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Microbial communities and their associated metabolic activities, methanogenesis
and anaerobic oxidation of methane (AOM), are the key components of carbon
biocycles in continental margin sediments. The composition and diversity of
microbial communities in a methanic environment have been widely investigated,
but identifying direct correlations between microbial communities and their activities
remains a challenge. Here, we investigated shifting microbial communities that
performed methanogenesis and AOM in long-term incubations (the longest is up
to 199 days). AOM, methanogenesis, sulfate reduction and iron reduction occurred
during the incubation, and 16S rRNA gene sequencing showed that some bacteria
were maintained or even enriched during the incubation compared to the
environmental samples. In contrast, archaeal diversity was reduced, and only
some uncultured archaea belonging to the phylum Bathyarchaeota were
enriched after treatment with a high sulfate concentration (29.38 mM), suggesting
that sulfate might promote their enrichment. Well-known anaerobic methanotrophic
archaea (ANME) were not detected, and SEEP-SRB1, which is in syntrophy with
ANME, decreased to approximately zero after the incubation. The abundance of
known methanogens, such as genera Methanococcoides and Methanosarcina,
increased slightly in some incubations but was still present at a low relative
abundance (<0.15%). Incubation with a lower sulfate concentration (4 mM) and
higher iron content resulted in greater §°CO, accumulation, indicating that iron
may be the additional electron acceptor for AOM. Based on these results, other
unknown or unconventional phylotypes or pathways of methanogenesis and AOM
may occur during the incubation. Thus, the diversity of methanogens and anaerobic
methanotrophs warrants further investigation.
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1 Introduction

Marine sediments on continental margins often contain
substantial concentrations of organic carbon, which can be
used by microbes for methane production (Ferry and Lessner,
2008; Zhuang et al, 2018). The produced methane may be
gaseous sources of methane hydrate (Paull et al., 1994; Davie
and Buffett, 2003) or even migrates out of the sedimentary
column to the seawater or atmosphere (Reeburgh, 2007; Ferry
and Lessner, 2008). However, most methane produced by
microbe methanogenesis or seeping from gas hydrate is
removed by microbial-mediated anaerobic oxidation of
methane (AOM) (Reeburgh, 2007; Regnier et al., 2011; Egger
et al., 2018). Therefore, AOM is considered the major biological
sink of methane in marine sediments (Hinrichs and Boetius,
2003), and methanogenesis and AOM are the key components of
carbon biogeocycles in continental margin sediments (Barnes
and Goldberg, 1976).

AOM depends on the reduction of electron acceptors, such as
SO2- 4 (Martens and Berner, 1974; Joye et al., 2004), NO- 3/NO-
2 (Ettwig et al., 2010) and Fe**/Mn*" (Beal et al., 2009; Joye, 2012;
Egger et al, 2015). Moreover, the discovery of the artificial
electron acceptor, 9,10-anthraquinone-2,6-disulfonate (AQDS),
in marine sediments enabled anaerobic methanotrophic archaea
(ANME) to survive alone. And that suggests potential
independence of respiratory AOM (Rotaru and Thamdrup,
2016; Scheller et al, 2016). The microbes known to be
responsible for sulfate-dependent AOM are ANME and
sulfate-reducing bacteria (SRB) (Hinrichs et al., 1999; Boetius
et al., 2000; Orphan et al,, 2001). Candidatus Methylomirabilis
oxyfera (M. oxyfera) and Candidatus Methanoperedens
nitroreducens (M. nitroreducens) are responsible for nitrate
dismutation-coupled AOM (Ettwig et al., 2010). Candidatus
Methanoperedens ferrireducens can use Fe’* as the terminal
electron acceptor to mediate AOM (Cai et al., 2018) and
of the Candidatus
Methanoperedensmanganicus Candidatus
Methanoperedens manganireducens, can be responsible for Mn
(IV)-dependent AOM (Leu et al., 2020). Moreover, studies using
culture-independent biomolecular techniques have shown that

members Methanoperedenaceae,

and

the dominant microorganisms vary in the niche where AOM
may occur, including subsurface sediments within the sulfate-
methane transition zone (SMTZ) from gas hydrate-bearing areas
and cold seep system sediments and the total prokaryotic
population of ANME increases or is missing in the SMTZ.
Bacterial groups, such as the JS1 group, Planctomycetes, and
Chloroflexi are not typically associated with AOM and are also
enriched in these environments (Inagaki et al., 2006; Reed et al.,
2009; Pachiadaki and Kormas, 2013; Yanagawa et al., 2014; Gong
etal, 2017; Cui et al., 2019). These findings prompted questions
regarding the AOM and the microorganisms responsible.
Hence, we performed incubations with sediments from three
different sites in potential gas hydrate-bearing areas in the
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FIGURE 1

