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Active anaerobic methane oxidation and sulfur
disproportionation in the deep terrestrial subsurface
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Microbial life is widespread in the terrestrial subsurface and present down to several kilometers depth, but the energy sources that
fuel metabolism in deep oligotrophic and anoxic environments remain unclear. In the deep crystalline bedrock of the
Fennoscandian Shield at Olkiluoto, Finland, opposing gradients of abiotic methane and ancient seawater-derived sulfate create a
terrestrial sulfate-methane transition zone (SMTZ). We used chemical and isotopic data coupled to genome-resolved
metaproteogenomics to demonstrate active life and, for the first time, provide direct evidence of active anaerobic oxidation of
methane (AOM) in a deep terrestrial bedrock. Proteins from Methanoperedens (formerly ANME-2d) are readily identifiable despite
the low abundance (<1%) of this genus and confirm the occurrence of AOM. This finding is supported by '*C-depleted dissolved
inorganic carbon. Proteins from Desulfocapsaceae and Desulfurivibrionaceae, in addition to 3*S-enriched sulfate, suggest that these
organisms use inorganic sulfur compounds as both electron donor and acceptor. Zerovalent sulfur in the groundwater may derive
from abiotic rock interactions, or from a non-obligate syntrophy with Methanoperedens, potentially linking methane and sulfur
cycles in Olkiluoto groundwater. Finally, putative episymbionts from the candidate phyla radiation (CPR) and DPANN archaea
represented a significant diversity in the groundwater (26/84 genomes) with roles in sulfur and carbon cycling. Our results highlight
AOM and sulfur disproportionation as active metabolisms and show that methane and sulfur fuel microbial activity in the deep

terrestrial subsurface.
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INTRODUCTION

Microbial cells in the subsurface comprise a significant propor-
tion of the global prokaryotic biomass [1]. They are typically
slow-growing, with long generation times ranging from months
to years [2-5]. Despite their slow growth, they are active [6-9]
and can respond to changes in subsurface conditions [10, 11].
Understanding the drivers of microbial metabolism in the
subsurface is therefore an important consideration for subsur-
face activities related to energy production, storage, and waste
disposal.

The engineering of stable bedrock formations for industrial
purposes (spent nuclear fuel disposal, underground storage of
gases, geothermal energy production, oil and gas recovery) alters
the subsurface ecosystem causing biogeochemical changes that
impact microbial community activity and function [12, 13].
Microbial activity can be beneficial, either through enhanced
recovery [14], removal of unwanted products [15], or souring
control by competitive exclusion of sulfate-reducing bacteria [16].
It is, however, often associated with detrimental impacts such as
microbially-influenced corrosion [17], petroleum reservoir souring
[18], or reduced permeability and clogging resulting from the
formation of biofilms [13].

The crystalline bedrock of Olkiluoto, Finland, will host a
repository for the final disposal of spent nuclear fuel. Copper
canisters containing spent nuclear fuel will be one of several
engineered barriers for safe disposal, the final barrier being the
Olkiluoto bedrock (400-500 m depth). Understanding the energy
sources that fuel microbial activity at this site is important as
slowly moving groundwater present in cracks and fractures in the
bedrock has the potential to reach and interact with the
engineered barriers. The microbial transformation of sulfate to
sulfide in the fracture water is a significant concern as it could
accelerate corrosion of copper canisters and compromise their
longevity. The groundwater at Olkiluoto is geochemically stratified
with depth with a salinity gradient that extends from fresh near
the surface (<10m) to saline (>1000m). Sulfate is found in
fractures at ~100-300 m depth. Below 300 m, the concentration of
sulfate declines in an opposing trend to methane, which increases
with depth. This creates a sulfate-methane transition zone (SMTZ)
at ~250-350 m depth [19-21].

Sulfide is detected in relatively few drillholes at Olkiluoto, and
its presence tends to be in groundwater from fractures in the
SMTZ [19]. Exceptions in deeper fractures exist where drilling has
resulted in the introduction of sulfate-rich groundwater to deep
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methane-rich groundwater providing an electron acceptor to a
system otherwise limited in terminal electron acceptors [11]. In
marine and coastal sediments, SMTZs are host to anaerobic
methanotrophic archaea (ANME) and sulfate-reducing bacteria
that syntrophically cycle methane and sulfate [22], and quantita-
tively consume methane diffusing up from deep methanogenic
sources through anaerobic oxidation of methane (AOM) [23, 24].
In contrast, the biogeochemical significance of syntrophic inter-
actions is poorly understood in terrestrial SMTZs. Previous work
has proposed, but not demonstrated, widespread AOM in
crystalline bedrock environments. This hypothesis was based on
the detection of ANME from the archaeal family Methanoperede-
naceae (formerly ANME-2d) in groundwater from granitic bedrock
in both Finland [21, 25] and Japan [26-28]. Past AOM activity has
also been evidenced by the precipitation of extremely
3C-depleted calcites in the granitic bedrock of Sweden [29].

