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Abstract 24 

 Mercury (Hg) contamination of aquatic food webs is controlled in part by the formation 25 

and accumulation of toxic and bioaccumulative methylmercury (MeHg). MeHg production is 26 

mediated by metabolically diverse microorganisms carrying the hgcAB gene pair, while the 27 

demethylation reaction is mediated by several biotic and abiotic processes. However, in the 28 

environment, the relative importance of these two processes on MeHg accumulation and the 29 

biogeochemical and microbial factors that influence them are still poorly characterized, 30 

especially in eutrophic environments. In this study, both Hg methylation and MeHg 31 

demethylation in a eutrophic urban freshwater lake were measured and linked to ambient MeHg 32 

concentrations and hgcA abundance and expression. High methylation rate potentials indicated in 33 

situ MeHg formation was a key source of MeHg to the water column and was driven by high 34 

hgcA abundance and transcription. Molybdate treatment decreased methylation rate potentials, 35 

highlighting the importance of sulfate reduction in driving MeHg formation in this system. 36 

Sulfate-reducing bacteria accounted for over 50% of the hgcA gene transcription, despite 37 

representing less than 10% of the hgcA-carrying microbial community. Across diverse genomes, 38 

an arsR-like transcriptional regulator preceded many hgcA sequences; these genes were 39 

transcriptionally active and were linked to lower relative hgcA expression. Overall, this study 40 

elucidates the microbial and biogeochemical processes that influence the in situ formation of 41 

MeHg in understudied eutrophic freshwater environments. 42 

  43 
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Introduction 44 

Mercury (Hg) presents a persistent and severe global health risk due to contamination of 45 

important aquatic food sources.1 Elemental gaseous Hg(0) is emitted by anthropogenic and 46 

natural sources into the atmosphere where it can be distributed regionally and globally before 47 

deposition to aquatic and terrestrial ecosystems. The conversion of inorganic Hg(II) to organic 48 

methylmercury (MeHg) leads to rapid bioaccumulation and biomagnification of Hg in aquatic 49 

and terrestrial foods webs.2 This transformation is mediated by bacteria and archaea in hypoxic 50 

and anoxic environments.3–5 In freshwater lacustrine environments, the importance of water 51 

column methylation as a source of MeHg to the aquatic food web is increasingly recognized.6–11 52 

Despite the global increase of lake eutrophication,12 Hg methylation in eutrophic lakes remains 53 

highly understudied. Identifying how microbial and biogeochemical factors control MeHg 54 

formation will enable a mechanistic understanding of how water quality conditions influence this 55 

process; subsequently, this will inform efficient management and effective forecasting of local 56 

and global changes on the Hg contamination to aquatic food webs. 57 

MeHg formation is regulated by two primary factors: the bioavailability of Hg(II) and the 58 

methylation capacity of the microbial community.4,13 Hg(II) bioavailability is regulated by ligand 59 

chemistry; important factors include inorganic sulfide concentration and the concentration and 60 

composition of dissolved organic matter (DOM) (e.g., aromaticity, reduced sulfur content).14–17 61 

While the microbial capacity to methylate Hg(II) has been historically associated with sulfate-62 

reducing bacteria (SRB),5,18 the discovery of the Hg-methylating gene cluster hgcAB expanded 63 

the known diversity of putative Hg-methylating microbes.3,19,20 When Hg(II) bioavailability is 64 

controlled for, hgcA abundance has been linked to measured microbial methylation 65 

capacity13,21,22 and ambient MeHg concentrations6 across different environments. Several 66 
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metagenomic studies have reported a low abundance or absence of hgcA-carrying (hgcA+) SRB 67 

in environments where sulfate-reduction is suspected or known to stimulate MeHg 68 

formation,13,23,24 raising the possibility that other metabolic guilds influence methylation or that 69 

SRB play indirect roles in MeHg formation. One possible point of control is hgcA expression, 70 

which was originally hypothesized to be constitutive rather than actively regulated.25 However, 71 

hgcA expression is controlled in some microorganisms by a transcriptional regulator homologous 72 

to arsR, a gene involved in arsenic cycling.19,26 The evolutionary purpose and benefit of the 73 

hgcAB gene cluster is unknown, which limits an ecological understanding of its distribution.20 74 

Integrating microbial ‘omics techniques and biogeochemical assay-based approaches is critical to 75 

advancing our understanding of the processes governing MeHg accumulation in the 76 

environment. 77 

In this study, we investigated how water column MeHg concentrations within an urban 78 

eutrophic lake (Lake Mendota, Wisconsin, USA) were controlled by in situ Hg(II) methylation 79 

and MeHg demethylation under different redox conditions. We further sought to connect MeHg 80 

concentrations and production rates to microbial biogeochemical cycles and gene 81 

abundance/expression using water quality analyses, genome-resolved metagenomics, 82 

quantitative metatranscriptomics, and bacterial production assays. The role of SRB in MeHg 83 

formation and accumulation was specifically investigated using molybdate. Collectively, this 84 

study uses an interdisciplinary approach, including field experiments and ‘omics methods, to 85 

advance our understanding of the microbial and biogeochemical drivers of MeHg accumulation 86 

in the water column of freshwater lakes. 87 
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Methods 88 

Water and nucleic acid sample collection 89 

Detailed information on site description can be found in the Supporting Information (SI) - 90 

Section S1.1. Briefly, samples were collected from the deepest basin (~24 m) in Lake Mendota in 91 

Madison, Wisconsin, USA (Fig. S1). Sampling occurred once during September and once during 92 

