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Abstract 

The goal of this dissertation is to investigate the ecophysiology of mercury (Hg)-

methylating organisms in freshwater ecosystems in order to probe how biogeochemical cycles 

influence the production of toxic methylmercury (MeHg). MeHg production is an important step 

in food web accumulation of MeHg, but the microbial community that mediates this process in 

the environment is poorly understood. By linking the Hg methylation gene hgcA to genes 

encoding metabolic pathways and pairing this with geochemical measurements and targeted Hg 

methylation assays, we sought to illuminate the mechanisms underlying the Hg methylation 

capacity of microbial communities in multiple freshwater ecosystems. 

In Chapter 1, I provide a brief overview of the field as it stands today. I provide a 

background on transport and transformations of Hg in aquatic ecosystems, constraints on 

bioavailability of inorganic Hg, and what is known about Hg-methylating organisms in culture 

and in the environment. I also review the molecular sequencing methods and Hg-methylation 

assays used in this dissertation. In Chapter 2, we used shotgun metagenomic sequencing and 

genome reconstruction to identify and characterize the genomes of Hg-methylators in a 

eutrophic, sulfate-enriched freshwater lake. This data showed that non-canonical Hg-methylating 

organisms, particularly fermentative organisms from the Kiritimatiellaeota phylum, are 

numerically dominant throughout the anoxic hypolimnion in Lake Mendota. In Chapter 3, we 

again used shotgun metagenomics and genomic reconstruction paired with extensive 

hydrological and geochemical data to identify Hg-methylating organisms in a highly dynamic 

hydroelectric reservoir over three years. We showed that the extent of MeHg production and 

accumulation is heavily dependent on the hydrologic regime of the system and suggest that 

MeHg production is occurring under suboxic conditions not previously thought to facilitate Hg-
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methylation. Again, the Hg-methylating community was dominated by non-canonical Hg-

methylators. In Chapter 4, we isolated the impact of the microbial community on MeHg 

production using a stable-isotope enriched Hg tracer experiment in parallel with characterization 

of the Hg-methylating microbial community. We showed that the Hg methylation capacity 

increased with decreasing levels of sulfate and was closely correlated to hgcA abundance. 

Despite evidence for active sulfate reduction, there were no sulfate-reducing bacteria (SRB) with 

hgcA. In Chapter 5, we revisited the sulfate-enriched eutrophic lake from Chapter 2 to pair 

metagenomic sequencing with Hg methylation assays to investigate the role of sulfate reduction 

in MeHg production. We observed significant decreases in MeHg production in response to 

inhibition of SRB, despite the low abundance of SRB with hgcA. Finally, in Chapter 6, I 

summarize the findings of this thesis and discuss future directions that will expand upon these 

findings. 

Overall, this thesis expands our knowledge of the metabolic and taxonomic diversity of 

Hg-methylating organisms and how these communities are shaped by limnological conditions. It 

also shows how the Hg methylation capacity of the microbial community can impact the in situ 

production and accumulation of MeHg. It provides a framework for using insights into the 

ecophysiology of the Hg methylators to predict the impact of different biogeochemical cycles on 

Hg methylation. It also highlights the need to expand upon these findings using geochemical 

characterization, molecular sequencing, Hg methylation assays, next-generation physiology 

experiments, and additional functional analysis of the microbial community to further understand 

how organisms with hgcA are mediating the production of MeHg in aquatic ecosystems. 
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Chapter 1: Introduction 

Mercury (Hg) is a well-known and near-ubiquitous public health threat.1 Hg levels in the 

environment have increased 3-4 times since the start of the Industrial Revolution, largely due to 

anthropogenic sources such as coal-fired power plants and small-scale artisanal gold mining.2 Hg 

pollution can be locally discharged to aquatic environments as inorganic Hg(II) (iHg) or released 

into the atmosphere, primarily as elemental Hg(0).3 It can remain in the atmosphere for up to a 

year, which allows it to be distributed globally, before being oxidized to iHg and deposited onto 

terrestrial or aquatic ecosystems.3 The iHg can then complex with a wide range of ligands, which 

will help determine the fate of the Hg, whether it is transformed and taken up by aquatic 

organisms, bound to particulate matter and buried in the sediments, or reduced back to Hg(0) and 

possibly released into the atmosphere.2,4,5 

Hg contamination in aquatic ecosystems is problematic due to its ability to bioaccumulate 

and biomagnify.6 This leads to high levels of Hg contamination in aquatic food webs, which can 

have deleterious neurotoxic and developmental effects on organisms at the top of the food web, 

including humans who rely on Hg-contaminated fish or other animals for sustenance.1 This 

bioaccumulation and biomagnification of Hg only occurs as organic methylmercury (MeHg). 

MeHg is produced intracellularly by bacteria and archaea, typically in anoxic environments, then 

exported back to the environment.7,8 Once in the environment, it can enter the aquatic food web 

by uptake into algal cells.9 Because MeHg is most often produced in anoxic environments and 

the base of the food web tends to be in oxic environments, the proximity of MeHg production to 

oxic regions and MeHg transport post-production are critical elements in determining the extent 

of MeHg accumulation in the food web. 
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MeHg production is primarily controlled by two factors, the bioavailability of iHg for 

uptake and the Hg methylation capacity of the microbial community.10 Both factors have been 

shown to be limiting under different circumstances.11–13 The bioavailability of iHg for uptake and 

subsequent methylation has been well-studied but is still not fully understood. Sulfide binds 

strongly to iHg, forming HgS complexes that can aggregate into particles and precipitate, leading 

to Hg loss to the sediments.14 When dissolved organic matter (DOM) is present alongside 

sulfide, it can limit the formation of particulate HgS and enhance iHg bioavailability.15 This 

works through a number of possible mechanisms, such as precluding or preventing HgS 

complexes16,17, usually associated with the aromaticity of the DOM18, or by Hg binding to the S-

moieties in the DOM. Interactions between the two factors, such as the sulfurization of the 

DOM19, complicates the relationship between the two. Furthermore, there is still uncertainty over 

whether iHg speciation is largely due to kinetic constraints or thermodynamic equilibrium.4,20,21 

This, coupled with the uncertainty in binding constants and solubility measurements of some 

complexes, makes it difficult to accurately model and predict iHg complexation in natural 

ecosystems.4 The other primary factor influencing MeHg production, the Hg methylation 

capacity of the microbial community, is still poorly understood in natural systems. This is the 

primary focus of this thesis and is discussed more below. 

Microbial Hg methylation is mediated by the hgcAB genes.8 The hgcA gene is a distant 

homologue of the corrinoid iron-sulfur gene within the acetyl-CoA synthase complex.8 HgcA 

uses methyl-tetrahydrofolate as a methyl group donor in the methylation reaction, which links it 

to the tetrahydrofolate (THF) cycle and the Wood-Ljungdahl pathway.8,22,23 HgcB appears to 

reduce the cobalamin co-factor in HgcB, thus assisting in turnover of the protein.8 Uptake of iHg 

is active for some organisms7 and may be linked to Zn uptake pathways24. Once the iHg is 
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methylated, it is rapidly exported from the cell, suggesting a role in Hg detoxification.7 However, 

microbes with an hgcA deletion do not suffer reduced fitness under laboratory conditions.8,25 

Thus, the physiological role of this process is still unknown; in fact, Hg methylation is widely 

suspected to not be the native function of the hgcA gene. Understanding the role of Hg 

methylation and HgcA function in cell physiology will help explain the distribution of these 

genes in the environment and where and when the Hg methylation pathways are active in natural 

ecosystems. 

 The microbial Hg-methylation capacity in natural ecosystems is linked to the identity of 

the microbial guilds that are producing MeHg under environmental conditions. Early studies 

relied on isolation of Hg-methylators or stimulation/inhibition of Hg-methylating activity, which 

identified sulfate-reducing bacteria as the dominant Hg-methylating organisms.26,27 Iron-

reducing Geobacter28,29 and methanogenic archaea30 were also identified as relevant Hg-

methylators. The discovery of hgcA8 facilitated rapid identification of putative Hg-methylating 

organisms in cultured organisms with sequenced genomes31,32 and publicly available 

metagenomes33 and metagenome-assembled genomes34,35, thus expanding the known diversity of 

putative Hg-methylating organisms. In the environment, molecular sequencing methods have 

identified diverse hgcA sequences in rice paddy soils36,37, pristine38 and impacted39,40 lake 

sediments, periphyton-associated biofilms41,42, wetland soils43–45, and the water column of 

freshwater46 and marine ecosystems47–51. However, the links between geochemical conditions, 

microbial metabolic activity, and MeHg production are still poorly understood. 

 Parallel with these advancements in the Hg methylation field, molecular sequencing 

techniques have become much more powerful, further fueling our ability to investigate the 

microbial community under environmental conditions. Several PCR primer sets have been built 
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for amplicon sequencing of hgcA in environmental samples.35,36,43,44,52 While this approach does 

provide deep sequencing of the microbes with hgcA, it does not identify sequences highly 

divergent from the reference sequences used to build the primers and does not provide additional 

information about the gene content of organism containing the hgcA gene.34,46 Additionally, the 

hgcA gene is highly divergent and is thought to have been widely distributed through horizontal 

gene transfer33,34, which limits our ability to identify and characterize organisms based solely on 

their hgcA gene. On the other hand, shotgun metagenomics involves sequencing random strands 

of DNA from the sample, which reduces amplification bias and enables the identification of 

highly divergent hgcA genes. The strands of DNA can be “assembled” into longer contigs, which 

enables the recovery of full-length gene sequences and provides additional genomic context for 

the gene. Subsequently these genes can be “binned” into population genomes, or “bins”, which 

provides further metabolic and taxonomic information about the Hg-methylating organism.53 

This has become an extremely powerful technique that allows researchers to reconstruct the 

genomes of organisms of interest and predict their metabolic function in situ. The rapidly 

decreasing cost of sequencing, the expanding toolbox for metagenomic analyses, and the 

increasing size and availability of reference datasets suggest that shotgun metagenomic 

sequencing will continue to play an increased role in Hg methylation studies. Additionally, 

shotgun metagenomics can be combined with more advanced measurements such as 

metatranscriptomics/metaproteomics or stable isotope probing to further probe the impact of 

different organisms with hgcA on MeHg production in the environment. 

 While the diversity of Hg-methylating organisms is beginning to be appreciated, we still 

have little understanding of how this diversity impacts MeHg production under environmental 

conditions. Even in controlled laboratory conditions, there is a wide range in MeHg production 
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capacity of different organisms with hgcA31,32,54, and this can change with changing conditions or 

an added metabolic partner55,56. Many other factors could influence MeHg production capacity as 

well. For example, transcriptional regulation of hgcA has only been tested under a narrow range 

of laboratory conditions, but these results do suggest it is constitutive despite the presence of an 

arsC-like regulator in the tested organisms.56,57 While hgcA has been shown to be expressed in 

the water column of a marine inlet, expression was not compared to the abundance of the 

organisms.50 In thawing permafrost, RNA levels of hgcA was unlinked to hgcA abundance in the 

DNA.34,58 Translational regulation could further modify Hg methylation activity. Additionally, 

the uncertainty about the role of hgcA in microbial metabolism and its reliance on a metabolic 

cycle heavily involved in an array of energy conserving, carbon fixing, and biosynthetic 

pathways means we cannot predict why and/or when Hg-methylators find it advantageous to 

produce MeHg. 

Thus, pairing these shotgun metagenomic methods with other molecular sequencing 

methods and functional measurements of Hg methylation and microbial metabolism is an 

important step in understanding how the microbial community underlies the observed MeHg 

production and accumulation in the environment. A key method is the stable isotope-enriched Hg 

tracer incubations, in which Hg species that are highly enriched in one isotope are added to an 

environmental sample under either ambient or modified conditions, incubated for a set period of 

time, and then preserved and analyzed using inductively coupled plasma mass spectrometry.59,60 

This technique has been widely used to measure MeHg production in cultures, but also has been 

used to measure MeHg production potential in environments such as the water column of 

freshwater lakes46,61,62, wastewater impacted freshwater sediments38, and wetland soils44,45. 
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Overall, there is a major knowledge gap in understanding which microbial processes are 

driving Hg methylation in natural systems, which leads to a limited understanding of how 

geochemical factors drive MeHg production capacity. In this thesis, we first set out to identify 

and characterize Hg-methylating organisms in two separate freshwater lacustrine systems using 

shotgun metagenomic techniques (Chapters 2 and 3). We then paired targeted stable isotope-

enriched Hg methylation assays with shotgun metagenomic sequencing to isolate the Hg 

methylation capacity and investigate the Hg methylating organisms underlying the observed 

trends (Chapter 4). Finally, we paired these two methods again to probe how the microbial 

community mediates the impact of sulfate reduction on MeHg production (Chapter 5). These 

studies lay the foundation for more targeted studies investigating how the microbial mechanisms 

underlying the Hg methylation capacity link biogeochemical cycling and water quality to MeHg 

production in aquatic ecosystems. 

  

6



References 

1. UN. Global mercury assessment. (2018). 
2. Amos, H. M., Jacob, D. J., Streets, D. G. & Sunderland, E. M. Legacy impacts of all-time 

anthropogenic emissions on the global mercury cycle. Global Biogeochem. Cycles 27, 410–
421 (2013). 

3. Krabbenhoft, D. P. & Sunderland, E. M. Global Change and Mercury. Science 341, 1457–
1458 (2013). 

4. Hsu-Kim, H., Kucharzyk, K. H., Zhang, T. & Deshusses, M. A. Mechanisms regulating 
mercury bioavailability for methylating microorganisms in the aquatic environment: A critical 
review. Environ. Sci. Technol. 47, 2441–2456 (2013). 

5. Morel, F. M. M., Kraepiel, A. M. L. & Amyot, M. The chemical cycle and bioaccumulation of 
mercury. Annu. Rev. Ecol. Syst. 29, 543–566 (1998). 

6. Watras, C. J. et al. Bioaccumulation of mercury in pelagic freshwater food webs. Science of 
The Total Environment 219, 183–208 (1998). 

7. Schaefer, J. K. et al. Active transport, substrate specificity, and methylation of Hg(II) in 
anaerobic bacteria. Proceedings of the National Academy of Sciences 108, 8714–8719 (2011). 

8. Parks, J. M. et al. The genetic basis for bacterial mercury methylation. Science 339, 1332–
1335 (2013). 

9. Mason, R. P., Reinfelder, J. R. & Morel, F. M. M. Bioaccumulation of mercury and 
methylmercury. Water, Air, and Soil Pollution 80, 915–921 (1995). 

10. Regnell, O. & Watras, C. J. Microbial mercury methylation in aquatic environments: A 
critical review of published field and laboratory studies. Environ. Sci. Technol. 53, 4–19 
(2019). 

11. Zhang, T., Kucharzyk, K. H., Kim, B., Deshusses, M. A. & Hsu-Kim, H. Net methylation 
of mercury in estuarine sediment microcosms amended with dissolved, nanoparticulate, and 
microparticulate mercuric sulfides. Environ. Sci. Technol. 48, 9133–9141 (2014). 

12. Kucharzyk, K. H., Deshusses, M. A., Porter, K. A. & Hsu-Kim, H. Relative contributions 
of mercury bioavailability and microbial growth rate on net methylmercury production by 
anaerobic mixed cultures. Environ. Sci.: Processes Impacts 17, 1568–1577 (2015). 

13. Liem-Nguyen, V. et al. Effects of Nutrient Loading and Mercury Chemical Speciation on 
the Formation and Degradation of Methylmercury in Estuarine Sediment. Environ. Sci. 
Technol. 50, 6983–6990 (2016). 

14. Benoit, J. M., Gilmour, C. C., Mason, R. P. & Heyes, A. Sulfide controls on mercury 
speciation and bioavailability to methylating bacteria in sediment pore waters. Environ. Sci. 
Technol. 33, 951–957 (1999). 

15. Graham, A. M., Aiken, G. R. & Gilmour, C. C. Dissolved organic matter enhances 
microbial mercury methylation under sulfidic conditions. Environ. Sci. Technol. 46, 2715–
2723 (2012). 

16. Ravichandran, M., Aiken, G. R., Ryan, J. N. & Reddy, M. M. Inhibition of precipitation 
and aggregation of metacinnabar (mercuric sulfide) by dissolved organic matter isolated from 
the Florida Everglades. Environ. Sci. Technol. 33, 1418–1423 (1999). 

17. Ravichandran, M., Aiken, G. R., Reddy, M. M. & Ryan, J. N. Enhanced dissolution of 
cinnabar (mercuric sulfide) by dissolved organic matter isolated from the Florida Everglades. 
Environ. Sci. Technol. 32, 3305–3311 (1998). 

7



18. Waples, J. S., Nagy, K. L., Aiken, G. R. & Ryan, J. N. Dissolution of cinnabar (HgS) in 
the presence of natural organic matter. Geochimica et Cosmochimica Acta 69, 1575–1588 
(2005). 

19. Graham, A. M. et al. Sulfurization of dissolved organic matter increases Hg–sulfide–
dissolved organic matter bioavailability to a Hg-methylating bacterium. Environ. Sci. Technol. 
51, 9080–9088 (2017). 

20. Jiskra, M. et al. Kinetics of Hg(II) exchange between organic ligands, goethite, and 
natural organic matter studied with an enriched stable isotope approach. Environ. Sci. 
Technol. 48, 13207–13217 (2014). 

21. Jonsson, S. et al. Mercury methylation rates for geochemically relevant Hg II species in 
sediments. Environ. Sci. Technol. 46, 11653–11659 (2012). 

22. Choi, S.-C., Chase, T. & Bartha, R. Metabolic pathways leading to mercury methylation 
in Desulfovibrio desulfuricans LS. Appl Environ Microbiol 60, 4072–4077 (1994). 

23. White, D., Drummond, J. & Fuqua, C. The Physiology and Biochemistry of Prokaryotes. 
(Oxford University Press, 2012). 

24. Schaefer, J. K., Szczuka, A. & Morel, F. M. M. Effect of Divalent Metals on Hg(II) 
Uptake and Methylation by Bacteria. Environ. Sci. Technol. 48, 3007–3013 (2014). 

25. Qian, C. et al. Global proteome response to deletion of genes related to mercury 
methylation and dissimilatory metal reduction reveals changes in respiratory metabolism in 
Geobacter sulfurreducens PCA. J. Proteome Res. 15, 3540–3549 (2016). 

26. Gilmour, C. C., Henry, E. A. & Mitchell, R. Sulfate stimulation of mercury methylation 
in freshwater sediments. Environ. Sci. Technol. 26, 2281–2287 (1992). 

27. Compeau, G. C. & Bartha, R. Sulfate-reducing bacteria: Principal methylators of mercury 
in anoxic estuarine sediment. Appl Environ Microbiol 50, 498–502 (1985). 

28. Fleming, E. J., Mack, E. E., Green, P. G. & Nelson, D. C. Mercury Methylation from 
Unexpected Sources: Molybdate-Inhibited Freshwater Sediments and an Iron-Reducing 
Bacterium. Appl Environ Microbiol 72, 457–464 (2006). 

29. Kerin, E. J. et al. Mercury methylation by dissimilatory iron-reducing bacteria. Appl 
Environ Microbiol 72, 7919–7921 (2006). 

30. Hamelin, S., Amyot, M., Barkay, T., Wang, Y. & Planas, D. Methanogens: principal 
methylators of mercury in lake periphyton. Environ. Sci. Technol. 45, 7693–7700 (2011). 

31. Gilmour, C. C. et al. Mercury methylation by novel microorganisms from new 
environments. Environ. Sci. Technol. 47, 11810–11820 (2013). 

32. Gilmour, C. C., Bullock, A. L., McBurney, A., Podar, M. & Elias, D. A. Robust mercury 
methylation across diverse methanogenic Archaea. mBio 9, 1–13 (2018). 

33. Podar, M. et al. Global prevalence and distribution of genes and microorganisms 
involved in mercury methylation. Sci. Adv. 1, 1–12 (2015). 

34. McDaniel, E. A. et al. Expanded phylogenetic diversity and metabolic flexibility of 
mercury-methylating microorganisms. mSystems 5, 1–21 (2020). 

35. Gionfriddo, C. M. et al. An improved hgcAB primer set and direct high-throughput 
sequencing expand Hg-methylator diversity in nature. Front. Microbiol. 11, 1–23 (2020). 

36. Liu, Y.-R., Yu, R.-Q., Zheng, Y.-M. & He, J.-Z. Analysis of the microbial community 
structure by monitoring an Hg methylation gene (hgcA) in paddy soils along an Hg gradient. 
Appl Environ Microbiol 80, 2874–2879 (2014). 

37. Liu, Y.-R. et al. Unraveling microbial communities associated with methylmercury 
production in paddy soils. Environ. Sci. Technol. 52, 13110–13118 (2018). 

8



38. Bravo, A. G. et al. Methanogens and iron-reducing bacteria: the overlooked members of 
mercury-methylating microbial communities in boreal lakes. Appl Environ Microbiol 84, 
e01774-18, /aem/84/23/e01774-18.atom (2018). 

39. Bravo, A. G. et al. Geobacteraceae are important members of mercury-methylating 
microbial communities of sediments impacted by waste water releases. ISME J 12, 802–812 
(2018). 

40. Bravo, A. G. et al. Persistent Hg contamination and occurrence of Hg-methylating 
transcript (hgcA) downstream of a chlor-alkali plant in the Olt River (Romania). Environ Sci 
Pollut Res 23, 10529–10541 (2016). 

41. Bae, H.-S., Dierberg, F. E. & Ogram, A. Periphyton and Flocculent Materials Are 
Important Ecological Compartments Supporting Abundant and Diverse Mercury Methylator 
Assemblages in the Florida Everglades. Appl Environ Microbiol 85, e00156-19, 
/aem/85/13/AEM.00156-19.atom (2019). 

42. Carrell, A. A. et al. Nutrient exposure alters microbial composition, structure, and 
mercury methylating activity in periphyton in a contaminated watershed. Front. Microbiol. 
12, 647861 (2021). 

43. Schaefer, J. K., Kronberg, R.-M., Morel, F. M. M. & Skyllberg, U. Detection of a key Hg 
methylation gene, hgcA , in wetland soils. Environ Microbiol Reports 6, 441–447 (2014). 

44. Bae, H.-S., Dierberg, F. E. & Ogram, A. Syntrophs dominate sequences associated with 
the mercury methylation-related gene hgcA in the Water Conservation Areas of the Florida 
Everglades. Appl Environ Microbiol 80, 6517–6526 (2014). 

45. Schaefer, J. K., Kronberg, R., Björn, E. & Skyllberg, U. Anaerobic guilds responsible for 
mercury methylation in boreal wetlands of varied trophic status serving as either a 
methylmercury source or sink. Environ Microbiol 22, 3685–3699 (2020). 

46. Jones, D. S. et al. Molecular evidence for novel mercury methylating microorganisms in 
sulfate-impacted lakes. ISME J (2019) doi:10.1038/s41396-019-0376-1. 

47. Villar, E., Cabrol, L. & Heimbürger‐Boavida, L. Widespread microbial mercury 
methylation genes in the global ocean. Environ Microbiol Reports 1–11 (2020) 
doi:10.1111/1758-2229.12829. 

48. Capo, E. et al. Deltaproteobacteria and Spirochaetes-like bacteria are abundant putative 
mercury methylators in oxygen-deficient water and marine particles in the Baltic Sea. Front. 
Microbiol. 11, 1–11 (2020). 

49. Tada, Y., Marumoto, K. & Takeuchi, A. Nitrospina-Like Bacteria Are Potential Mercury 
Methylators in the Mesopelagic Zone in the East China Sea. Front. Microbiol. 11, 1369 
(2020). 

50. Lin, H. et al. Mercury methylation by metabolically versatile and cosmopolitan marine 
bacteria. ISME J (2021) doi:10.1038/s41396-020-00889-4. 

51. Gionfriddo, C. M. et al. Microbial mercury methylation in Antarctic sea ice. Nature 
Microbiology 1, 1–12 (2016). 

52. Christensen, G. A. et al. Development and validation of broad-range qualitative and 
clade-specific quantitative molecular probes for assessing mercury methylation in the 
environment. Appl Environ Microbiol 82, 6068–6078 (2016). 

53. Tyson, G. W. et al. Community structure and metabolism through reconstruction of 
microbial genomes from the environment. Nature 428, 37–43 (2004). 

9



54. Ranchou-Peyruse, M. et al. Overview of mercury methylation capacities among
anaerobic bacteria including representatives of the sulphate-reducers: implications for
environmental studies. Geomicrobiology Journal 26, 1–8 (2009).

55. Yu, R.-Q., Reinfelder, J. R., Hines, M. E. & Barkay, T. Syntrophic pathways for
microbial mercury methylation. ISME J 12, 1826–1835 (2018).

56. Goñi-Urriza, M. et al. Relationships between bacterial energetic metabolism, mercury
methylation potential, and hgcA/hgcB gene expression in Desulfovibrio dechloroacetivorans
BerOc1. Environ Sci Pollut Res 22, 13764–13771 (2015).

57. Gilmour, C. C. et al. Sulfate-reducing bacterium Desulfovibrio desulfuricans ND132 as a
model for understanding bacterial mercury methylation. Appl. Environ. Microbiol. 77, 3938–
3951 (2011).

58. Singleton, C. M. et al. Methanotrophy across a natural permafrost thaw environment.
ISME J 12, 2544–2558 (2018).

59. Hintelmann, H. & Evans, R. D. Application of stable isotopes in environmental tracer
studies - Measurement of monomethylmercury (CH 3 Hg + ) by isotope dilution ICP-MS and
detection of species transformation. Fresenius’ Journal of Analytical Chemistry 358, 378–385
(1997).

60. Hintelmann, H., Keppel-Jones, K. & Evans, R. D. Constants of mercury methylation and
demethylation rates in sediments and comparison of tracer and ambient mercury availability.
Environ Toxicol Chem 19, 2204–2211 (2000).

61. Eckley, C. S. et al. Mercury methylation in the hypolimnetic waters of lakes with and
without connection to wetlands in northern Wisconsin. Can J Fish Aquat Sci 62, 400–411
(2005).

62. Eckley, C. S., Luxton, T. P., Knightes, C. D. & Shah, V. Methylmercury production and
degradation under light and dark conditions in the water column of the Hells Canyon
Reservoirs, USA. Environ Toxicol Chem etc.5041 (2021) doi:10.1002/etc.5041.

10



Chapter 2: Mercury methylation genes identified across diverse anaerobic 

microbial guilds in a eutrophic sulfate-enriched lake. 

 

This chapter has been published in Environmental Science and Technology. Citation: 

Peterson, Benjamin D., Elizabeth A. McDaniel, Anna G. Schmidt, Ryan F. Lepak, Sarah E. 
Janssen, Patricia Q. Tran, Robert A. Marick, Jacob M. Ogorek, John F. DeWild, David P. 
Krabbenhoft, Katherine D. McMahon. (2020) “Mercury methylation genes identified across 
diverse anaerobic microbial guilds in a eutrophic sulfate-enriched lake.” Environmental Science 
& Technology 54, no. 24: pg. 15840–51. https://doi.org/10.1021/acs.est.0c05435. 

 

 

 

Table of contents art from the paper: 

  

11



Abstract 

Mercury (Hg) methylation is a microbially mediated process that converts inorganic Hg 

into bioaccumulative, neurotoxic methylmercury (MeHg). The metabolic activity of methylating 

organisms is highly dependent on biogeochemical conditions, which subsequently influences 

MeHg production. However, our understanding of the ecophysiology of methylators in natural 

ecosystems is still limited. Here we identified potential locations of MeHg production in the 

anoxic, sulfidic hypolimnion of a freshwater lake. At these sites, we used shotgun metagenomics 

to characterize microorganisms with the Hg-methylation gene hgcA. Putative methylators were 

dominated by hgcA sequences divergent from those in well-studied, confirmed methylators. 

Using genome-resolved metagenomics, we identified organisms with hgcA (hgcA+) within the 

Bacteroidetes and the recently described Kiritimatiellaeota phyla. We identified hgcA+ genomes 

derived from sulfate-reducing bacteria, but these accounted for only 22% of hgcA+ genome 

coverage. The most abundant hgcA+ genomes were from fermenters, accounting for over half of 

the hgcA gene coverage. Many of these organisms also mediate hydrolysis of polysaccharides, 

likely from cyanobacterial blooms. This work highlights the distribution of the Hg-methylation 

genes across microbial metabolic guilds and suggests that primary degradation of 

polysaccharides and fermentation may play an important but unrecognized role in MeHg 

production in the anoxic hypolimnion of freshwater lakes. 
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Introduction 

Environmental Hg levels have increased 3-4 times compared to pre-development times, 

largely due to human activity.1 Much of this anthropogenically released Hg is gaseous-elemental 

Hg, which can later be oxidized to Hg(II) and deposit to terrestrial and aquatic ecosystems.2 

Microorganisms can then convert Hg(II) to methylmercury (MeHg) in various low redox 

environments, including sediments, periphyton, rice paddy soils, and sub- or anoxic regions of 

freshwater and marine water columns.3–9 MeHg bioaccumulates and biomagnifies up the food 

web, making Hg-methylation an important process in food web Hg accumulation.10 In freshwater 

lakes, MeHg accumulation has historically been attributed to production in sediments followed 

by diffusion across the sediment-water interface.5,11,12 However, Hg-methylation also occurs in 

the water column, under both anoxic and oxic conditions, and can account for the bulk of water 

column MeHg accumulation in some lakes.4,6,9,13–15 

Biogeochemical conditions, like redox status and carbon bioavailability, can indirectly 

drive MeHg production by fueling metabolic activity of Hg-methylating microorganisms.12,16 

Inhibition of sulfate reduction in cultured isolates and in situ assays have linked sulfate-reducing 

bacteria (SRBs) activity to MeHg production.11,12 Many subsequent studies have linked sulfate 

reduction to Hg-methylation across many ecosystems, suggesting that SRBs are the primary 

drivers of MeHg production in situ.17–20 Later studies identified iron-reducing bacteria (FeRB) 

and methanogenic archaea that can also produce MeHg, expanding the terminal electron-

accepting processes (TEAPs) associated with MeHg production.21,22 We know little about how 

primary degradation of organic molecules, syntrophy, or fermentation influence MeHg 

production, but some fermentative and syntrophic microbes, such as Clostridia, are known to 

methylate.23,24 On the community level, Hg-methylation rates increase with increasing overall 
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heterotrophic activity, suggesting that simply increasing carbon and energy flux through 

microbial communities can promote MeHg production.9,25 To date, most of our understanding of 

microbial Hg-methylation relies on reductionist monoculture experiments or on 

amendment/inhibition studies with environmental samples that lack information about the 

microbial community supporting MeHg production. 

The identification of the hgcAB gene cluster has provided a molecular marker for MeHg 

production, allowing for the in-depth examination of microbial communities and conditions that 

promote Hg-methylation in the environment.23,26 Surveys of publicly available genomes, 

metagenomes and metagenome-assembled genomes have expanded the known phylogenetic and 

metabolic diversity of organisms with hgcA (hgcA+).23,27–32 Using polymerase chain reaction 

(PCR)-based amplicon sequencing, several studies have demonstrated that hgcA+ communities 

are phylogenetically distinct and linked to geochemical conditions across different 

environments.33–37 While this approach generally captures the deep diversity of hgcA sequences 

in complex communities, PCR primers are subject to amplification bias and do not provide 

additional phylogenetic or metabolic information.14,29,30 Shotgun metagenomics, which involves 

sequencing random small strands of DNA from a sample, reduces amplification biases and 

enables assembly of longer DNA segments that provide additional genetic context for identified 

genes. This method also offers a more robust identification of novel hgcA sequences from 

environmental samples, since computational tools such as Basic Local Alignment Search Tool 

(BLAST) and Hidden Markov Models (HMMs) are better equipped to identify divergent 

sequences.31,38,39 To provide further genetic context for hgcA, genome-resolved metagenomics 

can be used to generate population genomes (bins) from the assembled DNA, enabling 

phylogenetic identification using conserved genes and metabolic characterization.14,40,41 This 
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approach has been used to identify prominent novel Hg-methylators from the Aminicenantes and 

Kiritimatiellaeota phyla in the water column of a sulfate-enriched lake.14 The ability to not only 

identify Hg-methylators but also describe their metabolic potential in situ makes genome-

resolved metagenomics an important tool in closing the gap between culture work and in situ 

assays or observations and in understanding how nutrient and biogeochemical conditions 

influence Hg-methylation. 