While many ANME rely on a syntrophic partner to couple methane
oxidation to the reduction of sulfate, Methanoperedenaceae can
independently conduct methane oxidation with diverse terminal
electron acceptors [30, 31]. Methanoperedenaceae were originally
enriched in a bioreactor shown to couple AOM to the reduction of
nitrate [32]. Methanoperedenaceae lacking nitrate reductase genes
have since been enriched in bioreactors demonstrated to couple
AOM to the reduction of iron (Fe(lll)) and manganese (Mn(IV)) [33].
Studies from freshwater lake sediments have proposed that
Methanoperedenaceae also participate in sulfate-dependent AOM
[34, 35]. Similarly, enrichment experiments using deep groundwater
suggest Methanoperedenaceae conduct sulfate-dependent AOM in
the terrestrial subsurface [27, 36]. However, AOM activity has not
been demonstrated in situ in any deep crystalline bedrock terrestrial
environment to date.

Here, we use genome-resolved metaproteogenomics to uncover
active sulfur and methane cycling microorganisms in groundwater
from a fracture in the SMTZ at Olkiluoto, Finland. Our goal was to
constrain the electron donor(s) fueling sulfidogenesis and determine
whether sulfur and methane cycles in the terrestrial SMTZ are linked.
Stable isotopes and metaproteomics show that active AOM occurs
in this environment and that sulfate-reducing bacteria (SRB) and
sulfur-disproportionating bacteria (SDB) are active. Our data suggest
that a syntrophic relationship may exist between ANME archaea
and Desulfobacterota with dissimilatory sulfur metabolism, either
through extracellular electron transfer or diffusible sulfur species.
Additionally, we propose that ultra-small bacteria and archaea,
abundant in the groundwater, live as episymbionts on the primary
microbiome.

MATERIALS AND METHODS

Sample site and chemistry

Groundwater was collected at ten specific time points for 9 months from
drillhole OL-KR13 on the island of Olkiluoto (61°14'30.7“N, 21°28'49.3"). The
bedrock at Olkiluoto is predominantly granite and high-grade meta-
morphic rock and the sampled fracture is at 330.52-337.94 meters below
sea level. Additional details related to the drillhole are provided in
Supplementary Information and Figure S1.

Methods of groundwater chemical analysis have been described in detail
previously [11]. Briefly, anions (sulfate, thiosulfate, nitrate, nitrite) were
measured by ion chromatography using a Dionex Integrion HPIC system
with an lonPac AS11HC analytical column. Total and dissolved organic
carbon were measured on a Shimadzu TOC-V. Organic acids (acetate,
lactate, propionate, butyrate) and glucose were measured with an Agilent
1290 Infinity Liquid Chromatography System fitted with an Agilent Hi-Plex
H column with RI detection. Alcohols (ethanol, methanol, propanol, and 2-
butanol) and acetone were measured on a Varian CP-3800 gas
chromatograph with 1-butanol as an internal standard. Dissolved gases
(CH,4 and H,) were measured on a Varian 450-GC with flame ionization (FID)
and thermionic specific (TSD) detector. The concentration of dissolved
gases in situ may be greater than the measured values as the pressure
decrease during pumping can cause degassing. The '2C/'3C ratio of
methane (5'3Cc4%o VPBD) was measured with a Picarro G2201-| Analyser.
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The "2C/"3C ratio of dissolved inorganic carbon (DIC) (8"3Cp,c%o0 VPBD) and
the 325/3%S isotope ratio of sulfate (63*Ss04%o VCDT) were measured at the
Stable Isotope Laboratory, Faculty of Geosciences and Environment,
Université de Lausanne, Switzerland. The C isotope composition was
measured with a Thermo Finnigan Delta Plus XL IRMS equipped with a
GasBench Il for analyses of carbonates. The S isotope composition was
measured with a He carrier gas and a Carlo Erba (CE 1100) elemental
analyzer linked to a Thermo Fisher Delta mass spectrometer. Additional
chemical measurements were conducted by Teollisuuden Voima Oyj (TVO),
Finland, and methods are described in [37].

Microbial biomass collection, DNA and protein extraction

To collect biomass for DNA and protein extraction, groundwater was
pumped directly into a sterile chilled Nalgene filtration unit fitted with a
0.22 ym pore size Isopore polycarbonate membrane (Merck Millipore,
Darmstadt, Germany). Approximately 10L of groundwater was filtered
each for metagenomic and metaproteomic sample and 1L was filtered
when samples were taken for 16 S rRNA gene amplicon analysis only. Ultra-
small cells in the 0.2 um filtrate were collected by subsequent filtration
through a 0.1 um pore size polycarbonate filter. Filters collected for DNA
were preserved in 750 uL LifeGuard Soil Preservation Solution (MoBio,
Carlsbad, CA, United States) and stored at —20°C. Filters collected for
protein were flash-frozen in a dry ice and ethanol mixture and stored
at —80 °C. DNA was extracted using a modified phenol-chloroform method
[11, 38] and quantified with the dsDNA High Sensitivity Assay kit
(Thermo Fisher Scientific) on a Qubit 3.0 Fluorometer. The total DNA
concentration recovered from the 0.22 um filters was 3-20 ng/L ground-
water (Dataset S1). The total DNA concentration recovered from the 0.1 um
filter was 0.6 ng/L groundwater. Protein was extracted at the Oak Ridge
National Laboratory (Oak Ridge, TN, United States) using previously
described methods [11, 39]. The total protein concentration could not be
accurately determined due to an unknown interference in the sample, but
peptide quantification after digestion indicates that the protein concen-
tration was ~4 pg/L groundwater.

