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Methane metabolism, driven by methanogenic and methanotrophic microorganisms, plays a pivotal role
in the carbon cycle. As seawater intrusion and soil salinization rise due to global environmental shifts,
understanding how salinity affects methane emissions, especially in deep strata, becomes imperative.
Yet, insights into stratigraphic methane release under varying salinity conditions remain sparse. Here we
investigate the effects of salinity on methane metabolism across terrestrial and coastal strata (15—40 m
depth) through in situ and microcosm simulation studies. Coastal strata, exhibiting a salinity level five

IS<}?; 'ﬁ’g‘:fsg"as strata times greater than terrestrial strata, manifested a 12.05% decrease in total methane production, but a
Salinity staggering 687.34% surge in methane oxidation, culminating in 146.31% diminished methane emissions.

Salinity emerged as a significant factor shaping the methane-metabolizing microbial community's dy-
namics, impacting the methanogenic archaeal, methanotrophic archaeal, and methanotrophic bacterial
communities by 16.53%, 27.25%, and 22.94%, respectively. Furthermore, microbial interactions influenced
strata system methane metabolism. Metabolic pathway analyses suggested Atribacteria JS1's potential
role in organic matter decomposition, facilitating methane production via Methanofastidiosales. This
study thus offers a comprehensive lens to comprehend stratigraphic methane emission dynamics and
the overarching factors modulating them.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction The natural methane cycle is driven by microorganisms. Meth-

anogenic and methanotrophic archaea belonging to the phylum

Methane, the second most abundant global greenhouse gas, has
28 times the global warming potential of carbon dioxide (CO5) [1].
Methane concentrations in the atmosphere have been on the rise
since 2007, with global averages exceeding 1900 ppb, representing
approximately threefold the pre-industrial level [2,3]. These
emissions stem from various sources, with geological being the
fourth largest source, accounting for 37.5 Mt yr~! [4]. Organic-rich
shallow gas strata are widely distributed in terrestrial plains and
coastal areas [5—8], and often leak methane due to environmental
disturbances. Therefore, from the perspective of preventing engi-
neering risks and mitigating the greenhouse effect, methane
emissions from shallow gas strata cannot be neglected.
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Euryarchaeota and methanotrophic bacteria belonging to the phyla
Proteobacteria and Verrucomicrobia are the main participants
[9—11]. Methanogenic and methanotrophic archaea include eight
orders: Methanococcales, Methanopyrales, Methanobacteriales,
Methanosarcinale, Methanomicrobiales, Methnocellales, Meth-
anomassiliicoccales, and ‘Candidatus Methanophagales’ [12]. Pre-
vious studies have shown that methanogens can use Hy/CO,,
acetate, methanol/methylamines, and methoxylated aromatic
compounds as substrates to produce CH4 [13,14]. Recent findings
indicate that they can also directly oxidize long-chain alkanes and
participate in methane metabolism through the beta-oxidation and
Wood—Ljungdahl pathways [15]. Anaerobic methane-oxidizing
archaea (ANME) oxidize methane through reverse methano-
genesis. ANME consists of three groups: ANME-1 (subclusters a and
b), ANME-2 (subclusters a/b, ¢, and d), and ANME-3 [16]. ANME can
utilize electron acceptors, such as NO3, NOz, SOF~, Mn**, Fe3*,
As>*, and humic substances, to oxidize methane [17—19]. In
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addition, ANME communities have been reported to exist in eco-
systems such as terrestrial mud volcanoes and deep marine sedi-
ments [17—21]. In recent years, researchers have also found
methanogenic potential in several non-Euryarchaeotal lineages,
including Bathyarchaeia, Methanomethylicia, Nitrososphaeria,
Heimdallarchaeia, and Korarchaeia [22—26].

Clarifying the mechanisms of microbial community assembly is
essential for studying community ecology. Microbial community
assembly is determined by a combination of deterministic and
stochastic processes [27]. Deterministic processes are related to
ecological selection mechanisms, including biotic factors (inter-
species interactions) and abiotic factors (environmental filtering)
[28]. On the other hand, stochastic processes reflect the random-
ness of changes in the relative abundance of species, including
random birth, death, dispersal, and drift processes [29]. Co-
occurrence networks have been extensively applied to study the
potential microbial interactions that affect community composition
and ecosystem function, providing supporting information on mi-
crobial ecology [30,31]. A dense microbial co-occurrence network
offers an easy and efficient series of interactions for metabolism,
signal exchange, and electron transfer between microorganisms
[32]. Based on the co-occurrence network analysis of methanogens
from 39 paddy soils, researchers found that commonly co-
occurring methanogenic groups interacted more closely and
contributed more to methane emissions [33]. In the molecular
network constructed from black-odorous water sediment com-
munities, positive interactions between fermenters, syntrophs, and
methanogens indicated the possible promotion of continuous
conversion of organic matter to methane [34]. Another network
analysis study emphasized the strong link between methano-
genesis and anaerobic oxidation of methane (AOM) pathways,
which is crucial for balancing the methane cycle [35].

