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Specific objectives were

- to identify associations between hgcAB and microbial
biochemical functions & other genes

- to examine the prevalence of Hg methylators

- to identify horizontal gene transfer (HGT) events
iInvolving hgcAB within Hg methylator communities



Methods

Database queries

A total of 281 sediments
(freshwater (129) and seawater
(152)) samples from 46 bio-
projects were queried using
NCBI databases through
accession numbers using the
Prefetch in the SRA Toolkit
(https://hpc.nih.gov/apps/sratool

Kit.html).
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Metagenomic data processing

Samples from the same studies and areas were co-assembled with MEGAHIT v1.2.9 with the
default settings and only contigs of length 2000 were kept for subsequent analysis.

Binning was performed with metaWRAP (v1.2) which using metabat, metabat (v2) and maxbin (v2).

All metagenomic assembled genomes (MAGSs) produced were refined with MetaWRAP (v1.2) and
MAGs with integrity greater than 70% and contamination less than 10% were combined and picked
Oult.

To further improved the quality of MAGs, metagenomic reads were remapped to each MAG
then reassembled by SPAdes (3.13.0)

Identification of hgcA/B

hgcA and hgcB identification first used gene-specific HMMs (hidden Markov models ) to identify and
extract sequences from all metagenomic bins with an E-value threshold of 10,

Then sequences from Hg-MATE-Db were also used to search for hgcA and hgcB encoding genes in
MAGs by BLASTp with an E-value threshold of 10,

BLAST results were further confirmed by examining the existence of conserved motifs [N(V/I) WCA(A/G)
(A/G) (K/G)] in hgcA and [CX2CX2CX3C] in hgcB, respectively.



Elemental cycling genes profiles of metagenomic samples

The HUMANN 3.0 pipeline (https://huttenhower.sph.harvard.edu/humann/) was used to obtain the
carbon, nitrogen, and sulfur functional profiles for each metagenomic sample based on reads.
Kyoto Encyclopedia of Genes and Genomes Orthology (KEGG) pathways of MAGSs of interest
were predicted with the BlastKOALA (https://www.kegg.|p/blastkoala).

Multiple sequence alignment and phylogenetic analysis

The 143 hgcA sequences and 135 hgcB sequences, which confirmed Hg methylating capability (32
hgcA and hgcB reference sequences), were aligned by Mafft (v7.475) [45] and visualized by the
DNAStar software. Maximum likelihood trees were constructed based on the alignment with 1000

ultrafast bootstrap replicates by using iqtree2 (v2.1.2, tree-building parameters: -m LG+F+R9 -B
1000 -alrt 1000) and visualized in Figtree (v1.4.4) [46].
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Conserved motifs of hgcA from hgcA-carrying MAGs
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Conserved motifs of hgcA

A total 143 hgcA sequences and 135 hgcB
sequences from were identified in this study.

8 MAGs carrying only hgcA without hgcB, from
five phyla Desulfobacterota, Bacteroidetes,
Bacteroidetes, Planctomycetota, and KSB1
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NVWCAAGKGT FETHELVIR | BaxgLekVVsHRIL | LFOLGAPGVAAHEVKK Tt GFEVvYGFVRARDLPaFL-

GTKELVSRIMQVSLGEIVNHKRL | LFQLGATGVAAHKVKEETGFNVHYGPVRASD | KRF I -
GTDNLVKS IKKTSLENIVTHRRI IVFQLGAVGVAAHKVKERSGFRV | FGPT LAKD | KSFV-
GTAELVRRLOLTGLAQVVTHRRL | LPQLGAVGVAAHEVQRLTGFTVRYGPVLARD | PAYL-
GTMELVSRIESSGLAQVVSHREL | LFQLGGPGVAAHEVKRLSGFKV | YGP IKANDLPKFL-

NVWCAAGKGI FGTEELVGR I ESSGLKEVVGHRSL | LFOLGAPGVAGHTVKKLEGFGVRY GF IKAEDLFAY I -

GTDELVMRIEATRLNEVVNHRVYV | LFQLGAPGVAAHEVKKRAHFKVEYGFVRAEDLFRYL -
STKELLERIESSRLTEFVNHRTL | LFQLGATGVRARDVAS- TGWRVVWGPVLARDLPEFL-
GTEELVHRIGAVALDRIVKHRQI | LFQLGAVG | AAHEVRKQTGFRV | YGTVRAKD | KEFL-
GTDEL | SRIKSSGLES | VSHKRL | LFQLGAPG | ESHVVKEKSGFNVYFGPVYAKDLKRFI -