Sampling site. The bottom stimulating reflector (BSR)
distribution is delineated from previous literature (Wu N. et al,,
2013).

northern South China Sea, and we treated the mixtures with
1*CH,. Because the sediments from the three sites included in the
incubations received a large amount of organic carbon inputs
(>1%) (Supplementary Table S1), we treated the incubations with
a low sulfate condition characteristic of the SMTZ to eliminate
the potential utilization of other substrates (mainly organic
matter) in addition to methane, as previously reported
(Webster et al., 2011). However, as we reported in a previous
study, AOM might be conducted above the SMTZ, where the
sulfate concentration is relatively high (up to 18.76 mM) (Kong
et al, 2021). We also established incubations treated with a high
sulfate concentration to assess other potential microbial activities
and their effects on microbial diversity and abundance. After the
incubation, we used high-throughput sequencing data from
microbial 16S rRNA gene amplicons in the incubation slurries
and related environmental samples to analyze the shifting

microbial communities and their implications.

2 Materials and methods
2.1 Sampling site and geochemical setting

Three sediment cores were collected during the “NORC
2018-05" cruise conducted by the “TAN KAH KEE” research
vessel in 2018 in the northeastern South China Sea. The A27 and
SH1 sites were sampled at sea water depths of 677 m below sea
level (mbsl) and 1,451 mbsl, respectively, within the bottom
stimulating reflector (BSR, one of the signs to determine the
potential gas hydrate-bearing) distribution in the Shenhu area
(Figure 1). This area is considered a location favorable for gas
hydrate formation and conservation (Lu et al., 2011), and gas
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hydrate has been recovered during multiple drilling expeditions
(Wuetal, 2011; Zhang et al., 2015; Zhang et al., 2017). The depth
of sulfate-methane transition (SMT) in this area ranges from
7.7 m below the sea floor (mbsf) to 87.9 mbsf, and most of the
SMT is shallower than 50 mbsf (Wu L. et al., 2013). The SMT at
sites A27 and SHI was predicted to be located at depths of
10.76 mbsf and 9.63 mbst, respectively, according to the linear
fitting of SO2- 4 concentrations from 4 mbsf (Kong et al., 2021).
The JLI site was sampled at a sea water depth of 3,011 mbsl near
the 973-4 site, which has been reported to be influenced by gas
hydrate decomposition and AOM, and the SMT was located at
9 mbsf (Liu et al, 2018; Zhang et al, 2018). We selected
sediments at 4.9-5.0 mbsf from A27, 4.2-4.3 mbsf from
SH1 and 5.05-5.15 mbsf from JL1, and we used samples from
A27 to assess the effects of the sulfate concentration on the
activities, diversity and abundance of microbial communities.
According to our preliminary research, the depths of all these
sediments did not reach the SMT (Liu et al., 2018; Zhang et al.,
2018; Kong et al.,, 2021) but still they had the ability to perform
AOM (Kong et al., 2021). The detailed geochemical conditions of
the sampling layers are included in the Supplementary material
(Supplementary Table S1).

2.2 Sample collection and storage

After retrieval, the sediment core was cut into two halves.
One of the two halves was used to collect environmental samples
for DNA extraction. Samples were cut with a sterile knife, stored
in a sterile centrifuge tube, placed into a liquid nitrogen tank after
the collection of 10 samples and transferred to a —80°C freezer
after one sediment core was sampled. The other half was used to
collect incubation and other geochemical samples. The
incubation sediment samples were sliced at intervals of 10 cm
with a sterile knife, placed into two sterile Zip-lock homogenous
plastic bags with no headspace and preserved at 4°C in a deck
refrigerator. All sampling was performed in the laboratory of the
cabin during the voyage. After the field expedition, DNA samples
were transported on dry ice, and the incubation samples were
transported on ice to the Marine Geological Laboratory,
Department of Geological Oceanography, Xiamen University
where they were stored at —80°C or 4°C.

