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Genomic and enzymatic evidence of acetogenesis
by anaerobic methanotrophic archaea
Shanshan Yang1,2,3, Yongxin Lv1,2,3, Xipeng Liu3, Yinzhao Wang 3, Qilian Fan3, Zhifeng Yang1, Nico Boon4,

Fengping Wang 1,2, Xiang Xiao2,3,5 & Yu Zhang 1,2✉

Anaerobic oxidation of methane (AOM) mediated by anaerobic methanotrophic archaea

(ANME) is the primary process that provides energy to cold seep ecosystems by converting

methane into inorganic carbon. Notably, cold seep ecosystems are dominated by highly

divergent heterotrophic microorganisms. The role of the AOM process in supporting het-

erotrophic population remains unknown. We investigate the acetogenic capacity of ANME-2a

in a simulated cold seep ecosystem using high-pressure biotechnology, where both AOM

activity and acetate production are detected. The production of acetate from methane is

confirmed by isotope-labeling experiments. A complete archaeal acetogenesis pathway is

identified in the ANME-2a genome, and apparent acetogenic activity of the key enzymes

ADP-forming acetate-CoA ligase and acetyl-CoA synthetase is demonstrated. Here, we

propose a modified model of carbon cycling in cold seeps: during AOM process, methane can

be converted into organic carbon, such as acetate, which further fuels the heterotrophic

community in the ecosystem.
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Cold seeps are areas, where hydrocarbon-rich fluid seeps up
from below the ocean floor at fluid-flow velocities of
centimeters to meters per year, often as hydrogen sulfide

and methane1,2. They are common along continental margins
worldwide and can be thought of as hot spots of a certain habitat
type, providing niches that are strongly different from the sur-
rounding seafloor3–5. The chemosynthetic microorganisms
inhabiting cold seeps convert the methane into organic matter
and carbon dioxide to generate energy. Anaerobic oxidation of
methane (AOM) coupled to sulfate reduction (SR) is the primary
energetic process in cold seeps and is catalyzed by a consortium
of anaerobic methanotrophic archaea (ANME) and sulfate-
reducing bacteria (SRB) of the Deltaproteobacteria6–8. The
overall AOM-SR reaction CH4+ SO4

2−→HS−+HCO3
−+

H2O generates a Gibbs free energy of only −20 to −40 kJ/mol of
methane oxidized, which is shared between ANME and SRB.
Therefore, AOM is considered one of the least exergonic pro-
cesses supporting life9. Meanwhile, the methane-fueled anoxic
sediments above gas vents and gas hydrates are one of the most
populated marine microbial ecosystems, reaching 107–109 cells/
cm310,11. In addition, a large number of metazoans (such as
tubeworms, bivalves, etc.) depend on the energy flow through
microbial processes12. Moreover, the AOM process is also a
major sink of the oceanic methane budget, consuming up to 300
Tg methane per year, equivalent to ~88% of the methane released
from subsurface reservoirs13. Hence, the AOM process attenuates
the emission of the greenhouse gas methane and supports a large,
diverse microbial, and animal population.

In addition to ANME and SRB, large heterotrophic bacterial
populations exist in cold seeps. For example, 58.3% of candidate
phylum Atribacteria (formerly known as JS1) are heterotrophic
anaerobes and can catabolize organic acids such as acetate and
propionate via the methylmalonyl-CoA pathway in the sulfate
methane transition zone of Ulleung Basin14,15. Two cold seeps in
the South China Sea harbor dominant populations of Firmicutes,
Chloroflexi, Actinobacteria, Atribacteria, and Bacteroidetes, in
which the heterotrophic bacteria represent up to 70% of the total
biomass16. This is surprising because the primary energy source
is the AOM process, where carbon dioxide is the end product. To
support a large and stable heterotrophic community, a sustain-
able source of organic carbon is required but has not been dis-
covered. Therefore, we put forward our research questions: is it
possible to produce organic carbon during the AOM process,
thus further fueling the heterotrophic community in cold seep
ecosystems? And if so, what could be the underlying mechanism?
Early studies had already suggested that ANME-2 is closely
related to the acetotrophic methanogen Methanosarcina and
performs a reversal of H2-independent methanogenesis17.
Moreover, when the methyl-coenzyme M reductase (Mcr) from
ANME-1 is cloned into the methanogen Methanosarcina acet-
ivorans, M. acetivorans can oxidize methane to produce acet-
ate18. Therefore, we propose that acetate may be produced by
ANME and serve as a carbon source to support the large het-
erotrophic community. As demonstrated by a previous study,
elevated partial pressures of CH4 increased the gained Gibbs free
energy and thus stimulated in vitro SR-AOM activity19. Herein,
we address the above questions by using a continuous high-
pressure bioreactor system to simulate the cold seep environ-
ment and create a simplified ecosystem supported only by the
AOM process. When methane and sulfate are supplied as the
only energy sources in the ecosystem for 8 months, both AOM
activity and acetate production are detected. Furthermore, the
acetogenesis by ANME is confirmed by genomic and enzymatic
evidence. Therefore, we propose a conceptual model of carbon
cycling in cold seeps, where acetate release from AOM process is
considered.

