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ARTICLE INFO ABSTRACT
Keywords: Sediment plays a pivotal role in deep-sea ecosystems by providing habitats for a diverse range of
Marine sediment microorganisms and facilitates the cycling processes of carbon, sulfur and nitrogen. Beyond the
Cold seep normal seafloor (NS), distinctive geographical features such as cold seeps (CS) and hydrothermal
Hydrothermal vent . . . . . . . ie

. vent (HV) are recognized as life oases harboring highly diverse microbial communities. A global
Metagenomics

atlas of microorganisms can reveal the notable association between geological processes and
microbial colonization. However, a comprehensive understanding of the systematic comparison
of microbial communities in sediments across various deep-sea regions worldwide and their
contributions to Earth’s elemental cycles remains limited. Analyzing metagenomic data from 163
deep-sea sediment samples across 73 locations worldwide revealed that microbial communities in
CS sediments exhibited the highest richness and diversity, followed by HV sediments, with NS
sediments showing the lowest diversity. The NS sediments were predominantly inhabited by
Nitrosopumilaceae, a type of ammonia-oxidizing archaea (AOA). In contrast, CSs and HVs were

Metabolic potential
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dominated by ANME-1, a family of anaerobic methane-oxidizing archaea (ANME), and Desulfo-
fervidaceae, a family of sulfate-reducing bacteria (SRB), respectively. Microbial networks were
established for each ecosystem to analyze the relationships and interactions among different
microorganisms. Additionally, we analyzed the metabolic patterns of microbial communities in
different deep-sea sediments. Despite variations in carbon fixation pathways in ecosystems with
different oxygen concentrations, carbon metabolism remains the predominant biogeochemical
cycle in deep-sea sediments. Benthic ecosystems exhibit distinct microbial potentials for sulfate
reduction, both assimilatory and dissimilatory sulfate reduction (ASR and DSR), in response to
different environmental conditions. The presence of nitrogen-fixing microorganisms in CS sedi-
ments may influence the global nitrogen balance. In this study, the significant differences in the
taxonomic composition and functional potential of microbial communities inhabiting various
deep-sea environments were investigated. Our findings emphasize the importance of conducting
comparative studies on ecosystems to reveal the complex interrelationships between marine
sediments and global biogeochemical cycles.

1. Introduction

The deep-sea benthic ecosystem plays a crucial role in maintaining the overall health and functioning of marine environments
[1-3]. Despite the harsh conditions, deep-sea sediments host diverse and unique communities of organisms that have adapted to
survive in these challenging environments [4,5]. In addition to normal seafloor ecosystems, cold seeps and hydrothermal vents are two
distinct ecosystems [6-8]. Cold seeps are characterized by fluid emissions containing hydrocarbons and hydrogen sulfide, with
temperatures akin to seawater [8-11]. Within cold seep ecosystems, there are primarily two types of microorganisms, anaerobic
methane-oxidizing and sulfate-reducing microorganisms, that play crucial roles in the degradation and recycling of organic matter,
contributing to overall carbon and energy cycling in these ecosystems [10,12-16]. In contrast to cold seeps, hydrothermal vents
typically contain water rich in sulfide and metals, with temperatures ranging from 2 °C to 400 °C [17]. Hydrothermal vent ecosystems
are predominantly situated at spreading centers on the seafloor, arising from hydrothermal vent within the Earth’s crust [7].
Chemosynthetic bacteria and archaea constitute the primary trophic level within hydrothermal vent ecosystems, serving as the
cornerstone of these unique ecosystems by converting inorganic carbon into organic biomass through chemosynthesis [18,19].

