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ARTICLE INFO ABSTRACT

Handling Editor: Prof Raf Dewil Methane leakage from deep-sea cold seeps has a major impact on marine ecosystems. Microbes sequester
methane in the water column of cold seeps and can be divided into abundant and rare groups. Both abundant and
rare groups play an important role in cold seep ecosystems, and the environmental heterogeneity in cold seeps
may enhance conversion between taxa with different abundances. Yet, the environmental stratification and
assembly mechanisms of these microbial sub-communities remain unclear. We investigated the diversities and
assembly mechanisms in microbial sub-communities with distinct abundance in the deep-sea cold seep water
column, from 400 m to 1400 m. We found that bacterial g-diversity, as measured by Sgrensen dissimilarities,
exhibited a significant species turnover pattern that was influenced by several environmental factors including
depth, temperature, SiO3~, and salinity. In contrast, archaeal g-diversity showed a relatively high percentage of
nestedness pattern, which was driven by the levels of soluble reactive phosphate and SiO3 . During the abun-
dance dependency test, abundant taxa of both bacteria and archaea showed a significant species turnover, while
the rare taxa possessed a higher percentage of nestedness. Stochastic processes were prominent in shaping the
prokaryotic community, but deterministic processes were more pronounced for the abundant taxa than rare ones.
Furthermore, the metagenomics results revealed that the abundances of methane oxidation, sulfur oxidation, and
nitrogen fixation-related genes and related microbial groups were significantly higher in the bottom water. Our
results implied that the carbon, sulfur, and nitrogen cycles were potentially strongly coupled in the bottom water.
Overall, the results obtained in this study highlight taxonomic and abundance-dependent microbial community
diversity patterns and assembly mechanisms in the water column of cold seeps, which will help understand the
impacts of fluid seepage from the sea floor on the microbial community in the water column and further provide
guidance for the management of cold seep ecosystem under future environmental pressures.

1. Introduction

Deep-sea cold seeps are unique seafloor chemosynthetic ecosystems
fueled by the release of deeply sourced hydrocarbon-rich fluids. These
deep sources of matter and energy, primarily methane and other hy-
drocarbons, support diverse benthic fauna and microbes and impact
marine biogeochemical cycles (Cruaud et al., 2015; Ke et al., 2022;
Orcutt et al., 2011; Ruff et al., 2015). While fluids released from cold
seeps create an undersea oasis, releasing greenhouse gases, including
methane, into the air significantly affects the climate (Feng et al., 2018;
Wang et al., 2017b; Wei et al., 2020). Previous studies have shown that
the organisms in sediments and the sediment-seawater interface
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consume ~20-80% of the methane emitted by cold seeps (Boetius and
Wenzhofer, 2013), suggesting there is still a large amount of methane
diffusion into the overlaying water. Methane oxidation in the upper
water column of cold seeps has been documented, suggesting that mi-
crobes are an important barrier to intercepting methane in the water
column of cold seeps (Cao et al., 2021; Hansman et al., 2017; Savvichev
et al., 2018). In addition, in the dark ocean (>>200 m) above the cold
seep, microorganisms serve as an important primary production, and the
energy captured by them enters into other nodes of the ecosystem
through predation or symbiosis (Mattes et al., 2013; Orcutt et al., 2011).
Given the fundamental role of microorganisms in driving the biogeo-
chemical cycles and primary production in the overlying water column
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of cold seep, it is essential to understand the distribution characteristics,
assembly mechanisms, and environmental drivers of these microbial
communities.

The physicochemical factors are known to vary with the depth
gradient of the ocean, such as temperature, salinity, and dissolved ox-
ygen, which affects the microbial communities exhibiting depth strati-
fication (Frank et al., 2016; Lindh et al., 2017; Qian et al., 2011;
Sunagawa et al., 2015). Beyond the cold seep, the deep hydrocarbon
fluids discharged into the water column create diversified and hetero-
geneous habitats in time and space, which leads to more complex factors
shaping microbial communities (Feng et al., 2022; Pop Ristova et al.,
2012; Ruff et al., 2015). There is an increasing consensus that the
availability of methane and oxygen in the water column has a significant
impact on the aerobic methane oxidation process (Boetius and
Wenzhofer, 2013; Li et al., 2022). Another study emphasized the
importance of environmental heterogeneity to microbial taxa assembly
in the water column around cold seeps (Huang et al., 2023). In summary,
depth (Zhang et al., 2020c¢), temperature (Huang et al., 2023), gradients
of electron acceptors and donors (Schreiber et al., 2010; Vigneron et al.,
2014), and biological interactions (Cruaud et al., 2015) can affect mi-
crobial community composition in the cold methane seeps environment.
It has been shown that bacterial community compositions significantly
diverged with a variation of seepage intensity in the bottom water of
cold seeps, but the archaeal community exhibited similarities among
different sites (Zhang et al., 2020c). Therefore, it has been suggested that
environmental factors may have differential impacts on archaea and
bacteria in the cold seep water column.

A cognitive understanding of the ecological processes and mecha-
nisms that determine the assembly of microbial communities is central
to maintaining the function of ecosystems in the global oceans (Milke
et al., 2022; Song et al., 2022; Sunagawa et al., 2015). Within the
quantitative ecological framework, the ecological processes of microbial
p-diversity have been identified as dispersal limitation and environ-
mental selection, and it is necessary to clarify the underlying variations
of microbial diversity spatially (Dini-Andreote et al., 2015; Landeiro
et al., 2018; Zhang et al., 2020Db). Baselga proposed a method of calcu-
lating the partitioning of pg-diversity in 2010 (Baselga, 2010). This
method involves using Sgrensen dissimilarity matrices to break down
p-diversity into two components: species turnover and nestedness.
Species turnover refers to variations in community diversity resulting
from the replacement of species (Specziar et al., 2018), while nestedness
refers to disparities in species richness that occur when one community
is a subset of a more diverse community (Legendre, 2014). With this
approach, several studies have discussed changes in diversity and po-
tential distribution mechanisms of microbiomes in a variety of habitats
(lakes, reservoirs, and oceans) along gradient factors, such as sediment
stratification, water depth, and nitrogen enrichment (Rasmussen et al.,
2021; Wu et al., 2020; Xue et al., 2018; Zhang et al., 2021). Accumu-
lating evidence suggests that microbial communities exhibit divergent
distribution patterns along the marine environmental gradients (Li et al.,
2021a; Liu et al., 2018; Tobias-Hunefeldt et al., 2019), but how the
partitioning of microbial g-diversity (species turnover and nestedness)
varies with water depth, together with its response characteristics to the
local factors in the water column above cold seeps remain unknown.