2.3 Incubation experiment

The incubation experiments were started 4 months after
sampling. For the initial experimental protocol, 7 experimental
and control incubation bottles were prepared for each study
sediment core. We periodically extracted the headspace gas from
one experimental and one control bottle and then opened it to
take water and mud samples for major ion and microbial tests.
However, after three tests, the headspace gas test results were
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unstable but showed obvious “CO, accumulation, indicating
that this scheme was not feasible. Therefore, we changed the
protocols to periodically extract the headspace gas and
supernatant from one bottle and test the indicators. Therefore,
we randomly selected one of the remaining culture bottles from
every site as the parallel experiment for the third test culture
bottle. So each culture group (two parallel experiments and one
control) was pretreated as follows (calculated according to the
modified experimental protocol): 51 g of wet sediments (~45 ml)
in each selected layer was homogenized in 135 ml of bottom
seawater (treated with or without BaCl,), then 5ml of this
suspension were extracted each time and placed separately
into 3 culture bottles, and finally 60-ml suspension was
distributed in approximately 110-ml culture bottles. The
approximate ratio of sediment to medium was selected
according to previously reported incubation studies (Beal
et al, 2009; Segarra et al, 2013; Egger et al, 2015). The
bottom seawater was collected at site A27 wusing a
(CTD) The

sulfate concentration of the bottom seawater was 29.38 mM.

conductivity-temperature-depth instrument.
The bottom seawater treated with BaCl, was filtered twice with
membrane filters (0.2 um) after being well mixed to remove
BaSO,, resulting in approximately 4 mM sulfate. All bottom
seawater samples treated with or without BaCl, were filter-
sterilized and degassed with N, (99.999%; the same nitrogen
was used throughout the study) before mixing with sediments.
After the contents were mixed, the culture bottles were sealed
with airtight butyl rubber stoppers and secured with open-top Al
screw caps. After sealing, the contents were purged with nitrogen
for 20 min. After all pretreatment procedures, 50 ml of labeled
methane (99% *CH, and 1% "CH,) and nitrogen were injected
into the headspace of the experimental and control groups,
respectively, to yield 2 bar overpressures (volume headspace
~50 ml). Each incubation was numbered (see details in
Table 1) and incubated in the dark at 20°C with shaking
(300 r/min).

2.4 Headspace sampling and analysis

Headspace samples were taken periodically. The CO, content
and the §°C-CO, in the headspace of all samples were analyzed
with a gas chromatograph (Agilent 6,820, United States) coupled
to a mass spectrometer (Delta V Advantage, Thermo Fisher,
Bremen, Germany). The analysis column was a Poraplot Q-type
capillary column, and He was used as the carrier gas. The heating
procedure was as follows: an initial temperature of 50°C, a
constant temperature for 2 min, an increase in temperature
180°C at a rate of 25°C/min, and a constant temperature for
8 min. The assay was repeated three times. The test results are
presented as the content of §"°Cco, (in %o vs. Vienna Peedee
Belemnite (VPDB); precision and accuracy were £0.2%o) and R,
which was defined as '>C/"*C. The headspace CH, concentration
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TABLE 1 Conditions and serial number of each incubation sample.

Samples Experimental Conditions
group
Sites Depths/ SW Sw*
mbsf
SH1 4.2-43 SH1_mcl N
SH1_mc2 VA
JL1 5.05-5.10 JL1_mcl v
JL1_mc2 v
A27 4.9-5.0 A27s_mcl V4
A27s_mc2 v
A27_mcl VA
A27_mc2 N

10.3389/feart.2022.1014976

Control Conditions

group
*CH SW SW* N,
v SHI_cntl N v
v
v JL1_cntl v N
N
v A27s_cntl v N
\/
v A27_cntl N N
\/

SW*, bottom seawater treated with BaCl,, filtered twice with membrane filters (0.2 pm) to remove BaSO, and filter-sterilized, resulting in approximately 4 mM sulfate; mc, methane

consuming group; cntl, control groups; mcl and mc2 are the duplicate samples in the methane-consuming groups.

in the control groups was analyzed in the final sampling period
with a gas chromatograph (with a pyrolysis furnace at 960°C and
reducing furnace at 600°C) coupled to a mass spectrometer using
a HP-PLOT Q column with helium as the carrier gas (flow rate of
1.5 ml/min). The measurement error was< 3% (obtained by
repeated the test testing twice for each sample). The CH,
concentrations in the headspace were then converted to
dissolved CH, contents as previously reported (Johnson et al.,
1990). All tests were performed at the Third Institute of
Oceanography, Ministry of Natural Resources.

Because *CH, was the only stable isotope tracer added
during the incubation, we defined that the '*CO, that formed
in the headspace was fully converted from '*CH, oxidation. The
fractional abundances of *CO, [*F="*C/(**C+'*C)] were used to
quantify the AOM activity as previously reported (Beal et al,
2009; Scheller et al., 20165 Bray et al., 2017). The AOM rates were
calculated during the period of the linear increase in "*CO,
formation (Beal et al., 2009; Egger et al., 2015; Scheller et al.,
20165 Bray et al., 2017). However, accurate quantification of the
concentration of inorganic carbon formed from methane
oxidation is challenging (Scheller et al., 2016). Therefore, we
estimated inorganic carbon formed from the total headspace CO,
and the dissolved CO, in the incubation liquid, which were
calculated according to Henry’s law based on only the loss due to
each headspace sampling procedure.