Previous research has demonstrated that hydrothermal vent and cold seep habitats exhibit similar community structures, yet they
also harbor habitat-specific species [20,21]. Moreover, the most notable disparities in communities across different seafloor ecosys-
tems occur within hydrothermal vent habitats and cold seep habitats, and the significant presence of endemic species can be found in
both ecosystems [22]. For instance, at the phylum taxonomic level, both hydrothermal vents and cold seeps contain a considerable
proportion of common phyla, including Chloroflexi, Proteobacteria, Crenarchaeota and Thaumarchaeota, irrespective of whether bacteria
or archaea are considered [23-26]. However, at more detailed taxonomic level, such as the genus and species levels, the number of
shared genera and species is limited. This may be related to variations in the fluid composition of the two ecosystems, in conjunction
with differences in their discharge volumes and rates of organic deposition [20,27,28]. These differences in chemical compositions not
only influence the distribution of microbial communities capable of utilizing specific compounds but also affect their adhesion and
metabolic activities [20].

Although deep-sea hydrothermal vents and cold seeps are all sunlight-independent and chemosynthetic ecosystems, microbial
metabolism in hydrothermal vent and cold seep ecosystems exhibits significant differences. In cold seep ecosystems, microbial
metabolism predominantly hinges on the anaerobic oxidation of methane [29]. Conversely, in hydrothermal ecosystems, microbial
metabolism is more reliant on the oxidation of inorganic substances such as hydrogen sulfide and hydrogen [30]. Within cold seep
ecosystems, ANME archaea can transform methane into inorganic carbon and also generate organic carbon, such as acetic acid. This
provides a carbon source for heterotrophic microbes within the ecosystem, significantly impacting deep-sea carbon cycling and global
climate change [29]. Within hydrothermal vent ecosystems, the sulfide cycle is one of the most prominent biogeochemical cycles.
Microbes in hydrothermal vent ecosystems primarily derive energy through the oxidation of sulfides and reduction of metals [31]. For
example, some hyperthermophiles like Pyrococcus yayanosii utilize hydrogen sulfide and oxygen for metabolism under high temper-
ature and pressure conditions [32]. Additionally, existing literature has reported a series of other biogeochemical element cycles in
these ecosystems, such as the rTCA cycle and nitrogen fixation pathways in cold seeps, and the nitrogen cycle in hydrothermal vents
[33-35]. Despite the burgeoning interest in the biogeochemical processes within cold seep and hydrothermal vent ecosystems, the
majority of research has been confined to localized sites or limited regional samples, and focusing on specific metabolic pathways. To
date, there is a notable absence of extensive global comparative analyses that amalgamate data from various cold seep and hydro-
thermal vent habitats. Such comparative studies are essential for elucidating the broader ecological and biogeochemical implications
of these unique marine environments.

In this study, we gathered a total of 163 metagenomic datasets from normal ecosystems, cold seeps, and hydrothermal vents across
the globe. After assembling and binning, we constructed a catalog consisting of 3048 species-level genome bins (SGBs). The primary
objective of this analysis was to investigate the composition, diversity, and metabolic potential of microbial communities within the
three ecosystems. Additionally, we established correlations between microbial taxa and metabolic potential while predicting the
metabolic patterns of microbial communities in different geographic regions of deep-sea sediments. Specifically, we analyzed meta-
genomes from three distinct ecosystems to address the following questions: (i) identify the predominant and frequently occurring
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microbial groups in deep-sea sediments; (ii) evaluate the influence of environmental factors on the organization principles of microbial
community structure and function in deep-sea sediments; (iii) discover distinctive indicators in various ecosystems; and (iv) explore
potential variations in the contribution of microbial community metabolism to biogeochemical cycling across different ecosystems.

2. Results
2.1. A worldwide deep-sea sedimentary metagenomic dataset reveals unexplored microbial diversity

Metagenomic sequencing data from 163 deep-sea sediment samples were obtained for further analyses; these samples included NS
sediments (n = 35), CS sediments (n = 71), and HV sediments (n = 57) (Fig. 1a and b). Among them, 108 metagenomes were derived
from published articles, while the other 55 were newly collected from the Haima and Site F cold seeps in the South China Sea
(Supplementary Table S1). The samples exhibited a wide distribution of locations worldwide, ranging in depth from 1000 m to 9177 m.
De novo assembling and binning generated 3048 non-redundant draft genomes (>50 % completeness and <10 % contamination), 581
of which were high-quality SGBs (>90 % completeness and <5 % contamination) (Supplementary Table S2). The quality-controlled
reads from the 163 metagenomes exhibited a high mapping ratio to all SGBs (average 49.20 %), indicating a comprehensive repre-
sentation of the SGBs in the recovered microbiomes (Fig. S1).