October in both 2020 and 2021. Temperature, dissolved oxygen (DO), and turbidity profiles were 93 

measured using a multiparameter sonde (YSI, Yellow Spring, OH). Samples were collected with 94 

a peristaltic pump and acid-washed C-flex tubing connected to Teflon tubing. Sulfide/sulfate 95 

samples were preserved in 1% zinc acetate. Iron and manganese samples were preserved in 1% 96 

nitric acid. Filter-passing metal samples were filtered using a 0.45 µm Acrodisc filter. Water for 97 

Hg analysis was collected with no headspace in a new 2 L polyethylene terephthalate glycol 98 

(PETG) bottle using clean hands/dirty hands technique, then filtered onto an ashed quartz fiber 99 

filter (QFF, nominal pore size 0.7 µm) at the USGS Mercury Research Laboratory (MRL) within 100 

18 hours.27 The filtrate was preserved to 1% hydrochloric acid (HCl) and the particulate samples 101 

were frozen until analysis. Dissolved gaseous mercury (DGM) was collected onto gold-coated 102 

bead traps in the field by purging 1L surface waters with high purity nitrogen gas.28 Nucleic acid 103 

samples were collected by filtering approximately 200-700 mL of water onto a 0.2 µm Sterivex 104 

filter and preserved by flash-freezing with liquid nitrogen, followed by storage at -80˚C. For 105 

leucine uptake analysis in 2020, water was collected in-line into 3 mL syringes; in 2021, water 106 

was collected into N2-flushed serum bottles, then transferred to syringes in the lab. 107 
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Hg methylation and demethylation incubations 108 

Detailed incubation methods are in SI - Section S1.2. Three depths from the anoxic 109 

hypolimnion were selected on each sampling date (only two depths in October 2020) for 110 

incubations. Samples for Hg methylation incubations were collected into custom-designed, acid-111 

washed, trilaminate bags with an ethylene vinyl alcohol Coex liner suitable for trace metal 112 

sampling and an oxygen-barrier layer (ProAmpac, Rochester, NY). At each incubation depth, ten 113 

bags were rinsed and filled with 450-550 mL of site water, eight with unfiltered water and two 114 

“control” bags with water filtered in-line using a 0.2 µm Sterivex filter (Millipore-Sigma). After 115 

collection, bags were resuspended in bins at the collection depth. Additional filtered water was 116 

collected in a bag at each depth to prepare the enriched stable isotope Hg standards. These bags 117 

were wrapped in foil, transported back to the lab, and stored in an anaerobic glovebox. 118 

Approximately five hours before the start of the incubations, enriched inorganic 198Hg 119 

(198Hg(II)), to track methylation, and enriched methyl-204Hg (Me204Hg), to track demethylation, 120 

were mixed with filtered water from each depth to create a “pre-equilibrated standard” with a 121 

final concentration of ~100 ng/L. After pre-equilibration, incubation bags were injected with the 122 

pre-equilibrated standard to an estimated final concentration of 0.75 ng/L of both 198Hg(II) and 123 

Me204Hg. Molybdate-inhibited bags were also injected with sodium molybdate to a final 124 

concentration equimolar to epilimnetic sulfate (~30.5 mg/L).29,30  Samples were gently mixed 125 

and then the t0 sample was immediately withdrawn from the bags and preserved to 1% HCl in a 126 

125 mL PETG bottle. An unfiltered sample for sulfide analysis was also preserved to 1% zinc 127 

acetate. Incubation bags were then returned to their bins and resuspended in the lake at depth. 128 

Sample collection was repeated after approximately 24 hours (t1) and either 80 or 48 hours in 129 

2020 and 2021, respectively (t2). 130 
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Geochemical analyses 131 

All Hg analyses were conducted at the USGS MRL and passed required quality assurance 132 

and control metrics; complete details are in SI - Section S1.3. Ambient total Hg (THg) in filter-133 

passing and particulate samples was analyzed by U.S. Environmental Protection Agency (EPA) 134 

Method 1631.31 Briefly, THg was oxidized using bromine monochloride then quantified by cold 135 

vapor atomic fluorescence spectrometry (CVAFS) using a Brooks Rand TDM II and automated 136 

Merx-T, respectively (Brooks Rand Inc, Seattle, WA). Enriched isotope THg analysis was 137 

conducted by bromine monochloride oxidation, tin reduction, dual-stage gold amalgamation, and 138 

quantification by ICP-MS using a Merx-T (Brooks Rand Inc, Seattle, WA) coupled to an iCAP-139 

RQ ICP-MS (Thermo-Fisher, Waltham, MA). DGM samples were analyzed via CVAFS.28 Filter-140 

passing and particulate ambient MeHg analyses and unfiltered enriched isotope assay samples 141 

were conducted using a modified version of U.S. EPA Method 1630 that included distillation, 142 

ethylation by sodium tetraethylborate, separation by gas chromatography, and quantification by 143 

isotope dilution using inductively coupled plasma mass spectrometry (ICP-MS) detection using a 144 

Merx-M (Brooks Rand Inc, Seattle, WA) coupled to an iCAP-RQ ICP-MS platform.32–34 145 

Ambient and isotope-enriched Hg speciation were calculated following previous methods.35,36 146 

Inorganic Hg(II) was calculated as follows:  147 

Equation 1: Hg(II) = THg – MeHg.  148 

The Hg(II) methylation rate potential (Kmet; unit = day-1) was calculated for each incubation 149 

using an integrated pseudo first-order rate law, assuming an irreversible reaction (for details, see 150 

