addition of certain
LMM-RSH(aq) compounds significantly enhanced cellular uptake and
methylation of Hg" in the iron reducing bacterium Geobacter
sulfurreducens, whereas other LMM-RSH(aq) compounds did not
(Schaefer et al., 2011). For the sulfate reducing bacterium Desulfovibrio
desulfuricans ND132, methylation rates were generally higher and less
dependent on the type of LMM-RSH(aq) compound added compared
to Geobacter sulfurreducens. The mechanisms for how LMM-RSH(aq)
compounds influence Hg" methylation are however, not fully clear. It
was recently demonstrated that the thermodynamic stability of Hg"
complexes is a principal factor controlling Hg" availability for methyla-
tion and that less stable complexes with mixed ligation involving LMM-
RSH, OH™, and Cl~ are methylated at higher rates than the more stable
Hg(LMM-RS), complexes (Adediran et al., 2019). It was further demon-
strated that the presence of LMM-RSH compounds (i.e. cysteine) can
cause enhanced Hg" methylation by additional mechanisms other
than by controlling the speciation of dissolved Hg" (Adediran et al.,
2019). The potential relations between LMM-RSH(aq) compounds
and MeHg formation in nature also remains elusive (Bouchet et al.,
2018; Leclerc et al., 2015). Work including Hg"(aq) complexes formed
with specific LMM-RSH(aq) compounds is needed to link the chemical
speciation of Hg'(aq) to MeHg formation in natural environments
(Benoit et al., 1999; Drott et al., 2007; Hollweg et al., 2010).

In the study presented here, we address three central but
understudied aspects of MeHg formation in boreal wetland soils by in-
vestigating: (1) if solubility/desorption rate of Hg" is a principal factor
controlling the Hg" methylation potential across a wide range of geo-
chemical conditions; (2) if the Hg" methylation potential can be quanti-
tatively predicted by the thermodynamic speciation of dissolved Hg"
determined by state-of-the-art models; (3) if MeHg formation is di-
rectly or indirectly linked to the concentration of specific LMM-RSH
(aq) compounds.

2. Materials and methods
2.1. Sites description and sampling
A detailed description of the boreal wetlands included in this study

has been presented previously (Liem-Nguyen et al., 2017a; Tjerngren
etal, 2012a; Tjerngren et al., 2012b). In summary, two sites in northern
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Sweden: Storkdlsmyran (SKM) and Kroksjon (KSN) and two sites in
southern Sweden: Langedalen (LDN) and Gastern (GTN) were selected
to cover boreal wetlands with different soil acidity, nutrient status, Hg"
methylation potential and MeHg concentration. The northern wetlands
SKM and KSN are of a poor fen type, the latter with some open water,
while the southern ones are characterized as a bog-fen gradient at
LDN and a mesotrophic wetland-lake at GTN. The sampling procedures
were described in detail by Liem-Nguyen et al. (2017a). Briefly, at each
of the four sites soil and porewater were sampled at four or five loca-
tions with four or five sampling depths at each location generating a
total of 77 samples. Wetland porewaters were sampled using a perfo-
rated Teflon probe which was inserted into the soil at defined depths
and connected to a vacuum pump. A flow of N, gas (1 L min~') was
flushed through the sampling system prior to and during porewater
sampling to eliminate air from the system. Porewater samples were col-
lected without exposure to ambient air in 250 mL high density polyeth-
ylene (HDPE) vessels at 5 cm depth intervals beginning at the water
table surface (0 cm level) down to 25 cm. Soil cores corresponding to
each 5 cm depth were cut out with a knife and put into double plastic
zip-bags after pressing out excess air by hand. All parameters deter-
mined in the soil samples thus corresponds to 5 cm depth-integrated
conditions. Porewater and soil samples were transported on ice and fur-
ther handled in a glove box filled with N, within a few hours after
sampling.

