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ABSTRACT Sirsoe methanicola, commonly known as the methane ice worm, is the
only macrofaunal species known to inhabit the Gulf of Mexico methane hydrates.
Little is known about this elusive marine polychaete that can colonize rich carbon and
energy reserves. Metagenomic analysis of gut contents and worm fragments predicted
diverse metabolic capabilities with the ability to utilize a range of nitrogen, sulfur, and
organic carbon compounds through microbial taxa affiliated with Campylobacterales,
Desulfobacterales, Enterobacterales, SAR324, Alphaproteobacteria, and Mycoplasmatales.
Entomoplasmatales and Chitinivibrionales were additionally identified from extracted
full-length 16S rRNA sequences, and read analysis identified 196 bacterial families.
Overall, the microbial community appeared dominated by uncultured Sulfurospirillum,
a taxon previously considered free-living rather than host-associated. Metagenome-
assembled genomes (MAGs) classified as uncultured Sulfurospirillum predicted thiosul-
fate disproportionation and the reduction of tetrathionate, sulfate, sulfide/polysulfide,
and nitrate. Microbial amino acid and vitamin B12 biosynthesis genes were identified
in multiple MAGs, suggesting nutritional value to the host. Reads assigned to aerobic
or anaerobic methanotrophic taxa were rare.

IMPORTANCE Methane hydrates represent vast reserves of natural gas with roles in
global carbon cycling and climate change. This study provided the first analysis of meta-
genomes associated with Sirsoe methanicola, the only polychaete species known to colo-
nize methane hydrates. Previously unrecognized participation of Sulfurospirillum in a gut
microbiome is provided, and the role of sulfur compound redox reactions within this
community is highlighted. The comparative biology of S. methanicola is of general inter-
est given research into the adverse effects of sulfide production in human gut micro-
biomes. In addition, taxonomic assignments are provided for nearly 200 bacterial families,
expanding our knowledge of microbiomes in the deep sea.

KEYWORDS Gulf of Mexico, host-microbial interactions, invertebrate microbiology,
metagenomics, methane hydrate, microbiome, polychaete, Sulfurospirillum, worm, deep-sea

Cold seeps are biologically productive deep-sea habitats that support distinct com-
munities of organisms adapted to aphotic, high-pressure, and reducing conditions.

Although various invertebrates have been identified at cold seeps, only Sirsoe methani-
cola (previously Hesiocaeca methanicola) is known to directly inhabit methane hydrates
(1, 2) (Fig. 1). Methane ice worms possess a functional digestive system with a gut and
are not known to possess epibionts or intracellular symbionts (2, 3).

The physical and biological mechanisms by which S. methanicola colonizes meth-
ane hydrates are unknown. Feeding studies suggested that free-living larvae feed on
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FIG 1 (A) Map showing location of collection site; (B) Zoomed in portion of map showing the collection site in this study (red circle) in relation to the site
where S. methanicola was first discovered in 1997 (green circle) and sites AC818, GB697, GB829, GC852, and AT340 where S. methanicola specimens were
sampled for stable isotope analysis (grey circles) (satellite data: Esri); (C) The Johnson Sea-Link II submersible used for sample collection; (D) Methane
hydrate at the sampling site at 543m depth; (E) S. methanicola worms inhabiting depressions on the methane hydrate; (F) S. methanicola individual
observed under the compound microscope; and (G) S. methanicola individual during aseptic dissection. AC, Alaminos Canyon; GB, Garden Banks; GC, Green
Canyon; AT, Atwater Valley.
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picoplankton, including heterotrophic bacteria, cyanobacteria Prochlorococcus and
Synechococcus, and autotrophic picoeukaryotes ,3 mm (4). Several types of evidence,
including average microbial densities for methane hydrates (4 � 106 cell/g to 2 � 107

cell/g), geochemical evidence, and stable isotope studies suggested that settled S.
methanicola are bacterivores that feed on the surface of gas hydrates (2, 3, 5).
Methanotrophs were not predicted to be a primary source of nutrition (3). Stable iso-
tope studies suggested that the worm mainly obtained nitrogen, carbon, and sulfur from
chemoautotrophic sulfur-oxidizing bacteria and may consume a variety of bacteria (2, 3).

More is known about the environmental microbiomes associated with methane
hydrates compared to those associated with the worm itself. Previously sequenced clone
libraries revealed that methane hydrate microbial communities were dominated by
uncultured taxa. Archaeal 16S rRNA gene clone libraries from methane hydrate samples
collected at Green Canyon (GC234) or Atwater Canyon in the Gulf of Mexico were domi-
nated by anaerobic methanotrophic archaea (ANME) or closely affiliated methanogenic
orders Methanomicrobiales and Methanosarcinales (6–8). Bacterial 16S rRNA gene clone
libraries included sequences affiliated with Deltaproteobacteria/Desulfobacterota (5, 9),
Epsilonproteobacteria/Campylobacterota (10), Firmicutes, Chloroflexi, and hydrocarbon-
associated bacteria (5, 6). Other related taxa identified in this environment included
Bacteroidota (Cytophaga/Flavobacterium/Bacteroides), Spirochaetales, Verrucomicrobiales,
Actinomycetales, and Thermus (6, 8).

