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Recent discoveries of methyl-coenzyme M reductase-encoding genes (mcr) in uncultured archaea beyond tra-
ditional euryarchaeotal methanogens have reshaped our view of methanogenesis. However, whether any of
these nontraditional archaea perform methanogenesis remains elusive. Here, we report field and microcosm
experiments based on '3C-tracer labeling and genome-resolved metagenomics and metatranscriptomics, re-
vealing that nontraditional archaea are predominant active methane producers in two geothermal springs. Ar-
chaeoglobales performed methanogenesis from methanol and may exhibit adaptability in using methylotrophic
and hydrogenotrophic pathways based on temperature/substrate availability. A five-year field survey found
Candidatus Nezhaarchaeota to be the predominant mcr-containing archaea inhabiting the springs; genomic
inference and mcr expression under methanogenic conditions strongly suggested that this lineage mediated
hydrogenotrophic methanogenesis in situ. Methanogenesis was temperature-sensitive , with a preference for
methylotrophic over hydrogenotrophic pathways when incubation temperatures increased from 65° to 75°C.
This study demonstrates an anoxic ecosystem wherein methanogenesis is primarily driven by archaea
beyond known methanogens, highlighting diverse nontraditional mcr-containing archaea as previously unrec-

ognized methane sources.

INTRODUCTION

Methanogenesis has been widely accepted as a primordial metabo-
lism that has influenced both past and current global climate change
(1, 2). Phylogenetic and geological evidence supports the hypothesis
that methanogenesis originated in thermal environments such as
hydrothermal vents or terrestrial geothermal springs (3-6).
Modern hydrothermal ecosystems therefore likely hold clues per-
taining to the origin of archaeal methane cycling (7, 8).
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Contemporary methanogens populate nearly every anoxic habitat,
ranging from near freezing to extreme thermal conditions (9, 10).
They share a core metabolism with overlapping routes centered
around the methyl-coenzyme M reductase (Mcr) complex, which
catalyzes the terminal step in methanogenesis as well as the initial
step in anaerobic methane oxidation (9, 11).

Currently, all confirmed methanogens belong to a small number
of lineages within the phylum Euryarchaeota, known as traditional
euryarchaeotal methanogens (9, 12). However, recent metagenomic
studies propose methanogen diversity to be vastly underestimated,
with terrestrial geothermal springs being a research focus (4, 9, 13,
14). Key methane-metabolizing mcr genes have been found in meta-
genome-assembled genomes (MAGs) not only affiliated with the
Euryarchaeota order Archaeoglobales (4, 15, 16) but also within
noneuryarchaeotal lineages from Thaumarchaeota, Aigarchaeota,
Crenarchaeota and Ca. Korarchaeota (TACK) superphylum such
as Candidatus Verstraetearchaeota (14, 17), Ca. Nezhaarchaeota
(4, 15), Ca. Korarchaeota (18), and Thaumarchaeota (4, 19). Puta-
tive methanogenesis pathways in those newly found MAGs appear
to be nontraditional compared to euryarchaeal lineages (4). In ad-
dition, these lineages are often overlooked in amplicon-based envi-
ronmental surveys and remain recalcitrant to cultivation (9, 20).
The increase in the number of mcr-containing MAGs continues;
however, our understanding of these recalcitrant archaea remains
nascent and depends exclusively on genome inference rather than
empirical evidence (4, 15). This is especially true for mcr-containing
Archaeoglobales, which have been speculated to have several differ-
ent metabolic lifestyles (4, 15). However, whether and to what extent
nontraditional mcr-containing archaea contribute to the methane
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cycle remain unknown, as the presence of genes does not equate to
actual metabolic activity or ecosystem-level biogeochemical func-
tioning (21). Furthermore, how their metabolic activity responds
to changing environmental conditions is poorly understood.

Terrestrial geothermal springs are the primary sources of these
nontraditional mcr-containing MAGs (4, 13, 15, 17, 18), and such
hydrothermal environments were likely more prevalent on Archean
Earth than at present due to a higher frequency of volcanism (22,
23). Volcanogenic near neutral-to-alkaline, sulfate-deficient
springs have recently been hypothesized to be an alternative site
to deep-sea hydrothermal vents for the origin of life (23, 24).
While the domination of the biogeochemical carbon cycle by meth-
anogenesis on early Earth is not controversial (1, 25), the prevailing
surface temperature on early Earth is often debated and is proposed
to range from temperate (0° to 50°C) to hot (60° to 80°C) (26).
However, little is known about how methanogenesis responds to
temperature changes in ecosystems above 60°C and how this re-
sponse differs from that of well-studied temperate ecosystems.
Such knowledge is crucial to understand the coevolution of
methane-cycling ecosystems with Earth’s climate because both
methanogenic rates and operative pathways are highly temperature
dependent (2, 27).

Here, we report an integrated study of methanogenesis in two
alkaline, terrestrial geothermal springs located in Tengchong,
China. By combining field/microcosm experiments, "*C-tracer la-
beling, and genome-centric metagenomics and metatranscriptom-
ics, we provide evidence that methanogenesis in two springs is
primarily mediated by nontraditional, mcr-containing archaea, par-
ticularly at elevated temperatures (>75°C). We further show com-
munity-level responses of methanogenesis to temperature in our
microcosms, the methanogenic pathways of these nontraditional
methanogens, and discuss the biogeochemical and ecological impli-
cations of these results.

RESULTS
Hydrochemical attributes, mcr-containing archaea, and
active methanogenesis in native habitats
The sampling sites were “GuMingQuan Pool” hot spring (GMQP;
in situ temperature: 85° to 90°C; pH: 9.6), which belongs to a mag-
matic geothermal area (Rehai), and the JinZe-3 hot spring (JZ-3; in
situ temperature: 65° to 75°C; pH: 8.9), which is from a nonmag-
matic geothermal system (Diantan) (for site details, see table S1)
(28, 29). The hydrochemical types of these springs are Na-Cl-
HCO; for GMQP and Na-HCOj; for JZ-3. Both springs contain
abundant dissolved inorganic carbon (DIC) (>10 mM DIC;
mainly HCO3™) and have low sulfate levels (0.40 and 0.23 mM
for GMQP and JZ-3, respectively) (table S2). While sulfate levels
are similar, JZ-3 is deficient in dissolved sulfide (0.17 mg liter ™),
and levels in GMQP are high (1.55 mg liter 1). Dissolved Fe
(mainly Fe**) concentrations are 0.02 and 0.27 mg liter™" for
GMQP and JZ-3, respectively. Total dissolved nitrogen is 0.80 mg
liter ™' in GMQP, while its concentration was below the detection
limit in JZ-3. Other terminal electron acceptors, such as nitrate
and Fe*", are relatively low (30). According to PHREEQC calcula-
tions, the concentrations of dissolved H, and CH, are close to zero.
From 2017 to 2021, we used genome-centric metagenomics to
monitor the temporal dynamics of mcr-containing archaea in the
sediments of the two springs (Fig. 1A). From these analyses, mcr-
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containing MAGs were found to be either (i) verified cultivated tra-
ditional euryarchaeotal methanogens such as Methanothermo-
bacter, Methanothrix, and Methanolinea; or (ii) nontraditional
mcr-containing archaea belonging to Ca. Nezhaarchaeota, Ca. Ver-
straetearchaeota, and Archaeoglobales. Over the 5-year period, Ca.
Nezhaarchaeota were the most abundant mcr-containing archaea in
both springs, with relative abundances up to 0.18% in JZ-3 and 2.0%
in GMQP (on average 0.11 and 1.26%, respectively). Except for Ca.
Nezhaarchaeota, only Ca. Verstraetearchaeota reached above 0.1%
in both communities with the relative abundances up to 0.14 and
0.11% in JZ-3 and GMQP, respectively, whereas all traditional
methanogens were at abundances of <0.05%.