To collect biomass for single cell genomics, groundwater (1 mL) was
cryopreserved with glyTE (100 pL). The glyTE stock solution consisted of
molecular grade glycerol (5mL), 100x Tris-EDTA pH 8.0 (1mL) and
deionized water (3 mL). Samples were stored at —80 °C.

Cell counts

Cells in the groundwater were fixed in paraformaldehyde at a final
concentration of 1.5% and stored at 4°C. Fixed samples were filtered
through black polycarbonate 0.22 um pore size filter membranes and
washed with PBS (8 g/L NaCl, 0.2 g/L KCI, 1.4 g/L Na,HPO,, 0.2 g/L KH,PO,,
pH 7.4). The filter membrane was stained with SYBR Green and viewed on
an epifluorescence microscope (Nikon Eclipse E800). The total number of
cells was calculated from 15 fields of view.

DNA sequencing
Extracted DNA was used as a template for PCR amplification using primers
515 F/806 R that target the V4 region of the 16 S rRNA gene [40]. Amplicon
libraries were sequenced on a MiSeq (lllumina) at either RTL Genomics,
Lubbock, TX, USA, or the Lausanne Genomics Technologies Facility at
Université de Lausanne (UNIL), Switzerland, with a 2x250bp read
configuration. Raw sequence reads were merged and quality filtered with
USEARCH v11 [41]. Zero-radius operational taxonomic units (ZOTUs) were
generated with UNOISE3 [42]. Taxonomy was predicted with SINTAX [43]
using a USEARCH compatible [44] SILVA 138 release [45]. The resulting
ZOTU table was analyzed and visualized with the R-package ampvis2 [46].
A total of seven metagenomes were sequenced at three facilities
(Dataset S1). Six DNA samples were sequenced on a HiSeq 2500 (lllumina)
and one was sequenced on a NextSeq (lllumina). Both instruments used
paired end 2 x 150 bp reads with further details in [11]. Total reads and
assembly statistics are provided in Dataset S1. All samples were pre-
processed following the same procedure: low quality bases and adaptors
were removed with cutadapt [47] and artificial PCR duplicates were
screened using FastUniq [48] with default parameters.

Metagenomic assembly, genome binning, and single
amplified genomes

After preprocessing, samples were individually assembled using MEGAHIT
[49] with the -meta-sensitive option. Assembled contigs were binned using
two methods: (1) assembled contigs were quantified across all samples
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Fig. 1

Depth profile of groundwater at Olkiluoto. Concentration of (A) total dissolved solids (TDS), B Sulfate. C Methane. D Hydrogen.

Opposing trends in sulfate and methane concentrations with depth create an SMTZ at ~250-350 meters below sea level (mbsl). Filled
diamonds indicate data from drill hole OL-KR13 (fracture at 330.52-337.94 mbsl) and open circles show baseline values from characterization
and monitoring of the Olkiluoto site (1994-2018). Hydrogen concentrations below the detection limit are not shown. Data was provided by

Posiva Oy.

using Kallisto [50] and binned using CONCOCT [51]; (2) assembled contigs
were quantified across all samples using bbmap [52] and binned using
metabat2 [53]. A non-redundant set of optimized bins was then selected
with DAS Tool [54], with the default score threshold of 0.5. This resulted in
a total of 238 bins from seven metagenomic datasets (June, July,
September (x3), November (x2)). Taxonomy was assigned to bins with
GTDB-Tk v1.3.0 reference data version r95 [55]. The 238 bins were
dereplicated with dRep [56] with parameters: minimum completeness
70%, maximum contamination 10%, primary cluster ANI 90%, secondary
cluster ANI 99% (strain level). Bins belonging to Patescibacteria (50/238)
were checked for completeness and contamination with the Candidate
Phyla Radiation (CPR; Patescibacteria) custom 43 gene marker set in
CheckM [57] and clustered into groups (ANI 99%) with FastANI [58]. In
cases where the completeness of Patescibacteria bins improved past the
threshold used for dereplication (70%), the bin with the greatest
completeness and least contamination from each cluster was added
to the collection of dereplicated bins from dRep. This resulted in a total
of 76 dereplicated genome bins, hereafter referred to as metagenome-
assembled genomes (MAGs).

Single amplified genomes (SAGs) were sequenced on a NextSeq
(Illumina) with paired end reads (2 x 150 bp) at the DOE Joint Genome
Institute (JGI), Walnut Creek, CA, USA. Raw reads were quality-filtered using
BBTools [52] and assembled with SPAdes v3.13.0 [59]. Contig ends were
trimmed and discarded if the length was <2 kb or the read coverage was
less than 2. SAGs were clustered into groups (ANl 99%) with FastANI [58]
and completeness and contamination was estimated with CheckM [57].
Eight dereplicated SAGs were retained resulting in a total of 84 genomes
(MAGs and SAGs) in our dataset. A phylogenomic tree was constructed
with the 84 genomes from this study using GToTree [60] using hidden
Markov models (HMMs) for 16 universal single-copy genes [61]. GTDB
representative species from the same families as the groundwater MAGs
and SAGs were recovered using gtt-get-accessions-from-GTDB and
included in the tree. The tree was visualized with iToL [62].