2.2. Determination of the Hg" methylation potential

The Hg" methylation potential (kmec, d ') was determined using
two different enriched Hg isotope tracers, referred to as '*®*Hg'(aq)
and 2°Hg"-NOM (ads). The '*®Hg"(aq) tracer was prepared by dissolv-
ing "98Hg0(s) in 14 M HNO; followed by dilution with MQ water. The
dominant chemical form of Hg" is expected to be Hg(OH),(aq) in the
198Hg(aq) tracer. The 2°°Hg""-NOM(ads) tracer was synthesized by
mixing 0.55 umol of 2°°Hg"(aq) with 175 mg of an organic peat soil
(Skyllberg and Drott, 2010) for 6 h in 30 mL deoxygenated MQ water
(end-over-end rotation at 15 rpm). The slurry mixture was then equil-
ibrated in darkness at 4 °C for 5 days (Jonsson et al., 2012). The organic
soil was previously sampled at 10-20 cm depth, 10 cm above the
groundwater table in a 50 ha forested catchment in northern Sweden
(research station Svartberget, 64° 14’ N, 19° 46’ E). The soil was
freeze-dried, and Hg and S speciation was characterized by extended
X-ray absorption fine structure (EXAFS) spectroscopy and X-ray absorp-
tion near edge structure (XANES) spectroscopy (Qian et al.,, 2002). The
molar ratio of total RSH to Hg" is estimated to be on the order of 15
which ensures the formation of Hg(NOM-RS), complexes (Liem-
Nguyen et al., 2017a). The Hg" isotopes were supplied by the United
States Department of Energy Office of Science by the Isotope Program
in the Office of Nuclear Physics. For the incubation experiments approx-
imately 10 g of fresh soil was weighed (with two decimals certainty)
into two separate 50 mL Falcon (polypropylene, Sarstedt) tubes in the
glovebox. To the soil was added 200 pl 0.86 nmol g~ of 1°®Hg"!(aq)
and 200 pl 4.3 nmol g~ ! of 2°°Hg"-NOM(ads) tracers and 1 mL of fil-
tered (0.22 um PES filter) porewater. One sample set, designated to,
was immediately frozen (—20 °C) and the other sample set, designated
t4g, Was incubated at room temperature in the glovebox in darkness for
48 h. The relatively long incubation time was chosen because of an ex-
pected low kyer, of the 2°°Hg"-NOM(ads) tracer. The incubation was
terminated by freezing the t4g sample at —20 °C.

2.3. Chemical analyses

The analyses of relevant ancillary chemical parameters were con-
ducted in situ, or samples were analyzed or preserved in a mobile labo-
ratory associated directly to the field site. The H,S(aq) concentration
and pH in porewaters were measured in situ in the field by inserting
perforated alumina porewater tubes to defined depths in the wetland
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soils and using a Unisense H,S NP sensor electrode and Mettler Toledo
pH meter InLab Routine Pro electrode, respectively. Collected samples
were filtrated through a 0.22 pum funnel filter using a vacuum pump in
the glove box. Total Hg in filtered porewaters was determined by iso-
tope dilution analysis (IDA) using a mercury cold vapor generation sys-
tem hyphenated to inductively coupled plasma mass spectrometry
(ICPMS) (USEPA, 2002). The concentration of MeHg was determined
by IDA using direct ethylation with sodium tetraethylborate (STEB)
and purge and trap onto a Tenax adsorbent and subsequent analysis
by thermal desorption gas chromatography ICPMS (TDGC-ICPMS)
(Lambertsson and Bjorn, 2004). The concentration of Hg" was calcu-
lated by subtracting the MeHg concentration from the total Hg concen-
tration. Concentrations of LMM-RSH(aq) compounds and the
corresponding organic disulfide forms, RSSR(aq), were determined by
liquid chromatography electrospray ionization mass spectrometry
(LC-ESIMS) (Liem-Nguyen et al., 2015). The concentration of thiol
groups associated with NOM (NOM-RSH) was determined by a com-
bined approach using Hg L;;;-edge EXAFS spectroscopy and S K-edge
XANES spectroscopy (beamline I811 at MAX-II, Lund, Sweden) (Liem-
Nguyen et al., 2017a). In summary, the RSH(aq) concentration was de-
termined by Hg L;-edge EXAFS for selected pooled samples taken at
sites GTN and LDN. Based on these two samples RSH was estimated to
be 15% of the total organic reduced sulfur content (OrgSggp), as deter-
mined by S K-edge XANES. This number was thereafter fixed for the
larger set of samples for which S XANES determinations were con-
ducted. For soil samples, total Hg was determined by solid combustion
atomic absorption spectrometry (AMA 254, Leco), and total MeHg was
determined by GC-ICPMS after solvent double extraction and STEB de-
rivatization (Lambertsson et al., 2001). The concentration of Hg" was
calculated by subtracting the MeHg concentration from the total Hg
concentration. Elemental sulfur (S°) in soil was extracted and measured
by reversed phase liquid chromatography with UV absorption detection
(Burton et al.,, 2011). The determination of additional ancillary chemis-
try parameters, and quality control measures for the Hg and thiol anal-
yses, are described in the supporting information (SI text 1).

