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Abstract

Serpentinization, the collective set of geochemical reactions initiated by the hydration of ultramafic rock, has occurred throughout Earth
history and is inferred to occur on several planets and moons in our solar system. These reactions generate highly reducing conditions
that can drive organic synthesis reactions potentially conducive to the emergence of life, while concomitantly generating fluids
that challenge life owing to hyperalkalinity and limited inorganic carbon (and oxidant) availability. Consequently, the serpentinite-
hosted biosphere offers insights into the earliest life, the habitable limits for life, and the potential for life on other planets. However,
the support of abundant microbial communities by serpentinites was only recognized ~20 years ago with the discovery of deep-
sea hydrothermal vents emanating serpentinized fluids. Here, we review the microbial ecology of both marine and continental
serpentinization-influenced ecosystems in conjunction with a comparison of publicly available metagenomic sequence data from these
communities to provide a global perspective of serpentinite microbial ecology. Synthesis of observations across global systems reveal
consistent themes in the diversity, ecology, and functioning of communities. Nevertheless, individual systems exhibit nuances due to
local geology, hydrology, and input of oxidized, near-surface/seawater fluids. Further, several new (and old) questions remain including
the provenance of carbon to support biomass synthesis, the physical and chemical limits of life in serpentinites, the mode and tempo
of in situ evolution, and the extent that modern serpentinites serve as analogs for those on early Earth. These topics are explored from
a microbial perspective to outline key knowledge-gaps for future research.
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Introduction

The earliest life was supported by chemical energy that was
released when disequilibria in reduced and oxidized chemicals
(electron donors and acceptors) was dissipated [1]. Although
uncertainty remains in the timing of the emergence of photosyn-
thesis (e.g. between ~4 and 3 Ga [2]), life dependent on chemical
energy is widely recognized to have predated that dependent
on light energy [1, 2]. Mantel convection, volcanism, and water-
gas-mineral interactions were critical in generating chemical
disequilibria among electron donor/acceptor pairs to support
chemosynthetic life during this time. Of particular significance is
the process of serpentinization, or the collective series of chemical
reactions that occur upon the hydration of ultramafic rock (iron-
rich, silica-poor rock) resulting in the oxidation of iron-bearing
minerals and the formation of serpentine [(MgFe(Il)Fe(IIl))s
(Fe(IlI)Si);05(OH)4]. Serpentine formation is accompanied by
hydrogen gas (H;) generation [3] that, when accumulated to
high enough concentrations, can drive the reduction of inorganic
carbon, leading to the production of carbon monoxide (CO),
formate (CHO,~), methane (CHs) [3-5], and even longer chain
compounds like acetate (C;H30,~) and pyruvate (C3H305-) [6].
Perhaps unsurprisingly, many origin of life theories invoke the
geological process of serpentinization and a primitive autotrophic

energy metabolism founded on H,, the Wood-Ljungdahl (WL)
pathway of carbon dioxide (CO;) fixation [7-10]. The WL pathway
is thus far the only known carbon fixation pathway present
in both Archaea and Bacteria and is the least energy inten-
sive [11]. Further, many hydrogenotrophic acetogenic Bacteria,
methanogenic Archaea, and sulfate (SO4?-) reducing Bacteria/Ar-
chaea, among other anaerobes, remain dependent on the WL
pathway as part of their core energy-conserving and CO,-fixing
pathways [12]. Thus, serpentinization and microbial physiologies
theorized to be dependent upon serpentinization by-products
have remained a major focus of early life studies.

Ultramafic rock like peridotite that primarily comprises
olivine [e.g. (Mg, Fe)25i04] and pyroxene [e.g. orthopyroxene:
(Mg,Fe)2S5i>0¢]) is common in the Earth’s mantle and tectonically
uplifted regions of the oceanic crust, but is less common on
continents, except where these rock units are abducted onto
the crust, in what are termed ophiolites. Despite that the
geochemistry, mineralogy, and geology of serpentinites have been
widely studied for many decades, their potential to host microbial
communities remained essentially unknown until only ~20 years
ago when Hj-enriched fluids from deep-sea hydrothermal vents
in the Lost City Hydrothermal Field (LCHF; Atlantis Massif) were
shown to host abundant microbial communities [13]. Since this
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discovery, interest in serpentinite-hosted microbial ecosystems
has grown considerably and now includes studies aimed at
understanding the extent and nature of Earth’s subsurface
biospheres [14, 15], the earliest life on Earth [7, 9, 16], the potential
for life on other planetary systems [17], the environmental limits
to life [18], and most recently, the potential for geological Hs
production and CO, sequestration [19, 20]. This has included
investigations of a variety of serpentinite-hosted ecosystems,
including marine systems at the LCHF, Prony Bay Hydrothermal
Field (PBHF; New Caledonia), and the Old City Hydrothermal Field
(OCHF; Southwest Indian Ridge), as well as terrestrial ophiolites
in California, USA (at the Cedars Springs, Ney Springs, and the
Coast Range Ophiolite Microbial Observatory; CROMO), the Samail
Ophiolite (Oman), and the Voltri Massif (Italy), among others [13,
21-27].

Collectively, these studies have revealed the compositions
and functions of microbial communities that inhabit these
chemically diverse environments and have provided insight into
both the abiotic and biotic factors that influence their ecological
functioning. Despite the considerable insights generated over
the past ~20 years, an equal number of fundamental new
guestions have arisen. Here, we review insights into the microbial
ecology and evolution of serpentinite-hosted communities
from the past two decades of investigations and outline key
unresolved questions to help move the field forward. To further
this effort, publicly available metagenomic sequence data were
compiled from both marine and terrestrial serpentinite-hosted
microbial communities and were subjected to comparative
analyses.

Taxonomic and functional diversity
Methanogens in serpentinite communities

The discovery of serpentinizing systems as microbial habitats
coincided with a renewed interest in subsurface environments as
globally significant reservoirs of microbial diversity and biomass
[28-30]. Key to sustaining these subsurface microbial ecosystems
is an abundance of geogenic reductant (e.g. Hs) that can be
coupled with inorganic oxidants (e.g. CO; and SO4?-) to con-
serve energy that then fuels primary production [30-32]. Thus,
lithoautotrophic microorganisms in serpentinization-influenced
systems became prime targets for investigation, including, in
particular, archaeal hydrogenotrophic methanogens that couple
H; oxidation to CHs production (CO; +4H; =» CHs+2H,0) and
bacterial (homo)acetogens that couple H, oxidation to acetate
production (4H; +2C0O, =» CH;COOH + 2H,0) [16], among other
microbial metabolic guilds. Indeed, early microbiological stud-
ies of the LCHF revealed dominance by methanogenic Archaea,
and particularly by a single 165 rRNA gene phylotype referred
to as the Lost City Methanosarcinales (LCMS) in vents that are
highly impacted by serpentinization [33, 34]. Analyses from later
metagenomic studies indicated that the LCMS are potentially
capable of hydrogenotrophic methanogenesis in addition to ace-
toclastic (acetate fermentation) and/or methylotrophic (methyl-
group fermentation) methanogenesis [35, 36]. Microcosm carbon
stable isotope studies also showed a stimulation of CHs produc-
tion when amended with H;, and also suggested the capacity
for anaerobic methanotrophy [37]. However, considerable debate
remains whether canonical methanogens can also conduct anaer-
obic methanotrophy [38] and further physiological and biochemi-
cal study of these uncultured taxa is still needed. Nevertheless,
these early studies primarily investigated biofilm communities
within vent chimney interiors, potentially limiting the perspective

of taxonomic and functional diversity associated with serpen-
tinizing systems.

More recent studies of LCHF fluids have documented greater
variability in community compositions, including those that are
dominated by bacterial taxa, with LCMS generally comprising
subdominant populations [35]. Similarly, studies of other serpen-
tinite systems have documented a variable presence and abun-
dance of methanogens, ranging from systems like the Tablelands
(Canada), CROMO, Ney Springs, or Hakkuba Springs (Japan) where
they were not detected [24, 39-41] to systems like the Samail Ophi-
olite or LCHF where they are present or abundant but only in some
communities [35, 42-44]. Yet in other systems, such as springs
of the Santa Elena Ophiolite (Costa Rica), methanogens can be
dominant [45]. Consistent with these studies, an assembly-free
taxonomic analysis of 70 publicly available metagenomes (Fig. 1;
see Supplementary Information for methods) from serpentinite-
hosted systems suggests a paucity of methanogenic taxa in most
systems, although considerable variation in their distribution
and abundance exists within and among communities, particu-
larly from the Samail Ophiolite and LCHF (Fig. 2). Thus, although
methanogens and methanogenesis have been a primary focus
of microbiological studies in serpentinite-hosted systems since
their initial discovery in the LCHF, additional studies over the
last ~20 years have reshaped our overall understanding of their
microbial ecology. Collectively, these findings prompt the funda-
mental question of what environmental or biological factors pro-
mote or constrain the distribution, abundance, and metabolism
of methanogens in serpentinites?

A revised understanding of methanogens and
other archaea in serpentinite ecosystems

Members of the LCMS (family Methanosarcinaceae) have been
identified in other globally distributed serpentinite systems,
including in the PBHF [46], in addition to a LCMS-like phylotype
(TCMS) that has been observed in the Cedars [47]. Thus, LCMS-
like methanogens appear to mostly be restricted to marine
serpentinite systems. In contrast, Methanobacterium-related
methanogens (class Methanobacteria) are commonly identified in
terrestrial serpentinites, including at the Cedars, Ney Springs,
Samail Ophiolite, Zambales (Philippines), and Voltri Massif
systems [27, 42, 43, 48-52]. Like the LCMS in marine systems,
the Methanobacterium-related methanogens found in terrestrial
systems comprise only a single or a few genomic phylotypes
[48, 53], suggesting specific adaptations that facilitate their
competitiveness in these environments.

Serpentinite-associated Methanobacterium primarily conduct
hydrogenotrophic methanogenesis based on cultivated rep-
resentatives [51, 54], genomic inference [48, 50, 53], or “C
carbon isotope uptake experiments [48], consistent with most
cultured Methanobacteria [55]. However, several unique adap-
tations have been identified among some Methanobacteria in
serpentinites, including hypothesized formate-driven (rather than
H,-driven) methanogenesis in Methanobacterium spp., as revealed
by metagenomics and C isotope-labeled microcosm studies
in communities from the Samail Ophiolite [48, 56] (discussed
in greater detail below). Further, the potential for formate-
dependent methanogenesis by Methanobacteria in springs of the
Voltri Massif was also suggested by metagenomics and *C carbon
substrate conversion studies [27]. In addition, spring waters from
the Santa Elena Ophiolite harbored 165 rRNA gene evidence for
many of the above taxa, in addition to others not commonly
identified in serpentinizing systems (order Methanomicrobiales),
that were variously implicated in H;-, formate-dependent, or
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Fig. 1. Global distribution of serpentinization-influenced environments that have been investigated microbiologically and those that hosted 70
publicly available shotgun metagenomes used in the meta-analysis of this review. Geologic systems are indicated by points and abbreviations on
the map, with those in green hosting metagenomes that were used in the meta-analysis of this review. Bottom left insert shows the pH distribution of
water samples from which the metagenomes were derived, as reported by the original publication. Additional information for metagenomes is shown
in Supplementary Table 1. Abbreviations are defined as follows (and further identified in Supplementary Table 1). NEY: Ney Springs; CED: The Cedars;
CROMO: Coast Range Ophiolite Microbial Observatory; SEO: Santa Elena Ophiolite; TBL: Tablelands Ophiolite; RHF: Rainbow Hydrothermal Field;
LCHF: Lost City Hydrothermal Field; LVF: Logatchev Vent Field; AVF: Ashadze Vent Field; AUR: Aurora Seamount; LEKA: Leka Ophiolite; COV: Cabeco de
Vide; VOL: Voltri Massif; YAN: Yanartas; ALL: Allas Springs; SAM: Samail Ophiolite; KMR: Khalilovsky Massif; KHF: Karei Hydrothermal Field; OCHF:
0ld City Hydrothermal Field; HHS: Hakuba Happo Hot Springs; MAN: Manleluag Spring; LCR: La Crouen Spring; PBHF: Prony Bay Hydrothermal Field.

other types of methanogenesis [45]. In addition to methanogenic
Archaea, anaerobic methanotrophic Euryarchaeota (ANME) were
identified in the LCHF [33], and more recently in the Santa
Elena, Cabeco de Vide, and Samail Ophiolite systems [43, 45, 57].
The ANME have been hypothesized to participate in syntrophic
anaerobic oxidation of CHy, which is often abundant in fluids
impacted by serpentinization [58]. Thus, the distribution of both
methanogens and ANME in serpentinite systems is patchy and
restricted to only a few archaeal phylotypes within a few divisions.
This conclusion is consistent with the assembly-free analysis of 70
serpentinite metagenomes conducted herein, which also reveals
a limited and irregular distribution of methanogenic or anaerobic
methanotrophic archaeal taxa (Fig. 2).

Beyond the relative paucity of methanogenic or ANME
archaeal phylotypes identified in serpentinizing systems, a
limited diversity of other archaeal taxa has been identified (Fig. 2).
These include representatives of the classes Nitrososphaeria [21, 22,
59] that comprise ammonia-oxidizers typical of fresh- and sea-
waters [60] and Thalassoarchaea typical of global marine waters
[61] that have been detected in marine serpentinite communities
[21, 46]. Likewise, anaerobic Hadesarchaeota putatively capable of
heterotrophic metabolism that is supplemented by CO oxidation
[50] and that are common in subsurface environments [62] were
recently identified in highly reduced fracture waters of the Samail
Ophiolite [63] and in Zambales springs [50], but may also be
present as low-abundance taxa in other systems (Fig. 2). Collec-
tively, these data reveal that Archaea can inhabit serpentinites,
but tend to be rare, only comprise a few total phylotypes, and are
generally subdominant to Bacteria. Intriguingly, serpentinites are

generally characterized as hosting waters that are highly reduced,
nutrient limited, anoxic, and generally energy limited, conditions
that tend to favor archaeal inhabitation [64]. Thus, the general
lack of archaeal diversity or abundance in these systems remains

perplexing.

Recent discovery of acetogen-like bacteria as
putative primary producers

In contrast to Archaea, diverse bacterial taxa with equally
diverse metabolic capacities have been identified in serpenti-
nite systems. Anaerobic bacteria are particularly prevalent in
serpentinized waters, including those involved in sulfur cycling
(primarily sulfate reduction) and those putatively capable of
acetogenesis or 1-carbon metabolism. Evidence for the presence
of bacterial acetogens has been much less forthcoming compared
to that for methanogens, with no acetogenic isolates yet
reported from serpentinization habitats. Rather, genome-resolved
metagenomics approaches (e.g. via metagenome assembled
genomes, MAGs) have only recently provided evidence for several
putatively acetogen-like organisms from thus far uncultured
bacterial divisions [35, 39, 65-67]. These putative acetogen MAGs
represent populations that are often dominant members of, and
hypothesized primary producers in, serpentinized terrestrial and
marine communities [35, 46, 65]. Further, although heterotrophic
acetogenesis (acetate production from organic compounds) has
been demonstrated in Cedars communities using carbon isotopic
microcosm experiments [68], evidence for autotrophic acetogen-
esis (homoacetogenesis) has yet to be demonstrated or evaluated
in a serpentinizing system with experimental approaches.
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Fig. 2. Taxonomic composition of 70 community metagenomes from serpentinization-influenced environments. Each row represents a
metagenome organized by site and by increasing pH from top to bottom (within each site). Each column represents a taxonomic group that was
identified in >1% relative abundance in at least one of the metagenomes. Metagenomic data and publicly available accession information is provided
in Supplementary Table 1. Community composition was evaluated from raw reads using the SingleM pipeline (described in Supplementary Methods).
Taxonomic groups are defined as in the genome tree database (GTDB) at various taxonomic levels: p: Phylum; c: Class; o: Order; f: Family; g: Genus.
Sub-phylum level taxa that are discussed in the manuscript are specifically included. Circles are colored by their corresponding system and sized
according to their estimated relative abundance, as indicated by the legend on the bottom left.

Canonical homoacetogenesis is generally considered to be a
challenging metabolism to support life owing to the minimal
free energy released from the H»/CO; redox couple (4H; +2CO;
—> CH;COOH + 2H;0 couple; AG =—40 kJ per mole under phys-
iological conditions) [69]. However, the thermodynamics of this
reaction become especially problematic in highly serpentinized
fluids [39] and are exacerbated by the limited availability of
dissolved inorganic carbon (DIC) in these systems [44]. Autotrophic
acetogenesis may consequently require metabolic adaptations to
serpentinite environments that help overcome these challenges,

such as the use of formate rather than CO, to drive acetogenesis
and recruitment of electron bifurcating enzyme systems to drive
exergonic electron transfers [39, 65, 70], as discussed in greater
detail below. Intriguingly, a recent genome-resolved metagenomic
analysis identified an archaeon within one of the seven canonical
groups of methanogens (order Methanocellales) that was abundant
in springs of the Cedars, but that appear to have relatively recently
lost the capacity for methanogenesis and are inferred to be
non-H;-dependent acetogens [71]. These results are consistent
with laboratory experiments demonstrating that canonical
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methanogens can be engineered to conduct acetogenesis via
targeted deletions of genes encoding proteins involved in
methanogenesis pathways [72]. Although further confirmation
of these recent results is needed, the putatively acetogenic
Methanocellales represent a previously unrecognized lineage of
acetogens and are suggestive of a novel evolutionary scenario
whereby methanogenic Archaea diverge into non-methanogenic
acetogens. Acetate is often one of the most abundant short chain
carbon compounds in serpentinite waters [42, 73], suggesting the
need for additional studies aimed at identifying its biotic or abiotic
source and fate in these ecosystems.

Other prevalent bacterial functional guilds

Sulfur-metabolizing bacteria, and particularly sulfate-reducing
bacteria (SRBs), are commonly abundant in serpentinite-hosted
communities, including taxa related to the Thermodesulfovibrio
(class Thermodesulfovibrionia) [26, 35, 59], Dethiobacter (class
Dethiobacteria), Desulforudis (family Desulforudaceae), Desulfotomacu-
[um (order Desulfotomaculales), and members of the Desulfobacterota
class (previously Deltaprotecbacteria) [35, 42, 74], among others.
Further, rates of sulfide production coordinated with H, draw-
down, *C substrate uptake experiments, and molecular microbial
analyses have suggested that SRB may be important primary
producers and consumers of H; in the LCHF system [75, 76] and
prevalent in the subsurface of serpentinizing systems, as in the
Mariana Forearc based on sulfur isotope fractionation analysis of
fluids [77]. Moreover, 3°S radiotracer microcosm uptake studies
suggest that SRB from the Samail and CROMO systems are active
across the range of pH (e.g. pH ~7-12.5) encountered there,
although their activity may be limited at higher pH [78].

As in most subsurface environments, SO,2~ is one of the most
abundant oxidants for lithotrophic metabolisms in serpentinizing
systems, either due to input of seawater with high S04~ (~28 mM)
or to radiolytic- or radical-based abiotic pyrite oxidation [79,
80]. The thermodynamics of SO42- reduction with H,, CO, or
organic acids (e.g. acetate or formate) are more favorable than CO,
reduction through methanogenesis or acetogenesis [75] partially
explaining why SRB often outcompete other metabolic guilds in
many anaerobic natural systems [81]. Hydrogenotrophic SRB have
also been traditionally considered to outcompete methanogens
for H; in freshwater environments when SO42->30 puM [82].
Consistent with these assertions, community composition-
informed niche modeling of hyperalkaline spring waters of
the Samail Ophiolite and elsewhere suggest Thermodesulfovibrio
can outcompete Methanobacterium when SO4% concentrations
exceed 10 uM [83]. However, the co-occurring potential for
S0,4% reduction and methanogenesis as assessed via microcosm
studies and genomic analyses, for example in Samail Ophiolite
subsurface waters [42, 78|, suggests that their niches are
temporally and/or spatially defined by parameters other than
oxidant availability alone, thereby minimizing niche overlap and
enabling co-existence.

