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Abstract

Methane and short chain alkanes are potent greenhouse gases generated and degraded
mainly biotically. In the ocean, methane and hydrocarbons accumulate in sediments
and hydrothermal vents. Recent metagenomic studies have dramatically expanded the
diversity of archaeal lineages involved in methane and hydrocarbon cycling. They also
have revealed that metabolic modules at the basis of hydrocarbon cycling are relatively
conserved and common in Archaea and can occur in heterotrophic lineages determining
a mixotrophic lifestyle. Further metagenomic studies can contribute to expand such
diversity and describe the environmental role of microorganisms involved in cycling
of hydrocarbons. In the last decade, hydrocarbon-enriched hydrothermal vents have
been discovered along the Arctic Mid Ocean Ridges (AMOR). This project aimed at
identifying lineages of anaerobic hydrocarbon-degraders in these vents and describe
their phylogenetic and metabolic diversity, mainly by reconstructing and analyzing
metagenome-assembled genomes (MAGs) from various anoxic and actively venting
hydrothermal locations. Potential for methane oxidation was also evaluated in MAGs
of Korarchaeia since they have been previously proposed as methane oxidizers in
terrestrial environments. Overall, several new lineages of anaerobic methanotrophic
archaca ANME-1 were identified, including one new family. Two lineages of short-
chain alkane oxidizers were found, one an ethane oxidizer and the other a
butane/propane oxidizer. All encoded canonical routes for syntrophic anaerobic
oxidation of methane and short-chain alkanes. Previously undescribed functional
differences were found between ANME-1 lineages. Marine hydrothermal Korarchaeia
did not encode genes for anaerobic oxidation of methane. They were instead identified
as sugars and amino acids fermenters. Deep-branching linecages of Korarchaeia
encoded a complete Wood-Ljungdahl pathway that is likely used reductively as
electron sink during fermentation resulting in a homoacetogenic metabolism. Overall,
this study confirms that hydrocarbon-rich hydrothermal vents at AMOR host microbial
lineages with the potential for degradation of hydrocarbons and contributes to
expanding the known phylogenetic and functional diversity of hydrocarbon-degrading

lineages in marine hydrothermal systems.
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Abstract in Norwegian

Metan og hydrokarboner er potente klimagasser som produseres og nedbrytes
hovedsakelig biotisk. I havet akkumuleres metan og hydrokarboner i sedimenter og
hydrotermiske systemer. Nylige metagenomstudier har utvidet mangfoldet av
slektslinjer av arker involvert i metan- og hydrokarbonsyklus. De har vist at metabolske
moduler for omsetningsreaksjoner i hydrokarbonsyklus er vanlige i arker og kan
forekomme 1 heterotrofe slektslinjer som bestemmer en mixotrofisk livsstil. Ytterligere
metagenomstudier kan bidra til & oke forstdelsen av den miljomessige rollen
mikroorganismer involvert i omsetning av hydrokarboner har. I lapet av det siste tidret
har hydrokarbon-anrikede hydrotermiske systemer blitt oppdaget langs de arktiske
midthavsryggene. 1 dette studiet har fokuset veert & beskrive det fylogenetiske og
metabolske mangfoldet av anaerobe hydrokarbonnedbrytende slektslinjer i disse
systemene, hovedsakelig ved & analysere genomer rekonstruert fra metagenomdata.
Flere nye slektslinjer av anaerobe metanotrofe arker av typen ANME-1, ble identifisert,
inkludert en ny familie. To slektslinjer som kunne oksidere kortkjedede hydrokarboner,
henholdsvis etan og propan/butan ble ogsa identifisert. Samtlige av slektslinjene
benyttet etablerte metabolismeveier for syntrof anaerob oksidasjon av metan og
hydrokarboner. Tidligere ubeskrevne funksjonelle forskjeller ble imidlertid identifisert
mellom ulike ANME-1. Basert pa tidligere funn i terrestriske hydrotermiske systemer,
ble potensialet for metanoksidasjon ogsd evaluert i rekonstruerte genomer av
Korarchaeia. Korarchaeia fra marine hydrotermiske system, ble funnet & mangle gen
for anaerob oksidasjon av metan. De ble i stedet identifisert som fermenterende
mikroorganismer med evne til & benytte sukker og aminosyrer. En komplett Wood-
Ljungdahl metabolismevei ble identifisert i dypforgrenede slektslinjer av Korarchaeia
og gir sannsynligvis grunnlag for homoacetogenese. Totalt sett har denne studien
bekreftet at hydrokarbonrike hydrotermiske systemer ved de arktiske midthavsryggene
er tilholdssted for slektslinjer med potensial for hydrokarbonnedbrytning og bidrar til
a utvide det fylogenetiske og funksjonelle mangfoldet av slektslinjer som bryter ned

hydrokarboner i marine hydrotermiske systemer.
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1. Introduction

1.1 Background

Ever since the first observation of microorganisms (Leeuwenhoek, 1677), our
interpretation of their role in the environment has changed substantially. Initially,
microorganisms were described as little animals (Leeuwenhoek, 1677) and known to
be responsible for some chemical reactions or linked to infectious diseases.
Microorganisms are now acknowledged as a major component of Earth’s biomass
(Bar-On et al., 2018) and fundamental drivers in biogeochemical cycles (Falkowski et
al., 2008). At the beginning of the 20™ century, Winogradsky and Beijerinck
successfully isolated various soil and aquatic microorganisms (Winogradsky, 1887;
Winogradsky, 1890; Beijerinck, 1901). Their work was critical to comprehend the
relationship between microorganisms and their environment. In fact, they
accomplished some fundamental breakthroughs in microbial ecology, such as the
discovery of chemolithotrophy (Winogradsky, 1887). Furthermore, cultivation efforts
resulted in the isolation and characterization of several strains of methane-producing
microorganisms (Stephenson & Stickland 1933, Bryant et al., 1968; Edwards &
McBride, 1975; Balch et al., 1979 and reference therein). The advent of molecular
biology and PCR-based gene amplification (Mullis et al., 1992) in the second half of
the 20" century further revolutionized the field of microbial ecology. In the late 1970s,
Woese and Pace used ribosomal genes for the phylogenetic analysis of microorganisms
(Stahl et al., 1985; Pace et al., 1986). This approach revealed three distinct clusters of
rRNA sequences, corresponding to the three domains of life and Archaea were
described for the first time (Woese & Fox, 1977; Woese et al., 1978; Woese et al.,
1990). This molecular method was a first crucial step in the representation of the
microbial diversity inhabiting natural environments. In the following years, the
improvement of DNA sequencing techniques replenished the tree of life with numerous
rRNA genes amplified from various habitats, like soils, ocean waters, and extreme
environments, revealing a much wider taxonomic diversity than originally thought
(Schmidt et al., 1991; Tsai & Olson, 1992; Moyer et al., 1994; Stephen et al., 1996;
Eder et al., 1999; Dunbar et al., 1999; Baker et al., 2006; Lloyd et al., 2006).
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Nevertheless, during the 1980s, it became clear that most of the newly identified taxa
could not be isolated in the laboratory (Staley & Konopka, 1985) and that cultivation-
based studies could only target a minimal fraction of the microbial diversity found in
the environment (Mosser et al., 1974; Torsvik et al., 1990). This challenging obstacle
called for new strategies that could attribute physiological properties to uncultivable
microorganisms. Such endeavors led to the emergence of metagenomics, the study of
the structure and function of the genetic material recovered directly from the
environment (Handelsman, 2004). Metagenomics has now become the prime
technology for phylogenetic and functional study of uncultivable lineages from various
environments, from human and animal guts to terrestrial and marine habitats (Tyson et
al., 2004; Qin et al., 2010; Sunagawa et al., 2015; Wallace et al., 2015; Anantharaman
etal., 2016; Hug et al., 2016; Parks et al., 2017; Dombrowski et al., 2018). Moreover,
it has been critical to improve our current understanding of the diversity and functions
of microorganisms involved in the biogeochemical cycling of important greenhouse
gases such as methane and hydrocarbons (Hallam et al., 2003; Beck et al., 2013; Sierra-
Garcia et al., 2017; Woodcroft et al., 2018), which is the topic of this project.

1.2 Global cycle of methane and alkanes

Methane is a central intermediate in the global carbon cycle, a potent greenhouse gas,
and the most abundant hydrocarbon in the atmosphere (Reeburg, 2007a; Thauer et al.,
2008). The global methane budget is estimated to be in the order of ~600 Tg CHa yr!
(Saunois et al., 2020). Approximately 70% of the methane released in the atmosphere
has a biotic origin and corresponds to the final product of microbial degradation of
organic matter (Conrad, 2009; Saunois et al., 2020). On land, this process occurs in
anoxic organic-rich systems (Thauer, 1998). Wetlands represent the widest methane-
producing areas, however, animal guts, rice fields, and waste treatment facilities also
discharge significant amounts of microbially derived methane into the atmosphere
(Conrad, 2009). Oceanic and freshwater masses contribute only to a minimum extent
(~10 Tg CH4 yr') to the global methane budget (Reeburgh, 2007a). Nonetheless,

numerous biotic and abiotic sources of methane and other alkanes exist in marine and
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freshwater environments (Rosentreter et al., 2021). Like on land, remineralization of
organic matter is the most significant source of biogenic methane in anoxic marine
environments (Reeburgh, 2007b). Detrital organic matter, sinking from the surface, is
decomposed, and ultimately fermented to hydrogen, carbon dioxide, and acetate
(Thauer et al., 2008; Arndt et al., 2013). Strictly anaerobic methanogenic
microorganisms finally transform carbon dioxide, hydrogen, acetate, or methylated
compounds into methane (Liu & Whitman, 2008 and references therein; Borrel et al.,
2016; Nobu et al., 2016; Vanwonterghem et al., 2016; Sorokin et al., 2017). Some
shallow and abyssal marine habitats are fully fueled by the uprising of microbially
derived methane, accumulated in subsurface deposits in form of gas hydrates (Foucher
et al., 2009; Suess, 2020). Gas hydrates are unstable and release fractions of buoyant
gaseous methane (Koh et al., 2002; Dickens et al., 2003). Methane emissions at the
seabed level give rise to pockmarks, gas chimneys, mud volcanoes, and cold seeps,
often characterized by visible bubbling (Jergensen & Boetius, 2007; Foucher et al.,
2009).

In addition, organic matter can be thermally degraded to hydrocarbons in anoxic deep
hot layers of the crust in environments affected by subduction or tectonic activity
(Roberts & Aharon, 1994; Jargensen & Boetius, 2007). The thermal degradation of
organic matter can produce, besides methane, hydrocarbons of various lengths and
complexity, including the alkanes ethane, propane, and butane (Sephton & Hazen,
2013). The resulting hydrocarbon reservoirs are mobilized by the water circulation to
the sediment surface, forming hydrocarbon seeps (Roberts, 2001; Jorgensen & Boetius,
2007). At hydrothermal vents, hydrocarbons can be generated by thermal degradation
of buried organic deposits (Welhan & Lupton, 1987; Simoneit et al., 1988). In the
sediment-hosted Guaymas Basin, magma dikes percolate through thick layers of
organic deposits resulting in extraordinarily hydrocarbon-rich fluids and oil-
impregnated sediments (Simoneit et al., 1979; Bazylinski et al., 1988). Methane and
short-chain alkanes can be produced abiotically at hydrothermal vents by mineral-
catalyzed reactions at high-temperature and pressures (Foustoukos & Seyfried, 2004).
Purely abiotic methane is also chemically produced in areas of exposed mantle

(Hyndman & Peacock, 2003; Schrenk et al., 2013). When mantle olivine mixes with
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water, it metamorphoses into serpentinite, generating hydrogen that reacts with
dissolved inorganic carbon to make methane (McCollom, 2016). This exothermic
reaction can fuel massive hydrothermal vents, like the Lost City Hydrothermal Field,
an off-axis system characterized by high pH, carbonate towers up to 60m tall, and
methane-rich hydrothermal fluids at a temperature of about 40-90°C (Kelley et al.,
2001; Frith-Green et al., 2003; Kelley et al., 2005). Alternatively, volcanism-derived
abiotic methane can be synthesized from carbon monoxide and carbon dioxide at high
temperatures in the mantle or magma intrusion in the crust (Etiope & Sherwood, 2013).
Examples of hydrothermal systems rich in biogenic and abiotically produced
hydrocarbons are found along the Arctic Mid Ocean Ridges (AMOR), i.e., the Loki’s
Castle Vent Field (LCVF) and the Jan Mayen Vent Field (JMVF) (Pedersen et al.,
2010a), respectively. Their geology and geochemistry are described in detail in section
3.1.

Terrestrial hydrothermal systems, i.e., hot springs, are found in proximity of volcanic
calderas, and they are powered by heat and freshwater circulation (Des Marais &
Walter, 2019). Like marine vents, hot springs can bear thermogenic biotic methane or
abiotic methane derived from serpentinization and volcanism (Suda et al., 2022).

In water bodies, methane is readily removed directly at the emission sites and within
the water column (Reeburgh, 2007a). This phenomenon explains the minimal
contribution of water bodies to the global methane budget (Reeburgh, 2007b). In the
water column, methane is consumed by methane-oxidizing bacteria that oxidize
methane with oxygen (Murrell, 2010). In anoxic sediments, cold seeps, hydrothermal
vents, and freshwater sediments, methane oxidation is carried out by microbial
consortia that use sulfate or nitrate as electron acceptors (Knittel & Boetius, 2009;
Timmers et al., 2017). Prokaryotes are also responsible for the degradation of short-
chain alkanes in the water column (Leahy & Colwell, 1990; Redmond & Valentine,
2012; Olajire & Essien, 2014) or anaerobically in hydrocarbon seeps and sediment-
hosted hydrothermal vents (Rabus et al., 2016; Laso-Pérez et al., 2016; Chen et al.,
2019; Paper II).

Among prokaryotes, cultivated and uncultivated Archaea from anoxic environments

can be considered the primary sink of hydrocarbons (Offre et al, 2013; Knittel &
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Boetius, 2009). Understanding the taxonomy and physiology of Archaea involved in
the cycling of hydrocarbons is crucial to model and predict the emissions of greenhouse
gases into the atmosphere. For this reason, anaerobic methane and alkane oxidizers
have been the target of microbial ecology since the beginning of the 20™ century, as

described in the next paragraphs.

1.3 Anaerobic oxidation of methane

The existence of microbial pathways for sulfate-dependent methane oxidation (SDMO)
was inferred for the first time in the late 1970s from geochemical profiles in anoxic
sediments (Reeburgh, 1976; Barnes & Goldberg, 1976; Martens & Berner, 1977).
These profiles showed a sediment horizon where the ascending methane and
descending sulfate gradients overlapped and where methane and sulfate were
consumed, the sulfate-methane transition zone (SMTZ). Hoehler was the first to
hypothesize the existence of a consortium of syntrophic methanogen-related archaea
and sulfate-reducing bacteria (SRB) that could revert the methanogenesis pathway
using hydrogen as soluble electron carrier and sulfate as terminal electron acceptor
(Hoehler et al., 1994). The key actors involved in the SDMO were finally identified
only a few years later (Hinrichs et al., 1999; Boetius et al., 2000). By analyzing the 16S
rRNA gene sequences from methane seeps sediments rich in archaeal biomarkers, a
dominant group of anaerobic methanotrophic archaea (ANME) related to the
methanogenic order Methanosarcinales was revealed (Hinrichs et al., 1999). In the
following years, several 16S rRNA gene sequences were collected from various anoxic
aquatic environments, including deep-sea hydrothermal vents, cold seeps, and lake
sediments (Knittel & Boetius, 2009 and references therein). The 16S rRNA phylogeny
of ANME identified three main groups: ANME-1a/b, ANME-2a/b/c/d, and ANME-3
that affiliated with methanogens within the phylum Euryarchaeota (Knittel & Boetius,
2009). While ANME-1 appeared to be closely related to Methanomicrobiales, ANME-
2 and ANME-3 were related to Methanosarcinales. More recent phylogenomic-based
taxonomic classification assigned ANME-1 to the class Syntrophoarchaeia, within

phylum Halobacteriota (Rinke et al., 2021) and ANME-1 were ultimately renamed
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Candidatus (Ca.) Methanophagales (Wegener et al., 2022). Fluorescence in situ
hybridization targeting the 16S rRNA gene revealed that ANME often occurred in
physical association with SRBs of lineage Desulfosarcina/Desulfococcus-related
groups Seep-SRB1 and Seep-SRB2 and Desulfobulbus-related species (Boetius et al.,
2000; Orphan et al., 2001; Michaelis et al., 2002; Knittel et al., 2005; Niemann et al.,
2006; Losekann et al., 2007; Pernthaler et al., 2008; Wegener et al., 2008; Kleindienst
et al., 2012; Ruff et al., 2013; Green-Saxena et al., 2014; Ruff et al., 2016). In 2003,
the first direct evidence that ANME use part of the methanogenesis pathway for
methane oxidation was collected (Hallam et al., 2003). By then, cultivation and
biochemical experiments had already revealed three pathways for methanogenesis in
methanogenic Archaea, hydrogen-mediated carbon dioxide reduction, the reduction of
methyl groups of methylated compounds, and the disproportionation of acetate
(Thauer, 1998 and reference therein). These pathways are known as hydrogenotrophic,
methylotrophic, and acetoclastic methanogenesis and share a core set of conserved
enzymes. Fosmid libraries of ANME-1 and ANME-2 carried the subunit A of the key
methanogenic enzyme methyl-CoM reductase (MCR) (Hallam et al., 2003). Finally,
one crucial survey of ANME-1 and ANME-2 fosmids confirmed that ANME encoded
all the genes of the methanogenesis pathway (Figure 1), confirming that anaerobic
oxidation of methane (AOM) is performed by reverting the methanogenesis pathway
(Hallam et al., 2004). In the reverse methanogenesis pathway (Hallam et al., 2004), the
MCR oxidizes methane and binds the methyl group to the coenzyme M to form methyl-
CoM (Ermler et al., 1997). The methyl group is transferred to tetrahydromethanopterin
(HsMPT) by the tetrahydromethanopterin S-methyltransferase (MTR). The resulting
methyl-HsMPT is oxidized to carbon dioxide by the enzymes of the methyl branch of
the Wood-Ljungdahl pathway (WLP). These are the reduced factor 420 (FixoH>)-
dependent Ns,Nio-methylenetetrahydromethanopterin reductase (Mer), the FazoHo-
dependent methylenetetrahydromethanopterin dehydrogenase (Mtd), the Ns,Nio-
methenyltetrahydromethanopterin cyclohydrolase (Mch), the
formylmethanofuran:tetrahydromethanopterin formyltransferase (Ftr), and the formyl-
methanofuran dehydrogenase complex (Fwd). In ANME-1, Mer is replaced by the
methylenetetrahydrofolate reductase (Met) (Meyerdierks et al., 2010; Stokke et al.,
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2012). Several metagenomic studies have further described genomes from all known
ANME groups (Wang et al., 2014; Borrel et al., 2019; Chadwick et al., 2022), revealing
an utter conservation of the SDMO pathway. All ANME have a cytoplasmic
heterodisulfide reductase (Hdr) complex composed of three subunits (HdrABC) and a
formate dehydrogenase-like subunit (FdhB). This complex could oxidize ferredoxin
(Fd) and coenzyme M (CoM-SH) + coenzyme B (CoB-SH) and concurrently reduce
Fa20. Fa20H2 might transfer electrons to hydrophobic electron carriers in the membrane
via the FaoH2:quinone oxidoreductase (Fqo) or the FsoH: dehydrogenase (Fpo),
generating a proton gradient exploited by the conserved ATP synthase (ATPase).
Differences between ANME-1 and ANME-2 can be observed in the membrane
complexes. While ANME-2a and 2c encode an H+/Na+-translocating
ferredoxin:NAD+ oxidoreductase (Rnf) and the HdrDE, ANME-1 seems to rely only
on the Fqo to generate the proton motive force.