Metabolic predictions

Protein coding genes were predicted with Prodigal [63]. METABOLIC v4.0
[64] was used to search amino acid sequences against a curated set of
KOfam [65], TIGRfam [66], Pfam [67] and sulfur-related HMM profiles [68]
corresponding to key marker genes for biogeochemical cycling. Genes
putatively involved in sulfur disproportionation (YTD gene cluster
consisting of a YEDE-like gene, tusA, a dsrE-like gene, and two conserved
hypothetical proteins [69]) were identified with custom HMMs (https:/
github.com/emma-bell/metabolism). For the generation of custom HMM
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profiles, reference gene sequences identified in [69] were aligned using
MUSCLE [70] with default parameters. HMMs were built with hmmbuild in
HMMER v3.3.2 [71]. The tusA HMM was checked for CPxP conserved
residues that stabilize the first helix [72]. HMM profiles were searched
against genomes using the search-custom-markers workflow in metabo-
lisHMM [73]. Complexes putatively involved in metal oxide reduction by
Methanoperendaceae [33] were identified by searching for CXXCH heme-
binding motifs. Cellular location was predicted with PsortB v3.0 [74] and
transmembrane helices were identified with TMHMM v2.0 [75]. Putative
function derived from CPR and DPANN protein sequences was predicted
by searching conserved domains within protein-coding sequences using
CD-search [76] and performing similarity searches using blastp against the
non-redundant protein sequences (nr) database [77].

Metaproteomics

Digested peptides were analyzed by online two-dimensional liquid
chromatography tandem mass spectrometry on an Orbitrap-Elite mass
spectrometer (ThermoFisher Scientific). Mass spectra data were acquired in
data-dependent mode and the top ten most abundant parent ions were
selected for further fragmentation by collision-induced dissociation at 35%
energy level. Three technical replicates were analyzed per sample.

A protein database was constructed from predicted protein sequences
from the seven metagenomic datasets. All collected MS/MS spectra were
searched against the protein database with Myrimatch v2.2 [78]. Peptides
were identified and assembled into proteins using IDPicker v3.1 [79] with a
minimum of two distinct peptides per protein and a false discovery rate
(FDR) of <1% at the peptide level. Proteins were further clustered into
protein groups post database searching if all proteins shared the same set
of identified peptides.

RESULTS

Stable isotopes indicate occurrence of dissimilatory sulfur
metabolism and anaerobic oxidation of methane

The groundwater from a fracture in the SMTZ in Olkiluoto bedrock
(Fig. 1A-D) was temperate (9.6 °C), reducing (oxidation-reduction
potential = —420 mV), brackish (total dissolved solids (TDS) 7.4 g/L;
conductivity 13 mS/cm) and at circumneutral pH (pH value 7.6).
Cell counts from the 0.22 um size fraction indicated an abundance
of 2.3 x 10° cells/mL. The primary source of sulfate in the ground-
water (~0.7 mM; Fig. 2A) is marine infiltration from the Littorina
Sea, which preceded the Baltic Sea 2500-8500 years ago [19].

SPRINGER NATURE
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Fig. 2 Groundwater chemistry (drillhole OL-KR13). A Sulfur species and sulfur isotope values (3*S/*S expressed as 5°*Sso,). B Dissolved
inorganic carbon (DIC), total organic carbon (DOC), and methane. Carbon isotope values ("3¢/"%C) are expressed as 613CD|C and 613CCH4. Data

used in this figure is provided in Dataset S2.

Sulfur-bearing minerals (e.g., gypsum) are rare in the Olkiluoto
bedrock and are not expected to significantly contribute to the
formation of sulfate. In the sampled fracture, sulfate is 3S-depleted
(44.6%0 VCDT; Fig. 2A) relative to groundwater with the same sulfate
source at Olkiluoto (~25%o; [19]) resulting from the preferential use
of ¥S by sulfate-reducing microorganisms. Reduced sulfur com-
pounds, thiosulfate (~0.1 mM) and sulfide (~04mM) are also
present (Fig. 2A), indicating ongoing or past metabolism of sulfur
compounds. In Olkiluoto groundwaters, the concentration of sulfide
is generally low (<0.5 mg/L) or below the detection limit (<0.01 mg/
L). Locally increased concentrations occur (up to several mg/L) in
zones where microbial sulfate reduction occurs. Sulfide can also be
released from iron sulfide fracture minerals (pyrite), but due to the
poor solubility of pyrite in the bedrock environment, concentrations
are very low [80].

The isotope composition of methane (—42.9%o VPBD; Fig. 2B)
reflects deep abiotic methane (~30%o0 PBD) mixed with an
increasing fraction of microbially-produced methane (up to 60%o
PBD) with decreasing depth at Olkiluoto [19, 81]. During AOM, the
light carbon isotope value of methane is transferred to CO,. The
light dissolved inorganic carbon (DIC) isotope value (—28.0%o VPBD;
Fig. 2B) indicates that methane could have contributed to the DIC
pool and likely reflects dissolved organic carbon mineralization and
a minor AOM part. Carbon from acetone (6 uM) and ethanol (3 uM)
accounted for ~5% of the measured dissolved organic carbon (~0.5
mM), meaning that unidentified organic compounds are present in
the groundwater.