2.4. Chemical speciation modeling

The chemical speciation of Hg' in wetland soils and porewaters was
modeled using the WinSGW software from Majo, Umed, Sweden
(Karlsson and Lindgren, 2012). The model comprised 15 components
and 77 species, including Hg" complexes with inorganic sulfides (H,S
(aq)), polysulfides (H,S,(aq)), thiols associated with natural organic
matter (NOM-RSH(aq)) and specific LMM-RSH(aq) ligands detected
in the wetland porewaters (Table S1). The model was adapted from
Liem-Nguyen et al. (2017a) but refined to also include individual spe-
cific Hg(LMM-RS),(aq), Hg(LMM-RS)(aq) and Hg(LMM-RS)(NOM-
RS)(aq) complexes using recently established stability constants
(Liem-Nguyen et al., 2017b). The reactions (1) to (10) are thus the
most influential ones, controlling the chemical speciation of Hg" in the
wetland soils (Eq. (1) Schwarzenbach, 1963; Eq. (2) Dyrssen and
Wedborg, 1991; Eq. (3) Jay et al,, 2000; Eq. (4) Drott et al., 2013;
Liem-Nguyen et al.,, 2017a; Schwarzenbach, 1963; Eq. (5) Liem-
Nguyen et al., 2017a; Liem-Nguyen et al., 2017b; Eq. (6) Liem-Nguyen
et al., 2017a; Skyllberg, 2008; Eq. (7) Liem-Nguyen et al.,, 2017b; Song
et al., 2018; Eq. (8) Millero, 1986; Eq. (9) Liem-Nguyen et al., 2017b;
Eq. (10) Liem-Nguyen et al.,, 2017a; Skyllberg, 2008).

Hg?*t + 2HS™ = Hg(SH),%(aq); log K = 38.6 (1)
Hg?t + 2HS™ = HgS,H ™ (aq) + H*; log K = 32.2 (2)

Hg?t + 2HS™ + (n—1)Soun” = HgS,SH™(aq) + H'; log K =32.6 (3)

Hg?T + HS™ = HgS(s) + H; log K = 37.3 (4)
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Hg®>™ + 2LMM-RS™ = Hg(LMM-RS),; log K = 37.5-41.5 (5)
Hg?T + 2NOM-RS™ = Hg(NOM-RS),; log K = 41.0 (6)
Hg?>T + LMM-RS™ + NOM-RS™ = Hg(LMM-RS)(NOM-RS); log K
=39.3-413 (7)
H,S(aq) = HS™ + H'; logK = 7.0 (8)
LMM-RS™ + H* = LMM-RSH; log K = 7.34-10.33 9)
NOM-RS™ + H* = NOM-RSH; log K = 9.0 (10)

The ranges given for log K values of reactions (5), (7) and (9) repre-
sent the intervals for the LMM-RSH compounds cysteine (Cys),
mercaptoacetic acid (MAC), 2-mercaptopropionic acid (2-MPA),
monothioglycerol (Glyc), homocysteine (HCys), N-acetylcysteine
(NACCys), and glutathione (GSH). Values of the stability constants se-
lected for reactions (1), (4), (6) and (10) were based on optimized
model fits to wetland porewater data on aqueous Hg" concentrations
reported by Liem-Nguyen et al. (2017a) and Song et al. (2018) recently
published refined log K values for the above reaction (6) and for
reaction (7) with Cys as the LMM-RSH compound. Together the data
from Liem-Nguyen et al. (2017b) and Song et al. (2018) on Hg" com-
plexes with RSH compounds form an internally consistent thermody-
namic database, which we propose is used to model the chemical
speciation of Hg" in systems with LMM and NOM associated thiols.
These constants have however not yet been evaluated against constants
for Hg'! complexes with sulfide and in this study we have therefore kept
the log K of 41.0 for reaction (6) from Liem-Nguyen et al. (2017a). The
derivation of log K values for reaction (7) is discussed further in SI text
2. As discussed by Liem-Nguyen et al. (2017a) competition from border-
line/soft trace metals is not expected to affect the chemical speciation of
Hg! in these soils.

3. Results and discussion
3.1. Biogeochemical characteristics of the boreal wetland sites

To address our study objectives, we designed a sampling campaign
to obtain significant gradients in: i) porewater concentrations of DOC,
Fe, H,S, Hg and MeHg, ii) the chemical speciation of Hg", and iii) the
magnitude of the Hg" methylation potential (ke ). The key biogeo-
chemical parameters determined in wetland porewater and soil are
summarized in Table 1. Part of this data is reproduced from Liem-
Nguyen et al. (2017a) as specified in Tables S2 and S3. Additional de-
scriptive parameters of these sites have been presented in previous
studies (Tjerngren et al., 2012a; Tjerngren et al., 2012b). The numerical
values for most of the parameters in Table 1 span about two orders of
magnitude, and the concentrations of H,S(aq) and Fe'(aq) span three
orders of magnitude. The study sites thus represent broad ranges in rel-
evant geochemical conditions encountered in boreal wetlands. The sites
were characterized by a relatively low pH (4.16-6.16) and high content
of soil organic matter (9.3-52% of the dry mass) and porewater DOC
(18-440 mg L™ ). On average, the soil organic matter content and
DOC concentration were 39% of dry mass and 71 mg L™ !, respectively
but considerably lower only at site KSN. The redox conditions ranged
from ferruginous (maximum 370 puM Fe''(aq) and < 0.15 uM H,S(aq))
to sulfidic (maximum 270 pM H,S(aq)). We did not detect any
mackinawite type FeS(s) phases, as judged by S XANES spectroscopy
measurements of soil samples. Based on concentrations of Fe(Il) and
sulfide and well-established thermodynamic constants, FeS(s) was not
thermodynamically stable in the soils, with the possible exception of
three soil samples from the GTN site having sulfide concentrations ex-
ceeding 180 uM (Tables S2a and S5) (Liem-Nguyen et al., 2017a).
Total concentrations of NOM-RSH(aq) in porewater samples ranged
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Table 1