In this study we applied genome-resolved metagenomics to identify the metabolic 

pathways linking biogeochemical cycling to MeHg production in the hypolimnion of Lake 

Mendota, Wisconsin, USA, a large, well-studied, freshwater eutrophic lake. During stratification, 

>50% of the total Hg (HgT) in the hypolimnion is MeHg, yet it is unclear which microbial 

communities are contributing to these high MeHg levels. Mendota has elevated sulfate 

concentrations due to watershed geology, which supports sulfate reduction in the anoxic 

hypolimnion; thus, we hypothesized that the hgcA+ community is dominated by sulfate-reducing 

organisms.42,43 We used Hg speciation and redox profiles to identify sites with suspected in situ 

MeHg production and selected a subset of these for shotgun metagenomic sequencing. This 

approach allowed us to identify novel methylators and examine their metabolic pathways, place 

the methylators in the context of the broader microbial community, and ultimately provide 

insight into how biogeochemical cycles may influence MeHg production. Historically, TEAPs 

such as sulfate reduction and methanogenesis have been identified as drivers of MeHg 

production, but this work suggests that primary degradation and fermentation may drive in situ 

MeHg production in this system. 
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Materials and Methods 

Field sampling. Lake Mendota is a large dimictic lake located in Madison, Wisconsin, 

USA. Sampling was conducted at the deepest part of the lake, near the North Temperate Lakes 

Long-Term Ecological Research (NTL-LTER) buoy. The lake is approximately 24 meters deep 

at this site. Samples were collected approximately monthly in 2017 from the onset of 

hypolimnetic anoxia in June until stratification broke down and the water column mixed. Profiles 

of temperature, dissolved oxygen, and turbidity were collected with a multi-parameter sonde 

(YSI Incorporated, Yellow Springs, OH). Samples were collected through acid-washed Teflon 

sampling line using a peristaltic pump. Samples for total sulfide analysis were preserved in 1% 

zinc acetate. Water samples for dissolved metal (non-Hg) analysis were filtered through a 0.45 

µm PES Acrodisc filter (Pall Corp., Port Washington, NY) and acidified to 1% hydrochloric acid 

(HCl). Hg samples were collected using trace-metal-clean methods in 2.5L bottles.44 These 

bottles were allowed to overflow before capping to minimize oxygen exposure within the 

sample, then were double-bagged and stored in a cooler. Water was filtered through ashed quartz 

fiber filter (QFF) within 24 hours and preserved to 1% HCl for filter-passing Hg and MeHg 

analysis.44 The QFF filters were frozen for particulate Hg analysis.44 DNA samples were 

collected by filtering 300-400 ml of sample water onto 0.22 µm pore-size PES filters (Pall Corp., 

Port Washington, NY) and were flash-frozen on liquid nitrogen within 90 seconds of collection. 

Geochemical analyses. Sulfide was quantified spectrophotometrically using the Cline 

method.45 Iron and manganese were quantified by inductively coupled plasma optical emission 

spectrometry. Processing and analysis of Hg samples was done at the U.S. Geological Survey 

(USGS) Mercury Research Laboratory (MRL), Middleton, WI. Filter-passing and particulate 

HgT samples were oxidized using bromine monochloride (BrCl) and quantified using tin 
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reduction coupled to cold vapor atomic fluorescence spectrometry.46,47 Filter-passing and 

particulate MeHg samples were distilled to remove matrix interferences and then quantified by 

inductively coupled plasma mass spectrometry following US EPA method 1630 modified by 

quantification via isotope dilution.48–50 All HgT and MeHg analyses passed required quality 

assurance and control standards. Geochemical data can be found in Table S1a. 

DNA extraction, sequencing, and assembly. We selected five samples for shotgun 

metagenomic DNA sequencing and analysis. Three of these samples were selected to coincide 

with the chemocline and are referred to as CHE1, CHE2, and CHE3 (Table S2). The other two 

samples are from the deep euxinic hypolimnion and are referred to as EUX1 and EUX2 (Table 

S2). DNA was extracted by enzymatic and physical lysis followed by phenol-chloroform 

extraction and isopropanol precipitation.51 DNA library preparation was done at the Functional 

Genomics Lab and sequencing was done in the Vincent J. Coates Genomics Sequencing Lab 

(QB3-Berkeley, Berkeley, CA). Library preparation was done with a Kapa Biosystem Library 

Prep kit, targeting inserts ~600bp in length (Roche Sequencing and Life Science, Kapa 

Biosystems, Wilmington, MA). The five libraries were pooled and run on a single lane on an 

Illumina HiSeq4000 with 150bp paired-end sequencing (Illumina, Inc., San Diego, CA). Raw 

reads were trimmed using Sickle (v1.33) and assembled using metaSPADes (v3.12) (Table 

S3).52,53 Assembly-based analyses were run on all scaffolds >500bp long. Open reading frames 

(ORFs) were predicted using Prodigal (v2.6.2).54 Reads were mapped to the scaffolds of each 

assembly using BBMap (v35) with default settings.55 Scaffold abundance is defined as the mean 

value of the read coverage at each nucleic acid residue in a scaffold. Gene abundances are 

defined as the abundance of the corresponding scaffold. Scaffold abundances in each 

metagenome were normalized by calculating the ratio of reads in the smallest metagenome to the 
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number of reads in that metagenome, then multiplying the abundance of each scaffold by this 

ratio. 

Metagenomic binning and annotation. Automatic binning was done for each assembly 

on scaffolds >1000bp in length. Bins were generated using Metabat2 (v2.12.1), MaxBin (v2.1.1), 

and CONCOCT (v0.4.1), then aggregated using Das Tool.56–59 Bins across assemblies were 

clustered into “high matching sets” (HMSs) if they shared at least 98% ANI over at least 50% of 

the genome. CheckM (v1.1.2) was used to estimate the completeness and redundancy of each 

bin.60 One bin from each HMS was selected for further analysis. We retrieved 228 medium 

quality bins that were more than 75% complete and less than 10% redundant (Table S6).61 These 

bins accounted for only 33% of the total number of reads. Bins were then decontaminated using 

Anvi’o (v5.2), reassembled with SPADes, and re-binned in Anvi’o.53,62 Taxonomy of each bin 

was estimated using GTDB-TK (v0.3.2).63 Preliminary metabolic annotations were done using 

MetaPathways.64 Annotations of metabolic genes of interest were confirmed using Hidden 

Markov Models (HMMs) from TIGRFAM and PFAM, gene neighborhoods, and phylogenies.38 

hgcA identification. A custom HMM for HgcA amino acid sequences was built with hmmbuild 

from hmmer (v3.1b2) using experimentally verified HgcA amino acid sequences (Table S4).23,65 

Putative HgcA sequences were identified using hmmsearch (v3.1b2) (Table S5).65 Each hit was 

manually screened for the cap helix domain and at least 4 transmembrane domains.26 HgcA 

sequences were dereplicated across assemblies using CD-HIT (v4.8.1) with a 97% identity cut-

off.66 

Phylogenetic analyses. Bin phylogenies were based on 16 ribosomal protein (rp16) 

sequences.67 For rp16 and HgcA phylogenies, amino acid sequences were aligned using 

MUSCLE (v3.8.31).68 Each rp16 gene was aligned individually, then all alignments were 
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concatenated. Sequences with less than half of the aligned residues were manually removed. 

Alignments were inspected in Geneious and trimmed using BMGE1.1 with the BLOSUM30 

substitution matrix.69 The final HgcA alignment included 181 residues and the final rp16 

alignment included 2217 residues. RAxML (v8.2.11) was used to generate a maximum 

likelihood (ML) tree under the GAMMA distribution with the LG model.70 Branch support was 

generated by rapid bootstrapping. For HgcA phylogenies, RogueNaRok (v1.0) was used to 

remove “rogue taxa” interfering with proper tree generation.71 Rogue taxa were classified using 

pplacer and included in the analysis.72 The best-scoring ML tree for HgcA was mid-point rooted 

using the Phangorn R package and visualized using ggtree.73,74 For unbinned HgcA sequences, 

taxonomy was assigned to each HgcA sequence based on phylogenetic clustering with HgcA 

reference sequences from NCBI and bin phylogenies of binned HgcA sequences. HgcA 

sequences that did not fall into a monophyletic cluster are marked as “unknown”. The rp16 ML 

tree was rooted using an archaeal outgroup. 

Data availability. Trimmed metagenomes and metagenomic assemblies can be found 

under BioProject PRJNA646991. The scaffolds and the ORFs for the bins, can be found at the 

project page on the Open Science Framework (OSF), here: https://osf.io/9vwgt/. The nucleic acid 

and amino acid sequence files for the confirmed hgcA/HgcA sequences and the HgcA HMM 

used in this study can be found on the same OSF page. 

Results and Discussion 

Redox and Hg biogeochemistry in Lake Mendota. Microbial anaerobic respiration is 

regulated by terminal electron acceptor availability, which continually evolves vertically in 
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Mendota’s hypolimnion throughout the summer-fall season as negative redox conditions 

strengthen due to high biochemical oxygen demand (Fig. 2.1, S2.1). We monitored limnological 

and biogeochemical conditions in the hypolimnion to identify likely TEAPs at play (Table S1). 

Anoxia developed in the hypolimnion as early as June, likely due to senescence and 

decomposition of biomass from spring phytoplankton blooms (Fig. S2.1). Nitrate/nitrite levels 

reached 6 µM at the oxic/anoxic interface in August, but by September were nearly undetectable 

(Fig. S2.1). Dissolved iron (Fe) transiently accumulated (5 µM) in the hypolimnion immediately 

following anoxia, but was quickly precipitated out by sulfide and was unlikely to serve as an 

electron acceptor in the water column (Fig. S2.1).75 

Manganese (Mn) also accumulated shortly after anoxia developed and remained in the 

hypolimnion throughout the anoxic period, ranging from 4-6 µM. In June and August, the near-

bottom hypolimnetic accumulation of Mn and linear profile suggests that Mn was being reduced 

in the surficial sediments and diffusing into the hypolimnion.76 During September and October, 

there was a peak in dissolved Mn near the oxic/anoxic interface (Fig. S2.1, S2.2). Particulate Mn 

was detected (1.4 µM) just above the peak in dissolved Mn in late September (Fig. S2.2). While 

this peak was not detected in October, this could be due to insufficient sampling resolution, since 

the profile from September suggests that particulate Mn is localized to a thin band in the water 

column (Fig. S2.2). Together, these data suggest localized reduction, just below the oxic-anoxic 

interface, of settling Mn oxides that were produced by the downward migration of the 

thermocline, as previously shown to occur in Lake Mendota and other lakes.75,76 This indicates 

that Mn reduction could be an important TEAP near the oxic/anoxic interface during late 

anoxia.77 
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Sulfate reduction, commonly implicated in MeHg production, has been documented in 

the water column of Lake Mendota.43 During early stratification, under relatively high redox 

conditions, sulfate levels were approximately 180 µM throughout the water column (Fig. S2.1, 

S2.2). Sulfide was first detected in August and accumulated to over 150 µM by October (Fig. 

2.1, S2.1, S2.2). Sulfate depletion mirrored sulfide accumulation, with sulfate levels falling to 21 

µM in the deep hypolimnion by October. Sulfate levels have previously been shown to be 

limiting below 100 µM in Lake Mendota sediments, and other work has shown that SRB require 

>60 µM sulfate to outcompete methanogens.43,78 Taken together, these data suggest that sulfate 

reduction is likely an important TEAP in driving anaerobic metabolism throughout the 

hypolimnion during late fall, but may slow in the deep hypolimnetic waters during late 

stratification. 

Once oxygen was depleted, both HgT and MeHg began accumulating in the hypolimnion 

(Fig. 2.1, S2.1). We discuss here total MeHg and HgT levels, calculated by summing the 

dissolved and particulate fractions, but the dissolved and particulate fractions are shown in Fig. 

S2.1. The lower hypolimnetic buildup of MeHg and HgT during June and August suggests that 

diffusion of Hg from sediments is important. This persists in September and October for HgT, 

which reached 1.86 ng/L in the deep hypolimnion. However, during this time, MeHg increased 

in the metalimnion up to 0.63 ng/L, while hypolimnetic MeHg remained between 0.4 and 0.5 

ng/L. Correspondingly, the percent MeHg (the MeHg:HgT ratio) peaked at the oxic/anoxic 

interface (52%). The late fall peak in MeHg and percent MeHg near the oxic-anoxic interface is 

likely due to elevated MeHg production in the metalimnion relative to the hypolimnion. Other 

potential explanations of this MeHg enrichment include increased demethylation of MeHg in the 

deep hypolimnion, which to our knowledge has not been shown to occur in lakes; or MeHg 
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diffusion from above, which is unlikely because MeHg levels are low in the epilimnion. Elevated 

MeHg production just beneath the oxycline has been shown in other freshwater lakes9,13 and in 

other redox transition zones, such as hyporheic zones and Sphagnum moss mats.19 There are 

likely two concurrent reasons for this elevated MeHg production in this region. First, high sulfide 

levels can strongly inhibit MeHg production by reducing the bioavailability of Hg to 

methylators.79 While sulfide concentrations are high enough in the deep hypolimnion to inhibit 

Hg-methylation, sulfide levels near the oxycline are relatively low. However, some of the highest 

MeHg levels recorded were at 17.8 m in October, when dissolved MeHg was 0.63 ng/L and 

sulfide was over 100 µM (Fig. 2.1). Second, overall microbial metabolism is often elevated near 

strong redox gradients.9 During late stratification, the percent MeHg maxima also coincided with 

peaks in turbidity, which has been previously shown to co-localize with elevated microbial 

activity and MeHg production.15 It is most likely that a combination of these two factors (abiotic 

speciation and Hg-methylator activity) led to elevated MeHg production near the oxic-anoxic 

interface. 

HgcA identification. Metagenomic approaches were used to identify hgcA genes that 

corresponded with metalimnetic peaks of MeHg and hypolimnetic euxinic regions. We identified 

108 unique hgcA genes on assembled scaffolds recovered from the five samples (Fig. S2.3). 

While we used hgcA as our marker for Hg-methylation, the hgcB gene is also required for 

methylation activity.26 Ninety of the identified hgcA genes also had a downstream hgcB gene, 

confirming that these are likely functional Hg-methylation genes. Seven of the 18 hgcA+ 

scaffolds lacking hgcB ended just downstream of hgcA, and it is possible that hgcB did not 

assemble into the scaffold. The remaining 11 hgcA genes with no hgcB partner had a similar 

phylogenetic and coverage distribution to those with a downstream hgcB (Fig. S2.4, Table S5). 
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Notably, Hg-methylation has been experimentally verified in Desulfovibrio africanus sp. Walvis 

Bay and Desulfovibrio inopinatus, in which hgcA is separated from hgcB by a single gene and 

29kbp, respectively.26,80,81 Since we cannot rule out that the corresponding hgcB gene is 

elsewhere in the genome for these 11 sequences, we included all 108 hgcA genes in our analysis. 

While our biogeochemical data shows greater MeHg accumulation in the metalimnion than in 

the hypolimnion, hgcA abundance did not vary substantially between the metalimnion and 

hypolimnion (Fig. 2.2b). This is consistent with a lack of correlation between hgcA abundance 

and Hg-methylation activity or MeHg levels in the literature.79 Relating overall abundance of 

hgcA genes from metagenomes to MeHg levels is problematic due to the fact that metagenomic 

data is compositional rather than absolute.82 In addition, culture experiments show there is a wide 

range of Hg-methylation activity by different hgcA+ organisms.23 Finally, as discussed above, 

abiotic factors such as sulfide complexion also likely play a large role in determining MeHg 

production in the water column.79 

We then searched for the hgcA gene in the 228 reconstructed metagenomic bins. We 

identified 41 hgcA+ bins that were representative of the overall hgcA genetic diversity. All but 

three of these genomes had an hgcB sequence paired with hgcA, and no bins were found with 

hgcB but no hgcA. One of these bins (LEN_0031) included two copies of the hgcA gene. 

However, bins represent composite population genomes rather than individual genomes.83 Thus, 

we cannot confirm that the two hgcA sequences were present together in a single organism, 

which, to our knowledge, has not been demonstrated. These 41 bins accounted for 51% of the 

total hgcA coverage in our assemblies. This limited coverage highlights an inability to recover 

genomes for 13 out of the 30 most abundant hgcA sequences, including the most abundant hgcA 

gene (Fig. S2.5). Efforts to recover these abundant hgcA+ bins through read subsampling, contig 
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curation using assembly graphs, reassembly, and manual binning and curation were 

unsuccessful. Many of these scaffolds had highly abundant sequence nucleotide variants, 

suggesting there were multiple closely related strains, which can interfere with the binning 

process. While this means our view of the metabolic diversity of hgcA+ bins in these 

metagenomes is incomplete, we did successfully bin hgcA+ scaffolds corresponding to most of 

the HgcA phylogenetic clusters, suggesting that most of the methylator diversity is represented in 

our bins (Fig. 2.2). The hgcA+ bins accounted for 17% of the total read coverage from all bins 

and included some of the most abundant bins from our metagenomes (Fig. S2.6a). The hgcA+ 

bins were slightly less abundant than bins without hgcA (hgcA-) bins, but this could be due to the 

greater degree of manual curation of the hgcA+ bins (Fig. S2.6b). Overall, the hgcA+ bins 

recruited 6% of the total number of reads from our metagenomic datasets. Because the hgcA+ 

bins accounted for only 51% of the total coverage of all recovered hgcA sequences, we estimate 

that hgcA+ genomes account for ~12% of the total metagenomic reads across our five samples, 

which is consistent with previous work applying this technique in similar systems.14 

Phylogenetic diversity of hgcA+ community. Most of the identified hgcA genes from 

this study are not representative of well-characterized and experimentally verified methylating 

organisms. Of the 108 HgcA sequences, only 43 clustered with HgcA sequences from 

experimentally verified methylators (Fig. 2.2, S2.4). The majority of these sequences are 

associated with the Deltaproteobacteria class. The most abundant of these, accounting for 12% of 

the hgcA+ coverage, belong to the Syntrophobacterales order, which includes both syntrophic 

and sulfate-reducing organisms (Fig. S2.4, S2.7). The two other Deltaproteobacteria orders are 

Geobacterales and Desulfobacterales, both of which are metabolically diverse but commonly 

associated with iron reduction and sulfate reduction, respectively. Notably, no sequences 
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associated with Desulfovibrionales or Pseudodesulfovibrionales, two well-studied orders that 

include the model sulfate-reducing methylator Desulfovibrio desulfuricans ND132, were 

detected.84 We also detected hgcA genes from the other two common groups of confirmed 

methylators, the phylum Firmicutes and methanogenic Archaea. However, both of these also 

constituted a small percentage of the total hgcA coverage (<7% each). Overall, hgcA sequences 

associated with confirmed methylators only accounted for about 27% of the total hgcA coverage. 

While abundance does not necessarily correlate to activity, this suggests that novel unconfirmed 

methylators may play a larger than expected role in MeHg production in Lake Mendota. 

The majority of hgcA read coverage was accounted for by two large hgcA clusters, 

neither of which are associated with experimentally verified methylators. Fourteen of these 

sequences, accounting for 13% of the total hgcA coverage, formed a monophyletic cluster with 

substantial bootstrap support (Fig. S2.4). Taxonomic and phylogenetic analysis of the four bins 

with hgcA genes from this cluster placed them in the Bacteroidales order (phylum Bacteroidetes) 

(Table S6, Fig. S2.7, S2.8). The other large cluster of HgcA sequences included 33 sequences 

and accounted for 50% of the total hgcA coverage. We could only recover a few genes from the 

NCBI NR database that clustered with these sequences, and none from reference isolate genomes 

(Fig. S2.4). Phylogenetic analysis of the 15 bins with these hgcA genes identified them as 

members of the Planctomycetes-Verrucomicrobia-Chlamydia (PVC) superphylum, 11 of which 

are members of the recently proposed Kiritimatiellaeota phylum (Fig. S2.7, S2.9).85 The PVC 

superphylum dominates the overall read coverage of our bins as well, with 79 PVC bins 

accounting for 42% of total bin coverage, with 30% coming from Kiritimatiellaeota alone (Fig. 

S2.9, Table S6). There are very few publicly available Kiritimatiellaeota genomes and only three 

cultured representatives.85,86 Notably, a recent paper also identified several hgcA+ bins 
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associated with the Kiritimatiellaeota phylum in a sulfate-enriched lake, but neither the HgcA 

sequences nor the rp16 sequences from those bins clustered closely with those from the current 

study (Fig. S2.4).14 This suggests that the Kiritimatiellaeota phylum is far more diverse than our 

current reference databases indicate and that the hgcA gene could be widely distributed 

throughout it. For both the Kiritimatiellaeota and the Bacteroidales, the presence of hgcA within 

bins was not phylogenetically conserved (Fig. S2.8, S2.9). We also identified several other novel 

putative methylators that were lower in number and abundance, including Margulisbacteria, 

Firestonebacteria, and Actinobacteria. The dominance of highly diverse and novel hgcA+ 

organisms in these samples highlights the value of using genome-resolved shotgun 

metagenomics (as compared to amplicon sequencing) to identify methylators in a new study 

system, as it allows for the identification of divergent hgcA lineages and taxonomic classification 

of the associated bins. 

Metabolic potential of methylating bins. Many of the hgcA+ lineages we identified can 

employ a wide variety of metabolic strategies, while others have few closely related reference 

genomes; thus, it was vital to examine their metabolic pathways to determine which TEAPs and 

other biogeochemical cycles could be potentially linked to Hg-methylation. While most of the 

literature has focused on both SRBs and methanogens as the dominant methylators, due to the 

sulfate/sulfide abundance in Lake Mendota and documentation of sulfate reduction in the water 

column,43 we hypothesized that most hgcA+ genomes in Lake Mendota harbor genes enabling 

sulfate reduction. The ability to respire sulfate to sulfide is encoded by the dsrABD, aprAB, sat, 

and qmoABC genes; bins with this complete set of genes were termed SR+.87,88 Three of the four 

Desulfobacterales hgcA+ bins and both of the Syntrophobacterales hgcA+ bins, including the 

most abundant hgcA+ bin (SYN_0007), were SR+ (Fig. S2.10, S2.11). SR+ methylators are 
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slightly more abundant in the euxinic samples (25-26% of hgcA+ bin coverage) than the 

chemocline samples (14-21%) (Fig. 2.3). Overall, SR+ bins (hgcA+ and hgcA-) account for only 

7% of the total bin coverage. Sulfate reduction is not the only respiratory pathway reliant on 

sulfur redox reactions, though. Three hgcA+ bins that are not SR+ contained polysulfide 

reductase (psr) homologues, which provide the ability to respire partially reduced sulfur 

compounds such as tetrathionate or thiosulfate (Fig. S2.10, S2.12).89 However, these three bins 

were relatively low in abundance and may also rely on other TEAPs for respiration (Fig. S2.10). 

Methanogenic methylators were even less abundant, with only a single bin (MET_0028) 

accounting for 2% of the hgcA+ bin coverage, mostly in the deep euxinic sites where MeHg 

production is suspected to be lower (Fig. 2.3). No hgcA- methanogens were identified. 

MET_0028 is a member of the hydrogenotrophic Methanomicrobiales order.90 Overall, the 

fraction of methylators relying on metabolic pathways historically associated with Hg-

methylation (sulfate reduction and methanogenesis) was far lower than we expected. 

We also identified several hgcA+ bins corresponding to potential Mn-reducing 

organisms. While reduced Mn has been correlated to MeHg levels,91 Mn reduction has not, to 

our knowledge, been linked directly to MeHg production in situ and has even been proposed as a 

method for limiting MeHg production in sediments.92 Organisms that respire insoluble metal 

oxides often use porin-cytochrome C complexes (PCCs) to mediate extracellular electron 

transfer (EET).93 We recovered genomes for several Verrucomicrobia, Bacteroidetes, and 

Kiritimatiellaeota with PCC-like gene clusters, but they were not closely related to PCCs 

experimentally verified to conduct EET (Fig. S2.10, S2.13). However, both hgcA+ 

Geobacterales bins had a PCC operon homologous to the extEFG operon from Geobacter 

sulfurreducens, which has been shown to mediate both Fe and Mn oxide reduction (Fig. S2.10, 
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S2.13).94 These bins both had low read coverage, but were most abundant in CHE3, where we 

saw evidence for enhanced Mn cycling and peaks in fraction MeHg (Fig. 2.3). Notably, there is 

little evidence for Fe redox cycling, suggesting that these organisms were unlikely to rely on Fe 

reduction (Fig. S2.2). While Mn levels are low in the water column relative to sulfate (<5 µM), 

previous work has shown that low Fe levels can drive substantial carbon oxidation in regions 

with a steep redox gradient.95 Combined with observations that Geobacterales methylators often 

produce MeHg at a high rates in culture, this suggests that Mn cycling at the oxic-anoxic 

interface may play a role in MeHg production in Lake Mendota.22,23,96 

We also detected genes for nitrogen species reduction in hgcA+ bins (Fig. S2.10). While 

nitrite-oxidizing Nitrospinae have been identified as potential methylators,39 reduction of 

nitrogen species has not, to our knowledge, been linked to MeHg production. In fact, nitrate 

amendment has been shown to reduce MeHg levels in lakes.97 While many bins, both hgcA+ and 

hgcA-, encoded genes required for dissimilatory nitrate/nitrite reduction to ammonia (DNRA), 

these proteins can detoxify nitrite or disperse reducing equivalents during fermentation in 

addition to respiration..98,99 This, in combination with low nitrate/nitrite levels in the water 

column during this time of year and the presence of other respiratory pathways in these bins 

suggest that nitrogen-based respiration does not play a major role in overall community 

metabolism or MeHg production in this system. However, we cannot rule out the potential role 

of cryptic N cycling, especially near the chemocline. 

The remaining 27 hgcA+ bins are likely to be derived from fermentative or syntrophic 

organisms, based on their lack of canonical genes for TEAPs. Bins linked to obligate 

fermentation were also common in the total microbial community, as they represent 106 of the 

228 bins, accounting for almost 50% of the bin coverage. This is likely an underestimate of the 
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organisms relying on fermentation, as it does not include the many bins containing genes for 

dissimilatory nitrate/nitrite reduction or oxidases that were likely maintaining fermentative 

metabolism at these anoxic depths. These bins possess an array of genes for pyruvate 

fermentation and aldehyde and alcohol dehydrogenases for fermentative production of short 

chain fatty acids (Fig. S2.14). They also had genes that could facilitate syntrophy through 

hydrogen or formate evolution.100 Hydrogenases used for H2 uptake and formate dehydrogenases 

were present in many respiratory bins (hgcA+ and hgcA-), further suggesting that this 

community may rely on syntrophic metabolism. Many of these fermentative/syntrophic bins 

correspond to organisms specialized in polysaccharide degradation, with 13 hgcA+ bins having 

at least 40 glycoside hydrolases (GHs). The highly abundant Kiritimatiellaeota appear 

particularly suited to polysaccharide degradation, with bins carrying up to 468 GHs. In fact, 100 

total bins carried over 40 GH genes each, suggesting that primary polysaccharide degradation is 

a common metabolic strategy in the anoxic water column in Lake Mendota. Of these, 49 

represent obligate fermenters, while 50 are thought to represent facultative aerobes. Together, 

these data indicate that fermentative and syntrophic processes may play a much larger role in 

MeHg production than we had hypothesized. 

Our data show that hgcA is widely distributed throughout members of the anaerobic microbial 

food web. Overall, typical metabolic pathways associated with Hg-methylation such as sulfate 

reduction, methanogenesis, and iron reduction are outnumbered by fermentative, polysaccharide-

degrading hgcA+ organisms, which predominated at both meta- and hypolimnetic sites. The 

dissolved organic carbon pool in Lake Mendota is dominated by autochthonous inputs and 

primary production at this time of year is controlled by cyanobacteria, which have a high 

proportion of exopolysaccharides in their biomass.42,101,102 Together, this suggests that the supply 
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of large organic molecules, particularly polysaccharides from cyanobacterial blooms in the 

epilimnion, may contribute directly to MeHg production. A previous study in a eutrophic lake 

reported abundant polysaccharide-degrading, fermentative hgcA+ Kiritimatiellaeota, suggesting 

these organisms may link polysaccharide degradation to Hg-methylation in many eutrophic 

systems.14 Similar hgcA sequences were also identified in the Baltic sea on marine snow in 

oxygen-depleted waters, although at lower relative abundances.27 It is unclear whether these 

novel hgcA sequences will be amplified by existing primers so we cannot comment on their 

presence/absence in other systems where PCR-based amplicon sequencing methods are used. On 

the other hand, respiratory hgcA+ organisms are much less abundant in Lake Mendota and are 

dominated by SRB in the meta- and hypolimnion during late stratification, likely due to the 

elevated levels of sulfate in the lake. Sulfate reduction in general appears to be the dominant 

form of anaerobic respiration in the hypolimnion. At the onset of stratification, sulfate levels are 

approximately 160 µM, well above what they need to outcompete methanogens [Loveley and 

Klug, 1983]. Interestingly, Jones et al reported similar levels of hgcA+ SRB in the water column 

of two lakes heavily enriched in sulfate (~3mM and ~0.5mM), suggesting that in water columns 

both heavily and moderately impacted by sulfate loading, SRBs still account for a relatively 

small portion of the hgcA+ community.14 Other TEAPs, such as Mn reduction, may be linked to 

Hg-methylation under certain conditions in Lake Mendota as well, since the hgcA+ 

Geobacterales appeared in the metalimnion during late stratification where we saw evidence for 

enhanced Mn cycling. However, we still do not know which of these hgcA+ organisms are active 

methylators or how rapidly they produce MeHg. Additional work using more functional 

measurements such as metatranscriptomics or metaproteomics will help identify which of these 

hgcA+ organisms are metabolically active and expressing hgcA under in situ conditions. 

33



It is also important to consider that each of these hgcA-carrying organisms is a member of the 

anaerobic microbial food web and is thus influenced by the overall levels of community 

metabolism. For example, while there is little information on mass flux constraints on carbon 

degradation in freshwater anoxic water columns, in other anoxic environments such as marine 

sediments, hydrolysis and primary fermentation are the rate-limiting steps in community 

metabolism.103–105 Additionally, syntrophic organisms require that respiratory partners consume 

their metabolic end-products, such as hydrogen.100 Thus, the supply of terminal electron 

acceptors and/or carbon substrates and the corresponding activity of flanking microbial 

community members controls the flux of carbon and energy through the anaerobic microbial 

food web, influencing the metabolism of individual hgcA+ organisms and presumably their 

methylation rates. This is supported by data that show that overall levels of heterotrophic activity 

correlate to MeHg production.9,25 This highlights the need for further research on complex 

natural communities to probe not only which organisms have and express the hgcAB genes or 

what metabolic pathways they have, but also how biogeochemical conditions and the overall flux 

of carbon and energy through different levels of the microbial anaerobic food web can directly 

and indirectly influence MeHg production in situ. 
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Appendix to Chapter 2: Supplementary tables, methods and results, 
and figures 

Supplementary Tables: All supplementary data and tables can be found here: 
https://figshare.com/account/home#/projects/117342 

Table S2.1. A) Geochemical data table. B) Sonde profile data. 
Table S2.2. Summary of metadata and geochemical data associated with metagenomic samples. 
Table S2.3. Assembly statistics for each of the assemblies, after removing all scaffolds <500bp 
in length. 
Table S2.4. Metadata for 30 HgcA amino acid sequences from confirmed methylators. 
Table S2.5. Aggregated information for each hgcA gene from the dereplicated set. Classification 
of hgcA is based on the bin phylogenies, for the binned genes, and on the HgcA phylogenies, for 
the unbinned genes. “Rogue taxa” indicates that the HgcA sequence was interfering with 
phylogenetic reconstruction. These sequences were classified using pplacer with the hgcA 
phylogeny. The hgcB column indicates whether or not there was an hgcB gene immediately 
downstream of the hgcA gene on the scaffold. The abundance of each sequence is presented as 
the percentage of hgcA coverage within a metagenome that each gene accounts for. 
Table S2.6. Bin information and statistics. Completeness and redundancy estimates are based on 
universal conserved proteins set in CheckM. Inferred taxonomy is based on a rp16-based ML-
tree tree with a large reference data set. Coverage of each bin in each metagenome has been 
normalized to the number of reads in the smallest metagenome. 

