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Genomic potential for mercury
biotransformation in marine sediments
across marginal slope to hadal zone

Zhuobo Li 1, Taoshu Wei2, Lisheng He2, Haifeng Qian 3, Yong-Guan Zhu 4 &
Yong Wang 1,5

Mercury accumulates in the deep sea, but its ecological impact on deep-sea
ecosystems remains poorly understood. We conduct an analysis of 32 sedi-
ment cores, comprising 101 layers for the study of metagenomes, and addi-
tional 41 global reference sediment metagenomes. These sediment cores are
collected from twodeep-sea regions: the SouthChina Sea andMariana Trench,
followed by revealing high mercury accumulation in the South China Sea. In
these metagenomes, we find that the mercury methylation genes hgcAB are
abundant in marginal seas but negligible in open oceans. Genomics result
indicates that some Hg-methylating microorganisms affiliated with Desulfo-
bacterota, Spirochaetota, and Zixibacteria in the deep-sea sediments encode
MttB, the sole corrinoid-dependent methyltransferase identified in these taxa,
which may interact with HgcA to transfer methyl groups from possibly
osmolyte-derived trimethylamine for methylation. The demethylation gene
merB is widely distributed and exhibits higher abundance in the open ocean.
Moreover, we identify a large number of novel Hg demethylating taxa that are
associated with horizontal transfer of the merB gene potentially involving
methane generation. Our results expand the diversity of Hg-transforming taxa
and reveal their unique ecophysiological adaptations in deep-sea sediments.

Mercury (Hg), emanating from both natural and anthropogenic sour-
ces, infiltrates the marine environment through a variety of pathways1.
It is delivered to the marine via atmospheric deposition2, river
outflow3, submarine groundwater discharge4, and the input fromdeep-
sea hydrothermal vents5. In particular, rivers transport a large amount
of mercury to estuaries and marginal seas, and only a small fraction is
transported to open ocean areas6. Deposited Hg is influenced by long-
range atmospheric transport and ocean current circulation7.

Hg is mainly found in the oceans as inorganic Hg(II) or Hg(0), but
microorganisms can methylate Hg(II) to produce methylmercury
(MeHg), and photochemical and microbial processes can break down
MeHg intoHg(II) or Hg(0)8. Hg is a highly toxicmetal and has attracted

increasing public attention over the past few decades9–11. Methylmer-
cury (MeHg) is considered apotent neurotoxin that canbioaccumulate
through food webs with potentially harmful effects on human
health10,12. Human exposure to MeHg includes consumption of con-
taminated marine fish and rice13,14.

Methylation of mercury and demethylation of methylmercury are
mainly achieved by microbial biotransformation15,16. The formation of
MeHg bymicroorganisms is mediated by functional proteins encoded
by the two-gene cluster consisting of hgcA and hgcB17. The hgcA gene
encodes a corrinoid protein that acts as a methyl carrier, and the hgcB
gene encodes a ferredoxin protein that participates as an electron
donor in the reduction of corrinoid cofactors17. It is widely recognized
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that MeHg is produced primarily by anaerobic microorganisms in the
environment, including sulfate-reducing bacteria (SRB), iron-reducing
bacteria and methanogens18. In addition to Hg methylation, methyl-
mercury demethylation also plays a key role in the global Hg cycle.
Biological demethylation of methylmercury is mainly a process of
microorganisms utilizing the mer operon for mercury resistance and
detoxification19. This process is primarily catalyzed by the alkylmer-
cury lyase encoded by themerB gene, which cleaves the C-Hg bond in
MeHg to CH3

− and Hg(II). Subsequently, the reduction of Hg(II) to
Hg(0) is catalyzed by the mercury reductase MerA encoded by the
merA gene. The hgcAB and merAB gene pairs provide key molecular
biomarkers for mercury and methylmercury biotransformation stu-
dies. However, current studies on mercury cycling in the deep ocean
are primarily concerned with assessing mercury concentrations in the
deep ocean, pinpointing mercury sources, and analyzing research
conducted in cold seep areas20–22. In the wider deep ocean, the dis-
tribution pattern and microbial regulators of mercury cycling are
uncertain yet, and the specificity of mercury cycling in the high-pres-
sure, oligotrophic deep ocean remains to be investigated.

In this study, we collect sediment samples from the South China
Sea (SCS), Bashi Channel (BS) and Mariana Trench (MT) for metage-
nomics and metatranscriptomics studies. The relative abundance of
genes mediating Hg transformation indicates that methylation is pre-
sent only in the marginal seas, while demethylation is widespread. In
addition, the process of mercury methylation potentially using
osmolyte-derived trimethylamine in deep-sea sediments is character-
ized by unique deep-sea adaptations, and we also identify a large
number of novel demethylating taxa.

Results
Microbial novelty, biodiversity and geochemistry of deep-sea
sediments
In the South China Sea and nearby areas, thirteen sediment cores were
collected, comprising six cores from the slope of the South China Sea
margin (SCS_S), three cores from the central part of the South China
Sea Basin (SCS_B), and four cores from the vicinity of the Bashi
Channel. In addition, 19 sediment cores were retrieved from the open
ocean region, consisting of 6 cores from the northern slope of the
Mariana Trench (MTS, < 4000m depth) and 13 cores from the Chal-
lenger Deep of the Mariana Trench (MTCD, > 5000m depth) (Fig. 1a
and SupplementaryData 1). The 32 sediment cores are scattered over a
depth range of 1087m to 10,909m, from themarginal slopes of South
China Sea to the deepest region of the ocean (Challenger Deep of
Mariana Trench) (Fig. 1b). In addition, the 41 metagenomes down-
loaded from NCBI Sequence Read Archive were from samples col-
lected at depths ranging from 100m to 9161m (Fig. 1b and
Supplementary Data 2). Total mercury concentrations were measured
in 21 samples (Supplementary Data 3), which indicates higher con-
centrations in the samples from themarginal slope represented by the
Bashi Channel samples (Fig. 1c and SupplementaryData 3). In sediment
cores from the marginal slope, deeper layers generally exhibited
higher methylmercury content, whereas surface layers of Challenger
Deep of the Mariana Trench in the open ocean displayed higher
methylmercury concentrations (Supplementary Data 3). The mean
proportion of methylmercury in total mercury across sampling sites
ranged from 63.25% to 82.06%. The NH4

+ and PO4
3- concentrations at

Bashi Channel (0.19–2.02mgL−1; 0.03-0.40mg L−1) and South China
Sea slope (0.10–1.47 mg L−1; 0.18–0.21mg L−1) were comparatively
higher than the other sites, according to pore water nutrient analyses
of 52 sediment layers from 32 cores (Supplementary Data 4). The sul-
fate concentration was highest in BS2 (9595.50–9688.00mg L−1) and
lowest in SCS5 (1470.84mg L−1), with variations likely influenced by the
combined effects of location and depth (Supplementary Data 4). In
contrast, Fe3+ concentrations were almost all below the detection limit
(0.125mg L−1), except for 56mg L−1 in SCS4-3.