Concentration ranges of key geochemical parameters in boreal wetland (a) porewaters and (b) soils.
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(a)

Porewater
pH Hg(II) MeHg H,S(aq)? T LMM-RSH(aq) T~ LMM-RSH + RSSR(aq) RSH(aq) - Fe(II) DOC Ionic strength
pM pM M nM nM ny mM ny mg L~! M
Min 4.16 217 0.65 <0.15° <0.10 25 0.32 0.01 0.05 18 0.0004
Max 6.16 560 92 270 77 130 23 042 370 440 0.005
Average 5.10 87 9.4 16 14 33 29 0.16 39 71 0.002
(b)
Soil (dry mass)
Hg'"(ads) MeHg(ads) RSH(ads) S0 Total C Total N Dry mass
pmol g~! pmol g~! pmol g~ pmol g~ % % %
Min 89 1.9 2.8 0.01 9.3 0.60 2.7
Max 1500 160 22 4.0 52 25 61
Average 590 39 10 0.60 39 1.6 15

¢ The minimum H,S(aq) concentration of 0.15 M corresponds to half the detection limit value of 0.3 uM of the H,S NP sensor electrode used.

from 0.32 uM to 23 uM with an average of 2.9 UM, as determined by
combined Hg Lj-edge EXAFS and S K-edge XANES spectroscopy mea-
surements (Liem-Nguyen et al., 2017a). Ten specific LMM-RSH(aq)
compounds were detected in the wetland porewaters by LC-ESIMS
(Liem-Nguyen et al., 2015): cysteine (Cys), N-acetyl—cysteine
(NACCys), glutathione (GSH), penicillamine (Pen), homocysteine
(HCys), y-glutamylcysteine (GluCys), mercaptoacetic acid (MAC),
monothioglycerol  (Glyc), 2-propionic acid (2MPA) and
mercaptosuccinic acid (SUC). The compounds Cys, NACCys, and MAC
were the most frequently detected. The concentration of each detected
LMM-RSH(aq) compound varied from sub nM to 24 nM except for Glyc
which reached a concentration of up to 77 nM in KSN porewater sam-
ples, but was not detected at the other sites. The sum of these ten spe-
cific LMM-RSH(aq) compounds constituted a minor fraction (average
0.28%) of the total NOM-RSH(aq) concentration in porewater. Most pre-
vious studies on LMM thiols in natural waters have reported the total
concentration of the thiol (RSH) and disulfide (RSSR) forms for each
compound. We determined the concentration of both the thiol form
and the sum of RSH(aq) + RSSR(aq) for each LMM-RSH(aq) compound
(Tables 1, S4a, b). This distinction is important as Hg'! forms strong com-
plexes with RSH, but not with RSSR compounds and in the chemical
speciation model we therefore used the concentration of RSH(aq) com-
pounds only. Depending on the redox condition in the sample, the RSH
(aq) form constituted 5-90% (with an average of 40%) of the sum RSH
(aq) + RSSR(aq) for the LMM thiols detected in these wetland samples.

3.2. Time dependent solubility of Hg" as related to MeHg formation

We determined the Hg" methylation potential (Kme) in soil incuba-
tion experiments using two different enriched Hg"" isotope tracers. One
tracer, 1%8Hg'(aq), was added to soil incubations as a labile dissolved
complex, ®®Hg(OH),(aq), and the other tracer, 2°°Hg"-NOM(ads),
was added as a 2°°Hg(NOM-RS),(ads) structure, as verified by Hg
EXAFS (Skyllberg et al., 2006). The purpose of the dual-tracer approach
was to evaluate quantitative differences in ke, for an equilibrated
tracer with comparably low availability (the 2°°Hg"-NOM(ads) tracer),
and a tracer representing a Hg substrate of maximum availability (the
198Hgll(aq) tracer) for methylation. Fig. 1 demonstrates a significant
positive correlation (12 = 0.88, p < 0.001) between ke, determined
with the two tracers. Notably the ks, was a factor of 5 higher for
198Hgll(aq) than for 2°°Hg"-NOM(ads) throughout the data set. This
means that independent of geochemical factors like pH, DOC and H,S,
the '8Hg'(aq) tracer was always about a factor of 5 more available for
methylation than the 2°°Hg"-NOM(ads) tracer. The two tracers are

