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Summary

Bacteroidetes VC2.1 Bac22 (referred to as VC2.1) is
an uncultured clade that is widely distributed in
marine ecosystems, including hydrothermal vents,
oxygen-minimum zones and other anoxic, sulfide-
rich environments. However, the lack of cultured rep-
resentatives and sequenced genomes of VC2.1 limit
our understanding of its physiology, metabolism and
ecological functions. Here, we obtained a stable co-
culture of VC2.1 with autotrophic microbes by esta-
blishing an autotrophy-based enrichment from a
hydrothermal vent chimney sample. We recovered a
high-quality metagenome-assembled genome (MAG)
that belonged to VC2.1. Phylogenetic analyses of
both 16S rRNA genes and conserved protein markers
suggested that VC2.1 belongs to a novel order in the
Bacteroidetes phylum, which we named Candidatus
Sulfidibacteriales. The metabolic reconstruction of
this MAG indicated that VC2.1 could utilize polysac-
charides, protein polymers and fatty acids as well as
flexibly obtain energy via NO/N,O reduction and poly-
sulfide reduction. Our results reveal the ecological
potential of this novel Bacteroidetes for complex
organic carbons mineralization and N,O sinks in
deep-sea hydrothermal vents. Furthermore, guided
by the genome information, we designed a new cul-
ture medium in which starch, ammonium and
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polysulfide were used as the carbon source, nitrogen
source and electron acceptor respectively, to isolate
VC2.1 successfully.

Introduction

Bacteroidetes are the third most abundant bacterial group
in the ocean, following by Proteobacteria and Cyano-
bacteria (Fernandez-Goémez et al., 2013). This group is
widespread in marine systems around the world, exhibits
strong environmental adaptability and accounts for a
large proportion of marine plankton (Kirchman, 2002;
Pommier et al., 2007). In marine environments, Bacte-
roidetes are generally believed to prefer to attach to the
surface of particles or algae cells and specialize in the
degradation of compounds with high molecular weights
(e.g. protein polymers, polysaccharides, etc.) by using a
large number of genes related to peptidases, glycoside
hydrolases (GHs) and glycosyltransferases (Suter
et al., 2018; Unfried et al., 2018; Kriiger et al., 2019).
Therefore, they are an important contributor to the miner-
alization of complex organic substrates such as proteins
and polysaccharides (Kabisch et al., 2014; Reintjes
etal., 2017).

Compared to the number of studies on Bacteroidetes
living in the human gut or surface marine environments,
many fewer studies have investigated deep-sea Bacte-
roidetes groups, especially those living in oxygen-
deficient zones. VC2.1 was first reported from a hydro-
thermal vent in the Mid-Atlantic Ridge (Reysenbach
et al., 2000). It was named after the first clone found in
this group, VC2.1 Bac22 (NCBI accession: AF068798),
which was discovered during a diversity analysis of a
chimney cap placed in situ for 5 days on a hydrothermal
vent at which the temperature fell from 70°C to 20°C.
Another study on the East Pacific Rise found that VC2.1
was dominant in inactive hydrothermal sulfide chimney
samples, accounting for 17% of all clones, and was
detected in six of seven samples (Sylvan et al., 2012). In
a post-eruption ‘snowblower’ vent at Juan de Fuca
Ridge, VC2.1 was more abundant in the white floc inside
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the venting orifice than in the diffused fluid (Meyer
et al., 2013), which indicates their preference for a
particle-associated lifestyle. The phylogenetic analysis of
the 16S rBNA genes in these clone libraries showed that
these Bacteroidetes formed an independent clade in the
Bacteroidetes phylum. Sequences of this clade were
found only in samples from sulfide-rich environments, so
it was named ‘Sulfiphilic Bacteroidetes’, and it was
assumed that this clade requires reduced sulfur for its
growth (Sylvan et al., 2013). To date, in the Silva data-
base, VC2.1 is still an uncultured order in the Bacte-
roidetes phylum; VC2.1 is detected mainly in inactive
sulfide environments or sulfide-rich environments
(e.g. active hydrothermal vents, oxygen-minimum zones,
sediments) (Reysenbach et al., 2000; Sievert
et al., 2000; Alain et al., 2002; Teske et al., 2002; Dhillon
et al., 2003; Alain et al., 2004; Walsh et al., 2009; Lanzén
et al., 2011; Sylvan et al., 2012; Wright et al., 2012;
Meyer et al., 2013; Sylvan et al., 2013; Kato et al., 2015;
Steinle et al., 2018). Despite extensive observations of
VC2.1, cultivations and related genomic information have
not yet been successfully obtained, limiting our under-
standing of the metabolic characteristics and ecological
functions of VC2.1.

In this study, we incorporated environmentally simu-
lated cultivation and non-cultivated metagenomics analy-
sis to analyse samples from deep-sea hydrothermal
vents. Then, we classified VC2.1 as a new order in the
Bacteroidetes phylum. Metabolic reconstruction based on
the MAG of VC2.1 revealed its variable and flexible meta-
bolic capabilities with regard to both substrate utilization
(e.g. polysaccharides, proteins, fatty acids) and energy
processes (e.g. sulfur reduction, nitric oxide, nitrous oxide
reduction). Furthermore, guided by the metagenomic
analysis, we successfully isolated VC2.1, and
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Fig. 1. Microbial community composition of the chemoautotrophic
enrichment community at the genus level. Coloured bars indicate the
percentage of the designated group within each sample. Only those
classes with Desulfurobacterium, Bacteroidetes; o_VC2.1 Bac22;
g_uncultured, Caldithrix, Oceanithermus and Hydrogenimonas are
listed. The remaining sequences are combined in the ‘Others’ cate-
gory. Labels: Chimney, the chimney sample; CH8-50C-S0, original
chemoautotrophic enrichment; CH8-50C-S1 (to CH8-50C-S5), the
first (to fifth) subcultures transferred from the original chemoautotro-
phic enrichment.
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experimentally measured its physiological utilization of
various carbon sources and electron acceptors. In this
work, we obtained a stable co-culture and an isolate of
VC2.1, and shed light on the ecological potentials of
VC2.1 for carbon, nitrogen and sulfur cycling in deep-sea
hydrothermal vents.

Results
Establish a stable Bacteroidetes-containing community

The original sample was collected on the East Pacific
Rise from an active black smoker chimney emitting
hydrothermal fluid at a temperature of 231°C. A chemo-
autotrophic  enrichment environment was initially
established to simulate the natural environment
according to the chemoautotrophy-based features of the
hydrothermal vent ecosystem (Sievert and
Vetriani, 2012). We successfully performed the original
enrichment at 50°C. Then, a five-round transfer was car-
ried out in the same chemoautotrophic medium under
strictly anaerobic conditions until the maximum cell num-
ber reached ~1 x 108 cells mlI~'. We monitored and
ensured the stability of the microbial community composi-
tion by amplicon sequencing (Fig. 1). The results
suggested that autotrophic Campylobacterota (formerly
Epsilonproteobacteria) (Waite et al., 2017) and Aquificae
and heterotrophic Calditrichaeota, Deinococcus-Thermus
and Bacteroidetes were the main taxa co-clustered in the
enriched culture. In the original chimney sample, the
above autotrophic groups accounted for 31%, and the
above heterotrophic groups accounted for 5% of the bac-
terial community. After enrichment under chemoautotro-
phic conditions, the relative abundance of autotrophic
microbes increased to 78.0%—98.6%, especially that of
Hydrogenimonas in Campylobacterota (up to 94.8%).
The heterotrophic bacteria made up 0.6%—-21.3% of the
total community, of which uncultured VC2.1 accounted
for 0.5%—10.3%.

