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Sulfur cycling and host-virus interactions in
Aquificales-dominated biofilms from Yellowstone’s
hottest ecosystems
Luke J. McKay 1,2,3✉, Olivia D. Nigro4, Mensur Dlakić 5, Karen M. Luttrell6, Douglas B. Rusch7, Matthew W. Fields 2,5 and
William P. Inskeep 1,2✉
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Modern linkages among magmatic, geochemical, and geobiological processes provide clues about the importance of thermophiles in
the origin of biogeochemical cycles. The aim of this study was to identify the primary chemoautotrophs and host–virus interactions
involved in microbial colonization and biogeochemical cycling at sublacustrine, vapor-dominated vents that represent the hottest
measured ecosystems in Yellowstone National Park (~140 °C). Filamentous microbial communities exposed to extreme thermal and
geochemical gradients were sampled using a remotely operated vehicle and subjected to random metagenome sequencing and
microscopic analyses. Sulfurihydrogenibium (phylum Aquificae) was the predominant lineage (up to 84% relative abundance) detected at
vents that discharged high levels of dissolved H2, H2S, and CO2. Metabolic analyses indicated carbon fixation by Sulfurihydrogenibium
spp. was powered by the oxidation of reduced sulfur and H2, which provides organic carbon for heterotrophic community members.
Highly variable Sulfurihydrogenibium genomes suggested the importance of intra-population diversity under extreme environmental
and viral pressures. Numerous lytic viruses (primarily unclassified taxa) were associated with diverse archaea and bacteria in the vent
community. Five circular dsDNA uncultivated virus genomes (UViGs) of ~40 kbp length were linked to the Sulfurihydrogenibium
metagenome-assembled genome (MAG) by CRISPR spacer matches. Four UViGs contained consistent genome architecture and formed
a monophyletic cluster with the recently proposed Pyrovirus genus within the Caudovirales. Sulfurihydrogenibium spp. also contained
CRISPR arrays linked to plasmid DNA with genes for a novel type IV filament system and a highly expressed β-barrel porin. A diverse
suite of transcribed secretion systems was consistent with direct microscopic analyses, which revealed an extensive extracellular matrix
likely critical to community structure and function. We hypothesize these attributes are fundamental to the establishment and survival
of microbial communities in highly turbulent, extreme-gradient environments.

The ISME Journal (2022) 16:842–855; https://doi.org/10.1038/s41396-021-01132-4

INTRODUCTION
The discovery of complex biological communities at marine
hydrothermal vents [1] demonstrated that diverse ecosystems are
supported by reduced chemical species such as sulfide, methane,
and hydrogen. Past reports have shown that extreme chemosyn-
thetic microbial habitats at deep thermal vents provide opportu-
nities for determining relationships among microbial metabolism,
host–virus interactions, and biogeochemical cycling [2–8]. Sulfur
cycling has been intimately linked with the microbial metabolism
of thermophiles since early in Earth’s evolutionary history [9–12],
and recent studies have shown that microbial sulfur metabolisms
may be more phylogenetically widespread than previously
assumed [13]. Moreover, the discovery of viral auxiliary metabolic
genes (AMGs) for sulfur assimilation and/or reduction demon-
strated that viruses may also play major roles in sulfur cycling
[4, 14–17]. Microbial metabolism, host–virus interactions, and
geochemical cycles have coevolved [18, 19], but these

relationships are difficult to isolate in complex microbial environ-
ments such as soils and/or natural waters with high species
diversity [20–22]. High-temperature systems such as hydrothermal
vents offer advantages for elucidating fundamental relationships
among predominant primary producers and redox gradients
because thermophilic communities have comparatively low
diversity and are often associated with early evolved metabolic
processes [23].
While most investigations of hydrothermal vent communities

have focused on marine systems, sublacustrine hydrothermal
vents offer important and often overlooked perspectives on the
influence of chemosynthetic thermophiles on biogeochemical
cycling. Yellowstone Lake (YLake) sits on top of the Yellowstone
volcano, which accounts for two of the largest eruptions in the
Holocene; unlike most large volcanos that are now dormant,
Yellowstone remains active today [24–27]. Moreover, most
modern large hot spots are found on the ocean crust (e.g.,
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Hawaii, Galapagos), whereas the Yellowstone volcano is the only
large, mid-continental hot spot [28, 29]. The highest heat flux and
seismic activity from the Yellowstone volcano occur in the deepest
region of YLake [30–32] where elevated pressure at thermal vents
yields high-temperature fluids of up to 174 °C [33]. These
sublacustrine vents are the hottest measured ecosystems in
Yellowstone National Park (YNP) and offer unique opportunities
for studying the genomic characteristics of deeply rooted,
naturally occurring thermophilic microorganisms, which thrive at
the interface between hot reduced fluids and cold (4 °C) [32]
oxygenated lake water. Vapor-dominated thermal vents in YLake
contain high concentrations of carbon dioxide, sulfide, hydrogen,
and methane, which support thick filamentous biofilm commu-
nities growing across steep redox and temperature gradients [34].
Although logistically difficult to sample, hydrothermal vents in
YLake are considerably more accessible using a remotely operated
vehicle (ROV) than deep marine vents and provide analogous and
relatively stable field laboratories for developing sensor technol-
ogy and long term geochemical and/or microbiological monitor-
ing [35]. Prior geochemical, microbiological, and geological
inventories of YLake thermal vents revealed diverse vent
geochemistry that was correlated with metabolic attributes of
specific microbial lineages [34, 36, 37]. However, comprehensive
metagenomic sequence datasets from the deepest and most
extreme vents in YLake have not been available prior to this study.
The central goal of this research was to determine the function

and host–virus interactions of predominant microbial community
members thriving at the most extreme thermal and chemical
gradient ecosystems in Yellowstone, and to determine their roles in
mediating geochemical cycles important in Earth’s evolutionary
history. Here we show that deep, vapor-dominated hydrothermal

vents on the floor of Yellowstone Lake support unique thermophilic
microbial communities rich in sulfur-oxidizing bacteria from the
Aquificae, which are associated with a wide diversity of predomi-
nately lytic viruses. Integration of genomic and transcriptomic data
coupled with microscopic and geochemical analyses showed that
Sulfurihydrogenibium forms extensive filamentous structures, which
are dominated by sulfur-active thermophiles and contain significant
extracellular material. Highly expressed genes encoding novel type
IV filament (TFF) systems and membrane porins were identified on
Sulfurihydrogenibium plasmids, and a suite of diverse secretion and
adhesion components were detected within the metagenome-
assembled genome (MAG). These observations suggest that biofilm
formation processes are crucial to the survival and growth of
Sulfurihydrogenibium in situ and are consistent with the microscopic
identification of extracellular material that dominates the biofilm
matrix. Finally, we present evidence that predominant Sulfurihy-
drogenibium is a collection of several closely related sub-populations.
Our report is part of a larger interdisciplinary effort to identify and
predict multiscale processes driven by magmatic and tectonic
forcing (Hydrothermal Dynamics of Yellowstone Lake) [38]. Geophy-
sical processes responsible for changes in temperature and
geochemistry are linked to rapid responses in local microbiota;
consequently, microbiological signatures such as those identified
here can be sensitive indicators of hydrothermal activity.