Less well understood in serpentinite systems are the roles of
microorganisms in the oxidative sulfur cycle (e.g. in metabolizing
S,05~, §?-, or SY), although 16S rRNA gene and genomic
investigations have suggested a high potential for sulfur oxidation
in several systems [24, 74, 84]. Further, aerobic S,0;—oxidizing
(Rhodobacteraceae and Halomonas spp.) and sulfur-compound-
disproportionating (Dethiobacter sp.) strains have been isolated
or enriched in cultures from the Ney Springs and CROMO
systems [24, 85]. Oxidative sulfur cycling metabolisms require the
availability of oxidants (e.g. O,, or NOs~) with which to couple to
sulfur-compound oxidation. Consequently, these environments

are likely to be largely restricted to near surface zones of
terrestrial serpentinites or near the sea water/serpentinized fluid
interface in marine systems [24, 84].

Conspicuously missing from most surveys of microbial taxo-
nomic and functional diversity in serpentinizing systems is evi-
dence for Fe(Ill)-reducing or Fe(Il)-oxidizing populations, given the
abundance of Fe-bearing minerals in host-rock settings and the
critical role that these minerals play in serpentinization reactions.
Fe(Ill)-reducing enrichment and isolate cultures were recovered
from the hyperalkaline Allas Spring (Cyprus) [86], in addition to
a magnetite-reducing Paenibacillus sp. (Firmicutes phylum) from
the Cedars systems [87]. It is worth noting that several prevalent
metabolic pathways of dissimilatory Fe(lll) reduction or Fe(II)
oxidation are not conserved and can be non-specific, in addition to
remaining partially unknown [88], thereby confounding inference
from genomic-based investigations. Consistent with this perspec-
tive, the genus Dethiobacter was originally described via moder-
ately alkaliphilic strains (e.g. D. alkaliphilus) isolated from soda lake
sediments that were capable of H;-based reduction of various sul-
fur compounds (e.g. S,05~ or polysulfides) [89]. Dethiobacter spp.
are common inhabitants of serpentinization-influenced waters,
as indicated above (and in Fig. 2), and D. alkaliphilus has recently
been shown to comprise strains that reduce Fe(Ill) with various
electron donors including H; and organic acids, in addition to
strains that can putatively oxidize Fe(II) anaerobically [50]. Given
that phylotypes closely related to these strains are ubiquitous
in serpentinite environments [90], it is possible that they are
conducting similar metabolisms in these systems. Consistent
with this supposition, a previous revisiting of several described
alkaliphilic, sulfur-reducing taxa revealed the widespread ability
to reduce Fe(Ill) via multiheme cytochrome ¢ proteins or other
non-specific pathways [91]. Consequently, dissimilatory Fe-based
metabolisms may be more prevalentin serpentinite environments
than previously recognized due to difficulties in identifying these
activities from culture-independent analyses.

Numerous bacterial taxa capable of aerobic respiration have
also been identified in serpentinization-influenced waters [18,
47, 63, 92]. Although waters in serpentinites are generally con-
sidered to be highly reducing and anoxic, mixing of these flu-
ids with near surface oxygenated meteoric waters, oxygenated
seawaters, or the infusion of atmospheric gases at spring/well-
head air-water interfaces provides substantial opportunity for
microbial metabolisms to leverage surface-derived oxidants (e.g.
03). Often, these aerobes couple with reductants generated from
serpentinization (e.g. Ho or CHy) in highly exergonic reactions [93].
For example, the genus Serpentinimonas (class Betaproteobacteria)
was isolated as an Hy-dependent aerobic autotroph from Cedars
spring waters [18], and exhibited optimal growth at pH of ~11
(with growth up to pH 12.5). Molecular analyses of serpentinized
fluids from terrestrial serpentinites commonly identify this genus
[41, 47, 94], as also observed in the assembly-free analysis con-
ducted here (Fig. 2).

Other diverse aerobic taxa are commonly identified in surface-
exposed continental systems [24, 27, 49] and marine vent fluids
[22, 34], suggesting a widespread potential to leverage the
dynamic niche space at the interface of reduced serpentinized
fluids and oxidized surface/sea waters. In addition, Bacteria
inferred to be obligate aerobes are commonly found in deep
waters isolated from near surface inputs, including for example,
Meiothermus, whose abundances paradoxically increased with
depth in a highly reducing well within the Samail Ophiolite [63].
An intriguing, but so-far little explored, alternative explanation
for apparent O, availability in anoxic serpentinite system
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waters may occur through “dark” O, production via several
non-photosynthetic mechanisms that have only recently been
identified as ubiquitous among microorganisms. This includes O,
production through dismutation of chlorite (ClO;~ =2 Cl-+03),
nitric oxide (2ZNO =2 N;+0,), and hydrogen peroxide (2H,0-
= 2H,0+0;3), as well as during oxidation of ammonia via an
unknown mechanism [95, 96]. Such reactions have recently
been inferred to support many subsurface ecosystems that
have long been isolated from atmospheric sources of O, [97].
Although genomic evidence for NO and H,0, dismutation in
serpentinite communities is limited, genes encoding chlorite
dismutase proteins are widespread and oftentimes abundant,
in particular in studies of subsurface waters within the Samail
Ophiolite [63]. Attempts to detect ClO,~ (or perchlorate that
can yield ClO,~ when reduced) in Samail Ophiolite fracture
waters have thus far been unsuccessful [63], which may point
to its rapid biological consumption. Additional research is
needed to assess the potential for “dark” O, production in
supporting subsurface serpentinization-influenced ecosystems
and to assess potential sources of ClO,~, NO, and H,;0; in these
systems.

Adaptations to overcome physiological
challenges in serpentinite ecosystems

Challenges for life in highly
serpentinization-influenced environments

Despite the diversity of microbial taxa supported by chemical
products of serpentinization (e.g. H,, HCOO-, and CH), the
suite of geochemical reactions responsible for the formation of
these products also present distinct challenges for microbial life.
In particular, mineral replacement reactions during water-rock
interactions in serpentinites can lead to alkaline and hyperal-
kaline pH (e.g. >12 [98]), DIC concentrations that are critically
low, often below detection (e.g. <10 uM, [13, 42, 59, 85]), highly
reduced waters/minerals (e.g. redox potentials as low as —750 mV
[26, 59, 99]), and limited availability of oxidants that can be
used to support microbial metabolism. Consequently, although
highly serpentinized waters may have abundantly available low
potential reductant to fuel metabolism (e.g. of H, or CHa; often
in millimolar concentrations, [42, 75, 85]), the coupling of such
reductants to oxidants that are at low concentrations can be
problematic. This phenomenon, combined with physico-chemical
stresses like hyperalkaline pH and extremely low redox potentials,
impose substantial bioenergetic burdens on microbial cells [15].
The combination of extreme conditions and the stress that it
imposes is likely responsible for the low cell abundances in
serpentinite fluids, with cell concentrations ranging as low as
102 to 10° cells m1—1 [27, 47] and up to 10* to 10° cells ml-* [27, 35,
45, 52]. Estimations of cellular abundances in recently analyzed
core samples from Atlantis Massif, Southwest Indian Ridge, and
Samail Ophiolite basement/subsurface rock suggest even lower,
albeit highly variable, abundances in these environments, ranging
from <10 to 6.5 x 10? cells / cm?, < 85 to 10* cells / cm?, and 10
to 107 cells / g, respectively [56, 100, 101]. Cellular abundances in
Atlantis Massif basement rock decrease by orders of magnitude
with increasing distance from surface-influenced sediments [100,
102], consistent with a strong influence of serpentinization in
limiting microbial activity and biomass production.

Because the pH of fluids increases during the process of ser-
pentinization, pH itself is often used as a proxy for the progress
of the collective reactions involved in serpentinization. Waters
minimally impacted by serpentinization exhibit circumneutral pH

whereas those more impacted by serpentinization can have pH
as high as =12 [98]. However, all known microbial cells main-
tain intracellular pH near ~7, with few exceptions [103, 104].
Consequently, maintaining near-neutral intracellular pH in the
face of several orders of magnitude difference in extracellular
H*/OH- availability is a key challenge to overcome for cells
inhabiting highly serpentinized systems. A common adaptation
in alkaliphiles for maintaining cellular ionic homeostasis is the
cross-membrane transport of ions, for instance by antiporters
that can exchange intracellular Na* or K* for scarce extracellular
H*, as exemplified by the multiple resistance and pH adaptation
(Mrp) antiporter system [104]. Consistently, genes encoding Mrp
antiporters (in addition to those that can exchange Ca?+, K+, and
other cations) are commonly enriched in the genomes of various
serpentinite-associated taxa identified by metagenomics- [39, 50,
66] or cultivation-based analyses [105]. This implies an important
role for antiporters in maintaining intracellular pH homeostasis
in hyperalkaline waters generated by serpentinization.

Numerous other cellular-level adaptations to mitigate the
loss of intracellular H* and promote the influx of extracellular
H* have been identified in alkaliphiles, including cell wall
structural adaptations that repel anions, the use of secondary
cell wall polymers that can trap H*, plasma membrane fatty
acid compositions that moderate OH-/H+ exchange, and the
up-regulation of metabolic activities that produce organic acids
(e.g. lactic acid) to moderate intracellular pH, among others
(as reviewed in [104, 106]). Undoubtedly, combinations of these
adaptations are also commonly employed by serpentinite-
hosted microbial taxa, although relatively few isolates have been
recovered from these systems [92] and many of these adaptations
lack known genomic markers that can be used to infer their
presence in the absence of cultivation-based studies. Membrane-
associated proteins that have received less attention for their
potential to enhance the fitness of microorganisms inhabiting
hyperalkaline serpentinite environments are extracellularly-
oriented [NiFe]-hydrogenases (typically identified genomically via
a signal peptide on the N-terminus of their large subunit) that are
used to generate reducing equivalents for microbial metabolism,
including in some archaeal methanogens and bacterial sulfate
reducers [107, 108]. H; oxidation activity outside of the membrane
(e.g. in the periplasmic space of sulfate reducers) leads to a
buildup of protons that can be used to conserve energy. Of
potential equal importance is a role in the generation of localized
acidity through [NiFe]-hydrogenase-mediated H, oxidation that
could enhance the dissolution of carbonates (and other minerals),
thereby liberating DIC to overcome DIC limitation (discussed in
more detail below). Indicators of carbon assimilation activity
have been shown to outweigh energy conservation activity
in communities inhabiting the most serpentinized waters in
the Samail Ophiolite [52]. Thus, future studies investigating
autotrophic isolates that encode predicted extracellular-oriented,
membrane-bound [NiFe|-hydrogenases could be used to more
definitively probe the potential for this adaptative strategy in
hyperalkaline, DIC-poor systems.

In addition to the need to maintain a near-neutral intracel-
lular pH, nearly all life relies on cross-membrane chemiosmotic
potential gradients to conserve energy and power ATP synthesis
[109, 110], wherein H* gradients are used in most organisms
[111]. Specifically, elevated extracellular H* concentrations are
established to form a cross-membrane gradient that can drive
ATP synthesis via one of three ATP synthase variants (F-, and V-,
and A-Types) [112]. However, alkaliphiles can use Na* gradients
[113] that may be established by the antiporter activities described
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above and that can be utilized by ATP synthase variants struc-
turally adapted to specifically exchange Na+ [112]. Consequently,
the use of Na* chemiosmotic potentials may be an adaptation for
cells that inhabit the most hypersaline serpentinized fluids.

Many taxa that inhabit low-energy anoxic environments
(e.g. fermentative and acetogenic bacteria) were historically
presumed to persist at the thermodynamic limits of life by
synthesizing ATP via only substrate level phosphorylation
(SLP). However, the relatively recent discovery of chemiosmotic
potentials (predominantly Na*-driven) in autotrophic acetogens
via the membrane-associated Rhodobacter nitrogen fixation (Rnf)
complex [69] has helped resolve the energetic basis for many
anaerobic metabolisms, in conjunction with other recently
discovered metabolic strategies (e.g. electron bifurcation; [109]).
Rnf couples the cytoplasmic oxidation of reduced iron-sulfur
proteins (ferredoxins) to NAD* reduction and cross-membrane
Na* translocation, allowing the development of a chemiosmotic
potential under H*-limiting conditions. Rnf has been recently
identified in the genomes of putative acetogenic bacteria in
hyperalkaline fluids of the Samail Ophiolite and the Cedars [39,
65, 66], in addition to numerous MAGs from LCHF fluids [35] and
cultivars from the Cedars and Atlantis Massif basement rock [105,
114]. Thus, the use of Rnf complexes may represent an additional
adaptation to enable energy conservation in the hyperalkaline
conditions common to serpentinites. Nevertheless, among the
few isolates recovered from serpentinizing systems, members of
the bacterial genus Serpentinimonas do not exhibit preferential
use of Na* to drive ATP synthesis via chemiosmotic potential
[18], nor do three other alkaliphilic isolates recovered from the
Cedars [105]. Much remains unknown about the selectivity of ATP
synthases for H* or Na* [112], with most Na*-driven ATP synthase
activity inferred by comparison to earlier bioinformatics-based
estimations of Na*-binding protein ligands within ATP synthase
subunits [113]. Thus, Na* driven ATP synthesis may be a common,
albeit potentially non-critical characteristic among serpentinite-
associated Bacteria and Archaea. Additional biochemical analyses
are needed to better understand the selectivity of ATP synthase
variants for Na* or H*, how this may be leveraged to better predict
selectivity based on sequence data (or structural prediction),
and the extent to which Na* selectivity of ATPases is needed
for survival in serpentinization-influenced environments.

Alongside specific cellular adaptations to pH stress via addi-
tions and changes to cellular components, cells can also exhibit
broader cell- or genome-wide adaptations to pH stress. For exam-
ple, microorganisms have been hypothesized to mitigate envi-
ronmental stress through genome streamlining (i.e., reducing
genomic content via loss of unnecessary genes or genomic con-
tent), because genome replication is a particularly bioenerget-
ically costly process [115]. A common observation in multiple
serpentinite-hosted communities is decreased average genome
sizes in populations inhabiting environments with increasing ser-
pentinization influence, as observed when comparing closely
related taxa across pH gradients [39, 48, 53, 65] or when com-
paring genomes from whole communities across pH gradients
[18, 52]. Given the bioenergetic burden of growth at hyperalkaline
pH combined with many serpentinization-associated anaerobic
taxa likely operating metabolically near the thermodynamic limit
of life, decreasing the energetic burden of genome replication
via genomic streamlining may consequently represent a com-
mon adaptive strategy for cells in serpentinization-influenced
habitats.

Most cells in subsurface ecosystems likely inhabit microfrac-
tures or pore spaces associated with mineral surfaces, and

potentially as biofilms/consortia [14]. Consequently, it is also
possible, if not probable, that biofilm structures would confer
advantages that mitigate external stresses of serpentinite
environments towards cells, as is widely observed in other
environments where biofilms occur [116]. For example, biofilm
formation would help overcome carbon limitation to the non-
founding residents of the biofilms [117], in addition to mitigating
stress from alkalinity due to the production of organic acids
and extracellular organic matrices [118]. Nevertheless, although
biofilm compositions and activities have been documented in
serpentinite ecosystems [34], very little is known of the potential
for biofilm structures to influence the diversity and activity of
communities in these environments.

Inorganic carbon and adaptations to overcome
its limited availability

Alongside physico-chemical stress imposed by pH on cells, one
of the most pressing issues for microorganisms inhabiting hyper-
alkaline waters is the lack of DIC for primary production. DIC
availability in waters is inversely proportional to pH, owing to
carbonate precipitation and leading to very low DIC levels in many
serpentinite systems [23, 42, 44, 49, 98]. Consequently, a long-
standing knowledge-gap in serpentinizing systems is understand-
ing where the carbon that supports chemosynthetic biomass
production is derived. Considerable evidence from **C radiotracer
and '3C uptake experiments [52], in conjunction with genomic
evidence, indicates the potential for carbon fixation of serpenti-
nite populations through various canonical microbial pathways
[27, 35, 52, 57, 119], although different carbon fixation pathways
may be differentially distributed among communities based on
the extent of serpentinization influence [65, 119]. For example,
the relative abundances of putatively autotrophic Bacteria and
Archaea encoding WL pathways correlate with pH (i.e., serpen-
tinization influence) in waters of the Samail Ophiolite [65]. This
is consistent with the WL pathway being one of the most ener-
getically efficient carbon fixation pathways [11], likely helping
to increase the fitness of cells experiencing stress associated
with the reducing, hyperalkaline, and energy limited conditions
of serpentinite systems.

Although DIC s limited at high pH, formate (HCOO-), a product
of serpentinization, can often be measured in many serpentinite
systems [27, 41, 42, 73]. Emerging evidence suggests that several
putative autotrophs inhabiting the most hyperalkaline serpenti-
nite environments may have adapted to chronic DIC limitation by
favoring the utilization of HCOO~ as a carbon source. For example,
genomic analyses of the “Type II” Methanobacterium spp. inhabiting
the most hyperalkaline waters in the Samail Ophiolite indicate
that they have restructured their core methanogenic pathways to
potentially utilize HCOO- as a source of both reductant (replacing
Ho-dependent [NiFe]-hydrogenases with HCOO--dependent
enzymes in the core methanogenesis pathway) and CO; following
its cytoplasmic oxidation by formate dehydrogenase enzymes
[48]. This is consistent with production of CH4 from #C-labeled
HCOO~ in microcosms containing Samail Ophiolite fracture
waters where the Type II Methanobacterium were most abundant
[48]. More recent C conversion microcosm studies have shown
production of CH, from HCOO- in rock-associated communities
within microfractures of cored (50 m depth) peridotite rock from
the Samail Ophiolite [56]. Similar HCOO—-dependent adaptations
to the core enzymatic steps of the WL pathway have been
hypothesized for uncultured Acetothermia and Lithacetigenota
bacteria from the Samail Ophiolite and the Cedars systems,
respectively, based on genomic data [39, 65]. Moreover, HCOO-
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has also been implicated as a key carbon source in the LCHF and
CROMO systems based on geochemical data and metagenomic
analyses [73, 119]. However, HCOO~ seems to not be used by
the LCMS methanogens that dominate biofilms in chimneys
but rather by lower abundance bacterial taxa present in the
biofilms [36, 76]. Intriguingly, nearly all of the above taxa,
with the exception of some LCHF and CROMO bacteria [119],
lack homologs of canonical HCOO- transporters of Bacteria or
Archaea, suggesting that yet to be discovered mechanisms of
transport exist in these cells because HCOO~ is charged at pH
>3.7 and consequently should require active transport to acquire.

In addition to the above strategies, glycine reduction by H»
or formate to generate acetate has recently been hypothesized
as a mechanism of biomass production in the Cedars based on
metagenomic analyses [39]. This could represent another poten-
tial energy conservation strategy that circumvents the need for
DIC to drive primary production. Nevertheless, the glycine-based
pathways, like many of the other pathways outlined above, remain
hypothetical and the source of glycine (abiotic or biotic) to sus-
tain such a metabolism requires further investigation. As such,
one of the most enigmatic questions of serpentinite ecosystem
function — the source of carbon to support biomass production -
remains unanswered. Genome-guided cultivation efforts or care-
fully designed experimental isotopic approaches (e.g. 1*C-based
isotope probing studies) could provide new avenues to identify
the source of carbon that supports biomass synthesis in these
systems and identify the members of communities responsible
for such activities.

Hydrogen (H,) as a primary driver of ecosystem
productivity

H- is a product of serpentinization and, when accumulated to high
concentrations, can drive the reduction of DIC to more reduced
carbon compounds [5]. Notably, CHy is present at relatively high
concentrations in serpentinites and is potentially formed through
both abiotic and biotic mechanisms [44]. As such, these sources of
reductant (H; and CH,4) have been inferred to support communi-
ties hosted in serpentinites [7, 120, 121]. However, methanotrophs,
apart from ANME in the LCHF (discussed above), appear to be
generally limited in these environments, with variable evidence
for their presence or methanotrophic activity in only a few sys-
tems like springs of the Voltri Massif [27] and Santa Elena ophi-
olite [122], despite the general presence of oxidants that can be
coupled to CHs oxidation (e.g. SO4?7). Likewise, methanotrophic
potential was only identified in less serpentinized (i.e., more
oxidized) waters of the CROMO system [119], consistent with the
necessity of coupling methane oxidation to oxidants like O,. Thus,
methanotrophy does not appear to generally support primary
productivity in most serpentinite systems.