Alpha diversity indices such as ACE, Chao1 and Shannon values
calculated using metagenomic 16S rDNA Illumina tags (miTag) for the
V4 region were highest in the Bashi Channel, followed by the South
China Sea Basin and South China Sea slope (Supplementary Fig. 1a–c).
The inverse Simpson values followed a similar trend, with Bashi
Channel, South China Sea Basin and South China Sea slope being
higher in themarginal sea than in the open ocean for northern slope of
the Mariana Trench and Challenger Deep of Mariana Trench (Supple-
mentary Fig. 1d). These findings suggest that the diversity of micro-
organisms in the marginal sea sediments was higher compared to the
northern slope of theMariana Trench and Challenger Deep ofMariana
Trench. The percentage of novel 16S miTags (determined as < 97%
identity to references in the SILVA 138 SSU database) recovered from
the metagenomes was significantly higher in Bashi Channel (27.28%;
n = 12) and Challenger Deep of Mariana Trench (25.99%; n = 37)
(Wilcoxon test, p <0.001) than that of other sites (Fig. 2a and Sup-
plementary Data 5). We also calculated microbiome novelty scores
(MNS) for all sediment samples to evaluate microbiome novelty
(Fig. 2b). 84.16% of all the samples had an MNS value > 0.12, which is
the cutoff value for the novel microbiome23 (Fig. 2b and Supplemen-
tary Data 5). Similarly, the MNS of the Bashi Channel and Challenger
Deep of the Mariana Trench samples was relatively higher, compared
with the SouthChina Sea and the northern slope of theMariana Trench
samples (Fig. 2b). The relative abundances of prokaryotic species were
then predicted using 8865 ribosomal protein S3 gene (rpS3) sequences
identified in the reads for the individual metagenomes. The principal
coordinate analysis (PCoA) showed a strong similarity between the
rpS3-based prokaryotic community structures of the northern slope of
the Mariana Trench and South China Sea Basin sites (Supplementary
Fig. 2), as well as between those of themarginal slope sites of the South
China Sea slope and Bashi Channel. The canonical correspondence
analysis (CCA) results suggest a potential linkage of the prokaryotic
microbial communities with TN at the South China Sea slope and Bashi
Channel sites, and with PO4

3-, NH4
+ and NO2

− at the northern slope of
the Mariana Trench and South China Sea Basin sites (Fig. 2c).

Genome reconstruction and mercury transformation in the
deep-sea sediments
To investigate the microbe-mediated Hg transformations in sedi-
ments, 1672 Metagenome-Assembled Genomes (MAGs) with > 50%
completeness and < 10% contamination were identified in all sediment
metagenome datasets. To eliminate redundancy, we obtained 1476
MAGs after removal of duplicates in these MAGs (Supplementary
Data 6). Proteobacteria (25.95%), Chloroflexota (12.94%), Planctomy-
cetota (8.47%), Bacteroidota (4.54%), and Thermoproteota (4.47%)
were themost representative phyla. ThehgcAB andmergenes involved
in mercury biotransformation were identified within the open reading
frames ofMAGs and assembled contigs by hmmsearch andKofamScan
against the Hg MATE database and KEGG Ortholog database, respec-
tively. The levels of these genes were quantified in each sample based
on coverage by sequencing reads (Supplementary Data 7). The results
showed that the relative abundance of hgcAB was lower than that of
mer genes (Supplementary Fig. 3a, b). Within the mer operon, the
relative abundance of merT is higher, followed by merR (Supplemen-
tary Fig. 3a, b). The samples were divided into two groups based on
their locations: the marginal sea and the open ocean. The CPM (gene
copy number per million reads) values for all genes were higher in the
open-ocean group, with the exception of two gene pairs: the hgcAB,
which had higher CPM values in the marginal sea group (Two-sided
Wilcoxon test, p <0.05), and the merCF, which showed no significant
difference between the two groups (Fig. 3a). Hence, both mercury
methylation, demethylation, reduction, transport and regulatory
genes were frequently detected in the deep-sea sediments, but they
showed distinct region- or depth-dependent distributions. The tran-
scriptomic data of the three Challenger Deep of Mariana Trench
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samples showed that all of these genes associated with Hg transfor-
mationwere expressed, with the exception of theHgmethylation gene
hgcB and the regulatory gene merD (Fig. 3b and Supplementary
Data 8). merT had the highest transcriptional levels among these
genes, followed by the regulatory gene merR (Fig. 3b).

The survey of Hg biotransformation genes in all MAGs showed
thatmerT, which encodes amercuric ion transport protein, was widely
distributed among microbial taxa in deep-sea sediments (on average,
South China Sea slope: 25.90%; South China Sea Basin: 25.69%; Bashi
Channel: 23.60%; northern slope of the Mariana Trench: 21.78%;
Challenger Deep ofMariana Trench: 36.41%) (Supplementary Fig. 4). In
addition, the mercury methylation genes hgcAB were found mainly in
MAGs of the marginal slope group, and in the open-ocean group only
in Nitrospinota (B20T3L14), Nitrospirota (B48T1B8, B18T1B5) and
Chloroflexota (B27T3L14) of the Challenger Deep.

