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Expanding anaerobic alkane metabolism in the

domain of Archaea

Yinzhao Wang', Gunter Wegener

Methanogenesis and anaerobic methane oxidation through
methyl-coenzyme M reductase (MCR) as a key enzyme have
been suggested to be basal pathways of archaea'. How wide-
spread MCR-based alkane metabolism is among archaea,
where it occurs and how it evolved remain elusive. Here,
we performed a global survey of MCR-encoding genomes
based on metagenomic data from various environments.
Eleven high-quality mcr-containing metagenomic-assembled
genomes were obtained belonging to the Archaeoglobi in the
Euryarchaeota, Hadesarchaeota and different TACK super-
phylum archaea, including the Nezhaarchaeota, Korarchaeota
and Verstraetearchaeota. Archaeoglobi WYZ-LMO1 and
WYZ-LMO3 and Korarchaeota WYZ-LMO9 encode both
the (reverse) methanogenesis and the dissimilatory sulfate
reduction pathway, suggesting that they have the genomic
potential to couple both pathways in individual organisms.
The Hadesarchaeota WYZ-LMO4-6 and Archaeoglobi JdFR-
42 encode highly divergent MCRs, enzymes that may enable
them to thrive on non-methane alkanes. The occurrence of mcr
genes in different archaeal phyla indicates that MCR-based
alkane metabolism is common in the domain of Archaea.

Since the emergence of life on our planet, anaerobic methane
metabolism, including methanogenesis and methane oxidation, has
been a crucial element in the Earth’s carbon cycle’, and both pro-
cesses are key to the global methane budget. Methanogenic archaea
produce ~500-600Tg of methane per year’, whereas anaerobic
methane-oxidizing archaea (ANME) oxidize a large portion of
methane within the seafloor before it reaches the water column™’.
The metabolic pathways of methane formation and anaerobic oxi-
dation of methane are largely identical, as both contain exclusively
C,-compound-transforming enzymes that were described origi-
nally in the methanogenesis pathway~".

Among these enzymes, methyl-coenzyme M (CoM) reductase
(MCR) plays the crucial role’. In methanogens, MCR reduces CH,-
CoM to CH, (refs. >'°), whereas in ANME:s, this enzyme activates
CH, to form CH;-CoM as the primary intermediate’. This canonical
MCR type is highly conserved, and the gene encoding the a-subunit
(mcrA) of the enzyme complex has been used as a diagnostic marker
for the detection and phylogenetic classification of methanogens
and ANMEs"". The presence of MCR was thought to be limited
to the phylum Euryarchaeota, yet the occurrence of mcr genes in
metagenome-assembled genomes (MAGs) of the Bathyarchaeota'?
and Verstraetearchaeota'® has indicated a much wider distribution
of this gene within archaea. In addition, highly divergent MCR
types have been identified in two strains of the thermophilic Ca.
Syntrophoarchaeum spp. that use the encoded enzymes to activate
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short-chain alkanes, such as propane and n-butane, therewith docu-
menting a first case of a physiological activation of non-methane
alkanes using MCR and the production of the corresponding alkyl-
CoM as a primary intermediate’*. None of the known MCR-based
alkane-oxidizing archaea growing under sulfate-reducing condi-
tions possess genes encoding enzymes for dissimilatory sulfate
reduction; hence, all of them rely on syntrophic interactions with
sulfate-reducing partner bacteria'*""’. By contrast, some ANME-2d
contain nitrite or nitrate reductases, or may transfer electrons to
metal oxides, and hence may not require partner bacteria when
growing under these conditions'®".

In this study, we aimed to provide a larger overview of the distri-
bution of MCR-based alkane metabolism in archaea from different
environments. Thus, we established a database of known representa-
tive McrA protein sequences as a reference (n=153; Supplementary
Table 1), and with this list as a basis, the Joint Genome Institute (JGI)
metagenomic protein databases (January 2017) were used as que-
ries for screening homologous sequences (identity >30%, e <107,
coverage>75%). Sixty-four metagenomic data sets produced on
Mumina HiSeq 2000 or 2500 platforms containing McrA sequences
were further analysed (Supplementary Table 2). These data sets
were then downloaded from the NCBI Sequence Read Archive
public database, reassembled, binned and annotated as described in
the Methods section. A phylogenetic analysis of the McrA subunits
retrieved from these metagenomes shows that they cluster with
those of the Euryarchaeota phylum, including ANME-1, ANME-
2a/b, ANME-2c, ANME-2d, ANME-3, Ca. Syntrophoarchaeum
spp. and most of the known methanogens, and with those of
non-Euryarchaeota phyla, including the Verstraetearchaeota and
Bathyarchaeota. The majority of the McrA sequences that affiliate
with ANME homologues show high identities to the known McrA
sequences, whereas nearly half of the McrA sequences affiliating
with the Verstraetearchaeota and Ca. Syntrophoarchaeum spp./
Bathyarchaeota have less than 80% and 60% identities to the known
sequences, respectively (Supplementary Table 3). This suggests that
many of these sequences come from unknown microorganisms.