With significant inroads achieved in sequencing technology over the
past few years, many studies have begun to focus on the microbial
biogeography and assembly mechanisms of rare taxa in marine ecosys-
tems (Hugoni et al., 2013; Sogin et al., 2006; Wu et al., 2017). The rare
taxa were defined as a potential seed bank with high genetic and func-
tional diversity (Lennon and Jones, 2011), and several studies exam-
ining the interactions of microbial taxa have indicated that rare taxa
occupied critical nodes for maintaining network links and stability (Xue
et al., 2018; Zhang et al., 2020a; Zhang et al., 2022). The process of
transitioning from rarity to abundance has been widely reported in
several microbial groups, such as those found in rivers and oceans, and
has been linked to changes in environmental factors such as depth,
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temperature, and seasonal variations (Campbell et al., 2011; Hugoni
et al., 2013; Zhang et al., 2022). The environmental heterogeneity of
cold seeps may enhance conversion between taxa with different abun-
dances. Different assemblage mechanisms are anticipated to affect
abundant and rare community structures (Lindh et al., 2017; Xue et al.,
2018). For instance, previous study showed that abundant taxa are
mostly impacted by dispersal limitations, whereas rare taxa are pri-
marily influenced by environmental filtering in the northwestern Pacific
Ocean (Wu et al., 2017). Understanding the assemblage mechanisms of
abundant and rare microbial communities that drive the formation of
ecological communities is essential for effective ecosystem management
(Liu et al., 2019). However, the partitioning of g-diversity patterns and
assemblages mechanisms of abundant and rare prokaryotic microor-
ganisms, particularly in the water column above cold seeps, have not
been investigated.

The Haima cold seep area is approximately 350 km? and is primarily
formed by temporally transported methane leakage in the South China
Sea. Continuous methane fluid leaks from top sediments into the un-
derlying water column in this area (Feng et al., 2018; Liang et al., 2017).
Thus, the Haima cold seep is ideal for examining the dual action of
environmental gradient and seep plume on the microbial community
assembly at a regional scale. To investigate the microbial diversity,
functions, and underlying assembly mechanisms in the water column of
cold seeps, especially in the dark ocean, we sampled a set of depth
gradients (400-1400 m) located in the Haima cold seeps. In this study,
we elucidated the f-diversity components and assembly mechanisms of
bacterial and archaeal sub-communities and explored the function dis-
tribution in the dark ocean at a seep plume regional scale.

2. Materials and methods
2.1. Study region and sampling

The Haima cold seeps are located on the lower continental slope of
the northwestern SCS (South China Sea) at a depth of roughly
1360-1400 m and cover an area of about 618 km?, of which about 350
km? have been explored for active cold seeps, and are primarily made up
of time-space migrated methane leaks. Five stations (HM1-HM5) situ-
ated within the Haima cold seeps (Fig. 1a) were selected for the
collection of seawater samples in September 2020. At each station, mi-
crobial samples were systematically collected from the water column at
depths of 400, 600, 750, 1000, 1200, 1300, and 1400 m using
Conductivity-Temperature-Depth equipment (CTD) outfitted with Nis-
kin sample bottles. Samples of bottom water (collected at 1400 m) were
obtained through the use of a remotely operated vehicle (“Haima” ROV).
In-situ measurements of dissolved oxygen (DO), salinity, and tempera-
ture were carried out using Sea-Bird 911 CTD (Sea-Bird Electronics,
Washington, USA). Water samples were filtered using 0.22 pm pore size
filters (Whatman, Clifton, NJ, USA) and kept at —80 °C for microbio-
logical analysis. Laboratory experiments were performed using a flow
injection autoanalyzer (Lacht QC 8500) to measure a wide variety of
seawater environmental factors., including ammonium (NHZ), nitrite
(NO3), nitrate (NO3), dissolved inorganic nitrogen (DIN), silicate
(Si0%7), and soluble reactive phosphorus (SRP).

2.2. DNA extraction, full-length 16 S rRNA gene amplification,
sequencing, and analysis

TGuide S96 Magnetic Beads Genomic DNA Extraction Kit for Nucleic
Acid Extraction was used to extract microbial DNA from cold seep
samples according to the manufacturer’s guidelines. The whole 16 S
rRNA gene was amplified using a 30 pL PCR reaction volume. The
primers for bacterial and archaeal amplification are 27 F/1492 R pairs
and A1F/1490 R pairs (Lam et al., 2020). The PCR thermal cycle began
at 95 °C for 2 min, followed by 25 cycles at 98 °C for 10 s, 55 °C for 30 s,
72 °Cfor 90 s, and a final extension at 72 °C for 2 min. The amplification
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Fig. 1. (a) The sampling sites (HM1-HM5) at the South China Sea, Haima cold seeps; (b) the relative abundance of bacterial and archaeal communities at the class
level in the water column above cold seeps; (c) Principal coordinate analysis (PCoA) plots for bacterial and archaeal sub-communities based on the Bray—Curtis
dissimilarity matrix, the p-value indicates the significance of the results from the ANOSIM test based on grouping at different depths. Abbreviations: total bacterial
taxa (TBT), abundant bacterial taxa (ABT), moderate bacterial taxa (MBT), rare bacterial taxa (RBT), total archaeal taxa (TAT), abundant archaeal taxa (AAT),

moderate archaeal taxa, and rare archaeal taxa (RAT).

products were examined for concentration (Qubit), and bands (agarose
gel electrophoresis), and the qualifying samples were mixed. The mixed
product was prepared for library construction using PacBio’s SMRTbell
Template Prep Kit. The reaction products were purified with AMpure PB
Beads (Pacbio, USA) and sequenced on a Pacbio Sequel Il sequencer. The
raw data were corrected to obtain Circular Consensus Sequencing (CCS)
reads (SMRT Link, version 8.0). With minPasses >6 and minpasses >0.9.
Lima (v1.7.0) software was subsequently used to eliminate the chimeras
to produce high-quality CCS sequences. CCS sequences not containing
primers were discarded and filtered according to CCS length. Sequences
that did not meet the length threshold (16 S: 1200bp-1650bp) were
discarded using Cutadapt (v2.7). Amplicon sequence variants (ASVs)
were produced in QIIME2 (v2020.6) (Bolyen et al., 2019) using DADA2
(Callahan et al., 2016), which filters ASVs by 0.005% of the total number
of sequences sequenced as a threshold. SILVA database (Quast et al.,
2012) (release 132) was used for the taxonomic annotation of the
feature sequences, and a simple Bayesian classifier combined with a

comparison approach was used to retrieve the taxonomic information of
the species corresponding to each feature. The amplicon sequencing
data used in this study are all available in the NCBI Sequence Read
Archive (SRA) under the accession number PRJINA953740.

