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Abstract

Alkanes are saturated apolar hydrocarbons that range from its simplest
form, methane, to high-molecular-weight compounds. Although alkanes
were once considered biologically recalcitrant under anaerobic conditions,
microbiological investigations have now identified several microbial taxa
that can anaerobically degrade alkanes. Here we review recent discoveries
in the anaerobic oxidation of alkanes with a specific focus on archaea that
use specific methyl coenzyme M reductases to activate their substrates. Our
understanding of the diversity of uncultured alkane-oxidizing archaea has
expanded through the use of environmental metagenomics and enrichment
cultures of syntrophic methane-, ethane-, propane-, and butane-oxidizing
marine archaea with sulfate-reducing bacteria. A recently cultured group of
archaea directly couples long-chain alkane degradation with methane forma-
tion, expanding the range of substrates used for methanogenesis. This article
summarizes the rapidly growing knowledge of the diversity, physiology, and
habitat distribution of alkane-degrading archaea.
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1. INTRODUCTION

Alkanes are apolar hydrocarbons consisting entirely of hydrogen atoms and saturated carbon
atoms (C,H;, ). They form naturally by the thermal decomposition of organic matter (thermo-
genesis). Methane is also produced as a metabolic product in methanogens (biogenesis). Abiogenic
hydrocarbon formation plays a minor role in Earth’s carbon cycle (111). Mixtures of natural gas
and crude oil produced in deep hot sediments either migrate toward the surface or are trapped
beneath impermeable cap rocks. Such hydrocarbon deposits can form commercially relevant oil
and gas fields over millions of years. Today, over 31% of the world’s energy consumption is fu-
eled by crude oil, with an annual production of approximately 4.5 Gt and approximately 200 Gt
remaining for canonical oil production (54). Early oil production research identified geochemical
signatures of microbial oil degradation, and research suggests that temperature, water content,
and availability of terminal electron acceptors control microbial degradation of oil reservoirs (46).

Broad interest in microbial alkane degradation was further sparked by the role microorgan-
isms play in bioremediation after major oil spills and how this degradation potential is influenced
by the physicochemical environment. For instance, the Exxon Valdez oil spill in 1989 contami-
nated the subarctic Pacific with 37,000 tons of oil, and microbial remediation takes decades ow-
ing to cold temperatures and is slowed even further where oxygen is absent (8). The Deepwater
Horizon oil well blowout in 2010 injected 600,000 tons of liquid oil and up to 500,000 tons of
gaseous hydrocarbons into the Gulf of Mexico, with severe environmental and economic con-
sequences for the region despite a relatively active microbial community degrading the fine oil
droplets (25, 57) and volatile hydrocarbons fractions (24, 75, 99). Natural seepage from subma-
rine oil and gases into the water column accounts for 200,000-10,000,000 tons of oil per year (68,
74, 146). Autochthonous microbial communities quickly oxidize the volatile components as long
as oxygen and nutrients are available to support their growth.

The capability of alkane degradation is now recognized across all three domains of life (14,
139, 160). In this context, aerobic alkane-degrading microorganisms are well known (36, 119),
and their role across a wide range of marine environments and habitats has been recently assessed
(19). Bacteria from at least 30 cultured genera oxidize alkanes aerobically (47). Halophilic archaea
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such as Haloferax, Haloarcula, Halobacterium, and Halococcus also possess this capability (3, 14, 35,
126). These aerobes activate alkanes using oxygen-dependent methane or alkane monooxygenases
and produce methanol or other alcohols as primary intermediates (110). Some bacteria can even
produce the required oxygen through the dismutation of nitric oxide (32, 153, 159). In addition
to these aerobic alkane degraders, several recent findings suggest that there is also a wide variety
of anaerobic microbial alkane degraders with important biogeochemical roles in the marine
environment (97).

Microbiologists postulated in the 1940s that alkanes are also consumed in anoxic environ-
ments (91, 102, 103), but little was known about the identity and functioning of the involved
microorganisms. In the early 1990s, researchers identified bacteria that oxidize alkanes of differ-
ent chain lengths coupled to sulfate reduction (2, 60, 64, 104, 118) and denitrification (30, 98).
Sulfate-reducing microorganisms are of interest to the fossil fuel industry because microbial sour-
ing of oil and gas fields from H,S can occur from the injection of sulfate-rich seawater, fueling
active sulfate reduction (116). The coupling of nonmethane alkane degradation to metal reduction
in cultured microorganisms has not yet been confirmed, but the corrosion of steel by anaerobic
microorganisms is a well-known phenomenon apparently linked to oil-field microbial communi-
ties (124, 135). In the absence of sulfate, some alkane-degrading bacteria from the former class
Deltaproteobacteria form syntrophic consortia with methanogens, resulting in net methanogenesis
as a terminal electron—accepting process (56, 125, 155). Most of the anaerobic alkane-degrading
bacteria activate their substrate by adding fumarate, catalyzed by alkyl succinate synthases (122).
In addition, some bacteria may activate alkanes by hydroxylation (21, 117). Khelifi et al. (58) pro-
posed that the hyperthermophilic archaeon Archaeoglobus fulgidus could thrive on hexadecane, for
which it acquired the fumarate addition pathway from bacteria by horizontal gene transfer.

The anaerobic oxidation of methane (AOM) and ethane, the two simplest alkanes, has been de-
scribed exclusively for archaea. Observations of concurrent consumption of methane and sulfate in
oxygen-free sulfate-methane transition zones were the first evidence for AOM in marine anoxic
sediments (11, 55, 76, 100). Radiotracer experiments by Zehnder & Brock (154) revealed that
methanogens convert small amounts of methane to carbon dioxide, suggesting that related organ-
isms perform AOM. On the basis of these experiments and thermodynamic considerations, it was
proposed that methanogens or related organisms oxidize methane by reverse methanogenesis and
that this process is syntrophically coupled to sulfate reduction in sulfate-reducing bacteria (49). In-
deed, the discovery of highly 1* C-depleted archaeal lipids in methane-rich sediments suggested a
critical role of archaea in AOM (48, 95). 16S rRINA analysis identified novel lineages of archaea
affiliated with methanogens in methane-rich environments, containing these '*C-depleted lipids,
and these organisms were termed anaerobic methane-oxidizing archaea (ANME) (48, 92, 127).
Fluorescence in situ hybridization (FISH) with custom oligonucleotide probes designed to target
these novel archaeal clades revealed that these ANME form consortia with sulfate-reducing bacte-
ria, consistent with the hypothesis of syntrophic sulfate-coupled AOM (16, 93). Gene-targeted and
metagenomics analyses of AOM-active microbial mats, seep sediments, and enrichment cultures
have since demonstrated that ANME metabolize methane via the canonical seven-step methano-
genesis pathway, but working in the reverse direction, with the enzyme methyl coenzyme M re-
ductase (MCR) catalyzing the activation of methane as methyl coenzyme M (CoM) (42, 65, 83,
113, 138). Genomic reconstructions and fluorescence-based assays targeting the sulfate-reducing
bacterial partners of ANME have revealed that the canonical sulfate reduction pathway is local-
ized in the syntrophic partner bacteria (67, 85, 115). Thus, sulfate-dependent AOM requires the
syntrophic interaction of ANME and their partner bacteria. In contrast, some ANME perform
AOM by transferring the reducing equivalents to alternative electron acceptors such as nitrate,
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Figure 1