From the metagenomic sequences of 3 geothermal environments,
we recovered 11 high-quality mcr-containing MAGs that contained
divergent mcr genes (Table 1 and Supplementary Table 2). All MAGs
were checked for lineage-specific (149-228) and Archaea (149)
marker proteins to evaluate their completeness and contamination
(Supplementary Table 4). The completeness of all reported MAGs
was higher than 80%, whereas their contamination was below 2%.
The GC contents, tetranucleotide frequencies and codon usage pat-
terns of the mcr gene containing contigs show high congruence with
their respective MAGs (Supplementary Figs. 1-3). This strongly
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Table 1| MAGs described in this study and their main potential metabolic features

MAG name Sampling location

MCR group

Potential alkane metabolic pathways

Archaeoglobi WYZ-LMO1
Archaeoglobi WYZ-LMO2
Archaeoglobi WYZ-LMO3
Archaeoglobi JdFR-422
Hadesarchaeota WYZ-LMO4
Hadesarchaeota WYZ-LMO5
Hadesarchaeota WYZ-LMO6
Nezhaarchaeota WYZ-LMO7
Nezhaarchaeota WYZ-LMOS8
Korarchaeota WYZ-LMO9

Washburn Spring, WY, USA Il
Obsidian Pool, WY, USA 1
Obsidian Pool, WY, USA Il
Juan de Fuca Ridge, Pacific 1l
Jinze Hot Spring, Yunnan, China 1l
Jinze Hot Spring, Yunnan, China 1l
Washburn Spring, WY, USA 11
Jinze Hot Spring, Yunnan, China Il
Jinze Hot Spring, Yunnan, China Il
Washburn Spring, WY, USA 1

Verstraetearchaeota WYZ-LMO10
Verstraetearchaeota WYZ-LMO11

Washburn Spring, WY, USA Il
Washburn Spring, WY, USA Il

MAO coupled to DSR in one cell or methanogenesis
Methanogenesis from CO, and H, or MAO coupled to DSR
MAO coupled to DSR in one cell or methanogenesis

MAO coupled to nitrate reduction or external e~ sinks

MAO with unknown or external e~ sink or alkane production
MAO with unknown or external e~ sink or alkane production
MAO with unknown or external e~ sink or alkane production
Methanogenesis from CO, and H,

Methanogenesis from CO, and H,

MAO coupled to sulfite reduction; methanogenesis from
methyl groups and H, or reduced sulfur species as an e~ source

Methanogenesis from methyl groups and H,

Methanogenesis from methyl groups and H,

DSR, dissimilatory sulfate/sulfite reduction; MAO, MCR-based alkane oxidation. 2Origin of this bin from ref. **.

indicates that these contigs were correctly assigned into MAGs. By
contrast, these measures show clear differences when comparing
them with genomes of other closely related archaea. The 11 MAGs
with divergent mcr genes and reference archaea genomes from the
NCBI genome database were used to construct phylogenetic trees
based on a concatenated set of 37 marker genes (Supplementary
Table 5) and 16S rRNA gene (Fig. 1a,b). According to these anal-
yses, the MAGs belong to the Euryarchaeota, Hadesarchaeota”,
Korarchaeota™, Verstraetearchaeota'’ and an additional clade in the
TACK superphylum (Table 1).