In contrast, considerable evidence exists for H, in supporting
microbial metabolisms in serpentinites. Genes encoding the
enzyme catalysts that allow for reversible H, oxidation, of which
there are three types categorized by their metallic cofactors
([FeFe]-, [NiFe]-, or [Fe]-hydrogenases) [108], are commonly
identified among serpentinite populations [35, 41, 52, 123, 124]
and are generally enriched among subsurface microbial pop-
ulations [125]. Several studies have indicated the importance
and/or enrichment of hydrogenases among the genomes of
microorganisms inhabiting serpentinite ecosystems. For example,
elevated diversity and abundance of PCR-amplified hydrogenase
genes were observed in diffuse venting fluids from the Quest site
of the Logatchev deep sea hydrothermal field relative to fluids
from a non-serpentinizing vent system [126]. Likewise, a recent

analysis of Samail Ophiolite fracture waters within boreholes
indicated that they harbored communities where nearly 90% of
populations (represented by MAGs) encode one or more isoforms
of hydrogenase enzymes [20], far surpassing an estimate that 26%
of archaeal and bacterial genomes encode hydrogenase homologs
[108], indicating selection for hydrogenase-encoding populations
within these waters. Moreover, the relative prevalence of
hydrogenases among encoded proteins increased with increasing
serpentinization influence [20], suggesting that cells in systems
impacted most by serpentinization are adapted to capitalize on
abundant H.

To further examine this phenomenon, an analysis of hydro-
genase homologs encoded in 68 publicly available serpentinite
metagenomes (inclusive of the 70 described above but excluding
two for methodological reasons; see Supplementary Methods
for details) revealed a pH-dependent composition (Fig.3a;
R?=0.44, P<0.001; envfit analysis), wherein the fractional
abundance of hydrogenase homologs within metagenomes
significantly increased with increasing pH (Fig.3b, R?=0.31,
P<0.001; linear regression; see Supplementary Methods for
additional methodological information). Additional research is
warranted to understand how the evolution of serpentinite-
associated taxa and their associated hydrogenases, along
with their coupling cofactors (e.g. NAD(H), ferredoxins, Fasg,
gquinones, and cytochromes), has enabled various types of
hydrogenotrophy and autotrophy in serpentinization-influenced
ecosystems globally and throughout Earth history. Membrane-
bound, extracellular [NiFe]-hydrogenases can be associated with
accessory subunits that enable coupling to membrane-associated
hydride carriers like quinones, thereby leading to translocation
and accumulation of protons. Thus, an analysis of the prevalence
of these hydrogenases is warranted in communities inhabiting
the most serpentinized environments.

The acquisition of other key nutrients

Much of the attention on microorganisms inhabiting serpentinites
has focused on mechanisms of energy conservation and carbon
availability, with far less attention given to the availability and
cycling of other critical nutrients needed to support productivity
in serpentinite environments, including available nitrogen and
phosphorous. The sources, sinks, and transformations of these
elements remain enigmatic, although recent studies have pro-
vided some clarity. Within many systems, nitrogen substrates are
not necessarily limiting. For example, organic nitrogen (e.g. in
the form of amino acids) is particularly abundant in LCHF fluids
and inorganic forms of fixed nitrogen (e.g. NO3~ or NH;/NH,+)
are also available in biologically-relevant concentrations [127].
Recent dual oxygen and nitrogen isotopic analysis of nitrogen
species present in waters of the Samail Ophiolite suggested that
nitrate (NOs~), which is typically detected in waters less influ-
enced by serpentinization, likely derives from surface inputs and
microbial nitrification. In contrast, isotopic evidence indicated
that NH3/NH,* that is typically detected in waters more influ-
enced by serpentinization likely derives from complete microbial
reduction of NOs~ [128]. Thus, in situ microbial nitrogen-cycling
activities likely significantly control nitrogen availability in some
systems. Nevertheless, both NO;~ and NHs/NHs* were gener-
ally detectable in Samail Ophiolite waters, indicating that fixed
sources of nitrogen are not necessarily limiting in this ecosystem
either. Moreover, the genomic capacity for nitrogen cycling via
assimilation pathways, including di-nitrogen (N.) fixation (i.e.,
the microbial conversion of N, to NHs), via nitrogenase can be
abundant in the metagenomes and among genomes from some
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Figure 3. Variation in the composition and abundance of hydrogenase
enzyme homologs encoded among 68 publicly available community
metagenomes from serpentinization-influenced environments. a)
Non-metric multidimensional scaling (NMDS) ordination of the
hydrogenase profiles among 68 metagenomes, as predicted using the
METABOLIC platform (described in supplementary methods). Points are
colored according to the pH of the environment from where the
metagenome derives, as indicated by the scale to the right. b) the total
fraction of all hydrogenase orthologs relative to the total encoded
proteins of a metagenome. Points are shown in relation to the pH of the
environment from where the metagenome derives, with the system of
origin indicated by color.

serpentinite systems [24, 35, 128], altogether suggesting prevalent
biogeochemical nitrogen cycling activities.

Among the organisms (assessed via MAGs) that are abundantin
serpentinite systems and that encode the ancestral, molybdenum
form of nitrogenase (Nif; [129]) are the putative sulfate reduc-
ers, Thermodesulfovibrio and Desulfotomaculum [26, 35], and the
methanogen, Methanobacterium [48], all of which are likely to grow
autotrophically using H,/CO, or formate. The electron carriers
(i.e., ferredoxin, Fd, flavodoxin) used by nitrogenases to reduce
N; to NHs have low reduction potentials (E° ~ —500 mV) that are
lower than those of Hy or formate (E° ~—420 mV). This thermo-
dynamic issue is faced by autotrophic organisms (e.g. acetogens,
sulfate reducers, and methanogens) that also rely on low potential
Fd to drive the initial reduction of CO; via the WL pathway [130].
Many autotrophic organisms that fix N, consequently bifurcate
electrons from H; (or formate) to drive the endergonic reduction
of Fd to enable N; reduction [131]. The E° of H; is strongly affected
by pH and H; concentration. Consequently, the reduction of low

potential Fd in environments highly impacted by serpentinization
(i.e., with hyperalkaline pH and high H;) has been suggested as
favorable without bifurcation [70]. A recent study demonstrated
that the H,-dependent reduction of low potential Fd could be
driven by native iron (Fe) [132]. Intriguingly, Fe® (and native nickel,
Ni% minerals are associated with serpentinites [133]. Thus, it is
possible that such native minerals (e.g. Fe° Ni° and awaruite
(NizFe)) in the presence of high concentrations of H; could drive
the abiotic reduction of N, representing an alternate source of
abiotic fixed N and a potential mineral precursor to nitroge-
nase enzymes [134]. Nevertheless, additional isotopic studies of
nitrogen species in waters from natural serpentinites and labo-
ratory studies of abiotic reduction of N; by minerals commonly
identified in serpentinite rocks are warranted to determine this
possibility.

Perhaps even less understood than biological nitrogen cycling
in serpentinites is how phosphorous is made available and cycled,
given that phosphate is often present below the limits of detec-
tion [23, 43, 135, 136]. A recent meta-analysis of 14 serpentinite-
associated metagenomes suggested that the metabolic capacity
to cleave phosphonates from organo-phosphates (e.g. methyl-
phosphonates) via carbon-phosphorous lyase encoding genes was
widespread and relatively abundant in serpentinite communities
[135]. Nevertheless, the presence and provenance of such organo-
phosphate compounds remain unknown in serpentinite systems
and requires further study.

Are serpentinite ecosystems similarly
structured?

Serpentinization as a universal control on
community structures

Despite the variation in microbial communities among serpenti-
nite systems described above, the common challenges that cells
in these environments experience due to serpentinization sug-
gest that similar environmental factors are likely to shape the
structures of serpentinite communities regardless of location.
Consistent with this interpretation, microbial taxonomic diver-
sity has been shown to be inversely correlated to pH based on
165 TRNA gene-based estimates of richness and diversity across
Samail Ophiolite and CROMO subsurface waters exhibiting vary-
ing degrees of serpentinization influence [41, 42]. Comparisons of
the diversity in communities inhabiting highly serpentinization-
influenced waters with those of nearby freshwaters [40, 47] or of
those in waters less-influenced by serpentinization [46] are also
consistent with these observations. Likewise, an analysis of the
genomic diversity in the 70 publicly available metagenomes com-
piled for this review from nine globally distributed serpentiniz-
ing systems revealed similar patterns across the entire dataset
(Fig. 43; see Supplementary Methods for details). Specifically, pH
was significantly inversely correlated (R.q; = 0.25, P <0.0001) with
the Nonpareil diversity metric, which is an assembly-independent
estimate of genomic diversity based on sequence k-mer redun-
dancy estimates [137]. Thus, the environmental conditions that
serpentinization generates limit microbial diversity (and biomass
[52, 102]), by imposing strong ecological filters during the assem-
bly of those communities. Nevertheless, significant geochemical
variation both across and within serpentinites due to influences
from processes in the deeper subsurface and those from the
near-surface (e.g. mixing with seawater versus freshwater) likely
further influence the composition of communities.
Serpentinization is generally considered to occur in the sub-
surface of terrestrial and marine ultramafic rock-hosted systems.
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Figure 4. Metagenomic and taxonomic diversity of 70 publicly
available community metagenomes from serpentinization-influenced
environments. a) Metagenomic diversity, as measured by the Nonpareil
diversity metric, plotted as a function of the pH of the environment
where the metagenome derives (linear regression R%,4;=0.25,

P =0.0001). Points are colored by system of origin. b and c) non-metric
multidimensional scaling ordinations based on dissimilarity in the
taxonomic profiles among communities, as evaluated with
assembly-free analysis with the SingleM package (described in
Supplementary Methods). Points are colored by their system of origin (b)
as indicated in panel a, or by the pH of their sample based on the color
scale to the right (c). Two samples did not have corresponding reported
pH values and are shown as white circles. System of origin (b) was
significantly associated with compositional variation based on envfit
analysis (R? =0.56, P <0.00), whereas pH (c) was only marginally
associated with compositional variation (R? =0.09, P=0.04). Additional
sample information is provided in Supplementary Table 1.

Deeply circulated waters impacted by extensive water/rock reac-
tion (e.g. those with higher pH, higher gas concentrations, deple-
tion of DIC, among other characteristics) can circulate back to
the surface through networks of fissures or pore networks. Near-
surface and oxidized freshwater or seawater can then potentially
mix with the deeper fluids during their ascent to the surface,
resulting in a continuum of serpentinization influence that is
specific to a given system [15]. Furthermore, the specific geo-
logic contexts of serpentinization-influenced waters impart addi-
tional influences on habitat characteristics. For example, waters
venting at LCHF chimneys are highly variable in their chemical
composition and are moderately hydrothermal, ranging up to
91°C, although the mixing of vented fluids with seawater can
be substantial [73]. In contrast, other recently studied marine
serpentinite seep or chimney sites exhibit waters closer to ambi-
ent temperatures of <10°C [22], whereas waters in continental
serpentinite systems have temperatures largely near ambient or
that are only slightly elevated [23, 41, 42].

The geochemical composition of vented or subsurface conti-
nental fluids largely reflects their sourcing from seawater [13],
altered groundwaters [23, 42], or variable mixtures of the two
in the case of near-coastal sites like the PBHF (New Caledonia)
[138] and Ney Springs (California) [24]. Despite the large potential
for geochemical heterogeneity, many studies have documented
that community composition is either qualitatively or quantita-
tively associated with proxies for serpentinization influence. Most
commonly, pH is used as a proxy for serpentinization, although
silica activity (which increases due to surface water influence)
has also been widely used to infer the mixing of deeply sourced
waters [139]. Indeed, the degree of serpentinization is associated
with community structural differences in systems where sam-
pling across multiple site types occurs. For example, the contri-
bution of deep vs. shallow groundwater was strongly correlated
to community structure in the Cedars [47], as also observed in
the Samail Ophiolite from 16S rRNA gene [42] and metagenomic-
derived functional profiles [52]. Likewise, the structure of com-
munities from venting LCHF fluids were chimney-specific, with a
strong inferred influence from the dynamic input of subsurface
fluids, but weak inferred influence due to mixing with seawater
[35]. Similar interpretations have been suggested for the Old City
Hydrothermal Field [22]. Thus, a primary control on the microbial
ecology of serpentinization systems is the degree of serpentiniza-
tion influence on the associated fluids/waters.

Given that serpentinizing microbial ecosystems are largely
driven by chemosynthetic communities whose metabolism is
controlled by their specific geochemical environments, a reason-
able first-order hypothesis for investigating global serpentiniza-
tion ecosystem structures is that system-specific geochemical
characteristics shape their overall structures. A recent meta-
analysis of 165 TRNA gene profiles from four different serpentinite
systems was consistent with this interpretation, with the
microbial compeosition and structure of water samples primarily
reflecting their system of origin [24]. Likewise, an evaluation of the
taxonomic composition of the 70 metagenomes compiled herein
was consistent with this hypothesis, with system of origin signif-
icantly associated with overall taxonomic profile (envfit R? =0.56,
P <0.001; Fig. 4b), whereas pH (as a proxy for serpentinization
influence) was much less associated with overall composition
(pH R?=0.09, P=0.04) (Fig. 4c). Thus, localized conditions appear
to largely dictate the composition of microbial taxa found in each
system, despite that several individual taxa may be associated
with globally distributed serpentinization systems, and that
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Figure 5. Variation in metabolic functional potential among 68
publicly available community metagenomes from
serpentinization-influenced environments. a) Non-metric
multidimensional scaling (NMDS) ordination of the functional potential
profiles among 68 metagenomes (described in Supplementary Methods).
Points are colored by (a) their system of origin, as indicated by the
legend on the bottom right and (b) the pH of their sample, based on the
color scale to the right. Two samples did not have corresponding
reported pH values and are shown as white circles. System of origin (a)
was significantly associated with compositional variation based on
envfit analysis (R? =0.54, P<0.001), and pH (b) was also associated with
compositional variation, but to a lesser extent (R? =0.25, P < 0.001).
Additional sample information is provided in Supplementary Table 1.

serpentinization influence structures communities within a given
system, as described above and in subsequent sections. Unlike a
recent meta-analysis of 14 serpentinite-hosted metagenomes in
conjunction with those from non-serpentinization influenced
environments (i.e., hydrothermal vents and hot springs), a dis-
tinction of LCHF community profiles relative to those from other
systems was not apparent here [135]. This contrast could be due to
the use of different datasets (including non-serpentinite compari-
son sites in the former) and/or different analytical methodologies.
Nevertheless, these results provide complementary insights into
the structuring of serpentinization-influenced systems at the
global scale and warrant additional investigation. Considering
the metabolic functional potentials encoded by the above
metagenomes (see Supplementary Methods for details), system
of origin was again highly statistically associated with functional
variation (Fig. 5a; R?=0.55, P <0.001), whereas pH was consider-
ably more associated with variation compared to that observed
for the taxonomic profiles (Fig.5b; R?=0.25, P<0.001). Thus,
similar challenges imposed by serpentinization may lead to the
convergence of functionalities (e.g. H; metabolism as suggested by

Fig. 3) among taxa that may be considerably differentiated among
systems at the taxonomic level, owing to localized characteristics.

Within-system heterogeneity

As suggested by the studies described above, the context of ser-
pentinite systems influences the structure of their microbial
communities and this occurs at various scales, including within
the same system. The sharp redox gradients generated when
reduced subsurface fluids mix with oxygenated fluids can gen-
erate distinct and extensive redox disequilibria. For example,
redox gradients of =500 mV have been observed in only the top
40 cm of Cedars spring waters [47] and gradients of =750 mV
have been measured along a 400 m interval in a recently drilled
well in the Samail Ophiolite, with other wells similarly exhibit-
ing extensive redox gradients [26]. Recent studies have begun
to explore depth-resolved differences of microbial communities
in boreholes drilled at the CROMO and Samail Ophiolite sites.
Analysis of waters across a gradient of O, concentrations ranging
from saturated at the surface to essentially 0% at ~20 m depth at
the CROMO site revealed contrasting geochemical and microbial
community compositional gradients [140]. Likewise, investigation
across discrete, packed-off intervals along a 400 m depth pro-
file in the Samail Ophiolite (to isolate individual fracture units)
revealed discrete geochemical and microbial compositions that
follow sharp redox gradients, with corresponding changes in the
prevalence of aerobic and anaercbic taxa typical of serpenti-
nite systems [59, 63]. Although boreholes into actively serpen-
tinizing systems for scientific investigation have only recently
become available for study, they hold tremendous promise for
understanding concerted microbial and geochemical dynamics
as fluids from the deep subsurface and surface of serpentinizing
systems mix. This is especially true for boreholes that intersect
aquifers that harbor distinct water types and that could encom-
pass the near total range of water chemistries found within a
given system [26].

Although many studies have examined spatial variation in
serpentinite communities within or across systems, very little is
known of their stability or temporal variation. A recent study of
the Ney Spring system over a year revealed significant variation
in the geochemistry of fluids that coincided with seasonal surface
influences (e.g. air temperature, surface-derived biomass input)
and substantial variation in “transient” low-abundance taxa [141].
Nevertheless, the continuous presence of several taxa inferred
to be residents of the deep subsurface serpentinized fluids that
source the spring system was identified, suggesting a consistent
supply of deep subsurface waters. Similarly, sampling of well
waters in CROMO across multiple months within a year and
across multiple years revealed that the assembly of those commu-
nities was largely dictated by ecological filtering (i.e., determin-
istic factors) that was attributed to the significant physiological
stressors inherent to serpentinite environments [142]. However,
transient changes in the communities were also observed, sug-
gesting a secondary influence of stochastic processes (e.g. “drift”
related factors). Analyses of the hydrology of the CROMO system
revealed a general lack of communication between waters from
different wells, which would provide a mechanism for ecological
drift to occur if communities remain isolated for significant peri-
ods [142].

In the Samail Ophiolite, the deeply derived, highly
serpentinization-influenced “Type II" waters have been estimated
to have residence times of >20 000 years, with minimal communi-
cation with nearer surface, younger “Type I" waters [143]. Analyses
of mobile genetic elements and single nucleotide variants of
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closely related Meiothermus strains recovered from communities
inhabiting Type I and II waters have suggested that long-term
isolation of fluids, combined with limited gene flow among
strains, promoted the diversification of these strains via para-
patric speciation [63]. Thus, these recent studies suggest that the
long-term stability of many serpentinite waters, combined with
their unique geochemistry (relative to near surface waters), may
provide a basis for ecological drift to drive microbial speciation.
Additional temporal sampling of discrete fluid types, combined
with isotopic and geochemical characterization to determine the
extent of their isolation, could be used to begin to estimate the
timeframes required for evolutionary change to occur in natural
systems, in addition to population turnover times, of which very
little is known in subsurface systems in general.

The origin of life and the potential for life
on other planets

Serpentinite-specific taxa

The distinctiveness of microbial communities from highly
serpentinized waters relative to less serpentinized waters or
fresh—/marine-waters (e.g. [42, 47]) suggests that microbial
taxa may be endemic to serpentinite ecosystems, despite the
considerable variation in microbial composition across globally-
distributed systems. One of the most frequently identified taxa in
serpentinization-influenced systems is the genus Serpentinimonas
that is abundant and widespread in these environments [18, 41,
94], where it was first isolated and where it is considered endemic.
Although Serpentinimonas spp. appear to be primarily associated
with the subsurface-surface interfaces of serpentinizing environ-
ments due to their reliance on aerobic metabolism [18, 94], they
have also been identified in other hyperalkaline non-serpentinite
systems like slag waste [144]. Nevertheless, the dependence of
Serpentinimonas on H,-based autotrophy and their adaptation to
hyperalkaline pH in contrast to their sister genus, Hydrogenophaga
[18], suggests that they may be specifically adapted to lifestyles
within serpentinization-influenced habitats given the geologic
recency of anthropogenically-generated environments that
exhibit characteristics similar to serpentinization-influenced
environments.