2.5 Supernatant sampling and analysis

Supernatant samples were collected after every headspace
sampling procedure and allowed to stand until the supernatant
was clarified. Approximately 2 ml of supernatant liquid was
drawn out by the disposable syringe with a long sterile needle
(20G, inner, 0.6 mm, outter, 0.9 mm). The supernatant liquid was
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used to analyze the SO2- 4 concentration by ion chromatography
(IC) in a 100-fold diluted sample (0.01 ml of supernatant liquid
with 9.99 ml of de-oxygenated UHQ water) as Zhang et al. (2015)
and the Fe* concentration was measured by the UV
spectrophotometry in a 5-fold diluted sample (0.5ml of
supernatant liquid with 2 ml of ion chromatography). Utilized
0-phenanthroline reacted with Fe** then colorated, a wave-length
of 510 nm was determined by UV-absorption spectroscopy.
Linear and well reproducible calibration curves were obtained
in the concentration range of 0-5 mg/L Fe** standard solution
made by Fe’* standard solution with 10% Hydroxylamine
Hydrochloride. The standard deviation of this method was
found less than 2%.

2.6 Community DNA extraction and
purification

We collected 2.5 ml of slurry from every incubation after the
final headspace gas sample was collected, and we centrifuged the
samples at 12,000 g for 5min and removed the supernatant.
DNA was extracted from 0.5 g of sediment using the E.ZN.A.
Soil DNA Kit (OMEGA, United States) according to the
manufacturer’s instructions.

2.7 PCR amplification and 16S rRNA gene
amplicon sequencing

The V4 regions of the 16S rRNA genes were amplified using
the ArBa515F (5'-GTGCCAGCMGCCGCGGTAA-3') and
Arch806R  (5'-GGACTACVSGGGTATCTAAT-3') primers,
which target conserved sequences present in bacteria and
archaea (Bates et al, 2011). Based on the preliminary
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experiments, we used the TransGen AP221-02: TransStart
Fastpfu DNA Polymerase (20 puL) system, and the minimum
number of thermal cycles was set to 27. The thermal cycling
conditions were as follows: initial denaturation at 95°C for 3 min;
27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for
30 s and extension at 72°C for 45 s; elongation at 72°C for 10 min;
and a hold at 10°C. The correct size of the amplicons (~250 bp)
was verified by 2% agarose gel electrophoresis and purification
using Diffinity RapidTips (Sigma-Aldrich, United States).
Purified amplicons were sequenced using the Illumina MiSeq
platform at Majorbio Bio-Pharm Technology Co., Ltd., Shanghai,
China, according to standard protocols.

(mcrA)
geneencodes the key enzyme in methane metabolism in all

The methyl coenzyme reductase subunit A

well-known methanogens (Luton et al, 2002). We amplified
the functional mcrA gene after final headspace sampling using
the 5'-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3'
and 5-TTCATTGCRTAGTTWGGRTAGTT-3'
previously reported (Luton et al., 2002). The Double Taq Plus

primers as

Master Mix (10 pL) system was used, and the minimum number
of thermal cycles was set to 37. The thermal cycling conditions
were as follows: initial denaturation at 95°C for 3 min; 37 cycles of
denaturation at 95°C for 30 s, annealing at 53°C/55°C/58°C for
30 s and extension at 72°C for 45 s; elongation at 72°C for 10 min;
and a hold at 10°C.

2.8 Phylogenetic analyses

Raw fastq files were quality-filtered using QIIME61
1.9.1 Reads
that were unable to be assembled were rejected. Operational

(version http://qiime.org/install/index.html).
taxonomic units (OTUs) were clustered by UPARSE (version
11 http://drive5.com/uparse/) with 97% similarity. After
quality filtering and clustering, OTUs at the 97% identity
level were obtained, and phylotypes were assigned an
identity based on comparisons with sequences in the SILVA
(SSU111) database (http://www.arb-silva.de). After each
sample was normalized to the minimum OTUs, the alpha
diversity, Good’s coverage, beta diversity, composition and
abundance analyses of the libraries were completed. The data
preprocessing and OTU-based analysis were performed using
Mothur (version v.1.30.1
Schloss_SOP#Alpha_diversity) and the R language toolkit at
the free online Majorbio I-Sanger Cloud Platform (www.i-

http://www.mothur.org/wiki/

sanger.com).

