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Carbonates are globally distributed particularly around deep-sea cold seeps. The
embedded microbes are fossil records of the past bioprocess but metagenomes
of the carbonates have not been fully studied. In this study, we report microbial
community structures and genomes of dominant species in cold-seep carbonates from
the South China Sea (SCS) and Gulf of Mexico (GoM). The carbonates contained both
anaerobic microbes represented by methane oxidizing archaea (ANME) and aerobic
ammonia-oxidizing archaea (AOA). The samples from GoM were mostly composed
of small microbial groups, indicating heavy degradation of the fossil microbes. The
composition of the carbonate communities differed from that of cold seep sediments,
suggesting alteration of cold-seep microbial structures during formation and weathering
of carbonates. Extraction of 18S rRNA genes from metagenomic reads revealed
prevalence of fungal species in the carbonates of the GoM. Genome binning resulted
in 10 genomes for dominant prokaryotic species. The ANME genomes showed a
short genetic distance to the relatives from the current cold seep sediments; the
AOA genomes were affiliated with alpha ecotype dominating deep-sea sediments. Our
study reports the genomes in ancient carbonates and sheds lights on microbial role in
formation and bioweathering of carbonates.

Keywords: methane oxidation, microbial community, ammonia-oxidizing archaea, metagenome-assembled
genomes, carbonate weathering

INTRODUCTION

Along continental coastal slopes, there are cold seeps on the seafloor (Boetius and Wenzhofer,
2013). Carbonate is formed in the deep-sea cold seeps to trap CO2 into minerals, which is one of
important carbon capture processes on Earth. In cold seeps, anaerobic methane oxidizing archaea
(ANME) consume methane to generate CO2 and then secret HCO3

− (Reitner et al., 2005; Timmers
et al., 2017), which is then precipitated with calcium and other metal ions. Syntrophic partners
of ANME-1, ANME-2, and ANME-3 are sulfur reducing bacteria (SRB) that provide electron
acceptors for the anaerobic oxidation of methane (AOM) (Niemann et al., 2006; Skarke et al., 2014;
Li et al., 2020). An archaeal family Candidatus Methanoperedenaceae (known as ANME-2d) may
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reduce nitrate, nitrite and metal oxides for independent AOM
(Niemann et al., 2006). As carbonate deposits are being formed,
solution, particles and microbes in the cold seep sediments were
embedded into the minerals. Therefore, carbonates can probably
serve as an important reservoir of the past geological settings
and fossil microbes. In the Black Sea, ANME and SRB were
firstly revealed by microscopy (Reitner et al., 2005). Highly
diverse microbial communities of deep-sea cold seep carbonates
from mud volcano in Mediterranean Sea and cold seep in the
Okinawa Though were then revealed by 16S rRNA gene cloning
and GeoChip (Heijs et al., 2006; Li et al., 2018). ANME plus
other archaeal groups unrelated to methane metabolism were
also identified in the carbonates (Heijs et al., 2006). Aside
from the anaerobes, there are aerobic microbial groups such
as methanotrophic bacteria (Birgel et al., 2011), suggesting that
the conditions and positions for the carbonate formation are
variable. The precipitation of carbonate may therefore occur
in both oxic and anoxic layers of a cold seep as a result of
microbial consumption of methane occurring at different oxygen
levels (Cavagna et al., 1999). On the other hand, carbonate
deposit might be dissolved by sulfur oxidizing bacteria (SOB)
(Leprich et al., 2021). This will release the previously buried
microbes into the pore water of the cold seep and marine bottom
waters, providing additional nutrient source and biodiversity for
cold seep ecosystem. Discharging CO2 into deep-sea water with
the dissolvement of carbonates can probably affect the global
climate ultimately. However, the SOB have not been detected in
carbonate deposits yet. At present, using metagenomic methods
for microbial study on cold seep carbonates is still sparse. The
genomes of fossil microbes and the community structures in
cold seep carbonates at different ages have not been investigated.
Whether the fossil ANME and SRB genomes resembled those of
the relatives in the current cold seep remains a question.