Recovery of population genomes from the metagenomic
dataset

To uncover the metabolic characteristics of VC2.1 and
the metabolic interactions of the chemoautotrophic com-
munity, the enriched culture was subjected to meta-
genomic sequencing after the fifth round of enrichment.
After sequencing quality controls, 158 301 658 paired
reads (~44 Gb of 2 x 150 bp lllumina reads) were
assembled and binned (see Experimental procedures).
Six MAGs were obtained from the metagenomic dataset
(Table 1). All six MAGs had completeness ranging from
84.92% to 99.58%, and contamination ranging from
0.54% to 2.44%. The size of six MAGs ranged from 1.2
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Table 1. Statistical summary of the chemoautotrophic enrichment genomes.

Bin ID Bin1 Bin2 Bin3 Bin4 Bin5 Bin6
Completeness (%)® 99.58 98.97 84.92 96.77 97.74 91.49
Contamination (%) 1.22 2.44 1.27 0.54 1.1 2.13
Strain heterogeneity 0 0 33.33 0 0 0
(%)
Genome size (bp) 2 337 999 2215757 1271657 3185313 3452875 2063629
Relative abundance 75.82 7.16 0.05 1.40 8.16 4.27
(%)
GC (%) 58.94 55.16 39.61 42.42 46.75 63.43
Scaffolds 9 20 137 53 300 44
Longest scaffold 847 476 375 431 46 100 331 799 97 907 194 083
(bp)
N50 (scaffolds) (bp) 637 680 165018 17 513 107 512 17 770 71768
Predicted genes 2295 2186 1421 2578 2817 2014
Coding density (%) 93.84 93.33 94.72 89.58 89.35 91.88
5S rRNA genes 1 - 1 1 - 1
16S rRNA genes 1 - 1 1 - 1
23S rRNA genes 1 - 1 1 - -
tRNA genes 45 44 41 46 36 43
Taxonomy Hydrogenimonas  Hydrogenimonas  Desulfurobacterium  Bacteroidetes VC2.1 Caldithrix ~ Oceanithermus
Bac22
predOGT (°C)° 52.41 51.23 65.34 38.37 53.89 50.43

3Genome completeness, contamination and strain heterogeneity were determined by CheckM.
POptimal growth temperature predicted by machine learning software (Tome).

to 3.3 Mb, and the GC content ranged from 39.61% to
63.43% (Table 1). By mapping the clean reads to the
binned genomes, the sum of sequences in these six
MAGs covered 96.86% of the total metagenomic reads,
which indicated that these six MAGs represented the
enriched community well. The relative abundance of the
autotrophic groups (Bin 1, Bin 2, Bin 3) was 83.03%, and
Bin 1 accounted for up to 75.82% of the total reads. How-
ever, heterotrophic microbes (Bin 4, Bin 5, Bin 6)
accounted for 13.83% of the total reads. The ratio of
autotrophy to heterotrophy (83.03%/13.83%) is compati-
ble with the ratio estimated by the amplicon sequencing
described above (91.74%/7.94%). Among six MAGs,
three (i.e. Bin1, Bin4, Bin6) matched the high-quality
standard according to Minimum Information about a
Metagenome-Assembled Genome (Bowers et al., 2017).
Among them, the 16S rRNA gene of Bin 4 indicated that
it belonged to VC2.1. The size of Bin 4 was
3 185313 bp, with 96.77% completeness and 0.54%
contamination.

Phylogenetic classification of VC2.1

The phylogenetic affiliations of the enriched genomes
were examined first by analysing the full-length 16S
rRNA gene sequences in the bins. The phylogenetic
analysis of the 16S rRNA genes revealed that Bin 4 was
distinct from all known Bacteroidetes orders containing
cultured representatives (Fig. 2A) but was affiliated with
the uncultured order-level lineage VC2.1 (Fig. 2B). The
phylogeny showed that some VC2.1 sequences in the

Silva 132 database belonged to a novel, order-level line-
age. We temporarily named this novel order-level clade
after Bacteroidetes GBS-CoSAG_01, which is the first
reported genome in this order (Doud et al., 2019). All
known sequences in this clade were obtained from ter-
restrial environments (Fig. S1). However, the sequences
in VC2.1 were obtained mostly from marine environments
(Fig. 2B). Comparing the sequence similarity by BLASTn,
the closest cultured representative to Bin 4 was
Wandonia haliotis NBRC 105642, with 88.58% nucleotide
identity (Table S1). This identity is lower than the median
sequence identity for novel orders (Yarza et al., 2014),
suggesting that Bin 4 represents a novel order. Bin 4 was
also close to the first reported clone in this order, VC2.1
Bac22 (OTU12 in Fig. 2B, 95.45% identity) (Reysenbach
et al., 2000). The sequence similarity of the 16S rRNA
gene sequences in VC2.1 ranged from 83% to 97%
(Table S2), indicating the high diversity in this group.

An analysis based on 43 universally conserved protein
sequences further supported that Bin 4 formed a robustly
monophyletic group that was distinct from all cultured
Bacteroidetes orders (Fig. 3). The average amino acid
identity (AAI) of Bin 4 against representative genomes of
cultured Bacteroidetes orders ranged from 48.55% to
56.27% (Table S3), which also suggested that Bin 4 rep-
resents a novel order (Konstantinidis and Tiedje, 2005a;
Hugenholtz et al., 2016). Overall, the phylogenetic ana-
lyses of both the 16S rRBNA gene and the
43 concatenated markers confirmed Bin 4 as a novel
order in the Bacteroidetes phylum. Herein, we propose
the name ‘Candidatus Sulfidibacterium hydrothermale’
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MOEN01000057 Desuifurobacterium indicum
/AY268939 Desulfurobacterium atlanticum
'AY268936 Desulfurobacterium pacificum
AAJ316619 Thermovibrio ruber

HQ336972 Phorcysia thermohydrogeniphila
'AJ001049 Desulfurobacterium thermolithotrophum
/AB079382 Marinithermus hydrothermalis
CP002042 Meiothermus silvanus

Bin6 16S rRNA gene

'AJ430586 Oceanithermus profundus

AAB107956 Oceanithermus desulfurans

AB175499 Nitratiruptor tergarcus

/AB252048 Sulfurimonas paralvinellae

/AB088431 Sulfurimonas autotrophica
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AB105048 Hydrogenimonas thermophila
LC430224 1 Hydrogenimonas sp MAG

JN874194 1 East Pacific Rise hydrothermal plumes
/AF420342 1 Guaymas Basin hydrothermal vent sediments Loy
Bin1 16S rRNA gene

DQ228656 1 Sulfidemicrobial incubator

KX225427 1 Calorithrix insularis strain KR

scaffoldNODE_1833

NR 116885 1 Caldithrix palaeochoryensis strain MC

NR 028969 1 Caldithrix abyssi strain LF13.
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0OTU62 JX225699 Subsurface aquifer sediment
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OTU11 AB980073 Gut of deep-sea crab Shinkaia crosnieri
OTUS JQ036285 Hydrate Ridge sediment
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OTU51 HO703799 Lianyungang marine sediment
0TU44 GQ261811 Deep sea sediment associated with whale falls
OTU72 KX177375 Pyrrhoﬂle sediment from Big Fisherman Cove Catalina Island, USA
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OTU19 AM040098 Sandy intertidal sediments in the Wadden Sea OTUS
0OTU24 DQ351801 Heavy metal contaminated marine sedlmen(s
OTU58 JQ580019 Oilpolluted subtidal sediments from Figueiras Beach
OTg?LEéJZEBU géol\ggtl‘s\a‘ne ?eep seeddlmen( V;Om ETeI River Basin, USA o Th h | h d h
4 iliciclastic sediment from Thalassia sea grass bed
8]"_8%% ﬁm%%ggg Maggrcv;zedlmen( from Shenzhen Futian, China 97%. e p y Ogeny showe that
ydrate Ridge sediment : H
OTU4 JF344507 Oilpolluted subtidal sediments from Figueiras Beach some V02'1 Sequences in the Sllva
OTU16 AF419688 Hydrothermal sediments in the Guaymas Basin
OTU64 JX225861 Subsurface aquifer sediment

AF382107 Bacterioplankton sorting during a transatlantic cruise
OTU34 FJ49741 3 Vailuluu Seamount
OTU33 FJ497403 Vailuluu Seamount
OTU56 JQ287066 Inactive hydrothermal sulfides from East Pacific Rise
OTU13 AF382098 Bacterioplankton sorting during a transatlantic cruise
OTU3 FLOH01000002 Marine water metagenome
OTU35 FJ628176 Brackish water from anoxic fiord Nltlnal Lake

OTU23 AY280418 Sulfide chimney from Juan de Fuca Ridge
Saprospirales 'ﬂETUBE FN554147 Surface sediments of Logatchev hydrolhermal vent field
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Fig. 2. Maximum-likelihood phylog-
eny of the 16S rRNA genes.