2.9 Sequencing results and deposition

Source sequences are available in the Sequence Read
Archive (SRA) database under the accession number
PRJNA627291.
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3 Results
3.1 Biogeochemical process in incubations

Initially, we used incubations injected with N, in the
headspace as the controls for incubations injected with “CH,.
At the end of the CH,
concentrations were present in the headspace of the control

incubation period, however,

groups. This result indicated that methanogenesis occurred in
the controls during the incubation. Compared to the controls, the
experimental groups exhibited a significant accumulation of
PCO, in the headspace gas, indicating that the AOM
occurred. Meanwhile, the SO2- 4 and Fe*' concentrations in
the supernatant of each incubation fluctuated revealing that
sulfate reduction and iron reduction occurred during the
incubation.

Methanogenesis: At the end of the 117-days incubation, we
measured the headspace methane content of all control groups.
Methane production rates were calculated over the period of
linear increase of the dissolved CH, concentration. The
headspace of all control groups contained a certain methane
concentration (52.56-193.81 ppm, Table 2). The A27s group
produced less methane than theA27, and the SHI1 group
produced more methane than the A27 group. The methane
production rate in each group was calculated. SH1_cntl had
the highest methane production (81.67 nmol/g/yr) followed by
A27_cntl (62.27 nmol/g/yr), A27s_cntl (58.86 nmol/g/yr) and
JL1_cntl (22.15 nmol/g/yr).

Anaerobic methane oxidation: Using the calculation method
mentioned in the Methods section, the headspace gas tests and
calculations are provided in the supplementary material
(Supplementary Table S2). As shown in Figure 2, all the
experimental groups showed much greater *CO, enrichment
but much lower total CO, production than the control groups.
The headspace CO, concentration did not change accordingly
with ®Fco,. Moreover, the A27s group produced more CO, than
the A27 group. However, the patterns among A27, SH1 and JL
were difficult to distinguish. We determined the AOM rate in the
experimental group to be 4.5353-27.0239 nmol/g/yr. At each
stage, the AOM rate in group A27 was higher than that in the
other two site groups, and the A27s group showed a slightlly
higher AOM rate than the A27 group.

Sulfate reduction: The sulfate concentration in the supernatant
showed a fluctuating trend during the incubation (Figure 3A). A
clear pattern of change was not observed in the comparison.
However, a clear decreasing was detected in some experimental
groups (A27, A27s, and SH) at the end of incubation.

Iron reduction: Figure 3B shows the increasing trend for the
Fe®* concentration in the supernatant at the early stage, especially
during the period from 94 to 117 days, and the Fe*" content
increased rapidly. However, the Fe** concentration decreased in
all experimental groups. In addition, the Fe** concentration in
the supernatant exhibited a decreasing trend in almost of the
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TABLE 2 Headspace CH,4 content and calculation of dissolved CH, in the control groups.

Sample numbers

Test results/ppm

Calculated results/pmol/L

JL1_cntl 52.56 2.3015
SH1_cntl 193.81 8.4865
A27s_cntl 139.69 6.1167
A27_cntl 147.78 6.4710
a0
A 228 T T T B
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FIGURE 2

Time course of tested (A) normalized “*Fco, (BCO,/(2CO,+*CO,), which was calculated based on the §*C-CO, measured during the
incubation period) and (B) CO, concentrations in the headspace. The serial number of each incubation sample and its corresponding incubation

conditions are listed in Table 1.

control groups (Figure 3B). The trends in all experimental groups
indicated that iron reduction occurred during the first 117 days.
The decreasing Fe®* concentration in the late stage (after
117 days) may have been caused by precipitation with other
elements.

3.2 Microbial taxonomy

3.2.1 Taxonomic composition

To determine the differences of microbial diversity after
the incubation, 16S rRNA gene libraries were constructed with
the DNA extracted from the 8
3 corresponding environmental sediment samples collected
at the following depths: 5.0 mbsf in the A27 core, 4.2 mbsf in
the SH1 core and 5.15 mbsf in the JL1 core. A total of
621,679 sequences were obtained after quality filtering.
After clustering, each sample was normalized to the

slurry samples and

minimum sequences (35,449), and 389,939 sequences were
included in the final OTU table (Supplementary Table S3).
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Estimators of alpha diversity were calculated after
and Good’s coverage indexes
0.9785-0.9961 (Supplementary Table S4), indicating an

adequate sequencing depth, which was further confirmed by

normalization, were

rarefaction analysis (Supplementary Figure S5).