To examine the potential for in situ methanogenesis in GMQP,
we leveraged static respiration chamber measurements (figs. S1 and
$2) and ’C-labeling microcosm assays. JZ-3 is a large man-made
concrete-lined rectangular pool, and its water depth precludes de-
ployment of the chamber. On the basis of the accumulation of CH,
in the sampling chamber, in situ CH, flux was calculated to be 8.0
umol m~2 day ™. In microcosm assays, short-term methanogenesis
rates, which were quantified on the basis of the sediment mass, in-
cubation time, gas accumulation, and headspace volume following
the methods of Chen et al. (27), were as low as ~0.02 ug C g~ sedi-
ment day” ', and neither amendments of hydrogenotrophic (H, and
H,/HCO3") nor methylotrophic precursors (MeOH) substantially
stimulated CH4 accumulation over 30 days at 85°C (Fig. 1B).
Those results suggest that temperature could be a limiting factor
to both pathways in GMQP spring. However, the enrichment of
13C CH, increased from ~1% in unlabeled microcosms to 3% for
13C-HCO; —amended microcosms and 15% for '*C-MeOH-
amended microcosms within 24 hours of incubation (Fig. 1C).
The lower *>C enrichment of CH, in "?C-HCO;~ cultures compared
to the '’C-MeOH series was attributed to pre-existing unlabeled
DIC (11.25 mM, mainly HCO3") in the native geothermal waters.
Methane production from unlabeled DIC may also explain the rel-
atively stable "*C content of CH, despite a slight increase in CH,
concentration on day 10. Together, these results from field and mi-
crocosm incubation experiments demonstrate active hydrogenotro-
phic and methylotrophic methanogenesis in GMQP.

Community-level responses of methanogenesis from in
vitro microcosm incubations
While temperature appears to be a limiting factor for methanogen-
esis in GMQP microcosm assays at in situ temperatures (Fig. 1D), in
vitro JZ-3 sediment plus geothermal water incubations without sub-
strates showed higher rates of CH, production at similar in situ tem-
perature ranges (65° to 75°C) without exogenous substrates (figs. S3
to S5). After an initial 30-day 65°C temperature-stabilization period,
subsequent methanogenesis assays showed that CH, and CO, levels
in JZ-3 rapidly reached maxima of 31 and 608 uM within 48 hours,
respectively (fig. S5, A and B). When the temperature of these mi-
crocosms was increased from 65° to 75°C and then incubated for 30
days at 75°C, methanogenesis assays showed that CH, and CO, con-
centrations reached 5 and 334 pM after 48 hours, respectively (fig.
S5, A and B). Stoichiometrically, the CH4:CO, ratio was higher at
65°C relative to 75°C, suggesting that CH, production was more
sensitive than CO, production to temperature increases.

Similar ~ stepwise = temperature-gradient  incubations
(65°C775°C; 85°C\,75°C) were then implemented to probe meth-
anogenic activity in GMQP sediments (see Materials and Methods
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Fig. 1. Field investigations of methanogenesis in two geothermal springs ['GuMingQuan Pool" hot spring (GMQP) and JinZe-3 hot spring (JZ-3)] located in the
Tengchong volcanogenic geothermal area (China). (A) Temporal dynamics of methanogenic communities from 2017 to 2021 as revealed by genome-centric meta-
genomics. The mcr-containing metagenome-assembled genomes (MAGs) at these sampling times were generated and grouped on the basis of phylogenetic trees of key
diagnostic protein sequences for methane metabolism (McrABG). The relative abundance of each MAG in a sample was calculated as the proportion of reads recruited for
a given MAG against all reads in the metagenomic data. (B and C) Microcosm incubations for the dynamics of methane formation rate measured by the change in '*C-CH,
content (GMQP) after the microcosms were spiked with hydrogenotrophic or methylotrophic methanogenic precursors (~6% H, and/or 10 mM precursors). Microcosms
were first incubated on-site before being transferred to the laboratory under an in situ temperature of 85°C. SDs reflect methane formation from three microcosms (n = 3).

No Add, no addition; MeOH, methanol. For CO, dynamics in these microcosm incubations, see fig. S13.

and fig. S6 for details). At the end of the temperature-stabilization
period (30 days, without substrates), the accumulated CH, levels in
microcosms were substantially higher at 65°C than at 85°C (49.4
versus 0.2 uM; table S3). Subsequently, the methanogenic precur-
sors CO,, MeOH, acetate (Ac), and methylamine (MeNH;"),
along with combinations of these substrates with H,, were incubat-
ed with GMQP sediment slurries. The 85°C incubations failed to
produce methane even when they were cooled to 75°C, and CH,
levels remained at ~0.2 uM throughout. In contrast, the 65°C-incu-
bated cultures gave varying responses to methanogenic precursors.
These results demonstrated that biological methanogenesis was

Wang et al., Sci. Adv. 9, eadg6004 (2023) 28 June 2023

sensitive to temperature, with incubation at lower than in situ tem-
peratures stimulating methanogenic activity in the GMQP micro-
cosms. Only H,/CO,, H,/MeOH, and MeOH stimulated methane
formation; acetate had no stimulating effect, and MeNH;" had an
inhibitory effect (Fig. 2, A and B). The addition of H, at 65°C stim-
ulated methane formation from 12 hours onward and was 56-fold
greater than control without substrate amendments [no addition
(No Add)] (Fig. 2A). Compared with H,, MeOH alone stimulated
CH, production slowly and produced fivefold less CH, at day 30
than the H, treatment (Fig. 2A). The addition of H, + MeOH
strongly stimulated methane formation, similar to the addition of
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Fig. 2. Dynamics of methanogenesis in microcosm incubations ['GuMingQuan Pool” hot spring (GMQP)] coupled experimental cooling/heating and the ad-
dition of different methanogenic substrates. (A and C) Sediment and water were first stabilized at 65°C for 30 days in microcosms; then, microcosms were amended
with substrates and incubated at 65°C for 30 days. (B and D) The temperature of the microcosms was then changed to 75°C and incubated for 30 days; last, the micro-
cosms were reamended with substrate and incubated at 75°C for 48 hours. The vial headspace was replaced by flushing with N, before substrate amendments. The inset
in (A) summarizes dynamics of methane formation in microcosms of No Add, MeOH, MeNHs", and H, + MeNH;" (in the dotted box). SD reflects results from three
microcosms (n = 3). No Add, no addition; MeOH, methanol; Ac, acetate; MeNH;*, methylamine. For incubation details, see fig. S6; for CO, dynamics in microcosm incu-

bations, see fig. S13.