In the South China Sea (SCS) and Gulf of Mexico (GoM), cold
seeps were discovered at numerous sites (Roberts et al., 2010;
Feng et al., 2018). Microbial communities and metagenomes have
been studied to demonstrate the role of microbes in element
cycling and subsequent formation of cold seep ecosystem (Skarke
et al., 2014; Li et al., 2020). Biomarkers derived from ANME
and bacteria have been examined and mineral components were
used to indicate methane flux rate of cold seeps in the past (Bian
et al., 2013; Feng and Chen, 2015; Ge et al., 2015). At present,
the microbial communities in the cold seeps of the two areas
have not been reported and there are not metagenomics data
for better elucidation of microbial functions. In this study, we
selected four sites in the SCS and GoM to compare their fossil
microbes embedded in the carbonates in terms of community
structure, diversity and phylogenomic divergence. The age of
these carbonate samples had been estimated to be 1.2–46 ka
(Birgel et al., 2011; Bian et al., 2013; Feng and Chen, 2015),
which allowed to evaluate the impact of lasting time on the
preservation of fossil microbes. Our results revealed the presence
of a wide spectrum of microbes in the carbonates. The genomes
of the dominant species showed a short genetic distance with
their current relatives, which further highlights microbial role in
carbonate precipitation process and age-dependent deterioration
of fossil microbes.

MATERIALS AND METHODS

Sampling
During R/V “Dayangyihao” in June 2013, Jiaolong submersible
collected carbonate samples from site F of the northern SCS
at depth of 1,120–1,143 m. The carbonate sample collection
from the SCS was also described elsewhere (Feng and Chen,
2015) (Supplementary Table 1). Carbonate samples were also
taken from the northern GoM (Figure 1). GC140 from the
Green Canyon (hereafter MEX1) was taken by remotely operated
vehicle (ROV) Johnson-Sea-Link dive 2591 at the Green Canyon
at depth of 260 m in 1989 (Bian et al., 2013). AC645 (hereafter
MEX2) was obtained from the Alaminos Canyon by Alvin
dive4197 at depth of 2,200 m (Birgel et al., 2011). The carbonate
samples were cut into smaller ones (Figure 1). About 10 g inner
parts of the carbonates were digested with 2.5 U DNaseI in
1 L buffered ddH2O for 30 min in 25◦C. The carbonates were
then cleaned with distilled water under ultrasonication for three
times, each lasting for 30 min, followed by an ultrasonication
treatment in 70% ethanol for 30 min. The clean carbonates were
dissolved in 1% acetate solution. Triplicates were performed for
each of the samples.

DNA Extraction, 16S rRNA Gene
Amplification and Illumina Sequencing
The carbonate clays after dissolution were used for DNA
extraction using a PowerMax Soil DNA isolation kit (Mo

FIGURE 1 | Carbonate samples and sampling sites. Carbonate samples for
this study were collected from the Gulf of Mexico and the South China Sea
(A), represented by SCS1 (B) and MEX2 (C). Details of the samples are
shown in Supplementary Table 1.
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Bio Laboratories, Carlsbad, CA, United States) following the
manufacturer’s instruction. The 16S rRNA gene amplicons of
the samples were obtained by a PCR reaction using universal
primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 802R (5′-
TACNVGGGTATCTAATCC-3′) that target V3-V4 region of 16S
rRNA genes (Wang and Qian, 2009). A set of 8-nucleotide
barcodes was added to the primers to distinguish the samples
(Supplementary Table 2). The PCR was executed as below:
denaturation firstly at 98◦C for 10 s; 30 cycles including
denaturation at 98◦C for 10 s, annealing at 50◦C for 15 s, and
extension at 72◦C for 30 s; and with a final extension at 72◦C
for 5 min. The 16S rRNA gene amplicons were prepared for
Illumina sequencing by TruSeq R© Nano DNA LT Kit (Illumina,
San Diego, CA, United States). The amplicon libraries were
sequenced with Illumina MiSeq platform (2 × 300 bp). Raw
reads were separated for different samples using the barcode
information and were then filtered by NGS QC Toolkit (v2.3.3)
(Patel and Jain, 2012) with default parameters (base quality <20
for >70 per cent of a given read). The paired reads were merged
with PEAR (v0.9.5) (Zhang et al., 2014). The resulted fragments
were processed with QIIME2 pipeline (Caporaso et al., 2010b).
The fragments with similarity >97% were firstly clustered into
OTUs by UCLUST (Edgar, 2010). The longest fragment in each
OTU was selected as the representative read and then used
for alignment with the references in the Silva database (version
132) by PyNAST (Caporaso et al., 2010a). Chimeric reads were
removed based on the result of ChimeraSlayer (Haas et al., 2011).
Taxa assigned to mitochondria, chloroplast, and eukaryotes were
deleted. Taxonomy assignment of representative reads was finally
conducted by online silvangs1. Correlation analysis of genera was
carried out by SparCC method (100 permutation).