SI - Section S1.4)37,38: 151 

Equation 2: Kmet = –ln(1 – ([Me198Hgt2] – [Me198Hgt0]) * [T198Hgt0]
-1) * t2

-1 152 
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Here, we define Kmet as the Hg(II) methylation rate potential rather than a true rate since the 153 

198Hg(II) in the pre-equilibrated standard may react differently than the ambient MeHg.10,39 To 154 

quantify the influence of SRB-inhibition on Kmet, we describe the Kmet values from the 155 

molybdate-inhibited incubations as non-SRB-dependent Kmet (
nonSRBKmet). We then calculated an 156 

SRB-dependent Kmet (
SRBKmet) for each sampling location as follows: 157 

Equation 3: SRBKmet = Kmet – nonSRBKmet 158 

In Equation 3, Kmet and nonSRBKmet represent the mean Kmet and nonSRBKmet values, respectively, of 159 

the four replicate incubations at the given sampling location.  160 

Sulfide was analyzed spectrophotometrically using a modified Cline’s method.40 Sulfate 161 

was analyzed by ion chromatography on a Dionex ICS-2100 (Thermo-Fisher, Waltham, MA). 162 

Iron and manganese were analyzed by ICP-MS on an Agilent 8900 (Agilent, Santa Clara, CA). 163 

DOC was analyzed by a Shimadzu TOC-L using a modified U.S. EPA Method 415.3.41 164 

Microbial analyses 165 

Details of microbial analyses are found in SI Sections S1.5-S1.7. DNA was extracted 166 

using a modified phenol-chloroform extraction with chemical and physical lysis and purified by 167 

ethanol precipitation.23,42 Samples for RNA extraction were spiked with 12 ng of a 1.3 kbp 168 

internal standard transcribed from the pFN18a HaloTag T7 plasmid (Promega, Madison, WI).43,44 169 

RNA was extracted with Trizol (Thermo-Fisher, Waltham, MA) and precipitated using 170 

isopropanol. Sequencing libraries for both DNA and RNA were prepared with a Kapa HyperPrep 171 

kit, including ribosomal RNA depletion by RiboErase for the RNA samples (Kapa Biosystems, 172 

Wilmington, MA); then, 150 bp paired-end reads were generated using a NovaSeq (Illumina, San 173 

Diego, CA). All nucleic acid library preparation and sequencing was completed at the California 174 

Institute for Quantitative Biosciences at the University of California-Berkeley. DNA sequences 175 
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were quality-trimmed45 and assembled into contigs,46 then open reading frames were predicted47 176 

and sequencing coverage of the contigs was calculated.48,49 For each metagenome, a genome 177 

equivalent value was calculated for 16 single copy core genes50 by summing the read coverage of 178 

each gene; the final genome equivalent for each metagenome was calculated as the median of 179 

these values. The relative abundance of each gene of interest in a metagenome was then 180 

calculated by normalizing to the number of genome equivalents for that metagenome: 181 

Equation 4: Relative abundance = read coverage of gene / genome equivalents * 100% 182 

Thus, gene abundance is presented as the percentage of the microbial community with that gene. 183 

HgcA amino acid sequences were identified using a custom Hidden Markov Model (HMM)23 184 

and verified to include critical sequence domains.20,51 Other metabolic genes were identified in 185 

the assembly open reading frames using HMMs. All assembly-based gene annotations were 186 

manually verified by phylogenetic comparison to reference sequences. Genomic bins were 187 

generated using multiple automatic and manual binning strategies52–56 and subsequently 188 

dereplicated using a 96% average nucleotide identity cutoff. Metabolic genes were predicted 189 

using convergent methods and manually verified to include important residues. RNA reads were 190 

trimmed45 and residual rRNA reads were removed. Using the internal standard, a normalization 191 

factor (NFmRNA) was calculated for each metatranscriptome to convert read counts to mRNA 192 

copies per liter as follows: 193 

Equation 5: NFmRNA = IScopies / (ISreads / ISlength) / (Liters of sample filtered) 194 

where IScopies is the number of internal standard copies added to the extraction, ISreads is the 195 

number of pseudo-aligned reads to the internal standard reference, and ISlength is the length in 196 

base pairs of the internal standard. Remaining mRNA reads were pseudo-aligned57 to ORFs 197 
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predicted from both assemblies and bins. The transcript concentration of each gene of interest (in 198 

copies per liter) of was calculated as follows: 199 

Equation 6: Transcript concentration = GOIreads / GOIlength * NFmRNA 200 

where GOIreads is the number of pseudo-aligned reads to the gene of interest and GOIlength is the 201 

length in base pairs of the gene of interest. Leucine uptake assays were conducted by incubating 202 

water samples at in situ conditions with 150 nM tritiated-leucine for 1 hour, analyzed using a 203 

scintillation counter, and converted to bacterial carbon production using established methods.58 204 

Data availability 205 

Metagenomic and metatranscriptomic data files are available on NCBI (BioProject 206 

Accession #PRJNA876614). Files for genomic bins carrying hgcA can be found on the Open 207 

Science Framework: https://osf.io/9vwgt/. The code used to process and analyze the data is 208 

available on GitHub: https://github.com/petersonben50/BLiMMP. Water chemistry and 209 

incubations data are available in the corresponding USGS data release.59 210 

 211 

Results and Discussion 212 

Biogeochemical conditions of Lake Mendota 213 

Samples were collected twice per year during late stratification (once in September, once 214 

in October) in both 2020 and 2021 (Fig. 1). Previous work showed that MeHg and hgcA 215 

abundance is highest during this period.23 Additionally, this period immediately precedes lake 216 

turnover, which is a common driver of MeHg uptake into the food web.60,61 Eutrophication in 217 