Diversity and distribution of putative Hg-methylating micro-
organisms in deep-sea sediment
A total of 2163 hgcA sequences with a conservedmotif (N(V/I)WCA(A/G))
were identified in assemblies from all sediment layers. The analysis of
hgcA gene abundance showed that hgcA abundance detected in the
marginal-sea groupwas greater than that of the open-ocean group at the
different sampling depths studied, and the number of hgcA found in the
deeper layers of the marginal-sea group was higher than that of its sur-
face layers, suggesting that the methylators in the deeper layers of the
marginal slopes might be of higher diversity and abundance (Supple-
mentary Fig. 5). To further investigate the diversity of the mercury
methylators, we conducted a detailed investigation of the methylator
composition in the sediment cores. A total of 83 dereplicatedMAGswith
conserved hgcA (N(V/I)WCA(A/G), Supplementary Fig. 6a) and hgcB
(CX2CX2CX3C, Supplementary Fig. 6b) motifs were identified in the
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Fig. 1 | Geographical distribution and mercury concentrations of study sites.
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the mean. Source data are provided as a Source Data file.
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metagenomic data from all samples. They were classified into 22 phyla,
including 20 bacterial phyla and 2 archaeal phyla (Fig. 4a and Supple-
mentary Data 9). The three most abundant phyla were Desulfobacterota
(19), Chloroflexota (12) and Planctomycetota (10). Deltaproteobacteria-

associated hgcA sequences represented 59.67% of the cumulative hgcA
abundance (quantified as CPM) across the analyzed 142 metagenomic
datasets (Supplementary Fig. 7a). Since the hgcA genes were primarily
assigned to the Deltaproteobacteria clade, we used primers specific to

Fig. 2 | Novelty evaluation and CCA analyses of prokaryotic community
structures. a Percentage of novel 16S miTags at different stations in reference to
the SILVA 138 SSUdatabase (p-values were estimated using the two-sidedWilcoxon
test for pairwise comparisons). b Estimate of microbiome novelty scores (MNS) at
different stations (p-values were estimated using the two-sided Wilcoxon test for
pairwise comparisons). c CCA analysis of prokaryotic community structures of
marine sediments and associated environmental factors. The relative abundances
of rpS3 sequences from different metagenomes were used for the CCA analysis,

along with environmental factors. In the box plot (a, b), center lines indicate
median values. The lower and upper bounds represent 25th and 75th percentiles,
respectively. The lower/upper whiskers represent minima/maxima no further than
1.5 times the interquartile range from the hinge, and the points falling outsideof the
whiskers represent theoutliers. SCS_SSouthChina Sea slope; SCS_B SouthChina Sea
basin; BS Bashi Channel; MTS Mariana Trench slope; MTCD Challenger Deep of
Mariana Trench. Source data are provided as a Source Data file.
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this clade to quantify their abundance with quantitative PCR assays. The
results showed higher hgcA abundance in marginal sea samples, com-
pared to open ocean samples (Supplementary Fig. 7b), which is in
agreement with themetagenomics results. There was regional variability
in thedistributionof different putativeMeHgproducers in the sediments
(Fig. 4a and Supplementary Data 10). Putative methylators from the
Desulfobacterota, Spirochaetota, Zixibacteria, Asgardarchaeota, and
Thermoproteota taxa were primarily found on terrestrial slopes. How-
ever, despite the fact that putative MeHg producers affiliated with
Chloroflexota, KSB1, Nitrospirota, and Nitrospinota were found in the
open oceans, more efforts are necessary to understand the methylation
activity of these microbial methylators, as the abundance of hgcA in the
metatranscriptomic data of the open oceans was low.

Metabolic features of Hg methylators in deep-sea sediments
To reveal the adaptability of the mercury methylators to the deep-sea
environment, their metabolic potential was assessed using gene
annotation (Supplementary Data 11). Genes (dsrAB, aprAB, sat, and
qmoABC) involved in the sulfate reduction pathway have been identi-
fied in a number of hgcA-carrying MAGs, particularly in Desulfo-
bacterota and Nitrospirota (Fig. 4b). Notably, the gene sat was
detected in the MAGs of most taxa. Most MAGs belonging to Bacter-
oidota, RBG-13-66-14, and Spirochaetota harbor the genepsrA, which is
involved in the thiosulfate reduction pathway. We also searched for
marker genes, indicating the presence of the nitrate or nitrite reduc-
tion pathway in theMAGsofmethylators. The genes (narGH) encoding
nitrate reductase were found in theMAGs of 11 phyla. However, napAB
were only found in Desulfobacterota, Nitrospirota and Planctomyce-
tota MAGs. In addition, the gene nirK encoding nitrite reductase was
found in Desulfobacterota, Nitrospirota, Chloroflexota and Nitrospi-
nota MAGs. Therefore, these mercury methylators can use a variety of
substances as electron acceptors. We detected some Hg methylators
with some abundance in the surface layer (0–2 cm) of the sediment
core (Fig. 4a), suggesting that they have a potential of oxygen

tolerance. Our functional annotation revealed that MAGs of methyla-
tors in deep-sea sediments encode a variety of terminal oxidases that
may function in oxygen tolerance. Genomics analysis showed that
KSB1 (GOMbin.4) contains the genes encoding the respiratory com-
plexes cytochrome c oxidase (coxBCD), which can indicate its ability to
have higher abundance in the surface layer (SCS1-1, SCS3-1, SCS5-1,
MT1-1 and MT5-1) of the sediment core. Some species of Desulfo-
bacterota and Chloroflexota include genes encoding cytochrome c
cbb3-type (ccoPQ) oxidase. In addition, genes encoding cytochrome bd
ubiquinol oxidase (cydAB) were found in the MAGs representing
Desulfobacterota, Nitrospirota, Actinobacteriota, Marinisomatota and
Gemmatimonadota.