The possibility that ANME transfer electrons to the partner using soluble carriers, like
Ho, acetate, formate or propionate was not supported by experimental evidence, even
though theoretically visible (Wegener et al., 2016). The mechanism of electron transfer
between archaeal and bacterial syntrophic partners remained unknown for a long time,
also owing to the difficulty of cultivating SDMO-cultures. The SDMO reaction has a
low energy yield (AG® =-16.3 kJ/mol; Timmers et al., 2017) that can only support slow
growth rates, with duplication times of a minimum of sixty days (Holler et al., 2011).
The development of ad hoc cultivation methods for isolating sulfate-dependent
anaerobic methane oxidizers was critical to confirm metagenomic predictions (Laso-
Pérez et al., 2018). In 2015, a thermophilic ANME-1 was isolated in co-culture
(Wegener et al., 2015) with the SRB Ca. Desulfofervidus auxilii (Krukenberg et al.,
2016) of the lineage HotSeep-1 (Holler et al., 2011). Scanning electron microscopy
showed a dense network of nanowires connecting ANME cells to their syntrophic
partners, and transcriptomic analysis revealed that the consortia overexpressed
extracellular cytochromes when growing under SDMO conditions (Wegener et al.,
2015). ANME-1 perform direct electron transfer (DET) to their syntrophic SRB
partners via extracellular c-type cytochromes and nanowires. Similar results were

obtained for ANME-2 by McGlynn et al., 2015. Therefore, the reduced menaquinone
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that receives electrons from the Fqo complex can likely discharge them to the
membrane and to extracellular cytochromes for DET. ANME-1 were shown to be able
to grow via DET-mediated SDMO in a wide range of temperatures. ANME-1 strains
have been isolated in coculture with syntrophic SRBs at 37°C (G37ANMEL1), 60°C
(G60ANMET1), and 70°C (AOM70) from sediments of the Guaymas Basin (Wegener
etal., 2015; Krukenberg et al., 2018; Benito Merino et al., 2022). Interestingly, in 2006,
a culture of ANME-2d was obtained on nitrate (Raghoebarsing et al., 2006), proving
that some ANME lineages can couple methane oxidation to the more
thermodynamically favorable reduction of nitrate (AG® = —517.2 kJ/mol; Timmers et
al., 2017). Metagenomics confirmed that these ANME, identified as family Ca.
Methanoperedenaceae, encoded terminal nitrate and nitrite reductases (Haroon et al.,
2013; Arshad et al., 2015). In addition, several studies have recently revealed a wide
metabolic versatility of ANME, and particularly ANME-2 (Glodowska et al., 2022). In
fact, besides sulfate and nitrate, ANME can couple AOM to the reduction of iron,
manganese, and other metals (Beal et al., 2009; Ettwig et al., 2016; Weber et al., 2017;
Leu et al., 2020; Luo et al., 2017; Luo et al., 2018; Luo et al., 2019; Cai et al., 2018;
Shi et al., 2020) and quinone groups (Bai et al., 2019; Zhang et al., 2019). ANME were
also shown to be able to generate current in an anoxic bioelectrochemical system while

oxidizing methane (Ouboter et al., 2022).
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Figure 1. Metabolic model representing anaerobic oxidation of methane and alkane in archaeal

lineages. Modified from Borrel et al., 2019 and McKay et al., 2019. Fdia/Fdox and DsrCreq/Dsrox

indicate the reduced and oxidized form of Fd and Dsr, respectively.
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1.4 Anaerobic oxidation of non-methane alkanes

In 2016, Archaea capable of oxidizing butane anaerobically were isolated from oily
sediments of the Guaymas Basin and described by Laso-Pérez et al., 2016. These
microorganisms oxidize butane in syntrophy with the SRB Ca. Desulfofervidus auxilii
(Krukenberg et al., 2016). Phylogenetic and phylogenomic analyses revealed that these
Archaea were related to ANME-1. The two lineages identified were named Ca.
Syntrophoarchaeum butanivorans and Ca. Syntrophoarchaeum caldarius. Microscopy
revealed that, like ANME, they interact with the SRB by forming aggregates. The
ability of Ca. Syntrophoarchaeum to degrade short-chain alkanes depends on its MCR.
This is a divergent MCR, named alkyl-CoM reductase (ACR), that likely accommodate
larger molecules in its active site. Butane-degrading cultures were capable of degrading
propane but not the shorter molecules methane and ethane. The product of the ACR is
the intermediate alkyl-CoM. A combination of mass-spectrometry and genome
reconstruction revealed that Ca. Syntrophoarchaeum utilizes the B-oxidation pathway
to convert alkyl-CoM-derived alkyryl-CoA to acetyl-CoA (Figure 1). It remains
unknown, however, how alkyl-CoM is converted to alkyryl-CoA. Ca.
Syntrophoarchaeum encodes the carbon monoxide dehydrogenase/acetyl-CoA
synthase (CODH/ACS), which can convert the acetyl-CoA into carbon dioxide and
methyl-HsMPT. Methyl-HsMPT is fully oxidized to carbon dioxide by running the
methyl branch of the WLP in reverse and maintaining redox balance with Fqo. The
MTR complex is absent in Ca. Syntrophoarchaeum. The enzyme Mer is replaced by
Met, as in ANME-1. The electrons released in the membrane via Fqo are channeled to
the SRB partner via membrane cytochromes and nanowires.

A few years later, the potential for anaerobic oxidation of ethane was found in ANME-
2-related Archaea (Chen et al., 2019; Paper II). Two distinct species were enriched.
The first, from a cold seep in the Gulf of Mexico, was enriched for over ten years at
12°C and was named Ca. Argoarchaesum ethanivorans (Chen et al., 2019). A
thermophilic lineage was later enriched from the Guaymas Basin in only 6-7 months
at slightly acidic pH and named Ca. Ethanoperedens thermophilum (Paper II). Both
lineages encode the divergent MCR ethyl-CoM reductase (ECR) related to the ACR of
Ca. Syntrophoarchaeum. As detailly described by Paper II and shown in Figure 1, the
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ECR converts ethane into ethyl-CoM. The ethyl-CoM is converted to acetyl-CoA by a
still unknown pathway. Finally, the CODH/ACS converts acetyl-CoA to methyl-
HsMPT. As ANME and Ca. Syntrophoarchaeum, Ca. Ethanoperedens are physically
associated via nanowires to a syntrophic SRB that acts as an electron acceptor (Paper
II). A Fqo is likely responsible for recycling FaxoH> and transferring electrons to
membrane cytochromes. On the contrary, Ca. Argoarchacum was not observed in
physical contact with SRBs and a syntrophic interaction via diffusible species was
proposed instead (Chen et al., 2019).

Around the same time, the first evidence of archaeal degradation of long-chain alkanes
was gathered in a genome reconstructed from oily sediments in the Gulf of Mexico and
Santa Barbara oil seep (Laso-Pérez et al., 2019; Borrel et al., 2019). The genome
corresponded to a novel lineage, Ca. Methanoliparia, with a deep-branching position
to ANME-1 and Ca. Syntrophoarchacum. This organism appeared as a single cell
attached to oil droplets. Interestingly, Ca. Methanoliparia encode an MCR and an ACR
and several long-chain acyl-CoA synthetases. As described by Laso-Pérez et al., 2019,
the ACR could activate the alkyl units of long-chain alkanes and then oxidize them to
acetyl-CoA via the f-oxidation pathway. Acetyl-CoA could be broken up into carbon
dioxide and methyl-H4MPT by CODH/ACS. Methyl-H4sMPT could then be turned into
methyl-CoM by MTR and become the substrate of the canonical MCR resulting in
methane production. In such a scenario, the methyl branch of the WLP would be used
as an electron sink for the cofactors used for the oxidation of alkanes, producing
additional methane. If the WLP was run in the oxidative direction to oxidize the
methyl-HsMPT to carbon dioxide, a terminal electron acceptor or a syntrophic partner
would be required to oxidize the Fd. However, even though an Rnf for Fd
oxidoreduction was identified, no terminal reductases or cytochromes could be found
in the Ca. Methanoliparia genomes. The non-syntrophic degradation of long-chain
alkanes to methane via B-oxidation and a reductive WLP was finally confirmed by

cultivation (Zhou et al., 2022).
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1.5 Conservation of methane-related pathways in the domain
Archaea

The increasing availability of metagenome-assembled genomes (MAGs) of
uncultivated microorganisms and the use of genome-based taxonomies has increased
the resolution of recent phylogenetic analyses of Archaea. This determined the
discovery of a wide diversity of lineages encoding a potential for methylotrophic
methanogenesis. New lineages were revealed within the phylum Euryarchaeota, and
they were Methanomassiliicoccales® (Dridi et al., 2012), the halophilic
Methanonatronoarchaeia® (Sorokin et al., 2017) and the deep branching
Methanofastidiosales® (Borrel et al., 2019)!. Remarkably, genes for methylotrophic
methanogenesis were also identified in the TACK (Thaumarchaeota, Aigarchaeota,
Crenarchaeota, Korarchaeota) superphylum?, i.e., Bathyarchaeia (Evans et al., 2015),
Vestraetearchaeota! (Vanwonterghem et al., 2016), and Korarchaeia (McKay et al.,
2019). The phylogeny of the subunit A of the MCR (McrA) combined with
phylogenomic analysis of the recently discovered methanogenic lineages revealed that
ANME-1 likely descended from the non-methane alkane-oxidizing Syntropharchaeia
(Figure 2; Wang et al., 2021; Wang et al., 2022). While the McrA of ANME-2 is highly
related to the McrA of Methanosarcinales, the McrA sequences of ANME-1 cluster
with McrA of Ca. Methanofastidiosa/Ca. Nuwarchaeia suggesting that ANME-1
acquired the MCR via an event of horizontal gene transfer (HGT) (Borrel et al., 2019;
Wang et al., 2021).

The potential for AOM was identified in MAGs of Korarchaeia (McKay et al., 2019).
Currently, only one Korarchaeia enrichment is available, obtained from the Obsidian
Pool in Yellowstone National Park. This represents an organism that can grow
anaerobically on peptides, in slightly acidic pH and thermophilic conditions (Elkins et
al., 2008). Following metagenomic analysis revealed that Korarchaeia are primarily

fermenters as they encode glycolysis/gluconeogenesis pathway, pentose phosphate

! The GTDB has recently reclassified the phylum Euryarchaeota replacing traditional 16S rRNA-based phylogeny with a
phylogeny based on concatenated markers. Abovementioned methanogenic lineages have been reassigned to phylum
Thermoplasmatota®, Halobacteriota® and Methanobacteriota Be.

2 The TACK superphylum was reclassified in GTDB as phylum Thermoproteota. Lineages previously defined as phyla in
TACK superphylum have been reclassified as class Methanomethylicia?, Bathyarchaeia, and Korarchaeia.
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pathway and several metabolic routes for assimilation and fermentation of amino acids
(McKay et al., 2019). MCR-encoding Korarchaeia corresponding to species Ca.
Methanodesulfokores washburniensis was recovered from Washburn hot spring in
Yellowstone (McKay et al., 2019). Ca. Methanodesulfokores MAGs encode for MCR
and the dissimilatory sulfite reductase (DsrAB). The korarchaeotal McrA branches
with McrA sequences of Vestraetearchaeota and Methanomassiliicoccales and is
adjacent to ANME-1 McrA sequences (Figure 2). The DsrAB sequences cluster with
sequences of Aigarchaeota and cultivated sulfate-reducing Clostridia and are adjacent
to sequences of Desulfobacca and Deltaproteobacteria, suggesting that Korarchaeia
might be capable of reduction of sulfur species rather than oxidation. The coexistence
of MCR and methyltransferases, the HdrD and HdrAC in association with a Fo-non-
reducing hydrogenase (Mvh), and DsrAB, DsrC/D, DstMKJOP in the same organism
could result in three possible pathways for energy conservation (McKay et al., 2019).
First, Korarchaeia could perform methylotrophic methanogenesis with hydrogen as
electron donor. Second, they could respire sulfite with hydrogen. Third, they could
perform a new type of methane oxidation, in which methane is oxidized to methanol
via MCR and a methyltransferase operating in reverse.

Syntropharchaeia-related ACRs were identified in Ca. Bathyarchaeia from deep
aquifers (Laso-Pérez et al., 2016), Archaecoglobi from deep-subseafloor and hot springs
(Boyd et al., 2019; Wang et al., 2019), Ca. Helarchaeales from hydrocarbon-rich
hydrothermal sediments (Seitz et al., 2019) and Ca. Hadarchaeia from hot springs
(Wang et al., 2019; Hua et al., 2019). This wide distribution suggests that the ACR has
been subjected to events of HGT that might have resulted in the repeated emergence of
pathways for anaerobic oxidation of alkanes (Garcia et al., 2022; Wegener et al., 2022).
Overall, metagenomic studies have revealed that pathways for anaerobic oxidation of
alkanes are widely distributed and ancient in Archaea (Wegener et al., 2022). The
modules that constitute these metabolic networks are relatively conserved and their
different arrangements generate a wide diversity of pathways for hydrocarbon
production and degradation (Garcia et al., 2022). The study of novel marine locations
rich in methane and short-chain alkane is pivotal to expand the current knowledge on

the phylogenetic diversity of archaeal hydrocarbon-degraders and uncover the full
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diversity of metabolic routes at the basis of the removal of the potent greenhouse gases

stored in marine anoxic environments.
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2. Aims of the study

The main aim of this project was to identify archaeal lineages of hydrocarbon-
degraders in hydrothermal vents of the AMOR, by using a genome-centric approach,
and predict their full metabolic potential based on comparative genomics.
Additional sub-goals were:
- To described phylogenetically, morphologically, and functionally MAGs of
anaerobic methane oxidizers at the methane rich LCVF and JMVF and inspect
their gene content (Paper I)
- To describe phylogenetically, morphologically, and functionally MAGs of
anaerobic ethane oxidizers at the sediment hosted LCVF (Paper II)
- To assess the full metabolic potential including capacity for methane-oxidation
of MAGs of marine Korarchaeia from various hydrothermal systems along

AMOR (Paper III).
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3. Materials and Methods

3.1 The study sites

Samples for this study (Paper I, II, and III) were collected from hydrothermal vent
systems located along the AMOR. Two vents were investigated in detail, the LCVF
and the JMVF. LCVF is located at 73°30'N and 8°E, at the intersection between the
Mohns and Knipovich ridges (Pedersen et al., 2010b), at a depth of ca. 2300 m. The
venting area consists of two 20-30 m high sulfide mounds (Pedersen et al., 2010a),
hosting four chimneys that emit high-temperature fluids (305 to 317°C) (Baumberger
et al., 2016). An area of diffuse venting is located on the eastern side of the mounds
(Pedersen et al., 2010b). It is characterized by low-temperature (20°C) diluted end-
members fluids discharged from sediments and small barite chimneys (Eickmann et
al., 2014; Steen et al., 2016). The IMVF (71°17.9’N, 05°42.2°W) is located at the
southwestern end of the Mohns Ridge, at a depth of ca. 560 m. It is characterized by
focused and diffused hydrothermalism and endmember fluids with a temperature of
approximately 242°C. The LCVF and JMVF endmember fluids are enriched in
methane (12.5 — 15.6 mmol/kg and 5.4 - 6 mmol/kg, respectively; Baumberger et al.,
2016; Stokke et al., 2020). LCVF’s endmember fluids are rich in ammonia (4.5 to 6.1
mmol/L) and short-chain alkanes, ethane (150 — 180 pmol/kg), propane (interspersed
with C3Hs for a total up to 13.9 — 17.6 umol/kg), butane (0.54 — 0.71 pumol/kg),
suggesting that the vent system is sediment hosted (Baumberger et al., 2016). The
endmember fluids of JIMVF show low concentrations of NH4*, suggesting a volcanic
origin of the emitted methane (Stokke et al., 2020). ANME-1 MAGs (Paper I) were
reconstructed from the LCVF and JMVF from high-temperature smokers, high-
temperature hydrothermal sediments, low-temperature hydrothermal sediments, and
low-temperature barite chimneys. A MAG of a putative ethane oxidizer (Paper II) was
reconstructed from a low-temperature barite chimney at LCVF. Finally, to compile a
comprehensive analysis of the metabolic potential of Korarchaeia lineages across
AMOR, Korarchacia MAGs (Paper III) were searched in high-temperature
hydrothermal sediments and smokers at LCVF and JMVF and from high-temperature
smokers at the Agir Vent Field and the Favne Vent Field (Boonnawa et al., 2022).
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Publicly available MAGs from several marine cold seeps, terrestrial hydrothermal
systems, hydrocarbon-rich and serpentinite-hosted vents were included as a
comparison in all studies, as detailed in Paper I, II and III. Details on the different
methods used in this project are given in the respective papers, however, below a

selection of the used methods is highlighted.

3.2 Next-generation sequencing of environmental DNA

Environmental DNA from sediments (Paper I, II, and III) was extracted using an
extraction kit optimized for soil and sediment samples used in a large number of studies
on various types of samples (e.g., Knittel et al., 2005; Redmond & Valentine, 2012;
Haroon et al., 2013; Nobu et al., 2016; Shi et al., 2020; Bowers et al., 2022; Yu et al.,
2022). The standard protocol includes a bead-beating step for physical separation of
cells from the sediments. Besides sediments samples, this extraction protocol allowed
the recovery of MAGs of methane and short-chain alkane degraders from chimney
material, even though the kit is not optimized for mineral rich substrates.
Environmental DNA was sequenced with the [llumina short-read technology. In Paper
I and 11, the Illumina platform with MiSeq 300 paired-end read chemistry was used,
whereas in Paper III MAGs were generated from Illumina NovaSeq 6000 (S4 flowcell
using 150 bp paired-end reads). Among I[llumina platforms, MiSeq 300 provides the
longest reads (2 x 300 bp) with up to 15 Gb (Gigabases) of data. NovaSeq can provide
up to 3000 Gb of data (2 x 150 bp long reads) with reduced run times (13-44 hours).
Illumina is the most base-by-base accurate method available and is currently preferable
to long-read technologies for sequencing environmental DNA due to its low error rate
(0.1%) (Hu et al., 2021). Due to the high read output of Illumina NovaSeq, samples
could be barcoded and multiplexed, adding an individual tag to each sample
metagenome and pooling of samples prior to sequencing. Hence, increasing the overall
output from each sample with a concomitant reduction in sequencing costs.
Furthermore, due to the high read output, Illumina platforms is also likely to target a
high fraction of the taxonomic diversity in highly diverse samples (Slatko et al., 2018).

The high coverage reduces difficulties in the de novo assembly caused by the limited
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size of the output reads (50-300 bp). [llumina was also preferred to long-read platforms
because of its reduced costs and the availability of several computational tools
developed for short-read data. However, the genome of Ca. Ethanoperedens was
sequenced with the PacBio (Pacific Bioscience) long-read technology. The DNA of the
sediment-free Ca. Ethanoperedens co-cultures (Paper II) was extracted with a
freeze/thaw method to reduce DNA fragmentation. This long-read technology does not
rely on DNA amplification and can sequence long DNA fragments (30-50 kb), yielding
10-15 kb long reads and 7.6 Gb of data. The long reads generated improve the quality
of the genome assembly resulting in highly complete or closed genomes with minimum
contamination. To minimize the high error rates of PacBio technology (14%; Hu et al.,

2021), ethane-oxidizing cultures were also sequenced as a long-read gDNA library.

3.3 Assembly of MAGs and quality check

Tools for assembly and binning of sequenced reads were selected based on
performance and time of the analysis. The licensed Qiagen CLC Genomic Workbench
software was initially used for assembly of MAGs from active LCVF low-temperature
barite chimneys and JMVF high-temperature sediments (Paper I and IT). MetaBAT,
specifically developed for recovery of high-quality genomes from complex microbial
communities (Kang et al., 2015), was chosen for binning of LCVF low-temperature
barite chimneys and JMVF high-temperature sediments. MetaBAT was later replaced
by a combination of the open-source binning tools (MetaBAT 2.15 — MaxBin v.2.2.7
— CONCOCT 1.1.0) for sequencing of the LCVF low-temperature sediments. Since
each binning tool perform differently on different types of samples (Sieber et al., 2018),
a combinatorial approach was applied to combine advantages and minimized
weaknesses of individual binning approaches. This combinatorial effect was
complemented with a final refinement step using DAS Tool. DAS Tool showed to be
efficient in reconstructing a high number of high-quality genomes and resolving highly
similar genomes, in both low- and high- complexity datasets compared to MetaBAT
alone (Sieber et al., 2018). More recently collected samples, like the high-temperature

smoker samples from Agir Vent Field (Paper III), were assembled with the open-
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source MEGAHIT that showed a high-throughput performance on large and complex
metagenomic datasets (Li et al., 2015). Genome reconstruction from the most recent
assembled metagenomes was accomplished using MetaWRAP (Uritskiy et al., 2018),
such as the high-temperature smokers in Paper III. MetaWRAP outperforms DAS
Tool in producing high number of bins with high completion and low contamination,
in low- and high- complexity datasets (Uritskiy et al., 2018).

The relative abundance of ANME-1 MAGs (Paper I) in metagenomes from LCVF and
JMVF was estimated by mapping the sequenced reads against binned MAGs for
coverage estimation.