Results
A microbial community fueled solely by the AOM process. An
AOM-enriched community, which originated from a mud vol-
cano in Gulf of Cadiz, was incubated in a simulated cold seep
ecosystem where methane and sulfate were supplied as the only
energy source within the ecosystem for 8 years prior to this
research19. The incubation was performed in a continuous high-
pressure reactor with independent control of the methane partial
pressure and incubation pressure19. To test the stability of this
AOM-enriched community, the incubation pressure was changed
every two months: 8, 15, 30, and 8MPa (II). The detailed incu-
bation conditions are described in the “Methods” section. The
chemical composition in the incubation system was measured
every two days to track AOM activity (Supplementary Fig. 1).
Approximately 0.99–2.30 μmol sulfide production per day was
observed in all the tested conditions except the one at 30MPa,
when the community was likely disturbed by such high pressure
and a negative average sulfide production was observed (−12.26
μmol sulfide production per day) (Fig. 1a). Moreover, throughout
the incubation period, approximately 1.39–2.56 μM acetate was
detected in the slurry, and the highest acetate accumulation was
observed under 8MPa methane and 8MPa incubation pressure
(Fig. 1a). The microbial conversion of methane into acetate was
further confirmed by isotope-labeling experiments. This AOM-
enriched community was subsampled and incubated with 85 mM
dissolved 13C–CH4, which is the calculated methane saturation
concentration under 8MPa methane partial pressure, and 30 mM
dissolved 12C–HCO3

− as the carbon sources. Under 8 or 30MPa
incubation pressure, the sulfide concentration increased from
9.15 μM to 92.01 or 15.75 μM respectively, the 13C–HCO3

−

abundance among total HCO3
− in the liquid phase increased

from natural abundance of 1.08% to 1.31%, the final concentra-
tion of 13C-acetate (with molecular weight of 61) reached to 0.45
or 0.32 μM, respectively (Table 1). 13C-acetate with molecular
weight of 62 was not detected. Therefore, it is likely that 13C-
acetate was mainly converted from 13C-CH4 directly, rather than
from 13C–CO2 through acetogenesis.

The microbial communities of each incubation stage were
analyzed based on the 16S rRNA gene sequence data. In archaeal
community, ANME-2a and Marine_Benthic_Group_D (MBG-D)
were the main groups, which contribute 36.3–52.3% and
27.7–49.3%, respectively (Fig. 1b). On the other hand, the
bacterial community was relatively more diverse than archaeal
community; SRB accounted for less than 11% with Desulfosarcina
(3.9–7.3%), Desulfobacula (0.1–0.2%), SEEP–SRB1 (0.1–0.2%),
and uncultured Desulfobacteraceae (2.2–4.9%), while the domi-
nant groups were Clostridiales (55.0–59.8%), Pseudomonadales
(6.8–8.8%), Oceanospirillales (3.0–7.0%), Desulfuromonadales
(3.7–5.6%), and Hydrogenophilales (2.3–5.0%) (Fig. 1b). The
ANME and SRB cells ranged from 4.2 × 103 to 3.1 × 104 cells/mL
and 1.3 × 104 to 1.4 × 105 cells/mL, respectively (Fig. 1b).