Lake Mendota caused elevated primary production and subsequent high biological oxygen 218 

https://osf.io/9vwgt/
https://github.com/petersonben50/BLiMMP
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demand in the hypolimnion; combined with thermal stratification starting in late May/early June, 219 

hypolimnetic oxygen depletion started in July (Fig. S2).23,62–66 Complete details on 220 

biogeochemical measurements are in SI – Section S2.1 (Fig. S3). Previous work has shown little 221 

to no detectable nitrate or nitrite in the metalimnion and hypolimnion in Mendota after August 222 

due to denitrification.23,63,67 Elevated particulate manganese (Mn) in the oxycline (maximum at 223 

oxycline = 0.101 mg/L, mean = 0.019 mg/L) and filter-passing Mn just below the oxic-anoxic 224 

interface (maximum below oxic-anoxic interface = 0.383 mg/L, mean = 0.221 mg/L) in October 225 

indicate Mn cycling is constrained to the oxic-anoxic interface (Fig. 1).23,68 Particulate and filter-226 

passing iron were both much lower in concentration than Mn (Fig. S3), which is likely due to the 227 

elevated sulfide levels leading to FeS precipitation.68 Sulfate levels were over 20 mg/L in the 228 

epilimnion. During fall, sulfate reduction led to sulfide levels up to 4.6 mg/L in 2021; however, 229 

this is not enough to deplete the sulfate pool, with a minimum measured sulfate concentration of 230 

4.7 mg/L (Fig. 1). 231 

THg concentrations increased with depth across the anoxic hypolimnion and slightly 232 

increased from September to October but exhibited comparable concentrations between both 233 

sampling years (i.e., maximum THg in 2020 = 1.37 ng/L, maximum THg in 2021 = 1.41 ng/L; 234 

Table S1). Filter-passing MeHg increased with depth across all four sampling dates (Fig. 1). 235 

Overall, MeHg concentrations were higher in 2020 (maximum = 0.95 ng/L) than in 2021 236 

(maximum = 0.54 ng/L), which was also reflected in the percent MeHg data (2020 maximum = 237 

79%, 2021 maximum = 50%). In both years, there was no increase in MeHg concentration or 238 

percent MeHg between the September and October sampling events, interpreted to indicate that 239 

hypolimnetic MeHg concentrations had reached equilibrium by late stratification. MeHg did not 240 

solely account for the increase in THg with depth, as Hg(II) also increased with depth (Fig. 1). 241 
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Hg(II) also showed a slight increase from September to October in both years. Conversely to 242 

MeHg, Hg(II) was notably lower in 2020 (maximum = 0.7 ng/L) than in 2021 (maximum = 0.91 243 

ng/L). DGM was below 20 pg/L throughout the anoxic hypolimnion in 2021, accounting for a 244 

maximum of 2.1% of the THg (mean = 0.7%). This suggests that DGM is not a critical Hg 245 

species when evaluating controls on Hg methylation within Lake Mendota.  246 

(De)methylation potentials 247 

The experimental design is shown in Fig. S4 and all Hg speciation data from the 248 

incubations are presented in Table S2.59 Incubation validation metrics are described in SI – 249 

Section S2.2 (Figs. S5-S10).  250 

Across the four sets of incubations, the formation of Me198Hg under ambient conditions 251 

varied widely based on both date and depth of the incubation. Kmet ranged from 0.001 day-1
 to 252 

0.165 day-1 (mean = 0.059 ± 0.019 day-1; Fig. 2a). Unless otherwise noted, all mean values are 253 

presented as “mean ± standard error of the mean”. These Kmet values are, to our knowledge, the 254 

highest reported for water column methylation assays in freshwater (range = 0.01 to 0.06), 255 

marine, brackish, and estuarine systems (Table S7).7–10,22,69–79 This rapid methylation could be 256 

due to prime Hg(II) methylation conditions in Lake Mendota, given the supply of labile carbon 257 

from the highly productive epilimnion and the elevated sulfate levels.23 Other studies have been 258 

conducted in mesotrophic or oligotrophic systems10,75 or with settling particles from the 259 

epilimnion8, which are not directly comparable to the eutrophic conditions present in Lake 260 

Mendota. Alternatively, the differences could be methodological, as other studies did not pre-261 

equilibrate the enriched Hg isotopes with DOC and/or used glass serum bottles, which could 262 

scavenge or sorb the isotopically enriched Hg(II) and thus underestimate Kmet.
10,75,76 Regardless, 263 

these data highlight the rapid formation of MeHg in this dimictic, eutrophic freshwater lake, with 264 
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up to 50-60% of the 198Hg(II) being methylated within 3.5 days under moderately sulfidic (~2-4 265 

mg/L) conditions. 266 

 Demethylation rates were quantified using Me204Hg. The filtered control incubations 267 

showed increasing Kdem values with increasing sulfide, leveling off to ~0.2 day-1 when sulfide 268 

reached ~1.25 mg/L, suggesting possible abiotic demethylation (Fig. S11). These rates are 269 

consistent with previously observed Kdem values in non-Hg(II)-impacted sites.38 Interestingly, 270 

Kdem values in 2021 under ambient conditions were comparable to those from filtered 271 

incubations. However, in 2020 there was no demethylation activity under ambient conditions 272 