MAGs were further checked for completeness and contamination. To obtain
comparable completeness and contamination values, all MAGs from the three studies
and the references were evaluated with CheckM by screening for the presence/absence
of lineage-specific marker genes (Parks et al., 2015). MAGs with >10% contamination
were excluded from all analyses. The threshold for completeness was adjusted
depending on the purpose and requirements of each analysis. For phylogenomics in
Paper I and III, the threshold of >50% completeness was applied as phylogenomic is
computed on a conserved but limited fraction of the genomes of interest. Furthermore,
the estimation of completeness based on universal markers might undervalue the real
genome completeness. Even though CheckM is based on selection of lineage specific
marker sets, poorly characterized lineages might suffer from absence of close relatives
in the CheckM reference tree. This might result in selection of unspecific marker sets
that can cause underestimation of completeness values (Chklovski et al., 2022).
Genomes with reduced genome size are affected by a similar bias, and require ad hoc
compiled marker sets from completeness calculation (Dombrowski et al., 2020). For
pangenomic analysis in Paper I, MAGs with higher completeness (70%) were selected
to limit biases in interpreting the distribution of gene clusters across genomes. For
comparative genomics of ANME-1 in Paper I, all MAGs (50-100% completeness)
were considered. Later, only MAGs >80% complete were included in the large-scale
comparative genomic analysis for a more complete description of Korarchaeia

metabolic pathways (Paper III).
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3.4 Taxonomic classification

ANME-1 and Korarchaeia (Paper I and III) MAGs were initially classified with the
Genome Taxonomy Database Toolkit (GTDB-tk), by comparing to references in the
Genome Taxonomy Database (GTDB), based on their relative evolutionary divergence
and average nucleotide identity (ANI) indices (Parks et al., 2018). GTDB’s genome-
centered approach provides an updated and systematic classification of largely
uncultivated microorganisms that has recently redefined the taxonomy of Archaea
(Rinke et al., 2021). Hence, for ANME-1 and Korarchaeia, GTDB’s nomenclature was
preferred to the taxonomic affiliation provided by the National Center for
Biotechnology Information (NCBI).

Family-level lineages identified by GTDB-tk were supported by estimating average
amino acid identity (AAI) values. MAGs with an AAI threshold of >65% were
considered part of the same genus-level lineage according to the suggested standards
for description of uncultivated taxa (Konstantinidis et al., 2017). The threshold of 65%
AAI was shown to describe best genomic discreteness at genus-level (Goris et al.,
2007).

Species-level lineages identified by GTDB-tk were confirmed with ANI pairwise
comparison (Paper I) and ANI was used to define species-level groups when GTDB
classification was lacking. MAGs with >95% ANI were grouped in the same species,
according to Rodriguez-R & Konstantinidis, 2014. ANI value was deemed reliable
when the aligned fraction of the query MAGs with >95% ANI was at least 20% based
on Richter & Rossello-Mora, 2009. In Paper II, ANI and AAI values were also used
to determine the similarity between thermophilic and mesophilic Ca. Ethanoperedens
cultures, MAGs and single-amplified genomes SAGs.

In parallel to genome-based taxonomic classification, the taxonomy of ANME-1 and
GoM-Arcl was directly assessed in environmental samples from the LCVF low-
temperature barite chimneys and sediments with catalyzed reported deposition
fluorescence in situ hybridization (CARD-FISH). CARD-FISH was used to examine
the aggregation status and physical interaction between cells of alkane oxidizers and
SRB partners in sediment samples. Since CARD-FISH relies on the activation of

multiple tyramides molecules by a horse radish peroxidase-labelled probes against the
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16S rRNA rather than fluorescently labeled probes (Amann & Fuchs, 2008), it
produces a robust fluorescent signal that allows the visualization of cells in low cell-

densities and sediment-rich samples.

3.5 Phylogenomic and phylogenetic classification

Phylogeny of ANME-1, Korarchaeia and ethane oxidizers was evaluated with
phylogenomics of concatenated single copy marker genes (Paper I, II and III) and
supported by 16S rRNA and McrA phylogenies (Paper I and II).

For the separate phylogenomic analyses, lineage-specific marker sets were selected ad
hoc when highly conserved throughout the lineages of interest. Single marker
phylogenies were compiled for each marker to secure that only markers that described
the lineages of interest as monophyletic were selected. These strategies reduce the
number of markers considered but improves phylogenetic congruence (Dombrowski et
al., 2020). The lineage-specific marker sets need to be reevaluated as new genomes are
added to the lineages.

For phylogenomic analysis of anaerobic ethane oxidizers in Paper 11, 32 markers were
selected from a list of known archaeal marker genes (Rinke et al., 2013). Of these, 24
markers were used for ANME-1 phylogenomics (Paper I) in addition to 11 markers
from the Archaea 76 hidden Markov model profile (HMM) (Lee, 2019) provided by
Anvi’o (Eren et al., 2021), for a total of 35 markers. Markers were selected when shared
by more than 70% of the MAGs and present in less than three copies, to exclude genes
affected by duplication events as they do not share common ancestors with parental
nodes and do not correctly reflect evolutionary trajectory. For the phylogeny of
Korarchaeia in Paper III, markers were selected among the 122 archaeal single copy
markers used by the GTDB (Parks et al., 2022) when present in at least 75% of the
Korarchaecia MAGs and in a maximum of two copies per MAG. Only bests hit were
selected. This resulted in 42 marker genes. All were used for the alignment to improve
tree resolution. For Paper I, long 16S rRNA fragments (1346-690 bp) recovered from
ANME-1 MAGs were compared to reference 16S rRNA sequences from the Guaymas
Basin (Holler et al., 2011) and the Black Sea (Knittel et al., 2005). In Paper 11, the 16S
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rRNA sequences from the ethane-oxidizing cultures, MAGs and SAGs were compared
to 16S rRNA sequences of other Archaea available at SILVA ribosomal RNA gene
database (Quast et al., 2012). In Paper I1I, it was opted for a high-resolution phylogeny
rather than a large-scale 16S rRNA-based one. Single-gene approaches do not provide
the same accuracy in defining phylogenetic relationships at a low taxonomical level
because they use a limited fraction of the genome compared to concatenated
phylogenies.

Phylogeny of the McrA was compiled for Paper I and Paper II for comparison of
functionally related genomes. The McrA phylogeny was shown to be highly similar to
16S rRNA phylogeny (Luton et al., 2002) and it has been used for taxonomic
classification of methanogens and anaerobic methanotrophs (Knittel and Boetius,
2009). The recent expansion of the number of genomes of methane-related
microorganisms has revealed that MCR can be affected by HGT events (Borrel et al.,
2019; Wang et al., 2021). Therefore, it can be argued that the McrA does not reflect
vertical evolution in all alkane-metabolizing lineages. Hence, in this study the use of
the McrA phylogeny was limited to the identification of the type of substrate. The
McrA clustering with Ca. Syntrophoarchaeia sequences were considered specific for
short-chain alkanes rather than methane. McrA sequences were extracted from ANME-
1 MAGs and aligned, producing a 534 amino acids long alignment. Forty sequences
out of 223 were shorter than 400 amino acids but were included because belonging to
MAGs from the selected study sites. Phylogenetic markers were identified by screening
MAGs against dedicated HMMs profiles from Boyd et al., 2019. For Paper I1, longer
sequences were considered (1060 amino acids).

Prior to tree computation, ANME-1 and Korarchaeia marker sequences were aligned
with an iterative refinement method in MAFFT (Katoh et al., 2002) and trimmed. The
trimming has proved beneficial for the accuracy of phylogenies of highly divergent
sequences without removing crucial phylogenetic information, even when relaxed
conditions are applied (gaps present in half of the sequences) (Talavera & Castresana,
2007). For our study, the software TrimAl for automated trimming was used because
suitable for large alignments (Capella-Gutiérrez et al., 2009). IQTREE was used for all

phylogenies, with an automatically selected model that combines a general amino acid
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replacement matrix method (LG, Le & Gascuel, 2008), empirical state frequency (F),
and free rate model with relaxed Gamma-distributed heterogeneity rates (R6 was
automatically selected for single gene phylogenies, R10 for concatenated phylogenies).
As shown by Shaiber et al., 2020, phylogenetic relationships are not always reflected
by similarities in genetic content. To test this hypothesis in the metabolically similar
ANME-1, the phylogeny of ANME-1 and related Syntrophoarchaeia (Paper I) was
compared to the hierarchical clustering of MAGs based on the pattern of gene cluster
distribution. Gene clusters are defined as “homologous genes grouped on the basis of
their amino acid similarity across genomes as judged by translated DNA sequences”
(Shaiber et al., 2020). It remains to be assessed whether such a comparison holds for
high taxonomic ranks and medium-quality MAGs (only 70% complete and <10%

contaminated).

3.6 Comparative genomics of MAGs

Functional annotation of genomes is challenging as it primarily relies on sequence
comparison and can therefore only identify proteins with significant sequence
similarity to known protein sequences stored in curated databases. The identification
of'a certain protein is dependent on the database of reference and the aligning approach
used, i.e., local comparison or HMMs. To identify the highest number of proteins and
combine different searching algorithms, various annotation pipelines were used for
MAGs functional annotation. ANME-1 and related MAGs (Paper I) were annotated
against the protein families database (Pfam) (Mistry et al., 2021), and the KEGG
Orthology (KO) database (Kanehisa et al., 2016a) from the Kyoto Encyclopedia of
Genes and Genomes (KEGG). Functional predictions were manually curated based on
presence of KO identifiers for functional orthologs. Since cytochromes are not assigned
identifiers in the KO database, and HMMs from the Pfam were used instead, as in
Wegener et al., 2015. The KO database was preferred over the Clusters of Orthologous
Genes (COG) database because COG database was not updated recently (Galperin et
al., 2015) and because KO functional orthologs are defined in the context of KEGG

molecular networks. Furthermore, the reverse methanogenesis pathway includes
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conserved enzymes well-characterized in the KO database. MAGs were screened with
two automatic annotation servers, GhostKOALA and KofamKOALA (Kanehisa et al.,
2016b). GhostKOALA was preferred over BlastKOALA to reduce the running time of
the analysis, significative longer when performed using the Basic Local Alignment
Search Tool (BLAST). KofamKOALA relies on HMMs corresponding to functional
orthologs, resulting in a more compressed database and a faster screening (Aramaki et
al., 2020). Based on results in Paper I, both annotation tools showed a similar
efficiency in detecting the genes and redox complexes involved in the reverse
methanogenesis, but only KofamKOALA could identify the Fqo, with default settings.
The software tool Prokka (Seemann, 2014) was used for annotation of Ca.
Ethanoperedens (Paper II). Prokka performs a multistep annotation that includes
BLAST-based searches against UniProt and RefSeq databases, followed by screening
against the Pfam. For a more accurate, high-throughput, and highly comparative
annotation, the over 90 Korarchaecia MAGs (Paper I1I) were annotated using a pipeline
developed by Dombrowski et al., 2020. This pipeline concatenates several annotations
resulting in concomitant annotation of each genes against several databases, e.g.,
UniProtKB (SwissProt) (“UniProt: The Universal Protein Knowledgebase in 2023,”
2023), KO, COG, arCOGs (Makarova et al., 2007; Makarova et al., 2015), Pfam, the
Carbohydrate-Active enZYmes Database CAZy (Drula et al., 2022), InterPro (Paysan-
Lafosse et al., 2023), TIGRFAM (Haft et al., 2012) and with the tool HydDB for
hydrogenase classification (Sendergaard et al., 2016). This combined approach
resulted in several protein signatures assigned to each query sequence. This pipeline
allows the analysis of several MAGs at once and offers the possibility to generate
heatmaps based on the presence/absence of genes of interest. The ORFs are also
screened against function-specific databases. These classes are described by specific
structural, biochemical, and physiological information. Finally, the pipeline developed
by Dombrowski and colleagues is suitable for high-throughput detection of known
metabolic enzymes but can also be used to identify uncharacterized modular
complexes, like membrane terminal reductases, because it integrates domain-specific

annotations.



39

4. Results and discussion

4.1 Phylogeny, functions, and syntrophic interactions

Overall, this study showed that hydrocarbon-rich hydrothermal vents at AMOR host
several lineages capable of alkane cycling. Altogether, all reconstructed ANME-1
MAGs (19) were identified as methane oxidizers (Paper I), the single MAG of GoM-
Arcl as ethane oxidizer (Paper II), whereas none of the 50 MAGs of Korarchaeia
(Paper III) encoded a capacity to perform oxidation of methane or short-chain alkanes.
Within Paper I it was shown that ANME-1 at AMOR have an encoded capacity to
degrade methane and hence mitigate methane emission in all ranges of temperatures
and geochemical conditions in the studied locations. The methane oxidation rate of 110
nmol d! in the LCVF low-temperature sediments is within the range as previously
determined in seeps SMTZs (Knittel & Boetius, 2009 and references therein).

A total of seven species-level ANME-1 lineages were identified, one of which
represented a novel deep-branching ANME-1 family, Ca. Veteromethanophagaceae.
The relative abundances of MAGs described in Paper I suggest that methane
availability and temperature are likely drivers for the distribution of ANME-1 lineages,
as predicted by energy landscape modeling (Dahle et al., 2015). Arguably, the ANME-
1 population at LCVF and JMVF have diversified into phylogenetically diverse
lineages adapted to high and low-temperatures, in line with previous observation at
Guaymas Basin (Holler et al., 2011).

For the first time vent-specific and generalist groups of ANME-1 were defined (Paper
I). All examined ANME-1 encoded the canonical set of enzymes necessary to perform
SDMO, i.e., the MCR, the MTR, the WLP, and the typical redox complexes for energy
conservation (Paper I), including predicted c-type cytochromes for DET to a sulfate-
reducing partner bacterium. Besides being phylogenetically divergent, these generalist
and vent-specific ANME-1 show a distinct assortment of accessory gene clusters. All
generalist ANME-1 are enriched in nucleases, proteases, restriction enzymes, and
genes of the toxin-antitoxin system. These features might grant tolerance to

environmental stressors and could represent a tool set to survive or spread in
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unfavorable and variable habitats. However, information about the role and expression
of these genetic systems under certain environmental conditions is missing.

ANME-1 establish DET with different SRB at different temperatures (Knittel &
Boetius, 2009; Krukenberg et al., 2018). Multiple partner SRB were identified and co-
occurred with ANME-1 in all sites studied, as described in Paper 1. Cold-adapted
Seep-SRB1 and Seep-SRB2 (Knittel et al., 2005) were found in the LCVF low-
temperature barite chimneys. Ca. Desulfofervidales, related to the thermophilic Ca.
Desulfofervidus auxilii (Krukenberg et al., 2016) were instead found in locations with
higher temperatures at both LCVF and JMVF. The observed presence of Ca.
Desulfofervidus also in low-temperature sediments at LCVF indicates cold-adapted
lineages of Ca. Desulfofervidales. Alternatively, there may be temperature fluctuations
in the sediments caused by transient transit of warmer fluids from deeper subsurface
locations. Uniquely, high 16S rRNA relative abundances of Thermodesulfobacteria
were observed in the wall of the high-temperature smoker at LCVF where the ANME-
1 lineage of the new family Ca. Veteromethanophagaceae dominated (Paper I). This
observation was not discussed in Paper I. However, the recent finding that a
thermophilic cultivate representatives of family Ca. Veteromethanophagaceae can
perform SDMO in consortia with Thermodesulfobacteria (Benito Merino et al., 2022)
argues in favor that Thermodesulfobacteria are the syntrophic partners of Ca.
Veteromethanophagaceae in the LCVF high-temperature smoker. Even though
multiple partnerships between ANME-1 and known sulfate reducing partner bacteria
seem possible in the studied locations, it remains to be experimentally verified if

specific syntrophic relationships exist and/or if these partnerships are interchangeable.

In Paper II, the GoM-Arcl population previously identified in LCVF low-temperature
barite chimneys based on 16S rRNA surveys (Steen et al., 2016) was phylogenetically
and morphologically compared to other recently discovered GoM-Arc1 lineages. The
MAG GoM-Arcl-LC reconstructed from LCVF low-temperature barite chimneys was
identified as a putative ethane oxidizer by phylogenetic analysis of concatenated
markers and McrA phylogeny. As corollary to Paper II, the metabolic potential of
GoM-Arcl-LC was assessed with the annotation pipeline adopted in Paper I11. GoM-
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Arcl-LC was found to encode a capacity to perform SDMO (Figure 3). GoM-Arcl-LC
was more closely related to the cold-adapted ethane oxidizer, Ca. Argoarchaeum
ethanivorans (Chen et al., 2019), than its thermophilic relative Ca. Ethanoperedens
thermophilum (presented in Paper II).

CARD-FISH analysis revealed that in contrast to the other described GoM-Arcl
lineages, GoM-Arcl from LCVF low-temperature barite chimneys did not form tight
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Figure 3. Comparative genomic analysis of GoM-Arcl MAGs with >90% completeness described in

Paper II. Proteins of the alkane metabolism and for energy conservation are reported.

aggregates with putative syntrophic SRB. The results obtained agrees with previous
morphological analysis of cold-adapted GoM-Arc1 lineages that showed GoM-Arcl in
loose association with syntrophic partners (Chen et al., 2019). Only a few GoM-Arcl
cells could be identified in the 5-10 cmbsf horizon of the low-temperature sediments
(data not shown). This observation agrees with 16S rRNA data given in Paper I which
showed no GoM-Arcl-related 16S rRNA sequences in LCVF low-temperature
sediments. In addition, also in Paper I, rates of anaerobic oxidation of ethane were not
detectable in the sediments. This could be explained by a subsurface biotic degradation
of ethane as previously proposed (Viflot, 2019). Putative partners of GoM-Arc1-LC in
low-temperature barite chimneys were not discussed in detail in Paper II, but results
collected in Paper I could provide a preliminary outlook on the matter. In the low-
temperature barite chimneys, the canonical partners of Ca. Argoarchacum, Eth-SRB1
and Eth-SRB2 (Chen et al., 2019), were not found, neither Ca. Desulfofervidus auxilii
which was identified as partner of Ca. Ethanoperedens thermophilum (Paper II).
Whether cold-adapted Seep-SRB1 and Seep-SRB2 found in low-temperature barite
chimneys can act as a partner for GoM-Arc1-LC, remains unresolved. ANME-1 cells
in the low-temperature barite chimneys were not tightly associated to SRB, while they

did form tight aggregates in LCVF low-temperature sediments (Paper II). This
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indicates that a so-far-unknown geochemical/geophysical environment in the low-
temperature barite chimneys may influence ANME-1 and GoM-Arc]1 interactions with
SRBs. Nonetheless, direct evidence that free-living ANME-1 and GoM-Arcl-LC are
metabolically active in situ is missing.

Beside methane and ethane, potential for microbial degradation of propane/butane was
found at LCVF, and briefly reported in Paper 1. The high-temperature smoker hosted
a group of Ca. Alkanophagaceae (AAlk 8), a putatively anaerobic short-chain alkane
degrader, related to Syntrophoarchaeia (Zehnle et al., 2022).

Altogether, these observations suggest that the AMOR vent fields represent a
remarkable location for further physiological studies of microorganisms performing

anaerobic degradation of alkanes.

Results collected in Paper 111, suggest that Korarchaeia from AMOR do not encode
the potential for methane oxidation. Paper III also shows that, overall, methane
metabolism is a rare trait in Korarchaeia, seemingly confined to terrestrial habitats.
Among the 14 genera of Korarchaeia identified none of the marine hydrothermal
genomes encodes MCR. They encode a conserved set of metabolic enzymes for
fermenting peptides and sugars (Elkins et al., 2008; McKay et al., 2019) combined with
hydrogen evolving [FeFe]-hydrogenases. The comparative genomic analysis of the
entire class of Korarchaeia suggests the potential for growth on a limited range of
substrates, i.e., proteins, and simple sugars. This implies that Korarchaeia in marine
hydrothermal systems are heterotrophs and are involved in the degradation of organic
matter, as proposed for terrestrial Korarchaeia (Elkins et al., 2008) and other lineages
in the TACK superphylum (Baker et al., 2020). Remarkably, some deep branching
lineages of Korarchaeia encoded the potential for homoacetogenic metabolism, i.c., a
complete WLP and genes for the exergonic synthesis of acetate from acetyl-CoA. The
pathway is not used for carbon fixation but rather as an electron sink for reoxidation of
the Fd, followed by a final step of ATP synthesis via substrate-level phosphorylation
and acetate production. Even though not discussed in Paper 111, the putative metabolic
end products, acetate, and hydrogen, could support a syntrophic interaction with

methanogens, thus influencing methane budget at vents and in hot springs.
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Furthermore, MtoAC genes coding for methyltransferases and previously found in one
genome of Korarchaeia from Guaymas Basin sediments (Welte et al., 2017) were
conserved in Korarchaeia with the WLP pathway. As shown for Archaeoglobus
fulgidus, the WLP could be involved in the degradation of methoxylated aromatic
compounds aromatic compounds when run oxidatively (Welte et al., 2017).
Interestingly, based on domain-based sequence annotation, one of the WLP-encoding
lineages comprised genes that could correspond to a putative terminal electron
acceptor. This complex could potentially be involved in discharging electrons derived
from an oxidative WLP. Overall, the genome-inferred metabolic potential of
Korarchaeia remains to be verified.

