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Little is known of acetogens in contemporary serpentinizing systems, despite widely sup-
ported theories that serpentinite-hosted environments supported the first life on Earth via
acetogenesis. To address this knowledge gap, genome-resolved metagenomics was applied
to subsurface fracture water communities from an area of active serpentinization in the
Samail Ophiolite, Sultanate of Oman. Two deeply branching putative bacterial acetogen
types were identified in the communities belonging to the Acetothermia (hereafter, types
I and II) that exhibited distinct distributions among waters with lower and higher
water—rock reaction (i.e., serpentinization influence), respectively. Metabolic reconstruc-
tions revealed contrasting core metabolic pathways of type I and II Acetothermia, includ-
ing in acetogenic pathway components (e.g., bacterial- vs. archaeal-like carbon monoxide
dehydrogenases [CODH], respectively), hydrogen use to drive acetogenesis, and chemios-
motic potential generation via respiratory (type I) or canonical acetogen ferredoxin-based
complexes (type II). Notably, type II Acetothermia metabolic pathways allow for use of
serpentinization-derived substrates and implicate them as key primary producers in con-
temporary hyperalkaline serpentinite environments. Phylogenomic analyses indicate that
1) archaeal-like CODH of the type II genomes and those of other serpentinite-associated
Bacteria derive from a deeply rooted horizontal transfer or origin among archaeal metha-
nogens and 2) Acetothermia are among the earliest evolving bacterial lineages. The dis-
covery of dominant and early-branching acetogens in subsurface waters of the largest
near-surface serpentinite formation provides insight into the physiological traits that likely
facilitated rock-supported life to flourish on a primitive Earth and possibly on other rocky
planets undergoing serpentinization.

serpentinization | acetogenesis | Acetothermia | origin of life | metagenomics

The geological process of serpentinization has been argued to have created conditions
conducive to the origin of life (1, 2). Key to this process is the presence of ultramafic
rock that is common in Earth’s mantle, is less common on contemporary Earth’s sur-
face, and contains abundant iron-bearing silicate minerals that can react with water to
produce biologically important electron donors such as hydrogen (H,) (3). When H,
is accumulated to high enough concentrations, it can abiotically reduce dissolved inor-
ganic carbon (DIC; Y.CO,/HCO; /CO5*") to generate reduced carbon compounds
including methane (CHy), formate (HCOO™), and carbon monoxide (CO) (3, 4),
and perhaps even longer chain carbon compounds like acetate and pyruvate (5). Micro-
bial metabolisms that are dependent on serpentinization-derived substrates, including
methanogenesis (methane producing) and acetogenesis (acetate producing), have been
argued as the likely first microbial metabolisms on Earth, based on several lines of phys-
iologic and phylogenetic evidence. This includes their use of a highly similar linear
pathway (i.e., the reductive acetyl-CoA or Wood-Ljundgahl [WL] pathway) for both
energy conservation and biosynthesis (2, 6-10). Indeed, recent experimental evidence
has confirmed the close resemblance of the reductive acetyl-CoA pathways of acetogens
and methanogens via the disruption of methane-producing genes downstream of the
reductive acetyl-CoA pathway in the methanogen Methanosarcina acetivorans, leading
to its conversion to an acetogen (11). Consequently, serpentinization-influenced envi-
ronments are commonly invoked as one of the most likely habitats to have hosted the
earliest life on Earth and those that could potentially support life on other planetary
systems where ultramafic rock is present and available to undergo serpentinization,
such as on Enceladus or Mars (12, 13).

Recent studies of serpentinization-influenced ecosystems have begun to provide
insight into the diversity and physiology of microorganisms inhabiting terrestrial
(14-20) and marine (16, 21-24) serpentinites. Despite the prevalence of low-potential
electron donors such as Hy, HCOO™, CO, and CHy, fracture waters from serpentin-
ites typically host low abundance communities (15) with low diversity (14, 25, 26).
This has been attributed to the polyextreme conditions imposed by serpentinization
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Acetate-producing
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Earth analog environments.

Author contributions: D.R.C.,, A.S.T., and E.S.B. designed
research; D.R.C, EAK, P.H.T, KR, and AS.T. performed
research; D.R.C,, AS.T., J.R.S., and E.S.B. contributed new
reagents/analytic tools; D.R.C, EAK, KR, and J.RS.
analyzed data; and D.R.C, AS.T, J.R.S., and E.S.B. wrote
the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

See online for related content such as Commentaries.

"To whom correspondence may be addressed. Email:
eric.boyd@montana.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2206845119/-/DCSupplemental.

Published October 10, 2022.

10f 11


https://orcid.org/0000-0002-3253-6833
https://orcid.org/0000-0002-8690-7572
https://orcid.org/0000-0002-2566-5450
https://orcid.org/0000-0002-9670-0647
https://orcid.org/0000-0002-4664-7438
https://orcid.org/0000-0003-4436-5856
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1073/pnas.2206845119
mailto:eric.boyd@montana.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2206845119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2206845119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2206845119&domain=pdf&date_stamp=2022-10-07

2 of 11

reactions that include hyperalkaline pH, DIC limitation, and
oxidant limitation. This combination of conditions has also
been shown to correspond to streamlining of genomes, more
reduced inferred proteomes, and physiological characteristics
that enable more efficient utilization of lithogenic substrates
(15, 18, 27). Furthermore, many of the taxa identified in
serpentinites by cultivation-independent approaches correspond
to uncultured bacterial taxa, with many belonging to little-
characterized groups, including those possibly involved in ace-
togenesis (14, 18). For example, heterotrophic acetogenesis
(i.e., acetate production from organic sources) activity has
been implicated in the hyperalkaline, serpentinite springs in
The Cedars of California (28, 29), has been inferred from a
metagenome-assembled genome (MAG) also recovered from
The Cedars (29), and has been suggested to be used by actino-
bacterial populations in the serpentinization-influenced Hakuba
Happo hot springs of Japan (30). Further, genes encoding
key proteins involved in acetogenesis, including acetyl-CoA
synthase (Acs) and other components of the WL pathway, have
been detected in metagenomes from serpentinite waters
(15-18, 31). Consistently, acetate is one of the most abundant
small-molecular-weight organic compounds detected in serpen-
tinite fluids (14, 32). Despite possible detection of putative ace-
togens in serpentinites and possible products of their activities,
litcle is known of how acetogenesis occurs under the polyextre-
mophilic conditions created by serpentinization, the metabolic
and physiological traits that enable robust growth in these envi-
ronments, how they influence carbon and energy flow in such
ecosystems, and the potential for similar conditions to have sup-
ported acetogenic life on early Earth or on other planetary bodies.
Ophiolites are sections of upper mantle and oceanic crust
bedrock that have been emplaced onto continents, thereby
offering opportunities to investigate microbial environments
within settings undergoing modern water—rock interaction that
are otherwise typically inaccessible. The Samail Ophiolite (SO),
Sultanate of Oman, is the largest ophiolite in the world and is
actively undergoing serpentinization (33). Importantly, fracture
waters from the SO display a gradient of influence by serpenti-
nization reactions that ranges from slightly alkaline meteoric-
like waters to hyperalkaline, highly serpentinized waters (14,
34), allowing for the identification of metabolic and physio-
logical traits that enable habitation of those environments.
Acs-encoding genes were recently detected across a range of
alkaline and hyperalkaline fluids from wells within the SO,
suggestive of populations dependent on the WL pathway (15).
Moreover, 16S ribosomal RNA (rRNA) gene-based analyses
of microbial communities in fracture waters from the SO
indicated the dominance of populations associated with the
uncultured Acetothermia group, in particular, within the most
hyperalkaline waters (14). Members of the candidate division
Acetothermia (formerly the OP1 clade and also referred to as
the “Bipolaricaulota”) have been suggested to be capable of
autotrophic and/or heterotrophic acetogenesis (35, 36). Here,
Acetothermia genomes were reconstructed from metagenomic
sequences generated from SO subsurface fracture fluids that
spanned geochemical gradients collected across multiple years.
The physiological potential for acetogenesis and autotrophy
was inferred based on metabolic reconstructions of MAGs.
Further, the evolutionary histories of key proteins that underpin
the WL pathway and acetogenesis were examined. The results
provide insight into physiological characteristics that permit
deeply rooted acetogenic Bacteria to dominate communities
inhabiting serpentinized waters and shed light on how serpentini-
zation could have supported the first acetogenic cells on Earth.