To characterize the putative methyl transfer strategy in these
methylators, we searched for typical cobalamin-dependent methyl-
transferases (Supplementary Data 12). The results showed that only
cobalamin-dependent methyltransferase in Methionine synthase
(MetH) or Trimethylamine metabolism (MttB, MtmB) were found
among the 24methylators (SupplementaryData 12). Of these, 14MAGs
from 11 phyla might transfer the methyl group using MetH, five MAGs
from three phyla might utilize MttB to transfer the methyl group, and
the remaining five MAGs might utilize both or either of the above. To
verify this hypothesis, we conducted docking predictions between
HgcA and MttB and between HgcA and MetH, respectively (Supple-
mentary Data 13). Among the five MAGs utilizing MttB, the most reli-
ableHgcA-MttBdockingmodel had a confidencescoreof0.99, and the
interaction interface for this model was defined as the amino acid
residues within a surface area of 3.5 Å of the encapsulated atom posi-
tion (Fig. 4c and Supplementary Data 14). The docking score of
− 391.29 kcal/mol suggested a strong interaction between HgcA and
MttB, which was mediated by 7 hydrogen bonds (Fig. 4c). The highest
Arg binding activity was observed in the interaction ofMttB with HgcA
(Supplementary Data 14). In the hydrogen bond between Arg259 and
Ser403, the closest atomic distance between MttB and HgcA was
1.4 Å (Fig. 4c).
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Fig. 5 | The taxonomy of newly discovered MeHg demethylating and Hg
reducing microorganisms and phylogenetic tree of MerB proteins. a The tax-
onomyof newlydiscoveredMeHgdemethylating andHg reducingmicroorganisms
at the phylum level. The phylum with * represents the taxa of microorganisms
found for the first time in this study. b Unrooted maximum likelihood (ML) phy-
logenetic tree of MerB proteins identified in the MAGs from the global marine
sediments. The colors in the inner circle represent the sources of the proteins, and

those labeled as Reference were MerB proteins collected from the NCBI database.
The protein number from different phyla was shown in the parentheses. BFS
Beaufort Sea; NS Norwegian Sea; AS Arabian sea; BS Bashi Channel; CWA Coastal
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The diversity and distribution of merA and merB carriers
There were 207 dereplicated MAGs carrying merA in 24 phyla (Fig. 5a
and Supplementary Data 15). Among them, putative mercury reducers
belonging to Nitrospinota, SAR324, Marinisomatota, UBA8248, JdFR-
76, Methylomirabilota, Latescibacterota, and Asgardarchaeota were
found for the first time in this research. A total of 204 dereplicated
MAGs carryingmerBwere recovered, and theseMAGsweredistributed
across 24 phyla (Fig. 5a and Supplementary Data 16). Notably, the
putative methylmercury degraders affiliated with Methylomirabilota,
Marinisomatota, SAR324, Thermoproteota, Nitrospinota, Acid-
obacteriota, Tectomicrobia, KSB1, Hydrothermarchaeota, JdFR-76,
SM23-31, Thermoplasmatota, UBA8248 and Lokiarchaeota of Asgar-
darchaeota were reported for the first time in this study. Co-
occurrence of merA and merB was revealed in 72 MAGs. Among all
sediment layers, the total relative abundance of putative mercury
reducers ranged from 0 to 12.05% (Supplementary Data 17), and the
total relative abundance of putative methylmercury degraders ranged
from 0.002% to 5.72% (Supplementary Data 18).

Phylogenetic analysis of MerB proteins
To identify deep-sea new proteins encoded bymerB genes in all MAGs,
we performed phylogenetic analysis on the inferred proteins and their
known homologs in NCBI. The phylogenetic tree of MerB proteins is
constitutedby seven clades (Fig. 5b). The clades 2 and 3 are largelynew
MerB proteins, as they are composed of a low percentage of the MerB
proteins existing in NCBI (20.69% and 10.96%, respectively). Among
the sites investigated, a large number ofmerB sequences (n = 97) were
retrieved from the 585 MAGs of the Challenger Deep of Mariana
Trench sites with high diversity, as they were distributed in most of
MerB phylogenetic clades (Fig. 5b). Aside from this, five novel MerB
protein lineages were identified in the South China Sea Basin MAGs
derived largely from Proteobacteria (Fig. 5b).

Discussion
Accumulation of mercury in the Western Pacific stations
This study presents an assessment of mercury concentrations within
deep-sea sediments across various regions of the Western Pacific
Ocean. Our findings indicate a notable gradient in total Hg levels, with
sediments from the marginal slopes exhibiting significantly higher
concentrations compared to those from the open ocean areas. Higher
levels of mercury detected on marginal slopes might be due to
increased inputs from terrestrial runoff, which carries mercury from a
variety of anthropogenic and natural sources24,25. An analysis of the
heavy metal content in the surface sediments of the Pearl River Delta
(PRD) revealed that mercury is one of the major heavy metals intro-
duced by human activities in the surface sediments of PRD26. Small
particles in the marginal sea might also facilitate the precipitation of
mercury compounds with terrestrial sources on to the slope
sediment27,28. In contrast, mercury in the open ocean sediments likely
has distinct origins. Hydrothermal vents are considered a natural
source ofmercury, contributing to the background levels of thismetal
in the deep sea5. In addition, the deposition ofmercury from the ocean
surface may further augment the mercury content in these remote
areas20. Biogeochemical processes of mercury speciation and trans-
port in sediments have received research attention. The different
chemical forms of mercury, including its organic and inorganic spe-
cies, can significantly influence its bioavailability and potential toxicity
to deep-sea organisms29. In marginal slope samples, deeper layers
exhibited highermethylmercury content, while the opposite trendwas
observed in the open ocean. This is likely attributable to distinct
dominant Hg-methylating microbial communities between the mar-
ginal slope and open ocean sites, which were dominated by anaerobic
microorganisms (Desulfobacterota) and oxygen-tolerant types
(Nitrospinota and Nitrospirota), respectively. Previous studies on
methylmercury content in marine sediments have reported

concentrations of 1-40 ng/g in surface sediments of theMediterranean
Sea30, while significantly lower levels (~ 0.21 ng/g) were detected in
deep-sea cold seep sediments21. In our samples, methylmercury con-
centrations ranged from 20.30 to 65.73 ng/g. The elevated proportion
of methylmercury (51.92%-91.37%) relative to total mercury in our
samples might be accounted for intensified methylation processes or
bioaccumulation and sedimentation dynamics within the sediment.
Notably, amphipods inhabiting the Mariana Trench exhibited excep-
tionally high methylmercury proportions (up to 59%) of total mercury
content31, which is close to the range of the current study.