Environmental factors also play a key role in methane meta-
bolism. It has been found that an increase in pH reduced the ability
of forest and rangeland soils to absorb methane, thereby inducing
the transition from methane sink to methane source [36]. Organic
matter content, moisture, electron acceptor type, and concentra-
tion affect methane metabolism [9,37]. Salinity also significantly
impacts ecosystem CO, and methane fluxes [38]. As salinity
increased, methane emissions were shown to decrease in tidal
marshes [39], coastal wetlands [40], and brackish freshwater wet-
lands [41]. Consequently, salinity has generally been used as a
predictor of methane emissions [42]. Salinity affects the microbial
processes of methane emissions mainly through sulfate reduction
effects and ionic effects [41,43]. In tidal wetlands, the sulfate in
seawater often inhibits methanogenesis due to the thermody-
namically favorable nature of sulfate reduction processes over
methanogenesis [42]. In addition, salinity has been reported to
regulate methane emissions by affecting the structure and abun-
dance of methanogenic archaeal communities [44]. In recent years,
saltwater intrusion has increased salinity in coastal habitats
through surface or subsurface flows, increasing selection pressure
on microbial communities and affecting biogeochemical cycles
[45]. Although studies on methane metabolism in different saline
habitats have been conducted, they have only focused on shallow
sediments (<1 m depth) [9,44,46], and little has been done
regarding methane metabolism and the associated microbial
mechanisms in strata. Overall, microbially driven methane meta-
bolism in strata of different salinities deserves our attention.

This study investigates the effect of salinity on stratigraphic
methane metabolism and provides a new perspective on its
profiling by applying in situ studies, microcosm simulation exper-
iments, and omics analysis.
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2. Materials and methods
2.1. Study sites and sample collection

In August 2020, two 40-m deep stratigraphic soil columns were
collected from terrestrial (30°18’ N, 120°22’ E) and coastal (30°31’
N, 121°99’ E) sites, respectively (Fig. S1). The terrestrial strata site
was located in the southern part of Hangzhou Bay. Hangzhou Bay is
a typical estuarine bay that receives plentiful terrestrial substrates,
and its shore area was formed by siltation after a series of sea in-
vasions and retreats. The coastal strata site was located in the
Zhoushan Islands. The Zhoushan Islands are on the southern edge
of the modern Yangtze River submerged delta and are an important
channel for the interchange of sediment between Hangzhou Bay
and the East China Sea. The strata comprised marine sandy gravel
layers and silt beach accumulation, with a distinct stratigraphic
marine nature [47]. The high deposition rates and abundant sub-
strates create rich, shallow gas reservoir environments in both
areas, providing a typical case study of methane metabolism. As the
top 0—15 m of the strata was artificially filled with rocks, we
selected soil column samples from 15 to 40 m depth as the study
object. A total of 100 samples were gathered, with ten samples
obtained at 5-m intervals. Each sample was divided into two parts:
one portion was stored at 4 °C for physicochemical and activity
experiments, while the other at —80 °C for molecular biology
experiments.

2.2. Physicochemical measurement

The pH values were determined by a pH meter (FE20, Mettler-
Toledo, Switzerland) after extracting the strata samples with wa-
ter (5:1 water-soil ratio). Iron and manganese content was deter-
mined by inductively coupled plasma mass spectrometry (ICP—MS)
[48]. Moisture was measured by the gravimetric method as
described previously [49]. The soil organic matter (OM) content
was determined by the potassium dichromate oxidation method
with air-dried soils. NOz, NO3, and SOF~ were extracted by water
(5:1 water-soil ratio), and their concentrations were measured by
ion chromatography (Dionex ICS-1000, USA). NH4 was extracted
using 2 mol L' KCl (5:1 solution-soil ratio) and determined by
spectrophotometry (APHA, 2017). Traditionally, soil salinity is
commonly measured by the electrical conductivity (ECe) of the
saturated soil leachate [50]. Therefore, the strata salinity was
determined by a salinity meter (FieldScout ECC 450 Meter, USA)
after extracting the strata samples with water (5:1 water-soil ratio).