Genome-resolved metagenomics approaches have also recently
identified phylogenetically deep-branching bacterial lineages
that are primarily associated with serpentinizing environ-
ments and that exhibit hypothesized metabolic adaptations
to serpentinization-influenced environments as acetogen-like
organisms. These include the order-level UBA7950 lineage of the
Bipolaricaulota (previously “Acetothermia”) phylum [65] and the
proposed “Lithacetigenota” phylum [39]. Members of the UBA7950
lineage are associated with hyperalkaline Type II waters of the
Samail Ophiolite [65], and have also been identified in LCHF
basement fluids [35]. In addition, the organisms exhibit carbon
acquisition and H,-dependent metabolic adaptations for highly
serpentinized fluids that differentiate them from other Bipolari-
caulota present in less serpentinized fluids [65]. 165 TRNA gene
studies of chimneys in the active serpentinization PBHF system
also documented Bipolaricaulota / “Acetothermia” (that phylo-
genetically affiliate with the UBA7950 group) as early chimney
colonizers and potential members of basement fluids [35, 145].
Likewise, Ca. “Lithacetigenota” populations have been primarily
identified in serpentinite environments and also exhibit carbon
acquisition and H,-dependent metabolic adaptations for such
environments [39]. Alongside Serpentinimonas, these taxa provide

strong evidence for the presence of serpentinite-specialized lin-
eages, although further analyses of their global distributions and
evolutionary ecology are needed to fully assess this hypothesis.

In contrast to the above, many of the taxa commonly
associated with serpentinite environments exhibit broad envi-
ronmental distributions, particularly within other subsurface
environments, suggesting relatively recent adaptation to ser-
pentinite environments, or a lack of specific adaptation to
these environments. For example, Methanobacterium spp. and
Desulfotomaculum spp. are commonly dominant in serpentinite
communities but are also broadly distributed in other subsurface
environments [146, 147], in addition to environments that are
not hyperalkaline or subsurface-related [148, 149]. Comparisons
among serpentinization-influenced gradients may provide
critical insights into whether species or strains within these
lineages exhibit specific adaptations to serpentinization habitats.
For example, the Methanobacterium Type II lineage described above
exhibited hypothesized serpentinization-specific adaptations to
mitigate limited carbon availability relative to closely related
species found in less alkaline waters [48]. Nevertheless, additional
rigorous evolutionary analyses are needed to ascertain the extent
to which taxa are specifically associated with serpentinites
and the evolutionary scale at which this adaptation may
have occurred (e.g. at the order/phylum level as in Acetother-
mia / “Lithoacetigenota” or at the genus/species level as in
Serpentinimonas/Type II Methanobacteria).

Are serpentinite taxa reflective of those on early
earth?

The elegance of serpentinization, which requires only fractured
ultramafic rock and circulating water to initiate the production of
H- and drive organic synthesis, has led to many serpentinization-
related origin of life hypotheses on Earth and potentially, on other
rocky planets [7, 9, 16, 121]. Intriguingly, the collective chemical
reactions in the abiotic synthesis of simple carbon compounds
(e.g. CH,) from H; and DIC are highly analogous to the stepwise
organic carbon synthesis reactions in the autotrophic WL and
core methanogenesis pathways of anaerobic Bacteria and/or
Archaea described in above sections [16, 150]. Consequently, the
WL pathway has been long-associated with origin of—/early-
life hypotheses in serpentinite systems. Recent studies of
uncultured deep-branching acetogen-like organisms [39, 65-67]
have provided new evidence for the WL pathway in serpentinite-
associated lineages. Despite the prevalence of methanogens
in some serpentinite systems (that encode archaeal versions
of WL pathways) [12], their relevance for understanding early
archaeal evolution is less clear. For example, the methanogens
or anaerobic methanotrophs that typically inhabit marine
serpentinite systems (e.g. LCMS and ANME) belong to the
Methanosarcinales and Syntrophoarchaeales orders that are consid-
ered recently-evolved (e.g. Class II) methanogens/methanotrophs
[12, 151-153] (Fig. 6). In contrast, methanogens that typically
inhabit terrestrial serpentinite systems, Methanobacterium, belong
to the Methanobacteria class that are considered among the
earlier-evolving (Class I) methanogens [12] (Fig. 6). However, the
Methanobacterium most associated with highly serpentinization-
influenced waters in the Samail Ophiolite appear to be derived
from other Methanobacterium spp. inhabiting less-influenced
waters and are nested well-within the Methanobacteria, suggesting
that the former lineage is relatively evolutionarily recent [48].
Likewise, no other methanogenic (or anaerobic methanotrophic/
alkanotrophic archaeal) lineages that are considered among the
earliest to have evolved [12] have been identified in serpentinite
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systems. Many of the other bacterial or archaeal groups typically
identified in contemporary serpentinizing systems including
the Proteobacteria (e.g. Serpentimonas, Hydrogenophaga, other
Burkholderiaceae), Nitrososphaeriales (ammonia-oxidizing Archaea),
Desulfurobacterota (previously Deltaprotecbacteria sulfate reduc-
ers), or Nitrospirota (Thermodesulfovibrio) are all considered later-
evolving lineages [154-156] (Fig. 7). Thus, the extent that microbial
phylogenetic evidence from contemporary serpentinite systems
supports their reflection of early life on Earth is mixed. Further,
these observations point to the need for additional care and
consideration when ascribing evolutionary primacy to the taxa,
processes, and functional pathways inherent to contemporary
serpentinite microbial ecosystems. Given that bifurcating phylo-
genetic trees of contemporary taxa may not adequately represent
the complexities of past, and especially early, evolutionary
processes [157], such considerations are particularly warranted.

The recently evolved nature of many of the microorganisms
inhabiting modern serpentinites is likely attributable, at least in
part, to the input of more oxidized near-surface fluids today that
overprint the reduced geochemistry and microbiology of those
systems. On early Earth, some of the most readily available elec-
tron acceptors would have been CO; and sulfite (SO32-) [158, 159]
that could support hydrogenotrophic acetogens/methanogens
and sulfite reducers [9, 159, 160]. However, the progressive
oxygenation of Earth over the past ~2.3 Ga [161] allowed O,
and other higher potential oxidants (e.g. NOs~, Fe(Ill), SO4%7) to
become more available. The thermodynamics of H, oxidation
coupled to reduction of these higher potential oxidants [93] are
more favorable for organisms that can respire them, allowing
them to outcompete methanogens and acetogens for shared
substrates like H; or even CO; [162]. Alternatively, but not mutu-
ally exclusively, the cellular biochemistry of many anaerobes,
including many methanogens and acetogens, is incompatible
with O, [163], further narrowing the extent of their niches.
Likewise, Earth's composite biosphere is far more productive
today than it was prior to the origin of photosynthesis [164]. Thus,
it is likely that photosynthate infiltrates the near subsurface and
can support a larger population of heterotrophic organisms in
modermn serpentinites than those on early Earth, in particular in
highly productive tropical areas where serpentinites exist (e.g.
as in the Zambales, Philippines [165]). Although organic carbon
can abiotically form and become stored in serpentinites [166], the
restructuring of the global carbon cycle due to photosynthetically-
derived carbon and available oxidants to fuel heterotrophy
likely continues to profoundly affect contemporary serpentinite
ecosystems. Finally, >3.8 Ga of evolution has improved the fitness
of microorganisms through selective adaptations, with more
fit populations displacing less-fit populations. Collectively, it is
reasonable that the niches inhabited by acetogens, methanogens,
and other anaerobes in serpentinites today are fundamentally
different from and probably less extensive than they would have
been on early Earth, again most notably in the near surface areas
where mixing with oxidized fluids can more readily occur. Thus,
future studies of the physiology, adaptations, and phylogenetic
patterning of microorganisms across gradients of subsurface-
surface influence are needed to help evaluate the extent that
contemporary serpentinites and the communities they host
reflect those of early Earth.

Key outstanding questions

The previous ~20 years of study of serpentinite-hosted microbial
ecosystems have fundamentally illuminated patterns in their

diversity, function, and activity across geochemical gradients
alongside adaptations to conditions imparted by serpentinization.
Nevertheless, several key outstanding questions regarding the
microbial ecology of serpentinites remain unanswered. Despite
that common functional and ecological themes are observed
across globally-distributed serpentinite systems, each system
appears to host communities that are highly structured by
nuances of their local environments. These observations point
to unmeasured or yet to be considered geologic (e.g., bedrock
mineralogy), hydrologic (e.g., fluid residence time, mixing), or
chemical (e.g., organic carbon composition, source of nutrients)
characteristics that may shape the microbial ecology of serpen-
tinite systems. These observations also point to the need for
continued exploration of both marine and terrestrial serpentinite
systems to more fully explain emerging patterns in serpentinite
microbial diversity, ecology, function, and activities. Further,
although many key players in serpentinite-hosted microbial
ecosystems have been identified, largely through cultivation-
independent genomics studies, many of the mechanisms inferred
to enable their inhabitation of those environments remain
untested. For example, emerging evidence suggests that formate
may be a key electton and carbon source in highly DIC-limited
serpentinite systems, yet these assertions remain largely untested
by laboratory or in situ studies. Thus, additional research is needed
to identify the provenance of carbon that supports primary
production, mechanisms of carbon acquisition/concentration,
and in situ rates of activities. These insights will naturally lead to a
better understanding of trophic relationships and carbon cycling
in these systems, in addition to the extent of cell and nutrient
turnover. Careful microcosm- and cultivation-based assays to
better characterize activities under conditions that reflect in
situ conditions (e.g. hydrostatic pressure; [114]) will be key to
furthering our understanding of these systems. For example, the
rates of cellular turmover, the extent of cellular dormancy, and
the tempo of microbial metabolism and nutrient cycling in these
systems remain largely unknown. Experiments to address these
areas will be challenging given that conditions in these systems
abut the known limits of microbial habitability (e.g. lower limit
of water stability, upper pH limit, lower energy limits), but such
insights would be profound and will likely identify metabolic
pathways and functions previously unknown in biology.

Most understanding of the ecology of serpentinization-
influenced systems derives from studies of surface seeps/vents
or bulk fracture waters. Yet, in subsurface ecosystems, the bulk
of microbial biomass is likely associated with microfracture
surfaces as biofilms on minerals [14, 167, 168]. Recent efforts
to quantify biomass in subsurface serpentinite rocks from
drilling cores of the Atlantis Massif, Southwest Indian Ridge,
and Samail Ophiolite basement rock/subsurface have revealed
cellular abundances estimated as low as 10 to 100 cells / cm?
(or g rock), but abundances also up to 10* to 107 cells / cm?
(or g) [56, 100, 101] representing volumetrically equivalent or
even higher abundances as those observed in fracture waters.
Moreover, investigation of carbon cycling activities in Samail
Ophiolite cores revealed ~3 orders of magnitude higher activity
(volumetrically) in rock microfractures than in corresponding
bulk fracture waters, consistent with the hypothesis that most of
the biomass and thus biogeochemical activities of subsurface
serpentinite ecosystems are associated with these areas [56].
Likewise, Hj-promoted carbon cycling activities of biofilms
associated with peridotites from the equatorial Mid-Atlantic
Ridge, with rock-hosted samples hosting greater biomass than
overlying water samples [169]. Nevertheless, molecular analysis
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Figure 6. Phylogenetic reconstruction of major archaeal lineages highlighting those that are abundant in serpentinite systems. The tree was
modified from the maximum likelihood phylogeny of archaeal orders described in Mei et al. 2023. The newick tree corresponding to Fig. 1a in the
above study was used to highlight taxonomic lineages discussed in this review. Cohesive clades that coincided with taxonomic classifications are
collapsed and shown as triangles, with those in blue corresponding to taxa that have been identified in serpentinite ecosystems and that are discussed
in the main text. Notable taxa found in serpentinite communities are indicated after the forward slash and are in italics. The tree was rooted with
bacterial taxa (not shown). Scale shows expected number of substitutions / site.

of low-biomass, rock-hosted microbial communities remains
a persistent issue due to difficulty in recovering sufficient
guantities of biomass or nucleic acid from subsurface rocks,
while concomitantly discounting putative contamination [14,
102, 170]. Thus, technological advancements are needed to
accurately evaluate the identity, physiological characteristics,
and activities of native rock-hosted communities. Given the rapid
advancements in molecular analytical capacity over the last two
decades, it is likely that new technologies and capacities will
become available in the coming decade(s) that will continue to
reshape our understanding of serpentinite-hosted ecosystems.
The process of serpentinization itself creates dynamic condi-
tions that lead to changes in the chemistry and connectivity of

subsurface fluids. For example, the volume of ultramafic rock can
increase by upwards of 40% during hydration and alteration [171],
creating stress that can be relieved through fracturing of rock. Fur-
ther, mixing of reduced calcium-rich subsurface fluids with DIC-
rich oxidized surface fluids can drive precipitation of calcite, both
of which can alter fluid flow paths and connectivity. As described
above, most observations in serpentinite systems involve the col-
lection of waters (or sediments) from springs/vents or wells/bore-
holes within ultramafic rock settings. Natural serpentinite-hosted
microbial populations most likely inhabit pores and microfrac-
tures that comprise highly segmented networks within rocks
that are variably exposed to flowing water. When combined with
the chemical evolution of serpentinite fluids, the potential for
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Figure 7. Phylogenetic reconstruction of major bacterial lineages highlighting those that are abundant in serpentinite systems. The tree was
modified from the maximum likelihood phylogeny of bacterial orders described in Martinez-Gutierrez et al. 2021 (described in Supplementary
Methods). Cohesive clades that coincided with taxonomic classifications are collapsed and shown as triangles, with those in blue corresponding to
taxa that have been identified in serpentinite ecosystems and that are discussed in the main text. Notable taxa found in serpentinite communities are
indicated after the forward slash and in italics. The tree was rooted with archaeal taxa (not shown). Scale shows expected number of substitutions

/ site.

microbial populations to become spatially isolated in serpen-
tinites over considerable time frames is extensive, consequently
providing an impetus for incipient evolutionary divergence and
speciation. Evidence in support of this hypothesis derives from
a recent investigation of Meiothermus, which is a globally dis-
tributed and often abundant genus in serpentinites [49, 63] (Fig. 2).
Specifically, two clades of an apparently Oman-specific Meiother-
mus lineage were identified in spatially isolated fracture waters,
indicating a common ancestor. One clade was prominent in near
surface, more oxidized aquifer waters and the other was more
prevalent in deeper, more reduced aquifer waters. Analysis of

single nucleotide variants and mobile genetic elements revealed
detectable, albeit limited, evidence for gene flow/recombination
among the populations. These observations were interpreted to
indicate that that chemical variation generated by serpentiniza-
tion, combined with physical barriers (reduced connectivity) that
reduce/limit dispersal and gene flow, allowed for speciation of
the Meiothermus populations. If similar studies could be conducted
alongside accurate estimates of fluid exchange between aquifers,
then it may become possible to quantify rates of gene flow and the
time scales of in situ diversification among serpentinite-hosted
taxa. Thus, coordinated sample collection and analyses between
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microbiologists, geochemists, and hydrologists could leverage the
unique properties of serpentinites to begin answering one of
the greatest challenges in microbial ecology—quantifying rates
of evolution in natural systems. Further, viruses are known to
contribute to the tempo of microbial ecological and evolution-
ary processes in subsurface habitats [172]. Yet, almost nothing
is known of viral abundances, diversity, effects on ecosystem
processes, or effects on short-term evolutionary processes in
serpentinite environments, representing a critical knowledge-gap
that hinders a comprehensive understanding of the ecological
and evolutionary tempo of serpentinite ecosystem processes.

Lastly, a key goal in the study of serpentinite ecosystems is
understanding their relevance as analogs for studying origin of
life processes on early Earth and the potential for life on other
planets. However, many questions remain in these areas. Mixed
phylogenetic support exists for contemporary serpentinite micro-
bial taxa belonging to lineages that reflect ancestry from earlier-
evolving lineages, as might be expected if life had originated and
has been maintained in these environments. However, nearly all
contemporary environments considered as early Earth analogs
that host early life (e.g. hydrothermal vents and some subsur-
face systems) are affected by overprinting by modern condi-
tions due to the whole-scale co-evolution of Earth's geosphere
and biosphere over the last ~3.8 Ga. Paramount among these is
the evolution and proliferation of oxygenic photosynthesis and
resulting increased biosphere productivity along with the average
oxidation states of surface environments. Both changes would
have eventually created new opportunities to challenge existing
life in serpentinites. Further, many ecological niches would have
collapsed due to competition or cells were forced to retreat to
deeper environments less influenced by near surface conditions
and where their niches remained largely intact. Recent efforts
to recover subsurface rock cores from the Samail Ophiolite as
part of the Oman Drilling Project [173] and the recent recovery of
a > 1200 m serpentinized peridotite core from the Atlantis Massif
[174] have provided unprecedented mineralogical and lithological
insights into serpentinized systems and hold significant promise
in accessing subsurface niches that may be more reminiscent of
early Earth. Nevertheless, additional efforts are needed to recover
core (and fluids) from other global serpentinites. Until more com-
prehensive results of these efforts are available, care is warranted
in extending observations from modern communities inhabiting
serpentinites as analogs for those that would have been present
on the anoxic early Earth or those that could be present on other
rocky planets.

As the next 20 years of investigation into serpentinite-hosted
microbial ecosystems advances, substantial opportunities exist to
build upon foundational insights generated in the past ~20 years.
Significant and rapid advances are being made in computational
capacity (e.g. through artificial intelligence and quantum com-
puting), molecular methods (e.g. via ‘“—omic technology scale and
capacity), biochemical methods (e.g. in protein structure/function
prediction), and spectroscopic analyses (e.g. in single cell activity
measurements). Leveraging of these technological developments,
as they become available, alongside carefully designed studies
of serpentinite populations, communities, and ecosystems will
provide new insights beyond those gained in the last ~20 years.
Importantly, these insights will continue to reshape our under-
standing of microbial adaptations to life at the edge of habitability,
the extent and activities of life in the deep subsurface, the nature
of the earliest life to have inhabited Earth, and the potential for
life to inhabit other planetary systems.

Acknowledgements

The NASA Astrobiology program is acknowledged for their contin-
ued support of the collective studies of serpentinites as reviewed
herein. E.SB. and AS.T acknowledge funding from the NASA
Exobiology and Evolutionary Biology program (80NSSC21K0489).

Conflicts of interest

The authors declare a lack of conflicts of interest in the prepara-
tion of this manuscript.

Funding

NASA Exobiology and Evolutionary Biology program grant no.
80NSSC21K0489.

Data availability

The metagenomic datasets that were analyzed here are all pub-
licly available in the National Center for Biotechnology Institute
(NCBI) or Joint Genome Institute (JGI) databases, as indicated by
their accession codes listed in Supplementary Table 1.