Three MAGs (WYZ-LMOI1-3) clustered within the class
Archaeoglobi, neighbouring with Archaeoglobus fulgidus (Fig. 1a,b).
They showed whole genome average amino acid identities (AAIs)
of 65% and 16S rRNA gene identities of ~85-94% to their most
closely related cultured Archaeoglobaceae strains (Supplementary
Tables 6 and 7). Three MAGs (WYZ-LMO4-6) clustered within the
Hadesarchaea and neighboured with MSBL-1 archaea (Fig. 1a,b).
Whereas Hadesarchaea have been previously suggested to cluster
within the Euryarchaeota®, recent analyses suggested the classifica-
tion of Hadesarchaea as a separate phylum Hadesarchaeota, prob-
ably branching at the base of the Asgard/TACK superphyla?>**. Our
results suggest that the Hadesarchaeota branch with Euryarchaeota.
Yet, the bootstrap support for this is low, hence further analyses with
additional archaeal lineages, including a congruent placement of the
root of archaea”-*, may be required to finally resolve the phyloge-
netic placement of the Hadesarchaeota. Two MAGs (WYZ-LMO7
and WYZ-LMOS8) form a deep-branching cluster within the TACK
superphylum. Although the partial 16S rRNA gene sequences
(~900bp) from MAGs WYZ-LMO7 and WYZ-LMOS8 shared
~89% identities with the Thermoprotei strains in Crenarchaeota
(Fig. 1b), the AAIs with the closest reference genomes of the
Verstraetearchaeota, Geothermarchaeota and Crenarchaeota were
only ~48-50%. Moreover, both genomic protein sequences and
MCR coding sequences have very low average identities (on average
<50%) to the known protein sequences in the NCBI nr database
(Supplementary Fig. 4), indicating that these MAGs may represent
an additional lineage of alkane-metabolizing archaea. Although,
more genomes from representatives of this lineage are required
to determine its taxonomic level, here, we temporarily named it
Nezhaarchaeota, after Nezha, an immortal in Chinese mythology.
One MAG (WYZ-LMO9) clustered closely with the Korarchaeota
(Fig. 1a,b) but shared only ~58% AAI and ~92% 16S rRNA gene
identity with the Ca. Korarchaeum cryptofilum OPF8, suggesting
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that MAG WYZ-LMO9 might represent an additional family in
the phylum Korarchaeota. Two MAGs (WYZ-LMO10 and WYZ-
LMO11) are affiliated with the Verstraetearchaeota, but showed
<65% AAI with all published Verstraetearchaeota genomes and
also displayed large distances in the phylogenomic tree. The MAGs
WYZ-LMO10 and WYZ-LMOI11 also share low AAI (~65%)
between each other and show large differences in their average
genomic GC content (WYZ-LMO10: 50.3%; WYZ-LMO11: 28.5%).

Our study extends the known distribution of mcr genes in
the Archaea domain and identifies additional lineages of poten-
tial alkane-metabolizing archaea within the Archaeoglobi in the
Euryarchaeota, Hadesarchaeota and TACK superphylum. The
highly similar tree topologies for all three subunits clearly indicate a
coevolution of the encoded protein subunits (Fig. 2). Based on phy-
logenetic analyses, the MCR sequences were categorized into three
groups (I, IT and IIT). Group I contains sequences of the canonical
MCRs including those originating from the Euryarchaeota (Fig. 2).
Group II is between the canonical and divergent MCRs and is domi-
nated by sequences assigned to archaea of the TACK superphylum,
yetitalsoincludesthe MCRs of Archaeoglobi WYZ-LMO1-3 (Fig. 2).
Group III represents the putative multi-carbon alkane metaboliz-
ing MCRs, and includes not only divergent MCR sequences of Ca.
Syntrophoarchaeum spp.'* and the Bathyarchaeota'” but also those
of the Hadesarchaeota and one Archaeoglobi MAG (Archaeoglobi
JdFR-42, NCBI genomic database; Fig. 2).

The Archaeoglobi MAGs WYZ-LMO1-3 contain mcr genes of
group II MCR and complete methanogenesis pathways (Fig. 3a,b
and Supplementary Tables 8 and 9), whereas two MAGs (WYZ-
LMO1 and WYZ-LMO3) additionally possess genes encoding the
complete sulfate reduction pathway, including genes for sulfate ade-
nylyltransferase, adenylylsulfate reductase (AprAB) and dissimila-
tory sulfite reductase (DsrAB). We also identified genes encoding
the DsrC protein and the DsrMKJOP complex, which are regularly
found in sulfate reducers. The DsrA sequences from WYZ-LMO1
and WYZ-LMO3 are closely related to those of the reducing-
type enzymes in the Firmicutes (Supplementary Fig. 5). Many
Archaeoglobi probably acquired the dsrAB and aprAB genes from
a bacterial donor early during the evolution of this lineage and thus
obtained the ability to perform dissimilatory sulfate reduction**.
For decades, it was believed that sulfate-dependent methane oxi-
dation requires the interaction of anaerobic methane-oxidizing
archaea and sulfate-reducing partner bacteria®. However, based on
the genomic potential described here, some Archaeoglobi might be
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Fig. 1| Classification of the 12 described MAGs. a, Phylogenomic affiliation of the MAGs based on 37 conserved protein sequences and using 233
representative archaeal genomes from 4 superphyla. b, Phylogenetic affiliation of the MAGs and representative archaea based on their 16S rRNA genes.
Both alignments were based on MAFFT and then filtered with trimAl, and the trees were built by the IQ-Tree method with the model LG+C60+F+G

or HKY +F + G with 1,000 bootstrap replicates. The phylogenetic trees were rooted at the DPANN superphylum and all four superphyla were assigned
different background colours. Distinct mcr genes containing archaea are shown with coloured text (the Archaeoglobi WYZ-LMO1-3/JdFR-42, orange;
Hadesarchaeota WYZ4-6, green; Nezhaarchaeota WYZ-LMO7 and WYZ-LMQS8, red Korarchaeota WYZ-LMO9, blue; Verstraetearchaeota WYZ-LMO10

and WYZ-LMOT1, purple).