H, alone. Following the 30-day 65° and 75°C incubations, spikes of
>C-MeOH into microcosms at the beginning of the 48-hour incu-
bations showed that labeled CH, was produced after only 2 hours of
incubation (Fig. 2C). Subsequent H, injection at 48 hours substan-
tially decreased the final 13C content of headspace CH, (26% versus
6%), further confirming the preference of hydrogenotrophic meth-
anogenesis over methylotrophic methanogenesis at 65°C (Fig. 2C).
The slight decrease of '*C content of the CH, in the *C-MeOH
treatment at day 30 without H injection could be attributed to un-
labeled CH, produced from preexisting unlabeled DIC via hydro-
genotrophic pathway. While methane was predominantly formed
from H,/CO, at 65°C (Fig. 2A), methylotrophic methanogenesis

Wang et al., Sci. Adv. 9, eadg6004 (2023) 28 June 2023

predominated when microcosms were incubated at 75°C
(Fig. 2B). Furthermore, after heating to 75°C, an H, respike failed
to revive CH, production, while a MeOH respike rapidly stimulated
methanogenesis after 48 hours, which was ~11 times greater than a
control without added substrate (Fig. 2B). Isotopic analysis con-
firmed that ~60% of the CH, was produced from MeOH in "*C-
MeOH-amended microcosms, providing further evidence of
active methylotrophic methanogenesis at 75°C (Fig. 2B). As in JZ-
3, methanogenesis was more sensitive to the shift to the higher tem-
perature than CO, production, as shown by the overall lower
CH,4:CO, ratio at 75°C relative to 65°C. Together, these results
reveal that both methanogenic activity and the predominant
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pathway used by methanogens in the GMQP microcosms were sen-
sitive to temperature changes.

Because methanogenesis assays were made at the level of the
whole community, observed variations in methanogenesis rates
and shifts in dominant pathways could be attributed to microbial
“community-level responses” (27, 31), which encompass acclima-
tion (physiological responses of individuals), adaptation (genetic
changes within species), and ecological responses (for example,
altered community structure). For JZ-3, because methanogenesis
assays were made at similar in situ temperature ranges (figs. S4
and S5), the underlying microbial community should be capable
of adjusting appropriately to temperature changes. For GMQP,
while preincubation at lower than in situ temperatures stimulated
methanogenesis, thus allowing the study of community-level re-
sponses of methanogenesis (fig. S6), incubations may have caused
unintentional temperature acclimation/adaptation to 65°C.
However, during our experiments, we observed no loss of mcr-con-
taining community diversity, but there were changes in their relative
abundances and gene expression patterns (explained in the follow-
ing sections). Therefore, we believe that stabilization at 65°C
allowed the widest range of mcr-containing archaea to be main-
tained, which allowed us to probe the effects of changes in temper-
ature or substrate after the microbial community has reached a
steady state.

The observed shift in methanogenic pathways in GMQP micro-
cosms was in accordance with thermodynamic inferences at high
temperatures (fig. S7). While the energy available from hydrogeno-
trophic methanogenesis decreases rapidly when the temperature in-
creases from 50° to 100°C, high temperature favors methylotrophic
methanogenesis. Normalization of available energy to transferred
electrons indicates that methanogen in GMQP and JZ-3 hot
springs live close to the thermodynamic edge (fig. S7B). Because
maintenance energy is high for thermophiles, subtle variations in
available energy induced by temperature changes could exert
huge impacts on the underlying metabolic processes. Nevertheless,
our observation based on successive incubation may not fully cor-
respond to temperature-dependent trends for methane production
in situ owing to potential microbial acclimation/adaption; they will,
however, provide critical information on how temperature increase
affects community-level responses of methanogenesis in geother-
mal habitats.

Last, we calculated short-term methanogenesis rates of GMQP
and JZ-3 from the incubations discussed above (Fig. 3A). Empirical
methanogenesis rates were normalized to sediment dry mass, which
allowed direct comparison of our rates in high-temperature geo-
thermal springs with those of well-documented low-temperature
terrestrial ecosystems, to better understand the relevance of the
rates measured. The maximum short-term methanogenesis rate in
GMQP, which represents an instantaneous response of methano-
gens to substrate spike, decreased from 34.0 + 3.9 (H, spike) at
65°C ug C g~ ' sediment day™' to 1.8 + 0.3 ug C g~ sediment
day ™" at 75°C (MeOH spike). Similarly, the short-term methano-
genesis rate of JZ-3 (without exogenous substrate) decreased from
76.0 + 23.4t0 9.1 + 5.3 ug C g~ ' sediment day™". These rates fall
within the range found for previous incubations (4.0° to 50°C) con-
ducted with soils/sediments from various low-temperature terres-
trial ecosystems such as wetland and paddy soils (up to 43 pug C
g~ ! sediment day™’; fig. S8 and data file S1), indicating that high-

Wang et al., Sci. Adv. 9, eadg6004 (2023) 28 June 2023

temperature geothermal ecosystems could have methanogenic po-
tentials comparable with low-temperature anoxic ecosystems.

Community dynamics and metabolic reconstruction
Microcosms with a higher relative abundance of mcr-containing
archaea in the microbial community also had higher short-term
methanogenesis rates (Fig. 3, A and B). Concurrent with the sub-
stantial decrease in short-term methanogenesis rates when the in-
cubation temperature increased from 65° to 75°C, the relative
abundances of mcr-containing archaea also decreased from 1.72
to 0.3% for GMQP and from 5.19 to 3.22% for JZ-3.

A comparison of mcr-containing archaea in the field survey with
microcosm incubations (Fig. 1A) shows an increase relative abun-
dance in the microcosms of members of the Archaeoglobales and
known euryarchaeotal methanogens at the expense of Ca. Nez-
haarchaeota (Fig. 3B and fig. S10). For GMQP, Archaeoglobales
(1.10%) replaced Ca. Nezhaarchaeota as the predominant mcr-con-
taining archaea, followed by Methanothermobacter (0.36%), after
stabilization —at  65°C.  The  Archaeoglobales MAG
JZ_75_SW_bin_109 accounted for 0.21% of the community and
50% of mcr-containing archaea in the MeOH treatments at 75°C.
Similarly, incubations of JZ-3 microcosms at 65°C increased the
abundance of known euryarchaeotal methanogens and Archaeoglo-
bales JZ_75_SW_bin_109. These traditional euryarchaeotal metha-
nogens decreased in relative abundance when the temperature was
raised to 75°C (Fig. 3B and fig. S10). Hydrogenotrophic Methano-
thermobacter dominated in H, plus MeOH incubations (2.79%; fig.
$10), which was the only exception to the overall decrease in eur-
yarchaeotal methanogen MAGs. However, hydrogenotrophic
methanogenesis was severely limited at 75°C (Fig. 2B). Changes
in temperature and/or substrate also caused variations in whole
community structures (fig. S9). The in situ community inhabiting
GMQP consisted mainly of Aquificae, Ca. Bipolaricaulota, Thermo-
togae, and Archaea (mainly Crenarchaeota), while Ca. Bipolaricau-
lota and Thermodesulfobacteria dominated JZ-3. Stabilization at
65°C only had a minor impact on the relative abundance of
Archaea in GMQP but substantially increased the abundance of De-
inococcus-Thermus. A notable increase of Euryarchaeota in JZ-3
was observed in microcosms relative to the in situ community.
Further temperature increase to 75°C decreased the relative abun-
dance of archaea, particularly Crenarchaeota, in both springs.