2.3. Methane production, oxidation, and emission potential
measurement

In this study, 25 g of strata samples were measured into 250 mL
serum bottles. Deionized water was subsequently added to the
liquid level at 100 mL, reserving 150 mL of head space. These
sample bottles were then flushed with argon for 10 min before
being placed in a shaking incubator (150 rpm) at a constant tem-
perature of 20 °C and kept in the dark. After one day of pre-
incubation, methane in the headspace was measured by gas
chromatograph-mass spectrometry (Agilent 7890A inert MSD
59778, Agilent, USA) every 12 h [51]. The potential methane pro-
duction and oxidation rates were calculated by the linear regres-
sion of gas over time (Text S1). The potential methane emission rate
at each depth was determined by the methane production rate
minus the methane oxidation rate.
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2.4. DNA extraction, sequence processing, and quantitative PCR
(qPCR)

DNA was extracted from samples of the two strata using the
DNeasy Powersoil Kit (QIAGEN, Germany) following the manufac-
turer's instructions [52]. The V4—V5 region of bacterial 16S rRNA
genes was amplified using the 515-F (5'-GTGCCAGCMGCCGCGG-3')
and 907-R (5'-CCGTCAATTCMTTTRAGTTT-3’) primer pair [53]. The
V4-V5 region of archaeal 16S rRNA genes was amplified using the
515-F (5’-CAGCCGCCGCGGTAA-3) and 915-R (5'-
GTGCTCCCCCGCCAATTCCT-3') primer pair [54]. PCR was conducted
in a total volume of 25 pL with 12.5 pL 2 x SYBR GREEN (Takara,
Japan), 1 pL forward primer (20 mM), 1 pL reverse primer (20 mM),
1 pL template DNA and 9.5 pL RNase-free Water (Takara, Japan). PCR
conditions for bacterial 16S rRNA gene amplification were as fol-
lows: 94 °C for 2 min; 30 cycles of 94 °C for 30 s, 60 °C for 30 s, and
72 °C for 45 s; and a final extension at 72 °C for 5 min. While PCR
conditions for archaeal 16S rRNA gene amplification were as fol-
lows: 95 °C for 5 min; 40 cycles of 95 °C for 30 s, 57 °C for 30 s, and
72 °C for 30 s; and a final extension at 72 °C for 8 min. Then, the
amplicons were visualized on 2% agarose gels and purified using
the SanPrep Column PCR Product Purification Kit (Sangon Biotech,
Shanghai, China). Purified amplicons were subsequently sent for
Ion Torrent sequencing at Zhejiang University. Raw sequence data
were processed using QIIME 2 software (v2021.4). DADA2 was used
to filter and trim sequences, correct errors, and remove chimeras
[55]. With a similarity threshold based on 100%, clean reads were
clustered into amplicon sequence variants (ASV), each of which was
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annotated to a specific taxon by comparison with the Genome
Taxonomy Database (GTDB) (v2.3.2) using BLAST. The qPCR ana-
lyses were performed on iCycler iQ5 (Bio-Rad, USA). Details of the
primers can be found in Table S1.

2.5. Metagenomic assembly, binning, and annotation

Metagenome sequencing was performed on the Illumina
HiSeq2500 platform. For metagenomic assembly of strata samples,
the raw data was de-duplicated and trimmed using Trimmomactic
(v0.39) [56]. The de novo splicing and assembly of the clean data
was subsequently completed using MEGAHIT (v1.0), and contigs
with splice lengths greater than 250 bp in the samples were
selected for binning to obtain the metagenome-assembled ge-
nomes (MAGs) [57]. Bins with completeness greater than 50% and
contamination less than 10% were selected as good bins by CheckM
(v1.0.7) [58], and the species were classified according to the GTDB
(v2.3.2). Sequences from all good bins were subjected to rRNA gene
prediction using Barrnap (v0.9). Unigenes (non-redundant gene
catalog) were obtained after running Linclust [59]. The Unigene
sequences were compared with the GTDB (v2.3.2) database for
species annotation and combined with gene abundance to obtain
species composition and abundance information. The predicted
gene protein sequences were compared with the KEGG database to
obtain functional annotation information, followed by functional
gene frequency determination using DIAMOND (v0.8.35) with an e-
value of 107> [60].
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2.6. Statistical analysis

To determine the mechanism of microbial community assembly,
the contribution of each ecological process was quantified using the
iCAMP R package [61]. To explore the abiotic factors driving the
differences in methane-metabolizing archaeal communities be-
tween the two strata and to further determine the contribution and
significance of these abiotic factors to community variation,
Redundancy Analysis (RDA) was performed using the vegan and
rdacca.hp R packages [62], while Variance Partitioning Analysis
(VPA) was performed using the vegan R packages. Co-occurrence
networks were constructed to explore microbial interactions in
the strata based on Spearman correlation using the ggClusterNet R
package [30,63]. Spearman correlation coefficient >0.8 and p-value
<0.001 were set to select data. One hundred random networks
created by randomly rewiring all nodes and links were also calcu-
lated to verify the reliability of constructed networks [64—66].
Gephi (v0.9.2) was applied to achieve the visualization of co-
occurrence networks. Differences in physicochemical parameters,
methane flux, and microbial relative abundance in the two strata
were assessed using a one-way analysis of variance (ANOVA). Po-
tential relationships between salinity and methane flux, ecological
processes, and gene abundance were analyzed by Pearson corre-
lation analysis. All data analyses were performed in IBM SPSS 23
(SPSS Inc., USA).
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3. Results
3.1. Physicochemical parameters of strata