Overview of anaerobic alkane degradation in cultured archaea. So far, only members of the archaea are capable of performing anaerobic
methane and ethane degradation, whereas bacteria can only degrade alkanes larger than three carbons. Almost all archaeal alkane
degraders use the alkyl-CoM mechanism for alkane activation. Only Archaeoglobus fulgidus can activate alkanes using the fumarate
addition mechanism, which was likely acquired from a bacterium. Anaerobic alkane degradation is usually coupled to sulfate reduction,
but alternative electron acceptors have also been reported. (#) Consortia of ANME-1 (red) and the partner bacteria “Candidatus
Desulfofervidus auxilii” (green). (b) “Candidatus Methanoperedens nitroreducens”/ANME-2d (green) and “Candidatus Methylomirabilis”
(red). Note that “Ca. Methylomirabilis” uses the nitrite for the production of molecular oxygen as the electron acceptor for the
activation of methane. (¢) Consortia of ANME-2c (red) and partner bacteria (green). (d) Consortia of ANME-2 (red) and Seep-SRB1a
(green). (e) “Candidatus Argoarchaeum” (red) and associated bacteria (green). (f) Consortia of “Candidatus Ethanoperedens” (red) and
“Candidatus Desulfofervidales” (green). (g,h) “ Candidatus Syntrophoarchaeum” (red) and “Ca. Desulfofervidus” (green). (i) Archacoglobus
Sfulgidus. (j) “Candidatus Methanoliparia” cells (green) attached to an oil droplet (gray). Panel & courtesy of Cornelia Welte and Arslan
Arshad; panel e courtesy of Florin Musat; panel f courtesy of Cedric Hahn; and panel 7 courtesy of Cornelia Welte and Julia Kurth.
Abbreviations: alkyl-CoM, alkyl coenzyme M; ANKA, anaerobic multicarbon alkane-degrading archaea; ANME, anaerobic
methane-oxidizing archaea.

metal oxides, and humic substances. These ANME seem to not require physical association with
syntrophic partners (13, 20, 33,43, 72, 107).

GoM-Arecl: archacal It is chemically feasible that MCR-like enzymes activate multicarbon compounds (39, 106),
sister clade to the but microbes using this mechanism were only recently identified in sediments and enrichment
methanotrophic “Ca. cultures produced from the Guaymas Basin and the Gulf of Mexico (Figure 1; for additional sites
Methanoperedens” see Supplemental Text 1 and Supplemental Table 1). The butane degrader “Candidatus Syn-

that includes two
ethane-degrading
genera, “Ca.
Argoarchaeum” and alkyl groups, representing the first evidence for the physiological activation of nonmethane alkanes
“Ca. Ethanoperedens” by MCR-like enzymes (71). Later, the ethane oxidizers “Candidatus Argoarchaeum” and “Can-
didatus Ethanoperedens” (both of which belong to the GoM-Arcl clade) were discovered with

their own specific MCR types, which exclusively activate ethane (23, 40). Consequently, these

trophoarchaeum” contains multiple MCRs that are highly divergent from those of methanogens
and methanotrophs (71). It uses these enzymes to activate butane (and propane) as CoM-bound
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MCR-like enzymes have been named alkyl coenzyme M reductases (ACRs) (128). Of the cul-
tured anaerobic multicarbon alkane-degrading archaea (ANKA), “Ca. Syntrophoarchaeum,” “Ca.
Ethanoperedens,” and “Ca. Argoarchaeum” completely oxidize the alkyl units to CO;. Similar to
ANME, these archaea do not encode a reductive pathway but likely transfer the released elec-
trons to their sulfate-reducing partner bacteria (40, 71). Oil reservoirs are often inhabited by mi-
croorganisms that thrive on the rich supply of organic compounds. One of the most prominent
members of this habitat is the class “Candidatus Methanoliparia,” which couple alkane degrada-
tion to methanogenesis (17, 69). These archaea use ACR for multicarbon activation and MCR for
methane formation and apparently do not require syntrophic partners (158). Thus, the discovery
of the novel, multicarbon-compound-oxidizing MCRs substantially expands the role of archaea
in hydrocarbon metabolism.

2. CULTIVATION OF ALKANE-DEGRADING ARCHAEA

The cultivation of anaerobic alkane-degrading archaea requires strictly anoxic conditions
throughout all sample treatments, including a rapid transfer of culture material to anoxic con-
ditions and exclusion of oxygen contaminations in all further steps (70, 145). Because alkane-
degrading archaea grow slowly, cultivation usually requires sediments from hydrocarbon-rich cold
seeps and hot vents with naturally enriched populations (15). Sites that host such organisms are de-
scribed in Supplemental Text 1 and Supplemental Table 1. Long-term cultivation under high
methane partial pressures resulted in the first actively growing cultures composed of ANME-2
lineage archaea and their partner bacteria (5, 37, 87, 156). They grow with activity-based dou-
bling times of several months, whereas cold-adapted sediment-free enrichments were obtained by
continuous cultivation over several years (50, 150). “Candidatus Methanoperedens” has been cul-
tured from freshwater samples with diverse electron acceptors (nitrate and iron and manganese
oxides) (20, 43, 72, 132). Cultivation from hydrothermal vent sediments from Guaymas Basin has
generated sediment-free methanotrophic enrichments of thermophilic ANME-1 with the deep-
branching sulfate-reducing bacterium “Candidatus Desulfofervidus auxilii” (formerly HotSeep-1),
with doubling times of approximately 2 months at 50°C (51). From the same environment, the
thermophilic butane oxidizer “Ca. Syntrophoarchaeum” and the ethane degrader “Ca. Ethanop-
eredens” were also cultured in consortia with “Ca. Desulfofervidus,” both with doubling times on
the order of weeks (40, 71). In comparison, the establishment of a sediment-free psychrophilic
ethane-oxidizing coculture of “Ca. Argoarchaeum” and partner bacteria required more than a
decade of continuous enrichment due to doubling times of several months (23). A culture of the
methanogenic alkane degrader “Ca. Methanoliparia” growing on multiple long-chain hydrocar-
bons was recently established from a sample of terrestrial oil sludge (158). So far, all the abovemen-
tioned cultured ANME and ANKA grow in enrichment cultures in which these archaea dominate,
but they are not pure and most need partner bacteria. Some of these alkane degraders may never
be isolated because they are obligate syntrophs.