able to perform sulfate-dependent methane oxidation in single cells.
Yet, we cannot rule out the possibility that these Archaeoglobi are
also methanogens, although no complete hydrogenase was found
in their genomes. The Archaeoglobi MAG WYZ-LMO2 does not
have the dsrAB and aprAB genes. Hence, as alkane oxidizer, it
would require an electron-accepting partner organism. However,
the Archaeoglobi MAG WYZ-LMO2 contains a complete Ni-Fe
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hydrogenase gene set that resembles F,,-non-reducing hydrogenase
(MvhADG). This enzyme is usually found in methanogens and can
produce reduced ferredoxin and reduced coenzyme M (CoMSH)
by consuming hydrogen®. Hence, the Archaeoglobi WYZ-LMO?2
might be instead a hydrogenotrophic methanogen. Only cultivation
of representative organisms will be able to verify the genome-based
hypotheses on these Archaeoglobi.
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Fig. 2 | Phylogenetic affiliations of the McrA, McrB and McrG protein sequences of the 12 studied archaeal MAGs. a-c, The phylogenetic tree was
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Strikingly, we found an Archaeoglobi MAG that contains two
highly divergent group III mcr gene sets in the NCBI genome database
(Archaeoglobi JdFR-42; Fig. 3¢ and Supplementary Table 8). Both
mcr gene sets are similar to those found in Ca. Syntrophoarchaeum
spp. In Ca. Syntrophoarchaeum spp., the encoded MCR complexes
have been shown to activate the multi-carbon alkanes propane and
n-butane'’. Moreover, MAG JdFR-42 encodes a Wood-Ljungdahl
pathway and a pathway for fatty acid oxidation, including acyl-CoA
dehydrogenase (FadE), crotonase (FadBl), 3-hydroxyacyl-CoA
dehydrogenase (FadB2) and acetyl-CoA acetyltransferase (AtoB).
These pathways are similar to those found in Ca. Syntrophoarchaeum
spp. Hence, we suggest that Archaeoglobi JdFR-42 is another multi-
carbon alkane degrader. Similar to Ca. Syntrophoarchaeum spp.,
MAG JdFR-42 does not carry genes encoding enzymes for sul-
fate reduction, such as dsrAB and aprAB. By contrast, its genome
contains genes encoding nitrate reductase/nitrite oxidoreductase
(NarGHI), periplasmic nitrate reductase (NapA), nitrate/nitrite
transporter (NrtP) and the nitrogenase iron protein NifH simi-
lar to ANME-2d, thus might use nitrate/nitrite as electron sinks.
Alternatively, Archaeoglobi JdFR-42 may have electron-accepting
partner bacteria as shown for Ca. Syntrophoarchaeum spp.
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The Hadesarchaecota MAGs WYZ-LMO4, WYZ-LMO5
and WYZ-LMO6 (Fig. 3d and Supplementary Tables 8 and 9)
contain group III mcr genes that cluster with those of the Ca.
Syntrophoarchaeum spp./Bathyarchaeota group. All three MAGs
have f-oxidation pathways and they all contain the Wood-
Ljungdahl pathway, while lacking genes encoding sulfate or nitrate
reduction. The published MAGs of Hadesarchaea (YNP_N21,
YNP_45, DG-33 and DG-33-1) do not contain mcr genes and thus
have been suggested to thrive as carbon monoxide and hydrogen
oxidizers that can fix CO, in subsurface environments®. However,
the gene repertoire of the Hadesarchaeota obtained in this study
suggests that they may oxidize short-chain alkanes similar to Ca.
Syntrophoarchaeum spp.'“.

The Nezhaarchaecota MAGs WYZ-LMO7 and WYZ-LMOS8
(Fig. 3e and Supplementary Tables 8 and 9) contain mcr genes of
group II MCR. These archaea also encode the complete methano-
genesis pathway and two hydrogenases, coenzyme F,,; hydrogenase
(FrhABDG) and ferredoxin-dependent hydrogenase (ECH), which
are considered to act in coenzyme F,,, and ferredoxin recycling,
respectively. The MAGs WYZ-LMO7 and WYZ-LMOS contain for-
mate dehydrogenase-like genes next to a heterodisulfide reductase
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Fig. 3 | Alkane metabolic schemes of the studied MAGs with previously unidentified mcr genes. a-c, The MAGs demonstrate the large metabolic
diversity of mcr-containing Archaeoglobi. WYZ-LMOT1 (88.89% genome completeness) and WYZ-LMO3 (87.40% completeness) are probably methane
oxidizers capable of sulfate reduction (a). WYZ-LMO2 (97.60% completeness), with a hydrogenase mvh gene cluster but no sulfate-reducing genes,