https://doi.org/10.1073/pnas.2206845119

Materials and Methods

sample Collection. Biomass was collected from waters pumped from wells in
the SO, Sultanate of Oman, in 2015 and 2017 using a submersible pump, as
previously described (14, 15). Briefly, after flushing the pump system, water
samples were collected at least 20 m below the water table in each well, with
samples collected at two depth intervals in well NSHQ14 in 2017 (NSHQ14B at
50 m and NSHQ14C at 85 m). Biomass was filtered from ~100 L using 4-mm
0.2-um Millipore polycarbonate filters. Filtered biomass was also collected from
waters in well BATA from discrete depths of 108 m to 132 m and >250 m in
2020 (BATA108 and BATA250, respectively). These samples were collected using
a down-borehole packer system and submersible pump using methods outlined
elsewhere (37). Lastly, two wells sampled in 2015 and 2017 (WAB188 and
NSHQ14) were sampled again in 2020, with the water from NSHQ14 collected
at 9 m to 30 m. Filters were aseptically transferred to sterile cryovials and were
frozen on site with liquid nitrogen for transport back to the laboratory.

Metagenomic Sequencing and Analyses. DNA was extracted from filters
and subjected to metagenomic sequencing as components of previous studies
(14, 15, 20). Briefly, genomic DNA was extracted from the 2015 filtered biomass
samples using a MoBio PowerSoil kit (MoBio), while genomic DNA was extracted
from the 2017 samples using a Zymo Research Xpedition Soil/Fecal DNA
MiniPrep Extraction kit, both according to manufacturer instructions. The 2015
libraries were sequenced on the lllumina MiSeq platform (2 x 150 bp). Deeper
sequencing was conducted on the 2017 libraries that were prepared from tripli-
cate DNA extracts using the Nextera XT kit (Illumina Inc.) and sequenced on the
Illumina HiSeq 2500 Rapid Run platform (2 x 250 bp). The raw sequence reads
from the eight 2015 and eight 2017 metagenomes were quality filtered,
trimmed of adapters, and assembled, as previously described (15, 20). The four
2020 metagenomes subjected to analysis here were sequenced on the lllumina
NovaSeq platform (2 x 150 bp) and processed as part of the Joint Genome Insti-
tute pipeline, as described elsewhere (38). The 2015 metagenomes comprised
between 5.9 x 10° and 3.6 x 10° paired-end reads (average of 1.6 x 10°),
while the eight 2017 metagenomes comprised between 1.9 x 10’ and
3.4 x 10° paired-end reads (average of 4.2 x 107), and the four 2020 metage-
nomes comprised between 3.4 x 102 and 4.6 x 108 paired-end reads (average
of 3.5 x 108). Contigs from the 2015 and 2017 metagenomes were binned
into draft MAGs based on tetranucleotide sequences and coverage profiles using
MetaBAT (v.0.26.3) (39), as previously described (40), or via the MetaWRAP
version 1.3.2 pipeline (2020 metagenomes), as described elsewhere (41). House-
keeping genes were identified within draft MAGs using Amphora2 (42), and
these were used to preliminarily identify bins associated with Acetothermia, based
on average amino acid identities (AAls). MAG quality was assessed with CheckM
v.1.0.7 (43), as previously described (40). Draft Acetothermia bins exhibited an
estimated 0% contamination (Table 1) and were thus not modified further.

Phylogenetic Analyses and Abundance Estimation. Phylogenomic recon-
struction of the Acetothermia MAGs was conducted by identifying the presence
of 30 universal single-copy housekeeping phylogenetic marker genes with the
MarkerFinder program (v.1.1) (44) along with all publicly available Acetother-
mia/Bipolaricaulota within the Genome Tree Database (GTDB) (45) and within a
recent division-wide analysis (36). Proteins encoded by marker genes were used
for phylogenetic analysis and comprised 27 ribosomal proteins and three RNA
polymerase subunits shared among all Bacteria. These proteins correspond
to clusters of orthologous groups (COG) comprising COG0012, COG0096,
€0G0048, C0G0097, COG0049, COG0098, COGO052, COGO099, COGOO8O,
€0G0100, COG0O081, COGO102, COGOO85, COGO103, COGO086, COGO184,
€0G0087, C0G0185, COGO088, COGO186, COGO090, COGO197, COGOOIT,
€0G0200, COGO092, C0G0202, COGO093, COGO256, COGO094, and
€0G0522. Individual marker gene proteins were aligned with Clustal Omega
(v.1.2.4) (46), trimmed with TrimAl (v.1.4) (47) specifying a gap threshold (gt)
value of 0.1 and default parameters otherwise, and then concatenated into a
super alignment matrix. Only previously published Acetothermia MAGs that
were estimated to be >50% complete were included in the analyses. The
concatenated alignment was then subjected to maximum likelihood (ML) phylo-
genetic analysis using IQ-TREE (v.1.6.11) (48) after identifying the optimal amino
add substitution model (LG+F+I+R4) among 168 possible models via the
Bayesian information criterion, as implemented in the model testing "TEST"
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Table 1. Assembly statistics for Acetothermia MAGs recovered from SO subsurface fracture waters

Est. rel.
ID (Year, Well, BinID) Type pH Est.com. Est.cont. abund.* Rank" GC (%) Size (Mbp) N50 (kbp) Contig (no.) CDS
2015.WAB188.Bin1 | 8.7 86.2 0 26.9 2 56.1 1.8 23.6 127 1,958
2017.NSHQ14B.Bin.6* I 1.1 84.5 0 7.0 6 56.3 1.8 31.7 86 1,891
2017.WAB188.Bin.3 I 7.6 84.5 0 2.4 3 56.3 1.9 39.5 71 1,889
2020.BA1A108.Bin.1 I 9.0 89.7 0 0.7 9 56.1 2.0 197.7 16 1,987
2020.BA1A250.Bin.10 I 10.0 89.7 0 20.3 1 56.0 2.1 159.7 18 2,062
2020.NSHQ14.Bin.31 | 11.2 89.7 0 0.4 21 55.9 2.0 163.1 23 2,028
2020.NSHQ14.Bin.54 I 11.2 89.7 0 < 0.1 42 56.0 2.0 163.1 19 1,992
2020.WAB188.Bin.124 | 7.5 89.7 0 1.7 5 55.9 2.0 165.0 23 2,032
2015.NSHQ14.Bin.1 Il 1.3 89.7 0 43.6 1 47.9 1.6 30.1 81 1,526
2017.NSHQ14B.Bin.2i 1] 11.1 87.9 0 12.1 2 47.9 1.2 16.1 98 1,150
2017.NSHQ14C.Bin.1* Il 1.3 87.9 0 32.6 1 47.8 1.2 14.9 112 1,147
2017.WAB71.Bin.4 Il 10.6 75.2 0 12.2 1 47.8 1.19 1.7 132 1,143
2020.NSHQ14.Bin.16 1 11.2 89.7 0 5.4 2 48.0 1.44 19.4 98 1,356
2020.NSHQ14.Bin.82 Il 11.2 82.8 0 < 0.1 41 48.1 1.28 23.6 72 1,196

Est., estimated; com., completeness; cont., contamination; rel. abund., relative abundance; CDS., coding sequences.