The 3048 SGBs were distributed across three different environments: NS (354), CS (1,086), and HV (1,608) (Fig. 1c). Classification
of these SGBs using the Genome Taxonomy Database (release 202) revealed 684 archaeal and 2364 bacterial SGBs, representing 3048
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prokaryotic species affiliated with 19 archaeal and 91 bacterial phyla (Fig. S2). Most of the SGBs (85.56 %) were annotated as novel
species, while five of the SGBs obtained from the CS and HV sediments were assigned to novel phyla (Fig. 1c). The predominant phyla
from which these SGBs were derived consisted of Proteobacteria (n = 422), Desulfobacterota (n = 225), Chloroflexota (n = 214), Bac-
teroidota (n = 188), and Patescibacteria (n = 160) for bacteria, and Thermoproteota (n = 254), Thermoplasmatota (n = 103), Hal-
obacteriota (n = 77), Asgardarchaeota (n = 50), and Nanoarchaeota (n = 48) for archaea (Fig. 1d and Fig. S2).

2.2. Comparisons of the microbiomes of NS, CS and HV sediments reveal habitat-related differences in diversity

(i) Taxonomic composition and dominant phylotypes. The dominant phylotypes comprised highly abundant (ranking in the
top 10 % of the most common phylotypes, sorted by their percentage of SGBs) and ubiquitous (present in over half of the 163
marine sediment samples) populations. Not surprisingly, our global marine dataset included microbiome communities that
were highly variable with respect to their diversity and overall composition. We observed that only five dominant phyla,
Acidobacteriota, Thermoproteota, Chloroflexota, Proteobacteria and Bacteroidota, exhibited global dispersion (Fig. S3). In the NS
sediment samples, the prevailing phyla identified were Proteobacteria and Thermophiles. Contrastingly, in the CS sediment
samples, Halobacteria, Desulfobacteria, and Chloroflexi constituted the predominant phyla. As for the HV sediment samples,
Thermophiles, Campylobacteria, and Desulfobacteria were the principal phyla detected. (Fig. S4). Additionally, we selected the top
30 SGBs in terms of mean coverage from each environment for abundance clustering, aiming to reveal differences in taxonomic
composition between different habitats (Fig. 2a). In the NS sediment, SGBs assigned to Nitrosopumilaceae, which included
SGB70, SGB85, and SGB72, were highly abundant. In CS, the highly abundant SGBs were assigned to the ANME-1 family, which
included SGB03, SGB47, and SGB53. In the HV population, the highly abundant SGBs were annotated as the family Desulfo-
fervidaceae, which included SGB02 and SGBO6 (Fig. 2a). (ii) Microbial diversity in marine sediment. We further analyzed the
overall differences in taxonomic compositions among the three habitats. By calculating the richness, Chaol, Shannon, and
Simpson indices for all samples, we utilized analysis of variance (ANOVA) to evaluate the statistical significance of differences
between the samples. Significant differences in the alpha diversity indices were found among sediments from the different
ecosystems (Kruskal-Wallis test, p < 0.001). The highest Chaol and Shannon indices were observed in the CS sediments, while
the lowest were in the NS sediments (Fig. 2b). These findings indicated that the richness and diversity of the sediment microbial
communities are greater in CSs than in NSs. In addition to the differences in alpha diversity, the beta diversity of the microbial
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Fig. 2. The relative abundances and diversity of dominant microbial family in sediments of NS, CS, and HV groups. (a) Heat map with taxonomic
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communities was also significantly affected by the habitat. Using the overall relative abundance profile of SGBs, the uniform
manifold approximation and projection (UMAP) approach revealed obvious differences between habitats (Fig. 2c).

