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Originality-Significance Statement

Anaerobic oxidation of methane (AOM) is a microbial process that consumes large
portion of methane, and Candidatus Methanoperedens implemented nitrate-reduction
coupled AOM is frequently found in mesophilic freshwater systems (22°C to 35°C).
This work for the first-time reports that Fe (II)-, but not nitrate-reduction linked AOM
is active in a cold wetland at Tibetan Plateau, which appears occurring only at lower
temperatures like 18°C, but not 30°C. The cold active AOM is implemented by a cold
adaptive Ca. Methanoperedens population, which represents a novel species Ca.
Methanoperedens psychrophilus. Comparative genomic analysis revealed the unique
genes of Ca. Methanoperedens psychrophilus that may be related to its cold adaptability,

like the S-layer proteins and type IV pili.

Summary

Anaerobic oxidation of methane (AOM) is a microbial process degrading ample
methane in anoxic environments, and Ca. Methanoperedens mediated nitrate- or metal-
reduction linked AOM is believed important in fresh water systems. This work, via 16S
rRNA gene diversity survey and 16S rRNA quantification, found abundant Ca.
Methanoperedens along with iron in the cold Zoige wetland at Tibetan Plateau. The
wetland soil microcosm performed Fe(IIl) reduction, rather than nitrate- nor sulfate-
reduction, coupled methane oxidation (3.87 pmol-d') with 32.33 umol Fe(Il)

accumulation per day at 18°C, but not at 30°C. A metagenome-assembled genome
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(MAG) recovered from the microcosm exhibits ~74% average nucleotide identity with
the reported Ca. Methanoperedens spp. that perform Fe(IIl) reduction linked AOM,
thus a novel species Ca. Methanoperedens psychrophilus was proposed. Ca. M.
psychrophilus contains the whole suite of CO, reductive methanogenic genes
presumably involving in AOM via a reverse direction, and comparative genome
analysis revealed its unique gene categories: the multi-heme clusters (MHCs)
cytochromes, the S-layer proteins highly homologous to those recovered from lower
temperature environments and type IV pili, those could confer Ca. M. psychrophilus of
cold adaptability. Therefore, this work reports the first methanotroph implementing

AOM in an alpine wetland.
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Introduction

Methane (CHy) is the second abundant greenhouse gas following carbon dioxide,
and contributes about 20% to the current global warming (He et al., 2018). Whereas,
both aerobic and anaerobic oxidations of methane (AOM) have consumed large portion
of methane, by proximately 90% of the marine (Ding et al., 2016) and 50% fresh water
CH, (Segarra et al., 2015).

AOM is a microbial process implemented by a specific group of methanotrophic
archaea that oxidizes CH, using different electron acceptors except oxygen in various
ecosystems (Gupta et al., 2013; McGlynn et al., 2015; Timmers et al., 2016). Sulfate
reduction coupled AOM was firstly reported in marine by the syntrophism of anaerobic
methanotrophic archaea (ANMEs) and sulfate-reducing bacteria (SRB) (Wegener et al.,
2015). Later, nitrate reduction coupled AOM by the consortium of Candidatus
Methanoperedens nitroreducens and Methylomirabilis oxyfera is described in fresh
water (Haroon et al., 2013).

Iron is the second richest metal species in the earth’s crust, and Fe(III) reduction
linked methane oxidation is a chemical reaction with favorable thermodynamics
comparing with that coupled to sulfate reduction (Bonneville et al., 2009). Therefore,
Fe(IIT) reduction-AOM is assumed to be widely distributed. Indeed, Fe(III) or Mn(IV)-
dissimilatory reduction, rather than of nitrate, linked AOMs have been reported recently,
and a novel Ca. genus of Methanoperedens implements the processes (Ettwig et al.,
2016; Cai et al., 2018; Leu et al., 2020). Moreover, the Ca. Methanoperedens

methanotrophs that affiliate with ANME-2d are frequently found in freshwater systems
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and reservoirs (Hu et al., 2009; Meulepas et al., 2009), and the mesophilic (22°C to
35°C) enrichments containing Ca. Methanoperedens have been obtained (Ettwig et al.,
2016; Cai et al., 2018; Leu et al., 2020). Therefore, Ca. Methanoperedens could
represent the major non-marine ANMEs, whereas, no purified culture has been obtained
up to date.

The cold Zoige wetland is at 3400 to 3600 m above sea level (asl) and under the
average annual temperatures from —1.7 to 3.3°C; while it is one of methane emission
centers of Tibetan plateau (Jin et al., 1999), suggesting that abundant cold-active
methanogens could inhabit in the Zoige wetland. We did find a dominant uncultured
methanogen cluster ZC-I in this wetland when surveyed the archaea diversity (Zhang
et al., 2008a; Zhang et al., 2008b), which exhibits higher 16S rRNA similarity to that
of Ca. Methanoperedens nitroreducens BLZ]1 that has been enriched from Fe(III) fed
reactors (Ettwig et al., 2016). This suggests that the ZC-I cluster methanogens could
also implement AOM coupled to Fe(III) reduction. Iron was found as the second most
abundant metal element in Zoige wetland (Wang et al., 2017), but nitrate was at lower
levels (Zhou et al., 2019; Xie et al., 2020). Therefore, Fe(Ill)-reduction coupled AOM
could be active in this cold alpine wetland.