Methane hydrates can support microbial life through the slow release of gases, includ-
ing methane, carbon dioxide, hydrocarbon gases, and hydrogen sulfide derived from mi-
crobial sulfate reduction in sulfate-containing porewater (5–7). The type of methane
hydrates commonly found in the Gulf of Mexico region (Structure II) allow larger molecules
such as ethane, propane, iso-butane, butane, and pentane to be trapped. The hydrate
deposits can be rich in H2S and may be stained with oil (2, 7, 11). The methane hydrate
where S. methanicolawas first discovered contained considerable amounts of thermogenic
methane, hydrogen sulfide, hydrocarbon gases, and carbon dioxide (2).

Methane hydrates are ephemeral, and the collection of S. methanicola has been infre-
quent and serendipitous. As a result, little is known about this species. Here, we provided
the first metagenomic sequencing analysis for S. methanicola to describe the taxonomy
and functional potential of prokaryotes associated with this elusive deep-sea organism.
The metabolic capacity of microbes living in association with S. methanicola was revealed
by sequencing and assembling community DNA from gut contents and worm fragments.

RESULTS

Two HiSeq metagenomic libraries and one MiSeq library were created from live S. metha-
nicola specimens retrieved from a Gulf of Mexico methane hydrate via a submersible (Fig. 1
and 2), with details provided in Table S1. Prokaryotic diversity and functional potential were
assigned by a variety of analytical methods (Table S2), with a focus here on results obtained
from the HiSeq libraries due to the higher coverage provided. Results of eukaryotic gene
annotations, including mitogenome assemblies, are provided under separate cover (unpub-
lished data).

Prokaryotic taxonomic composition from metagenomic reads. Thirteen prokary-
otic full-length 16S rRNA gene sequences (1,069-1,558 bp; NCBI GenBank accession num-
bers MZ229982 to MZ229994) were recovered through phyloFlash assembly (Table S2) of
metagenomic sequences recovered from S. methanicola gut contents (Library G) and worm
fragments (Library W). Sequence identity ranged from 82% to 100% based on BLAST
searches (Table 1 and Table S3). Reads were most often affiliated with the full-length 16S
rRNA gene sequence classified as uncultured Sulfurospirillum spp. (e.g., .300,000 reads for
Library G), with 29� more reads recruited from Library G and 3� more reads from Library
W compared to the next most abundant prokaryotic taxa. Other classifications associated
with sulfur cycling bacteria included uncultured Sulfurimonas and Desulfobacterales (Table 1).

Additional best matches for these full-length sequences originated from various intesti-
nal tracts and marine habitats (Table 1). These included uncultured Mycoplasmataceae,
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Entomoplasmatales, Vibrio, Chitinivibrionaceae, and Rhodospirillales. Only one of the four
full-length sequences recovered from Library W was unique (not shared with Library G),
and it was assigned to the SAR324 clade. Two additional full-length sequences were recov-
ered but rejected because sequences appeared chimeric (family Desulfatiglans) or showed
low similarity to reference 12S rRNA gene sequences (order Rickettsiales). No full-length
archaeal small subunit (SSU) rRNA sequences were extracted.

Metagenomic binning produced 16 bacterial metagenome-assembled genomes
(MAGs) (n = 12, Library G; n = 4, Library W) (Table 2, Fig. 3, Table S4, and Data Set S2). In
two instances, nearly identical MAGs were recovered from both libraries, with MAGs G15
and W8 classified as Sulfurospirillum and MAGs G3 and W7 phylogenetically related to
uncultured Alphaproteobacteria Rs-D84 recovered from a termite gut (Table S5). The
nearly identical MAGs were combined and deduplicated for recruitment estimates.

The MAG identified as Sulfurospirillum (G15/W8) dominated read recruitment, recruiting
86% of the reads from library G and 59% of the reads from Library W. Read recruitment to the
MAG classified as Alphaproteobacteria Rs-D84 was 3% and 5% for libraries G and W, respec-
tively (Table S4). Five of the recovered MAGs were classified in the order Desulfobacterales
(G11, G19_1, G19_2, G10, and G16). Other MAGs were classified in the genera Sulfurimonas
(G18), Colwellia (G12), and Pseudoalteromonas (G13), in the family Sulfurovaceae (G20), and in
the ordersMycoplasmatales (W6), Rickettsiales (G4), and SAR324 (W9).

Most of the MAGs did not contain the extracted full-length 16S rRNA gene sequen-
ces (Table 1 and 2). The exceptions were MAG W7 classified as Alphaproteobacteria Rs-
D84 and MAG W9 classified as an uncultured member of the SAR324 cluster. The MAG
classified as SAR324 recruited more reads from Library W than Library G (19% versus
0.05%; Table S4), consistent with a full-length 16S rRNA gene sequence extracted only
from Library W.