2.3. Co-occurrence network analysis reveals diverse patterns of intertaxon correlation in different deep-sea habitats

By performing a co-occurrence network analysis considering the non-random aggregation patterns of microbial communities in
marine sediments from different habitat types, we established three network interfaces with the top 200 SGBs from each habitat to
better determine the topological and taxonomic characteristics of the marine microbial co-occurrence patterns (Fig. 3 and Supple-
mentary Table S1). According to the results, 1887 edges (NS = 569, CS = 1,011, and HV = 307) were captured among the 440 nodes
(NS =137, CS = 164, and HV = 139) that exhibited significant correlations between species (p > 0.8, P < 0.05). Moreover, significant
topological characteristics were derived to determine the complex patterns of interrelationships among nodes. When the nodes in the
NS network were modularized, they were divided into 17 main modules (Fig. 3). Each module consisted of a set of SGB nodes with
more frequent interconnections within the module than between modules. In addition, the nodes were divided into 74 families (Fig. 3).
Among them, Nitrosopumilaceae, Woeseiaceae, Alteromonadaceae, Flavobacteriaceae, Flavobacteriaceae and Enterobacteriaceae accounted
for 26.84 % of all nodes, and they were also dominant families in the community. In contrast, the six keystone families with the highest
numbers of CS were AB-539-J10, ANME-1, ETH-SRB1, ANME-2c, HR1 and DHVEG-1. The most important groups in the HV network
were Sulfurimonadaceae, Acidilobaceae, UBA6429, Thiomicrospiraceae, Thiomicrospiraceae and Bipolaricaulaceae. Additionally, the de-
grees of change in the Thalassarchaeota family in the NS, UBA3072 in the CS, and SZUA-152 in the HV were 25, 37 and 22, respectively.
These represent high and low betweenness centrality values, indicating that these species can be considered central species in their

respective habitats.
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The microbial networks under NS, CS and HV exhibited differences based on significant topological characteristics (Fig. 3). The
average clustering coefficient and the average degree of the network under CS were 0.572 and 12.329, respectively (Table 1). These
results indicate that the network has a greater correlation under CS than under NS, and both are significantly greater than those under
HV. This suggests that microbial taxa in CS associate more closely with each other. Interestingly, compared to those in cold seep
ecosystems, the topological characteristics of the microbial network under hydrothermal vents are markedly different. The HV
network had a clustering coefficient of 0.006, suggesting that most of the SGBs have few connections with their neighborhood
(Table 1). Despite the low average clustering coefficient, the HV network has a high modularity value of 0.843, indicating approxi-
mately 32 communities within the network. Microbial communities from HVs form smaller clusters, while those in CS and NS are more
interconnected SGBs. Finally, the eigenvector centrality in the HV network is very low at 0.006, indicating rare interactions between
SGBs and central SGBs in the community. This suggests that microbial communities under HV conditions have less centralization and
fewer interactions compared to those in CS and NS.

2.4. Metabolic reconstruction

To better understand the role of deep-sea sediment microorganisms, we predicted and annotated their protein-coding genes from
3048 SGBs using the KEGG database. We subsequently reconstructed the major metabolic potential of these SGBs and further revealed
their relationships with habitats (Fig. 4).

Microorganisms may assimilate CO4 through different mechanisms. Indeed, a total of six CO fixation pathways, including the
reductive citrate cycle (rTCA), dicarboxylate-hydroxybutyrate cycle (3DC/4-HB), reductive pentose phosphate cycle (Calvin), 3-
hydroxypropionate bicycle (3-HP), 3-hydroxypropionate/4-hydroxybutyrate (3-HP/4-HB), and reductive acetyl-CoA pathway
(Wood-Ljungdahl pathway, WL), were found in nature. Among the functional genes related to carbon fixation, key enzymes like ppc
(from the 3DC/4HB pathway) and accA (from the 3HP/4HB pathway) were most abundant, indicating that they are the primary
pathway of microbial CO; fixation in deep-sea sediments. Notably, we also observed that the genes encoding key enzymes of these
pathways exhibited habitat-related patterns in terms of relative abundance. The microbial communities in the NSs primarily func-
tioned via the 3DC/4HB, 3-HP/4-HB, and rTCA pathways. Moreover, the CS and HV sediments exhibited greater abundances of aclA/B
and acsB, while cooS was observed to have the highest relative abundance in the HV. These findings suggest that in addition to the
aforementioned pathways, the WL pathway was also dominant in the CS and HV sediments (Fig. 4).