RESULTS AND DISCUSSION
Hydrothermal vent biofilm community structure
MAGs from 25 morphologically and phylogenetically diverse
bacteria and archaea were recovered from sulfur-rich biofilms at
three deep (110 m) hydrothermal vents in YLake (Fig. 1, Table 1).

Fig. 1 Microbial streamer communities collected from sulfidic hydrothermal vents (Stevenson Island Deep Hole, Yellowstone Lake, WY)
contain morphologically diverse cells and accumulate elemental sulfur. A Bathymetric map of Yellowstone Lake relative to the boundary
(red dashed line) of the most recent caldera-forming eruption. B Bathymetric map of three sampling sites within the Deep Hole east of
Stevenson Island. C A thermophilic sulfur-rich biofilm sampled at one hydrothermal vent (Sample 2016_B02). D Scanning electron microscopy
demonstrates morphological diversity of different microorganisms. E Elemental analysis of sulfur (blue) within the largest (~3 µm diameter)
filamentous cells of the vent biofilm (more detail in Supplementary Figure 5).
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Vapor-dominated [33] vent fluids in the “Deep Hole” east of
Stevenson Island [32, 38] discharge fluids at temperatures up to
174 °C and contain high concentrations of dissolved inorganic
carbon (10mM DIC), dissolved sulfide (1–2mM), hydrogen (up to
25 µM), and methane (19–220 µM) [35, 39, 40], which provide
abundant carbon and energy sources for microorganisms. Vent
microbial communities reside within steep thermal and redox
gradients created by fully oxygenated surrounding lake water at
ca. 4 °C [32]. Vents sampled ranged from 95 to 140 °C during ROV
collection. Predicted optimal growth temperatures (TOPT) calcu-
lated from total deduced protein sequences of each MAG [41]
ranged from ca. 22.5 to 91.6 °C (Table 1), which indicated that the
vent community was comprised of organisms that occupied
different temperature niches. However, thermophilic populations
with predicted TOPT >50 °C represented the vast majority (>95%
relative abundance based on MAG sequence coverage) of
community members when filamentous sulfur streamers were
washed of surrounding sediments prior to DNA extraction (Sample
2016_B01_str; Supplementary Table 1). Sulfur-oxidizing Sulfurihy-
drogenibium spp. (phylum Aquificae) were the predominant
thermophilic community members ranging from ~22 to 73% in
unseparated samples and 84% when filaments were washed of
surrounding sediments (Fig. 2; Supplementary Table 1; Supple-
mentary Figure 1). This is consistent with previous observations of
predominant Sulfurihydrogenibium detected by 16S rRNA gene
sequencing at deep vents in YLake [37]. Diverse thermophilic
archaea within the Thermoprotei together accounted for
11.6–13.1% relative abundance. Several important mesophiles
were consistently associated with biofilm communities in lower
abundance, including MAGs for Sulfuricurvum and Thiomicrospir-
aceae (Supplementary Discussion; Supplementary Table 1).
Thermal vent biofilms in YLake also host a wide diversity of

viruses (Fig. 3, Table 2; Supplementary Table 2). The highest
abundance of viral contigs was associated with the predominant
archaea and bacteria within the vent biofilm community based on
overlapping tetranucleotide signatures between putative viral
sequence and host MAGs [42, 43]: Thermoprotei (n= 63),

Thermofilum spp. (n= 37), Sulfurihydrogenibium spp. (n= 35), and
Thiomicrospiraceae (n= 15) (Table 1; Fig. 2). The viral sequence
dataset was dominated by members of the Caudovirales, within the
Siphoviridae, Myoviridae, Podoviridae, and miscellaneous unknown
families (Fig. 3A). Nearly half (49%) of the putative viral sequences
could not be assigned to known relatives, which indicates a large
proportion of uncharacterized viruses within these communities.
Phylum Aquificae (which includes Sulfurihydrogenibium) was tar-
geted by viruses from all viral families of the Caudovirales as well as
the unclassified group based on (i) phylogenetic signatures of
overall TNF clusters and/or (ii) taxonomic hits of viral protein
sequences to microbial entries in public databases [44] (Fig. 3A, in
green). Moreover, 87% (99/114) of all CRISPR repeat sequences with
perfect sequence matches to metagenome sequence were taxono-
mically identified as Aquificae, and 81% (309/382) of variable spacer
sequences within CRISPR arrays matched to putative viral sequences
within Sulfurihydrogenibium MAGs (Supplementary Table 3; Supple-
mentary Discussion). The Myoviridae and Podoviridae families were
also associated with members of the γ- and ε-proteobacteria, which
contain Thiomicrospiraceae and Sulfuricurvum, respectively. A unique,
30-bp CRISPR repeat sequence was detected for Sulfuricurvum and
associated with 1893 spacers on separate arrays. Less abundant
Bicaudaviridae and Globuloviridae families were associated exclu-
sively with archaeal hosts (especially Thermoprotei), which is
consistent with previously established archaeal host taxonomy for
these viral families [45, 46]; 27% of uncharacterized viruses were also
associated with Thermoprotei hosts. Finally, 15% (56/382) of CRISPR
spacer sequences and 7% (8/114) of direct repeats matched contigs
within Thermoprotei clusters. These observations demonstrate that
the predominant bacterial and archaeal members of the microbial
community (i.e., Sulfurihydrogenibium and various Thermoprotei)
experience significant and diverse viral selective pressures.

Metabolic reconstruction and biogeochemical cycling
Functional gene analysis showed that all predominant microbial
community members are dependent on different species of
sulfur (Fig. 2; Supplementary Table 4; Supplementary Table 1).