Metagenomic Sequencing and Analysis
The genomic DNA was sheared randomly to ∼350 bp by
ultrasonication. DNA libraries were prepared by TruSeq R© Nano
DNA LT Kit (Illumina, San Diego, CA, United States) and
sequenced on an Illumina NovaSeq6000 platform (2 × 150 bp).
Quality control of raw reads was initiated by removing reads
containing adaptor and the bases in low quality (<20) at both
ends were also trimmed using Fastp (v0.20.0) (Chen et al., 2018)
with -f 27 -t 36 -F 27 -T 73 -w 16 -c -q 20 -u 20 -g -W 5 -3 -
l 50. FastUniq (v1.1) (Xu et al., 2012) was used for removal of
duplicated reads with default parameters. The remaining data
were searched using Blastn (Altschul et al., 1990) with e-value
of 1e-10 against a database containing genomes for the species
potentially detected in reagents (Salter et al., 2014). The mapped
contaminant reads were removed. The high-quality paired reads
of the same samples were co-assembled into scaffolds by SPAdes
(v3.6.2) (Nurk et al., 2013) with parameters (–careful -k 21, 33,
55, 77, 99, 127).

MetaWRAP (v1.2) (Uritskiy et al., 2018) was used to perform
genome binning by invoking metaBAT2 (Kang et al., 2019),
CONCOCT (Alneberg et al., 2014) and MAXBin2 (Wu et al.,
2016), and refined by Bin_refinement module for consolidation,
integration and optimization with parameter of over 50%

1https://www.arb-silva.de/ngs

completeness rate and below 10% contamination rate with an
evaluation of the genomes by CheckM (v1.0.12) (Parks et al.,
2015). Deduplication was performed using dRep software (Olm
et al., 2017) by initially clustering the genomes with 97% average
nucleotide identity (ANI) value. Taxonomic classification of
the genomes was performed using GTDB-tk (Chaumeil et al.,
2019). Relative evolutionary divergence (RED) of the MAGs
was calculated in genome taxonomy database (GTDB) (Parks
et al., 2018). Prodigal (v2.6.2) (Hyatt et al., 2010) was applied
for prediction of coding sequences (CDSs) and proteins in the
MAGs. The proteins were annotated against KEGG Ortholog
database through BlastKOALA (Kanehisa et al., 2016).

The 16S and 18S rRNA genes in metagenomics reads (16S
and 18S miTags) were predicted using rRNA_HMM (Huang
et al., 2009). The reads were assigned to OTUs at 97% similarity
level using QIIME v1.9.1 (Kuczynski et al., 2011). Taxonomic
classification of the representative 16S miTags in the OTUs
was performed using vsearch (Rognes et al., 2016) in reference
to SILVA132 (Quast et al., 2013) database. For eukaryotic
classification with the same pipeline, those 18S miTags assigned
to Metazoa were not taken into account.