NVWCAAGKGT FGTDEV | RRVNESGI 86 I VKHRTL I LFQLGAPGVEAYTVTKMTS FRV I YGSVYARDLFKY I -

GTEELVDRIGAVRLDLVVKHRTL | LFQLGAVGVAAHEVRKQTGFRV | YGTVRASD | KDFL-
STCTVVKS IKENSLDLMVNHRK | IVFQLAATGVAAHKVKEQSGBFKY | FGPVRAKD I PAFI -
CDAE! IKRICETKLEEV IKHKNI| | LFLLSAPGVAAHE I RRQTGFKAVFGPVEARD | KKFI -
STQELVRRVKSS5GVEKVVKHRRL | LFPQLSATGVRASDVKRLCGFSVTYGPVRAAD I TAFL-
NARGYVSYVSRSDLDRLAPSAPLVLPQLSASGYDAHALAGDTGRRVVFGFVYARDLPRFL -
SARETARVVTASCLPLVVSHRRL IVFQLAAPGLDAREVKRLCGFTVVFGPVRAADLPAFL-
GTKEL I SRISKTRLNKIVTHKE! | LFQLGAPGV CAHDVTKNT GFKV | YGTVRAKD | KEFI -
5SYEIVNRVMSTGLSDLVHHRKL | LFQLGAPGVAAHKYKQRT GFWYVEYGPVRAMDLPKYL-
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GTDELVSRIRLSGLREIVSHRKI IVPQLGAPG | SWFEVMKRSGFLVEY GPVRASDLPQYL-
GTEELAMRLOQESGLARLVDHRQVVLFPQLSGPGVAAHQIPGKTGFTVRYGPVLAADLPMYL-
STEELVRGVRKVNLHALVSHREL | LFQLGAPGVASHKVKEGCGFRY | WEPVKARDLGAFL-
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GTDEMARRIESSGLSSLVAHRRLVVFQLAAPG | AAHRVKKLTGYKVVYGF IRAADLPAFL-
STKEVVRRIRIHCLEQVVDHHRI | LFQLSATGVSAHEVKKMT GFSVTYGPVRASD | | AFL-
NAAGVSEQVRKTGLERVVSHRQL | LPQLGANGYRALDLRRT CGFEAVFGFVRAEDLPRYL -
GTGEI ARMVKEARLDK | VKHRRL | VP QLGAPGVSAHHVKQLTGFDVVYGPVRIADLKGFL-

GTDELVRRIESTALGRVVEHRT | IVFELGAPG | AAHEVKRRSGFTVKYGPVRAADLPEYL-
SAGEVSDLVRRERLAEVVSHRRLVLFQLAAPGVTAREVIRDCGFSVRFGPVRATDLPAWL -
GTDELVKRIGNTGLYSVVRHRTV IVPQMGAPG | SAHQVRERSGFRVEY GPVRARDLPEYL-
GTLELARS |QD/SGLEKFVTHREI | LFQLGAPGVSAHRAAAYTGFRV | YGPVRADDLPEFL-

GTAELVRRIESSGLRARITHHTL | LFQLGAPGVAGHEVKKLT GFHTVYGPVRARDVKRFL -
STAELCRRIEATGLDRVVSHRRLVLFQLGAVGVAAHEVAKT TGFTVVYGPVRADD | PAWL -
GTKELVSRLGQVSLDK | VDHRRL | LFQLGATGVAAHKVKEETGFNVNYGPVRAAD | KKFI -
GTRELEQR! |AVKLQDVVSHRMLVLFQLGATGVSAHEVKRDSGWAVKYGPVRARD | RAYL -
GTEELVRRIKMEGLDKVVTHREL | LFQLSGPGVAAHLVKKFSGFKVKYGF IRASD I PAYL-
STKELVKRITMVSLGNVVNHRRL | LFQLSATGVAAHEVKKETGFNVYYGPVRASD | IKFI -
GTDELVQRIGAANLDKVVTHRRL | LFQLGAVGVCASEVQKKTGFRVS FGPVQARD | PAYV-
GTEELVRRIQAANLREVVKHRELVVFQLGATGVAAHEVKRAAGFSVHY GPVRARDLPAYL-
GTRELEQRIVAVRLD2VVTHRTL | LFQLGAPGVSAFEVKAASGFRVMYGPVRASD | PGFL-
GTEELVEKIARTGLSSVVRHRTL IVFQLGAFG | SAHQVRRESGFRVEYGF IRAQELFPEYL-