3. MORPHOLOGY OF CONSORTIA OF ALKANE-DEGRADING
ARCHAEA

Our understanding of the environmental distribution, functioning, and syntrophic partner as-
sociations of alkane-oxidizing archaea greatly benefited from the visualization of the microor-
ganisms by microscopy (16, 93). FISH methods have shown the frequent occurrence of densely
packed, dual-species consortia of ANME and ANKA with their sulfate-reducing partner bacteria
in the environment and in enrichment cultures, consistent with their obligate syntrophic lifestyle
(Figure 1). Like methanogens, alkane-oxidizing archaea can also be directly visualized by the
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strong autofluorescence of their water-soluble electron carrier F4yy (67). In addition to conven-
tional 16S rRINA-targeted FISH, the application of single-cell nRINA detection by hybridization
chain reaction-FISH and antibody staining of key enzymes in these organisms has also yielded
information about their metabolic activities in the context of their consortial partners (12, 82, 85).
Combinations of transmission electron microscopy and FISH have been used to determine the
ultrastructure of different environmental ANME groups and their partner sulfate-reducing bac-
teria in consortia, with some ANME lineages harboring intracellular polyphosphate inclusions
(ANME-2b) while different syntrophic sulfate-reducing bacterial partners contain magnetosome-
like chains of greigite, mitochondria-like membrane invaginations, and carbon storage granules
(80, 101). Studies applying multi-isotope imaging of ANME consortia using secondary ion mass
spectrometry combined with FISH (FISH-SIMS or FISH-nanoSIMS) have provided fundamen-
tal insights into the physiology of ANME consortia in environmental samples from cellular 3*C
evidence of methane oxidation (52, 93, 94) and into their role in nitrogen fixation (26, 82). These
studies have also supported the direct interspecies electron transfer (DIET) hypothesis as a main
syntrophic mechanism between ANME and their sulfate-reducing bacterial partners (79, 107).
The use of the electron microscopy stain diaminobenzidine targeting redox-active proteins (e.g.,
cytochromes) provides additional support for DIET between ANME-2 archaea and their bacte-
rial partners, with dense staining occurring in the extracellular space between cells in consortia,
consistent with the predicted location of extracellular multiheme cytochromes (67, 79).

In nature, ANME-1 cells appear as single cells or in multicellular chains sometimes longer
than 100 wm (51, 94) or as thick biofilms and chemoherms (63, 84, 131). Ultrastructural analysis
based on electron microscopy revealed that ANME-1 archaea form proteinaceous envelopes, as
similarly shown for close methanogenic relatives, giving the cells a cylindrical shape (67, 101, 144).
As observed with ANME-2 consortia, the ANME-1 archaea and their partners produce many
cytochromes present in the extracellular matrix (67). When growing in syntrophy, the partner
bacterium “Ca. D. auxilii” also overexpresses pili and cytochrome-encoding genes (144). These
genes are underexpressed when “Ca. D. auxilii” grows alone using hydrogen gas as energy source.
These observations further strengthen the involvement of pili and cytochromes in interspecies
electron transfer (66, 144).

Compared with data from the diverse imaging techniques that have been applied to methan-
otrophic ANME consortia, morphological and ultrastructural data on the more recently cultured
ANKA are more limited. The thermophilic short-chain alkane degraders “Ca. Ethanoperedens”
and “Ca. Syntrophoarchaeum” form consortia with the partner bacterium “Caz. Desulfofervidus,”
as similarly shown for thermophilic ANME-1 (Figure 1). Within the consortia, the archaeal
and bacterial partners occur in larger monospecies clusters, with greater distances between the
syntrophic partners that have to be bridged to allow for DIET (40, 71). In contrast, the cul-
tured psychrophilic ethane oxidizer “Ca. Argoarchaeum” forms unstructured aggregates with yet
uncharacterized partner bacteria (23). In marine sediments, both GoM-Arcl and “Ca. Syn-
trophoarchaeum” have also been observed under lower temperatures in structured consortia with
the phylum Desulfobacterota (40). “Ca. Methanoliparia” are the only ANKA in enrichment culture
that grow as single cells. They have been visualized from environmental samples associated with
oil droplets from the Gulf of Mexico (Figure 1) and in cultures derived from a terrestrial oil field
in China (158).

4. PHYLOGENY AND EVOLUTION OF ANME/ANKA
AND THEIR mcr AND acr GENES

Anaerobic alkane metabolism was first detected in ANME (16, 88, 92), a functional group
of microorganisms within the phylum Hualobacteriota (formerly Euryarchaeota). ANME are

Wegener et al.
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polyphyletic and are divided in three major lineages: ANME-1, which is a unique order-level
clade represented by multiple genera, and ANME-2 and ANME-3, both of which belong to the
order Methanosarcinales. ANME-2 archaea can be subdivided into four clades. ANME-2a (“Can-
didatus Methanocomedens”) and ANME-2b (“Candidatus Methanomarinus”) are two genera of
the same family (“Candidatus Methanocomedenaceae”), distinct from the family of ANME-2c
(“Candidatus Methanogasteraceae”) (22, 61). Finally, ANME-2d (“Ca. Methanoperedens”) is a
closely related genus within the family Methanoperedenaceae, which is next to the clade GoM-Arcl.
Similar to methanogens, ANME genomes have a single MCR, which in this case is used for
methane activation rather than for the terminal step in methane formation (Figure 2). MCR-
based multicarbon alkane metabolism also has been recently detected in novel halobacterotal
groups (“Ca. Methanoliparia”) and in relatives of ANME-1 (“Ca. Syntrophoarchaeum”) and
ANME-2d (GoM-Arcl) (23, 40, 71) (Figure 2). In contrast to their genomic relatedness, the
MCRs of ANKA are highly divergent from those of methanogens and ANME methanotrophs
and therefore are termed ACRs. Based on this difference in the encoded MCR/ACR type, the po-
tential metabolism of ANME/ANKA can be distinguished at the genomic level. Multiple archaeal
metagenome-assembled genomes (MAGs) encode novel MCR types. These MAGs belong to the
class Archaeoglobi (Halobacterota), to the phyla “Candidatus Hadarchaeota” and Asgardarchaeota,
and to various archaea from the phylum Thermoproteota (17, 18, 34, 53, 81, 109, 141) (for details
see Supplemental Table 1). The genomic features of some of these organisms suggest a capacity
for methane metabolism, and others may be multicarbon alkane-degrading archaea.

The ANME-1 clade, recently renamed Methanophagales (1), and its sister clade Syntrophoar-
chaeales are closely related based on 16S rRNA gene analysis and genome phylogeny (17)
(Figure 2a), forming the class Syntrophoarchaeia within the phylum Halobacteriota according to
the Genome Taxonomy Database (GTDB) taxonomy (96). They share characteristic genomic fea-
tures such as the substitution of the Mer (F40-dependent methylene-H4MPT reductase) enzyme
by MetFV (methylene-H4F reductase) in the Wood-Ljungdahl/reverse methanogenesis pathway.
Both ANME-1 and the order Syntrophoarchaeales code for fatty acid oxidation pathways, but only in
Syntrophoarchaeales does this pathway have an obvious catabolic function (140). Whereas ANME-1
archaea contain a single MCR that is related to those of methanogens, Syntrophoarchaeales have
four different ACR enzymes, presumably to activate different alkanes.