is probably a methanogen or partner-bacterium-dependent methane oxidizer (b). JdFR-42 (99.84% completeness) contains the multi-carbon alkane
oxidation group Il mcr gene cluster, genes for fatty acid degradation and genes for nitrate/nitrite reduction; hence, it is probably a nitrate/nitrite- or
partner-bacterium-dependent alkane oxidizer (c). d, The MAGs of Hadesarchaeota WYZ-LMO4-6 (88.89%, 83.26% and 92.37% completeness,
respectively) encode sets of enzymes for multi-carbon alkane metabolism; the absence of reductive pathways suggests a need for partner bacteria. e, The
Nezhaarchaeota WYZ-LMO7 (93.90% completeness) and WYZ-LMO8 (97.20% completeness) contain the genes for hydrogenotrophic methanogenesis.
f, The Korarchaeota WYZ-LMO9 has both mcr and dsr genes but lacks the Wood-Ljungdahl pathway, it might also oxidize methane with sulfite reduction;
alternatively, it is probably a methylotrophic methanogen that uses electrons from sulfide or hydrogen oxidation. Question marks indicate unknown
enzymes and substrates; dashed arrows indicate unknown reactions. Dark blue reactions are those involved in hydrocarbon metabolism; light blue
reactions are those involved in dissimilatory sulfate reduction; red reactions are those involved in energy conservation; green reactions are those involved
in B-oxidation; and yellow reactions are those involved in dissimilatory nitrate reduction. ACDS, acetyl-CoA decarbonylase/synthase; CODH, carbon-
monoxide dehydrogenase; Cox, carbon monoxide dehydrogenase; Cytb, cytochrome b reductase; CHOMF, formylmethanofuran; Fmd, formylmethanofuran
dehydrogenase; Fpo, F,,oH, dehydrogenase; Fqo, F,,oH,:quinone oxidoreductase; Ftr, formylmethanofuran-tetrahydromethanopterin N-formyltransferase;
GlcD, glycolate oxidase; Mch, methenyltetrahydromethanopterin cyclohydrolase; Mer, 5,10-methylenetetrahydromethanopterin reductase; Mer-I,
5,10-methylenetetrahydromethanopterin reductase-like enzyme; Mtd, methylenetetrahydromethanopterin dehydrogenase; NarDHI, nitrate reductase/
nitrite oxidoreductase; Por, pyruvate ferredoxin oxidoreductase; Rnf, Na*-translocating ferredoxin:NAD* oxidoreductase; Sat, sulfate adenylyltransferase;
Vho, methanophenazine-dependent hydrogenase; APS, adenosine phosphosulfate; H,MPT, tetrahydromethanonopterin; CoMSSCoB, heterodisulfide
coenzyme B coenzme M; Fd,, oxidized ferrodoxin; Fd,., reduced type ferrodoxin; MPh, methanophenazine; MQh, menaquinone; MPT, methanopterin.
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(HdrABC) with Fe-S-cluster-containing components. Moreover,
two hdrD genes are located near succinate dehydrogenase-like
genes and FAD/FMN-containing dehydrogenase genes; together,
these enzymes could be used for the reduction of the heterodisul-
fide coenzyme B coenzme M (CoBS-SCoM) to reduced coenzyme
M and reduced coenzyme B. Thus, these Nezhaarchaeota are most
likely hydrogenotrophic methanogens.

The Korarchaeota MAG WYZ-LMO9 (Fig. 3fand Supplementary
Tables 8 and 9) also contains group II mcr genes, as well as the sulfite
reductase (dsrAB) genes that are related to those of the Firmicutes
(Supplementary Fig. 5). In case the encoded DSR enzyme complex is
used in an oxidative direction, electrons liberated in the transforma-
tion of sulfide to sulfite could be used for the production of methane
from methyl groups. Conversely, a reductive use of the DSR might
also be likely, as it would accept the electron from methane con-
sumption. MAG WYZ-LMOS9 lacks the genes for the upstream part
of the methanogenesis pathway, but encodes methyltransferases,
such as (methyl-Co(III) methanol-specific corrinoid protein):CoM
methyltransferase (MtaA), methylthio:CoM methyltransferase
(MtsA) and methylamine-corrinoid protein co-methyltransferase
(MtmB), suggesting that it may use methylated compounds for
methane production or vice versa. MAG WYZ-LMO9 also con-
tains genes encoding the HDR complex for the regeneration of free
CoMSH and CoBSH, and encodes four potential sets of hydrog-
enases (MvhADG, FrhDG and two putative Ni-Fe hydrogenase:
NiFe-group-1g and NiFe-group-4b).