(Kdem = ~0 day-1). The higher Kmet values in 2020 are unlikely to completely negate the proposed 273 

abiotic demethylation. These observations suggest a complex control of demethylation rates with 274 

multiple demethylation processes occurring simultaneously, with substantial interannual 275 

variation. MeHg can be photochemically demethylated by UVA, UVA, or PAR light;80 however, 276 

this is unlikely to be a dominant process due to rapid light attenuation in the highly productive 277 

eutrophic waters during the summer and fall months. There are several potential microbial 278 

pathways for demethylation. While we identified several homologs of merB, one of the best 279 

studied biotic demethylation pathways,81 these homologs did not possess all the requisite 280 

conserved amino acid residues82 and were not contained within a mer operon, suggesting they 281 

were not true merB genes. Methanogens and methanotrophs have also been shown to degrade 282 

MeHg through oxidative demethylation.83–85 However, neither methanotrophs nor methanogens 283 

were observed at high abundance in the hypolimnion (data not shown). Dark abiotic 284 

demethylation has been documented to reduce up to 5% of the MeHg pool after 10.5 hours, 285 

although the mechanism for this is unclear.80 Regardless, further work is necessary to identify the 286 

active demethylation pathways and their drivers in the anoxic hypolimnion. 287 
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We compared the Kmet and Kdem values to the ambient MeHg concentrations and percent 288 

MeHg levels in the water column. The higher Kmet values in 2020 (Fig. 2a) corresponded to 289 

higher MeHg concentrations and percent MeHg in 2020 than 2021 (Fig. 1). Kdem values were 290 

higher in 2021, which could also contribute to reduced overall MeHg in the water column. Two 291 

lines of evidence suggest that hypolimnetic MeHg concentrations were at equilibrium: first, 292 

water column MeHg concentration and percent MeHg showed little change from September to 293 

October (Fig. 1); and second, ambient MeHg concentrations in the bags under all treatment 294 

conditions remained consistent over the incubation period (Fig. S12; THg data in Fig. S13). If 295 

equilibrium has been reached, and assuming the absence of significant external sources or sinks, 296 

we can thus assume that Kmet/Kdem = MeHg/Hg(II).86 To investigate this assumption and test the 297 

predictive power of measured Kmet and Kdem values for Hg speciation, we plotted MeHg/Hg(II) 298 

against Kmet/Kdem for each incubation location (Fig. S14). Given the uncertainty in the Kdem 299 

measurements from this study, these values should be interpreted cautiously. However, in general 300 

the values were close to the 1:1 line, indicating that the measured rate potentials predict the 301 

overall Hg speciation relatively well. This is consistent with in situ methylation and 302 

demethylation as the primary constraints on MeHg concentrations in the hypolimnion. We 303 

hypothesize that deviations from the 1:1 line are due to changes in Hg bioavailability or MeHg 304 

sources from other parts of the water column. Samples with a high Kmet/Kdem ratio tended to fall 305 

below the 1:1 line, which may indicate a limitation on the bioavailability of the ambient Hg(II) 306 

pool. Samples with a low Kmet/Kdem ratio tended to fall above the 1:1 line, possibly indicating an 307 

external source of MeHg. The sample with the largest discrepancy in this direction was from 308 

near the oxycline in 2021, where MeHg could be enriched by MeHg binding to Mn oxides that 309 

form, settle, and redissolve, similar to enrichment in Fe through the “ferrous wheel”.87,88 Overall, 310 
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these data indicate that MeHg in the water column can be predominantly controlled by in situ 311 

water column processes of methylation and demethylation. 312 

Biogeochemical drivers of MeHg formation 313 

We then further investigated the biogeochemical constraints on Kmet. In general, Kmet 314 

increased with increasing sulfide concentrations (Fig. 2a); however, above a threshold 315 

concentration of sulfide (~2.4 mg/L in 2020, ~3.8 mg/L in 2021), Kmet values decreased 316 

drastically. This is consistent with the so-called “Goldilocks curve”, where MeHg concentrations 317 

and/or formation rates exhibit a unimodal distribution along a sulfide gradient due to sulfide’s 318 

role in both Hg(II) bioavailability and Hg methylation capacity.22,23,89 The DOC concentration 319 

and reduced sulfur content and aromaticity of DOM are three other primary factors governing 320 

Hg(II) bioavailability;14–17 however, DOC concentrations only range from 3.9 to 5.4 mg/L across 321 

the different incubation waters (Fig. S3), and previous studies have shown relatively limited 322 

variation in DOM aromaticity and reduced sulfur content over the late stratified period in Lake 323 

Mendota.90 We conclude that sulfide is the primary driver of variation in Hg(II) bioavailability 324 

across the different incubations, and propose that the decrease in Kmet values above the sulfide 325 

threshold was due to the aggregation of nano-particulate metacinnabar (β-HgS) and subsequent 326 

reduction in Hg(II) bioavailability,16,17 as observed in similar (anoxic and sulfidic) aquatic 327 

systems.21,22 328 

To investigate the role of microbial methylation potential in driving the Kmet values, we 329 

quantified the relative abundance and transcription of 80 unique metagenome-derived hgcA 330 

genes from a subset of samples along the sulfide gradient (Tables S4, S5, S6). Relative hgcA 331 

gene abundance ranged from 0.3% to 16.3% of the total microbial community (mean = 7.5 ± 332 