This difference raises the question, Which organism(s) evolved first, ANME-1 or the related
multicarbon alkane metabolizers? Recent phylogenomic analysis supports a basal position for the
butane-oxidizing “Ca. Syntrophoarchaeum” relative to methanotrophic ANME-1, suggesting
that multicarbon metabolism proceeded methanotrophy within this clade (142). Notably, the
MCR of ANME-1 is related to those of methanogenic members of the classes Thermoplasmata
(Methanomassiliicoccaceae) and Thermococci (“Candidatus Methanofastidiosa”), archaea that are only
distantly related (Figure 24). This finding indicates that ANME-1 archaea likely acquired their
MCR by horizontal gene transfer and lost the ACRs present in a “Ca. Syntrophoarchaeum”-like
ancestor. This hypothesis is supported by the presumed relic f-oxidation pathway present in
ANME-1. This pathway is necessary for multicarbon alkane oxidation but has no apparent
function in methanotrophy. Recently, MAGs of additional sister clades related to ANME-1
and Syntrophoarchaeales, also referred to as Alkanophagales and Santabarbaraceales, were identified
(28, 142). These MAGs contain between 3 and 6 acr gene clusters, which are likely involved in
multicarbon alkane activation, further strengthening the hypothesis that the ancestor of the class
Syntrophoarchaeia was likely an alkane degrader with multiple ACRs.

All ANME-2 described to date are methanotrophic archaea. The ANME-2a, ANME-
2b, and ANME-2c¢ subgroups are predominantly marine organisms that commonly oxidize
methane syntrophically with sulfate-reducing partners, and members of the ANME-2d (“Ca.
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Phylogeny of alkane-degrading archaea and their MCR-A/ACR-A. (#) Phylogenomic tree of the domain Archaea. Colored backgrounds
indicate that at least one member of the clade has the corresponding metabolism (confirmed or inferred from genomic information).
Naming is according to GTDB taxonomy; names with an asterisk (*) are former common names. (5) Phylogenetic tree of the a subunit
of the MCR/ACR protein. Colored backgrounds indicate the reactions catalyzed by the corresponding MCR/ACR (confirmed or
inferred by genomic information). The MCR/ACR groups are indicated in the text. In brief, MCR group A consists of canonical
methanogens (plus ANME-2 and ANME-3); MCR group B consists of novel uncultured methanogens (plus ANME-1); and ACR
group C consists of novel multicarbon alkane-activating enzymes. Abbreviations: ACR, alkyl coenzyme M reductase; ANME, anaerobic
methane-oxidizing archaea; DPANN, archaeal superphylum named after Diapherotrites, Purvarchaeota, “Candidatus Aenigmarchaeota,”
Nanoarchaeota, and Nanobaloarchaeota; GTDB, Genome Taxonomy Database; MCR, methyl coenzyme M reductase.

Methanoperedens”) clade are freshwater nitrate- and metal-reducing archaea (20, 33, 43, 72).
The sister clade GoM-Arcl is frequently detected in hydrocarbon-rich marine environments
and is currently represented by two cultured ethane-degrading genera, “Ca. Argoarchaeum” (23)
and “Ca. Ethanoperedens,” both of which code for a specific ACR type that is divergent from
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the MCR in ANME-2d (40). Most likely, the GoM-Arcl clade developed from the ANME-2d
archaea by evolving or acquiring a divergent ACR type for ethane activation and additional
features to metabolize the CoM-bound ethyl groups. However, GoM-Arcl cannot grow on the
electron acceptors used by “Ca. Methanoperedens” and, like other marine ANME and the ANKA
“Ca. Syntrophoarchaeum,” form consortia with sulfate-reducing bacteria.

ANME-3 archaea [renamed “Candidatus Methanovorans” (22)] compose a genus of yet uncul-
tured, consortia-forming putative methanotrophs that occur in diverse marine environments, in-
cluding deep-sea whale falls, methane seeps, and mud volcanoes (38, 90, 92). In the Haakon Mosby
mud volcano in the Barents Sea, ANME-3 archaea were the dominant anaerobic methanotrophs
in association with a novel member of the family Desulfobulbaceae (73, 90). ANME-3 archaea are
closely related to Methanococcoides, with which they share many features such as highly similar »zcr
genes (38, 73). This finding suggests ANME-3 archaea evolved from their methanogenic ancestors
relatively late. ANME-3 archaea seem to have some distinct features of ANME organisms, absent
in their methanogenic relatives, for instance, the presence of multiheme ¢-type cytochromes and
other electron cycling mechanisms. The acquisition of these features was probably crucial for the
switch from methanogenesis to syntrophic methane oxidation (22).

Recently, members of the class “Ca. Methanoliparia” have been found to degrade multicar-
bon alkanes (158). “Ca. Methanoliparia” are a basal halobacterotal lineage related to Archacoglobi
and Syntrophoarchaeia and consist of a marine subclade and a terrestrial subclade (17, 69). “Ca.
Methanoliparia” are unique among ANKA. They contain a highly divergent ACR type for the
activation of long-chain alkanes and other alkylated hydrocarbons and an MCR that is used
for methane formation. The origin of the divergent ACR is unclear, but multicarbon alkane
metabolism coupled to methanogenesis may have been a relatively basic trait of microorganisms
developed on early Earth with reduced conditions. The canonical MCR of “Ca. Methanoliparia”
seems to reflect the genome phylogeny.

MAG:s of different archaeal phyla harbor diverse acr genes, suggesting that multicarbon alkane
metabolism is more widely distributed than previously assumed. Most of these ACRs are similar to
the ACR of “Ca. Methanoliparia.” The only exceptions are the ACRs from Alkanophagales and the
Archaeoglobi strain “Candidatus Polytropus marinifundus,” which are related to the ACRs from “Ca.
Syntrophoarchaeum.” The polyphyly of these ACRs does not reflect the genome-based phylogeny,
which might be caused by convergent evolution (homoplasy of the ACR) or different horizontal
gene transfer events between the different ACR-containing archaea. It could be hypothesized that
the ACRs in members of “Ca. Hadarchaeota” and Archaeoglobi formed by convergent evolution
from an MCR-containing ancestor, similar to the ACR of “Cz. Methanoliparia,” since they belong,
or are closely related, to the Halobacterota. MCR is likely a feature of the last common ancestor
of this phylum. Yet horizontal gene transfer of these ACRs cannot be ruled out. In the cases of
Bathyarchaeia and Helarchaeota, it is most likely that the ACRs were acquired through horizontal
gene transfer from a halobacterotal organism, as no members of these clades encode for any kind
of MCR. Future research should shed light on the origin of this metabolism and how widespread
it is among the different archaeal clades.