Mercury methylators enriched on marginal slopes and their
deep-sea adaptation
Mercury methylation and demethylation are pivotal processes that
regulate methylmercury levels in marine ecosystems. The mechanism
of Hg(II) methylation involves its accidental transport into the cyto-
plasm via symporters designed for essential trace metals, such as
Zn(II)32. Once inside the cell, mercury is methylated and converted to
MeHg, which is then expected to be excreted by an unknown efflux
mechanism33. A studybasedon the analysisofHg isotopic composition
in fauna and surface sediments of Mariana Trench indicates that there
is little in situ production of MeHg in Mariana Trench31, which is in
agreement with the paucity of hgcAB gene in the open ocean group of
this study. Among anaerobic microorganisms, the methylation of
inorganic Hg(II) might serve as a critical detoxification mechanism,
allowing them to cope with environmental mercury exposure34. It has
also been suggested that the ability to produce MeHg is intrinsic and
not induced by Hg exposure; however, the methylation rate of
microorganisms is highly dependent on the bioavailability of mercury
in the culture medium35. Moreover, the potential toxicity of MeHg to
the bacteria themselves still needs to be further investigated. Thus, the
physiological significance ofmercurymethylation formicroorganisms
is controversial at present. In this study, the mercury methylation
genes, hgcAB, were exclusively detected in metagenomic data from
marginal sea sites, likely linked to the elevated Hg content in these
environments36. The abundance of hgcAB has been shown to be posi-
tively correlated with the total concentration of Hg37.

In this study, we showed a shift in the diversity of Hg-methylated
microorganisms frommarginal seas to the hadal zone, whichmight be
attributed to various ecological and environmental factors. One pos-
sibility is that the availability of mercury required for methylation
might vary between marginal seas and the hadal zone. In marginal
environments, the availability of anthropogenic mercury and organic
matter might nourish a variety of Hg-methylating microorganisms38

distinct from those in the deeper hadal zone, where the environmental
conditions, such as nutrient availability and extreme pressure, could
drive the selection of different inhabitants. A study indicates that dis-
solved organic matter (DOM) greatly inhibited Hg methylation in
Geobacter sulfurreducens PCA but enhanced Hg methylation in Desul-
fovibrio desulfuricans ND132 with increasing concentrations of DOM39.
Another potential influencing factor is oxygen availability40. In mar-
ginal seas, the finer sediment particle size likely results in limited
oxygen penetration, leading to lower oxygen content within sediment
layers. In contrast, open ocean regions with coarser sediment particles
are presumed to have relatively higher oxygen levels41. Under these
conditions, Desulfobacterota dominate as potential mercury-
methylating microorganisms in marginal seas, while Nitrospinota
and Nitrospirota emerge as key mercury methylators in open ocean
environments.

At present, it is believed that biomethylation is mainly performed
by sulfate-reducing bacteria (SRB), iron-reducing bacteria, and
methanogens17. In this study, genes associated with sulfate reduction,
particularly the sat gene, were detected in the majority of the MAGs,
indicating that SRB are the primary Hg methylators in the deep sea.
The high sulfate concentrationsmeasured in the deep sediment by this
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study might support the prevalent Hg-methylating Desulfobacterota
bacteria. Simultaneously, the generated sulfide would react with Hg(II)
to form HgS, decreasing Hg(II) biotoxicity42.

In previous studies, mercury methylation was reported to occur
mainly in anoxic environments. Within our metagenomic data, some
seemingly anaerobic Hg-methylators were found to have higher
abundance in the surface oxygen-rich layers of the sediments, prob-
ably ascribed to their associated terminal oxidases. Specifically, the
higher abundance of methylators affiliated with KSB1 in the surface
layer of sediments likely relates to CoxBCD. A previous study revealed
that CydAB-dependent KSB1 could tolerate oxygen to adapt to the
bioreactor environment43. Novel methylators that tolerate oxygen
were identified in the Saanich Inlet characterized by the presence of an
oxygen gradient44. Similarly, Antarctic sea ice harbored the micro-
aerophilic marine bacteria Nitrospina as a potential methylator of
mercury45. Therefore, the habitat range of the mercury methylator is
much wider than previously recognized. The possible pathway of
mercury methylation with genomic evidence involves the transfer of a
methyl group to HgcA by a cobalamin-dependent methyltransferase,
such as the CFeSP methyltransferase from the Wood-Ljungdahl path-
way, CH3-H4MPT: CoM methyltransferase in the Wolfe cycle, 5-
methyltetrahydrofolate-homocysteine methyltransferase in the
methionine cycle, and methylthiol: CoM methyltransferase in the
dimethylsulphoniopropionate (DMSP) degradation pathway17,46–49.
Our study, however, identified MAGs affiliated with Desulfobacterota,
Spirochaetota, and Zixibacteria that lacked most of the cobalamin-
dependent methyltransferase genes that are generally recognized as
potentially involved in mercury methylation. Instead, these MAGs
contained mttB, encoding a trimethylamine (TMA)-specific methyl-
transferase, suggesting an alternative methylation mechanism. It is
convenient to utilize TMA to obtain methyl in the deep-sea sediments
that are probably enriched with TMA50. This is because TMA can be
produced by the degradation of a variety of precursors, including
tetramethylammonium (QMA), glycine betaine, and trimethylamine
oxide (TMAO), released from degrading bodies of deep-sea
organisms51. QMA is often found in a variety of marine animals51. Gly-
cine betaine and TMAO are osmolytes used by deep-sea organisms52.
Therefore, we argue that MttB in these methylators might have the
potential to transfer methyl from TMA to cob(I)alamin, forming
methyl-cob(III)alamin, which interacts with the HgcAB complex to
methylate Hg(II). The high confidence scores of the docking model of
HgcA and MttB provide further evidence for our hypothesis. These
microbial mercury methylators in the deep-sea sites probably contain
specialized methylation mechanisms adapted to the characteristics of
the deep-sea environment. In addition, some methylators have only
one type of cobalamin-dependent methyltransferase, MetH, so they
might utilize the methyl group in the methionine biosynthesis path-
way. This methylation with the help of MetH has been reported in a
previous study53. However, these methylation mechanisms remain to
be validated through microbial cultivation and isotopic tracing
techniques.