The physicochemical parameters of the two strata are shown in
Table S2. As the depth increased, the pH of both strata showed a
decreasing trend, while moisture did not change significantly.
There was no significant difference in iron and manganese content
between the two strata, but the trends were different. With
increasing depth, iron and manganese content showed a decreasing
trend in the terrestrial strata, while a gradual increasing trend was
observed in the coastal strata. The NHZ content of terrestrial and
coastal strata ranged from 140 to 142.08 mg kg~ ! and
17.80—37.19 mg kg, respectively. The NO3 content ranged from
3.94 to 17.24 mg kg~ ! and 5.67—28.34 mg kg, respectively. The
NHZ and NO3 content were both at low levels compared to the
other measured parameters. OM, salinity, NO3, and SOF~ of the
terrestrial and coastal strata showed significant differences
(p < 0.05). The mean OM, salinity, NO3, and SO~ contents of the
coastal strata were 9.60 g kg™, 2.52 ds m~!, 562.10 mg kg, and
412.73 mg kg~ !, respectively, representing 1.96, 5.11, 13.42, and
14.12 times higher than those of the terrestrial strata (4.90 g kg™,
0.49 ds m~, 41.87 mg kg, and 29.22 mg kg~ 1).

a NH," b Pressure | C 50,2, NO,
0.51 .
0.4 0.4 A Moisture Om  Salinity
Moisture ,
S p Fe S S
% Moisture % E 0.4 Pressure
< 0.0 pH = 0.04 s ’
) ) =
3 du| ¢ g +
a NO, | 2 0.4 JSalinity 2 NH,
-0.4 -0.5
Salinity
S0z 0.8 pH
-0.4 0.0 04 -0.8 -0.4 0.0 04 -06 -0.3 0.0 03
RDA1 (34.77%) RDA1 (39.25%) RDA1 (60.17%)
d 25 e 30 f
_ _ 404~
£ 20 8 257 s
el el kel
£ 2 20 £ 304
® © @
S 15 s s
> > ] 2 201
c c C
g $ 10, 3
g S g 10
5 § 5
° 54 3 51 °
£ £ £
0
0
0
D v A Ny «@ A~ D £ @ D N RS N C o N 7@ o RN NI RS N
EE R S O T IOT Tos © S ) S o

Environmental factor

Environmental factor

Environmental factor

| Terrestrial strata ® Coastal strata|

Fig. 2. Redundancy analysis (RDA) of environmental factors of methane metabolizing microbial communities in terrestrial and coastal strata. a—c, RDA of environmental factors of
methanogenic communities (a), methane-oxidizing archaeal communities (b), and methane-oxidizing bacterial communities (c). d—f, Independent explanation of environmental
factors to methanogenic communities (d), methane-oxidizing archaeal communities (e), and methane-oxidizing bacterial communities (f). *, **, and *** indicate significant dif-

ferences at the 0.05, 0.01, and 0.001 levels, respectively.



Y. Qu, Y. Zhao, X. Yao et al.
3.2. Methane production, oxidation, and emission rates

The potential methane emission rates from the two strata
showed significant differences (p < 0.01) (Fig. 1a). The total po-
tential methane emission rate from the terrestrial strata was
2.56 mg m—2 d~!, indicating a potential methane source. The total
potential methane emission rate from the coastal strata
was —1.18 mg m~2 d~, indicating a potential methane sink. The
difference in potential methane production rates between the two
strata was not significant (Fig. 1b). The total potential methane
production rate from the terrestrial strata was 3.05 mg m 2 d~},
while the total potential methane production rate from the coastal
strata was 2.68 mg m~2 d~ 1. However, the difference in potential
methane oxidation rates was significant (p < 0.01) (Fig. 1c). The
total potential methane oxidation rate from the terrestrial strata
was 0.49 mg m—2 d~, while the total potential methane oxidation
rate from the coastal strata was 3.87 mg m 2 d~L. Compared to
terrestrial strata, coastal strata had a 12.05% lower total methane
production rate, but a 687.34% higher total methane oxidation rate,
resulting in a 146.31% lower total methane emission. Pearson cor-
relation analysis showed that salinity was negatively correlated
with the potential methane production rate and significantly
negatively correlated with the potential methane emission rate
(p < 0.001), while it was significantly positively correlated with the
potential methane oxidation rate (p < 0.01) (Fig. 1d—f), indicating
the importance of salinity on methane emissions.