Genomic evidence of methane to acetate conversion by ANME-
2a. To verify whether ANME-2a has the metabolic potential to
convert methane into acetate and to identify the key genes
involved, a metagenomic approach was applied. DNA was
extracted from the biomass after each incubation stage. A total of
126,043,665 reads passed the quality control criteria. De novo
assembly of the metagenomic reads and binning by tetranucleo-
tide signatures revealed a total of five metagenome-assembled
genomes (MAGs) belonging to ANME with high quality (Sup-
plementary Table 1). The taxonomic identity of each MAG was
verified by the construction of a phylogenetic tree based on
whole-genome information (Supplementary Fig. 2). The details of
the data processing are described in the “Methods” section. A
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complete metabolic pathway converting methane to acetate was
identified in the ANME-2a MAGs (Fig. 2) (Supplementary
Data 1). The oxidation of methane yielding CH3-S-COM is cat-
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would grow more slowly than ANME; these expectations have
been verified by our results and previous reports41,42.

Considering the possibility of producing organic carbon during
the AOM process, methane consumption through the AOM
process may be underestimated. In our high-pressure continuous
incubation experiment, when optimal AOM activity was
observed, approximately 1.7 × 107 cellular growth (~0.85 μg car-
bon) per day were observed (Fig. 1b). Assuming 70% of the cells
are heterotrophs and 10–76% of consumed acetate is channeled
into biosynthesis according to the previous reports, they would
need 0.78–5.95 μg organic carbon per day6,10,33. Assuming all the
organic carbon originated from methane, and considering
approximately 24 μg methane-carbon consumption per day
(calculated from the AOM activity in Fig. 1a), 3-25% of the total
consumed methane is converted to acetate or other organic
compounds that have been previously neglected. Based on the
previous calculation, the AOM process consumes up to 300 Tg
methane/year, equivalent to ~88% of the methane released from
subsurface reservoirs13. Considering the missing step of methane
conversion to acetate, methane consumption via AOM could be
even greater. Because methane is one of the most powerful
greenhouse gases, revisiting the methane budget of cold seeps,
especially the shallow seeps, where methane is often emitted
directly into the atmosphere, is highly significant in terms of
predicting global climate change43.

In conclusion, cold seep environments host abundant and
diverse microbial communities, and nearly 70% of the bacteria are
heterotrophs. Metabolic reconstruction of ANME-2a and het-
erologous expression and activity assays of the ADP-forming
acetate-CoA ligase gene acd from ANME-2a demonstrate the
capability of ANME-2a to produce acetate during methane oxi-
dation. Based on the diversity and metagenomic analysis, the
acetate can be supporting a large number of heterotrophic

bacteria besides sulfate reducers, such as Firmicutes, Chloroflexi,
Actinobacteria, Atribacteria, and Bacteroidetes. Based on these
results, we propose a conceptual model of carbon cycling in cold
seeps, where acetate release from AOM process is considered
(Fig. 6). Our findings expand the metabolic repertoire of ANME-
2a and increase understanding of the carbon cycle in cold seep
ecosystems.

Methods
Continuous high-pressure incubation and activity analysis. The inoculum was
originally from Captain Aryutinov Mud Volcano (35° 39.700′N; 07° 20.012′W) at a
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(50 μg/mL) was added. Then, the sample was centrifuged at 3,000 rpm for 10 min
at 4 °C and incubated at 4 °C for 30 min. The top layer was injected into a Gas
Chromatograph-QQQ Mass Spectrometer (GC-QqQ-MS Agilent 7890B-
7000D, Agilent Technologies, Santa Clara, CA, USA). The detection limit was
lower than 80 nM.