Phylogenetic Analysis
The genomes of the closest relatives of the MAGs were
downloaded from the NCBI. 43 commonly conserved proteins
of MAGs and reference genomes were predicted using CheckM
(v1.0.12) (Parks et al., 2015). The conserved proteins of genomes
were aligned using hmmerAlign.py (integrated in CheckM).
The alignment of 43 concatenated conserved proteins was
used for construction of a phylogenomic tree with RAxML
(Stamatakis, 2014) (v.8.2.12; -# 1000; -m PROTGAMMALG)
after optimization with trimAl (Capella-Gutierrez et al., 2009)
(v.1.4). 1,000 replicates were performed for bootstrap calculation.
All 16S miTag sequences were aligned with MAFFT (Katoh and
Standley, 2013) (v.7.407) and optimized with trimAl as well.
RAxML (v.8.2.12; GTRCAT model) was used to build a 16S rRNA
phylogenetic tree with bootstrap values based on 1,000 replicates.
All the visualization of the phylogenetic tree was carried out by
iTOL (Letunic and Bork, 2007).

RESULTS AND DISCUSSION

The carbonate samples from four sites of the north SCS and
GoM (Figure 1A and Supplementary Table 1) were cement-
like minerals composed of nodules, bivalve shells and tiny
pores (Figures 1B,C). Previous studies have provided mineral
components, age estimate and isotopes of the samples (Birgel
et al., 2011; Bian et al., 2013; Feng and Chen, 2015). For the
SCS samples, their age ranged between 6.4 and 11 ka; for the
GoM samples, the age is largely higher than 10 ka (Birgel et al.,
2011; Bian et al., 2013; Feng and Chen, 2015). Triplicates of DNA
extraction were executed for different samples from each site.
DNA was successfully extracted for 16S rRNA gene amplification
and metagenomics work for 10 of 12 carbonate triplicates.

Using Illumina sequencing, we obtained 66,695 16S rRNA
amplicon reads for ten samples with a minimum of 2,627 reads
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(Supplementary Table 2). All the rarefaction curves of the
observed OTUs reach a plateau (Supplementary Figure 1), which
indicates that the sequencing depth is sufficient to cover the
whole microbial communities. A sample from Green Canyon of
GoM (MEX1-R1) is associated with the highest number of OTUs
(n = 203) and Shannon index of 7.47 (Supplementary Table 2).
The carbonates were dominated by Firmicutes, Proteobacteria,
and Euryarchaeota (Supplementary Figure 2). However, the
microbial communities differed among the samples to some
extent. All the carbonate samples contained ANME species such
as ANME-1a and ANME-2a-c, which were dominant Archaea
in the samples (SCS1: 14.37%; SCS2: 7.39%; and MEX2: 4.87%)
except MEX1 (Figure 2). This suggests that the carbonates were
formed during methane seeping of the sites. As syntrophic
partners of ANME, SRB in comparative percentage were only
identified in SCS1-R1 and SCS1-R2. Moreover, ANME-2d that
does not rely on SRB was not present in our samples. It is
therefore likely that other carbonate samples (such as SCS2)
that lacked SRB were formed above sulfur-methane transition

zone by other microbes or abiological process (Boetius and
Wenzhofer, 2013). The ANME archaea in the carbonates have
likely been transferred to near-surface oxic sediment by seeping
solution. This was indicated in 6–8 cm layer (JLS_3) of Jiaolong
cold seep, where abundant ANME1 archaea were not associated
with SRB in comparative amount (Wu et al., 2018). Paucity
of syntrophic SRB was also observed in most of in ANME-
enriched carbonates formed along coastal slopes of the North
America (Leprich et al., 2021). Interestingly, the high relative
abundance of ANME archaea in SCS samples was not associated
with a comparatively high content of carbonate content in the
samples. The previous geochemical analyses showed a carbonate
content ranging from 37 to 67% for the SCS samples, much
lower than that of 93–96% for the MEX2 sample (Birgel et al.,
2011; Feng and Chen, 2015). Therefore, other environmental
factors and microbial players might impact on the carbonate
content in cold seep.

