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Methylmercury (MeHg) is a potent neurotoxin that bioaccumulates along food chains. The conversion of MeHg from mercury (Hg) is
mediated by a variety of anaerobic microorganisms carrying hgcAB genes. Mangrove sediments are potential hotspots of microbial
Hg methylation; however, the microorganisms responsible for Hg methylation are poorly understood. Here, we conducted
metagenomic and metatranscriptomic analyses to investigate the diversity and distribution of putative microbial Hg-methylators in
mangrove ecosystems. The highest hgcA abundance and expression occurred in surface sediments in Shenzhen, where the highest
MeHg concentration was also observed. We reconstructed 157 metagenome-assembled genomes (MAGs) carrying hgcA and
identified several putative novel Hg-methylators, including one Asgard archaea (Lokiarchaeota). Further analysis of MAGs revealed
that Deltaproteobacteria, Euryarchaeota, Bacteroidetes, Chloroflexi, and Lokiarchaeota were the most abundant and active Hg-
methylating groups, implying their crucial role in MeHg production. By screening publicly available MAGs, 104 additional Asgard
MAGs carrying hgcA genes were identified from a wide range of coast, marine, permafrost, and lake sediments. Protein homology
modelling predicts that Lokiarchaeota HgcAB proteins contained the highly conserved amino acid sequences and folding structures
required for Hg methylation. Phylogenetic tree revealed that hgcA genes from Asgard clustered with fused hgcAB genes, indicating
a transitional stage of Asgard hgcA genes. Our findings thus suggest that Asgard archaea are potential novel Hg-methylating
microorganisms and play an important role in hgcA evolution.
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INTRODUCTION
Due to natural processes and anthropogenic effects, mercury (Hg) is
widespread in terrestrial and aquatic ecosystems such as sediments,
rice paddy soils, and the water column [1]. Inorganic Hg in the
environment can be converted to potent neurotoxic methylmercury
(MeHg) by a variety of anaerobic microorganisms [2, 3]. The
synthesized MeHg can subsequently bioaccumulate and biomag-
nify in food chains, posing a risk to wildlife and to human health [4].
Therefore, it is critical to investigate MeHg production and Hg-
methylating microorganisms in aquatic environments.
The hgcAB gene cluster provides a molecular marker for

identifying Hg-methylating microorganisms [5]. The hgcA gene
encodes a homolog of corrinoid iron-sulfur proteins, and the hgcB
gene is generally present next to hgcA by encoding an iron-sulfur
cluster protein in various microorganisms including bacteria and
archaea [6]. Previous structure model of the HgcB suggested that
conserved cysteines in HgcB are involved in shuttling HgII,
methymercury, or both [7]. The gene pair hgcAB presumably
functions in methyltransferase and corrinoid reduction, endowing
microorganisms with the ability to produce MeHg [5]. All
experimentally confirmed Hg-methylators contain hgcA homo-
logues, which predominately affiliate to sulfate-reducing bacteria

and iron-reducing bacteria belonging to the class δ-Proteobacteria
within the phylum Proteobacteria, fermentative bacteria within
the phylum Firmicutes (Clostridia), and methanogenic archaea
within the phylum Euryarchaeota [8, 9]. More diverse hgcA
carriers, including Chloroflexi, Spirochaetes [10], Nitrospina [11],
Planctomycetes, Verrucomicrobia [12], Acidobacteria, Actinobac-
teria, Aminicenantes, Elusimicrobia, and Nitrospirae [6, 13–15]
have been discovered in other microbial phyla using culture-
independent approaches. It is believed that microorganisms
carrying hgcAB gene sequences are phylogenetically diverse and
prevalent in a wide range of habitats [16, 17].
Asgard is a recently discovered archaeal superphylum that

contains more than 16 distinct phyla, such as Loki-, Thor-, Odin-,
Heimdall-, Hel-, Gerd-, Sif-, Baldr-, Hermod-, Borr-, Hod-, Kari-,
Wukong-, Sigyn-, Freyr- and Njordarchaeota [18–25]. They are
widely distributed in anoxic environments such as sediments,
cold seeps, hot springs, and soils [26–28]. Previous surveys
have revealed high concentrations of heavy metals (e.g., Cu, Pb,
Hg, As) in certain anoxic wetlands, lake, marine, and paddy
sediments [29–31]. These findings imply that Asgard archaea can
adapt to sediment conditions with high concentrations of heavy
metals, suggesting that they are involved in heavy metal
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metabolism [32]. However, whether Asgard archaea are able to
methylate Hg remains unknown.
Mangroves, as hotspots of microbial Hg methylation, are ideal