PhyloFlash mapped a large number of reads to sequences in the SILVA database
(12) (n = 3926, Data Set S3) in addition to generating the set of full-length 16S rRNA
sequences (Table 1). We extended this analysis by mapping reads (mated paired-ends
only) to a set of manually curated 16S rRNA gene sequences of uncultured taxa from
methane hydrate and seep studies (Data Set S4). Again, taxonomic assignments were
dominated by Sulfurospirillaceae (Table 3), all of which were assigned to the genus

FIG 2 Experimental design used for metagenomic sequencing in this study. (A) Gut content was
extracted with a sterile syringe. (B) worm fragments remaining after dissection and gut content extraction
were collected. Libraries for metagenomic sequencing were created from samples of gut contents and
worm fragments. Detailed descriptions of samples used to create Illumina HiSeq and MiSeq libraries and
sequencing statistics are in Table S1. (The drawing of the dorsal view of the organism is reproduced from
reference (1) with permission.)
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Sulfurospirillum (average % identity = 97.3%, Data Set S5). The predominance was re-
markable, with .61% of bacterial reads assigned to the genus Sulfurospirillum and 91%
assigned to the order Campylobacterales (n = 346,877 reads, Data Set S5). Analysis by
SingleM (Table S2) also showed a predominance of reads assigned to Sulfurospirillaceae,
with up to 88% of reads from Library G assigned to this family. The next most abundant
classification across all markers was unassigned (Table 4). SAR324 was again identified
only in LibraryW (Data Set S6), see Supplemental File 1 for additional information.

(i) Methanotrophic, methylotrophic, and archaeal taxonomic assignments. Few
reads affiliated with aerobic or anaerobic methanotrophic/methylotrophic taxa were
recovered. Most assignments were to families and genera from the orderMethylococcales,
with 113 reads mapped to SILVA (12) (Data Set S3) and 573 reads mapped to the man-
ually curated 16S rRNA database focused on methane hydrate and seep studies (Data Set
S5). Although Methylococcales 16S rRNA gene signatures were identified in the metage-
nomes, few reads matched particulate methane monooxygenase (pmoA) sequences
(n = 14 reads). Furthermore, annotations were generally poor based on the number of
identical best hits provided by mated paired-end reads (n = 2, Table S6). Low competitive

TABLE 1 Read mapping results and bacterial taxonomic assignments of full-length 16S rRNA gene sequences generated by phyloFlash
assembly of metagenomic libraries created from S. methanicola gut contents (G) and worm fragments (W) (Table S1 and S2)a

Library No. reads Coverage
PhyloFlash predicted taxonomy, dbHITb

(% identity; alignment length bp)
Accession, this
study (bp)

NCBI megablastc (% identity; alignment
length bp), source

G 482,632 1173.7 o_Campylobacterales, f_Sulfurospirillaceae,
g_Sulfurospirillum (uncultured),
FJ717081.1.1505 (97.2; 1,490)

*MZ229985 (1,509) FJ717081 (97.2; 1,503), lugworm (Arenicola
marina) bioturbated mesocosmW 12,705 35.8 *MZ229991 (1,509)

G 2,949 8.1 o_Campylobacterales, f_Sulfurimonadaceae,
g_Sulfurimonas (uncultured),
FJ717084.1.1513 (97.0; 1,499)

MZ229989 (1,517) FJ717065 (97.6; 1,512), lugworm (Arenicola
marina) bioturbated mesocosm

G 1,035 3.4 o_Desulfobacterales, f_ Desulfosarcinaceae
(uncultured)d, AXAM01000010.50040.5158
(99.7; 1,185)

MZ229990 (1,198) HG513093 (98.1; 1165), Guaymas Basin
sediments, butane enriched sulfate-
reducing conditions

G 268 1.2 o_Desulfobacterales, f_ Desulfosarcinaceae
(uncultured), JF344525.1.1523 (99.1;
1,1,67)

MZ229982 (1,201) JQ580155 (99.4; 1166), oil-polluted subtidal
sediments

G 5,634 15.1 o_Mycoplasmatales, f_Mycoplasmataceae
(uncultured), HG792201.1.1524 (91.5;
1,524)

*MZ229986 (1,558) HG792201 (91.7; 1,521), Chinese mitten crab
(Eriocheir sinensis) intestinal tractW 372 1.3 *MZ229994 (1,558)

G 5,787 18.6 o_Entomoplasmatales, f_Entomoplasmatales
Incertae Sedis, g_Candidatus
Hepatoplasma (uncultured),
HE610322.1.1517 (81.6; 1,498)

MZ229988 (1,515) AY592891 (90.8; 1,141), cold seep mud
volcano microbial mat

G 535 1.8 o_Enterobacterales, f_Vibrionaceae, g_Vibrio,
s_splendidus, CP031055.3036629.303808
(99.9; 1,057)

MZ229983 (1,069) CP062501 Vibrio bathopelagicus (100; 1,069),
Mediterranean Sea

G 155 0.8 o_Chitinivibrionales, f_Chitinivibrionaceae,
GQ348358.1.1382 (93.3; 1,125)