Inference of potential metabolisms from the mcr-containing ar-
chaeal MAGs (genomic characteristics, data file S2) revealed that
these MAGs contained metabolic capacities for each of the four
known methanogenic pathway schema: hydrogenotrophic, aceto-
clastic, methylotrophic, and H,-dependent methylotrophic metha-
nogenesis (Fig. 4 and data file S3) in GMQP and JZ-3 communities
combined. Known hydrogenotrophic methanogens belonged to the
genera Methanothermobacter and Methanolinea; also present was
the obligate acetoclastic methanogen Methanothrix (Fig. 4) (9). In
the nontraditional mcr-containing archaea, the presence of a com-
plete archaeal Wood-Ljungdahl (WL) CO, reduction pathway and
all subunits of tetrahydromethanopterin S-methyltransferase
(mtrABCDEFGH) in one Ca. Nezhaarchaeota and all Archaeoglo-
bales MAGs demonstrated the capability for hydrogenotrophic
methanogenesis. The presence of mtaABC genes in the Archaeoglo-
bales MAG suggested the capability for methylotrophic methano-
genesis from methanol. The Ca. Verstraetearchaecota MAG also
harbored mtaABC genes, but the lack of the WL pathway and
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Fig. 3. Reconstruction of mcr-containing archaea from microcosm experiments. Methanogenesis rates (A), community dynamics (B), and phylogeny (C) of recon-
structed mcr-containing metagenome-assembled genomes (MAGs) from “GuMingQuan Pool” hot spring (GMQP) and JinZe-3 hot spring (JZ-3). No Add, no addition;
MeOH, microcosms that received methanol. The short-term methanogenesis rate was calculated on the basis of the sediment mass, incubation time, gas accumulation,
and headspace volume following the methods of Chen et al. (27). The numbers in circles (C) denote the different lineages containing mcr genes in MAGs assembled from
data in the present study. The expanded phylogenies at the right side and below display the detailed topology within each group. Items labeled in red are MAGs re-
constructed in the present study. Maximum-likelihood tree was inferred from a concatenated set of 122 proteins using IQ-TREE (67) with 1000 ultrafast bootstrapping
iterations. Bootstrap confidences >80% are shown on each node. For comparison of short-term methanogenesis rate with previous incubations (4.0 to 50°C) conducted
with soil/sediment from various low-temperature terrestrial ecosystems, see fig. S8. For dynamics of overall microbial community, see fig. S9.
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Fig. 4. Overview of metabolic potential of mcr-containing metagenome-assembled genomes (MAGs) from “GuMingQuan Pool” (GMQP) and JinZe-3 (JZ-3) hot
springs. The pathways and genes detected are grouped into carbon, hydrogen, sulfur, and other metabolic pathways including sugar and amino acid utilization, energy
conservation, and various transporters for each MAG grouping. Colors indicate separate metabolism modules. Detailed gene copy information associated with the above-

mentioned pathways is presented in data file S3.

mtrABCDEFGH suggested that it is an obligate H,-dependent
methylotrophic methanogen (14). No genes encoding for any con-
ventional terminal respiratory reductases or multiheme c-type cyto-
chromes (MHCs) were identified in Archaeoglobales or Ca.
Nezhaarchaeota MAGs, which suggested that these two nontradi-
tional lineages are not likely to perform anaerobic methane oxida-
tion like known anaerobic methanotrophic archaea (32, 33). While
all MAGs encoded the capacity to synthesize diverse molecular
chaperones, including heat-shock proteins (HtpX and Hsp20) and
DNA repair enzymes (RadAB), only nontraditional mcr-containing
archaea harbored genes encoding reverse gyrase (topG), a key deter-
minant of a hyperthermophilic lifestyle at or above 85°C (34).

We further constructed phylogenetic trees of key diagnostic
protein sequences for methane metabolism (McrABG) and metha-
nol utilization (MtaABC) (figs. S11 and S12). Phylogenetic

Wang et al., Sci. Adv. 9, eadg6004 (2023) 28 June 2023

inference revealed that Mcr sequences from Archaeoglobales, Ca.
Nezhaarchaeota, and Ca. Verstraetearchaeota are closely related
(fig. S11), although their host taxa are diverse (Fig. 3C). Therefore,
we deduce that mcrABG genes were horizontally transferred to Ar-
chaeoglobales from TACK lineages. According to the phylogenetic
inference (fig. S12), no explicit evidence supports the idea that
mtaABC genes in Archaeoglobales were acquired horizontally. The
deep branching of the MTA complex within Archaeoglobales and
TACK suggests that methanol utilization may represent an
ancient feature in Archaea, particularly in TACK, which evolved
even earlier than certain traditional methanogens.

Gene expression patterns under methanogenic conditions

We used metatranscriptomics to reveal gene expression patterns
related to methane metabolism and energy conservation from
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microcosm communities with high CH, production (Fig. 5 and data
file S4). A stringent criterion was applied to define active methane
producers based on the expression of all three mcr subunits
(mcrABG) from a single MAG. This implicated nontraditional
mcr-containing archaea from the Archaeoglobales and Ca. Nez-
haarchaeota and the traditional euryarchaeotal methanogens Meth-
anothermobacter and Methanothrix as active members in
microcosm cultures (Fig. 5 and date file S4).

Transcripts of the mcrABG genes from Archaeoglobales
JZ_75_SW_bin_109 were identified in all microcosms that vigor-
ously produced CH, (Fig. 5). In particular, this MAG was the
only mcr-containing archaeon that expressed mcrABG genes at
75°C in both JZ-3 native microcosms without added substrates
and the GMQP MeOH-amended microcosm in which active CH,
production from MeOH was demonstrated (Fig. 2). The mcrABG
transcripts of another Archaeoglobales MAG, JZ-3_D_bin_138,
were also present in JZ-3 in microcosm incubations at 65°C. In par-
allel, genes related to the WL pathway and other core methanogen-
esis genes (mtrA-H; mtaABC) were expressed by this
Archaeoglobales MAG.