niches in which to search for novel putative Hg-methylators [33].
Mangrove sediments receive Hg inputs of anthropogenic origin as a
substantial source for methylation [34–36]. In addition, abiotic
factors such as relatively warm temperatures and low oxygen and
high carbon contents in mangrove sediments could accelerate
MeHg production by facilitating the activity of microbial methyla-
tors [29, 37, 38]. In this study, we measured the concentrations of
total mercury (THg) and MeHg and applied metagenomic and
metatranscriptomic analyses to investigate Hg-methylating micro-
organisms in the sediments of mangrove ecosystems across
southeastern China (Fig. S1). We provide evidence of the potential
novel Hg-methylators and their key roles in hgcA evolution.

RESULTS AND DISCUSSION
Hg and MeHg biogeochemistry in mangroves
Total Hg (THg) and MeHg concentrations in mangrove sediments
are listed in Fig. 1 and Table S1. The concentrations of THg ranged
from 36 to 357 µg kg−1 dry sediment, and MeHg ranged from 0.25
to 9.3 µg kg−1 dry sediment. Similar MeHg concentrations have
been reported in other sediments [29]. Of all the sampling sites,
Shenzhen (SZ) had the highest concentrations of THg and MeHg,
which might be due to intensive anthropogenic emissions, such as
wastewater discharge, that increase the Hg accumulation in
mangrove sediments in Shenzhen [33]. In addition, the ratio of
MeHg to THg decreased from 3.65% in surface (0–2 cm) sediments
to 0.81% in bottom (28–30 cm) sediments in Shenzhen man-
groves, suggesting a stronger activity of Hg-methylating micro-
organisms in the top sediments.

Identification of putative mercury-methylating
microorganisms in mangrove sediments
By hidden Markov model (HMM) search, we identified a final set of
1087 hgcA genes from 10 mangrove metagenomic assemblies
(Table S2). Among these, 706 hgcA gene sequences had down-
stream hgcB genes, suggesting that these are likely functional Hg-
methylation genes. HgcA sequences that binned to MAGs were
assigned taxonomic classifications according to GTDB taxonomy of
MAGs phylogenies. Those HgcA sequences that not binned toMAGs
were searched against reference HgcA and HgcAB sequences
database published recently [39] using BLASTp (Table S3). The 1087

identified hgcA sequences were clustered into 28 phyla (Table S2).
According to the phylogeny, HgcA sequences from the same
taxonomy were not clustered into one clade (Fig. S2), which might
be due to horizontal gene transfer (HGT) [40, 41]. The hgcA gene
abundances varied among different sites and were highest in
Shenzhen (Fig. S3), suggesting that Hg-methylators were most
abundant at this site. Moreover, the transcripts of hgcA genes were
highest at 6–8 cm in Shenzhen, suggesting that Hg-methylators
were more active in subsurface sediment layers. We further found
that some environmental factors (pH, Cl−, and SO4

2− concentra-
tions) were significantly correlated to MeHg/THg ratio (Fig. S4). It is
widely accepted that TOC and pH affect Hg bioavailability and
methylators’ activities [42–44]. Indeed, previous studies had
suggested that lower pH could increase Hg mobility and provide
more available Hg for microbial Hg methylation [45]. We also
observed a significantly positive correlation between the RPKM
(reads per kilobase of transcript per million mapped reads) values of
hgcA genes and MeHg/THg ratio (p < 0.01). Further correlation
analysis showed that the most abundant mercury methylators such
as Deltaproteobacteria, Chloroflexi, Planctomycetes, Spirochaetes,
Nitrospirae, Euryarchaeota were significantly correlated with MeHg/
THg ratio (Fig. S5), suggesting all these microorganisms play
important roles in mercury methylation. Overall, the most abundant
hgcA genes were observed in subsurface sediments of Shenzhen,
where they coincided with the MeHg peaks. Since large amounts of
terrestrial and riverine Hg reach and accumulate in coastal
environments, the top layers of the mangrove sediments supply
substrates for Hg-methylators [36, 46].
A total of 1183 MAGs with completeness >50% and contamina-