Supplementary Methods and Results: Includes additional details on sampling efforts, 
Hg analyses, DNA extractions, and bioinformatics workflows.  

Sampling	site	and	methods.	Lake	Mendota	is	a	dimictic	lake	covering	almost	40	

km2	located	in	Madison,	Wisconsin,	USA.	It	is	heavily	eutrophic	due	to	heavy	agricultural	

land	use	in	the	watershed	and	is	elevated	in	sulfate.	All	sampling	was	done	at	the	Deep	

Hole,	a	large	basin	that	is	the	deepest	part	of	the	lake.	Profiles	were	collected	within	100m	

of	the	North	Temperate	Lakes	Long-Term	Ecological	Research	buoy	(GPS	coordinates:	

43.0989,	-89.4055).	Water-quality	profiles	and	depth-discrete	samples	were	collected	once	

a	month	throughout	the	ice-off	season	in	2017.	Sampling	was	more	frequent	in	the	late	fall	

and	focused	on	the	oxic-anoxic	interface.	Water	temperature,	dissolved	oxygen	saturation,	
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and	turbidity	were	measured	with	a	YSI	Exo2	multiparameter	sonde	(YSI	Incorporated,	

Yellow	Springs,	OH).	Sonde	data	can	be	found	in	Table	S1b.	The	profiles	of	these	

constituents	were	viewed	in	real-time	to	guide	selection	of	sampling	depth.	The	sonde	was	

then	attached	to	100ft	of	acid-washed	Teflon	sampling	line,	with	the	intake	positioned	at	

equal	depth	to	the	sensors.	The	anchor	line	was	loosened	and	the	boat	moved	back	~10	

meters.	The	sampling	line	was	flushed	with	2L	(~6x	of	the	volume	of	the	tubing)	of	sample	

water	at	the	first	sampling	depth	and	flushed	with	1L	of	sample	water	at	each	subsequent	

depth.	

Water	for	sulfate	and	sulfide	analysis	was	collected	into	a	15ml	Falcon	tube	and	

immediately	preserved	in	1%	zinc	acetate.	Samples	for	dissolved	iron	and	manganese	

analysis	were	filtered	through	a	0.45µm	PES	Acrodisc	filter	and	then	also	collected	into	

15ml	Falcon	tubes	and	preserved	with	1%	HCl.	DNA	samples	were	collected	with	an	in-line	

0.22µm	pore-size	PES	filter	(Pall	Corp.)	housed	in	an	Advantec	polypropylene	filter	holder.	

The	filter	cartridges	were	rinsed	with	~200ml	of	site	water	before	filtration.	Sample	was	

collected	until	the	filter	began	to	clog	(~350-500ml	of	water).	When	finished,	all	remaining	

water	was	flushed	through	the	filter	cartridge	and	the	filter	was	removed,	folded,	placed	

into	a	2ml	cryotube,	and	flash-frozen	with	liquid	nitrogen,	all	within	90	seconds	of	

completing	filtration.	Water	for	Hg	analyses	were	collected	using	clean	hands/dirty	hands	

methods.1	Raw	water	was	collected	into	new	triple-rinsed	PETG	2.5L	bottles	and	allowed	to	

overflow	before	capping	to	eliminate	headspace	and	minimize	oxygen	diffusion	into	the	

samples.	In	the	field,	samples	were	double-bagged,	then	stored	in	a	cooler	on	ice.	After	

collection,	samples	were	brought	to	the	U.S.	Geological	Survey	(USGS)	Mercury	Research	

Laboratory	(MRL)	within	24	hours	for	filtration.	Raw	water	was	filtered	through	a	quartz	
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fiber	filter	(QFF)	and	preserved	with	HCl	to	a	final	concentration	of	1%	for	dissolved	total	

mercury	(HgT)	and	methylmercury	(MeHg)	analysis.	Particulate	matter	retained	on	QFFs	

was	frozen	and	retained	for	particulate-bound	Hg	analysis.	

QA/QC	for	biogeochemical	analyses.	For	both	sulfide	and	sulfate,	the	daily	

detection	limit	(DDL)	for	each	analytical	set	was	required	to	be	below	2	µM	for	the	run	to	

pass.	The	r2	of	the	calibration	curve	was	required	to	be	>	0.995.	Every	tenth	sample	was	

analyzed	in	triplicate,	and	the	relative	standard	deviation	(RSD)	was	within	10%.	The	

detection	limits	for	manganese	and	iron	were	approximately	1	µM.	Every	tenth	sample	was	

analyzed	in	duplicate	and	the	relative	percent	difference	was	<	10%.	

Mercury	analyses.	Analysis	of	the	Hg	samples	were	conducted	at	the	USGS	MRL.	All	

analytical	methods	for	HgT	and	MeHg	are	described	in	detail	at	the	MRL	website	

(https://wi.water.usgs.gov/mercury-lab/research/analysis-methods.html),	but	are	

described	briefly	here.	Quality	assurance	and	control	objectives	of	the	MRL	can	also	be	

found	on	the	MRL	website	(https://wi.water.usgs.gov/mercury-

lab/research/quality.html).	Briefly,	all	replicates	were	within	10%	deviation	(for	

duplicates)	or	10%	RSD	(for	triplicates),	check	standards	were	between	90-110%,	and	

matrix	spikes	were	between	90-110%.	The	reporting	limit	for	both	HgT	and	MeHg	is	0.04	

ng/L.	HgT	in	aqueous	and	particulate	samples	were	quantified	by	cold	vapor	atomic	

fluorescence	spectrometry	(CVAFS).	Aqueous	HgT	determination	followed	EPA	Method	

1631,	revision	E:	oxidation	with	bromine	monochloride,	neutralization	with	

hydroxylamine,	reduction	with	tin	chloride,	purge	and	trap	with	dual	stage	gold	

amalgamation,	and	finally	quantification	by	CVAFS	on	a	Tekran	Model	2500	Mercury	
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Detector.2	All	aqueous	samples	were	analyzed	in	duplicate,	and	passed	all	required	quality	

assurance	and	control	objectives	as	stated	by	the	USGS	MRL.	Particulate-bound	HgT	was	

analyzed	using	similar	methods	and	is	fully	described	in	USGS	Techniques	and	Methods	5	

A-8.3

Filter-passing	and	particulate	MeHg	were	analyzed	following	a	modified	version	of	

US	EPA	method	1630	and	passed	all	required	quality	assurance	and	control	objectives	as	

stated	by	the	USGS	MRL.	The	modified	method	includes	analyte	quantification	with	isotope	

dilution,	automated	sample	preparation	by	the	Brooks	Rand	Merx-M,	and	inductively	

coupled	plasma	mass	spectrometry	(ICP-MS)	detection.4–6	Samples	for	analyses	were	first	

spiked	with	Me199Hg,	amended	with	copper	sulfate	(CuSO4)	(for	aqueous	samples)	or	a	

dilute	CuSO4/sulfic	acid/potassium	chloride	solution	(for	filters),	and	distilled	at	121˚C	

under	N2	gas.	The	distillate	was	then	treated	with	sodium	tetraethylborate	to	ethylate	ionic	

mercury	species.	On	the	Merx-M,	the	resulting	gaseous	ethylated	mercury	was	purged	from	

the	distillate	with	argon	gas,	retained	on	Tenax,	thermally	desorbed,	mass-separated	by	gas	

chromatography,	and	introduced	to	the	ICP-MS	(Thermo	Fisher	Scientific	iCAP-RQ).	

DNA	extraction	protocol.	DNA	was	extracted	using	a	modified	protocol	involving	

enzymatic	and	physical	cell	disruption,	phenol-chloroform	extraction,	and	purification	by	

isopropanol/ethanol	precipitation.	Frozen	filters	were	placed	into	a	tube	with	a	zirconium	

sphere	and	garnet	flakes	(Lysing	Matrix	A,	MP	Biomedical).	Filters	were	treated	with	250µl	

of	1mg/ml	lysozyme	for	10	min	at	room	temperature.	Proteins	were	then	digested	with	

250µl	of	1mg/ml	proteinase	K	in	a	2XS	buffer	(2%	xanthogenate,	40mM	EDTA,	1.6M	

ammonium	acetate,	2%	SDS,	in	a	200mM	Tris	buffer,	pH7.5)	for	3	minutes	at	room	
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temperature.	Filters	were	then	mechanically	shredded	by	3	minutes	of	beadbeating.	

Polysaccharides	were	precipitated	out	by	addition	of	125µl	of	5M	NaCl	followed	by	125µl	of	

10%	CTAB.	Samples	were	incubated	in	a	70˚C	water	bath	for	20	minutes.	The	supernatent	

was	then	extracted	twice	with	750µl	of	phenol:chloroform:isoamylalcohol	(25:24:1),	

followed	by	a	single	wash	extraction	with	750µl	of	chloroform.	Each	extraction	consisted	of	

addition	of	reagent,	mixing	by	inversion	for	2-3	minutes,	centrifugation	at	13200	rpm	for	5	

minutes,	and	the	transfer	of	the	supernatant	to	a	new	1.5ml	Eppendorf	tube.	After	the	

chloroform	wash,	DNA	was	precipitated	by	addition	of	800µl	100%	cold	isopropanol.	DNA	

was	precipitated	at	-20˚C	overnight,	then	spun	down	at	13200	rpm	for	15	minutes.	The	

supernatant	was	removed	and	the	DNA	washed	with	1ml	70%	ethanol,	then	spun	down	for	

another	15	minutes	at	13200	rpm.	The	supernatent	was	removed	and	the	DNA	dried	for	~2	

hrs,	before	resuspending	in	50µl	of	TE	buffer.	DNA	was	quantified	using	a	Qubit	

Fluorometer	and	quality	was	assessed	on	a	Nanodrop.	

Sequencing	and	assembly.	DNA	library	preparation	was	performed	at	the	

Functional	Genomics	Lab	and	DNA	sequencing	at	the	Vincent	J.	Coates	Genomics	

Sequencing	Lab,	both	within	the	California	Institute	for	Quantitative	Biosciences	(QB3-

Berkeley,	Berkeley,	CA).	A	Kapa	Biosystem	Library	Prep	kit	was	used	to	generate	libraries	

with	an	approximate	insert	size	of	~600bp	(Roche	Sequencing	and	Life	Science,	Kapa	

Biosystems,	Wilmington,	MA).	Libraries	were	pooled	and	sequenced	on	a	single	lane	of	an	

Illumina	HiSeq4000	for	paired-end	reads	of	150bp	(Illumina,	Inc.,	San	Diego,	CA).	Sickle	

(v1.33)	was	used	to	trim	the	raw	reads	to	maintain	a	QC	score	of	20	over	a	sliding	window	

of	15	and	reads	shorter	than	100bp	after	trimming	were	cut.7	Quality	of	the	trimmed	reads	

was	assessed	using	FastQC.8	Metagenomes	were	assembled	both	individually	and	together	
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using	metaSPADes	(v3.12)	with	kmer	sizes	of	21,	33,	55,	77,	99,	and	127.9	The	quality	of	the	

assembly	was	assessed	using	the	assembly	contiguity	perl	script	abyss-fac.pl	associated	

with	the	Abyss	assembler.10	Prodigal	was	used	to	predict	open	reading	frames	(version	

2.6.2).11

Initial	binning.	Reads	from	each	metagenome	were	mapped	to	the	scaffolds	from	

each	assembly	using	BBMap	(v35).12	All	default	settings	were	used.	Assemblies	were	

initially	binned	using	tetranucleotide	frequency	and	differential	coverage	using	three	

different	binning	algorithms:	Metabat2	(v2.12.1),	MaxBin	(v2.1.1),	and	CONCOCT	

(v0.4.1).13–15	For	each	individual	assemblies,	CONCOCT	was	run	with	a	maximum	of	350	

clusters,	based	on	iterative	rounds	of	binning.	The	coassembly	was	not	binned	with	

CONCOCT	due	to	duration	and	intensity	of	computing	power.	Maxbin	and	Metabat2	were	

both	run	using	default	parameters.	The	bins	from	these	three	binning	algorithms	(two	for	

the	coassembly)	were	then	aggregated	using	DAS	Tool	with	a	score	threshold	of	0.4.16	

Final	completeness,	contamination,	and	other	quality	factors	of	the	aggregated	bins	were	

determined	using	CheckM	(v1.1.2).17	To	dereplicate	the	bins	across	the	individual	

assemblies	and	the	coassembly,	pairwise	ANI	comparisons	were	made	between	every	bin	

using	a	pipeline	written	by	Sarah	Stevens	that	uses	the	Joint	Genome	Institute’s	ANI	

calculator.18	Bins	with	greater	than	98%	ANI	over	50%	alignment	(criteria	based	on	drop-

off	points	in	values	for	both	ANI	and	alignment)	were	grouped	into	a	“high	matching	set”	

(HMS).	The	“best”	bin	of	the	HMS	was	chosen	to	be	the	representative	sequence,	based	

primarily	on	percent	completeness,	size	of	bin,	and	quality	of	the	assembly.	Contamination	

was	also	considered,	but	to	a	lesser	degree	due	to	the	following	decontamination	efforts.	
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Bin	refinement	and	curation.	All	hgcA+	bins	were	decontaminated	using	the	anvi-refine	

interface	in	Anvi’o	(v5.2).19	Manual	binning	was	conducted	based	on	differential	coverage	

and	clustering	of	contigs	by	tetranucleotide	frequency.	These	bins	were	then	reassembled	

to	improve	bin	quality.	All	reads	mapping	back	to	each	bin	were	extracted	and	reassembled	

individually	using	SPADes	(kmer	length	of	21,	33,	55,	77,	99,	and	127).	This	assembly	was	

then	manually	binned	in	anvi’o	based	on	differential	coverage	and	tetranucleotide	

frequency	using	CONCOCT.13,19	Manual	comparison	of	the	%GC	content,	tetranucleotide	

frequency,	differential	coverage,	and	taxonomy	of	adjacent	genes	according	to	Kaiju	was	

conducted	on	binned	hgcA+	scaffolds,	relative	to	other	scaffolds	in	the	bin,	to	confirm	the	

inclusion	of	these	scaffolds	within	the	bin.20	Open	reading	frames	(ORFs)	were	predicted	

for	each	bin	using	Prodigal	(v2.6.2)	on	“single”	mode.11	

Hidden	Markov	Model	construction.	To	facilitate	accurate	identification	of	HgcA	

sequences	in	our	metagenomes,	a	Hidden	Markov	Model	(HMM)	of	the	HgcA	sequence	was	

built.	Thirty	HgcA	protein	sequences	from	publicly	available	genomes	of	confirmed	

methylating	organisms	were	aligned	using	MUSCLE	(Table	S4)	(v3.8.31).21	This	alignment	

was	imported	into	Geneious	and	manually	curated	as	follows.	The	ends	of	the	alignment	

were	trimmed	so	that	the	alignment	started	at	a	well-conserved	domain	and	all	residues	

that	were	not	covered	by	at	least	50%	of	the	sequences	were	masked.	The	aligned	fasta	file	

was	then	used	to	build	the	HMM	using	the	hmmbuild	function	in	hmmer	(v3.1b2).22	The	

HMM	can	be	found	on	the	Open	Science	Framework	project	page,	here:	

https://osf.io/9vwgt/.	
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To	determine	the	trusted	and	noise	cut-off,	the	PFAM	database	was	searched	using	the	

reference	HgcA	sequences.	Only	PF03699,	the	PFAM	in	which	HgcA	was	originally	

discovered,	returned	any	hits.	All	sequences	in	PFAM03599	were	downloaded	and	aligned	

using	MUSCLE	(v3.8.31).21	Sequences	that	contained	the	characteristic	cap-helix	domain	of	

HgcA	and	at	least	four	transmembrane	domains	(predicted	by	TMHMM	in	Geneious)	were	

categorized	as	‘HgcA-like’	and	all	other	sequences	were	classified	as	‘CFeSP-like’.	The	

newly	built	HMM	was	used	to	search	these	two	groups	of	sequences.	The	lowest	score	from	

the ‘HgcA-like’	group	was	131.8,	and	this	was	added	as	the	trusted	cutoff	score.	The	highest	

score	from	the	‘CFeSP-like’	group	was	93.0,	which	was	added	as	the	noise	cutoff	score.	

Identification	of	hgcAB.	Potential	HgcA	sequences	were	identified	in	the	ORFs	

using	the	custom	HgcA	HMM,	using	the	trusted	cut-off	score	of	131.8,	with	hmmsearch	from	

the	hmmer	(v3.1b2)	program.22	Putative	hgcA	sequences	were	aligned	using	MUSCLE	

(v3.8.31),	and	this	alignment	was	manually	inspected	in	Geneious.21	Sequences	without	the	

cap	helix	domain	(N(V/I)WCA(A/G)(A/G)(K/R))	or	at	least	four	transmembrane	domains,	

as	predicted	by	TMHMM	in	Geneious,	were	discarded.23	We	next	looked	at	the	location	of	

the	hgcA	gene	on	the	scaffold.	Genes	that	overlapped	the	beginning	or	end	of	the	scaffold	

were	manually	examined.	If	the	gene	had	lost	some	of	the	conserved	regions	due	to	

overhanging	the	end	of	the	scaffold,	the	sequence	was	discarded.	All	HgcA	sequences	were	

dereplicated	using	 a	 97%	identity	 cutoff	based	on	CD-HIT	(v4.8.1),	 resulting	in	a	final	set	of	

108	hgcA	genes.24	

The	genes	immediately	downstream	of	each	hgcA	gene	were	extracted	and	aligned	

to	a	reference	dataset	of	hgcB	sequences.	Sequences	that	aligned	well	and	contained	the	
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conserved	CM/IECGAC	motif	were	scored	as	hgcB	genes.	The	corresponding	amino	acid	

sequences	of	these	genes	were	used	to	build	an	HgcB	HMM,	following	the	protocol	outlined	

above	for	HgcA.	This	HMM	was	used	to	search	all	the	bins	for	hgcB,	but	did	not	detect	any	

hgcB	sequences	in	any	of	the	bins	that	were	not	immediately	downstream	of	an	hgcA	gene.	

If	there	was	no	predicted	ORF	within	500bp	of	an	hgcA	gene,	we	BLASTed	the	500bp	

immediately	downstream	of	the	hgcA	gene	against	the	nr	database	using	blastx.	This	

identified	3	hgcB-like	sequences	that	were	not	predicted	as	ORFs	by	Prodigal.	These	hgcA	

sequences	were	counted	as	having	a	downstream	hgcB	partner.	

Phylogenetic	analysis	of	HgcA.	This	workflow	was	used	for	generating	the	

phylogenetic	trees	of	HgcA	sequences	from	both	the	assemblies	and	the	bins.	The	amino	

acid	sequences	of	the	final	HgcA	sequences	were	aligned,	using	MUSCLE	(v3.8.31),	with	31	

reference	HgcA	proteins	from	confirmed	methylating	organisms	(Table	S4).21	This	

alignment	was	manually	inspected	in	Geneious	and	then	trimmed	using	BMGE1.1	(on	the	

Galaxy	web	server)	with	the	BLOSUM30	substitution.25	The	remaining	options	were	left	at	

the	default	settings	(sliding	window	=	3,	maximum	entropy	level	=	0.5,	gap	rate	cutoff	=	0.5,	

and	minimum	block	size	=	5).	The	RAxML	software	was	used	to	generate	a	maximum	

likelihood	tree.	The	GAMMA	distribution	was	used,	and	automatic	determination	of	the	

protein	substitution	model	was	made.26	For	all	HgcA	analyses,	the	LG	substitution	matrix	

was	used.	Rapid	bootstrapping	was	called	and	was	allowed	to	run	until	sufficient	bootstrap	

analysis	was	detected	under	extended	majority	rule.	The	script	was	called	as	follows:	

raxmlHPC-PTHREADS -f a -p 283976 -m PROTGAMMAAUTO -N autoMRE -x 2381 -T 20 -s 

hgcA_for_phylogeny.afa -n hgcA.	
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For	the	assembly-based	HgcA	analysis,	we	generated	HgcA-based	phylogenies	in	an	

iterative	fashion,	removing	highly	divergent	sequences	that	interfered	with	the	

bootstrapping	analysis.	Once	the	ML	tree	was	selected	and	the	bootstrapping	complete,	we	

used	RogueNaRok	(v1.0)	to	identify	“rogue	taxa”	that	interfered	with	the	quality	and	

reliability	of	the	trees.27	Sequences	identified	as	rogue	were	removed	from	the	original	

FASTA	file	and	the	tree	was	built	again	using	the	above	workflow.	In	this	second	tree,	one	

sequence	was	manually	identified	as	highly	divergent	and	removed	from	the	analysis.	After	

trimming	with	BMGE1.1,	the	alignment	contained	181	residues.	The	automatic	

bootstrapping	algorithm	in	RAxML	ran	100	bootstrap	replicates.	The	best-scoring	ML	tree	

was	mid-point	rooted	in	R	using	the	Phangorn	package	and	visualized	using	ggtree.28,29	

The	hgcA	gene	sequences	from	the	assemblies	were	assigned	a	taxonomic	

classification	in	an	iterative	process.	If	the	hgcA	gene	was	binned,	it	was	classified	by	the	

rp16-based	phylogeny	of	the	bin.	Unbinned	sequences	in	a	monophyletic	group	with	HgcA	

sequences	from	confirmed	methylators	or	other	hgcA+	bins	were	classified	according	to	

the	nearest	references.	Some	sequences	did	not	cluster	with	others	definitively	and	were	

classified	as	unknown.	Sequences	identified	as	“rogue”	during	the	phylogenetic	

reconstruction	were	placed	onto	the	resulting	tree	using	pplacer.30	Based	on	their	

placement,	they	were	assigned	a	taxonomy	as	described	above.	

Metabolic reconstruction: 

Sulfur	metabolism:	Potential	polysulfide	reductase	(psr)	homologues	were	

identified	using	an	HMM	for	the	catalytic	unit	of	the	complex	iron–sulfur	molybdoenzyme	

(CISM).	Phylogenetic	trees	were	used	to	identify	likely	psr	candidate.	These	candidates	
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were	confirmed	to	have	the	classic	complex	iron–sulfur	molybdoenzyme	(CISM)	

architecture	and	include	the	common	sulfur-trafficking	rhodanese	domain-containing	

proteins	(Fig.	S2.11).31,32	We	also	searched	for	the	anaerobic	sulfite	reductase	gene	cluster	

(asr),	which	can	also	mediate	sulfate	reduction,	but	did	not	find	any	genomes	with	those	

genes.	

Nitrogen	metabolism:	GEO_0030	and	DES_0034	each	have	at	least	one	nitrate	

reductase	and	nrfA,	suggesting	they	are	capable	of	mediating	dissimilatory	nitrate	

reduction	to	ammonia	(DNRA).	Three	other	hgcA+	bins	(PLA_0021,	KIR_0036,	DES_0019)	

have	only	the	nrfHA	gene	cluster,	and	thus	likely	support	nitrite	reduction	to	ammonia.	

Each	of	these	bins	had	other	respiratory	pathways	(reduction	of	S,	PCCs)	that	could	be	

active	instead.	The	various	DNRA	and	denitrifying	genes,	as	well	as	oxidases,	were	also	

wide-spread	throughout	the	hgcA-	bins	we	recovered.	

Fermentative	and	syntrophic	metabolism.	Several	of	the	27	hgcA+	bins	marked	

as	fermentative	do	have	cyd	(cytochrome	bd	oxidases)	or	nrfHA	operons,	but	the	lack	of	

other	respiratory	genes	suggests	that	these	are	used	to	minimize	oxidative	stress	or	for	

nitrite	detoxification.	Twenty-four	of	the	fermentative	hgcA+	bins	have	hydrogenases	

commonly	involved	in	fermentative	H2	evolution,	mostly	[FeFe]	Group	A	hydrogenases,	

with	some	from	[NiFe]	Group	4.33	Fourteen	of	these,	including	all	of	the	highly	abundant	

Kiritimatiellaeota	hgcA+	bins,	also	have	the	Rnf	complex,	which	can	facilitate	reverse	

electron	transport	to	drive	electron	dispersal	through	H2	production	and	is	commonly	used	

in	syntrophy.34,35	Hydrogenases	for	H2	uptake	are	widespread	throughout	bins	with	

respiratory	genes,	suggesting	that	they	would	be	viable	syntrophic	partners.	Syntrophic	
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metabolism	can	also	be	mediated	by	formate	transfer.	Eight	hgcA+	bins	had	pyruvate	

formate	lyase	(pflB),	through	which	pyruvate	is	fermented	to	acetyl-CoA	and	formate.	The	

formate	can	be	exported	and	used	by	respiratory	organisms	with	formate	dehydrogenase	

(FDH)	as	an	electron	donor.36		
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Supplementary Figures: Includes additional geochemical profiles, hgcAB alignments, 
detailed phylogenetic trees, and figures detailing metabolic pathways of methylators.  

Figure	S2.1.	Representative	profiles	of	Lake	Mendota	from	across	the	open	water	season	in	
2017.	The	dissolved	Hg	species	are	operationally	defined	as	everything	that	passes	a	quartz	
fiber	filter	(QFF),	and	the	particulate	fraction	is	what	is	retained	on	a	QFF.	Both	iron	and	
manganese	are	the	dissolved	fraction	only	(0.45µm	PES	filter).	Abbreviations:	Temp.	-	
Temperature	(˚C),	ODO	-	Optical	dissolved	oxygen	in	mg/L,	Turb.	-	Turbidity	in	Formazin	
Nephelometric	Units	(FNU),	NOx	-	total	nitrate	and	nitrite,	HgT	-	Total	mercury,	MeHg	-	
Methylmercury,	%MeHg	-	Methylmercury	concentration	divided	by	total	mercury	
concentration.	

Figure	S2.2.	Geochemical	profiles	focused	on	metalimnion.	On	these	two	dates,	we	
collected	samples	for	biogeochemical	gradients	repeatedly	over	the	metalimnion.	We	
collected	samples	for	particulate	iron	(Fe)	and	manganese	(Mn)	in	these	profiles	in	
addition	to	the	usual	constituents	from	the	other	profiles.	Abbreviations:	Temp.	-	
Temperature	(˚C),	ODO	-	Optical	dissolved	oxygen	in	mg/L,	Turb.	-	Turbidity	in	Formazin	
Nephelometric	Units	(FNU),	Mn	–	manganese,	Fe	–	iron,	diss.	–	dissolved	(passes	through	
0.45	µm	filter),	part	–	particulate	(retained	on	0.45	µm	filter,	calculated	as	difference	
between	unfiltered	and	filter-passing	samples).	

Figure	S2.3.	Alignments	of	identified	hgcA	and	hgcB	amino	acid	sequences	from	all	five	
metagenomes.	Green	bars	indicate	regions	of	predicted	transmembrane	domains	in	the	
alignments.	The	zoomed-in	portion	of	the	hgcA	alignment	highlights	a	portion	of	the	
corrinoid-binding	domain	for	a	subset	of	the	sequences,	and	includes	the	characteristic	
highly	conserved	cap-helix	domain.	For	hgcB,	we	highlighted	a	portion	of	the	alignment	
that	includes	one	of	the	two	highly	conserved	ferredoxin-binding	motifs	from	a	subset	of	
the	sequences.	

Figure	S2.4.	Maximum	likelihood	tree	of	HgcA	sequences	and	overall	coverage	across	five	
metagenomes.	Names	in	black	indicate	unbinned	hgcA	sequences.	For	hgcA	sequences	that	
were	binned,	the	scaffold	name	was	replaced	with	the	bin	name	(red	names).	Dark	blue	
names	indicate	hgcA	sequences	from	bins	from	a	recent	paper	in	a	similar	system.1	These	
bins	are	followed	by	the	IMG	Taxon	ID	in	parentheses.	Grey	names	indicate	hgcA	sequences	
downloaded	from	NCBI’s	non-redundant	database	that	did	not	come	from	the	genome	of	a	
confirmed	methylating	organisms.	Remaining	colored	names	are	from	genomes	of	
confirmed	methylators	and	match	the	color	scheme	in	Figure	2	(yellow	-	Firmicutes;	green	
- Desulfobacterales;	pink	-	methanogens;	orange	-	Geobacterales;	light	blue	-
Syntrophobacterales).	All	reference	sequence	names	are	followed	by	their	accession 
version	number	in	parentheses.	Scaffold	coverage	is	the	average	coverage	of	nucleotides	in 
the	corresponding	hgcA+	scaffold	across	all	five	metagenomes.	Sequence	names	from	this 
study	that	are	followed	by	a	pound	sign	do	not	have	a	trailing	hgcB	sequence.

Figure	S2.5.	Overview	of	binning	of	hgcA	sequences.	A:	Rank	abundance	curve	of	hgcA	
sequences	across	all	metagenomes.	Bars	colored	in	red	indicate	a	binned	sequence.	B:	Plot	
of	average	coverage	of	scaffold	vs.	length	of	scaffold	of	hgcA+	sequences,	with	red	dots	
indicating	that	the	sequence	was	binned.	
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Figure	S2.6.	Comparison	of	coverage	between	hgcA+	and	hgcA-	bins.	A:	Rank	abundance	
curve	of	all	bins	across	all	metagenomes.	Bins	encoding	hgcA	are	colored	green.	B:	Log	
coverage	of	hgcA+	vs.	hgcA-	bins.	

Figure	S2.7.	Maximum	likelihood	tree	of	rp16	genes	from	all	bacterial	hgcA+	bins	and	
reference	genomes	from	NCBI.	Bootstrap	values	below	50	have	been	removed.	Tree	was	
rooted	using	three	archaeal	bins	from	this	study.	Names	in	red	correspond	to	bins	
identified	in	this	study.	Genome	names	in	black	were	pulled	from	NCBI	database	and	have	
the	accession	ID	in	paratheses.	

Figure	S2.8.	Maximum	likelihood	tree	of	rp16	gene	from	all	Bacteroidales	bins	from	this	
study.	Bin	names	in	green	are	hgcA-	bins,	while	those	in	orange	are	hgcA+	bins.	Sequences	
in	black	are	bins	downloaded	from	NCBI,	and	bin	names	surrounded	by	asterisks	are	
reference	genomes	from	isolate	cultures.	The	Bacteroidales	tree	was	rooted	using	two	
Flavobacteriales	reference	genomes	(Owenweeksia	hongkongensis	DSM	17368	and	
Fluviicola	taffensis	DSM	16823)	

Figure	S2.9.	The	hgcA	gene	is	widespread	in	Mendota	Kiritimatiellaeota	bins,	but	is	not	
phylogenetically	conserved.	Maximum-likelihood	tree	is	based	on	a	concatenated	
alignment	of	rp16	proteins.	Names	in	orange	are	hgcA+	bins	from	this	study,	and	green	
names	are	hgcA-	bins	from	this	study.	Names	in	black	are	genomes	or	bins	retrieved	from	
the	National	Center	for	Biotechnology	Information	(NCBI),	and	genomes	with	the	asterisks	
indicate	cultured	isolate	reference	genomes.	The	accession	version	numbers	are	in	
parentheses	following	the	bin	or	genome	name.	The	bin	names	in	blue	correspond	to	two	
hgcA+	bins	from	a	recent	publication.1	The	tree	was	generated	in	RAxML	and	rooted	using	
the	two	Lentisphaerae	genomes	(Lentisphaera	araneosa	and	Victivallis	vadensis).	Bootstrap	
values	of	less	than	50	are	not	shown.	