Hydrogen was relatively abundant in the groundwater (Fig. 1D)
and was present throughout the sampling period, except in the
final sampling month (November) where hydrogen was not
detected (Dataset S2). The origin of hydrogen in the ground-
water in uncertain. Radiolysis has been shown to produce
hydrogen elsewhere in the Precambrian lithosphere [82]. It is a
likely source of hydrogen in Rapakivi granite at Olkiluoto, as well
as low temperature water-rock interactions in diabase dykes that
contain iron-rich olivine and magnetite [83]. Hydrogen under-
goes a slow upwards diffusion through the rock matrix and along
fractures [84].

Metaproteomics reveals active sulfur disproportionation
among sulfur-cycling bacteria

Analysis of the microbial community composition by 16 S rRNA gene
amplicon profiling (Fig. 3) and phylogenomics (Fig. 4) revealed
diverse microorganisms from both bacterial and archaeal lineages.
Dereplication of metagenome-assembled genomes (MAGs) from
seven metagenomic datasets augmented with single amplified
genomes (SAGs) resulted in the recovery of 84 genomes from 25
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Fig. 3 Phyla detected by 16 S rRNA gene amplicon sequencing of
groundwater from drillhole OL-KR13. DNA was extracted from
biomass collected on an 0.2 um filter for all samples except one (Nov
(0.1 um)). If the phylum could not be assigned, the kingdom is given,
denoted by a 'k’ in parentheses. Sampling months (March-November)
with a corresponding metagenome (filled star), metaproteome (filled
pentagon) and SAGs (filled circle) are indicated. The number of MAGs
and SAGs is given for each phylum following dereplication. Verrucomi-
crobiota includes MAGs from the class Omnitrophia in the Silva 138
release that are included as a separate phylum (Omnitrophota) in the
GTDB release 95. Genomes assigned to remaining taxa are: Altiarchaeota
(MAG + SAG); Bacteria UPB18 (2 x MAGs); Delongbacteria (MAG); Bipolar-
icaulota (SAG); Cloacimonadota (SAG).

phyla (Fig. 4, genome completeness is provided in Dataset S3).
Desulfobacterota, a phylum known to harbor sulfur-cycling bacteria,
were most abundant in the 0.2 um size fraction (Fig. 3), consistent
with chemical and isotope data that support dissimilatory sulfur
metabolism in the groundwater (Fig. 2A). Genes for dissimilatory
sulfate reduction; sulfate adenylyltransferase (sat), adenylylsulfate
reductase alpha and beta subunits (aprAB), and dissimilatory sulfite
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and SAGs are indicated by a pink circle. The colors represent different phylum-level lineages. Letters in parentheses indicate the taxonomic
rank assignment: o, order; ¢, class; f, family; g, genus; s, species. Full taxonomic assignments are provided in Dataset S3. MAGs/SAGs marked
with an asterisk (*) were excluded from the tree as they contained too few of the single copy genes used for alignment. The scale bar
corresponds to per cent average amino acid substitution over the alignment.

reductase alpha, beta and delta subunits (dsrABD), were detected in
MAGs from the phyla Desulfobacterota and Nitrospirota (Fig. 5).
Genomes from these phyla also contained electron transport
complexes gmoABC and dsrMKJOP and the sulfur relay protein dsrC
(Fig. 5 and Dataset S4). One MAG from the Gammaproteobacteria
(genus Hydrogenophaga) contained genes for dissimilatory sulfate
reduction (Dataset S4) but was inferred to be a sulfur oxidizer based
on the presence of subunits dsrEFH (essential for reverse function)
and absence of dsrD (needed for forward function) [68, 85].
Metaproteomes from two sampling months (Fig. 5) were
explored to uncover the activity of microorganisms in the
groundwater at the time of sampling. The greatest number of
proteins among sulfur-cycling bacteria were recovered from
Desulfocapsaceae, Desulfovibrionaceae, and ETH SRB-1 (Dataset S5).
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Sulfur-cycling enzymes from these three MAGs had high spectral
counts (the sum of MS/MS spectra for all peptides identified to a
particular protein) indicating that these proteins were abundant
(Fig. 5). Desulfocapsaceae, Desulfovibrionaceae, ETH SRB-1, and
many other Desulfobacterota harbored the metabolic potential
for H, oxidation, but peptides from respiratory [NiFe]-hydrogenase
were only detected from Pseudodesulfovibrio aespoeensis (Fig. 5).
P. aespoeensis was originally isolated from another subsurface
location in the Fennoscandian Shield (Aspd, Sweden) [86], and
belongs to the core microbiome of the aquifer in this crystalline
rock [9]. Peptides from the beta subunit of adenylylsulfate
reductase (AprB) were also detected in the P. aespoeensis
proteome (Fig. 5), thus, H,-dependent sulfate reduction is
suggested as the metabolism for this MAG.
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In addition to hydrogen, some Desulfobacterota had the
potential to oxidize organic carbon (lactate and acetate; Dataset S4)
but peptides from lactate dehydrogenase (Ldh) and acetyl-CoA
synthetase (Acs) were not detected in the metaproteome. We,
therefore, searched the metaproteome for enzymes catalyzing the
oxidation of an alternate electron donor. We found that some
proteins from the ‘YTD' gene cluster were expressed in both
Desulfocapsaceae and Desulfovibrionaceae (Fig. 5). This gene cluster
is composed of five genes: a sulfur transport yedeE-like gene, a
sulfurtransferase tusA gene, a dsrE-like gene, and two conserved
hypothetical proteins (chp? and chp2) and is a potential genome
marker for SDB [69]. While it is difficult to discriminate SDB from
SRB by genomic features alone [69, 87-90], the expression of
proteins from the YTD cluster suggest that Desulfocapsaceae and
Desulfovibrionaceae (and possibly other Desulfobacterota with the
YTD cluster; Fig. 5) disproportionate sulfur in this groundwater.
Desulfocapsaceae and Desulfovibrionaceae also expressed a poly-
sulfide reductase subunit B (PsrB) adjacent to a thiosulfate
reductase/polysulfide reductase (PhsA/PsrA) alpha subunit (Fig. 5).
Polysulfide reductase catalyzes the respiratory conversion of
polysulfide to hydrogen sulfide [91], while thiosulfate reductase
catalyzes the initial step in disproportionation of thiosulfate [87].
These enzymes are difficult to distinguish by their protein
sequence as both are molybdopterin enzymes with a close
phylogenetic relationship [92] but suggest that Desulfocapsaceae
and Desulfovibrionaceae can use polysulfide and/or thiosulfate.