tion <10% were recovered from 10 mangrove metagenomics
datasets after dereplication. Among these, 157 MAGs belonging to
20 groups at phylum level (Acidobacteria, Armatimonadetes,
Bacteroidetes, Bathyarchaeota, Chloroflexi, Edwardsbacteria, Eisen-
bacteria, Euryarchaeota, Fibrobacteres, Gemmatimonadetes, Krum-
holzibacteriota, KSB1, Lokiarchaeota, Nitrospirae, Planctomycetes,
Proteobacteria, Spirochaetes, TA06, WOR-3, Zixibacteria) have hgcA
genes (Fig. 2A). Genome size, completeness, and contamination of
the 157 MAGs are summarized in Table S4. Among these, 139 MAGs
had an hgcB sequence paired with hgcA. Well-known methylators
Deltaproteobacteria and Euryarchaeota accounted for 81 and 7
MAGs, respectively, representingmore than one-half of all identified
putative methylators. Putative methylators belonging to the
Acidobacteria, Bacteroidetes, Chloroflexi, Eisenbacteria, Fibrobac-
teres, KSB1, Nitrospirae, Planctomycetes, Spirochaetes, TA06, and
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Fig. 1 Mercury profiles in mangrove sediments. A Concentrations of total Hg (THg), MeHg and MeHg as a percentage of THg at different
sites. B Concentrations of total Hg (THg), MeHg and MeHg as a percentage of THg at different depths in Shenzhen.
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WOR-3 have previously been identified from isolate genomes or
reconstructed MAGs [6]. We also detected hgcA in phyla that, to our
knowledge, have not previously been shown to carry the genes.
These phyla include two bacterial phyla (Armatimonadetes and
Gemmatimonadetes), two candidate archaeal phyla (Bathyarch-
aeota and Lokiarchaeota), and three candidate bacterial phyla
(Edwardsbacteria, Krumholzibacteriota, and Zixibacteria). The most
abundant putative Hg-methylator was Deltaproteobacteria, fol-
lowed by Euryarchaeota, Bacteroidetes, Chloroflexi, Nitrospirae, and
Lokiarchaeota (Fig. 2B). Deltaproteobacteria were abundant and
active in all the samples, showing that they are predominant and
widespread Hg-methylators across all mangrove sediments in
Southeastern China. Previous studies have also shown that
Deltaproteobacteria are the most abundant Hg-methylators in
coastal sediments [10, 14]. In the present study, Desulfatiglandales,
Desulfobacterales, Desulfobulbales, Desulfuromonadales, and Syn-
trophobacterales were the most frequent and abundant five orders
in Deltaproteobacteria (Table S4). The relative abundances of
Euryarchaeota hgcA-carriers were highest in the Shenzhen (SZ) site.
Within Chloroflexi, hgcA-carriers were all in the Anaerolineae class,
while experimental confirmation of Hg-methylation capacity in this
phylum is still needed. Nitrospirae hgcA-carriers were more
abundant in Yunxiao (YX), which is characterized by high nitrate
concentration and nitrite oxidation rates [47]. The relative
abundances of Lokiarchaeota hgcA-carriers account for 10 and 8%
of the total hgcA-containing MAGs reads in Dongzhaigang and
Shenzhen, respectively (Fig. 2). Our findings suggest a broad
diversity of putative Hg-methylators.

The potential for Hg methylation by Asgard archaea
In this study, we identified hgcA gene sequence in Lokiarchaeota
MAGs (DZG_bin1.240 and SZ_1_bins.287) (Table S4). To investigate
the Hgmethylation potentials of Asgard MAGs, we searched publicly

available Asgard MAGs and obtained 104 Asgard MAGs that
contain hgcA gene (Table S5). The 104 hgcA-carrying Asgard MAGs
comprised 8 phyla: Borr-, Kari-, Hod-, Heimdall-, Loki-, Hel-, Hermod-,
and Thorarchaeota, respectively. Asgard HgcA sequences contained
the conserved NVWCAA motif (or is NVWCGA in one genome of
Lokiarchaeota) in the cap helix (Fig. S6). Asgard HgcB sequences
contained two tandem CX2CX2CX3C motifs (Fig. S6). To eliminate
the possibility of contamination, all genes identified on the contigs
containing hgcA genes in Asgard MAGs were blast against 201,003
Asgard amino acid sequences downloaded from NCBI as references
(Table S6). All the identity of blast results were above 20% and 3318
of 3743 sequences were above 50%, suggesting these genes on the
contigs likely belong to Asgard archaea.
Asgard archaea have never been implicated as putative