Figure	S2.10.	Heatmap	of	metabolic	potential	of	hgcA+	bins	with	respiratory	metabolic	
genes	and	overall	bin	abundance.	Dissimilatory	nitrogen	cycling	genes	are	in	red:	narG	=	
membrane-bound	nitrate	reductase,	napA	=	periplasmic	nitrate	reductase,	nrfHA	=	
cytochrome	c	nitrite	reductase.	Genes	for	nitrite	reduction	by	denitrification	were	not	
identified	in	any	hgcA+	bins.	Putative	external	electron	transfer	proteins	are	in	orange:	PCC	
=	Porin-cytochrome	c	complex.	Sulfur	cycling	genes	in	blue:	dsrAB	=	dissimilatory	sulfite	
reductase;	psrA	=	polysulfide-reductase	homolog.	Methanogenesis	refers	to	the	overall	
phenotype	indicated	by	the	bin.	In	green	are	complex	I	(the	11	and/or	14	subunit	version)	
and	complex	II	of	the	electron	transport	chain.	

Figure	S2.11.	A:	Rank	abundance	curve	of	hgcA+	bins	across	all	five	metagenomes,	colored	
by	predicted	metabolic	potential.	The	bin	coverage	is	relativized	to	the	total	coverage	of	all	
the	bins	(both	hgcA+	and	hgcA-).	

Figure	S2.12.	Phylogenetic	tree	of	polysulfide	reductase	(psr)	homologs	from	hgcA+	bins.	
In	the	branch	labels,	the	bin	names	are	followed	by	the	scaffold	number	and	ORF	number	in	
parentheses.	Names	in	orange	are	from	hgcA+	bins,	green	are	from	hgcA-	bins.	Names	in	
black	correspond	to	reference	sequences.	The	gene	neighborhoods	within	2500bp	
upstream	and	downstream	of	the	corresponding	MoOR	from	this	study	are	shown	to	the	
right	of	the	tree.	The	canonical	complex	iron–sulfur	molybdoenzyme	(CISM)	architecture	
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includes	the	MoOR	(shown	in	blue),	a	four-cluster	protein	(FCP)	with	four	Fe-S	clusters	
(shown	in	green),	and	a	membrane	anchor	protein	(MAP),	such	as	the	nrfD	subunit	from	
the	nitrite	reductase	complex	NrfABCD	(shown	in	red).	Rhodenase-domain	proteins	(RDP),	
involved	in	sulfur	transport,	are	shown	in	purple.	

Figure	S2.13.	Phylogenetic	tree	and	gene	neighborhoods	of	beta-barrel	outer	membrane	
protein	(BB-OMP)	genes	from	hgcA+	bins.	Sequence	names	in	red	are	from	hgcA+	bins,	and	
the	following	numbers	in	parentheses	indicate	the	scaffold	and	ORF,	respectively.	The	gene	
neighborhoods	within	4000bp	upstream	and	downstream	of	the	BB-OMP	genes	are	shown	
to	the	right	of	the	tree.	BB-OMP	sequences	are	shown	in	blue,	and	the	predicted	number	of	
transmembrane	sheets	within	the	protein	are	provided	above	the	gene.	Predicted	
multiheme	cytochrome	c	proteins	are	shown	in	green,	with	the	number	of	the	heme-
binding	sites	above	the	gene.	The	predicted	localization	of	the	protein	is	shown	below	the	
gene	(E	indicates	extracellular,	P	indicates	perisplasmic).	

Figure	S2.14.	Abundance	and	metabolic	gene	features	of	fermentative	bins.	The	
percentage	of	bin	coverage	is	relative	to	the	total	coverage	of	all	the	bins	from	this	study.	
Genes	potentially	involved	in	fermentative	hydrogen	evolution	are	shown	in	orange:	Rnf	=	
Rhodobacter	nitrogen	fixation	complex;	FeFe	GA	=	[FeFe]-hydrogenase,	group	A;	NiFe	G4e	
=	[NiFe]-hydrogenase,	group	4e.	Genes	or	gene	clusters	involved	in	fermentation	of	
pyruvate	are	shown	in	green:	PFL	=	pyruvate-formate	lyase;	FDH	=	formate	
dehydrogenase;	PFOR	=	pyruvate-ferredoxin	oxidoreductase;	ackA	=	acetate	kinase	(ADP-
forming);	pta	=	phosphate	acetyltransferase. 
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Figure	S2.1	
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Chapter 3: Metagenomic insights into hydrological and biogeochemical constraints 

on mercury methylation under suboxic conditions in a hydroelectric reservoir. 

This chapter has been prepared as a manuscript for submission for peer review and publication. 

Co-authored with Brett A. Poulin, David Krabbenhoft, Charles N. Olmstead, and Katherine D. 

McMahon. The heatmap dissolved oxygen figures were made by Chris Larsen and Nick 

Gastelecutto.  
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Abstract 

 Brownlee Reservoir is a hydroelectric dam within the Hells Canyon Complex that, like 

many hydroelectric dams, experiences dynamic hydrological and geochemical conditions and is 

a known source of mercury to the aquatic food web within the impoundment. Methylmercury is 

produced efficiently in the system despite the predominance of suboxic rather than anoxic 

conditions. In this chapter, we collected a suite of geochemical measurements alongside samples 

for shotgun metagenomic sequencing to identify the likely locations of methylmercury 

production. We reconstructed genomic bins of mercury-methylating organisms to identify 

possible links between biogeochemical cycles and methylmercury production. We confirmed 

that much of the methylmercury was likely being produced in the water column in the more 

lacustrine portion of the reservoir. Hotspots for methylmercury production and accumulation 

were linked to locations in the reservoir where anoxia initially developed, suggesting that 

methylmercury accumulation and uptake into the food web is linked to hydrologic conditions in 

the reservoir and can be highly variable from year-to-year. Geochemical profiles and genomic 

reconstruction of Hg-methylating organisms indicated that methylmercury production occurs in 

this system under nitrate- or Mn-reducing conditions, which were previously thought to preclude 

Hg-methylation. This work also expands the known conditions conducive to producing 

methylmercury and suggest that the mercury-methylation mitigation efforts by nitrate- or Mn-

amendment may be unsuccessful in some locations. 
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Introduction 

Reservoirs are hotspots for methylmercury (MeHg) production and contamination in the 

food web.1,2 This elevated production is due to the replenishment of microbial substrates in 

anoxic environments. For example, drying/rewetting of sediment soils due to water level 

fluctuations can drive MeHg production by cycling between anoxic conditions, where MeHg 

production occurs, and oxic conditions, when terminal electron acceptors (TEAs) can be 

replenished. Elevated MeHg production can also occur in the water column and deeper 

sediments, where lotic inflow can provide a continuous supply of inorganic mercury (iHg), 

TEAs, and labile organic matter3, while stratification and hypolimnetic anoxia can develop in the 

downstream, more lentic portions of the reservoir4. The onset of anoxia is generally driven by the 

settling out of organic matter but is controlled by a complex array of hydrologic and geochemical 

factors.5 Once produced, MeHg can be taken up into the food web within the reservoir6, 

transferred to linked terrestrial food webs7, or exported downstream through the dam as the 

hypolimnion is eroded and the reservoir turns over7, which can lead to Hg accumulation in food 

webs downstream8,9. In both situations, the extent of MeHg production within the reservoir is 

tightly linked to MeHg accumulation in the food web. A critical knowledge gap in understanding 

the Hg cycle in reservoirs is an accurate picture of how hydrologic and biogeochemical factors 

combine to control the timing and location of MeHg production. 

MeHg production is typically associated with low-redox environments and was thought 

to be mediated primarily by sulfate-reducing bacteria (SRB)10,11, iron-reducing bacteria 

(FeRB)12,13 and methanogens14,15. These conclusions have encouraged efforts to mitigate MeHg 

production by increasing the redox status of the system16, either by hypolimnetic oxygenation17 

or whole-lake addition of nitrate18 or manganese (Mn) oxide19. However, MeHg production has 
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been observed within oxic environments20, including in the Hells Canyon sites described here.21 

The hgcAB Hg-methylation marker genes have also been observed in suspected nitrite-

oxidizers22,23 and nitrate-reducing/aerobic organisms.24 Other links between MeHg production 

and the nitrogen (N) cycle have also been proposed, such as the occurrence of N-fixation in 

genomes with hgcA.25 The Geobacter iron-reducing bacteria (FeRB) that produce MeHg are 

often capable of Mn-reduction as well.26,27 Hg-methylating Geobacterales bins with genes for 

external electron transfer (EET) pathways that mediate Fe- or Mn-reduction have been observed 

in a lake co-localized with a peak in Mn cycling.28 Other hgcA sequences have been identified in 

oxic environments, although it is possible they are living in anoxic niches on falling particles.29 

Collectively, these data suggest that Hg-methylation may be possible under nitrate- or Mn-

reducing conditions, which we will refer to as suboxic throughout this manuscript. However, 

there is still a knowledge gap in understanding the extent to which these high-redox respiratory 

bacteria (HRBB) influence MeHg production under suboxic conditions. 

Brownlee Reservoir is a western arid reservoir in the Hells Canyon Complex (HCC) of 

hydroelectric dams along the Snake River.4 Within the HCC, MeHg levels in smallmouth bass 

tissue exceed the state human-health criteria for both Idaho and Oregon.4 Brownlee is a net 

source of dissolved MeHg, indicating that MeHg production in situ could be an important control 

on food web MeHg accumulation both within and downstream from the reservoir.3 Water 

column MeHg profiles and MeHg gradients above the sediment-water interface suggest that 

MeHg production appears to be occurring within the water column, especially in the more lentic 

areas, downstream of river mile 310.30 Additionally, sulfide production is limited throughout the 

water column30 and sediments31 in Brownlee, suggesting that MeHg production occurs under 
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suboxic conditions. Thus, this site presents a good opportunity to search for Hg-methylating 

organisms under various redox conditions within the water column.  

In this study, we evaluated the water column of Brownlee reservoir for Hg-methylation 

potential over multiple years and hydrological/geochemical conditions. We collected depth-

discrete samples at multiple stations for metagenomic sequencing and a full suite of physical and 

geochemical measurements over three years, under different stages of stratification or hydrologic 

conditions. We conducted shotgun metagenomic sequencing at a subset of these locations to 

identify and characterize hgcA genes. Using genome reconstruction, we identified multiple Hg-

methylating organisms with the capacity for high-redox respiration. Fermentative Hg-

methylators were also highly abundant. The microbial Hg-methylating community exhibited 

high intra-year variation, mostly linked to the biogeochemical gradients, and high inter-year 

variation, which could be linked to yearly differences in the hydrological and biogeochemical 

conditions of the water column. Overall, this work provides insight into the constraints on MeHg 

production in a dynamic western arid reservoir through the lens of the microbes and provides 

evidence for MeHg production under nitrate- and Mn-reducing conditions. 

Materials and Methods 

Site description and sampling: Brownlee Reservoir is a freshwater hydroelectric 

reservoir, the most upstream reservoir within the Hells Canyon Complex (HCC). It has a 

hydraulic retention time of 34 days3 and is one of the largest reservoirs in North America at 93 

km long with an area of 61 km2. The riverine to lacustrine transition occurs around river mile 

(RM) 305 to RM310 as the Snake River flows into the HCC. Nutrient inputs into the system are 

high due to agricultural land constituting a large percentage of the watershed. These inputs fuel 
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intense cyanobacterial blooms near the riverine-lacustrine transition, supplying large amounts of 

organic matter to Brownlee. This biomass ultimately creates high levels of biological oxygen 

demand in the hypolimnion, leading to anoxic conditions starting in May (Figs. 3.1-2). Flow 

rates have high intra- and interannual variation, resulting in drastically different hydrologic and 

physical characteristics from year to year.3 Sampling was done at RM286 and RM300 in 

September of 2017 and 2018, which spanned most of the lateral extent of the anoxic 

hypolimnion. In July 2019, we collected profiles spanning the reservoir from RM286 up to 

RM318. We selected RM300 and RM310 for metagenomic analysis based on the greater extent 

of Mn-accumulation and MeHg accumulation at those two stations, respectively. All sampling 

protocols were conducted using trace-metal-clean protocols.32 Sampling was conducted using a 

5/8" inner diameter Teflon sampling line and a peristaltic pump outfitted with acid-washed C-

Flex tubing. Samples for anion analysis were preserved by freezing on dry ice. Samples for 

dissolved Mn and Fe analysis were filtered with an in-line capsule filter (0.45µm) and preserved 

immediately in the field to 2% v/v nitric acid, while unfiltered water was acidified the same way 

for whole water Mn and Fe quantification. Samples for sulfide analysis were preserved using 

sulfide anti-oxidant buffer. Samples for mercury speciation analysis were processed within 12 

hours of collection. For processing, the samples were filtered with quartz fiber filters (QFFs), the 

filtrate was acidified to 1% HCl for dissolved Hg and MeHg analysis, and the QFFs were frozen 

for particulate Hg and MeHg analysis. Samples for DNA sequencing were collected by filtering 

300-800 ml of sample water onto 0.22µm pore-size Sterivex filters (Millipore, SVGP01050) 

with a peristaltic pump. Samples were preserved within 90 seconds by flash-freezing with liquid 

nitrogen. 
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Geochemical analyses: Detailed methods for geochemical analyses, including Hg 

analyses, have been previously published.30 Briefly, Mn and Fe were analyzed by inductively 

coupled plasma optical emission spectroscopy, nitrate was measured using ion chromatography, 

and sulfide was measured using an ion-selective electrode. All Hg analyses were done at the U.S. 

Geological Survey (USGS) Mercury Research Laboratory (MRL) in Middleton, WI. Total Hg 

was measured by bromine monochloride oxidation followed by tin reduction coupled to cold 

vapor atomic fluorescence spectrometry for quantification.33,34 Samples for MeHg were first 

distilled, then quantified by isotope dilution (ID) using inductively coupled plasma mass 

spectrometry, following U.S. EPA method 1630, with modifications for ID.35–37 All Hg 

measurements met quality control and assurance standards set by the USGS MRL. 

DNA extraction and sequencing: Filters were removed from the Sterivex cartridges 

using a sterile PVC cutter and sterilized razors and tweezers. Half of the filter was used for DNA 

extraction and half was archived. Cells were lysed using physical and chemical lysis methods, 

then the DNA was extracted twice using phenol:chloroform, washed with a chloroform 

extraction, and purified using isopropanol precipitation. Library preparation was done in the 

Functional Genomics Lab and sequencing done in the Vincent J. Coates Genomics Sequencing 

Lab (QB3, Berkeley, CA). Inserts approximately 600bp in length were used to generate 

sequencing libraries with a Kapa Biosystem Library Prep kit (Roche Sequencing and Life 

Science, Kapa Biosystems, Wilmington, MA). 150 bp paired-end reads were generated on an 

Illumina NovaSeq.  

Metagenome assembly, binning, and annotation: Reads were trimmed and overlapping 

read pairs were merged using fastp (v0.20.1).38 Metagenomes were clustered using Mash 

(v2.2.2), a kmer-based metric.39 All assemblies were done using metaSPADes (v3.14.1).40 
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Downstream analyses were only conducted on contigs longer than 1000 bp. Open reading frames 

(ORFs) were predicted using Prodigal41 (v2.6.3) on the metagenome mode and bowtie242 

(v2.6.3) was used to map reads back to the assembled contigs. Raw gene and bin abundances 

were calculated as the average “coverage”, which is the average number of reads mapping to 

each nucleotide in the gene/bin. To normalize abundance across metagenomes, we calculated the 

coverage of 16 different ribosomal genes (the rp16 genes) in each assembly.43,44 The coverage of 

each gene/bin within a metagenome was normalized to the mean coverage of the rp16 genes for 

that metagenome. Automatic binning was done using Metabat245 (v2:2.15) and MaxBin246 

(v2.2.7), which were then aggregated using Das Tool47 (v1.1.2). Bins containing an hgcA gene 

were then manually curated in anvi’o48 (v6.2) using the automatic binning results as a reference. 

Bins were grouped into mOTUs that shared 98% ANI and had 50% alignment fraction. The 

taxonomy of each bin was estimated using GTDB-TK.49 Metabolic genes in the assemblies were 

initially identified using Hidden Markov Models (HMMs) and confirmed using phylogenetic 

trees. Metabolic annotations of the bins were done using convergent approaches, including 

kofamscan50, custom HMMs with hmmer51, METABOLIC52, and FEET. Major TEAP 

annotations were confirmed by phylogenetic reconstruction. Phylogenetic trees of bins were 

based on alignments of the rp16 genes.43 References were identified from the GTDB tree and 

downloaded using NCBI’s Entrez. 

hgcA identification, identification, and classification: HgcA sequences were identified 

in the ORFs from all assemblies using a custom HMM.28 Putative HgcA sequences without a cap 

helix domain were removed. Truncated sequences without any transmembrane domains at the C-

terminal end were not included in the phylogenetic and abundance calculations but are included 

in the supplementary information for completeness. The final set of hgcA genes were 
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dereplicated across all assemblies by clustering them at 97% identity using CD-HIT.53 Amino 

acid sequences were aligned with MUSCLE54 (v3.8.31) and then this alignment was aligned to 

the Hg-MATE database55 (v1.01142021). Residues in the alignment that included gaps in at least 

50% of the sequences were masked. A maximum-likelihood tree was generated from this 

alignment using RAxML56 (v8.2.11) under the GAMMA distribution with the LG model, then 

mid-point rooted using the Phangorn57 (v2.7.0) package in R and visualized using ggtree58 

(v3.1.1). Automatic rapid bootstrapping was used to generate branch support, with a final count 

of 550 bootstraps. HgcA sequences were also automatically classified using the Hg-MATE 

database and pplacer and guppy based on an established workflow59,60. Using this 

autoclassification data, the phylogeny information from the binned hgcA sequences, and the 

inferred taxonomy based on the HgcA phylogeny, we assigned a taxonomic classification to each 

of our hgcA genes. If possible, we also assigned one of four predicted metabolic guilds to each 

hgcA gene: high-redox respiratory bacteria (HRRB), sulfate-reducing bacteria (SRB), 

methanogen (MET) or fermentative (FERM). The “high-redox respiratory” category includes all 

Pelobacteraceae and Bacteroidetes-associated hgcA sequences, since the two bins we recovered 

each contained respiratory pathways for nitrate reduction and EET. It should be noted that lateral 

gene transfer is thought to be common for hgcA genes and that phylogenetic similarity does not 

equate to functional similarity. Thus, these metabolic assignments are only estimations.  

Results 

Hydrologic conditions and redox gradients:  Dissolved oxygen (DO) heatmaps from 

2017 and 2018 based on sonde profiles collected every two weeks from April 1st to the end of 

December suggest different temporal and spatial variations in DO consumption (Figs. 3.1A-D, 
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3.2A-B). In 2017, anoxia initially developed in the deepest part of Brownlee reservoir, from 

approximately RM295 down to the dam (Fig. 3.1A). This initial location of anoxia expanded 

along the sediment-water interface upstream, reaching RM325 by mid-July. In 2018, anoxia 

developed near RM305 in mid-May and spread laterally both up- and downstream (Fig. 3.1B). 

By mid-July, the pattern of anoxia was similar to that in 2017. In both years, cooling inflows 

from the Snake River starting in late July resulted in interflow in which the inflowing water dives 

below the surface and flows between the epi- and hypolimnion. The plunging waters sheared off 

the top portions of the metalimion and translocated them downstream. By the time of our 

sampling for metagenomic sequencing in 2017 and 2018, some of the anoxic metalimnion at 

RM300 had been eroded, while some of that water being transported downstream had appeared 

in the metalimnion at RM286. 

Overall, the meta- and hypolimnion in September 2017 at RM286 (2017-RM286) were 

more reduced than 2018-RM286 (Fig. 3.1E,G), but 2017-RM300 was less reduced than 2018-

RM300 (Fig. 3.1E,H). At 2017-RM286, nitrate decreased irregularly from about 1 mgN/L in the 

epilimnion down to below detection by 62 m (Fig. 3.1E; App. B1). Dissolved Mn peaked in the 

metalimnion (0.34 mg/L) and at the bottom of the hypolimnion (1.6 mg/L). Sulfide appeared 

once nitrate was completely depleted, reaching 1.3 mg/L at 73 m. At 2018-RM286, however, 

nitrate was not completely depleted until just above the sediment-water interface, dissolved Mn 

was found at much lower concentrations, peaking near 1.0 mg/L in the mid-hypolimnion, and no 

sulfide was detected throughout the water column (Fig. 3.1G; App. B1). These trends were 

reversed upriver at RM300, where we observed complete nitrate depletion and sulfide 

accumulation, albeit only to 0.16 mg/L sulfide, in the hypolimnion in 2018, but in 2017 we only 

85



M
ay

 2
2,

 2
01

7
Se

pt
 2

3,
 2

01
7

M
ay

 2
2,

 2
01

8
Se

pt
 2

3,
 2

01
8

RM
286

RM
300

RM
286

RM
300

Filter−passing
MeHg (ng/L)
Filter−passing
iHg (ng/L)
Filter−passing
MeHg (%)

Diss. Mn

NO3 (mgN/L)

Sulfide

Dissolved O2

Temperature

A.

B.

C.

D.

E.

F.

G.

H.

0 2 4 6

0

20

40

60

0 10 20 30

DO (mg/L)

Temp. (C)

D
ep

th
 (m

)

0

20

40

60

0.0 0.5 1.0 1.5 2.0
Concentration (mg/L)

D
ep

th
 (m

)

0.00 0.25 0.50 0.75 1.00

0

20

40

60

0 1 2 3

Percent MeHg

Concentration (ng/L)

D
ep

th
 (m

)

0 2 4 6

0

20

40

60

0 10 20 30

DO (mg/L)

Temp. (C)

D
ep

th
 (m

)

0

20

40

60

0.0 0.5 1.0 1.5 2.0
Concentration (mg/L)

D
ep

th
 (m

)

0.00 0.25 0.50 0.75 1.00

0

20

40

60

0 1 2 3

Percent MeHg

Concentration (ng/L)

D
ep

th
 (m

)

0 2 4 6

0

20

40

60

0 10 20 30

DO (mg/L)

Temp. (C)

D
ep

th
 (m

)

0

20

40

60

0.0 0.5 1.0 1.5 2.0
Concentration (mg/L)

D
ep

th
 (m

)

0.00 0.25 0.50 0.75 1.00

0

20

40

60

0 1 2 3

Percent MeHg

Concentration (ng/L)

D
ep

th
 (m

)

0 2 4 6

0

20

40

60

0 10 20 30

DO (mg/L)

Temp. (C)

D
ep

th
 (m

)

0

20

40

60

0.0 0.5 1.0 1.5 2.0
Concentration (mg/L)

D
ep

th
 (m

)

0.00 0.25 0.50 0.75 1.00

0

20

40

60

0 1 2 3

Percent MeHg

Concentration (ng/L)

D
ep

th
 (m

)

86



Figure 3.1: Initial site of oxygen depletion influences redox state and MeHg accumulation in 

late fall. Plots A-D are heatmaps of the interpolated dissolved oxygen (DO) profiles of 

Brownee reservoir. In 2017, oxygen was depleted initially in May in the deep hypolimnion 

from RM 295 down to the dam at RM284 (A), which then expanded to fill the hypolimnion 

by the time of sampling in September 2017 (B). In May of 2018, oxygen was initially depleted 

between RM300 and RM305 (C). By September (D), the entire hypolimnion from RM305 to 

the dam had no detectable oxygen. Plots E-H show vertical profiles of temperature, 

dissolved oxygen, manganese, nitrate, sulfide, inorganic Hg, MeHg, and percent MeHg in 

2017 (E and F) and 2018 (G and H) at RM286 and RM300. Redox profiles show that even in 

September, the hypolimnion is more reduced at the site of initial oxygen depletion in these 

two years. Shaded gray boxes show approximate location of metalimnion. 
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observed nitrate depletion at the lowest depth (52 m) and no sulfide accumulation (Figs. 3.1F,H; 

Fig. S3.2).  

The progression of anoxia in 2019 was similar to that during 2018, with anoxia 

developing initially near RM305 (Fig. 3.2A). By the time of sampling in late July, anoxia had 

spread up- and down-stream, reaching over 100 km upstream from the dam up to RM325 (Fig. 

3.2B).  However, the hypolimnion at RM300 and RM310 at that time was far less reduced than it 

was during our previous years of sampling (Figs. 3.2C-D). While we do not have a sonde cast at 

RM300 for this sample date, examination of routine profiles collected by Idaho Power before 

and after this date suggest the thermocline and oxycline was at approximately 45 m. Nitrate was 

elevated at RM300 below the thermocline compared to RM310 (Figs. 3.2C-D). However, the 

nitrate to chloride ratio remained the same, suggesting this higher concentration was caused by 

transport from upstream rather than in situ production of nitrate.30 Mn began to accumulate at 50 

m, up to over 0.8 mg/L. At RM310, Mn had not accumulated as far up the water column, 

suggesting that the hypolimnion was less reduced at RM310 than at RM300 (Figs. 3.2C-D). 

Hg speciation: Mid-water column maximums in MeHg in the metalimnion and the 

hypolimnion suggest MeHg production was occurring in the water column at multiple dates and 

locations. Filter-passing iHg is thought to be more available to Hg-methylators and the MeHg 

pool is dominated by the dissolved fraction at most sampling locations, so the results presented 

here will be focused on the dissolved fractions for both MeHg and iHg (Figs. 3.1 and 3.2). Both 

particulate and dissolved iHg and MeHg profiles are available in Fig. S3.4-6. Throughout all 

profiles, filtered iHg ranged mostly consistent, from approximately 0.2 ng/L to 0.4 ng/L, only 

increasing above that when sulfide appeared (Fig. 3.1E,H). On the other hand, MeHg exhibited 

differences across years and stations, but generally peaked in both the meta- and hypolimnion 
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 Figure 3.2: Early oxygen depletion leads to a more reduced water column but not necessarily more MeHg 

in summer 2019. Interpolated profiles of dissolved oxygen (DO) in Brownlee from May (A) and July (B) of 

2019 are shown as heatmaps. Oxygen was initially depleted in May between RM300 and RM305 (A) and 

spread throughout most of the hypolimnion from RM325 down to the dam at RM286 (B). Vertical profiles 

of temperature, dissolved oxygen, manganese, nitrate, sulfide, inorganic Hg, MeHg, and percent MeHg 

show more reduced conditions at RM300 (C) than at RM310 (D). Despite more reduced conditions at 

RM300, MeHg levels were higher in the hypolimnion of RM310. 
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(Fig. 3.1E-H; 3.2C-D). Depths with detectable oxygen had very low MeHg levels. MeHg was 

higher under oxygen-depleted conditions, even while nitrate was still present. MeHg 

accumulated in the metalimnion of RM286 to higher levels in 2017 (0.5 ng/L) than 2018 (0.3 

ng/L). There was also more MeHg in the hypolimnion at 2017-RM286 (>3 ng/L), as compared to 

2018. Interestingly, MeHg levels at 2018-RM286 peaked to 1.2 ng/L in the middle of the 

hypolimnion. At RM300, MeHg was abundant in both the meta- and hypolimnion in both 2017 

and 2018 but reached higher concentrations (>2 ng/L) in 2018. Due to the consistency of the iHg 

concentrations, the trends in fraction MeHg values matched the MeHg values closely, except for 

at the sulfidic depths, where the fraction MeHg began to level off (Fig. 3.1E-H; 3.2C-D). HCC is 

a remarkably efficient Hg-methylating system, with over 75% of the total Hg pool present at 

MeHg at some depths. 

Metagenomic data: We generated shotgun metagenomes from 34 different samples 

collected at RM286 and RM300 in September 2017 and 2018 and at RM300 and RM310 in 

2019. Before trimming and read merging, the metagenome read count ranged from 16 million to 

478 million paired-end reads (Table S1). Metagenomes from 2017 and 2018 were grouped into 

clusters based on Mash similarity and coassembled within that cluster. Metagenomes from 2019 

were assembled individually due to there being fewer metagenomes, each with a greater read 

count. Metagenomes from 2017 were also all coassembled together. The coassembly for 2018 

was not completed due to memory constraints on the computing cluster. Assembly statistics are 

shown in Table S2. 

Microbial metabolic potential: To confirm potential activity of terminal electron-

accepting processes (TEAPs), we searched the assembled metagenomes for genes encoding 

TEAP pathways. In 2017 and 2018, narG gene was most abundant at the sharpest nitrate 
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gradients, at both RM286 and RM300, further suggesting that nitrate reduction was occurring at 

these locations (Fig. S3.1-2). These genes also appeared in the hypolimnetic depths during 2019, 

although there was not a substantial decrease in nitrate yet at this time (Fig. S3.3). Mn- and Fe-

reduction can be mediated by a wide variety of protein complexes and there are likely many that 

have not yet been characterized. However, we did observe elevated abundance of homologs of 

extE, which is involved in Mn- and Fe-reduction26, at 50 m at RM300 in 2019, coincident with a 

peak in dissolved Mn (Fig. S3.3). These genes were not present in the metalimnion at RM286 

and RM300 in 2017 and 2018, despite the evidence for Mn reduction at those locations (Fig. 

S3.1-2). We also searched for reductive dsrA and dsrD genes as markers for sulfide reduction. At 

RM286, these genes were identified in the deep hypolimnion in 2017, coincident with the 

appearance of sulfide, but not in 2018, when there was no detectable sulfide (Fig. S3.1). At 

2017-RM300, there was a small increase in dsrAD at the deepest two samples despite the lack of 

sulfide accumulation, whereas in 2018-RM300, dsrAD peaked just under the oxic/anoxic 

interface, which was coincident with a peak in sulfide (Fig. S3.2). 

Assembly-based hgcA sequence abundance: We identified 26 unique HgcA amino acid 

sequences in the ORFs across all metagenomes (Fig. S3.7). Additional hgcA data is shown in 

Table S3. HgcA sequences were only analyzed further if they had the cap helix domain required 

for methylation activity and at least four transmembrane domains at the C-terminus end. Most 

hgcA genes had a hgcB gene immediately downstream. For four hgcA genes, the scaffold 

terminated immediately after the hgcA, suggesting the hgcB was simply not assembled into the 

contig. There were also three hgcA sequences that had ORFs downstream that were not hgcB. 

Because it has been shown that the hgcB gene can be located elsewhere on the genome and still 

be functional61–63, we kept these sequences in the analyses. We observed similar trends in hgcA 
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Figure 3.3: MeHg levels correlate to hgcA gene abundance in 2017 and 2018. Depth profiles of 

MeHg and hgcA gene abundance are shown in (A) for RM286 and RM300 from 2017 and 2018. 

The hgcA abundance is normalized to the mean abundance of 16 ribosomal protein genes. 

MeHg concentration were plotted against the hgcA coverage for all dates and depths (B). 

Values on both axes were log-transformed to achieve a normal distribution. Linear regression 

showed significant correlation between MeHg concentrations and hgcA (p = 0.0017). 
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gene abundance and MeHg concentrations across the different stations and years (Fig. 3.3A). 

Abundance of hgcA was highest in the two samples with sulfide accumulation, but hgcA was also 

present at all depths under suboxic conditions (Fig. 3.3A-B). There were few reads that mapped 

to the hgcA gene in oxygenated waters. The depth profiles for hgcA and MeHg tracked each 

other closely in 2017 and 2018, excluding one hypolimnetic sample in RM286 in 2018, where 

there was no peak in hgcA coverage in the upper hypolimnion despite a prominent MeHg peak 

(Fig. 3.3A). Overall, we observed a linear correlation (p = 0.0017, R2 = 0.30) between hgcA and 

dissolved MeHg levels under log transformation (Fig. 3.3B). 