References

1. Martin WF, Sousa FL. Early microbial evolution: the age of
anaerobes. Cold Spring Harb Perspect Biol 2016;8:a018127. https://
doi.org/10.1101/cshperspect.a018127

2. Nishihara A, Tsukatani Y, Azai C et al. Illuminating the
coevolution of photosynthesis and bacteria. Proc Natl Acad Sci
USA 2024;121:e2322120121. https://doi.org/10.1073/pnas.2322
120121

3. McCollom TM, Bach W. Thermodynamic constraints on
hydrogen generation during serpentinization of ultramafic
rocks. Geochim Cosmochim Acta 2009;73:856-75. https://doi.
0rg/10.1016/j.gca.2008.10.032

4. McCollom TM. Abiotic methane formation during experimen-
tal serpentinization of olivine. Proc Natl Acad Sci USA 2016;113:
13965-70. https://doi.org/10.1073/pnas.1611843113

5. McCollom TM, Seewald JS. Abiotic synthesis of organic com-
pounds in deep-sea hydrothermal environments. Chem Rev
2007;107:382-401. https://doi.org/10.1021/cr0503660

6. Preiner M, Igarashi K, Muchowska KB et al A hydrogen-
dependent geochemical analogue of primordial carbon and
energy metabolism. Nat Ecol Evol 2020;4:534-42. https://doi.
org/10.1038/541559-020-1125-6

7. Sleep NH, Bird DK, Pope EC. Serpentinite and the dawn of life.
Philos Trans R Soc Lond Ser B Biol Sci 2011;366:2857-69. https://
doi.org/10.1098/rstb.2011.0129

8. Boyd ES, Schut GJ, Adams MW et al. Hydrogen metabolism and
the evolution of biological respiration. Microbe 2014;9:361-7.
https://doi.org/10.1128/microbe.9.361.1

9. Russell MJ, Martin W. The rocky roots of the acetyl-CoA path-
way. Trends Biochem Sci 2004;29:358-63. https://doi.org/10.1016/
j.tibs.2004.05.007

10. Weiss MC, Sousa FL, Mmjavac N et al. The physiology and
habitat of the last universal common ancestor. Nat Microbiol
2016;1:1-8. https://doi.org/10.1038/nmicrobiol.2016.116

11. Fuchs G. Alternative pathways of carbon dioxide fixation:
insights into the early evolution of life? Ann Rev Microbiol
2011;65:631-58. https://doi.org/10.1146/annurev-micro-0901
10-102801

GZ0z 18quaoa(] +0 Uo Jasn uewazog - AJISISAIUN 91815 BuUBIUOW AQ $2/6108/620/IML/6 L/aPIE/lewsi/woo dno-oiwapese//:sdyy woy papeojumoq


https://academic.oup.com/ismej/article-lookup/doi/10.1093/ismejo/wraf029#supplementary-data
https://doi.org/10.1101/cshperspect.a018127
https://doi.org/10.1101/cshperspect.a018127
https://doi.org/10.1101/cshperspect.a018127
https://doi.org/10.1101/cshperspect.a018127
https://doi.org/10.1101/cshperspect.a018127
https://doi.org/10.1073/pnas.2322120121
https://doi.org/10.1016/j.gca.2008.10.032
https://doi.org/10.1016/j.gca.2008.10.032
https://doi.org/10.1016/j.gca.2008.10.032
https://doi.org/10.1016/j.gca.2008.10.032
https://doi.org/10.1016/j.gca.2008.10.032
https://doi.org/10.1073/pnas.1611843113
https://doi.org/10.1073/pnas.1611843113
https://doi.org/10.1073/pnas.1611843113
https://doi.org/10.1073/pnas.1611843113
https://doi.org/10.1021/cr0503660
https://doi.org/10.1021/cr0503660
https://doi.org/10.1021/cr0503660
https://doi.org/10.1021/cr0503660
https://doi.org/10.1038/s41559-020-1125-6
https://doi.org/10.1038/s41559-020-1125-6
https://doi.org/10.1038/s41559-020-1125-6
https://doi.org/10.1038/s41559-020-1125-6
https://doi.org/10.1098/rstb.2011.0129
https://doi.org/10.1098/rstb.2011.0129
https://doi.org/10.1098/rstb.2011.0129
https://doi.org/10.1098/rstb.2011.0129
https://doi.org/10.1128/microbe.9.361.1
https://doi.org/10.1128/microbe.9.361.1
https://doi.org/10.1128/microbe.9.361.1
https://doi.org/10.1128/microbe.9.361.1
https://doi.org/10.1016/j.tibs.2004.05.007
https://doi.org/10.1016/j.tibs.2004.05.007
https://doi.org/10.1016/j.tibs.2004.05.007
https://doi.org/10.1016/j.tibs.2004.05.007
https://doi.org/10.1016/j.tibs.2004.05.007
https://doi.org/10.1038/nmicrobiol.2016.116
https://doi.org/10.1038/nmicrobiol.2016.116
https://doi.org/10.1038/nmicrobiol.2016.116
https://doi.org/10.1038/nmicrobiol.2016.116
https://doi.org/10.1146/annurev-micro-090110-102801

Serpentinite Ecosystem Microbial Ecology | 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Borrel G, Adam PS, Gribaldo S. Methanogenesis and the Wood-
Ljungdahl pathway: an ancient, versatile, and fragile associ-
ation. Genome biol evol 2016,8:1706-11. https://doi.org/10.1093/
gbe/evw114

Kelley DS, Karson JA, Fruh-Green GL et al. A serpentinite-hosted
ecosystem: the Lost City hydrothermal field. Science 2005;307:
1428-34. https://doi.org/10.1126/science. 1102556

Templeton AS, Caro TA. The rock-hosted biosphere. Annu
Rev Earth Planet Sci 2023;51:493-519. https://doi.org/10.1146/
annurev-earth-031920-081957

Schrenk MO, Brazelton W], Lang SQ. Serpentinization, carbon,
and deep life. Rev Mineral Geochem 2013;75:575-606. https://doi.
org/10.2138/rmg.2013.75.18

Martin W, Russell MJ. On the origin of biochemistry at an
alkaline hydrothermal vent. Philos Trans R Soc Lond Ser B Biol Sci
2007;362:1887-926. https://doi.org/10.1098/rstb.2006.1881
Vance S, Melwani DM. Serpentinite and the search for life
beyond earth. Phil Trans R Soc A 2020;378:20180421. https://doi.
org/10.1098/rsta.2018.0421

Suzuki S, Kuenen JG, Schipper K et al. Physiological and genomic
features of highly alkaliphilic hydrogen-utilizing Betapro-
teobacteria from a continental serpentinizing site. Nature.
Nat Commun 2014;5:1390. https://doi.org/10.1038/ncomms
4500

Kelemen PB, Matter ], Streit EE et al. Rates and mechanisms
of mineral carbonation in peridotite: natural processes and
recipes for enhanced, in situ CO; capture and storage. Annu
Rev Earth Planet Sci 2011;39:545-76. https://doi.org/10.1146/
annurev-earth-092010-152509

Templeton A, Ellison E, Leong ] et al. Low-temperature hydrogen
production and consumption in partially-hydrated peridotites
in Oman: implications for stimulated geological hydrogen pro-
duction. Front Geochem 2024;2:1366268. https://doi.org/10.3385/
fgeoc.2024.1366268

Postec A, Quemeneur M, Bes M et al. Microbial diversity in a sub-
marine carbonate edifice from the serpentinizing hydrother-
mal system of the Prony Bay (New Caledonia) over a 6-
year period. Front Microbiol 2015;6:857. https://doi.org/10.3389/
fricb.2015.00857

Lecoeuvre A, Ménez B, Cannat M et al. Microbial ecology of the
newly discovered serpentinite-hosted Old City hydrothermal
field (southwest Indian ridge). ISME J 2021;15:818-32. https://
doi.org/10.1038/541396-020-00816-7

Morrill PL, Kuenen ]G, Johnson OJ et al. Geochemistry and
geobiology of a present-day serpentinization site in California:
The Cedars. Geochim Cosmochim Acta 2013;109:222-40. https://
doi.org/10.1016/j.gca.2013.01.043

Trutschel LR, Chadwick GL, Kruger B et al. Investigation of
microbial metabolisms in an extremely high pH marine-
like terrestrial serpentinizing system: Ney Springs. Sci Total
Environ 2022;836:155492. https://doi.org/10.1016/].scitotenv.
2022.155452

Cardace D, Hoehler T, McCollom T et al. Establishment of the
coast range ophiolite microbial observatory (CROMO): drilling
objectives and preliminary outcomes. Sci Drill 2013;16:45-55.
https://doi.org/10.5194/sd-16-45-2013

Templeton AS, Ellison ET, Glombitza C et al. Accessing the
subsurface biosphere within rocks undergoing active low-
temperature serpentinization in the Samail ophiolite (Oman
Drilling Project). ] Geophys Res-Biogeo 2021;126:22021JG006315.
https://doi.org/10.1029/2021JG006315

Brazelton W], Thormnton CN, Hyer A et al Metagenomic
identification of active methanogens and methanotrophs in

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

41.

42,

43,

serpentinite springs of the Voltri Massif, Italy. Peer] 2017,
5:22945. https://doi.org/10.7717/peerj.2945

BarOn YM, Phillips R, Milo R. The biomass distribution
on earth. Proc Natl Acad Sci 2018;115:6506-11. https://doi.
org/10.1073/pnas. 1711842115

Magnabosco C, Lin L-H, Dong H et al. The biomass and biodiver-
sity of the continental subsurface. Nat Geosci 2018;11:707-17.
https://doi.org/10.1038/s41561-018-0221-6

Nealson KH, Inagaki F, Takai K. Hydrogen-driven subsurface
lithoautotrophic microbial ecosystems (SLiMEs): do they exist
and why should we care? Trends Microbiol 2005;13:405-10.
https://doi.org/10.1016/j.tim.2005.07.010

Spear JR, Walker JJ, McCollom TM et al Hydrogen and
bioenergetics in the Yellowstone geothermal ecosystem. Proc
Natl Acad Sci USA 2005;102:2555-60. https://doi.org/10.1073/
pnas.0409574102

Nealson KH. Hydrogen and energy flow as "sensed” by molec-
ular genetics. Proc Natl Acad Sci USA 2005;102:3889-90. https://
doi.org/10.1073/pnas.0500211102

Schrenk MO, Kelley DS, Bolton SA et al. Low archaeal diver-
sity linked to subseafloor geochemical processes at the
Lost City Hydrothermal Field, Mid-Atlantic Ridge. Environ
Microbiol 2004;6:1086-95. https://doi.org/10.1111/j.1462-2920.
2004.00650.x

Brazelton WJ, Ludwig KA, Sogin ML et al. Archaea and bac-
teria with surprising microdiversity show shifts in domi-
nance over 1,000-year time scales in hydrothermal chimneys.
P Natl Acad Sci USA 2010;107:1612-7. https://doi.org/10.1073/
pnas.0905369107

Brazelton WJ, McGonigle JM, Motamedi S et al. Metabolic strate-
gies shared by basement residents of the Lost City hydrother-
mal field. Appl Environ Microbiol 2022;88:200929-2. https://doi.
org/10.1128/aem.00929-22

McGonigle JM, Lang SQ, Brazelton WJ. Genomic evidence for
formate metabolism by Chloroflexi as the key to unlock-
ing deep carbon in Lost City microbial ecosystems. Appl
Environ Microbiol 2020;86:e02583-19. https://doi.org/10.1128/
AEM.02583-19

Brazelton W], Mehta MP, Kelley DS et al. Physiological dif-
ferentiation within a single-species biofilm fueled by ser
pentinization. MBio 2011;2:10-1128. https://doi.org/10.1128/
mBio.00127-11

Chadwick GL, Nayak DD, Rother M et al. No evidence for
methanotrophic growth of diverse marine methanogens. Proc
Natl Acad Sci 2024;121:e2404143121. https://doi.org/10.1073/
pnas.2404143121

Nobu MK, Nakai R, Tamazawa S et al. Unique H;-utilizing
lithotrophy in serpentinite-hosted systems. ISME ] 2023;17:
95-104. https://doi.org/10.1038/541396-022-01197-9

Brazelton WJ, Morrill PL, Szponar N et al. Bacterial commu-
nities associated with subsurface geochemical processes in
continental serpentinite springs. Appl Environ Microbiol 2013;79:
3906-16. https://doi.org/10.1128/AEM.00330-13

Twing KI, Brazelton W], Kubo MD et al. Serpentinization-
influenced groundwater harbors extremely low diversity
microbial communities adapted to high pH. Front Microbiol
2017;8:308. https://doi.org/10.3389/fmicb.2017.00308
Rempfert KR, Miller HM, Bompard N et al. Geological and
geochemical controls on subsurface microbial life in the
Samail ophiolite, Oman. Front Microbiol 2017;8:56. https://doi.
org/10.3389/fmicb.2017.00056

Kraus EA, Nothaft D, Stamps BW et al Molecular evi-
dence for an active microbial methane cycle in subsurface

GZ0z 18quaoa(] +0 Uo Jasn uewazog - AJISISAIUN 91815 BuUBIUOW AQ $2/6108/620/IML/6 L/aPIE/lewsi/woo dno-oiwapese//:sdyy woy papeojumoq


https://doi.org/10.1093/gbe/evw114
https://doi.org/10.1093/gbe/evw114
https://doi.org/10.1093/gbe/evw114
https://doi.org/10.1093/gbe/evw114
https://doi.org/10.1093/gbe/evw114
https://doi.org/10.1126/science.1102556
https://doi.org/10.1126/science.1102556
https://doi.org/10.1126/science.1102556
https://doi.org/10.1126/science.1102556
https://doi.org/10.1146/annurev-earth-031920-081957
https://doi.org/10.1146/annurev-earth-031920-081957
https://doi.org/10.1146/annurev-earth-031920-081957
https://doi.org/10.1146/annurev-earth-031920-081957
https://doi.org/10.1146/annurev-earth-031920-081957
https://doi.org/10.2138/rmg.2013.75.18
https://doi.org/10.2138/rmg.2013.75.18
https://doi.org/10.2138/rmg.2013.75.18
https://doi.org/10.2138/rmg.2013.75.18
https://doi.org/10.1098/rstb.2006.1881
https://doi.org/10.1098/rstb.2006.1881
https://doi.org/10.1098/rstb.2006.1881
https://doi.org/10.1098/rstb.2006.1881
https://doi.org/10.1098/rsta.2018.0421
https://doi.org/10.1098/rsta.2018.0421
https://doi.org/10.1098/rsta.2018.0421
https://doi.org/10.1098/rsta.2018.0421
https://doi.org/10.1038/ncomms4900
https://doi.org/10.1146/annurev-earth-092010-152509
https://doi.org/10.1146/annurev-earth-092010-152509
https://doi.org/10.1146/annurev-earth-092010-152509
https://doi.org/10.1146/annurev-earth-092010-152509
https://doi.org/10.1146/annurev-earth-092010-152509
https://doi.org/10.3389/fgeoc.2024.1366268
https://doi.org/10.3389/fgeoc.2024.1366268
https://doi.org/10.3389/fgeoc.2024.1366268
https://doi.org/10.3389/fgeoc.2024.1366268
https://doi.org/10.3389/fmicb.2015.00857
https://doi.org/10.3389/fmicb.2015.00857
https://doi.org/10.3389/fmicb.2015.00857
https://doi.org/10.3389/fmicb.2015.00857
https://doi.org/10.1038/s41396-020-00816-7
https://doi.org/10.1038/s41396-020-00816-7
https://doi.org/10.1038/s41396-020-00816-7
https://doi.org/10.1038/s41396-020-00816-7
https://doi.org/10.1016/j.gca.2013.01.043
https://doi.org/10.1016/j.gca.2013.01.043
https://doi.org/10.1016/j.gca.2013.01.043
https://doi.org/10.1016/j.gca.2013.01.043
https://doi.org/10.1016/j.gca.2013.01.043
https://doi.org/10.1016/j.scitotenv.2022.155492
https://doi.org/10.5194/sd-16-45-2013
https://doi.org/10.5194/sd-16-45-2013
https://doi.org/10.5194/sd-16-45-2013
https://doi.org/10.5194/sd-16-45-2013
https://doi.org/10.1029/2021JG006315
https://doi.org/10.1029/2021JG006315
https://doi.org/10.1029/2021JG006315
https://doi.org/10.1029/2021JG006315
https://doi.org/10.7717/peerj.2945
https://doi.org/10.7717/peerj.2945
https://doi.org/10.7717/peerj.2945
https://doi.org/10.7717/peerj.2945
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1016/j.tim.2005.07.010
https://doi.org/10.1016/j.tim.2005.07.010
https://doi.org/10.1016/j.tim.2005.07.010
https://doi.org/10.1016/j.tim.2005.07.010
https://doi.org/10.1016/j.tim.2005.07.010
https://doi.org/10.1073/pnas.0409574102
https://doi.org/10.1073/pnas.0409574102
https://doi.org/10.1073/pnas.0409574102
https://doi.org/10.1073/pnas.0409574102
https://doi.org/10.1073/pnas.0500211102
https://doi.org/10.1073/pnas.0500211102
https://doi.org/10.1073/pnas.0500211102
https://doi.org/10.1073/pnas.0500211102
https://doi.org/10.1111/j.1462-2920.2004.00650.x
https://doi.org/10.1073/pnas.0905369107
https://doi.org/10.1073/pnas.0905369107
https://doi.org/10.1073/pnas.0905369107
https://doi.org/10.1073/pnas.0905369107
https://doi.org/10.1128/aem.00929-22
https://doi.org/10.1128/aem.00929-22
https://doi.org/10.1128/aem.00929-22
https://doi.org/10.1128/aem.00929-22
https://doi.org/10.1128/AEM.02583-19
https://doi.org/10.1128/AEM.02583-19
https://doi.org/10.1128/AEM.02583-19
https://doi.org/10.1128/AEM.02583-19
https://doi.org/10.1128/mBio.00127-11
https://doi.org/10.1128/mBio.00127-11
https://doi.org/10.1128/mBio.00127-11
https://doi.org/10.1128/mBio.00127-11
https://doi.org/10.1073/pnas.2404143121
https://doi.org/10.1073/pnas.2404143121
https://doi.org/10.1073/pnas.2404143121
https://doi.org/10.1073/pnas.2404143121
https://doi.org/10.1038/s41396-022-01197-9
https://doi.org/10.1038/s41396-022-01197-9
https://doi.org/10.1038/s41396-022-01197-9
https://doi.org/10.1038/s41396-022-01197-9
https://doi.org/10.1128/AEM.00330-13
https://doi.org/10.1128/AEM.00330-13
https://doi.org/10.1128/AEM.00330-13
https://doi.org/10.1128/AEM.00330-13
https://doi.org/10.3389/fmicb.2017.00308
https://doi.org/10.3389/fmicb.2017.00056
https://doi.org/10.3389/fmicb.2017.00056
https://doi.org/10.3389/fmicb.2017.00056
https://doi.org/10.3389/fmicb.2017.00056

18

Colman et al.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

serpentinite-hosted groundwaters in the Samail Ophiolite,
Oman. Appl Environ Microbiol 2021,87:202068-20. https://doi.
org/10.1128/AEM.02068-20

. Nothaft DB, Templeton AS, Rhim JH et al. Geochemical, bio-

logical, and clumped isotopologue evidence for substantial
microbial methane production under carbon limitation in
serpentinites of the Samail Ophiolite, Oman. ] Geophys Res
Biogeosci 2021;126:22020]G006025. https://doi.org/10.1029/2020
JG006025

Crespo-Medina M, Twing KI, Sanchez-Murillo R et al. Methane
dynamics in a tropical serpentinizing environment: the Santa
Elena Ophiolite, Costa Rica. Front Microbiol 2017,8:8. https://doi.
org/10.3389/fmicb.2017.00916

Frouin E, Bes M, Ollivier B et al. Diversity of rare and abundant
prokaryotic phylotypes in the Prony hydrothermal field and
comparison with other serpentinite-hosted ecosystems. Front
Microbiol 2018;9:102. https://doi.org/10.3389/fmicb.2018.00102
Suzuki S, Ishii S’, Wu A et al. Microbial diversity in The Cedars,
an ultrabasic, ultrareducing, and low salinity serpentinizing
ecosystem. Proc Natl Acad Sci 2013;110:15336-41. https://doi.
org/10.1073/pnas.1302426110

Fones EM, Colman DR, Kraus EA et al. Diversification of
methanogens into hyperalkaline serpentinizing environments
through adaptations to minimize oxidant limitation. ISME J
2021;15:1121-35. https://doi.org/10.1038/541396-020-00838-1
Woycheese KM, Meyer-Dombard DR, Cardace D et al. Out of the
dark: transitional subsurface-to-surface microbial diversity in
a terrestrial serpentinizing seep (Manleluag, Pangasinan, the
Philippines). Front Microbiol 2015,6:44. https://doi.org/10.3385/
frnicb.2015.00044

Wang Y, Li WL, Baker BJ et al. Carbon metabolism and adapta-
tion of hyperalkaliphilic microbes in serpentinizing spring of
Manleluag, the Philippines. Env Microbiol Rep 2022;14:308-19.
https://doi.org/10.1111/1758-2229.13052

Mel N, Postec A, Bartoli M et al. Methanobacterium alkalither-
motolerans sp. nov., a novel alkaliphilic and hydrogen-utilizing
methanogen isolated from an alkaline geothermal spring (La
Crouen, New Caledonia). Int ] Syst Evol Microbiol 2022;72:005554.
https://doi.org/10.1099/ijsem.0.005554