Demethylator enriched in the open ocean and its novelty
In mer-resistant systems, the uptake of divalent inorganic Hg(II) is
thought to be mediated by transporter proteins. merT may have mul-
tiple copies in certain microbial genomes due to its critical role as one
of the important transporters in the operon54,55. In addition, certain
microbial strains lackmerR in themer operon56. Thus, these two genes
show different coverages in our metagenomic data. Organomercurial
lyase (MerB) andmercury reductase (MerA) can demethylate MeHg to
Hg(II) and subsequently reduce Hg(II) to Hg0 for diffusion to the
extracellular space, respectively57. We noticed that the mercury
demethylation geneswere detected in a considerable number of all the
metagenomic data. This implies that the microorganisms in the global
deep-sea sedimentsmight relyon this process for detoxification, as the

organic mercury accumulates in the deep ocean following the food
chain31. The relative abundance ofmerABwas higher in the open ocean
group than in the marginal slope group, probably because the methyl
group obtained by demethylation can be used for C1 metabolism to
adapt to the deep-sea environment of the open ocean, where nutrient
sources can be less available than soils, as organic content in these
environments is variable. For methanotrophs, the methyl of methyl-
mercury can be used as its auxiliary C1 source58. It has been suggested
that water mass age also influences mer-encoded prokaryotic com-
munities in the bathypelagic deep ocean, and that the composition of
DOM, particularly protein-like DOM, affects merAB gene expression59.
Thus, the differences of Hg cycling between sites could be related to
both environmental characteristics andmicrobial adaptation schemes.
Furthermore, the higher relative abundance of merB in the MAGs,
compared to merA, implies that some microorganisms might be
accompanied by an additional mechanism(s) to reduce, sequester, or
redistribute the generated Hg(II)57. The expression of merA and merB
was also detected in the metatranscriptomic data. A recent study
found that merA and merB were widely distributed and expressed in
deep-sea waters (especially in the particle-attached fraction)59. In
addition, merB-mediated Hg demethylation produces Hg(II) and
methane60. Therefore, the demethylation and reduction of mercury in
the waters and sediments of the global deep ocean are likely to have
broader implications for the production of both methane and Hg(0)
than currently understood, highlighting the need for a deeper inves-
tigation into these biogeochemical processes.

Our findings unveiled numerous previously unknown taxa cap-
able of Hg demethylation and reduction in the deep-sea environment.
The emergence of these novel Hg-transforming taxa could be linked to
the horizontal gene transfer, a phenomenon known to facilitate the
rapid spread of advantageous traits like mercury resistance15,19,61. The
mer operon has evolved from a simple system in geothermal envir-
onments to awidely distributed andmore sophisticated detoxification
system, spreading to a broader range of microbial populations
through a considerable horizontal gene transfer19. Notably, our phy-
logenetic analysis of MerB indicated a complex evolutionary history,
with deep-sea MerB sequences forming non-monophyletic lineages
within the clades 2, 3 and 7 of theMerB phylogenetic tree, indicative of
a diverse and dynamic adaptation to deep-sea habitats.

In this study, we assessed the transformative capabilities of deep-
sea microbiota on mercury, utilizing metagenomes sourced from a
diverse arrayof globalmarine sediments.Our results showa significant
spatial heterogeneity of microbe-mediated Hg-transforming pro-
cesses, withHgmethylation primarily occurring inmarginal slopes and
demethylation processes being more pronounced in the open ocean.
The identification of Hg-methylating microbes, particularly sulfur-
reducing bacteria, and their adaptation to deep-sea conditions
through Hg biotransformation genes highlights the unique microbial
strategies in mercury cycling. Furthermore, the discovery of novel Hg
demethylation and reduction groups suggests a dynamic microbial
community capable of horizontal gene transfer, potentially enhancing
resistance of accumulating organic mercury in the deep ocean. These
findings not only advance our understanding of mercury bio-
geochemistry in the deep biosphere but also have implications for
bioremediation strategies and environmental monitoring of mercury
pollution under different marine environments.

Methods
Sediment sampling and biogeochemical properties analyses
Eight cruises, includingR/VTansuo01 (TS01, June–August of 2016),R/V
Tansuo03 (TS03, January–March of 2017), R/V Tansuo07 (TS07,
April–May of 2018), R/V Tansuo12 (TS12, June–July of 2019), R/V Tan-
suo14 (TS14, September–October of 2019), R/V Tansuo16 (TS16,March
of 2020), R/V Dayang 37-II (DY37II, June–July of 2016), and R/V HaiX-
ing6000 (HXROV, October of 2018), yielded a total of 32 sediment
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cores from South China Sea, Bashi Channel, northern slope of the
Mariana Trench, and Challenger Deep of Mariana Trench at depths
ranging from 1087 to 10,909m (Fig. 1a, b and Supplementary Data 1).
Upon arriving on board, all of the intact core samples were cut into 2-
or 3-cm layers at room temperature and then frozen at − 80 °C until
needed. The layers used in the metatranscriptomics study were pre-
served using RNALater (TaKaRa, Dalian, China).

To extract the pore water from the sediment samples, they were
centrifuged at 2000× g for 15min. The pore water was next filtered
through 0.22μm pore-size cellulose acetate membranes to measure
environmental parameters. An automated continuous-flow SEAL
AA500 analyzer spectrophotometer (SEAL Analytical, Norderstedt,
Germany) was used to measure the concentrations of ammonium
(NH4

+), nitrate (NO3
-), nitrite (NO2

-), and soluble reactive phosphate
(PO4

3-) in the sediment pore water. Sulfate and iron concentrations in
the pore water were measured using a Dionex ion chromatography
system (Aquion IC, Thermo Fisher Scientific, USA) and inductively
coupled plasma-optical emission spectroscopy (Spectro Arcos, Spec-
tro, Germany), respectively. A Vario Micro Cube elemental analyzer
(Elementar, Langenselbold, Germany) was used to measure the con-
centrations of total nitrogen (TN) and total organic carbon (TOC) in
the sediments. Total mercury was analyzed according to the Chinese
standard (HJ680-2013). A 0.5-g (±0.0001 g) homogenized sample was
mixed with 6ml of 12M hydrochloric acid (Guangzhou Chemical
Reagent Factory, Guangzhou, China cat#CB11-TD) and 2ml of 16M
nitric acid (Guangzhou Chemical Reagent Factory, Guangzhou, China
cat#CD18). Themixed solutionwas heated at 150 °C for 5min to digest
the sample. The total mercurywas estimated with atomic fluorescence
spectrometry (BAF-2000, Baode, China; HPLC, BSA-100, Baode,
China). The recovery rate of the marine sediment standard sample
GBW07316was 98.31%. Approximately 0.2 g of sediment samples were
processed via ultrasonication-assisted hydrochloric acid extraction for
mercury speciation analysis62, followed by quantification of methyl-
mercury and Hg(II) using high-performance liquid chromatography
coupled with atomic fluorescence spectrometry (ELSPE-2, Prin-
Cen, China).

