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Abstract 

 

A Genome Catalogue of Mercury-Methylating Bacteria and Archaea from Sediments of a Boreal 

River Faced by Human Disturbances 

 

Charlène Lawruk-Desjardins 

 

Methylmercury (MeHg), the most bioavailable form of mercury (Hg), is a neurotoxin produced by 

anaerobic microbes. MeHg generated in aquatic sediments can be transferred to aquatic 

organisms and biomagnified along food webs, ultimately reaching fish consumers. This is a 

particular concern for rivers, as they are connective bodies for aquatic ecosystems and play crucial 

roles in the transport of nutrients. Moreover, rivers exhibit heightened susceptibility to 

environmental disturbances within their watershed, which have been linked to increased Hg-

methylation. Rivers impacted by run-of-river dams hold specific significance, given the growing 

preference for these dam types over reservoir dams. Early studies have identified sulfate reducers, 

methanogens, and iron reducers as the main contributors to Hg-methylation. More recently, 

proteins encoded by the hgcAB genes have been found to confer the ability to methylate Hg. 

Recent metagenomic studies have expanded our knowledge of hgcAB-carrying lineages in the 

environment. Nevertheless, genome-based exploration of Hg-methylators remains limited, 

particularly in the context of river systems. To fill this knowledge gap, we created a genome 

catalogue of Hg-methylating microorganisms from the sediments of a river impacted by two run-

of-river dams, logging, and a forest fire. We assessed the taxonomic and metabolic diversity of 

these putative Hg-methylators. Additionally, we assessed their abundance and diversity across 

sites along the river that were subject to different disturbances to gain insight into the ecological 

impact on Hg-methylators. For a deeper understanding of the environmental factors shaping Hg-

methylator diversity, we juxtaposed the genome catalogue with the wider microbial community to 

which these methylators belong. We uncovered a unique and diverse assemblage of Hg-

methylators dominated by members of metabolically versatile and fermentative Bacteroidota. This 

assemblage was particularly enriched in butyrate fermentative, carbon fixing and nitrite reducing 

microbes. We found that sites affected by press-like disturbances such as logging were particularly 

favorable to the establishment of a Hg-methylating niche. Lastly, we argue that the effects of 

watershed disturbances are likely not specific to Hg-methylators, but rather shared across the 

greater microbial community.  
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Introduction 

The fate of mercury (Hg) in the environment is the subject of widespread research due to its 

capacity for biomagnification in food webs in its organic form (methylmercury, MeHg), coupled 

with its severe impact on both animal and human health. Instances of acute or chronic exposure 

to methylmercury have been associated with neurotoxic and harmful reproductive effects, 

documented across various animal species, including humans (Depew et al., 2012; Hong et al., 

2012).  The Hg cycle is complex due to its chemistry, and Hg pollution mitigation requires robust 

understanding of this cycle specific to the ecosystem affected (Ullrich et al., 2001). The main 

source of exposure to MeHg for humans is through consumption of contaminated fish (Ferreira-

Rodríguez et al., 2021), thereby emphasizing the need to focus research on Hg contamination in 

aquatic ecosystems. Potential sources of external Hg in aquatic environments include 

atmospheric deposition, precipitation, and runoff (Ullrich et al., 2001). In freshwater ecosystems, 

sediments represent reservoirs of Hg and are the main sites of Hg transformation to MeHg through 

microbial activity (Hong et al., 2012; Regnell & Watras, 2019; Ullrich et al., 2001). Lakes and rivers 

with impacted watersheds are more susceptible to Hg contamination, because the release of 

organic matter (OM) into the water body increases microbial activity and allochthonous Hg input 

(De Bonville et al., 2020). Indeed, inorganic Hg exhibits a remarkably high affinity for organic 

matter particles (Bravo et al., 2017), leading to sedimentation of allochthonous Hg. Additionally, 

microbial activity in freshwater sediments is known to be influenced by the source and type of 

organic matter input (Pusch et al., 1998).  

Rivers play a vital role in providing a diverse range of ecosystem services, including the 

transportation of nutrients and organic matter along the land-water continuum. The complex 

microbial communities within river sediments are highly sensitive to human impact and play a 

crucial role in various biogeochemical cycles (Gibbons et al., 2014). Consequently, anthropogenic 

contamination of rivers can have far-reaching consequences on other ecosystems and the overall 

ecological health of a region (Sofi et al., 2020). Hydroelectric dams have long been studied in 

relation to their impact on the Hg cycle (Potter et al., 1975) because of the increased Hg 

mobilization created by flooding of large areas. Run-of-river dams have become a popular 

alternative to large reservoir dams due to their ability to harness a river's natural flow to generate 

energy without the need for extensive flooding of surrounding areas (Anderson et al., 2015). 

Nonetheless, the potential environmental and social repercussions of run-of-river dams may 

surpass those of reservoir dams, owing to the compounded effects arising from their escalating 

proliferation and widespread distribution (Lange et al., 2019). Despite their significance, sediment 
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microbial communities of such impacted rivers remain understudied, and research on mercury 

methylators in these environments is even scarcer. 

A wide diversity of microorganisms is involved in Hg-methylation. Traditionally, our understanding 

of mercury methylating groups was confined to experimental testing of MeHg production by 

microbial isolates in laboratory settings, which identified methanogens, sulfate-reducing bacteria, 

and iron-reducing bacteria as the primary contributors to Hg-methylation (Choi et al., 1994; 

Compeau & Bartha, 1985; Kerin et al., 2006; Yu et al., 2013). However, the discovery of hgcAB 

as the genetic basis for Hg-methylation (Parks et al., 2013) provided a more comprehensive view 

of the taxonomic breadth of Hg methylators in the environment. For instance, hgcAB has been 

found in various taxonomic groups, including members of the Planctomycetota-

Verrucomicrobiota-Chlamydiota (PVC) superphylum, Bacteroidota, Firmicutes, and Chloroflexota, 

albeit sporadically (Capo, Peterson, et al., 2023; Cooper et al., 2020). Despite this significant 

advancement, many aspects regarding the factors that regulate Hg-methylating community 

composition and the abundance of Hg-methylators in the environment remain unknown. 

Therefore, deepening our knowledge of the taxonomic and functional diversity of Hg-methylators 

within their ecological context is essential for better predicting and understanding the role of Hg-

methylators in the Hg cycle. 

Shotgun metagenomic approaches have revolutionized our ability to investigate microbial 

communities inhabiting diverse environments, overcoming the limitations imposed by the culturing 

of microorganisms (Quince et al., 2017). In particular, analysis of metagenome-assembled 

genomes (MAGs) has been instrumental in unveiling microbial diversity (Baker et al., 2021) and 

inferring the metabolic capacities of uncultured microorganisms (Vavourakis et al., 2018). Given 

the current uncertainties surrounding the environmental factors regulating Hg-methylating 

communities, metagenomic studies have become even more relevant to study the diversity of Hg-

methylating microorganisms. To date, thirty-two studies have employed metagenomics to 

investigate Hg methylator diversity (Table S1), with two of them specifically focusing on Hg-

methylating communities in rivers (Leclerc et al., 2021; Millera Ferriz et al., 2021). These studies 

utilized approaches based on hgcA gene diversity and abundance in metagenomes. In contrast, 

twelve studies have employed MAGs to study Hg-methylating communities. Collectively, these 

studies recovered hgcA containing MAGs from metagenomes obtained from diverse 

environments, including marine, soil, brackish water, lakes, permafrost, mangroves, aquifers, 

sludges, hot springs, contaminated sites, wetlands, built environments, endosymbionts, and 

reservoirs (Capo, Feng, et al., 2022; Jones et al., 2019; Langwig et al., 2022; Lin et al., 2021; 
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Jibao Liu et al., 2022; McDaniel Elizabeth et al., 2020; Peterson, Krabbenhoft, et al., 2023; 

Peterson et al., 2020; Peterson, Poulin, et al., 2023; Vigneron et al., 2021; Zhang et al., 2023; 

Zheng et al., 2022). However, among the thousand hgcA containing MAGs collectively obtained, 

only three were identified in freshwater river systems, specifically limited to urban waterways or 

city moat rivers (McDaniel Elizabeth et al., 2020). Nevertheless, through genome-resolved 

metagenomics, these studies expanded our understanding of the ecological niches, phylogenetic 

breadth, and metabolic diversity of putative Hg-methylators. Notably, a few studies provided 

evidence of potential horizontal gene transfer (HGT) of Hg-methylating genes (Jibao Liu et al., 

2022; McDaniel Elizabeth et al., 2020; Zhang et al., 2023; Zheng et al., 2022). 

In this thesis, I focused on mercury-methylating microbial communities along a length of the St. 

Maurice River in Québec, Canada, where two run-of-river dams were recently constructed, and 

the Atikamekw community of Wemotaci is located. This length of the river has experienced several 

environmental disturbances, including wildfires and logging, which have the potential to impact 

the Hg cycle by causing the release of OM and mercury into the river (Millera Ferriz et al., 2021). 

Additionally, artificial wetlands were constructed to restore lost wetland habitat following dam 

construction. However, such conservation efforts have been associated with increased MeHg 

production in certain cases (Hsu-Kim et al., 2018; Obrist et al., 2018). A previous study on the St. 

Maurice River concluded that the interactions between these disturbances have the potential to 

favour MeHg production by microorganisms (Millera Ferriz et al., 2021). Therefore, the St. Maurice 

River represents a relevant study system for broadening our knowledge on the global diversity of 

Hg-methylators. The first objective of the study was to create a genome catalogue of mercury 

methylators from human-impacted river sediments, with the purpose of expanding our general 

understanding of the taxonomic diversity of mercury methylators. Secondly, we investigated the 

functional diversity of Hg-methylators and assess their potential enrichment in metabolic 

capacities. Lastly, we aimed to compare the ecological drivers for the structure of Hg-methylating 

assemblages with those shaping the broader microbial community structure. 

Materials and Methods 

Sampling and geochemical profiling 

Sediment cores were sampled in August 2018 at six sites along a 40 km stretch of the St. Maurice 

River, between Wemotaci and the Reservoir Blanc, in Mauricie, Quebec, Canada. This section 

includes two run-of-river dams, Chutes Allard (CA) and Rapide-des-Coeurs (RDC). Furthermore, 

the watershed of this segment encompasses a significant logging site, a region spanning 180 km2 
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that was impacted by a wildfire in 2010, and artificial wetlands established as a response to the 

loss of natural wetlands resulting from the flooding necessitated by run-of-river dam construction. 

Six sampling sites were selected according to their location related to different disturbances of the 

watershed (Fig. 1A).  