*Relative abundance was estimated by percentage of overall reads mapped to type | or type Il MAGs in each corresponding metagenome.
"Relative abundance rank was estimated based on estimated relative abundances among all MAGs generated for a given community.
*Biomass from fracture waters was filtered from two depths in NSHQ14 in 2017, 50 m (NSHQ14B) and 85 m (NSHQ14C).

function of IQ-TREE. Ten separate independent phylogenetic analysis runs were
conducted and compared to maximize the final ML reconstruction that was then
chosen as the final phylogenetic tree. Branch support was evaluated with 1,000
ultrafast bootstraps (49).

The phylogenetic analysis identified two distinct phylotypes among the recov-
ered MAGs. Representative MAGs from each of the two groups were used to
recruit contigs from each of the metagenome assemblies. The number of reads
mapped to these contigs [as inferred by read mapping using Bowtie2 (50)] was
then used to estimate population relative abundances within each of the meta-
genomes. Average AAls (51) were calculated within and between the two phylo-
type groups in order to estimate within- and between-group genome relatedness
using the AAI workflow within the CompareM software package (52).

Proteins encoded by key genes involved in acetogenesis or core energy
consenvation pathways were also subjected to phylogenetic analysis. Specifically,
carbon monoxide/acetyl-CoA synthase complexes (Cdh/Acs) that are integral for
the WL pathway and acetogenesis were subjected to phylogenetic analyses as
described above. A recently published comprehensive database of Cdh/Acs com-
plexes in Archaea and Bacteria was used for the analyses (53), along with refer-
ence homologs identified within the GenBank nr database based on protein
basic local alignment search tool (BLASTp) searches of CdhA homologs encoded
by the MAGs generated in this study. Given the different evolutionary histories
of archaeal- and bacterial-like Cdh/Acs, separate phylogenetic analyses were con-
ducted for each type, using concatenations of the CdhA, CdhB, and CdhC oxido-
reductase subunits of the archaeal-like complexes, and the CdhA oxidoreductase
subunits of bacterial-like complexes (53). The amino acid substitution model for
the archaeal-like CdhABC analysis was LG+F+I+G4, while that for the bacterial
AcsA analysis was LG+I+G4. In addition, a separate phylogenetic analysis was
conducted using the CdhA subunits from both Acetothermia types along with
the 500 most closely related CdhA homologs present in the National Center for
Biotechnology Information (NCBI) nr database (excluding homologs from unpub-
lished studies deposited within the last year; amino acid substitution model of
LG++G4 was used for the analysis). Likewise, the homologous beta subunits of
F-type ATP synthases and alpha subunits of V-type ATP synthases were subjected to
phylogenetic analysis, as described above (amino acid substitution model LG+R8),
and with reference against a previously published dataset of these subunits (54).

To assess the placement of types | and Il Acetothermia among the bacterial
phylogeny, a whole-domain phylogenomic analysis was conducted. Representa-
tive genomes (n = 722) from all bacterial phylum-level divisions (128 phyla
total) from the GTDB were included in the analysis. Up to 10 representatives
from every phylum were chosen for analysis (evenly chosen across different clas-
sesforders), or all records within the phylum were chosen if < 10 genomes were
present in the database (Dataset S1). The workflow for the phylogenetic analysis
was the same as described above for the Acetothermia domain phylogeny
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(i.e., the same 30 universal bacterial markers and alignment generation strategy
were used). Only alignments containing >50% of the maximum possible align-
ment residue positions were used in the analyses. The concatenated amino acid
alignments were subjected to the same ML analysis as described above for the
Acetothermia domain phylogeny, but using the LG+I+G4 amino acid substitu-
tion model, as chosen based on model selection results.

Metabolic Reconstructions. Gene prediction and annotation of MAGs was
performed with Prodigal v.2.6.3 (55), as implemented in Prokka v.1.14.5 (56),
using default parameters. Preliminary functional annotations from the Prokka
pipeline were then used to reconstruct metabolic pathways for each phylotype
based on comparison against the Kyoto Encyclopedia of Genes and Genomes
(KEGG) function database (57) with the KEGG Automatic Annotation Server (58).
The MAGs were also queried using BLASTp for specific gene functions based on
reference genomes. Positive identifications of protein homologs in the MAGs
were those with BLASTp matches with >30% amino acid homology and with
coverage >60% of the length of the query sequence. Putative homologs were
also further screened based on comparisons against the NCBI conserved
domain database (59). Because the assemblies exhibited very high within-group
phylotype AAls (~98 to 100%), indicating nearly identical genomes, metabolic
pathways were primarily conducted with the two most complete MAGs for either
phylotype, but supplemented with the other MAGs, when necessary. Validation
of key proteins was performed, where possible, by subjecting homologs to align-
ment using Clustal Omega (v.1.2.4), followed by identification of key conserved res-
idues, including conserved cysteinyl motifs for [NiFe}- and [FeFe}hydrogenases
(60). [FeFe]- and [NiFe}hydrogenase catalytic subunits were also subjected to gene
neighborhood analysis and phylogenetic comparison against recently published
comprehensive hydrogenase databases (61) to assess their functions.

Autotrophic capacity was evaluated in other populations in the SO water com-
munities by surveying abundant genomes (>5% relative abundance among
binned genomes in any of the eight metagenomes from 2017) for key genes
associated with autotrophy. Only communities from the 2017 sampling efforts
were used, because they were subjected to a higher level of metagenome
sequencing effort when compared to those from the 2015 sampling efforts. Fur-
ther, unlike communities from the 2020 sampling effort that targeted only three
wells, those from the 2017 sampling effort spanned a broad range of water types
present in the SO. MAG binning was conducted using the automated binning
and refinement pipeline of MetaWRAP version 1.3.2 (62), as described previously
(41). Only those MAGs exhibiting >50% estimated completion and <10% esti-
mated contamination (estimated with CheckM) were used to survey putative
autotrophic capacities. Specifically, the presence of the WL (reductive acetyl-CoA)
pathway among MAGs was evaluated based on the presence of 1) formate-
tetrahydrofolate ligase (Fhs), 2) methylenetetrahydrofolate dehydrogenase (FolD),
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3) methylenetetrahydrofolate reductase (MetVF), and 4) a nearly complete
Cdh/Acs complex (including at least the key catalytic subunits). The presence
of the Calvin cycle was evaluated based on the presence of both ribulose-1,
5-bisphosphate carboxylase-oxygenase large and small subunits. Lastly,
homologs of ATP citrate lyase subunits A and B (AclA, AcIB) was used to iden-
tify the presence of a putative reverse tricarboxylic acid (rTCA) cycle pathway.
The citryl-CoA synthase route for the rTCA pathway was not identified in any of
the MAGs based on the absence of citryl-CoA synthetase (CcsA and CcsB) and
citryl-CoA lyase (ccl) proteins. Likewise, the hydroxypropionate-hydroxybutyrate
cycle was not encoded by any of the MAGs based on the absence of the key gene
4-hydroxybutyrl-CoA dehydratase (AbfD), nor was the 3-hydroxypropionate cycle
encoded by any of the MAGs based on the absence of malonyl-CoA reductase
(mcr) and malyl-CoA/(S)-citramalyl-CoA lyase (mcl).

