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ABSTRACT
Deep-sea hydrothermal vents host archaeal communities that grow at temperatures, pressures and chemical
extremes that would be lethal to nearly all other life, and their genomes are expected to carry the molecular
signatures of that adaptation in ways that remain incompletely catalogued outside a small number of well-studied
model lineages. We assembled and compared 34 metagenome-assembled genomes (MAGs) recovered from
black smoker chimney and diffuse-flow sediment samples collected at three hydrothermal vent fields (Mid-Atlantic
Ridge, East Pacific Rise, and Mariana back-arc), spanning the phyla Crenarchaeota, Euryarchaeota,
Thaumarchaeota and the more recently described Asgard superphylum, against a reference set of 156 publicly
available archaeal genomes from non-vent environments. Vent-associated archaea showed significant
enrichment, relative to the non-vent reference set, in genes encoding reverse gyrase (present in 97% of vent
MAGs versus 34% of non-vent genomes, chi-squared P<0.001), a topoisomerase strongly associated with growth
above 80C, and in genes encoding di- and tri-ether membrane lipid biosynthesis enzymes associated with
membrane stability at high temperature. Comparative analysis of amino acid composition across 1,842
single-copy orthologous proteins found consistent enrichment of charged and hydrophobic residues at the
expense of polar uncharged residues in vent-associated lineages, a pattern previously linked to protein
thermostability in laboratory-characterised hyperthermophiles. Network analysis of predicted horizontal gene
transfer events identified a disproportionate number of transfers involving genes for metal resistance and sulfur
metabolism clustering by vent field rather than by phylogenetic lineage, consistent with local environmental
selection acting across lineage boundaries at each vent site independently. These results extend genomic
evidence for thermal and chemical adaptation beyond the handful of cultured hyperthermophile model organisms
to a broader, largely uncultured diversity of vent-associated archaea, and identify site-specific horizontal gene
transfer as an underappreciated contributor to local adaptation at individual vent fields.

Keywords: archaea; hydrothermal vents; comparative genomics; extremophiles; horizontal gene transfer; thermal
adaptation

Received: June 25, 2023  |  Accepted: September 28, 2023  |  Published: December 20, 2023

© 2023 Bakker et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the original author and source are credited.

1. INTRODUCTION

1
Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth

https://doi.org/10.5281/zenodo.22687972
https://trpubonline.org/
https://trpubonline.org/index.php/Biosynth
https://orcid.org/0000-0001-2271-7764
https://orcid.org/0000-0003-5295-102X
https://orcid.org/0000-0003-9037-6097
https://trpubonline.org/index.php/Biosynth


DOI: 10.5281/zenodo.22687972 Bakker et al. (2023) Vol 1 | Issue 2 | pp. 1–7 | 2023

Deep-sea hydrothermal vents were, when first
discovered in the late 1970s, one of the more startling
demonstrations that complex ecosystems could be
sustained entirely independently of sunlight, running
instead on chemical energy extracted from the reduced
compounds venting from the seafloor. The archaea and
bacteria inhabiting these systems tolerate combinations
of temperature, pressure and chemical toxicity --
dissolved sulfide, heavy metals, and steep thermal
gradients spanning tens of degrees over centimetres --
that make them a natural reference point for
understanding the upper physicochemical limits of life,
and a disproportionate share of the organisms used to
define those limits in the laboratory, including several of
the most thermotolerant cultured organisms known, were
originally isolated from vent systems [2,9].
Most of what is known in molecular detail about archaeal
thermal adaptation nonetheless comes from a relatively
small number of cultured model hyperthermophiles --
Pyrococcus, Thermococcus, Sulfolobus and a handful of
others -- that represent only a narrow slice of the
phylogenetic and physiological diversity now known,
through culture-independent metagenomic surveys, to
inhabit vent environments [5,14]. The molecular
correlates of hyperthermophily identified in these model
organisms are well characterised: reverse gyrase, a
topoisomerase found only in hyperthermophilic archaea
and a handful of bacteria, introduces positive
supercoiling into DNA and is essentially universal among
organisms growing optimally above 80C; membrane
lipids built from di- and tri-ether-linked isoprenoid chains,
in place of the ester-linked lipids typical of mesophilic
organisms, confer greater thermal and chemical stability
to the cell membrane; and proteins from
hyperthermophiles are consistently enriched in charged
residues, particularly glutamate and lysine, relative to
their mesophilic orthologues, a pattern thought to
stabilise protein folding through increased ion-pairing at
high temperature [7,11,19].
Whether these same molecular signatures extend across
the much broader diversity of vent-associated archaea
now recoverable by metagenomic sequencing, including
uncultured lineages within the recently described Asgard
superphylum that have never been grown in the
laboratory and whose physiological limits are therefore
unknown by direct measurement, has not been
systematically tested at the scale a comparative genomic
survey can provide. Metagenome-assembled genomes
(MAGs) recovered directly from environmental
sequencing, without the requirement of prior cultivation,
have transformed the tractable diversity of archaea
available for comparative genomic analysis over roughly
the past decade, and vent systems have been a
particularly productive source of novel MAGs given the
chemosynthetic productivity and steep environmental
gradients characteristic of these habitats [16,22].
Beyond thermal adaptation narrowly construed, vent
archaea also face substantial chemical stress from