1.6%). This range is consistent with previously reported values for sulfidic freshwater lakes6,9,23, 333 
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freshwater peatlands,13 and marine waters.91,92 hgcA transcript abundance ranged from 1.0 to 7.9 334 

million transcripts per liter (mean = 3.1 ± 0.7 million transcripts per liter); to our knowledge, 335 

these are the first measurements of the absolute concentration of hgcA gene transcripts in the 336 

environment. Gene abundance of hgcA increased linearly with increasing sulfide (p < 0.05; Fig. 337 

S15a), but Kmet showed a bell-shaped relationship with hgcA abundance (Fig. 2B). On the other 338 

hand, hgcA transcript concentrations peaked at moderate sulfide concentrations (Fig. 15b) and 339 

Kmet increased with increasing hgcA transcripts (Fig. 2c); however, this relationship was non-340 

significant (p = 0.11), possibly due to the limited sample numbers and no metatranscriptomic 341 

data from the low sulfide/low Kmet locations. Thus, decreased hgcA transcription under high 342 

sulfide conditions is potentially also responsible for the reduced Kmet in addition to the abiotic 343 

effects of sulfide on Hg speciation. Alternatively, the reduced hgcA transcription under sulfidic 344 

conditions could be interpreted as a downregulation of the hgcA gene in response to reduced 345 

Hg(II) bioavailability, which could indicate that the native function of the hgcA gene is to 346 

methylate and export intracellular Hg(II). However, this is an unlikely explanation given the lack 347 

of evidence in the literature for Hg(II)-dependent changes in hgcA expression26,93,94 and the 348 

consistent hgcA expression across the sulfide gradient within individual microbial populations 349 

(see below). 350 

Together, these data suggest a synergistic effect of Hg(II) bioavailability and microbial 351 

methylation capacity on MeHg formation, with increasing microbial methylation potential and 352 

decreasing Hg(II) bioavailability as sulfide increases leading to the canonical unimodal 353 

Goldilocks curve. These hypothesized mechanisms are consistent with the historical 354 

understanding of the microbial and biogeochemical factors that underpin Hg methylation89 and 355 

with recent studies in anoxic marine systems22 and sulfate-enriched freshwater sediments21. In a 356 
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recent study in a DOM-rich environment, Hg(II) bioavailability was not constrained by sulfide 357 

concentration, but rather was dominated by the gradient in DOM concentration and composition 358 

(DOM aromaticity and reduced S content).13 However, similar to this study, Hg(II) methylation 359 

was greatest under conditions of hgcA abundance and where DOM chemistry promotes Hg(II) 360 

bioavailability. These observations highlight the consistent interactions between microbial 361 

methylation potential and Hg(II) bioavailability, regardless of the underlying biogeochemical 362 

constraints. They also highlight the complexity of the influence of sulfur cycling and DOM 363 

chemistry on MeHg production and the need for future investigations of these factors across 364 

different environmental systems. 365 

Microbial metabolic drivers of mercury methylation 366 

We also investigated the microbial metabolic processes driving the high Hg(II) 367 

methylation capacity in Lake Mendota. Previous studies have implicated SRB,5,18,95 368 

methanogens,96,97 iron/manganese-reducers,98,99 and nitrate-reducing bacteria6 as likely drivers of 369 

MeHg formation in various environments. As we previously observed23 and as discussed above, 370 

both sulfate and sulfide were prevalent throughout the hypolimnion during late stratification, 371 

while nitrate and particulate manganese and iron were nearly undetectable (Fig. 1, S3; Table S1). 372 

The importance of SRB was further supported by the sequencing data; while respiratory nitrate-373 

reductase (narG; associated with nitrate-reducing bacteria) was more abundant than reductive 374 

dissimilatory sulfite reductase (dsrA; associated with SRB; Fig. S16a), dsrA expression was 2-3 375 

orders of magnitude higher than narG (Fig. S16b). Methanogen-associated methyl coenzyme M 376 

reductase and canonical iron- and manganese-reducing external electron transfer genes were only 377 

sporadically detected throughout the hypolimnion and only at low abundance and transcription, 378 

indicating those processes are relatively less active, constrained to specific regions of the 379 
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hypolimnion, and likely less important for driving microbial metabolism and MeHg formation. 380 

Collectively, these data further support sulfate reduction as the dominant terminal electron 381 

accepting process in the Lake Mendota hypolimnion during late stratification.100,101 382 

To directly measure the influence of SRB on MeHg formation, we calculated a non-SRB-383 

dependent Kmet (
nonSRBKmet) and an SRB-dependent Kmet (

SRBKmet) based on the molybdate-384 

amended incubations. nonSRBKmet ranged from 0.000 to 0.037 day-1 (mean = 0.015 ± 0.005 day-1; 385 

Table S3) and were significantly lower than ambient Kmet (Fig. S17; two-way ANOVA, p < 0.05). 386 

There was also an interactive effect between sulfide and molybdate amendment (p < 0.05), 387 

suggesting that the effects of molybdate varied across different redox conditions. SRBKmet ranged 388 

from 0.003 to 0.129 day-1 (mean = 0.054 ± 0.018 day-1). When Kmet was above 0.002 day-1 (at 8 389 

locations), SRBKmet accounted for 57.2 to 84.0% of the total Kmet (mean = 70.3 ± 3.9%). Both 390 

SRBKmet and nonSRBKmet increased with increasing sulfide up to a certain threshold (~2.4 mg/L in 391 

2020, ~3.8 mg/L in 2021), when both decreased, likely due to effects of sulfide inhibition on 392 