Genome reconstruction of Hg-methylators: To assign taxonomy and predict metabolic 

potential of the hgcA+ organisms found in each section of the water column, we constructed and 

curated genomic bins containing hgcA (hgcA+). We identified 16 medium-quality64 hgcA+ bins 

(> 50% completeness, < 10% redundant) that were grouped into 10 metagenome operational 

taxonomic units (mOTUs), within which bins shared >97% ANI and >50% gene alignment. 

Phylogenetic reconstruction and metabolic pathway identification returned nearly identical 

results for each of the bins within a mOTU, so here we will describe these results for one 

selected representative within each mOTU. Most phylogenetic clusters of hgcA included at least 

one binned hgcA sequence (Fig S.3.8). Metabolic gene content data can be found in 

Supplementary Data 2. 

Fermentative Hg-methylators: We identified four mOTUs corresponding to putative 

fermentative organisms within the Planctomycetes-Verrucomicrobia-Chlamydia (PVC) 

superphylum (Fig. S3.9). Three of these were in the Kiritimatiellaeota phylum. Two, represented 

by anvio_hgcA_0261 and anvio_hgcA_0040, were recovered from the 2017 metagenomes and 

one (anvio_hgcA_0110) from the 2018 metagenomes (Fig. 3.4A). The mOTUs from the two 
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Figure 3.4: Depth profiles for hgcA+ bin from different metabolic guilds. We identified four 

fermentative bins, three from 2017 (A) and one from 2018 (B). This bins are thought to be 

involved in the breakdown of large organic matter and fermentation of the resulting 

products. We also identified two high redox respiration bacteria (HRRB) that can reduce 

Mn oxides and nitrate, one each in 2018 (C) and 2019 (C). Finally, we also identified four 

hgcA+ sulfate reducers, three Desulfobacterales from 2017 (E) and one Syntrophales from 

2019 (F). These data show that different geochemical factors could be controlling MeHg 

production from year to year and at different depths. 
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separate years are phylogenetically separated, but both cluster with hgcA+ PVC mOTUs from 

the anoxic hypolimnion of a eutrophic freshwater lake28 (Fig. S3.9). These three bins all 

correspond to obligately fermentative organisms. They appear to have been polysaccharide-

degrading organisms, as each bin had at least 78 glycoside hydrolases (GHs). The main 

difference in metabolic genes between the two bins from 2017 is that anvio_hgcA_0261 has the 

nitrite reductase operon nrfAH. Interestingly, these two bins also shared similar abundance 

patterns in 2017 except that anvio_hgcA_0261, with nrfAH, peaked in the metalimnion at 

RM286 in addition to the hypolimnion (Fig. 3.4A). This could indicate a greater tolerance of 

suboxic conditions, potentially due to the ability to detoxify nitrite. The fourth bin, 

anvio_hgcA_0220, was classified into the Lentisphaerae phylum. This bin was most abundant at 

45 m at RM286 in 2017, where nitrate levels were still around 0.6 mg/L (Fig. 3.4B). This bin 

corresponds to an obligately fermentative organism, as it had no electron transport chain, but it 

did encode an anaerobic sulfite reductase and the cydAB terminal oxidase. Unlike the 

Kiritimatiellaeota bins, this bin did not appear to specialize in polysaccharide degradation with, 

only 22 GHs. 

High-redox respiratory Hg-methylators: Two of the representative bins, 

anvio_hgcA_0130 and anvio_hgcA_0210, encoded metabolic pathways for terminal electron 

accepting processes (TEAPs) at higher redox levels (more oxidized conditions) than commonly 

associated with Hg-methylation. The anvio_hgcA_0130 bin was classified into the 

Prolixibacteraceae family within the Bacteroidales order (Fig. S3.10). A previous study 

identified hgcA+ Bacteroidales genomes from isolate genomes and environmental studies25, but 

none within Prolixibacteraceae. This bin had a complete aerobic electron transport chain, 

multiple terminal oxidases, and nitrate reductase. It also had several genes that encode pathways 
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for external electron transfer (EET), including an outer-membrane multiheme cytochrome c 

(MHC) genes annotated as extA26 with an adjacent periplasmic MHC. It also included the imcH 

gene, which has been shown to be used for EET to high-redox TEAs65. This bin was recovered 

from the 2018 metagenomes and was most abundant in the metalimnion at RM286, only at the 

depth where reduced Mn was detected (Fig. 3.4C). It also had a small peak in abundance at 

RM300 in the metalimnion. The anvio_hgcA_0210 bin was reconstructed from 2019 

metagenomes and was classified by GTDB as Pelobacteraceae, which is closely related to the 

Geobacteraceae. This bin is most abundant at 50m at RM300 in 2019, where dissolved Mn 

rapidly increases, suggesting a potential hotspot for Mn cycling (Fig. 3.4D). This bin contained 

several genes encoding pathways for EET, including extE homologues, which encoding a porin-

cytochrome c complex26 and imcH and cbcL, which facilitate EET to high and low redox TEAs, 

respectively66. Overall, it includes 23 multiheme cytochrome c (MHC) genes, which are often 

linked to EET processes. This bin also encodes a coxACDB terminal oxidase and nrfAH. While 

these could be used for respiration of oxygen or nitrite, respectively, both genes can be found in 

metal-reducing Geobacteraceae and are thought to be involved in oxygen/nitrite detoxification67. 

Sulfate-reducing Hg-methylators: We also recovered four bins from 2017 and 2019 that 

correspond to sulfate-reducing bacteria (SRB). Three of these bins were classified as 

Desulfobacterales and the fourth was a Smithellaceae, within the Syntrophobacterales order. 

These bins each had at least partial reductive dsr operons and an electron transport chain, 

including either complex I or an rnf operon. In 2017, these bins were only present when sulfide 

was detected in the water column (Fig. 3.4E). However, in 2019, the Smithellaceae was detected 

at low abundance at 56 m at RM300, despite a lack of sulfide accumulation and about 1.4 mgN/L 

of nitrate present (Fig. 3.4F, 3.2C). 
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Abundance of Hg-methylating groups: Using the taxonomy of hgcA+ bins from this study 

and a phylogenetic reconstruction of the HgcA sequences along with HgcA sequences from the 

Hg-MATE database55 and several recently published papers28,68, we assigned a phylogenetic 

affiliation for each hgcA gene. However, it is important to note that prior work suggests that 

hgcA has likely undergone extensive horizontal gene transfer (HGT)25,59,69 and thus taxonomic 

assignment of an organism based on the phylogeny of this gene should be interpreted with 

caution. Using this inferred information, we generated profiles of the taxonomic composition of 

hgcA at each RM across the three years (Fig. 3.5). Each of these hgcA sequences was also 

assigned a metabolic function based on the metabolic reconstruction of bins with a closely 

related hgcA gene. We grouped sequences into four groups: fermentative (FERM); high-redox 

respiratory bacteria (HRRB), which included sequences associated with bins expected to reduce 

nitrate and/or Mn oxides; sulfate reducing bacteria (SRB); and methanogens (MET). These 

classifications should also be interpreted with caution, because in addition to the possibility of 

HGT, the metabolic potential of organisms can vary widely within phylogenetically similar 

groups based on differential gene content. 

Overall, we observed drastic differences in the hgcA community from year-to-year, 

throughout the water column, and across different sites, even between locations with relatively 

similar redox states (Fig. 3.5). In 2017 at RM286, FERM sequences dominated the metalimnetic 

hgcA community, particularly the Kiritimatiellaeota (Fig. 3.5A). Lentisphaerae-associated FERM 

sequences were dominant in the upper hypolimnion. In the deep hypolimnion, where sulfide had 

begun to accumulate, hgcA abundance was much higher, which was about 2/3rd 

Kiritimatiellaeota and 1/3rd SRB from Desulfobacterales. Throughout the profile, there were low 

numbers of HRRB from Bacteroidetes and, surprisingly, methanogens. At RM300 in 2017, the 
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hypolimnion had a similar community to the deep hypolimnion at RM286 (Fig. 3.5B). In 2018, 

hgcA abundance at RM286 was much lower than in 2017 (Fig. 3.5C). It was most abundant in 

the metalimnion at 36 m, where there was a mix of FERM sequences from Firmicutes and 

Kiritimatiellaeota and HRRB from Bacteroidetes. The highest abundance of hgcA in 2018, 

however, was at RM300 in the upper hypolimnion (Fig. 3.5D). Here we observed a mix of SRB 

sequences and FERM sequences, again from Kiritimatiellaeota. In 2019, hgcA was even lower in 

abundance. At RM300, hgcA peaked in the middle of the hypolimnion (Fig. 3.5E). HRRB 

sequences from Pelobacterales were the most abundant, followed by several unknown sequences 

that did not cluster closely with any known hgcA sequences. The hgcA pool at RM310 was low 

in abundance, but what was there was mostly Pelobacterales again (Fig. 3.5F). 

Discussion 

While hypolimnetic MeHg accumulation has often been considered to occur primarily in 

the sediment and subsequently diffuse into the water column, a growing body of evidence28,68,70–

72 indicates that MeHg production within the water column can be an important source of MeHg 

to freshwater lacustrine systems. Additionally, water column Hg methylation is likely more 

important for food web bioaccumulation than benthic Hg methylation due to its proximity to the 

epilimnion and zooplankton foraging habits. The data presented here suggest that water column 

MeHg production is an important source of MeHg production for this system. Across all sites, 

dates, and depths, we observed a linear correlation between the MeHg concentrations in the 

water column and the hgcA gene abundance (Fig. 3.3B). This provides strong evidence for the 

importance of water column Hg-methylation in either producing or maintaining the pool of 

MeHg in the water column. In 2017 at RM286 (Fig. 3.1E) and RM300 (Fig. 3.1F), MeHg 
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concentrations decreased nearly linearly coming out the sediments. While this could in theory be 

explained by diffusion or dispersal, the downward hydraulic gradient at these locations, with 60-

80 meters of head, is likely pushing water into the sediments, which would overwhelm any 

diffusion or dispersal moving MeHg upwards. In 2018, the MeHg gradients at these two sites 

were very different, where there were clear mid-column peaks in MeHg concentrations, strongly 

suggesting in situ MeHg production rather than efflux from the sediments (Figs. 3.1G-H). One 

surprising finding, however, was the low abundance of hgcA genes at 60 meters at RM286 in 

2018, where we observed high MeHg concentrations (Fig. 3.3A). Water column production is 

also backed up by “corewater” profiles, which are obtained by collecting a short sediment core 

and drawing off the water overlying the sediments at approximately 20 cm intervals to examine 

chemical gradients immediately overlying the sediments. The gradients in these corewater 

profiles show that in late fall, from approximately RM300 to the dam downstream at RM284, 

there is no MeHg flux out of the sediments.30 

In 2019, the MeHg concentrations and the hgcA abundance in the hypolimnion did not 

match up as we would have expected. MeHg was highest this year at RM310, where there was 

very low hgcA coverage (Fig. 3.2D, 3.5F). This suggests that the MeHg at RM310 was being 

produced in the sediments and diffusing into the bottom of the hypolimnion. This is also 

supported by the corewater data, which suggests that diffusive flux of MeHg out of the sediments 

occurs upstream of RM305.30 On the other hand, at RM300, where corewater profiles suggest 

there is no diffusive flux out of the sediments30, MeHg concentrations in the water column are 

very low despite the presence of hgcA (Fig. 3.2C, 3.5E). The lack of nitrate depletion suggests 

that this water had only recently become depleted in oxygen and that MeHg production in the 

water column at this site had just started (Fig. 3.2C). Collectively, this data suggests that the 
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relative importance of water column vs. sediment production of MeHg may vary spatially and 

temporally. 

We also observed MeHg accumulation in the metalimnion at RM286 during 2017 and 

2018 (Figs. 3.1E,G). Because the metalimnion sits above water that has much lower MeHg 

concentrations, this cannot be explained by diffusion from the sediments. During fall and early 

winter, the cooling riverine water flowing into Brownlee drops below the warmer epilimnion and 

becomes “interflow” moving through the metalimnion.73 This interflow shears off layers of 

stratification in the hypolimnion, carrying the former hypolimnetic water downthrough through 

the reservoir and ultimately through the dam.3 During both years, there was substantial interflow 

moving through the metalimnion, which indicates that at least some of that metalimnetic MeHg 

could have originated in hypolimnetic water upstream. However, the elevated MeHg at the 

bottom of this interflow, where hgcA is also highest, suggest that this region is still an important 

source for in situ Hg-methylation as it flows through the reservoir (Figs. 3.1E,G). While MeHg 

production and concentration may be higher in the hypolimnion than the metalimnion, aerobic 

zooplankton and fish are unlikely to migrate through 30-50 m of anoxic water to reach these high 

MeHg levels. The proximity of the metalimnion to the aerobic epilimnion and therefore to the 

base of the food web means this is an important source of MeHg to consider.74 

Reservoirs, particularly those used for hydroelectric power generation, are complicated 

and highly dynamic systems, which can have a major impact on Hg cycling in the system. In 

2017, anoxia initially developed in the bottom water at RM286, due to incomplete flushing of the 

hypolimnion from 2016 (Fig. 3.1A). By September, RM286 had a lower redox status than 

RM300, as evidenced by the loss of nitrate and the appearance of sulfide and sulfate-reducing 

genes (Figs. 3.1E; Fig. S3.1A). Conversely, in 2018, anoxia developed between RM300 and 
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RM305 and by September of that year, the hypolimnion at RM300 was at a lower redox state 

relative to RM286 further downstream (Figs. 3.1C,G-H; Fig. S3.1B). This spatial difference in 

redox status between years is reflected in both the MeHg concentrations and hgcA abundance 

data, where we saw higher concentrations of MeHg and abundance of hgcA at RM286 than at 

RM300 in 2017, but in 2018 the MeHg and hgcA abundance were greater at RM300 (Figs. 3.1E-

H, 3.3A). In 2019, when our sampling was much earlier in the year, anoxia initially developed 

near RM300 (Fig. 3.2A). At the time of sampling, the hypolimnion at RM300 had more Mn in 

the water column and had more hits to the EET and sulfite reductase genes, suggesting the water 

was in a much more reduced state than at RM310 (Fig. S3.3). Correspondingly, we saw much 

higher levels of hgcA at RM300, despite the higher levels of MeHg at RM310, which was likely 

due to MeHg diffusion out of the sediments (Figs. 3.2C-D, 3.5E-F). These variations in where 

MeHg is produced in the water column are likely to be translated to spatial differences in MeHg 

bioaccumulation in the food web throughout the reservoir. Additionally, when and where the Hg-

methylating microbes are producing MeHg in the reservoir can also determine when and where it 

is mixed into the interflow and moved through the dam.3,7 While some of the MeHg production 

may have been produced after the water was mixed into the interflow, the “age” of anoxia of that 

water parcel is still related to the overall MeHg levels. Overall, the data presented here show how 

different hydrological conditions can impact the redox status of the water, which can impact the 

microbial community composition and metabolism, which subsequently determines the location 

and extent of MeHg production. This ultimately has major implications for how MeHg moves 

throughout the reservoir and accumulates in the food web and for how the reservoir acts as a 

MeHg source to downstream waters.  
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This work presents a strong case for the importance of MeHg production in suboxic 

environments rather than strictly in anoxic environments. The geochemical profiles presented 

here indicate that water column Hg-methylation is occurring at depths where nitrate is still 

present, which is confirmed by the presence of hgcA at these depths. Vertical gradients in nitrate 

suggest that nitrate reduction is actively occurring at these depths, which is also supported by the 

abundance of the narG genes in the metagenomes. We did not observe high concentrations of 

particulate Mn, presumed to be mostly Mn(IV) oxides, which are the TEA in Mn reduction. 

However, Mn oxides can cycle rather quickly at steep oxic gradients.75,76 The presence of EET 

genes at some of these depths further suggests Mn reduction as an active TEAP in the Brownlee 

water column. Combined with the lack of sulfide accumulation or dsr genes at these depths and 

the evidence that MeHg is produced in the water column, the presence of nitrate and Mn 

reduction pathways indicates that the observed MeHg is produced under suboxic conditions. 

While previous studies have identified MeHg production in suboxic environments, most 

have hypothesized that the actual Hg-methylation is occurring in anoxic niches.20,21 However, the 

metabolic gene data from the hgcA+ bins suggests that Hg-methylation can be facilitated by 

microorganisms living under true suboxic conditions. The hgcA+ mOTUs associated with 

Prolixibacteraceae and the Pelobacteraceae both contain genes for terminal oxidases, nitrate or 

nitrite reduction, and EET genes normally used for reduction of Mn and Fe oxides. While they 

contain all these pathways, both bins were not found in the epilimnion and peaked in abundance 

at the metalimnion, Prolixibacteraceae in 2018 at RM286 and RM300, Pelobacteraceae at 

RM300 in 2019 (Fig 3.4A-B). This suggests that despite their terminal oxidases, they are more 

competitive under suboxic rather than fully oxic conditions. Previous work identified a hgcA+ 

Pelobacteraceae bin closely related to the one presented here that had a similar set of metabolic 
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genes.28 The bin from that study also peaked in abundance at a site of suspected Mn cycling, just 

under the oxic/anoxic interface in the water column of a freshwater lake.28 Bacteroidetes bins 

carrying hgcA and a similar diversity of TEAP pathways were reconstructed from that same lake, 

but were present throughout the anoxic hypolimnion.28 Other studies have identified hgcA 

sequences likely from Geobacter, which are closely related to Pelobacteraceae and also often 

reliant on Fe or Mn reduction, or Pelobacter in rice paddy77 and lake78,79 sediments. While Mn 

respiration has not yet been shown to be capable of driving MeHg production, Fe-reducing 

Geobacter are also capable of reducing Mn66,80 and are known to be rapid Hg-methylators81,82. 

Additionally, several other studies have identified possible links between environmental Mn 

reduction and MeHg production83,84. Nitrate reduction, on the other hand, has been identified in 

hgcA+ bins24,28 but has not been implicated in MeHg production. Experimental verification of 

these potential metabolic linkages in the lab and in the field is a critical next step for 

understanding the role of nitrate and Mn reduction in controlling MeHg.  

One of the most abundant groups of hgcA genes in our samples was associated with the 

PVC superphylum. Three of the four hgcA+ bins belonged to the Kiritimatiellaeota phylum and 

one was associated with the Lentisphaerae phylum (Fig S3.9). These bins were phylogenetically 

and metabolically similar to the most abundant hgcA+ bins from the anoxic hypolimnion of a 

freshwater lake, where PVC-associated, mostly Kiritimatiellaeota-associated, hgcA sequences 

accounted for about 50% of the Hg-methylating population.28 Two hgcA+ Kiritimatiellaeota bins 

were identified in another anoxic freshwater lake, although these two were quite 

phylogenetically distinct from the HCC bins (Fig S3.9).68 Analysis of the metabolic pathways 

present in the PVC bins from this study indicate they represent obligately fermentative 

organisms with potential for polymer degradation, which is also consistent the two studies 
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discussed above28,68. The Kiritimatiellaeota had more cellulases and oligosaccharide-degrading 

genes, while the Lentisphaerae included several chitinases and pullanases. Their likely role in 

these ecosystems is to initiate decomposition of phytoplankton biomass that is sinking through 

the redox cline, suggesting a particularly important role in eutrophic systems. Thus, these 

organisms could be a direct link between complex carbon degradation and fermentation to 

production of MeHg, regardless of TEAP activity. The emergence of Kiritimatiellaeota, and to a 

lesser extent Lentisphaerae, as abundant Hg-methylating organisms within the water column of 

freshwater lakes warrants further study. More generally, this study corroborates a growing body 

of evidence that fermentative organisms are often the most abundant putative Hg-methylating 

organisms in freshwater ecosystems.28,68 While fermentative organisms tend to produce less 

MeHg than respiratory organisms under laboratory conditions, these cultures are not closely 

related to what we see in the environment and these monoculture conditions are likely very 

different than what the organisms experience in situ, which may affect their MeHg production. 

Thus, additional work using functional assays to test the impact of these organisms on MeHg 

production will be key to clarifying if these organisms represent an overlooked direct link 

between carbon degradation and Hg-methylation. 
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Appendix to Chapter 3: Supplementary tables and figures 

Supplementary Tables: All supplementary data and tables can be found here: 
https://figshare.com/account/home#/projects/117342 

Supplementary Data 3.1: Includes all supplementary tables.  
Table S1: Metagenome reads counts.  
Table S2: Assembly statistics for all 12 assemblies used in analyses. 
Table S3: hgcA information, including quality, classifications, binning, hgcB information and 
abundance. 

Supplementary Data 3.2: Includes quality and subset of metabolic data for hgcA+ bins. 

Supplementary Figures: 

Figure S3.1: Profiles of physical and geochemical parameters and gene abundances of selected 
genes at RM286 in 2017 (A) and 2018 (B). Gene abundances for narG, dsrA, and dsrD are 
normalized to the mean abundance of 16 ribosomal proteins. narG is a respiratory nitrate 
reductase. dsrA and dsrD are two genes in the operon encode dissimilatory sulfite reductase. We 
only included dsrA were confirmed to be from the reductive class of dsrA.  

Figure S3.2: Profiles of physical and geochemical parameters and gene abundances of selected 
genes at RM300 in 2017 (A) and 2018 (B). Gene abundances for narG, dsrA, and dsrD are 
normalized to the mean abundance of 16 ribosomal proteins. narG is a respiratory nitrate 
reductase. dsrA and dsrD are two genes in the operon encode dissimilatory sulfite reductase. We 
only included dsrA were confirmed to be from the reductive class of dsrA.  

Figure S3.3: Profiles of physical and geochemical parameters and gene abundances of selected 
genes in 2019 at RM300 (A) and RM310 (B). Gene abundances for narG, extE, dsrA, and dsrD 
are normalized to the mean abundance of 16 ribosomal proteins. narG is a respiratory nitrate 
reductase. The extE genes all have adjacent multiheme cytochrome c genes and were 
phylogenetically closely related to extE. dsrA and dsrD are two genes in the operon encode 
dissimilatory sulfite reductase. We only included dsrA were confirmed to be from the reductive 
class of dsrA.  

Figure S3.4: Profile of Hg species with supplementary geochemistry data from RM286 in 2017 
(A) and 2018 (B). DO = dissolved oxygen in mg/L; Mn = dissolved manganese in mg/L; iHg =
inorganic mercury in ng/L; MeHg = methylmercury in ng/L.

Figure S3.5: Profile of Hg species with supplementary geochemistry data from RM300 in 2017 
(A) and 2018 (B). DO = dissolved oxygen in mg/L; Mn = dissolved manganese in mg/L; iHg =
inorganic mercury in ng/L; MeHg = methylmercury in ng/L.
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Figure S3.6: Profile of Hg species with supplementary geochemistry data in 2019 from RM300 
(A) and RM310 (B). DO = dissolved oxygen in mg/L; Mn = dissolved manganese in mg/L; iHg
= inorganic mercury in ng/L; MeHg = methylmercury in ng/L.

Figure S3.7: Alignment of HgcA amino acid sequences identified from this study. This includes 
all identified sequences before dereplication. The entire sequence is shown in (A), while (B) is 
zoomed in on the corrinoid-binding domain. Purple line outlines the highly conserved cap helix 
domain.  

Figure S3.8: Maximum likelihood phylogenetic tree of HgcA amino acid sequences. Tree was 
generated using RAxML and was rooted using paralog sequences that were included in tree 
generation and removed later. 

Figure S3.9: Maximum likelihood phylogenetic tree of concatenated alignment of 16 ribosomal 
proteins from bins within the Kiritimatiellaeota and Lentisphaerae phyla. References were 
obtained from NCBI RefSeq and GenBank databases. Tree was generated using RAxML and 
was rooted using two Planctomycetes genomes (shown in tree). 

Figure S3.10: Maximum likelihood phylogenetic tree of concatenated alignment of 16 ribosomal 
proteins from bins within the Bacteroidales order. References were obtained from the NCBI 
RefSeq and GenBank databases. Tree was generated using RAxML and was rooted using two 
Flavobacteriales genomes (shown in tree). 
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Figure S3.1 

 
  

D
is

so
lv

ed
 o

xy
ge

n 
(m

g/
L)

0
10

20

6040200

Te
m

pe
ra

tu
re

 (˚
C

)

0
2.

5
5

0.
0

0.
5

1.
0

1.
5

6040200

N
itr

at
e

N
itr

at
e 

(m
gN

/L
)

0
10

30
50

6040200

na
rG

G
en

e 
ab

un
da

nc
e

0
50

0
15

00

6040200

M
n

M
n 

(u
g/

L)

M
n 

(d
is

s.
)

M
n 

(p
ar

t.)

0
20

60
10

0

6040200

Fe

Fe
 (u

g/
L)

Fe
 (d

is
s.

)
Fe

 (p
ar

t.)

0.
0

0.
5

1.
0

1.
5

6040200

Su
lfi

de

Su
lfi

de
 (m

g/
L)

0
1

2
3

4

6040200

R
ed

uc
tiv

e 
ds

r

G
en

e 
ab

un
da

nc
e

ds
rA

ds
rD

0
10

20

6040200

Te
m

pe
ra

tu
re

 (˚
C

)

0
2.

5
5

0.
0

0.
5

1.
0

1.
5

6040200

N
itr

at
e

N
itr

at
e 

(m
gN

/L
)

0
10

30
50

6040200

na
rG

G
en

e 
ab

un
da

nc
e

0
50

0
15

00

6040200

M
n

M
n 

(u
g/

L)
0

20
60

10
0

6040200

Fe

Fe
 (u

g/
L)

0.
0

0.
5

1.
0

1.
5

6040200

Su
lfi

de

Su
lfi

de
 (m

g/
L)

0
1

2
3

4

6040200

R
ed

uc
tiv

e 
ds

r

G
en

e 
ab

un
da

nc
e

D
is

so
lv

ed
 o

xy
ge

n 
(m

g/
L)

2017 2018
A. B.

D
is

so
lv

ed
 O

2
Te

m
pe

ra
tu

re

 

114



Figure S3.2 
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Figure S3.3 
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Figure S3.4

 
  

D
ep

th
 (m

)
D

ep
th

 (m
)

20
17

20
18

0 2 4 6

60
40

20
0

DO (mg/L)

20
17

0 0.4 0.8 1.2

0 0.6 1.2 1.8
Mn (mg/L)

Nitrate (mgN/L)

DO
Nitrate
Mn

0.0 0.5 1.0 1.5

60
40

20
0

iHg

iHg (ng/L)

Dissolved
Particulate

0 1 2 3 4

60
40

20
0

MeHg

MeHg (ng/L)

Dissolved
Particulate

0.0 0.4 0.8

60
40

20
0

MeHg

Fraction MeHg

Dissolved
Particulate

0 2 4 6

60
40

20
0

DO (mg/L)

20
18

0 0.4 0.8 1.2

0 0.6 1.2 1.8
Mn (mg/L)

Nitrate (mgN/L)

DO
Nitrate
Mn

0.0 0.5 1.0 1.5

60
40

20
0

iHg

iHg (ng/L)

Dissolved
Particulate

0 1 2 3 4

60
40

20
0

MeHg

MeHg (ng/L)

Dissolved
Particulate

0.0 0.4 0.8

60
40

20
0

MeHg

Fraction MeHg

Dissolved
Particulate

A.

B.

117



Figure S3.5 
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Figure S3.6 
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Figure S3.7 
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Figure S3.8 
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Figure S3.9 
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Figure S3.10
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Chapter 4: Microbial constraints on methylmercury production along a sulfate 

gradient in the Florida Everglades. 
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Abstract 

Methylmercury (MeHg) production is constrained by both abiotic geochemical factors 

that control inorganic mercury (iHg) bioavailability to methylating organisms and biotic factors 

that control MeHg production. Geochemical influences on iHg bioavailability include inorganic 

sulfide levels and dissolved organic matter (DOM) composition, but the influence of the in situ 

microbial community on MeHg production is poorly understood. In this study, we used stable 

isotope-enriched Hg tracer incubations with an array of different porewaters used for tracer 

preparation. By using these multiple tracer preparations, we separately characterized the impact 

of the bioavailability of the Hg tracer due to porewater matrix composition and the Hg-

methylating capacity of the microbial community in the sediment core on the production of 

MeHg. Incubations were paired with shotgun metagenomic sequencing to characterize the Hg-

methylating community. The relative Hg methylation capacity increased as sulfate levels 

decreased and was significantly correlated with the relative abundance of the Hg-methylating 

gene hgcA. Hg-methylating organisms were dominated by methanogenic archaea and an array of 

non-traditional Hg-methylators, including some from Spirochaetes, Chloroflexi, and 

Aminicenantales. These results show that hgcA abundance can be a reliable marker for Hg-

methylation capacity of microbial communities and that, at least in these sediments, Hg-

methylation capacity of the microbial community is a limiting factor on MeHg production under 

high sulfide conditions, but not under low sulfide conditions. More broadly, this work provides a 

framework to measure the relative Hg-methylation capacity of the microbial community in 

isolation and probe the microbial community underlying that capacity using molecular 

sequencing tools. 
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Introduction 

Methylmercury (MeHg) is produced under low-redox environments by organisms with 

the hgcA gene1. MeHg is highly bioaccumulative and can cause Hg enrichment in the aquatic 

food web2, leading to toxic levels in aquatic organisms.3,4 MeHg production is controlled 

primarily by two factors: the abiotic constraint on bioavailability of iHg for active and/or passive 

uptake by methylating organisms5–7 and the Hg-methylating potential of the microbial 

community8–11. Either of these factors can be the rate-limiting step in MeHg production, 

depending on conditions.12 In situ, these factors interact to produce patterns in MeHg loads in 

both the environment and the food web. For example, in sites with a large sulfate/sulfide 

gradient, MeHg often displays a “Goldilocks curve”, where there is high MeHg production at 

intermediate levels of sulfate and low MeHg at the high and low end.13 It is hypothesized that 

this curve is controlled by the interaction of increasing iHg bioavailability and decreasing 

microbial Hg-methylation activity along this gradient.14 The increased bioavailability is ascribed 

to smaller HgS aggregates as decreasing sulfide concentrations lead to reduced HgS 

polymerization. However, bioavailability is also controlled by dissolved organic matter (DOM) 

quantity15,16 and quality, such as the reduced S-content17,18 or the aromaticity19,20, which 

complicate the relationship between water chemistry and MeHg production. The hypothesized 

decrease in microbial Hg-methylation activity is thought to be due to decreased activity of 

sulfate-reducing bacteria (SRB), often thought to be the dominant Hg-methylators in aquatic 

ecosystems1,21,22.  

The influence of microbial methylation capacity and local biogeochemical conditions on 

MeHg production is still poorly understood. Even in the lab, different microbes produce MeHg at 

drastically different rates8,9,23, as do single cultures of microbes under different metabolic 
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conditions24. In natural systems, using the hgcA gene as a marker for methylation capacity25, the 

metabolic and phylogenetic diversity of potential Hg-methylating organisms is expansive.8,26,27 

Even in sulfate-enriched sites, many of the microbes with hgcA (hgcA+) are not SRB but 

included fermentative organisms, putative syntrophs, methanogens, and iron/manganese 

reducers.28–31 Reflective of this diversity is the site-specific response of MeHg production to 

molybdate inhibition31–38 or sulfate amendment22,30. In one sulfide-rich site, sulfate-induced 

reductions in MeHg production were attributed to decreases in hgcA diversity.30 Surprisingly, 

some sites can show molybdate inhibition of MeHg production while identifying few SRB-

associated hgcA at the same site.31,33  Thus, the relationship between the Hg-methylation capacity 

of the microbial community and sulfate reduction may be more complicated than previously 

expected. However, precise comparisons of the microbial methylation capacity across and within 

study systems is difficult due to the interacting effects of abiotic and biotic factors. 