expected to show very different time-dependent concentrations of
total Hg' in porewater. The '98Hg(OH),(aq) tracer is expected to be
very reactive and rapidly change its speciation by exchange reactions
with dissolved LMM-RSH, H,S and NOM-RSH(aq) ligands whereas re-
actions with reactive soil surfaces, such as NOM-RSH(ads), are expected
to be somewhat slower. Also steric hindrance and other “aging effects”
of newly formed solid and surface Hg" phases will only gradually slow
down the bioavailability of the '®®Hg(OH),(aq) tracer. The total
porewater Hg!" concentration is therefore expected to decrease with
time, at least initially, during the 48 h of our incubations. Olsen et al.
(2018) recently presented a refined kinetic model for ke, determina-
tions, taking into account sorption reactions leading to decreased avail-
ability for methylation over time of an added labile dissolved complex
(HgCl, in their study). In contrast, the added 2°°Hg(NOM-RS),(ads)
complex is thermodynamically very stable and its structure likely steri-
cally hindered (Jiskra et al., 2014). As a consequence, the 2°°Hg"-NOM
(ads) tracer is expected to react slower with dissolved ligands and the
Hg!" porewater concentration, as represented by aqueous complexes
with LMM-RSH, H,S and NOM-RSH(aq), will initially be low and in-
crease with time. Thus, the result demonstrating a 5-fold higher
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Fig. 1. Correlation between the Hg methylation rate constant (Kmee, d ') determined by a
dissolved labile '**Hg"(aq) tracer and an adsorbed phase 2*°Hg"-NOM(ads) tracer.
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methylation potential of the '®Hg(OH),(aq) tracer in Fig. 1 suggests
that the chemical speciation of Hg" in solid/adsorbed phases is one de-
cisive factor controlling MeHg formation in boreal wetland soils, inde-
pendent of geochemical status. The mechanistic interpretation is that
the chemical speciation of Hg'!(s,ads) causes kinetic constraints of the
total Hg" concentration in porewater thereby limiting the pool of Hg"
available to form complexes which can pass the cell membranes of
methylating microbes (Jonsson et al.,, 2012; Zhu et al., 2018). Previous
studies have demonstrated similar differences in methylation for Hg"
tracers with different solubility and/or desorption kinetics in estuarine
sediment from single sites (Jonsson et al., 2014; Jonsson et al., 2012;
Liem-Nguyen et al., 2016). Our study demonstrated that the difference
in methylation potential remained consistent throughout wetland
soils with highly contrasting geochemical properties that corroborated
Hg" solubility and sorption-desorption as one primary controlling factor
for MeHg formation in nature. The results however also show that the
methylation of both Hg" tracers in addition is driven by some other
common factor (discussed further below) as the ke, for both tracers
span two orders of magnitude across the entire data set.

3.3. Chemical speciation of Hg"(aq) in porewater as related to MeHg
formation

Results from bacteria culture experiments show that rates of cellular
uptake and methylation of Hg''(aq) is not only dependent on the total
concentration of dissolved Hg", but differ substantially depending on li-
gand composition in the medium (Adediran et al., 2019; Chiasson-
Gould et al., 2014; Jay et al., 2002; Schaefer and Morel, 2009; Schaefer
et al., 2011). The highest rates have been ascribed to HgOH,Cl,_,, com-
plexes and then in decreasing order ternary complexes involving LMM-
RSH, OH™ and CI™ (i.e. HgOH,Cl;_,(LMM-RS)), specific Hg(LMM-RS),
(aq) complexes (in particular Hg(Cys),), Hg(SH)3(aq) and the lowest
rates to Hg"(aq) complexes with polysulfides and “bulk” dissolved
NOM(aq). It is however uncertain to what extent MeHg formation can
be predicted by the chemical speciation of dissolved Hg" in natural
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environments. We developed and applied a refined state-of-the art
thermodynamic model for the chemical speciation of Hg''(aq) and Hg"
(s,ads) in the wetlands studied here. Calculated average concentrations
of Hg(SH)3(aq) + HgS,H ™ (aq), HgS,SH(aq), 2_Hg(NOM-RS),(aq),
> Hg(NOM-RS)(LMM-RS)(aq) and » Hg(LMM-RS),(aq) in the
porewaters were 26 £ 30 pM, 32 & 57 pM, 29 4 78 pM, 0.013 £
0.039 pM and 0.000011 4 0.000038 pM, respectively. Fig. 2 illustrates
how the concentration of these Hg'(aq) complexes, and the solid HgS
(s) and adsorbed Hg(NOM-RS),(ads) phases, varied across all wetland
samples. Figs. S1 and S2 show the concentrations of reduced sulfur li-
gands in the samples and the concentration ranges of the Hg" com-
plexes. Because of the low pH, H,S(aq) (pK; = 7.0) was the dominant
species of dissolved inorganic sulfide in porewaters and we therefore
applied in situ measurement (H,S sensor electrode) of the H,S(aq) spe-
cies to minimize losses and ensure high accuracy. For 35 out of 77 of the
porewater samples (Fig. 2) the concentration of H,S(aq) was below the
detection limit (0.3 uM) and the concentration was set to half the detec-
tion limit value for these samples. Mercury complexes with CI~ and
OH™ were predicted to be insignificant in the wetland soils.