To explore whether AOM occurs and what the dominant AOM pathways present in
the cold Zoige wetland, in this study, we first surveyed the archaea diversity, and found
multiple methanogenic archaea families along with the Ca. Methanoperedens
population that may be active in the wetland soil based on the 16S rRNA abundance. A

microcosm that performed Fe(III) reduction coupled AOM at 18°C but not at 30°C was
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obtained, from which the metagenome assembled genome (MAG) of a Ca.
Methanoperedens representative was obtained. Comparative genome analysis revealed
the distinct genes of the cold wetland Ca. Methanoperedens MAG from the reported
relatives. Therefore, this work reports a cold adaptive Ca. Methanoperedens that

implements AOM specifically coupled to Fe(III) reduction in the cold Zoige wetland.

Results and discussion
The Ca. Methanoperedens population is distributed in the cold Zoige wetland

To probe whether the anaerobic methanotrophs (ANMEs) inhabit in the cold Zoige
wetland, we surveyed the archaea diversities in three sites, Hong-yuan (HY, 0 — 40 cm
in depth), Ruo-er-gai (RG, 0 — 20 cm in depth) and Hua-hu (HH, 0 — 20 cm in depth),
and the geographic locations are shown in Figure 1a.

Upon amplifying and sequencing the archaeal 16S RNA genes retrieved from the
three wetland soils, the archaeal diversity and the relative abundances of each
phylogenetic group were evaluated based on 16S rRNA homology and read coverages.
As shown in Figure 1b, Methanobacteriaceae, Rice cluster I and Ca.
Methanoperedenaceae were present as top 3 of relative abundances among the detected
archaea in the three sampling sites. In total, 476 OTUs were assigned to the Ca. genus
Methanoperedens.

Next, the phylogenetic relationship of Ca. Methanoperedens in Zoige wetland with
those from other environments was analyzed based on the 16S rRNA gene sequence in

length of approximate 1 Kb. In total, 210 16S rRNA gene sequences were obtained and
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phylogenetic analysis determined that the Ca. Methanoperedens population in Zoige
wetland could possess eleven phylogenetic clades (Fig. 1c¢). Ten of the eleven Zoige
clades comprising of 94% 16S rRNA clones exhibited 91.1% — 99.3% sequence
similarities with the Ca. Methanoperedens from low temperatures (15 — 18°C) fresh
water systems, like Xiang-jiang and Jiu-long-jiang rivers. Only 6% Zoige Ca.
Methanoperedens were clustered with those from the higher temperature environments
like mud volcano and hydrothermal vent. This suggests that Zoige wetland may harbor
predominantly cold adaptive Ca. Methanoperedens population.
The Ca. Methanoperedens population appears active in one wetland soil containing
rich methane and iron

To explore whether Ca. Methanoperedens implements AOM in the cold Zoige
wetland, the HY soil, in which abundant Ca. Methanoperedenaceae was detected
(Fig.1b), was chosen for further study. Methane, the AOM substrate, released from the
soil samples was first assayed. By dissolved the different soil layers from 0 — 40 cm in
depth in pre-reduced distilled water within anaerobic serum bottles, methane was
determined from all the soil slurries after 70 day-incubation at 18°C (Fig. 2a), by the
upper layers of 0 —10 cm in depth having the highest CH, release rate, and the deeper
of the soil layer, the lower of the CH4 producing rate. This indicates that rich methane
is produced in the upper soil layers. Next, the known electron acceptors used in AOM
were assayed in the soil samples. As shown in Figure 2b, iron is the most abundant
element in each soil layer, and followed by dissolved organic carbon (DOC) and

manganese, whereas only low amounts of sulfate and nitrate were measured in all the
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soil layers.

Next, the abundance of the Ca. Methanoperedens population in HY soil was
assessed based on quantification of the 16S rRNA gene copies. By using the Ca.
Methanoperedens nitroreducens specific 16S rRNA primers, most abundant 16S rRNA
gene of Ca. Methanoperedens was detected in the soil layers of 20 — 40 cm in depth
(Fig. 2c), which made up 11% — 14% of total archaea, while only 0.6% in the layer of
0 — 5 cm. Although higher abundance of the Ca. Methanoperedens nitroreducens 16S
rRNA gene in deeper soil (>30 cm in depth) was reported in Hua-Hu lake, another site
of the Zoige wetland (Xie et al., 2020), the assessed distribution of this methanotroph
is inconsistent with that of methane production, its substrate, mainly in the upper soil
layer (Fig. 2a). Hence, we further quantified the 16S rRNA copies of Ca.
Methanoperedens population in the same soil layers using reverse transcription
quantitative PCR. In contrary to the assessment on 16S rRNA gene, the highest Ca.
Methanoperedens 16S rRNA copies were detected in the soil layer of 0 — 5 cm in depth,
by accounting for ~3% of total archaea, but 1.4% in the layer of 20 — 40 cm (Fig. 2d).
This indicates that the Ca. Methanoperedens population can be most active in the
methane rich soil layer.

A lower temperature enrichment implementing Fe(IlI) reduction coupled CHy4
oxidation is obtained from the Zoige wetland

To experimentally verify AOM process present in the cold Zoige wetland, the
wetland soil sampled from HY site was used as the inoculant to enrich the Ca.

Methanoperedens archaea in a pre-reduced mineral medium (Vaksmaa et al., 2017).