Korarchaeia distribution in hydrothermal environments was not deeply investigated in
Paper III. Nevertheless, our collection of Korarchacia MAGs from marine
hydrothermal systems can give some preliminary insights into the environmental
drivers of Korarchaeia distribution. Contrary to what was observed for ANME-1 and
ethane oxidizers, Korarchaeia do not seem to differentiate in thermophilic and cold-
adapted lineages as Korarchaecia MAGs were only recovered from high-temperature
sediments and smokers (personal communication Dr. Runar Stokke). Results from
Paper III suggest that Korarchaeia might prefer high-temperature niches in marine
hydrothermal systems, differently from other TACK lineages. In fact, even though
Korarchaeia and Bathyarchaeia share an analogous metabolism, Bathyarchaeia are
globally distributed generalists (Zhou et al., 2018) that carry thermal adaptation (Qi et
al.,2021) and, at AMOR, they have been reconstructed from high-temperature smokers

and low-temperature sediments.

4.2 Methane-metabolizing modules in ANME-1, ethane oxidizers,
and Korarchaeia

The WLP, MCR and MTR modules were conserved in MAGs of ANME-1 (Paper I)
and GoM-Arc1 (Paper II), and, in both lineages, they are at the basis of the anaerobic
oxidation of methane and short-chain alkanes, as described for other hydrocarbon-
degrading lineages (Borrel et al., 2019 and references therein). This study revealed that,

beside the previously observed MCR (McKay et al., 2019), the WLP is also encoded
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in some lineages of Korarchaeia (Paper III). The two modules, however, never
cooccur in the same lineages. This discovery expands the number of heterotrophic
TACK that encode modules of methane-related metabolisms (He et al., 2016).

The presence of the WLP in Korarchaeia has not been extensively discussed in
evolutionary terms in Paper III, but it can be interpreted in the light of novel theories
about the evolution of methane-related pathways (Wang et al., 2021; Adam et al.,
2022). The search for methane-related metabolisms in novel uncharacterized Archaea
has revealed that traces of the pathways for methanogenesis remain in all archaeal
phyla besides DPANN (Wang et al., 2021). When the WLP is maintained, it likely
determines mixotrophic metabolisms (Adam et al., 2022). The metabolic analysis
performed in Paper III is in line with Adam’s theory as the WLP in marine
Korarchaeia might have been repurposed for homoacetogenic metabolism after being
likely inherited vertically. Vertical inheritance is suggested by the high sequence
similarity to Bathyarchaeia WLP enzymes. Nevertheless, phylogenetic comparisons
performed so far are still insufficient to fully support this hypothesis as they do not
describe in detail how the WLP was acquired.

The MCR has had a convoluted evolutionary history as well, dramatically affected by
events of HGT and mutations (Borrel et al., 2019; Wang et al., 2021). These events
were critical for the emergence of all three archaeal lineages that have been the object
of this project. As discussed, the capacity to degrade methane appeared in ANME-1
only after horizontally transfer of the MCR (Borrel et al., 2019). Duplication events of
the ancestral MCR led to the emergence of the ethane specific ECR (Wang et al., 2021)
that granted Methanosarcinia the capacity to metabolize ethane. The comprehensive
study presented in Paper III, covering most of Korarchaeia genomes currently
available, provided new elements for evaluating the evolutionary history of MCR in
Korarchaeia. McrA phylogenies revealed that the McrA of Ca. Methanodesulfokores
cluster with the McrA of other members of the TACK (McKay et al., 2019; Wang et
al., 2021, Figure 2), advocating a vertical inheritance from the last methane-
metabolizing ancestor. Nonetheless, according to phylogenomic reconstruction
presented in Paper 111, it appears the MCR has been retained only in a recently evolved

branch. Hence, the MCR must have been lost multiple times throughout Korarchaeia
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evolution in favor of fermentative metabolism or horizontally acquired from related

TACK.
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5. Future work

To verify genome-inferred metabolisms and fully understand the ecological role of the
studied lineages, metagenomics should be combined with laboratory-based
experimental approaches.

The knowledge gained during this project on abundancies of lineages, functional
subgroups and of syntrophic partners can guide future sampling for establishment of
enrichments of ANME-1 and GoM-Arc1-LC. Cultivation should be primarily aimed at
defining growth temperature ranges and describe the diversity of inter-species
syntrophic relationships. Traditional cultivation protocols can be applied (Laso-Pérez
etal., 2018; Chen et al., 2019; Paper II). In addition, several alternative protocols have
been tested on ANME and could be successful in samples from AMOR. These can
include the use of electrodes for DET-active lineages (Zhang et al., 2020; Ouboter et
al., 2022) or continuous-flow reactors (Aoki et al., 2014). Exposing enrichments to
high pressure and high fluid-flow rates might enhance ANME-1 growth based on
Timmers et al., 2015 and Girguis et al., 2005, respectively. For Korarchaeia lineages,
cultivation could be attempted following protocols presented in Elkins et al., 2008.
Growth on various sugars and amino acids, and at various temperatures should be
attempted to confirm the metagenomics-driven metabolic predictions and the
thermophilic behavior of Korarchaeia. The capacity of WLP-coding lineages to grow
on methylated compounds (Welte et al., 2017) or autotrophically should also be
verified experimentally.

Next-generation physiology approaches (Hatzenpichler et al., 2020), i.e., FISH-
nanoSIMS (Green-Saxena et al., 2014; Dekas et al., 2016; Scheller et al., 2016), SIP
DNA/RNA (Orsi et al., 2020) and BONCAT-FISH (Hatzenpichler & Orphan, 2016;
Hatzenpichler et al., 2016) are necessary for in situ experimental verification of
metagenomics-based functional inferences. These methods could also represent a valid
strategy to verify whether free-living ANME-1 and GoM-Arc1 are active in situ and
assess the effect of artificial electron acceptors addition in slurries rich in free-living

ANME-1 and GoM-Arcl.
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Collection of metatranscriptomics and metaproteomics datasets would be beneficial for
the identification of terminal reductases that could support a free-living lifestyle in
ANME-1/GoM-Arcl an oxidative use of the WLP in Korarchaeia. For example, meta-
omics datasets could be screened for terminal reductases known to be involved in
reduction of metals (Glodowska et al., 2022). Uncharacterized terminal reductases
could be instead identified by sequence analysis using domain-based databases (i.e.,
Pfam, TIGR, InterPro) as in Paper III. Identified candidates could then be confirmed
experimentally by gene expression and purification (Handelsman, 2004).

The continuous discovery of new hydrocarbon-degrading lineages (Benito Merino et
al., 2022; Laso-Pérez et al., 2023) indicates that further metagenomic analysis and
genome reconstruction from more anoxic environments can further expand the
knowledge on phylogenetic and functional diversity of the lineages studied in this
project. Future sequencing efforts and MAG reconstruction of uncultivated
microorganisms should be combined with a systematic taxonomic classification based
on GTDB standardized phylogeny (Parks et al., 2022; Rinke et al., 2021) and the
guidelines proposed by the SeqCode project for quality standards and nomenclature
(Hedlund et al., 2022). For a better phylogenetic characterization, alternative
phylogenetic approaches could be used to complement phylogenomic analysis, i.e.,
multigene supertrees (Williams et al., 2017). Various combinations of alternative
marker sets should also be tested (Dombrowski et al., 2020; Palmer et al., 2019).
Several ecological questions about ANME-1, ethane oxidizers, and Korarchaeia can be
answered with metagenomic data if better metadata are collected. Sampling strategies
could be improved with the use of electrode-based probes (https://unisense.com/),
temperature probes (Fornari et al., 1998) and less invasive coring devices.
Metagenomes could be used to track the dispersal patterns of microbial species. For
example, mapping the LCVF MAGs against ocean (e.g., TARA Oceans metagenomes,
at NCBI: PRJEB1787) and terrestrial metagenomes could illuminate the connectivity

between geographically distant environments.
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6. Conclusions

Altogether, the work presented in this project revealed the presence of archaeal lineages
with potential for anaerobic oxidation of methane, ethane, and other short chain alkanes
at hydrothermal vents along the AMOR. The aims set for this doctoral work have been
met as metagenomics and genome-centric approaches have been successful in
characterizing these lineages phylogenetically and functionally. First, the metagenomic
survey allowed a general assessment of the environmental distribution of these alkane-
degrading lineages and their partners showing that hydrocarbon-degraders occur in a
wide range of temperatures and locations. Second, MAG reconstruction has allowed
the application of modern phylogenomics methods for high-resolution phylogenetic
analysis. It has also allowed the use of large-scale comparative genomics analysis, i.e.,
pangenomics, that revealed overlooked genetic features possibly at the basis of survival
strategies. The combined use of a variety of annotation tools has allowed metabolic
predictions in all lineages analyzed. It supported an active role of ANME-1 and GoM-
Arcl in cycling of hydrocarbons. It excluded a role of Korarchaeia in anaerobic
oxidation of methane and revealed that they likely perform sugars and amino acids
fermentation to hydrogen or to acetate viaa WLP. On a smaller scale, detailed domain-
based analysis of coding sequences allowed the detection of novel candidates for
respiratory enzymes.

Despite metagenomics was effective for studying uncultivable lineages from AMOR,
it should ultimately be combined with cultivation and in situ analysis for verification

of predicted physiological features.
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Abstract

The methane-rich areas, the Loki’s Castle vent field and the Jan Mayen vent field at the Arctic Mid Ocean Ridge (AMOR), host abun-
dant niches for anaerobic methane-oxidizers, which are predominantly filled by members of the ANME-1. In this study, we used a
metagenomic-based approach that revealed the presence of phylogenetic and functional different ANME-1 subgroups at AMOR, with
heterogeneous distribution. Based on a common analysis of ANME-1 genomes from AMOR and other geographic locations, we ob-
served that AMOR subgroups clustered with a vent-specific ANME-1 group that occurs solely at vents, and with a generalist ANME-1
group, with a mixed environmental origin. Generalist ANME-1 are enriched in genes coding for stress response and defense strategies,
suggesting functional diversity among AMOR subgroups. ANME-1 encode a conserved energy metabolism, indicating strong adapta-
tion to sulfate-methane-rich sediments in marine systems, which does not however prevent global dispersion. A deep branching
family named Ca. Veteromethanophagaceae was identified. The basal position of vent-related ANME-1 in phylogenomic trees sug-
gests that ANME-1 originated at hydrothermal vents. The heterogeneous and variable physicochemical conditions present in diffuse
venting areas of hydrothermal fields could have favored the diversification of ANME-1 into lineages that can tolerate geochemical and

environmental variations.

Keywords: ANME-1, comparative genomics: thermophily, hydrothermal vents, phylogenomics

Introduction

Three major groups of anaerobic methanotrophic archaea
(ANME); ANME-1, ANME-2, and ANME-3 (Boetius et al. 2000, Knit-
tel and Boetius 2009) mediate the anaerobic oxidation of methane
(AOM). They reverse the methanogenesis pathway for methane
oxidation (Hallam et al. 2004). Marine ANME archaea do not code
for own respiratory pathways. Instead, they transfer the electrons
liberated during AOM to sulfate-reducing bacteria (SRB) (McGlynn
et al. 2015, Wegener et al. 2015). ANME appear globally in sulfate
methane transition zone (SMTZ) of anoxic sediments and perform
AOM in a wide range of physicochemical conditions (Hinrichs et al.
1999, Orphan et al. 2001, Knittel et al. 2005, Lloyd et al. 2006,
Lésekann et al. 2007, Knittel and Boetius 2009, Roalkvam et al.
2011, Maignien et al. 2013, Ruff et al. 2013, Vigneron et al. 2013,
Dowell et al. 2016, Ruff et al. 2016, Dombrowski et al. 2018). Among
ANMESs, ANME-1 seem to be most widely distributed in thermal
environments, colonizing both marine hydrothermal vents and
terrestrial hot springs (Teske et al. 2002, Holler et al. 2011, Biddle
et al. 2012, McKay et al. 2012, Borrel et al. 2019).

In AOM cultures from the Guaymas Basin hydrothermal sedi-
ments ANME-1 form partnership with the deep branching sulfate
reducer Candidatus Desulfofervidus (Holler et al. 2011, Kruken-
bergetal. 2016). At low temperature environments like cold-seeps,
ANME-1 grow with sulfate reducers of the SEEP-SRB clades (Klein-

dienst et al. 2012, Krukenberg et al. 2018). The mechanism for the
exchange of reducing equivalents between the partner proceeds
most likely through direct interspecies electron transfer (DIET)
mediated by extracellular cytochromes and nanowires (Wegener
et al. 2015, Skennerton et al. 2017, Krukenberg et al. 2018).

The recent-increased availability of genomes of ANME-1
have provided deep insights of their phylogeny, evolution, and
metabolic properties. In the Genome Taxonomy Database (GTDB)
(Rinke et al. 2021 and https://gtdb.ecogenomic.org/), ANME-1 (Ca.
Methanophagales) is classified as a distinct order within the phy-
lum Halobacteriota and the class Syntropharchaeia, separated from
the other ANMEs (phylum Halobacteriota, class Methanosarcinia).
Currently, the ANME-1 order includes the two families: ANME-
1 and B39_G2. B39_G2 is affiliated to Ca. Alkanophagales (Wang
et al. 2021, Wang et al. 2022). The ANME-1 family comprises
8 genera and 16 candidate species, whereas B39_G2 is repre-
sented by a single uncultured candidate species (Rinke et al. 2021;
https://gtdb.ecogenomic.org). Besides ANME-1, the Syntrophar-
chaeia class includes the two cultured species that oxidize the
short-chain alkanes butane and propane, Candidatus Syntrophoar-
chaeum butanivorans and Candidatus Syntrophoarchaeum cal-
darius (Laso-Pérez et al. 2016). In addition, MAGs of the linage Ca.
Alkanophagales, with the ANME-1 GTDB family B39_G2, describe
a potential CpHjn4y oxidizer. These MAGs encode a divergent
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Syntropharchaeum-like alkyl-coenzyme M reductase (ACR; Dom-
browski et al. 2018) and a complete beta-oxidation pathway (Dong
et al. 2020, Wang et al. 2021). In Syntropharchaeia multi-carbon
metabolism seems to precede methane metabolisms. The latter
capability likely appeared after the acquisition of a methane-
oxidizing methyl-coenzyme M reductase (MCR) through hori-
zontal gene transfer from the clades Ca. Methanofastidiosa/Ca.
Nuwarchaeia (Borrel et al. 2019, Wang et al. 2021).

Besides few differences in the encoded MCR, all ANME-1
genomes have an identical set of enzymes for methane oxida-
tion, with a conserved bypass of the Methylene-HsM(S)PT reduc-
tase (Mer) enzyme (Meyerdierks et al. 2010, Stokke et al. 2012,
Krukenberg et al. 2018, Borrel et al. 2019, Wang et al. 2019). Lit-
tle variability has also been observed in the redox complexes for
energy conservation, with only a few genomes carrying the Na*-
coupled respiratory Rhodobacter nitrogen fixation (Rnf) complex,
in addition to FsoH, dehydrogenase (Fqo), heterodisulfide reduc-
tase (Hdr), Fao-non-reducing hydrogenase (Mvh), formate dehy-
drogenase (Fdh) and DIET-supporting proteins (Borrel et al. 2019).
Comparative genome analyses of ANME-1 have overall revealed a
limited energy metabolism, highly specialized to catalyze AOM in
SMTZs.

Efforts remain to understand how the genetic features of ANME
genomes connect to the distribution of ANME in geochemically
different niches. A comparative assessment of ANME-1 across
their habitable environments would hence be useful to reveal
their total genomic heterogeneity and possible genetic signa-
tures for niche-specific microbial functions. In this study, MAGs
of ANME-1 from focused and diffuse fluid flow sites at the Loki’s
Castle vent field (LCVF) (Pedersen et al. 2010) and the Jan Mayen
vent fleld (JMVF) (Stokke et al. 2020) at the Arctic Mid-Ocean Ridge
(AMOR) were reconstructed. We identified ANME-1 lineages and
studied their occurrence in various hydrothermal niches. Finally,
with focus on vent taxa, we compared the functions encoded in
the entire ANME-1 order.

Materials and methods

Environmental samples and DNA extraction
Genomic DNA was extracted from sediment samples collected
in 2010, 2017, and 2018, from a white barite chimney section
(BaCh2W), the superficial layer below a white microbial mat
(BaCh4M), and a dark grey barite chimney base (BaCh3G) in the
diffuse venting barite field at the Loki’s Castle vent field (Steen
et al. 2016). The barite chimney samples included in this study
were altogether named Loki’s Castle barite field chimneys. In
2018, a patch of sediment covered by a thick microbial mat was
sampled with a blade corer, resulting in a 20 cm core. Likewise,
the wall of a black smoker (Baumberger et al. 2016) was sub-
sampled for DNA extraction. At the Jan Mayen vent field, in situ
enrichments in the Bruse vent field sediments (Stokke et al. 2020)
and F3 flange section of a white smoker from the Soria Moria
vent field (Dahle et al. 2015) were sampled for DNA extraction.
The samples are listed in Table 1. Total DNA was extracted us-
ing FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA,
USA) according to manufacturer instructions and sequenced at
the NSC Norwegian Sequencing Center in Oslo, except for the
BaCh4M sequenced at StarSEQ in Mainz, Germany.

Geochemical analysis

For geochemical analysis, porewater from the blade corer was col-
lected at 4°C with Rhizons (pore diameter, 0.2 pm). Alkalinity and

hydrogen sulfide concentrations were measured onboard imme-
diately after sampling, using a Metrohm 888 Titrando titrator and
a Silver/Sulfide ionplus® Sure-Flow® Solid State Combination Ion
Selective Electrode (ISE) (Thermo Scientific). Residual porewater
was stored in 3% HNOs; acid-washed HDPE plastic bottles and
frozen at —20°C for onshore for measurement of sulfate concen-
tration (ICP-OES) (Eickmann et al. 2014).

At the Loki's Castle barite field, sediment temperatures were
measured using the ROV arm equipped with a high-temperature
probe hiT (WHOI MISO) (Fornari et al. 1998).

Moreover, at the Loki’s Castle barite field the rates of methane
oxidation and sulfate reduction were assessed in radiotracer as-
says with **C-methane and 3*S-Sulfate as described by Wegener
et al. 2008. Sediments were supplemented with anoxic medium
(Laso-Pérez et al. 2018) and aliquoted in replicates in exetainer
vials under anoxic conditions. The headspace was filled with
gaseous hydrocarbons-equilibrated sterile medium (methane,
ethane, propane, and butane). After addition of the radiotrac-
ers, the incubation was stopped after 48 h at room tempera-
ture. The radio-labelled reaction products were collected through
chromium distillation (for 3°S-Sulfide) fraction (Kallmeyer et al.
2004), or using a Phenylethylamine trap (for'“C-CO,) and the as-
sociated radioactivity measured for metabolic rates estimation.

Catalyzed reported deposition fluorescence
atalyzedhybridization (CARD-FISH)

Onboard, 1 g of material from barite chimneys and surround-
ing sediments was resuspended in 50 ml of 1xPBS (Phosphate-
Buffered Saline) and fixed overnight at 4°C in 2% formaldehyde.
Samples were centrifuged 15 min at 1000 x g at 4°C with a swing
rotor to allow sediments to settle. Aliquots of the resulting super-
natant were filtered on isopore polycarbonate filters (0.2 um pore
diameter, Merck Millipore). Filters were washed twice with 1x PBS
pH 7.6 and stored at —20°C.