5. BIOCHEMISTRY OF ALKANE DEGRADATION IN ARCHAEA
5.1. Methane Oxidation in ANME

AOM is catalyzed by enzymes known from methanogenesis, yet in methane oxidizers these en-
zymes operate primarily in the reverse direction, toward the net formation of CO; rather than
methane. Central to this metabolism is the activation of methane as methyl-CoM by specific
MCREs that are highly similar to those of methanogens (105, 130). During AOM, ANME strongly
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overexpress 7cr (67, 138, 144), and MCR makes up approximately 10% of the extractable pro-
teins from AOM active mats (77). The a subunit of the MCR hosts the catalytic center with the
nickel porphinoid coenzyme Fy39 (31, 112). Here methane is activated by a Ni(I) atom and the het-
erodisulfide CoM-S-S-CoB, forming methyl-CoM and free coenzyme B (CoB) as products (147)
(Figure 3a). The Fy30 in ANME-1 is slightly modified by the addition of a methyl thiol group
(4, 112). The reason for this modification is currently unknown, but its absence in other ANME
suggests that it is not universally required for archaeal oxidation of methane. Both methanogens
and methanotrophs have several posttranslational modifications in their MCRs whose function
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Figure 3 (Figure appears on preceding page)

Catabolic flow and redox balances in cultured alkane-degrading archaea. Schemes of the activation of (#) methane and (4) multicarbon
alkanes via MCR and ACR and regeneration of the cofactors. Schemes of catabolic reaction in (c) ANME, (d) the clade GoM-Arcl,

() “Candidatus Syntrophoarchaeum,” and (f) “Candidatus Methanoliparia.” Enzymes/compounds characteristic of alkane-metabolizing
archaea are in red. Enzymes/compounds characteristic of the p-oxidation pathway are in blue. Enzymes/intermediates of the Wood—
Ljungdahl pathway are in green. Unknown steps in the pathway are indicated. Electron flow and carriers are depicted in violet. The
model does not account for carbon assimilation. Abbreviations: ACDS/CODH, acetyl-CoA decarbonylase/synthase:CO
dehydrogenase; ACR, alkyl coenzyme M reductase; ANME, anaerobic methane-oxidizing archaea; AOR, aldehyde ferredoxin
oxidoreductase; Bed/Acd, butanoyl/alkynyl-CoA; CoA, coenzyme A; CoB, coenzyme B; CoM, coenzyme M; Crt, enoyl-CoA hydratase
dehydrogenase; Fded, reduced ferredoxin; Fmd, formylmethanofuran dehydrogenase; Ftr, formylmethanofuran: H4MPT
formyltransferase; H4MPT, tetrahydromethanopterin; Hbd, 3-hydroxybutyryl-CoA dehydrogenase; Hdr, heterodisulfide reductase;
Hmd, 5,10-methenyl-H4sMPT hydrogenase; Mch, methenyl-H4MPT cyclohydrolase; MCR, methyl coenzyme M reductase; Mer,
methylene-H4MPT reductase; Met, methylenetetrahydrofolate reductase; MF, methanofuran; Mtd, methylene-H4MPT

dehydrogenase; Mtr, methyl-H4MPT:coenzyme M methyltransferase; Thl, acetyl-CoA acetyltransferase.

has not yet been determined but may play important roles in the kinetics and the stability of the
enzyme (31, 112, 136).

The next step in AOM is the exchange of the CoM with the C; carrier tetrahy-
dromethanopterin (H4MPT) (Figure 3c¢). This reaction is catalyzed by the membrane complex
methyl-Hy;MPT:coenzyme M methyltransferase (Mtr). This endergonic reaction is enabled by the
influx of approximately two sodium ions (78). In three consecutive reactions, ANME further oxi-
dize the HyMPT-bound methyl group stepwise to methylene, methenyl, and formyl-H,;MPT (42).
The enzymes responsible for these steps are methylene-HyMPT reductase (Mer), methylene-
H4MPT dehydrogenase (Mtd), and a methenyl-H4MPT cyclohydrolase (Mch), respectively.
Together these steps are coupled to the reduction of two Fiy¢ molecules. Notably, ANME-1
archaea do not code for a canonical Mer, which is assumed to be substituted by methylenete-
trahydrofolate reductase (Met) (67, 83, 123). The formyl group is transferred to methanofuran
(MF) by formylmethanofuran:H4MPT formyltransferase (Ftr), and the carbon is oxidized to CO,
by formylmethanofuran dehydrogenase (Fmd) in an exergonic reaction that produces reduced
ferredoxin (Fd,eq). The reactions of the reverse methanogenesis release eight reducing equivalents
(electrons) from methane that reduce the heterodisulfide CoM-S-S-CoB to the thioether CH;—
S-CoM (methyl-CoM) and the thiol coenzyme B (CoB-SH), and that reduce two molecules of
F450 and one molecule of ferredoxin. All ANME encode homologs of cytoplasmic heterodisulfide
reductases (HdrABC) (67). In hydrogenotrophic methanogens, HdrABC form complexes with
MvhADG hydrogenase. This complex couples the last step of methanogenesis (the exergonic
methyl-CoM reduction) with the first step of methanogenesis (the endergonic reduction of CO,
to formyl-MF) in a bifurcation reaction (129). In ANME, a complex of HdrABC FrhB and
MvhD may catalyze a confurcation reaction, the regeneration of ferredoxin and CoM-S-S-CoB
coupled to the reduction of two Fyy¢ units (78, 148). At the membrane, F4y¢ is regenerated by the
transfer of electrons to quinones by F4,0H;:quinone oxidoreductase complexes (Fqo) in ANME-1
or presumably to methanophenazine by F40H,:methanophenazine oxidoreductase complexes
(Fpo) in ANME-2 and ANME-3, allowing the translocation of approximately one proton per
electron couple (22) (Supplemental Figure 1). ANME-2 and ANME-3 encode additional
membrane-bound HdrDE complexes. This enzyme may regenerate CoM-S-S-CoB coupled to
an inflow of two protons (7, 22, 114). Encoded Rnf complexes would allow the regeneration of
ferredoxin coupled to proton translocations across the membrane in ANME-2 and ANME-3.

5.2. Multicarbon Alkane Degradation in ANKA

Multicarbon alkane-oxidizing archaea contain most enzymes of the methanogenesis and addi-
tional pathways to degrade the multicarbon intermediates. They activate the multicarbon alkanes
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with phylogenetically and functionally divergent variants of the MCR enzyme, the ACRs, that cat-
alyze a reaction analogous to the biochemical principles of anaerobic activation of methane (128)
(see Figure 3b). None of the known ANKA can activate methane with these enzymes. Alkanes
such as ethane, butane, and hexadecane react with the heterodisulfide CoM-S-S-CoB, forming
alkyl- (ethyl-, butyl-, or hexadecyl-)CoM and free CoB as reaction products. It is still unclear how
the active centers of ACRs can accommodate such large substrates. The structure of the ethane-
activating ACR of “Ca. Ethanoperedens” shows that multiple loop insertions and posttranslational
amino acid modifications result in the formation of a hydrophobic tunnel for the substrate. This
structural feature may facilitate the reaction kinetics by providing an alternative path toward the
enzymes’ active center (41). In addition, the nickel porphinoid coenzyme Fy3 is modified by two
methylations that likely ensure the correct positioning of the cofactor in an enlarged cavity. As a
result, the ACR of “Ca. Ethanoperedens” can activate only ethane (40). “Ca. Syntrophoarchaeum”
possesses four ACRs, yet their substrate specificity is unknown.