Hg(II) bioavailability, as previously discussed (Fig. 3a). 393 

One possible explanation of the high SRBKmet values could be widespread microbial 394 

community inhibition by molybdate, either due to inhibition of other metabolic guilds or a 395 

reliance of those other guilds (especially obligate fermenters) on SRB for the consumption of 396 

their metabolic products. To investigate this, we performed bacterial production assays under 397 

molybdate inhibition. Bacterial production was highest just below the oxic-anoxic interface and 398 

substantially lower deeper in the hypolimnion (Fig. S18a-c). Notably, MeHg production did not 399 

increase as a function of increased overall microbial production, as has been reported 400 

elsewhere.7,102 Additionally, molybdate amendments did not significantly influence bacterial 401 

production rates (two-way ANOVA test with sulfide; p = 0.010; Fig. S18d). These observations 402 
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support that molybdate was inhibiting a specific subset of SRB-dependent metabolic pathways 403 

that drive MeHg formation but that do not account for a substantial fraction of heterotrophic 404 

bacterial production. This is also consistent with work suggesting complex carbon degradation 405 

and fermentation, rather than terminal electron accepting processes and fermentative product 406 

consumption, are the rate-limiting steps in complex microbial communities under anoxic 407 

conditions.103 408 

To examine the microbial community underlying the response of Kmet to molybdate, we 409 

assigned each verified hgcA sequence to a “metabolic guild” (see SI – Section S1.5 for details; 410 

Supplemental Data 1; Table S6, S8). Metabolic guilds included SRB, obligate fermenter 411 

(FERM), respiratory but of unknown function (RESP), or unknown (UNK). Kiritimatiellae 412 

(KIR) were retained separately due to their abundance and ambiguous metabolic capabilities. 413 

The abundance of different hgcA-carrying microbial guilds did not relate to their transcription 414 

levels (Fig. S19). The KIR group included the most abundant hgcA+ microbes across all redox 415 

conditions (Fig. 3b), consistent with previous studies,9,23 accounting for 65.5 ± 2.9% of the 416 

overall hgcA gene abundance. However, they only accounted for 15.8 ± 3.5% of the hgcA mRNA 417 

reads (Fig. 3c). RESP hgcA sequences were also more abundant in the metagenomes (17.2 ± 418 

2.6%) than the metatranscriptomes (8.9 ± 2.5%). The SRB hgcA genes were the opposite; they 419 

accounted for only 7.5 ± 1.3% of the total hgcA gene coverage, but 54.6 ± 4.5% of the hgcA 420 

mRNA reads. Given that SRBKmet accounts for 57.2 to 84.0% of Kmet, this suggests that gene 421 

expression data can predict the biogeochemical drivers of MeHg production better than gene 422 

abundance data (Fig. S20). FERM and UNK hgcA sequences were low in abundance in both the 423 

metagenomes and metatranscriptomes, with the exception that one UNK hgcA sequence showed 424 

high expression at one location. Both SRB and KIR sequences generally increased with 425 
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increasing sulfide concentrations (Fig. 3b,c). We recovered two sets of hgcA+ SRB genomic bins 426 

and confirmed that the sulfate reduction pathways were transcriptionally active. 427 

Next, we investigated potential mechanisms underlying differences in hgcA expression 428 

between metabolic guilds. We used expression of the housekeeping gene gyrB and total mRNA 429 

levels as a proxy for overall activity of each guild; both were higher among SRB-associated 430 

hgcA+ genomic bins compared to FERM- or KIR-associated bins and showed comparable trends 431 

to hgcA expression (Fig. 4a,b). This suggests that the higher levels of hgcA expression in SRBs 432 

are due, at least in part, to overall higher levels of transcription rather than specific upregulation 433 

of hgcA. However, arsR-like transcriptional regulators were also identified preceding some of 434 

the hgcA genes (Fig. 4c). Similar arsR-like transcriptional regulators have been identified across 435 

multiple environments19,25,104 and verified to influence hgcA expression in the presence of 436 

arsenate and arsenite.26 When arsR-like elements were present, other arsenic-cycling genes such 437 

as arsenite efflux permeases (acr3) or arsenate reductase (arsC) were also present in the gene 438 

neighborhood (Fig. 4c). While the arsR-like elements were not strictly phylogenetically 439 

conserved nor exclusively associated with one metabolic guild, they were more commonly found 440 

with KIR-associated hgcA sequences (Fig. S21). When comparing the 15 most transcriptionally 441 

active hgcA+ bins, the presence of the arsR-like regulator is associated with significantly lower 442 

hgcA:gyrB transcription ratios (Fig. 4d; two-way ANOVA, p < 0.05), suggesting the arsR-like 443 

element is repressing hgcA transcription. However, there was no effect of sulfide concentration 444 