A. Phylogeny of the enriched chemo-
autotrophic community. The refer-
ence sequences of Bacteroidetes
VC2.1 Bac22 (Ca. Sulfidibacteriales)
were downloaded from the Silva data-
base (Silva 132), sequences smaller
than 1400 bp were filtered out, and
were identified from the
remaining sequences with a cut-off of

132 database belonged to a novel
order-level lineage, and we temporar-
ily named this lineage Bacteroidetes
GBS-CoSAG_01.

B. Phylogeny of Bacteroidetes VC2.1
Bac22. The tree was inferred with 1Q-

Bacteroidetes GBS-CoSAG_01

Sulfidibacteriales Aquifacae
Flavobacteriales Deinococcus-Thermus B.n(i 16S rRNA
Marinilabiliales Campylobacterota
. Calditrichaeota
Bacteroidales .
Bacteroidetes
Tree scale:0.1 — @ 285% @ 270% Tree scale: 0.1 —

gen. nov., sp. nov. for Bin 4, referring to its occurrence in
sulfidic habitats, and its geographical origin from a hydro-
thermal vent on the East Pacific Rise, and the name
‘Candidatus Sulfidibacteriales’ ord. nov. for the lineage
previously known as Bacteroidetes VC2.1 Bac22.

Metabolic capabilities of Ca. S. hydrothermale

Carbon metabolism. Bacteroidetes are well known for
their metabolic diversity with the ability to degrade carbo-
hydrates and other complex organic compounds through
respiration or fermentation. A similar diverse capability
was observed in the genome of Ca. S. hydrothermale.
Genes involved in glycolysis, the gluconeogenesis path-
way, the TCA cycle and the pentose phosphate pathway
were all identified (Fig. 4), as well as numerous genes
involved in other sugar metabolism, including mannose
metabolism (mannose-1-phosphate guanylyltransferase,
mannose-6-phosphate isomerase, pho-
sphomannomutase), fructose metabolism (fructokinase),
cellulose degradation (beta-glucosidase) and starch
metabolism (alpha-amylase, TonB-dependent starch-
binding outer membrane protein (susC), starch-binding
outer membrane protein (susD) (Tables S4, S5). In addi-
tion, genes involved in fatty acid degradation (acyl-CoA
dehydrogenase, 3-hydroxybutyryl-CoA dehydrogenase,
acetyl-CoA acyltransferase) were identified in the
genome of Ca. S. hydrothermale (Table S4). Further-
more, peptidase-related genes (Table S6) were also
detected in the genome, indicating the potential for pro-
tein hydrolysis by Ca. S. hydrothermale. In addition,
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OTU8 ABH}OOUQ Inactive hydrothermal vent chimneys from Indian Ocean Ridge
OTUB6 KC682635 Inactive hydrothermal sulfide chimney from Lau Basin
OTUS57 JQ287396 Inactive hydrothermal sulfides from East Pacific Rise

OTU1 JQ287421 Inactive hydrothermal sulfides from East Pacific Rise

® 270% ® 250%

genes identified as being involved in acetate metabolism
(phosphate acetyltransferase, acetate kinase, acetyl-CoA
synthetase, acetate-CoA ligase) revealed that Ca.
S. hydrothermale may gain ATP by producing acetate.

Nitrogen and sulfur metabolism. The genome of Ca.
S. hydrothermale revealed the possibility of utilizing vari-
ous electron acceptors, especially nitrogen and sulfur
compounds, to gain energy. The results also suggested
the potential function of Ca. S. hydrothermale is related
to N and S cycling in situ. Ca. S. hydrothermale contains
norB and nosZ genes, which are involved in the denitrifi-
cation pathway. The gene encodes nitric oxide reductase
(Nor), which is an iron-containing enzyme that catalyses
the reduction of nitric oxide (NO) to nitrous oxide (N»O)
(Hino et al., 2010). Nitrous oxide reductases (Nos) catal-
yse the two-electron reduction of N,O to N, (Brown
et al., 2000). Moreover, an ammonium transporter gene
(amt) was also detected in the genome, which suggests
that Ca. S. hydrothermale may assimilate ammonium as
a nitrogen source for biosynthesis. Genes for assimilatory
sulfate reduction (cysNC, cysD, cysC, cysH) were also
identified in Ca. S. hydrothermale. Other sulfur-related
genes identified in the genome included polysulfide
reductase chain A (psrA) and sulfide:quinone oxidore-
ductase (sqr). Polysulfide reductase could be a key
energy-conserving enzyme in the respiratory chain, using
polysulfide as the terminal electron acceptor and
pumping protons across the membrane (Jormakka
et al., 2008). Sulfide:quinone oxidoreductase is a flavo-
protein with homologues in all domains of life except

© 2022 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 24, 2484—2501
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Fig. 4. Schematic diagram of the key metabolic pathways in Ca.
S. hydrothermale. Ca. S. hydrothermale exhibits complete glycolysis,
the TCA cycle, and the PP pathway and can utilize organic sub-
stances such as glycans, maltose, fructose, oligopeptides and fatty
acids. The list of the annotated genes is provided in Table S4.
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GCA 003978935.1 Desulfurobacterium sp. MAG156

GCA 010588305.1 Desulfurobacterium thermolithotrophum HR11

GCA 000191045.1 Desulfurobacterium thermolithotrophum DSM 11699
GCA 004339575.1 Phorcysia thermohydrogeniphila DSM 24425

GCA 900182585.1 Balnearium lithotrophicum DSM 16304

GCA 000185805.1 Thermovibrio ammonificans HB-1

GCA 003633715.1 Thermovibrio guaymasensis DSM 15521

GCA 000010325.1 Nitratiruptor sp. SB155-2

GCA 900176045.1 Nitratiruptor tergarcus DSM 16512

GCA 003945285.1 Hydrogenimonas sp. MAG

GCA 003978765.1 Hydrogenimonas sp. isolate MAG80
GCA 900115615.1 Hydrogenimonas thermophila EP1-55-1
GCA 000012965.1 Sulfurimonas denitrificans DSM 1251
GCA 000147355.1 Sulfurimonas autotrophica DSM 16294
GCA 000186245.1 Nitratifractor salsuginis DSM 16511

GCA 000987835.1 Sulfurovum lithotrophicum ATCC BAA-797
GCA 000010345.1 Sulfurovum sp. NBC37-1

GCA 000195335.1 Marinithermus hydrothermalis DSM 14884
Bin6

GCA 000183745.1 Oceanithermus profundus DSM 14977
GCA 014201675.1 Oceanithermus desulfurans DSM 15757

Fig. 3. Phylogenomic tree of Bacte-
roidetes VC2.1 Bac22 and other che-
moautotrophic enrichment bacteria. A
phylogenomic tree of 43 concatenated
conserved proteins was inferred with
IQ-TREE with the ‘-MFP’ option for
best-fit model selection and 1000
ultrafast bootstrap replicates. Boot-
strap support values =95% are shown
as black circles on nodes; bootstrap
support values =70% are shown as
grey circles on nodes. The scale bar
represents 0.1 amino acid substitu-
tions per sequence position.
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GCA 003696775.1 Calditrichaeota bacterium Isolate J004

GCA 011051485.1 Caldithrix abyssi Isolate HyVt-456

GCA 011375365.1 Caldithrix abyssi Isolate HyVt-460

Aquifacae
Campylobacterota
Deinococcus-Thermus
Calditrichaeota
Bacteroidetes

plants that play a physiological role in both sulfide detoxi-
fication and energy transduction (Marcia et al., 2009).