Wiley-Blackwell and Society for Applied Microbiology
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Methane gas was fed and electron acceptors either of ferric citrate (pH=6.8), or nitrate
or sulfate was amended, and ampicillin and kanamycin were also added to suppress the
soil bacteria. The enrichments were incubated at 18°C or 30°C. Until 95-day incubation,
methane degradation was only found in Fe(IIl) amended enrichment at 18°C, but not in
other or non-electron acceptor amended cultures (Fig. 3a). Following, 20 mM ferric
citrate was amended in a two-week interval into the enrichment and continued the
incubation at 18°C till 155 days, and the methane consumption at a rate of 3.87 pmol-d-!
and Fe(II) accumulation rate of 32.33 umol-d! were determined, respectively (Fig. 3b).
Thus, an 8.25:1 molecular ratio of Fe(Il) accumulation to methane consumption roughly
conforms the stoichiometry of Fe(III) reduction coupled AOM (Ettwig et al., 2016; Cai
et al., 2018). Comparing with the AOM rate, 16.69 pmol CH4-d™!, of a mesophilic
enrichment of an Australia reservoir sediment, in which Ca. M. ferrireducens was
enriched (Cai et al., 2018), AOM in the cold Zoige wetland has a marked lower methane
degradation rate. To further verify the Fe(Ill) reduction coupled methane oxidation
produced CO,, 3carbon labeled CH, was amended to the soil enrichment at day 110 of
the incubation at 18°C. Using an isotope ratio gas mass spectrometer, similar rates of
13CH,4 decrease and 13CO; increase were assayed in the Fe (III) reduction-coupled AOM
enrichment (Fig. 3c), thus confirms the AOM in Fe(Ill) amended soil enrichment.
However, neither methane degradation (Fig. S1a) nor 3CO; production (Fig. S1b) was
detected in Fe(IIl) amended enrichment at 30 ° C until 160-day incubation. This
indicates that the cold Zoige wetland could only harbor the cold adaptive AOM

methanotrophic archaea.
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To link the Ca. Methanoperedens activity with the measured methane degradation
in the enrichments, changes of the Ca. Methanoperedens specific 16S rRNA gene
abundance were followed using quantitative PCR during incubation. It found that the
Ca. Methanoperedens 16S rTRNA gene copies were increased from 32.3 at day 41 to
812.3 copiesng™! community DNA at day 153 (Fig. 4d), an indicative of Ca.
Methanoperedens being highly enriched, therefore, they should be the major player in
Fe(III) reduction coupled AOM of the wetland. The possibility of bacteria involving in
Fe(IIT) reduction and aerobic methane oxidation was excluded because of a continuous
amendment of antibiotics.

Phylogenomic analysis suggests the Ca. Methanoperedens population in Zoige
wetland representing a novel species

To obtain insights into the genetic characteristics of the cold active Ca.
Methanoperedens enriched from the Zoige wetland, the Fe(III) reduction coupled AOM
enrichment at day 153-incubation was used for metagenomic analysis. In total, 242 Gb
DNA sequences were obtained and binned to the population genomes, and three

completed Ca. Methanoperedens genomes (completeness > 50%, contamination<10%)

(Dataset S1) were recovered, in which Fe_bin.173 is the most completed one with 98.03%

completeness and 2.6% contamination.

A phylogenomic tree constructed using the concatenated 122 archaeal marker
proteins confirmed the phylogenetic placement of the three Ca. Methanoperedens
MAGs within the Candidatus family of Methanoperedenaceae, but they grouped as an

independent branch at the highest sequence identity of ~ 70% with the other Ca. M.
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nitroreducens species (Fig. 4). In addition, the Fe bin.173 MAG, a representative
wetland Ca. Methanoperedens, exhibits only 73.7 — 74.8% average nucleotide
identities (gANI) and 72.7 — 73.3% amino acid identity (gAAI) with the four available
Ca. Methanoperedenaceae genomes, Methanoperedens nitroreducens,
Methanoperedens  nitroreducens BLZ1, Methanoperedens manganicus, and
Methanoperedens ferrireducens, those were all recovered from bioreactor enrichments.
Therefore, combined with the relative lower gAAI and relative distant phylogenomic
relationship with the described Ca. Methanoperedens spp., the three Ca.
Methanoperedens recovered from the cold Zoige wetland could represent a new species,
for which Ca. Methanoperedens psychrophilus nov. sp. was proposed.
Metabolic construction of the putative Fe(IIl) reduction coupled AOM pathway
in Ca. Methanoperedens psychrophilus

To get an insight into the putative AOM metabolic pathway of Ca. M. psychrophilus,
the assembled metagenome of Fe bin.173 (GenBank acc. JAGFND000000000) was
analyzed. MAG Fe bin.173 is in length of 2.78 Mbp, which was assembled from 27
scaffolds, and encodes 3,094 ORFs and 33 annotated tRNAs. Resembling the reported
Ca. Methanoperedens MAGs, Fe bin.173 carries all the genes involved in CO,
reductive methanogenesis pathway (Dataset S1), and those encoding electron transfer
proteins or complexes, like the Fpo complex and both the membrane associated and
cytoplasmic heterodisulfide reductase complexes, HdrDE and HdrABC, in addition of
the methanogen specific cofactors such as coenzyme M and B (Fig. 5a). Thus, methane

oxidation through the “reverse methanogenesis” pathway is predicted by Ca. M.
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psychrophilus Fe_bin.173 as well.