The next step in multicarbon alkane degradation is the oxidation of the alkyl groups to an
acyl unit and the transfer to the cofactor coenzyme A (CoA). The nature of these transformations
and the involved enzymes are largely unknown. The ethane degraders of the GoM-Arcl code
for an Mtr that might catalyze the cleavage of the CoM and the transfer of the ethyl group to
a different cofactor (23). The following oxidation reactions may involve aldehyde ferredoxin
oxidoreductases, which are present and expressed in multiple copies (40). In the case of ethane
degradation, these reactions directly lead to acetyl-CoA, a central metabolite in most archaea
(Figure 3d). In the case of longer alkanes, alkyl-CoM is transformed to acyl-CoA intermediates,
which are degraded to acetyl-CoA. To break down these intermediates, “Ca. Syntrophoarchaeum”
and “Ca. Methanoliparia” contain a B-oxidation pathway, a fundamental feature in most ANKA
to split the fatty acids into acetyl units (Figure 3e,f). The B-oxidation pathway consist of four
steps, for which ANKA usually have multiple copies of the corresponding enzymes, suggesting a
certain substrate specificity (71).

In syntrophic ANKA, the acetyl-CoA is completely oxidized to CO, (Figure 3d-f). First,
acetate is split into CO; and a methyl group by using the acetyl-CoA decarbonylase/synthase:CO
dehydrogenase (ACDS/CODH) enzyme. Then, the methyl group is transferred to H4MPT
and oxidized to CO; on the methyl branch of the Wood-Ljungdahl pathway, which consists
of the same steps as the downstream part of the reverse methanogenesis, with five steps cat-
alyzed by Mer/Met, Hmd, Mch, Ftr, and Fmd. Similar to ANME-1, “Ca. Syntrophoarchaeum”
likely replaces the Mer enzyme by Met. In both “Ca. Syntrophoarchaeum” and GoM-Arcl, the
reducing equivalents produced during the alkane oxidation must be transferred to membrane-
soluble molecules such as quinones and methanophenazine, from which they will be channeled
to the sulfate-reducing partner bacteria as discussed in the next section. The electron cycling
mechanisms within ANKA are similar to those of their close ANME relatives. To regenerate
CoM-S-S-CoB, GoM-Arcl archaea have genes for both HdrABC and HdrDE while “Ca. Syn-
trophoarchaeum” harbors genes for several HdrABC complexes (Supplemental Figure 1). For
the reoxidation of F459, GoM-Arcl archaea encode Fpo and “Ca. Syntrophoarchaeum” encodes
Fqo. The oxidation of alkyl-CoM to the original acyl-CoA releases four electrons, yet the involved
enzymes are unknown. In the case of “Ca. Syntrophoarchaeum,” the split of butyl-CoA into two
acetyl units releases four electrons per reaction that are reducing the electron carriers NAD" and
flavin adenine dinucleotide (FAD) from an electron transfer flavoprotein. The genes encoding the
electron transfer flavoprotein complex form an operon with an [FeS]-oxidoreductase that is likely
involved in further electron cycling. Because the redox potential of FADH, (E” = —125 mV)
is too high to allow a coupling to sulfate reduction in the partner bacteria (E* = —220 mV), a
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potential shift of those reducing equivalents is required. The potential shift might be catalyzed
in another confurcation reaction involving Fd,.q or energy-driven reverse electron transfer (71).

5.3. Transfer of Reducing Equivalents to Partner Bacteria
in Syntrophic ANME and ANKA

To sustain alkane oxidation, the reducing equivalents released during these reactions must find a
sink. For marine anaerobic alkane-oxidizing archaea sulfate is the dominant electron acceptor. Yet
all cultured ANME and ANKA appear to lack a dissimilatory sulfate reduction pathway. Instead,
sulfate reduction is performed by syntrophic partners, members of the Desulfobacterota (formerly
Deltaproteobacteria) such as those belonging to the SeepSRB1a or the SeepSRB2 cluster or to the
thermophilic deep-branching class Desulfofervidia (51, 59, 62). Syntrophic alkane-oxidizing ar-
chaea often have partner bacteria of the same genus as methane oxidizers. One exception is the
ultraslow-growing ethanotroph “Ca. Argoarchaeum,” which forms unstructured consortia with an
unidentified bacterial partner (23) (Figure 1).

The high similarity in the consortia structure and the partner suggests similar modes to ex-
change the reducing equivalents. However, the mechanisms underlying this syntrophy are poorly
understood. Early studies proposed the transfer of molecular intermediates such as hydrogen,
formate, and acetate between ANME and their partners, as observed in other syntrophic inter-
actions of microorganisms (49, 108). In alkane oxidation, however, such chemical intermediates
are unlikely because the required low equilibrium concentration in the low or subnanomolar
range would kinetically inhibit the process (120) and because the large distances observed be-
tween active ANME and sulfate-reducing bacterial cells in syntrophic consortia are inconsistent
with molecular diffusion (44, 79). Furthermore, most ANME and their partners lack hydroge-
nases, suggesting that hydrogen cannot be produced as an intermediate (22, 67, 89, 115, 143, 149).
Instead, a direct transfer of reducing equivalents between the partners in the form of electric cur-
rent is likely. In the DIET hypothesis, electrons from Fi,0H, and Fd,.q are transported out of the
cell by membrane-bound carriers such as menaquinone (ANME-1, “Ca. Syntrophoarchaeum”) or
methanophenazine (ANME-2, ANME-3, GoM-Arcl) and membrane-spanning and extracellular
multiheme cytochromes (22, 67, 79, 115, 144). The electrons are received by the sulfate-reducing
partner bacteria via additional extracellular and membrane-spanning cytochromes (67, 115, 144).
The partner bacterium “Ca. Desulfofervidus” expresses large amounts of pili and cytochrome-
encoding genes. These proteins were hypothesized to form nanowire-like structures similar to that
described for Geobacter (67,144, 137). Consortia of thermophilic multicarbon alkane-oxidizing mi-
croorganisms show similar structures and gene expression patterns, suggesting analogous electron
transfer mechanisms (40, 69). Recently, a mixed model combining DIET and chemical diffusion
of low-mass intermediates (i.e., formate) in ANME-bacteria syntrophy was proposed based on
energetic considerations (44).