Fig. 2 Community composition and key pathways of Sulfurihydrogenibium-dominated hydrothermal streamers. Relative abundance is
shown for biofilm metagenome from vent sample 2016_B01, which was the cleanest unmanipulated sample retrieved (the relative abundance
of other samples is provided in Supplementary Table 1). Concentrations of H2, H2S, and CO2 were previously determined for YLake vents in the
Deep Hole [33, 35, 39]. Arrows either represent (i) autotrophic pathways, (ii) enzymatic conversions between sulfur species, or (iii)
hydrogenases. Arrow color corresponds to the microbial lineage encoding that particular enzyme; arrow thickness is weighted by mean
coverage for the contig containing the relevant gene/s. [apr= adenylylsulfate reductase; sat= sulfate adenylyltransferase; cys=
adenylylsulfate kinase; phs= polysulfide reductase; dsr= dissimilatory sulfite reductase; sdo= sulfur dioxygenase; sre= sulfur reductase;
sqr= sulfide:quinone oxidoreductase].
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The oxidation of reduced sulfur compounds (sulfide, elemental S,
thiosulfate) is an important energy source for the highly abundant
Sulfurihydrogenibium, which is consistent with well-established
metabolic functions of this genus [47–50]. Sulfurihydrogenibium
has been detected in high abundance at other sulfidic vent sites in
shallower regions of YLake, including Inflated Plain and West
Thumb [34], as well as terrestrial geothermal springs elsewhere in
YNP [48, 49, 51, 52]. The biogeography of Sulfurihydrogenibium in
YNP typically corresponds to high concentrations of dissolved
sulfide and carbon dioxide, and a slightly sub-neutral pH (5–7)
[34, 48]. pH is an important environmental control on Sulfurihy-
drogenibium biogeography because thiosulfate concentrations
peak within a pH range of 5.5–6.8 [53], and thiosulfate is a key
energy source for Sulfurihydrogenibium growth [49, 50]. Indeed,
the Sulfurihydrogenibium MAG from the YLake Deep Hole encodes
the SoxY carrier protein (Supplementary Table 4) for covalent
binding of thiosulfate during thiosulfate oxidation [54], as well as
genes required for the oxidation of sulfide to elemental sulfur (i.e.,
sqr: sulfide-quinone oxidoreductase, 3614X coverage) and ele-
mental sulfur to sulfite (i.e., sdo: sulfur dioxygenase, 3580X
coverage) (Supplementary Table 5). Group I Ni-Fe hydrogenases
were also present at high coverage (3749–4165X), which
confirmed previous reports that Sulfurihydrogenibium at hydro-
thermal vents in YLake utilize H2 as an energy source in addition
to reduced sulfur compounds [34]. In contrast, other isolates of
Sulfurihydrogenibium from terrestrial sites in YNP (e.g., S. yellow-
stonense and sp. Y03AOP1) do not encode hydrogenases [49, 55];
this is correlated with lower environmental concentrations of
dissolved H2 measured in terrestrial sites. The concentrations of
dissolved H2 at deep YLake vents (up to 25 µM) [40] are three
orders of magnitude higher than values from terrestrial hot

springs in YNP colonized by Sulfurihydrogenibium, such as
Mammoth or Calcite Hot Springs (14–30 nM) [51, 52]. Sublacus-
trine hydrothermal vents in YLake thus expand the biogeography
and functional diversity of Sulfurihydrogenibium to include
hydrogen metabolism. Group I Ni-Fe hydrogenases have also
been observed in isolates of Sulfurihydrogenibium obtained from
terrestrial hot springs in the Azores, Portugal [47] (S. azorense) and
Iceland (S. kristjanssonii) [56].
Three putative viral contigs associated with Sulfurihydrogen-

ibium contained auxiliary metabolic genes that encode the
phosphoadenosine phosphosulfate (PAPS) reductase protein (i.e.,
cysH). PAPS reductase is involved in the synthesis of sulfite from
sulfate during assimilatory sulfate reduction. Viral cysH has also
been observed in diverse environments globally, including marine
cold seep sediments [14], bovine rumen [57], stratified sulfidic
mine tailings [17], and deep freshwater lakes [16]. However, cysH
homologs have recently been associated with CRISPR-Cas systems
in viruses and thus in some cases may be viral CRISPR accessory
genes [58] (discussion below). Sulfur oxidation genes have been
detected in viral genomes from deep-sea hydrothermal plumes of
the Eastern Lau Spreading Center (Western Pacific Ocean) and
Guaymas Basin (Gulf of California) [4], but viral rdsr genes were not
observed here. Genes for sulfur oxidation were also detected in
other members of the YLake vent biofilm community including
Sulfolobales, Thiomicrospiraceae, Comamonadaceae, and Sulfuricur-
vum, though in much lower relative abundance (Fig. 2). Elemental
analysis demonstrated that the largest filaments (3–5 µm dia-
meter, >100 µm length) accumulated elemental sulfur within the
biofilm (Fig. 1E), which has been shown previously for members of
the Thiomicrospiraceae [59]. However, this lineage is typically
composed of smaller, single-cell sulfur oxidizers; the identity of the

Fig. 3 Virus–host diversity and genomic characteristics of Sulfurihydrogenibium viruses. A Family-level community structure of recovered
viral sequences in the black and white chart is related to microbial host at the class level in colored pie charts. B Maximum-likelihood
phylogenetic tree of deduced capsid protein sequences from Sulfurihydrogenibium viruses showing a monophyletic relationship with the
newly proposed “Ca. Pyrovirus” genus within the Caudovirales [66]. Entries with red circles represent circularized viral genomes; entries with
blue circles had CRISPR-resolved links to a Sulfurihydrogenibium host. Vibrio phage corresponds to the 1.232.O._10N.261.51.E11 identifier;
Escherichia phage corresponds to the vB_EcoP_PTXU04 identifier. Contig IDs corresponding to Sulfurihydrogenibium viruses are listed in
Supplementary Table 16. C Genome architecture and annotations of circular UViGs that had CRISPR links to a Sulfurihydrogenibium host.
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large, sulfur-accumulating filaments in YLake biofilms remains to
be determined (Supplementary Discussion).
Sulfurihydrogenibium spp. at sublacustrine thermal vents in

YLake [33–35] exploit high concentrations of CO2, reduced sulfur
and hydrogen (Fig. 2). The oxidation of sulfur and/or hydrogen
provides reducing equivalents for carbon fixation via the reverse
tricarboxylic acid (rTCA) cycle. Marker genes for the rTCA cycle (i.e.,
ATP citrate lyase alpha and beta subunits) were detected in the
Sulfurihydrogenibium MAG with extremely high sequence cov-
erages of 3828X and 3379X, respectively (Supplementary Table 5),
which demonstrates that Sulfurihydrogenibium spp. are likely the
dominant primary producers in the vent biofilm. Indeed, previous
work at deep YLake vents demonstrated that 16S rRNA gene
sequences from Sulfurihydrogenibium coincided with maximum
CO2 fixation rates of 9 µM C/h [37]. This observation was made at
temperatures between 50 and 60 °C, which is consistent with the
predicted temperature optimum of 59 °C for the Sulfurihydrogen-
ibium MAG (Table 1). Other members within the community have
putative abilities to fix carbon via the Calvin–Benson–Bassham
(Comamonadaceae), Wood–Ljungdahl (Thermodesulfobacterium),
and 3-Hydroxypropionate/4-Hydroxybutyrate (Sulfolobales)

pathways. However, the much lower abundance of these
community members indicates that Sulfurihydrogenibium spp.
provides most of the organic carbon generated in the vent
biofilm.