dissolved heavy metals and reduced sulfur compounds
at concentrations that would be toxic to most organisms,
and metal resistance and sulfur metabolism genes are
plausible candidates for horizontal gene transfer
between co-occurring lineages sharing the same local
chemical environment, a pattern documented in several
other extreme or chemically stressful habitats but not
previously examined systematically across multiple
independent hydrothermal vent fields [21,27]. We
undertook this comparative genomic survey with three
aims: first, to test whether the molecular signatures of
thermal adaptation established in cultured model
hyperthermophiles generalise across the broader
phylogenetic diversity of vent-associated archaea now
accessible through metagenomics; second, to
characterise how amino acid composition varies with
inferred thermal niche across this diversity; and third, to
test whether horizontal gene transfer involving metal
resistance and sulfur metabolism genes clusters by
geographic vent field, which would indicate local
environmental selection acting across lineage
boundaries, or by phylogenetic lineage, which would
indicate vertical inheritance is the dominant force
shaping these gene families.

2. MATERIALS AND METHODS

Metagenomic sequencing data were generated from
chimney wall scrapings and diffuse-flow sediment
samples collected at three hydrothermal vent fields
during three independent research cruises.

2.1 Sample collection and sequencing

Samples were collected using the manipulator arm of a
remotely operated vehicle from black smoker chimney
structures and adjacent diffuse-flow sediments at the
TAG hydrothermal field (Mid-Atlantic Ridge), the 9°50'N
vent field (East Pacific Rise), and the Snail vent field
(Mariana back-arc), with in situ temperature recorded at
each sampling point. DNA was extracted directly from
homogenised sample material and sequenced on an
Illumina NovaSeq platform to a target depth of 15 Gbp
per sample, yielding 27 metagenomic samples across
the three vent fields (nine per field).

2.2 Metagenome assembly and binning

Reads were quality-trimmed and assembled individually
per sample using metaSPAdes, followed by
differential-coverage binning across samples from the
same vent field using MetaBAT2 and CONCOCT in
parallel, with bin refinement and dereplication performed
using DAS Tool. Bin completeness and contamination
were assessed with CheckM2, and only bins meeting
medium-quality MIMAG standards (completeness
>=50%, contamination <10%) were retained, yielding 34
archaeal metagenome-assembled genomes (MAGs)
after dereplication at 95% average nucleotide identity.

2.3 Taxonomic classification and reference dataset
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MAGs were taxonomically classified using GTDB-Tk
against release 214 of the Genome Taxonomy
Database. A reference set of 156 publicly available,
non-vent-associated archaeal genomes spanning the
same four major lineages (Crenarchaeota,
Euryarchaeota, Thaumarchaeota, Asgard superphylum)
was downloaded from NCBI RefSeq and the GTDB
genome repository for comparative analysis, restricted to
genomes with reported isolation or metagenomic source
environments explicitly not associated with hydrothermal
venting.