Results and Discussion

Description of Fracture Fluids Sampled from the SO. The
eight fracture waters sampled from the SO in 2015 ranged, in
pH, from 8.2 to 11.4, while the eight sampled in 2017 ranged,
in pH, from 8.3 to 11.3 (S/ Appendix, Tables S1 and S2). The
four waters sampled from 2020 ranged, in pH, from 7.5 to
11.4. The lithological setting of each well varied and included
gabbro, peridotite, and “contact” areas between peridotite and
gabbro settings that represented mixtures of alkaline and hyper-
alkaline fluid types (14). Fracture waters were previously
classified based on their geochemical properties and extent of
transformation into hyperalkaline fluids via serpentinization
reactions (14, 34, 63). Briefly, less-reacted waters are termed
“type I” and tend to have slightly alkaline pH, lower conductiv-
ity, higher oxidation reduction potentials (ORPs), and generally
exhibit higher oxidant availability along with lower concentra-
tions of reduced aqueous-phase gases like CH4 and H, (14, 15,
34, 63). Conversely, waters that have been subjected to
increased serpentinization are termed “type II” and tend to
have hyperalkaline pH, higher conductivity, lower ORPs, mini-
mal oxidant availability, low DIC availability, and much higher
reduced aqueous-phase gas concentrations compared to type I
waters (14, 15, 34, 63). Fracture water communities that were
analyzed herein spanned a range of type I and type II waters
obtained from multiple subsurface drilled water wells.

Recovery of Acetothermia MAGs from the SO. Metagenomic
characterization of DNA recovered from filtered biomass
collected from eight fracture waters in eight wells in 2015 (87
Appendix, Table S1), another eight fracture waters from seven
wells in 2017 (87 Appendix, Table S2), and four fracture waters
from three wells in 2020 yielded 14 moderate- to high-quality
MAG:s affiliated with Acetothermia (two from 2015 samples,
five from 2017 samples, and seven from the 2020 samples; esti-
mated completeness: 75 to 90%; Table 1). The metagenomes
from the 2015 samples were sequenced at a lower read depth
than those from 2017 and 2020, likely resulting in recovery of
fewer MAGs. Phylogenomic analysis indicated the presence of
two phylogenetically distinct populations within the Acetother-
mia phylum (hereafter referred to as type I and type II Aceto-
thermia), with high within-group genomic identity in the two
groups (~98 to 100% AAI within type I and type II groups;
Fig. 1A4). In addition, the MAGs were nearly identical (~100%
AAI) to samples collected from the same wells across years.
Such AAI values are well above commonly used thresholds to
delineate species (e.g., 95% AAI) (51), and indicate essentially
homogenous population-level genomic diversity across fracture
waters and years for the two phylotypes.

Comparison of type I and type II MAGs revealed overall
genomic differences (~48% AAI + ~10%) consistent with

https://doi.org/10.1073/pnas.2206845119
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Fig. 1. Phylogenomic analysis and ecological distribution of Acetothermia
MAGs recovered from SO subsurface fracture waters. (A) ML phylogenetic
reconstruction of MAGs recovered in this study in comparison with those
recovered from previous studies, with type | MAGs from the SO highlighted
in orange and type Il MAGs highlighted in blue. The year of the sample is
shown, followed by the well designation from which the MAGs were recov-
ered. Biomass from fracture waters was collected from 50-m (NSHQ14B)
and 85-m (NSHQ14C) depths from NSHQ14 in 2017. The three proposed
orders for the Acetothermia/Bipolaricualaeota are shown on the far right.
Branch length is scaled to that shown in the lower left for expected substitu-
tions per site. Bootstrap values >90% (out of 1,000 bootstraps) are indicated
by black circles. Thermotogae representatives were used as the outgroup
including Petrotoga mobilis S)95, Thermotoga petrophila RKU-1, and Mesotoga
inferna. (B) The abundances of types | and Il populations are shown as the
percentage of total metagenome reads mapped to either MAG type for
each 2017 metagenome. The 2015 and 2020 metagenomes were not used
for abundance calculations, given their relatively low sequencing depth
and limited sampling scope, respectively. Metagenomes are arranged by
the fluid type designation of their well waters and then ordered by ascend-
ing pH values for well waters, as indicated in parentheses next to each
metagenome.

class- or order-level taxonomic differences (51). The type I SO
clade formed a group with the previously described Candidatus
Acetothermum autotrophicum MAG (35) and others recovered
from subsurface environments (Fig. 1A4). The type II clade
formed a lineage along with a MAG generated from a Lost
City hydrothermal vent fluid metagenome (UBA7950). The
Lost City MAG was generated from genome mining of publicly
available metagenome data (64) and was not characterized in
that study. The Lost City hydrothermal system is a well-
characterized marine serpentinite system (21, 22, 65) and fea-
tures characteristics similar to those of highly reacted type II
SO waters, including hyperalkaline pH, high concentrations of
H,, and limited DIC (65). Thus, the close phylogenetic simi-
larity between the MAGs recovered from hyperalkaline waters
in the SO and the Lost City (and their phylogenetic distinction
from other Acetothermia) suggests that the clade comprises
serpentinite-adapted Acetothermia from globally distributed
serpentinite-hosted ecosystems. The type II MAGs exhibited

smaller estimated genome sizes, lower guanine and cytosine
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(GC) content, and fewer protein coding genes relative to the
type I MAGs (Table 1), consistent with genome streamlining
to minimize energy demands associated with inhabiting hyper-
alkaline fluids, as previously observed among genomes in
serpentinization-impacted environments (15, 18).

The two populations exhibited nearly mutually exclusive dis-
tributions across fracture fluids, with the type I population
more prevalent in mixed waters from “contact” wells (i.e., at
gabbro/peridotite interfaces), while the type II populations
were abundant in waters with hyperalkaline pH (Fig. 1B and
Table 1). A notable exception was observed in waters from well
NSHQ14, where the distribution of the two populations
overlapped in samples taken from nearer to the surface in 2017
(50 m; NSHQI14B) and 2020, which was packed off at a
depth of ~20 m and thus only encompassed shallow waters.
The type II population dominated the community in deeper
waters from 2017 (85 m; NSHQI14C) and was also abundant
in waters nearer to the surface in both 2017 and 2020
(Table 1), while the type I populations comprised smaller frac-
tions of the nearer to the surface communities of 2017 and
2020 waters (Fig. 1B and Table 1). Near-surface mixing of
water types closer to the surface in NSHQ14 is likely, as sug-
gested by down-borehole geochemical data from the immedi-
ately adjacent BA3A well suggesting that the deeper waters are
considerably more reducing than the surface waters (66). Thus,
the near-surface waters of NSHQ14 may represent a mixture of
communities typically associated with type I (or mixed) and
type II waters.

Adaptations to Acetogenic Metabolism in Type | and Il
Acetothermia Populations. The metabolic potentials of types I
and IT MAGs were investigated to evaluate whether they exhib-
ited different adaptations to serpentinization-influenced geochem-
ical gradients that characterize type I and II waters, respectively
(ST Appendix, Tables S1 and S2). Metabolic reconstructions indi-
cated that both type I and II populations are likely capable of
autotrophic acetogenesis via the WL pathway, albeit through
slight modifications that were unique to their respective environ-
ments (Fig. 2).