Genomic variability in Sulfurihydrogenibium
Sulfurihydrogenibium spp. in YLake thermal vents exhibited
significant genomic variability as indicated by (i) a wide range of
contig coverage values (~50–5000X) (Fig. 4; Supplementary
Table 6), (ii) high single nucleotide and single amino acid variants
per kilobase (i.e., SNV and SAAV “density”) (Supplementary
Table 7), and (iii) multiple Sulfurihydrogenibium single-copy gene
(SCG) variants (Supplementary Table 8; Supplementary Figure 2).
High mean sequence coverage (1414X) of this MAG revealed
micro-diversity among closely related sub-populations (Fig. 4). A
nearly full suite of SCGs [60] were detected, resulting in an
estimated genome completeness of 94.2%; however, the esti-
mated redundancy was 54.0% (Table 1) due to homologous
sequence variants of SCGs that assembled on separate contigs
(discussed below). Sequence down-sampling protocols (prior to
assembly) reduced MAG redundancy but resulted in lower

Table 2. Gene content of putative viral (or plasmid) scaffolds (>20 kbp) associated with Aquificales and Thermoprotei in sulfur-rich filamentous
biofilms.

Putative virus/
plasmid

Length (bp) Genes CRISPR links
to hosta

UViG
(circular)

VirSorter rank Phage
hallmark

Nucleotide
metabolism

Genetic information
processing

Sulfurihydrogenibium
virus 13

117,954 190 0 N 2 3 spoT, comEB,
thyX

dnaB, polB, rfcS, lig1,
recA

Sulfurihydrogenibium
virus 14

48,861 58 0 N 1 5 – –

Sulfurihydrogenibium
virus 05

44,006 52 2 Y 2 1 tmk, thyX polA, dnaN, dam

Sulfurihydrogenibium
virus 10

40,586 51 5 Y 2 1 tmk, thyX polA, dnaN

Sulfurihydrogenibium
virus 12

40,337 47 5 Y 2 1 tmk polA, dnaN

Sulfurihydrogenibium
virus 06

39,121 46 3 Y 2 1 tmk polA, dam

Sulfurihydrogenibium
virus 02

38,070 55 66 Y 2 4 – polA, dnaN

Sulfurihydrogenibium
virus 07

33,189 45 5 N 2 1 tmk, thyX polA, dnaN

Sulfurihydrogenibium
plasmid

30,807 40 4 N 3 nd tmk ssb

Sulfurihydrogenibium
virus 15

29,694 42 61 N 2 5 – polA

Sulfurihydrogenibium
virus 16

27,080 18 1 N 6 nd thyX dam, ccrM

Sulfurihydrogenibium
virus 17

25,469 29 4 N 2 1 – polA

Thermofilum virus 01 52,269 62 1 N 3 nd – –

Thermofilum virus 02 31,158 56 1 N 3 nd pcnB dam

Thermofilum virus 03 27,347 38 1 N 2 1 – dcm

Thermofilum virus 04 25,126 42 10 N 2 nd – tfb

Amphipod virus 01 105,300 98 0 N 3 0 – –

Contig IDs corresponding to Sulfurihydrogenibium viruses are listed in Supplementary Table 16.
UViG Uncultivated Virus Genome, tmk dTMP kinase, thyX thymidylate synthase (FAD), pcnB polyA polymerase, polA DNA polymerase I, dnaN DNA polymerase III
subunit beta, dam DNA adenine methylase, ssb single-stranded DNA binding protein, dcm DNA (cytosine-5) methyltransferase I, tfb transcription initiation
factor TFIIB, ccrM modification methylase, spoT GTP diphosphokinase, comEB dCMP daminase, dnaB replicative DNA helicase, polB DNA polymerase, rfcS
replication factor C, small subunit, lig1 DNA ligase I, recA recombination protein RecA. Membrane transport gene content was detected in Thermofilum virus 04
(transitional endoplasmic reticulum ATPase VCP) and the Sulfurihydrogenibium plasmid (gspG, gspE, gspD secretin, and a beta-barrel porin).
aTotal CRISPR hits via MinCED and CRASS (may include duplicate entries where both analyses detected the same CRISPR).
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genome completeness and a loss of sequence content related to
the Sulfurihydrogenibium (Fig. 4; Supplementary Table 9; Supple-
mentary Discussion). Removal of lower coverage contigs also
decreased redundancy but decreased completeness to below
50%. Genomic redundancy in high-abundance microbial MAGs
demonstrates the importance of reporting pangenomes [61, 62],
which more comprehensively describe the genetic repertoire of
microorganisms in nature. However, due to potential impacts of
high coverage on assembly quality, we also include a low-
redundancy (only 7%) Sulfurihydrogenibium MAG obtained using
randomly subsampled reads (10% of reads) (Supplementary
Genome File).
Examination of redundant SCG variants showed that they were

closely related to Sulfurihydrogenibium spp. (Supplementary
Table 8), which also confirmed that the sequence redundancy
did not represent contamination from unrelated taxa. For
example, deduced protein sequences from nine SCG variants of
GidB (i.e., 16S rRNA guanine(537)-N(7)-methyltransferase) all had a
top amino acid sequence identity (from 96 to 99%) to
Sulfurihydrogenibium sp. Y03AOP1 [55]. GidB sequence variants
also formed a closely related monophyletic cluster with S.
yellowstonense (Supplementary Figure 2A). Nine variant copies of
DNA polymerase III (subunit beta II) were also detected in the MAG
and seven of them exhibited highest sequence similarities to
various Sulfurihydrogenibium spp., ranging in similarity from 30 to
77% (expect value <1 × 10−10; Supplementary Table 8). The
remaining two sequences had no significant similarities to the
sequence database, but all nine copies formed a monophyletic
clade related to Sulfurihydrogenibium spp. (Supplementary Fig-
ure 2B). Sequence variants of phylogenetically related SCGs
indicate genomic variability that could arise from closely related
populations of Sulfurihydrogenibium.

SNV and SAAV densities (Supplementary Table 7) and
transposase occurrences (Table 1) provided further evidence of
genomic variability in the Sulfurihydrogenibium MAG. A high SNV
density of 58.5 SNVs per kilobase (SNVs kb−1) was observed for the
Sulfurihydrogenibium MAG compared to an average of 20.8 SNV
kb−1 for other vent community members. SNV density remained
high (52.3 SNV kb−1) after down-sampling of metagenomic reads
at 10%, which resulted in a lower-redundancy (7%) Sulfurihydro-
genibium MAG (Supplementary Genome File; Supplementary
Table 9), demonstrating that SNV density is not an artifact of
high redundancy. Amino acid variants were also examined to
determine whether the observed genomic variability translated to
changes in amino acid content. The Sulfurihydrogenibium MAG
(subsampled at 10%) represented the second-highest SAAV
density at 38.9 SAAV kb−1, while the other MAGs from the same
metagenome had a lower average SAAV density of 13.0 SAAV
kb−1. Finally, the Sulfurihydrogenibium MAG contained a signifi-
cant number of transposases (n= 37) (Table 1), which suggests
the potential for gene movement among related sub-populations.