The Florida Everglades is an ideal site to study the impact of sulfate levels on MeHg 

production and accumulation in aquatic food webs. Abundant DOM and warm, shallow waters 

lead to prime biogeochemical conditions for the efficient transformation of iHg into MeHg.39 

This leads to elevated Hg in aquatic food webs, which subsequently results in fish consumption 

advisories for much of the Everglades system.39 This efficient MeHg production has been linked 

to the sulfate gradient caused by sulfate-containing agricultural runoff in the northern Water 

Conservation Area (WCA) 2A, which is diluted as the Everglades become more ombrotrophic to 

the south in WCA-3A.14 MeHg levels exhibit the classic “Goldilocks curve”, with low MeHg 

levels at high and low sulfate concentrations but high MeHg at intermediate concentrations, 

along this gradient in the water column, peat cores, and aquatic food web.13,14 In addition to 

changes in sulfate and sulfide across this gradient, there are changes in the DOM’s S-content40,41 
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and aromaticity42, suggesting a complex array of factors controlling bioavailability of Hg. 

Functional assays and hgcA amplicon sequencing suggest that Hg methylation is mediated by 

phylogenetically and metabolically diverse microorganisms throughout different ecological 

compartments in the Everglades,31,43 highlighting the need to identify the patterns in Hg 

methylation capacity that underlie the MeHg Goldilocks curve. 

In this study, we set out to define shifts in the Hg methylation capacity of the microbial 

community independent of changes in bioavailability and to investigate how the Hg-methylating 

microbial community underlies these shifts. We used the results of a full-factorial Hg 

methylation experiment on the ability of different porewater matrices to quantify the relative Hg 

methylation potential (RMP) of microbial communities in peat across a sulfate gradient in the 

Florida Everglades. We then found a linear relationship between the RMP and relative hgcA 

abundance. We identified a consistent increase in the methylation capacity of the microbial 

community across the sulfate gradient, which correlated closely with an increase in the hgcA 

content of the microbial community. Genome reconstruction suggested that hgcA genes are 

dominated by those associated with methanogenic and fermentative organisms and did not 

include any SRB. This study indicates that the biotic and abiotic factors that underlie the MeHg 

Goldilocks curve are more complicated than previously described and that hgcA gene abundance 

may be a reliable marker for the relative methylation capacity of the microbial community. 

Overall, this study lays the groundwork for mechanistic studies of microbial communities’ 

methylation capacity in situ.  
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Materials and methods 

Study Site: Samples were collected along a hydrologic flow path in Water Conservation 

Areas 2A and 3A in December 2019 (Figure 1a). Agricultural run-off into the northern part of 

the Everglades results in high sulfate levels at the north end that decrease along the flow path. A 

separate control site was sampled in the Arthur R. Marshall Loxahatchee National Wildlife 

Refuge. Nineteen replicate sediment cores were collected at each site, 18 of which were 

dedicated to the factorial methylation experiment and the last for the metagenomic analysis.  

Each core was collected with a 10 cm diameter thin-walled lexan tube that had a medical-grade 

stainless steel cutting edge affixed to the downward end for cutting through the emergent grass 

roots.  The core tubes had pre-drilled 1 mm diameter holes every 1 cm along its length, which 

were sealed with silicone glue.  After the collection of each core, each end of the tube was 

quickly sealed with caps to minimize oxygen intrusion. The core for metagenomic sequencing 

was sealed and stored on ice until it could be frozen on dry ice within 12 hours. Porewater 

samples for geochemistry were collected using a solid Teflon sipper, constructed of 2.5 cm 

diameter Teflon rod that had a 0.5 cm hole bored out over its length and small diameter slits cut 

into the sides of the rod over the last 1 cm.  The sipper was inserted into the peat to a depth of 5 

cm to allow active but gentle pumping of porewater from the 4.5 to 5.5 cm depth interval at each 

site. Porewater to be used as a matrix for the spiking solution were collected from all six 

sampling stations and filtered through an in-line 0.45 µm poresize filter into N2-purged 

collection vessels. Water samples for sulfide analysis were preserved in sulfide anti-oxidant 

buffer and samples for anion analysis were frozen on dry ice. After collection, cores were sealed 

and stored in coolers in the dark until they could be frozen on dry ice within 24 hours of 

collection. 
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Hg methylation incubations: Filtered porewaters were purged with N2 for 20 minutes 

back in the lab, then the enriched 201Hg(II) tracer was added. The tracer was allowed to 

equilibrate for four hours before initiating injections of Hg tracers into each core. For each pair 

of porewater and sediment core (Fig. S4.2), equilibrated tracer was then injected into the center 

of the core at 1 cm intervals over the top 10 cm of the core. Cores were incubated for 24 hours, 

then frozen on dry ice. Back in the lab, the top 2 cm of the frozen sediment core was removed, 

the next 4 cm was homogenized and saved for analysis, and the rest was discarded. 201HgT was 

quantified by oxidation with bromine monochloride and tin reduction coupled to cold vapor 

atomic fluorescence spectrometry.44 Me201Hg was analyzed by distillation, separation with gas 

chromatography, and quantification by isotope dilution using inductively couple plasma mass 

spectrometry.45,46  

DNA Extraction and Metagenomic Processing: Cores for sequencing were cut to 

match the analysis of the incubation cores. Frozen sediment was homogenized in a sterile bag. 

DNA was extracted using a modified phenol:chloroform extraction.47 Briefly, cells were lysed 

using freeze:thaw cycles and a lysis buffer/SDS mix. Polyphenols and polysaccharides were 

precipitated out using PVPP and CTAB. DNA was extracted using phenol:chloroform and 

washed with 100% chloroform, then purified with isopropanol and ethanol precipitation then 

suspended in 100µl of nuclease-free water. Library preparation and shotgun sequencing was 

completed at QB3 Genomics at the University of California at Berkeley (Berkeley, CA). 

Libraries were prepared using a Kapa Biosystem Library Prep kit with a target insert length of 

∼600 bp (Kapa Biosystems, Wilmington, MA). Sequencing was done on an Illumina NovaSeq 

using the S4 kit to generate 150 bp paired reads (Illumina, Inc., San Diego, CA). Reads were 

trimmed and overlapping reads were merged using fastp (v0.20.1)48. Metagenomes from the 
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same site were assembled using both MegaHit (v1.2.9)49 and metaSPADes (v3.14.1)50. Open 

reading frames (ORFs) were predicted using Prodigal (v2.6.3).51 Paired, single, and merged 

reads were all mapped back to contigs using bowtie2 (v2.4.2).52 Abundance values for all genes 

were normalized to the average abundance of 16 ribosomal proteins (rp16) within a metagenome. 

Manual binning of genomes with hgcA was based on differential coverage and tetranucleotide 

frequency and done using CONCOCT (v1.1.0)53 and anvi’o (v6.2)54, resulting in 11 medium-

quality bins55 with hgcA, including two with a fused hgcAB.  

hgcA analysis: All hgcA genes were identified using hmmsearch (hmmer, v3.3.1)56 with 

a custom Hidden Markov Model (HMM)29. Putative HgcA sequences were manually confirmed 

to have the cap helix domain and at least 4 transmembrane regions at the C-terminus end.25 

Sequences downstream of a confirmed hgcA gene were searched for hgcB sequences, also using 

a custom HMM29. Sequences were dereplicated across assemblies at 94% identity using CD-HIT 

(v4.6)57. All HgcA sequences were automatically classified using the reference package from the 

Hg-MATE database with a custom workflow58. The HgcA proteins sequences were then aligned 

to the Hg-MATE database (v1, accessed 2021-01-26)59 using MUSCLE (v3.8.31)60. The 

alignment was masked in Geneious at any residue with >50% gaps. A maximum-likelihood tree 

was generated in RAxML (v8.2.11)61 using the LG substitution matrix and 400 rapid bootstraps.  

Additional metagenomic analyses: Microbial community coverage and diversity was 

estimated using Nonpareil (v3.304)62 in kmer mode with a kmer length of 32 and 100,000 reads 

as a query. 16S genes were identified and classified using GraftM (0.13.1)63 with the Silva 

database (v132). Distance between metagenomes was estimated using Mash (v2.2.2)64 with a 

sketch size of 100,000 and a kmer size of 21 and subsequently ordinated using Principal 

Coordinate Analysis implemented in R. Metabolic proteins were initially identified in the ORFs 
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from both the assemblies and the bins using HMM profiles from TIGRFAM, KOFAM, and 

PFAM. When needed, the identity of these proteins was confirmed using phylogenetic trees, 

gene neighborhood analysis, and custom scripts looking for conserved domains. Bin 

completeness and redundancy was estimated using the checkM (v1.0.11)65 lineage_wf workflow 

and taxonomy was estimated using the GTDB-TK (v0.1.1)66 classify_wf workflow. Inferred 

phylogeny of the bins was based on phylogenetic reconstruction of the rp16 proteins.67,68 

Statistical analyses: To standardize results across all incubations, Me201Hg was 

standardized to the measured 201HgT concentrations. A two-way analysis of variance (ANOVA) 

was performed to evaluate the impact of sediment core source and porewater source on MeHg 

production and test for any interaction between the two variables. To isolate the impact of the 

sediment source on Me201Hg production, we calculated a relative methylation potential (RMP) 

for each incubation, normalizing the Me201Hg production to the highest RMP value for an 

incubation using porewater from the same source (Fig. S4.2). A linear correlation implemented 

in R was used to test the relationship between the RMP and the Hg-methylator abundance. The 

normality of the Me201Hg values and of the residuals for both the two-way ANOVA and the 

linear model were evaluated using the Shapiro-Wilkes test. 

 

Results 

 Six sites were sampled along a flow path in the Florida Everglades (Fig. 4.1). 

Geochemical analyses confirmed the presence of a sulfate gradient in the Water Conservation 

Area (WCA) sites, with surface water sulfate levels over 30 mg/L at the 2A sites but 

substantially lower in WCA 3A (Fig. 4.1b). Surface water sulfide was very low or undetectable 

at all sites except for 2A-N at the north end of WCA-2A (Fig. S4.1a). Dissolved organic carbon 

132



B.

C.

A.

0

100

200

300

400

2A−N 2A−A 3A−O 3A−N 3A−F LOX8

Su
lfa

te
 (µ

M
)

0

50

100

150

2A−N 2A−A 3A−O 3A−N 3A−F LOX8

Su
lfa

te
 (µ

M
)

0

30

60

90

2A−N 2A−A 3A−O 3A−N 3A−F LOX8

Su
lfi

de
 (µ

M
)

D.

n.d. n.d.

n.d.

Surface water

Porewater

Porewater

Figure 4.1: Sampling was conducted in the Water Conservation Areas (WCA) of the Florida 

Everglades, with one reference site in Loxahatchee (A). Sulfate-enriched runoff from the 

agricultural fields to the north drives a north-south gradient of sulfate in the surface water 

(B) and the porewater (C). This gradient is matched by the porewater sulfide levels (D). 
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(DOC) was highest in WCA 2A, ranging from 30-32 mg/L, but was consistently 17.8-21.6 mg/L 

through WCA 3A and at LOX8 (Fig. S4.1b). SUVA followed a similar trend, measuring 3.1-3.3 

L/mg/m in WCA 2A and dropping to 2.1-2.4 L/mg/m in WCA 3A and LOX8 (Fig. S4.1c). 

Porewater sulfate was 9.0-17.7 mg/L in the porewaters in WCA 2A, dropping to 0.64 mg/L at 

3A-O and continued to decrease at the more southern sites (Fig. 4.1c). Sulfate was not detectable 

in the porewater at LOX8. Sulfide levels in the WCA 2A porewater were 1.41-3.54 mg/L but 

dropped to 0.047 mg/L at 3A-O and continued to drop until it was below detection at 3A-F and 

LOX8 (Fig. 4.1d). Ambient MeHg levels in the sediment cores within the WCA exhibited the 

Goldilocks curve, with peak MeHg occurring at site 3A-O (Fig. 4.2a). LOX8 was an exception to 

this trend, where we recorded the highest MeHg levels despite porewater sulfate being below 

detection. 

 Next, we conducted MeHg production assays using a stable isotope-enriched Hg tracer. 

The tracer was pre-equilibrated with filtered porewater to allow the 201Hg(II) tracer to bind to the 

ligands in the filtered porewater before injection into sediment cores collected from each of the 

field sites. (Fig. S4.2). We then conducted a full-factorial experiment where duplicate cores from 

each site were injected with tracer that was pre-equilibrated using porewater from each site (Fig. 

S2). MeHg production was measured as a percent of the total 201Hg pool (201HgT) that was 

converted to MeHg. Me201Hg production in the incubations ranged from 0% to 8% of 201HgT 

(Fig S4.3). In the WCAs, Me201Hg production assays under ambient conditions (when the 

porewater for equilibration was injected into a peat core from the same site) showed highest 

Me201Hg production levels in the middle of the sulfate gradient at 3A-O, with lower levels at 

higher and lower concentrations of sulfate (Fig. 4.2b). LOX8 was the exception again, showing 

elevated Me201Hg production despite below-detection levels of sulfate in the sediment. 
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Figure 4.2: Ambient MeHg levels in the sediment cores used for incubation analysis show 

distinct peaks at 3A-O and LOX8 (A). MeHg production under ambient conditions, where the 

porewater matrix used for tracer equilibration was from the same station as the core, also 

shows distinct peaks at 3A-O and LOX8 (B). The relative methylation potential (RMP) of the 

porewaters used for tracer equilibration is highest at 2A-N, 3A-O, and LOX8 (C). RMP of the 

sediment cores from each station increases down the sulfate gradient (D). Three of the 

porewaters, however, lead to a plateau in RMP for the sediment cores over the 3A and LOX8 

sites. Error bars in A and B represent the standard error.  
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We hypothesized that the bioavailability of the 201HgT would be determined by the 

porewater matrix used for pre-equilibration, while the Hg methylation capacity was determined 

by the microbial community in the sediment core. If these two factors are mostly independent 

and neither is strictly rate-limiting, the influence of each variable on in situ Me201Hg production 

could be isolated. We first needed to confirm that these effects were indeed independent. A two-

way analysis of variance (ANOVA) with interaction showed a significant effect of both sediment 

core source (p << 0.0001) and porewater matrix source (p << 0.0001) on Me201Hg production but 

no interaction effect (p = 0.294). However, the residuals of the model were not normally 

distributed (p = 0.0016), limiting our trust in this analysis. We then plotted the Me201Hg 

production values, faceted by the sediment core source location (Fig. S4.3). Me201Hg production 

responded consistently to different porewaters, across sediment cores from all stations. For 

example, pre-equilibration of the 201Hg tracer with porewater from site 2A-N consistently 

resulted in the highest production of Me201Hg, while using porewater from 3A-F resulted in the 

lowest Me201Hg production (Fig. S4.3). To confirm this consistent response, we first grouped the 

Me201Hg production values by the sediment core station of origin. Then, within each group, we 

normalized all Me201Hg values to the highest Me201Hg production. This confirmed that the Hg 

methylation rates responded consistently to different porewater matrices, regardless of the 

sediment core source. This observed consistency, combined with the limited interactive effect in 

the ANOVA, suggests that any interactive effect between the sediment core and porewater 

matrix on Me201Hg production is relatively minor compared to the direct effects of the two 

variables. This allowed us to treat the variables as independent and quantify the impact of the 

microbial community source on Me201Hg production. 
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We then investigated the relative Hg methylation capacity (RMP) of the microbial 

community in each of the sediment cores from each sampling station. We first plotted the 

Me201Hg production data, faceted by the porewater matrix source. Clear and consistent trends in 

the Me201Hg production of the sediment cores were observed, even when presented with 201Hg 

pre-equilibrated with a wide range of porewaters (Fig S4.4). To quantify these trends, we 

grouped the incubations by porewater matrix source, then normalized the Me201Hg production to 

the maximum Me201Hg production in any incubation within that group. We refer to this value as 

the relative Hg methylation potential (RMP). The RMP of the sediment cores increased down the 

sulfate gradient (Fig. 4.2d), indicating an increased Hg methylation capacity in the microbial 

community at the low sulfate sites despite low Hg methylation under ambient conditions (Fig. 

4.2a-b). In these results, however, we did observe some interaction effects between the sediment 

cores and the porewater (Fig. 4.2d). The RMP values of the cores followed two slightly different 

trajectories down the sulfate gradient depending on the porewater source (Fig. 4.2d). For 

incubations in three of the porewater groups (2A-A, 3A-N, and 3A-F), we observed a steady 

increase in the RMP of the sediment cores across the sulfate gradient. For the other three 

porewaters (2A-N, 3A-O, and LOX8), the RMP of the sediment cores increased from 2A-A to 

3A-O but remained relatively consistent across 3A and LOX8 (Fig. 4.2d). These three porewater 

matrices showed the highest levels of Me201Hg production, suggesting they resulted in highly 

bioavailable iHg (Fig. 4.2c). 

 To investigate the microbial community underlying these trends in methylation capacity 

over the sulfate gradient, we performed shotgun metagenomic sequencing in duplicate on 

sediment cores collected alongside the cores used for incubations (Table S2). It is typically 

difficult to attain high quality assemblies for sediment microbial communities. To address this, 
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we co-assembled duplicate metagenomes from each site using two assembly algorithms (Table 

S3). Ultimately, we generated a set of assemblies that collectively accounted for 24-44% of the 

metagenomic reads within each metagenome (Table S2). We identified hgcA and functional 

metabolic genes in each of the assemblies, then clustered them at 97% amino acid identity to 

avoid redundancy across assemblies (Table S4). To confirm phylogeny and predict metabolic 

function associated with different groups of hgcA sequences, we also reconstructed genomes of 

the Hg-methylating organisms by manually generating bins with hgcA (hgcA+) using anvi’o54. 

One metagenome generated from the porewater at each site was used to improve the differential 

coverage for binning. We recovered 14 medium quality hgcA+ bins (Table S5). 

hgcA gene identification: We identified 91 unique hgcA genes in the assemblies and five 

paralogs of hgcA (Fig. S4.5; Table S3). Of these 91, four were fused hgcAB sequences, which 

were phylogenetically similar to previously described hgcAB sequences (Fig. S4.5).26 The fused 

hgcAB genes were mostly present at 2A-N and 3A-O (Table S3). The one bin with a fused 

hgcAB gene is associated with a facultative aerobe in the Rokubacteriales order. The only 

organism with a fused HgcAB that has been tested for Hg methylation activity is incapable of 

MeHg production26; thus, we did not include them in calculations of the overall hgcA abundance. 

Two HgcA sequences had mutations in the cap helix domain, but neither are suspected to 

interfere with Hg methylation activity69, so they were included in all downstream analyses. 

hgcB gene: Seventy-four of these hgcA genes have a downstream hgcB gene (Table S4). 

Many of these were not predicted as ORFs by Prodigal, but alignments of DNA downstream 

from hgcA and subsequent 6-frame translations identified hgcB gene sequences. Other HgcB 

amino acid sequences were truncated due to incomplete assembly of the contig, but manual 

inspection of the truncated sequence suggested the gene was likely hgcB. Thirteen of the 
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remaining hgcA sequences were near or on the end of the contig and it is likely that the hgcB 

gene did not assemble into the contig. Only one hgcA gene, aside from the fused sequences, was 

located on a contig that had substantial DNA assembled downstream of the hgcA gene and did 

not include an hgcB gene. The phylogeny of the associated protein sequence suggested this hgcA 

gene is associated with Chloroflexi, but there were no closely related sequences from this study. 

As it has been shown that hgcB need not be directly downstream from hgcA for methylation to 

occur9,25,70, we included this sequence in our abundance analyses. 

hgcA abundance: We assessed gene abundance by calculating the average number of 

reads mapping to each nucleotide residue in an entire contig containing the gene of interest. This 

coverage was normalized to the mean coverage of 16 ribosomal protein (rp16) genes (Fig. S4.6). 

Coverage of hgcA ranged from 1.4% to 17% of the rp16 coverage (Fig. 4.3a). Overall, hgcA 

relative abundance in the sediment increased consistently down the sulfate gradient (Fig. 34.a). 

The abundance of hgcA closely tracked with the increase in RMP of the microbial communities 

(Fig. 4.2d, 4.3a, S4.7). A linear regression of the log-log transformed data showed that RMP of 

the sediment core correlates significantly (adjusted R2 = 0.527, p << 0.001) with sediment hgcA 

abundance (Fig. 4.3c, S4.7).  

Taxonomic and metabolic analyses of Hg methylators: Phylogenetic analyses of the 

HgcA proteins and taxonomic and metabolic analyses of reconstructed genomes with hgcA 

(hgcA+ bins) suggested that the Hg-methylating organisms were primarily fermentative or 

methanogenic (Fig. 4.3a-b). Methanogenic archaea-associated hgcA genes account for 45% of 

the hgcA abundance across all samples, with relatively consistent coverage throughout the six 

different sites (Fig. 4.3b). Of these, 18 sequences, two of which are binned, are closely related 

and likely derived from organisms within the Methanoregula genus (Fig. S4.5). Two additional 
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hgcA sequences and a third bin also associated with the Methanoregulaceae family (Fig. S4.5). 

These genes are primarily present at LOX8, but were found at 2A-A and 3A-F as well (Table 

S4). Seven hgcA genes, including 3 bins, associated with the family Methanocellaceae, were also 

detected and were most abundant at 3A-N and 3A-F. These are all within the 

Methanomicrobiales order, which represents CO2-reducing methanogens that rely on hydrogen 

and occasionally formate. Indeed, the recovered bins from this group encode the pathways 

needed for hydrogenotrophic methanogenesis and contain no cytochromes. One hgcA sequence 

was identified as Methanomassiliicoccales. The associated bin contained multiple cytochromes, 

suggesting it corresponds to a methylotrophic methanogen, as predicted for this order. 

Chloroflexi-associated hgcA sequences are the most abundant bacterial hgcA genes across 

the entire dataset, although most of their mapped reads originated from 3A-F and LOX8 (Fig. 

4.3a, S4.7). We only recovered one bin with an hgcA gene from this cluster (Fig S4.5). This bin 

was classified in the Anaerolineae class (Table S4). It appears to correspond to either a 

facultative aerobe or an oxygen-tolerant fermentative organism, as it has a cydAB oxidase and 

the subunits for complex I of an electron transport chain (ETC). While it is missing some 

components of the ETC, because it is only 75% complete we cannot verify whether the organism 

has a complete ETC. It did not include genes mediating major terminal electron accepting 

processes other than the cydAB gene. Spirochaetes and Syntrophobacterales-associated hgcA 

genes were the next most abundant. These two both had a consistent relative abundance of hgcA, 

but accounted for slightly more of the relative abundance at 2A-N. We recovered one hgcA+ 

Syntrophales bins, which was predicted to correspond to an obligate fermenter or syntroph due to 

the lack of an ETC, multiheme cytochrome c proteins, or other genes that could mediate 

respiration with alternative terminal electron acceptors. It is likely tolerant of microaerobic 
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environments though as it has cydAB and nrfA genes. It appears particularly well-suited to 

ferment amino acids. We also identified hgcA genes associated with Aminicenantes and 

Firmicutes, each at relatively low abundance. We recovered a single Aminicenantes bin, which 

contained one of the most abundant hgcA genes in the whole dataset but was only present at 

LOX8. This bin contained the coxAB genes and genes for an aerobic ETC, suggesting it 

corresponds to a facultative aerobic organism.  

Flanking microbial community: We used read-based taxonomic analyses and 

assembly-based metabolic protein analyses to investigate the microbial community beyond the 

Hg-methylating organisms. There was no significant difference in the Nonpareil diversity (one-

way ANOVA, F(5)=0.774, p = 0.602) between sites (Fig. S4.8). A principal coordinates analysis 

of the kmer-based distances between metagenomes revealed distinct microbial communities at 

each site (Fig. 4.4a). The microbial community at LOX8 was separated from the communities in 

the WCA sites along the first axis, while the second axis separated the WCA communities along 

the sulfate/sulfide gradient, with 2A-A, 3A-O, and 3A-N clustering closely together between 2A-

A and 3A-F. Along the third axis, 3A-O and 3A-N were clustered distinctly from 2A-A. The 

ordination is consistent with the positions along the sulfate gradient and the differences are 

visible at the phylum-level community composition of the 16S genes in the metagenome (Fig. 

S4.9). Most notably, archaeal phyla (Crenarchaeota and Euryarchaeota) were most abundant at 

the 3A-F and LOX8 sites, while the Proteobacteria decreased in abundance at that site. 

Rokubacteria and Gemmatimonadetes on the other hand were most abundant at 2A-N and 

decreased across the sulfate gradient. Other phyla, such as Chloroflexi, Proteobacteria, and 

Planctomycetes, were relatively consistent in abundance over the six different sites. 
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Figure 4.4: Microbial community composition exhibits distinct changes along sulfate 

gradient. The overall microbial community composition, as determined by 16S composition 

of the metagenomes, exhibits distinct differences along the gradient, as shown by the PCA 

plot (A). In particular, the LOX8 site is particularly unique, but the WCA sites fall out along 

the sulfate gradient on the second and third axes. Both dsrA (B) and mcrA (C), markers of 

sulfate-reduction and methanogenesis, respectively, are most abundant at 3A-F and LOX8, 

with an increase at 2A-A as well. The dsrA phylogenetic identity is distinct at 2A-A from the 

rest of the sites. 
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We then characterized the abundance of several metabolic genes across samples, starting 

with terminal respiratory proteins (Fig. 4.4b-c, S4.10). Reductive dsrA genes were most 

abundant at 2A-A, 3A-F, and LOX8 (Fig. 4.4b). This pattern was matched by the abundance of 

dsrD, another protein involved in sulfate reduction (Fig. S4.10a). Interestingly, the phylogenetic 

composition of dsrA at 2A-A was distinct from that at 3A-F and LOX8 (Fig. 4.4b). The 

methanogenic mcrA gene exhibited a similar distribution to the hgcA and dsr genes with peaks at 

2A-A, 3A-F and LOX8 (Fig. 4.4c). As we observed with hgcA, the vast majority of mcrA genes 

were associated with the Methanoregula clade within the order Methanomicrobiales (Fig. 4.4c). 

A set of eight methanogenic markers corroborate the abundance distribution of the methanogens 

across the gradient (Fig. S4.10b). We identified periplasmic and membrane-bound nitrate 

reductases and terminal oxidases in the metagenomic assemblies. Abundances of napA, narGHI, 

coxB, and ccoNOP genes all show a marked drop in abundance at 3A-F and LOX8, even though 

those two sites are the only two without sulfide accumulation in the porewaters (Fig. S4.10c-d). 

These genes might be linked to the activity of sulfide-oxidizing bacteria, as we observed reverse 

dsrA and sox genes to be most abundant in the four WCA sites with detectable sulfide and drop 

off substantially at 3A-F and LOX8 (Fig. S4.10e-f). 

Discussion 

Our understanding of how the microbial community composition influences MeHg 

production in situ is still limited, due in part to the difficulty in separating the impact of the Hg 

methylation capacity of the microbial community from the effects of iHg bioavailability. Here, 

we attempted to isolate those two factors by pre-equilibrating the Hg tracer with filtered 

porewater collected at the different stations, thus establishing the bioavailability of the tracer 

144



before injecting it into different peat cores. We then grouped the incubations by porewater source 

and normalized the data to the highest MeHg production in the group, thus assigning a relative 

Hg-methylation potential (RMP) to the cores from each station. This calculation makes several 

key assumptions. First, it assumes that the bioavailability of the Hg tracer does not change upon 

injection into the sediment core and interacting with the ambient porewater, mineral solid phases, 

and other potential binding sites or ligands. Kinetic limitations are thought to play a substantial 

role in iHg complexation71,72, which would support long-lasting effects of pre-equilibration 

conditions. Other studies have shown notable differences in reactivity and/or bioavailability of 

Hg tracers in complex incubation matrices when the tracer was pre-equilibrated with different 

solid-phases and/or dissolved ligands73–75. In this study, if the complexation and bioavailability 

of the i201Hg tracer did undergo rapid isotope exchange and equilibrate with the binding sites in 

the sediment core, we would expect the Me201Hg production to be nearly completely dependent 

on the sediment core that was used and all Me201Hg production values would match those done 

in the sediment core under ambient conditions (Fig. 4.2b). However, Me201Hg production varied 

more than an order of magnitude when using different porewaters for pre-equilibration (Fig. 

S4.4), suggesting that the speciation due to the pre-equilibration does control bioavailability of 

iHg, at least for the 24-hour time frame of these incubations. Second, it assumes that the 

porewater used for the Hg tracer matrix is not influencing the microbial metabolic activity, 

specifically the Hg-methylation capacity. If this were the case, we would expect sediment cores 

to respond differently to porewater injections with different chemical compositions, resulting in a 

strong interactive effect between porewater and sediment core. However, the Me201Hg 

production responded similarly to each porewater matrix in all sediment cores (Fig. 4.2d, S4.3), 

with some exceptions discussed below. Overall, these data suggest limited interaction between 
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the effects of the porewater on bioavailability and the effect of the sediment core on Hg-

methylation capacity. 

We did observe two distinct patterns in the RMP of the sediment core community across 

the gradient depending on the porewater used (Fig. 4.2d). Half of the porewater matrices resulted 

in a plateau of Me201Hg production across WCA-3A, while the other three resulted in a continual 

increase in RMP down the sulfate gradient. These three porewater did not have similar chemical 

compositions; in fact, there was one each from the top, middle, and bottom of the sulfate gradient 

(Fig. 4.2c). This makes it unlikely that the porewater matrix is stimulating or inhibiting the 

microbial community in such a way to cause this effect. Previous work has shown that the 

microbial community has a reduced effect on Hg methylation when bioavailability of iHg is 

low.12,75 However, the most notable similarity between these three porewaters (2A-N, 3A-O, and 

LOX8) is that they resulted in the highest levels of Me201Hg production (Fig. 4.2c), ranging from 

approximately 2% to 4% Me201Hg of the 201HgT pool, suggesting bioavailability is not limiting 

here. In fact, these percentages match up with the maximum percentage of ambient MeHg in the 

same cores, which is around 2% at 3A-O and LOX8. This indicates these high-producing 

incubations could have reached an equilibrium point, or at least methylated most of a highly 

bioavailable pool of i201Hg76,77. Unfortunately, due to the very large number of cores used for 

this factorial experiment, it was not possible to also conduct multiple time-point assays to search 

for potential saturation/equilibrium effects, so we included all incubations in our final set of 

analysis. If there is such an effect occurring, it would mean we are likely underestimating the 

Hg-methylation capacity of the microbial communities at 3A-F and LOX8. Additional studies 

that further investigate the interaction between these two variables under an array of conditions 

will provide insight into the constraints on MeHg production in natural ecosystems. 
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The results shown here suggest that, under a range of geochemical conditions leading to 

large differences in bioavailability, the Hg-methylation capacity of the microbial community 

does influence Me201Hg production rates. Even when the iHg tracer was pre-equilibrated with 

porewater from 3A-F, which led to the lowest iHg bioavailability (Fig 4.2c), the microbial 

community had a clear impact on Me201Hg production (Fig. S4.4, bottom middle panel). 

Previous studies have suggested that the Hg-methylation capacity of the microbial community 

has a limited effect on MeHg production when the Hg tracer is limited in bioavailability.12,75,78 

However, these studies used highly labile dissolved forms of the Hg tracer, such as Hg(NO3)2, or 

highly recalcitrant forms, such as nanoparticulate HgS. The range of bioavailability in the current 

study was much narrower and reflected the environmental conditions of the Everglades. Even in 

the high sulfide porewater used as matrices, kinetic limitations likely favored Hg-NOM 

complexes over the formation of recalcitrant particulate HgS, as those can take several days to 

form when dissolved organic matter is present.71,79,80 Previous work has shown that under 

conditions of low microbial methylation activity, changing the bioavailability of iHg has no 

effect on MeHg production.79 However, we did not observe Hg-methylation capacity to be 

limiting either, with consistent effects of porewater on MeHg production even in cores from 2A-

A, which had very low Me201Hg production. This suggests that neither the Hg-methylation 

capacity nor the bioavailability of the iHg spike are strictly rate-limiting for Me201Hg production 

at these stations, but rather that both play a role in determining extent of Hg methylation. 