methylators. The complete genome of the only one co-cultured
representative of Lokiarchaeota archaea, Candidatus Pro-
metheoarchaeum syntrophicum strain MK-D1 [48], showed that
it contained hgcAB genes. However, it has not been experimen-
tally tested for Hg-methylation capacity. Based on its HgcAB
protein sequence and structure, we propose Lokiarchaeota as a
potential mercury methylator. Homology models were con-
structed to predict the three-dimensional structure of Lokiarch-
aeota HgcA and HgcB amino acid sequences (Fig. 3A and B).
Lokiarchaeota HgcA protein structure consisted of a corrinoid
binding domain at the N-terminus and five transmembrane
spanning helices at the C-terminus. The ligand cobalamin
facilitates the transfer of methyl groups to inorganic Hg [49]. This
structure is similar to the previously reported HgcA from the
experimentally validated Hg-methylating strain Desulfovibrio
desulfuricans ND132 [5, 50]. Modelling of the Lokiarchaeota HgcB
protein demonstrated two 4Fe-4S motifs at the N-terminal and the
Cys tail at the C-terminal, with the function of transferring
electrons and binding the Hg(II) substrate, respectively. Overall,

Fig. 2 Summary of 157 Metagenome-Assembled Genomes (MAGs) recovered with hgcA from mangrove sediments. A Maximum-
likelihood phylogenetic tree of HgcA amino acid sequences (1000 bootstraps; values >90% are shown by gray dots at the nodes). The 157
HgcA sequences from corresponded MAGs (Table S4) obtained in this study are highlighted in blue. HgcA sequences retrieved from public
databases are shown in black. Experimentally confirmed HgcA are shown in brown. HgcA paralogues from non-methylating microorganisms
were used as outgroups and are shown in gray. B Relative abundances of hgcA-carrying MAGs affiliated to different taxonomic groups in
different mangrove sediment samples. Different taxonomic groups are represented by different colors. MetaT represent metatranscriptomic.
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our findings strongly suggest that Asgard archaea represent novel
potential Hg-methylators. The extension of Hg methylators’
phylogeny into Asgard also broadly expands the niches associated
with MeHg production. Asgard archaea carrying hgcA have been
retrieved from a range of anoxic environments, including marine/
coastal, lake environments, hydrothermal vent, cold seep, and
permafrost sediments (Table S5), suggesting MeHg production by
Asgard archaea across a wide range of ecological environments
might be ignored previously.
Hg-methylation process includes reduction of the corrinoid

cofactor to form Co(I), methylation of Co(I) to form CH3-Co(III), and
methyl transfer to Hg(II) to form CH3Hg(II). The presence of hgcAB
in Asgard archaea might be insufficient for Hg methylation, and
additional genes functioning in uptake and transport of Hg(II) and
MeHg export might be needed for effective MeHg production [50].
No experimental assays have been conducted for mercury
methylation of Asgard archaea. Therefore, experimental confirma-
tion of Hg-methylation capacity in Asgard archaea needs to be
provided by future research.

Additional metabolic features of hgcA-carrying Asgard MAGs
The functional potentials of 104 hgcA-carrying Asgard MAGs were
inferred by reference to eggNOGmapper annotations (Fig. S7,
Table S7). Asgard lineages mostly inhabited anoxic marine, coastal,
and lake sediments. However, some of them contained genes
encoding for terminal oxidases, which allowed them to accommo-
date the lower levels of oxygen in the benthic habitats of shallow
layers. Genome analysis reveals that Hod- and Kariarchaeota contain
genes encoding for respiratory complexes cytochrome c oxidase
(coxBCP). Hodarchaeota also contain genes encoding for cytochrome

bd ubiquinol oxidase (cydAB). The presence of cox and cyd genes
indicates that Hod- and Kariarchaeota might represent facultative
aerobes under fluctuating oxygen conditions. Furthermore, genes
encoding for flagellar proteins (flg, fli, and mot) were identified in
Hermod-, Hod-, and Thorarchaeota, enabling them to reposition
optimally to suitable O2 levels.
Asgard archaea appear to have diverse metabolic capabilities in