Sediment cores were retrieved using a 3.5L Ekman Grab, cut longitudinally and then cut in 1 cm 

long sections. For each cm, one half was used for geochemical analysis and the other half was 

used for metagenomic analysis. As such, 10 samples were taken at each 1 cm interval in each 

core, to a depth of 9 cm. For geochemical profiles, MeHg was measured by cold vapor atomic 

fluorescence spectrophotometry (CVAFS; series 2700, Tekran™, Canada) according to the EPA 

method 1630 and total Hg (THg) was measured by Direct Mercury Analysis system (DMA-80). For 

MeHg, analytical quality was checked using certified reference material IAEA-158 with a certified 

value of 1.4 ± 0.4 ng g−1. For THg, analytical quality was verified using the certified reference 

material TORT-2 and SO-2 with certified values for Hg of respectively 270 ± 60 ng g−1 and 82 ± 

9 ng g−1. Organic matter proportion (% OM) of the sediment sample was obtained by using loss 

on ignition (LOI) method by heating for 2h at 550 ºC (Dean, 1974). Carbon on nitrogen ratio (C/N 

ratio) was obtain by dividing the concentration of atomic carbon on atomic nitrogen in the sample, 

which were measured by CHNS-O Element Analyzer (EA-1108 model, Fisons©) calibrated with 

acetanilide.  

DNA extraction, sequencing, and metagenome assembly 

DNA was extracted according to the PowerSoil®DNA Isolation Kit manufacturer’s manual. DNA 

was quantified with QubitTM and sent to Genome Québec for shotgun sequencing using the 

IlluminaNovaSeq 6000 S4 PE150 technology. Raw reads were trimmed with Trimmomatic v0.38 

using a minimum length threshold of 36 bp and a base quality threshold of 15 (Bolger et al., 2014). 

For primary diversity assessment, trimmed reads were classified in ribosomal gene operational 

taxonomic units (rOTUs) and taxonomically identified by profiling rplB for ribosomal protein L2 in 

metagenomes using SingleM (Woodcroft Ben J). The rOTUs were clustered at 97% nucleotide 

sequence identity. Trimmed reads were co-assembled with Megahit v.1.2.7 using a k-mer list of 

27,37,47,57,67,77,87 (Li et al., 2016). Reads were mapped to the co-assembly using Burrows-

Wheeler Aligner (bwa-mem algorithm) (Li, 2013). Co-assembly scaffolds coverage in each 

metagenomic sample was computed using SAMtools (Danecek et al., 2021) and the 

jgi_summarize_bam_contig_dept script provided by MetaBAT (Kang et al., 2019).  
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HgcA detection in metagenomes 

Co-assembly scaffolds were annotated by MetaGeneMark for gene prediction (Besemer & 

Borodovsky, 1999). HgcA sequences were detected in annotated scaffolds using a hidden 

Markov-Model provided the HG-MATE database v.1 (Capo, Peterson, et al., 2023) with HMMER 

v.3.2.1 (Finn et al., 2015). We selected hgcA hits with a bitscore of > 300 and e value < 1e-50 for 

the full sequence (McDaniel Elizabeth et al., 2020). We then dereplicated these sequences to 

avoid redundancy with CD-HIT using 95% sequence identity (Fu et al., 2012), and kept the best 

representative for abundance and taxonomy analysis. Abundance of hgcA sequences in samples 

were calculated by summing the coverage of each hgcA containing scaffold and dividing by total 

scaffold coverage in a sample. Taxonomy was assigned by protein alignment to Hg-MATE 

database (Capo, Peterson, et al., 2023) using DIAMOND blastp command (Buchfink et al., 2015) 

with the option sensitive, 40% identity cutoff, query cover of ≥ 70% and an e value cut-off of 1e-

20. 

Genome catalogue generation and functional annotation 

Co-assemblies were binned using MetaBAT v.2.14 (Kang et al., 2019), and the quality of produced 

bins was checked using the lineage_wf pipeline of CheckM v.1.1.3 (Parks et al., 2015). We 

selected medium to high quality MAGs for further analyses, according to the standard set by 

Bowers et al. (2017) (contamination < 10% and completeness > 50%). We dereplicated the 

selected 1,023 MAGs using average nucleotide identity of > 95% with dRep v.3.4 (Olm et al., 

2017) and selected the best representative MAG for each species, resulting in 850 MAGs. MAGs 

were mapped back to metagenomes with BBmap, using a minimum alignment score of 0.98. MAG 

abundances in each metagenome were quantified by computing the truncated average 

sequencing depth (TAD80) (Rodriguez et al., 2020). We normalized these values by average 

genome size of each co-assemblies with MicrobeCensus (Nayfach & Pollard, 2015). When 

assessing the abundance of taxonomic groups or metabolic pathways of the catalogue in co-

assemblies, we used a presence/absence metric, so that if a MAG with said taxonomy or 

metabolic pathway was present in a co-assembly, its abundance was set at 1. Taxonomy of MAGs 

was determined using GTDB-tk v.2.1 software (Chaumeil et al., 2022), using the commands 

identify, align, infer, and classify.  

MAGs were searched for genes using Prokka v.1.14.5 (Seemann, 2014), and their function were 

annotated based on KEGG Orthology using KofamScan (Aramaki et al., 2019) to estimate 

metabolic capabilities of our putative methylators. The presence of different fermentation 

pathways was determined by using the genes requirement used by Kirchman et al. (2014).  
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The hgcA genome catalogue was created by selecting dereplicated MAGs that had binned hgcA 

containing scaffolds, resulting in a catalogue of 145 hgcA containing MAGs. To confirm that these 

were putative Hg-methylators, we looked for the presence of a ferredoxin [4Fe-4Fe] annotated by 

KofamScan downstream of hgcA in each MAG (i.e. putative hgcB gene), within two open reading 

frames (ORFs). If none was found, we looked if the binned hgcA sequence fell within a known 

clade of Hg-methylator in phylogenetic analysis. A phylogenetic tree was constructed with the 

alignment of our binned dereplicated hgcA sequences with the multiple sequence alignment of 

hgcA provided by McDaniel Elizabeth et al. (2020).  

Statistical analyses 

To determine if the mean %OM, C/N ratio and %MeHg/THg varied by sampling sites, we first 

conducted Levene’s test on our data to assess variance homoscedasticity between sites. If the 

null hypothesis was not rejected (p > 0.05), an ANOVA was conducted to test if the effect of 

different sampling site had a significant effect on the measure analyzed. If the null hypothesis was 

rejected (p ≤ 0.05), we used Tukey’s test to assess which groups differed from each other. If the 

null hypothesis was rejected in Levene’s test, we conducted a Kruskal Wallis test instead of an 

ANOVA and a Dunn’s test instead of the Tukey’s test for the same purpose as stated above. 

The same statistical analysis was used to determine if the number of hgcA gene copies and the 

number of hgcA containing MAGs significantly varied by sampling site. To visualise the differences 

in microbial community structure between sites, we conducted a principal coordinates analysis 

(PCoA) on Jaccard distance between samples. Finally, to assess if the two PCoA conducted for 

each genome catalogue were correlated, we computed the RV coefficient.  

Results 

Environmental conditions in the sediments along the St. Maurice River 

Sediment cores were collected at six locations along a section of the St. Maurice River (Fig. 1A). 

Sampling sites were selected according to their position in relation to the different disturbances 

that affect the river. One site was located 7 km upstream of the first run-of-river dam, and since 

this location was not affected by disturbances it was selected as a reference site (REF-2). 

Downstream of the reference site was the site located in the constructed channels (WEM-4). Two 

were in the flooded area of the Chutes Allard dam and were near to the location of a wildfire (CA-

10 and CA-6). CA-10 was located in the middle of a flooded bay with abundant periphyton and 

macrophytes, whereas CA-6 was located in a deeper section of the river where sediments 
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accumulate. The final two sites were located in the flooded area of the Rapide-des-Coeurs dam 

and near to a logging area (RDC-10 and RDC-14).  

To understand the ecological conditions of sediments in relation to the disturbances of the 

watershed, we compared the biogeochemical profiles of the six sediment cores by using %OM, 

C/N ratio and percentage of total Hg that is methylated (%MeHg/THg). C/N ratio is an indication 

of the provenance of the organic matter: a higher C/N ratio in sediments suggest that it contains 

a higher proportion of allochthonous organic matter from the watershed (Millera Ferriz et al., 2021). 

Two of the four sites that were flooded by a run-of-river dam (CA-6 and RDC-14) had significantly 

higher %MeHg/THg than the other sites (Fig.1B). These two sites also had the highest %OM 

along with another flooded site (CA-10). Finally, CA-6 had the highest C/N ratio. These three sites 

have the highest potential for Hg-methylation, especially CA-6 because of a high C/N ratio, %OM 

and %MeHg/THg. The reference site (REF-2), the site located in the constructed channels (WEM-

4) and one of the sites disturbed by dam construction and logging (RDC-10) had low %OM, 

%MeHg/THg and C/N ratio compared to the 3 other disturbed sites mentioned. 

 

Figure 1. (A) Map of the section of the St. Maurice River with the 6 sampling sites 
where sediment cores were collected along with the location of watershed 
disturbances. (B) OM and Hg related variable profiles in sediment cores along a 
depth gradient. Different letters indicate statistically different groups according to 
Dunn’s test, colour-coded according to sampling site. 

Microbial diversity within river sediment metagenomes 

To evaluate whether metagenome assembly and binning resulted in significant loss of diversity, 

we first assessed microbial community diversity in our metagenomes by profiling the rOTUs in the 
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unassembled metagenome reads prior to these steps. Analysis of the rOTUs revealed a rich 

diversity of prokaryotic microorganisms in the sediment samples with the majority of rOTUs 

assigned to Bacteria (87%) and smaller fraction assigned to Archaea (11.2%) (Fig. S1A). In total, 

we identified 64 phyla in the metagenomes, with rOTUs assigned to Proteobacteria (15.5%), 

Acidobacteriota (9.9%), and Chloroflexota (6.3%) being the most abundant (Fig. 2C). A significant 

portion of the rOTUs (12.1%) could not be identified at the phylum level, suggesting the presence 

of novel lineages in our metagenomes.  

HgcA diversity in river sediment metagenome co-assemblies 

To identify hgcA diversity in sediments, we first generated metagenome assemblies. To enhance 

assembly sequencing depth and improve the contig binning outcome for higher quality 

metagenome-assembled genomes (MAGs), we opted for co-assembly over single assembly. We 

generated 6 co-assemblies, representing the 6 sediment cores. This approach increases the 

likelihood of obtaining hgcA containing MAGs of sufficiently high quality (Albertsen et al., 2013). 