Fones EM, Colman DR, Kraus EA et al. Physiological adapta-
tions to serpentinization in the Samail Ophiolite, Oman. ISME J
2019;13:1750-62. https://doi.org/10.1038/541396-019-0391-2
Thieringer PH, Boyd ES, Templeton AS et al. Metapange-
nomic investigation provides insight into niche differentiation
of methanogenic populations from the subsurface serpen-
tinizing environment, Samail Ophiolite, Oman. Front Microbiol
2023;14:1205558. https://doi.org/10.3389/fmicb.2023.1205558
Miller HM, Chaudhry N, Conrad ME et al. Large carbon iso-
tope variability during methanogenesis under alkaline con-
ditions. Geochim Cosmochim Acta 2018;237:18-31. https://doi.
0rg/10.1016/j.gca.2018.06.007

Garcia PS, Gribaldo S, Borrel G. Diversity and evolution of
methane-related pathways in Archaea. Ann Rev Microbiol 2022;
76:727-55. https://doi.org/10.1146/annurev-micro-041020-024
935

Fones EM, Templeton AS, Mogk DW et al. Transformation of
low-molecular-weight organic acids by microbial endoliths in
subsurface mafic and ultramafic igneous rock. Environ Microbiol
2022;24:4137-52. https://doi.org/10.1111/1462-2920.16041
Tiago I, Verissimo A. Microbial and functional diversity of
a subterrestrial high pH groundwater associated to ser-
pentinization. Environ Microbiol 2013;15:1687-706. https://doi.
org/10.1111/1462-2920.12034

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Klein F, Grozeva NG, Seewald JS. Abiotic methane synthesis
and serpentinization in olivine-hosted fluid inclusions. Proc
Natl Acad Sci USA 2019;116:17666—72. https://doi.org/10.1073/
pnas.1907871116

Nothaft DB, Templeton AS, Boyd ES et al. Aqueous geochem-
ical and microbial variation across discrete depth intervals
in a peridotite aquifer assessed using a packer system in
the Samail Ophiolite, Oman. ] Geophysical Res Biogeosci 2021;
126:22021JG006319. https://doi.org/10.1029/2021JG006319
Kerou M, Eloy Alves RJ, Schleper C. Nitrososphaeria™. In: Tru-
jillo ME, Dedysh S, DeVos P, Hedlund B, Kampfer P, Rainey FA
and Whitman WB (eds.), Bergey's Manual of Systematics of Archaea
and Bacteria 2015;1-8. https://doi.org/10.1002/9781118360608.
cbm00055

Zhang CL, Xie W, Martin-Cuadrado AB et al. Marine group II
archaea, potentially important players in the global ocean car-
bon cycle. Front Microbiol 2015;6:1108. https://doi.org/10.3389/
fmicb.2015.01108

Baker BJ, Saw JH, Lind AE et al Genomic inference of
the metabolism of cosmopolitan subsurface archaea, Hade-
sarchaea. Nat Microbiol 2016;1:1-9. https://doi.org/10.1038/
nmicrobiol.2016.2

Munro-Ehrlich M, Nothaft DB, Fones EM et al. Parapatric
speciation of Meiothermus in serpentinite-hosted aquifers in
Oman. Front Microbiol 2023;14:1138656. https://doi.org/10.3385/
fmicb.2023.1138656

Valentine DL. Adaptations to energy stress dictate the ecology
and evolution of the archaea. Nat Rev Microbiol 2007;5:316-23.
https://doi.org/10.1038/nrmicro1619

Colman DR, Kraus EA, Thieringer PH et al. Deep-branching
acetogens in serpentinized subsurface fluids of Oman. Proc Natl
Acad Sci USA 2022;119:e2206845119. https://doi.org/10.1073/
pnas.2206845119

Suzuki S, Nealson KH, SiI. Genomic and in-situ transcriptomic
characterization of the candidate phylum NPL-UPL2 from
highly alkaline highly reducing serpentinized groundwater.
Front Microbiol 2018;9:3141. https://doi.org/10.3389/fmicb.2018.
03141

Merino N, Kawai M, Boyd ES et al. Single-cell genomics of novel
Actinobacteria with the Wood-Ljungdahl pathway discovered
in a serpentinizing system. Front Microbiol 2020;11:1031. https://
doi.org/10.3389/fmicb.2020.01031

Kohl L, Cumnming E, Cox A et al. Exploring the metabolic poten-
tial of microbial communities in ultra-basic, reducing springs
at The Cedars, CA, USA: experimental evidence of microbial
methanogenesis and heterotrophic acetogenesis. ] Geophys Res-
Biogeo 2016;121:1203-20. https://doi.org/10.1002/2015]G003233
Schuchmann K, Muller V. Autotrophy at the thermodynamic
limit of life: a model for energy conservation in acetogenic bac-
teria. Nat Rev Microbiol 2014;12:809-21. https://doi.org/10.1038/
nrmicro3365

Boyd ES, Amenabar M]J, Poudel S et al. Bioenergetic constraints
on the origin of autotrophic metabolism. Phil Trans R Soc A
2020;378:20190151. https://doi.org/10.1098/rsta.2019.0151
Suzuki S, Sil, Chadwick GL et al. A non-methanogenic archaeon
within the order Methanocellales. Nat Commun 2024;15:4858.
https://doi.org/10.1038/541467-024-48185-5

Schone C, Poehlein A, Jehmlich N et al Deconstructing
Methanosarcina acetivorans into an acetogenic archaeon. Proc
Natl Acad Sci 2022;119:e2113853119. https://doi.org/10.1073/
pnas.2113853119

Lang SQ, Butterfield DA, Schulte M et al. Elevated concentra-
tions of formate, acetate and dissolved organic carbon found

GZ0z 18quaoa(] +0 Uo Jasn uewazog - AJISISAIUN 91815 BuUBIUOW AQ $2/6108/620/IML/6 L/aPIE/lewsi/woo dno-oiwapese//:sdyy woy papeojumoq


https://doi.org/10.1128/AEM.02068-20
https://doi.org/10.1128/AEM.02068-20
https://doi.org/10.1128/AEM.02068-20
https://doi.org/10.1128/AEM.02068-20
https://doi.org/10.1029/2020JG006025
https://doi.org/10.1029/2020JG006025
https://doi.org/10.1029/2020JG006025
https://doi.org/10.1029/2020JG006025
https://doi.org/10.3389/fmicb.2017.00916
https://doi.org/10.3389/fmicb.2017.00916
https://doi.org/10.3389/fmicb.2017.00916
https://doi.org/10.3389/fmicb.2017.00916
https://doi.org/10.3389/fmicb.2018.00102
https://doi.org/10.3389/fmicb.2018.00102
https://doi.org/10.3389/fmicb.2018.00102
https://doi.org/10.3389/fmicb.2018.00102
https://doi.org/10.1073/pnas.1302426110
https://doi.org/10.1073/pnas.1302426110
https://doi.org/10.1073/pnas.1302426110
https://doi.org/10.1073/pnas.1302426110
https://doi.org/10.1038/s41396-020-00838-1
https://doi.org/10.1038/s41396-020-00838-1
https://doi.org/10.1038/s41396-020-00838-1
https://doi.org/10.1038/s41396-020-00838-1
https://doi.org/10.3389/fmicb.2015.00044
https://doi.org/10.3389/fmicb.2015.00044
https://doi.org/10.3389/fmicb.2015.00044
https://doi.org/10.3389/fmicb.2015.00044
https://doi.org/10.1111/1758-2229.13052
https://doi.org/10.1111/1758-2229.13052
https://doi.org/10.1111/1758-2229.13052
https://doi.org/10.1099/ijsem.0.005554
https://doi.org/10.1099/ijsem.0.005554
https://doi.org/10.1099/ijsem.0.005554
https://doi.org/10.1099/ijsem.0.005554
https://doi.org/10.1038/s41396-019-0391-2
https://doi.org/10.1038/s41396-019-0391-2
https://doi.org/10.1038/s41396-019-0391-2
https://doi.org/10.1038/s41396-019-0391-2
https://doi.org/10.3389/fmicb.2023.1205558
https://doi.org/10.3389/fmicb.2023.1205558
https://doi.org/10.3389/fmicb.2023.1205558
https://doi.org/10.3389/fmicb.2023.1205558
https://doi.org/10.1016/j.gca.2018.06.007
https://doi.org/10.1016/j.gca.2018.06.007
https://doi.org/10.1016/j.gca.2018.06.007
https://doi.org/10.1016/j.gca.2018.06.007
https://doi.org/10.1016/j.gca.2018.06.007
https://doi.org/10.1146/annurev-micro-041020-024935
https://doi.org/10.1111/1462-2920.16041
https://doi.org/10.1111/1462-2920.16041
https://doi.org/10.1111/1462-2920.16041
https://doi.org/10.1111/1462-2920.12034
https://doi.org/10.1111/1462-2920.12034
https://doi.org/10.1111/1462-2920.12034
https://doi.org/10.1073/pnas.1907871116
https://doi.org/10.1073/pnas.1907871116
https://doi.org/10.1073/pnas.1907871116
https://doi.org/10.1073/pnas.1907871116
https://doi.org/10.1029/2021JG006319
https://doi.org/10.1029/2021JG006319
https://doi.org/10.1029/2021JG006319
https://doi.org/10.1029/2021JG006319
https://doi.org/10.1002/9781118960608.cbm00055
https://doi.org/10.1002/9781118960608.cbm00055
https://doi.org/10.1002/9781118960608.cbm00055
https://doi.org/10.1002/9781118960608.cbm00055
https://doi.org/10.3389/fmicb.2015.01108
https://doi.org/10.3389/fmicb.2015.01108
https://doi.org/10.3389/fmicb.2015.01108
https://doi.org/10.3389/fmicb.2015.01108
https://doi.org/10.1038/nmicrobiol.2016.2
https://doi.org/10.1038/nmicrobiol.2016.2
https://doi.org/10.1038/nmicrobiol.2016.2
https://doi.org/10.1038/nmicrobiol.2016.2
https://doi.org/10.3389/fmicb.2023.1138656
https://doi.org/10.3389/fmicb.2023.1138656
https://doi.org/10.3389/fmicb.2023.1138656
https://doi.org/10.3389/fmicb.2023.1138656
https://doi.org/10.1038/nrmicro1619
https://doi.org/10.1038/nrmicro1619
https://doi.org/10.1038/nrmicro1619
https://doi.org/10.1038/nrmicro1619
https://doi.org/10.1073/pnas.2206845119
https://doi.org/10.1073/pnas.2206845119
https://doi.org/10.1073/pnas.2206845119
https://doi.org/10.1073/pnas.2206845119
https://doi.org/10.3389/fmicb.2018.03141
https://doi.org/10.3389/fmicb.2020.01031
https://doi.org/10.3389/fmicb.2020.01031
https://doi.org/10.3389/fmicb.2020.01031
https://doi.org/10.3389/fmicb.2020.01031
https://doi.org/10.1002/2015JG003233
https://doi.org/10.1002/2015JG003233
https://doi.org/10.1002/2015JG003233
https://doi.org/10.1002/2015JG003233
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1098/rsta.2019.0151
https://doi.org/10.1098/rsta.2019.0151
https://doi.org/10.1098/rsta.2019.0151
https://doi.org/10.1098/rsta.2019.0151
https://doi.org/10.1038/s41467-024-48185-5
https://doi.org/10.1038/s41467-024-48185-5
https://doi.org/10.1038/s41467-024-48185-5
https://doi.org/10.1038/s41467-024-48185-5
https://doi.org/10.1073/pnas.2113853119
https://doi.org/10.1073/pnas.2113853119
https://doi.org/10.1073/pnas.2113853119
https://doi.org/10.1073/pnas.2113853119
https://academic.oup.com/ismej/article/19/1/wraf029/8019724

Serpentinite Ecosystem Microbial Ecology | 19

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

at the Lost City hydrothermal field. Geochim Cosmochim Acta
2010;74:941-52. https://doi.org/10.1016/j.gca.2009.10.045
Sabuda MC, Brazelton WJ, Putman LI et al A dynamic
microbial sulfur cycle in a serpentinizing continental ophi-
olite. Environ Microbiol 2020,22:2329-45. https://doi.org/10.
1111/1462-2920.15006

Lang SQ, Frith-Green GL, Bernasconi SM et al. Microbial uti-
lization of abiogenic carbon and hydrogen in a serpentinite-
hosted system. Geochim Cosmochim Acta 2012;92:82-99. https://
doi.org/10.1016/j.gca.2012.06.006

Lang SQ, Fruh-Green GL, Bernasconi SM et al. Deeply-sourced
formate fuels sulfate reducers but not methanogens at
Lost City hydrothermal field. Sci Rep 2018;8:755. https://doi.
org/10.1038/541598-017-19002-5

Aoyama S, Nishizawa M, Miyazaki ] et al. Recycled Archean
sulfur in the mantle wedge of the Mariana Forearc and micro-
bial sulfate reduction within an extremely alkaline serpen-
tine seamount. Earth Planet Sc Lett 2018;491:109-20. https://doi.
0rg/10.1016/j.eps].2018.03.002

Glombitza C, Putman LI, Rempfert KR et al. Active microbial
sulfate reduction in fluids of serpentinizing peridotites of
the continental subsurface. Commun Earth Environ 2021;2:84.
https://doi.org/10.1038/543247-021-00157-z

Lefticariu L, Pratt LA, LaVerne JA et al. Anoxic pyrite oxidation
by water radiolysis products — a potential source of biosus-
taining energy. Earth Planet Sc Lett. 2010,292:57-67. https://doi.
0rg/10.1016/j.eps1.2010.01.020

Gill-Olivas B, Telling J, Tranter M et al. Subglacial erosion has
the potential to sustain microbial processes in subglacial Lake
Whillans, Antarctica. Commun Earth Environ 2021;2:134. https://
doi.org/10.1038/543247-021-00202-x

Lovley DR, Goodwin S. Hydrogen concentrations as an indicator
of the predominant terminal electron-accepting reactions in
aquatic sediments. Geochim Cosmochim Acta 1988;52:2993-3003.
https://doi.org/10.1016/0016-7037(88)90163-9

Lovley DR, Klug MJ. Model for the distribution of sulfate
reduction and methanogenesis in freshwater sediments.
Geochim Cosmochim Acta 1986;50:11-8. https://doi.org/10.
1016/0016-7037(86)90043-8

Howells AEG, Leong JAM, Ely T et al. Energetically informed
niche models of hydrogenotrophs detected in sediments of
serpentinized fluids of the Samail Ophiolite of Oman. ] Geophys
Res-Biogeo 2022;127:22021JG006317. https://doi.org/10.1029/
2021]JG006317

Brazelton W], Schrenk MO, Kelley DS et al. Methane- and sulfur-
metabolizing microbial communities dominate the Lost City
hydrothermal field ecosystem. Appl Environ Microbiol 2006;72:
6257-70. https://doi.org/10.1128/AEM.00574-06
Crespo-Medina M, Twing KI, Kubo MD et al. Insights into envi-
ronmental controls on microbial communities in a continental
serpentinite aquifer using a microcosm-based approach. Front
Microbiol 2014;5:604. https://doi.org/10.3389/fmicb.2014.00604
Rizoulis A, Milodowski AE, Morris K et al. Bacterial diversity
in the hyperalkaline Allas Springs (Cyprus), a natural ana-
logue for cementitious radioactive waste repository. Geomicro-
biol J 2016;33:73-84. https://doi.org/10.1080/01490451.2014.96
1107

Rowe AR, Yoshimura M, LaRowe DE et al. In situ electrochemical
enrichment and isolation of a magnetite-reducing bacterium
from a high pH serpentinizing spring. Environ Microbiol 2017;19:
2272-85. https://doi.org/10.1111/1462-2920.13723

Garber Al, Nealson KH, Okamoto A et al. FeGenie: a compre-
hensive tool for the identification of iron genes and iron gene

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

neighborhoods in genome and metagenome assemblies. Front
Microbiol 2020;11:37. https://doi.org/10.3389/fmicb.2020.00037
Sorokin DY, Tourova TP, Mussmann M et al. Dethiobacter alka-
liphilus gen. nov. sp. nov,, and Desulfurivibrio alkaliphilus gen.
nov. sp. nov.. two novel representatives of reductive sulfur
cycle from soda lakes. Extremophiles 2008;12:431-9. https://doi.
org/10.1007/s00792-008-0148-8

Zavarzina DG, Merkel AY, Klyukina AA et al Iron or sul-
fur respiration-an adaptive choice determining the fitness
of a natronophilic bacterium Dethiobacter alkaliphilus in geo-
chemically contrasting environments. Front Microbiol 2023;
14:1108245. https://doi.org/10.3389/fmicb.2023.1108245
Zavarzina DG, Gavrilov SN, Zhilina TN. Direct Fe(Ill) reduction
from synthetic ferrihydrite by haloalkaliphilic lithotrophic sul-
fidogens. Microbiology 2018,87:164-72. https://doi.org/10.1134/
50026261718020170

Popall RM, Postec A, Lecoeuvre A et al. Metabolic chal-
lenges and key players in serpentinite-hosted microbial ecosys-
tems. Front Microbiol 2023;14:1197823. https://doi.org/10.3385/
fmicb.2023.1197823

Canovas PA III, Hoehler T, Shock EL. Geochemical bioenergetics
during low-temperature serpentinization: an example from the
Samail Ophiolite, Sultanate of Oman. ] Geophysical Res Biogeosci
2017;122:1821-47. https://doi.org/10.1002/2017]JG003825

Bird 1J, Kuenen JG, Osburn MR et al. Serpentinimonas gen. nov.,
Serpentinimonas raichei sp. nov., Serpentinimonas barmesii sp. nov.
and Serpentinimonas maccroryi sp. nov., hyperalkaliphilic and
facultative autotrophic bacteria isolated from terrestrial ser-
pentinizing springs. Int J Syst Evol Microbiol 2021;71:004945.
https://doi.org/10.1099/ijsem.0.004945

Kraft B, Jehmlich N, Larsen M et al. Oxygen and nitrogen pro-
duction by an ammonia-oxidizing archaeon. Science 2022;375:
97-100. https://doi.org/10.1126/science.abe6733

Ettwig KF, Speth DR, Reimann ] et al. Bacterial oxygen pro-
duction in the dark. Front Microbiol 2012;3:273. https://doi.
org/10.3389/fmicb.2012.00273

Ruff SE, Humez P, de Angelis IH et al. Hydrogen and dark
oxygen drive microbial productivity in diverse groundwater
ecosystems. Nat Commun 2023;14:3194. https://doi.org/10.1038/
541467-023-38523-4

Leong JAM, Shock EL. Thermodynamic constraints on the geo-
chemistry of low-temperature, continental, serpentinization-
generated fluids. Am J Sci 2020,320:185-235. https://doi.
org/10.2475/03.2020.01

Suzuki S, Si I, Hoshino T et al. Unusual metabolic diversity
of hyperalkaliphilic microbial communities associated with
subterranean serpentinization at the cedars. ISME J 2017;11:
2584-98. https://doi.org/10.1038/ismej.2017.111

Frith-Green GL, Orcutt BN, Rouméjon S et al. Magmatism, ser-
pentinization and life: insights through drilling the Atlantis
Massif (IODP expedition 357). Lithos 2018;323:137-55. https://
doi.org/10.1016/j.1ithos.2018.09.012

Wee SY, Edgcomb VP, Beaudoin D et al. Microbial abun-
dance and diversity in subsurface lower oceanic crust at
Atlantis Bank, Southwest Indian Ridge. Appl Environ Microbiol
2021;87:20151921. https://doi.org/10.1128/AEM.01519-21
Goordial J, D'Angelo T, Labonte JM et al. Microbial diversity and
function in shallow subsurface sediment and oceanic litho-
sphere of the Atlantis Massif. MBio 2021;12:e0049021. https://
doi.org/10.1128/mBio.00490-21

Baker-Austin C, Dopson M. Life in acid: pH homeostasis
in acidophiles. Trends Microbiol 2007;15:165-71. https://doi.
org/10.1016/j.tim.2007.02.005