C, N, S cycles (Fig. S7, Table S7). The presence of an almost-
complete archaeal Wood-Ljungdahl (WL) pathway and carbon
monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) in
Borr-, Hela-, Hermoda-, Loki-, and Thorarchaeota suggests that
they can fix CO2 or, in a reverse function, produce it [51]. HgcA and
the CODH have structural and functional similarities, suggesting
associations between the two pathways [2]. Genes encoding for
trimethylamine-specific methyltransferase (MttB) were found in
Hermod-, Hod-, Loki-, and Thorarchaeota, suggesting they have
potential for utilization of trimethylamine. Helarchaeota from
marine and coastal sediments have acetyl-coenzyme M reductase
(acr) coding genes, suggesting they have the potential for short-
chain hydrocarbon oxidation [19, 23]. Kariarchaeota MAGs contain
genes encoding nitrate reductase (Nar). Hel-, Hod-, and Thorarch-
aeota MAGs contain genes encoding nitrite reductase (Nir),
suggesting nitrite can be a nitrogen source for them. We also
detected the sulfate reduction–related genes sat and cys within
most Asgard archaea. Above all, Hg methylators in Asgard are also
involved in diverse metabolic functions and growth strategies.
Although MeHg is much more toxic than Hg(II), MeHg can be

exported from the cell [52]. Similarly, As(V) is reduced to the more
toxic As(III) to export from the cell. Hg methylation and As reduction
are both detoxificationmechanisms deployed against environmental

A

180°
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180°

Fig. 3 Structure comparison between HgcA and HgcB from Lokiarchaeota and Desulfovibrio desulfuricans ND132. A Superposition of
Lokiarcheaota-HgcA (green) and Desulfovibrio desulfuricans ND132-HgcA (purple) functional domain homology models. The functional domain
is bound to cobalamin shown cyan-blue stick; B Superposition of Lokiarchaeota-HgcB (green) and Desulfovibrio desulfuricans ND132-HgcB
(purple) homology models. Model of full-length Lokiarchaeota-HgcB in complex with two [4Fe-4S] clusters; Interactions between the protein
and iron are shown by brown ball.
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stress. In our study, most methylators in Asgard also contained genes
encoding for arsenate reductase (Ars), Cu transport detoxification
protein (CopA), and Fe2+ transport system protein (FeoAB) (Table S7),
protecting them against other toxin compounds. Interestingly, we
selected several Lokiarchaeota MAGs containing hgcAB and ars
regions and found ars were in the neighborhood of hgcAB within
the same scaffolds (Fig. S8, Table S8). Gene clusters hgcAB were
flanked by arsR, encoding an arsenical resistance operon repressor;
arsB, encoding an arsenical pump membrane protein; arsM, an
arsenite S-adenosylmethionine methyltransferase; arsC, encoding
a thioredoxin- or glutaredoxin-dependent arsenite reductase; and
arsA, encoding arsenite-activated ATPase. The potential for metal
resistance and transformation may allow Asgard to adapt to metal-
containing environments.

The diversity of archaeal hgcA carriers
To investigate the diversity of hgcAB genes in archaea, we
searched publicly available archaeal isolate genomes and MAGs
and obtained 287 archaeal potential Hg methylators (Table S9).
The 287 archaeal hgcA-carriers belongs to three superphyla: TACK,
Euryarchaeota, and Asgard (Fig. 4A). HgcA-encoding genes
were found less frequently in TACK. HgcA-encoding genes
were found in Bathyarchaeia and Thermoproteia in TACK. The
occurrence of hgcAB among Euryarchaeota was confined to seven
classes: Archaeoglobi, Methanocellia, Methanomicrobia, Methano-
sarcinia, Hydrothermarchaeia, Thermococci, and Thermoplasmata.
Methanocellia with hgcAB are widespread in rice paddies [53],
and Methanomassiliicoccus luminyensis with hgcAB was isolated
from human feces [54], suggesting a potential human health
risk. Some hgcA-carriers in Methanomicrobia, Methanosarcinia,
and Methanomassiliicoccales were obtained from permafrost soils,

which also need further attention concerning elevated Hg
deposition in the Arctic ecosystem [55]. This study remarkably
expands the diversity and distribution of known hgcA-carriers in
the domain Archaea.
A phylogenetic tree was constructed of HgcA amino acid