The Verstraetearchaeota MAGs WYZ-LMO10 and WYZ-
LMO11 (Supplementary Tables 8 and 9) also contain mcr genes
of the group II MCR. They miss the upstream part of the metha-
nogenesis pathway, but contain genes encoding MtaA, MtsA and
MtmB, indicating that they are likewise methylotrophic methano-
gens. MAGs WYZ-LMO10 and WYZ-LMO11 also contain genes
encoding the HdrDE complex for the regeneration of free CoMSH
and CoBSH, as well as the ECH complex and energy-converting
hydrogenase (EHB) for ferredoxin recycling. The combination of
these pathways may allow the Verstraetearchaeota to thrive as meth-
ylotrophic methanogens, yet they would require an electron donor,
presumably molecular hydrogen as suggested before’.

The genes encoding MCR-based alkane metabolism have now
been identified in the Euryarchaeota, Hadesarchaeota and differ-
ent clades of the TACK superphylum. Our phylogenetic analysis of
all three subunits of the MCR complex showed that the canonical
Euryarchaeota Mcr sequences (group I MCR) form at least three
distinct monophyletic clusters (euryarchaeotal-cluster I includes the
Methanobacteriales, Methanococcales and Methanopyrales; euryar-
chaeotal-cluster ITincludes the Methanocellales, Methanomicrobiales
and Methanosarcinales; euryarchaeotal-cluster III includes the
Methanomassiliicoccales, Arc 1 group (Methanofastidiosales),
Methanonatronarchaeia and ANME-1). The MCR in group II forms
a well-supported monophyletic cluster next to group I and contains
MCR sequences from the TACK superphylum archaea, yet includes
the MCRs of the Archaeoglobi MAGs WYZ-LMO1-3. Besides this
exception, the phylogeny of both the group I and group II MCRs
are consistent with the topologies from phylogenomic and 16S
rRNA gene phylogenetic analyses (Figs. 1 and 2). Two scenarios
could explain the presence of the euryarchaeotal Archaeoglobi
Mcr sequences in group II MCR. One possibility is that a common
ancestor of the Euryarchaeota and TACK archaea already contained
a mcr gene cluster that was vertically transferred into the two
emerging superphyla, which since then would have evolved inde-
pendently. In this scenario, archaea from the Archaeoglobi might
have obtained the group II mcr genes by horizontal gene transfer
from a TACK archaeon. In a second scenario, one ancestor of the
TACK archaea might also have acquired its MCR after the diver-
gence of the two superphyla, possibly from the mcr-containing
Archaeoglobi lineage.
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The group III MCRs are present in different phyla, including
the Euryarchaeota, Hadesarchaeota and Bathyarchaeota. The wide
phylogenetic distribution and the low number of available MAGs
with this MCR type may allow limited predictions on its origin.
Nevertheless, the McrA and McrG proteins of the group III MCR
also show close affiliations with the group II MCR, as well as with
euryarchaeotal-cluster III MCR in group I (Fig. 2a,c). One possible
explanation for the distribution of group III mcr genes in different
archaeal phyla is horizontal gene transfer, which allowed several
formerly most likely methanogenic or methane-oxidizing archaea
to become multi-carbon alkane oxidizers. The high similarities
between MCR and genome GC contents, tetranucleotide frequen-
cies and codon usages (Supplementary Figs. 1-3) show that this
horizontal gene transfer should have appeared early in the evolu-
tion of these organisms. Alternatively, owing to positive natural
selection, several methanogens or methane oxidizers might have
developed multi-carbon-type MCRs by convergent evolution of
canonical MCRs. Genomic information from additional mcr-con-
taining organisms should be required to further evaluate whether
the wide distribution of mcr genes in the domain of Archaea is due
to mechanisms of horizontal or vertical gene transfer and to identify
the most ancestral mcr-containing archaeon.

Our study provides a global-scale metagenome-based analysis
of the diversity of mcr-containing microorganisms. Particularly
from geothermal environments, we retrieved mcr-containing
MAGs of representatives affiliated with the Archaeoglobi in the
Euryarchaeota, Hadesarchaeota, Korarchaeota, Nezhaarchaeota
and MAGs of recently described Verstraetearchaeota that prob-
ably perform (reverse) methanogenesis and multi-carbon alkane
oxidation, and we provide genomic evidence for the coexistence
of methane metabolism and sulfate reduction in single MAGs of
Archaeoglobi and Korarchaeota. This suggests a greater importance
of archaea in global carbon balancing. However, in vitro cultivation
of representatives of the here described organisms and additional
genomes of alkane-metabolizing archaea will be required to validate
the metabolic hypotheses suggested in this study.