GZ0z 18quaoa(] +0 Uo Jasn uewazog - AJISISAIUN 91815 BuUBIUOW AQ $2/6108/620/IML/6 L/aPIE/lewsi/woo dno-oiwapese//:sdyy woy papeojumoq


https://doi.org/10.1016/j.gca.2009.10.045
https://doi.org/10.1016/j.gca.2009.10.045
https://doi.org/10.1016/j.gca.2009.10.045
https://doi.org/10.1016/j.gca.2009.10.045
https://doi.org/10.1016/j.gca.2009.10.045
https://doi.org/10.1111/1462-2920.15006
https://doi.org/10.1016/j.gca.2012.06.006
https://doi.org/10.1016/j.gca.2012.06.006
https://doi.org/10.1016/j.gca.2012.06.006
https://doi.org/10.1016/j.gca.2012.06.006
https://doi.org/10.1016/j.gca.2012.06.006
https://doi.org/10.1038/s41598-017-19002-5
https://doi.org/10.1038/s41598-017-19002-5
https://doi.org/10.1038/s41598-017-19002-5
https://doi.org/10.1038/s41598-017-19002-5
https://doi.org/10.1016/j.epsl.2018.03.002
https://doi.org/10.1016/j.epsl.2018.03.002
https://doi.org/10.1016/j.epsl.2018.03.002
https://doi.org/10.1016/j.epsl.2018.03.002
https://doi.org/10.1016/j.epsl.2018.03.002
https://doi.org/10.1038/s43247-021-00157-z
https://doi.org/10.1038/s43247-021-00157-z
https://doi.org/10.1038/s43247-021-00157-z
https://doi.org/10.1038/s43247-021-00157-z
https://doi.org/10.1038/s43247-021-00157-z
https://doi.org/10.1016/j.epsl.2010.01.020
https://doi.org/10.1016/j.epsl.2010.01.020
https://doi.org/10.1016/j.epsl.2010.01.020
https://doi.org/10.1016/j.epsl.2010.01.020
https://doi.org/10.1016/j.epsl.2010.01.020
https://doi.org/10.1038/s43247-021-00202-x
https://doi.org/10.1038/s43247-021-00202-x
https://doi.org/10.1038/s43247-021-00202-x
https://doi.org/10.1038/s43247-021-00202-x
https://doi.org/10.1038/s43247-021-00202-x
https://doi.org/10.1016/0016-7037(88)90163-9
https://doi.org/10.1016/0016-7037(88)90163-9
https://doi.org/10.1016/0016-7037(88)90163-9
https://doi.org/10.1016/0016-7037(88)90163-9
https://doi.org/10.1016/0016-7037(88)90163-9
https://doi.org/10.1016/0016-7037(86)90043-8
https://doi.org/10.1029/2021JG006317
https://doi.org/10.1128/AEM.00574-06
https://doi.org/10.1128/AEM.00574-06
https://doi.org/10.1128/AEM.00574-06
https://doi.org/10.1128/AEM.00574-06
https://doi.org/10.3389/fmicb.2014.00604
https://doi.org/10.3389/fmicb.2014.00604
https://doi.org/10.3389/fmicb.2014.00604
https://doi.org/10.3389/fmicb.2014.00604
https://doi.org/10.1080/01490451.2014.961107
https://doi.org/10.1111/1462-2920.13723
https://doi.org/10.1111/1462-2920.13723
https://doi.org/10.1111/1462-2920.13723
https://doi.org/10.3389/fmicb.2020.00037
https://doi.org/10.3389/fmicb.2020.00037
https://doi.org/10.3389/fmicb.2020.00037
https://doi.org/10.3389/fmicb.2020.00037
https://doi.org/10.1007/s00792-008-0148-8
https://doi.org/10.1007/s00792-008-0148-8
https://doi.org/10.1007/s00792-008-0148-8
https://doi.org/10.1007/s00792-008-0148-8
https://doi.org/10.3389/fmicb.2023.1108245
https://doi.org/10.3389/fmicb.2023.1108245
https://doi.org/10.3389/fmicb.2023.1108245
https://doi.org/10.3389/fmicb.2023.1108245
https://doi.org/10.1134/S0026261718020170
https://doi.org/10.1134/S0026261718020170
https://doi.org/10.1134/S0026261718020170
https://doi.org/10.1134/S0026261718020170
https://doi.org/10.3389/fmicb.2023.1197823
https://doi.org/10.3389/fmicb.2023.1197823
https://doi.org/10.3389/fmicb.2023.1197823
https://doi.org/10.3389/fmicb.2023.1197823
https://doi.org/10.1002/2017JG003825
https://doi.org/10.1002/2017JG003825
https://doi.org/10.1002/2017JG003825
https://doi.org/10.1002/2017JG003825
https://doi.org/10.1099/ijsem.0.004945
https://doi.org/10.1099/ijsem.0.004945
https://doi.org/10.1099/ijsem.0.004945
https://doi.org/10.1099/ijsem.0.004945
https://doi.org/10.1126/science.abe6733
https://doi.org/10.1126/science.abe6733
https://doi.org/10.1126/science.abe6733
https://doi.org/10.1126/science.abe6733
https://doi.org/10.1126/science.abe6733
https://doi.org/10.3389/fmicb.2012.00273
https://doi.org/10.3389/fmicb.2012.00273
https://doi.org/10.3389/fmicb.2012.00273
https://doi.org/10.3389/fmicb.2012.00273
https://doi.org/10.1038/s41467-023-38523-4
https://doi.org/10.1038/s41467-023-38523-4
https://doi.org/10.1038/s41467-023-38523-4
https://doi.org/10.1038/s41467-023-38523-4
https://doi.org/10.2475/03.2020.01
https://doi.org/10.2475/03.2020.01
https://doi.org/10.2475/03.2020.01
https://doi.org/10.1038/ismej.2017.111
https://doi.org/10.1038/ismej.2017.111
https://doi.org/10.1038/ismej.2017.111
https://doi.org/10.1038/ismej.2017.111
https://doi.org/10.1016/j.lithos.2018.09.012
https://doi.org/10.1016/j.lithos.2018.09.012
https://doi.org/10.1016/j.lithos.2018.09.012
https://doi.org/10.1016/j.lithos.2018.09.012
https://doi.org/10.1016/j.lithos.2018.09.012
https://doi.org/10.1128/AEM.01519-21
https://doi.org/10.1128/AEM.01519-21
https://doi.org/10.1128/AEM.01519-21
https://doi.org/10.1128/AEM.01519-21
https://doi.org/10.1128/mBio.00490-21
https://doi.org/10.1128/mBio.00490-21
https://doi.org/10.1128/mBio.00490-21
https://doi.org/10.1128/mBio.00490-21
https://doi.org/10.1016/j.tim.2007.02.005
https://doi.org/10.1016/j.tim.2007.02.005
https://doi.org/10.1016/j.tim.2007.02.005
https://doi.org/10.1016/j.tim.2007.02.005
https://doi.org/10.1016/j.tim.2007.02.005
https://academic.oup.com/ismej/article/19/1/wraf029/8019724

20

Colman et al.

104.

105.

106.

107.

108.

108.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Horikoshi K. In: Koki Horikoshi (ed.), 2.5 General Physiology of
Alkaliphiles. 2011;1041.

Thompson ], Barr C, Babcock-Adams L et al. Insights into the
physiological and genomic characterization of three bacterial
isolates from a highly alkaline, terrestrial serpentinizing sys-
tem. Front Microbiol 2023;14:1179857. https://doi.org/10.3385/
frnicb.2023.1179857

Mamo G. Challenges and Adaptations of Life in Alkaline Habi-
tats. In: G Mamo, B Mattiasson (eds.), Alkaliphiles in Biotechnology.
Advances in Biochemical Engineering/Biotechnology, vol 172. Cham:
Springer, 2019. https://doi.org/10.1007/10_2019_97.

Vignais PM, Billoud B, Meyer ]. Classification and phylogeny of
hydrogenases. FEMS Microbiol Rev 2001;25:455-501. https://doi.
org/10.1016/50168-6445(01)00063-8

Peters JW, Schut GJ, Boyd ES et al. [FeFe]-and [NiFe|-hydrogenase
diversity, mechanism, and maturation. Biochem Biophysics
Acta, Mol Cell Res 2015;1853:1350-69. https://doi.org/10.1016/j.
bbamcr.2014.11.021

Buckel W. Energy conservation in fermentations of anaero-
bic bacteria. Front Microbiol 2021;12:703525. https://doi.org/10.
3389/fmicb.2021.703525

Lane N, Martin WF. The origin of membrane bioenergetics. Cell
2012;151:1406-16. https://doi.org/10.1016/j.cell.2012.11.050
Mulkidjanian AY, Dibrov P, Galperin MY. The past and
present of sodium energetics: may the sodium-motive force
be with you. Biochim Biophys Acta 2008;1777:985-92. https://doi.
org/10.1016/j.bbabio.2008.04.028

Nirody JA, Budin I, Rangamani P. ATP synthase: evolu-
tion, energetics, and membrane interactions. ] Gen Physiol
2020;152:201912475. https://doi.org/10.1085/jgp.201912475
Mulkidjanian AY, Galperin MY, Makarova KS et al. Evolution-
ary primacy of sodium bioenergetics. Biol Direct 2008;3:1-19.
https://doi.org/10.1186/1745-6150-3-13

Quemeneur M, Erauso G, Frouin E et al. Hydrostatic pres-
sure helps to cultivate an original anaerobic bacterium from
the Atlantis Massif subseafloor (IODP expedition 357): Petro-
cella atlantisensis gen. nov. sp. nov. Front Microbiol 2019;10:1497.
https://doi.org/10.3389/fmicb.2019.01497

Giovannoni SJ, Cameron Thrash J, Temperton B. Implications
of streamlining theory for microbial ecology. ISME J 2014;8:
1553-65. https://doi.org/10.1038/ismej.2014.60

Flemming H-C, Wingender J. The biofilm matrix. Nat Rev Micro-
biol 2010;8:623-33. https://doi.org/10.1038/nrmicro2415
Petryshyn VA, Junkins EN, Stamps BW et al. Builders, tenants,
and squatters: the origins of genetic material in modemn stro-
matolites. Geobiology 2021;19:261-77. https://doi.org/10.1111/
ghi.12429

Yin W, Wang Y, Liu L et al. Biofilms: the microbial “protective
clothing” in extreme environments. Int ] Mol Sci 2019;20:3423.
Seyler LM, Brazelton W], McLean C et al. Carbon assimilation
strategies in ultrabasic groundwater: clues from the integrated
study of a serpentinization-influenced aquifer. mSystems
2020;5:10-1128. https://doi.org/10.1128/mSystems.00607-19
Sleep N, Meibom A, Fridriksson T et al. Hp-rich fluids
from serpentinization: geochemical and biotic implications.
Proc Natl Acad Sci 2004;101:12818-23. https://doi.org/10.1073/
pnas.0405289101

Russell MJ, Hall AJ, Martin W. Serpentinization as a source of
energy at the origin of life. Geobiology 2010;8:355-71. https://doi.
org/10.1111/j.1472-4669.2010.00249.x

Sanchez-Murillo R, Gazel E, Schwarzenbach EM et al. Geo-
chemical evidence for active tropical serpentinization in the
Santa Elena Ophioclite, Costa Rica: an analog of a humid

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

early earth? Geochem Geophy Geosy 2014;15:1783-800. https://
doi.org/10.1002/2013GC005213

Brazelton W], Nelson B, Schrenk MO. Metagenomic evidence
for Hy oxidation and H; production by serpentinite-hosted
subsurface microbial communities. Front Microbiol 2012:2:268.
https://doi.org/10.3389/fmicb.2011.00268

Mei N, Postec A, Monnin C et al. Metagenomic and PCR-
based diversity surveys of [FeFe]-hydrogenases combined
with isolation of alkaliphilic hydrogen-producing bacteria
from the serpentinite-hosted Prony Hydrothermal Field, New
Caledonia. Front Microbiol 2016;7:1301. https://doi.org/10.3385/
fricb.2016.01301

Colman DR, Poudel S, Stamps BW et al. The deep, hot biosphere:
twenty-five years of retrospection. Proc Natl Acad Sci USA
2017;114:6895-903. https://doi.org/10.1073/pnas.1701266114
Perner M, Petersen M, Zielinski F et al. Geochemical constraints
on the diversity and activity of H; -oxidizing microorganisms in
diffuse hydrothermal fluids from a basalt- and an ultramafic-
hosted vent. FEMS Microbiol Ecol 2010;74:55-71. https://doi.
org/10.1111/j.1574-6941.2010.00940.x

Lang SQ, Fruh-Green GL, Bernasconi SM et al. Sources of organic
nitrogen at the serpentinite-hosted Lost City hydrother-
mal field. Geobiology 2013;11:154-69. https://doi.org/10.1111/
ghi.12026

Rempfert KR, Nothaft DB, Kraus EA et al. Subsurface bio-
geochemical cycling of nitrogen in the actively serpentiniz-
ing Samail Ophiolite, Oman. Front Microbiol 2023;14:1139633.
https://doi.org/10.3389/fmicb.2023.1139633

Boyd ES, Anbar AD, Miller S et al. A late methanogen ori-
gin for molybdenum-dependent nitrogenase. Geobiology 2011;9:
221-32. https://doi.org/10.1111/j.1472-4669.2011.00278 x
Buckel W, Thauer RK. Flavin-based electron bifurcation, ferre-
doxin, flavodoxin, and anaerobic respiration with protons (Ech)
or NAD* (Rnf) as electron acceptors: a historical review. Front
Microbiol 2018;9:401. https://doi.org/10.3389/fmicb.2018.00401
Poudel S, Colman DR, Fixen KR et al. Electron transfer to
nitrogenase in different genomic and metabolic backgrounds. J
Bacteriol 2018;200:10-1128. https://doi.org/10.1128/JB.00757-17
Brabender M, Henriques Pereira DP, Mmjavac N et al. Ferre-
doxin reduction by hydrogen with iron functions as an evolu-
tionary precursor of flavin-based electron bifurcation. Proc Natl
Acad Sci USA 2024;121:22318969121. https://doi.org/10.1073/
pnas.2318969121

Klein F, Bach W, Jons N et al. Iron partitioning and hydro-
gen generation during serpentinization of abyssal peridotites
from 15°N on the Mid-Atlantic Ridge. Geochim Cosmochim Acta
2009;73:6868-93. https://doi.org/10.1016/j.gca.2009.08.021
Shock EL, Boyd ES. Principles of Geobiochemistry. Elements
2015;11:395-401. https://doi.org/10.2113/gselements.11.6.395
Frouin E, Lecoeuvre A, Armougom F et al. Comparative
metagenomics highlight a widespread pathway involved in
catabolism of phosphonates in marine and terrestrial ser-
pentinizing ecosystems. mSystems 2022;7:e0032822. https://doi.
org/10.1128/msystems.00328-22

Cardace D, Meyer-Dombard DR, Woycheese KM et al. Feasible
metabolisms in high pH springs of the Philippines. Front Micro-
biol 2015;6:10. https://doi.org/10.3389/fmicb.2015.00010
Rodriguez-R LM, Gunturu S, Tiedje JM et al. Nonpareil 3:
fast estimation of metagenomic coverage and sequence
diversity. mSystems 2018;3:10-1128. https://doi.org/10.1128/
mb5ystems.00039-18

Monnin C, Chavagnac V, Boulart C et al. Fluid chemistry of the
low temperature hyperalkaline hydrothermal system of Prony

GZ0z 18quaoa(] +0 Uo Jasn uewazog - AJISISAIUN 91815 BuUBIUOW AQ $2/6108/620/IML/6 L/aPIE/lewsi/woo dno-oiwapese//:sdyy woy papeojumoq


https://doi.org/10.3389/fmicb.2023.1179857
https://doi.org/10.3389/fmicb.2023.1179857
https://doi.org/10.3389/fmicb.2023.1179857
https://doi.org/10.3389/fmicb.2023.1179857
https://doi.org/10.1007/10_2019_97
https://doi.org/10.1007/10_2019_97
https://doi.org/10.1007/10_2019_97
https://doi.org/10.1016/S0168-6445(01)00063-8
https://doi.org/10.1016/S0168-6445(01)00063-8
https://doi.org/10.1016/S0168-6445(01)00063-8
https://doi.org/10.1016/S0168-6445(01)00063-8
https://doi.org/10.1016/S0168-6445(01)00063-8
https://doi.org/10.1016/S0168-6445(01)00063-8
https://doi.org/10.1016/j.bbamcr.2014.11.021
https://doi.org/10.1016/j.bbamcr.2014.11.021
https://doi.org/10.1016/j.bbamcr.2014.11.021
https://doi.org/10.1016/j.bbamcr.2014.11.021
https://doi.org/10.1016/j.bbamcr.2014.11.021
https://doi.org/10.3389/fmicb.2021.703525
https://doi.org/10.1016/j.cell.2012.11.050
https://doi.org/10.1016/j.cell.2012.11.050
https://doi.org/10.1016/j.cell.2012.11.050
https://doi.org/10.1016/j.cell.2012.11.050
https://doi.org/10.1016/j.cell.2012.11.050
https://doi.org/10.1016/j.bbabio.2008.04.028
https://doi.org/10.1016/j.bbabio.2008.04.028
https://doi.org/10.1016/j.bbabio.2008.04.028
https://doi.org/10.1016/j.bbabio.2008.04.028
https://doi.org/10.1016/j.bbabio.2008.04.028
https://doi.org/10.1085/jgp.201912475
https://doi.org/10.1085/jgp.201912475
https://doi.org/10.1085/jgp.201912475
https://doi.org/10.1085/jgp.201912475
https://doi.org/10.1186/1745-6150-3-13
https://doi.org/10.1186/1745-6150-3-13
https://doi.org/10.1186/1745-6150-3-13
https://doi.org/10.3389/fmicb.2019.01497
https://doi.org/10.3389/fmicb.2019.01497
https://doi.org/10.3389/fmicb.2019.01497
https://doi.org/10.3389/fmicb.2019.01497
https://doi.org/10.1038/ismej.2014.60
https://doi.org/10.1038/ismej.2014.60
https://doi.org/10.1038/ismej.2014.60
https://doi.org/10.1038/ismej.2014.60
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1111/gbi.12429
https://doi.org/10.1111/gbi.12429
https://doi.org/10.1111/gbi.12429
https://doi.org/10.1111/gbi.12429
https://doi.org/10.1128/mSystems.00607-19
https://doi.org/10.1128/mSystems.00607-19
https://doi.org/10.1128/mSystems.00607-19
https://doi.org/10.1128/mSystems.00607-19
https://doi.org/10.1073/pnas.0405289101
https://doi.org/10.1073/pnas.0405289101
https://doi.org/10.1073/pnas.0405289101
https://doi.org/10.1073/pnas.0405289101
https://doi.org/10.1111/j.1472-4669.2010.00249.x
https://doi.org/10.1111/j.1472-4669.2010.00249.x
https://doi.org/10.1111/j.1472-4669.2010.00249.x
https://doi.org/10.1111/j.1472-4669.2010.00249.x
https://doi.org/10.1111/j.1472-4669.2010.00249.x
https://doi.org/10.1002/2013GC005213
https://doi.org/10.1002/2013GC005213
https://doi.org/10.1002/2013GC005213
https://doi.org/10.1002/2013GC005213
https://doi.org/10.3389/fmicb.2011.00268
https://doi.org/10.3389/fmicb.2011.00268
https://doi.org/10.3389/fmicb.2011.00268
https://doi.org/10.3389/fmicb.2011.00268
https://doi.org/10.3389/fmicb.2016.01301
https://doi.org/10.3389/fmicb.2016.01301
https://doi.org/10.3389/fmicb.2016.01301
https://doi.org/10.3389/fmicb.2016.01301
https://doi.org/10.1073/pnas.1701266114
https://doi.org/10.1073/pnas.1701266114
https://doi.org/10.1073/pnas.1701266114
https://doi.org/10.1073/pnas.1701266114
https://doi.org/10.1111/j.1574-6941.2010.00940.x
https://doi.org/10.1111/j.1574-6941.2010.00940.x
https://doi.org/10.1111/j.1574-6941.2010.00940.x
https://doi.org/10.1111/j.1574-6941.2010.00940.x
https://doi.org/10.1111/j.1574-6941.2010.00940.x
https://doi.org/10.1111/gbi.12026
https://doi.org/10.1111/gbi.12026
https://doi.org/10.1111/gbi.12026
https://doi.org/10.1111/gbi.12026
https://doi.org/10.3389/fmicb.2023.1139633
https://doi.org/10.3389/fmicb.2023.1139633
https://doi.org/10.3389/fmicb.2023.1139633
https://doi.org/10.3389/fmicb.2023.1139633
https://doi.org/10.1111/j.1472-4669.2011.00278.x
https://doi.org/10.1111/j.1472-4669.2011.00278.x
https://doi.org/10.1111/j.1472-4669.2011.00278.x
https://doi.org/10.1111/j.1472-4669.2011.00278.x
https://doi.org/10.1111/j.1472-4669.2011.00278.x
https://doi.org/10.3389/fmicb.2018.00401
https://doi.org/10.3389/fmicb.2018.00401
https://doi.org/10.3389/fmicb.2018.00401
https://doi.org/10.3389/fmicb.2018.00401
https://doi.org/10.1128/JB.00757-17
https://doi.org/10.1128/JB.00757-17
https://doi.org/10.1128/JB.00757-17
https://doi.org/10.1128/JB.00757-17
https://doi.org/10.1073/pnas.2318969121
https://doi.org/10.1073/pnas.2318969121
https://doi.org/10.1073/pnas.2318969121
https://doi.org/10.1073/pnas.2318969121
https://doi.org/10.1016/j.gca.2009.08.021
https://doi.org/10.1016/j.gca.2009.08.021
https://doi.org/10.1016/j.gca.2009.08.021
https://doi.org/10.1016/j.gca.2009.08.021
https://doi.org/10.1016/j.gca.2009.08.021
https://doi.org/10.2113/gselements.11.6.395
https://doi.org/10.2113/gselements.11.6.395
https://doi.org/10.2113/gselements.11.6.395
https://doi.org/10.2113/gselements.11.6.395
https://doi.org/10.1128/msystems.00328-22
https://doi.org/10.1128/msystems.00328-22
https://doi.org/10.1128/msystems.00328-22
https://doi.org/10.1128/msystems.00328-22
https://doi.org/10.3389/fmicb.2015.00010
https://doi.org/10.3389/fmicb.2015.00010
https://doi.org/10.3389/fmicb.2015.00010
https://doi.org/10.3389/fmicb.2015.00010
https://doi.org/10.1128/mSystems.00039-18
https://doi.org/10.1128/mSystems.00039-18
https://doi.org/10.1128/mSystems.00039-18
https://doi.org/10.1128/mSystems.00039-18
https://academic.oup.com/ismej/article/19/1/wraf029/8019724

Serpentinite Ecosystem Microbial Ecology | 21

139.