Oxygen and arsenic metabolism. Although the experi-
mental conditions were anaerobic, oxygen-respiration
related genes of cytochrome bd oxidase (cydA, cydB)
were still detected. Cytochrome bd oxidase is a respira-
tory oxidase found only in prokaryotes. The enzyme is
reportedly characterized by a high affinity for O,; accord-
ingly, it is preferentially expressed under low-O, stress
(Giuffre et al., 2014), which indicates the capacity for Ca.
S. hydrothermale to grow microaerobically. This capacity
allows this type of bacteria to live in habitats where the
reduced hydrothermal fluid and the oxidized seawater
are irregularly and nonuniformly mixed. Elevated concen-
trations of potentially toxic heavy metals, such as arsenic,
are present in hydrothermal vents, leading to the devel-
opment of heavy metal resistance in the resident
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Fig. 5. Schematic diagram of the microbial metabolic network in the chemoautotrophic enrichment community. A dotted line indicates that a gene
was not identified. GH, glycoside hydrolase; Pt, peptidase; TCA, tricarboxylic acid cycle; rTCA, reverse tricarboxylic acid cycle; PP pathway, pen-
tose phosphate pathway. The other gene names are provided in Table S7. Blue arrows indicate the exchange of glycans and proteins. Black
arrows indicate the exchange of CO,. Red arrows indicate the exchange of N,O and NO. Green arrows indicate the exchange of No.

microbiota (Patwardhan et al., 2020). Genes involved in
the detoxification of arsenate (arsC) were identified in the
Ca. S. hydrothermale genome. Arsenate detoxification is
catalysed by reductases (ArsC), with homology to the
glutaredoxin family (ArsC1), to low-molecular-weight
phosphatases (ArsC2) (Chen et al., 2020). The genome
of Ca. S. hydrothermale contains both ArsC1 and ArsC2
as well as the arsenite-transporting ATPase (ArsA),
suggesting its capacity to reduce arsenic to arsenite and
then transport arsenite out of the cell with the ArsA
transporter.

Metabolic interactions in the enriched microecosystem

We further constructed the metabolic network of the
enriched microecosystem to investigate the potential met-
abolic interactions between autotrophic and heterotrophic
microorganisms based on metagenome analysis (Fig. 5).
The autotrophs in the enriched microecosystem were

Hydrogenomonas and Desulfurobacterium, which belong
to ecologically significant autotrophic groups Cam-
pylobacterota and Aquificae respectively, in hydrothermal
vents (Nakagawa and Takai, 2008). Hydrogenomonas
isolations were reported to be chemolithoautotrophs
capable of using molecular hydrogen as the sole energy
source and molecular oxygen, nitrate or sulfur species
(S,0527, S° as electron acceptors to support growth
(Mino et al., 2021). Our enriched Hydrogenomonas
shows the same capability in the genome for both carbon
fixation and electron  donors/acceptors.  Des-
ulfurobacterium strains were reported to be able to oxi-
dize hydrogen with the reduction of nitrate or sulfur
species (S,05°~, SO527, S°) (Cao et al., 2017). However,
the enriched Desulfurobacterium in this study was anno-
tated only to be a sulfur reducer. For the heterotrophs in
the enriched microecosystem, Caldithrix and
Oceanithermus were the other two groups besides Bac-
teroidetes mentioned above (Mori et al., 2004;
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Miroshnichenko et al., 2010). Both Caldithrix and
Oceanithermus show the potential to utilize both sulfur
and nitrate as electron acceptors to degrade proteins and
glycans (Fig. 5).

In the enriched microecosystem, for carbon cycling, extra-
cellular polysaccharides, proteins and other organic matter
secreted by autotrophic microorganisms, along with the cell
contents released after the death of bacteria, can be utilized
by co-cultured heterotrophic microorganisms. Carbon diox-
ide produced by heterotrophic microorganisms during the
degradation of this organic matter can be used as a carbon
source for autotrophy. Nitrogen and sulfur cycling seems to
be the main drivers of energetic processes in the enriched
ecosystem. The presence of sufficient nitrate in the enrich-
ment medium resulted in an abundance of genes related to
nitrogen metabolism in the enriched community. Ca.
S. hydrothermale can reduce the accumulation of intermedi-
ates (nitric oxide and nitrous oxide) produced by the co-
cultured microbes (i.e. Hydrogenomonas, Caldithrix and
Oceanithermus) during incomplete denitrification by conver-
ting these compounds to N,. And N, can be further
immobilized by Desulfurobacterium to generate ammonia to
complete the nitrogen cycle (Fig. 5; Table S7). For sulfur
cycling, all microbes in the enriched microecosystem can
reduce polysulfide to H,S via various enzymes: polysulfide
reductase chain A (PsrA), sulthydrogenase (Hyd)
(Ma et al., 1993; Jormakka et al., 2008) (Fig. 5; Table S7).
Besides the polysulfide respiration, polysulfide can also be
used as an electron donor. In the genome of Hydro-
genomonas, the predominant primary producer in the co-
culture, genes of both sulfide oxidation (Sqr), nitrate and
oxygen reduction have been identified (Fig. 5), which indi-
cated a potential coupling of the sulfide oxidation with nitrate
or/and oxygen reduction. This Sqgr-involved sulfide oxidation
with nitrate was also proposed in a chemolithotrophic
Deltaproteobacterium Desulfurivibrio alkaliphilus (Thorup
et al., 2017). In conclusion, the metabolic complementarity
of these microbes allowed substrates to be fully recycled in
the enriched community; Ca. S. hydrothermale potentially
plays an essential role in both the C, N and S cycles in the
microecosystem.

Metagenome-guided isolation of Ca. S. hydrothermale

Starting from the stable co-culture of VC2.1 with auto-
trophs, we further modified the carbon and nitrogen
sources in the medium and cultivation temperature to iso-
late Ca. S. hydrothermale based on information from meta-
genomic analysis (Fig. 6A). The genome annotation of Ca.
S. hydrothermale revealed its capability to utilize polysac-
charides (starch, mannan, etc.) as the carbon source and
polysulfide as the electron acceptor. The incomplete deni-
trification pathway of Ca. S. hydrothermale suggested that
nitrate is not an electron acceptor for the growth of Ca.