2.4 Comparative genomic analysis

Gene calling and functional annotation were performed
with Prokka and eggNOG-mapper. Presence or absence
of reverse gyrase and di-/tri-ether membrane lipid
biosynthesis genes was determined by HMM search
against Pfam and TIGRFAM profiles specific to each
gene family, and enrichment relative to the non-vent
reference set was tested by chi-squared test.
Single-copy orthologous protein sets were identified
across all 190 genomes (34 vent MAGs plus 156
reference genomes) using OrthoFinder, and amino acid
composition was compared across orthologous groups
between vent and non-vent genomes using a paired
Wilcoxon signed-rank test for each amino acid, with
Benjamini-Hochberg correction for the twenty amino
acids tested.

2.5 Horizontal gene transfer inference

Candidate horizontal gene transfer events were identified
using a phylogeny-topology comparison approach: for
each gene family with representatives in three or more
vent MAGs from at least two different vent fields, a gene
tree was constructed with IQ-TREE and compared
against the GTDB-Tk reference species tree using the
Robinson-Foulds distance metric; gene families showing
significant topological incongruence (permutation test,
P<0.05) and grouping by geographic vent field rather
than by taxonomic lineage were flagged as candidate
horizontally transferred genes and further annotated for
functional category.

3. RESULTS

The 34 recovered archaeal MAGs spanned all four target
lineages, with Euryarchaeota (14 MAGs) and
Crenarchaeota (11 MAGs) best represented, alongside 6
Thaumarchaeota MAGs and 3 MAGs classified within the
Asgard superphylum (2 Lokiarchaeia and 1
Heimdallarchaeia). Estimated genome completeness
ranged from 52% to 98% (median 81%), and estimated
contamination remained below 5% for 29 of the 34
MAGs. In situ temperature at the point of sample
collection ranged from 12C (diffuse-flow sediment,
Mariana back-arc) to 91C (black smoker chimney wall,
TAG field), providing a substantial in situ thermal
gradient against which genomic features could be
compared even in the absence of direct laboratory
growth temperature measurements for these largely

uncultured lineages.
Table 1. Thermal-adaptation gene markers by lineage and
in situ sample temperature category.

Lineage / temperature
category

n MAGs
Reverse
gyrase +

Ether lipid
genes +

Crenarchaeota 11 11 (100%) 10 (91%)

Euryarchaeota 14 13 (93%) 12 (86%)

Thaumarchaeota 6 6 (100%) 5 (83%)

Asgard superphylum 3 3 (100%) 3 (100%)

High temp. (>60C at
collection)

19 19 (100%) 18 (95%)

Low temp. (<=60C at
collection)

15 14 (93%) 12 (80%)

Reverse gyrase was detected in 33 of 34 vent MAGs
(97%), including all three Asgard archaea MAGs
recovered from moderate-temperature diffuse-flow
samples, compared with 53 of 156 non-vent reference
genomes (34%; chi-squared=41.2, P<0.001). Di- and
tri-ether membrane lipid biosynthesis genes showed a
similar pattern, present in 30 of 34 vent MAGs (88%)
versus 61 of 156 non-vent genomes (39%;
chi-squared=28.7, P<0.001). Table 1 summarises the
presence of these two thermal-adaptation gene marker
sets by lineage and by in situ sample temperature
category. Notably, reverse gyrase was detected even in
three vent MAGs recovered from diffuse-flow sediment at
in situ temperatures below 20C, raising the possibility
that these organisms either retain the gene from a
thermophilic ancestor without strong purifying selection
to lose it, or experience transient exposure to higher
temperatures at other points in their life cycle or within
their vent-proximal but thermally heterogeneous habitat.

Figure 1. Enrichment (positive, vent-associated) or depletion
(negative) of amino acid residues in vent-associated archaeal
MAGs relative to non-vent reference genomes across 1,842
single-copy orthologous protein groups, showing consistent
enrichment of charged and hydrophobic residues.

Comparison of amino acid composition across 1,842
single-copy orthologous protein groups found significant
enrichment of glutamate, lysine, arginine, leucine and
isoleucine in vent-associated lineages relative to
non-vent reference genomes (Wilcoxon signed-rank test,
Benjamini-Hochberg adjusted P<0.01 for all five
residues), and significant depletion of glutamine,
asparagine, serine and threonine (adjusted P<0.01 for all
four), a pattern closely matching the
charged-and-hydrophobic-residue enrichment previously
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described in cultured hyperthermophiles relative to
mesophilic relatives. This amino acid composition shift
was observed consistently across all four phylogenetic
lineages sampled, including the small Asgard archaea
subset, suggesting the underlying selective pressure
operates largely independently of deep phylogenetic
background (Figure 1).
Table 2. Candidate horizontal gene transfer events by
functional category and grouping pattern.