Microbes may also play a crucial role in the cycling of sulfur. There are four microbial sulfur metabolic pathway categories: sulfur
reduction, sulfur oxidation, assimilation of inorganic sulfur compounds, and mineralization of organic sulfur compounds. We noticed
that sat, which encodes ATP sulfurylase and plays a crucial role in the reduction of SO, was the most abundant gene related to sulfur
metabolism (Fig. 4). As there were two pathways for sulfate reduction, dissimilatory sulfate reduction and assimilatory sulfate
reduction. The key enzymes dsrA (from the dissimilatory sulfate reduction) were most abundant in the CS and HV sediments, and the
key enzymes sir (from the assimilatory sulfate reduction) were most abundant in the NS sediments. Additionally, two other genes
related to the assimilatory sulfate pathway, cysC and cysH, also exhibited higher relative abundances in NS sediments.

Although the relative abundances of genes related to nitrogen utilization may not be as high as those involved in carbon fixation
and sulfur metabolism, the deep-sea sediment microbiome exhibits comprehensive potential for nitrogen utilization. (Fig. 4). Among
the marker genes of nitrogen-fixing microorganisms, nifH exhibited the highest relative abundance in CS sediments, followed by HV
sediments (Fig. 4 and Fig. S5). Moreover, in the NS sediments, the relative abundances of genes related to NoO production by deni-
trification were greater than those related to N,O utilization. Additionally, the nitrite in the HV sediments was mainly used to produce
ammonia through ammonia monooxygenase (amoA). Conversely, in the NS and CS sediments, the dominant process involved the
synthesis of nitrite through the utilization of ammonia by hydroxylamine reductase (hcp).

In addition, we established a link between microorganisms and functional metabolism. Our findings revealed that distinct
ecological environments exhibit variations in microbial taxa participating in identical biogeochemical cycles. Specifically, we iden-
tified 88 phyla implicated in carbon cycling in CS sediment and 83 phyla in HV sediment. In contrast, carbon cycling in the NS
sediments involved only 43 phyla. Furthermore, the CS and HV sediments also exhibited more functional microbial phyla associated
with sulfur, nitrogen, and methane cycling than did the NS sediment (Fig. 5).

3. Discussion
Previously, microbial communities in marine sediments were classified as aerobic or anaerobic ecosystems based on the analysis of

microbial diversity in 299 sediment samples collected from various locations worldwide [36]. Another study categorized marine
sediments according to their environmental characteristics by comparing the microbial diversity among shallow marine sediments,

Table 1
Properties of the correlation-based network.

Env* NO. of Edges NO. of Nodes Modularity Average clustering coefficient Average degree Density Eigenvector centrality Diamete
NS 569 137 0.732 0.537 8.307 0.061 0.021 11
CS 1011 164 0.722 0.572 12.329 0.076 0.019 11
HV 307 139 0.843 0.381 4.417 0.032 0.006 10

@ Env, Environment; NS, Normal seafloor; CS, Cold seep; HV, Hydrothermal vent.
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Fig. 5. The microbial taxonomic composition involved in the cycling of carbon, nitrogen, sulfur and methane in three benthic ecosystems.

cold seeps, and hydrothermal vent habitats [22]. Cold seep communities were found to have moderate microbial richness and unique
bacterial and archaeal groups that are widely distributed, compared to other marine ecosystems [22]. While these studies have
provided valuable insights, they have certain limitations, primarily due to their reliance on amplifying 16S rRNA gene sequences.
However, the emergence of high-throughput sequencing technologies, such as metagenomic sequencing, has addressed these
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limitations by providing information on potential metabolic functions in addition to microbial community composition [37]. In
contrast to these prior researches, our study not only offers a systematic comparison of deep-sea sediments based on geographical
attributes but also employs metagenomic data to precisely determine the correlation between microbial composition and ecological
functions. This approach sheds light on the complex interactions within these environments.