S. hydrothermale. However, the presence of the ammo-
nium transporter gene suggested ammonium as a possible
nitrogen source. Furthermore, a machine learning model
predicted that the optimal growth temperature for Ca.
S. hydrothermale was 38°C based on its genome (see
Experimental procedures) (Table 1). According to the
above information, we designed a new modification for
SME medium (see Experimental procedures) that involved
removing nitrate and adding starch as the sole carbon
source, polysulfide as the electron acceptor and ammo-
nium as the nitrogen source. This medium was solidified
with 1.5% (wt./vol.) agar in anaerobic rolling tubes. Then,
the chemoautotrophic community enriched at 37°C was
transferred to the prepared rolling tubes and incubated at
37°C. Seven days later, single colonies had grown on the
solid medium; they were 1.0-2.0 mm in diameter, circular,
flat and white (Fig. S2). We randomly picked five colonies
from around 10 total colonies, to identify the 16S rRNA
with the primer B27F/U1492R (DelLong, 1992). The 16S
rRNA gene sequencing results of all these five colonies
were the same as the 16S rRNA in MAG Bin4 (aligned
length 1347 bp), which is in the same clade as the repre-
sentative clone VC2.1 Bac22 (OTU12) based on the phy-
logenetic tree (Fig. 2B). After obtaining a single colony, the
purity of the culture was determined through both the 16S
rRNA gene sequencing results and morphological obser-
vation by electron microscopy. Ca. S. hydrothermale were
observed to be rod-shaped cells with a length of 1-5 pm
and a width of 0.4—-0.7 pm under an electron microscope,
and no flagella were observed (Fig. 6B). As gliding motility
is widespread among members of the phylum Bacte-
roidetes (McBride and Zhu, 2013), all reported genes in
Bacteroidetes encoding to gliding motility has been identi-
fied in the genome of Ca. S. hydrothermale (Table S4).
Moreover, the isolate was also observed motile under an
optical microscope. According to the above observations,
we reported the gliding motility of Ca. S. hydrothermale.
After purification, the complete genome of the isolate
was further obtained by both lllumina and Nanopore
sequencing (see Experimental procedures). The com-
plete genome is a single circular chromosome of
3 266 085 bp with an average GC content of 42.23%,
which is quite similar to Bin4 assembled from
metagenome (Table S8). The complete genome of the
isolate contains two rRNA gene operons and 47 tRNA
genes (Table S8). Comparison of the genome of the iso-
late and Bin4 shows that they belong to the same spe-
cies, with a 99.67% of 16S rRNA gene identity (aligned
length 1509 bp, there are five bases difference besides
the sequence of PCR results) and 99.04% of average
nucleotide identity (ANI) (Table S9), which are higher
than the cut-off of species definition (16S rRNA gene
identity >98.6% and ANl >95%) (Konstantinidis and
Tiedje, 2005b; Yarza et al., 2014). Furthermore, all the
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functional genes mentioned in this manuscript for Bin4
were confirmed in the complete genome of the isolate.
We further measure the utilization of various carbon
sources and electron acceptors in the isolate physiologi-
cally. The carbon source utilization experiments showed
that separately adding fructose, beef extract, yeast extract
and tryptone at a final concentration of 0.2% (wt./vol.)
supported the growth of the isolate on the solidified
medium in anaerobic rolling tubes. While no growth was
observed when b-glucose, sucrose, xylose, xylan, b-
cellobiose served as carbon sources. For electron accep-
tors, the presence of polysulfide significantly stimulated
the growth of the isolate (Table S10). During the growth of
the isolate, polysulfide was reduced to hydrogen sulfide
as detected by the GC-MS (Agilent Technologies 7890B-
5977B, see Experimental procedures). N,O (150 ppm)
was measured as another potential electron acceptor.
Compared to the negative controls without inoculation, all
N-O was completely consumed by the growth of the iso-
late as the GC-MS result showed. Whereas the group
with NO (100 ppm) supplied seemed to inhibit the growth
of the isolate, which had much fewer colonies than the
group with polysulfide or N,O (Table S10). Furthermore,

several colonies grew on the medium without any electron
acceptors, which demonstrated a fermentation growth
capability of the isolate. Taken all together, physiological
experiments agreed with the genomic analysis that Ca.
S. hydrothermale utilizes fructose, polysaccharides
(starch), protein-rich carbon sources (beef extract, yeast
extract and tryptone) and obtain energy via N,O reduc-
tion, and polysulfide reduction.

Discussion
Carbon metabolism of Ca. S. hydrothermale

Bacteroidetes from hydrothermal vents has been
reported to contain many genes related to extracellular
peptidases and GHs (Zhou et al., 2020). Polysaccharide
utilization-related proteins SusC and SusD exclusively
attributed to Bacteroidetes were identified in the meta-
proteomes of hydrothermal vent chimneys (Pjevac
et al., 2018; Meier et al., 2019), suggesting that Bacte-
roidetes were likely responsible for the utilization and
recycling of organic carbon compounds supplied by the
primary producers (Pjevac et al.,, 2018). In addition,
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Bacteroidetes from Guaymas Basin hydrothermal sedi-
ments was also reported to have the potential for fatty
acid degradation and anaerobic hydrocarbon degradation
(Dombrowski et al., 2017). Although many metabolic
capacities have been reported in Bacteroidetes from
hydrothermal vents, previous results were all based on
omics, the specific metabolic and ecological insights of
Ca. Sulfidibacteriales were still unclear. Our discovery
that Campylobacterota and Bacteroidetes were co-
cultured in chemoautotrophic enrichment indicated that in
hydrothermal vents, Ca. S. hydrothermale can live on the
organic carbon produced by autotrophic microorganisms,
surviving without organic matter sedimented from the sur-
face ocean.

Moreover, substrates interactions among autotrophic
Campylobacterota and heterotrophic Bacteroidetes were
also reported in situ in hydrothermal vents and subsurface
sediments (Handley et al., 2013; Stokke et al., 2015). Based
on our results, Ca. S. hydrothermale may be capable of
polysaccharide, protein and fatty acid degradation but not
hydrocarbon degradation. This indicates that Ca.
S. hydrothermale may play an important role in the minerali-
zation of complex organic substrates in hydrothermal vents.
Ca. S. hydrothermale in the deep-sea anaerobic zone may
adopt a ‘selfish’ carbon utilization strategy similar to that of
surface marine Bacteroidetes (Reintjes et al., 2019). Bacte-
roidetes from gut and surface marine have been experimen-
tally identified as carrying out a ‘selfish’ uptake strategy,
which is mechanically mediated by SusC/SusD (Cuskin
et al., 2015; Reintjes et al., 2017; Hehemann et al., 2019).
In this selfish carbon utilization strategy, high-molecular-
weight polysaccharides are first bound by SusD proteins,
hydrolysed to low-molecular-weight glycans, transported to
the periplasm with an integral membrane SusC-like TonB-
dependent transporter, where they are further degraded as
monosaccharides and disaccharides by various types of
GHs, and then transported into the cell for utilization
(Martens et al., 2009; Koropatkin et al., 2012). The genome
analysis of Ca. S. hydrothermale identified nine pairs of
SusC/SusD and several GHs (Tables S4, S11). The exis-
tence of these enzymes indicated that this selfish carbon
utilization strategy is also retained in Ca. S. hydrothermale
from the high-pressure and anaerobic environments. This
strategy can maximize the use of carbon sources while
requiring little to no production of extracellular hydrolysis
products (Reintjes et al., 2019); therefore, it can provide an
advantage in competition with other microorganisms that
secrete GHs extracellularly.

Energy metabolism flexibility of Ca. S. hydrothermale

Aerobic respiration produces far more energy than anaer-
obic respiration and anaerobic fermentation. For this rea-
son, Bacteroidetes living in the surface ocean, where