We detected hgcA on 1,909 metagenomic scaffolds, yielding 1,560 dereplicated hgcA sequences. 

We taxonomically identified the hgcA sequences found in the 66 metagenomes to get a general 

overview of the diversity of mercury methylators. The majority (52.2%) could not be taxonomically 

assigned (Fig. 3). The most abundant phyla were Desulfobacterota (11.5%), Chloroflexota 

(11.0%), Bacteroidota (7.9%) and Halobacteriota (5.4%). The high abundance of unassigned 

hgcA sequences suggests the presence of Hg-methylating lineages that were previously not 

identified as putative Hg-methylators in our assemblies.  

Construction of a river sediment genome catalogue 

To investigate the microbial metabolic diversity in freshwater sediments, we reconstructed 

composite genomes from microbial populations in the sediments. This was achieved by binning 

our 6 co-assemblies, which resulted in 1,023 medium to high-quality MAGs. To remove 

redundancy, we dereplicated these MAGs and obtained 850 MAGs, which constituted our river 

sediment genome catalogue. Similar to our first diversity assessment, our catalogue was 

dominated by Proteobacteria (7.3% Alphaproteobacteria and 5.6% Gammaproteobacteria) and 

Acidobacteriota (11.8%), but the abundance of MAGs from Bacteroidota (10.2%) surpassed those 

from Chloroflexota (9.6%) (Fig. 2C, Fig. S2A). Overall, the phylum-level diversity in rOTUs and in 

MAGs was similar, with the most abundant phyla found in both (Fig. 2C). Some phyla were more 

represented in the MAGs than in the rOTUs (Patescibacteria and Desulfobacterota), and rOTUs 

had captured some eukaryotic diversity whereas MAGs did not (Fig. 2A, Fig. S1B). Thus, we 
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considered that our genome catalogue had the potential to capture most of the diversity of Hg-

methylating bacteria and archaea.  

  

Figure 2. (A) Abundance of phyla only represented in all rOTUs extracted from 
metagenomes prior to assembly and binning. (B) Abundance of phyla only 
represented in MAGs generated from all co-assemblies. (C) Comparison of relative 
abundance of phyla found in both rOTUs and MAGs. 
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Figure 3. Proportion of hgcA hits with bitscore > 300 found in all co-assemblies 
belonging to different phyla, with archaeal phyla colored in green shades. 

HgcA diversity in the river sediment genome catalogue 

Since our river sediment genome catalogue accurately represented microbial diversity in the 

sediments, we proceeded to search for binned hgcA containing scaffolds to construct our putative 

Hg-methylating genome catalogue. We found 145 hgcA containing MAGs, representing 17% of 

the river sediment genome catalogue. The 145 hgcA carrying MAGs contained 154 hgcA 

containing scaffolds in total, of which 56 were previously taxonomically unclassified. The presence 

of a ferredoxin gene downstream of the hgcA gene in a MAG or the phylogenetic position of the 

binned hgcA falling within clades of known Hg-methylators confirmed that all the 145 hgcA MAGs 

were putative Hg-methylators (Fig. S3). We also uncovered a large amount of evolutionary novelty 

for putative Hg-methylators, as all of our hgcA containing MAGs constituted novel candidate 

species, and close to 40% (56 hgcA MAGs) represented novel candidate genera (Fig.4A). 

We were able to resolve unknown Hg-methylator diversity in our co-assemblies by assigning the 

taxonomy of the MAGs that contained these unassigned hgcA sequences.  MAGs from putative 

Hg-methylators belonged to 23 phyla, with the majority belonging to phyla associated with 

fermentative and sulfate reducing metabolisms. Phyla containing organisms that were previously 

experimentally shown to methylate mercury (Gilmour et al., 2018; Gilmour et al., 2013; Waite et 

al., 2020) are also represented in our hgcA containing MAGs: 17 MAGs belong to 

Desulfobacterota, 6 to Halobacteriota, 6 to Thermoplasmatota and 3 to Firmicutes (Fig. 4B). 

Furthermore, the most represented phyla in our putative Hg-methylating catalogue have also been 

identified as putative methylators by other metagenomics studies (Capo, Peterson, et al., 2023), 

such as Bacteroidota (34), Chloroflexota (18), Spirochaetota (12) and Nitrospirota (5). A good 

proportion of MAGs were found to belong to the phyla Actinobacteriota and Acidobacteriota (12 
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and 11, respectively), which have only been recently shown to include putative methylators 

(McDaniel Elizabeth et al., 2020).  

We identified 2 hgcA MAGs belonging to newly characterized bacterial Candidatus phyla that were 

not previously shown to carry hgcA. One was assigned to the QNDG01 phylum and the other to 

the VGIX01 phylum (Fig. 4B). We also identified 2 hgcA MAGs belonging to the phylum 

Zixibacteria, a group newly identified as containing putative Hg-methylators by Zhang et al. (2023).   

 

Figure 4. (A) Number of hgcA containing MAGs recovered across all co-assemblies 
combined representing taxonomic novelty in each taxonomic levels. (B) Percentage 
of hgcA containing MAGs recovered across all co-assemblies combined belonging 
to different phyla, along with phylogenetic trees of bacterial and archaeal MAGs, 
coloured by phyla. 
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Compared to the full river sediment genome catalogue, the hgcA containing MAGs were enriched 

in Bacteroidota, Desulfobacterota, Halobacteriota, Spirochaetia, and Thermoplasmatota (Fig. 5). 

No MAG from the most abundant phylum in the whole community (Proteobacteria) was found to 

harbour hgcA, despite that Alphaproteobacteria and Gammaproteobacteria were previously 

shown to include putative Hg methylators (Fig. 5, Fig. S2) (Capo, Peterson, et al., 2023). Members 

of Patescibacteria were the sixth most abundant in the whole community, but absent in the putative 

Hg-methylating assemblage, however they were not previously shown to harbour hgcA in the 

literature (Fig. 5). Moreover, some of the most abundant classes in the complete MAG dataset 

belonging to phyla found to be represented in hgcA containing MAGs, such as Acidobacteriae 

(Acidobacteriota), Bacilli (Firmicutes), Limnocylindria and Dehalococcoidia (Chloroflexota) were 

not represented in our Hg-methylating genome catalogue (Fig. S2). 

Metabolic diversity within putative Hg-methylating MAGs 

To identify enriched metabolisms in hgcA carrying microorganisms compared to the complete 

MAG catalogue, we analyzed specific functional marker gene content in our MAGs. We first looked 

for the presence of metabolisms usually linked to Hg-methylation, such as sulfate reduction and 

methanogenesis. Only 15.9% of our hgcA containing MAGs possessed at least one marker gene 

for sulfate reduction, and 2.8% possessed the marker gene for methanogenesis (mcrA) (Fig. 6). 

Furthermore, only 10 of the 21 hgcA containing MAGs in Desulfobacterota, a phylum associated 

with sulfate reduction, possessed at least one marker gene for this pathway, and only a third of 

hgcA containing archaeal MAGs had the marker gene for methanogenesis (Fig. 7). When 

comparing with the whole river sediment genome catalogue, marker genes for sulfate reduction 

were only slightly less abundant, with 9.8% of MAGs possessing these genes. It was also the case 

with methanogenesis, with 0.7% of MAGs being putative methanogens (Fig. 6).  

As fermentation is an important pathway in anaerobic microbial communities, we looked for marker 

genes specific to seven fermentation pathways that differed in their end products. As such, 76% 

of hgcA containing MAGs possessed fermentative pathway genes, with those producing acetate 

and lactate as the most abundant end-products (57% and 26%, respectively) (Fig. 6). They were 

also more abundant in phyla that are considered sulfate reducers, such as Desulfobacterota. In 

hgcA containing MAGs from this group, 76% possessed gene markers for fermentation pathways 

(Fig. 7). Fermentative marker genes were only absent in two identified phyla. Compared to the 

whole river sediment genome catalogue, hgcA carrying MAGs were particularly enriched in 

fermenters producing butyrate (16% vs 5%) and lactate (25.5% vs 17.5%) (Fig. 6). Most hgcA 

containing MAGs that showed evidence of butyrate fermentation were in the class Bacteroidia 
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(Fig. 7). One hgcA containing MAG from the family lineage vadinHA17 (genus LD21) of 

Bacteroidota was particularly versatile for fermentation, containing genes for fermentation yielding 

acetate, butyrate, hydrogen, and lactate. Furthermore, the two novel groups of Hg-methylators 

that were identified in our catalogue were fermenters. MAGs assigned to QNDG01 possessed the 

genes for acetate fermentation and MAGs assigned to VGXI01 possessed the gene for butyrate 

fermentation. 

 

Figure 5. Relative abundance of phyla in all river sediment MAGs versus hgcA containing 
MAGs, recovered across all co-assemblies. 
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We also looked for marker genes indicating the presence of three anaerobic carbon fixation 

pathways in MAGs harbouring hgcA, namely the 3-hydroxypropionate-4-hydroxybutyrate (3HP-

4HB) cycle, the Wood–Ljungdahl (WL) pathway, and the reductive TCA cycle. At least one marker 

gene for either of these pathways was present in 48% of our hgcA MAGs. More specifically, 26% 

had the WL pathway gene marker, and 21% had the 3HP/4HB cycle gene marker (Fig. 6). Only 2 

hgcA containing MAGs had the marker gene for the rTCA cycle, both belonging to the class 

Polyangia of Myxococcota (Fig.7). Otherwise, carbon fixation pathways were widely distributed 

amongst different groups of hgcA containing MAGs, with the majority belonging to 

Desulfobacterota and Actinobacteriota. The newly identified putative Hg-methylator from the 

VGIX01 phylum also contained genes for carbon fixation for both the 3HP/4HB and WL pathway. 

Carbon fixation pathways were also enriched in hgcA containing MAGs, because either one of the 

marker genes for the three pathways was present in 20% (vs 48% for hgcA MAGs) of all river 

sediment MAGs (Fig.6). 

Next, we investigated the presence of marker genes involved in the nitrogen cycle in hgcA 

containing MAGs. Fifteen percents of hgcA MAGs possessed gene markers for nitrogen fixation 

(Fig.6), and they belonged to eight different phyla (Fig.7). Nitrate reduction marker genes were 

found in almost 60% of our hgcA MAGs, and spanned many different phyla (Fig. 6-7). Five 

percents of MAGs had inferred dissimilatory nitrate reduction potential, 50% had inferred 

dissimilatory nitrite reduction potential, and 22% had inferred nitric oxide reduction potential. We 

found that a higher proportion of hgcA containing MAGs showed putative nitrogen fixation (15% 

vs 5%) and dissimilatory nitrite reduction potential (50% vs 36%) than in the whole river sediment 

genome catalogue.  