Host–virus interactions
Differences in viral replication and dispersal strategies in natural
environments have significant effects on the ecology of microbial
communities. Numerous contigs (840) containing predicted virus
sequence were detected among the hydrothermal vent metagen-
omes and nearly all (98.7%) were ranked as free-living and/or
actively replicating viral particles (VirSorter [63] categories 1–3;
Supplementary Table 10). Lytic viruses kill their host on a short
time scale, whereas lysogenic viruses integrate into host genomes
and have a period of latency prior to induction of a lytic cycle.
While lytic viruses act mainly as an antagonistic force on their
microbial hosts, lysogenic viruses can act as a positive force by

Fig. 4 Taxonomic identity and sequence character of contigs within the Sulfurihydrogenibium MAG. Contig sequences were clustered
based on mean coverage values (shown as nX) and tetranucleotide frequencies. Sulfurihydrogenibium contigs (n= 680) exhibited consistent G
+ C content (%) with a wide range of coverage values from 32 to 4500X (white asterisk indicates a group of five contigs with coverage values
>4500X). 35 putative viruses contained within the same tetranucleotide cluster are indicated, and line up with positive BLASTn hits to CRISPR
spacer sequences (i.e., “CRISPR Spacer Hits”; Supplementary Table 3). Six complete CRISPR arrays detected in the assembled metagenome
(Supplementary Table 3) are also indicated [SNV density= single nucleotide variant density, per kilobase].
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providing ecological benefits such as horizontally acquired genes
and protection from super-infection (see review [64]). The
predominance of sequences predicted as free-living viral particles
in YLake biofilms suggests that lytic viruses contribute significantly
to selective pressures experienced by the vent community.
Tetranucleotide frequency (TNF) analysis [42, 43] and CRISPR

[65] sequence matches can be used to link viruses with specific
hosts. Viral contigs >20 kbp were associated with the primary
thermophilic organisms in the biofilm community (i.e., Sulfurihy-
drogenibium, Thermofilum) based on nucleotide signatures and
CRISPR spacer matches (Table 2). Most variable spacers (95.1%,
n= 288) from microbial CRISPR arrays had high-identity matches
(0–1 mismatches) to putative viral sequences within the same TNF
cluster, which established a direct linkage among viruses and
hosts (Supplementary Table 3). Together, these observations
demonstrate that thermophilic archaea and bacteria within the
vent community are targeted by a variety of mostly lytic viruses
against which numerous CRISPR systems have been developed.
Putative Sulfurihydrogenibium viruses were examined exten-

sively to investigate potential effects of viral selective pressures
and/or gene augmentation related to the predominant member of
the biofilm. Phylogenetic analysis of viral capsid proteins from
nine different Sulfurihydrogenibium contigs revealed a monophy-
letic cluster that was closely related to an Uncultivated Virus
Genome (UViG) from Octopus Hot Spring (YNP, Wyoming) [66]
(Fig. 3B), another high-temperature habitat containing filamentous
Aquificales biofilms [51]. Five putative Sulfurihydrogenibium viruses
(Sulfurihydrogenibium viruses 02, 05, 06, 10, 12) were identified as
circular UViGs and linked to the Sulfurihydrogenibium host by
CRISPR spacer matches (Table 2; Supplementary Table 3). These
Sulfurihydrogenibium UViGs exhibit a highly syntenic set of core
genes very similar to the proposed “Pyrovirus” genus [66],
including several structural (capsid, terminase, portal protein,
and tail collar protein), and functional (Aquificae-like DNA
polymerase, helicase, and a Cas4 homolog) proteins (Fig. 3C,
Supplementary Table 11). One of the viral genomes (Sulfurihy-
drogenibium virus 02) showed less gene synteny and formed a
separate branch outside of the primary Sulfurihydrogenibium virus
cluster (Fig. 3B). The 38-kbp genome of Virus 02 contained 66 loci
that matched to spacer sequences within Sulfurihydrogenibium
CRISPR arrays (Table 2, Supplementary Table 3), which may signify
relatively recent or frequent infection [67] and establishes that this
virus was targeted extensively by the host immune system.
Viral taxonomy cannot be resolved from capsid phylogeny

alone [68], therefore Sulfurihydrogenibium viral sequences were
analyzed for differential protein occurrences associated with
characterized viral lineages [69] (Supplementary Figure 3). Virus
02 contained 8 deduced structural head/neck proteins, including a
sheath protein, which provides basis for assignment to Myoviridae
type I (Fig. 3B), and Sulfurihydrogenibium Virus 03 was related to
the Siphoviridae based on analysis with BLAST (Basic Local
Alignment Search Tool [70]) (Supplementary Table 2). These
results indicate that at least three taxonomically distinct viruses
(Myoviridae Type I, Siphoviridae, and Ca. Pyrovirus) are likely
capable of lysing Sulfurihydrogenibium cells. Further evidence for
an antagonistic, “Kill-the-Winner” relationship [71] between
Sulfurihydrogenibium and its viruses included the presence of
putative viral anti-CRISPR genes such as PAPS reductases, Cas4
nuclease homologs, and neighboring DEAD-like helicases. PAPS
reductases are thought to be involved in sulfur assimilation but
may also serve as CRISPR-Cas accessory proteins in some viruses
[58]. Helicase-nuclease fusions are also hypothesized to serve
defense functions [72] (Supplementary Discussion). The presence
of a highly conserved gene neighborhood in complete genomes
of Sulfurihydrogenibium viruses that is likely dedicated to defense
mechanisms suggests that antagonistic relationships including
lytic infection are likely a dominant host–virus relationship in
YLake vent biofilms. This is further supported by the low

percentage (1.3%) of prophage sequences detected by VirSorter
[63] (Supplementary Table 10) and the lack of integrase genes
present in Sulfurihydrogenibium viruses (Supplementary Table 11).
The predominance of lytic viruses at YLake advective-flow vents
contrasts with the prevalence of lysogenic viruses at diffuse-flow
seafloor hydrothermal vents [7, 73], and may be more similar to
increased phage to bacteria ratios observed in host-associated
mucus layers [74, 75]. Identification of UViGs associated with
Sulfurihydrogenibium (this study) and other Aquificales [66] using
metagenomic approaches provides impetus for future isolation
and characterization of the life history strategies of thermophilic
viruses in YLake vent biofilms.