All ASVs were classified into four classes (Xue et al., 2018), including
abundant taxa (AT): average relative abundance >0.01% in each water
layer or > 1% in at least one water layer; moderate taxa (MT): average
relative abundance scoping from 0.01% to 1% in each water layer; rare
taxa (RT): average relative abundance <0.01% in at least one water
layer, but never >1% in any water layer.

To quantify habitat specialization, the “niche breadth index (NBI)"
approach was used for sub-communities (Levins, 1968). ASVs with a
greater NBI were present and distributed more uniformly on a large
scale. A lower NBI, on the other hand, indicated that ASVs were found in
fewer habitats and were distributed unevenly (Pandit et al., 2009). We
estimated the NBI for each sub-community based on species abundance
and evenness, and this analysis was conducted using the ‘niche width’
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function in the ‘spaa’ package.

To investigate the p-diversity of three sub-communities in the water
column above cold seeps, we used Baselga’s approach to calculate
p-diversity components. Based on the Sgrensen dissimilarity index, total
diversity (Biotal) was divided into species turnover (fi,m) and nestedness
(Bnest) difference components using the R package adespatial (Baselga,
2010; Shen et al., 2020).

2.3. Metagenomic sequencing and analysis

To further characterize seawater microbiome functions, we used 35
DNA samples from the water column above cold seeps for metagenomic
sequencing using the Illumina sequencing platform. Raw reads were
filtered using fastp software to obtain high-quality sequencing data.
MEGAHIT (Version 1.1.2) (Dinghua et al., 2015) was used to assemble
the macrogenome, filtering contigs less than 300 bp. The assembly re-
sults were evaluated using the QUAST software (Gurevich et al., 2013).
Using the default parameters, the MetaGeneMark software (Version
3.26) was used to identify the coding areas in the genome (Hyatt et al.,
2012). MMseqs2 (Version 11-elalc) was used to reduce redundancy,
using a similarity criterion of 95% and a coverage level of 90% (Stei-
negger and Soding, 2017). Functional annotation was carried out by
comparing the protein sequences of non-redundant genes to those in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Based on
the cycling pathways observed across all metagenomic samples, the
genes related to methane, nitrogen, and sulfur cycles were selected and
filtered out. The metagenome sequencing data were submitted to the
NCBI Sequence Read Archive (SRA) under the accession number
PRJNA954901.

2.4. Statistical analyses

A one-way ANOVA was conducted to explore changes in alpha di-
versity indices, taxon relative abundance, and relative abundance of
functional genes along a depth gradient, followed by Tukey’s post hoc
tests (utilizing a 0.05 threshold of significance). The Kruskal-Wallis
ANOVA was utilized for non-parametric data. Principal coordinate
analysis (PCoA) based on Bray-Curtis distances was used to examine
changes in the microbial community structure. To assess whether these
shifts differed significantly across depths, an analysis of similarities
(ANOSIM) was performed. To investigate the associations between mi-
crobial community structure and local factors, we conducted a redun-
dancy analysis (db-RDA). Further, the significant (p < 0.05) local factors
were selected for variation partitioning analysis (VPA). VPA was per-
formed to determine the relative contributions of the measured tem-
perature, nutrient (NH4, NO3, NO3, SRP, SiO%’), and dissolved oxygen.
Mantle tests and partial Mantle tests (999 permutations) were used to
investigate the connections between the local factors and p-diversity
components (species turnover and nestedness). The above analyses were
carried out using the vegan package in R (v4.1.3).

2.5. Co-occurrence network construction

Co-occurrence networks were generated to examine the interactions
within the microbial community composition (using bacterial and
archaeal ASVs) and function (using nitrogen, sulfur, and methane
metabolism genes) in the water column above cold seeps with the psych
package in R. The networks were constructed using pairwise Spearman’s
rank correlations from more than 50% of the samples. Interactions with
a coefficient of correlation >0.7 and p-value <0.05 after Benjamin
Hochberg adjustment were included in networks. Network statistics
such as average path, degree, and average clustering coefficient were
determined to clarify the network’s patterns. A module is a collection of
nodes more strongly linked to one another than nodes outside the
module. The value of modularity (M), which has a threshold of M values
> 0.4, indicates how well a network is separated into modules
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(Newman, 2006). The network hub analysis was based on each node’s
connectivity, which was determined by within-module and
among-module connectivity (Zi and Pi) (Deng et al., 2012). Further-
more, 1000 Erdos-Réyni random networks with the same number of
nodes and edges as the genuine networks were built, with each edge
having the same possibility of being assigned to any node. Topology
features such as modularity, average clustering coefficient, and average
path were determined and compared for real and random networks.
Gephi (version 0.9.2) was used for network visualization.

2.6. Neutral community model (NCM)

A neutral community model (NCM) was used to quantify the influ-
ence of deterministic and stochastic processes on the assembly of mi-
crobial communities (Sloan et al., 2006). The “Hmisc” and “minpack.
Im” packages in R software were used to construct the NCM. The R?
values measure the goodness of fit to the NCM, and higher R? values
imply that neutral processes are more significant than environmental
selection in community assembly, as predicted by the neutral model. We
calculated 95% confidence intervals for all fitting statistics using boot-
strapping with 1000 repeats (Chen et al., 2019; Sloan et al., 2006).
Furthermore, we explored the impact of stochastic processes on micro-
bial species with varying abundances in the model.

3. Results
3.1. Environmental parameters along the water depth gradient

The vertical profiles of the environmental factors are exhibited in
Fig. S1. We observed significant differences in environmental properties
along the depth gradient, including a sharp decrease in temperature
from 400 m (10.3 °C) to 1400 m (2.9 °C). Dissolved oxygen (DO) con-
centrations gradually decreased and reached a nadir at 750 m, though
they subsequently showed a certain degree of increase. Salinity was
observed to increase along the water depth. Besides, the vertical profiles
for ammonium nitrogen (NHZr ), nitrate nitrogen (NO3), nitrite nitrogen
(NO3), soluble reactive phosphorus (SRP), and silicate (8i0%") exhibited
an increasing trend.