 

Figure 6. Abundance of MAGs containing marker genes for selected anaerobic 
pathways in all river sediment genome catalogue versus Hg-methylating genome 
catalogue recovered from the six co-assemblies combined. 

Lastly, we looked for arsenic (As) detoxification and Hg detoxification genes. The majority of hgcA 

containing MAGs, 88%, possessed at least one of the As detoxification gene (Fig.6). We also 
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found that As detoxification genes were often within one ORF of the hgcAB genes in our hgcA 

containing MAGs. These genes were also abundant in the full MAG community (83%). Genes for 

Hg detoxification were depleted in our putative methylators (5%) compared to all MAGs (12%). 

 

Figure 7. Relative abundance of hgcA containing MAGs recovered from all co-
assemblies combined belonging to different classes that possess gene markers for 
selected anaerobic pathways. 
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Influence of rivershed disturbances on Hg-methylating microbial community 

To explore the link between ecological conditions and the effects of watershed disturbances on 

the sediment Hg-methylating community, we first compared the abundance of Hg methylators 

between sites and depth in the sediment core. Two measures were used for this aim, namely the 

abundance of the hgcA gene and the abundance of hgcA containing MAGs in our metagenomes. 

Variation between sampling sites was more important than variation by depth in the sediments, 

so we focused on differences between sampling sites for further discussion (Table S2). One site 

closer to the logging area (RDC-10) contained significantly more hgcA copies than the sites closer 

to the wildfire (CA sites) and the artificial wetland site (WEM-4). However, RDC-10 did not contain 

significantly more hgcA copies than the reference site (REF-2) (Fig. 8A). The abundance of hgcA 

containing MAG was significantly higher in RDC-10 than the other sites. The hgcA containing 

MAGs were similarly abundant in both sites closer to logging, but one of these sites (RDC-14) also 

had similar abundance to the reference site and the other sites (Fig. 8B). With both measures, 

the sediments closer to logging and upstream of a run-of-river dam contained the most Hg-

methylators. 

 

Figure 8. (A) Normalized abundance of hgcA copies in metagenomes. (B) 
Abundance of hgcA containing MAGs in each metagenomes, with TAD80 values 
of hgcA containing MAGs summed in each sample. Different letters indicate 
statistically different groups according to Dunn’s test, colour-coded according to 
sampling site. 

We also investigated if disturbances could have an effect on the composition of the Hg-methylating 

assemblage in the sediment. Overall, the membership of dominant phyla was relatively similar 
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between sites, but some differences were still notable. For example, Bacteroidota hgcA containing 

MAGs were more abundant in wildfire and logging disturbed sites (CA and RDC) (Fig. S4). Also, 

the highly versatile VadinHA17 Bacteroidota MAG was significantly (p = 0.003) most abundant in 

metagenomes from RDC-10 and was found in all metagenomes from this site. This MAG was also 

found in four metagenomes from RDC-14 and five metagenomes from CA-6. Sites affected by 

logging and dam construction also contained more Hg-methylating taxonomic diversity than the 

other sites, because they harboured all 35 classes found in our Hg-methylating genome catalogue, 

except for the class UBA6911 of the Acidobacteriota phylum. 

Lastly, to investigate if the Hg-methylating community structure was different from the overall 

sediment microbial community structure, we compared Principal Coordinates Analyses (PCoAs) 

of microbial community structure between sites for these two genome catalogues. As represented 

by both PCoAs, the community structure varied by site more than depth, and CA-10 harboured a 

community structure that is unique from all the other sites (Fig. 9). Additionally, microbial 

community structure in WEM-4 was similar to microbial community structure in REF-2 site. To 

evaluate the statistical significance of the similarity between these two ordinations, the RV 

coefficient was used, comparing the first two axes. The RV coefficient was 0.36 with a p < 0.001, 

which mean that the ordinations were not significantly different from each other. The strong 

similarity between the two ordinations suggests that the drivers for the microbial community 

structure in the sediments of the St. Maurice River are probably the same drivers for the structure 

of the Hg-methylating community.  

 

Figure 9. PCoA of Jaccard index of membership of MAGs in each metagenomes for 
each genome catalogue, colour coded by sampling site and with transparency 
according to depth. The amount of variance explained by PCoA axes is indicated in 
parenthesis. 
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Discussion 

In summary, our study has expanded the known diversity of Hg methylators by obtaining a highly 

diverse, unique, and novel catalogue of Hg-methylating metagenome-assembled genomes 

(MAGs) from the sediments of an impacted river. Additionally, this research marks the first attempt 

to compare the Hg-methylating microbial community to the broader microbial community within 

which they exist. Despite Hg-methylating capacity seemingly restricted to certain taxa and some 

metabolic capacities being more prevalent in the Hg-methylating assemblage, our findings 

demonstrate that the Hg-methylating assemblage overlaps both taxonomically and ecologically 

with the more complex and diverse microbial communities typically found in freshwater sediments.  

Unique and novel diversity of Hg-methylators from the St. Maurice River 

The sediment microbial community of the St. Maurice River contained a high proportion of putative 

Hg-methylators. The frequency of hgcA containing MAGs varied in other genome-centered studies 

on Hg-methylation, ranging from less than 1% to almost 30%. The highest incidence was found in 

a study that reconstructed MAGs from deep-sea hydrothermal sediments (Langwig et al., 2022), 

and similar proportions of Hg-methylators to ours were found in MAGs recovered from sulfate 

impacted lake water column and sediments (Jones et al., 2019; Peterson et al., 2020), and from 

sediments associated with mangroves, permafrost, lakes and ocean (Zhang et al., 2023). Distinct 

from previous studies, the Hg-methylating community of the St. Maurice River sediments were 

dominated by members of Bacteroidota (Capo, Feng, et al., 2022; Jones et al., 2019; Lin et al., 

2021; Jibao Liu et al., 2022; McDaniel Elizabeth et al., 2020; Peterson, Krabbenhoft, et al., 2023; 

Peterson et al., 2020; Vigneron et al., 2021; Zhang et al., 2023; Zheng et al., 2022), a diverse 

phylum found in almost every habitat on earth and that are highly versatile organic matter 

degraders (Thomas et al., 2011). A majority of previous studies found environments dominated 

by Deltaproteobacteria (Capo, Feng, et al., 2022; Jones et al., 2019; McDaniel Elizabeth et al., 

2020; Vigneron et al., 2021; Zhang et al., 2023; Zheng et al., 2022), a phylum now separated in 

Desulfobacterota and Myxococcota (Waite et al., 2020). Other dominant groups included 

Marinimicrobia (Lin et al., 2021), the PVC superphylum (Peterson et al., 2020), and Halobacteriota 

(Peterson, Krabbenhoft, et al., 2023). We also expanded the diversity of known Hg methylators to 

include members from QNDG01, a candidate phylum previously linked to terpene production (Qiu 

et al., 2023), and VGIX01, another candidate phylum that was shown to be linked to arsenic cycling 

in a deep sea cold seep (Helfrich et al., 2019).  Although our hgcA MAGs belonged for the most 

part to known or putative Hg-methylating groups, they represented a unique, novel, and diverse 

community of Hg-methylators potentially driven by OM degradation.  
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Versatile fermentation by Hg-methylators  

As previous studies on Hg-methylators have highlighted, metabolic guilds other than sulfate 

reducers and methanogens are likely to play an important role in Hg-methylation  (Jones et al., 

2019; McDaniel Elizabeth et al., 2020; Peterson et al., 2020). We found that putative Hg-

methylators from the St. Maurice River sediments were distributed across the anaerobic food web, 

but most importantly in fermentative microorganisms. Fermentation products, such as acetate, 

CO2 and H2 can in turn be used in methanogenesis and sulfate reduction, making these processes 

closely linked in the sediments. Interestingly, we also found that nitrite reduction genes were 

enriched in our Hg-methylating assemblage, further supporting the link between denitrification and 

Hg-methylation that was highlighted in a recent study (Peterson, Poulin, et al., 2023). Given the 

potential horizontal gene transfer of hgcAB, it is not surprising that Hg methylation capacity can 

be found in fermenters, methanogens and sulfate reducers alike because of their physical 

proximity.  

Surprisingly, the butyrate fermentation pathway was especially enriched in our Hg-methylating 

genome catalogue. Although the reasons behind this enrichment remain unclear, it is possible that 

specific environmental conditions in the sediments favour this particular type of fermentation in 

Hg-methylators over others. Butyrate fermentation can occur from diverse substrates, including 

sugars, fatty acids, and amino acids. However, this process has received limited attention in 

natural environments, despite its significance in gut health due to the role of butyrate-fermenting 

bacteria (Louis & Flint, 2009). Future investigations could focus on examining the full metabolism 

of the more complete butyrate fermenting MAGs identified in our study to gain valuable insights 

into the factors driving this enrichment. 

Differential influence of continuous and acute OM inputs on Hg methylators 

The abundance of putative Hg methylators in sites affected by logging and dam construction (RDC 

sites) suggests that these disturbances have the largest effect on Hg-methylation in the St. 

Maurice River sediments. This is also supported by the lack of clear depth profiles in Hg-

methylators abundance, which indicates that the sampling site location has more effect on their 

abundance than sediment depth. This might be caused by the nature of these disturbances, such 

as whether the disturbances are short and acute (pulse), or long term (press). The nature of 

anthropogenic disturbances has been shown to affect microbial communities differently in the past 

(Beattie et al., 2020). Indeed, the RDC sites are exposed to continuous logging activities as well 

as the flooding from the Rapides-des-Coeurs dam. The continual input of OM from logging could 

have permitted the microbial community to adapt to this press-like type of disturbance and have 
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higher microbial activity. Thus, this steady inflow of terrigenous OM to the river sediments might 

have helped to establish an active Hg-methylating niche. For example, members of Bacteroidota 

and the metabolically versatile VadinH17 MAG are more abundant in these sites as well, 

potentially because these microorganisms may possess a competitive edge and thrive in the 

sediments of press-impacted sites. The lower abundance of Hg-methylators in sites affected by 

both a wildfire and dam flooding could be related to the pulse-like nature of the disturbance, and 

the fact that the wildfire happened 8 years before sampling of the sediments, so the microbial 

community was given more time to recover. Furthermore, fires release OM-trapped Hg to the 

atmosphere, which can in turn be deposited in the river. Consequently, it does not lead to direct 

Hg input in the surrounding water. Therefore, it is important to consider the nature and duration of 

the disturbance when studying its effect on Hg-methylating communities.  