GTQELVRRISASSLKDMY NHHEL | LFQLGAPGVAAHMVKKL5GFKVHY GPVCAKDLPAYL-
TASEVAFSVNAVRLHQVVEHREL | LFQLAATGVAAREVERI CGFKVLWGP IRARDLPAFL-
GTDE! VKRVGLTSLSRIVNHRTLLLFMLGAPGVAAHLYRQRT GFKVRYAT IRAADLPAYL-
GTDELVFRVOASGLDRVVNHRLL | LFQLSAPGVAAHKVRSRCGFKAVFGPVEARDLPAFL-

STEEVVRRVNRESRLAEIVSHREL | LFQLSATG | AAHQVKK I CGFKV | YGF IRAAD I PAFI -
NAAGIAEQVRKTGLER | VSHRRL | LPQLGANGYRVRDLRKACGFEAVFGFVRAEDLPRYL -
SAAGI AEQVNKTGLDRVVSHRRL | LFQLGANGVRARDLRKACGFEAVFGPVRAEDLPRYL-
NAGEVARQVKNAGLEQVVNHRT LVLPQLAAFGYAGHK IRGLCGFKALFGFVEIRDLRYYL -
STDEVAYEVTRTRLAEVVAHRRL | LFQLGATGVAGHAVRRQCGFSVLWGPVRAADLFPAFI -
SAEE| VRRVRACGLERLVAHRTLVLFQLAAPGVAAREVRRGCGFKAVFGPVCASDLKAFI -
STAEVAARVRATGLER|VEHRRLVLFQLAAPGVAARKLRGLCGFGAVYFGPVRSRDLPAFL-
STEEVADRVRAAKLEQVVSHRRLVLFQLCAPGVAAHRLRRLCGFSGY FGPVRAEDLPAFL -
GTDELVRRVAATALSGVVSHRRL | LF | LGAPGVSAHQVKRRSGFDVAYAA IRADDLFPEYL-
GTEELVHRLEATGLARIVTHRRLLLF | LGAPGVAAHQVAQRTGFS IVYAT IRASDLFPRFL-

GTEEVVRRLRSSGLEKLVKHRRL | LFQLGASGVAAHEVRKQTGFAVSYGPVEARDLPAYL-
GTDELMNRIKATGLEGAVSHRKYV | LFQLGAAGVSAFSLKEWCGWNVEYGPVRAEDLFPEYL-
GTDELVHRIESSDLAGIVSHRT | IVFQLGAPGVSWVDVAARTKFTVEYGPVRADBLFPEYL -
GTDEVVGQIARTGLSSVVEHRTL | LPQLGAPGVSAHEVLRRSGFRVT Y GPVRAADLPAFL-

GTDELVKRIMWEGLSNIVRHRTV IVFQLGAPG | SAHEVONRSGFKVEFGPVRASDLFPEYL-
GTDELVRRIEATGLAGVVDHRRV | LFQFGAPGVSAFEVVRREDFRVEWGFVRARDLPAYL -
GTDELVKRIESTGLSHIVSHRNI IVPQLGAPG | SAHMYKQRSGFTVEY GPVRAADLPEYM -
GTTELLNRLAIVOLDRV IS5HRTL | LPQLGAPGVSAHEITKYSGFKV | YGPVRAKDLKEF!I -
GTQELLNRIAIVOLGKVVSHRTL | LFQLGAPG | SAHEVTKHSGFKI | YGPVKAKD | SAFI -