3.2. The microbial community composition along the water depth gradient

All bacterial amplicon sequence variants (ASVs) were classified as
abundant bacterial taxa (ABT) (22.44%), moderate bacterial taxa (MBT)
(30.61%), and rare bacterial taxa (RBT) (30.61%). All archaeal ASVs
were categorized as abundant archaeal taxa (AAT) (2.69%), moderate
archaeal taxa (Mattes et al.) (15.06%), and rare archaeal taxa (RAT)
(82.24%). The most dominant bacterial phylum was Proteobacteria,
which accounted for 63.71%-85.96% along the depth gradient, fol-
lowed by Marinimicrobia SAR406 clade (1.49%-10.58%), Actino-
bacteria (0.83%-9.37%), and Bacteroidetes (1.42%-2.88%) (Fig. 1b).
Alphaproteobacteria, Deltaproteobacteria, and Gammaproteobacteria
were the dominant classes of Proteobacteria that were observed. Del-
taproteobacteria (6.85%-24.78) showed a significant downward trend,
with the lowest proportion at the bottom (Fig. 1b). However, Gam-
maproteobacteria (34.98%-64.29%) exhibited an opposite trend as it
reflected an upward trend. The dominant archaeal phyla included
Thaumarchaeota (57.10%-64.53%) and Euryarchaeota (31.06%-—
40.74%) (Fig. 1b). The archaeal fractions at all depths were principally
populated by the Thaumarchaeota (57.10%-64.53%) and Eur-
yarchaeota (31.06%-40.74%). The Nitrososphaeria clade was among
the most abundant across the entire depth gradient, with relative
abundances between 56.94% and 63.72%. Thermoplasmata also
exhibited a wide distribution along the water columns, accounting for
30.05%-37.62%. The third most abundant class overall was Meth-
anomicrobia (range 0.72%-3.77%).

The distribution pattern of functional taxa related to the
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biogeochemical cycles was analyzed with respect to depth (Fig. S2). The
profile characteristics revealed that groups of functional taxa differed in
their distribution pattern, thereby indicating niche partitioning. The LS-
NOB (Nitrospinaceae), which was represented by ASV_294 (MBT) and
ASV_416 (MBT), was observed at a depth ranging from 400 m to 1200 m
and gradually decreased in abundance. Contrary to these findings,
Nitrincolaceae (ASV_152), which belonged to ABT, was only present at a
depth of 1200-1400 m. Moreover, Nitrosopumilaceae had higher rela-
tive abundance in the different water layers, accounting for 43.38%—
56.92%. The bacterial communities of hydrocarbon metabolism were
also assessed for their depth distribution characteristics in the water
column of cold seeps. For example, the Methylomonaceae, Methyl-
ophilaceae, and Cycloclasticaceae distribution exhibited gradually
increasing distribution along the water column. At 1300 m and 1400 m,
a higher abundance of the Methylotrophic Group 2 (Methylomonaceae)
and Milano-WF1B-03 (Methylomonaceae), which were represented by
ASV_24 (ABT), ASV_276 (ABT), ASV_293 (ABT), ASV_86 (ABT), and
ASV_73 (ABT), was observed. Methylotenera (Methylophilaceae), which
consisted of ASV_111 (ABT) and ASV_375 (MBT), was mainly distributed
in the deeper water layers, especially around 1300 m and 1400 m, with a
relative abundance of up to 83.73%. Similarly, Cycloclasticus (Cyclo-
clasticaceae, ASV_424, which belongs to MBT) was only present from
1200 m to 1400 m. However, no obvious gradient distribution pattern
with depth was observed for anaerobic methane-oxidizing archaea.
These archaea consisted of ANME-1a, ANME-1b, ANME-2¢, ANME-2a-
2b, and ANME-3, represented by 1 ASV of AAT, 10 ASV of MAT, and 64
ASV of RAT. The microbial taxa involved in the sulfur cycle also showed
different distribution patterns. Sulfurovum showed a narrow distribution
predominantly enriched in the bottom layer (13.16%). The relative
abundances of two ASVs associated with the Sulfurovum (ASV_194 and
ASV_64, which belong to ABT) were 1.73% and 6.01% at 1400 m,
respectively. The SUPO5 cluster (Thioglobaceae) exhibited a decreasing
distribution trend along the water columns, with higher abundances
only observed at the 400 m and 600 m depths (10.23% and 11.21%,
respectively), as represented by ASV_131 (ABT), ASV_215 (ABT),
ASV_34 (ABT), ASV_262 (MBT), ASV_345 (MBT), and ASV_355 (MBT).
On the other hand, ASV_177 (MBT) and ASV_207 (ABT) were mainly
distributed in deeper water layers. Moreover, SEEP-SRB1, SEEP-SRB2,
and SEEP-SRB4, which consisted of RBT, were dispersed in different
water layers.

3.3. The microbial community diversity and driving factors

The analyzed alpha diversities of bacterial and archaeal communities
included the Shannon, Phylogenetic diversity (PD), and Chaol indices
(Table S1). When comparing each layer sample, there was no obvious
divergence along the depth gradient (P > 0.05). Meanwhile, principal
coordinate analysis was performed to investigate segregation patterns
between bacterial and archaeal taxa in the water column. (Fig. 1c). We
observed that the samples from different layers were clearly separated
during principal coordinate analysis. The first principal coordinate
explained 40.96%, 28.44%, 41.48%, and 26.27% of the variation for the
TBT, ABT, MBT, and RBT, respectively. Similarly, for the TAT, AAT,
MAT, and RAT, the first principal coordinate explained 45.78%,
10.14%, 51.22%, and 6.21% of the variation, respectively. The ANOSIM
results showed that the bacterial community structures (TBT, ABT,
MBT) varied significantly with depth, while the structure of the RBT was
similar (Table S2). The archaeal communities (TAT, MAT, TAT, and
RAT) exhibited no significant gradient distribution structure along the
gradient depth (Table S2).

Mantel tests and partial Mantel tests corroborated microbial com-
munity dissimilarity was correlated with environmental parameters in
the water column (Fig. S3a). Overall, the results showed that TBT, ABT,
MBT, RBT, and TAT were associated with local factors (p < 0.05).
Moreover, partial Mantel tests revealed that bacterial community (TBT,
ABT, MBT, and RBT) strongly correlated with depth and NH4. We also
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observed that the depth, NHj, and SiO%’ were associated with the TAT,
but the three archaeal sub-communities (AAT, MAT, and RAT) did not
significantly correlate with environmental parameters in the water
column above cold seeps. Furthermore, db-RDA was performed to
evaluate the correlations between environmental factors and microbial
community structures (Fig. S3b). The db-RDA results revealed that two
axes (db-RDA1 and db-RDA2) could explain 10%-40% of the bacterial
sub-taxa variance, while the db-RDA1 and db-RDA2 accounted for 7%—
33% of the archaeal sub-taxa variance. Si03~, DO, NHZ, and tempera-
ture were significantly correlated with the three bacterial sub-taxa
structures. Interestingly, only Si0%~, DO, and temperature correlated
with the total archaeal sub-taxa structures (p < 0.05). Furthermore,
canonical VPA (Fig. S3c) was used to determine the percentage of
variation explained by nutrients (NHZ, NO3, NO3, SRP, SiO%_), tem-
perature, O, their combined effect on both bacterial and archaeal
communities (Fig. S3c). The temperature and nutrients were the groups
of factors that significantly explained most of the variability for TBT
(temperature: 39%, nutrients: 36%), ABT (temperature: 43%, nutrients:
40%) and TAT (temperature: 34%, nutrients: 32%). The explanatory
power of temperature, nutrients, and oxygen is relatively low for rare
taxa (RBT: 4%, RAT: 0.37%).