Similar to Ca. M. ferrireducens, Fe bin.173 does not possess narGH for nitrate
reductase complex and was incapable of nitrate reduction coupled AOM; whereas both
Ca. M. nitroreducens BLZ1 (Ettwig et al., 2016) and M. nitroreducens (Haroon et al.,
2013) carry narGH and implement AOM coupled to nitrate reduction. However, as
other Methanoperedenaceae members, which encode a diverse repertoire of multi-heme
c-type cytochromes (MHCs, > three CXXCH motifs), Fe bin.173 MAG encodes 15
MHCs that contain 77 CXXCH motifs (Dataset S1). In addition, one putative
MK:cytochrome ¢ oxidoreductase gene cluster was identified, including two
cytochrome b-561 (PPOFJMJL 00895, PPOFJMIJL 00896) and two 6-heme c-type
cytochromes (PPOFJMJL 00890, PPOFIMJL 00891). MHCs have been suggested to
facilitate electron transfer from MK re-oxidation to metal oxides or direct interspecies
electron transfer (DIET) between syntrophic partners (Kletzin et al., 2015; Ettwig et al.,
2016; Cai et al., 2018). Bioinformatic analysis indicated that the MHC containing
proteins in Fe bin.173 are falling into three categories: the NrfA-NrfH like protein
complexes, the extracellular S-layer architecture, and class III cytochrome C family
(Dataset S1). Cytochrome b, ¢ and Nrf complexes are frequently found in other metal-
reducing microorganisms that mediate electron transport from cytoplasm to periplasm
(Leu et al., 2020). Fe bin.173 also contains genes encoding membrane associated
cytochrome c/nitrite reductase complex NrfA/NrfB or NrfA/NrfH, different from NrfD
in Ca. M. ferrireducens. Proteins with MHC/S-layer fusion were assumed to mediate

electron transfer across the S-layer protein of marine ANME-2 (McGlynn et al., 2015),
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and they were relatively higher expressed in Ca. M. manganicus and Ca. M.
manganireducens when coupled AOM to Mn (IV) reduction (Leu et al., 2020).
Conversely, the Ca. M. ferrireducens MHC/S-layer genes were not unregulated during
Fe(III) reduction coupled AOM (Cai et al., 2018), thus no indicative of the MHC/S-
layer proteins involving in Fe(IIl) but presumably Mn(IV) reduction coupled AOM.
Therefore, the three categories of MHC containing proteins, NrfA-NrfH like protein
complexes, the extracellular S-layer architecture and class III cytochrome C family, are
assumed to mediate electron export during methane oxidation by Ca. M. psychrophilus.
Comparative genome analysis reveals the distinct gene categories of Ca. M.
psychrophilus from other Methanoperedens members

Through comparative genome analysis against the four available
Methanoperedenaceae genomes recovered from Fe- and Mn-reducing AOM
enrichments, 525 unique genes were identified in Ca. M. psychrophilus (Fig. 5b). Of
these, seven encoding cell surface proteins and six encoding glycosyl transferase have
been identified, this suggests that Ca. M. psychrophilus may adopt some genes involved
in remodeling the cell envelope in response to cold. These proteins all possess an N-
terminal signal peptide that are predicted to be secreted via the Sec dependent pathway
or anchored via a C-terminal membrane anchor. Among those, PPOFIMJL 00201
encodes COG1361 S-layer domain by 61.3% and 56.8% amino acid homologies
respectively to those of M. HGW-Methanoperedenaceae-1 and ANME-2a, the two
MAGs were enriched from cold groundwater and cold seep, respectively (Hernsdorf et

al., 2017; Yang et al., 2020). PPOFJMJL 00202, a gene adjacent to the COG1361 S-
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layer domain encodes a MacB-like periplasmic core domain, by exhibiting a high
similarity with M.HGW-Methanoperedenaceae-1 and ANME-2a. Type IV pili have
been reported to play important roles in surface adhesion and twitching motility.
PPOFJMIJL 01811 encodes a protein at a high amino acid sequence similarity with the
Methanococcoides and Methanosarcina type IV pili, which could exert roles in
facilitating cell clump formation when grown at low temperatures (Saunders et al.,
2006). Therefore, the COG1361 S-layer domain and type IV pili could be related to the
cold adaptation of the wetland Ca.  Methanoperedens psychrophilus.
PPOFJMJL 01139 encodes a dolichyl-phosphate-mannose-protein
mannosyltransferases, which together with other five glycosyl transferases
(PPOFJMIJL_ 00541, PPOFJMJL 00540, PPOFIMIJL 00817, PPOFIMJL 02010 and
PPOFJMIJL 01139) could involve in N-glycosylation of the cell surface proteins, a type
of post-translation modification of proteins occurs when organisms are under stresses
(Eichler, 2020; Li et al., 2020).

Remarkably, the virulence-associated protein (Vap) toxin-antitoxin (TA) locus
was also found in the unique gene category of the Ca. M. psychrophilus MAG, in which
vapB encodes the proteolytically labile antitoxin (Lu et al., 2016) and vapC encodes a
stable ribonucleolytic toxin VapC. In addition, Ca. M. psychrophilus also carries the
genes for MazE, a bacterial antitoxin, and an archaeal toxin gene. VapBC is the most
abundant TA loci family in extreme thermoacidophiles, such as Sulfolobus tokodaii and
Sulfolobus solfataricus (Cooper et al., 2009). The pA3J1 plasmid from the

psychrotolerant Antarctic Pseudomonas sp. ANT J3 carries a toxin-antitoxin system
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(Relbe homologue), and that was predicted playing roles in cold adaptation (Romaniuk
et al., 2017). Therefore, the Ca. M. psychrophilus VapBC TA system could involve in
its cold adaptation as well.