Despite a low relative abundance in incubations (Fig. 3B), Ca.
Nezhaarchaeota JZ-3_D_bin_91 from JZ-3 also produced

75°C

mcrABGCD transcripts at 65°C (Fig. 5C and data file S4). Unlike
the other Ca. Nezhaarchaeota MAG, GMQP_bin_37, most genes
involved in the WL pathway were not detected, suggesting that
functional differentiation may have occurred and further led to
the acquisition/loss of autotrophic capacity in certain lineages. Al-
though Ca. Nezhaarchaeota GMQP_bin_37 harbors the complete
WL pathway, most genes associated with the WL pathway exhibited
either low or no expression. Yet, lack of the mta complex in this
lineage precludes the utilization of methanol for methanogenesis,
and gene expression patterns related to methanogenesis in Ca. Nez-
haarchaeota remain to be investigated. However, the possibility that
the incomplete genome (91.9%) might obscure gene expression pat-
terns cannot be ruled out (data file S2). Instead of the cytoplasmic
F450-nonreducing hydrogenase encoded by mvhADG, both Ca.
Nezhaarchaeota and Ca. Verstraetearchaeota MAGs encoded ho-
mologs of Fyo-methanophenazine oxidoreductase (fpo) (35),
which could form an Fpo-like complex to reoxidize reduced ferre-
doxin. The Fpo-like complex was highly similar to the membrane-
bound NADH (reduced form of nicotinamide adenine dinucleo-
tide)—ubiquinone oxidoreductase (Nuo) complex with respect to
the composition and amino acid sequence identity. This complex
is similar to those in Methanomassiliicoccales (36) and
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Fig. 5. Gene expression patterns related to methanogenesis and energy metabolism from microcosm incubations forming notable quantities of CH,. (A) Tran-
scripts mapped to MAGs in the GMQP microcosms at the end of the 30-day stabilization at 65°C. (B) Transcripts mapped to MAGs in the GMQP microcosms at 75°C with
MeOH amendment. (C) Transcripts mapped to MAGs in the JZ-3 microcosms at end of the 30-day stabilization at 65°C without substrate amendments. (D) Transcripts
mapped to MAGs in the JZ-3 microcosms at 75°C without substrate amendments. No Add, no addition; MeOH, methanol; the green star indicates the expression of all
three subunits of mcrABG in the respective MAGs. Items shaded with tan colors represent genes with transcript mapping, and gray items denote genes with no transcript
mapping. Gene expression data were normalized across taxa, and z scores were generated using “scale” program in R v4.0.3 with parameters: center = F, scale = T. Detailed

gene expression values are recorded in data file S4.
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Methanothrix thermophila (37), which lack the subunits required
for binding NADH (NuoEFG) and F4,, (FpoFO). This result con-
firms the preference of ferredoxin as an electron donor. Expressed
mcrABG and mtrABCDEFGH genes from the traditional hydroge-
notrophic Methanothermobacter and acetoclastic methanogen
Methanothrix were also detected in JZ-3 microcosm at 65°C.
However, heating JZ-3 microcosms from 65° to 75°C decreased
the expression of mcrABG from both Methanothermobacter and
Methanothrix.

Last, gene expression patterns related to methane metabolisms
and energy conservation were explored from two GMQP micro-
cosm communities with low CH, production at 75°C (i.e., No
Add and H,). Archaeoglobales JZ_75_SW_bin_109 was the only
mcr-containing archaeon that expressed mcrABG genes in both mi-
crocosms, further strengthening the role of this lineage as a major
active methane producer at 75°C (fig. S14). Furthermore, MeOH-
utilizing mtaABC genes had much higher expression levels than
that of genes associated with the WL pathway (data file S4). This
pattern suggested that the methylotrophic pathway in Archaeoglo-
bales JZ_75_SW_bin_109 might be favored at 75°C, consistent with
our experimental observations (Fig. 2) and thermodynamic infer-
ences (fig. S7).

DISCUSSION

This study demonstrates the importance of nontraditional mcr-con-
taining archaea in mediating biological methanogenesis in volcano-
genic geothermal springs. The '*C-MeOH-amended methanogenic
assays revealed active methylotrophic methanogenesis in GMQP
spring from 65° to 85°C (Figs. 1C and 2, C and D). The enrichment
of headspace '*C-CH, was detectable within 2 hours of incubation,
showing an instant response of methylotrophic methanogens to
substrate addition. Community-level genomic reconstruction re-
vealed that only two nontraditional lineages in mcr-containing
communities, i.e., Archaeoglobales and Ca. Verstraetearchaeota,
encoded the capacity for methylotrophic methanogenesis from
MeOH (Fig. 4 and data file S3). The involvement of traditional
methanogens in this pathway could be ruled out because all of
them lack mtaABC genes necessary for methanol utilization
(Fig. 4 and data file S3). The participation of Archaeoglobales in
methylotrophic methanogenesis was further corroborated by the
high expression of key methylotrophic methanogenesis-related
genes in MeOH-amended microcosms (Fig. 5B and data file S4).
Within Archaeoglobales, JZ_75_SW_bin_109 stood out in GMQP
spring because it expressed key genes for H,/CO, and MeOH meth-
anogenesis in both 65° and 75°C incubations. Likewise, in these 65°
and 75°C microcosm incubations, the predominant methanogenic
pathways were shown to be hydrogenotrophic and methylotrophic,
respectively (Fig. 2, A and B). Moreover, the involvement of Archae-
oglobales in methanogenesis was not an isolated phenomenon
because similar gene expression patterns were also found in JZ-3
spring under in situ-like conditions (Fig. 5, C and D). These
results indicate the potential coexistence of active hydrogenotrophic
and methylotrophic pathways in Archaeoglobales, which could
confer a selective advantage in adapting to changing environmental
conditions such as variations in temperature and substrate energet-
ics. Could our collective observations be alternatively explained by
methane production from other organisms that do not contain rec-
ognizable mcr complexes? We argue that they cannot, because the

Wang et al., Sci. Adv. 9, eadg6004 (2023) 28 June 2023

extreme physicochemical conditions studied here are not conducive
to any of these other known methane-producing organisms (38—
40). Ultimately, our experiments do not rule out other pathways
for methanogenesis in geothermal environments, but we believe
that the evidence presented here firmly establish methanogenesis
by a member of the Archaeoglobales (JZ_75_SW_bin_109) and po-
tentially other archaea as well.

A comparison of 5-year field surveys to microcosm incubations
showed much higher proportions of Ca. Nezhaarchaeota (Fig. 3B).
A parsimonious explanation for this disparity would be that Ca.
Nezhaarchaeota may benefit from the continuous supply of re-
sources or removal of products in situ, conditions that were not rep-
licated during in vitro incubations. In contrast, traditional
euryarchaeotal methanogens appear not to be fully adapted in
GMQP to in situ temperatures of 85° to 90°C, reflected by the
lack of genes encoding reverse gyrase (topG in Fig. 4 and data file
$3), and correspondingly hydrogenotrophic methanogenesis by tra-
ditional methanogens was severely inhibited at 75°C (Figs. 2B and
5). The abundant DIC (>10 mM; mainly HCO; ™) and the deficiency
of other typical terminal electron acceptors (e.g., sulfate, nitrate, and
Fe®") in these geothermal springs (30) (table S2) render anaerobic
methane oxidation thermodynamically unfavorable, and therefore,
this process is unlikely in our experiments. Correspondingly, we
could not identify any terminal reductases or MHCs in genomes
of Archaeoglobales or Ca. Nezhaarchaeota. Combined with the ex-
pression of mcrABG under methanogenic conditions (Fig. 5C) and
the predominance of Ca. Nezhaarchaeota among native mcr-con-
taining communities (Fig. 1A), we reason that Ca. Nezhaarchaeota
might be the key participant mediating the observed in situ hydro-
genotrophic methanogenesis in GMQP (Fig. 1C). Furthermore,
based on high relatedness between Mcr sequences from Archaeoglo-
bales, Ca. Nezhaarchaeota, and Ca. Verstraetearchaeota (fig. S11),
which reflects functional similarity of the respective archaeal lineag-
es (4, 13), we propose that these nontraditional mcr-containing
archaea are the origin of methanogenesis in these springs. Our
results therefore also support the hypothesis that the last common
ancestor of Euryarchaeota and TACK archaea could have been a
methanogen (41, 42).