3.4. The partitioning of microbial p-diversity varies with local factors

To explore the variations in components of g-diversity, Baselga’s
approach was used to conduct g-diversity decomposition analyses
(Fig. 2a). We found that the TBT contribution of species turnover (fiyn)
was higher than nestedness (fpest) (P < 0.001) (79.520% vs. 20.480%,
respectively) (Fig. S4a, Table 1). For ABT, MBT, and RBT, the j-diversity
(Brota) was dominated by the Sy (contributed 74.495%, 77.590%, and
56.609%), while phest only contributed 25.505%, 22.410%, and
43.391%, respectively (fwum significantly higher than fpest, P < 0.001)
(Fig. S4a, Table 1). Comparison of sub-community diversity showed fipest
and frest of RBT was significantly higher than other sub-communities (P
< 0.001). The frota of TAT, AAT, and MAT was primarily attributed to
Prurn (51.532%, 54.809%, and 56.057%, respectively), while et of RAT
was significantly greater than S, (Fig. S4b, Table 1). Meanwhile, the
Prest of RAT was significantly greater than other sub-communities (P <
0.001). Further analysis of the horizontal fitoty Within the samples from
the same water depth (Fig. S5) revealed that the S, dominated the
Brotal Of bacterial communities, while the fpes¢ had a higher proportion
for archaeal communities.

The partial Mantel tests showed that the frota and frm of bacterial
communities strongly correlated with depth, temperature, SiO%_, and
salinity (Fig. 2b). NHJ also exhibited a significant effect on the fes; of
TBT, ABT, and MBT, as well as the Sy, of RBT. SRP, SiO%’, and DO were
the three main environmental variables influencing archaeal g-diversity
components (Fig. 2b). Furthermore, the depth-decay regression analysis
was conducted to demonstrate the influence of depth on g-diversity and
its components (Byym and fpest) (Fig. S6). There were significant and
positive relationships between the depth distance and fitota; and Sy of
bacterial communities, while archaeal sub-communities A-diversity
(Brotal, Prurn, and Prest) exhibited no obvious correlation with depth
distance.

3.5. The potential mechanisms for microbial community assembly

To explore mechanisms responsible for community assembly un-
derlying the observed gradient patterns, deterministic and stochastic
processes were analyzed with the neutral community model (Fig. 3a).
The NCM explained 68.3% and 52.6% of the bacterial and archaeal
communities, respectively, suggesting that deterministic processes
(gradient variance of local factors) have a paramount influence on
bacterial and archaeal community assembly. Moreover, in the neutral
model, the points that significantly deviated from the neutral commu-
nity model suggested that the taxa may be influenced by the surrounding
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Table 1

Summary of p-diversity components for sub-communities based on Sgrensen dissimilarities.
Contribution ratio (%) TBT ABT MBT RBT TAT AAT MAT RAT
Prurn/Protal 79.520 74.495 77.590 56.609 51.532 54.809 56.057 45.023
Prest/ Protal 20.480 25.505 22.410 43.391 48.468 45.191 43.943 54.977

Abbreviations: abundant bacterial taxa (ABT), moderate bacterial taxa (MBT), rare bacterial taxa (RBT), abundant archaeal taxa (AAT), moderate archaeal taxa
(Mattes et al.), and rare archaeal taxa (RAT); f-diversity based on Sgrensen dissimilarities (Biotal), Species turnover (fiyrm), and nestedness (Spest)-
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environmental factors (Fig. 3b). For the bacterial community, most of
the abundant (58.58%), intermediate (71.85%), and rare (96.61%) ASVs
were distributed within the neutral community model. The abundant
(3.03% ASVs), moderate (26.66% ASVs), and rare ASVs (3.38% ASVs)
were above the prediction of the neutral model, and the taxa below the
neutral model were mainly members of the abundant (38.38% ASVs),

moderate (1.48% ASVs), and rare ASVs (0% ASVs). For the archaeal
community, the abundant (29.72%), moderate (76.32%), and rare
(96.90%) ASVs were distributed within the prediction limits, and the
abundant (2.70% ASVs), intermediate (22.22% ASVs) and rare OTUs
(3.09% ASVs) ranged beyond the neutral model, and the taxa that were
below the neutral model mainly belonged to abundant (67.56% ASVs),
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moderate (1.44% ASVs), and rare (0% ASVs).

The estimated microbial community niche breadth index revealed
the profiles of dispersal limitation and species sorting and their effects
on sub-communities. Our results showed that the mean NBI values were
significantly higher in the bacterial community compared with the
archaeal community (Fig. S7). For bacterial and archaeal sub-
communities, the order of magnitude of mean NBI values was abun-
dant taxa, moderate taxa, and rare taxa (Fig. S7).

3.6. Co-occurrence microbial networks

The co-occurrence network included 180 nodes and 1701 edges
(Table S3). Most of the edges were positive rather than negative. The
modularity, average path length, and average clustering coefficient were
higher than Erdos-Réyni random networks, indicating that the network
had a non-random structure (Table S3). Abundant and moderate ASVs
dominated the nodes of the network (Fig. 4b). The module connectors of
the network were affiliated with the bacterial taxa (Gammaproteobac-
teria) and archaeal taxa (Nitrosopumilaceae and Marine Group II)
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(Fig. S8, Table S4). The network was divided into six major modules
(Fig. 4c); modules 1, 2, and 4 accounted for 25%, 35.55%, and 19.44%
of the network nodes, respectively. The results showed that most of the
ASVs from module 1 were Nitrosopumilaceae, while modules 3, 4, and 5
were dominated by Gammaproteobacteria. Module 2, composed of
substantially abundant ASVs, belonged to Marine Methylotrophic Group
2, Methylotenera, Cycloclasticus, and SUPO5 cluster (Fig. 4d).