The first step in autotrophic acetogenesis is the reduction of
CO; to CO in the carbonyl branch of the WL pathway. The
type I MAGs encoded bacterial-like carbon monoxide dehydro-
genase/acetyl-CoA synthase protein complex (CdhACDE/AcsE;
nomenclature following ref. 53), typical of other Acetothermia
(53). In contrast, type II MAGs encoded an archaeal-like car-
bon monoxide dehydrogenase/acetyl-CoA synthase protein
complex (CdhABCDE), with an additional bacterial-like AcsE
subunit (S Appendix, Figs. S1 and S2 and Dataset S2). The
two complexes are assumed to be functionally equivalent (53),
although their distinct distributions between type I and II pop-
ulations suggest advantages of each system in their respective
environmental regimes. Moreover, the presence of both an
archaeal-like CdhA colocalized with other Cdh subunits in
the type II genomes, along with the existence of a separate
bacterial-like (but non-Acetothermia-like) CdhA within these
genomes, suggests the potential for plasticity in their use (Dataset
S2). Genes encoding an ABC-type membrane transport system
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Fig. 2. Metabolic reconstructions for Acetothermia type | and Il MAGs recovered from the SO subsurface fracture waters. A composite metabolic recon-
struction map is shown for type | and Il MAGs, with encoded proteins/pathways in orange denoting type | MAGs and those in blue denoting the type Il
MAGs. Energy conservation pathways highlighted in the text are grouped in gray boxes, with the rest of the pathways representing central carbon metabo-
lism. Question marks show areas of uncertainty in reconstructing aspects of metabolism. Subunits or proteins highlighted in black were not observed in the
corresponding MAGs. Abbreviations are as follows: anaerobic carbon monoxide dehydrogenase (Coo), pyruvate Fd oxidoreductase (Pfor), ADP-forming
acetyl-CoA synthetase (ACD), AMP-forming acetyl-CoA synthase (ACS), citrate synthase (GItA), aconitate hydratase (Aco), isocitrate dehydrogenase (ldh),
2-oxoglutarate Fd oxidoreductase (Kor), succinyl-CoA synthetase (Suc), succinate dehydrogenase (Sdh), fumarate hydratase (FumC), malate dehydrogenase
(Mdh), pyruvate orthophosphate dikanase (PpdK), pyruvate-water dikinase (PpsA), enolase (Eno), phosphoglycerate kinase (PgK), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), triosephosphate isomerase (TPI), fructose-1,6-bisphosphatase | (FBP), glucose/mannose-6-phosphate isomerase (Pgi-Pmi), glucose-
6-phosphate isomerase (Pgil), Fd, reduced Fd (Fd?7), nitrate reductase (Nar), cytochrome c nitrite reductase (Nrf), heme-Cu oxidase (HCO), methyl-viologen

reducing [NiFe]-hydrogenase (Mvh), and heterodisulfide reductase (Hdr).
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with components homologous to the bicarbonate transport sys-
tem of Cyanobacteria were colocalized with the bacterial-like
CdhA subunit in type II genomes, along with sodium bicarbon-
ate transport protein encoding genes (s6z4) encoded by the
MAGs (Dataset S2). This transport system is critical for cyano-
bacterial Na*-dependent bicarbonate (HCO3™) uptake under
low CO, conditions (67). Thus, it is plausible that the additional
bacterial-like CdhA of type II populations is associated with DIC
(HCO;5™) uptake, potentially pointing to plasticity in their use
of the archaeal- or bacterial-like CdhA, depending on DIC avail-
ability. Notably, no components of this transport system were
identified in the type I MAGs (Dataset S2), consistent with
greater availability of DIC in type I waters.

An equally important step in acetogenesis is the reduction of
CO,; to HCOO™ in the methyl branch of the WL pathway.
Type I MAGs encoded formate dehydrogenase complexes
(Fdo) that can reduce CO, to HCOO™, whereas type II
MAGs encoded homologs of the reversible NADH- and ferre-
doxin (Fd)-dependent, electron-bifurcating formate dehydroge-
nase (HylCBA-FdhF2) identified in Clostridium acidurici (68).
In type I MAGs, the hylCBA-fdhF2 genes were colocalized
together with genes coding for Fhs (87 Appendix, Fig. S3 and
Dataset S2), a key enzyme for carbon fixation in the WL path-
way. This suggests that the electron bifurcating FdhF2-Hyl
complex may provide formate for the WL pathway in the type
II population, and/or also contribute to the production of CO,
from formate for use in the carbonyl branch of the WL path-
way to generate CO.

A critical challenge faced by the type II Acetothermia popu-
lation is the availability of CO, for reduction to CO and
HCOO™ in the initial steps of the WL pathway. CO, is not
readily available in SO fluids with hyperalkaline pH (pH >10)
(69) due to conversion to HCO;~ (pK, = 6.4) and, ultimately,
CO5°~ (pK, = 10.2). Moreover, carbonate mineral solubility is
inversely correlated to pH, resulting in substantial carbonate
precipitation and DIC removal from hyperalkaline waters con-
taining abundant Ca™ (70). However, serpentinization reac-
tions resulting in abundant H, can drive the generation of CO
and HCOO™ through the abiotic reduction of DIC (3, 4, 71).
Notably, acetogens can use CO and HCOO™ as initial, or sole,
compounds for entry into the WL pathway (72, 73). Thus, it is
plausible, if not likely, that the type II Acetothermia preferen-
tially use CO and HCOO™, when available, rather than
expending reducing equivalents from NAD(P)H or reduced Fd
to reduce CO,. Similar adaptations were observed in Methano-
bacterium genomes and transcriptomes recovered from hyperal-
kaline waters in the SO (20, 27), wherein Methanobacterium
were inferred to be dependent on HCOO™ to overcome DIC
limitation via cytoplasmic HCOO™ oxidation, rather than H,,
as is otherwise conserved in this methanogenic genus (27).
HCOO™ concentrations in the well waters hosting both Aceto-
thermia types range from ~1 pM to 2 pM (14, 27), suggesting
that HCOO™ is bioavailable in these environments. Moreover,
laboratory experiments of serpentinization reactions in SO waters
have demonstrated considerable HCOO™ production (up to 98
M) coinciding with H, and CO, drawdown (71), suggesting
that abiotic HCOO™ generation could support HCOO™ -depen-
dent populations in these waters.

Nevertheless, the potential use of two different enzyme systems
to possibly catalyze the reduction of CO, to HCOO™ represents
an intriguing difference between the two Acetothermia types.
Reduction of CO, to HCOO™ (E°’= —420 mV) by Fdo in
acetogens involves NAD(P)H (E°’ = —320 mV) as an electron

donor, and this reaction proceeds in vivo (despite standard state

https://doi.org/10.1073/pnas.2206845119

energetics) if the ratio of reduced to oxidized NADP)H is
high. However, the reduction potential of CO, (HCO;™ or
CO5>7) to HCOO™ becomes increasingly negative at increasingly
alkaline pH (75) and becomes even less thermodynamically favor-
able to reduce with NAD(P)H. This reaction barrier is due to the
—60 mV/per pH unit shift from standard state for a 2 e /2 H*
charge transfer during the reduction of HCO3™ to HCOO™ when
compared to only a —30 mV per pH unit shift from standard state
due toa2 e /1 H' charge transfer for NAD(P)H (75). It is pos-
sible, then, that electron bifurcation/confurcation enables type
IT Acetothermia cells to overcome the thermodynamics associ-
ated with CO, (HCO; ™~ or CO;3*") reduction (E &~ —630 mV
at pH 11) by coupling the reaction with the exergonic oxida-
tion of Fd (£~ —650 mV at pH 11) (8) and the endergonic
oxidation of NAD(P)H (£~ —470 mV at pH 11), so long as
the ratios of reduced to oxidized Fd and NAD(P)H in cells are
high.