Nucleic acids extraction, library preparation, and
quantitative PCR
The PowerMax soil DNA isolation kit (MoBio, Carlsbad, CA, USA
cat#12988-10) was used to extract DNA from at least a 10-g sediment
sample, according to the manufacturer’s instructions. The Qubit
dsDNAHS Assay Kit (Thermo Fisher Scientific, USA cat#Q32854) and a
Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA, USA) were used to
measure the concentration of DNA. Prior to library preparation, DNA
samples containing ≤ 2 ng/μL were concentrated using AMPure XP
beads (BeckmanColter, CA cat#A63881). Using a TruSeqNanoDNA LT
Library Preparation Kit (Illumina, California, USA cat#FC-121-4002),
100 ng of genomic DNAwas used to create libraries with insert sizes of
350bpor 550bp. The sameprotocol forDNAextractionwas applied to
two blank control samples as controls.

RNA extraction was performed on three layers (6–9, 12–15,
and 18-21 cmbsf) of sediment sample T3L11 from Challenger Deep
ofMariana Trench (Supplementary Data 1). Using a PowerSoil Total
RNA Isolation Kit (MoBio, Carlsbad, CA, USA cat#12866-25) and
following themanufacturer’s instructions, total RNAwas extracted
from the sediment layers. We extracted RNA in duplicate from
each sample. The pooled RNA was enriched using a single RNA-
binding column, and the results were measured using a Qubit 4.0
Fluorometer (Invitrogen, Carlsbad, CA, USA). As directed by the
manufacturer, the RNA extracts were treated with TURBO DNase
(Invitrogen, Waltham, MA, USA cat#AM2238) to ensure DNA
deletion. To confirm that all DNA was removed, about 1 ng of
the resulting RNA was used as a template for PCR using a
pair of broad-range 16S rRNA gene-specific primers, 341 F (5’-

CCTAYGGGRBGCASCAG-3’) and 802 R (5’-TACNVGGGTATCTA
ATCC-3’). The remaining RNA was transformed into cDNA (ds-
cDNA) with the help of the Ovation® RNA-Seq System V2 kit
(NuGEN, San Carlos, CA, USA cat#7102). The TruePrep DNA Library
Prep Kit for Illumina V2 (Vazyme, Jiangsu, China cat#TD503) was
utilized to create metatranscriptome libraries with an insert size of
150 bp utilizing a total of 100 ng of cDNA.

Quantitative PCR analysis was performed in triplicate using a
LightCycler 480 II real-time PCR system (Roche, Rotkreuz, Switzer-
land) to quantify representativeDNA samples (Supplementary Fig. 7b).
Primer specific to the hgcA gene of the Deltaproteobacteria clade were
employed (ORNL-Delta-HgcA-F: 5′-GCCAACTACA AGMTGASCTWC-3′;
ORNL-Delta-HgcA-R: 5′-CCSGCNGCRCACCAGACRTT-3′), as this group
represents the predominant hgcA-harboring taxa in the sediments
(Supplementary Fig. 7a). Thermal cycling reaction was performedwith
the following conditions and duration: an initial denaturation at 95 °C
for 3min, followed by 35 cycles of 95 °C for 30 s, 57 °C for 30 s, and
72 °C for 30 s. An external standard curve (R2 = 0.999) spanning
2.96 × 102 to 2.96 × 107 copies/μL was generated by serial 10-fold dilu-
tions of a plasmid containing the target hgcA fragment (cloned using
the pMD™18-T Vector Cloning Kit, Takara cat# 6011).

“Omics” data sequencing and quality control
The Illumina Miseq 2 × 300bp, Illumina Hiseq 2 × 150 or Illumina
Novaseq 6000 2 × 150 bp platforms were used to sequence the DNA/
cDNA libraries (Supplementary Data 1). After adapters were removed
from the raw sequencing reads, fastp (v.0.20.0) was used to filter the
data with the parameters (-w 16 -q 20 -u 20 -g -c -W 5 −3 -l 50)63.
FastUniq (v1.1) was used with the default parameters to eliminate
duplicate paired-end reads64. Reads that Bowtie2 (v.2.4.1) mapped to
two control metagenomes were eliminated65. Metagenomic data
from a worldwide collection of sediment samples were sourced from
the NCBI (Supplementary Data 2). The reference marine sediment
metagenomic data were assembled using the same metagenomics
method.