Ammonia-oxidizing archaea (AOA) represented by
Nitrosopumilaceae were prevalent in MEX1, while they

FIGURE 2 | Microbial communities of carbonates. The samples were carbonates obtained from the South China Sea (SCS) and Gulf of Mexico (GoM). The
community structures at genus level were based on analysis of 16S rRNA gene amplicons. The genera shown in this figure were at least >2% in two samples.
Otherwise the genera will be combined into minor groups. The sample IDs are referred to Supplementary Table 2. R1–R3 in sample IDs denote replicates of PCR
products.
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were hardly detected in the SCS1 and SCS2 samples. Since
AOA were present in oxic subsurface sediment layers and
marine waters (Wang et al., 2019), carbonate vents were
probably formed in anoxic layer and later extruded into
shallower oxic sediment layers in the MEX sampling sites.
In addition, respiration of heterotrophic microbes in the
oxic layer can also generate CO2 for formation of AOA-
containing carbonates. For the replicates of SCS1, the third
sample SCS1-R3 was largely occupied by Bacillaceae and
Sphingomonadaceae, suggesting discrepancy between the
samples from the same site in the composition of microbial
communities. Bacillaceae represented by Bacillus was also
ranked as the first and second most abundant genera in
SCS2-R1 and SCS2-R2 samples, respectively. In a previous
report, several Bacillus strains were experimentally confirmed
to be able to dissolve carbonates (Subrahmanyam et al., 2012).
Overall, the samples from the GoM were more diversified
than those from the SCS as the minor groups occupying <2%
of the community were totaled to be more than half of the
communities in the GoM samples (Figure 2). The loss of
dominant microbial groups in the MEX2 suggests natural
degradation of the cemented biomass under the long-term
preservation. This sample had been estimated to be formed
about 10 ka ago (Birgel et al., 2011). We cannot preclude
the possibility that some microbes in the communities might
dissolve the carbonate to take the fossil microbes as nutrient.
In this study, we have removed the surface carbonate, and
therefore most of carbonate-dissolving microbes could not be
examined herein.

Correlation analysis revealed relationships between the
major microbial groups in the SCS and MEX carbonates
(Supplementary Figure 3). High betweenness centrality was
found for Nitrosococcaceae and Nitrospinaceae which are
known ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing
bacteria (NOB), respectively. This seems to be evidence of
a microbial network centralized on aerobic nitrogen cycle
in the carbonates. Nitrosococcaceae was also found to be a
central node of the network between microbial habitants in
Karst caves (Zhu et al., 2019), suggesting an unknown role
of nitrifying microbes in carbonate formation. The nodes for
the AOB and NOB were also negatively related to the ANME
species, which agrees with their prevalence in oxic and anoxic
conditions, respectively.

Next, we compared the microbial communities of cold seep
sediments (JLS) and the carbonates of site F, along with those of
MEX1 and MEX2, using principal coordinate analysis (Figure 3).
F1 and F2 explain 53% of the differences between the samples.
The cold seep sediments were obtained from an active seeping
vent. From the surface JLS_1 to bottom JLS_7, four layers of
the 14-cm core were studied in our previous work (Wu et al.,
2018), demonstrating a transition of SRB to SOB at about
8 cm below surface. In this study, the cold seep sediments
were obviously separated from the carbonates, although all were
from site F of SCS. This suggests that carbonates cemented a
slightly different group of microbes, compared with the cold
seep sediments, or the communities have been shifted during
carbonate weathering.

FIGURE 3 | Principle coordinate analysis of microbial communities at genus
level. The Bray-Curtis dissimilarity was calculated using community structures
at genus level and was then used for the principle coordinate analysis.

FIGURE 4 | Eukaryotic community in MEX2 using 18S miTags. The 18S rRNA
miTags were extracted from MEX2 metagenome. The classification was
conducted using QIIME2 against SILVE 132 database for 18S rRNA genes.