The other requisite proteins involved in the WL pathway
(Fhs, FolD, and MetVF) were encoded in both type I and II
MAGs. Given the minimal energy conserved during acetogene-
sis, phosphorylation of acetyl-CoA produced from the WL
pathway by phosphotransacetylase (Pta) and its subsequent
dephosphorylation to produce one ATP and acetate by acetate
kinase (AckA) has been traditionally considered necessary for
acetogens to balance the consumption of one ATP molecule
from HCOO™ fixation in the methyl branch of the WL path-
way, thereby rendering the WL pathway ATP consumption
neutral (76). However, as observed elsewhere for other Aceto-
thermia (36), genes encoding AckA or Pta were not identified
in the genomes of either type I or type II Acetothermia. Rather,
a homolog of an archaeal-like ADP-forming acetyl-CoA synthe-
tase (ACD) (77) was identified in the type I MAGs but not in
the type II MAGs (Fig. 2). Further, both the type I and type 11
MAGs encoded homologs of the non-ATP generating acetyl-
CoA synthase [Acs, also known as the AMP-forming Acs;
abbreviated here as ACS to differentiate from the Acs discussed
above (78)] that is generally considered an assimilatory, but
potentially reversible, acetate utilization mechanism (78). Con-
sequently, the potential to leverage acetate production from
acetyl-CoA for ATP production in the type II MAGs is
unclear, raising questions of how the cellular bioenergetics of
the type II population might operate.

The minimal energy conserved during acetogenesis leads to
acetogens operating at the near limit of possible bioenergetics
when growing autotrophically (76). Importantly, the overall
energetics of autotrophic, hydrogenotrophic acetogenesis in the
model acetogens Clostridium ljungdahlii and Acetobacterium
woodii grown under CO,-replete conditions are directly associ-
ated with H, partial pressures, the ratio of reduced/oxidized
cofactors (e.g., Fd) within cells, and small but consequential
alterations to acetogenesis pathways (76). In particular, hydro-
genotrophic acetogenesis is most favorable at elevated H, par-
tial pressures and high ratios of reduced to oxidized Fd in cells
(76). Further, acetogenesis in C. [ungdahlii and A. woodii is
principally energy conserving due to the activity of the multisu-
bunit Fd-NAD™ oxidoreductase (Rnf) complex that couples
the oxidation of Fd to the reduction of NAD™, with the free
energy of the reaction used to generate a transmembrane ion
(sodium or proton) gradient that can drive ATP synthesis (76).
Rnf complexes were encoded in type II MAGs, but not type I
MAGs (Fig. 2). Low-potential reduced Fd needed to drive Rnf
in type II cells could be generated by tetrameric (group 3) elec-
tron bifurcating [FeFe]-hydrogenase homologs (79, 80), of
which two loci were identified in the type II MAGs (Fig. 2 and
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Dataset S2), also as present in A. woodii and C. ljungdahlii
(76). The functionality of the [FeFe]-hydrogenase was sup-
ported by colocalized genes encoding the four subunits of tetra-
meric bifurcating hydrogenases (HydABCD) (79) (Dataset S2)
in addition to phylogenetic comparison of the catalytic subunit
(HydA) to classified [FeFe]-hydrogenases in the HydDB data-
base (group A classification; E value < 2 X 10712%) (81). These
enzyme complexes are predicted to reversibly bifurcate two elec-
trons from H; and couple the endergonic single-electron reduc-
tion of Fd to the exergonic single-electron reduction of NAD*
(80). Notably, the well waters contain substantial concentra-
tions of H, [e.g., ~2.9 mM in NSHQI4 (14)] that would
increase the overall bioenergetics of hydrogenotrophic acetogen-
esis. Sodium or hydrogen ions pumped from Rnf could then
be harnessed via F-type (bacterial-like) ATP synthases (87
Appendix, Fig. S4) that were also detected in type II, but not
type I MAGs, with the latter encoding V-type (archaeal-like)
ATPases (Fig. 2 and SI Appendix, Fig. S4 and Supporting Texi).

In addition to the critical WL steps described above, the
reduction of methylenetetrahydrofolate (CH,-THF) to methyl
tetrahydrofolate (CH3-THF) is catalyzed by MetVF, thereby
generating the methyl group of the methyl branch of the WL
pathway (Fig. 2) (82, 83). The type I Acetothermia encode
MetVE, and these genes are colocalized in the genome with
those encoding HdrA and MvhD (87 Appendix, Fig. S5 and
Dataset S2), while genes encoding HdrBC and MvhAG were,
together, colocalized but encoded elsewhere in the genomes.
HdrABC are commonly involved in bifurcating electrons in
methanogens (84, 85) and were recently proposed to be involved
in bifurcating electrons from NADH (£°’= —280 mV) for the
exergonic reduction of CH,-THF (£°”= —200 mV) and the
endergonic reduction of a yet to be identified second electron
donor in the model acetogen Moorella thermoacetica (83). Genes
encoding MetVF are colocalized in the genome in M. thermoacetica,
and these proteins have been copurified as a complex with
HdrABC and the [NiFe]-hydrogenase protein MvhD, suggesting
that the second electron acceptor may be a proton that is reduced
to H, (E°’= —414 mV). This is further supported by data indi-
cating that CH,-THF reduction activity is localized to the mem-
brane (86), where an energy-converting hydrogenase (Ech) could
function in the reduction of protons to H,. The colocalization
of metVF, hdrA, and mvhD in type 1 Acetothermia MAGs (S
Appendix, Fig. S5) suggests the presence of a similar bifurcating
mechanism in these cells, albeit through a cytoplasmic MvhAGD
complex (Group 3¢ complex, confirmed by phylogenetic com-
parison of the MvhA to the HydDB server; E value = 0) (Fig. 2)
since these cells do not encode a separate Ech, rendering the fate
of intracellular H, produced by this reaction unclear. In contrast,
neither HArABC nor MvhD are encoded by type I Acetother-
mia MAGs. Rather, several homologs of RnfC, which codes
for NADH dehydrogenase functionality, are found in these
genomes. As such, CH,-THF reduction in type II Acetothermia
may be directly coupled with NADH oxidation, as in the aceto-
gen A. woodii (87). It is possible that reduction of CH,-THF in
type II Acetothermia occurs via NADH oxidation instead of the
putative bifurcating, H,-dependent reaction of type I Acetother-
mia due to unfavorable thermodynamics of the bifurcating reac-
tion due to product (H,) inhibition in the H,-rich environments
inhabited by type II Acetothermia (14).