Functional category n events
Grouped by
vent field

Grouped by
lineage

Metal resistance 34 29 5

Sulfur metabolism 21 17 4

Other/uncharacterised 34 25 9

Total 89 71 18

Horizontal gene transfer analysis identified 89 candidate
transfer events meeting the topological incongruence
criterion across the 34 vent MAGs. Of these, 34 (38%)
involved genes annotated to metal resistance functions
(heavy metal efflux pumps, metallothionein-like proteins,
and copper and arsenic resistance operons) and 21
(24%) involved genes annotated to sulfur metabolism
(sulfide oxidation, thiosulfate disproportionation and
dissimilatory sulfate reduction pathway components), a
combined 62% of candidate transfer events concentrated
in just two functional categories out of the dozens
represented in the annotated gene set. Critically, 71 of
the 89 candidate transfer events (80%) grouped MAGs
from the same vent field across different phylogenetic
lineages rather than grouping MAGs from the same
lineage across different vent fields, a pattern significantly
different from the null expectation under random transfer
(binomial test against 50%, P<0.001). Table 2
summarises candidate horizontal gene transfer events
by functional category and by whether the event grouped
by vent field or by lineage.

4. DISCUSSION

The consistency with which molecular signatures of
hyperthermophily established in a handful of cultured
model organisms -- reverse gyrase presence,
ether-linked membrane lipid biosynthesis, and
charged-residue enrichment in the proteome -- extend
across the much broader phylogenetic and physiological
diversity of vent-associated archaea sampled here,
including uncultured Asgard lineages with no direct
laboratory growth temperature measurement available, is
to our knowledge the most systematic demonstration to
date that these signatures are general features of
thermal adaptation in this environment rather than
idiosyncrasies of the specific organisms that happen to
have been successfully cultured. This matters because
cultivation bias is a longstanding and only partially
resolved concern in extremophile microbiology:
organisms amenable to laboratory culture are not
necessarily representative of the full diversity present in
the environment, and genomic comparisons of the kind