sequences from 287 archaeal hgcA-carrying MAGs and 3 HgcA
paralogues from non-methylating microorganisms (Fig. 4B). Accord-
ing to the phylogeny, some hgcA and hgcB sequences are fused into
a single open reading frame in 30 hgcA-carrying genomes (Table S9),
as shown in the gray-shaded clades in Fig. 4B. Among these, only
two (Methanococcoides methylutens and Pyrococcus furiosus) were
cultured organisms, which were experimentally validated to be
unable to produce MeHg, indicating that the fused HgcAB may not
retain the function of Hg methylation [2, 56]. HgcA from five Asgard
phyla (Borrarchaeota, Kariarchaeota, Heimdallarchaeota, Helarch-
aeota, and Hermodarchaeota) were fused with HgcB sequences.
Most hgcAB fusion carriers were obtained from extreme environ-
ments, including a hydrothermal vent and a saline lake (Table S9).
Some HgcA amino acid sequences from three Asgard phyla (Hod-,
Loki-, and Thorarchaeota) were in a transitional stage between
fused HgcAB and true HgcA, which have implications for the
underlying evolutionary mechanisms of the methylation pathway
(Fig. 4B). Experimental confirmation of Hg-methylation capacity
in Asgard archaea could be launched to fill this gap. Since
HgcA and carbon monoxide dehydrogenase/acetyl-CoA synthase
gamma subunit (CFeSP) had the paralogous relationship, we
constructed phylogenetic tree of CFeSP (Fig. S9). We found CFeSP
in Euryarchaeota appear in all clades, suggesting CFeSP might
originate from Euryarchaeota, which is consistent with previous
propose [2]. Microorganisms with syntrophic interactions acquired
hgcAB through HGT.
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Fig. 4 Diversity and phylogenetic analyses of archaeal HgcA amino acid sequences. A Numbers of putative methylating genomes belonging
to each taxa. B Maximum-likelihood phylogenetic tree of HgcA amino acid sequences (1000 bootstraps; values >90% are shown by white dots
at the nodes). Gray-shaded clades represent the fused HgcAB sequences. Green-shaded clades represent the true HgcA sequences. HgcA
sequences belonging to Euryarchaeota and Asgard are represented by orange and red, respectively. C Gene clusters of contigs containing
hgcA in various archaeal taxa. Colors correspond to predicted functions of each gene. HgcAB sequences were identified based on HMMs, while
all other genes were based on prodigal predictions.
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We provided the blast hits of 291 HgcA amino acid sequences
to the 32 experimentally confirmed HgcA sequences (Table S10).
Corresponded to the phylogenetic tree, HgcAB fusion clade
sequences had a lower identity (<47%) and lower align length
(<266 bp). Asgard HgcA clade sequences had a lower identity
(<47%) and higher align length (>268 bp). Euryarchaeota and
bacterial true HgcA clade sequences had a higher identity (>50%)
and higher align length (>266 bp). Moreover, contig synteny
(Fig. 4C) was combined with a phylogenetic tree (Fig. 4B). The
contig synteny varied among the three clades (Table S11). HgcAB
fusion-containing contigs contained methyltransferase. Asgard
HgcA-containing contigs contained methyltransferase and Ars-
related proteins. Euryarchaeota true HgcA-containing contigs
contained Ars-related proteins, SpoVT/AbrB like domain and
toxin-antitoxin (TA) module. The variation of gene clusters have
an implication for evolution of Hg methylation function.
In summary, MeHg concentrations and hgcA gene abundances

were reported, and both were highest in Shenzhen mangrove
sediments. A total of 157 hgcA-carrying MAGs from mangrove
sediments and 104 additional Asgard hgcA-carrying MAGs from
publicly available databases were obtained. According to the
relative abundance and expression of these Hg-methylators,
Deltaproteobacteria, Euryarchaeota, Bacteroidetes, Chloroflexi
were the most abundant and transcriptionally active Hg-
methylating groups, suggesting that they could contribute most
to the MeHg production in mangrove sediments. Multiple lines
of evidence support the conclusion that Asgard are previously
unrecognized microbial Hg-methylators. Further studies should
experimentally confirm Hg-methylation function in Lokiarch-
aeota enrichments.