In this study, we identified increases in abundance and diversity of Hg-methylating 

organisms coincident with the increase in the relative Hg-methylation capacity. Abundance of 

hgcA did not correlate with MeHg levels in the sediment or MeHg production under ambient 

conditions. While some studies have shown correlations between MeHg concentrations and hgcA 
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abundance81–83, others have shown no correlation84,85, likely due to gradients in iHg 

bioavailability that were not quantified or examined. Decreases in MeHg production related to a 

decrease in diversity of hgcA sequences independent of changes in bioavailability have been 

documented in sulfate-enriched mesocosms.30 In this study, hgcA abundance did correlate 

closely to the relative Hg-methylation capacity of the microbial community (Fig. 4.3B). This is a 

surprising considering that there are variable rates of MeHg production observed in culture8,9 and 

that we do not know which hgcA+ organisms are actively methylating in these natural systems. 

We also do not know how transcription and translation of hgcA are controlled in natural 

environments. Transcription of hgcA has been shown to be constitutive in response to Hg(II) 

exposure, at least under a narrow range of laboratory conditions.86,87 However, sequences 

homologous to the transcriptional regulator arsR were found near the hgcA gene in several 

recent studies27,88, suggesting the gene may be under regulation in certain environments. This 

gene has also been identified in cultured hgcA+ organisms70, which could be tested for 

regulatory activity. While only done in one ecosystem, the correlation observed here indicates 

that the abundance of hgcA may be a useful marker for determining the Hg-methylation capacity 

of the microbial community, regardless of the impact of geochemistry on iHg bioavailability or 

the observed MeHg production. By identifying the relationship between Hg-methylation capacity 

and hgcA in other systems, looking at in situ transcription and translation of hgcA, and 

identifying factors that mediate the relationship between these parameters and hgcA, we can 

begin to understand how the hgcA+ microbial community mediates the observed MeHg 

production. 

There is very little evidence on how abundant Hg-methylating organisms are in the 

environment, as a fraction of the whole microbial community. Because hgcA is, to our 
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knowledge, always found in genomes in a single copy8,27, by normalizing the hgcA abundance to 

the average abundance of several single copy genes, the 16 ribosomal protein genes in this 

case67, we could estimate the fraction of the microbial community with the hgcA gene, which 

ranged from approximately 1-15% (Fig. 4.3a). This is consistent with other metagenomic studies 

looking at hgcA in anoxic environments when the hgcA abundance was reported as a fraction of 

the total community.28,29 

This study adds to an expanding body of literature suggesting that microbial Hg-

methylators in the environment are far more diverse than previously suggested. While SRBs and 

methanogens are most often linked to MeHg production1,21,22, the identification of hgcA25 has 

drastically expanded the known phylogenetic and metabolic diversity of Hg-methylators in the 

environment.26,27 This holds true even in sulfate-rich systems28,29 and in highly reduced 

sediments27. Here, we did not identify any hgcA sequences associated with SRBs. This is not due 

to a lack of SRBs, as we did identify dsrA and dsrD genes across the gradient (Fig. 4.4b, S4.10a). 

We observed that methanogens accounted for about 40-60% of the total methylating community, 

even under high-sulfate/sulfide conditions (Fig. 4.3b). At the bottom of the gradient, 

methanogens were still abundant, but we also observed a drastic increase in the abundance of 

Chloroflexi-associated hgcA sequences at this location. A wide range of hgcA sequences 

associated with other putative fermentative or syntrophic organisms, including Firmicutes, 

Spirochaetes, and Syntrophobacterales. Amplicon sequencing identified methanogens and 

syntrophs Hg-methylators along this same gradient, albeit at different sites and sampling 

different locations of the sediment core.31 The presence of the novel groups we identified in our 

study cannot be evaluated in this other study due to the likelihood that the PCR primers would 

not amplify highly divergent sequences. This suggests that fermentative and methanogenic 
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pathways are the primary drivers of MeHg production in the sediments, which could explain the 

lack of correlation between sulfide accumulation and Hg-methylation capacity. However, the 

abundance of the dsr genes concurrent with hgcA suggests SRB could still influence MeHg 

production, either by consuming fermentation products through sulfate respiration or by forming 

syntrophic partnerships with the methanogens under sulfate-limited conditions.24 Incubations 

from a separate study done near the 3A-O and 3A-N sites showed a substantial effect of SRB on 

Hg methylation despite the dominance of Syntrophobacterales in the hgcA pool.31 While the 

Syntrophobacterales bin from the current study was not a SRB, other organisms within that order 

are SRB89. This highlights the complexity of the in situ microbial community mediating MeHg 

production both directly and indirectly and underscores the need for targeted functional assays to 

identify the pathways leading to MeHg production in wetland sediments. 

The metabolic gene information provides some interesting context for the Hg-

methylating community, suggesting that in these sediment cores as we move down the sulfate 

gradient, there is a shift from sulfide-oxidation to sulfate-reduction and methanogenesis, which 

coincides with the increase in hgcA and the relative Hg-methylation capacity of the microbial 

community. This is not particularly surprising, as high concentrations of sulfide can inhibit 

sulfate reduction.5 Additionally, in sediments like these, there are often steep redox gradients that 

lead to changes in dominant TEAP activity. The sediments here were homogenized over a 

relatively large range, so the metagenomes are likely capturing a gradient of TEAP activity.  

Finally, this work provides specific insights into the constraints on MeHg production in 

the sediment of the Everglades. Despite the lack of hgcA+ SRBs, there is extensive evidence 

linking MeHg production to sulfate levels in the Florida Everglades.39 This, linked with the 

historic emphasis of sulfate reducers as the primary drivers of methylation21,22 and the known 
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role of sulfide in limiting iHg bioavailability5 has led to the Goldilocks hypothesis, which 

suggests that the peak in MeHg when the sulfate levels are “just right” is due to increasing 

bioavailability of iHg and decreasing Hg-methylator activity as we move down the gradient.13,14 

This curve is reproduced here, apart from the high MeHg levels at LOX8 (Fig 4.2a-b). Overall, 

our results corroborate the Goldilocks curve hypothesis in that we observed that sites with high 

MeHg production and accumulation (3A-O and LOX8) had both porewater that promotes 

bioavailable iHg for uptake (Fig. 4.2c) and microbial communities capable of producing MeHg 

(Fig. 4.2d). The other sites had low rate of MeHg production under ambient conditions and 

correspondingly lower MeHg concentrations due to low microbial Hg-methylation capacity (2A-

N), low bioavailability of iHg for uptake (3A-N, 3A-F), or both (2A-A). However, these data do 

contradict some of the previously stated mechanisms thought to underlie the Goldilocks 

hypothesis, as the porewater at 2A-N with high sulfide levels facilitates more MeHg production 

than the low sulfide porewaters at LOX8 or 3A-F (Fig. S4.3), despite overwhelming evidence 

that higher sulfide levels lead to inhibition of MeHg production by sequestering the iHg.5 This 

discrepancy could be due to kinetic limitations on HgS formation, as discussed above, in favor of 

Hg-complexation with sulfur moieties in DOM. Sulfurization of the DOM17,40 or higher SUVA 

content20,42 (Fig. S4.1c) could also drive increased bioavailability of MeHg at the sulfide-rich 

sites. It also could be simply that the sulfide levels were not high enough to cause inhibition of 

Hg methylation. On the other hand, Hg-methylation capacity increased down the sulfate gradient 

(Fig. 4.2d), backed up by data showing non-SRB were the dominant Hg-methylators in the 

sediment at these stations (Fig. 4.3). It is unclear why hgcA abundance would increase with 

decreasing sulfate, due in part to the unknown purpose of the hgcA gene. It is interesting to note 

that the sulfidic sites are also more eutrophic, which could play a role in the reduced hgcA 

151



relative abundance and thus provide an alternative to the “biodilution” hypothesis for explaining 

reduced MeHg levels in fish under eutrophic conditions. Additional investigations into the 

mechanisms underlying these findings and the degree that they extend to other ecologically 

important compartments will further elucidate the mechanisms by which geochemical gradients 

in the Florida Everglades influence MeHg contamination in the ecosystem. 
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Appendix to Chapter 4: Supplementary tables and figures 

Supplementary Tables: All supplementary data and tables can be found here: 
https://figshare.com/account/home#/projects/117342 

Supplementary Data 3.1: Includes all supplementary tables.  
Table S1: Site coordinates for sampling locations. 
Table S2: Metagenome metadata and statistics on reads counts, mapping, and coverage.  
Table S3: Assembly statistics for all 12 assemblies used in analyses. 
Table S4: hgcA information, including quality, classifications, binning, hgcB information and 
abundance. 

Supplementary Figures: 

Figure S4.1: Additional surface water geochemistry profiles along sulfate gradient in Everglades. 
Concentrations are shown for sulfide (A), dissolved organic carbon (DOC) (B), and SUVA, a 
measure of aromaticity of the dissolved organic matter (C). n.d. = no detection, sample below 
detection limit. 

Figure S4.2: Conceptual diagram of sampling scheme and normalization methods. A. Sediment 
cores and filtered porewater samples were collected from all sampling stations. B. The inorganic 
201Hg-enriched tracer was pre-equilibrated with the filtered porewater for four hours. Then, 
equilibrated tracer was injected into duplicate sediment cores from each station. C. This resulted 
in a total of 72 incubations (2 duplicates x 6 stations for sediments cores x 6 stations for filtered 
porewater). D. To calculate the relative Hg methylation potential (RMP) values for each 
porewater matrix, incubations were grouped by the sediment core station (grouped by row, in 
C.). All Me201Hg production values in that group were divided by the maximum Me201Hg 
production value from that group, normalizing all values to a scale of 0 to 1. In this way, we had 
12 RMP values for each porewater, since we had two replicates using each sediment core. To 
calculate the RMP values for each sediment core, we did the same normalization method except 
that we grouped the incubations by the porewater matrix source (grouped by column, in C.).  

Figure S4.3: Me201Hg production for each set of incubations, grouped by sediment source. The 
y-axis is the fraction of the 201HgT pool present as Me201Hg. The x-axis is the station where the
porewater was collected and the plots are faceted by where the sediment core was collected.
Error bars represent the standard deviation on duplicate samples.

Figure S4.4: Me201Hg production for each set of incubations, grouped by porewater source. This 
is the same data as that shown in Fig. S4.3, but faceted differently to highlight the role of the 
microbial community in determining MeHg production. Error bars represent the standard 
deviation on duplicate samples. 

Figure S4.5: Maximum likelihood phylogenetic tree of HgcA (A) from study with references. 
Tree was made with RAxML. Paralog sequences were included in tree generation and used as a 
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root. Relative abundance of each hgcA gene is shown in B. Abundance values have been 
normalized to mean coverage of 16 ribosomal proteins in the assemblies. 

Figure S4.6: Abundance plots of 16 ribosomal protein genes (black dots) and the mean 
abundance for all 16 (red triangles) across all metagenomes. KMBP006 metagenomes are 
porewater metagenomes that were only used for binning purposes.  

Figure S4.7: Relative methylation potential (RMP) of the sediment core plotted against the hgcA 
abundance in the sediments. Error bars represent the standard error for both RMP and hgcA 
abundance. Similar to Fig. 4.3 but without log-log transformation and including uncertainty for 
hgcA measurements. 

Figure S4.8: Plot of nonpareil coverage curves (A) showed similar levels of coverage across all 
metagenomes. There was no significant difference in nonpareil diversity (B) of the microbial 
communities in the sediment of the six different stations. 

Figure S4.9: Stacked barchart of phylum-level taxonomic classification for 16S genes assembled 
from the metagenomes using GraftM. Phyla that did no account for more than 5% of the total 
abundance in any metagenome were removed. 

Figure S4.10: Gene abundance for terminal electron accepting processes across all six sites. A. 
dsrD is a marker for sulfate-reduction. B. Black dots represent one of eight methanogenic 
markers from TIGRFAM, red triangles are the mean coverage of those eight. C. narGHI 
constitute the membrane-bound nitrate-reductase, while napA encodes the periplasmic nitrate 
reductase. narG and napA have been confirmed using phylogenetic trees. D. ccoNOP constitutes 
the cbb3-type terminal oxidase. E. Reverse dsrA (rdsrA) is involved in oxidation of sulfur 
species, most often sulfide. rdsrA is identified using the dsrA HMM, then identified as rdsrA 
based on phylogeny. F. Individual genes within the sox operon that mediates sulfide oxidation. 
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Figure S4.1 
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Figure S4.2 
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Figure S4.3 
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Figure S4.4 
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Figure S4.5 
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Figure S4.6 
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Figure S4.7 
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Figure S4.8 
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Figure S4.9 
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Figure S4.10 
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Chapter 5: Influence of sulfate reduction on methylmercury production 

in a eutrophic freshwater lake. 

This chapter is part of an ongoing study and will be incorporated into a future manuscript for 

publication. 
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Abstract 

Sulfate-reducing bacteria (SRB) are linked to methylmercury production in many 

different environments. However, recent evidence has shown that SRB account for a small 

percentage of the microbial population carrying the mercury (Hg) methylation gene hgcA. In this 

study, we adapted and performed assays using a stable isotope enriched Hg tracer to measure 

MeHg production under ambient and molybdate-inhibited conditions across several spatial and 

temporal redox gradients in Lake Mendota. We also used shotgun metagenomic sequencing to 

identify both the Hg-methylating community and the flanking community. MeHg production was 

correlated to hgcA abundance, which was dominated by non-canonical Hg methylators, including 

fermentative Kiritimatiellaeota and respiratory Actinobacteria. While SRB accounted for less 

than two percent of the hgcA gene abundance, molybdate-inhibition reduced MeHg production 

by up to 71%. This work indicates that sulfate-reduction activity plays an outsized role in MeHg 

production relative to the abundance of SRB with hgcA. Future work on this study will 

investigate whether this is due to direct production of MeHg by the SRB Hg-methylators or to 

indirect anaerobic microbial food web effects in which SRB activity facilitates activity by the 

fermentative Hg methylators. 
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Introduction 

Identifying the location and biogeochemical drivers of methylmercury (MeHg) 

production is an important step in understanding and possibly limiting MeHg accumulation in 

aquatic ecosystems. In freshwater ecosystems, MeHg production has been hypothesized to occur 

primarily in the sediments and then diffuse into the hypolimnion. However, recent studies, 

including chapters 2 and 3 of this thesis, have suggested that water column MeHg production is a 

major MeHg source to hypolimnion1–3 and the aquatic food web4. This is partially due to the 

relative proximity of water column Hg methylation to the base of the aquatic food web, 

especially in lakes with a large anoxic hypolimnion. Despite this, biogeochemical drivers of Hg 

methylation in the water column are understudied relative to sediments. 

Early work identified sulfate-reducing bacteria5,6 (SRB) and methanogens7 as the primary 

mediators of MeHg formation. Subsequently, the impact of sulfate reduction on MeHg 

production has been shown through correlations of MeHg and sulfide, MeHg production assays 

with molybdate inhibition or sulfate amendment, and isolation or sequencing of SRB with 

hgcA.8,9 This has led to efforts to mitigate Hg methylation of certain environments by increasing 

the redox state using nitrate or Mn oxide amendments10–12. However, molecular sequencing of 

the Hg-methylating gene hgcA has revealed a vast metabolic diversity of putative Hg-

methylators, including SRB, methanogens, fermenters, nitrate reducers, and/or Mn reducers 

across many different environments.13–16 This is echoed by diverse impact of SRB-inhibition on 

MeHg production across a range of environments.7,17–19 Attempts to link MeHg production to the 

hgcA community in the environment has highlighted the complexity of the relationship. For 

example, while we observed putative Hg methylating under suboxic conditions in Hells Canyon, 

the abundance of hgcA, both SRB- and non-SRB-associated, and MeHg concentrations increased 
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drastically when sulfide did appear (Chapter 3). In lake sediments, even when the hgcA gene 

pool does not include many sulfate reducers, inhibition of sulfate reduction has been observed18. 

On the other hand, sulfate enrichment can also reduce Hg methylation by reducing hgcA 

diversity and increasing the fraction of SRB Hg-methylators.20 Collectively, this highlights the 

need to investigate the relationship between the microbial community and MeHg production 

under sulfate-reducing conditions. 

In this study, we used a multi-pronged approach to link observed MeHg accumulation 

patterns along spatial and temporal redox gradients to the microbial community containing hgcA. 

Within Lake Mendota, SRB only accounted for a small percentage of the hgcA gene content, but 

MeHg accumulation increased drastically under sulfidic conditions (Chapter 2), suggesting that 

the true impact of SRB activity on MeHg production here is still poorly understood. In this 

chapter, our goal was to identify the role of sulfate reduction in the production of MeHg. We 

used an enriched stable isotope Hg tracer to measure MeHg production under ambient conditions 

and with molybdate inhibition across spatial and temporal redox gradients. We also performed 

shotgun metagenomic sequencing to identify and characterize the hgcA+ community and genes 

mediating common terminal electron accepting processes. Our results show that MeHg 

production occurs rapidly under ambient conditions and that in situ production is likely sufficient 

to explain MeHg accumulation in the water column. Molybdate inhibition resulted in decreased 

MeHg production, with the greatest decreases in the euxinic (samples with sulfide accumulation) 

deep hypolimnion. Despite this, hgcA genes were overwhelmingly associated with fermentative 

bacteria rather than sulfate-reducing organisms. This indicates that either the SRB have an 

outsized impact on MeHg production despite their low abundance or they have an impact on 

driving upstream metabolism. This study highlights the need for further work identifying the 
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mechanism for the role of sulfate reduction versus other forms of metabolism in driving MeHg 

production in aquatic ecosystems. 

 

Materials and Methods: 

Field site and sample collection: Sample collection was done at the deepest part of Lake 

Mendota, WI, USA, near the Long-Term Ecological Research buoy. Sampling was conducted 

during late stratification, in September and October. All sampling was done at night to minimize 

the incubation water exposure to sunlight. Temperature, dissolved oxygen, and turbidity profiles 

were collected using a multiparameter sonde (YSI, Yellow Springs, Ohio). Data was visualized 

in real time to guide adaptive sampling. All water samples were collected through a Teflon 

sampling line with a peristaltic pump. Samples for geochemical analyses were collected from 

throughout the metalimnion and hypolimnion. Samples for sulfide/sulfate analysis were 

preserved in 1% zinc acetate (ZnOAc). Samples for iron and manganese analysis were preserved 

in 2% nitric acid. Dissolved metal samples were filtered through a 0.45 µm poresize filter before 

acidification. From a subset of depths, we also collected water for MeHg production assays. At 

these depths, we filtered 460-580 ml of water onto a 0.2 µm poresize Sterivex filter, which were 

flash-frozen in liquid nitrogen within 90 seconds of collection. Water for Hg analysis was 

overfilled into a new 2L PETG bottle using the clean hands/dirty hands technique21 then double-

bagged and stored on ice. Water was filtered within 24 hours onto a quartz fiber filter (QFF). The 

filtrate was preserved to 1% HCl and the QFF was frozen for particulate analysis. 

Hg methylation incubations: Water samples for incubations were collected directly into 

trilaminate bags with a EVOH Coex liner suitable for trace metal sampling (ProAmpac, 

Rochester, NY). Filtered control bags were filtered in-line using a 0.2 µm poresize Sterivex filter 
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before collection in the bag. Bags were stored in a cooler in the dark during sample collection, 

then placed into a plastic bin with holes in it to allow water to flow through. The bins were 

resuspended in the lake at the original sampling depth for 24 hours before injection with the 

enriched stable isotope tracer. Filtered water from each depth was collected for use in preparing 

the stable isotope-enriched Hg tracer. This water was first stored in a cooler then wrapped in foil 

and stored in an anaerobic glovebox back in the lab. Five hours before injection into the bags, 

198Hg(II) and Me204Hg were added to the filtered water to a final concentration of ~100 ng/L and 

allowed to equilibrate with ambient ligands. A separate equilibrated tracer was prepared for each 

sampling depth, using water collected from that depth. Incubation bags were retrieved from the 

water column. Molybdate-inhibited incubations were injected with molybdate dissolved in N2-

purged water, up to a concentration of 18 mg/L to match the maximum sulfate levels. All bags 

were then injected with 5 ml of equilibrated tracer per 500 ml of sample water, to a concentration 

of approximately 0.7-0.9 ng/L 198Hg. All injections were done through the rubber outlet tubing 

on the bag and mixed into the system using a 60 ml syringe. Immediately after mixing the tracer 

into the sample, the t0 sample was collected using a 50 ml syringe, stored in a new PETG bottle, 

and preserved in 1% HCl. This same sample collection was repeated at 24 (t1) and 80 (t2) hours. 

All incubations were carried out in triplicate, yielding a total number of 50 bags.  

Geochemical analyses: Sulfide was quantified using the Cline’s method with 

modifications for ZnAOc preservation.22,23 Sulfate was determined by ion chromatography using 

a Dionex 2100 with an AS9 column. Mn and Fe were quantified using inductively coupled 

plasma-mass spectroscopy (ICP-MS) on an Agilent 8900 Triple Quad. All Hg analyses were 

done at the U.S. Geological Survey’s Mercury Research Lab (USGS MRL). For HgT analysis, 

samples were first treated with bromine monochloride to oxidize all Hg, then reduced using tin 
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chloride and quantified using cold vapor atomic fluorescence spectroscopy.24,25 MeHg samples, 

both filters and waters, were first distilled then quantified using isotope dilution with ICP-MS, 

following a modified U.S. EPA method 1630.26–28 MeHg and HgT analyses all passed all 

quality-controlled benchmarks set by the USGS MRL. 

Incubation calculations and statistics: Relative rate constants (KmetR) were calculated 

using the following equation: KmetR = (Me198Hgt1 - Me198Hgt0) / (number of days) / 198HgTt0. We 

refer to this calculated value as a relative rate constant because we use only one time point in this 

calculation and because the added 198Hg(II) is unlikely to exactly match the bioavailability of the 

ambient Hg(II), even with the pre-equilibration. Additionally, changes in the concentration of the 

reactant, 198Hg(II), due to conversion to Me198Hg and the loss of 198HgT reduce certainty in the 

rate calculation. A two-way ANOVA was used to test for significant differences in KmetR 

between treatments and sample date/depth. Planned comparisons between the two treatments at 

each sampling location were completed using the emmeans package in R.  

DNA extraction and sequencing: Sterivex filters were cut open using a PVC cutter and 

the filter removed. Half of the filter was placed in a bead-beating tube. Cells were lysed using 

both lysozyme and protease mixtures and through bead-beating. Polysaccharides and 

polyphenols were removed using CTAB and PVPP. DNA was then extracted twice using 

phenol:chloroform:IAA and washed with chloroform. DNA was then purified using alcohol 

precipitation and resuspended in nuclease-free water. Library prep was done using ~400 bp 

inserts with the Kapa Biosystem Library Prep kit at the Functional Genomics Lab at QB3 

(Berkeley, CA). Sequencing was done at the Vincent J. Coates Genomics Sequencing Lab (QB3, 

Berkeley, CA) on an Illumina NovaSeq to generate 150 bp paired-end reads. 16S sequencing was 

done at the Biotech Center at the University of Wisconsin-Madison using the V3-V4 primers.29 
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Bioinformatics processing for molecular sequencing: The fastp program was used to 

quality trim reads and merge overlapping pairs.30 Metagenomes were assembled individually and 

coassembled using metaSPADes.31 Contigs shorter than 1000 bp were removed using anvi’o.32 

Prodigal33 was used on the metagenome mode to predict open reading frames (ORFs) and 

bowtie234 was used with the default settings to map reads to contigs. The raw gene abundance is 

calculated as the average number of reads mapping to each nucleotide within the gene. The 

abundance of each gene was normalized to the average abundance of 16 ribosomal protein (rp16) 

genes. Metabat235 and MaxBin236 were used to generate bins. These bins were aggregated using 

Das Tool.37 The final set of bins were automatically generated using CONCOCT38, then hgcA+ 

bins were manually curated in anvi’o32. Bins from different assemblies that shared 97% ANI and 

had 50% alignment were grouped into metagenome operational taxonomic units (mOTUs). Bin 

taxonomy was assigned using GTDB-TK39. HgcA was identified in the ORFs from all 

assemblies using a custom HMM23 and manually confirmed to have the requisite cap-helix 

domain and transmembrane domains near the C-terminus.13 CD-HIT40 was used to cluster HgcA 

sequences at 97% identity across different assemblies and one representative from each cluster 

was selected. HgcA sequences from this study, Peterson et al23, Jones et al41, and from the Hg-

MATE database42 were aligned using MUSCLE43. Residues with 50% gaps in the alignments 

were trimmed using trimal44. A maximum-likelihood tree was generated using RAxML45 with 

the LG substitution model. Support values for the branches were generated through 300 rapid 

bootstrap replicates. The tree was rooted using two paralogs of hgcA. The tree was visualized 

using the ggtree46 package with RStudio. Hidden Markov Models (HMMs) were used with 

hmmer47 to identify metabolic genes in the assemblies, which were confirmed using reference 

sequences and phylogenetic approaches. Metabolic annotations of the bins were done using 
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convergent approaches, including HMMs with hmmer, kofamscan48, METABOLIC49, and 

FEET. Phylogenetic reconstruction using FastTree50 was used to confirm annotations of genes 

encoding TEAPs. 16S sequences were quality trimmed in mothur51 and classified using the 

Greengenes52 and FreshTrain53 databases.  

All the code used in this paper is available on GitHub: 

https://github.com/petersonben50/BLiMMP. 

 

Results: 

Site description and geochemical profiles: Lake Mendota receives substantial nutrient 

input from the watershed and thermally stratifies early in the summer, leading to a succession of 

terminal electron acceptors in the hypolimnion (Fig. 1). Previous work has suggested water 

column Hg methylation is an important source of water column MeHg, especially starting in late 

August (Chapter 1). Thus, we focused our sampling on the water column in September and 

October. Thermal stratification began in mid-May and anoxia developed in the deep 

hypolimnion in 2020 by early June (Fig. S5.1). By mid-July, the entire hypolimnion was anoxic, 

which continued through until turnover (Fig. S5.1, 5.1a,d). While we did not measure nitrate in 

this study, data from the North Temperate Lakes – Long Term Ecological Research station have 

shown that nitrate is consistently depleted in the metalimnion and hypolimnion by early 

September.54 In September, particulate manganese (Mn) levels peaked at 0.55 µM three meters 

below the oxycline, below which the Mn pool was exclusively in the dissolved form, 

accumulating to over 6 µM (Fig. 5.1b). In October, the redox gradient was compressed55 due to 

the descending thermocline, and particulate Mn reached 1.3 µM immediately below the oxycline 

(Fig. 5.1e). This particulate Mn coincided with the peak in turbidity, which we targeted during 
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Figure 5.1: Physical, geochemical, and Hg profiles from two sampling 

dates. Green dots in A. and D. indicate where the Hg methylation 

assays were conducted. DO = dissolved oxygen, Mn = manganese, iHg 

= inorganic Hg, MeHg = methylmercury. 

179



our sampling efforts (Fig. 5.1d,e). Fe concentrations were much lower than Mn, never reaching 

above 0.7 µM for the particulate phase and even less for the dissolved phase (Figure S5.2b,i). In 

September, sulfide levels were highest, nearly 100 µM, just above the sediment-water interface 

and non-detectable at the metalimnion (Fig. 5.1b). This trend was mirrored by the sulfate levels, 

which peaked in the metalimnion near 200 µM and decreased linearly down the water column to 

just over 100 µM above the sediment water interface. While sulfate showed a similar trend in 

October as in September, sulfide peaked at 83 µM in the upper hypolimnion before dropping to 

about 69 µM just above the sediment water interface (Fig. 5.1e). We also measured dissolved 

organic carbon (DOC) levels, suspended particulate matter (SPM), and bacterial carbon 

production (BCP) at a subset of the sampling locations (Fig. S5.2e,l). SPM and DOC did not 

change much within a profile, but in October, BCP was approximately four times higher near the 

oxic-anoxic interface than in the deeper hypolimnion.  

Hg profiles: We focused our analysis on the dissolved fractions of the Hg species, since 

that is the fraction most likely interacting with the Hg-methylating organisms. Profiles of 

particulate Hg species are included in Fig. S5.2g,n. We define iHg here as the total Hg (HgT) 

minus MeHg. In September, iHg was consistent throughout the water column, ranging from 0.11 

ng/L in the metalimnion to 0.26 ng/L in the deep hypolimnion (Fig. 5.1c). In October, iHg 

remained in this range in the upper hypolimnion and metalimnion but increased at the deepest 

depth to 0.61 ng/L (Fig. 5.1f). MeHg values were more variable in September, ranging from 0.08 

ng/L in the metalimnion to 0.95 ng/L at the deepest depth (Fig. 5.1c). The percent of HgT 

present as MeHg (%MeHg) was higher in the lower hypolimnion (~75%) than the area just under 

the oxic-anoxic interface (~40-50%) (Fig. 5.1c). In October, MeHg reached a peak of 0.73 ng/L 
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in the upper hypolimnion and plateaued down to the bottom (Fig. 5.1f). Due to the elevated iHg 

in the deep hypolimnion, the percent MeHg peaked in the upper hypolimnion at 78% (Fig. 5.1f). 

Sample depth selection: Five depths across the two sampling dates were selected based 

on the temperature, DO, and turbidity for use in shotgun metagenomic sequencing and MeHg 

production assays (Fig. 5.1a,d). Two of these depths (11 m in September and 15.7 m in October) 

had detectable particulate Mn and low sulfide levels and will be referred to as the “suboxic” 

samples. Two other samples (20.7 m in September, 20.9 m in October) were deeper in the 

hypolimnion and had undetectable particulate Mn and high sulfide concentration and will be 

referred to as the “euxinic” samples. The remaining sample, 15.5 m in September, had low 

particulate Mn but some sulfide accumulation as well and will be referred to as the “redox 

transition” sample. 

Incubation results: Each incubation bag was injected with 0.80 ± 0.13 ng/L of 198Hg(II) 

(Fig. S5.3). Incubations were sampled three times: at 0 (t0), ~24 (t1) and ~80 (t2) hours after 

adding the equilibrated isotope-enriched Hg and MeHg tracers. 198HgT levels decreased 

consistently across most incubations, with an average decrease at t1 of 13 ± 9%/day (mean ± 

standard deviation) and a maximum decrease of 23% (Fig. S5.3). HgT loss slowed after the first 

24 hours, averaging only 5 ± 3%/day from t1 to t2. HgT loss was less pronounced during the 

October incubations than it was in September. Because of these decreases in HgT, we used the 

HgT concentrations from t0 to calculate the rate constants below. At t0, there was only detectable 

Me198Hg in one of the 50 incubations (Fig. S5.4). Additionally, no detectable Me198Hg was 

produced in any of the filtered controls at any time point. There was detectable Me198Hg 

production under ambient conditions and molybdate-inhibition for each location, with only some 

incubations from the suboxic region in September having undetectable Me198Hg production. 
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Despite the high levels of Me198Hg production and moderate loss of 198HgT, which together 

indicate a substantial decrease in 198Hg(II) in several incubations, we observed nearly linear 

Me198Hg production through 80 hours (Fig. S5.4). 