3.3. Methane metabolizing microbial community structure

To analyze the dynamics of microbial communities in terrestrial
and coastal strata, the relative importance of different ecological
factors in microbial assembly was quantified by iCAMP. The results
indicated that deterministic processes dominated microbial com-
munity assembly in terrestrial and coastal strata (Fig. S2a and b). In
the terrestrial strata, homogeneous selection (55.97%) dominated
archaeal community assembly, and dispersal limitation (43.36%)
dominated bacterial community assembly (Fig. S2c and e). In the
coastal strata, homogeneous selection was the main influence on
community assembly for archaea (76.51%) and bacteria (43.65%)
(Fig. S2d and f). Salinity was the dominant abiotic factor in archaeal
community assembly. With increasing salinity, archaeal homoge-
neous selection gradually strengthened (p < 0.01), while bacterial
dispersal limitation gradually weakened (p < 0.05) (Fig. S2g and h).
To further explore the effect of salinity on the stratigraphic
methane-metabolizing microorganisms, RDA analysis was applied
(Fig. 2). It revealed that salinity was a strong driver of differences in
the methanogenic archaeal community and methanotrophic
archaeal community between terrestrial and coastal strata,
contributing 16.53% (p < 0.01) of variation in the methanogenic
archaeal community and 27.25% (p < 0.001) of variation in the
methanotrophic archaeal community between the two strata. For
methanotrophic bacterial community variation, NHf had the
largest contribution at 38.65% (p < 0.01), followed by salinity at
22.94% (p < 0.05). In the strata, methanotrophic archaea (contri-
bution rate, 42%) contributed 8.4 times more to AOM than meth-
anotrophic bacteria (contribution rate, 5%), dominating the
methane oxidation process (Fig. S3). A total of four methanogenic
groups and four ANME subgroups were detected in the strata:
Methanobacteriales, Methanomassiliicoccales, Methanosarciniales,
and Methanofastidiosales, and ANME-1a, ANME-1b, ANME-2a/b,
and ANME-2d, respectively (Fig. S4). According to qPCR results
(Fig. 3), the average 16S rRNA copy number of methanogens in
terrestrial strata was 2.22 x 10° copies g™, 1.28 times higher than in
coastal strata (1.74 x 108 copies g~!) (p > 0.05). The average 16S
rRNA copy number of ANMEs in coastal strata was 5.99 x 10° copies
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g1, 4.51 times higher than in terrestrial strata (1.33 x 10° copies
¢~ 1) (p > 0.05), indicating that AOM was more active in the coastal
strata. Pearson correlation analysis showed that the abundance of
ANME-1 (p < 0.01), ANME-2d (p < 0.01), and ANMEs (p < 0.01)
increased significantly with increasing salinity (Table S3), sug-
gesting that salinity would affect the abundance of ANMEs.

3.4. Methane metabolism functional gene distribution

The distribution of functional genes for methane metabolism in
terrestrial and coastal strata is shown in Fig. 4. Annotation of KEGG
gene functions indicated that the pmo and fdo functional genes
were absent from the aerobic methane oxidation pathway in both
strata, suggesting that the strata mainly underwent AOM. With
increasing depth in terrestrial strata, mcr gene abundance
increased to a maximum at 20—25 m, then decreased to a mini-
mum at 30—35 m, and then increased again at 35—40 m. In
contrast, mer, mtd, mch, ftr, and fwd gene abundances showed a
decreasing trend, then increasing, and then decreasing again, while
mtr gene abundance increased to a maximum at 25—30 m and then
gradually decreased. In coastal strata, mcr gene abundance first
decreased with increasing depth, then increased to a maximum at
25—30 m and decreased to a minimum at 35—40 m. In contrast, mtr,
mch, and fwd gene abundances increased initially, followed by a
decrease, but then increased again. The trends in mer and mtd gene
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abundances were similar, higher at 20—25 and 30—35 m, while ftr
gene abundance showed a slowly increasing trend with depth. The
abundance of ftr genes was highest at all depth intervals in both
strata, while the abundance of mcr genes was lowest at all depth
intervals. The total abundance of methane metabolism functional
genes was 1.42 times higher in the coastal strata (3.84 x 10~3) than
in the terrestrial strata (2.71 x 10~3). Among the methane meta-
bolism functional genes, the abundances of mtr, mer, mtd, mch, ftr,
and fwd genes in the coastal strata were 1.68 x 1074, 6.63 x 1074,
5.07 x 1074, 7.27 x 107%4,1.17 x 1074, and 5.98 x 10~%, respectively,
which were 1.43 (p < 0.05), 1.50 (p < 0.01), 1.81 (p < 0.001), 1.31
(p > 0.05),1.39 (p < 0.05), and 1.29 (p > 0.05) times higher those in
the terrestrial strata. In contrast, the abundance of mcr functional
genes encoding the key enzyme for methane metabolism was only
0.6 times (p > 0.05) higher than in the terrestrial strata. Pearson
correlation analysis demonstrated that salinity was significantly
positively correlated with mtr (p < 0.001), mer (p < 0.01), and mtd
(p < 0.001) gene abundance, suggesting that salinity may influence
methane metabolism by regulating methane metabolism gene
abundance (Table S4).