GTQELLNRMAIVOLEKVVSHRTV IVFQLGAPG | SAHVVAKFSGFKVVYGPVRAED | KQFI -
GTAEL I RRIELARLEKVVSHKNI | LFQLGAPGVAAHEVRKNT GFKVSYGPVYAKDLPAFL-
GTDELVRRIEAAGLEKV I KHRTL | LFQLGATGVAAYEVAKKSGFHVRY GPVRAHD | KAFL-
GTEELVRRIEDTGLAGVVEHRTL | LFQLGAPGVAGHEVRKRT GFKVEFGPVRAAD | PEYL-
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Conserved motifs of fused hgcA/B
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These six MAGs encoded for tandem [GINVWCAA]

conservative motifs, which were different from the Ruler 1
. Consensus
motifs of hgcA [NVWCAAGK]. However, both hgcB ooriclaccae 10 b 2

and fused hgcAB had conservative motifs
[CX2CX2CX3C].
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Hg methylators from Planctomycetota are widespread
in both seawater and freshwater sediment

Over 3000 whole genomes
from the phylum
Planctomycetota in NCBI
were queried, and 27 hgcA-
carrying MAGs from the
Planctomycetota were
identified
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Genome composition of hgcA-

Most hgcA-carrying MAGs (98%) encoded a
relatively complete arsenic reduction pathway
(arsRBC/arsRDABC).

Genes encoded multiple terminal oxidases were
found in genomes of multiple hgcA-carrying MAGs

carrying MAGs



Prediction of Horizontal Gene Transfer Between hgcA-Carrying MAGs

SRB was a major contributor
to HGTs in the Hg methylators
community accounting for
97.5% and 71% of HGTs in
seawater and freshwater
sediments

Gene gain and loss mediated
through HGTs were previously
suggested to underpin
divergent phylogenetic
distribution of hgcA/B

Phylum
A Elusimicrobiota
B Fibrobacterota

M Fibrobacterota
N Acidobacteriota

Class

a Desulfomonilia
b Elusimicrobia
¢ Fibrobacteria

d GWE2-31-10

e Kiritimatiellae

f Methanomicrobia
g Methylomirabilia

h Planctomycetes
i gma—ﬂ i

n Aminicenantia
© Anaerolineas

P BSNO33

q c_unclassified
Clostridia
Desulfuromon: adia

u Phyei

2 Chitinivibrionia Gene Function

@ Transcription @ Drug resistance oSi transduction
: Emh"efnm metabolism @ Xi gl and ¥ of other amino acids
Energy metabolism < Nucleotide metabolism
@ Folding, sorting and degradation c Inhrmallondprnmnlng elnfectious diseases
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@ Metabolism ® Callularlpmmm and signaling @Aging
@ Glycan bi hesis and boli @ Metabolism of cofactors and vitamins @ Cell motility
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Future research questions

What are the links between climate, ecosystem, and
mercury methylation?

What are the impacts of hydrological changes and
environmental perturbances on mercury methylation?

Are there links between nitrogen cycling and Hg methylation
processes?
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Co-occurrence network analysis between putative methylators and
functions from non-mercury methylators
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Potential anammox (anaerobic ammonium oxidation) hgcA-carrying strains

— EGCA 003551785.1 ASM355178§
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The hgcA-carrying anammox strains
may be capable of Hg methylation, but

this needs to be further confirmed in
the laboratory.
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Co-occurrence network analysis between putative methylators
and putative non-mercury methylators
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Prediction of Horizontal Gene Transfer Between hgcA-Carrying MAGs
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@v hgcA-carrying MAGs from freshwater sediments

ae?
rch oge™

Desulfobacterota

Tree scale: 0.4 ——

82 MAGs from the 17 Phyla were identified as
having genes homologous with hgcA with the
average completeness 85.59% and
contamination 3.23%.

The Hg methylators from these 9 Phyla were
only found in freshwater sediments:
Methylomirabilota, Firmicutes, Goldbacteria,
Halobacteriota, Zixibacteria, Verrucomicrobiota,
Synergistota, Actinobacteriota, Elusimicrobiota

The Hg methylators from the Phyla
Desulfobacterota and Bacteroidota were
dominant and widespread in both freshwater
(47.62%) and seawater (54.1%) sediments.



v hgcA-carrying MAGs from seawater sediments
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Our analysis of
functional networks
indicated that microbial

keystones varied across
sediment samples.

In LB, keystone functions
included sulfur respiration
and chemoheterotrophy

In CL, the only keystone
functions observed
were carbon cycling
functions, specifically
methanotrophy
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Co-occurrence network analysis between putative methylators and
functions from non-mercury methylators
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Co-occurrence network analysis between putative methylators and
functions from non-mercury methylators
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