(p = 0.53) or interaction effect of sulfide and presence of the arsR-like element (p = 0.43), 445 

suggesting that in this system, microbes are not differentially regulating hgcA across the redox 446 

gradient in response to changing Hg(II) bioavailability or other redox-dependent environmental 447 

factor. The arsR-like regulators themselves were transcriptionally active, with a transcript 448 
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concentration slightly higher than the associated hgcA sequence (Fig. S22). When taken in 449 

context of the recent work by Gionfriddo et al,26 this highlights the need to further explore the 450 

intended function of this arsR-like repressor.  451 

Environmental implications 452 

Overall, this study investigates the biogeochemical processes and microbial communities 453 

controlling MeHg concentrations in the water column of an urban eutrophic freshwater lake. The 454 

high Kmet values corroborate a growing consensus that water column methylation is an important 455 

source of MeHg in freshwater ecosystems, while the demethylation rate potentials indicate 456 

complex and possibly competing demethylation processes with substantial year-to-year 457 

variability. Together, the paired rate potentials suggest that water column MeHg concentrations 458 

in Lake Mendota are driven by in situ processes with interannual variation rather than diffusion 459 

from sediments or transport from watershed sources, which is consistent with recent 460 

literature.6,8,9,11 This highlights the importance of water quality conditions in determining MeHg 461 

accumulation in freshwater ecosystems. While decreasing Hg emissions due to national and 462 

international mitigation should result in decreased atmospheric Hg loading to aquatic systems, 463 

water quality conditions may negate these reductions and still result in aquatic food web 464 

contamination. This study highlights some of these key biogeochemical control points. For 465 

example, we bridge a key gap between mesocosm studies showing the importance of SRB in 466 

MeHg production and metagenomic studies showing the vast diversity of hgcA-carrying 467 

microbes and relatively low abundance of hgcA-carrying SRB by showing that low abundance, 468 

but highly active SRB can drive elevated MeHg production rates. This further reinforces the 469 

importance of the sulfur cycle as a key regulator of the Hg cycle and a direct contributor to 470 

MeHg formation. However, key questions remain, such as what biogeochemical factors underlie 471 
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the distribution and expression of hgcA. While this and other studies have shown an increase in 472 

hgcA with increasing sulfide,6,22 other work has revealed the opposite trend,13,21 highlighting the 473 

complex controls and site-to-site variation on these processes. Collectively, this highlights the 474 

need for mechanistic studies investigating the underlying physiological role of the hgcAB gene 475 

cluster to enable an ecological perspective on hgcA distribution and the Hg methylation 476 

phenotype. Studies like the one conducted here are key in illuminating the mechanisms driving 477 

MeHg production and will be critical in improving our ability to both effectively manage 478 

ecosystems and predict the effects of regional and global change on MeHg formation and Hg 479 

accumulation in aquatic food webs. 480 

  481 
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Figures482 

 483 

Figure 1: Biogeochemical profiles from Lake Mendota on dates of incubations (A-D). Figure 484 

legends are consistent across all four sets of profiles. In B, 15.7 m is indicated as an incubation 485 

depth; however, the data is not discussed in the manuscript due to quality control concerns (see 486 

text for details). The dotted horizontal lines indicate the sediment-water interface. Temp. = 487 
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temperature; DO = dissolved oxygen; Turb. = turbidity; Inc. = location of incubation; FNU = 488 

Formazin Nephelometric Units; f. = filter-passing; p. = particulate; Mn = manganese; MeHg = 489 

methylmercury. 490 
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 492 
Figure 2: Factors influencing Hg methylation rate potentials in Lake Mendota. Kmet plotted 493 

against sulfide (A), relative hgcA gene abundance (B), and absolute hgcA transcript 494 

concentrations (C). Shapes of the points indicate the year the incubation was conducted. Vertical 495 

error bars represent the standard error of the mean (SEM) of Kmet (A-C). Horizontal error bars 496 

represent the standard deviation of the hgcA abundance when duplicate metagenomes were 497 

sequenced (B) or the SEM of triplicate hgcA transcript concentrations (C). 498 
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 500 
Figure 3: Biogeochemical drivers of methylmercury formation potentials in Lake Mendota. 501 

Sulfate-reducing bacteria (SRB)-dependent (SRBKmet) and -independent Kmet (
nonSRBKmet) along 502 

the sulfide gradient (A). Relative abundance (B) and absolute transcript concentration (C) of 503 

hgcA from microbial metabolic guilds along the sulfide gradient. Shapes of the points indicate 504 

the year the incubation was conducted. Vertical error bars represent the standard error of the 505 

mean (SEM) of Kmet (A), the standard deviation of the hgcA abundance when duplicate 506 

metagenomes were sequenced (B), or the SEM of triplicate hgcA transcript concentrations (C). 507 

KIR = Kiritimatiellaeota; RESP = respiratory; FERM = obligately fermentative; UNK = 508 

unknown metabolic capacity. 509 
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 511 
Figure 4: Transcriptional control of hgcA. Comparison of hgcA transcript concentrations from 512 

individual genomic bins in individual metagenomes to gyrB transcripts (A) or total mRNA (B) 513 

from the same genomic bin. Gene neighborhood of top 15 most highly expressed hgcA genes 514 

with homologs of transcriptional regulators and arsenic-related cycling genes color-coded (C). 515 

Scale on x-axis is base-pair location relative to the start of the hgcA gene. Log10 ratios of hgcA to 516 

gyrB transcript concentrations for 15 genomic bins with highest expression of hgcA, split up by 517 

the presence or absence of the arsR-like transcriptional regulator (D). 518 
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Supplementary Materials 520 

Supplementary Tables 521 

Tables include biogeochemical data (Table S1), raw and processed data from assays (Tables 522 

S2,S3), sequencing metadata (Table S4), metagenomic statistics (Table S5), hgcA gene 523 

information (Table S6), literature review of water column mercury methylation studies (Table 524 

S7), and bin information for hgcA+ bins (Table S8). 525 

Supplementary Data 526 

Supplemental Data 1 – HgcA tree: HgcA tree RDS object file. This data file contains a ggtree R 527 

object of the HgcA amino acids phylogenetic tree that was used to assign taxonomy and 528 

metabolic capacity to the hgcA sequences. 529 

 530 
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