Although the average concentrations of Hg''(aq) complexes formed
with sulfides, polysulfides and thiols were very similar, the data set
span a range in chemical speciation of Hg"(aq) from a dominance of
Hg''-thiol complexes (samples 1 to 20, Fig. 2) to a dominance of Hg'-
sulfide and Hg'-polysulfide complexes (samples 42 to 77, Fig. 2). The
10 detected LMM-RSH(aq) compounds contribute to the Hg"(aq) speci-
ation mainly via ternary complexes of the type Hg(LMM-RS) (NOM-RS)
(aq) while the concentrations of Hg(LMM-RS),(aq) complexes were
very low. A partial least squares regression (PLS) model was generated
to investigate possible quantitative relationships between the concentra-
tion of dissolved Hg" species in porewater (X-variables) and ke (Y-
variable), PLS model I (SI text 3). The model included in total 50 Hg" spe-
cies (Table S1). Despite the large variability in concentration and chemi-
cal speciation of Hg'(aq) in the porewater samples, no significant
correlation (R? = 0.14, Q% < 0) was observed between the Hg"(aq) spe-
ciation and Kkyeth, €Xamples are given in Fig. S3. The lack of correlation
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Fig. 2. Concentrations of Hg" species in wetland soil (HgS(s), Hg(NOM-RS),(ads)) and porewater (Hg(SH)9(aq) -+ HgS,H ™ (aq), HgS,SH(aq), Hg(NOM-RS )»(aq), Hg(LMM-RS) (NOM-RS)
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was observed for both the '®®Hg(OH),(aq) tracer, which is expected to
decrease in availability over time during the incubation, and the
200He!_NOM(ads) tracer which is pre-equilibrated with strong binding
sites in the adsorbed phase. This shows that the lack of correlation be-
tween Hg''(aq) speciation and ke, Was not a consequence of a gradual
redistribution to stronger binding sites of the labile *®Hg(OH),(aq)
tracer during the incubation experiment (Schwartz et al., 2019).

It should be noted that our results do not contradict the well-
established importance of the chemical speciation of dissolved Hg" for
bacterial uptake and subsequent methylation, and there are several pos-
sible reasons for the observed lack of relation between Hg" speciation
and methylation potential in the wetland soils. Differences in availabil-
ity for methylation among Hg'"(aq) species are not taken into account in
models where ke is correlated with only the concentration of Hg"
species. This limitation is a possible reason for the lack of correlation ob-
tained with PLS model I and the data in Fig. S3. Species-specific kieth
values have been established in laboratory experiments with monocul-
tures for several Hg(LMM-RS), species and for Hg(SH), but not for
HgS,SH™ (aq) or >_Hg(NOM-RS),(aq) species (Adediran et al., 2019;
Schaefer et al., 2011). Since the latter two species together constitute
on average about 2/3 of the total Hg"(aq) pool in our porewater dataset,
it is not feasible to explore if a species-specific ke, rate model could
explain observed Hg(II) methylation rates in the studied wetland soils.
Further, the molecular structure is unknown for the vast majority of
the Hg-thiol complexes present in the wetland soil porewaters. The
Hg(LMM-RS),(aq) and Hg(LMM-RS)(NOM-RS)(aq) complexes on av-
erage constituted only 0.000037% and 0.046%, respectively of the total
Hg(NOM-RS),(aq) pool, Fig. 2. It is thus possible that the expected var-
iability in the molecular composition and availability for methylation of
different types of complexes having the local structure of Hg(NOM-RS),
(aq), if known, could explain the variability in ket in the wetland soils.
However, it may be just as likely that the expected complex mixture of
different types of thiol compounds forms a continuum in availability for
methylation of Hg" complexes that do not vary substantially across our
dataset, and thus cannot explain the variability in Kyee,. It is interesting
to note that there was no difference in the average kpetn of samples in
which the chemical speciation of Hg'(aq) was dominated by complexes
with either thiols (samples 1-20 in Fig. 2) or by complexes with sulfide
and polysulfides (samples 40-77 in Fig. 2). This may suggest that the
concentration of ligands forming bioavailable complexes with Hg"(aq)
is sufficiently large throughout the data set, such that the formation of
specific dissolved Hg"(aq) complexes in the porewater is not rate limit-
ing for MeHg formation in these soils. To resolve the different possibili-
ties here, our results point at the importance of a more detailed
characterization of the molecular composition of NOM-RSH(aq) com-
pounds, and that species-specific methylation rate constants of the cor-
responding Hg"" complexes need to be determined to further advance
our understanding of Hg" availability for methylation in wetland soils.