Onshore, in situ hybridization of rRNA with horseradish perox-
idase (HRP)-labeled oligonucleotide coupled to catalyzed reporter
(tyramide) deposition (Pernthaler and Amann 2004, Amann and
Fuchs 2008) was performed. Briefly, filters were coated with 0.1%
(w/v) low-gelling point agarose. Permeabilization of bacterial and
archaeal cell walls was performed by incubation for 60 min at
37°C in lysozyme solution (10 mg/ml lysozyme in 1xPBS pH 7.6,
0.05 M EDTA pH 8.0, 0.1 M Tris-HCI pH 8.0) and incubation for
5 min at room temperature in proteinase K solution (15 ug/ml pro-
teinase K in 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0), respec-
tively. Endogenous peroxidases were inactivated by incubating the
filters in 0.15% H,0; solution in methanol for 30 min at room tem-
perature. Hybridization of rRNA was performed by incubating the
filters for 2 h at 46°C in a solution 1:300 of HRP-labelled probes
(8 pmol/ul working solution) and hybridization buffer (900 mM
NaCl, 20 mM Tris-HCI pH 8.0, 1xblocking reagent (Roche), 10%
dextrane sulfate, 0.02% sodium dodecyl sulfate (SDS) and probe-
specific formamide %) in humidified hybridization chambers. Af-
ter 15 min washing at 48°C in preheated washing buffer (5 mM
EDTA pH 8.0, 20 mM Tris-HCI pH 8.0, 0.01% SDS and NacCl ac-
cording to formamide concentration in hybridization buffer), fil-
ters were washed again in 1xPBS pH 7.6 for 15 min. Filters were
incubated at 46°C for 45 min in humidified chambers in a so-
lution 1000:10:1 of amplification buffer (2 M NaCl, 1x PBS pH
7.6, 0.1x Blocking Reagent (Roche), 10% dextran sulfate), 0.15%
H,0, solution (5 ul of 30% H202 in 1 ml 1x PBS pH 7.6) and
fluorescently-labeled tyramides (Alexa488 or Alexa594), for sig-
nal amplification. Washing in 1x PBS pH 7.6 was followed by
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Table 1. Overview of samples from the Loki’s Castle vent field (LCVF) and the Jan Mayen vent field (JMVF) included in this study.

Sample ID Location Type of sample Description
LCBF* chimney (BaCh2W ) LCVF Barite chimney Middle section; white barite; ~ 20 °C**;
diffuse flow
LCBF chimney (BaCh4M) LCVF Barite chimney Superficial layer below a white mat; 0-~
20 °C; diffuse flow
LCBF chimney (BaCh3G) LCVF Barite chimney Chimney base; dark grey; ~ 20 °C ; diffuse
flow
LCBF* sediments LCVF Hydrothermal Sediments covered by Sulfurimonas mat;
sediments 20 cmbsf, dark grey; 10 °C ; diffuse flow
JMVF sediments JMVF Hydrothermal Bruse Vent Field; in situ incubators; 0-74
sediments °C**; diffuse flow
LCVF black smoker LCVF Black smoker Jodo; two presumably high-temperature
(wall/bulk) samples rich in sulfide minerals (a wall
section (wall) and bulk material from the
chimney (bulk); temperature unknown;
focused flow
JMVF white smoker flange JMVF ‘White smoker Soria Moria; flange; 70-72 °C****; focused

flow

*LCBF: Loki’s Castle barite field; **(Steen et al. 2016); ***(Stokke et al. 2020); ***(Dahle et al. 2015)

DNA staining by incubation of filters in (DAPI 4’,6'- diamino-2-
phenylindole) solution (1 ng/ml) for 10 min at room temperature.
Finally, filters were mounted on glass slides using Citifluor Moun-
tant Solution: VECTASHIELD® Antifade Mounting Medium (Vec-
tor Laboratories). After the first amplification step, filters for dou-
ble hybridization were treated with an additional step of peroxi-
dase inactivation in 0.15% H,0, methanol solution. Filters were fi-
nally analyzed with epifluorescent microscopy using an Axiophot
I imaging microscope (Zeiss; Germany). The probes used in this
study are listed in Table S1.

Assembly, binning, and annotation

Metagenome assembly for all samples followed the procedure de-
scribed for the Bruse vent field (Fredriksen et al. 2019). In short, fil-
tering of raw Illumina MiSeq 300 paired-end reads, and assembly,
were performed using the CLC genomics workbench (Qiagen, v.10-
12) using default parameters (quality 0.05; length, minimum 40,
and maximum 1000 nucleotides). In addition, one nucleotide was
removed from terminal read ends. Assembly was performed using
default parameters with an automatic k-mer size and bubble size.
A minimum contig length was set to 1000 bases with scaffolding
enabled.

Except for the Loki’s Castle barite field sediments sample, MAGs
were reconstructed using MetaBat (Kang et al. 2015). MAGs from
Loki’s Castle barite field sediments were reconstructed using a
combination of MetaBat 2.15, MaxBin v.2.2.7 (Wu et al. 2016), con-
coct 1.1.0 (Alneberg et al. 2014), and DAS Tool (Sieber et al. 2018).
For MAGs Chimney19_Bin_00 366 and Chimney19_MAG_00 329,
first a co-assembly was done with MEGAHIT (Li et al. 2015),
then automatic binning was performed using again concoct and
MetaBat. Reference genomes were downloaded from the As-
sembly database at NCBI (April 2020/May 2021). Contamination
and completeness of the individual MAGs and of the reference
genomes in the current study were assessed on the presence
of lineage-specific, conserved single-copy marker genes using
CheckM v1.0.7 (Parks et al. 2015). Functional annotation of MAGs
and downloaded genomes were performed within the anvi’o (v6.2
and v.7) pipeline (Eren et al. 2021). The predicted coding sequences
(Prodigal v2.6.3, February 2016) (Hyatt et al. 2010) were annotated
against the following HMM profiles using scripts within anvi’o: Ar-
chaea_76 (Lee 2019), Ribosomal_RNAs (Seemann T, https://github

.com/tseemann/barrnap), the Pfam database v 32.0 (2018-08), the
COG database (Galperin et al. 2015) using DIAMOND as search al-
gorithm (v 0.9.14) (Buchfink et al. 2014), and search against the
KOfam HMM database (Aramaki et al. 2020). In addition, for each
contig database, amino acid sequences were exported, annotated
with GhostKoala (default parameters) (Kanehisa et al. 2016), and
imported back into anvi'o (Graham, https://merenlab.org/2018/01
/17/importing-ghostkoala-annotations/).

Estimates of relative abundances of ANME
archaea

Phylogenetic composition and abundance for each metagenome
were first assessed by the assembly of SSU sequences with
phyloFlash (Gruber-Vodicka et al. 2020, https://github.com/H
RGV/phyloFlash). Furthermore, filtered reads were mapped
against all contigs using BBMap v.Feb.2020 (Bushnell B—
sourceforge.net/projects/bbmap/) with default parameters. The
relative abundance of each MAG was calculated using the -
coverage and -profile commands in CheckM v1.0.7 (Parks et al.
2015) using the BBMap mapping file.

Taxonomic classification, phylogenetic and
phylogenomic analysis

Classification of MAGs was performed using the GTDB toolkit
(GTDB-Tk) (Chaumeil et al. 2020) and the GTDB version R06-R5202
(Parks et al. 2018, Parks et al. 2021).

Amino acid sequences from 35 selected single-copy marker
genes (Table S2), identified from the HMM profile Archaea_76
(Lee 2019) in anvi'o, were extracted from the ANME-1 AMOR
MAGs and 384 reference genomes publicly available at NCBI
(reference genomes were selected based on Borrel et al. 2019,
Hahn et al. 2020, Schwank et al. 2019). The extracted single-
copy marker genes were aligned using MAFFT L-INS-i v7.397
(2018/Apr/16) (Katoh 2002), trimmed with TrimAL (TrimAL v
1.4. revl5, -gappyout) and concatenated with catfasta2phyml
(https://github.com/nylander/catfasta2phyml/blob/master/c
atfasta2phyml.pl). A maximum-likelihood tree of the con-
catenated sequences was calculated with IQ-TREE multicore
version 1.6.7 with LG+F+R10 model and 1000 bootstraps. The
ANI of AMOR ANME-1 genomes and references was calculated
using anvi'o integrated PyANI v.0. 2. 7 (Pritchard et al. 2016).
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For phylogeny based on the subunit A of methyl-coenzyme M
reductase (McrA), all MAGs were screened for the McrA pro-
tein sequences against the HMM profile for KEGG orthology ID
K00399 available at https://data.ace.ug.edu.au/public/graftm/7/
(7.27 methyl_coenzyme_reductase_alpha_subunit.mcrA.gpkg.tar.gz
(09-Aug-2017)) (Boyd et al. 2018), as exemplified in anvi’'o pipeline
by Lee (https://merenlab.org/2016/05/21/archaeal-single-copy
-genes/). Identified McrA sequences were extracted from the
contig databases (https://merenlab.org/2016/05/21/archaeal-sin
gle-copy-genes/) and aligned with MAFFT v7.397 (2018/Apr/16)
(Katoh et al., 2002) using the G-INS-i iterative refinement method,
and gaps removed using TrimAL v 1.4. rev1S with the gappyout
option (Capella-Gutiérrez et al. 2009). Finally, the phylogenetic
tree was calculated with IQ-TREE v 1.6.12 (Nguyen et al. 2015)
model LG+F+R6 and 1000 bootstraps. An identical procedure
was followed for phylogenetic analysis of thel6S rRNA gene.
When available, 16S rRNA sequences were extracted from the
MAGs using anvi'o (v6) (-hmm-source Ribosomal RNAs -gene
Archaeal _16S_rRNA). A list of sequences used in the 16S rRNA
phylogeny and MAGs which 16S rRNA genes were extracted is
given in Table S3A and B. Reference sequences were selected
based on Teske et al. 2002, Knittel et al. 2005, Lésekann et al. 2007,
Biddle et al. 2012).

A complex pangenome, representing 38 genomes with
>70% completeness and <10% contamination, was re-
constructed using the anvi'o workflow for microbial pangenomics
(https://merenlab.org/2016/11/08/pangenomics-v2/#displaying-
the-pan-genome). Singletons were removed with the option
‘—min-occurrence 2’ to simplify the pangenome visualization.
Organization of the pangenome of the assembled genomes was
based on presence-absence of groups of genes with homologous
amino acid sequence (gene clusters) (Shaiber et al. 2020). From
this, a dendrogram was re-constructed representing the hier-
archical clustering based on gene cluster frequency (Delmont
and Eren 2018). Functional enrichment analysis was performed
using anvi'o v6 program anvi-compute-functional-enrichment.
Functions were considered enriched for g-values < 0.05 based on
Shaiber et al. 2020.

Results

Distribution and morphology of ANME-1 under
different environmental settings

To resolve the genomic diversity of ANME-1 in hydrothermal
vents, we performed a metagenome-based study focusing on two
methane-enriched hydrothermal vents systems, the Jan Mayen
vent fleld and the Loki’s Castle vent field located on the Arctic
Mid-Ocean Ridge. The analyzed samples cover a wide diversity of
hydrothermal settings, including various niches in the Loki’s Cas-
tle barite field. This is a low-temperature diffuse flow area, situ-
ated approximately 50 meters apart from the Loki’s Castle black
smoker, characterized by venting of hydrothermal fluids through
sediments and barite chimneys (Steen et al. 2016) (Table 1). When
16S TRNA gene sequences were retrieved from the metagenomic
dataset, ANME were detected in all samples. They remained either
taxonomically unassigned or assigned to ANME-1a. Estimated rel-
ative abundances of ANME-1 varied considerably between the
samples (Fig. S1A) and reflected differences in fluid flow rates
and in end-member fluid concentration of methane between and
within the two vent fields (Baumberger et al. 2016, Steen et al.
2016, Dahle et al. 2018, Stokke et al. 2020). In the Jan Mayen vent
field, where an endmember fluid concentration of 5.4 mmol kg™

of methane was measured (Dahle et al. 2018, Stokke et al. 2020),
ANME-1 reach a relative abundance between 5 and 14% in dif-
fuse venting sediments. In the flange of a white smoker the rela-
tive abundance of ANME-1 16S rRNA gene was approximately 10%
(Fig. S1A).

The highest relative abundance of ANME-1 was observed in
the high-temperature venting black smoker in the Loki’s Castle
vent field consistent with higher endmember fluid concentration
of methane of 12-13 mmol kg~! methane (Baumberger et al. 2016).
End-member fluids are highly diluted in the diffuse-flow barite
field in the Loki’s Castle. Nevertheless, the sediments hosted an
abundant population of ANME-1, indicating high flowrates of
methane. Consistently, a steep temperature gradient and a shal-
low SMTZ were observed (2-4 cmbsf) (Fig. S1B). Moreover, methane
oxidation rates of 110 nmol d~* gwetweight; ww) ~- @nd @ methane de-
pendent sulfate-reduction rate (SRR) of 30 nmol d* gy ' respec-
tively, were measured (Fig. S1C). The lowest relative abundance
of ANME-1 was observed in the barite chimneys at Loki's Castle
barite field (Fig. S1A).

We visualized ANME-1 and their partners from different loca-
tions using CARD-FISH. In sediments, rod-shaped ANME-1 and
Deltaproteobacteria form well-mixed large aggregates with di-
ameters between 40 and 80 um of (Fig. 1A). In the barite chim-
neys, the few ANME-1 appeared in short chains of 2 to 10 cells
(Fig. 1B). ANME-1 rods and Deltaproteobacteria were loose within
a matrix of mineral particles. Occasionally, ANME-1 cells formed
filaments with a length of up to 100 pm in the external lay-
ers of the barite chimneys (Fig. 1C). This morphology resembled
the chain-forming aggregates described in 50 °C enrichments of
ANME-1-Guaymas/SRB (Holler et al. 2011). Notably, Ca. Desul-
fofervidus was observed in the barite field sediments at 10°C
(Fig. S1A).

Taxonomy and distribution of ANME-1 archaea
In total we reconstructed 19 ANME-1 related MAGs (Table S4B).
Three from the barite field sediments, seven from barite chim-
neys and two from the black smoker were found at Loki’s Castle
vent fleld. From the Jan Mayen vent field, ive MAGs from sed-
iments and two from the flange were obtained (for details see
Table 1). The MAGs were on average 83% complete and showed
low contamination values (<2.6%, 0.65% on average) (Table S4C).
Our phylogenomic analysis identified three families in the ANME-
1 order (Fig. 2A). These were of the classical ANME-1 which in-
cluded the clusters ANME-1a and ANME-1b (Knittel et al. 2005)
(Fig. S2) and Ca. Alkanophagaceae (Wang et al. 2021). The third
represented a novel deep branching family, that we named Ca. Vet-
eromethanophagaceae. The name stands for ‘old methane con-
sumer’: vetero-, old (Latin); methano-, pertaining to methane (new
Latin); phagaceae, eating (Greek). The topology of the phyloge-
nomic tree was overall consistent with the 16S rRNA and McrA
gene phylogenies (Fig. S2 and Fig. S3).

Out of the eight identified ANME-1 genera, our reconstructed
MAGs in the ANME-1 family affiliated either with the genus
QEXZ01 (7) or with the genus G60ANME1 (11) (Fig. 2A and Ta-
ble S4C). Among them, six species-level subgroups were defined
based on pairwise average nucleotide identity (ANI) (Fig. S4 and
Table S5). They were named AMOR ANME-1 (AA) subgroups (AA_1
to AA_6) where subgroups AA_1 and AA_2 were of genus QEXZ01
and subgroups AA_3 to AA_6 of genus GGOANME1(Fig. 2A and Ta-
ble S5). Subgroups AVet_7 and AAlk_8 were identified within Ca.
Veteromethanophagaceae and Ca. Alkanophagaceae, respectively
(Fig. 2A and Table S5).
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Figure 1. Micrographs of ANME-1 and partner bacteria of the Loki’s
Castle barite field. (A) Aggregates of ANME-1 (ANME-1-350 probe) and
Deltaproteobacteria (Delta495 probes) in Loki's Castle barite field
sediments and (B) barite chimneys. ANME-1 and Deltaproteobacteria are
in red and green, respectively. (C) Filaments of ANME-1 in the upper
section of a barite chimney, stained in green. Scale bars are reported for
Aand B-C.
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ANME-1 genera showed differences in their geographic origin
and distribution. Based on our analysis, the genus G60ANME1
clustered with genomes exclusively from marine hydrothermal
vents. The genus G60ANME1 was originally named after a MAG
assembled from a 60 °C AOM culture from the Guaymas Basin
vent system (Krukenberg et al. 2018). The genus QEXZ01, from
hydrothermal vents located at AMOR, also grouped with genomes
from the Guaymas Basin vent system, the cold seeps in the Gulf of
Mexico and from marine sediments of Aarhus Bay. Genomes, ex-
clusively of hydrothermal origin (Guaymas Basin) were observed
in genus ANME-1a. The genera WJOV01 and QENJ01 included only
genomes from marine cold seeps. QENHO01,JACGMNO1 and ANME-
1-THS included genomes with a mixed provenance. Notably, the
genera ANME-1-THS and JACGMNO1 contained genomes from ter-
restrial hot springs, marine cold seeps, and alkaline vent fluids.
Altogether, most ANME-1 genera seemed to have a wide geo-
graphic distribution, which argues for their large adaptability to
diverse environmental conditions. Some genera seemed, however,
restricted to a specific type of environment or geographic location.

On a local scale, at the Arctic Mid Ocean Ridge, the AMOR sub-
groups showed heterogeneity in their abundance and distribu-
tion within and between the hydrothermal vent fields (Fig. 2B).
In the Loki’s Castle barite field, we found five of the six ANME-
1 subgroups (AA_1-AA_5). All five were detected in barite chim-
neys, although in low relative abundances. The barite field sed-
iments hosted three subgroups (AA_1, AA_3, AA_4) of which
AA_1 dominated with up 40% of the total community. The high-
temperature black smoker at Loki’s Castle hosted only the AA_6
subgroup, but this represented up to 73% of the total microbial
community. Notably, the wall and the bulk sample from the of
the black smoker chimney hosted the subgroup of the Ca. Vet-
eromethanophagaceae, AVet_7. At Jan Mayen vent field, only two
of the six ANME-1 subgroups were observed. AA_6 occurred in the
temperate sediments at approximately 25% rel. abundance. AA_1
occurred in the flange with a rel. abundance of 14%. Notably, the
flange also hosted the subgroup of Ca. Alkanophagaceae, AAlk_8,
in low abundances (0.24%.).

Comparative genomics of ANME-1

To further explain the observed phylogenetic diversity and the
wide adaptability of ANME-1 to diverse environmental conditions,
we analyzed their genomic content. Based on functional annota-
tion against the KOfam HMM database, all ANME-1 MAGs from
AMOR, including the new family Ca. Veteromethanophagaceae
encode very similar metabolic pathways. This included genes of
the reverse methanogenesis pathway, redox complexes, and the
enzymes of the reverse acetyl-CoA pathway (Table S6A and B)
(Meyerdierks et al. 2010, Stokke et al. 2012, Krukenberg et al. 2018).
They all showed the potential for DIET as they coded for multi-
ple multi-heme cytochromes of the kind that was expressed in
consortia-forming ANME-1 cultures (Fig. S5) (Wegener et al. 2015,
Krukenberg et al. 2018). Even the amino acid, cofactors and vita-
min metabolisms were conserved (Table S7).

The AAlk_8 appeared as a multi-carbon degrader, as it en-
coded a divergent Syntropharchaeum-like McrA, all genes for
beta-oxidation and Mer (Table S6B and Fig. S6), a complete Mvh
and lacked cytochromes (Dong et al. 2020; Wang et al. 2021).

To further compare ANME-1 genomes based on their overall
genome content, a pangenome analysis was performed (Fig. 3A).
The pangenome consisting of 64264 genes was organized into in
6058 gene clusters (Delmont et al. 2018). The core pangenome
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comprised 1604 gene clusters (46147 genes), while the accessory
pangenome consisted of 4454 gene clusters (18117 genes).

When the ANME-1 genomes were hierarchically clustered
based on their similarity in gene cluster frequency, the resulting
dendrogram identified two major functional groups of genomes
(Fig. 3A). Based on habitat of origin, they were defined as vent-
specific and generalist ANME-1. The vent-specific group con-
sisted of genomes reconstructed only from hydrothermal vents
and included genus G60ANME1 (AA_3, AA_4, AA_5 and AA_6),
genus ANME1a, and the families Ca. Veteromethanophagaceae,
as well as the multi-carbon degrading Ca. Alkanophagaceae. In
contrast, the generalist group consisted of genomes reconstructed
from geochemically heterogeneous environments like marine
cold seeps, vents, and terrestrial hot springs. It included gen-
era QEXZ01 (AA_1 and AA_2), ANME-1-THS, JACGMNO1, QENHO1,
QENJO01, and WJOVO1.