Interestingly, in comparison with the other Methanoperedens members, the gas
vesicle encoding gene cluster gvpF-gvpO-gvpN-gvpA was observed in the Ca. M.
psychrophilus MAG. Gas vesicle is only found in Halobacterium (Shukla and
DasSarma, 2004), which could facilitate haloarchaea rising to water surface. We
hypothesized that Ca. M. psychrophilus could make use of the gas vesicles to store
methane.

In conclusion, this work reports a Fe (III)-, but not nitrate-reduction linked AOM
process in a cold wetland at Tibetan Plateau, and the process is implemented by a cold
adaptive Ca. Methanoperedens population. Based on the lower (~74%) average
nucleotide identity of the MAG recovered from the wetland microcosm with reported
Ca. Methanoperedens, and they implemented AOM only at lower temperatures but not
at 30 °C, a novel species, Ca. Methanoperedens psychrophilus, is proposed for the
population. Comparative genome analysis did find the unique genes that may be related
to the cold adaptability of Ca. M. psychrophilus. Therefore, this work for the first time
reports a methanotroph implementing AOM in an alpine wetland.

Experimental procedures
Wetland soil sample collection
Wetland soils were sampled from three sites: Hua-hu wetland park (HY), Ruo-er-

gai County (RG) and Hong-yuan County (HY), of the Zoige wetland at Tibetan Plateau,
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located in the region at 33°56'N, 102°52'E (Figure 1a) in June of 2019. Soil samples
were collected in anaerobic bio-bag and stored in dry ice during transportation to
laboratory. Each sample was divided into two aliquots by one stored under 4°C for
chemical analysis and the other frozen at —80°C.
Soil chemicals analysis

Soil NOj;™ was extracted with 2 M KCI and determined using Ion Chromatography
(Alliance, France); and soil SO4> was extracted using Ca(H,PO,), and determined
using BaSO, turbidimetric method (Ajwa and Tabatabai, 1993). Total dissolved organic
carbon (DOC) was determined using a TOC Analyzer (TOC-Vcph, Shimadzu, Japan).
Total iron (Fe) and manganese (Mn) were measured using quadrupole inductively
coupled plasma mass spectroscopy (ICP-MS, Thermo Elemental, X-Series); while
soluble iron in pore water was measured spectrophotometrically using phenanthroline
under anaerobic condition (Shi et al., 2020).
Measurement of methane

The soil sample (0.5 g) was dissolved in 5 mL pre-reduced distilled water within
anaerobic serum bottles, and incubated under 0.1 MPa N, gas at 18°C. 40 pL gas was
sampled using a syringe with air switch for methane measurement by GC-14B gas
chromatograph (Shimadzu), which is equipped with a flame ionization detector and a
C18 column as described previously (Zhang et al., 2004), and the temperature
parameters as follows: column temperature at 50°C, injector temperature at 80°C, and
detector temperature at 130°C.

Anaerobic methane oxidation enrichment using various electron acceptors
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Soil sample (5 g) was dissolved in 50 mL pre-reduced mineral medium prepared as
described previously (Vaksmaa et al., 2017) within a 100 mL-anaerobic serum bottle
under 0.1 Mpa of methane (99.99%), and incubated at 18°C. After two weeks incubation
until the potential electron acceptors, Fe3*, NOs-, SO,%, for AOM in the soil samples
depleted to the detection limitation, a final concentration of 20 mM of ferric citrate
(pH=6.8), sodium nitrate and sodium sulfate were each pulse-fed to the enrichment
culture every two weeks. Meanwhile, a final concentration of each 100 mM of
ampicillin and kanamycin was amended every two weeks to inhibit bacteria. An
enrichment without electron acceptor amended was included as a control. The
enrichments in four replicates were continuingly incubated at 18°C or 30°C under gently
shaking at 80 rpm. Methane degradation and the amended electron acceptors were
measured every 10 days during the 160 day-incubation.

Mass- and electron-balance calculation

Profiles of methane and Fe (II) contents in above enrichments from day 110 till day
160 of incubation were used to determine the methane consumption rate (rCH,) and Fe
(IT) accumulation rate (rFe (II)) via a linear regression to evaluate the Fe (III)
contribution to AOM. Measurements from at least triplicate cultures were used for the
calculations.

Carbon isotopic labelling tests

Three AOM enrichments amended with ferric citrate above were added with

approximately 80 pL '3C-labelled methane (Sigma-Aldrich, 99 atoms % '3C, USA) at

day 110 of the incubation. 3CH,4 and '3CO, were determined using an Isotope ratio
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mass spectrometry (Thermo Fisher, USA), and changes of the carbon isotopic fractions
were used to evaluate anaerobic oxidation of methane.
DNA and RNA extraction

DNA was extracted from ~ 0.5g of the soil samples and ~2 mL enrichment cultures
using the MoBio Power soil DNA Isolation Kit (MoBio, Carlsbad, CA, United States)
according to the manufacturer’s protocol. RNA was extracted from the HY soil (~0.5
g) using RNeasy PowerSoil (QIAGEN) Total RNA Kit. Purified DNA and RNA were
quantified using NanoDropND-100 Spectrophotometer (Gene Company), and the
qualities of extracted RNA and DNA were examined by 1% agarose gel electrophoresis.
INlumina sequencing of the soil archaeal 16S rRNA genes