5.4. Alternative Electron Sinks of ANME

AOM can be coupled to various additional electron acceptors, including nitrate (NO5), ni-
trite (NO5;), oxidized metal species such as Fe(Ill) or Mn(IV), and humic substances like
anthraquinone-2,6-disulfonate (AQDS) (Table 1). Under standard conditions, these compounds
allow energy yields even higher than those for sulfate reduction. In marine environments, these
compounds are rare or poorly accessible, but they may play a vital role in freshwater habitats
0,72, 133).

The cultured methane oxidizers of the ANME-2d clade do not couple AOM to sul-
fate reduction. Instead, they have acquired other electron-sinking mechanisms. “Candidatus
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Table 1 Coupling of methane oxidation to different electron acceptors

Enrichment
Reaction Organisms source/status Reference(s)
CH4 + 4NO™3 — 4NO; + 2H,O “Candidatus Multiple stable cultures 43
AGY = —503 kJ mol~! CHy4 Methanoperedens” (enriched)
CH, + 8Fe’t + 2H,0 — CO; + 8Fe?™ + 8HT “Ca. Methanoperedens,” | Enrichment in 6,13,20,33,
AGY = —454 k) mol~! CHy4 additional evidence in bioreactor; culture 107
ANME-2 not available
CHjy + 4MnO; + 7HT — HCO; + 4Mn?* + SH,O “Ca. Methanoperedens,” | Enrichment in 13,72
AGY = —383 k] mol~! CHy4 additional evidence in bioreactor; culture
ANME-2 not available
CHjs + 4AQDS + 3H,0 — HCO;3 + 4AQH;DS + H* ANME-2 Short-term experiments; | 9,107, 149
AGY = —41 k] mol~! CH4 no cultures
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Methanoperedens nitroreducens” directly couples AOM to the reduction of nitrate to nitrite
using membrane-bound nitrate reductases. This metabolism does not strictly require a syn-
trophic relationship, but “Ca. M. nitroreducens” usually appears associated with nitrite-reducing
(“Candidatus Methylomirabilis oxyfera”) or anammox (i.e., Kuenenia) bacteria (43). “Candidatus
Methanoperedens ferrireducens” and “Candidatus Methanoperedens manganicus” couple AOM
to iron and manganese reduction (20, 72). These metal-reducing ANME code for a large number
of different, highly expressed cytochromes, including 4-heme cytochromes and others with higher
heme numbers and S-layer domains that apparently allow electron transfer to metal oxides. In
marine habitats, ANME-2d archaea are rare. Short-term incubation experiments have shown
that some marine ANME-2 strains can couple AOM to metal reduction (6, 13, 33, 107). Other
experiments suggest that ANME-2 can transfer electrons to organic compounds such as the
humic acids or their synthetic analogs (i.e., AQDS) (9, 107, 134, 149). Albeit thermodynamically
feasible, similar redox couplings in ANKA have not been documented.

5.5. Methanogenic Multicarbon-Compound Degradation
by “Candidatus Methanoliparia”

“Ca. Methanoliparia” thrive as single or aggregated cells without apparent association with
partner bacteria, forming methane and CO, as metabolic products (158). “Ca. Methanoliparia”
encode a single ACR (17, 69) that apparently activates various long-chain alkanes and other alkyl-
substituted compounds according to recent cultivation experiments (158). Genomic evidence
suggests that “Ca. Methanoliparia” transform these compounds via free alcohols to CoA-bound
acyl units. Similar to other ANKA, “Ca. Methanoliparia” break these compounds via B-oxidation
into several acetyl-CoA units. As shown by incubation experiments, “Ca. Methanoliparia” can also
activate and degrade alkyl-substituted aromatic compounds. B-Oxidation of the alkyl chains spares
benzene rings that are opened by an encoded benzoyl-CoA reductase (69, 158). The acetyl-CoA
is further split into CO; and HyMPT-bound methyl groups using the ACDS/CODH complex of
the Wood-Ljungdahl pathway. These oxidative reactions release reducing equivalents in the form
of reduced electron carriers, including NADH, FADH,, and Fd,.qs (Figure 3f; Supplemental
Figure 2). In contrast to syntrophic ANKA that transfer the electrons toward partner bacteria,
“Ca. Methanoliparia” regenerate these electron carriers by the formation of methane. Notably,
“Ca. Methanoliparia” encode an Mtr that transfers the methyl group from HyMPT to CoM, and
a second and canonical MCR catalyzes the reduction of methyl-CoM to methane. Using the C,
branch of the Wood-Ljungdahl pathway, “Ca. Methanoliparia” deplete the surplus of reducing
equivalents generated during hydrocarbon degradation by reducing additional CO; into methane
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(Figure 3f). “Ca. Methanoliparia” likely translocate sodium ions at the membrane via Rnf (use
of the potential difference between Fd,.q and NADH; translocation of one to two sodium ions)
and via Mtr (transfer of methyl groups from H4MPT to CoM; translocation of two sodium ions)
(Supplemental Figure 2).

6. FUNCTION OF UNCULTURED MCR-CONTAINING ARCHAEA

The increasingly diverse MCR-like enzymes can be sorted into three major groups (Figure 2b):
(@) the canonical MCR types of the cultured methanogens and methanotrophs (formerly Eur-
yarchaeota); (b) the MCRs found in MAGs of various uncultured archaea, mostly from the Ther-
moproteota (formerly the TACK groups Verstraetearchaeota, Nezbaarchaeota, and Korarchaeota), that
most likely perform methanogenesis (plus the methanotrophic ANME-1 MCRs); and () the group
of multicarbon alkane-activating ACRs. The last group can be subdivided into ACRs that are sim-
ilar to the ethane-activating GoM-Arcl: the “Ca. Syntrophoarchaeum” group that includes se-
quences of uncultured Alkanophagales (142) and Archaeoglobi (18) and the “Ca. Methanoliparia”
ACR type that activates long-chain alkanes and clusters with other ACRs found in MAGs of un-
cultured organisms from diverse archaeal groups such as Bathyarchaeia, “Ca. Hadarchaeota,” and
Helarchaeales. Here we speculate on the metabolism of these uncultured MCR-/ACR-containing
archaea. Substantial cultivation efforts and physiological investigations are required to validate
these hypotheses.

The cultured Archaeoglobi are obligate thermophilic sulfate reducers. As relatives of the
methanogens, they contain a Wood-Ljungdahl pathway but do not code for MCR and MTR.
In contrast, the Archacoglobi MAG WYZ-LMO?2 retrieved from Obsidian Pool, a hot spring in
Yellowstone National Park, contains 7cr and mir genes, lacks the sulfate reduction genes, and
is hypothesized to be a methanogen (141). Other Archaeoglobi MAGs retrieved from Obsidian
Pool contain the complete methanogenesis pathway and a dissimilatory sulfate reduction path-
way. These organisms potentially perform sulfate-dependent AOM without a syntrophic partner
(141). “Ca. P. marinifundus” is a basal Archaeoglobi lineage described from a MAG recovered from
deep subsurface fluids from the Juan de Fuca Ridge hydrothermal vent system (18). This MAG
contained two acr genes that are closely related to those of “Ca. Syntrophoarchaeum.” Hence, “Ca.
P. marinifundus” may be capable of degrading short-chain alkanes. This uncultured archaeon lacks
a canonical sulfate reduction pathway but harbors genes that may enable the utilization of nitrate,
iron, and sulfur compounds as electron sinks.