Hg-methylating community dynamics echoes the broader microbial community 

We found no significant difference in community structure between Hg-methylating assemblages 

and the microbial community as a whole. This finding implies that disturbances affecting the 

watershed likely impact both the microbial community and the subset Hg-methylating members in 

a similar manner. Therefore, we propose that the increase in MeHg observed in rivers after 

disturbances such as dam construction is likely a consequence of the enhanced input of organic 

matter (OM), which in turn stimulates general microbial activity in the sediments. The native 

function of hgcAB remains unknown (Parks et al., 2013), but its widespread presence across 

various taxonomic and functional groups suggests that this gene pair must have conferred a 

competitive advantage to microorganisms at some point. The potential co-regulation between Hg-

methylation and arsenic detoxification has been recently proposed (Gionfriddo et al., 2023), and 

co-occurrence of hgcA and arsenic detoxification genes in MAGs has also been noted in other 

studies (Lin et al., 2021; McDaniel Elizabeth et al., 2020; Peterson, Poulin, et al., 2023; Zhang et 

al., 2023; Zheng et al., 2022), a trend similarly identified in our study. It is plausible that the 

absence of specific drivers for the structure of Hg-methylating communities is due to the potential 

loss of the native function of hgcAB. This might explain why Hg-methylation can seemingly occur 

without any specific regulating environmental factors. Consequently, since Hg-methylators are 

likely to respond to environmental conditions in a manner similar to the overall microbial 

community, it becomes crucial to interpret the diversity and abundance of Hg-methylators within 

their specific ecological context. 
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Conclusion 

In conclusion, we found that Hg-methylators were part of a diverse set of taxonomic and metabolic 

groups that represent the complexity of the microbial diversity within which they live. Once more, 

fermentation emerged as a crucial pathway for Hg-methylators. Future research endeavors could 

delve into discerning the specific types of fermentation most closely linked to them and under 

which ecological conditions. Additionally, we have proposed that the ecological ramifications of 

disturbances influencing the type and duration of organic matter input from the watershed, as 

reflected in Hg-methylating assemblages, are likely comparable to the broader ecological effects 

experienced by the entire microbial community. This underscores the importance of accounting 

for all disturbances affecting a freshwater ecosystem when assessing the influence of run-of-river 

dams on the Hg cycle. For a more in-depth investigation into the specific environmental drivers 

shaping Hg-methylating assemblage structure, an exploration involving the comparison of the 

respective contributions of distinct environmental factors to the variance in both Hg-methylating 

assemblage and complete microbial community structures could be pursued. Finally, our study 

has permitted some insights on mitigations strategies for disturbances of freshwater ecosystems. 

Our results indicates that the construction of artificial wetlands in response to habitat loss following 

hydroelectric dam construction did not produce conditions for increased Hg-methylation in the St. 

Maurice River. In alignment with Peterson, Poulin, et al. (2023), we also infer that the 

implementation of nitrate addition as a mitigation strategy for Hg pollution in aquatic ecosystems 

might not universally apply, as evidenced by the proliferation of Hg-methylators exhibiting nitrate 

reduction capabilities within our system. 

  



 22 

References 

Albertsen, M., Hugenholtz, P., Skarshewski, A., Nielsen, K. L., Tyson, G. W., & Nielsen, P. H. 
(2013, Jun). Genome sequences of rare, uncultured bacteria obtained by differential 
coverage binning of multiple metagenomes. Nat Biotechnol, 31(6), 533-538. 
https://doi.org/10.1038/nbt.2579  

 
An, Y., Zhang, R., Yang, S., Wang, Y., Lei, Y., Peng, S., & Song, L. (2022, 2022/05/15/). 

Microbial mercury methylation potential in a large-scale municipal solid waste landfill, 
China. Waste Management, 145, 102-111. 
https://doi.org/https://doi.org/10.1016/j.wasman.2022.04.038  

 
Anderson, D., Moggridge, H., Warren, P., & Shucksmith, J. (2015). The impacts of ‘run-of-river’ 

hydropower on the physical and ecological condition of rivers. Water and Environment 
Journal, 29(2), 268-276. https://doi.org/https://doi.org/10.1111/wej.12101  

 
Aramaki, T., Blanc-Mathieu, R., Endo, H., Ohkubo, K., Kanehisa, M., Goto, S., & Ogata, H. 

(2019). KofamKOALA: KEGG Ortholog assignment based on profile HMM and adaptive 
score threshold. Bioinformatics, 36(7), 2251-2252. 
https://doi.org/10.1093/bioinformatics/btz859  

 
Baker, B. J., Appler, K. E., & Gong, X. (2021, 2021/01/03). New Microbial Biodiversity in Marine 

Sediments. Annual Review of Marine Science, 13(1), 161-175. 
https://doi.org/10.1146/annurev-marine-032020-014552  

 
Beattie, R. E., Bandla, A., Swarup, S., & Hristova, K. R. (2020, 2020-October-15). Freshwater 

Sediment Microbial Communities Are Not Resilient to Disturbance From Agricultural 
Land Runoff [Original Research]. Frontiers in Microbiology, 11. 
https://doi.org/10.3389/fmicb.2020.539921  

 
Besemer, J., & Borodovsky, M. (1999). Heuristic approach to deriving models for gene finding. 

Nucleic Acids Research, 27(19), 3911-3920. https://doi.org/10.1093/nar/27.19.3911  

 
Bolger, A. M., Lohse, M., & Usadel, B. (2014, Aug 1). Trimmomatic: a flexible trimmer for 

Illumina sequence data. Bioinformatics, 30(15), 2114-2120. 
https://doi.org/10.1093/bioinformatics/btu170  

 
Bowers, R. M., Kyrpides, N. C., Stepanauskas, R., Harmon-Smith, M., Doud, D., Reddy, T. B. 

K., Schulz, F., Jarett, J., Rivers, A. R., Eloe-Fadrosh, E. A., Tringe, S. G., Ivanova, N. N., 
Copeland, A., Clum, A., Becraft, E. D., Malmstrom, R. R., Birren, B., Podar, M., Bork, P., 
Weinstock, G. M., Garrity, G. M., Dodsworth, J. A., Yooseph, S., Sutton, G., Glöckner, F. 
O., Gilbert, J. A., Nelson, W. C., Hallam, S. J., Jungbluth, S. P., Ettema, T. J. G., Tighe, 
S., Konstantinidis, K. T., Liu, W.-T., Baker, B. J., Rattei, T., Eisen, J. A., Hedlund, B., 
McMahon, K. D., Fierer, N., Knight, R., Finn, R., Cochrane, G., Karsch-Mizrachi, I., 
Tyson, G. W., Rinke, C., Kyrpides, N. C., Schriml, L., Garrity, G. M., Hugenholtz, P., 



 23 

Sutton, G., Yilmaz, P., Meyer, F., Glöckner, F. O., Gilbert, J. A., Knight, R., Finn, R., 
Cochrane, G., Karsch-Mizrachi, I., Lapidus, A., Meyer, F., Yilmaz, P., Parks, D. H., Murat 
Eren, A., Schriml, L., Banfield, J. F., Hugenholtz, P., Woyke, T., & The Genome 
Standards, C. (2017, 2017/08/01). Minimum information about a single amplified genome 
(MISAG) and a metagenome-assembled genome (MIMAG) of bacteria and archaea. 
Nature Biotechnology, 35(8), 725-731. https://doi.org/10.1038/nbt.3893  

 
Bowman, K. L., Collins, R. E., Agather, A. M., Lamborg, C. H., Hammerschmidt, C. R., Kaul, D., 

Dupont, C. L., Christensen, G. A., & Elias, D. A. (2020). Distribution of mercury-cycling 
genes in the Arctic and equatorial Pacific Oceans and their relationship to mercury 
speciation. Limnology and Oceanography, 65(S1), S310-S320. 
https://doi.org/https://doi.org/10.1002/lno.11310  

 
Bravo, A. G., Bouchet, S., Tolu, J., Björn, E., Mateos-Rivera, A., & Bertilsson, S. (2017, 

2017/02/09). Molecular composition of organic matter controls methylmercury formation 
in boreal lakes. Nature Communications, 8(1), 14255. 
https://doi.org/10.1038/ncomms14255  

 
Buchfink, B., Xie, C., & Huson, D. H. (2015, 2015/01/01). Fast and sensitive protein alignment 

using DIAMOND. Nature Methods, 12(1), 59-60. https://doi.org/10.1038/nmeth.3176  

 
Capo, E., Bravo, A. G., Soerensen, A. L., Bertilsson, S., Pinhassi, J., Feng, C., Andersson, A. F., 

Buck, M., & Björn, E. (2020, 2020-September-22). Deltaproteobacteria and 
Spirochaetes-Like Bacteria Are Abundant Putative Mercury Methylators in Oxygen-
Deficient Water and Marine Particles in the Baltic Sea [Original Research]. Frontiers in 
Microbiology, 11. https://doi.org/10.3389/fmicb.2020.574080  

 
Capo, E., Broman, E., Bonaglia, S., Bravo, A. G., Bertilsson, S., Soerensen, A. L., Pinhassi, J., 

Lundin, D., Buck, M., Hall, P. O. J., Nascimento, F. J. A., & Björn, E. (2022). Oxygen-
deficient water zones in the Baltic Sea promote uncharacterized Hg methylating 
microorganisms in underlying sediments. Limnology and Oceanography, 67(1), 135-146. 
https://doi.org/https://doi.org/10.1002/lno.11981  

 
Capo, E., Cosio, C., Gascón Díez, E., Loizeau, J.-L., Mendes, E., Adatte, T., Franzenburg, S., & 

Bravo, A. G. (2023, 2023/02/01/). Anaerobic mercury methylators inhabit sinking particles 
of oxic water columns. Water Research, 229, 119368. 
https://doi.org/https://doi.org/10.1016/j.watres.2022.119368  

 
Capo, E., Feng, C., Bravo, A. G., Bertilsson, S., Soerensen, A. L., Pinhassi, J., Buck, M., 

Karlsson, C., Hawkes, J., & Björn, E. (2022, 2022/09/20). Expression Levels of hgcAB 
Genes and Mercury Availability Jointly Explain Methylmercury Formation in Stratified 
Brackish Waters. Environmental Science & Technology, 56(18), 13119-13130. 
https://doi.org/10.1021/acs.est.2c03784  

 
Capo, E., Peterson, B. D., Kim, M., Jones, D. S., Acinas, S. G., Amyot, M., Bertilsson, S., Björn, 

E., Buck, M., Cosio, C., Elias, D. A., Gilmour, C., Goñi-Urriza, M., Gu, B., Lin, H., Liu, Y.-



 24 

R., McMahon, K., Moreau, J. W., Pinhassi, J., Podar, M., Puente-Sánchez, F., Sánchez, 
P., Storck, V., Tada, Y., Vigneron, A., Walsh, D. A., Vandewalle-Capo, M., Bravo, A. G., 
& Gionfriddo, C. M. (2023, 2023/01/01). A consensus protocol for the recovery of 
mercury methylation genes from metagenomes [https://doi.org/10.1111/1755-
0998.13687]. Molecular Ecology Resources, 23(1), 190-204. 
https://doi.org/https://doi.org/10.1111/1755-0998.13687  

 
Chaumeil, P.-A., Mussig, A. J., Hugenholtz, P., & Parks, D. H. (2022). GTDB-Tk v2: memory 

friendly classification with the genome taxonomy database. Bioinformatics, 38(23), 5315-
5316. https://doi.org/10.1093/bioinformatics/btac672  

 
Choi, S. C., Chase, T., & Bartha, R. (1994, Nov). Metabolic Pathways Leading to Mercury 

Methylation in Desulfovibrio desulfuricans LS. Appl Environ Microbiol, 60(11), 4072-4077. 
https://doi.org/10.1128/aem.60.11.4072-4077.1994  

 
Christensen, G. A., Gionfriddo, C. M., King, A. J., Moberly, J. G., Miller, C. L., Somenahally, A. 