Metaproteomics reveals active AOM in deep groundwater

Methanoperedens (phylum Halobacteriota) accounted for just
~1% of 16S rBRNA gene amplicon reads (Fig. 3) and the
metagenomic community but had one of the greatest number
of proteins detected in the metaproteome of all the recovered
MAGs (Dataset S3). Proteins for AOM were abundant (Fig. 5),
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suggesting active AOM by Methanoperedens in this groundwater.
Peptides from alpha and gamma subunits of methyl coenzyme M
reductase (MCR) were also detected from a second, less
abundant Methanoperedens MAG (0.17% of the metagenomic
community). Furthermore, a contribution of methane-derived
CO, from Methanoperedens archaea is supported by the light
8"3Cpc signature (Fig. 2B).

Methanoperedens had the metabolic potential for extracellular
electron transfer, which could be either to an external electron
acceptor or to a syntrophic partner. The potential for metal-
dependent AOM was predicted by the presence of gene clusters
encoding a NrfD-like transmembrane protein, a 4Fe-4S ferredoxin
iron-sulfur protein, and multiheme cytochromes (MHC) (Data-
set S6), hypothesized to mediate electron transfer from the
cytoplasm to the periplasm in Methanoperendaceae during AOM
coupled to Fe(lll) and Mn(lV) oxides [30, 33]. The more abundant
Methanoperedens MAG also contained two MHC annotated as
OmcX, an outer membrane protein necessary for electron
transport out of the cell and growth on extracellular electron
acceptors in Geobacter species [93]. One copy of OmcX was
located near a MHC with 28 heme-binding motifs predicted to be
located extracellularly. Extracellular MHC could facilitate the
transfer of electrons to metal oxides or to a syntrophic partner
[94, 95]. Archaeal flagellin has also been implicated in extracellular
electron transfer by ANME archaea [96]. Peptides from the major
subunit of archaeal flagellin (FlaB) were detected in the
metaproteome and may facilitate extracellular electron transfer
to a syntrophic partner. Nitrate-dependent AOM was ruled out in
this groundwater as nitrate reductase genes from Methanoper-
edens were absent in the two MAGs (Dataset S4). There was also
no evidence of genes for the reduction of arsenate, selenate, or
elemental sulfur, found in some organisms from the Methanoper-
edenaceae family [30].
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Fig. 6 Metabolic profile of ultra-small CPR bacteria, DPANN archaea, and other candidate phyla bacteria. Heatmap (presence/absence) of
metabolic genes in MAGs and SAGs in Olkiluoto groundwater. Full gene names and enzyme reactions are provided in Dataset S4.

Methanoperedens encoded a respiratory Group 1a [NiFe]-hydro-
genase, and peptides from both the large and small subunit were
detected in the metaproteome (Fig. 5). The gene arrangement was
the same as a Methanoperedenaceae MAG recovered from ground-
water in Japan [27], where the [NiFe] Group 1a catalytic subunit is
adjacent a b-type cytochrome and a hydrogenase maturation
protease. In addition to the group 1 respiratory hydrogenase,
Methanoperedens encoded a Group 3b [NiFe]-hydrogenase (Data-
set S6), which is predicted to oxidize NADPH and evolve hydrogen
[97]. Some complexes have also been shown to have sulfhydro-
genase activity, whereby the HydDA subunits encode a hydro-
genase and the HydBG subunits encode the sulfur reductase
component [98, 99].