3.5. Microbial interactions

Based on 16S rRNA gene sequences from the 100 samples, we
constructed respective co-occurrence networks of archaea from the
terrestrial and coastal strata to reveal potential interactions be-
tween methane-metabolizing archaea and other archaea (Fig. S5a
and b). In the terrestrial co-occurrence network, methanogens
were not linked to other archaea, whereas ANME showed potential
interactions with Thermoproteota, Hadarchaeota, and Asgar-
darchaeota. In the coastal co-occurrence network, neither metha-
nogens nor ANME interacted with other archaea. Topological
characteristics of the co-occurrence networks displayed a 21.11%
reduction in network size (total number of nodes), a 51.28%
reduction in number of edges, a 38.34% reduction in average degree
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the terrestrial strata, indicating that increased salinity attenuated
the complexity of the co-occurrence network in the coastal strata
and weakened the interactions between archaea (Fig. S5c—f).
Using metagenomic analysis, 19 terrestrial and 22 coastal
archaeal MAGs were reconstructed. Further annotation of the
MAGs with KEGG revealed five terrestrial archaeal MAGs and four
coastal archaeal MAGs were associated with methane metabolism.
Among these, a MAG belonging to the Methanofastidiosales was
only detected in the terrestrial strata and possessed some genes
from the hydrogenotrophic and acetoclastic methanogenic path-
ways (Fig. 5a). Among the 35 and 32 bacterial MAGs reconstructed
from terrestrial and coastal strata, respectively, JS1 bacteria,
belonging to the phylum Atribacteria were found to likely interact
with methanogens (Fig. 5¢,f). ]S MAGs contained various mono-
saccharide, polysaccharide, and amino acid ABC transporter protein
genes, as well as enzymes involved in glycolysis and fermentation,
indicating that JS1 bacteria had the potential to produce acetate and
CO; from the fermentation of organic matter. Additionally, genes
encoding membrane-bound hydrogenases (Mbh), which can pro-
duce H; using electrons provided by reduced ferroredoxin to
reduce HT, were identified in the JS1 MAGs. Hp, CO,, and acetate are
small molecules that can act as interspecies electron shuttles to
Methanofastidiosales to produce methane as substrates. Methane
is oxidized by reverse methanogenesis in the presence of several
enzymes (Mcr, Mtr, Mer, Mtd, Mch, Ftr, and Fwd). The MAG of
ANME-1-THS was found in both terrestrial and coastal strata. Genes
in the AOM pathway and genes encoding electron bifurcation
complexes were more complete in the MAG of the ANME-1-THS
from coastal strata than that of the terrestrial strata (Fig. 5b,e).
The MAG belonging to Methanosarcinales, which was only detected
in coastal samples, possessed a complete AOM pathway and was
classified as ANME-2a/b based on energy metabolism mechanisms
and phylogenetic comparisons (Fig. 5d). In addition to traditional
methanogens, we also found that Methanomethylicia, Nitro-
sosphaeria, and Lokiarchaeia may be involved in the methane

and a 6.1% increase in modularity in the coastal strata compared to metabolic process through different pathways (Fig. S6).
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Methanomethylicia may produce methane via the methylotrophic
pathway, and Nitrososphaeria may produce methane via the
hydrogenotrophic and methylotrophic pathways. Lokiarchaeia
from the coastal strata may produce methane via the hydro-
genotrophic and methylotrophic pathways. Lokiarchaeia from the
terrestrial strata possessed the mcr gene for methane metabolism
and a methane oxidation pathway similar to that of ANME-1-THS.
However, because it had a partial genetic deletion, we cannot be
sure whether it is undergoing methanogenesis or methane
oxidation.

The 16S rRNA sequences of the above MAGs were aligned with
the high-throughput 16S rRNA data to obtain species with >97%
similarity and to compare their relative abundance in terrestrial
and coastal strata (Fig. S7). According to the results, Meth-
anofastidiosales and Candidatus Caldiarchaeum were possibly
important drivers of methanogenesis in the terrestrial strata. The
total relative abundance of Methanofastidiosales in the terrestrial
strata was 1.05 x 1073, 90 times higher than that of the coastal
strata (1.17 x 107%) (p > 0.05). The total relative abundance of
Candidatus Caldiarchaeum in the terrestrial strata was 8.73 x 1072,
1.48 times higher than that of the coastal strata (5.89 x 1072)
(p < 0.05). In contrast, the total relative abundance of ANME—2a/b
in the terrestrial strata (3.51 x 10~°) was only 0.08 times that of the
coastal strata (4.56 x 107%) (p > 0.05).