The species richness (Chao 1 and sobs indexes) and evenness
(Shannon and Simpson indexes) of the microbial communities
showed a decreasing trend in the slurry samples compared to
those in the environmental sediment samples (Figure 4). Groups
amended with sufficient SO2- 4 (A27s and A27s_cntl, 29.38 mM)
showed higher values than those amended with low SO2-

4 concentrations (A27 and A27_cntl, 4mM), and the
experimental groups (A27_mc, A27s_mc, SHI_mc and
JL1_mc) typically showed lower values than controls

(A27_cntl, A27s_cntl, SH1_cntl and JL1_cntl).

The cluster analysis reflected the effects of incubation
conditions for the incubation slurries and environmental
sediment communities. The incubation slurries amended with
different SO2- 4 concentrations were distinctly separated from

one another (Figure 5A).
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Time course of (A) the measured SO2- 4 concentrations and (B) Fe** concentrations in the supernatant liquid. The enlarged graph in (A) on the
right shows the detailed changes observed in incubations with treated bottom seawater. Because the incubation scheme was modified, the
supernatant of the control groups was only sampled three times, and the sampling times were inconsistent with the experimental group.

Seventy-four prokaryotic phyla were identified from the 16S
rRNA gene sequences (Supplementary Table S3). Phyla with less
than 0.5% abundance were classified as others, and the
abundance of each phylum is shown in Figure 5B. The
changes in community structure after incubation were mainly
focused on the abundance of bacteria. The proportion of the
phyla Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria,
Latescibacteria, and Gemmatimonadetes increased after the
incubation, and the proportions of other bacteria decreased
but were maintained at a certain value. In contrast, the
abundances of archaea were mainly reduced after incubation.
Archaea sequences belonging to Bathyarchaeota, Lokiarchaeota,
Hadesarchaea,  Euryarchaeota, = Thaumarchaeota,  and
Woseearchaeota (DHVEG-6) were maintained after incubation.

The 5 most dominant OTUs of bacteria in the incubation samples
belonged to the genera Pseudomonas, Halomonas, Marinobacter,
family Sval033 and order Clostridiales. The 5 most dominant
OTUs of archaea in the incubation samples belonged to the phyla
Bathyarchaeota, =~ Lokiarchaeota, ~and  Hadesarchaea.  Only
OTU2228 and OTU 5554 were enriched after the incubation, and
they belonged to uncultured or unclassified Bathyarchaeota. The
lineages of OTU 2228 and OTU 5554 were similar to those of the

MCG-B and MCG-C groups, respectively (Figure 6B). The
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proportion of OTU 2228 increased from 7.40% (A27_env) before
incubation to 9.23% (A27s_mc) in the A27 incubations amended
with sufficient sulfate. OTU 5554 was slightly enriched in JLI_mc
(from 0.06% in the environmental sample to 0.10% in the slurry) and
was maintained at a certain proportion in other groups. The
of other OTUs belonging the
Bathyarchaeota were slightly decreased but maintained certain
abundances during the incubation (Figure 6A). Enriched OTUs of
phylum Bathyarchaeota were present in the experimental and control
sediments amended with a sufficient
(29.38 mM), and a higher proportion of phylum Bathyarchaeota
was present in groups treated with a sufficient sulfate concentration

proportion to phylum

sulfate  concentration

(29.38 mM) compared to groups treated with a low sulfate
concentration (4 mM).

3.2.2 Diversity and community structure of
methanogens and ANME

Well-known ANME sequences were not detected in any of
the
Euryarchaeota, genera Methanococcoides, Methanobrevibacter,

samples. Well-known methanogens in the phylum

Methanosarcina and Methanobacterium were detected in the

incubation groups (Supplementary Table S3). However, the
proportion of these genera were low, and the highest value
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site_env) and the related incubation slurry samples amended with **CH, (sampling site_mc) and N, (sampling site_cntl).

was only 0.15% (A27s_mc). Compared to the environmental
samples, the abundance of some methanogens belonging to
uncultured or unclassified species in the genera
Methanococcoides and Methanosarcina increased, but none
were present across all samples from the control groups. We
also attempted toamplify mcrA from the DNA samples from all
incubation slurries under three different annealing conditions
(50/55/58°C), but all failed. Considering the amount of sample
available, we did not perform further experiments.