Type I and II populations both exhibited the capacity to
generate chemiosmotic potentials to drive ATP synthesis, albeit
through distinct pathways and ATPases that may reflect the
geochemical characteristics of the environments that they differ-

entially inhabit (S Appendix, Fig. S4 and Supporting Texz). In
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contrast to the Rnf complexes encoded by type II MAGs, the
type I MAGs encoded a nearly complete NADH dehydroge-
nase (Nuo) complex that allows entry of electrons in the form
of NADH into canonical electron transport respiration chains
of Archaea, Bacteria, and Eukarya (88). Moreover, the type I
population encoded proteins allowing for the respiration of
NO;~ and NO,™ to N, (or NH4") via Nar and Nrf com-
plexes, respectively (Fig. 2), and encoded cytochrome ¢ oxidases
necessary for aerobic respiration (Fig. 2 and Dataset S2). This
expanded respiratory capacity is also coincident with expected
higher oxidant concentrations (e.g., NO3;~ and O,) in type I
waters (14). The capacity for NO;~ and O, reduction was also
observed in the first described Acetothermia MAG, Candidatus
Acetothermum autotrophicum (35), as well as in other related

MAG:s (306).

The Type Il Acetothermia Are Dominant Autotrophs in
Serpentinizing and Hyperalkaline Subsurface Fluids. Both
type I and II Acetothermia MAGs encoded glycolytic/gluconeo-
genic pathways that would allow for the conversion of acetyl-
CoA to six-carbon sugars that can be used in biosynthesis, albeit
with partially different complements of enzymes to complete the
pathways (ST Appendix, Supporting Texs) (89). Substrates capable
of supporting autotrophic metabolism of type I and II Acetother-
mia appear to be limited to HCOO™, CO, H,, and, possibly,
CO,/HCO;". In addition, the two Acetothermia types exhibited
varying capacities to incorporate exogenous organic carbon com-
pounds, with the type I MAGs encoding a greater capacity for
facultatively  heterotrophic ~ metabolism  (SI  Appendix,
Supporting Text).

The distributions of type I and II Acetothermia were mutu-
ally exclusive among the well waters sampled in 2017 (Figs. 1B
and 3), with the exception of the NSHQ14B sample taken
nearer to the surface (50 m), while only the type II population
was present in the deeper (85 m) waters (NSHQ14C). Type II
Acetothermia were the dominant population (22%, 20%, and
35% relative abundance, respectively) in the most hyperalkaline
waters analyzed in 2017 (WAB71, NSHQ14B, and NSHQ14C)
and were also the dominant putative autotroph in these waters.
The other putatively autotrophic populations present in high
relative abundance (i.e., >5%) in the three most hyperalkaline
samples collected in 2017 (Fig. 3) included those related to
Methanobacterium (20, 27) (0%, 18%, and 17%, respectively),
Thermodesulfovibrionales (5%, 10%, and 17%, respectively)
(66), and uncharacterized Dehalococcoidia (0%, 5%, and 9%,
respectively). The relative abundances of dominant taxa based on
metagenomic analyses were broadly consistent with inferences
from previous 16S rRNA gene analysis of these well communities
from previous years (14), suggesting that they were representative
of the native well communities. Consequently, the type II Aceto-
thermia are inferred to represent key primary producers in
communities inhabiting hyperalkaline SO waters and likely sub-
stantially contribute to ecosystem productivity. Consistently,
these populations were also among the most abundant in the
2015 and 2020 metagenomes where they were identified (Table
1). The only autotrophic pathway identified among community
members inhabiting highly serpentinized waters (pH >11.0) was
the WL pathway, unlike communities inhabiting more circum-
neutral waters where multiple autotrophic pathways (WL, Calvin
Cycle, and rT'CA cycle) were identified (Fig. 3). In contrast, only
minor populations of type I Acetothermia were present in lower
pH wells (or the near-surface waters of NSHQ14B or NSHQ14
in 2020) (Fig. 3). In summary, both the type I and type II
Acetothermia populations exhibit evidence for autotrophy that
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Fig. 3. Putative autotrophs in subsurface fracture water communities
from the SO. Each column shows the relative abundances of reconstructed
MAGs (>5% relative abundance) within each well water community, with
the corresponding taxonomic classification of MAGs given on the left. The
circles represent individual MAGs and are scaled based on the relative
abundance of that MAG among others within that community (based on
the legend at the top left of the plot). The circles are colored according to
the autotrophic carbon fixation pathway that is inferred to be encoded
within the MAG, as based on the legend at the top right of the plot. Well
names are followed by the pH of the sampled fracture waters in parenthe-
ses. Taxonomic classifications are given at the lowest characterized taxo-
nomic designation, followed by either the specific uncultured group it
belongs to (alphanumeric designations) or are otherwise followed by
“unclassified” if the MAG is not related to previously characterized genomes
within the Genome Toolkit Database. The type Il Methanobacterium is the
same as described in Fones et al. (27), and, while it encodes the WL path-
way, it is dependent on formate as an electron donor and carbon source.
The 2015 and 2020 metagenomes were not used for abundance calcula-
tions, given their relatively low sequencing depth and limited sampling
scope, respectively.

may be supplemented by organic carbon sources. However, the
type II populations appear to be more dependent on substrates
produced by water—rock interaction such as HCOO™, CO, or
H, for autotrophic metabolism (Fig. 3). This observation is con-
sistent with their general dominance in environments where
these substrates are more readily available (14, 69).

The Type Il Acetothermia Are Analogs of Early-Evolving Acetogens.
The prevalence of type II Acetothermia as putative autotrophs
operating the WL pathway in hyperalkaline SO waters is consis-
tent with previous suggestions of an ancient ancestry of the WL
pathway that has its roots in primitive methanogens or acetogens
that inhabited environments rich in iron sulfide minerals and
that were actively undergoing serpentinization (2, 90). Argu-
ments favoring the origin of the WL pathway in serpentinizing
environments include that 1) it is a simple linear pathway that
can be exergonic (91); 2) it involves reactants, intermediates, and
products also involved in serpentinization (92); and 3) many of
the key reactions of the WL pathway are catalyzed at iron—sulfur
or nickel-iron—sulfide centers that are reminiscent of mineral
catalysts that perform similar chemistry (5). These observations
motivated further phylogenetic analysis of type II Acetothermia
and components of their WL pathways.

CdhABC house the nickel-iron—sulfide active site center
of carbon monoxide dehydrogenase that catalyzes the initial
reduction of CO, to CO. Phylogenetic analysis of the type II
archaeal-like CdhABC homologs indicated that they comprised