The archaeal 16S rRNA diversity in the wetland soils were surveyed via High
throughout sequencing. Primers Arch519F and Arch915R were used to amplify a 399-
bp fragment of the archaeal 16S rRNA gene flanking the V4 and V5 regions. Purified
amplicons were sequenced by Novogene company (Beijing, China) and processed the
[Nlumina Miseq sequencing with standard protocols and the data using QIIME (version
1.7.0) pipeline (Caporaso et al., 2010). Operational taxonomic units (OTU) tables were
generated from the pipeline.
PCR amplification and clone library construction of the Methanoperedeneceae
specific 16S rRNA gene

The Methanoperedeneceae specific 16S rRNA gene was amplified using a modified
primer set of 109F/1115R  (Narihiro and Sekiguchi, 2011) (Table S1) to amplify a

1007-bp fragment. PCR amplification is performed as 94 °C for 5 min, followed by 30
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cycles consisting of 94 °C for 30 s, 52 °C for 30 s, 72 °C for 40 s, and a final extension
period of 72 °C for 10 min. The fragments were purified using the Gene JET PCR
purification kit according to the manufacturer’s protocol. The amplified PCR products
were cloned into the pMD19-T vector and transformed to E. coli DH5a. The positive
transformants were sequenced at BioSune Biotechnology (shanghai) Co., Ltd.
Quantitative real-time PCR and reverse transcription quantitative (RT)-PCR

Quantitative qPCR reactions were performed in eight-strip PCR tubes (Axygen),
and the reaction signals were generated by binding of SYBR green to double stranded
DNA. gPCRs were carried out on an ABI Prism 7000 sequence detection system
(Applied Biosystems USA).

For quantitative RT-PCR, 0.5 pg of total RNA extracted was used as template to
produce cDNAs with random primers and oligo dT primers using ReverTra Ace®
qPCR RT Master Mix with gDNA Remover (Toyobo).

16S rRNA gene and 16S rRNA copies of the Ca. Methanoperedens and the total
archaea in HY soil in depth of 0 — 40 cm were quantified with the primer sets
AAA641F/AAA834R and Arc915F/Arcl059R listed in Table S1, respectively.
SYBR Premix Ex Taq Kit (Takara Bio Inc., Japan) was used to perform qPCR as
described by Zhao et al (Zhao et al., 2011). Each qPCR mixture contains 12.5 uL SYBR
gPCR mix (TOYOBO), 5 uL. DNA, 100 nM of each primer, and double-distilled H,O
to a final volume of 25 pL. PCR was initiated at 95 °C of denaturation for 30 s and 35
cycles of amplification as follows: 95 °C at 10 s, 57 °C at 30 s, and 72 °C at 30 s.

Fluorescence data were collected during elongation. Triplicated experiments were
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performed. To estimate the copy numbers of the 16S rRNAs, standard curves were
generated using 10-fold serially diluted PCR product with measured concentration as
assayed using NanoDropND-100 Spectrophotometer (Gene Company) as templates.
Metagenomic assembly and contig binning of Ca. Methanoperedens

The raw sequencing reads of three enriched samples were processed with
MetaWRAP v1.2.2 (Uritskiy et al., 2018), and the integrated pipeline for metagenomic
data analysis. Raw paired-end reads were filtered and quality-controlled firstly using
read_qc module in metaWRAP (Uritskiy et al., 2018). Clean reads generated for each
sample were assembled individually using MEGAHIT v1.1.3 (Li et al., 2015) with
default parameters, and short contigs (<1,000 bp) were removed. Multiple contig
binning methods (CONCOCT v1.0.0 (Alneberg et al., 2014), MetaBAT2 v2.12.1 (Kang
et al., 2015) and MaxBin2 v2.2.6 (Wu et al., 2016)) applied in binning module of
MetaWRAP (Uritskiy et al., 2018) were used to recover the initial metagenome-
assembled genomes (MAGs). Then, three MAG sets were merged and refined into a
final MAG set for each sample using the bin refinement module in metaWRAP
(Uritskiy et al., 2018). Taxonomy prediction of the selected MAGs was classified using
GTDB-Tk v1.0.2 (Parks et al., 2020) (classify wf workflow, default parameter).
Functional annotation was predicted using Prokka v1.13 (Seemann, 2014) and
KofamKOALA (Aramaki et al., 2020).
Comparative genome analysis

Comparative genome analysis of MAG Fe bin.173 and the reference MAGs of M.

nitroreducens, M. nitroreducens BLZ1, M. ferrireducens and M. manganireducens
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were conducted with OrthoFinder v2.4.0 (Emms and Kelly, 2015) using default
parameters. Homologous proteins across all MAGs and unique proteins in Fe bin.173
MAG was extracted for Venn plot using webtools
(http://bioinformatics.psb.ugent.be/webtools/Venn/) and genetic diversity analysis.
Phylogenomic analysis

Phylogenomic relationship of the three Methanoperedenaceae MAGs enriched from
ferric citrate and 43 reference genomes was inferred based on the concatenated set of
122 archaea-specific marker proteins using GTDB-Tk v1.0.2 (Parks et al., 2020). The
maker proteins were identified and aligned individually using the identify and align
module in GTDB-Tk with default settings. The maximum-likelihood phylogenomic
tree was then constructed with IQ-TREE v2.0.3 (Minh et al., 2020) (using parameters:
-bb 1000 -m TEST -nt AUTO), and visualized and edited using iToL v5 (Letunic and
Bork, 2019). The whole-genome based average nucleotide identity (gANI) were
estimated wusing the web tools ANI (https://ani.jgi-psf.org/html/calc.php)
(Konstantinidis and Tiedje, 2005) and the average amino acid identity (AAI) was
performed using the web tool AAI calculator (https://enve-omics.ce.gatech.edu/aai/)
(Rodriguez-R and Konstantinidis, 2014).
Construction of the Methanoperedenaceae 16S rRNA tree