140.

141.

142.

143,

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

Bay (New Caledonia). Biogeosciences 2014;11:5687-706. https://
doi.org/10.5194/bg-11-5687-2014

Leong J, Howells A, Robinson K et al. Theoretical predic-
tions versus environmental observations on serpentiniza-
tion fluids: lessons from the Samail Ophiclite in Oman. J
Geophys Res Solid Earth 2021;126:e2020JB020756. https://doi.
org/10.1029/2020JB020756

Sabuda MC, Putman LI, Hoehler TM et al. Biogeochemical
gradients in a serpentinization-influenced aquifer: implica-
tions for gas exchange between the subsurface and atmo-
sphere. ] Geophys Res-Biogeo 2021;126:2020]G006209. https://
doi.org/10.1029/2020]G006209

Trutschel LR, Kruger BR, Sackett ]D et al. Determining resi-
dent microbial community members and their correlations
with geochemistry in a serpentinizing spring. Front Microbiol
2023;14:1182497. https://doi.org/10.3389/fmicb.2023.1182497
Putman LI, Sabuda MC, Brazelton W] et al. Microbial com-
munities in a serpentinizing aquifer are assembled through
strong concurrent dispersal limitation and selection. mSystems.
2021;6:20030021. https://doi.org/10.1128/msystems.00300-21
Vankeuren ANP, Matter JM, Stute M et al. Multitracer deter
mination of apparent groundwater ages in peridotite aquifers
within the Samail Ophiolite, Sultanate of Oman. Earth Planet Sc
Lett 2019;516:37—48. https://doi.org/10.1016/j.epsl.2019.03.007
Ohlsson JI, Osvatic JT, Becraft ED et al. Microbial community
in hyperalkaline steel slag-fill emulates serpentinizing springs.
Diversity-Basel 2019;11:103. https://doi.org/10.3390/d11070103
Pisapia C, Gerard E, Gerard M et al. Mineralizing filamen-
tous bacteria from the Prony Bay hydrothermal field give
new insights into the functioning of serpentinization-based
subseafloor ecosystems. Front Microbiol 2017;8:57. https://doi.
org/10.3389/fmicb.2017.00057

Moser DP, Gihring TM, Brockman FJ et al. Desulfotomaculum and
Methanobacterium spp. dominate a 4-to 5-kilometer-deep fault.
Appl Environ Microbiol 2005;71:8773-83. https://doi.org/10.1128/
AEM.71.12.8773-8783.2005

Aillo T, Ranchou-Peyruse A, Ollivier B et al. Desulfotomacu-
lum spp. and related gram-positive sulfate-reducing bacteria
in deep subsurface environments. Front Microbiol 2013;4:362.
https://doi.org/10.3389/fmicb.2013.00362

Stackebrandt E. The Emended Family Peptococcaceae
and Description of the Families Desulfitobacteriaceae,
Desulfotomaculaceae, and Thermincolaceae. In: E Rosenberg,
Delong EF, Lory S, Stackebrandt E, Thompson F (eds.), The
Prokaryotes. Berlin, Heidelberg: Springer, 2014. https://doi.
org/10.1007/978-3-642-30120-9_364

Zhu ], Liu X, Dong X. Methanobacterium movens sp. nov. and
Methanobacterium flexile sp. nov,, isolated from lake sediment.
Int J Syst Evol Microbiol 2011;61:2974-8. https://doi.org/10.1095/
1j5.0.027540-0

Boyd ES, Spietz RL, Kour M et al. A naturalist perspec-
tive of microbiology: examples from methanogenic archaea.
Environ Microbiol 2023;25:184-98. https://doi.org/10.1111/1462-
2520.16285

Fournier GP, Gogarten JP. Evolution of acetoclastic methano-
genesis in Methanosarcina via horizontal gene transfer from
cellulolytic clostridia. J Bacteriol 2008;190:1124-7. https://doi.
org/10.1128/]JB.01382-07

Wolfe M, Fournier GP. Horizontal gene transfer constrains the
timing of methanogen evolution. Nat Ecol Evol 2018;2:897-903.
https://doi.org/10.1038/s41559-018-0513-7

Johnson C, England A, Munro-Ehrlich M et al. Pathways of
iron and sulfur acquisition, cofactor assembly, destination,

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

and storage in diverse archaeal methanogens and alkan-
otrophs. J Bacteriol 2021;203:e0011721. https://doi.org/10.1128/
JB.00117-21

Coleman GA, Davin AA, Mahendrarajah TA et al A rooted
phylogeny resolves early bacterial evolution. Science 2021;
372:eabe0511. https://doi.org/10.1126/science.abe0511
Martinez-Gutierrez CA, Aylward FO. Phylogenetic signal, con-
gruence, and uncertainty across bacteria and archaea. Mol Biol
Evol 2021;38:5514-27. https://doi.org/10.1093/molbev/msab254
Ren M, Feng X, Huang Y et al. Phylogenomics suggests oxy-
gen availability as a driving force in Thaumarchaeota evo-
lution. ISME J 2019;13:2150-61. https://doi.org/10.1038/541396-
019-0418-8

Woese C. The universal ancestor. Proc Natl Acad Sci 1998;95:
6854-9. https://doi.org/10.1073/pnas.95.12.6854

Kasting JF. Earth’s early atmosphere. Science 1993;258:920-6.
https://doi.org/10.1126/science. 11536547

Sousa FL, Thiergart T, Landan G et al. Early bioenergetic evolu-
tion. Philos Trans R Soc B Biol Sci 2013;368:20130088. https://doi.
org/10.1098/rstb.2013.0088

Colman DR, Lindsay MR, Amenabar MJ et al. Phylogenomic
analysis of novel Diaforarchaea is consistent with sul-
fite but not sulfate reduction in volcanic environments on
early earth. ISME ] 2020;14:1316-31. https://doi.org/10.1038/
541396-020-0611-9

Lyons TW, Diamond CW, Planavsky NJ et al. Oxygenation, life,
and the planetary system during Earth's middle history: an
overview. Astrobiology 2021;21:906-23. https://doi.org/10.1085/
ast.2020.2418

Boyd ES, Colman DR, Templeton AS. Perspective: micro-
bial hydrogen metabolism in rock-hosted ecosystems. Front
Energy Res 2024;12:1340410. https://doi.org/10.3389/fenrg.2024.
1340410

Lu Z, Imlay JA. When anaerobes encounter oxygen: mech-
anisms of oxygen toxicity, tolerance and defence. Nat Rev
Microbiol 2021;19:774-85. https://doi.org/10.1038/s41579-021-
00583-y

Crockford PW, Bar On YM, Ward LM et al. The geologic history of
primary productivity. Curr Biol 2023;33:4741-50.e5. https://doi.
0rg/10.1016/j.cub.2023.09.040

Meyer-Dombard DAR, Osburn MR, Cardace D et al. The effect
of a tropical climate on available nutrient resources to
springs in ophiolite-hosted, deep biosphere ecosystems in the
Philippines. Front Microbiol 2019;10:761. https://doi.org/10.3385/
frnicb.2019.00761

Ménez B, Pisapia C, Andreani M et al. Abiotic synthesis of
amino acids in the recesses of the oceanic lithosphere. Nature
2018;564:59-63. https://doi.org/10.1038/s41586-018-0684-z
Wanger G, Southam G, Onstott TC. Structural and chemi-
cal characterization of a natural fracture surface from 2.8
Kilometers below land surface: biofilms in the deep sub-
surface. Geomicrobiol ] 2006;23:443-52. https://doi.org/10.1080/
01490450600875746

Casar CP, Kruger BR, Flynn TM et al. Mineral-hosted biofilm
communities in the continental deep subsurface, deep mine
microbial observatory, SD, USA. Geobiology 2020;18:508-22.
https://doi.org/10.1111/gbi. 12391

Coskun OK, Vuillemin A, Schubotz F et al. Quantifying the
effects of hydrogen on carbon assimilation in a seafloor
microbial community associated with ultramafic rocks. ISME
J2021;16:257-71. https://doi.org/10.1038/541396-021-01066-x
Motamedi S, Orcutt BN, Fruh-Green GL et al. Microbial residents
of the Atlantis Massif's shallow serpentinite subsurface. Appl

GZ0z 18quaoa(] +0 Uo Jasn uewazog - AJISISAIUN 91815 BuUBIUOW AQ $2/6108/620/IML/6 L/aPIE/lewsi/woo dno-oiwapese//:sdyy woy papeojumoq


https://doi.org/10.5194/bg-11-5687-2014
https://doi.org/10.5194/bg-11-5687-2014
https://doi.org/10.5194/bg-11-5687-2014
https://doi.org/10.5194/bg-11-5687-2014
https://doi.org/10.1029/2020JB020756
https://doi.org/10.1029/2020JB020756
https://doi.org/10.1029/2020JB020756
https://doi.org/10.1029/2020JB020756
https://doi.org/10.1029/2020JG006209
https://doi.org/10.1029/2020JG006209
https://doi.org/10.1029/2020JG006209
https://doi.org/10.1029/2020JG006209
https://doi.org/10.3389/fmicb.2023.1182497
https://doi.org/10.3389/fmicb.2023.1182497
https://doi.org/10.3389/fmicb.2023.1182497
https://doi.org/10.3389/fmicb.2023.1182497
https://doi.org/10.1128/msystems.00300-21
https://doi.org/10.1128/msystems.00300-21
https://doi.org/10.1128/msystems.00300-21
https://doi.org/10.1128/msystems.00300-21
https://doi.org/10.1016/j.epsl.2019.03.007
https://doi.org/10.1016/j.epsl.2019.03.007
https://doi.org/10.1016/j.epsl.2019.03.007
https://doi.org/10.1016/j.epsl.2019.03.007
https://doi.org/10.1016/j.epsl.2019.03.007
https://doi.org/10.3390/d11070103
https://doi.org/10.3390/d11070103
https://doi.org/10.3390/d11070103
https://doi.org/10.3390/d11070103
https://doi.org/10.3389/fmicb.2017.00057
https://doi.org/10.3389/fmicb.2017.00057
https://doi.org/10.3389/fmicb.2017.00057
https://doi.org/10.3389/fmicb.2017.00057
https://doi.org/10.1128/AEM.71.12.8773-8783.2005
https://doi.org/10.1128/AEM.71.12.8773-8783.2005
https://doi.org/10.1128/AEM.71.12.8773-8783.2005
https://doi.org/10.1128/AEM.71.12.8773-8783.2005
https://doi.org/10.3389/fmicb.2013.00362
https://doi.org/10.3389/fmicb.2013.00362
https://doi.org/10.3389/fmicb.2013.00362
https://doi.org/10.3389/fmicb.2013.00362
https://doi.org/10.1007/978-3-642-30120-9_364
https://doi.org/10.1007/978-3-642-30120-9_364
https://doi.org/10.1007/978-3-642-30120-9_364
https://doi.org/10.1099/ijs.0.027540-0
https://doi.org/10.1099/ijs.0.027540-0
https://doi.org/10.1099/ijs.0.027540-0
https://doi.org/10.1099/ijs.0.027540-0
https://doi.org/10.1111/1462-2920.16285
https://doi.org/10.1128/JB.01382-07
https://doi.org/10.1128/JB.01382-07
https://doi.org/10.1128/JB.01382-07
https://doi.org/10.1128/JB.01382-07
https://doi.org/10.1038/s41559-018-0513-7
https://doi.org/10.1038/s41559-018-0513-7
https://doi.org/10.1038/s41559-018-0513-7
https://doi.org/10.1038/s41559-018-0513-7
https://doi.org/10.1128/JB.00117-21
https://doi.org/10.1128/JB.00117-21
https://doi.org/10.1128/JB.00117-21
https://doi.org/10.1128/JB.00117-21
https://doi.org/10.1126/science.abe0511
https://doi.org/10.1126/science.abe0511
https://doi.org/10.1126/science.abe0511
https://doi.org/10.1126/science.abe0511
https://doi.org/10.1126/science.abe0511
https://doi.org/10.1093/molbev/msab254
https://doi.org/10.1093/molbev/msab254
https://doi.org/10.1093/molbev/msab254
https://doi.org/10.1093/molbev/msab254
https://doi.org/10.1093/molbev/msab254
https://doi.org/10.1038/s41396-019-0418-8
https://doi.org/10.1073/pnas.95.12.6854
https://doi.org/10.1073/pnas.95.12.6854
https://doi.org/10.1073/pnas.95.12.6854
https://doi.org/10.1073/pnas.95.12.6854
https://doi.org/10.1126/science.11536547
https://doi.org/10.1126/science.11536547
https://doi.org/10.1126/science.11536547
https://doi.org/10.1126/science.11536547
https://doi.org/10.1098/rstb.2013.0088
https://doi.org/10.1098/rstb.2013.0088
https://doi.org/10.1098/rstb.2013.0088
https://doi.org/10.1098/rstb.2013.0088
https://doi.org/10.1038/s41396-020-0611-9
https://doi.org/10.1038/s41396-020-0611-9
https://doi.org/10.1038/s41396-020-0611-9
https://doi.org/10.1038/s41396-020-0611-9
https://doi.org/10.1089/ast.2020.2418
https://doi.org/10.1089/ast.2020.2418
https://doi.org/10.1089/ast.2020.2418
https://doi.org/10.1089/ast.2020.2418
https://doi.org/10.3389/fenrg.2024.1340410
https://doi.org/10.1038/s41579-021-00583-y
https://doi.org/10.1016/j.cub.2023.09.040
https://doi.org/10.1016/j.cub.2023.09.040
https://doi.org/10.1016/j.cub.2023.09.040
https://doi.org/10.1016/j.cub.2023.09.040
https://doi.org/10.1016/j.cub.2023.09.040
https://doi.org/10.3389/fmicb.2019.00761
https://doi.org/10.3389/fmicb.2019.00761
https://doi.org/10.3389/fmicb.2019.00761
https://doi.org/10.3389/fmicb.2019.00761
https://doi.org/10.1038/s41586-018-0684-z
https://doi.org/10.1038/s41586-018-0684-z
https://doi.org/10.1038/s41586-018-0684-z
https://doi.org/10.1038/s41586-018-0684-z
https://doi.org/10.1038/s41586-018-0684-z
https://doi.org/10.1080/01490450600875746
https://doi.org/10.1111/gbi.12391
https://doi.org/10.1111/gbi.12391
https://doi.org/10.1111/gbi.12391
https://doi.org/10.1111/gbi.12391
https://doi.org/10.1038/s41396-021-01066-x
https://doi.org/10.1038/s41396-021-01066-x
https://doi.org/10.1038/s41396-021-01066-x
https://doi.org/10.1038/s41396-021-01066-x
https://doi.org/10.1038/s41396-021-01066-x

Colman et al.

Environ Microbiol 2020;86:e00356-20. https://doi.org/10.1128/
AEM.00356-20

. Klein F, Le Roux V. Quantifying the volume increase and chem-
ical exchange during serpentinization. Geology 2020;48:552-6.
https://doi.org/10.1130/G47289.1

. Wirth J, Young M. Viruses in subsurface environments.
Annu Rev Virol 2022;9:99-119. https://doi.org/10.1146/annurev-
virology-093020-015957

. Kelemen PB, Leong JA, Carlos de Obeso J et al. Initial results

from the Oman Drilling Project multi-borehole observatory:
Petrogenesis and ongoing alteration of mantle peridotite in
the weathering horizon. ] Geophysical Res Solid Earth 2021;126.
https://doi.org/10.1029,/2021JB022729

. Lissenberg CJ, McCaig AM, Lang SQ et al. A long section of ser-

pentinized depleted mantle peridotite. Science 2024;385:623-29.
https://doi.org/10.1126/science.adp1058

Thea Aul i} 2025. Published by Oxford University Press on behalf of the International SJDE? for MicTobial Ecology. This i an Open Access article distributed under the terms of the Creative Commons Attribution Licensa (hitps://creativecommons orgylicenses!
md. , whi its unrestricted reuse, distribution, 2nd reproduction in any medium, provided the original work = properdy cited.
EME)gunr;" 2075, 19{1), wrafizd

p g/ 10.
Review Article

5202 Jequiaseq 0 U0 Jesn Uewazog - ASIOAIUN 8JelS BUBIUOI AQ $Z.26108/6Z0SRIWL /6 L/I0IHE/lBLISY /00 dNo DIWepeoE;/: SARY L0 papeojumoq


https://doi.org/10.1128/AEM.00356-20
https://doi.org/10.1128/AEM.00356-20
https://doi.org/10.1128/AEM.00356-20
https://doi.org/10.1128/AEM.00356-20
https://doi.org/10.1130/G47289.1
https://doi.org/10.1130/G47289.1
https://doi.org/10.1130/G47289.1
https://doi.org/10.1130/G47289.1
https://doi.org/10.1146/annurev-virology-093020-015957
https://doi.org/10.1146/annurev-virology-093020-015957
https://doi.org/10.1146/annurev-virology-093020-015957
https://doi.org/10.1146/annurev-virology-093020-015957
https://doi.org/10.1146/annurev-virology-093020-015957
https://doi.org/10.1029/2021JB022729
https://doi.org/10.1029/2021JB022729
https://doi.org/10.1029/2021JB022729
https://doi.org/10.1029/2021JB022729
https://doi.org/10.1126/science.adp1058
https://doi.org/10.1126/science.adp1058
https://doi.org/10.1126/science.adp1058
https://doi.org/10.1126/science.adp1058
https://doi.org/10.1126/science.adp1058
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ismejo/wraf029
https://academic.oup.com/ismej/article/19/1/wraf029/8019724

	 Microbial ecology of serpentinite-hosted ecosystems
	Introduction
	Taxonomic and functional diversity
	Adaptations to overcome physiological challenges in serpentinite ecosystems
	Are serpentinite ecosystems similarly structured?
	The origin of life and the potential for life on other planets
	Key outstanding questions
	Acknowledgements
	Conflicts of interest
	Funding
	Data availability

	Copy Cover Page.pdf
	Blank Page
	Blank Page