MZ229984 (1,152) GQ348358 (93.6; 1,132), Saanich Inlet

We 4,244 13.5 SAR324 clade (Marine group B) (uncultured),
EU101262.1.1465 (89.1; 1470)

MZ229993 (1,502) EU10126 (89.7; 1,470), sulfidic cave stream
biofilm

G 16,786 47.5 c_Alphaproteobacteria, o_Rhodospirillales
uncultured metagenome (MAG from soil),
FPLS01028346.18.1488 (80.9; 1,474)

MZ229987 (1,482) AB494774 (81.8; 1503), artificial mesocosm
enriched with sheep rumen fluidWf 2,336 7.3 MZ229992 (1,482)

aThe fifth column lists NCBI GenBank accession numbers of sequences assembled in this study, where identical sequences from library G and W are indicated by asterisks (*).
The last column summarizes the BLAST results of all assembled sequences.

bSILVA NR97 best hit from phyloFlash, values before the first period are searchable in SILVA and GenBank.
cGenBank best hit accessed 1/10/22.
dOnly SILVA entry to return a Genome Taxonomy Database (GTDB) taxonomy besides “unclassified”: d_Bacteria; p_Desulfobacterota; c_Desulfobacteria;
o_Desulfobacterales; f_BuS5; g_BuS5; s_BuS5 sp000472805.

eSequence also found in MAGW9 (see Table 2).
fSequence was also found in MAGW7 (see Table 2).
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FIG 3 Phylogenomic tree of prokaryotes associated with metagenome-assembled genomes (MAGs) recovered from HiSeq libraries generated from S. methanicola
gut contents (G) and worm fragments (W). The tree is unrooted and based on the concatenated amino acid sequence alignment (17,533 aa) of 71 marker genes
identified by anvi’o. Bootstrap values, based on 100 replicates, are indicated on the nodes. The scale bar indicates 1 substitution per site. NCBI accession numbers for
MAGs are listed in Table 2.
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read recruitment was observed in 22 published MAGs associated with methane hydrates
(13) (0.07% of Library G mapped reads; 0.05% of Library W mapped reads). Reads predomi-
nantly recruited to the S. methanicola-associated MAGs described here (.99% of mapped
reads from both libraries) (Data Set S2).

Querying against methyl coenzyme M reductase (mcrA) from uncultured methano-
genic archaea (Data Set S4) recovered 10 reads (5 mate-pairs) classified as ANME-1,
ANME-2, or ANME-2a, all with identical annotations for mated read pairs and most with
100% identity to reference sequences (Table S7). Read recruitment was negligible
(0.0001% of mapped reads from library G; 0.001% of mapped reads from library W) to
36 MAGs associated with freshwater ANME-2d (14) (Data Set S2).

Overall, few reads were identified as archaeal. Only 28 reads mapped to archaeal
16S rRNA gene sequences in SILVA (Data Set S3). Few archaeal reads were identified by
single-copy marker genes (n = 11, Data Set S6). Of the 64 reads identified in the man-
ually curated database (Data Set S4), 78% were assigned to Woesearchaeales (Data Set
S5). See Supplemental File 1 for additional details.

MAG functional profiles. Functional analysis revealed a range of metabolic capacities
in the microbiomes analyzed here. Predicted electron acceptors included oxygen (see
Supplemental File 1 for details), nitrate, nitrite, sulfate, sulfide, thiosulfate, tetrathionate, fu-
marate, and possibly dimethyl sulfoxide (DMSO) (Fig. 4). Denitrification (Fig. S1), nitrogen
fixation (Fig. S2), anaerobic alkane oxidation (Fig. S3A), and aromatic compound degrada-
tion (Fig. S3B) genes were identified in some MAGs. Predicted central carbon metabolic
pathways included the pentose phosphate pathway (PPP), gluconeogenesis, fatty acid oxi-
dation, glycolysis, carbohydrate degradation, tricarboxylic acid (TCA) cycle, and acetate

TABLE 4 Bacterial taxonomic classifications (Data Set S6) for assignments across all SingleM
marker genes (Table S2) for reads.1% in either metagenomic library

Taxonomic assignment No. reads, library G % No. reads, library W %
Sulfurospirillaceae 26657 61 760 42
Unassigned 4681 11 521 29
Campylobacteraceae 4064 9 113 6
Thiovulaceae 3203 7 80 4
Nautiliaceae 1758 4 47 3
Rickettsiaceae 538 1 66 4
Sulfurovaceae 479 1 9 0.5
Enterobacteriaceae 288 0.7 47 3
Corynebacteriaceae 215 0.5 21 1
Mycoplasmataceae 174 0.4 4 0.2
Acholeplasmataceae 165 0.4 19 1

Total 43709 521

TABLE 3 Bacterial taxonomic classifications to family (top 11) assigned to two S. methanicolametagenomes (sum from Library G and W,
HiSeq) based on phyloFlash extraction of partial 16S rRNA gene sequences mapped to SILVA (Data Set S3) and Magic-BLAST mapping to Data
Set S4 containing 16S rRNA sequences of uncultivated taxa from methane hydrate and cold seep studies (Data Set S5, includes % identities)