Candidate phyla radiation (CPR) bacteria and DPANN archaea
contribute to carbon and sulfur transformations

Organisms from the superphyla Patescibacteria (also the CPR) and
DPANN archaea, which are known to have ultra-small cell sizes
[100, 101], dominated the 0.1 um size fraction (Fig. 3). Accordingly,
genomes recovered from CPR and DPANN organisms ranged from
0.6-1.7 Mbp (Dataset S3). Limited metabolic capabilities were
evident (Fig. 6), consistent with the predicted symbiotic lifestyle
of these lineages with other, larger microorganisms [102-104]. In
total, 87 proteins were detected in the metaproteome from
CPR and DPANN organisms. Most (65/87) were hypothetical or
uncharacterized proteins, so putative function was predicted based
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on conserved domains in the protein sequence and/or sequence
similarity (Dataset S7). The most abundant CPR proteins shared
sequence similarity to protein sequences from other CPR organisms
annotated as cell wall surface anchor family proteins. These
abundant but uncharacterized proteins may therefore reflect the
putatively episymbiotic lifestyle of CPR organisms and facilitate
attachment to the host. Other abundant proteins had
peptidoglycan-binding protein domains which are found in enzymes
involved in bacterial cell wall degradation and phage endolysins
[105]. Type 4 pilus subunits (PilA and PilO) were also detected, which
can enable attachment to surfaces as well as potential host cells
[106]. Proteins recovered from CPR and DPANN organisms were also
involved in cell core machinery and genetic information processing,
such as those encoding ribosomal proteins, RNA-binding proteins,
molecular chaperones, and elongation factors.

Candidatus Shapirobacterales BG1-G2, a member of the CPR
supergroup Microgenomates, was one of the more abundant CPR
detected, representing 1.8% of the microbial community (Data-
set S3). Cand. Shapirobacterales expressed genes with Type | and |I
cohesion domains in addition to a Type Il dockerin repeat domain
(Dataset S7), required for the formation of a cellulosome (a cellulose-
degrading complex), indicating that this organism is actively
involved in the metabolism of organic carbon. Organic carbon
metabolism by this organism is further supported by the presence
of glycoside hydrolases and polysaccharide lyases in the Cand.
Shapirobacterales genome (Dataset S8). Cand. Shapirobacterales
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encoded lactate dehydrogenase (Fig. 6), indicating organic carbon
could be fermented to lactate, as reported for other members of the
CPR [107].

Other CPR and DPANN organisms also had the metabolic
potential to supply fermentation products to their host cells.
Fermentative metabolism (pyruvate oxidation and acetogenesis)
was most common among the GWE2-39-37 family of Patescibacteria
and was also detected in DPANN genomes (Fig. 6). DPANN archaea
had genes for carbon fixation, including RuBisCo Form Il (Fig. 6),
which is predicted to function in the adenosine monophosphate
pathway allowing DPANN to derive energy from ribose produced by
other community members [108]. Patescibacteria and DPANN
organisms encoded sulfate adenylyltransferase (sat), dissimilatory
sulfite reductase delta subunit (dsrD), phosphoadenosine phospho-
sulfate reductase (cysH), cysteine synthase (cysK), and S-sulfo-L-
cysteine synthase (cysM), suggesting a potential role in sulfur cycling
and the metabolism of sulfur amino acids (cysteine and methionine)
as well as other organic sulfur compounds (Fig. 6). The metabolic
capacity of CPR and DPANN symbionts has been shown to vary
according to the metabolism of their host organisms [109]. Thus, the
potential for sulfur transformations by some CPR and DPANN could
suggest a Desulfobacterota or Nitrospirota host in this groundwater.

DISCUSSION

Metaproteogenomic data reveal active sulfur and methane cycling
microorganisms in deep groundwater in a terrestrial SMTZ.
Canonical sulfate reducers coupling the oxidation of hydrogen
to the reduction of sulfate are active, but metaproteomic data
indicate that the most abundant Desulfobacterota in the ground-
water gain energy from the disproportionation of inorganic sulfur
(elemental sulfur or polysulfide). These sulfur compounds could be
supplied by abiotic rock interactions (Fig. 7). For instance,
exposure of iron silicate minerals from Olkiluoto bedrock to
sulfide has been shown to result in the production of elemental
sulfur and Fe?* (which precipitates with excess sulfide), due to the
abiotic reduction of Fe(lll) in the major iron-bearing bedrock
minerals (biotite, garnet, and chlorite) [110]. Inorganic sulfur could
also be supplied through a syntrophic relationship with Methano-
peredens in the form of diffusible sulfur species (Fig. 7), as
proposed for other ANME archaea [111]. In that case, both
methane oxidation and sulfate reduction to zerovalent sulfur are
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carried out by Methanoperedens. The produced zerovalent sulfur
(elemental sulfur and polysulfide) then provides both electron
donor and acceptor to SDB, producing sulfate and sulfide (Fig. 7).
The close physical association would not be required for
syntrophy via diffusible sulfur species, suggesting that the
bacterial partner may be non-specific. Alternatively, syntrophy
between Methanoperedens and Desulfobacterota may be through
extracellular electron transfer to SRB. Three MAGs belonging to
the lineage ETH-SRB1 were recovered (Fig. 3), and sulfate reducers
from this family have been suggested to form a syntrophic
relationship with ethane-oxidizing archaea also from ANME-2d
[112]. ETH-SRB1 expressed enzymes for sulfate reduction but no
enzymes for oxidation of an electron donor were detected in the
metaproteome. Thus, ETH-SRB1 could be possible partners for
Methanoperedens in this groundwater (Fig. 7).