3.2.3 Taxonomic comparison

We divided the 11 samples into the following 3 groups to perform
the one-way ANOVA: environmental group (Env), incubation group
amended with "CH, (Exp) and incubation group amended with N,
(Cntl). In terms of the top 15 relative abundances of microorganisms
at the phylum level, the phyla Proteobacteria and Chloroflexi
presented significant differences (0.01 <p value <0.05)between the
three groups of samples (Figure 7A). In terms of the top 15 relative
abundances of microorganisms at the genus level, the genera
Halomonas, Marinobacter, and norank genus in MSBL9 presented
significant differences (0.001 <p value <0.05) among the three groups
(Figure 7B).
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No significant differences in archaea and bacteria were
observed at the phylum level between the experimental groups
and control groups. At the genus level, however, the low
abundance genera Alcanivorax, Streptomyces, Filomicrobium
and  Pelomonas  presented  significant differences
(Supplementary Figure S6). We also compared the differences
in microbial communities between the two experimental
incubation slurries and their controls treated with different
sulfate concentrations. A higher proportion of archaea was
present in the experiment and control samples treated with
high sulfate concentrations (29.38 mM) (Supplementary
Figure S7).

4 Discussion

4.1 Enriched microorganisms and
implications

In the present study, the enriched microorganisms

differed from those previously reported in previous studies
using incubations to detect AOM (Beal et al., 2009; Webster
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et al, 2011). The most striking feature of the enriched
microorganisms was the overwhelming dominance of
bacteria, including the uncultured or unclassified species
in Pseudomonas, Halomonas, Marinobacter, Sva 1,033 and
Desulfobulbaceae, but none were widely enriched across all
incubation slurries. These phylogenetic groups are presentin
various marine sediments and are regularly detected in
methanic environments (Reed et al., 2002; Inagaki et al,
2006), but their abundance is relatively low. AOM,
methanogenesis, sulfate reduction and iron
reduction occurred during the incubation in the present
study. Thus, the enrichment of these unclassified or
uncultured species in our anaerobic incubation indicated
that they may be directly or indirectly involved in these

biogeochemical processes.
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Notably, ANME sequences were not present in any of the
samples. However, an abundance of labeled methane was
oxidized anaerobically during the incubation. Previous studies
have shown that ANME are not present in some geochemical
environments where AOM dominates (Lin et al., 2014; Yanagawa
et al., 2014; Katayama et al., 2016). Some researchers have
speculated that the dominant phylum Bathyarchaeota might
participate directly or indirectly in AOM in methane-rich
environments (Lin et al., 2014; Katayama et al, 2016; Fan
et al,, 2017; Cui et al., 2019). Moreover, Bathyarchaeota might
have the potential for methane metabolism (Evans et al., 2015).
In addition, speculated  that
Bathyarchaeota express genes encoding MCR enzymes that

researchers have recently

are potentially required for alkane metabolism rather than
methane metabolism (Laso-Pérez et al, 2016; Evans et al,
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2019). In the present study, the phylum Bathyarchaeota was
enriched in experimental groups with no ANME, and AOM still
occurred during the incubation further confirming the
hypothesis that Bathyarchaeota may participate in AOM in
some way.

In addition, methanogens have been previously reported to
perform AOM (Soo et al., 2016), and they contain the mcrA gene,
which conducts AOM through “reverse methanogenesis”
(Hallam et al., 2004). After incubation in the present study,
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the abundance of some methanogens belonging to uncultured or
unclassified species in the genera Methanococcoides and
Methanosarcina increased in the A27 experimental groups but
was still considered relatively low (<0.15%). However, this
change was not universal in all culture groups. The other
control groups that produced a certain amount of methane
contained fewer or no methanogen sequences, which may
explain why we failed to amplify the mcrA gene. Thus, these
findings suggested that other unknown or unconventional
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phylotypes or pathways may perform AOM and methanogenesis
during the incubation. The uncultured or unclassified lineage
belonging to the phylum Bathyarchaeota may be the most
promising lineage and is worthy of further investigation.

4.2 Impact of the sulfate concentration on
the incubation

Webster et al. (2011) suggested that a low sulfate concentration
promotes the enrichment of representative SMTZ prokaryotes.
However, we only detected some of the representative SMTZ
bacteria, such as Gammaproteobacteria, Deltaproteobacteria,
Firmicutes, and Bacteroidetes, and the bacteria not known to be
involved in AOM, such as Actinobacteria (Harrison et al., 2009), were
enriched in thelow concentration of sulfate (4 mM) group. We also
found that the sulfate concentration exerted a marked effect on
archaeal community enrichment/maintenance as reflected by the
higher proportion of archaea sequences in the slurries amended with
high concentrations of sulfate (29.38 mM) group. The enrichment of
some lineages of the phylum Bathyarchaeota in slurries amended
with high concentration of sulfate (29.38 mM) suggested that sulfate
promotes their enrichment.