Based on the taxonomic profiles of 3048 SGBs, our analysis revealed that only five phyla demonstrated global dispersion. Although
this discovery was unexpected, it could be explained by sampling strategies or sequencing depth. Despite their limited representation,
these phyla collectively accounted for an average relative abundance of 35.21 % and 30.72 % in the CS and HV ecosystems,
respectively. Additionally, these taxa constituted more than half of the microbial communities in the NS (Fig. S4). It is suggested that
the majority of microbial phylotypes are infrequent, with only a limited number being prevalent, while many of these infrequent
phylotypes show a widespread distribution throughout marine sediments. Moreover, ANME and SRB were identified as the highly
abundant populations within CS and HV, respectively. A previous study revealed that the dominant microorganisms in sediments at a
depth of 390 m in Storfjordrenna seeps was ANME/Seep-SRB1 [38], which aligns with our findings. It can be speculated that microbial
phylotypes and particular habitats are inevitably related. However, further investigations are needed to determine the ecological roles
and functions of these highly abundant populations and their interactions with the less abundant phylotypes in marine sediments.

Furthermore, we observed significant differences in microbial community diversity among the sediments within the NS, CS, and HV
environments. The distinct community compositions, as indicated by inter-sample similarities in SGB composition, suggest a greater
level of diversity among marine sediment environments. This elevated diversity is likely influenced primarily by local geochemistry,
specifically by the concentrations of methane, sulfide, nitrate, and other substances, rather than by the geological environment or
random diffusion events [39-41]. Notably, our findings align with recent studies that have reported the highest microbial species
diversity at cold seep sites [22,33,42,43]. This could be attributed to the local heterogeneity of the sampling infiltration system, which
potentially affects the availability of ecological niches for microbial colonizers. An unexpected finding was the microbial communities
within the HV ecosystem exhibit a lower degree of network connectivity in comparison to those in the NS and CS ecosystems. Prior
research has shown that, in contrast to cold seeps, hydrothermal vents support a greater variety and abundance of metal ions and
hydrogen gas, which can serve as sources of nutrition for many microorganisms [44]. Despite the absence of metal ions and physi-
cochemical parameters such as hydrogen, we propose that this outcome may be ascribed to a more varied growth strategy of mi-
croorganisms in nutrient-abundant hydrothermal vent ecosystems, rather than solely depending on microbial interactions.

The biogeochemical cycle in marine sediments and the control of organic matter as a dynamic repository are driven by intricate
interactions between microbial communities and geochemical processes [45]. Previous studies have indicated that the cycling of active
substances in sediments involving microbes includes carbon fixation, sulfate reduction and sulfide oxidation, nitrogen fixation, and
ammonia oxidation, among others [21,46-48]. Another study further revealed that microorganisms residing in deep-sea sediments
have diverse potential roles in the biogeochemical cycle, which are highly related to their habitats [49]. Although the metabolic
potential of most carbon fixation pathways was similar, the WL pathway was found to be enriched in the CS and HV sediment
microbiota. Furthermore, our findings suggest that while sulfate reduction is the predominant sulfur metabolism pathway in deep-sea
sediments, different habitats exhibit distinct preferences for dissimilatory and assimilatory pathways. Additionally, our study indicates
a discrepancy in the metabolic potential for the greenhouse gas N2O production and utilization within the NS sediments, highlighting
an accumulation of NyO-producing capabilities without a corresponding increase in NoO-consuming pathways. This could be a sig-
nificant factor in climate change, particularly considering the vast expansion of normal deep-sea beds.