MATERIALS AND METHODS
Sampling and chemical analysis
A total of 83 sediment samples were collected from six mangrove nature
reserves: Ximendao National Marine Reserve in Zhejiang Province (XMD),
Yunxiao Zhangjiangkou National Nature Reserve in Fujian Province (YX),
Shenzhen Futian National Nature Reserve in Guangdong Province (SZ),
Leizhou Nature Reserve in Guangdong Province (LZ), Dongzhaigang
National Nature Reserve in Hainan Province (DZG), and Danzhou
Xinyinggang Nature Reserve in Hainan Province (DZ) (Fig. S1, Table S1).
Sediment samples in XMD, YX, LZ, DZG, and DZ were collected from
October to December 2017 and stored at −40 °C. In SZ, samples from 0–2,
6–8, 12–14, 20–22, and 28–30 cm of a 32 cm sediment core were collected
in April 2017 and stored at −40 °C. The physiochemical properties of these
sediments were distinct from one another, as reported previously [57, 58].
Total Hg (THg) and methylmercury (MeHg) contents in the sediments were
measured as previously [29]. Among all the samples, 10 representative
sediment samples (bold in Table S1) were chosen for metagenomics
sequencing. Three subsurface samples in XMD, YX, LZ, DZG, and DZ were
combined as one sample, respectively.

Nucleic acid extraction, metagenome/metatranscriptome
sequencing and assembly
Genomic DNA was extracted from 5 g of wet sediment samples using
DNeasy PowerSoil kit (Qiagen, Germany) according to the manufac-
turer’s protocol. Shotgun metagenomic sequencing (2 × 150 bp) of the
above 10 samples was performed using HiSeq 2000 (Illumina, USA) at
Novogene Bioinformatics Technology Co., Ltd. (Tianjin, China). About
110 Gbp of sequence data were generated for each sample. For each
sample, raw reads of metagenomic datasets (2 × 150 bp paired-end)
were dereplicated and trimmed to remove replicated and low-quality
reads using Sickle (https://github.com/najoshi/sickle) with the default
settings. The trimmed reads were de novo assembled into longer
scaffolds using IDBA-UD (v1.1.1) with the following parameters: -mink 65,
-maxk 145, and -step 10 [59]. For five sediment samples in SZ, the
trimmed reads were co-assembled using MEGAHIT v1.2.8 [60]. The
assembled scaffolds longer than 500 bp were translated by Prodigal
(v.2.6.3) using the “-p meta” parameters [61]. RNA extraction and
metatranscriptomic analysis from the 0–2, 6–8, and 12–14 cm layers in
SZ has been described in a previous study [62].

Metagenomic binning and annotation
Assembled scaffolds were binned using MetaBAT (v.2.12.1) [63], then
aggregated using DAS Tool [64]. The completeness, contamination, and
strain heterogeneity of recovered MAGs were evaluated by using CheckM
(v1.0.11) [65]. Only those bins which were of medium to high quality (i.e.,
≥50% complete, <10% contaminated) were analyzed further. The MAGs
obtained from six sites were dereplicated using dRep (v2.5.4) [66] at 97%
cutoff. After dereplication, we retrieved 125 bins in XMD, 96 bins in YX, 89
bins in LZ, 100 bins in DZG, 68 bins in DZ, and 705 bins in SZ. The
dereplicated bins were selected for further analysis. The taxonomy of each
bin was estimated using GTDB-Tk (v1.5.0) [67]. The MAGs were translated
by Prodigal using the “-p meta” parameters and annotated using the KEGG
Automatic Annotation Server (www.genome.jp/tools/kaas/) [68] and
eggNOG-mapper (http://eggnog-mapper.embl.de/) [69].

Identification of hgcAB
The hgcAB gene identification in shotgun metagenomics datasets using HMM
is a reliable method for determining Hg-methylator abundance and diversity
[13]. A custom HMM of the HgcA sequence was built with hmmbuild from the
hmmer softerware [70] using HgcA amino acid sequences with and without
experimental validation from Hg-MATE database [39] as reference. Putative
hgcA sequences were searched from each assembly using hmmsearch
(v3.1b2) [71] with score >131.8 and E value≤ 1e−05 as the cutoff. Each hit was
then manually confirmed by validating the presence of conserved sequence
domains (cap helix domain (N(V/I)WCA(A/G) and at least four transmembrane
domains) [5]. The transmembrane domains were predicted by TMHMM (http://
www.cbs.dtu.dk/services/TMHMM/). Sequences annotated as hgcA were
extracted, resulting in 1087 hgcA sequences (Table S2). The genes immediately
downstream of each hgcA gene were extracted, and sequences that contained
the conserved CX2CX2CX3C motif were scored as hgcB genes. HgcA
sequences that binned to MAGs were assigned taxonomic classifications
according to GTDB taxonomy of MAGs phylogenies. Those HgcA sequences
that not binned to MAGs were searched against reference HgcA and HgcAB
sequences database published recently [39] using BLASTp (Table S3).