3.4. Relationship between LMM thiol compounds and MeHg formation

We generated a second PLS model (PLS model II, SI text 3) with mea-
sured kpeen as Y-variable and with ancillary chemistry parameters de-
termined in this study as X-variables (69 in total). This model could
explain and predict about half (R? = 0.62, Q*> = 0.47) of the observed
variability in kmern in the whole dataset. The two most important pa-
rameters correlating with ke, were the RSH 4+ RSSR sum concentra-
tions for the 10 detected LMM thiols and a subset of LMM thiols of
direct biological origin (as discussed further below). The significant cor-
relation between RSH + RSSR concentrations of all detected LMM thiols
and Kpen are illustrated in Fig. S4. This result is in agreement with, and
corroborates, two recent studies demonstrating a correlation between
the concentration of LMM-RSH compounds and MeHg concentration
(Leclerc et al., 2015) or kyetn (Bouchet et al., 2018) in aquatic biofilms.
Leclerc et al. (2015) reported concentrations up to ~400 nM of the
sum of RSH + RSSR forms for a set of LMM thiols in autotrophic biofilms
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and demonstrated a significant relationship between the concentra-
tions of Cys, GluCys and GSH and MeHg concentration in the colloidal
fraction (but not the capsular fraction) of the biofilms. Bouchet et al.
(2018) reported concentrations up to ~3500 nM of RSH + RSSR forms
of LMM thiols in epibenthic biofilms and Characeas' periphyton, and
demonstrated a significant correlation between the sum concentration
of LMM thiols and kmeen. In both studies, it was proposed that these
thiol compounds may affect the availability of Hg" to methylating mi-
crobes in the biofilms. This hypothesis was however, not tested because
of an (intentional) incomplete characterization of Hg" binding ligands
in the systems, and the mechanistic relation underlying the observed
correlation between LMM thiols and MeHg formation is not fully clear.
Our speciation and methylation rate modeling results (Fig. 2, Figs. S3
and S5, PLS model I) suggest that the correlation between LMM thiols
and kyen May be caused by other mechanisms than LMM-RSH com-
pounds controlling the bioavailable pool of thermodynamically stable
Hg''(aq) species in porewater. In recent laboratory assay experiments
with Geobacter sulfurreducens Adediran et al. (2019) demonstrated
that addition of 50-500 nM Cys enhanced methylation without causing
significant changes in the thermodynamic speciation of Hg''(aq). The
speciation was largely dominated by the Hg(Cys), complex at all Cys
additions. The results from our study and Adediran et al. thus suggest
that LMM-RSH compounds can affect Hg" methylation via additional
mechanisms than by controlling the thermodynamically predicted spe-
ciation of Hg"(aq) in the extracellular medium.

It is possible that LMM-RSH compounds control bioavailability of
Hg'"(aq) via kinetic constraints on the chemical speciation of Hg"(aq).
The chemistry, including the speciation of Hg"(aq), at bacterial surfaces
may differ significantly from bulk soil and porewater, for example due
to the secretion of LMM thiols and inorganic sulfide by microbes. In
the study by Leclerc et al., up to three orders of magnitude higher con-
centrations of LMM thiols were observed extracellularly in biofilms as
compared to the bulk water column in a studied Boreal Shield lake
(Leclerc et al., 2015). If ligand exchange rates between different Hg"
(aq) complexes with LMM thiols and sulfide are sufficiently fast (Pei
etal., 2011; Rabenstein and Isab, 1982), significant changes in the chem-
ical speciation of Hg"(aq), not predicted by thermodynamic models for
bulk porewater, may occur at bacteria surfaces prior to cellular uptake.
Indeed it has been suggested that interactions between Hg"(aq) and
DOM can kinetically constrain the size of the Hg" pool available for
methylating microbes (Chiasson-Gould et al., 2014). In addition to the
species in Fig. 2, our chemical speciation model also included Hg-
LMM thiol species with 1:1 stoichiometry, ternary complexes of the
type HgOH,,Cl;_,(LMM-RS) and Hg" complexes with OH™ and CI~ li-
gands, Table S1. The study by Adediran et al. (2019) demonstrated
higher ke for thermodynamically less stable complexes of the types
HgOH,(Cl,.,(aq), HgOH,,Cl;_,(LMM-RS)(aq) and Hg(LMM-RORS)(aq)
(Hg" coordinated to one S and one O atom in the same LMM-RSH mol-
ecule) compared to Hg(LMM-RS)(aq) complexes in Geobacter
sulfurreducens incubation assays. While these species were predicted
to be insignificant at equilibrium conditions of the bulk porewater in
the wetlands included in the present study, such species might contrib-
ute to the bioavailable Hg" pool locally under kinetically constrained
conditions.