Further investigations into the relationship between the metabolic preference of the deep-sea microbial community and its
adaptation to specific habitats could significantly contribute to our understanding of the ecological importance of the deep-sea
microbiota. We discovered that the CS sediment had a greater abundance of nifH than the NS and HV sediments. These findings
support previous research conducted by Dong et al., who analyzed global metagenomic data from 11 cold seep sites and identified a
wide range of nitrogen-rich organisms with diverse phylogenetic and metabolic decomposition patterns [33]. These nitrogen-rich
organisms in CS sediments likely play a crucial role in maintaining the global nitrogen balance. Furthermore, our study revealed
that despite differences in microbial community composition, genome size and physiological characteristics, microorganisms in
diverse ecosystems exhibit similar metabolic capabilities [50]. This observation is consistent with our findings that functional
microorganism diversity varies across habitats, but all of these microorganisms play pivotal roles in the cycling of carbon, nitrogen,
and sulfur. However, we also observed that microorganisms in different environments have distinct metabolic contributions when
faced with significant geochemical disparities.

4. Conclusions

In conclusion, our research utilized deep-sea sediment metagenomic data collected from worldwide locations to study microbial
diversity and biogeochemical processes across different benthic ecosystems in the deep sea. The analysis of the microbial genomic
catalog allowed us to identify the global dispersal and dominant microbial phylotypes present in different deep-sea sedimentary
ecosystems. Specifically, the NS sediments are primarily composed of AOA, whereas ANME and SRB predominate in CS and HV
sediments, respectively. Understanding microbial interaction patterns provides insights into the intricate ecological dynamics within
these benthic ecosystems. Notably, the complexity of the biogeochemistry of HV sediments is underscored by the limited observed
microbial interactions in this environment. Furthermore, the metabolic potentials of microbial communities in deep-sea sediments
play diverse and important roles in biogeochemical cycles, including carbon fixation, sulfur compound reduction and oxidation, ni-
trogen fixation, and greenhouse gas production. The ecological functions of these metabolic pathways differ among habitats. Further
examination revealed that the 3DC/4-HB and 3-HP/4-HB pathways of carbon fixation, along with the assimilatory sulfate-reducing
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pathway, were more abundant in NS sediments. In contrast, the rTCA and WL pathways of carbon fixation and the dissimilatory
sulfate-reducing pathway were dominant in CS and HV sediments. Additionally, the presence of nitrogen-fixing organisms in CS
sediments may significantly influence global nitrogen balance, alongside methane oxidation. These distinct pathways are integral to
marine biogeochemical cycles. Overall, this research highlights the importance of microbial communities in deep-sea sediments for the
biogeochemical cycles and ecological dynamics of different benthic ecosystems. Understanding the specific metabolic pathways and
interactions within these communities is crucial for comprehending the complex processes occurring in the deep sea.

5. Materials and methods
5.1. Sample collection

A total of 163 deep-sea metagenomes were utilized in the present study. Among these, 108 datasets were sourced from the National
Center for Biotechnology Information (NCBI) website. The selection criteria for these datasets involved filtering based on information
provided in the respective papers or NCBI metadata. Specifically, only metagenomes collected from oceanic regions at depths
exceeding 1000 m and sequenced using metagenomic paired-end libraries were considered for inclusion (Table S1). These 108 samples
were then categorized into three ecosystem groups based on the sampling information (Table S1). Furthermore, 35 samples were
assigned to normal sediment, 16 samples to cold seep ecosystems, and 57 samples to hydrothermal vent ecosystems. Since the number
of published samples collected from cold seep ecosystems were limited, we additionally integrated 55 samples from related projects.
Out of the 55 cold seep samples from the South China Sea, 19 were collected from the “Site F” cold seep in a related project, and their
metagenomic data have already been published. The remaining 36 cold seep samples were newly collected from the “Haima” cold seep
and sequenced in this study.

5.2. DNA extraction and sequencing

A modified SDS-based DNA extraction method was applied to extract DNA from the 36 sedimentary samples collected from the
“Haima” cold seep [51]. The extracted microbial DNA was fragmented to achieve a size range of 500-800 bp using a Covaris E220.
Fragments between 150 bp and 250 bp were selected using AMPure XP beads (Agencourt, Beverly, MA, USA). T4 DNA polymerase
(Enzymatics, Beverly, MA, USA) was utilized to repair the DNA fragments, resulting in blunt ends, which were further modified at the
3" ends to obtain sticky dATP ends. These DNA fragments were then ligated with T-tailed adapters at both ends and amplified for eight
cycles. Subsequently, a single-strand circularization process was performed to generate a single-strand circular DNA library. The li-
braries were subsequently sequenced on the DNBSEQ-T1 platform using a paired-end 100 bp sequencing strategy.