https://doi.org/10.1073/pnas.2206845119

a monophyletic group with CdhABC from other bacterial
and archaeal MAGs largely from serpentinite-hosted environ-
ments (Fig. 4A4). These included the putatively acetogenic
Actinobacteria-related Candidatus Hakubanella thermoalkali-
philus (30), the putatively acetogenic NPL-UPA2 organism
(29), an unclassified anaerobic methanotrophic euryarchaeota
(ANME) MAG from the Lost City system, and a deltaproteo-
bacterial Candidatus Desulforudis audaxviator MAG, which are
commonly observed in SO fluid communities (Fig. 3) and other
serpentinization-influenced communities (93). In addition, the
type II CdhABC homologs were monophyletic with one another,
closely related, and followed the same branching pattern as the
whole genome Acetothermia phylogeny (Fig. 14). Additional
phylogenetic analysis of CdhA from the type II Acetothermia
along with 500 of the most closely related homologs in the
NCBI database further supported the branching of Acetothermia
CdhA and those from organisms identified in serpentinite envi-
ronments in association with the CdhA of Archaea that formed a
group distinct to the homologous CdhA/AcsA of Bacteria (87
Appendix, Fig. S2). Together, these observations suggest that 1)
Cdh were vertically inherited among the type II SO Acetother-
mia and have differentiated with minor taxonomic divergence of
type II populations; 2) type II Acetothermia from the SO and
putative acetogens from other serpentinite-hosted environments
harbor Cdh that share a common evolutionary ancestor; and 3)
the Cdh arose from a possible transfer (or shared evolutionary
origin) between Archaea and Bacteria primarily from
serpentinite-hosted environments (SI Appendix, Fig. S2), and
this shared evolutionary history appears to be deeply rooted
within Archaea. The latter assertion is evinced by the well-
supported monophyly of bacterial Cdh from serpentinite envi-
ronments (in addition to those from other bacteria including
Chloroflexi/Deltaproteobacteria) with early-evolving methano-
gens (i.e., class I methanogens: Methanopyrales, Methano-
bacteriales, and Methanococcales), to the exclusion of other
Archaea, including more recently evolved methanogens (i.e.,
Methanosarcinales and Methanomicrobiales) and recently iden-
tified methanotrophs/alkanotrophs like the Bathyarchaeota and
Syntropharchaeales (Fig. 4A4). This distinction is particularly
striking given that Cdh complexes have been largely vertically
inherited among Archaea (53), and is consistent with previous
analyses hypothesizing a transfer of archaeal Cdh to Bacteria
via an unidentified Euryarchaeota (29, 53). The type II MAGs
also encoded bacterial-like CdhA homologs not related to the
bacterial-like CdhA in the type I MAGs (87 Appendix, Fig. S6).
Rather, the bacterial-like CdhA of type II MAGs were similar
to those in a deep-branching group primarily comprising
ANME and Firmicutes (S Appendix, Fig. S6). As suggested
above, the presence of two evolutionarily distinct bacterial- and
archaeal-like CdhA within the type II MAGs may indicate physio-
logical plasticity in the WL pathway, perhaps related to the avail-
ability of specific carbon substrates. Importanty, while it is not
currently possible to determine whether the catalytic Cdh subunits
share an origin with deeply diverging Archaea or whether they
were laterally transferred from or into the type II lineage, the deep
node connecting the primarily serpentinite-hosted bacterial Cdh
lineage and that of all Archaea nevertheless suggests an early origin
of the Cdh within the type II Acetothermia lineage.

To further assess the phylogenetic placement of the SO
Acetothermia among other taxonomic divisions, a comprehen-
sive phylogenomic analysis was conducted with 722 genomes
representing 128 bacterial phyla in the Genome Taxonomy
Database (Fig. 4B). Phylogenomic analysis of 30 universally con-
served phylogenetic marker genes including RNA polymerase
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Fig. 4. Phylogenetic placement of key proteins involved in acetogenesis and Acetothermia lineages recovered from the SO subsurface waters among other
bacterial lineages. (A) ML phylogeny of the oxidoreductase subunits of the carbon monoxide/acetyl-CoA synthase (CODH/ACS) complex (CdhABC) encoded
by the type Il Acetothermia in context of other archaeal-like CdhABC (alignment length of 1,908 amino acid positions). Each subunit was individually aligned,
and a concatenation of the three was subjected to ML analysis. The type Il Acetothermia CdhABC are highlighted in bolded blue text. CdhABC from MAGs
recovered from serpentinite-influenced environments are indicated on the right. Black circles show >90% bootstrap support (out of 1,000 bootstraps).
Branch length is scaled based on the expected number of substitutions per site legend at the bottom left. CdhABC clades are collapsed as triangles, with
the taxonomic groups they correspond to indicated next to the triangles. The monophyletic bacterial CdhABC clade is shown by an arrow. The tree is shown

with a midpoint-rooted visualization. (B) Unrooted ML phylogeny of concatenated protein alighments from 30 housekeeping single-copy genes within 722

bacterial genomes representative of 128 phyla in the Genome Taxonomy Database (filtered alignment length of 9,162 amino acid positions; see Materials

and Methods for additional analytical details). Phylum-level groupings are provided next to the shaded regions, with multiple phyla delineated with slashes.
Genome information for the 722 entries is provided in Dataset S1. Black circles show >90% bootstrap support (out of 1,000 bootstraps). Bootstraps are only
shown for phylum or higher-level groupings for clarity in interpreting the tree. Branch length is scaled based on the expected number of substitutions per

site, as indicated on the left. Type | and Il Acetothermia lineages are indicated with orange and blue stars, respectively. The placement of recently hypothe-
sized root positions for the bacterial domain is shown with black (44) or white (94) stars.
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subunits and ribosomal proteins (see Materials and Methods for
additional details) suggested that the Acetothermia/Bipolaricaulota
lineage comprised a highly supported outgroup to the Thermoto-
gota that, together, were related to the Deinococcota and others
(Fig. 4B), consistent with previous phylogenomic analyses (35).
Recent attempts to identify the root of the bacterial domain
using comprehensive phylogenomic analyses have placed the bac-
terial root between the Thermotogota and all remaining bacterial
phyla (44) or with the Thermotogota, Deinococcota, and Syner-
gistota as a group closest to the optimal rooting position within
several possible rooting scenarios (94) (Fig. 4B). These results are
consistent with an early phylogenomic analysis placing the first
recovered Acetothermia/Bipolaricaulota genome from Candidatus
Acetothermum autotrophicum near the root of the bacterial
tree along with the Thermotogae (now Thermotogota) and the
Deinococcus-Thermus (now Deinococcota) (35). The precise
position of the root of the bacterial domain remains controversial
and is dependent on the taxa included, genes considered in the
analysis, and phylogenetic methods that are used. Nevertheless, the
placement of the Acetothermia/Bipolaricaulota as a highly sup-
ported sister clade to the Thermotogota and recent analyses placing
the Thermotogota near the root of the bacterial domain (44, 94)
suggest that the Acetothermia/Bipolaricaulota are also among the
carliest evolving bacterial lineages. Together, these observations are
consistent with the hypothesis that ancestors of type II Acetother-
mia inhabited environments undergoing active serpentinization
and add further support to the supposition that serpentinization
played a key role in supporting the earliest acetogens.

Conclusions

Type II Acetothermia from the SO exhibit physiological/meta-
bolic traits that allow them to conserve energy in contemporary
serpentinization-influenced environments. Phylogenetic data
indicate that many of the traits, including modifications to the
WL pathway, originated early during the evolution of this
lineage, suggesting selective pressures on this cell type have
been fairly constant since the metabolism first originated in the
lineage. Type II Acetothermia are characteristic inhabitants
of highly serpentinized waters in the SO and are likely key
contributors to ecosystem productivity in these environments.
Further, these organisms encode proteins involved in key
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energy conservation pathways that are early branching within
the Bacteria or derive from deep within the archaeal domain
(e.g., ATP synthases and carbon monoxide dehydrogenases).
The phylogenetic and physiological characterization of contem-
porary type II Acetothermia helps bridge theoretical inferences
regarding the role of serpentinization in supporting the earliest
forms of life on Earth and reveals the key physiological charac-
teristics that could allow this metabolism to operate at the ther-
modynamic limits of life (76) by persisting with substrates
derived from water—rock interaction such as H,, HCOO™, and
CO. Key questions remain regarding type II Acetothermia
metabolism, including how their cellular energetics are balanced
under high H, partial pressures and low DIC conditions relative
to more-DIC-replete conditions used to cultivate canonical ace-
togens. Further, the form of carbon (e.g., CO,/HCO; /CO5>",
HCOO™, or CO) that supports acetogenesis and carbon fixation
by the WL pathway remains to be elucidated and will require
cultures to definitively prove.
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