C., Callister, S. J., Brewer, H., Podar, M., Brown, S. D., Palumbo, A. V., Brandt, C. C., 
Wymore, A. M., Brooks, S. C., Hwang, C., Fields, M. W., Wall, J. D., Gilmour, C. C., & 
Elias, D. A. (2019, 2019/08/06). Determining the Reliability of Measuring Mercury Cycling 
Gene Abundance with Correlations with Mercury and Methylmercury Concentrations. 
Environmental Science & Technology, 53(15), 8649-8663. 
https://doi.org/10.1021/acs.est.8b06389  

 
Compeau, G. C., & Bartha, R. (1985, Aug). Sulfate-reducing bacteria: principal methylators of 

mercury in anoxic estuarine sediment. Appl Environ Microbiol, 50(2), 498-502. 
https://doi.org/10.1128/aem.50.2.498-502.1985  

 
Cooper, C. J., Zheng, K., Rush, K. W., Johs, A., Sanders, B. C., Pavlopoulos, G. A., Kyrpides, N. 

C., Podar, M., Ovchinnikov, S., Ragsdale, S. W., & Parks, J. M. (2020, Jun 19). Structure 
determination of the HgcAB complex using metagenome sequence data: insights into 
microbial mercury methylation. Commun Biol, 3(1), 320. https://doi.org/10.1038/s42003-
020-1047-5  

 
Danecek, P., Bonfield, J. K., Liddle, J., Marshall, J., Ohan, V., Pollard, M. O., Whitwham, A., 

Keane, T., McCarthy, S. A., Davies, R. M., & Li, H. (2021). Twelve years of SAMtools 
and BCFtools. GigaScience, 10(2), giab008. https://doi.org/10.1093/gigascience/giab008  

 
De Bonville, J., Amyot, M., del Giorgio, P., Tremblay, A., Bilodeau, F., Ponton, D. E., & Lapierre, 

J.-F. (2020, 2020/10/01). Mobilization and Transformation of Mercury Across a Dammed 
Boreal River Are Linked to Carbon Processing and Hydrology 
[https://doi.org/10.1029/2020WR027951]. Water Resources Research, 56(10), 
e2020WR027951. https://doi.org/https://doi.org/10.1029/2020WR027951  

 
Dean, W. E. (1974). Determination of carbonate and organic matter in calcareous sediments and 

sedimentary rocks by loss on ignition; comparison with other methods. Journal of 



 25 

Sedimentary Research, 44(1), 242-248. https://doi.org/10.1306/74d729d2-2b21-11d7-
8648000102c1865d  

 
Depew, D. C., Basu, N., Burgess, N. M., Campbell, L. M., Devlin, E. W., Drevnick, P. E., 

Hammerschmidt, C. R., Murphy, C. A., Sandheinrich, M. B., & Wiener, J. G. (2012). 
Toxicity of dietary methylmercury to fish: Derivation of ecologically meaningful threshold 
concentrations. Environmental Toxicology and Chemistry, 31(7), 1536-1547. 
https://doi.org/https://doi.org/10.1002/etc.1859  

 
Ferreira-Rodríguez, N., Castro, A. J., Tweedy, B. N., Quintas-Soriano, C., & Vaughn, C. C. 

(2021, 2021/03/15/). Mercury consumption and human health: Linking pollution and 
social risk perception in the southeastern United States. Journal of Environmental 
Management, 282, 111528. https://doi.org/https://doi.org/10.1016/j.jenvman.2020.111528  

 
Finn, R. D., Clements, J., Arndt, W., Miller, B. L., Wheeler, T. J., Schreiber, F., Bateman, A., & 

Eddy, S. R. (2015, Jul 1). HMMER web server: 2015 update. Nucleic Acids Res, 43(W1), 
W30-38. https://doi.org/10.1093/nar/gkv397  

 
Frey, B., Rast, B. M., Qi, W., Stierli, B., & Brunner, I. (2022, 2022-October-05). Long-term 

mercury contamination does not affect the microbial gene potential for C and N cycling in 
soils but enhances detoxification gene abundance [Original Research]. Frontiers in 
Microbiology, 13. https://doi.org/10.3389/fmicb.2022.1034138  

 
Fu, L., Niu, B., Zhu, Z., Wu, S., & Li, W. (2012, Dec 1). CD-HIT: accelerated for clustering the 

next-generation sequencing data. Bioinformatics, 28(23), 3150-3152. 
https://doi.org/10.1093/bioinformatics/bts565  

 
Gibbons, S. M., Jones, E., Bearquiver, A., Blackwolf, F., Roundstone, W., Scott, N., Hooker, J., 

Madsen, R., Coleman, M. L., & Gilbert, J. A. (2014). Human and Environmental Impacts 
on River Sediment Microbial Communities. PLOS ONE, 9(5), e97435. 
https://doi.org/10.1371/journal.pone.0097435  

 
Gilmour, C. C., Bullock, A. L., McBurney, A., Podar, M., & Elias, D. A. (2018, Apr 10). Robust 

Mercury Methylation across Diverse Methanogenic Archaea. mBio, 9(2). 
https://doi.org/10.1128/mBio.02403-17  

 
Gilmour, C. C., Podar, M., Bullock, A. L., Graham, A. M., Brown, S. D., Somenahally, A. C., 

Johs, A., Hurt, R. A., Jr., Bailey, K. L., & Elias, D. A. (2013, 2013/10/15). Mercury 
Methylation by Novel Microorganisms from New Environments. Environmental Science & 
Technology, 47(20), 11810-11820. https://doi.org/10.1021/es403075t  

 
Gionfriddo, C. M., Soren, A. B., Wymore, A. M., Hartnett, D. S., Podar, M., Parks, J. M., Elias, D. 

A., & Gilmour, C. C. (2023, Apr 26). Transcriptional Control of hgcAB by an ArsR-Like 
Regulator in Pseudodesulfovibrio mercurii ND132. Appl Environ Microbiol, 89(4), 
e0176822. https://doi.org/10.1128/aem.01768-22  



 26 

 
Gionfriddo, C. M., Tate, M. T., Wick, R. R., Schultz, M. B., Zemla, A., Thelen, M. P., Schofield, 

R., Krabbenhoft, D. P., Holt, K. E., & Moreau, J. W. (2016, 2016/08/01). Microbial 
mercury methylation in Antarctic sea ice. Nature Microbiology, 1(10), 16127. 
https://doi.org/10.1038/nmicrobiol.2016.127  

 
Helfrich, E. J. N., Lin, G. M., Voigt, C. A., & Clardy, J. (2019). Bacterial terpene biosynthesis: 

challenges and opportunities for pathway engineering. Beilstein J Org Chem, 15, 2889-
2906. https://doi.org/10.3762/bjoc.15.283  

 
Hong, Y.-S., Kim, Y.-M., & Lee, K.-E. (2012, 11). Methylmercury Exposure and Health Effects. J 

Prev Med Public Health, 45(6), 353-363. https://doi.org/10.3961/jpmph.2012.45.6.353  

 
Hsu-Kim, H., Eckley, C. S., Achá, D., Feng, X., Gilmour, C. C., Jonsson, S., & Mitchell, C. P. J. 

(2018, Mar). Challenges and opportunities for managing aquatic mercury pollution in 
altered landscapes. Ambio, 47(2), 141-169. https://doi.org/10.1007/s13280-017-1006-7  

 
Jones, D. S., Walker, G. M., Johnson, N. W., Mitchell, C. P. J., Coleman Wasik, J. K., & Bailey, 

J. V. (2019, 2019/07/01). Molecular evidence for novel mercury methylating 
microorganisms in sulfate-impacted lakes. The ISME Journal, 13(7), 1659-1675. 
https://doi.org/10.1038/s41396-019-0376-1  

 
Kang, D. D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., & Wang, Z. (2019). MetaBAT 2: an 

adaptive binning algorithm for robust and efficient genome reconstruction from 
metagenome assemblies. PeerJ, 7, e7359. https://doi.org/10.7717/peerj.7359  

 
Kerin, E. J., Gilmour, C. C., Roden, E., Suzuki, M. T., Coates, J. D., & Mason, R. P. (2006, Dec). 

Mercury methylation by dissimilatory iron-reducing bacteria. Appl Environ Microbiol, 
72(12), 7919-7921. https://doi.org/10.1128/aem.01602-06  

 
Kirchman, D. L., Hanson, T. E., Cottrell, M. T., & Hamdan, L. J. (2014). Metagenomic analysis of 

organic matter degradation in methane-rich Arctic Ocean sediments. Limnology and 
Oceanography, 59(2), 548-559. https://doi.org/https://doi.org/10.4319/lo.2014.59.2.0548  

 
Lange, K., Wehrli, B., Åberg, U., Bätz, N., Brodersen, J., Fischer, M., Hermoso, V., Liermann, C. 