Another possibility is that the correlation between LMM-RSH com-
pounds and Hg" methylation potential observed in our and previous
studies reflects mechanisms unrelated to the chemical speciation of
Hg'"(aq). Microorganisms produce certain LMM thiols (Kiene et al.,
1990; Kiene and Taylor, 1988; Leclerc et al, 2015) and their
concentration may thus be linked to microbial activity. Among the
detected LMM thiol compounds, Cys, NACCys, HCys, Pen, GluCys and
GSH are reported to be of direct biological origin (Hand and Honek,
2005; Meister and Anderson, 1983; Selhub, 1999; Winters et al., 1995)
while MAC, Glyc, 2MPA, and SUC can be formed by both indirect and
direct biological processes (Brandt et al., 2015; Kiene, 1991; Kiene
et al., 1990; Kiene and Taylor, 1988). For each individual wetland, the
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Fig. 3. Relationships between the concentration of total thiols (RSH + RSSR), summed for the subset of thiol compounds of direct biological origin, Total Bio-LMM thiols
(Cys + NACCys+HCys+Pen+GluCys+GSH + Glyc), and the Hg" methylation rate constant (Kpen) for the two tracers '®Hg'(aq) and 2*°Hg"-NOM(ads) at each of the four sampling sites.

correlation with kpew, (Fig. 3) was stronger with the RSH + RSSR forms
of the subset of LMM thiols of direct biological origin
(Cys+NACCys+HCys+Pen+GluCys+GSH), as compared to the corre-
lation between ke, and all the LMM thiol compounds (Fig. S4). In
line with this result, Leclerc et al. (2015) found significant correlations
between the biologically produced GSH related thiols GluCys, Cys and
GSH and MeHg concentration in freshwater biofilms, but no correlation
between MAC that is not of direct biological origin, and MeHg. In our
study the “biological” thiols constituted on average 20-30% of the
total concentration of LMM thiols at sites SKM, LDN and GTN, and 5%
at KSN. The most abundant LMM thiol in this group was in most cases
Cys (range 20-100%, average 70%), except at the KSN site. Since the
thiols were present in dark, anaerobic soil porewaters, it is possible
that they are produced by microbes under dark conditions rather than
by photosynthetically active organisms. Bouchet et al. (2018) found
higher concentrations of LMM-RSH compounds in periphyton and ben-
thic biofilms under dark conditions compared to at sunlight exposure.
Adediran et al. (2019) recently showed that under laboratory assay con-
ditions Geobacter sulfurreducens can metabolically produce and export
appreciable amounts of LMM-RSH compounds reaching concentrations
up to 100 nM in the assay medium. At present, it is not known how
widespread these processes are among microbial taxa or how prevalent
they are in wetland soils. However, Xu (2018) identified Geobacteraceae
as the predominant taxonomic family carrying the hgcA gene in the wet-
land soils in our study. Considering the studies by Adedrian et al. and Xu
et al. our results may suggest that the correlation between RSH + RSSR
forms of the “biological” LMM thiols and ke, is reflecting a functional

relationship between the activity of methylating microbes (and likely
the total microbial activity) and Kmeth.

3.5. Implications for microbial uptake of Hg" in boreal wetland soils

Our study presents a comprehensive and detailed thermodynamic
speciation model for Hg and includes Hg''(aq) complexes with LMM-
RSH compounds when linking Hg" speciation to methylation in natural
environments. Results showed that the time-dependent solubility and
sorption/desorption of Hg' is one primary controlling factor for MeHg
formation in 48 h incubation experiments, and likely also under natural
conditions in boreal wetlands. Further, this work corroborates previous
findings (Bouchet et al., 2018; Leclerc et al., 2015), and is an advance-
ment, by demonstrating significant correlations between the concentra-
tion of specific LMM-RSH compounds and ke, in boreal wetland soils
with large variations in biogeochemistry. This study showed that the
correlation extends to lower concentrations of LMM-RSH compounds
than what has been reported for biofilms. The mechanisms underlying
this correlation are not yet fully understood, but the results in this
work suggest that the correlation is not driven by the thermodynamic
speciation of Hg' in porewaters. As discussed above, the concentration
of bulk Hg(NOM-RS),(aq) complexes and of ternary Hg(LMM-RS)
(NOM-RS)(aq) complexes were much higher than the concentrations
of the specific Hg(LMM-RS),(aq) complexes quantified in this study. In-
deed, the specific LMM-RSH compounds which so far have been in
focus in studies on Hg" bioavailability and methylation constitute only
a minor fraction of the total RSH pool in the wetland porewaters. Even
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though the formation of Hg(LMM-RS),(aq) complexes may still be im-
portant for MeHg formation, there is a need to further resolve the mo-
lecular structure and availability for microbial uptake and methylation
of Hg(NOM-RS),(aq) and Hg(LMM-RS)(NOM-RS)(aq) complexes.
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