5.3. Assembly and genome binning

All the raw reads were quality controlled using SOAPnuke (v 1.5.2) with the parameters (-1 20 -q 0.2 -n 0.05 -Q 2 -d -c 0-5 0-7 1) to
remove low-quality, adapter-contaminated and duplication reads [52]. The filtered reads were assembled with MEGAHIT (v 1.1-beta)
with the parameters -min-count 2/3 —k-min 33 —k-max 53 —k-step 10 —no-mercy and filtered out scaffold/contig whose length was less
than 300 bp [53]. Contigs longer than 300 bp from all the metagenomic data were utilized to create bins via three alternative binning
algorithms of the '-metabat2 —-maxbin2 —concoct’ MetaWrap workflow (v 1.1.5) [54]. The outputs of the three algorithms were
subsequently combined using the bin_refinement module in the metaWRAP process. Filtered bins were collected and clustered using
dRep (v 3.2.2) at 95 % identity, and the highest quality genome with a completeness greater than 50 % and a contamination lower than
10 % of each cluster was collected as the species-level genome bins (SGBs) set used in this study [55]. Then, taxonomic annotation of
the SGBs was carried out by GTDB-TK (v 1.6.0) [56]. Clean reads from two libraries of each sample were concatenated and SGBs were
constructed with Bowtie2 (v 2.5.0) [57]for CoverM (v 0.6.1) (https://github.com/wwood/CoverM) to calculate the relative abun-
dance of the SGBs within the “-m relative_abundance mean covered_fraction” package.

5.4. Phylogenetic analyses

The construction of a phylogenetic tree is a method that aims to determine the evolutionary status of species in a more objective and
precise manner. To accomplish this, the genomes were subsequently analyzed using CheckM (v 1.1.2) in combination with the sorted
genomes [58]. Concatenated sequences composed of 43 well-aligned conserved proteins were extracted. To eliminate unaligned re-
gions, trimAl (v 1.4) was used [59]. The phylogenetic tree was subsequently constructed using IQ-TREE (v 1.6.10) with the maximum
likelihood algorithm (ML) [60]. The best-fit model “LG + F + R10” was selected, and a bootstrap value of 1000 was applied. The
constructed phylogenetic tree of conserved proteins evolving at the genome level served to further validate the classification and
evolutionary status of the obtained SGBs.

5.5. Diversity and network analyses
Diversity analyses were conducted using the online MicrobiomeAnalyst (http://www.microbiomeanalyst.ca/). The analyses were

conducted at species diversity (q value) of 1, that take into accounts the relative abundances of the SGBs and considers various aspects
of diversity. The matrix outputted the co-occurrence correlation of the SGBs, where a positive matrix represented a positive correlation
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and a negative value represented a negative interaction. The matrix values were entered into Gephi (v 0.10.1) to generate a network of
microbial communities, utilizing the built-in diversity feature [61].

5.6. Genes annotations and abundance profiling

Predicting open reading frames (ORFs) of genomic sequences is performed by utilizing Prodigal (v 2.6.2), followed by the anno-
tation of the predicted protein sequences against the KEGG database [62]. Then, the predicted proteins were clustered using the
CD-HIT (v 4.8.1) software in order to generate a non-redundant (NR) gene catalog [63]. The predicted genes were annotated by
comparing them to the KEGG database using kofamscan (v 1.1.0) [64]. The SGBs were assessed for the completeness of specific
pathways and functions based on the canonical pathways available in the KEGG pathway database (https://www.kegg.jp/). The
metagenomic relative abundance of genes from SGBs were calculated as the FPKM value by CoverM (v 0.6.1) with params “-m length
count”.
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