Functional differences between the two groups were analyzed
using the functional enrichment analysis of anvi'o (Shaiber et al.
2020). In the generalist group 89 genes were enriched. Of these 53
were assigned to COG categories and included inorganic ion trans-
port and metabolism (P), posttranslational modification, protein
turnover, chaperones (O), signal transduction mechanisms (T),
replication, recombination, and repair (L), cell wall, membrane,
and envelope biogenesis (M) and translation (J) (Table S8). En-
riched genes encoded processes involved in the response to chem-
ical gradients, pH, and hydrogen peroxide, osmotic stress regula-
tion and detoxification of arsenic and tellurium (Fig. 3B). More-
over, they coded for transporters of nutrients, zinc, xenobiotics,
and phosphate and for iron storage proteins (Fig. 3B). Finally, genes
regulating the cellular physiology in response to pathogens and
starvation were enriched. These included multiple mRNA inter-
ferases of the type I and II Toxin Antitoxin system (TA), typically
regulating the cellular stress response (Fig. 3B). The vent-specific
ANME-1 showed few enriched functions, only few that could be
linked to the thermal stability of tRNA and the cellular membrane
(Table S8).

Discussion

Hydrothermal vents host phylogenetically and
functionally divergent ANME-1

Our comparative genomic study detailed ANME-1 genomic diver-
sity in the Loki’s Caste vent field and Jan Mayen vent field. Eight
phylogenetically distinct AMOR subgroups were defined. Besides
the six that belonged to the ANME-1 family, two affiliated with
deep branching lineages in the ANME-1 order, one with the Ca. Vet-
eromethanophagaceae, and one with Ca. Alkanophagaceae, a pu-
tative multi-carbon degrader. Lineages of the ANME-1 family and
Ca. Veteromethanophagaceae encode a set of metabolic enzymes.
This indicates that despite dwelling in different geochemical set-
ting (focused flow of black smokers and diffuse low-temperature
in the barite field), ANME-1 and Ca. Veteromethanophagaceae sys-
tematically rely only on methane and syntrophic associations
with sulfate reducers. The ANME-1 from hydrothermal vents are
either vent-specific or generalists. The vent-specific ANME-1 clus-
ter rather in the root of the ANME-1 phylogenetic tree (Wang
etal. 2022). Such distribution suggests a hydrothermal and a ther-
mophilic (Wang et al. 2022) origin of the ANME-1 order. The vent
specific ANME-1 appeared limited in their encoded functional ca-
pacity. Instead, the generalists that appear also at cold-seeps and
terrestrial environments encode more genes for stress response,
detoxification, and defense mechanisms.

In the barite fleld of the methane-rich Loki’s Castle vent field,
the occurrence of cold seep-adapted generalist could be driven by
its cold seeps-like biogeochemical environment (Pedersen et al.
2010), in close proximity to black smokers. Diluted hydrothermal
fluids allow the settlement of siboglinid tube worms, typical at
cold seeps (Pedersen et al. 2010). Furthermore, shallow SMTZs
(Fig. S1B) are typically observed at seeps, under mats of sulfur-
oxidizers (Orphan et al. 2001, de Beer et al. 2006, Lloyd et al. 2006,
Roalkvam et al. 2011, Griindger et al. 2019, Carrier et al. 2020). The
availability of cold seep-like niches might favor the establishment
through genetic selection of generalist lineages that can colonize
lower temperature environments, next to vent-specific lineages.
Overall, the exposure to the high physicochemical diversity found
in deep-sea hydrothermal vents like the Loki’s Castle vent field
could fuel such diversification of the resident ANME-1 population,
on a phylogenetic and functional level. This might have happened
in the later stages of ANME-1 evolution, given the likely hydrother-
mal origin of ANME-1. The acquisition of genetic systems for de-
fense and stress control might have prompted their ability to dis-
perse in cold seeps and other habitats.

ANME-1 lineages can spread and colonize
distant geographic locations

According to the generally accepted theory of Beijerinck and Baas
Becking (Baas-Becking 1934), microbial organisms are globally dis-
tributed, and locally selected by the environment. Recent stud-
ies have shown that Beijerinck’s theory is applicable to deep-sea
hydrothermal microbes (Dick 2019), and sequences belonging to
members of the hydrothermal microbiome have been found in
open ocean waters (Gonnella et al. 2016). It is not clear how strict
anaerobes like ANME-1 could freely disperse in the water col-
umn and still be viable and able to colonize geographically dis-
tant areas. Nevertheless, phylogenetic evidence supports connec-
tivity between geographically distant sites, such as AMOR and the
Guaymas Basin vent field. The genus QENHO1 appears at the Hy-
drate Ridge (Pacific Ocean), Hikurangi Margin (Pacific Ocean), and
Gulf of Mexico (Atlantic Ocean). Such extensive biogeographic dis-
tance could be explained by the global deep ocean circulation
(Talley 2013). Importantly, the deep ocean remained anoxic un-
til well after the Great Oxygenation Event (2 Gyr) (Canfield 1998)
and later experienced anoxic episodes (Jenkyns 2010), which may
have promoted ANME-1 dispersal. In today’s oxic ocean, ANME-1
could travel in a dormant state, as suggested for microaerophilic
Campylobacterota and Aquificales (Gonnella et al. 2016), or could
be transported in anoxic microniches. Connectivity likely exists
between marine and terrestrial environments. Ca. Methanoalium
(ANME-1-THS and JACGMNO1) was initially defined as a ‘land’
clade after the reconstruction of ANME-1-THS from a Tibetan Hot
Spring (Borrel et al. 2019). Chadwick’s (Chadwick et al. 2022) and
our study expanded this clade with additional genomes from a hot
spring in California (SpSt_1198), a marine cold seep in the Gulf of
Mexico (GoMg4), the Lost City alkaline vent on the Atlantic Massif
(ANME-1-LC), and a terrestrial mud volcano located close to the
coast of the Black Sea (KmvO05). Further genomic analysis is re-
quired to fully decipher the physiological mechanisms at the basis
of ANME-1 phylogenetic/functional diversification and dispersal,
such as dynamics of the horizontal gene transfer processes and
genetic systems for sporulation and induction of dormancy.

Conclusions

Overall, our metagenomic approach targeting a wide spectrum of
hydrothermal settings in the Loki’s Castle and the Jan Mayen vent
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fields, allowed us to propose that hydrothermal vents, character-
ized by geochemical and thermal heterogeneity, could fuel ANME-
1 phylogenetic and functional diversification, acting as evolu-
tionary hotspots. Furthermore, they may have promoted the di-
vergence between vent-specific and generalist ANME-1. Despite
ANME-1 capacity to disperse globally, marine ANME-1 are over-
all characterized by metabolic homogeneity and are well adapted
to SMTZs. Notably, yet the still small sample size might under-
estimate their distribution. Further genomic studies are required
to complement ANME-1 taxonomy, to confirm the observed func-
tional groups and to determine how selective advantage mecha-
nisms and horizontal gene transfer have shaped ANME-1 lineages
through time.
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ABSTRACT Cold seeps and hydrothermal vents deliver large amounts of methane
and other gaseous alkanes into marine surface sediments. Consortia of archaea and
partner bacteria thrive on the oxidation of these alkanes and its coupling to sulfate
reduction. The inherently slow growth of the involved organisms and the lack of
pure cultures have impeded the understanding of the molecular mechanisms of ar-
chaeal alkane degradation. Here, using hydrothermal sediments of the Guaymas Ba-
sin (Gulf of California) and ethane as the substrate, we cultured microbial consortia
of a novel anaerobic ethane oxidizer, “Candidatus Ethanoperedens thermophilum”
(GoM-Arc1 clade), and its partner bacterium “Candidatus Desulfofervidus auxilii,” pre-
viously known from methane-oxidizing consortia. The sulfate reduction activity of
the culture doubled within one week, indicating a much faster growth than in any
other alkane-oxidizing archaea described before. The dominance of a single archaeal
phylotype in this culture allowed retrieval of a closed genome of “Ca. Ethanopere-
dens,” a sister genus of the recently reported ethane oxidizer “Candidatus Argoar-
chaeum.” The metagenome-assembled genome of “Ca. Ethanoperedens” encoded a
complete methanogenesis pathway including a methyl-coenzyme M reductase (MCR)
that is highly divergent from those of methanogens and methanotrophs. Combined
substrate and metabolite analysis showed ethane as the sole growth substrate and
production of ethyl-coenzyme M as the activation product. Stable isotope probing
demonstrated that the enzymatic mechanism of ethane oxidation in “Ca. Ethanope-
redens” is fully reversible; thus, its enzymatic machinery has potential for the bio-
technological development of microbial ethane production from carbon dioxide.

IMPORTANCE In the seabed, gaseous alkanes are oxidized by syntrophic microbial
consortia that thereby reduce fluxes of these compounds into the water column. Be-
cause of the immense quantities of seabed alkane fluxes, these consortia are key
catalysts of the global carbon cycle. Due to their obligate syntrophic lifestyle, the
physiology of alkane-degrading archaea remains poorly understood. We have now
cultivated a thermophilic, relatively fast-growing ethane oxidizer in partnership with
a sulfate-reducing bacterium known to aid in methane oxidation and have retrieved
the first complete genome of a short-chain alkane-degrading archaeon. This will
greatly enhance the understanding of nonmethane alkane activation by noncanoni-
cal methyl-coenzyme M reductase enzymes and provide insights into additional met-
abolic steps and the mechanisms underlying syntrophic partnerships. Ultimately, this
knowledge could lead to the biotechnological development of alkanogenic microor-
ganisms to support the carbon neutrality of industrial processes.
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n deep marine sediments, organic matter undergoes thermocatalytic decay, resulting

in the formation of natural gas (methane to butane) and crude oil. If not capped, the
gas fraction will rise toward the sediment surface due to buoyancy, porewater dis-
charge, and diffusion. Most of the gas is oxidized within the sediments coupled to the
reduction of the abundant electron acceptor sulfate (1, 2). Responsible for the anaer-
obic oxidation of alkanes are either free-living bacteria or microbial consortia of archaea
and bacteria. Most free-living bacteria use alkyl succinate synthases to activate the
alkane, forming succinate-bound alkyl units as primary intermediates (3). Usually, these
alkanes are completely oxidized, and this process is coupled to sulfate reduction in the
same cells, as has been shown, for example, in the deltaproteobacterial butane-
degrading strain BuS5 (4). However, alkane oxidation in seafloor sediments is to a large
extent performed by dual species consortia of archaea and bacteria (5, 6). As close
relatives of methanogens, the archaea in these consortia activate alkanes as thioethers
and completely oxidize the substrates to CO,. The electrons released during alkane
oxidation are consumed by the sulfate-reducing partner bacteria.

The anaerobic methane-oxidizing archaea (ANME) activate methane using methyl-
coenzyme M (CoM) reductases (MCRs) that are highly similar to those of methanogens,
forming methyl-coenzyme M as the primary intermediate (7). The methyl group is
oxidized via a reversal of the methanogenesis pathway (8). Thermophilic archaea of the
genus “Candidatus Syntrophoarchaeum” thrive on the oxidation of butane and pro-
pane. In contrast to ANME, they contain four highly divergent MCR variants, which
generate butyl- and propyl-coenzyme M (CoM) as primary intermediates (9). Based on
genomic and transcriptomic evidence, the CoM-bound alkyl units are transformed to
fatty acids and oxidized further via beta-oxidation. The reactions transforming the
CoM-bound alkyl units to CoA-bound fatty acids and the enzymes performing such
reactions are so far unknown. The CoA-bound acetyl units are completely oxidized in
the Wood-Ljungdahl pathway including the upstream part of the methanogenesis
pathway. In hydrogenotrophic methanogens, the enzymes of this pathway are used to
reduce CO,-forming methyl-tetrahydromethanopterin for methanogenesis and for bio-
mass production. In “Ca. Syntrophoarchaeum,” this pathway is used in reverse direction
for the complete oxidation of acetyl-CoA. Both the thermophilic ANME-1 and “Ca.
Syntrophoarchaeum” form dense consortia with their sulfate-reducing partner bacte-
rium “Candidatus Desulfofervidus” (HotSeep-1 clade) (10, 11). The transfer of reducing
equivalents between the alkane-oxidizing archaea and their partners is likely mediated
by pilus-based nanowires and cytochromes produced by the two consortial partners
(12). For a critical view on electron transfer in anaerobic oxidation of methane (AOM)
consortia, see reference 13.

Sulfate-dependent ethane oxidation has been described multiple times in slurries of
marine sediments (4, 14, 15). The first functional description of this process was based
on a cold-adapted culture derived from Gulf of Mexico sediments (5). In this culture,
“Candidatus Argoarchaeum” (formerly known as GoM-Arc1 clade) activates ethane with
the help of divergent MCRs that are phylogenetically placed on a distinct branch next
to those of “Ca. Syntrophoarchaeum.” Based on the presence of all enzymes of the
Wood-Ljungdahl pathway that can be used for acetyl-CoA oxidation, it has been
suggested that the CoM-bound ethyl groups are transferred to CoA-bound acetyl units.
The required intermediates for this reaction mechanism are so far unknown (5). “Ca.
Argoarchaeum” forms unstructured consortia with yet-unidentified bacterial partners
and grows slowly with substrate turnover rates comparable to AOM (5). Additional
metagenome-assembled genomes (MAGs) of the GoM-Arc1 clade derived from the
Guaymas Basin and the Gulf of Mexico have similar gene contents, suggesting that
these GoM-Arc1 archaea are ethane oxidizers (16, 17).

To date, the understanding of short-chain alkane-metabolizing archaea mainly relies
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on comparison of their genomic information with those of methanogens that are well
characterized with regard to their enzymes. Due to the slow growth of the alkane-
oxidizing archaea and the resulting lack of sufficient biomass, specific biochemical traits
remain unknown. For instance, the structural modifications of noncanonical MCRs or
the proposed transformation of the CoM-bound alkyl to CoA-bound acetyl units in the
short-chain alkane degraders has not been proven. Here, we describe a faster-growing,
thermophilic ethane-oxidizing culture from sediments of the Guaymas Basin. Metag-
enomic analyses of Guaymas Basin sediments revealed a great diversity of potential
alkane degraders with divergent MCR enzymes (9, 18). With ethane as sole energy
source and sulfate as electron acceptor, we obtained well-growing meso- and thermo-
philic ethane-degrading enrichment cultures from these sediments. Their low strain
diversity makes them particularly suitable for assessing the pathways of the anaerobic
oxidation of ethane.

Taxonomy of “Candidatus Ethanoperedens thermophilum.” Etymology: ethano
(new Latin), pertaining to ethane; peredens (Latin), consuming, devouring; thermophi-
lum (Greek), heat-loving. The name implies an organism capable of ethane oxidation at
elevated temperatures. Locality: enriched from hydrothermally heated, hydrocarbon-
rich marine sediment of the Guaymas Basin at 2,000-m water depth, Gulf of California,
Mexico. Description: anaerobic, ethane-oxidizing archaeon, mostly coccoid, about 0.7
um in diameter, forms large irregular cluster in large dual-species consortia with the
sulfate-reducing partner bacterium “Candidatus Desulfofervidus auxilii.”

RESULTS AND DISCUSSION

Establishment of meso- and thermophilic ethane-oxidizing enrichment cul-
tures. Sediments were sampled from the gas- and oil-rich sediments covered by
sulfur-oxidizing mats of the Guaymas Basin. From these sediments and artificial sea-
water medium, a slurry was produced under anoxic conditions and distributed into
replicate bottles. These bottles were supplied with an ethane headspace (2 atm) and
incubated at 37°C and 50°C. Additional growth experiments were performed with
methane, and controls were set up with a nitrogen atmosphere. As a measure of
metabolic activity, sulfide concentrations were tracked over time (for further details, see
Materials and Methods). Both methane and ethane additions resulted in the formation
of 15mM sulfide within 4 months. Nitrogen controls produced only little sulfide
(<2 mM) that likely corresponds to the degradation of alkanes and organic matter from
the original sediment. Subsequent dilution (1:3) of the ethane and methane cultures
and further incubation with the corresponding substrates showed faster, exponentially
increasing sulfide production in the ethane culture, suggesting robust growth of the
ethane-degrading community (Fig. 1A). After three consecutive dilution steps, virtually
sediment-free cultures were obtained. These cultures produced approximately 10 mM
sulfide in 8 weeks. All further experiments were conducted with the faster-growing
50°C culture (Ethane50). Sequencing of metagenomes, however, was done on both, the
50°C and 37°C (Ethane37) culture.

A stoichiometric growth experiment with the Ethane50 culture (Fig. 1B) showed that
ethane was completely oxidized while sulfate was reduced to sulfide according to the
formula 4C,H, + 750,2~ — 8HCO,~ + 7HS™ + 4H,0 + H*.

An experiment tracking the exponential development of sulfide over time sug-
gested doubling times of only 6 days at low sulfide concentrations of <5 mM (Fig. 1B),
which is substantially faster than estimated for thermophilic AOM consortia, with about
60 days (10), and also faster than the cold-adapted anaerobic ethane-oxidizing cultures
(5). Sulfide concentrations over 5 mM seemed to suppress activity and growth of the
ethane-oxidizing microorganisms (Fig. 1C). Hence, flowthrough bioreactors could be
beneficial to increase biomass yields of anaerobic ethane degraders.

Microbial composition of the Ethane50 culture. Amplified archaeal and bacterial
16S rRNA genes of the original sediment and early, still sediment-containing cultures
(150 days of incubation) were sequenced to track the development of microbial
compositions over time (for primers, see Table S1 in the supplemental material). The
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FIG 1 Cultivation and stoichiometry test of the Ethane50 culture. (A) Rates of methane-dependent (blue)
and ethane-dependent (red) sulfide production in sediments of the Guaymas Basin incubated at 50°C. (B)
Determination of activity doubling times in anaerobic ethane-oxidizing culture. Logarithmic y axis with
sulfide production shows a decrease in activity at 3 mM sulfide and estimated activity doubling times in
low sulfide concentrations of 6 to 7 days. (C) Development of ethane (diamonds), sulfate (triangles), and
sulfide (squares) concentrations in the Ethane50 culture. Gray symbols show corresponding concentra-
tions measured in control incubations without ethane addition (data from 1 of 3 replicate incubations;
for complete data, see Table S6). The ratios of the slopes of sulfate and sulfide to ethane (1.92 and 1.82,
respectively) are close to the stoichiometric ratios of sulfate reduction and ethane oxidation. The small
offset may relate to biomass production and sampling artifacts.

original sediment contained large numbers of ANME-1 and the putative partner
bacterium “Ca. Desulfofervidus.” The AOM culture became further enriched in ANME-1
archaea and “Ca. Desulfofervidus,” whereas in the Ethane50 culture the GoM-Arc1 clade
increased from <0.1% in the original sediment to roughly 35% of all archaea (Fig. 2A).
Notably, the relative abundance of “Ca. Desulfofervidus” increased also in the Ethane50
culture. This indicates that “Ca. Desulfofervidus” was also involved as a partner bacte-
rium in the thermophilic ethane culture.

To visualize the cells involved in the anaerobic oxidation of ethane (AOE), oligonu-
cleotide probes specific for the GoM-Arc1 clade and “Ca. Desulfofervidus” were applied
on the Ethane50 culture using catalyzed reporter deposition fluorescence in situ
hybridization (CARD-FISH; for probes, see Table S1). The Ethane50 culture contained
large and tightly packed consortia with sizes of up to 40 um in diameter formed by
GoM-Arc1 and “Ca. Desulfofervidus” cells (Fig. 2D and E). In the consortia, archaea and
bacteria grew spatially separated. These large consortia apparently develop from small
but already dense consortia found in the inoculate, similar to what was found for
cold-adapted AOM consortia (19). Such a separation of the partner organisms is also
characteristic for consortia in the butane-degrading culture (9) and for most AOM
consortia (20). In contrast, in thermophilic AOM consortia of ANME-1 and “Ca. Desul-
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FIG 2 Microbial composition of the Ethane50 culture. (A and B) Relative abundance of phylogenetic clades of archaea (A) and bacteria (B) based on 16S rRNA
gene amplicon sequencing present in the inoculated sediment, and in cultures with no substrate, with methane and ethane after 150 days of incubation. (C)
Relative abundance of active microbial groups based on 16 rRNA fragments recruited from the genome of Ethane37 and Ethane50 after 2.5 years of incubation
and the transcriptome of the Ethane50 culture after 1 year of incubation with ethane. (D and E) Laser-scanning micrograph (D) and epifluorescence micrograph
(E) of microbial consortia stained with probes specific for the GoM-Arc1 clade (red, Alexa 594) and “Ca. Desulfofervidus” (green, Alexa 488) in the Ethane50
culture. Bar, 10 um.

fofervidus,” the partner cells appear well mixed (21). The Ethane50 culture differs from
the cold-adapted ethane-oxidizing culture, in which “Ca. Argoarchaeum” forms rather
loose assemblages with yet-uncharacterized bacteria (5).