Sulfate reduction related AOM has been suggested to be the
most strongly cooperative metabolic process that controls
methane emissions from marine sediments (Barnes and
Goldberg, 1976; Iversen and Jorgensen, 1985; Nauhaus et al,
2002; Knittel and Boetius, 2009). SR-AOM is presumed to be
most active in the SMTZ where sulfate is depleted to
approximately zero and the AOM rate is the highest (Iversen
and Jorgensen, 1985). In our incubations, more “CH, was
oxidized in the experimental groups with a low concentration
of sulfate (A27, ~4 mM) than in those with a high concentration
of sulfate (A27s, 29.38 mM), but we did not determine whether a
high sulfate concentration reduces the AOM rate or whether
electron acceptors other than sulfate are used during the
incubation, leading to a higher AOM rate. Because a high
concentration of iron was present in the sediment, reactive
iron reduction in sediments may have stimulated sulfate-
driven AOM (Sivan et al, 2014) or coupled to AOM to
remove large amounts of CH, (Egger et al, 2015). Thus, a
reasonable assumption is that iron may be involved in the
AOM during the incubation. Iron reduction was observed in
all groups in the initial period of incubation, the Fe** levels were
clearly increased and, even showed a rapid increasing trend from
74 to 117 days in this stage. The iron reduction rate was similar to
the AOM rate in the A27 and SH1 groups. Our major element
test and sequential reactive iron extraction results showed that
the incubation of sediments of A27 contained a higher reactive
iron content (1.33%) and total iron (6.18%) than those of SH1
(0.67 and 4.82%, respectively) (Supplementary Table S1). If iron
is merely a stimulant, the iron content does not exert much of an
effect on the AOM rate. However, iron may be the electron
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acceptor, which is energetically more favorable than sulfate in
AOM (Beal et al., 2009; Ettwig et al., 2010; Joye, 2012). Therefore,
we suggest that the higher reactive iron content led to the
anaerobic oxidation of additional methane, resulting in higher
AOM rates in the two groups incubated with lower sulfate
concentrations.

Numerous bacterial genera enriched in our incubations have
been identified to reduce ferric iron, including the dominant and
enriched genus Pseudomonas (Johnson and Mcginness, 1991;
Naganuma et al., 2006), the genus Halomonas (Hajizadeh et al.,
2015) and the genus Shewanella (Kim et al., 1999; Weber et al.,
2006; Wang et al., 2008). The enriched family Sval033, which is
most closely related to Desulfuromonas palmitatis, has been
reported to be a dissimilatory iron reducer capable of
oxidizing long-chain fatty acids (Coates et al., 1995) and is
hypothesized to undergo metabolic switching from metal
reduction to sulfate reduction (Buongiorno et al, 2019). An
investigation of microbial communities in metal reduction-
coupled AOM incubations has suggested that metal-reducing
bacteria play a vital role in metal-dependent AOM (Beal et al.,
2009). The same conclusion has been proposed based on
investigations of the microbial community in methanic
sediments (Li et al, 2019). Thus, the enriched dissimilatory
iron-reducing bacteria might directly or indirectly participate
in AOM, further suggesting a role for iron reduction in AOM in
our incubations.

5 Conclusion

In this study, we reported the incubation results and the
shifting diversity and composition of microbial communities.
The results of headspace gas indicated that AOM occurred in the
experimental groups and that methane production occurred in
the The
microorganisms in our incubations have been reported to

control groups during incubations. enriched

degrade organic matter, reduce sulfate, reduce iron and
the well-known ANME,
responsible organisms of AOM, were not detected. We

produce methane. However,
propose that the enriched Bathyarchaeata have the potential
to perform AOM during incubation. Additionally, more “CH,4
was oxidized to *CO, in the experimental groups treated with
low concentrations of sulfate (~4 mM) than in those treated with
high concentrations of sulfate (29.38 mM), and more *CH, was
oxidized to ">CO, in the A27 groups, which contained more
reactive iron and total iron than SH1 groups. Furthermore,
bacteria with dissimilatory iron-reducing metabolism were
These

additional electron acceptors may be involved in AOM and

enriched after incubation. results suggested that
that iron is the best candidate. The known methanogens were
only detected at low abundance in some samples from the control
group, that

phylogenetically widespread than currently appreciated. The

suggesting methanogenesis may be more
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shifting of microbial communities before and after culture in this
study provided a better understanding of AOM, methanogenesis

and the responsible microorganisms.
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