3.7. Functional characteristics in the water column of cold seeps

The present study focused on the functional pathways involved in
methane oxidation, nitrogen, and sulfur cycles along the depth profile.
The stress factor of NMDS was 0.0362, which ensures the NMDS reli-
ability results (Fig. S9). The results of NMDS showed no significant
differences in the functional composition of microorganisms at different
depths (P > 0.05). However, further ANOSIM analysis showed that the
functional composition of microorganisms at 1400 m was significantly
different (P < 0.05) from that in the upper water (400 m,600 m, 1000 m)
(Table S5).
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Many genes involved in hydrocarbon and sulfide oxidation exhibit
enrichment in the bottom water. For methane metabolism, the gene mcr
was detected in the bottom water and correlated with methane leakage
(Fig. 5a). For nitrogen cycles, the gene nifH of nitrogen fixation was the
most abundant at a depth of 1400 m (Fig. 5b). Additionally, the genes
nosZ, nirS, and nirK that encode denitrification accumulated in the water
column of cold seeps (Fig. 5b). For sulfur oxide metabolism, the genes
sox, fcc, and sqr exhibited a gradual increase in the trend along with
depth gradient, especially in the bottom water (Fig. 5c).

Microbial functional features were highly associated with environ-
mental factors in the water column of cold seeps. The same environ-
mental factors influenced functional traits that catalyzed the same path.
For instance, the mxaCLD genes involved in methane metabolism were
mainly influenced by several environmental factors, such as NH}, NO3,
SRP, SiO%", and salinity (Fig. 5d). The mcrABG genes were mainly
correlated with NOg3, SiO%’, and salinity (Fig. 5d). The nosZ gene
showed that all factors were correlated with it except NO3 (Fig. 5e).
Furthermore, SRB, SiO%’, and salinity negatively connected with sulfide
reduction pathways (aprAB, dsrAB), but sulfide oxidation routes (fccAB,
sqr) were positively correlated with those parameters (Fig. 5f). SOX
system of sulfur metabolism was significantly correlated with oxygen
concentration (Fig. 5f).

In the functional network, it included 35 nodes, 242 edges, and 13.8
average degree (Fig. S10). All of the edges were positive links. The nodes
related to nitrogen fixation in the nitrogen cycle exhibit higher degree
(including narG: 18 and narH: 16), while the nifH gene does not show
significant correlations with other genes. While in the sulfur cycle, nodes
related to the SOX system exhibit higher degree (including soxB: 21,
soxC: 23, soxY: 20, soxZ: 21). Meanwhile, in methane metabolism-
related genes, fmdA (18), fmdB (20), and fmdC (15) show higher de-
gree (Table S6). In the functional network, nitrogen fixation processes,
the SOX system, and methane metabolism processes exhibit close
connections.

4. Discussion

4.1. Species turnover contributes to the p-diversity patterns of bacteria,
while archaea exhibit a relatively higher nestedness pattern

Prokaryotic microbial g-diversity not only describes the biogeo-
graphic distributions but also provides fundamental insights into as-
sembly mechanisms along environmental gradients (Lindh et al., 2017;
Zhang et al., 2020b). The results obtained in this study showed that the
bacterial communities exhibited depth stratification (Fig. 1c, Table S2),
consistent with previous studies (Lindh et al., 2017; Sunagawa et al.,
2015; Zhang et al., 2020c). In contrast, there were no significant dif-
ferences in archaeal community structures along the depth gradient
(Fig. 1c, Table S2), suggesting that archaeal community compositions
were more stable compared to bacteria, similar to earlier research
(Zhang et al., 2020c). Our results highlight the disparities between
bacterial and archaeal community g-diversity patterns in the water
column above cold seep.

We found that bacteria showed a relatively higher species turnover
(Fig. 2a, Fig. S5), which is consistent with previous studies of environ-
mental gradients (Ren et al., 2022; Shen et al., 2020; Wu et al., 2020). It
is widely accepted that species turnover reflects the gains and losses of
species between sites as a result of environmental sorting and/or
geographic barrier restrictions (Aho et al., 2019; Gaston et al., 2007;
Gianuca et al., 2017). The high species turnover of bacterial f-diversity
also shows a role in evolutionary adaptation to environmental factors
along depth gradient (Qian et al., 2011; Tobias-Hunefeldt et al., 2019;
Wu et al., 2020). Unlike bacteria, archaea showed a relatively higher
nestedness pattern in this study, although the percentage of nestedness
pattern and species turnover were similar (Fig. 2a, Fig. S5). This could be
because bacteria and archaea differ greatly in key traits including
nutritional state, body size, and dispersal ability (DeLong, 2020). In
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contrast to species turnover, nestedness implies a different pattern of
richness in which the species at a distinct location are a subset of the
assemblages at a species-rich site (Baselga, 2010; Mori et al., 2018). The
nestedness pattern can be caused by a variety of biological mechanisms,
including habitat nestedness, selective colonization or extinction, and
interspecific variation in environmental tolerance (Baselga, 2010; Wang
et al., 2017a). The findings of our investigation demonstrated that the
partitioning of f-diversity in the water column above cold seep was
taxonomic dependency (bacteria and archaea).

Our results reveal that depth, temperature, and salinity were the
major drivers of the bacterial species turnover pattern by partial Mantel
tests (Fig. 2b), which refers to the selection of taxa based on environ-
mental circumstances within the deep-sea (Maloufi et al., 2016; Ras-
mussen et al., 2021; Wu et al., 2020). Seawater depth is important in
defining ocean environmental characteristics such as temperature,
nutrient availability, and hydrostatic pressure, all of which have been
found to influence bacteria distribution (Sunagawa et al., 2015).
Meanwhile fluids discharged from cold seeps drastically affect the
physicochemical features of the underlying deep sea along the depth
gradient (Wei et al., 2020). Fluid seepage is an important driving factor
for bacteria in the water column. It has a direct impact on bacterial di-
versity by carbon and sulfur electron donors (Orcutt et al., 2011;
Vigneron et al., 2014). Although it has already been demonstrated that
habitat heterogeneity of the water column above cold seeps contributes
to the bacterial g-diversity (Huang et al., 2023; Zhang et al., 2020c), our
results provide a new perspective that species turnover of bacteria
strongly related to changes in environmental gradients. Furthermore,
the change in p-diversity partitioning cannot be explained by ocean
depth (Fig. 2b), indicating the pattern of archaeal g-diversity is not
restricted by depth. The nestedness pattern of archaea was mainly
driven by SRP and SiO%~ in this study (Fig. 2b), which suggests that the
SRP and SiO%™ in the dark ocean may affect the richness of archaea to
some extent. For bacterial and archaeal communities, the species turn-
over and nestedness components of S-diversity are affected by different
ecological mechanisms and thus generally associated with different
environmental properties (Lynch and Neufeld, 2015). Along the depth
gradient, there are significant differences in associated environmental
parameters (temperature, salinity, oxygen, nutrients), which may
interact to explain pg-diversity patterns.