13C-labeling methane incubation experiment. In order to verify the production
of acetate from methane, 20 mL ANME-2a enrichment sample was transferred
anaerobically to a 60-mL glass syringe with needle stucked into rubber stopper, and
then add 38 mL 13C-CH4 (Sigma–Aldrich, 99 atom % 13C, USA) in the headspace.
The sealed needle tubes were then put into the high-pressure vessels (developed in
Shanghai Jiao Tong University, China) and pressurized to 8 and 30MPa, respec-
tively. Considering the dissolvability of methane, the amount of methane we
supplied in each syringe is more than sufficient to creat a methane partial pressure
up to 8MPa inside the syringe41. Each test had triplication and incubated for
12 months. For 13C-labeling acetate measurement, 1 mL of sample filtered through
a 0.22 μm membrane filter (Merck Millipore, Billerica, MA, USA) was mixed with
0.2 mL 50% H2SO4. Afterwards, 1 mL ether solution was added and the sample was
vortexed for 1 min. Then, the sample was centrifuged at 12,000 rpm for 20 min at
4 °C and incubated at 4 °C for 30 min. The top layer was injected into a 7890B-
7000D GC-QQQ-MS spectrometer (Agilent Technologies, Santa Clara, CA, USA)
for analysing. The detection limit was lower than 0.2 μM. Detecting the ratio of
13CO2/12CO2 was performed by Gasbench II on-line gas preparation and intro-
duction system (Thermo Fisher Scientific, Bremen, Germany), coupled with 253
Plus isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany).

DNA extraction and 16S rRNA gene analysis
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the alignment with 177 columns was used to construct a phylogenetic tree with the
same method as above except with LG+ I+G4 models and 1,000 ultrafast
bootstraps (Supplementary Fig. 3). The tree of ANME-2 MAGs was constructed
with a 700 amino acids-long concatenation of 122 archaeal marker genes (Sup-
plementary Fig. 2). Mafft-linsi was used for alignment for each gene set, and we
have removed the positions with more gaps than 50% of the actual amino acid
sequences. The tree was inferred by IQ-TREE (v1.6.6)70 with LG+G4 model and
1,000 ultrafast bootstraps.

Taxonomy assignment of acd genes and their abundance by TPM. According
to the KEGG result, acd (K01905) genes were extracted from the whole meta-
genome protein-coding sequence of 8, 15, 30, 8 MPa (II). Their taxonomy infor-
mation was determined by the best hit against NCBI non-redundant database using
DIAMOND (v0.9.24)56 with an e-value <1e−5 and abundance was evaluated by
transcripts per million (TPM), which is a normalization method based on gene
length and corresponding mapped reads number. Firstly featureCounts (v1.6.3)74

was used to count how many reads were mapped to each gene. Then TPM was
calculated by a custom python script.

MAGs with sulfur and acetate metabolism potential. To obtain metagenomic-
assembled genome (MAG), three programs were performed individually, MetaBat2
(v2.12.1)58, MaxBin2 (v2.2.6)75 with “--markerset 40” and CONCOCT (v1.0.0)76.
Then DAS Tool (v1.1.1)77 was run to integrate these three sets of MAGs with
“--search_engine diamond --score_threshold 0”. Completeness and contamination
were evaluated by CheckM (v1.1.12)60 and taxonomy were determined by GTDB-
Tk (v1.0.2)78. Based on these, MAGs with high quality (completeness > 90%,
contamination < 5%), which has the potential of sulfur and acetate metabolism,
were found in sample 8 and 8MPa (II) (Supplementary Data 3). Firstly, we cal-
culated the relative abundance of each MAG in their metagenomic datasets,
respectively. It was the percentage of mapped quality-controlled metagenome
short reads of each MAG in all mapped quality-controlled reads using BBMap
(v36.27)71. Then the abundance of the corresponding OTU in QIIME result was
also listed, if a MAG could be classified to genus level. Three MAGs have no
taxonomy information in GTDB-Tk, suggesting a novel clade. That made trouble
connecting them with OTU QIIME result because of the inconsistence between
GTDB database79 and SILVA SSU132 database52, which are used as a classifier
reference for QIIME (version 1.9.1)50.

Data availability
The 16S rRNA gene amplicon reads have been deposited in the NCBI (National Center
for Biotechnology Information) Sequence Read Archive database under the accession
numbers SRR10337033 (Initial), SRR10337032 (8 MPa), SRR10337031 (15 MPa),
SRR10337030 (30 MPa), and SRR10337029 (8 MPa II), respectively. The metagenome-
assembled genomes from the current study have been deposited in the NODE (the
National Omics Data Encyclopedia) database under the project number OEP000824. All
other data are available in the paper or the Supplementary Information. Source data are
provided with this paper.
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