Methods

Data selection and treatments of raw sequencing reads. Predicted protein
sequences from high-throughput metagenomes were downloaded from the JGI
database (https://genome.jgi.doe.gov; January 2017). To identify metagenomic data
sets containing MCR-based alkane metabolism-related genes, the metagenomic
protein sequences were queried against a local McrA protein database (n=153;
Supplementary Table 1) containing sequences from the known methanogens,
ANMESs and multi-carbon alkane-oxidizing archaea (sequences were retrieved
from the NCBI database: https://www.ncbi.nlm.nih.gov), using DIAMOND"'
version 0.8.28.90 (identity > 30%, coverage >75%, e < 1Xx 10"?°). This screening
identified 64 mcrA gene-containing data sets (Supplementary Table 2), for which
the metagenomic raw sequencing reads data were downloaded from the NCBI
Sequence Read Archive public database (https://www.ncbi.nlm.nih.gov/sra/). Raw
sequencing reads were trimmed using the Sickle algorithm version 1.33 (https://
github.com/najoshi/sickle), and trimmed reads were assembled using MEGAHIT*
version 1.0.6-hotfix1 with k-min 27 and k-max 127. The sequence coverage of
each contig was determined by mapping the original trimmed reads to the contigs
using Bowtie™ version 2.2.8 with parameter --very-sensitive. The assembled data
were subjected to open reading frame (ORF) prediction with Prodigal™ version
2.6.3 with parameter -meta. The predicted ORFs were searched against the NCBI
nr protein database (March 2017) and the web-based KEGG portal GhostKOALA
(metagenome annotation) and KEGG™ mapping for primary annotation.

Binning of genomes and evaluations. The assembled metagenomic sequences
were binned based on the tetranucleotide frequency dimensionality reduction by
ESOM™, based on abundance information using MaxBin* version 2.2.4 with the
run_MaxBin.pl script and based on abundance and tetranucleotide frequency
using MetaBAT** version 2.12.1 with 1kb (or 1.5kb) and 3kb as contig length
cut-offs. The MAGs with the highest completeness and lowest contamination as
evaluated using CheckM* version 1.0.7 using lineage-specific marker genes with
parameter lineage_wf were considered for further analyses. The selected MAGs
were then refined with the mmgenome* package version 0.6.3. Contigs that did
not match the 95% confidence interval for depth and GC contents as calculated
using the R function ‘quantile’ were removed. In addition, the annotation results
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of each contig were checked, and potential contamination (defined as the

entire contig was annotated as another microorganism with protein sequence
identities higher than 80%) was manually removed as suggested by Bowers

et al.”. The correct assignment of the mcr and dsr containing contigs to a certain
MAG was additionally evaluated by comparing the GC contents, tetranucleotide
frequencies and codon usages of the mcr- and dsr-containing contigs with

those of their complete MAGs and genomes of methanogens, as well as closely
related archaea. In detail, for selecting the most related methanogen genomes,

we compared the McrA protein sequences from each of the MAGs to the NCBI
refseq database to determine the highest-scoring McrA hits and downloaded the
genome of the respective organisms, namely, the Archaeoglobi WYZ-LMO1-3
with Methanocaldococcus bathoardescens JH146, the Hadesarchaeota WYZ-
LMO4-6 with Bathyarchaeota archaeon BA2, the Nezhaarchaeota WYZ-LMO7
and WYZ-LMO8 with Methanopyrus sp. KOL6, the Korarchaeota WYZ-LMO9
with Methanocaldococcus vulcanius M7 and the Verstraetearchaeota WYZ-LMO10
and WYZ-LMOL11 with Methanosuratus petracarbonis V4. For selecting genomes
of archaea related to the MAGs in the current study, the genomes that closely
clustered to the MAG based on the phylogenomic analysis were considered, that is,
the Archaeoglobi WYZ-LMO1-3 with A. fulgidus DSM 4304, the Hadesarchaeota
WYZ-LMO4-6 with Hadesarchaea archaeon YNP_45, the Nezhaarchaeota WYZ-
LMO7 and WYZ-LMOS with M. petracarbonis V4, the Korarchaeota WYZ-LMO9
with Korarchaeum cryptofilum OPFS, the Verstraetearchaeota WYZ-LMO10

and WYZ-LMOL11 with M. petracarbonis V4. The average GC contents were
calculated using the sum of cytosine and thymine divided by the sum of cytosine,
thymine, adenine and guanine of contigs or genomes. Tetranucleotide frequencies
were calculated by the Perl script tetramer_fregs_esom.pl*’. The tetranucleotide
frequencies of all mcr- and dsr-containing contigs, the studied MAGs, their related
archaea and their related methanogens were displayed by Principal Component
Analysis (PCA) for dimensionality reduction as calculated by R function ‘prcomp.
Codon usage frequencies were calculated at http://www.bioinformatics.org/sms2/
codon_usage.html and the codon usage distances were shown as the difference