Family,
PhyloFlash-SILVA Sum of Read Count %

Family,
Magic-Blast-Data Set S4 Sum of Read Count %

Sulfurospirillaceae 300980 64 Sulfurospirillaceae 210433 61
Unassigned to family 108478 23 Sulfurimonadaceae 45822 13
Sulfurovaceae 10711 2 Arcobacteraceae 35394 10
Sulfurimonadaceae 5939 1.3 Sulfurovaceae 21485 6
Bacillaceae 5442 1.2 Desulfatiglandaceae 7610 2
Enterobacteriaceae 4841 1.0 Entomoplasmatales Incertae Sedis 4602 1.3
Campylobacteraceae 3638 0.8 Fusibacteraceae 4484 1.3
Arcobacteraceae 3504 0.7 Desulfosarcinaceae 4032 1.2
Mycoplasmataceaea 3313 0.7 Campylobacteraceae 3003 0.9
Legionellaceaea 2467 0.5 Bacteroidetes_BD2-2 2042 0.6
Desulfosarcinaceae 2057 0.4 Methylomonadaceaed 573 0.17

Total 471,640 Total 346,877
aNot represented in Data Set S4.
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conversions (Fig. 5). Acetogenesis was predicted for all the Campylobacterales,
Desulfobacterales, and EnterobacteralesMAGs except for G13 (Data Set S7). Details on gene
annotations are in Data Set S7 and gene name abbreviations are in Table S8.

(i) Sulfur reducers. Sulfurospirillum (order Campylobacterales) was assigned to the
predominant MAGs, G15, and W8. The ability to reduce nitrate, nitrite, and a range of
sulfur compounds was predicted (Fig. 4, Data Set S7). The automated annotation soft-
ware METABOLIC (Table S2) only detected the phsA gene for thiosulfate disproportio-
nation. However, 12 additional sulfur pathway genes were detected through auto-
mated and manual curation (Table S2, Fig. S1, and Data Set S7). These included genes
catalyzing tetrathionate reduction and bidirectional polysulfide reduction/sulfide oxi-
dation, as reported in Sulfurospirillum multivorans (13) and uncultured Sulfurospirillum
cavolei MES (14). Although the genetic capacity to activate sulfate in the dissimilatory
sulfate reduction pathway via sulfate adenyltransferase (sat) was observed, a complete
pathway was not detected. These MAGs also predicted the ability to use fumarate as an
electron acceptor during fermentation to produce succinate (Fig. 4). The functional capaci-
ties to reduce halogenated compounds, arsenate, selenate, or nitrous oxide were not
detected in these MAGs.

(ii) Sulfate reducers. The ability to reduce sulfate and sulfite was predicted by a
suite of dissimilatory sulfate reduction genes present in all MAGs assigned to the order
Desulfobacterales (G10, G11, G16, and G19) (Fig. 4, Fig. S1, and Data Set S7). Overall,
these MAGs indicated the genetic potential to couple exergonic sulfate reduction to
endergonic acetate oxidation through the reverse Wood-Ljungdahl pathway (Fig. 5,
Fig. S4, and Data Set S7), in which CO, tetrahydrofolate-linked intermediates (5-methyl-
tetrahydrofolate, methylene-tetrahydrofolate, methenyl-tetrahydrofolate, and formyl-
tetrahydrofolate), and formate could be oxidized into CO2. All MAGs classified as
Desulfobacterales also contained the sulfur dioxygenase (sdo) gene catalyzing glutathi-
one-dependent sulfide oxidation (Fig. S1 and Data Set S7).

Members of this group were predicted to reduce arsenate via arsenate reductases,
oxidize hydrogen for energy via [Ni-Fe] hydrogenase (Fig. S1 and Data Set S7), and

FIG 4 Overview of electron-accepting reactions in MAGs generated for S. methanicola. Colored boxes indicate the MAG number(s) where each gene was
detected. Missing genes are denoted in red text. Abbreviations are listed in Table S8.
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carry out anaerobic alkane oxidation via alkylsuccinate synthase (Fig. S3A). Nitrogen
fixation genes were detected, including nifAHDKB in MAG G10, nifH in MAG G11, and
nifHENB in MAG G19. In addition, genes encoding the P-II family nitrogen regulator,
[2Fe-2S] ferredoxin, and GCN5-related-N-acetyltransferase were detected based on
homology to the nif operon of Desulfatibacillum aliphaticivorans (Fig. S2). Additional
pathways predicted in these MAGs are detailed in Supplemental File 1.