R., Schmid, M., Wilmsmeier, L., & Weber, C. (2019). Small hydropower goes unchecked. 
Frontiers in Ecology and the Environment, 17(5), 256-258. https://www-jstor-org.lib-
ezproxy.concordia.ca/stable/26675020  

 
Langwig, M. V., De Anda, V., Dombrowski, N., Seitz, K. W., Rambo, I. M., Greening, C., Teske, 

A. P., & Baker, B. J. (2022, 2022/01/01). Large-scale protein level comparison of 
Deltaproteobacteria reveals cohesive metabolic groups. The ISME Journal, 16(1), 307-
320. https://doi.org/10.1038/s41396-021-01057-y  

 



 27 

Leclerc, M., Harrison Makayla, C., Storck, V., Planas, D., Amyot, M., & Walsh David, A. (2021). 
Microbial Diversity and Mercury Methylation Activity in Periphytic Biofilms at a Run-of-
River Hydroelectric Dam and Constructed Wetlands. mSphere, 6(2), e00021-00021. 
https://doi.org/10.1128/mSphere.00021-21  

 
Li, D., Luo, R., Liu, C. M., Leung, C. M., Ting, H. F., Sadakane, K., Yamashita, H., & Lam, T. W. 

(2016, Jun 1). MEGAHIT v1.0: A fast and scalable metagenome assembler driven by 
advanced methodologies and community practices. Methods, 102, 3-11. 
https://doi.org/10.1016/j.ymeth.2016.02.020  

 
Li, H. (2013, 03/16). Aligning sequence reads, clone sequences and assembly contigs with 

BWA-MEM. ArXiv, 1303.  

 
Lin, H., Ascher, D. B., Myung, Y., Lamborg, C. H., Hallam, S. J., Gionfriddo, C. M., Holt, K. E., & 

Moreau, J. W. (2021). Mercury methylation by metabolically versatile and cosmopolitan 
marine bacteria. The ISME Journal: Multidisciplinary Journal of Microbial Ecology, 15(6), 
1810-1825. https://doi.org/10.1038/s41396-020-00889-4  

 
Lin, H., Moody, E. R. R., Williams, T. A., & Moreau, J. W. (2023). On the Origin and Evolution of 

Microbial Mercury Methylation. Genome Biology and Evolution, 15(4). 
https://doi.org/10.1093/gbe/evad051  

 
Liu, J., Bao, Z., Wang, C., Wei, J., Wei, Y., & Chen, M. (2022, 2022/11/01/). Understanding of 

mercury and methylmercury transformation in sludge composting by metagenomic 
analysis. Water Research, 226, 119204. 
https://doi.org/https://doi.org/10.1016/j.watres.2022.119204  

 
Liu, J., Li, Y., Duan, D., Peng, G., Li, P., Lei, P., Zhong, H., Tsui, M. T.-K., & Pan, K. (2022, 

2022/06/15/). Effects and mechanisms of organic matter regulating the methylmercury 
dynamics in mangrove sediments. Journal of Hazardous Materials, 432, 128690. 
https://doi.org/https://doi.org/10.1016/j.jhazmat.2022.128690  

 
Liu, Y.-R., Johs, A., Bi, L., Lu, X., Hu, H.-W., Sun, D., He, J.-Z., & Gu, B. (2018, 2018/11/20). 

Unraveling Microbial Communities Associated with Methylmercury Production in Paddy 
Soils. Environmental Science & Technology, 52(22), 13110-13118. 
https://doi.org/10.1021/acs.est.8b03052  

 
Louis, P., & Flint, H. J. (2009). Diversity, metabolism and microbial ecology of butyrate-

producing bacteria from the human large intestine. FEMS Microbiology Letters, 294(1), 1-
8. https://doi.org/10.1111/j.1574-6968.2009.01514.x  

 
McDaniel Elizabeth, A., Peterson Benjamin, D., Stevens Sarah, L. R., Tran Patricia, Q., 

Anantharaman, K., & McMahon Katherine, D. (2020). Expanded Phylogenetic Diversity 
and Metabolic Flexibility of Mercury-Methylating Microorganisms. mSystems, 5(4), 
e00299-00220. https://doi.org/10.1128/mSystems.00299-20  



 28 

 
Millera Ferriz, L., Ponton, D. E., Storck, V., Leclerc, M., Bilodeau, F., Walsh, D. A., & Amyot, M. 

(2021, 2021/06/20/). Role of organic matter and microbial communities in mercury 
retention and methylation in sediments near run-of-river hydroelectric dams. Science of 
The Total Environment, 774, 145686. 
https://doi.org/https://doi.org/10.1016/j.scitotenv.2021.145686  

 
Nayfach, S., & Pollard, K. S. (2015, 2015/03/25). Average genome size estimation improves 

comparative metagenomics and sheds light on the functional ecology of the human 
microbiome. Genome Biology, 16(1), 51. https://doi.org/10.1186/s13059-015-0611-7  

 
Obrist, D., Kirk, J. L., Zhang, L., Sunderland, E. M., Jiskra, M., & Selin, N. E. (2018, 2018/03/01). 

A review of global environmental mercury processes in response to human and natural 
perturbations: Changes of emissions, climate, and land use. Ambio, 47(2), 116-140. 
https://doi.org/10.1007/s13280-017-1004-9  

 
Olm, M. R., Brown, C. T., Brooks, B., & Banfield, J. F. (2017, 2017/12/01). dRep: a tool for fast 

and accurate genomic comparisons that enables improved genome recovery from 
metagenomes through de-replication. The ISME Journal, 11(12), 2864-2868. 
https://doi.org/10.1038/ismej.2017.126  

 
Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., & Tyson, G. W. (2015, Jul). 

CheckM: assessing the quality of microbial genomes recovered from isolates, single 
cells, and metagenomes. Genome Res, 25(7), 1043-1055. 
https://doi.org/10.1101/gr.186072.114  

 
Parks, J. M., Johs, A., Podar, M., Bridou, R., Hurt, R. A., Jr., Smith, S. D., Tomanicek, S. J., 

Qian, Y., Brown, S. D., Brandt, C. C., Palumbo, A. V., Smith, J. C., Wall, J. D., Elias, D. 
A., & Liang, L. (2013, Mar 15). The genetic basis for bacterial mercury methylation. 
Science, 339(6125), 1332-1335. https://doi.org/10.1126/science.1230667  

 
Peterson, B. D., Krabbenhoft, D. P., McMahon, K. D., Ogorek, J. M., Tate, M. T., Orem, W. H., & 

Poulin, B. A. (2023). Environmental formation of methylmercury is controlled by synergy 
of inorganic mercury bioavailability and microbial mercury‐methylation capacity. 
Environmental Microbiology. https://doi.org/10.1111/1462-2920.16364  

 
Peterson, B. D., McDaniel, E. A., Schmidt, A. G., Lepak, R. F., Janssen, S. E., Tran, P. Q., 

Marick, R. A., Ogorek, J. M., DeWild, J. F., Krabbenhoft, D. P., & McMahon, K. D. (2020, 
2020/12/15). Mercury Methylation Genes Identified across Diverse Anaerobic Microbial 
Guilds in a Eutrophic Sulfate-Enriched Lake. Environmental Science & Technology, 
54(24), 15840-15851. https://doi.org/10.1021/acs.est.0c05435  

 
Peterson, B. D., Poulin, B. A., Krabbenhoft, D. P., Tate, M. T., Baldwin, A. K., Naymik, J., 

Gastelecutto, N., & McMahon, K. D. (2023, 2023/07/26). Metabolically diverse 
microorganisms mediate methylmercury formation under nitrate-reducing conditions in a 



 29 

dynamic hydroelectric reservoir. The ISME Journal. https://doi.org/10.1038/s41396-023-
01482-1  

 
Podar, M., Gilmour, C. C., Brandt, C. C., Soren, A., Brown, S. D., Crable, B. R., Palumbo, A. V., 

Somenahally, A. C., & Elias, D. A. (2015). Global prevalence and distribution of genes 
and microorganisms involved in mercury methylation. Science Advances, 1(9), 
e1500675. https://doi.org/doi:10.1126/sciadv.1500675  

 
Potter, L., Kidd, D., & Standiford, D. (1975, 1975/01/01). Mercury levels in Lake Powell. 

Bioamplification of mercury in man-made desert reservoir. Environmental Science & 
Technology, 9(1), 41-46. https://doi.org/10.1021/es60099a006  

 
Pusch, M., Fiebig, D., Brettar, I., Eisenmann, H., Ellis, B. K., Kaplan, L. A., Lock, M. A., Naegeli, 

M. W., & Traunspurger, W. (1998). The role of micro-organisms in the ecological 
connectivity of running waters. Freshwater Biology, 40(3), 453-495. 
https://doi.org/https://doi.org/10.1046/j.1365-2427.1998.00372.x  

 
Qiu, Z., Zhu, Y., Zhang, Q., Qiao, X., Mu, R., Xu, Z., Yan, Y., Wang, F., Zhang, T., & Yu, K. 

(2023). Unravelling Biosynthesis and Biodegradation Potentials of Microbial Dark Matters 
in Hypersaline Lakes. bioRxiv, 2023.2006.2028.546814. 
https://doi.org/10.1101/2023.06.28.546814  

 
Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J., & Segata, N. (2017, Sep 12). Shotgun 

metagenomics, from sampling to analysis. Nat Biotechnol, 35(9), 833-844. 
https://doi.org/10.1038/nbt.3935  

 
Regnell, O., & Watras, C. J. (2019, 2019/01/02). Microbial Mercury Methylation in Aquatic 

Environments: A Critical Review of Published Field and Laboratory Studies. 
Environmental Science & Technology, 53(1), 4-19. 
https://doi.org/10.1021/acs.est.8b02709  

 
Rodriguez, R. L., Tsementzi, D., Luo, C., & Konstantinidis, K. T. (2020, Aug). Iterative 

subtractive binning of freshwater chronoseries metagenomes identifies over 400 novel 
species and their ecologic preferences. Environ Microbiol, 22(8), 3394-3412. 
https://doi.org/10.1111/1462-2920.15112  

 
Roth, S., Poulin, B. A., Baumann, Z., Liu, X., Zhang, L., Krabbenhoft, D. P., Hines, M. E., 

Schaefer, J. K., & Barkay, T. (2021, 2021-October-04). Nutrient Inputs Stimulate Mercury 
Methylation by Syntrophs in a Subarctic Peatland [Original Research]. Frontiers in 
Microbiology, 12. https://doi.org/10.3389/fmicb.2021.741523  

 
Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics, 30(14), 2068-

2069. https://doi.org/10.1093/bioinformatics/btu153  

 



 30 

Sofi, M. S., Bhat, S. U., Rashid, I., & Kuniyal, J. C. (2020, 2020/12/01). The natural flow regime: 
A master variable for maintaining river ecosystem health 
[https://doi.org/10.1002/eco.2247]. Ecohydrology, 13(8), e2247. 
https://doi.org/https://doi.org/10.1002/eco.2247  

 
Tada, Y., Marumoto, K., Iwamoto, Y., Takeda, K., & Sakugawa, H. (2023, 2023/01/01/). 