CRISPR-targeted plasmid and biofilm processes in
Sulfurihydrogenibium
The Sulfurihydrogenibium MAG also has two CRISPR systems that
target plasmid DNA, which contains genes for a TFF system [76]
(Fig. 5; Table 2; Supplementary Table 3; Supplementary Table 12).
Mobile genetic elements including plasmids are sometimes
targeted by host CRISPR arrays for modulating DNA exchange
[77–79]. Four CRISPR spacer sequences from two separate CRISPR
arrays linked this plasmid with the Sulfurihydrogenibium MAG
(Fig. 5). The plasmid is 31 kbp long and contains 40 genes. Highly
similar sequences to this plasmid were also detected in several
other geothermal habitats where Sulfurihydrogenibium is the
predominant organism, including other vent sites in YLake, as
well as Mammoth and Liberty Cap Hot Springs (YNP) [34, 48]. A
highly syntenic 40-kbp plasmid containing 51 genes was
recovered from the Liberty Cap filamentous community, and a
metatranscriptome from this site showed high transcript levels of
several genes on this plasmid.
TFF systems contain homologous components (secretin pro-

teins, pseudopilins, inner membrane platform, and ATPase
components) and serve diverse functions, including protein
secretion, adhesion, motility, and conjugation for DNA exchange
[76, 80]. Phylogenetic analysis of the deduced secretin protein
from the Sulfurihydrogenibium plasmid revealed a new, deeply
rooted clade, which split the previous phylogenetic root (Type IVb
Pilus) from all other entries (Fig. 5F). Sulfurihydrogenibium plasmid
genes also encode a ssDNA binding protein, Holliday junction
resolvase, multiple conjugal transfer proteins, and a nuclease
(Fig. 5A), which suggests that the TFF system may be involved in
conjugation and DNA exchange (Supplementary Discussion).
Transcriptomic data from Liberty Cap (Mammoth Hot Springs)
showed that all components of the plasmid-conferred Sulfurihy-
drogenibium TFF system were expressed, as well as an outer-
membrane beta-barrel porin (3.55 RPKM) (not part of the TFF
system, Fig. 5A), that may promote the diffusion of smaller
substrates through the outer membrane [81].
Protein secretion, adhesion, motility, and the production of a

thick and resilient extracellular matrix (ECM, Fig. 5D, E) are likely
crucial processes for microbial colonization in highly turbulent
environments (Supplementary Video). Several filament systems
involved in key biofilm processes were identified (TXSScan) [82] in
the Sulfurihydrogenibium MAG (in addition to the plasmid, above)
(Supplementary Table 13). Multiple copies of 11 genes encoding
all necessary components of a complete flagellum structure were
identified, and a near-complete type IVa pilus for twitching motility
[83] was detected and confirmed by phylogenetic analysis of the
secretin protein sequence (see asterisk in Fig. 5F). Components of
this type IVa pilus were also highly transcribed in a recent study of
Sulfurihydrogenibium at Mammoth Hot Springs and likely interact
with ECM for stronger adhesion [48]. Multiple copies of genes
encoding a complete type I secretion system were also found,
which suggests that protein secretion can occur in a single step
across the inner and outer membranes [84]. Incomplete gene sets
were also detected for the “Tight-adherence” complex and the
type II, type III, and type VI secretion systems. Together, these
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secretion systems perform functions involved in pili production
and “tenacious biofilm formation” (Tad) [85], secretion of
periplasmic proteins across the outer membrane (T2SS) [86], and
delivery of effector proteins directly into neighboring cells (T3SS
and T6SS) [87, 88]. Nine out of 14 accessory genes of the type IV
secretion system (F-type) were observed, and may be involved in
conjugation or protein secretion [89]. Homologous components of
varying secretion systems may be interchangeable; consequently,
incomplete systems detected in silico may interact to perform a
unified function in vivo [90, 91].

Summary
Members of the deeply rooted bacterial phylum Aquificae colonize
high temperature, vapor-dominated sublacustrine thermal vents
in YLake and form extensive filamentous structures intermixed
with elemental sulfur. These highly cohesive streamer biofilms
experience steep temperature and geochemical gradients, and
they provide habitats for other archaeal and bacterial hyperther-
mophiles as well as some mesophiles with optimum growth
temperatures as low as 22 °C. The composition of microbial
communities that thrive in these types of thermal vents (high
carbon dioxide, hydrogen, and sulfide) are highly consistent across

different vent sites not only within the Deep Hole near Stevenson
Island, but also those sampled in a prior study at the Northern
Dome (also known as Inflated Plain, YLake) [34]. Geochemical
forcing due to high amounts of different sulfur species results in
community functions that are intimately linked with sulfur cycling
(both oxidation and reduction reactions). Moreover, evidence of
viral interactions in the highly abundant thermophiles (Aquificales,
Thermoprotei) indicates that numerous lytic viruses play a direct
role in modulating carbon fixation and sulfur cycling in both
archaeal and bacterial domains, even if due primarily to effects on
host turnover. Finally, the presence of multiple secretion systems
in the Sulfurihydrogenibium MAG and plasmid is consistent with
direct microscopic observations of an extensive extracellular
matrix, which is critical to the survival and development of
filamentous biofilms common in the extremely hot, turbulent vent
environments.

MATERIALS AND METHODS
Site selection and hydrothermal vent sampling
A remotely operated vehicle (ROV) Yogi and research vessel (R/V)
Annie (operated by the Global Foundation for Ocean Exploration;

Fig. 5 Early evolved filament system in Sulfurihydrogenibium spp. is encoded and transcribed from CRISPR-targeted plasmid. A Plasmid
sequences from the Deep Hole and Liberty Cap are compared and RNA expression is reported as reads per kilobase per megabase (RPKM) for
the Liberty Cap sequence. Hash marks in the beta-barrel porin bar indicate RNA expression of 3.6, beyond the limits of the y-axis. B Four
CRISPR target sites are indicated along the plasmid sequence from the Deep Hole. C A conserved gene neighborhood in both plasmid
sequences encodes a complete TFF system [OM outer membrane, IM inner membrane, IMP inner membrane platform]. D, E Scanning electron
micrographs of biofilm matrices at (D) the Deep Hole and (E) Liberty Cap. F Bayesian phylogeny of deduced secretin protein sequences from
Sulfurihydrogenibium plasmids detected in three regions of YNP. Posterior probabilities are indicated by circles at nodes. Asterisk indicates the
clade containing secretin genes from the genomic (non-plasmid) DNA of Sulfurihydrogenibium.
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https://www.engineeringfordiscovery.org/) were used to locate and
sample microbial biofilm colonies at the deepest and hottest
hydrothermal vents in YLake near Stevenson Island (referred to as
the Deep Hole). Filamentous biofilm communities were sampled in
2016 and 2017 from three hydrothermal vents (2016_B01, 2016_B02,
2017_B01) using a manipulator arm and the ROV Yogi suction sampler
(Supplementary Table 14). Biofilm “streamer” material was captured in
a canister and samples retrieved aseptically upon ROV return to R/V
Annie. Temperatures of hydrothermal vent fluid and ambient lake water
were measured for several minutes with a ROV temperature probe and
detailed chemical analyses of these vent fluids were performed in
collaborative work [33, 35].