there is sufficient oxygen due to the mixing of ocean cur-
rents, prefer to produce energy via aerobic respiration.
However, Ca. S. hydrothermale lives in various anoxic
environments that are rich in sulfide, such as the anaero-
bic zone of deep-sea hydrothermal vents. Fluctuating
oxygen/redox gradients form around deep-sea hydrother-
mal vents due to the mixing of hydrothermal fluids (rich in
reduced substances) and the surrounding seawater (rich
in oxygen). Therefore, microorganisms living around
hydrothermal fluids are likely to be frequently exposed to
both aerobic and anaerobic conditions. In this case, the
ability to capture oxygen and utilize various electron
acceptors will help microbes obtain more energy and
enhance their adaptability. The genomic analysis results
suggest that, in order to obtain sufficient energy, Ca.
S. hydrothermale evolved a variety of energetic pathways
to utilize multiple electron acceptors (i.e. Oo, NO, N>O
and polysulfide). At the same time, due to the anaerobic
respiration of NO, NyO and polysulfide, Ca.
S. hydrothermale played a non-negligible role in N and S
cycling in situ. For N cycling, NoO and NO are important
products of the ammonia oxidation pathway and denitrifi-
cation under low-oxygen conditions (Zhu et al., 2013).
Abundant ammonia-oxidizing archaea and autotrophic
and heterotrophic microorganisms with denitrification abil-
ities thrive in deep-sea hydrothermal vents (Nakagawa
and Takai, 2008; Wang et al.,, 2009; Sievert and
Vetriani, 2012). The N,O and NO produced by these
microbes during metabolism can be an important energy
source for Ca. S. hydrothermale. NO can be reduced to
NoO by nitric oxide reductase (NorB), and then N,O is
reduced to N, catalysed by N,O reduction enzymes
(NosZ). The phylogeny of the NosZ protein has two dis-
tinct clades, clade | and clade Il (Sanford et al., 2012).
The half-saturation constant (Km) of clade Il NosZ for
N-O is much lower than that of clade I, indicating that
clade Il has a much higher affinity for NoO and that it
determines the N»,O sink capacity in a given environment
(Yoon et al., 2016). The phylogenetic analysis showed
that Ca. S. hydrothermale contains clade Il NosZ
(Fig. S3), which enables cells to utilize trace amounts of
N>O produced by other microbes in hydrothermal vents
and to play an important role as N;O sinks in hydrother-
mal vents. With regard to S cycling, there is plenty of
polysulfide in hydrothermal vents and oxygen-deficient
zones in the ocean (e.g. oxygen-minimum zones and the
subsurface of marine sediments) (Findlay et al., 2019;
Jorgensen et al., 2019). Polysulfides are supplied mainly
by the outflow of hydrothermal vents or formed by the oxi-
dation of sulfides generated by sulfate-reducing bacteria.
The genome of Ca. S. hydrothermale contains polysulfide
reductase (psrA), which allows it to use polysulfide to
gain energy. This observation also supports the previous
hypothesis that the growth of Ca. Sulfidibacteriales
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requires reduced sulfur (Sylvan et al., 2013). Overall, the
flexibility of Ca. S. hydrothermale, in terms of electron
acceptor utilization, increases its environmental adapt-
ability and is conducive to its ecological radiation in
marine anoxic environments.

Ecological potentials of Ca. Sulfidibacteriales in the
hydrothermal vents

Ca. Sulfidibacteriales are widely distributed in oxygen-
deficient zones in the ocean (e.g. hydrothermal vents,
oxygen-minimum zones, sediments) (Fig. 7A) and are
abundant in hydrothermal vents, especially in inactive
chimneys (Sylvan et al., 2012; Sylvan et al., 2013; Li
et al., 2017). The limited distribution of Ca.
Sulfidibacteriales in aerobic conditions indicated the dis-
ability for oxygen respiration. The oxygen-respiration
related enzyme in Ca. S. hydrothermale is only cyto-
chrome bd oxidase (CydA, CydB). It is reported that cyto-
chrome bd has a high affinity for O, and is highly

expressed under oxygen-limited conditions (Borisov
et al., 2011). Moreover, Ca. S. hydrothermale has the
potential of anaerobic respiration using polysulfide, NO,
NoO, thus facilitating Ca. S. hydrothermale to colonize
oxygen-deficient environments. In contrast, the aa3-type
cytochrome ¢ oxidase that functions under oxic condi-
tions (Fang et al, 2021) is absent in Ca.
S. hydrothermale, which may constrain Ca.
S. hydrothermale’s ecological distribution in areas with
higher oxygen levels. The genome of Ca.
S. hydrothermale reveals the potential contributions of
Ca. Sulfidibacteriales to carbon, nitrogen and sulfur
cycling in hydrothermal vents (Fig. 7B). As an important
heterotrophic decomposer, Ca. Sulfidibacteriales may
degrade polymers with high molecular weights and attach
to particulate organic carbon, which can induce the min-
eralization of complex organic carbon and particulate
organic carbon in hydrothermal vents. As a hot spot for
N>O production in the ocean, hydrothermal vents release
a large amount of greenhouse gases during the
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processes of denitrification and ammonia oxidation (Lilley
et al., 1982; Bange and Andreae, 1999; Kawagucci
et al., 2010). Ca. Sulfidibacteriales may play an important
role as an N,O sink to prevent emissions from hydrother-
mal vents. A large number of sulfur-oxidizing bacteria
thrive in hydrothermal vents, and the sulfide produced by
Ca. Sulfidibacteriales during the sulfur reduction process
can be used as an electron donor for sulfur-oxidizing bac-
teria. At the same time, the elemental sulfur produced by
sulfur-oxidizing bacteria can be used as an electron
acceptor by Ca. Sulfidibacteriales. This high-speed circu-
lation of electron carriers can allow microorganisms in
hydrothermal areas to obtain energy more efficiently.

Particle-associated lifestyle of Ca. S. hydrothermale

Interestingly, although we obtained single colonies of Ca.
S. hydrothermale in rolling tubes successfully and quickly
(~7 days to observe single colonies), no testable growth
was observed when single colonies were transferred to a
liquid medium with the same recipe within 60 days of cul-
tivation. Three potential reasons for this phenomenon
could be suspected: (i) agar that was used to make solid
medium can be used as a carbon source to support the
growth of Ca. S. hydrothermale; (ii) some substances in
the autotrophic enrichment that were transferred with the
inoculation in rolling tubes supported the growth of Ca.
S. hydrothermale, but the amount was quite low when
the colonies were transferred to liquid medium; or (iii) Ca.
S. hydrothermale required a solid surface for growth. To
test the potential reasons (i) and (ii), we transferred single
colonies in a solid medium to the liquid medium con-
taining a small amount of agar (0.1% wt./vol.) or sterilized
autotrophic enrichment medium (10% vol./vol.) for
27 days of cultivation. However, still no growth was
observed. Besides, all reported agar-degrading enzymes
[a-agarase (EC 3.2.1.158), p-agarase (EC 3.2.1.81), and
B-porphyranase (EC 3.2.1.-)] in distinct GH families in the
CAZy database (GH16, GH50, GH86, GH96, GH117 and
GH118) were not identified in the genome of Ca.
S. hydrothermale (Table S5). Furthermore, we success-
fully cultivate the isolate on the rolling tubes replacing
agar with gellan gum (1.5% wt./vol.; Gelzan™ CM,
Sigma-Aldrich). Then, we excluded (i) and (ii). Therefore,
it seems that Ca. S. hydrothermale required a solid sur-
face for growth as (ii) mentioned. Bacteroidetes has
been reported to be significantly enriched on particles
compared to free-living microbial communities in seawa-
ters (Eloe et al., 2011; Milici et al., 2017), which suggests
Bacteroidetes prefers to grow attached to particles
(Fernandez-Gomez et al., 2013). In addition, Bacte-
roidetes was also reported to perform as an ability of sur-
face adhesion and gliding motility that required contact

with a surface (Jarrell and McBride, 2008). All genes
encoding in the surface adhesion and gliding motility has
been identified in the genome of Ca. S. hydrothermale
(Table S4). It implies that Ca. S. hydrothermale may spe-
cialize in a particle-associated lifestyle. However, the
case of Ca. S. hydrothermale seems special that a stable
co-culture of Ca. S. hydrothermale were obtained suc-
cessfully at the first step of chemoautotrophic enrichment
in liquid medium. And adding quartz beads in the liquid
medium could not resume the growth of the isolate during
30 days of cultivation. These results indicated Ca.
S. hydrothermale possibly attached to the surface of
organic matter or other microbes in liquid medium. Bacte-
roidetes adhering to the surface of other bacteria have
also been observed in the natural hydrothermal environ-
ment. Stokke et al. (2015) found that in the biofilm of
Loki’s Castle vent field, Bacteroidetes attached to the cell
surface of long filamentous Sulfurovum within Cam-
pylobacterota and speculated that it could degrade
organic polymers produced by the autotrophic
Sulfurovum. The cultivation and physiological tests of Ca.
S. hydrothermale still need a lot of further investigations
to figure out the difficulties caused by their partial-
associated lifestyle.