Distribution and phylogeny of mercury methylation, demethylation, and reduction genes 
in the Seto Inland Sea of Japan. Marine Pollution Bulletin, 186, 114381. 
https://doi.org/https://doi.org/10.1016/j.marpolbul.2022.114381  

 
Tada, Y., Marumoto, K., & Takeuchi, A. (2020, 2020-July-03). Nitrospina-Like Bacteria Are 

Potential Mercury Methylators in the Mesopelagic Zone in the East China Sea [Original 
Research]. Frontiers in Microbiology, 11. https://doi.org/10.3389/fmicb.2020.01369  

 
Tada, Y., Marumoto, K., & Takeuchi, A. (2021). <i>Nitrospina</i>-like Bacteria Are Dominant 

Potential Mercury Methylators in Both the Oyashio and Kuroshio Regions of the Western 
North Pacific. Microbiology Spectrum, 9(2), e00833-00821. 
https://doi.org/doi:10.1128/Spectrum.00833-21  

 
Thomas, F., Hehemann, J.-H., Rebuffet, E., Czjzek, M., & Michel, G. (2011, 2011-May-30). 

Environmental and Gut Bacteroidetes: The Food Connection [Review]. Frontiers in 
Microbiology, 2. https://doi.org/10.3389/fmicb.2011.00093  

 
Ullrich, S. M., Tanton, T. W., & Abdrashitova, S. A. (2001, 2001/07/01). Mercury in the Aquatic 

Environment: A Review of Factors Affecting Methylation. Critical Reviews in 
Environmental Science and Technology, 31(3), 241-293. 
https://doi.org/10.1080/20016491089226  

 
Vavourakis, C. D., Andrei, A.-S., Mehrshad, M., Ghai, R., Sorokin, D. Y., & Muyzer, G. (2018, 

2018/09/19). A metagenomics roadmap to the uncultured genome diversity in 
hypersaline soda lake sediments. Microbiome, 6(1), 168. https://doi.org/10.1186/s40168-
018-0548-7  

 
Vigneron, A., Cruaud, P., Aubé, J., Guyoneaud, R., & Goñi-Urriza, M. (2021). Transcriptomic 

evidence for versatile metabolic activities of mercury cycling microorganisms in brackish 
microbial mats. npj Biofilms and Microbiomes, 7(1), 83. https://doi.org/10.1038/s41522-
021-00255-y  

 
Villar, E., Cabrol, L., & Heimbürger-Boavida, L.-E. (2020). Widespread microbial mercury 

methylation genes in the global ocean. Environmental Microbiology Reports, 12(3), 277-
287. https://doi.org/https://doi.org/10.1111/1758-2229.12829  

 
Waite, D. W., Chuvochina, M., Pelikan, C., Parks, D. H., Yilmaz, P., Wagner, M., Loy, A., 

Naganuma, T., Nakai, R., Whitman, W. B., Hahn, M. W., Kuever, J., & Hugenholtz, P. 
(2020, Nov). Proposal to reclassify the proteobacterial classes Deltaproteobacteria and 



 31 

Oligoflexia, and the phylum Thermodesulfobacteria into four phyla reflecting major 
functional capabilities. Int J Syst Evol Microbiol, 70(11), 5972-6016. 
https://doi.org/10.1099/ijsem.0.004213  

 
Woodcroft Ben J, A. S., Zhao Rossen. SingleM. https://github.com/wwood/singlem 

 
Yu, R. Q., Reinfelder, J. R., Hines, M. E., & Barkay, T. (2013, Oct). Mercury methylation by the 

methanogen Methanospirillum hungatei. Appl Environ Microbiol, 79(20), 6325-6330. 
https://doi.org/10.1128/aem.01556-13  

 
Yuan, K., Chen, X., Chen, P., Huang, Y., Jiang, J., Luan, T., Chen, B., & Wang, X. (2019, 

2019/12/15/). Mercury methylation-related microbes and genes in the sediments of the 
Pearl River Estuary and the South China Sea. Ecotoxicology and Environmental Safety, 
185, 109722. https://doi.org/https://doi.org/10.1016/j.ecoenv.2019.109722  

 
Zhang, B., Chen, T., Guo, J., Wu, M., Yang, R., Chen, X., Wu, X., Zhang, W., Kang, S., Liu, G., 

& Dyson, P. (2020, 2020/03/15/). Microbial mercury methylation profile in terminus of a 
high-elevation glacier on the northern boundary of the Tibetan Plateau. Science of The 
Total Environment, 708, 135226. 
https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.135226  

 
Zhang, C.-J., Liu, Y.-R., Cha, G., Liu, Y., Zhou, X.-Q., Lu, Z., Pan, J., Cai, M., & Li, M. (2023). 

Potential for mercury methylation by Asgard archaea in mangrove sediments. The ISME 
Journal: Multidisciplinary Journal of Microbial Ecology, 17(3), 478-485. 
https://doi.org/10.1038/s41396-023-01360-w  

 
Zheng, J., Liang, J.-L., Jia, P., Feng, S.-w., Lu, J.-l., Luo, Z.-h., Ai, H.-x., Liao, B., Li, J.-t., & Shu, 

W.-s. (2022). Diverse Methylmercury (MeHg) Producers and Degraders Inhabit Acid 
Mine Drainage Sediments, but Few Taxa Correlate with MeHg Accumulation. mSystems, 
8(1), e00736-00722. https://doi.org/10.1128/msystems.00736-22  

 

 

  



 32 

Appendices 

 

Figure S1. Proportion of rOTUs belonging to different domains (A). Proportion of all river 
sediment MAGs belonging to different domains (B). 

  

Figure S2. Relative abundance of all river sediment MAGs belonging to the top 30 most 
abundant classes out of 116 in the river sediment genome catalogue (A). Relative abundance of 
hgcA containing MAGs belonging to different classes (B). Classes are coloured according to 
phyla. 
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Figure S3. Phylogeny of our binned hgcA sequences aligned to the multi-sequence alignment 
provided by McDaniel Elizabeth et al. (2020). Binned hgcA sequences of the current study are 
colored according to their taxonomy if not in a collapsed node, or number of sequences are in 
parenthesis in collapsed node class (A). KEGG ortholog annotation of putative hgcB within 2 
ORFs downstream of binned hgcA (B).  

  

Figure S4. Relative abundance of classes and phyla of hgcA containing MAGs in different co-
assemblies, MAGs were counted only once if they were present at least in one metagenome of 
the co-assembly.  
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Table S1. Published peer-reviewed articles that studied microbial mercury methylation by using 
metagenomics 

Article MAGs use Environment DOI 
(Podar et al., 

2015) 
No Multiple https://doi.org/doi:10.1126/sciadv.1500675 

(Christensen 
et al., 2019) 

No Multiple https://doi.org/10.1021/acs.est.8b06389 

(Gionfriddo 
et al., 2016) 

No Marine https://doi.org/10.1038/nmicrobiol.2016.127 

(Jones et al., 
2019) 

Yes Lake https://doi.org/10.1038/s41396-019-0376-1 

(Liu et al., 
2018) 

No Wetlands https://doi.org/10.1021/acs.est.8b03052 

(Yuan et al., 
2019) 

No Estuary https://doi.org/10.1016/j.ecoenv.2019.109722 

(Bowman et 
al., 2020) 

No Marine https://doi.org/10.1002/lno.11310 

(Capo et al., 
2020) 

No Marine https://doi.org/10.3389/fmicb.2020.574080 

(McDaniel 
Elizabeth et 
al., 2020) 

Yes Multiple https://doi.org/10.1128/mSystems.00299-20 

(Peterson et 
al., 2020) 

Yes Lake https://doi.org/10.1021/acs.est.0c05435 

(Tada et al., 
2020) 

No Marine https://doi.org/10.3389/fmicb.2020.01369 

(Villar et al., 
2020) 

No Marine https://doi.org/10.1111/1758-2229.12829 

(Zhang et al., 
2020) 

No Glacier https://doi.org/10.1016/j.scitotenv.2019.135226 

(Millera 
Ferriz et al., 

2021) 
No River https://doi.org/10.1016/j.scitotenv.2021.145686 

(Leclerc et 
al., 2021) 

No River https://doi.org/10.1128/msphere.00021-21 

(Lin et al., 
2021) 

Yes Marine https://doi.org/10.1038/s41396-020-00889-4 

(Roth et al., 
2021) 

No Wetlands https://doi.org/10.3389/fmicb.2021.741523 

(Tada et al., 
2021) 

No Marine https://doi.org/10.1128/Spectrum.00833-21 

(Vigneron et 
al., 2021) 

Yes Ponds https://doi.org/10.1038/s41522-021-00255-y 

(An et al., 
2022) 

No Landfill https://doi.org/10.1016/j.wasman.2022.04.038 

(Capo, Feng, 
et al., 2022) 

Yes Marine https://doi.org/10.1021/acs.est.2c03784 
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(Capo, 
Broman, et 
al., 2022) 

No Marine https://doi.org/10.1002/lno.11981 

(Frey et al., 
2022) 

No Soil https://doi.org/10.3389/fmicb.2022.1034138 

(Langwig et 
al., 2022) 

Yes Marine https://doi.org/10.1038/s41396-021-01057-y 

(Jibao Liu et 
al., 2022) 

Yes Compost https://doi.org/10.1016/j.watres.2022.119204 

(Jingli Liu et 
al., 2022) 

No Mangroves https://doi.org/10.1016/j.jhazmat.2022.128690 

(Zheng et al., 
2022) 

Yes 
Contaminated 

site 
https://doi.org/10.1128/msystems.00736-22 

(Capo, 
Cosio, et al., 

2023) 
No Lake https://doi.org/10.1016/j.watres.2022.119368 

(Lin et al., 
2023) 

No Multiple https://doi.org/10.1093/gbe/evad051 

(Peterson, 
Krabbenhoft, 
et al., 2023) 

Yes Mangroves https://doi.org/10.1111/1462-2920.16364 

(Peterson, 
Poulin, et al., 

2023) 
Yes Reservoir https://doi.org/10.1038/s41396-023-01482-1 

(Tada et al., 
2023) 

No Marine https://doi.org/10.1016/j.marpolbul.2022.114381 

(Zhang et al., 
2023)  

Yes Mangrove https://doi.org/10.1038/s41396-023-01360-w 

 

Table S2. Statistical significance of sample depth (cm) and sampling site on the number of hgcA 
copies and number of hgcA containing MAGs.  

Source of variation Response variable Statistical test used P value 

Depth 
hgcA copies ANOVA 0.55 
hgcA containing MAGs ANOVA 0.99 

Sampling site 
hgcA copies Kruskal-Wallis 1.964e-06 
hgcA containing MAGs Kruskal-Wallis 1.384e-06 

 