Metagenome-Centric Analysis
We obtained a total of 49.2 Gbp metagenome data and 328
million Illumina reads for carbonate samples from the four sites.
After quality control, 36.6 Gbp metagenomic data were retained
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for subsequent work. A total of 104,252 16S miTags were retrieved
from the metagenomic reads for detection of prokaryotic
community. The primer-independent 16S miTags allow for
unbiased detection of microbial communities. Proteobacteria,
Firmicutes and Euryarchaeota were still abundantly present in
the metagenomes (Supplementary Figure 3). In addition, there
are a considerable percentage of the 16S miTags were derived
from candidate phyla such as GN04 and Hyd24_12, indicating
a huge reservoir of rare prokaryotic species preserved in the
carbonates. These rare species had been identified in global cold
seep areas (Ruff et al., 2015). We extracted 4,144 18S miTags from
MEX2 metagenome, while less than 100 in other metagenomes.
A total of 132 18S OTUs were obtained using 97% similarity.
After filtration of OTUs for animals, we selected 456 18S miTags
for in a brief survey of eukaryotic communities in MEX2. Fungus
is the most prevalent group, accounting for 37% of the miTags,
followed by SAR superphylum (Figure 4). Most of the fungi
were affiliated with Malassezia, Cladosporium, and Aspergillus.
About 52% of the 18S miTags were unclassified, suggesting
a large number of “dark matter” eukaryotes in deep-sea cold
seep. Fungi are the dominant eukaryotic groups in carbonates
in Lost City hydrothermal field (López-García et al., 2007).
Fungi dominated deep-sea sediments globally and therefore they
might be embedded during the carbonate formation (Wang
et al., 2014; Rédou et al., 2015). Nevertheless, the presence of
abundant fungi in the carbonates also implies the role of fungi in
utilization of the fossil microbes as nutrient after the formation
of the carbonate as has been argued previously (Bindschedler
et al., 2016). Interestingly, the MEX2 samples also harbored
a high percentage of minor prokaryotic groups, suggesting
degradation of the embedded prokaryotic fossil microbes by

fungi in the carbonates. However, this hypothesis warrants
future efforts.

Twenty-five MAGs were obtained from the four
metagenomes, and most of them (85%) were binned from
SCS1 and MEX2. Five of them were contaminants and had
been removed. The 20 clean MAGs with completeness higher
than 50% were classified with GTDB-tk (Chaumeil et al., 2019;
Table 1). The taxonomic novelty could be indicated by RED
value that may serve as an estimator of genome novelty in GTDB
(Parks et al., 2018). The average of the RED values is 0.80± 0.11,
which means that most of the MAGs fall into the range of RED
values for new families (Parks et al., 2018). The lowest RED value
of 0.48 in our MAGs indicates identification of novel class in
Gammaproteobacteria.

The MAGs were used to build a phylogenomics tree with
the reference genomes of the closest relatives to examine
the classification result and to show genetic distance. These
MAGs were affiliated with eight phyla (Figure 5). Four
of them were assigned to ANME-2c and AOA, which is
consistent with our 16S rRNA gene amplicon result. For
the ANME MAGs from the site F, they highly resemble
those obtained from the cold seep sediment of the same
sampling site, regardless of a short genetic distance. In the
ANME-2 MAGs, most of the functional genes involved in
AOM were identified, including those coding for methyl
coenzyme M reductase system (Mcr), anaerobic carbon-
monoxide dehydrogenase, CODH/ACS complex (Cdh),
5,10-methylenetetrahydromethanopterin reductase (Mer),
tetrahydromethanopterin S-methyltransferase (Mtr) and
heterodisulfide reductase (Hdr) (Supplementary Table 3). The
products of the AOM process are probably formate, CO2 and

TABLE 1 | Information of MAGs.