In summary, this work provides the first comprehensive
genomic insights into the metabolic strategies and poten-
tial ecological functions of a previously uncultivated
microbial lineage, Ca. Sulfidibacteriales, in deep-sea
hydrothermal vents. Guided by the metagenomic informa-
tion, the first representative strain, Ca. S. hydrothermale
was successfully isolated. This enhanced our confidence
in the metagenome-guided isolation of the uncultured
microbes. Both isolate and complete genome information
of Ca. S. hydrothermale laid a foundation for future stud-
ies on the physiological characteristics, which will
improve our understanding of the real ecological function
of this lineage in deep-sea hydrothermal vents.

Experimental procedures
Sample collection

A chimney sample was collected from the L vent
(9°46.25' N, 104°16.74' W) on the East Pacific Rise on
16 January 2014 (Dive 761) using the deep-sea research
submarine ROV Jason Il during the R/V Atlantis research
cruise AT26-10 (2013/12/27-2014/1/26). The sampling
depth was 2528 m. The maximum measured temperature
of the fluid in the middle of the black chimney was
231°C. More information about the fluid geochemistry
and microbial communities in the chimney walls can be
found in Hou et al. (2020). The sample was stored imme-
diately upon retrieval in sterile anaerobic tubes, and the
headspace of the tubes was filled with pure nitrogen gas
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with slight overpressure to prevent the entry of oxygen.
The samples were then stored at 4°C until being used for
enrichment in the laboratory.

Enrichment procedures

Samples (0.25 g) from the outer layer of the black chim-
ney were initially enriched anaerobically in a chemoauto-
trophic SME medium (Vetriani et al., 2004) containing the
following components (per litre): NaCl, 20.0g;
MgS0O,4-7H.0, 3.5 g; MgCl,-6H,0, 2.75 g; KCI, 0.325 g;
KNO3, 2.0g; MES, 4.27g; NaBr, 50.0 mg; H3BOs,
15.0 mg; SrCl,-6H,0, 7.5 mg; (NH4)>SO,4, 10-0 mg; Ki,
0.05 mg; Na,WO0,-2H,0O, 0.1 mg; CaCl,-2H,0O, 0.75 g;
KH-PO,4, 0.5g; NiCl,-6H,O, 2.0 mg; and resazurin,
1.0 mg. The pH of the medium was adjusted to 6.0. After
autoclaving, 1 ml of trace element mixture (Widdel
et al., 2006), 1 ml of vitamin mixture (Widdel et al., 2006),
1 ml of thiamine solution (Widdel et al., 2006) and 1 ml of
vitamin B12 solution (Widdel et al., 2006) were added to
1 L of medium. Then, 50 ml of the medium was divided
among 150 ml glass serum bottles and supplemented
with 0.5 g of elemental sulfur and 0.5 ml of Na,S-9H,O
(10%, wt./vol.; pH 7.0). The tightly stoppered bottles were
pressurized with Ho/CO, (80:20; 101 kPa). The enrich-
ment cultures were incubated at 50°C. We obtained the
original enrichment in this chemolithotrophic medium and
transferred the enriched culture (1% inoculation) to this
medium for five rounds.

DNA extraction, metagenome sequencing and data
analysis

DNA was extracted following a modified SDS-based DNA
extraction method (Natarajan et al., 2016). The extracted
DNA quality checking and sequencing were conducted by
BGI (Shenzhen, China). Paired-end sequencing was per-
formed using a HiSeq X System (lllumina). The raw shot-
gun sequencing metagenomic reads were trimmed using
Sickle v1.33 (https://github.com/najoshi/sickle). Whole-
genome de novo assemblies were performed using
SPAdes v3.14.0 (Nurk et al., 2017) with the following
parameters: --meta, -k 21,33,55,77,99. Binning of assem-
bled sequences longer than 2 kb was performed by Meta-
WRAP v1.2.1 (Uritskiy et al., 2018) using Binning
(--metabat2 --maxbin2 --concoct options), Bin_refinement
(-c 50 -x 10 options) and Reassemble_bins modules. The
retrieved MAGs were further checked manually using the
R package ‘mmgenome’ v.0.4.1 (Karst et al., 2016). Geno-
mic abundance was calculated by aligning the quality-
filtered read files from the metagenome with the final
MAGs in Bowtie v2.2.8 (Langmead and Salzberg, 2012).
The completeness, contamination and strain heterogeneity
of the MAGs were then estimated by using CheckM v1.0.7
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(Parks et al., 2015). tRNA annotation was performed with
tRNAscan-SE v1.3.1 (Lowe and Eddy, 1997). The rRNA
coding regions (5S, 16S and 23S rRNA) in each genome
were identified using both CheckM SSU_finder (Parks
et al., 2015) and RNAmmer v1.2 (Ussery et al., 2007).
Protein-coding sequences in the bins were predicted by
Prodigal v.2.6.3 (Hyatt et al., 2010), and predicted gene
functions were annotated with databases including KEGG
(BlastKOALA) (Kanehisa et al., 2016) and eggNOG-
Mapper (Huerta-Cepas et al., 2017). The dbCAN
webserver (Zhang et al., 2018) was used for carbohydrate-
active gene identification [cut-offs: HMMER (E-value <1e-
15, coverage >0.35); DIAMOND (E-value <1e-102);
Hotpep (frequency >2.6, hits >6)]. Genes encoding prote-
ases and peptidases were identified using DIAMOND
(Buchfink et al., 2015) against the MEROPS database
release 12.0 (cut-offs: E-value, 1e-5; sequence identity,
30%) (Rawlings et al., 2018). Signal peptide prediction
was conducted by the SignalP-5.0 online server (Almagro
Armenteros et al., 2019). Based on gene annotation, meta-
bolic pathways were constructed for these bins. The aver-
age AAls between homologues in genome pairs were
calculated using the AAI calculator with default settings in
CompareM v0.0.4 (https://github.com/dparks1134/
CompareM). The optimal growth temperature of the
enriched strains was predicted based on the MAGs using
Tome vi.1 (Li et al., 2019). Tome used a collection of opti-
mal growth temperature and proteomes of microorganisms
as a training data set to train a machine learning model,
this model was in turn used to predict optimal growth tem-
peratures for the uncultured microbes with proteomes as
input.

Amplicon sequencing and diversity analyses

The bacterial V4 region of the 16S rRNA gene was ampli-
fied by B515F (5'-XXXXXXXXGTGCCAGCMGCCG
CGGTAA-3) with eight-nucleotide key tags for each sam-
ple and B806R (5-GGACTACHVGGGTWTCTAAT-3')
(Caporaso et al., 2011); the X region represents the vari-
ous key tags for each sample. The PCR program was
3 min at 95°C, followed by 35 cycles of 94°C for 40 s,
56°C for 1 min and 72°C for 1 min. The final extension
step was 72°C for 7 min. The 50 ul amplification mixture
contained 1 pl of each forward and reverse primer, 1 pl
template DNA, 5 ul 10x Ex Taq buffer, 0.5 pl ExTaq poly-
merase (TaKaRa, Japan), 4 pl of 2.5 mM dNTP mix and
37.5 pl ddH,O. PCR products were purified with an
E.Z.N.A. Gel Extraction Kit (OmegaBio-Tek, USA) and
sequenced on the MiSeq platform (lllumina, USA)
according to the manufacturer’s instructions.