To analyze the metabolic potential of the microorganisms involved in ethane
degradation, Ethane37 and Ethane50 cultures were subjected to transcriptomic and
genomic analysis. The 165 rRNA sequences extracted from the shotgun RNA reads of
the Ethane50 culture were strongly dominated by GoM-Arc1 (50%) and “Ca. Desulfofer-
vidus” (20%; Fig. 2C), supporting a crucial role of these two organisms in thermophilic
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ethane degradation. Long-read DNA sequencing for the Ethane50 culture resulted in a
partial genome of GoM-Arc1 with 76.2% completeness (GoM-Arc1_E50_DN), whereas
by applying this approach to the Ethane37 culture, we obtained a closed genome of
the GoM-Arc1 archaeon (GoM-Arc1_E37). The two GoM-Arc1 genomes share an aver-
age nucleotide identity (ANI) of 98%; hence, a complete consensus genome for
Ethane50 (GoM-Arc1_E50) was obtained by mapping long reads of the Ethane50
culture on the closed GoM-Arc1_E37 genome (see Materials and Methods and Ta-
ble S2). GoM-Arc1_E50 had a size of 1.92 Mb and a GC content of 46.5%. To assess the
genomic diversity of archaea of the GoM-Arc1 clade, additionally a MAG of GoM-Arc1
from the Loki's Castle hydrothermal vent field (GoM-Arc1-LC), with a completeness of
68% and eight single-cell amplified genomes (SAGs) from different cold seeps and
different completenesses (10% to 59%) were retrieved (Table S2). The MAG GoM-
Arc1-LC and the eight single cells have an average nucleotide identity (ANI) of over
90%, suggesting that they belong to the same or closely related species. The 16S rRNA
gene identity is in the range of 99.5%, supporting a definition as same species, and
shows that the same species of GoM-Arc1 can be found in diverse seep sites (Table S2
and Fig. S1). Together with several MAGs of the GoM-Arc1 clade archaea from public
databases (5, 17, 18) these MAGs now provide an extensive database for the genomic
description of the GoM-Arc1 clade. All GoM-Arc1 clade genomes have an estimated size
smaller than 2 Mb, which is in the range of the other thermophilic alkane degraders,
such as “Ca. Syntrophoarchaeum” (1.5 to 1.7 Mb) and ANME-1 (1.4 to 1.8 Mb) (9, 22). The
genome is, however, much smaller than the 3.5-Mb genome of the mesophilic sister
lineage “Candidatus Methanoperedens.” This organism thrives on methane and is able
to reduce nitrate or metals without partner bacteria (23, 24).

All GoM-Arc1 genomes contain the genes encoding the enzymes of the methano-
genesis pathway, including a highly similar divergent-type MCR and the Wood-
Ljungdahl pathway, but no pathway for beta-oxidation of longer fatty acids. Hence, it
is likely that all members of this clade are ethane oxidizers. Based on 16S rRNA gene
phylogeny and a genome tree based on 32 marker genes, the GoM-Arc1 clade divides
into two subclusters. According to a 16S rRNA gene identity of ~95% (Fig. S1) and an
average amino acid identity (AAl) of ~63% (Fig. 3A; Table S2), these clusters should
represent two different genera. One cluster contains the recently described ethane
oxidizer “Candidatus Argoarchaeum ethanivorans” and genomes derived from cold
environments including the Gulf of Mexico and the moderately heated Loki's Castle
seeps (25). The second cluster includes the thermophilic GoM-Arc1 strains found in the
Ethane50 and Ethane37 cultures and sequences of other MAGs from the Guaymas Basin
(16, 18). Based on the substrate specificity (see results below) and its optimal growth at
elevated temperatures, we propose to name the Ethane50 strain of GoM-Arc1 “Candi-
datus Ethanoperedens thermophilum” (Ethanoperedens, Latin for nourishing on ethane;
thermophilum, Latin for heat loving).

Genomic and catabolic features of “Ca. Ethanoperedens.” The main catabolic
pathways of “Ca. Ethanoperedens” are a complete methanogenesis and a Wood-
Ljungdahl pathway (Fig. 4). Its genome encodes only one MCR. The three MCR subunits
afy are on a single operon. The amino acid sequence of the alpha subunit (mcrA) of
“Ca. Ethanoperedens” is phylogenetically most closely related to the recently described
divergent-type MCR of “Ca. Argoarchaeum” with an amino acid identity of 69% but also
with all other mcrA sequences of GoM-Arc1 archaea (5, 12, 16, 18). These MCRs form a
distinct cluster in comparison to other divergent MCRs and to the canonical MCRs of
methanogens and methanotrophs (Fig. 3B). The similarity of GoM-Arc1 mcrA sequences
to the described canonical and noncanonical sequences is below 43%, and changes in
the amino acid sequences are also found in the highly conserved active site of the
enzyme (Fig. S2). The relative expression of the mcr subunits compared to all reads
mapping to “Ca. Ethanoperedens” (reads per kilobase per million mapped reads
[RPKM], i.e., mcrA = 9,790) is at least two times higher than the expression of all other
genes of the main catabolic pathway (Fig. 4; Table S3). The relative mcr expression of
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Ethane Oxidation by “Ca. Ethanoperedens”

A

FIG 3 Phylogenetic affiliation based on 32 marker genes and mcrA amino acid sequences of “Ca. Ethanoperedens.” (A) Phylogenetic
affiliation of “Ca. Ethanoperedens” within the Euryarchaeota based on 32 aligned marker gene amino acid sequences; outgroup is
Thaumarchaeota. The scale bar indicates 10% sequence divergence. (B) Phylogenetic affiliation of mcrA amino acid sequences. The mcrA
sequences of GoM-Arc1 form a distinct branch within the noncanonical, potentially multicarbon alkane-activating MCRs. The mcrA genes
of the GoM-Arc1 cluster can be further divided into those from cold-adapted organisms, including “Ca. Argoarchaeum ethanivorans,” and

(Continued on next page)
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FIG 4 Metabolic model of anaerobic ethane oxidation in “Ca. Ethanoperedens thermophilum.” Ethane is activated in the ethane-specific MCR. The
produced CoM-bound ethyl groups are consecutively oxidized and transformed to CoA-bound acetyl units. Acetyl-CoA is cleaved using the ACDS
of the Wood-Ljungdahl pathway. The remaining methyl groups are fully oxidized on the reversed methanogenesis pathway. Similarly to ANME
archaea and “Ca. Syntrophoarchaeum,” “Ca. Ethanoperedens” does not contain a reductive pathway; hence, electrons released during ethane
oxidation are transferred to the partner bacterium “Ca. Desulfofervidus auxilii.” Therefore, in both partners, cytochromes and pili are present and
expressed, similarly to what is described in thermophilic consortia performing AOM (22) (for detailed expression patterns, see Table S3).

“Ca. Ethanoperedens” is higher than the expression of the multiple mcr genes in “Ca.
Syntrophoarchaeum” but lower than the expression of mcr in thermophilic ANME-1
archaea (9, 22). The relatively low expression of mcr in short-chain alkane-oxidizing
archaea can be explained by the properties of their substrates. Short-chain alkane
oxidation releases larger amounts of energy than methane oxidation. Furthermore, the
cleavage of C-H bonds in multicarbon compounds requires less energy than the
cleavage of C-H bonds of methane (26); hence, less MCR might be required to supply
the organism with sufficient energy.

To test the substrates activated by the MCR of “Ca. Ethanoperedens,” we supplied
different alkanes to the active Ethane50 culture replicates and analyzed the extracted
metabolites. Cultures supplied with ethane show the m/z 168.9988 of the authentic
ethyl-CoM standard (Fig. 5A and B), which was not observed in the control incubation

FIG 3 Legend (Continued)

the cluster including the thermophiles of the genus “Ca. Ethanoperedens.” Sequences from the Ethane50 enrichment are depicted in red,
environmental sequences from metagenomes and single-cell genomes from this study are in gray, and “Ca. Argoarchaeum ethanivorans”
sequences are in blue. The VerArKor cluster contains mcrA sequences belonging to the Verstraetearchaeota, Archaeoglobus, and
Korarchaeota.
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FIG 5 Detection of coenzyme M-bound intermediates in the Ethane50 culture. (A) Top four lines show total ion counts for UHPLC peaks for
authentic standards of methyl-, ethyl-, propyl-, and butyl-CoM, respectively, and chromatograms for ethane and mixed alkane gases (methane
to butane). (B and C) Mass spectra (m/z 168.5 to 171.5) for culture extracts after providing the Ethane50 culture with nonlabeled ethane (B) and
30% '3C-labeled ethane (C). Diagrams show the relative intensities (y axes) for ethyl-CoM-H (2C,H,S,0,7) (calculated m/z 168.9988) and its

isotopologues with [1-'3Clethyl-CoM or [2-'*C]ethyl-CoM or one 34S isotope.

without substrate. Moreover, addition of 30% [1-'3Clethane resulted in the increase of
masses expected for [1-'3Clethyl-CoM and [2-'3C]ethyl-CoM (Fig. 5C). This confirms that
“Ca. Ethanoperedens” produces ethyl-CoM from ethane. To test substrate specificity of
“Ca. Ethanoperedens,” we provided culture replicates with four different gaseous
alkanes (methane, ethane, propane, and n-butane and a mix of all four substrates).
Besides the ethane-amended culture, sulfide was produced only in the Ethane50
culture supplied with the substrate mix (Fig. S3). In agreement with this, no other
alkyl-CoM variant apart from ethyl-CoM was detected (Fig. 5A). This shows that the MCR
of “Ca. Ethanoperedens” and most likely all MCR enzymes of GoM-Arc1 archaea (Fig. 3B)
activate ethane but no or only trace amounts of methane and other alkanes. The high
substrate specificity of the MCR is crucial for GoM-Arc1 archaea, since they lack the fatty
acid degradation pathway that is required to degrade butane and propane (9). “Ca.
Ethanoperedens” contains and expresses a complete methyltransferase (mtr). The
corresponding enzyme might cleave small amounts of methyl-CoM that might be
formed as a side reaction of the MCR. The methyl unit would be directly transferred to
the methylene-tetrahydromethanopterin (H,-MPT) reductase (mer) and oxidized in the
upstream part of the methanogenesis pathway to CO, (Fig. 4).

Based on the observed net reaction and the genomic information, “Ca. Ethanope-
redens” completely oxidizes ethane to CO,. In this pathway, coenzyme A-bound acetyl
units are oxidized in the Wood-Ljungdahl pathway including the upstream part of the
methanogenesis pathway (Fig. 4). Our model, however, does not explain how CoM-
bound ethyl groups are oxidized to acetyl units and ligated to CoA. Similar transfor-
mations are required in the other multicarbon alkane-oxidizing archaea, such as “Ca.
Syntrophoarchaeum” and “Ca. Argoarchaeum” (5, 9). Those oxidation reactions lack
biochemical analogues; hence, genomic information alone allows only indirect hints on
their function. In “Ca. Ethanoperedens,” a release of ethyl units and transformation as
free molecules (ethanol to acetate) is unlikely, because a formation of acetyl-CoA from
acetate would require CoA ligases, which are not present in the genome. Instead, the
transformation of ethyl into acetyl units could be performed by a tungstate-containing
aldehyde ferredoxin oxidoreductase (AOR) that could catalyze the oxidation with
cofactors such as CoM or CoA. In the archaeon Pyrococcus furiosus, AORs transform
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aldehydes to the corresponding carboxylic acid (27). Both “Ca. Ethanoperedens” and
“Ca. Argoarchaeum” genomes contain three aor copies, and in all cases these genes are
located either in close proximity to or on operons with genes of the methanogenesis
pathway. We detected a high expression of two of the three aor genes (RPKM
aor = 3,805 and 7,928), indicating a viable function of the enzymes. Likewise, very high
protein concentrations of these enzymes were shown for “Ca. Argoarchaeum” (5),
supporting the hypothesis of a critical function. An aor gene is also present in the
butane oxidizer “Ca. Syntrophoarchaeum,” yet its expression is rather moderate (9),
which puts in question its role in the catabolic pathway of this organism. In contrast,
ANME archaea do not contain or overexpress aor genes, likely because the encoded
enzymes have no central role in their metabolism. We searched the cell extracts for
potential intermediates in the pathway, but based on retention time and mass, we were
not able to detect potential intermediates such as ethyl-CoA. Similarly, acetyl-CoA, the
substrate of the Wood-Ljungdahl pathway, was not detected. A lack of detection,
however, does not exclude those compounds as intermediates. Instead, the compound
turnover might be very fast, which could be required for an efficient net reaction.
Additionally, a mass spectrometric detection of unknown intermediates could be
hindered by compound instability or loss during the extraction. Further metabolite
studies and enzyme characterizations are required to understand the role of AOR in
alkane oxidation

Acetyl-CoA, the product formed by the above-proposed reactions, can be intro-
duced into the Wood-Ljungdahl pathway. The acetyl group is decarboxylated by the
highly expressed acetyl-CoA decarbonylase/synthase (ACDS), and the remaining methyl
group is transferred to tetrahydromethanopterin (H,-MPT). The formed methyl-H,-MPT
can then be further oxidized to CO, following the reverse methanogenesis pathway
(Fig. 4). “Ca. Ethanoperedens” lacks genes for sulfate or nitrate reduction, similarly to
other genomes of the GoM-Arc1 clade. The electrons produced in the oxidation of
ethane thus need to be transferred to the sulfate-reducing partner bacterium “Ca.
Desulfofervidus auxilii,” as previously shown for the anaerobic oxidation of methane
and butane. In cocultures of “Ca. Argoarchaeum” and their partner bacteria, Chen and
coworkers (5) suggest the transfer of reducing equivalents via zero-valent sulfur
between the loosely aggregated “Ca. Argoarchaeum” and its partner bacterium, anal-
ogous to the hypothesis of Milucka et al. (28). In the Ethane50 culture, such a mode of
interaction is highly unlikely, as the partner “Ca. Desulfofervidus auxilii” is an obligate
sulfate reducer, incapable of sulfur disproportionation (11). Based on genomic infor-
mation, direct electron transfer appears to be more likely. Alkane-oxidizing archaea and
their partner bacterium “Ca. Desulfofervidus auxilii,” produce cytochromes and pilus-
based nanowires when supplied with their substrate (9, 29, 30). Also, “Ca. Ethanope-
redens” contains 11 different genes for cytochromes with expression values of up to
14,800 RPKM representing some of the highest-expressed genes in the culture (Ta-
ble S3). Interestingly, “Ca. Ethanoperedens” also contains and expresses a type IV pilin
protein with a high RPKM value of 11,246. The partner bacterium “Ca. Desulfofervidus”
also shows a high expression of pili and cytochromes under ethane supply, showing
their potential importance for the interaction of these two organisms in the syntrophic
coupling of ethane oxidation to sulfate reduction.

Environmental distribution of GoM-Arc1 archaea. 165 rRNA gene sequences
clustering with “Ca. Ethanoperedens” and “Ca. Argoarchaeum” have been found in
hydrocarbon-rich marine environments like cold-seep and hot-vent environments,
including asphalt seeps in the Gulf of Mexico and the Guaymas Basin hydrothermal
vents in the Gulf of California (31-33). In some environments like oil seeps of the Gulf
of Mexico and gas-rich barite chimneys of Loki's Castle, 16S rRNA gene surveys have
shown that up to 30% of archaeal gene sequences belonged to the GoM-Arc1 clade
(12). To estimate absolute abundances and potential partnerships of GoM-Arc1 in the
environment, we performed CARD-FISH on samples from different seep and vent sites
across the globe (Fig. 6). With up to 108 cells per ml, archaea of the GoM-Arc1 clade
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FIG 6 Abundance and exemplary micrographs of GoM-Arc1 archaea in sediments from cold seeps and Guaymas Basin. (
cells detected by the GoM-Arc1-specific probe GOM-ARCI-660 in a CARD-FISH survey. Detection limit, approximately 5 X 104 cells per ml sediment. (B to F)
Epifluorescence (B to E) and laser scanning (F) micrographs of environmental samples using CARD-FISH with combination of the GoM-Arc1-specific probe (red)
and the general bacterial probe EUB-338 (green). Environmental samples originated from the seep sites Hydrate Ridge, Oregon (B); Gulf of Mexico (C); Guaymas
Basin (D); Loki's Castle (E); and Katakolo Bay, Greece (F). Bars, 5 um (D to F) and 2 um (B and C).

were particularly abundant in cold-seep sediments in the northern Gulf of Mexico
(station 156). This cold seep transports thermogenic hydrocarbon gases that are
particularly enriched in short-chain alkanes (34, 35). Other cold-seep and hot-vent
sediments from the Guaymas Basin, Hydrate Ridge, and Amon Mud Volcano contain
between 10° and 10° GoM-Arc1 cells per ml of sediment, which represents 1 to 5% of
the archaeal community (Fig. 6A). At all sites, we found that GoM-Arc1 associates with
partner bacteria. At the hydrothermally heated site in the Guaymas Basin, GoM-Arc1
aggregated with “Ca. Desulfofervidus,” the partner bacterium of the Ethane37 and
Ethane50 cultures. At Loki's Castle, GoM-Arc1 and “Ca. Desulfofervidus” were cooccur-
ring in barite chimneys based on sequence information, yet they were not found to
form the same tight consortia as at other sites. At the temperate site Katakolo Bay in
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Greece, GoM-Arc1 archaea formed consortia with very large, yet unidentified vibrioform
bacteria (Fig. 6B to F). These cells hybridized with a probe for Deltaproteobacteria but
not with probes for known partner bacteria (for probes, see Table S1). At the cold-seep
sites, the associated cells could not be stained with probes for the known partner
bacteria of cold-adapted ANME, including SEEP-SRB1 and SEEP-SRB2, and also not with
that for “Ca. Desulfofervidus.” It remains an important question as to how the archaea
can select only a few specific types of bacteria as partners in the anaerobic alkane
oxidation and for which specific traits they are selected. Based on their global presence
in hydrocarbon-rich environments, GoM-Arc1 archaea could be considered key players
in the anaerobic oxidation of ethane in marine sediments. Their role would be similar
to the role of ANME archaea in AOM.

Future possible applications of “Ca. Ethanoperedens.” Archaea of the GoM-Arc1
cluster are likely the dominant, if not the only, organisms capable of anaerobic
oxidation of ethane on the global seafloor. An important further task is to assess deep
oil and gas reservoirs for their diversity of ethane oxidizers. The rapid growth of “Ca.
Ethanoperedens” and the streamlined genome make it a model organism for the study
of anaerobic ethanotrophy in archaea. The biochemistry of short-chain alkane-oxidizing
archaea will be of high interest for future biotechnological applications. An organism
using the metabolism of “Ca. Ethanoperedens” in the reverse direction should be able
to produce ethane, similarly to methane production by methanogens. Yet, there is
scarce isotopic evidence for the existence of ethanogenic organisms in nature (36).
Furthermore, under common environmental conditions thermodynamics favor the
production of methane from inorganic carbon over the production of ethane. To test
the general reversibility of the ethane oxidation pathway, we incubated the active
Ethane50 culture with 3C-labeled inorganic carbon and traced the label transfer into
ethane. Within 18 days, [6-'3C]ethane values increased from —3%o to +120%o, whereas
isotopic compositions in the nonlabeled culture remained stable (Fig. S4). Considering
the forward rate and ethane stock, the back reaction amounts to 1.5%o to 3% of the
forward reaction, which is in the range for back fluxes of carbon measured in AOM (21,
37). This experiment shows that the ethane oxidation pathway is fully reversible. To test
the net ethane formation in the Ethane50 culture, we removed sulfate from culture
aliquots and added hydrogen as electron donor. These cultures formed between 1 and
17 pmol liter—' ethane within 27 days (Table S6). The ethane production was, however,
a very small fraction (0.08%) of the ethane oxidation rate in replicate incubations with
ethane and sulfate. No ethane was formed in the presence of hydrogen and sulfate. We
interpret the ethane formation in the culture as enzymatic effect in the ethane-
oxidizing consortia. Bacterial hydrogenases will fuel reducing equivalents into the
pathway, which may ultimately lead to the reduction of carbon dioxide to ethane. A
growing culture could not be established under these conditions, however, the exper-
iments suggest that related or genetically modified methanogenic archaea could thrive
as ethanogens. A complete understanding of the pathway and enzymes of GoM-Arc1
archaea, however, is required to develop the biotechnological potential of an ethano-
genic organism. To allow energy-conserving electron flows in this organism, a genet-
ically modified methanogen should be used as host organism. For a targeted modifi-
cation of such archaea, the pathway of ethane oxidation must be completely
understood, and research should focus especially on the transformation of coenzyme
M-bound ethyl units to coenzyme A-bound acetyl units.