MAG ID Compl. % Cont. % No. contigs Genome size (bp) RED Classification

MEX1_bin2 95.72 1.28 142 2,830,774 0.85 Microtrichaceae

MEX2_bin1 86.77 2.13 194 235,5977 0.7 Gammaproteobacteria

MEX2_bin10 64.03 0.85 288 1,089,265 0.78 Microtrichales_Bin134

MEX2_bin11 54.96 0.97 93 888,949 0.9 Cenarchaeum

MEX2_bin12 97.15 2.8 140 2,228,583 0.97 Nitrospirales_UBA8639

MEX2_bin13 92.71 0.97 134 1,245,583 0.9 Cenarchaeum

MEX2_bin2 82.9 2.21 216 1,679,904 0.78 Microtrichales_Bin134

MEX2_bin3 86.34 0.65 223 2,180,729 0.82 Myxococcota_UBA9160

MEX2_bin4 77.31 0 46 1,528,806 0.48 Gammaproteobacteria

MEX2_bin6 83 0.56 112 752,422 0.81 Nitrosopumilaceae

MEX2_bin7 93.68 0.91 29 1,914,574 0.92 Nitrospirale_UBA8639

MEX2_bin9 52.73 0.11 184 633,512 0.71 Dehalococcoidia_UBA1151

SCS1_bin1 58.91 5.05 651 2,184,515 0.77 Desulfobacterales_UBA2156

SCS1_bin2 79.4 1.9 859 3,071,214 0.74 Calditrichaceae

SCS1_bin3 57.81 5.41 513 1,718,346 0.85 Methanosarcinales_ANME-2c

SCS1_bin4 55.91 4.53 474 1,624,873 0.94 Methanosarcinales_ANME-2c

SCS1_bin5 85.87 0.91 224 1,557,342 0.83 Gammaproteobacteria_UBA10353

SCS1_bin7 57.28 3.79 650 2,085,874 0.69 Anaerolineales

SCS2_bin2 53.16 7.69 479 1,403,251 0.79 Acidimicrobiia_UBA5794

SCS2_bin3 96.58 1.28 149 2,844,426 0.85 Microtrichaceae

The MAG IDs are started with a sample ID (Supplementary Table 1). The MAGs were classified by GTDB-tk tool.
Compl.: completeness; Cont.: Contamination; RED: relative evolutionary divergence.
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FIGURE 5 | Phylogenomics tree of MAGs. 43 conserved proteins of the MAGs and the reference genomes in NCBI were used to construct the maximum-likelihood
phylogenetic tree. The bootstrap values were based on 1,000 replicates. The MAGs from this study are referred to Table 1.

acetate as indicated by the presence of the related genes in
the MAGs. The AOA MAGs of MEX1 sample were grouped
with Nitrosopumilus maritimus (Figure 5), which belongs
to alpha type AOA that was isolated from marine sediment
(Wang et al., 2019).

The biochemical catalysis between CO2 and HCO3
− is

crucial for the formation of carbonates. ANME-1 and ANME-
2 archaeal genomes harbor diversified AOM processes that
convert methane into CO2, acetate and probably propanoate
(Timmers et al., 2017; Li et al., 2020). Carbonate dehydratase is
a bidirectional enzyme that acts on a balance between CO2 and
HCO3

−, which is critical for local pH condition and carbonate
stabilization. A total of 83 carbonate dehydratase genes were
identified in the assembled contigs of the metagenomes. Five
of them were associated with >1× coverage (Supplementary
Table 4). With respect to the highest similarity to known
homologs, we predicted that these carbonate dehydratase
genes were probably derived from ANME-2 (84% identity),
Pseudoalteromonas (100% identity), Novosphingobium
(99.5% identity), and candidate division FCPU426 (69.9%
identity). The finding of the species that encode the carbonate
dehydratases likely revealed the major microbial groups that
played an important role in formation and/or dissolution
of carbonates.

In this study, we detected microbial communities and
their representative genomes from carbonate samples of two
cold seep areas. Although the two sites were far from each
other, they all contained similar microbial consortia of cold
seep regardless of different percentages of dominant species.

The difference in the community structure was probably
resulted from the discrepancy in carbonate age, cold seep
type, and microenvironment. Aside from ANME, there were
perhaps unnoticed microbial inhabitants mediating carbonate
formation in oxic layer above methane-sulfate transition
zone. Dissolution and reprecipitation of carbonate under
effect of both biological and chemical processes on an
existing carbonate might also have changed the embedded
microbial communities. More samples with clear geochemical
background may help explain the variation of fossil communities
in carbonates and highlight their potential significance to
global climate change.
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