Alkanophagales were originally described as a distinct clade of ANME-1 MAGs containing acr
genes from the Guaymas Basin (27). A few years later, this group was renamed Alkanophagales,
representing a basal clade sitting between the Syntrophoarchaeales and ANME-1 that is hypothe-
sized to perform multicarbon alkane metabolism. They also contain a B-oxidation pathway and a
Wood-Ljungdahl pathway (142). The study of their phylogenomic position will help resolve the
evolution of methanotrophy and alkanotrophy within the Syntrophoarchaeia clade. A recent study of
a Scotian Basin cold seep described a novel ACR-containing MAG (Co_bin109) (29). This MAG is
affiliated with a still unnamed halobacterotal class, closely related to the methanogenic Methanocel-
lales (Figure 2a), and contains two acr genes related to those of “Ca. Syntrophoarchaeum.” The
Co_bin109 MAG also encodes all known elements for archaeal alkane degradation, including
the B-oxidation and Wood-Ljungdahl pathways. These ACR-containing lineages further expand
the role of Halobacteriota in anaerobic alkane oxidation.

Bathyarchaeia represent a diverse group of uncultured, likely anaerobic microorganisms
that may ferment different organic substrates (151) or perform acetogenesis (45). MAGs of
Bathyarchaeia retrieved from a coalbed contained the first described acr operon of the “Ca.
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Methanoliparia” type, yet due to the lack of cultures and lack of knowledge of the expanded
substrate use of the MCR protein family at the time, these archaea were hypothesized to be either
methanogens or methanotrophs (34). Notably these MAGs lacked genes coding for fatty acid
degradation (34) and for cofactor Fu3 synthesis (17) that should be essential for long-chain alkane
oxidizers. Hence, the role of these archaea in alkane oxidation is unclear. “Ca. Hadarchaeota” are
widespread subsurface microorganisms without cultured representatives (10, 86). Phylogenomic
analyses place them as a lineage within or next to the former Euryarchaeota phylum (10, 53, 96) or
as a separate group in the former TACK superphylum (1). Metagenomics analyses suggest that
most “Ca. Hadarchaeota” ferment sugars (86) or grow by oxidizing carbon monoxide and hydro-
gen (10). Some MAGs of “Ca. Hadarchaeota” retrieved from alkane-rich heated sediments encode
one or two ACRs similar to those of “Ca. Methanoliparia,” along with a complete fatty acid degra-
dation pathway and the Wood-Ljungdahl pathway (141). Hence, these organisms may be alkane
oxidizers. The ACR-containing MAGs of the Helarchaeales were retrieved from hydrocarbon-rich
hydrothermal vents in the Guaymas Basin (109) and from organic-rich sediments off the Costa
Rica Margin (157). These MAGs contain two or three acr gene sets that are related to those of
“Ca. Methanoliparia”; hence, Helarchaeales may also be involved in long-chain alkane oxidation
in the environment. Notably, this group lacks cytochromes but contains genes for hydrogenases
and formate dehydrogenases. Therefore, hydrogen and formate have been proposed as possible
intermediates in a syntrophic interaction between these Helarchaeales and specific sulfate-reducing
bacteria, which seem to co-occur in the same environments according to genomic abundances
(157). Helarchaeales belong to the Asgardarchaeota superphylum, which may include the last com-
mon ancestor of eukaryotes (152). Therefore, a recent model suggested that the hypothetical last
common ancestor of eukaryotes might have evolved from a syntrophic asgardarchaeum capable of
alkane degradation and dependent on partner bacteria, similar to some ANME and ANKA (121).

1. Anoxic gas- and oil-rich marine subsurface sediments harbor abundant archaea that
thrive on the oxidation of methane [anaerobic methane-oxidizing archaeca (ANME)],
ethane (GoM-Arcl), propane and butane (“Candidatus Syntrophoarchaeum”), and long-
chain hydrocarbons (“Candidatus Methanoliparia”).

2. Syntrophic methane-oxidizing archaea of the ANME-1, ANME-2, and ANME-3 clades
are globally distributed in gas-rich marine environments. Their habitats overlap with
sulfate-dependent anaerobic multicarbon alkane-degrading archaea (ANKA) when mul-
ticarbon alkanes are available. “Candidatus Methanoperedens” inhabits iron- and nitrate-
rich niches in freshwater environments. “Ca. Methanoliparia” thrive in sulfate-depleted
oil-rich subsurface habitats.

3. Diverse ANME and ANKA representatives have been cultured with the use of specific
alkanes as substrates. Their growth is slow, however, with generation times of weeks
(ANKA) to months (ANME), and no pure isolates are available thus far.

4. The sulfate-dependent alkane-degrading archaea form consortia with specific sulfate-
reducing partner bacteria, some of which can grow with both ANME and ANKA. The
methanogenic “Ca. Methanoliparia” are capable of independent growth.

5. Methyl coenzyme M reductase (MCR)-/alkyl coenzyme M reductase (ACR)-based
alkane metabolism is widespread across the Halobacterota. In most instances, MCR-based
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phylogeny follows genome phylogeny. By contrast, ac genes have likely been horizon-
tally transferred across multiple archaea phyla.

6. ANME and ANKA use specific types of MCRs and ACRs to activate their substrates and
do not compete for the same substrates. ANME reverse the methanogenesis pathway
for complete methane oxidation. Syntrophic ANKA combine the methanogenesis
pathway with the Wood-Ljungdahl pathway (and the B-oxidation pathway for alkanes
with three or more carbon atoms) for the degradation of multicarbon alkanes. “Ca.
Methanoliparia” contain both ACR and MCR to couple long-chain alkane degradation
to methanogenesis.

7. Metagenome-assembled genomes of various uncultured archaea encode ACRs, suggest-

ing an uncharted potential of alkane metabolism in several archaeal phyla and new cul-
tivation targets.

1. Whatis the environmental role of anaerobic alkane-degrading archaea compared to that
of bacteria with similar capabilities?

2. What are the physicochemical limits of those anaerobic alkane degraders in regard to
temperature, salinity, and pH?

3. Whatis the substrate range for alkane-oxidizing archaea, and which substrate MCR-like
enzymes can be activated by which biochemical mechanisms?

4. What are the electron acceptors of alkane-degrading archaea?

5. How is the interspecies electron exchange between archaea and bacteria organized, and
do multiple mechanisms exist?

6. How and when did MCR-containing archaea, in particular those with multiple and
highly divergent MCR types, evolve? How widely is MCR-based metabolism distributed
in archaea?

7. What are the mechanisms and intermediates in the transformation of coenzyme M-
bound alkyl units into coenzyme A-bound acyl groups?
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