Elemental analysis and electron microscopy
Subsamples of microbial streamer material were fixed in 2% glutaralde-
hyde on site for microscopic and elemental analysis in the Imaging and
Chemical Analysis Laboratory (Montana State University). Fixed biofilm
samples were mounted and washed with sterile DI H2O on 13-mm
diameter 0.2 µm polycarbonate filters (Millipore), then powder-coated with
Iridium prior to imaging using a Zeiss SUPRA 55VP field-emission scanning
electron microscope. Sulfur and nitrogen were identified using energy-
dispersive X-ray spectroscopy (Bruker X-Flash detector) of Ir-coated
samples with an integrated Auger nanoprobe field emission electron
microscope (PHI 710).

DNA isolation, metagenome sequencing, QC, and assembly
Three hydrothermal vent streamer samples (2016_B01, 2016_B02, and
2017_B01) were split into five fractions for DNA isolation. Streamer material
from the 2016_B02 sample was cleaned by passing through soft 0.1%
sterile agar followed by sterile 1X PBS, splitting the sample into two
separate subsamples: 2016_B02_str, which represented agar-cleaned
streamer filaments and 2016_B01_sed, which represented smaller
filamentous materials and surrounding sediments left behind after
cleaning. 2017_B01 was divided into two biological replicates,
2017_B01a and 2017_B01b. DNA was isolated from five subsamples
originating from three vents (2016_B01, 2016_B02_str, 2016_B02_sed,
2017_B01a, 2017_B01b) with the MP Biomedicals FastDNA Spin Kit for Soil
according to the manufacturer’s protocol. DNA concentrations were
measured with a Qubit fluorometer and sent to the Census of Deep Life
(at Marine Biological Laboratory, Woods Hole, MA) for shotgun metage-
nomic sequencing (Illumina NextSeq) in a 2 × 150 paired-end run with
dedicated read indexing and demultiplexed with bcl2fastq.
Raw fastq files were filtered for quality with the “Illumina-utils” toolkit

with default parameters [92]. Spades (v3.11.1) was used with the “--meta”
option to separately assemble 2016_B01, 2016_B02_str, and
2016_B02_sed, while MEGAHIT (v1.1.2) was used to co-assemble the
biological replicates, 2017_B01a and 2017_B01b, resulting in four total
metagenome assemblies [93, 94]. Bowtie2 (v2.2.6) was used to map
quality-filtered short reads back to assembled contigs [95]. We used
t-stochastic neighbor-embedding to cluster metagenome contigs based
on tetranucleotide frequencies (TNF) [23, 96] (Supplementary Figure 4)
and we refined each cluster by examination of mean coverage values and
sequence composition in anvi’o (v5.3) [97] to achieve estimated
redundancy values <10% based on detection of single-copy genes for
Archaea [98] and Bacteria [60].

Curation of the Sulfurihydrogenibium MAG
Regardless of assembly or binning methodology, cases existed in which
microbial MAGs for Sulfurihydrogenibium were recovered with very high
coverage (>1000X) but very low completeness (<50%). To resolve this, we
identified short contigs (1000–3000 bp) that were taxonomically related to
Sulfurihydrogenibium using Basic Local Alignment Search Tool for
nucleotide sequences (BLASTn) [70] by comparing them to four reference
genomes for Sulfurihydrogenibium: S. yellowstonense [49], S. azorense [47], S.
Y03AOP1 [55], and S. subterraneum [50]. We identified positive hits with e
values <1E–20 and nucleotide similarities >90%, re-uploaded these shorter
contig sequences with the original bin to our tSNE clustering analysis, and
redefined a new cluster with overlapping Sulfurihydrogenibium-related
short sequences >1000 bp combined with the original longer sequences
>3000 bp. This process resulted in a new MAG with 989 contigs and an
estimated completeness of 94.2%. We decontaminated this Sulfurihydro-
genibium MAG by removing 81 contigs that were either (i) related by

BLASTn to a different taxonomic lineage at >80% identity with an
alignment length of >500 bp, (ii) related by BLASTn to a different member
of the Aquificales at >90% identity with an alignment length of >500 bp,
(iii) related to a different taxonomic lineage by Centrifuge taxonomy
software [99], or (iv) contained a single-copy gene with BLASTp relatedness
to a different taxonomy lineage. We also performed four random
subsampling [92, 100] and two coverage-based normalization techniques
(bbnorm function within the BBMap program [101]) to achieve high
completeness and low redundancy. Subsampling quality-filtered reads at
10% was the only case that resulted in redundancy <10% (Supplementary
Table 9; Supplementary Genome File) but we confirmed the loss of
Sulfurihydrogenibium-related sequence during the process.

Identification of related MAGs from different assemblies
All genomic clusters from the four assemblies were then compared for
average nucleotide identity (ANI) with PyANI [102] to determine over-
lapping MAGs among assemblies. Replicate MAGs were designated by
>95% ANI [103], and the replicate MAG with the highest estimated
genome completeness was selected as the representative MAG for
downstream sequence analyses (Table 1). We used anvi’o [97] to calculate
genomic characteristics, including G+ C content and standard deviation,
length, N50, completeness, redundancy, and mean coverage and standard
deviation. Three methods were used to determine taxonomy. Initial
taxonomic identification was determined with the BLASTn [70] of every
contig within every MAG to the nucleotide sequence database from the
National Center for Biotechnology Information (NCBI). Majority consensus
of contig hits was used to formulate taxonomic hypotheses for each MAG,
which were tested with robust phylogenomic analyses (below). GTDB-Tk
[104] was then used to confirm taxonomy (Supplementary Table 15). All
three methods (BLASTn of binned contigs, phylogenomics of concatenated
ribosomal proteins, and GTDB-Tk) agreed on taxonomic identity of the
MAGs discussed in this report. Temperature optima were predicted from
deduced amino acid content using previously established methods
[41, 105].

Phylogenomic analyses of archaea and bacteria
Hidden Markov Models (HMM) were downloaded from the protein families
(PFAM) database [106] for the following 16 ribosomal proteins: L27a, S10,
L2, L3, L4, L18p, L6, S8, L5, L24, L14, S17, S3c, L22, S19, L16. Custom HMMs
were used for archaeal ribosomal proteins. HMMer was used to scan MAGs
for HMM hits and ribosomal protein sequences were extracted from each
MAG. Individual ribosomal proteins were aligned with MAFFT (--maxiterate
1000 --localpair --nomemsave) and positions with >50% gaps were
trimmed with trimAl. Following the concatenation of 16 alignments,
MrBayes [107] (version 3.2.7a; MPI) was used for Bayesian inference
analysis (2 million generations, 0.25 burn-in fraction, 4 parallel chains, 4
rate categories, and invariable gamma models for rate variation, LG model
with empirical amino acid frequencies and heating factors set to 0.125).

Phylogenetic analyses single-copy gene variants
Nine variant copies of two single-copy genes—GidB and DNA polymerase
III beta II subunit—were detected by HMM in the Sulfurihydrogenibium
MAG. Deduced amino acid sequences were extracted for each, aligned
with MAFFT (separately for GidB and DNApoly3beta2), trimmed with trimAl
[108] v1.4.rev22, and phylogenetically compared to reference sequences
from other Aquificae, Epsilonproteobacteria, and Thermotogales with
MrBayes [107]. Both analyses ran for 600,000 generations until standard
deviation of split frequencies reached 0.0059 for GidB and 0.0020 for
DNApoly3beta2 (0.25 burn-in fraction, 8 parallel chains, 8 rate categories,
and invariable gamma models for rate variation, LG model with empirical
amino acid frequencies). Both trees were viewed and edited in iTOL [109].