The genomic potential to transfer electrons extracellularly
suggests that metal-dependent AOM could represent another
metabolic strategy for Methanoperedens in Olkiluoto groundwater.
Iron-bearing minerals in the bedrock have been shown to support
culturable metal-reducing bacteria from Olkiluoto [110], and other
metal-reducing bacteria have been shown to be active in situ [7].
Methanoperedens expressed a respiratory hydrogenase suggesting
active hydrogen oxidation. The potential for hydrogen oxidation
by Methanoperedenaceae has been detected in other MAGs
recovered from the deep terrestrial subsurface [27, 28], but this
metabolic trait is not common amongst all genome-sequenced
Methanoperedenaceae [30]. The presence of a respiratory hydro-
genase in some Methanoperedenaceae led to the suggestion that
this metabolism may be advantageous in environments with
temporally variable availability of methane [30]. In this ground-
water, however, Methanoperedens expresses both the core AOM
pathway and respiratory hydrogenase when both methane and
hydrogen are available. The expression of both the core AOM
pathway and respiratory hydrogenase raises the possibility of
hydrogenotrophic methanogenesis as a possible metabolism for
this Methanoperedens, although this organism may simply gain
energy from both methane and hydrogen in low energy, reducing
environments such as this one. To our knowledge, Methanoper-
edenaceae have not been shown to produce methane, however, it
has recently been suggested that ANME-1 archaea could alternate
between AOM and methanogenesis, based on their presence in
methane-producing sediments where hydrogen accumulates
sufficiently to make hydrogenotrophic methanogenesis exergonic
[113]. A small shift in §'3Ccpys toward lighter values was observed
over the 12-month sampling period (Fig. 2B), which indicates an
increased proportion of '2C, associated with a biogenic methane
contribution. The only organisms containing McrA and the
capacity to produce methane in the metagenome were Metha-
noperedens. This methane isotope trend could, however, also be
the result of long-term pumping of the fracture which also
resulted in a shift in the groundwater chemistry overtime
(Dataset S2). Furthermore, the light isotope ratio of dissolved
inorganic carbon supports the contribution of methane-derived
carbon. In ANME-1 archaea that are predicted to produce
methane, it is not known whether one cell alternates between
AOM and methanogenesis, or if different subclades selectively
perform AOM or methanogenesis [113]. In this groundwater, two
populations of Methanoperedens were identified, which could
enable complementary roles in methane cycling.

Proteomic data supported episymbiosis of CPR bacteria with a
host cell, as observed in cocultures of other CPR organisms with
their respective hosts [109, 114, 115]. Genomic data suggest a role
for some CPR bacteria and DPANN archaea in sulfur cycling,
possibly reflecting the metabolism of host cells [68, 109]. In this
groundwater sulfur-cycling organisms belong to Desulfobacterota
and Nitrospirota, but it is not yet known if DPANN archaea can
have bacterial hosts [116]. Proteins required for the formation of a
cellulosome detected in Cand. Shapirobacterales indicate CPR
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bacteria also contribute to carbon cycling in this groundwater.
Cellulosomes have been detected in Cand. Roizmanbacterium
[117], a CPR organism also from the Microgenomates supergroup.
Cand. Roizmanbacterium was similarly recovered from ground-
water and encoded lactate dehydrogenase, suggesting a common
role for groundwater Microgenomates in the production of labile
organic carbon.

Our results demonstrate that methane and sulfur fuel anaerobic
microbial metabolism in fracture water from the deep terrestrial
subsurface. Sulfate and methane are abundant in many deep
crystalline bedrock environments [19, 26, 81] which represent a
significant fraction (~20%) of the Earth’s surface [118]. Syntrophy
between methane and sulfur cycling organisms therefore has the
potential to be widespread in SMTZs throughout the terrestrial
biosphere, though the quantitative significance of the process
remains to be determined. Carbon isotope values of DIC and
fracture calcites at Olkiluoto indicate that methane oxidation is
limited, with only one other sample showing evidence of a
contribution from AOM [19]. Thus, active methane oxidation may
be a phenomenon that occurs locally in distinct locations
throughout terrestrial SMTZs. The results further demonstrate the
importance of activity measurements such as metaproteomics in
genome-based studies that aim to uncover the roles of microorgan-
isms in biogeochemical cycling. From only genome-based potential,
our data would suggest that hydrogenotrophic sulfate reduction,
which is common in other sulfidic Olkiluoto groundwaters [11], is
the prominent metabolism with a limited contribution from ANME
archaea, which were relatively low abundance in both the 16 S rRNA
gene amplicon and metagenomic datasets. With insight from
metaproteomics, we propose that both anaerobic methane oxida-
tion and sulfur disproportionation are important metabolisms in this
deep oligotrophic groundwater.
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