(iii) Nitrate-reducing, sulfur-oxidizing bacteria. The ability to reduce nitrate and
oxidize sulfur under aerobic/microaerophilic conditions was predicted for MAG G18 clas-
sified as Sulfurimonas and for MAG G20 classified as Sulfurovaceae SZUA-451. Overall, pre-
dicted potential electron donors for this group included sulfur compounds, hydrogen,
and certain methylotrophic compounds. Potential electron acceptors included oxygen,
nitrogenous compounds, fumarate, and perhaps DMSO (Fig. 4 and 5, Fig. S1 and S4, and
Data Set S7). Nitrate respiration through dissimilatory nitrate reduction to ammonium
(15) was predicted for both MAG G18 and G20 (napABFGHL and nrfA). Denitrification was
predicted for MAG G20 (nirS, norBC, and nosDZ) (Fig. S1 and Data Set S7). Thiosulfate oxi-
dation to provide metabolic energy (soxCD and soxYZ) was predicted for both MAGs.
Some genes associated with nitrate reduction/sulfur oxidation also were detected in G12
classified as Colwellia (see Supplemental File 1 for details).

The ability to degrade benzoate, toluene, xylene, and phenol was predicted for G18
classified as Sulfurimonas with 41� mean coverage of aromatic compound degrada-
tion gene clusters. In addition, genes encoding aromatic compound degradation were
detected in an unbinned contig (not belonging to a MAG) assigned to Arcobacter with
67� mean coverage, and an unbinned proteobacterial contig with 38� mean cover-
age (Fig. S3B and Supplemental File 1).

(iv) Enteric bacteria. Genes indicative of assimilatory sulfate reduction (cysND) were
predicted in MAGs assigned to the order Enterobacterales, including G12 classified as
Colwellia spp. and G13 classified as Pseudoalteromonas undina (Fig. S1 and Data Set S7).

FIG 5 Overview of carbon metabolism pathways identified in MAGs generated for S. methanicola. Colored boxes indicate MAG number(s) where each gene
or pathway is detected. Spontaneous reactions are indicated by asterisks (*). Abbreviations are listed in Table S8.
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Some genes found in nitrate-reducing, sulfur-oxidizing bacteria were detected in G12 (see
Supplemental File 1 for details). Genes were detected for the oxidation of methanol in G12
(mxaF), and formaldehyde in G13 (frmA and fghA), but C1 pathways were incomplete (Fig.
5, Fig. S4, and Data Set S7). Autotrophic genes were not detected in these MAGs.

(v) Other microbial taxa. MAGs classified as SAR324, Alphaproteobacteria, and
Mycoplasmatales are detailed in Supplemental File 1.

(vi) B vitamin biosynthesis. Microbial biosynthesis of vitamins B1, B2, B3, B5, B6,
B7, and B9 were predicted in MAGs classified as Campylobacterales, Desulfobacterales,
and Enterobacterales. Except for vitamin B7, biosynthesis of these vitamins also was
predicted for MAG W9 classified as SAR324 (Data Set S8). A partial vitamin B12 biosynthe-
sis pathway was identified in MAG G11 classified as Desulfobacterales BuS5, G12 classified
as Colwellia, G18 classified as Sulfurimonas, and G20 classified as Sulfurovaceae SZUA-451
(Table S9 and Data Set S8).

(vii) Amino acid biosynthesis. Amino acid biosynthesis pathways were annotated
in all MAGs with various completeness, except G3/W7 (classified as Alphaproteobacteria
Rs-D84) in which no amino acid biosynthesis pathway was predicted (Table S9). The
abundant MAGs classified as Sulfurospirillum (G15 and W8) contained biosynthetic
genes for all 20 essential amino acids (Table S9 and Data Set S8). Histidine and lysine
biosynthesis pathways were not in any of the MAGs assigned to order Desulfobacterales.
MAGs assigned to order Enterobacterales (G12 and G13) contained chorismate synthesis
genes, but not genes in downstream aromatic amino acids biosynthesis pathways.
Homocysteine and methionine biosynthetic pathways were not detected in G13, while
biosynthetic pathways for branched-chain amino acids were not detected in G12 (Table
S9 and Data Set S8).

DISCUSSION

Paired taxonomic and functional profiles were obtained for microbiomes associated with
the methane ice worm. Metabolic pathways featured a variety of nitrogen (Fig. 4), organic
carbon (Fig. 5), and sulfur (Data Set S7) compounds. Thiosulfate disproportionation, nitrite
ammonification, fumarate fermentation, and the reduction of nitrate, tetrathionate, and sul-
fide (Fig. 4) were predicted to be key processes, based on the predominance of sequences
assigned to uncultured Sulfurospirillum in the S. methanicola metagenomes (Table 1 to 4).
Sulfurospirillum spp. specialize in degrading fermentation products coupled to anaerobic res-
piration of a wide variety of terminal electron acceptors, including sulfur and nitrogen com-
pounds with intermediate valence states (14, 16), such as thiosulfate (Fig. 4).