The Methanoperedenaceae 16S rRNA gene sequences in a consensus length 1007
bp that were amplified from the wetland soil were aligned with the relative 16S rRNAs
retrieved from the SILVA database using ClustW software. The phylogenetic tree was

constructed using neighbor-joining algorithm with software MEGA 6.0. Support values
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were determined using 1000 nonparametric bootstrapping.
Data availability

All data supporting the findings of this study are available in this paper and the
Supplementary Information. The Illumina sequencing data of archaeal 16S rRNA gene
V4 and V5 regions are deposited at the NCBI Sequence Read Archive under accession
number PRINA720266; the sequencing data of 16S rRNA amplicons are under the
NCBI GenBank accession MW674655, MW737675 — MW737676, MW737679 —
MW757685. The data of the three assembled metagenomes of Ca. Methanoperedens
sp. Fe_bin.166, Ca. Methanoperedens sp. Fe bin.165 and Ca. Methanoperedens sp.
Fe bin.173 are deposited in NCBI database under accession numbers of

JAGFNB000000000, JAGFNC000000000 and JAGFNDO000000000, respectively.
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Table and Figure legends

a 400 c KC604449.1 Mahomet aquifer
MW737675 HH(18)
A
o MW737681 HY(34) 5
| Honghu Lake sediment E
L E Xijiangjing River outfall sediment g
181 04 M 2 RG(16) >
M 0 RG(18) 5
30° MW737683 RG(19) kel
AMWG74655 HH(15) S
2]| L 1398024, 1 JingMei River spring o
S HH(12)
Fe 7679RG(23)
82|~ GCA_00131715.1 Ca. Methar ens mtroredicens BLZ1
‘fe GCA_001317315.1 Ca. Methan Jens ferrireducens
KC604413.1 Mahomet aquifer
b 100 ”|_— FI902710.1 La Palit limesione sinkhole
¢ HQ654874.1 Nirano mud voleano
b ) s mud volcano 2z
% 80 Rice Cluster II hydrothermal vent 5
é Methanospirillaceae dia margin subseafloor sediment E
-E Methanosarcinaceae % IN798488.1 Southwest Indian ridge g
£ w0 0 Methanosaetaceae BCF_00065153.1 Ca. Methcmoperedens itrareducers S
® Il Methanoregulaceas P - b S
9 f BB Mehanopercdenaceas AB329824.1 Southern Mariana Trough hydrothermal deposits ]
2 a0 g NopEvael) KJS81619.1 Red Sea upper convective layer T
< [ Methanomicrobiaceae %0 HOQS88651.1 2 tains mud volcano sediment
é Methanomethyliaceae & IN798489.1 Southwest Indian ridge
=R Il Methanomassiliicoccaceae e FI712371.1 Kazan submarine Mud Volcano )
a B8 Methanobacteriaceae MH828293.1 ANME- I clone 3730p2a-H4aC6
=
—
0 0.02

Figure 1. Geography location of the investigated Zoige wetland and the phylogenetic
diversity of the inhabited Ca. Methanoperedens population. (a) The geography
locations of the sampling sites of Hua-hu (HH), Ruo-er-gai (RG) and Hong-yuan (HY)
at Zoige wetland are shown in the map. (b) The top 10 archaeal families were
determined based on the relative abundances the 16S rRNA gene sequencing reads. (c)
The phylogeny of the Ca. Methanoperedens archaea in Zoige wetland was analyzed
based on the homology of 16S rRNA gene in a consensus length of 1 kb that were
amplified using modified from the wetland soil. The phylogenetic tree was constructed
using Neighbour-joining algorithms with MEGA6.0 and ANME-16S rRNA sequence
was included as an outgroup. The tree topology was estimated by bootstraps based on

1,000 replications, and number at each branch node shows the percentage supported by
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638  Dbootstraps. The Ca. Methanoperedens-specific sequences are shown in red letters, and
639 reference sequences from NCBI nucleotide are in black and from the genome database
640  are in blue. Prefixes represent 16S rRNA gene accession numbers and in parenthesis

641  are clone numbers of each sequence. Bar, 2% sequence divergence.
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644  Figure 2. Cooccurrence of anaerobic oxidation of methane related environmental
645  parameters and distribution of Ca. Methanoperedens in HY site of the cold Zoige
646  wetland. (a) Methane emission rates were measured in the soil slurry prepared with
647  different soil layers and incubated at 18°C. Methane was measured by GC during 70-
648  day incubation. (b) Dissolved organic carbon (DOC), soluble nitrate (NOj5"), soluble
649  sulfate (SO4%), soluble iron (Fe) and manganese (Mn) in various soil layers were