4. Discussion
4.1. Effect of salinity on methane emission

The current study found that the terrestrial shallow gas strata
were a source of methane, while the coastal shallow gas strata were
a sink of methane. The total methane emission from terrestrial
strata was 2.56 mg m~2 d~! (Fig. 1a), lower than that from paddy
soils (6.24 mg m~2 d~!) and Zoige peatlands (50.40 mg m 2 d~ 1)
[67], but higher than that from forest soils (0.30 mg m~—2d~1) [68],
while total methane emission from coastal strata was similar to
those from mangroves [69,70]. Rising salinity was the most obvious
difference between the terrestrial and coastal strata, and it deter-
mined the large differences in methane emissions (Fig. 1a,d).
Methanogenesis has been negatively correlated with salinity in
various habitats, which was consistent with our findings (Fig. 1e).
This may be because high salinity reduces methanogenic activity
and decreases methane production [71]. However, the total
methane production rate was only 12.05% lower in coastal strata,
with five times higher salinity levels than in terrestrial strata
(Fig. 1a and Table S2). One possible reason is that while methano-
genesis is inhibited by SO~ reduction at higher SO~ concentra-
tions, this effect is attenuated by high levels of organic matter [72].
In addition, the concentration of the electron acceptors NO3 and
S04~ increased with increasing salinity, promoting AOM [73], thus
resulting in a 687.34% higher total methane oxidation rate and
146.31% lower total methane emission in the coastal strata as
compared with the terrestrial strata (Fig. 1a,c).

4.2. Effect of salinity on methane metabolizing microorganisms
In this study, salinity was the key abiotic factor affecting

methane emissions from the strata. It is not only a dominant player
in archaeal community assembly (Fig. S2) but also an important
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driver of differences in the methane-metabolizing microbial com-
munities of both strata (Fig. 2). Salinity is crucial for microbial
community assembly [74], and it can influence the diversity,
composition, and co-occurrence networks of archaeal and bacterial
communities along with pH, shaping the mechanisms of commu-
nity assembly [75]. The results demonstrated a significant positive
correlation between salinity and the relative contribution of ho-
mogeneous selection in the stratigraphic archaeal community as-
sembly (Fig. S2g), suggesting that salinity drove the stratigraphic
archaeal community assembly in a deterministic manner. Due to
the diffusive effect of seawater flow [76], the coastal strata were
subject to stronger salinity filtering than terrestrial strata, leading
to a higher degree of impact by deterministic processes on archaeal
communities.

In general, higher salinity would limit water use by microor-
ganisms and produce high osmotic stress [77]. However, archaea in
coastal habitats are generally adapted to marine environments, and
a certain degree of salinity stress may promote archaeal community
activity [75,78]. ANME-1 and ANME-2a/b are widely distributed in
marine environments and often participate in sulfate-dependent
AOM together with bacteria. Meanwhile, ANME-2d is mainly
distributed in freshwater habitats and involved in various AOMs,
such as nitrate-dependent AOM and metal-dependent AOM [21].
The higher availability of NO3 and SO3~ shaped the coastal strata
ANME community, resulting in higher abundances of ANME-1 and
ANME-2d exercising sulfate-dependent AOM and nitrate-
dependent AOM (Fig. 3), which is in line with previous studies
[21]. Researchers observed that part of the genome of ANME-1 in
Lost Hammer Spring contained homologous osmotic stress
response genes. This would indicate that ANME-1 is more likely to
survive in high-salt environments than the other subgroups [79].
The same situation may have also contributed to the higher average
abundance of ANME-1 in coastal strata compared to terrestrial
strata (Fig. 3). Through metagenomic analysis, this study recon-
structed the terrestrial lineage ANME-1-THS (Fig. 5b,e). Lacking the
multihaeme c-type cytochromes (MHCs), ANME-1-THS cannot
undergo direct interspecific electron transfer and may grow
without syntrophs [80]. When the relative concentrations of re-
actants and products change, the direction of chemical reactions in
the methanogenesis and AOM reverse accordingly [81,82]. ANME-1
has been described as being engaged in methanogenesis in marine
sediments in a previous study [82]. Similarly, ANME-1 may be
involved in methanogenesis in the strata by first obtaining energy
for cell growth and reproduction through AOM to increase its
cellular abundance and then occupying a favorable ecological niche
with limited resources when sulfate has run out, and the hydrogen
concentration has increased. This may have led to a higher relative
abundance of ANME-1-THS in methanogenic-dominated terrestrial
strata over methanogens (Fig. S7a and b). The inhibition of meth-
anogenesis by salinity was reported to coincide with a reduction in
the size of the methanogen population [83]. The present study
found that in coastal strata with high salinity levels, the abundance
of methanogens was 21.62% lower than in the terrestrial strata
(Fig. 3), but the total methane production rate was only 12.05%
lower (Fig. 1b), suggesting that potential methanogens in non-
Euryarchaeotal lineages may also play a role in methanogenesis.
A previous study found a decrease in mcrA gene abundance in high-
salinity environments [44], consistent with our results (Fig. 4).
Since the functional genes for hydrogenotrophic methanogenesis