of square values between each mcr- or dsr-containing contig and its host MAG,
and also genomes of their related methanogens and archaea. Completeness and
contamination of each MAG was assessed with CheckM* version 1.0.7 using
lineage-specific (149-228) and archaea (149) marker genes. ORFs of these MAGs
were predicted with Prodigal* version 2.6.3. The predicted ORFs were searched
against the NCBI nr protein database (March 2017) and eggNOG* database with
the BLASTP algorithm (coverage>75% and e <1 X 107?) to check their protein
identities to the most closely related sequences using DIAMOND version 0.8.28.90.
Specifically, the NCBI nr protein database and eggNOG database were downloaded
and local protein databases were constructed. Then, the MAG protein sequences
were searched against the established databases as query. The highest-scored
sequences from the two databases were cross-checked and sequences related to
MCR-based alkane metabolism were also manually checked by BLASTP search

on the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The HydDB was
first downloaded and a local database was established. Then, all predicted protein
sequences from the MAGs were queried against the local HydDB with parameters
coverage >75% and e < 1x 107, Next, the result sequences were searched again in
the NCBI nr database for further confirmations. For metabolic pathway analyses,
we used the web portal GhostKOALA on the KEGG" website. The AAI values
were generated by compareM version 0.0.23 with parameters aai_wf and --proteins
(https://github.com/dparks1134/CompareM). The taxonomic assignments of
MAGs were based on criteria provided in references*-".

Phylogenetic analyses based on conserved proteins, 16S rRNA genes and
McrABG/DsrA/AprA subunits. For phylogenomic analysis, 233 representative
archaea reference genomes from the superphyla Euryarchaeota, TACK, Asgard and
DPANN were downloaded from the NCBI prokaryote genome database (https://
www.ncbi.nlm.nih.gov/assembly/; the genome list can be found in https://figshare.
com/, https://doi.org/10.6084/m9.figshare.7149623). These reference genomes
and the MAGs from this study were used to construct a phylogenomic tree based
on a concatenated alignment of a set of 38 marker genes as suggested by Hug et
al." (Supplementary Table 5). Nevertheless, the removal of the protein sequence
translation elongation factor GTPase affects the placement of the Hadesarchaeota
in the phylogenomic tree; thus, the sequence of the translation elongation factor
GTPase was not considered in further phylogenomic analysis. Specifically, each

of the 37 marker protein sequences from the reference genomes and the MAGs
was aligned using the MAFFT* algorithm version 7.313 with parameters --ep 0
--genafpair --maxiterate 1,000 and filtered with trimAl*’ version 1.4.rev2 with
parameter -automatedl. Then, all 37 marker genes were concatenated into a

single alignment and phylogenetic trees were built using both IQ-Tree”' version
1.6.6 with the model LG + C60+ F + G and RAxML** version 8.0 with the model
PROTGAMMAAUTO with a bootstrap value of 1,000. For the phylogenetic
analysis of functional marker proteins (McrA, McrB, McrG, DsrA and AprA) and
the 16S rRNA gene, the respective protein and nucleotide sequences were retrieved
from the MAGs, and additional reference sequences were obtained from the NCBI
(https://www.ncbi.nlm.nih.gov/protein/). Alignment and filtering was carried

out with the same programs described above. For 16S rRNA gene sequences,
phylogenetic trees were built using both IQ-Tree®' version 1.6.6 with the model

HKY +F+ G and RAXxML* version 8.0 with the model GTRGAMMA with a
bootstrap value of 1,000.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Code availability

All scripts and analyses necessary to perform metagenome processing can be
accessed from GitHub (https://github.com/) or the websites provided in the
original research articles. The specific links to the custom software are listed
below: DIAMOND version 0.8.28.90: http://ab.inf.uni-tuebingen.de/software/
diamond/, Sickle version 1.33: https://github.com/najoshi/sickle, MEGAHIT
version 1.0.6-hotfix1: https://hku-bal.github.io/megabox/, Bowtie version 2.2.8:
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml, Prodigal version 2.6.3:
http://compbio.ornl.gov/prodigal/, MaxBin version 2.2.4: http://sourceforge.net/
projects/maxbin/, MetaBAT version 2.12.1: https://bitbucket.org/berkeleylab/
metabat, CheckM version 1.0.7: http://ecogenomics.github.io/CheckM, compareM
version 0.0.23: https://github.com/dparks1134/CompareM, MAFFT version 7.313:
https://mafft.cbrc.jp/alignment/software/, trimAl version 1.4.rev2: http://trimal.
cgenomics.org, IQ-Tree version 1.6.6: http://www.cibiv.at/software/iqtree, and
RAxML version 8.0: https://github.com/stamatak/standard-RAxML.

Data availability

The data sets generated and/or analysed during the current study are available
in the NCBI repository at https://www.ncbi.nlm.nih.gov/. The MAGs from the
current study have been deposited in the NCBI GenBank under the project ID
PRJNA475886.
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