650 measured using the methods described in the Experimental Procedures. (¢) Using
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663

quantitative PCR, the 16S rRNA gene copies of the total archaea (Archaea) and Ca.
Methanoperedens (Ca. Mp) in the same six soil layers were quantified. (d) Using
reverse transcription quantitative PCR, the 16S rRNA copies of the total archaea
(Archaea) and Ca. Methanoperedens (Ca. Mp) in the same six soil layers were
quantified. All the experiments were performed in triplicate, and the averages and

standard deviations are shown.
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Figure 3. A lower temperature enrichment obtained from the Zoige wetland couples
AOM to Fe (III) reduction. (a) CH, (0.1 MPa) was added to the soil enrichment and 20
mM of either ferric citrate, or Na,SO,4, or NaNO; were amended in every two-week
together with each 100 mM of ampicillin and kanamycin. Non-addition of electron
acceptor was included as a control. Through GC measurement, methane degradation

was determined until 95-day incubation at 18°C. (b) Methane consumption rates (rCHy4)
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664  in the enrichments amended with ferric citrate (blue dot line) or not (red dot line) were
665 computed; meanwhile, Fe( II ) accumulation rates (rFe(Il)) were calibrated in AOM
666  enrichments amended with Fe(III) (green dot line) or not (grey dot line). (¢) '*CHy4 (0.2%
667  total CH4) was amended in the Fe (III) reduction coupled AOM enrichment at day 110
668 incubation, and then '*CH,4 consumption rate (r'3CH4) and '3CO, accumulation rate
669  (r'3CO,) were measured. (d) Changes of the Ca. Methanoperedens 16S rRNA gene
670  copies during incubation of Fe(Ill) reduction coupled AOM were assayed by qPCR
671 using the primer pairs of AAA641F/ AAAS834R. Triplicated experiments were

672  performed, and the averages and standard deviations are shown.

Te_bin.166

Fe bin.165

100 lFe_bin 173

100 |Candidatus Methanoperedes sp. UBA 453 (73.54/72.60)

Candidatus Methanoperedes nitroreducens (73.69/72.62)

Candidarus Methanoperedes sp. Mnv1 (73.84/73.68)

Candidatus Methanoperedes sp. DP16D_bin.42 (74.58/74.61)

100 Bl Candidatus Methanoperedes sp. MnB_21 (74.13/74.28)

] Candidaius Methanoperedes sp. BLZ1 (74.76/73.23)
Candidatus Methanoperedes sp. BLZ2 (74.66/73.28)
(Candidatus Methanoperedes sp. SB2 (74.75/73.24)
[Candidatus Methanaperedes sp. Ru_cnrich_MN (74.48/73.24)

100

100 100

o Candidatus Methanoperedes sp. MnB_20 (74.60/73.30)
100
Candidatus Methanoperedes ferrirechicens (74.23/73.02)

100 ————Candidaius Methanoperedes sp. HGW-Methanoperedenaceae-1 (71.11/70.73)
Candidatus Methanoperedes sp. UBA10536 (66.59/59.50)
ANME-2a,b
100
L —amfl] ANME-2c
100
100 ANME-1
=
0.10

673  Figure 4. Phylogenomic analysis of the Ca. Methanoperedens retrieved from HY site
674  of the Zoige wetland and the relatives. Phylogenomic relationship of the three Ca.
675  Methanoperedens MAGs (red letters) from Zoige wetland and reference genomes was
676 inferred based on the concatenated 122 archaeal marker proteins using GTDB-Tk

677  v1.0.2. The maker proteins were identified and aligned individually using the identify
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and align module in GTDB-Tk with default settings. The maximum-likelihood
phylogenomic tree was constructed with IQ-TREE v2.0.3 using parameters: -bb 1000 -
m TEST -nt AUTO, and visualized and edited using iToL v5. Bootstrap values were
calculated from 1000 replicates and shown when bootstrap values >50. Scale bar
indicate 0.1 amino acid substitutions per site. Inside the parenthesis are the whole-
genome based average nucleotide identity (gANI/) and average amino acid identity
(/gAAI) between Fe bin.173 and other Ca. Methanoperedens deposited in the NCBI

database.
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Figure 5. Metabolic construction of the putative Fe (III) reduction coupled AOM
pathway (a) and the distinct genes in the Ca. Methanoperedens psychrophilus MAG
(b). (a) Methane is oxidized via the “reverse methanogenesis” pathway, and the
generated electrons are transferred to menaquinone pool (MK/MKH,) via Fpo and Hdr
complexes, which oxidize F40H, and CoM-SH-CoB-SH, respectively. Reducing
equivalents are then transferred to MHCs associated three types of membrane proteins:

the NrfA-NrfH like protein complexes, the extracellular S-layer architecture protein
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694  (SLP), and class III cytochrome ¢ family (6 ¢), and then to reduce the Fe (III) oxides.
695  Abbreviations of enzymes and co-factors: HyMPT, tetrahydromethanopterin, MFR,
696  methanofuran; Fwd, formylmethanofuran dehydrogenase; Ftr, formylmethanofuran-
697 H4MPT formyltransferase; Mch, methenyl-HyMPT cyclohydrolase; Mtd, Fjp0-
698  dependent methylene Hy MPT dehydrogenase; Mer, F4,-dependent methylene-H;MPT
699 reductase; Mtr, Na'-translocating methyl-HsMPT:coenzyme M methyltransferase; Mcr,
700  methyl-coenzyme M reductase; Fpo, F40H, dehydrogenase; MK, menaquinone; CoB-
701 SH, coenzyme B; CoM-SH, coenzyme M; Fd, ferredoxin; Hdr, heterodisulfide
702  reductase; FrhB, F,;-reducing hydrogenase subunit B; Cytb, b-type cytochrome; NrfA
703  and NrfH, nitrite reductase subunit A and H; ¢, heme and numbers are indicated. (b)
704  The Venn diagram shows the shared and the distinct gene numbers among the four Ca.

705  Methanoperedens spp. based on comparative genome analysis.
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