MATERIALS AND METHODS

Inoculum and of alk idizing cultures. This study is based on samples
collected during R/V Atlantis cruise AT37-06 with submersible Alvin to the Guaymas Basin vent area in
December 2016 (for locations, see Table S4 in the supplemental material). A sediment sample was
collected by push coring within a hydrothermal area marked by conspicuous orange-type Beggiatoa
mats (dive 4869, core 26, 27'0.4505'N 111°24.5389'W, 2,001-m water depth, 20 December 2016). The
sampling site was located in the hydrothermal area where, during a previous Alvin visit, sediment cores
containing locally '*C-enriched ethane had indicated ethane-oxidizing microbial activity (33). In situ
temperature measurements using the Alvin heat flow probe revealed a steep temperature gradient
reaching 80°C at 30- to 40-cm sediment depth. The retrieved samples contained large amounts of natural
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gas as observed by bubble formation. Soon after recovery, the overlying Beggiatoa mat was removed,
and the top 10 cm of the sediment was filled into 250-ml Duran bottles, which were gastight sealed with
butyl rubber stoppers. In the home laboratory, sediments were transferred into an anoxic chamber.
There, a sediment slurry (20% sediment and 80% medium) was produced with synthetic sulfate reducer
(SR) medium (pH 7.0) (38, 39) and distributed into replicate bottles (sediment dry weight per bottle, 1.45
g). These bottles were amended with methane or ethane (0.2 MPa) or kept with an N, atmosphere
without alkane substrate. These samples were incubated at 37°C, 50°C, and 70°C. To determine substrate-
dependent sulfide production rates, sulfide concentrations were measured every 2 to 4 weeks using a
copper sulfate assay (40). Ethane-dependent sulfide production was observed at 37°C and 50°C but not
at 70°C. When the sulfide concentration exceeded 15 mM, the cultures were diluted (1:3) in SR medium
and resupplied with ethane. Repeated dilutions led to virtually sediment-free, highly active cultures
within 18 months. A slight decrease of the initial pH value to 6.5 led to increased ethane oxidation
activity and faster growth in the culture.

Quantitative substrate turnover experiment. The Ethane50 culture was equally distributed in
six 150-ml serum flasks using 20 ml inoculum and 80 ml medium. Three replicate cultures were amended
with 0.05-MPa ethane in 0.1-MPa N,-CO,, while 3 negative controls were amended with 0.15-MPa N,-CO,.
Both treatments were incubated at 50°C. Weekly, 0.5-ml| headspace gas samples were analyzed for
ethane content using an Agilent 6890 gas chromatograph in splitless mode equipped with a packed
column (Supelco Porapak Q, 6 ft by 1/8 ft by 2.1-mm stainless steel column, oven temperature 80°C). The
carrier gas was helium (20 ml per minute), and hydrocarbons were detected by flame ionization
detection. Each sample was analyzed in triplicates and quantified against ethane standards of 5, 10, and
100%. Derived concentrations were converted into molar amounts by taking the headspace size,
pressure, and temperature into account. Results were corrected for sampled volumes. Sulfide concen-
trations were measured as described above. To determine sulfate concentrations, 1 ml of sample was
fixed in 0.5 ml zinc acetate. Samples were diluted 1:50 with deionized water (MilliQ grade; >18.5 M(}),
and samples were measured using nonsuppressed ion chromatography (Metrohm 930 Compact IC
Metrosep A PCC HC/4.0 preconcentration and Metrosep A Supp 5-150/4.0 chromatography column).

DNA extraction, 16S rRNA gene amplification, and tag sequencing. DNA was extracted from the
different cultures and the original sediment with the Mo Bio Power soil DNA extraction kit (Mo Bio
Laboratories Inc., Carlsbad, CA, USA) using a modified protocol. Twenty milliliters of the culture was
pelleted via centrifugation (5,000 X g; 10 min). The pellet was resuspended in phosphate-buffered saline
(PBS) and transferred to the PowerBeat tube (Mo Bio Power soil DNA extraction kit; Mo Bio Laboratories
Inc., Carlsbad, CA, USA). The cells were lysed by three cycles of freezing in liquid nitrogen (20 s) and
thawing (5 min at 60°C). After cooling down to room temperature, 10 ul of proteinase K (20 mg ml—') was
added and incubated for 30 min at 55°C. Subsequently, 60 ul of solution C1 (contains SDS) was added,
and the tubes were briefly centrifuged. The samples were homogenized 2 times for 30 s at 6.0 m/s using
a FastPrep-24 instrument (MP Biomedicals, Eschwege, Germany). In between the runs, the samples were
kept on ice for 5 min. After these steps, the protocol was followed further according to the manufac-
turer’s recommendations. DNA concentrations were measured using a Qubit 2.0 instrument (Invitrogen,
Carlsbad, CA, USA). Two nanograms of DNA was used for amplicon PCR, and the product was used for
16S rRNA gene amplicon library preparation according to the 16S metagenomic sequencing library
preparation guide provided by lllumina. The Arch349F-Arch915R primer pair was used to amplify the
archaeal V3-V5 region, and the Bact341F-Bact785R primer pair was used for the bacterial V3-V4 region
(see Table S1 in the supplemental material). Amplicon libraries for both Archaea and Bacteria were
sequenced on an lllumina MiSeq instrument (2- by 300-bp paired-end run, v3 chemistry) at CeBiTec
(Bielefeld, Germany). After analysis, adapters and primer sequences were clipped from the retrieved
sequences using cutadapt (41) (v1.16) with 0.16 (—e) as maximum allowed error rate and no indels
allowed. Resulting reads were analyzed using the SILVAngs pipeline using the default parameters
(https://ngs.arb-silva.de/silvangs/) (42-44).

Extraction of high-quality DNA, library preparation, and sequencing of gDNA. Biomass from
200 ml of the Ethane50 and Ethane37 cultures was pelleted by centrifugation and resuspended in 450 ul
of extraction buffer. Genomic DNA was retrieved based on a modified version of the protocol described
in reference 45, including three extraction steps. Resuspended pellet was frozen in liquid N, and thawed
in a water bath at 65°C. Another 1,350 ul of extraction buffer was added. Cells were digested enzymat-
ically by proteinase K (addition of 60 ul of 20 mg/ml, incubation at 37°C for 1.5 h under constant shaking
at 225 rpm) and chemically lysed (addition of 300 ul 20% SDS for 2 h at 65°C). Samples were centrifuged
(20 min, 13,000 X g), and the clear supernatant was transferred to a new tube. Two milliliters of
chloroform-isoamyl alcohol (16:1, vol/vol) was added to the extract, mixed by inverting, and centrifuged
for 20 min at 13,000 X g. The aqueous phase was transferred to a new tube, mixed with 0.6 volumes of
isopropanol, and stored overnight at —20°C for DNA precipitation. The DNA was redissolved in water at
65°C for 5 min and then centrifuged for 40 min at 13,000 X g. The supernatant was removed, and the
pellet was washed with ice-cold ethanol (80%) and subjected to centrifugation for 10 min at 13,000 X g.
The ethanol was removed, and the dried pellet was resuspended in PCR-grade water. This procedure
yielded 114 ng and 145 pug high-quality genomic DNA (gDNA) from the Ethane37 and the Ethane50
cultures, respectively. Samples were sequenced with Pacific Biosciences Sequel as a long amplicon (4 to
10 kb) and long-read gDNA library at the Max Planck-Genome-Centre (Cologne, Germany). To evaluate
the microbial community, we extracted 16S rRNA gene reads using Metaxa2 (46) and taxonomically
classified them using the SILVA ACT online service (47). For assembly, either HGAP4 (implemented in the
SMRTIink software by PacBio) or Canu (https://github.com/marbl/canu) was used. The closed GoM-Arc1
genome from the Ethane37 culture was prepared manually by the combination of assemblies from the
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two above-mentioned tools. The final genome was polished using the resequencing tool included in the
SMRTLink software by PacBio. For noncircularized de novo genomes, the resulting contigs were mapped
via minimap2 (https://github.com/Ih3/minimap2; parameter: ‘-x asm10’) to a reference genome. The
reference consensus genomes were prepared using the resequencing tool implemented in the SMRTLink
software of PacBio using either the circular GoM-Arc1 de novo genome from this study or the publicly
available “Ca. Desulfofervidus” genome (accession no. NZ_CP013015.1) as reference. Final genomes were
automatically annotated using Prokka (48), and the annotation was refined manually using the NCBI
BLAST interface (49). Average nucleotide and amino acid identities were calculated using Enveomics
tools (50).

Single-cell genomics. Anoxic sediment aliquots were shipped to the Bigelow Laboratory Single Cell
Genomics Center (SCGGC; https://scgc.bigelow.org). Cells were separated, sorted, and lysed, and total DNA
was amplified by multiple displacement amplification. Single-cell DNA was characterized by 165 rRNA
gene tag sequences (12, 51). The single-cell amplified DNA from Gulf of Mexico samples was analyzed
and sequenced as described before in reference 12. Single-cell amplified DNA from Amon Mud Volcano
AAA-792_C10 was sequenced with HiSeq 3000 and MiSeq technology, and reads were assembled using
SPAdes (52) with the single-cell mode. Assembled reads were binned based on tetranucleotides,
coverage, and taxonomy using MetaWatt (53). The final SAG was evaluated for completeness and
contamination using CheckM (54). Genome annotation was performed as described above.

Extraction of RNA, reverse transcription, sequencing, and read processing. Extraction and
sequencing of total RNA was performed in triplicates. RNA was extracted from 150-ml active Ethane50
culture grown in separate bottles at 50°C. Total RNA was extracted and purified as described in reference
9 using the Quick-RNA miniprep kit (Zymo Research, Irvine, CA, USA) and RNeasy MinElute cleanup kit
(Qiagen, Hilden, Germany). Per sample, at least 150 ng of high-quality RNA was obtained. The RNA library
was prepared with the TruSeq stranded total RNA kit (lllumina). An rRNA depletion step was omitted. The
samples were sequenced on an Illumina NextSeq with v2 chemistry and 1- by 150-bp read length. The
sequencing produced ~50-Gb reads per sample. Adapters and contaminant sequences were removed,
and reads were quality trimmed to Q10 using bbduk v36.49 from the BBMAP package. For phylogenetic
analysis of the active community, 16S rRNA reads were recruited and classified based on SSU SILVA
release 132 (47) using phyloFlash (55). Trimmed reads were mapped to the closed genomes of
“Candidatus Ethanoperedens thermophilum” and “Ca. Desulfofervidus” using Geneious Prime 2019.2.1
(Biomatters, Ltd., Auckland, New Zealand) with a minimum mapping quality of 30%. The expression level
of each gene was quantified by counting the number of unambiguously mapped reads per gene using
Geneious. To consider gene length, read counts were converted to reads per kilobase per million
mapped reads (RPKM).

Phylogenetic analysis of 16S rRNA genes, marker genes, and mcrA amino acid sequences. A 165
rRNA gene-based phylogenetic tree was calculated using publicly available 165 rRNA sequences from the
SSU Ref NR 128 SILVA database (42). The tree was constructed using ARB (56) and the FastTree 2 package
(57) using a 50% similarity filter. Sequence length for all 165 rRNA genes was at least 1,100 bp. After tree
calculation, partial sequences retrieved from single cells were included into the tree. ARB (56) was used
for visualization of the final tree. The marker gene tree was calculated using 126 publicly available
genomes and genomes presented in this study. The tree was calculated based on aligned amino acid
sequences of 32 marker genes picked from known archaeal marker genes (Table S5) (58). For the
preparation of the aligned marker gene amino acid sequences, we used the phylogenomic workflow of
Anvi'o 5.5 (59). The marker gene phylogeny was calculated using RAXML version 8.2.10 (60) with the
PROTGAMMAAUTO model and LG likelihood amino acid substitution. One thousand fast bootstraps were
calculated to find the optimal tree according to RAXML convergence criteria. The software iTOL v3 was
used for tree visualization (61). The mcrA amino acid phylogenetic tree was calculated using 358
sequences that are publicly available or presented in this study. The sequences were manually aligned
using the Geneious Prime 2019.2.1 (Biomatters, Ltd., Auckland, New Zealand) interface, and 1,060 amino
acid positions were considered. The aligned sequences were masked using Zorro (https://sourceforge
.net/projects/probmask/), and a phylogenetic tree was calculated using RAXML version 8.2.10 (60) using
the PROTGAMMAAUTO model and LG likelihood amino acid substitution. One thousand fast bootstraps
were calculated. The tree was visualized with iTOL v3 (61).

Catalyzed reported deposition fluorescence in situ hybridization (CARD-FISH). Aliquots of the
Ethane50 culture and environmental samples were fixed for 1 h in 2% formaldehyde, washed three times
in PBS (pH 7.4)-ethanol (1:1), and stored in this solution. Aliquots were sonicated (30 s; 20% power; 20%
cycle; Sonoplus HD70; Bandelin) and filtered on GTTP polycarbonate filters (0.2-um pore size; Millipore,
Darmstadt, Germany). CARD-FISH was performed according to reference 62 including the following
modifications. Cells were permeabilized with a lysozyme solution (PBS [pH 7.4], 0.005 M EDTA [pH 8.0],
0.02 M Tris-HCl [pH 8.0], 10 mg ml~" lysozyme; Sigma-Aldrich) at 37°C for 60 min followed by proteinase
K solution treatment (7.5 ug ml~' proteinase K [Merck, Darmstadt, Germany] in PBS [pH 7.4], 0.005 M
EDTA [pH 8.0], 0.02 M Tris-HCI [pH 8.0]) at room temperature for 5 min. Endogenous peroxidases were
inactivated by incubation in a solution of 0.15% H,O, in methanol for 30 min at room temperature.
Horseradish peroxidase (HRP)-labeled probes were purchased from Biomers.net (Ulm, Germany). Tyra-
mides were labeled with Alexa Fluor 594 or Alexa Fluor 488. All probes were applied as listed in Table S1.
For double hybridization, the peroxidases from the first hybridization were inactivated in 0.15% H.,0, in
methanol for 30 min at room temperature. Finally, the filters were counterstained with DAPI (4',6'-
diamino-2-phenylindole) and analyzed by epifluorescence microscopy (Axiophot Il imaging; Zeiss, Ger-
many). Selected filters were analyzed by confocal laser scanning microscopy (LSM 780; Zeiss, Germany)
including the Airyscan technology.
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Synthesis of authentic ds for To produce alkyl-CoM standards, 1 g of
coenzyme M was dissolved in 40 ml 30% (vol/vol) ammonium hydroxide solution, and to this solution 1.8
to 2 g of bromoethane, bromopropane, or bromobutane was added. The mixture was incubated for 5 h
at room temperature under vigorous shaking and then acidified to pH 1 with HCI. The produced standard
had a concentration of approximately 25 mg ml~', which for mass spectrometry measurements was
diluted to 10 ug ml—".

Extraction of metabolites from the Ethane50 culture. In the anoxic chamber, 20 ml of Ethane50
culture was harvested into 50-ml centrifuge tubes. Tubes were centrifuged at 3,000 relative centrifugal
force (rcf) for 10 min, and the supernatant was removed. The pellet was resuspended in 1 ml acetonitrile-
methanol-water (4:4:2, vol/vol/vol) mixture in lysing matrix tubes (MP Biomedicals, Eschwege, Germany)
with glass beads. Afterward, the tubes were removed from the anoxic chamber and the samples were
mechanically lysed in a FastPrep homogenizer (MP Bio) with 5 cycles with 6 M/s for 50 s and cooling on
ice for 5 min between the homogenization steps. Finally, the samples were centrifuged for 5min at
13,000 X g, and the supernatant was transferred to a new tube and stored at —20°C.

Solvents for LC-MS/MS. All organic solvents were liquid chromatography-mass spectrometry (LC-
MS) grade, using acetonitrile (ACN; BioSolve, Valkenswaard, The Netherlands), isopropanol (IPA; BioSolve,
Valkenswaard, The Netherlands), and formic acid (FA; BioSolve, Valkenswaard, The Netherlands). Water
was deionized by using the Astacus MembraPure system (MembraPure GmbH, Berlin, Germany).

High-resolution LC-MS/MS. The analysis was performed using a QExactive Plus Orbitrap (Thermo
Fisher Scientific) equipped with a heated electrospray ionization (HESI) probe and a Vanquish Horizon
ultra-high-performance liquid chromatography (UHPLC) system (Thermo Fisher Scientific). The metabo-
lites from cell extracts were separated on an Accucore C;, column (150 by 2.1 mm, 2.6 um; Thermo Fisher
Scientific), at 40°C, using a solvent gradient created from the mixture of buffer A (5% acetonitrile in water,
0.1% formic acid) and buffer B (90/10 IPA-ACN, 0.1% formic acid). The solvent gradient was the following:
fraction B of 0, 0, 16, 45, 52, 58, 66, 70, 75, 97, 97.15, and 0%, at —2 min (prerun equilibration) and 0, 2,
5.5,9, 12, 14, 16, 18, 22, 25, 32.5, 33, 34.4, and 36 min of each run, and a constant flow rate of 350 ul
min~'. The sample injection volume was 10 ul. The MS measurements were acquired in negative mode
for a mass detection range of 70 to 1,000 Da. In alternation, a full MS and MS/MS scans of the eight most
abundant precursor ions were acquired in negative mode. Dynamic exclusion was enabled for 30s. The
settings for full-range MS1 were mass resolution of 70,000 at 200 m/z, automatic gain control (AGC)
target of 5 X 105, and injection time of 65 ms. Each MS1 was followed by MS2 scans with the following
settings: mass resolution of 35,000 at 200 m/z, AGC target of 1 X 108, injection time of 75 ms, loop count
of 8, isolation window of 1 Da, and collision energy set to 30 eV.

Determination of carbon back flux into the ethane pool. Aliquots of active AOM culture (50 ml)
were transferred into 70-ml serum bottles with N,:CO, headspace. In the stable-isotope probing (SIP)
experiment, addition of 99% '3C-labeled dissolved inorganic carbon (DIC) (1 ml, 350 mM) led to §-'3C-DIC
values of +25,000%o as measured by cavity ringdown spectrometry. Ethane (2 atm = 1.8 mM) was added
to both experiments, and cultures were stored at 50°C. To determine the overall ethane oxidation
activity, sulfide concentrations were measured every few days as described above and converted to
ethane oxidation rates using ratios in the chemical formula in Results and Discussion. To measure the
development of ethane 8-'3C values, 1 ml of the gas phase was sampled every few days and stored in
10-ml Exetainer vials with 2ml NaOH, and ethane isotopic composition was measured using gas
chromatography coupled via a combustion interface to isotope ratio mass spectrometry (Trace GC Ultra
with Carboxene-1006 Plot column, 40°C oven temp., carrier gas He with flow rate 3 ml min—'; coupled
via GC IsoLink to Delta V isotope ratio MS).

Net ethane production test. To test for net ethane production, in 156-ml serum flasks replicate
incubations with about 0.5 g (wet weight) active Ethane50 culture in 100 ml of sulfate-free medium was
prepared. Four different conditions were tested in three biological replicates with the addition of (i)
1.5 atm H,; (i) conditions replicating the first but with only 0.05 g biomass; (iii) 1.5 atm H, plus 28 mM
sulfate; and (iv) an activity control with addition of sulfate and 1.5 atm ethane. Cultures were incubated
over 27 days at 50°C, and sulfate and ethane concentrations were monitored as described above.

Data availability. All sequence data are archived in the ENA database under the INSDC accession
numbers PRJEB36446 and PRJEB36096. Sequence data from Loki's Castle are archived under NCBI
BioSample number SAMN13220465. The 16S rRNA gene amplicon reads have been submitted to the
NCBI Sequence Read Archive (SRA) database under the accession number SRR8089822. All sequence
information has been submitted using the data brokerage service of the German Federation for
Biological Data (GFBio) (63), in compliance with the Minimal Information about any (X) Sequence (MIxS)
standard (64), but some data are still under ENA embargo.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, EPS file, 1 MB.
FIG S2, EPS file, 1.2 MB.
FIG S3, EPS file, 0.4 MB.
FIG S4, EPS file, 0.5 MB.
TABLE S1, XLSX file, 0.01 MB.
TABLE S2, XLSX file, 0.03 MB.
TABLE S3, XLSX file, 0.4 MB.
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TABLE S4, XLSX file, 0.02 MB.
TABLE S5, XLSX file, 0.01 MB.
TABLE S6, XLSX file, 0.02 MB.
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