The microbial diversity of S. methanicola metagenomes described here was distinct
from taxonomic profiles described for methane hydrates in the literature (5, 7, 11, 17,
18). Chemoautotrophic sulfur-oxidizing bacteria are thought to be a primary food
source for the worms (2, 3), and DNA clones obtained from Gulf Mexico gas hydrates
did not reveal numerically dominant taxa (5). In contrast, the worm metagenomes
described here were predominated by a single taxon classified as Sulfurospirillum
(Table 1 to 4). Furthermore, weak recruitment of reads was observed to environmental
MAGs available in the literature. Instead, almost all reads recruited to the MAGs recov-
ered from S. methanicola (Data Set S2). Overall, this line of reasoning suggested that
phylogenetic relatives of Sulfurospirillum represent members of the core microbiome
or “normal symbiotic state” (19) of this marine polychaete. This is a noteworthy finding
because Sulfurospirillum is categorized as free-living in the literature (20, 21).

The worms were collected from oil-rich areas and environmental exposure to
hydrocarbons was indicated by a petroleum smell emanating from the worm gut
when pierced during dissection (Table S1). The mechanisms employed by the worm to
manage chemical exposure, including the role of the microbiome, are currently
unknown. The ability to utilize alkanes, benzoate, toluene, xylene, and phenol was pre-
dicted in these metagenomes (Fig. S3). In addition, evidence of arsenic resistance was
detected in multiple MAGs classified as Desulfobacterales, Sulfurimonas, Sulfurovaceae,
and Colwellia, as detailed in Supplemental File 1. A number of the taxa identified here
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are known to degrade toxic compounds. For example, Sulfurospirillum is often the
dominant species in oil-contaminated samples (21) and some can respire organoha-
lides (22). Desulfobacterales, Sulfurimonas, and Colwellia have been shown to degrade
hydrocarbons in marine systems (23–25).

Furthermore, sulfur cycling may expose S. methanicola to toxic intermediates. Black
particulates of unknown composition were noted in the gut contents (Table S1), which
likely contained sulfur based on predicted metabolic pathways (Fig. 4). All MAGs classi-
fied as Desulfobacterales contained the sulfur dioxygenase (sdo) gene (see Supplemental
File 1 for details). This gene is generally considered part of H2S detoxification in animals,
although generation of adenosine triphosphate (ATP) can occur (26). Black granular par-
ticulates and amorphous organic material were similarly observed in the stomachs and,
to a smaller extent, midgut of Rimicaris exoculata juveniles (hydrothermal vent shrimp)
(27). This material was believed to be a nutrition source for these juveniles before they
switch to a mainly epibiont-based diet in their adult forms (27).

The presence of prokaryotic biosynthetic genes for B vitamins and amino acids
(Table S9 and Data Set S8) in these metagenomes suggested that bacteria may provide
a source of these substances to the host, S. methanicola. Soluble B vitamins, including
vitamins B1, B7, and B12, are limited in availability and ecologically important in ma-
rine habitats (28). In the polychaete Capitella teleta, vitamins B2 and B3 were crucial for
larval metamorphosis (29), and vitamin B12 provided by bacteria is hypothesized to be
critical to worm health (30). Similarly, the SAR324major syncytial tissue symbiont in the
glass sponge Vazella pourtalesii was hypothesized to provide amino acids and B vita-
mins to other microbial symbionts and the host (31).

Few ANME, methanotrophic, or methylotrophic signatures were observed in these
metagenomes (Table S6 and S7 and Data Set S4 and S7). ANME taxa are key features at
methane seeps (8), but worm bioerosion may be incompatible with ANME’s strict an-
aerobic requirements (32). Methanotrophs appear to be the primary food source for
ampharetid polychaetes living at methane seeps in New Zealand (33). However, this is
not the case for S. methanicola living on Gulf of Mexico methane hydrates according to
stable isotope measurements (3). Although we were unable to determine worm food
sources in this study, prey species likely take advantage of compounds that provide
more metabolic energy than methane. Gas hydrates can be rich in H2S, hydrocarbons,
ethane, propane, iso-butane, butane, and pentane (2, 7, 11). Furthermore, rates of an-
aerobic methane oxidation in the Gulf of Mexico are at least 2 orders of magnitude
lower than sulfate reduction rates (7).

These samples were analyzed for RNA, protein, and long-read DNA sequences to
extend the MAG analysis here, but the data quality was unsatisfactory. Therefore, future
sampling and, if possible, culture isolation and feeding experiments are needed to provide
robust functional inferences. However, S. methanicola is difficult to obtain. We attempted
to collect more samples from GC234 in June 2021 but only small methane hydrates devoid
of S. methanicola were observed. Therefore, the data sets provided in this report (Data Set
S2 to S8) provide a rare opportunity for further metagenomic mining. For example,
sequences were assigned to almost 200 bacterial families (Data Set S3), although the main
text reviews only about 10 of the most dominant families (Table S3).