The observation of functional methanogenesis in mcr-contain-
ing Archaeoglobales promises to resolve an ongoing debate over its
evolutionary transition from methanogenesis to a sulfate-reducing
lifestyle by gaining bacterial dissimilatory sulfite reductase genes
(dsr) (9, 43). However, the mcr-containing Archaeoglobales MAGs
from our alkaline springs in Tengchong show no co-occurrence of
mcr and dsr genes. We suggest that the previously reported Archae-
oglobales MAGs from sulfidic Yellowstone hot springs (15) that
contain both mcr and dsr genes may represent an intermediate
stage in the transition from methanogenesis to sulfate reduction.
A similar evolutionary adaptation also likely occurred in Ca. Kor-
archaeota MAGs that harbor both mcr and dsr genes (18). By pre-
senting a benchmark where methanogenic lifestyles in mcr-
containing Archaeoglobales are shown, the methodologies used in
Tengchong hot springs presented here could be applied to other
geothermal systems to expand and understand the evolutionary re-
lationship between methanogenesis and sulfate reduction.

On early Earth, which was anoxic, more volcanically active (22,
23), and had a higher surface temperature (>60°C) than today (26),
the carbon cycle is widely believed to have been dominated by
methanogenesis (I, 25). Previous early Earth ecosystem-planetary
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models were often grounded on the assumption that hydrogenotro-
phic and acetoclastic methanogenesis predominated in primitive
CH,-cycling ecosystems and was constrained to our understanding
of traditional euryarchaeal methanogens (1, 44). Our results indi-
cate that primitive ecosystems may have been dominated by
diverse mcr-containing archaea performing hydrogenotrophic and
methylotrophic methanogenesis (Figs. 2 and 3), in line with recent
evolutionary inference (41, 42). Moreover, those primitive, high-
temperature ecosystems could have had methanogenic potentials
comparable to contemporary low-temperature anoxic ecosystems
(fig. S8 and data file S1). In sufficient numbers, these systems
would have had global consequences and affected the climate on
early Earth.

While traditional euryarchaeotal methanogens populate nearly
every conceivable anoxic habitat on contemporary Earth (9), it is
currently unclear how widely distributed nontraditional mcr-con-
taining archaea are. However, recent metagenomic studies suggest
that these nontraditional lineages are not limited to hydrothermal
settings (9, 14, 19). This study provides a view into the bulk meth-
anogenic activities and underlying active members by coupling in
situ and ex situ incubations, isotope tracers, metagenomics and
metatranscriptomics, and biogeochemistry. A full understanding
of the ecophysiology of those nontraditional mcr-containing
archaea would further require targeted enrichment/cultivation
strategies coupled with fluorescence in situ hybridization—nano sec-
ondary ion mass spectrometry. On a larger scale, how the coexis-
tence or competition of traditional euryarchaeal and
nontraditional methanogens in diverse ecosystems affects the bio-
geochemical carbon cycle and contributions of nontraditional
methanogens to global CH, emissions remains to be investigated.
Geothermal springs represent early Earth analogs harboring a vast
repository of microbial dark matter (45) that will continue to inspire
multidisciplinary research about the evolution of life on Earth.

MATERIALS AND METHODS

Location and geochemical characterization of the study site
Two terrestrial geothermal springs, GMQP (98°26'10"E, 24°57'3'
'N) and JZ-3 (98°27'36"E, 25°26'28"'N), are located in the Teng-
chong volcanogenic geothermal area (Yunnan, China), which
belongs to the Yunnan-Sichuan-Tibet Geothermal Province, a
part of the Mediterranean-Himalayas geothermal belt. GMQP (in
situ temperature: 85° to 90°C; pH: 9.4) is formed by the outflow
of geothermal water originating from a boiling reservoir fluid,
while JZ-3 (in situ temperature: 65° to 75°C; pH: 8.9) is likely
formed primarily via conductive cooling of a reservoir fluid or its
mixing with low-temperature shallow groundwaters. GMQP and
JZ-3 are typical of the high-temperature geothermal springs
located in the Rehai and Diantan areas. These systems are the
largest and second largest hydrothermal areas in Tengchong, re-
spectively (46). The geological and geothermal characteristics of
Rehai and Diantan have been reported previously by Guo and
Wang (46) and are summarized in table S1.

Sample collection and processing

The microbial communities from GMQP and JZ-3 springs were
monitored using metagenomic analyses of sediment samples col-
lected twice yearly from 2017 to 2021. These sediments were collect-
ed anaerobically, flash-frozen on-site in liquid nitrogen, and
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transferred to the laboratory before being stored at —80°C, and
total genomic DNA was extracted using previously described
methods (4, 47). For laboratory-based microcosm experiments,
sediment and geothermal water were sampled aseptically from the
GMQP and JZ-3 springs in 2021. The collected biomass was stored
without headspace in amber-colored glass vials (sealed with a gas-
tight polytetrafluoroethylene (PTFE) gasket and screw cap) and
transported to the laboratory for microcosm setup at ambient
temperature.

In situ methanogenesis assays

At the second 2021 sampling, a static respiration chamber was used
to estimate the in situ CH, flux in the GMQP spring (in situ tem-
perature: 85°C) (fig. S1). In situ experiments were not conducted in
JZ-3 due to the water depth not allowing deployment of the
chamber. The chamber was made in-house and consisted of a poly-
vinyl chloride housing with a vent tube for pressure equilibration
between accumulated gas and the external atmosphere, a three-
way gas sampling valve, and an internal fan to homogenize accumu-
lated gas before sample collection (fig. S1C).

The active pathways underlying methanogenesis in the hot
springs were identified using microcosm-based enrichments
amended with either '>C-labeled NaHCO; or methanol (MeOH)
and compared to unlabeled H,, NaHCO3, or MeOH. These anaer-
obic microcosm assays were prepared by suspending ~5 g of fresh
sediment in autoclaved serum bottles (100 ml) with 20 ml of geo-
thermal water under an N, headspace. Vials were then capped with
butyl rubber septa and immediately returned to the GMQP spring
for incubation. A total of six treatments, each with four replicates,
were incubated in the GMQP spring and consisted of (i) control
without amendment (No Add), (ii) H, (~6%, 5 ml of H, into 80
ml of N,-headspace), (iii) H, plus 10 mM NaHCO,, (iv) H, plus
10 mM *C-labeled NaHCO;, (v) 10 mM MeOH, and (vi) 10 mM
3C-labeled MeOH. MeOH was used as a representative substrate
for methylotrophic methanogenesis as it is the most abundant ox-
ygenated volatile organic compound in the atmosphere (48) and is a
common substrate of anaerobic metabolism (49). Moreover, MeOH
may be derived from endogenous synthesis via the mineral-cata-
lyzed fixation of CO, with H, under alkaline hydrothermal condi-
tions (50). Acetate was not used as the presently known upper-
temperature limit for acetoclastic methanogenesis is ~70°C (51).