performed here provide a route to testing whether
conclusions drawn from cultured representatives
generalise, without requiring that every lineage of interest
first be brought into culture [5,14].
The detection of reverse gyrase in three vent MAGs
recovered from comparatively cool diffuse-flow sediment
is a genuinely puzzling result that we are unable to
resolve definitively with the present data. One plausible
explanation is that these organisms occupy
microhabitats within the sampled sediment that are
considerably hotter than the bulk in situ temperature
measurement captures, given the steep thermal
gradients known to exist over centimetre scales in
vent-proximal sediments; another is that reverse gyrase
retention reflects recent descent from a
hyperthermophilic ancestor without sufficient
evolutionary time or selective pressure for the gene to be
lost, since reverse gyrase carries at most a modest
metabolic cost when not conferring a fitness benefit.
Distinguishing between these explanations would require
either fine-scale in situ temperature logging at the
sub-centimetre scale during sample collection, which
was beyond the scope of the present cruises, or direct
experimental characterisation of these organisms' actual
thermal growth range, which is not currently possible for
uncultured lineages.
The finding that horizontal gene transfer events involving
metal resistance and sulfur metabolism genes cluster
predominantly by vent field rather than by phylogenetic
lineage is, we think, the most novel result of this study
and extends a pattern previously documented in other
chemically extreme environments -- acid mine drainage
biofilms and hypersaline lakes among them -- to
hydrothermal vent systems specifically [21,27]. The
clustering by geography rather than lineage argues that
local chemical selection pressure, specific to the metal
and sulfur speciation chemistry of each individual vent
field, is strong enough to drive convergent gene
acquisition across taxonomically distant co-occurring
archaea, a form of local adaptation that a purely
phylogeny-based analysis of archaeal diversity would
miss entirely. This raises the interesting possibility that
individual vent fields function, in a genomic sense, as
semi-independent evolutionary arenas in which gene
flow across lineage boundaries responds to local
chemistry, layered on top of the vertical phylogenetic
inheritance that dominates most other regions of these
genomes.
Several limitations of this survey should be kept in mind
when interpreting these results. Metagenome-assembled
genomes, even at the medium-quality threshold applied
here, are necessarily incomplete and can conflate closely
related strains into a single composite bin, which could
inflate or deflate gene presence estimates for any
individual MAG relative to the true genome of a single
organism; we partially mitigated this by restricting several
analyses to medium- and high-completeness bins, but
residual uncertainty from assembly and binning error
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cannot be fully excluded. The horizontal gene transfer
inference method used here, based on topological
incongruence between gene and species trees, is also
known to be sensitive to gene tree estimation error,
particularly for shorter or more divergent gene
alignments, and while the permutation-based
significance testing we applied is intended to guard
against spurious incongruence, direct experimental
validation of even a subset of the candidate transfer
events, for example through comparison of flanking
genomic context for signatures of mobile genetic
elements, would strengthen confidence in these findings
considerably beyond what phylogenetic inference alone
can provide.
Finally, the absence of direct laboratory growth data for
the great majority of the lineages sampled here, an
inherent limitation of a metagenomics-based approach to
a still largely uncultured group of organisms, means that
all inferences about thermal niche in this study rest on in
situ sample temperature and genomic proxy markers
rather than on directly measured growth temperature
optima. This is a real constraint on the strength of the
conclusions that can be drawn, but we would note that it
is also, in a sense, the point of the approach: genomic
and metagenomic methods exist precisely to extend
inference beyond what cultivation-dependent methods
alone can access, and the consistency of the genomic
signatures identified here across such a broad
phylogenetic range gives us reasonable confidence that
the underlying biological pattern is real, even where the
specific physiological mechanism cannot yet be
confirmed by direct laboratory measurement for every
lineage involved.
We would also flag the Asgard archaea subset of this
dataset as warranting particular follow-up attention
despite its small size. All three Asgard MAGs recovered
here carried reverse gyrase and ether lipid biosynthesis
genes despite originating from comparatively
moderate-temperature diffuse-flow samples, a
combination that, if it holds up in a larger Asgard sample,
would suggest either that thermal tolerance in this
superphylum is more widespread than the handful of
characterised Asgard lineages currently suggest, or that
these particular organisms retain a thermophilic genomic
legacy without necessarily requiring high temperature for
growth. Given the substantial interest in Asgard archaea
as the closest known prokaryotic relatives of eukaryotes,
resolving which of these explanations is correct would be
a valuable target for future targeted sampling and,
ideally, cultivation efforts focused specifically on this
lineage. We note that all three MAGs were recovered
from the same vent field, and independent confirmation
from Asgard lineages sampled at other hydrothermal
systems would strengthen any general claim
considerably.

5. CONCLUSION

Comparative genomic analysis of 34
metagenome-assembled archaeal genomes from three
hydrothermal vent fields, set against a reference panel of
156 non-vent archaeal genomes, found that molecular
signatures of thermal adaptation established in cultured
model hyperthermophiles -- reverse gyrase presence,
ether-linked membrane lipid biosynthesis, and
charged-residue enrichment in the proteome -- extend
consistently across a much broader phylogenetic
diversity of vent-associated archaea, including
uncultured Asgard lineages. Horizontal gene transfer
events involving metal resistance and sulfur metabolism
genes clustered predominantly by geographic vent field
rather than by phylogenetic lineage, indicating that local
chemical selection pressure drives gene flow across
taxonomic boundaries at individual vent sites. Together,
these findings extend genomic evidence for archaeal
thermal and chemical adaptation beyond the handful of
cultured model organisms that have historically defined
the field, and identify vent-field-specific horizontal gene
transfer as an underappreciated contributor to local
adaptation that a purely phylogeny-centred view of
archaeal diversity would not capture. We are currently
extending this survey to additional vent fields along the
Indian Ocean ridge system to test whether the
vent-field-specific horizontal gene transfer pattern
identified here generalises beyond the three fields
sampled, and we are pursuing targeted cultivation
efforts, informed by the metabolic gene content of the
recovered MAGs, aimed at bringing at least a subset of
the uncultured Asgard lineages identified here into
laboratory culture, which would allow the genomic
proxy-based thermal and chemical adaptation inferences
reported here to be tested against directly measured
physiological data.
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