We used the Me198Hg concentrations at t1 and the 198HgT concentrations at t0 to calculate 

a relative Hg methylation rate constant (KmetR) for each incubation under ambient conditions and 

molybdate-inhibition (Fig. 5.2). For incubations under ambient conditions, KmetR ranged from 

0.003 to 0.185 day-1, with higher KmetR in the euxinic samples than the high redox and suboxic 

samples (Fig. 5.2, 5.3a). The highest KmetR values were observed in the October incubations from 

20.9 m. At each depth, the KmetR values for the molybdate-amended samples were lower than the 

KmetR values under ambient conditions. A two-way ANOVA test revealed a significant effect of 

treatment conditions, sample location and an interaction of the two on the KmetR values (p < 

0.0001). Planned comparisons of the treatments within a sample location revealed significant 

differences in KmetR between molybdate-inhibited and ambient incubations for the two euxinic 

samples (p < 0.0001). The difference between ambient conditions and molybdate-inhibited 

samples at the redox-transition sample was nearly significant (p = 0.07), while the two suboxic 

samples showed no significant difference (p > 0.35). We did not quantify the effect of molybdate 

on Me198Hg production in the suboxic samples due to the lack of a significant difference between 

ambient and molybdate-inhibited conditions and to the Me198Hg concentrations being below the 

limit of quantitation. For the other three samples, however, we calculated the percent reduction 

in Me198Hg production due to molybdate amendment. Molybdate-amendment reduced the KmetR 

values by 71% in the two euxinic samples, while it only reduced KmetR by 44% in the redox-

transition sample (Fig. 5.4b). 
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hgcA genes: Across the five metagenomes, we identified 32 hgcA gene sequences. All 

hgcA genes encoded proteins with the requisite cap-helix domain and transmembrane domains at 

the C-terminus end. All hgcA genes with assembled DNA downstream of hgcA included an hgcB 

gene. Abundance of hgcA ranged from 4 to 17% of the rp16 coverage and was highest in the 

euxinic samples and lowest in the suboxic samples, with the redox transition sample in the 

middle (Fig. 5.3b). Thus, hgcA abundance increased with increasing KmetR values (Fig. 5.3a-b, 

S5.5). Phylogenetic analysis revealed that most identified hgcA genes were closely related, in 

some cases identical, to hgcA genes recovered in a previous study on the lake from 201723, 

suggesting a consistent methylator population from year to year (Fig. S5.6). Each sequence was 

assigned a taxonomic classification based on these phylogenetic similarities and, if no related 

sequence was found, reference sequences from the Hg-MATE database42. 

Fermentative Hg-methylators: The hgcA gene pool was dominated by sequences from 

obligately fermentative organisms. The Kiritimatiellaeota-associated hgcA sequences were by far 

the most abundant, accounting for 60-78% of the hgcA abundance in all samples (Fig. 5.3). We 

successfully reconstructed one Kiritimatiellaeota-associated bin (BLI20_KIR), which was highly 

abundant in the September profile at the redox transition and the euxinic regions with 48 and 

30%, respectively, of the total hgcA gene abundance. BLI20_KIR corresponded to an obligately 

fermentative organism with a high number of glycoside hydrolases. We recovered many other, 

lower abundance, hgcA sequences that are predicted to be from obligately fermentative 

organisms, including from Spirochaetes, Clostridia, Verrucomicrobia, and Lentisphaerae. All of 

these hgcA clusters except Spirochaetes had a closely related hgcA gene in a bin corresponding 

to an obligate fermenter from a previously study from this lake (Fig S5.6).23 
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Respiratory Hg-methylators: The hgcA sequences from organisms predicted to have 

respiratory metabolisms were less abundant overall.  Actinobacteria-like hgcA sequences were 

the second most abundant sequences, accounting for 3-25% of hgcA abundance across all 

samples (Fig 5.3b). We recovered one hgcA+ Actinobacteria-affiliated bin (BLI20_ACT), which 

contained a partial electron transport chain and had five multiheme cytochrome c proteins, which 

suggest it may be capable of respiratory metabolism. However, we did not identify any well-

characterized genes used in major TEAPs in this bin. One hgcA gene shared 90% amino acid 

sequence identity with an hgcA gene from a Bacteroidetes bin (BAC_0005) reconstructed from 

this lake in 2017 (Fig S5.6).23 This bin, along with several other closely related hgcA+ 

Bacteroidetes bins, contained an electron transport chain, putative external electron transfer 

genes, and some polysulfide reductases, suggesting these Hg methylators are also reliant on an 

array of respiratory pathways. Several hgcA associated with putative sulfate-reducing 

Desulfobacterales were present, but only accounted for a small percentage of the hgcA 

abundance, with a maximum of 6% of the total hgcA abundance at 15.7 m in October (Fig 5.3b, 

5.4c). We also recovered a single hgcA sequence, only present at 15.7 m in October, that shared 

99% sequence identity with an hgcA sequence from a putative Mn-reducing Pelobacter bin 

recovered in a previous study on this lake. Overall, these putative respiratory hgcA+ bins only 

accounted for less than 5% of the hgcA abundance in all samples except for the suboxic samples 

in October. 

Sulfate reduction: Reductive dsrA and dsrD, both associated with sulfate reduction, 

increased from the metalimnion/upper hypolimnion on both dates (Fig. 5.4F). These dsr genes 

are present at low abundances, ranging from < 0.1% to 1.5% of the microbial community. None 

of these sequences were binned so we could not classify the SRB bacteria present. From a 
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Abundance of hgcA sequences associated with respiratory organisms are shown in C 
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sequencing library (E, K) and the abundance of dissimilatory sulfite reductase subunits 

dsrA and dsrD. The dsrA subunits only include sequences associated with reductive 

dsrA branches and not the reverse dsrA branch. All gene abundances are normalized to 

the mean abundance of 16 ribosomal proteins. 
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previous study, eight bins were identified as SRB out of 228 bins. To further explore the SRB 

community, we mapped the reads from this study to this set of bins. SRB bins accounted for 

0.5% to 1.1% of the total mapped reads, with Desulfobacterales bins the most abundant SRB, 

followed by Syntrophobacterales. 

Metabolic genes: We also searched for additional genes that could be mediating TEAPs 

in these samples. Abundance of the periplasmic nitrate reductase napA decreased from the 

suboxic regions to the euxinic samples on both dates, while in September the narG nitrate 

reductase peaked in the upper hypolimnion (Fig. 5.4D). We could not identify any porin-

cytochrome c complexes homologous to those involved in mediating Mn oxide reduction 

through external electron transfer (EET) in Geobacter. This does not imply an absence of any 

genes capable of EET, however, as that process is likely mediated by a wide array of yet 

unidentified genes. Using 16S amplicon sequencing, we identified sequences associated with the 

Geobacteraceae family (Fig. 5.4E). Previous metagenomes from this lake included several 

Geobacteraceae-associated bins, all of which had EET pathways.23 Geobacteraceae was low in 

abundance in September, but increased to 1% of the total microbial community in the suboxic 

region by October. We searched for mcrA, mtrA, and several other methanogenic markers but did 

not find any. 

 

Discussion: 

Here, we adapted a stable isotope-enriched Hg tracer method to measure the Hg 

methylation potential of depth-discrete water samples from a freshwater lake reliably and 

consistently.1,56 For each incubation with detectable MeHg production, we calculated a relative 

rate constant (KmetR) for MeHg production (Fig. 5.2). These KmetR values are best thought of as a 
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potential rather than a true rate constant57, for several reasons. First, we only calculated KmetR 

over one time interval (t0 to t1). Sampling and analytical constraints hampered more frequent 

sampling under 24 hours and the continued loss of HgT and high MeHg production rates 

indicated that by 80 hours the reactant concentration had decreased substantially. However, the 

near linearity of Me198Hg production through both time intervals (Fig. S5.4) suggests that we are 

measuring an ongoing rate rather than having a burst of production at the start of the incubation, 

which is consistent with previous studies in freshwater lakes that have observed linear MeHg 

production for at least 24 hours1,58. Second, there was some loss of tracer during the incubation 

period, likely due to sorption to the EVOH Coex walls of the bags. We did not extract and 

quantify the Hg from the walls, and thus cannot comment on the ratio of iHg to MeHg lost. By 

using the 198HgT concentration from t0 we assumed that all of the lost 198Hg was iHg and 

available as a reactant for methylation. These are conservative assumptions in this calculation; 

therefore, the calculated relative rate constants are lower bound estimates of the true rate 

constants with respect to reactant concentration and product loss. Third, while we pre-incubated 

the tracer with filtered water to allow the 198iHg tracer to bind to ambient ligands, we 

acknowledge that the availability of the tracer is likely still different than that of the ambient Hg. 

Especially in the euxinic samples, it is possible that kinetic constraints on iHg complexation limit 

the formation of recalcitrant HgS particles in favor of more bioavailable Hg-DOM 

complexes.59,60 This likely means that the KmetR values are overestimations of the true rate 

constants with respect to bioavailability constraints. Despite these limitations, however, KmetR 

values were consistent across replicates for each of the different sampling depths, time, and 

across treatments, suggesting it is a valuable approach for measuring differences in MeHg 

production potential in response to changes in geochemistry or to inhibitor amendment.  
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The high rates of MeHg production observed here support the hypothesis that in situ 

production can be a major source of MeHg in the water column of freshwater lakes, as opposed 

to strictly from diffusion from the sediments.2 Concentration gradients of MeHg leading out of 

the sediments, as observed in the September profile (Fig. 5.1c), are often interpreted to mean that 

MeHg accumulation in the hypolimnion is largely due to MeHg production in the sediments that 

subsequently diffuses into the hypolimnion. However, here we observe that Me198Hg production 

in the deeper euxinic samples is also higher. At the euxinic depths, up to 50% of the original 

enriched isotope spike had been converted into MeHg after 80 hours.  This is surprisingly high, 

considering that only 50% of the ambient Hg pool is MeHg at that location. The consistent low 

levels of iHg throughout the water column (Fig. 5.1c,f), around 0.25 ng/L, also suggest high 

levels of MeHg water column Hg methylation. The one exception to this is the higher levels of 

iHg in the deep euxinic sample in October (Fig. 5.1f). Additionally, the correlation of MeHg 

production with hgcA suggests in situ production as a dominant source of MeHg (Fig. S5.5). 

Collectively, these data suggest that high rates of MeHg production in the water column produce 

or at least maintain the high levels of MeHg in the hypolimnion. The water column Hg 

methylation rates observed here are higher than, but comparable to, KmetR values from a number 

of different oligotrophic, mesotrophic, eutrophic, and dystrophic lakes.1,41,57,61,62  

This study highlights the likely role of fermentative organisms in MeHg production in the 

hypolimnion. Under euxinic conditions, when sulfate reduction is predicted to be the dominant 

TEAP, Me198Hg production continued with a KmetR of 0.03 to 0.05 day-1 in the bags with 

molybdate amendments (Fig. 5.2). Because this rate continued throughout the entire incubation, 

at both 24 and 80 hours (Fig. S5.4), it is likely that this production is entirely independent of 

sulfate-reduction rather than occurring before sulfate reduction was fully inhibited. This SRB-
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independent MeHg production is likely due to the abundant obligately fermentative Hg 

methylators we observed at all depths. These fermentative putative Hg methylators, particularly 

the Kiritimatiellaeota, have been identified as major constituents of the hgcA population across 

multiple marine63 and freshwater41 environments, including chapters 2 and 3 of this thesis. While 

the partial or non-existent inhibition of MeHg production in response to molybdate is often 

attributed to Hg methylation by methanogens or iron-reducers, the results here suggest 

fermentative organisms may play a role as well.18,19,64 Efforts to stimulate MeHg production by 

adding fermentative end-products such as acetate or lactate often show no increase or an 

inhibitory effect on MeHg production, which could be linked to inhibition of fermentative 

organisms by increasing the concentration of the end product.65,66 While many of these 

organisms have not been experimentally verified to produce MeHg, the functional assays 

combined with the molecular sequencing provides evidence that they are environmentally 

relevant Hg-methylators. 

Despite the low abundance of SRB with hgcA, sulfate reduction still clearly plays an 

important role in MeHg production. Molybdate inhibition eliminates 71% of the Me198Hg 

production in the euxinic samples and 44% in the redox transition zone (Fig. 5.4c). This is not 

particularly surprising, as at least partial inhibition of MeHg production in response to molybdate 

amendment has been observed in many environments, including in lake sediments5,6,18, the water 

column of freshwater lakes57, settling particles in a lake62, wetland sediments67, and 

periphyton17,68. While inhibition of SRB has the potential to impact bioavailability in addition to 

microbial Hg methylation capacity, the effect in this study was likely due to changes in microbial 

metabolism, as there was no detectable difference in sulfide accumulation between t0 and t2 in 

the incubation under ambient conditions or molybdate inhibition. Changes in MeHg production 
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in response to altered sulfate reduction dynamics, independent of changes in bioavailability, have 

been shown in sulfate-enriched sediments as well.20 However, this molybdate-induced inhibition 

of Hg methylation was surprising considering that SRB only accounted for 0.8-3% of the hgcA 

abundance in these samples (Fig. 5.3b). While few studies have examined both the impact of 

SRB inhibition on Hg methylation activity and searched for hgcA sequences, amplicon 

sequencing of hgcA has shown limited presence of suspected SRB-associated hgcA genes in 

boreal lake sediments and wetland sediments where MeHg production was inhibited by 

molybdate amendment.18,67 However, the limitations on amplicon sequencing make it difficult to 

evaluate the true abundance of SRB with hgcA in these studies.  

The first potential explanation for the observed discrepancy between molybdate-

inhibition of MeHg production and the relative lack of SRB-associated hgcA sequences is that 

the small number of SRB Hg methylators are directly producing a high fraction of the MeHg. 

SRB Hg-methylators from Deltaproteobacteria are thought to be particularly efficient at 

producing MeHg, at least under laboratory conditions, but there is substantial variation between 

different organisms.14,69–71 Many of the abundant hgcA sequences associated with fermentative 

organisms are from taxa (Kiritimatiellaeota, Lentisphaerae) that have not been tested in the lab 

for MeHg production, thus we know little about their Hg methylation capacity. In the 

environment, there are many factors that could modulate a specific organism’s Hg methylation 

capacity. While we know that hgcA transcription in Desulfovibrio desulfuricans and translation 

in Geobacter sulfurreducens PCA is not induced by Hg(II) exposure72,73 and hgcA transcription 

in Desulfovibrio dechloroacetivorans strain BerOc1 in not induced by varying carbon substrates 

and terminal electron acceptors74, the presence of putative transcriptional regulators, including 

some similar to arsenic resistance operon regulators, upstream from many hgcA sequences 
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suggests some form of regulation is likely in some organisms.16,75 RNA expression of hgcA from 

non-experimentally verified Hg methylators has been documented in two different systems16,76, 

but how these transcriptional levels compare to other Hg methylators, particularly those from 

different metabolic guilds, is unknown. Differences in Hg(II) uptake mechanisms8,77 or 

preferential selection of different iHg pools78 could also lead to varying MeHg production 

capacity between organisms in the environment. Additionally, carbon flow to Hg might be 

different in different organisms. The use of a methylated tetrahydrofolate (THF) molecule during 

methylation links hgcA to the THF cycle13,79, which is involved in an array of biosynthetic, 

energy-conserving, and carbon-fixing pathways used under an array of different metabolic 

conditions.80 These links may mediate the observed impacts of hgcA deletion on the redox state 

of the cell, single carbon metabolism73,81, and outer membrane cytochrome expression73. 

Understanding why the organisms produce MeHg and how it relates to the overall metabolic 

strategy of these organisms, alongside field studies using functional measurements combined 

with RNA sequencing or metaproteomics, will help us understand the direct contribution of 

different functional guilds to MeHg production in the environment. 

Second, any SRB, even ones without hgcA, could influence MeHg production indirectly 

by modulating the metabolic activity of fermentative Hg-methylating organisms. The 

degradation of carbon molecules in anoxic environments is mediated by a consortium of 

microorganisms, often referred to as the anaerobic microbial food web through which carbon 

flows from top to bottom. In this study and in previous studies, putative Hg methylating 

organisms have been identified representing each of the functional guilds found in this 

conceptual microbial food web (Fig. 5.3).23,41 In these food webs, microbes are reliant on 

organisms “above” or “below” them in the food web to produce needed substrates or consume 
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products to drive their metabolism. If one organism is mediating a rate-limiting step in the 

process, changes in that organism’s metabolism can have upstream or downstream effects on the 

other microbial community members. These processes have mostly been studied in lab-scale 

reactors and marine sediments, where hydrolysis of large carbon compounds at the “top” of the 

food web is often thought to be the major rate-limiting step in this process82,83, but in several 

environments, terminal respiration can be a major bottleneck in community metabolism.84,85 

Lake Mendota is a highly productive eutrophic lake with a highly labile organic carbon pool86, 

which may suggest that carbon hydrolysis is not the rate limiting step. If so, by blocking sulfate-

reduction we may also be inhibiting organisms reliant on the SRB to consume fermentation 

products such as formate, acetate, or hydrogen. This food web stimulation of MeHg production 

can be seen in the impact of non-Hg-methylating syntrophic partners69 and the enhanced effect of 

stimulating both fermenters and SRB on Hg methylation87. The geochemical (Fig. 5.1) and 

metabolic gene profiles (Fig. 5.4) suggest that sulfate reduction was the dominant respiratory 

pathway consuming fermentation products. Thus, the molybdate-induced reduction in Me198Hg 

production at the euxinic depths could be due to greater reliance of the microbial community on 

SRB to drive community metabolism. Future experiments on MeHg production paired with 

broad-scale measurements of community metabolism and respiration and with RNA sequencing 

or metaproteomics will be critical for to developing an accurate picture of how biogeochemical 

cycles and the microbes that mediate them influence the production of MeHg. 
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Appendix to Chapter 5: Supplementary figures 

Supplementary Figures: 

Figure S5.1: Heatmaps of temperature (A) and dissolved oxygen (B) at the sampling location in 
Lake Mendota over most of the ice-free season in 2020 (x-axis is time). The vermillion diamonds 
in each figure correspond to the date and depths where the incubations were conducted. The 
black line in A corresponds to the thermocline.  

Figure S5.2: Profiles of dissolved oxygen (DO), temperature and turbidity (A, H); dissolved and 
particulate iron (Fe) (B, I); dissolved and particulate manganese (Mn) (C, J); sulfate and sulfide 
(D, K); dissolved organic carbon (DOC), suspended particulate matter (SPM), and bacterial 
carbon production (BCP), which is a measure of community heterotrophy (E, L); dissolved 
inorganic Hg (iHg), dissolved methylmercury (MeHg), and percent MeHg in dissolved phase (F, 
M); and particulate inorganic Hg (iHg), particulate methylmercury (MeHg), and percent MeHg 
in particulate phase (G, N) for both September and October sampling trips. 

Figure S5.3: Total excess 198Hg levels for all five sets of incubations. The bin holding the 
incubation bags at 15.7 m in October was lost between t1 and t2.  

Figure S5.4: Excess Me198Hg plots over three time points for three depths in September (A) and 
two depths in October (B). Plots with zoomed-in y-axis are shown in C for the two suboxic 
incubations due to their lower Me198Hg production. The bin holding the incubation bags at 15.7 
m in October was lost between t1 and t2, so there’s no data for t2 for that location. 

Figure S5.5: Plot of the KmetR values for incubations under ambient conditions vs. the hgcA 
abundance at that location. Gene abundance is normalized to the abundance of 16 ribosomal 
protein genes. 

Figure S5.6: Maximum likelihood tree of identified hgcA sequences from this study (in orange) 
with reference sequences from Peterson et al, 2020; Jones et al, 2019; and the Hg-MATE 
database. Heatmap shows the abundance of each hgcA sequence identified in this study in each 
metagenome. The hgcA gene abundance is expressed as a percentage of the mean abundance of 
16 ribosomal protein genes. 
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Fig. S5.1 
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Fig. S5.2 
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Fig. S5.3 
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Fig. S5.4 
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Fig. S5.5 

0.00

0.05

0.10

0.15

0.20

0.25

0 5 10 15
hgcA abundance

K m
et

R
 (d

ay
-1
)

207



Fig. S5.6 
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Chapter 6: Conclusions and future directions. 

Several common themes appeared over the four research chapters in this thesis. In this 

chapter, I briefly summarize the major findings and propose future work that will expand upon 

these results. 

1. Fermentative organisms constitute large fraction of Hg-methylator diversity across

multiple aquatic systems. 

Each of the research chapters in this thesis joins a rapidly growing body of literature 

highlighting the metabolic and taxonomic diversity of the organisms carrying hgcA. In particular, 

obligately fermentative Hg methylators were abundant across all study sites. In both Lake 

Mendota and Brownlee Reservoir, we identified organisms with hgcA (hgcA+) associated with 

the Kiritimatiellaeota phylum as the most abundant Hg-methylators, among many other 

obligately fermentative organisms (Chapters 2, 3, and 5). These organisms have been previously 

identified in another freshwater lake, but not as high in abundance.1 They were present in the 

sediment cores from the Everglades, but at a lower relative abundance, suggesting they may be 

specifically suited to living in the water column (Chapter 4). We also observe a number of 

organisms that appear to be facultatively aerobic with hgcA, within phyla such as Actinobacteria 

or Chloroflexi (Chapters 4 and 5). It is uncertain what their active metabolic pathways are at 

these depths, but the lack of oxygen at the depths where they were found would indicate that 

these organisms are living fermentatively. This, together with the observed MeHg production 

under inhibition of sulfate reduction, shows that there may be a common group of organisms 

mediating Hg methylation in freshwater lakes and that fermentative organisms in general may 

play a large role in MeHg production across an array of ecosystems. 
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Expanding the use of metagenomic sequencing for hgcA identification or the use of 

improved PCR primers will help identify how widespread these divergent hgcA sequences are. 

Verification of these organisms as functional and relevant Hg-methylators is a key next step as 

well. In the field, performing RNA sequencing would identify which hgcA+ organisms were 

transcriptionally active, which metabolic pathways were active, and whether or not the hgcA 

gene was actively transcribed. While the HgcA amino acid sequences have the necessary 

conserved residues2 and protein modeling of other non-canonical HgcA proteins3,4 suggests that 

these novel hgcA sequences are capable of Hg methylation, ensuring that these microbes are 

actually capable of taking up iHg and converting it to MeHg is a necessary step. Analyses have 

identified non-canonical Hg-methylators in culture5,6, which offers an opportunity to 

experimentally verify these new Hg-methylators. 

2. Water column Hg-methylation is likely to be important source of MeHg.

Our results from Lake Mendota and Brownlee Reservoir corroborate past literature 

suggesting that MeHg accumulation in the anoxic hypolimnion can often be attributed to in situ 

production rather than diffusion from the sediments (Chapters 2, 3, and 5).7,8  In Mendota, we 

observed profiles that were inconsistent with diffusion from the sediments and high rates of 

MeHg production that matched up with the hgcA abundance. In Brownlee, we also saw mid-

column peaks in MeHg and percent MeHg, and here we also saw a correlation between hgcA 

abundance and MeHg concentrations in the water column. This corroborates with gradients just 

above the sediment-water interface that indicate that MeHg was not diffusing out of the 

sediments.9 Curiously, at both sites the inorganic Hg (iHg) levels were approximately 0.2 ng/L 

with a few exceptions in the deepest, most reduced samples. One potential explanation for this is 
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that high rates of MeHg production will methylate nearly all of the bioavailable Hg and that any 

iHg is inaccessible for uptake and subsequent methylation. In this case, water column Hg 

methylation is more limited by the appearance of bioavailable iHg, which would explain the 

similar levels of MeHg accumulation despite large differences in Hg methylation capacity 

(Chapter 5). 

Much remains uncertain about how MeHg accumulation occurs in the hypolimnion. 

Improving the stable isotope enriched Hg tracer incubations to allow for quantification of Hg 

methylation in ecosystems with a different trophic status and lower MeHg production, such as 

Brownlee Reservoir, will enable studies to see if rapid conversion of iHg to MeHg in the water 

column is widespread. Equally importantly will be determining the source, transport, and 

complexation of iHg that leads to the observed bioavailability in these systems. The complexity 

of these interactions highlights the value of focusing on a small number of locations using large-

scale, intensive studies using a multi-pronged, interdisciplinary approach. Incorporating new 

techniques and methods, such as the corewater sampling9 or MeHg-specific stable isotope 

analysis10, will further enhance our ability to identify the source and transport of MeHg in the 

hypolimnion. 

3. Abundance of hgcA can be a valuable indicator of Hg methylation capacity.

We’ve shown that in various conditions and environments, hgcA gene presence can be 

representative of MeHg accumulation, MeHg production, and/or microbial Hg methylation 

capacity. In Brownlee Reservoir, where hypolimnetic and metalimnetic MeHg accumulation 

were thought to be driven by water column Hg methylation, we observed a linear correlation 

between hgcA and MeHg (Chapter 3). The lack of sulfide accumulation and relative 
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homogeneity of the DOM composition and concentration suggests that bioavailability of iHg 

may not change much over these conditions and that MeHg production levels is mostly reliant on 

Hg methylation capacity. On the other hand, hgcA abundance did not correlate well with MeHg 

levels in Lake Mendota (Chapter 2 and 5), but it did correlate well with relative Hg methylation 

rates (Chapter 5). The very high rates of Hg methylation we observed, the high fraction of 

MeHg, and the consistent iHg concentrations across a range of conditions may suggest that 

nearly all bioavailable Hg has been methylated, meaning that MeHg levels are limited more by 

the available iHg pool rather than the rate of MeHg production. While hgcA abundance was 

unrelated to MeHg levels overall or MeHg production values under ambient conditions in 

sediment cores of the Florida Everglades, by isolating the effect of the Hg methylation capacity 

of the microbial community from the effect of iHg bioavailability, we showed that hgcA 

correlates well with the calculated Hg methylation capacity under a broad range of iHg 

bioavailability (Chapter 4). Collectively, these data show that hgcA can be a valuable tool in 

separating the impact of the microbial Hg methylation capacity from the array of other factors 

that influence MeHg accumulation in freshwater ecosystems. 

There remains a great deal of work to be done to evaluate the influence of the Hg 

methylation capacity of a microbial community on the final observed levels of MeHg in the 

environment. In particular, using the methods described in Chapter 4 to examine the Hg 

methylation capacity of the microbial community under a range of realistic iHg bioavailability 

conditions and compare that to the microbial community with hgcA across multiple 

environments will help provide insight into how MeHg concentrations are controlled in situ. 
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4. Hg methylation can be active under suboxic conditions.

Hg methylation is historically associated with sulfidic conditions, but the data presented 

here, particularly from Brownlee Reservoir, strongly suggests that MeHg production is possible 

under suboxic conditions. Sulfide production was rare during our sampling efforts in Brownlee, 

yet MeHg accumulation was common. MeHg production in oxic or suboxic environments has 

previously been ascribed to sulfate reduction occurring in euxinic niches11; however, the sulfate 

reduction genes only appeared when sulfide was present and some organisms with hgcA carried 

respiratory pathways for nitrate or Mn reduction, suggesting that this Hg methylation was a truly 

suboxic process (Chapter 3). In Mendota, MeHg was highest when sulfide was present, but the 

abundance of hgcA+ Geobacteraceae with external electron pathways co-localized with elevated 

particulate manganese (Mn) levels suggests that Mn reduction could be playing a role in MeHg 

production in this lake as well (Chapter 2). 

Experimentally confirming MeHg production activity under these suboxic conditions is a 

critical next step. Testing hgcA+ cultures that operate under suboxic conditions, such as nitrate 

reducers or Mn reducers under conditions similar to those found in the environment will be an 

important step in confirmed that this process works under these conditions. Additionally, 

demonstrating reduced MeHg production under inhibition of both sulfate-reducing bacteria 

(SRB) and methanogens and enhanced MeHg production in response to nitrate and/or Mn 

amendment will help evaluate the environmental relevance of suboxic MeHg production. RNA 

sequencing or metaproteomics done in parallel with these experiments could be used to identify 

the expression of hgcA under these conditions and identity the active metabolic pathways in 

these Hg-methylating organisms to further confirm links between nitrate or Mn reduction and 

MeHg production. 
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5. The relationship between Hg methylation capacity and sulfate reduction varies widely

between ecosystems. 

The results from this study highlight the complex relationship between sulfate reduction 

activity and the Hg methylation capacity of the microbial community. In the two freshwater 

water column ecosystems, we observed substantial increases in hgcA levels under sulfidic 

conditions (Chapters 2, 3 and 5). While this would suggest that most hgcA+ organisms are SRB, 

they actually accounted for a small percentage of the overall hgcA population. The hgcA gene is 

not known to confer any competitive advantage or Hg detoxification under laboratory condition. 

However, the appearance of hgcA under sulfidic conditions, coupled with the observations that 

HgT accumulates in the water column under more reduced conditions due to diffusion or 

diagenesis12 and that MeHg is rapidly exported from the cell13, suggests that rapid Hg 

methylation and export of Hg is a favorable trait under these conditions. While many studies 

have searched for hgcA, very few have done so in way that allows for the calculation of Hg-

methylator abundance as a fraction of the total microbial community, limiting our ability to 

comment on the selection of the trait within these communities. However, in one study, the 

relative abundance of hgcA+ organisms, not just hgcA+ SRB, was higher in high sulfide 

samples.1 On the other hand, in the sediments of the Florida Everglades, hgcA increased 

substantially as sulfide declined, suggesting that this trend does not hold up in sediment 

communities, possibly due to the lower bioavailability of iHg under these conditions (Chapter 4). 

Understanding the role of hgcA in microbial physiology will go a long way towards 

explaining the observed distribution of the gene in the environment. In the lab, further 

characterization of the links between hgcA activity and the THF cycles14–16 and the possible 

interaction with divalent metal uptake17 may provide insight into the conditions under which 
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hgcA increases microbial fitness. In the environment, additional exploration of hgcA abundance 

and diversity using shotgun metagenomics along sulfide gradients will illuminate the conditions 

under which these trends hold true. Furthermore, RNA sequencing data from these same 

gradients will identify whether or not the hgcA is expressed under changing conditions and 

provide additional insight into the active metabolic pathways for these Hg-methylating 

organisms. 

6. Sulfate reduction can have major influence on MeHg production capacity independent of

hgcA+ SRB abundance. 

The results from Chapter 5 show that even when SRB with hgcA are low in abundance, 

sulfate reduction plays a substantial role in the Hg methylation capacity of the microbial 

community. This could be due to direct impacts of the SRB Hg-methylators, in which this small 

community of methylators accounts for a large percentage of the MeHg production. Differences 

in Hg methylation efficiency in laboratory experiments do indicate that such a difference is 

possible. SRB could also influence MeHg by driving overall food web activity. While polymer 

hydrolysis is often regarded as the rate-limiting step in anaerobic carbon degradation, it may not 

be true in ecosystems with a high level of labile carbon, such as Lake Mendota. In such a system, 

respiration processes such as sulfate reduction are likely to drive community metabolism, and 

inhibition of these pathways is likely to slow down upstream fermentation pathways. If these 

fermentative organisms are the primary Hg-methylators, this will decrease MeHg production 

capacity. 

While directly testing the Hg-methylating capacity of different metabolic guilds in a 

complex community is not currently possible, indirect measurements to estimate microbial 
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activity, such as RNA sequencing or metaproteomics, could indicate the relative hgcA expression 

or general metabolic activity of different guilds and suggest which are producing MeHg. As 

discussed previously, the Hg methylation activity of many of the non-canonical hgcA+ 

organisms have not yet been tested. Even laboratory measurements of their MeHg production 

efficiency might provide an indication of the relative contribution of different guilds to the Hg 

methylation rates in situ. On the other hands, identifying potential indirect effects of SRB on 

MeHg production will require further investigation into the basic structure of the anaerobic food 

web in the system of interest. Measuring the community metabolism response to SRB inhibition, 

through leucine uptake assays or BONCAT, in parallel to MeHg production assays could provide 

insight into the shifts in community metabolism underlying the changes in Hg methylation 

activity. More targeted analysis could be done as well by using 13C-labeled substrates to track 

changes in both the rate of consumption of the substrate and in the wiring of the microbial 

network that is degrading it through stable isotope probing.  
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