Identification of viral contigs and host–virus interactions
VirSorter [63] was used to scan all assembled contigs against the VIROME
database [110], and to identify viral gene content and putative viral
contigs. Putative viral contigs that clustered with primary MAGs based on
tetranucleotide frequency signatures, as well as other viral contigs with
lengths >20 kbp, were compared by BLAST analysis against four databases:
NCBI nt (non-redundant), NCBI aa (non-redundant), UniProt Viral nt,
UniProt Viral aa (Supplementary Table 2). We assigned viral taxonomy at
the family level based on BLAST results to the viral subset of the nr
database with an e-value cutoff of 10−3, selecting the most common
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occurrence of a viral family as the representative taxonomy for each contig.
In the event of a tie, i.e., the same number of hits to two or three different
viral families, lowest e values were used to determine viral taxonomy.
Relative abundance of viral families among all four assemblies was
determined by normalizing mean contig coverage values to assembly read
depth; normalized coverage values were subtotaled for each viral family
for cumulative normalized coverage and presented in Fig. 3. Relationships
between viruses and hosts were assigned by (i) overlapping tetranucleo-
tide signatures between viral and host sequences [42, 43], (ii) taxonomic
hits of viral protein sequences to microbial entries in public databases [44],
and/or (iii) sequence identity matches between host CRISPR spacers and
viral genomes.
CRISPR arrays were identified using assembled and unassembled

metagenomic sequences with MinCED (v0.4.2) [111] and Crass [112]
(v0.3.12), respectively, with default parameters. Thirty-four CRISPR arrays
were detected by the MinCED analysis and we used BLASTn to identify
CRISPR spacer sequences that match putative viral sequences (with <2 bp
mismatches) in the four metagenome assemblies. We also searched for
CRISPR arrays by running Crass on quality-filtered metagenomic reads
(unassembled) and used the associated “crisprtools” to extract repeat and
spacer sequences. BLAST was used to create a custom nucleotide database
for all putative viral contigs identified by VirSorter (above) and the ca.
29,000 spacer sequences from the Crass analysis were compared by BLASTn
to this database (allowing <2 bp mismatches) revealing 382 matches.

Metabolic potential of archaea, bacteria, and viruses
We used anvi’o (v5.3) [97] to scan for open reading frames with Prodigal
[113] and to compare deduced protein sequences with NCBI Clusters of
Orthologous Groups (COGs) [114]. After binning metagenomic sequences
into MAGs, METABOLIC software (v2) was used to identify enzymes
involved in metabolic pathways with specific influences on biogeochem-
ical cycles [115]. METABOLIC output files were examined and specific
genes for sulfur, hydrogen, and carbon metabolism were reported. Anvi’o
was further used to extract mean coverage values for functional genes
detected within metagenomic sequence.

Examination of Sulfurihydrogenibium viruses
A curated group of putative Sulfurihydrogenibium-infecting viruses was
created using the initial list identified via tetranucleotide frequency from
each of the four individual metagenomes. This list was refined by removing
viral contigs with <10 genes (or <10 kbp), putative viruses that were
determined to be plasmids, and viral contigs that received a low-
confidence score of three or six from VirSorter [63]. The list for the four
individual metagenomes was then condensed by aligning using MAFFT
[116] v7.407. Contigs with >95% identity were considered identical for
analysis purposes. Individual viral contigs were annotated by identifying
putative ORFs using MetaGeneAnnotator [117]. The predicted ORFs were
translated and used to search NCBI non-redundant database, the
Conserved Domain Database (CDD), TIGRFam [118], Pfam [119], SMART
[120], PRK [121], COG [114], and InterPro [122] databases. Functional
annotations were made if e-values to databases were <10e−5. In addition,
the HHpred/HHsearch algorithm [123] was used to perform profile-profile
comparisons of the head-neck region of viral contigs on the VIRFAM
platform [69]. Phylogenetic analysis of the major capsid protein (cl22542)
was performed by aligning viral capsid proteins from to nearest neighbors
via BLASTp database searching. An alignment was built using MAFFT and a
phylogenetic tree was created using RAxML [124] and evaluated with 1000
bootstrap replicates.

Detecting homologous plasmid DNA and RNA at other sites
The deduced amino acid sequence for secretin (i.e., Fig. 5F) was compared
by BLASTp analysis to deduced proteins from publicly available
metagenomes from Liberty Cap and Narrow Gauge hot springs in YNP
[48]. This method identified two additional plasmid contigs, one from each
hot spring metagenome, that were similarly annotated with Holliday
Junction Resolvases, ssDNA binding proteins, and conjugation proteins.
This observation was further confirmed by a matching spacer sequence (1
mismatch) from the Sulfurihydrogenibium CRISPR array that targeted the
same plasmid at the Liberty Cap site, as indicated by BLASTn comparison
to the hot spring metagenome. The associated Liberty Cap metatran-
scriptome (JGI GOLD ID Gp0055116) was used to calculate reads
per kilobase per megabase (RPKM) values for genes along the plasmid
contig.

Determining putative functions of plasmid-based genes
Initial gene annotations were performed in anvi’o [97] with the NCBI COG
database (Supplementary Table 5), and each deduced protein sequence
from the plasmid genome was also compared by BLASTp [70] to the NCBI
non-redundant database [125] (Supplementary Table 12). Components
related to a TFF system were further scanned with ConjScan [126] and
TXSScan [127] for functional identification with inconclusive results. The
deduced secretin protein sequence was aligned by MAFFT [116] and
phylogenetically compared with MrBayes [107] to previously published
sequences [80]. This formed a deeply rooted cluster distantly related to all
other sequences and precluded any functional information for the
Sulfurihydrogenibium plasmid secretin. MAFFT alignment was performed
with default parameters and MrBayes phylogenetic analysis was run for
3,000,000 generations with a fixed amino acid model and burn-in fraction
of 0.25.

DATA AVAILABILITY
Genomic sequence information for this investigation can be found in the NCBI
database under BioProject PRJNA669531 and BioSamples SAMN16454225,
SAMN16454373, SAMN16454375, SAMN16454377, and SAMN16454376. Quality-
filtered short reads used for single metagenomic assemblies are available in the
NCBI Sequence Read Archive as SRR12852619 (2016_B01), SRR12852620
(2016_B02_str), and SRR12852618 (2016_B02_sed). Quality-filtered short reads used
for coassembled metagenomes are available in the NCBI Sequence Read Archive as
SRR12852621 (2017_B01_S1) and SRR12852622 (2017_B01_S2).
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