Data analysis of the 16S rRNA MiSeq sequences was
performed using the QIIME version 1.9.1 software pipe-
line (Caporaso et al., 2010) and the QIIME-compatible
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version of the SILVA-132 database (Quast et al., 2013)
for template-based alignment and taxonomic assignment.
Assembled reads that passed the chimaera check were
clustered into de novo operational taxonomic units
(OTUs) at a cut-off of 97% sequence similarity.

Phylogenetic analyses

For the 16S rRNA gene tree, the 16S gene sequences
were aligned using SINA v1.2.11 (Pruesse et al., 2012)
with default parameters, and the full alignment was
stripped of columns containing 50% or more gaps with a
Perl script. The maximum-likelihood phylogeny of the
16S rRNA gene tree was inferred by IQ-TREE v1.6.6
(Nguyen et al., 2014) with the ‘-MFP -bb 1000’ options
for best-fit model selection and an ultrafast bootstrap
value of 1000. The reference sequences of Bacteroidetes
VC2.1 Bac22 were downloaded from the Silva database
(Silva 132), sequences smaller than 1400 bp were fil-
tered out and OTUs were obtained from the remaining
sequences at a cut-off of 97%. These representative
OTU sequences were included in the phylogenetic tree.
For the phylogenomic analysis, the protein sequences of
43 conserved marker genes (Table S13) used by
CheckM (Parks et al., 2015) were extracted and aligned
in CheckM v1.0.7 and filtered with trimAl v1.4.rev15
(Capella-Gutiérrez et al., 2009) with the parameter -auto-
mated1. Then, the phylogenetic tree was constructed
with 1Q-Tree v1.6.6 (Nguyen et al., 2014) using the best-
fitting protein model predicted in ModelFinder with the
parameters ‘-MFP -bb 1000°. For the phylogenetic tree of
nitrous-oxide reductase (NosZ), sequences were aligned
using MAFFT v7.313 (Katoh and Standley, 2013) with
the parameters --localpair --maxiterate 1000, and the
alignment was trimmed with trimAl v1.4.rev15 with the
parameter -automated1. Then, the phylogenetic tree was
constructed by 1Q-Tree v1.6.6 with the parameters ‘-MFP
-bb 1000°. All trees were visualized using iTOL (Letunic
and Bork, 2019) online software.

Metagenome-guided isolation

Based on the predicted optimal growth temperature, the
chemoautotrophic community enriched at 50°C was
transferred to 37°C conditions in the same chemoautotro-
phic medium. After positive growth was achieved
(7 days), chemoautotrophic enrichment was spread on
rolling tubes containing solid mSME medium (1.5% agar).
The mSME medium was made up of SME medium with
nitrate removed, 3 g L' starch as the sole carbon
source, 0.5 gL' ammonium sulfate as nitrogen source
and 0.1 g L yeast extract, after autoclave, added 1%
(vol./vol.) polysulfide solution (Matsumi et al., 2007). The
inoculated rolling tubes were anaerobically incubated at

37°C for 7 days. Single colonies were independently
picked in an anaerobic chamber. The purity of the strain
was confirmed by transmission electron microscopy
(TEM) and sequencing of the 16S rRNA gene of the sin-
gle colonies (with the primers B27F/U1492R). And the
strain has been deposited in the Marine Culture Collec-
tion of China (www.mccc.org.cn; accession number:
MCCC 1K06756).

TEM and gilding motility observation

For TEM, cells were fixed in 4% formaldehyde for 2 h at
room temperature, harvested at 3000g for 5 min, and
washed with PBS solution three times. The fixed cells
were placed on copper grids and dried for 30 min at room
temperature, and the prepared samples were observed
with a transmission electron microscope (FEI Tecnai G2
Spirit Biotwin).

To observe gilding motility, Ca. S. hydrothermale
was grown anaerobically on mSME agar in a rolling
tube. Colonies were suspended in SME medium in an
anaerobic chamber and examined for motility in the
presence of atmospheric levels of O,. Cells were
observed in wet mount using an Olympus BX63 micro-
scope equipped with an Olympus DP74 camera under
room temperature.

Complete genome sequencing and analysis

Pure-cultured colonies in the rolling tubes were washed
off using SME medium and then harvested at 10 000g
for 10 min. Genomic DNA of the isolate was extracted
according to a modified SDS-based DNA extraction
method (Natarajan et al., 2016). Genome sequencing
was then performed on both Illlumina NovaSeq
(2 x 250 bp paired-end) and Oxford Nanopore Technol-
ogy (ONT) PromethlON platform. For the Illumina
sequencing, the raw reads were trimmed using fastp
v0.20.1 (Chen et al., 2018) to remove low-quality reads
and adapters, yielding 3 394 292 reads in total. For the
ONT sequencing, adapters were removed from the raw
data by Porechop v0.2.4 (https://github.com/rrwick/
Porechop), then the retained sequence was filtered by
Filtlong 0.2.1 (https://github.com/rrwick/Filtlong) with the
following parameters: --min_length 2000 --min_mean_q
7 --target_bases 500000000. The clean data are about
500 Mbp with 14 506 reads (average length, 34 468 bp).
Hybrid assembly of lllumina and ONT reads was per-
formed using Unicycler v0.4.8 (Wick et al., 2017). Anno-
tation of tRNA was performed with tRNAscan-SE v1.3.1
(Lowe and Eddy, 1997). The rRNA coding regions (5S,
16S and 23S rRNA) were identified using RNAmmer v1.2
(Ussery et al., 2007). Protein-coding sequences were
predicted by Prodigal v.2.6.3 (Hyatt et al., 2010), and
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predicted gene functions were annotated with databases
including KEGG (BlastKOALA) (Kanehisa et al., 2016)
and eggNOG-Mapper v2.0 (Huerta-Cepas et al., 2017).
ANI of the complete genome was calculated by the
JSpeciesWS webserver (Richter et al., 2016).

Physiological measurements

To test carbon source utilization, various carbon sources
at a final concentration of 0.2% (wt./vol.) were added into
a basal mSME medium (without starch) and sup-
plemented with 1% (vol./vol.) polysulfide solution, then
solidified with 1.5% agar in rolling tubes. The tested car-
bon sources were as follows: bp-glucose, b-fructose,
sucrose, xylose, xylan, p-cellobiose, beef extract, yeast
extract, tryptone. All tests were performed in duplicate
and incubated anaerobically at 45°C for 18 days.

To examine the ability of the isolate to grow with differ-
ent electron accepters, solidified mMSME medium was
prepared in rolling tubes. The medium supplemented with
NayS-9H,0 (10%, wt./vol.; pH 7.0) was used to test the
fermentation growth ability; the medium supplemented
with 1% (vol./vol.) polysulfide was used to test the poly-
sulfide utilization; the medium supplemented with polysul-
fide by adding extra N>,O (150 ppm) or NO (100 ppm)
was used to test the utilization as extra electron accep-
tors for NoO or NO (Table S10). All tests were performed
in triplicate and incubated anaerobically at 45°C for
2 weeks. For NoO and NO groups, three rolling tubes
without inoculation were set as negative controls.

N-O and H.S concentrations were measured by GC-
MS (Agilent Technologies 7890B-5977B). The GC-MS
was equipped with a Pora PLOT Q column
(25m x 0.32 mm x 10 pm) with ultrahigh purity helium
(99.999%) as the carrier gas at a flow rate of
1.5 mimin~'. The injector temperature was set as
240 °C. The column oven temperature program was set
as follows: hold at 40°C for 5 min, ramp to 200°C at
20°C min~'. MS analysis was carried out with 70 eV as
ionization energy and over a mass-to-charge ratio (m/z)
range of 10-200. The MS source and quadrupole were
held at 230°C and 150°C respectively.

Data accession

Metagenomic sequence reads, metagenome-assembled
genomes and amplicon sequencing datasets have been
deposited at NCBI under Bioproject PRINA716772. The
complete genome sequence of Ca. S. hydrothermale
was deposited under accession number CP083760.
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