Microbial novelty and diversity analyses
Ribosomal RNA gene fragments (5S, 16S, and 23S) were detected with
rna_hmm3.py from qualified metagenomic reads (miTags)66. The V4
hypervariable regions of 16S rRNA genes (16S miTags) were isolated
using a custom script (https://github.com/heyinghui22/mitag_
analysis/blob/main/mitag_analysis-command/running16S.sh) and sub-
sequently analyzed on the Qiime2 platform with the Classify-
consensus-vsearch command to classify the representative miTags67.
ACE, Chao1 and Shannon indices were calculated on the Qiime2 plat-
form as well. The 16S miTag sequences were scanned by BLASTn
(v.2.9.0) against the SILVA 138 SSU database, and novel 16S miTags
were identified at the species level using 97% similarity as a threshold.
The ratio of novel 16SmiTagswas calculated by dividing the number of
novel 16SmiTags recognized in each sampleby the total number of 16S
miTags contained in each sample. The MNS68 was calculated by
importing the classification and abundance results obtained from
Parallel-META 369 into the microbiome search engine web tool (http://
mse.single-cell.cn/index.php/mse). We used the ribosomal protein S3
gene (rpS3) sequences to assess community structural differences
across different sites. The rpS3 sequences were identified by searching
all predicted proteins from the assemblies using HMMER3 with a
customhiddenMarkovmodel, applying a score thresholdof 4070. Only
RpS3 proteins with amino acid lengths exceeding 180 residues were
retained71. These sequences were clustered at 99% identity using
USEARCH (-sort length -id 0.99 -maxrejects 0 -maxaccepts 0) to gen-
erate species-level groups, termed species groups (SGs). To quantify
SG abundances, the reads from each sample were mapped to the
longest rpS3-containing contig within each cluster using Bowtie2.
Mapped reads were filtered with CoverM v0.6.1 (filter --min-read-
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percent-identity 99 --min-read-aligned-percent 75)72. The coverage of
each contig was calculated using the “mean”method in CoverMv0.6.1.
The relative abundance of each SG in a sample was computed as its
coverage divided by the total coverage of all contigs. The resulting
Bray-Curtis dissimilarity matrix based on the relative abundance
served as input for downstream PCoA analyses to assess the overall
dissimilarity level of the prokaryotic community structures of the
different sites. The relationship between prokaryotic communities at
selected study sites and their corresponding environmental factors,
including nitrate, nitrite, ammonia, phosphate, TOC and TN, was
analyzed using CCA73.

Assembly, genome binning and abundance calculation
To achieve better assembly results, high-quality reads of sediment
layers from the same core were merged for a co-assembly using
Megahit (v1.2.8) using a kmer range of 21 to 141 and a k-step of 10
(-min contig len 300m 0.9 kmin 21 -k-max 141-k-step 10). The Bining
module of MetaWRAP v 1.2.1 (-maxbin2 - concoction - metabat2) was
used to recover MAGs from the contigs longer than 2 kb74. The reads
from the individual metagenomes were mapped on the selected
contigs to calculate coverage level and tetranucleotide frequencies
for subsequent MAG binning for a sediment core. The refinement of
the MAGs was performed with the bin_refinement module of Meta-
WRAP (-c 50 -x 10). MAGs were examined and filtered with low
integrity (< 50%) and high contamination (> 10%) by CheckM
(v1.0.11)75. To remove redundant MAGs, the most representative
genomes were chosen using dRep (v.1.4.3) based on a 99% average
nucleotide identity (ANI) cutoff76. Using GTDB-tk77 combined with
the GTDB release 207, the genomes were taxonomically classified.
The relative abundance of MAGs was calculated using the relati-
ve_abundance method of CoverM (v.0.4.0, with the settings -min-
read-aligned-length 50min-read-percent-identity 0.99min-covered-
fraction 0.1 --proper-pairs-only in genome mode) (https://github.
com/wwood/CoverM). The workflow diagram for the metagenomic
analysis was shown in Supplementary Fig. 8.

Metagenomic annotation and assessment of gene abundance
Prodigal (v2.6.2)78 was used to predict coding sequences and encoded
proteins fromMAGs and assembled contigs, respectively. KofamScan79

was used to annotate proteins against the KEGG Ortholog database.
The retrieved MerA and MerB sequences were manually screened for
conserved catalytic residues: cysteine pair (Cys207/Cys212, Bacillus sp.
RC607 numbering) of MerA80 and Cys96, Cys159, and Asp99 (plasmid
R831 MerB numbering) of MerB81. To further collect hgcA and hgcB, all
predicted protein sequences in themetagenomes were used to search
against the amino acid sequences of HgcAB in the HgMATE database82

using hmmsearch with E-value ≤ 1e-05 as the cutoff. Each hit was then
manually confirmed by verifying the presence of the conserved
sequence structural domains (HgcA: cap-helix structural domain (N(V/
I)WCA(A/G)); HgcB: CX2CX2CX3C, respectively)17. The taxonomic ori-
gin of functional gene sequences was predicted based on the GTDB
taxonomy of the MAGs that contain the functional genes in the phy-
logenetic tree. The abundance of functional genes was calculated
using Salmon software (v.1.10.2) in metagenome mode83.

HgcA-MttB protein interaction simulation and analysis
The three-dimensional protein structures of HgcA and MttB were
predicted usingColabFold84. The binding conformation betweenHgcA
and MttB was predicted using the HDOCK server (http://hdock.phys.
hust.edu.cn/)85. Higher confidence scores above 0.70 suggest a higher
likelihood of a molecule attaching to another. A possible binding
contact between two molecules is indicated by confidence scores
between 0.50 and 0.70. A low likelihood of binding between two
protein molecules is indicated by a confidence score of less than 0.50.

The docking structures of the two proteins were visualized in
PyMOL (v.2.1.0).

Phylogenetics analysis
Reference proteins encoded by merB that have been published were
downloaded from theNCBI database. For the construction of theMerB
phylogenetic tree, CD-HIT (v4.8.1) used 95% similarity thresholds to
remove redundant sequences86. MAFFT (v7.505) was used for the
alignment of the remaining sequences87. The maximum likelihood
(ML) tree was rebuilt using IQ-TREE v1.688 using theWAG+ F + I + I + R9
protein substitution model, which was chosen based on the Bayesian
Information Criterion (BIC), after the alignment had been trimmed
using trimAl v1.289. The phylogenetic tree was visualized using the
Interactive Tree of Life (iTOL v.4).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The assembled Contig and MAG sequences data generated in this
study have been deposited in the NCBI database under the
accession codes PRJNA635214 [https://www.ncbi.nlm.nih.gov/
bioproject/635214] and PRJNA1051299 [https://www.ncbi.nlm.nih.
gov/bioproject/1051299]. The raw sequencing data used in this
study are available in the NCBI database under accession
codes PRJNA524407, PRJNA573088, PRJNA380945, PRJNA504765,
PRJEB25358, PRJNA264715, PRJNA309469, PRJNA297058,
PRJNA340165, PRJNA341273. Source data are provided in this paper.

Code availability
The custom scripts used in this study are publicly available at
GitHub (https://github.com/ZhuoboLi/Mercury_metagenomics) and in
Zenodo https://doi.org/10.5281/zenodo.16269052. (https://zenodo.
org/records/16269052).
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