The S. methanicola microbiome contained both sulfur oxidation and reduction
pathways, suggesting syntrophic microbial sulfur cycling. Such pathways are known in
marine sediments and animal symbionts (34–36). From the perspective of comparative
biology, S. methanicola provides an organism of interest given that dysbiosis is associ-
ated with sulfur compound cycling in the human gut (37). Gut microbiomes are known
to cluster with host diet (38) and trophic levels (39). It thus follows that although the
life history of the methane ice worm is novel, its microbiome could provide insight into
the biology of other deep-sea species. Notably, high abundances of Sulfurospirillum
were reported in the gut of the hydrothermal vent crab Austinograea sp. (40), which is
also known to feed on bacteria (41). Overall, these data encourage further studies to
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confirm the metabolism and feeding behavior of S. methanicola, roles of gut bacteria,
and species interactions within this unconventional ecosystem.

MATERIALS ANDMETHODS
Sample collection and processing. Live S. methanicola was collected from a methane hydrate

located at a depth of 542.8 m in the Green Canyon area (GC234) of the Gulf of Mexico (27°44.7526’ N,
91°13.3168’ W) (Fig. 1). Specimens were retrieved using the manipulator arm of the crewed Johnson Sea-
Link II submersible during Dive number 3751 (October 3, 2009, 10:31 am UTC, operated by Harbor
Branch Oceanographic Institute, Fort Pierce, FL, USA) and brought on board the R/V Seward Johnson
during cruise SJ-2009-GOM. Worms were rinsed with 0.2-mm filtered seawater before aseptic dissection
to expose the worm gut but were otherwise untreated with antiseptics and antibiotics and therefore
not considered axenic. Gut contents were extracted with a sterile syringe and worm fragments left over
from the dissection were also saved (Fig. 2 and Table S1), with details provided in Supplemental File 1.
The method of dissection was such that the two libraries were not expected to be strictly constrained to
“gut” or “non-gut” sequences (e.g., the worm fragment library likely contained gut tissues). All samples
were stored at 280°C until DNA extraction and library preparation, as described in Supplemental File 1.
Subsequent attempts to obtain more specimens, most recently in June 2021, were not successful.

Read-based taxonomic classification. Reads from the HiSeq shotgun metagenomic libraries (Table
S1) were analyzed by a variety of bioinformatics tools (Table S2). Briefly, reads from each library were
assembled separately using the default parameters of SPAdes implemented in phyloFlash v3.4 (42) with
the taxonomy of the extracted full-length small subunit (SSU) rRNA sequences checked by NCBI mega-
blast. Reads that failed to assemble were subsequently mapped to SILVA (12) as part of the phyloFlash
pipeline (Data Set S3). Reads also were mapped to 14 single-copy marker genes using SingleM v0.13.2
(Data Set S6). Three custom databases were built from pmoA, mcrA, or 16S rRNA sequences of uncul-
tured taxa from methane hydrate and seep studies, with annotation for 16S rRNA sequences enhanced
by QIIME2 analysis (Data Set S4). Magic-BLAST v1.5.0 (Table S2) was used to map paired-end reads to
these mapping databases (Data Set S5).

Metagenomic assembly and characterization.Metagenomic assembly, binning, taxonomic classifi-
cation, and read recruitment methods are detailed in Supplemental File 1. Briefly, each metagenomic
library was individually assembled using MEGAHIT (43) and quality-checked with anvi’o (44) and CheckM
(45). MAGs were taxonomically classified using the Genome Taxonomy Database toolkit GTDB-tk (46)
and a phylogenomic tree was constructed with genomes downloaded from NCBI. MAG pairwise amino
acid identities (AAIs) were calculated using CompareM. Read recruitment was estimated by mapping
against MAG databases built from (i) this study, (ii) methane hydrate sediments (17), (iii) freshwater
Methanoperedens (methane-oxidizing archaea) and associated extrachromosomal elements (47), and (iv)
a concatenation of these three sets of sequences (Data Set S2).

(i) MAG functional annotation. As detailed in Table S2, metagenomes were annotated with a vari-
ety of tools, including METABOLIC v4.0 (48), anvi’o (44), and the classicRAST annotation scheme (49),
with annotations verified using web BLAST (50) searches against the NCBI nonredundant protein and
nucleotide (nr/nt) databases (51). Manual annotation was also used to identify metabolic genes in S. metha-
nicola-associated MAGs. Reference protein sequences curated from uncultured and cultured Sulfurospirillum
genomes (14) and those from the alkylsuccinate synthase clusters in Desulfatibacillum aliphaticivorans AK-01
(52) were queried against protein sequences predicted from S. methanicola-associated MAGs using local
BLASTp searches with a percentage identity cutoff of 30% and E value cutoff of 1 � 1026. Other genes
involved in the “Aromatics degradation” KEGG pathway module were identified using ghostKOALA (Table S2)
and their annotations were similarly verified using web BLAST (50) searches. RAST was used to identify
the Desulfatibacillum aliphaticivorans AK-01 (52) genome relative (NCBI accession number NC_011768)
of nif gene clusters and their corresponding positions in S. methanicola-associated MAGs (Fig. S2).
Pathways and gene functions were curated using the MetaCyc metabolic pathway database (53).

Data availability. Sequenced reads, full-length SSU sequences, metagenomes, and MAG assemblies
were deposited in NCBI under the BioProject ID PRJNA689840.
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