Fig. 5. Predicted metabolic pathways of different MAGs. a, Predicted methanogenesis in the terrestrial Methanofastidiosales MAG. b, Predicted AOM in the terrestrial ANME-1-THS
MAG. ¢, Predicted metabolic pathway in the terrestrial JS1 MAG. d, Predicted AOM in the coastal Methanosarcinales HR1 (ANME-2a/b) MAG. e, Predicted AOM in the coastal ANME-
1-THS MAG. f, Predicted metabolic pathway in the coastal ]S1 MAG. The grey color and red font indicate the absence of the enzyme, while black dashed arrow lines indicate the
absence of the reaction. A complete list of genes that encode enzymes in the figures can be found in Supporting Information II.
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and AOM are the same, it was difficult to determine the meth-
anogenic and AOM activity level based on the abundance of func-
tional genes alone. However, by combining with the results that
salinity was significantly and positively correlated with the rate of
AOM and the abundance of mtr, mer, and mtd genes (Fig. 1f and
Table S4), we hypothesize that salinity increased AOM activity and
promoted methane consumption by regulating the abundance of
genes involved in AOM.

4.3. Effect of salinity on microbial interactions

Topological characteristics of the stratigraphic archaeal co-
occurrence networks indicated that the complexity of the coastal
strata network was lower than that of the terrestrial strata
(Fig. S5c—e). This is probably because the coastal strata were in an
environment of higher salinity stress, where microbial connections
tend to be simplified and interactions weaker [84]. In response to
salinity stress, the size of the coastal archaeal community co-
occurrence network decreased, but modularity increased (Fig. S5c
and f). This suggested that archaea may be more sensitive to
available resources under such stress and thus adopt an ecological
niche differentiation strategy to survive [85]. Based on metabolic
pathway analyses, we identified interspecific electron transfer be-
tween Atribacteria and methanogens as a potential key biological
factor driving stratigraphic CH4 emissions. Atribacteria JS1 can
carry out primary fermentation of carbohydrates or secondary
fermentation of organic acids and was often found as the dominant
bacterial group in deep sediments with high organic matter content
and active methanogenesis [86,87]. As reported, JS1 was abundant
in marine sediments, and its proportion of abundance in the bac-
terial community tended to increase with increasing ocean depth
[88—90], demonstrating that JS1 was adapted to higher salinity
environments. This was also in accordance with the present study,
where the relative abundance of JS1 was greater in coastal strata
than in terrestrial strata (Fig. S7d).

Unlike the methylotrophic Methanofastidiosales found in
mangrove sediments [91], the Methanofastidiosales identified in
this study may produce methane via hydrogenotrophic methano-
genesis, with their relative abundance in the terrestrial strata being
90 times greater than in the coastal strata (Fig. S7a). During the
anaerobic degradation of organic matter, Methanofastidiosales uses
H, produced by the fermentation of |S1 to keep the partial pressure
of hydrogen low [92]. This, in turn, would allow for the effective and
complete degradation of organic matter to Hy and CO, in the
presence of ]JS1. In this way, their interactions would advance
methanogenesis in the terrestrial strata. Potential methanogens
found in coastal strata were biased towards methylotrophic
methanogenesis (Fig. S6d and f), consistent with the reported
predominance of the methylotrophic pathway in coastal sediments
[93]. Similar to studies in Antarctic Ross Sea sediments, JS1 had the
potential to form a syntrophic association with stratigraphic
hydrogenotrophic methanogens via acetate oxidation [89]. In the
presence of pyruvate formate lyase, acetyl-CoA is produced by the
degradation of acetate-formed pyruvate with formate. Pyruvate
was aminated to serine, which was further broken down to glycine.
Glycine was then cleaved and combined with the tetrahydrofolate
(THF) pathway to produce formate. Part of this formate is broken
down to CO, and Hy by formate dehydrogenase H (FdhH) and
membrane-bound hydrogenase (Mbh). CO, and H; were then
passed on to hydrogenotrophic methanogens for methanogenesis.
In addition to Methanofastidiosales, JS1 may also interact with
other potential methanogens, such as Nitrososphaeria, and
Lokiarchaeia, as reported in previous studies [89,94].
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5. Conclusion

This research, grounded in an analysis of methane activity, mi-
crobial communities engaged in methane metabolism, and func-
tional genetic elements, advances the hypothesis that the
terrestrial shallow gas strata acted as a methane source, while
coastal shallow gas strata functioned as a methane sink. In addition,
salinity was a key abiotic factor affecting the rate of methane
emissions from the strata, alongside the potential importance of
interspecific electron transfer between Atribacteria and metha-
nogens as a potential key biotic factor driving methane emissions.
This research contributes valuable data for the assessment of global
methane emissions and offers theoretical insights that can guide
future endeavors related to the exploitation of stratigraphic
shallow gas.
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