4.2. Abundant groups showed a higher percentage species turnover
pattern than rare groups

Determining the partitioning p-diversity and driving factors of
abundant and rare microbial taxa is useful for understanding the
maintenance of community structures and ecosystem management
(Baselga, 2010; Maloufi et al., 2016). Our results showed that the
abundant groups of bacteria and archaea were mainly driven by species
turnover, whereas the rare groups showed a higher percentage of nest-
edness pattern (Fig. 2a). This highlights unique characteristics of
different abundance prokaryotic microorganisms that determine the
generation and maintenance of microbial biodiversity (Lindh et al.,
2017; Lynch and Neufeld, 2015). The reasons for this pattern of differ-
ences were that taxa with differential abundances possess distinct
properties, such as environmental adaptability, energy requirements,
and dispersal ability (Pascoal et al., 2021). These results were similar to
a previous study that assessed the microbial communities, in which the
contrasting partitioning of microbial g-diversity of taxa with different
abundances (Ren et al., 2022; Shen et al., 2020; Xue et al., 2018). The
niche theory shows that microbial community diversity is determined by
environmental selection and microbial interactions (Benson, 2005).
Taxa with varying abundances filled diverse ecological niches and so
exhibited distinct distributional patterns (Liu et al., 2019). The ecolog-
ical tolerance and niche breadth of taxa are crucial factors for species
turnover ratio (Leprieur et al., 2011; Wu et al., 2017), which accounts
for the higher species turnover ratio of abundant taxa compared to rare
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taxa, given their higher niche width (Fig. S7) and ecological tolerance of
abundant taxa (Mikulyuk et al., 2017). When considering the lack of
resource inputs in deep-sea environments (Orcutt et al., 2011), abundant
taxa were more dominant in the competition for resources and therefore
more subject to environmental filtering. Microorganisms with differen-
tial abundances play different roles in interaction relationships, which
influence the microbial p-diversity by altering the numerical abundance
of individuals or species in a community (Pedros-Alio, 2006).

Moreover, our results showed that the g-diversity pattern (species
turnover) and the corresponding environmental drivers (mainly depth,
temperature, and salinity) were consistent between the abundant bac-
terial sub-community and the whole bacterial community (Fig. 2b).
However, the g-diversity pattern (nestedness) and the corresponding
environmental drivers (SRP and SiO?;_) of p-diversity of the rare
archaeal sub-community and whole archaeal community were consis-
tent (Fig. 2b). SRP and SiO3~ may have a greater influence on the
richness of rare archaea, which contributes more to the nestedness
pattern in the overall archaeal community.

4.3. Abundant taxa were more affected by the deterministic processes
than rare taxa

Assembly processes of the microbial community are crucial for
ecosystem stability, diversity, and versatility, and determining the im-
pacts of deterministic and stochastic processes is useful for under-
standing the marine microbial community characteristics (Baselga,
2010; Morrison-Whittle and Goddard, 2015). Our results revealed that
stochastic processes play a prominent role in driving the whole bacterial
and archaeal community assembly (Fig. 3a), which suggests that the
dispersal of bacteria and archaea between the interconnected water
layers may be largely random. Fluid released from the cold seep may
have driven the bacteria upward, reducing dispersal limitation.
Furthermore, we found abundant bacterial and archaeal taxa were more
affected by the deterministic processes than rare taxa (Fig. 3b). This
result was confirmed by a study revealing that abundant taxa were more
determined by deterministic processes than rare taxa in the Western
Subtropical Pacific Ocean (Shao et al., 2022). Another study has found
that abundant taxa were more influenced by stochastic processes than
rare taxa in the surface layer of seawater (Wu et al., 2017). These dif-
ferences in abundant taxa assembling processes are likely to be depen-
dent on the characterization of the habitats.

Meanwhile, our analysis of VPA showed that temperature combined
with nutrients were the main driving factors for the variability of
abundant bacterial taxa (Fig. S3c). However, these factors can only
explain a very low percentage of the variation in abundant archaeal
communities (Fig. S3c), suggesting some unmeasured environmental
factors may drive abundant archaeal community assembly. Temperature
is an important limiting factor in the marine environment, and several
studies have found the effect of temperature on bacterial community
assembly (Sunagawa et al., 2015; Zhang et al., 2020c). The effects of
nutrients on bacterial communities may be related to the lack of material
inputs in deep-sea environments (Orcutt et al., 2011). Given that
abundant taxa have broader niche breadths than rare taxa (Fig. S7), it is
highly likely that non-neutral processes such as competition, predation,
mutualism, and environmental filtering have a larger impact on habitat
generalists (wide niche breadth) than on specialists (narrow niche
breadth) (Tobias-Hunefeldt et al., 2019; Xia et al., 2017). This could be
because abundant and rare taxa have differing environmental sensitivity
(Lynch and Neufeld, 2015; Zhang et al., 2018). In addition, rare species
had a lower reaction to environmental influences due to their limited
population size, rendering them more vulnerable to ecological drift
(stochastic processes) (Liu et al., 2019).
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4.4. Strong carbon, sulfur, and nitrogen cycles coupling in the bottom
water

We found that the distribution pattern of functional taxa related to
the biogeochemical cycles revealed a gradient distribution pattern
(Fig. 5), suggesting niche partitioning. This is consistent with other
studies, which showed that functional taxa concerning carbon, nitrogen,
and sulfur metabolism exhibited significant ecological niche differenti-
ation characteristics along a depth gradient (Li et al., 2018; Mayr et al.,
2020). Furthermore, the functional pathways involved in the sulfur
cycle, methane metabolism, and nitrogen cycle along the depth profile
were analyzed to further explore microbial functional components in the
water column overlaying cold seep.

For the sulfur cycle, Sulfurovum and SUPO5 clusters were involved in
sulfur oxidation in the water column above the cold seep, but exhibited
different distributional characteristics (Fig. S2c). The two ASVs associ-
ated with the Sulfurovum (ASV_194 and ASV_64) were significantly
enriched at 1400 m (Fig. S2¢). This may be due to the influence of
leakage of cold seep sulfide, especially its role as an important electron
donner driving functional microbial community diversity and structure
(Mattes et al., 2013; van Vliet et al., 2021). The abundances of several
genes involved in the SOX system of sulfur metabolism did not correlate
with depth but with oxygen concentration (Fig. 5). Although studies
have shown that the SOX genes can couple nitrate metabolism (Wright
et al., 2012), the SOX system (soxA, soxC, and soxX) may have a pref-
erence for oxygen as an electron acceptor with significantly decreased
abundances in the hypoxic zone (750 m-1000 m). Moreover, the fcca,
feeb, sqr also exhibited elevated characteristics at the bottom of the
water column (Fig. 5) and had similar effect factors. The SQR enzyme
and FccAB were related to the oxygen-dependent sulfide oxidation
processes (Li et al., 2021b).