Gas headspace from the respiration chamber and microcosm
assays were sampled at 24 and 48 hours and stored in pre-evacuated
gas-sampling bags (Delin, LB-301A) before analysis. Short incuba-
tion times were used to prevent methanogen adaptation to substrate
spikes in microcosms and provided estimates of an instant response
of the native community (27). The potential for microbial substrate
adaptation from the in situ microcosms was investigated by transfer
of enrichment cultures to the laboratory incubators at 85°C for 30
days to mimic the thermal conditions of the GMQP spring. The
methane quantity in the headspace was sampled on days 10 and 30.

Laboratory microcosm incubations

Further anaerobic microcosm incubations using a combination of
fresh sediments and water samples from GMQP and JZ-3 were pre-
pared aseptically under N, headspace inside a laboratory anoxic glo-
vebox. GMQP sediments (dry weight: ~3.0 g) were mainly
composed of sand (main metal contents, table S4), while JZ-3 sed-
iments (dry weight: ~0.31 g) were composed of dark green, slippery
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streamer material (photo, fig. S3). Geothermal water (20 ml in each
microcosm) was filtered (0.2 pm) and N,-purged (30 min) to
prevent oxygen contamination as described in a previous study (52).

Methanogenesis was stimulated in the GMQP microcosm incu-
bations over a stepwise temperature gradient from 65° to 85°C by
amending samples with several methanogenic precursors summa-
rized in fig. S6. In summary, two multiple-stage incubation pro-
grams were used to cultivate methanogens. The first experimental
program consisted of materials being prestabilized at 65°C for 30
days, and then, methanogenic substrates were amended and incu-
bated at this temperature to perform methanogenic assays for an
additional 30 days. Subsequently, the assays were heated to 75°C
for 30 days, after which the substrates were reamended and incubat-
ed at 75°C for an additional 48 hours. The second experimental
program consisted of materials being prestabilized at 85°C for 30
days, and then, methanogenic substrates were amended at this tem-
perature and incubated to perform methanogenic assays for an ad-
ditional 30 days. Prestabilization helps to minimize the
perturbations during sediment/water sampling and transport and
the concomitant influence on microbial communities before meth-
anogenesis assays. In addition, the stabilization period allows mi-
crobial communities to adjust during temperature transition (e.g.,
65°C/775°C), facilitating the study of community-level responses
after steady conditions have been reached. Subsequently, the
assays were cooled to 75°C for 30 days, after which the substrates
were reamended and incubated at 75°C for an additional 48
hours. The temperatures of 65°, 75°, and 85°C were selected on
the basis of our previous genome-based inferences that most
extant mcr-containing genomes from terrestrial geothermal
springs thrived optimally under temperatures ranging from ~60°
to 83°C (4). Incubations contained H, at ~6% of headspace and ex-
ploited indigenous DIC in geothermal water, as this reflects physi-
ological levels found in the Tengchong volcanogenic geothermal
areas that varied between 0.32 and 5.15% (53). This H, level also
avoids classical cultivation/enrichment methods that use high-
energy yielding 80:20 H,/CO,, which is ecologically irrelevant
(54), especially in terrestrial hot springs. In total, seven incubation
treatments each with three replicates were used: (i) No Add without
amendment, (ii) H, (~6%), (iii) 10 mM MeOH, (iv) H, + 10 mM
MeOH, (v) 10 mM methylamine (MeNH;"), (vi) H, + 10 mM me-
thylamine (MeNH;"), and (vii) 10 mM sodium acetate (acetate).
Both the instantaneous and long-term responses to substrate addi-
tion were monitored in 48-hour and 30-day respiration assays with
the CH, and CO, measured during the processes. To distinguish
whether CH, production was derived directly via methylotrophic
methanogenesis or indirectly from MeOH syntrophy (first oxidiz-
ing MeOH to H, and CO,), short-term respiration assays with 10
mM "*C-labeled MeOH at 65° and 75°C along incubations were
performed. The indigenous carbonate/bicarbonate buffering
system guaranteed stable pH values of ~9.4 over the whole experi-
ment (table S5). Before the addition of substrates, the vials were
flushed with high-purity N, gas (30 min) to minimize the potential
inhibitory effects of high CH,4 concentrations on methanogenesis as
previously described (27).

For JZ-3 with in situ temperatures ranging from 65 to 75°C, only
the aforementioned first incubation program was used (see fig. S4
for details). No exogenous substrate was provided, given that vigor-
ous CH, production was found under in situ temperature ranges in
our laboratory microcosm incubations.
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Geochemical analytical techniques

Headspace CH, and CO, concentrations along with their 13¢C con-
tents were measured at several time intervals with cavity ring-down
spectroscopy (Picarro G2201-i, USA) using a discrete small-volume
gas sample module (Picarro Small Sample Isotope Module, SSIM
Ao0314, USA) (27). The short-term CH, respiration rate was calcu-
lated on the basis of the soil mass (dry weight), incubation time (24
hours), gas accumulation, and headspace volume (80 ml) following
the methods of Chen et al. (27).

For hydrochemical properties, geothermal waters were collected
and analyzed using standard methods (46, 55). Nonstable chemical
parameters (temperature, pH, redox potential, and free sulfide)
were measured immediately on-site using portable HACH meters.
All water samples were filtered through a 0.45-um membrane on-
site, transferred on ice, kept anoxic in the dark, and stored at 4°C
before analysis. The contents of dissolved organic carbon (DOC),
DIC, and dissolved total nitrogen were analyzed by Total Organic
Carbon Analyzer (Shimadzu TOC-L). Concentrations of anions,
that is, nitrate (NO;™), sulfate (SO,>7), phosphate (PO,*7), and
chloride (CI7), were analyzed in unacidified samples by ion chro-
matography (930 Compact IC with Metrosep A Supp 17-150/4.0
column, Switzerland).

Thermodynamic calculations

The thermodynamic basis for the observed temperature depend-
ency of methanogenesis in GMQP materials was calculated on the
basis of temperatures from 50° to 100°C for the free energy available.
Reactions for (i) hydrogenotrophic methanogenesis from H,/
HCOs5™, (ii) methylotrophic methanogenesis from MeOH, and
(iii) H,-dependent methylotrophic methanogenesis from MeOH
are given in table S6 [AG®' from Whitman et al. (56)]. Available
energy is computed with Geochemist's Workbench and the Law-
rence Livermore National Laboratory (LLNL) thermodynamic da-
tabase by taking pH at 9.6, 3 to 6% H,, 10 mM methanol, 11.25 mM
bicarbonate, and 10 M methane from aqueous chemistry and mi-
crocosm incubation setups.