Phylogenetic analysis
For HgcA phylogenies, putative HgcA amino acid sequences and reference
HgcA sequences [39] were aligned using MUSCLE (v3.8.31) [72] and trimmed
using trimAL with option “-gt 0.95” [73]. The HgcA maximum likelihood (ML)
tree was constructed with IQ-TREE (v1.3.10) [74] under the LG+ F+G4
protein model chosen according to BIC [75] with option “-bb 1000”.
We also investigated the phylogenetic relationship between HgcA and

the gamma subunit of the acetyl-CoA synthase complex (CFeSP) involved
in the WL pathway. The MAGs were translated by Prodigal using the “-p
meta” parameters and annotated using the KEGG Automatic Annotation
Server (www.genome.jp/tools/kaas/). CFeSP corresponds to KO number
K00197. The CFeSP ML tree was conducted with IQ-TREE (v1.3.10) under
the LG+ F+ G4 protein model chosen according to BIC with option “-bb
1000”. All trees were visualized by using iTOL [76].

Protein homology modeling
The amino acid sequences of HgcA and HgcB was extracted from the
‘Candidatus Prometheoarchaeum syntrophicum’ strain MK-D1 and Desul-
fovibrio desulfuricans ND132 genomes. Computational homology modeling
was performed to identify novel Asgard Hg-methylators. The three-
dimensional structures of the putative HgcA and HgcB sequences were
built using AlphaFold [77]. The cobalamin and [4Fe-4S] clusters were
docked to the HgcA and HgcB using AutoDock VinA [78], respectively. All
of the structure were visualized, and exported as images using PyMOL
(http://www.pymol.org).

Relative abundance and expression of hgcA-carrying MAGs
and hgcA genes
The 157 hgcA-carrying MAGs and 1087 hgcA gene sequences were used to
recruit reads from metagenomics and metatranscriptomic datasets to
calculate relative abundance and expression, respectively. The abundance/
expression of dereplicated MAGs was estimated by mapping the metage-
nomic/metatranscriptomic reads, respectively, to the contigs of the MAGs
using Bowtie2 (v2.2.8) [79]. BEDTools was applied to calculate coverage
values for the contigs [80]. The relative abundance of each hgcA-carrying
MAG is defined as the number of reads mapped to individual hgcA-carrying
MAG divided by the total number of metagenomic/metatranscriptomic
reads mapped to all hgcA-carrying MAGs in every sample.
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The abundance and transcription of hgcA genes were determined by
mapping metagenomic/metatranscriptomic reads to annotated hgcA gene
sequences using Burrows-Wheeler Aligner (BWA, v0.7.5a-r405) with default
settings [81]. The read coverage in genes was calculated using BEDTools.
The mapped reads were then normalized to the length of the gene and
the number of mapped reads using the “Fragments per kilobase per
million” or “FPKM” metric. For hgcA, the relative abundance of each group
was calculated by dividing the FPKM value of the individual group by the
sum of FPKM values of all groups.

Explore the diversity of archaeal hgcA carriers
To investigate the diversity of hgcAB genes in archaea, we downloaded
publicly available archaeal metagenome-assembled genomes (MAGs) from
the GenBank database in December 2021. Using the criteria described
above, we identified 287 hgcA-carrying archaeal MAGs, including 104 hgcA-
carrying Asgard, 4 TACK, and 179 Euryarchaeota genomes, from this data set.
The taxonomy of archaeal MAGs was estimated using GTDB-Tk (v1.5.0) [67].

DATA AVAILABILITY
The genome bins generated and analyzed during the current study are available in
the National Omics Data Encyclopedia (NODE, https://www.biosino.org/node/)
database and can be viewed under Project OEP003752. The HgcAB amino acid
sequences, and their alignment and phylogenetic tree have also been uploaded to
the NODE database under Project OEP003752. The metagenome and metatran-
scriptome raw data generated during the current study can be viewed in NODE
under Project OEP001892 and OEP000712.

CODE AVAILABILITY
The sources of the code and programs used for analyses are mentioned in theMethods,
and are also available at GitHub (https://github.com/cui-jing/Mangrove-hgcAB).
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