For the carbon cycle, we found that Cycloclasticus (ASV_424) was
only present from 1200 m to 1400 m (Fig. S2c). It has been shown that
involved in hydrocarbon degradation (Hernandez-Lopez et al., 2019). In
addition, Marine Methylotrophic Group 2 (ASV_24, ASV_276, ASV_293,
ASV_86), Milano-WF1B-03 (ASV_73), which exhibited enrichment in the
bottom water (Fig. S2¢), and involved in methane oxidation (Kalyuzh-
naya et al., 2012; Rubin-Blum et al., 2019; Unger et al., 2021). Methane
oxidation is one of the most common carbon cycle processes in cold
seeps, and it is primarily driven by two taxa, aerobic methane-oxidizing
bacteria, and anaerobic methane-oxidizing archaea (Cheng et al., 2022;
Vigneron et al., 2014). Previous studies have found that methane
depletion in cold seep sediments was dominated by anaerobic
methane-oxidizing archaea (Ruff et al., 2015). However, our results
showed a considerable enrichment of aerobic methane-oxidizing bac-
teria in bottom water, but anaerobic methane-oxidizing archaea did not
show significant enrichment in bottom water, owing to enhanced dis-
solved oxygen in bottom water, which is more conducive for aerobic
organism metabolism (Cheng et al., 2022). There is an increasing
consensus that the methane concentration in the water column is closely
related to the cold seep activity, which subsequently influences nutrient
metabolism and functional activity rates (Lv et al., 2022; Suess, 2014).
The accumulation of hydrocarbon and sulfide oxidation-related genes
suggests that microbes generate chemical energy through oxidizing
methane and hydrogen sulfide to support the primary productivity in the
bottom water. It has been reported that microbes possessing hydrocar-
bon oxidation genes may act as a sequester methane (Savvichev et al.,
2018), and microbes capable of hydrogen sulfide oxidation play an
important role in reducing the toxicity of hydrogen sulfide to other
organisms.

For the nitrogen cycle, the LS-NOB was observed at a depth ranging
from 400 m to 1200 m and gradually decreased in abundance (Fig. S2c).
NOB obtains energy through nitrite oxidation in the energy-limited dark
ocean while participating in the process of deep-sea carbon fixation
(Zhang et al., 2020d). Denitrification-related genes nirS, nirK, and nosZ
exhibited higher relative abundance at the bottom water (Fig. 5),



Y. Lyu et al.

suggesting that the water column above cold seeps may be potential
sources and sinks for nitrous oxide. Denitrification processes were often
coupled with other electron donor oxidation processes, such as sulfur
oxidation, and methane oxidation (Jing et al., 2020; Li et al., 2021b).
Furthermore, the nitrogen-fixing-related gene nifH was also enriched at
the bottom water (Fig. 5), and the nitrogen-fixing process is
energy-dependent (Dong et al., 2022; Metcalfe et al., 2021). Previous
studies have identified the diversity and abundance of nitrogen-fixing
microorganisms (diazotrophs) in the cold seep sediments (Dong et al.,
2022), suggesting an impact on the deep-sea nitrogen cycle. The energy
produced by hydrogen sulfide oxidation and methane oxidation pro-
cesses may provide an energy source for the nitrogen-fixing process
(Metcalfe et al., 2021), which implies the coupling of carbon and ni-
trogen cycles in the bottom water.

Some of functional genes that participated in denitrification, sulfur
oxidation, and methane oxidation were significantly correlated with
water depth and NO3 (Fig. 5). Nitrate acted as an important electron
acceptor simultaneously affecting gradient changes in multiple func-
tional genes, suggesting that oxidizing electron donors such as methane
and sulfide was closely related to the nitrate reduction processes (Li
et al., 2021b; Orcutt et al., 2011). It has been shown that some
methane-oxidizing and sulfur-oxidizing microorganisms have both
denitrification genes (Cheng et al., 2022; Shao et al., 2010), which is one
reason why the relevant genes are simultaneously associated with ni-
trate with increasing depth.

We further found that the biomarker Marine Methylotrophic Group 2
and other groups, including Methylotenera, Cycloclasticus, and SUPQ5,
clustered in a common network module (module 2) (Fig. 4d), which
were involved in methane and sulfide oxidation processes (Callbeck
et al., 2018; Hernandez-Lopez et al., 2019; Kalyuzhnaya et al., 2012). It
has been shown that microorganisms in the same network module are
potentially more closely linked in their habitats (Shi et al., 2020). This
statistical network relationship suggests a possible coupling between
hydrogen sulfide oxidation and methane oxidation, which supports the
hypothesis that the coupling metabolism of sulfate and methane may
occur among microorganisms through the linkage of oxidizing hydrogen
sulfide to sulfate (Lv et al., 2022). As found in our study, these functional
taxa were significantly enriched in the bottom water above cold seep
(Fig. S2¢). Furthermore, functional network analysis was used to reveal
the potential relevance concerning denitrification, sulfur oxidation, and
methane oxidation (Fig. S10). Thus, the synthesis of these results pre-
sumably suggests that cold seep potentially enhanced bottom water
carbon, nitrogen, and sulfur cycle coupling. Our results suggest that
functional taxa enriched in the water column above cold seeps, on the
one hand, reinforced previous understanding of the influence of cold
seep fluids on the geochemical cycling of the water column (Dong et al.,
2022; Jing et al.,, 2020), and on the other hand, indicated that
bottom-enriched microorganisms exhibited a tendency to spread to
higher water layers, and thus that cold seeps acted as a seed bank for
some functional microorganisms to influence the geochemical cycling
processes of the surrounding waters more broadly (Ruff et al., 2015).

5. Conclusions

Herein, we found divergent p-diversity patterns and assembly
mechanisms of the microbial sub-communities in the water column of
deep-sea cold seeps. The g-diversity of the bacterial community was
mainly explained by the species turnover pattern, while the archaeal
community showed a higher percentage of nestedness pattern. The
depth and local factors accounted for most of the variations in patterns
of p-diversity components for the bacterial community, and the nest-
edness pattern of the archaeal community was mainly driven by soluble
reactive phosphate and SiO3™. The g-diversity patterns of abundant and
rare taxa differed, with deterministic processes playing a more signifi-
cant role in shaping the g-diversity of abundant taxa than rare taxa. The
metagenomics results provided further evidence of the effects of seepage
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on methane oxidation, sulfur oxidation, and nitrogen fixation processes
in the water column around cold seeps. Overall, we emphasize the
distinct environmental distribution patterns and assembly mechanisms
of abundant and rare prokaryotic microorganisms, which will help to
understand the microbial responses to seepages in the dark ocean more
comprehensively.
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