Metagenomic and metatranscriptomic analyses

Community genomic DNA and RNA were extracted using com-
mercial kits (ALFA-SEQ Advanced Soil DNA Kit and MOBIO
RNA PowerSoil Total RNA Isolation Kit, respectively) according
to the manufacturer’s instructions. DNA extract concentrations
and constructed libraries were assessed on the Qubit 4.0 Fluorom-
eter and the Qsep400 High-Throughput Nucleic Acid Protein Anal-
ysis System. Ribosomal RNA transcripts were removed from the
total RNA pool using an ALFA-SEQ rRNA Depletion Kit. Whole
mRNA-sequencing libraries were generated using the NEB Next
Ultra Nondirectional RNA Library Prep Kit for Illumina (New
England Biolabs, MA, USA). Metagenomic and metatranscriptomic
sequencing were conducted by applying Illumina HiSeq 4000 in-
struments at Guangdong Magigene Biotechnology Co. Ltd.
(Guangzhou, China), generating, on average, 30-giga base pairs
(Gbp) raw sequence data per sample. For metagenomics sequencing
data, raw sequence reads were preprocessed using an in-house Perl
script (v1.0.0 last accessed at 15 April 2023; https://github.com/
hzhengsh/qualityControl) (57). The quality-filtered reads were as-
sembled individually for each sample using SPAdes v3.9.0 (--meta
-k 21,33,55,77,99,127) (58). Genomic bins were obtained for each
assembly with MetaBAT v2.12.1 (59) using tetranucleotide
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frequency and sequence depth parameters. Bins were merged if the
combination resulted in a notable increase in completeness with no
or minimal increase in contamination score. Genome completeness
and contamination were evaluated using CheckM v1.0.12 (60). Scaf-
folds with abnormal sequence depth and discordant positions in the
Emergent self-organizing map (ESOM) map (61) were manually
eliminated. To enhance the quality of genomic bins, sequences be-
longing to each genome bin were recruited by mapping clean reads
to preliminary bins using BBmap v35.85 (http://sourceforge.net/
projects/bbmap/) and reassembled allowing correction using
SPAdes v3.9.0 (--care -k 21,33,55,77,99,127). Last, 14 high-quality
MAGs that contained the methyl-coenzyme reductase subunits A,
B, and G (mcrABG) genes were further analyzed. Putative protein-
coding genes (CDSs) for each MAG were predicted using Prodigal
v2.6.3 (-single) (62). Functional annotation was conducted by com-
paring all CDSs against databases, including National Center for Bi-
otechnology Information—non redundant (NCBI-nr), and archaeal
Clusters of Orthologous Genes (arCOG), using Diamond
v2.0.11.149 (E value <1 x 107°) (63). KEGG Orthology (KO)-
based functional annotation was conducted using KofamScan
v1.3 (https://github.com/takaram/kofam_scan).

For metatranscriptomic data, raw reads were quality-controlled
using Sickle v1.33 (-t sanger --quiet -1 50; https://github.com/
najoshi/sickle). The generated clean reads were mapped onto the
aforementioned mcr-containing MAGs using Bowtie v2.4.4 (-p 15
-D20-R3-N1-L24-iS,1,0.75) (64). Cufflinks v2.2.1 (65) analysis
was performed to calculate the abundances of all transcripts and test
the differential gene expression. Briefly, the “cufflinks,” “cuffmerge,’
and “cuffdiff” commands within the Cufflinks package were se-
quentially performed with the default parameters.

Phylogenetic tree reconstruction

Phylogenomic tree

A phylogenomic tree of the 14 mcr-containing MAGs was con-
structed using a multiple sequence alignment of 122 archaeal-spe-
cific conserved marker genes using GTDB-Tk v1.6.0 (66). These
concatenated sequence alignments were used as input to recon-
struct the phylogenomic tree using IQ-TREE v1.6.12 (67) with
the best model of LG + F + R10.

mcrABG and mtaABC gene trees

Amino acid sequences derived from mcrABG and mtaABC genes
(when present) were extracted from reconstructed MAGs generated
in this study. The McrABG sequences were added to a reference
dataset of McrABG sequences derived from isolates and MAGs
from a previous study (4). MtaABC sequences were added to a ref-
erence database generated by searching against the National Center
for Biotechnology Information (NCBI) RefSeq database (down-
loaded on 16 August 2021) using Diamond (E value: 1 x 107°).
Further Archaeoglobales and Ca. Verstraetearchaeota MtaABC se-
quences were added by using those from the current study to
recruit more diversity into the reference database. For the
MtaABC sequences, Basic Local Alignment Search Tool (BLAST)
hits were further searched against the Kyoto Encyclopedia of
Genes and Genomes database and were kept if the annotated KOs
were K14080, K04480, and K14081. Other mtaA, mtaB, and mtaC
genes were eliminated if they did not occur within six consecutive
genes of the same scaffold. After collating concatenated sequences
for each operon, amino acids were aligned and trimmed using
MUSCLE v3.8.31 (68) and TrimalAl v1.4.rev22 (69). This resulted
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in 165 and 471 sequences with 1337 and 1102 amino acids in length
for phylogenetic inference. IQ-TREE was used to build the phylog-
enies, and the best models for mcrABG and mtaABC were LG + F +
R6 and LG + F + R6, respectively.

Statistical analyses and data availability

All statistical analyses were performed in the R statistical computing
environment. Significant differences were obtained by two-way/
one-way analysis of variance (ANOVA) with means compared
using Duncan’s multiple range test at the level of P < 0.05 using
the function "aov.” The 14 near-complete archaeal genomes were
submitted to the NCBI database under the ProjectIDs
PRJNA544494 and PRJNA955688, and Whole genome sequencing
(WGS) accessions JARXPE010000000 (Ca. Verstraetearchaeota ar-
chaeon JZ-2_bin_200), JARXPF010000000 (Ca. Verstraetearchaeo-
ta archaeon GMQP_bin_44), JARXPG010000000 (Ca.
Nezhaarchaeota archaeon GMPQ_bin_37), JASFYD010000000
(Archaeoglobales archaeon GMQP_D_bin_18),
JASFYE010000000 (Methanothermobacter sp.
GMQ_75_MeOH_H2_bin_21), JASEYF010000000 (Ca. Nez-
haarchaeota archaeon JZ-3_D_bin_91), JASFYG010000000 (Meth-
anothermobacter sp. JZ-3_D_bin_25), JASFYH010000000
(Archaeoglobales archaeon JZ-3_D_bin_138), JASFY1010000000
(Methanolinea sp. JZ_75_SW_bin_60), JASFYJ010000000 (Archae-
oglobales archaeon JZ_75_SW_bin_109), JASFYK010000000 (Ca.

Verstraetearchaeota archaeon JZ_65_OP_bin_51),
JASFYL010000000 (Ca. Verstraetearchaeota archaeon
JZ_65_OP_bin_38), JASFYMO010000000 (Methanothrix sp.

JZ_65_OP_bin_30), and JASFYNO010000000 (Methanothermo-
bacter sp. JZ_65_OP_bin_148). Supplementary data, including
phylogenies of mcrABG and mtaABC in newick format, are avail-
able in FigShare repository at https://figshare.com/s/
tb3c5dfae25e1213a532.
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