https://doi.org/10.5194/egusphere-2025-1372
Preprint. Discussion started: 8 April 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

1 Heterogeneity of the horizontal environment drives community

2 assemblages and species coexistence of prokaryotic communities in

3 cold seep sediments

4 Qixuan Wu?, Jingchun Feng*>*, Yongji Huang***4, Song Zhong?, Cun Li*>*4, Si Zhang®>4

5 2 Guangdong Basic Research Center of Excellence for Ecological Security and Green Development,
6  Guangdong University of Technology, Guangzhou 510006, China

7 b Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, 511458,
8  P.R.China

9 ¢ University of Chinese Academy of Sciences, Beijing 100049, China

10 ¢ South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou 510301, P. R.

11  cChina

*Corresponding author. E-mail address: fengjc@gdut.edu.cn. (J. C. Feng)
Tel: +86-20-39322141. Fax: 020-39322141



https://doi.org/10.5194/egusphere-2025-1372
Preprint. Discussion started: 8 April 2025 EG U h .
© Author(s) 2025. CC BY 4.0 License. sphere

12
13
14
15
16
17

18

19

Preprint repository

HIGHLIGHTS:

1. Habitat heterogeneity affected the species coexistence and community assembly.
2. CH4 was the key driving factor of prokaryotic community diversity and assembly.
3. The assembly of prokaryotic communities were mainly stochastic processes.

4. Bacteria and archaea showed different coexistence patterns in seepage area.
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20 ABSTRACT

21 Microbes in cold seep sediments play important roles in controlling methane
22 filtration and the global geochemical cycle, but little is known about microbial
23 distribution and community assembly in the horizontal sediment profile. This study
24 conducted a comprehensive investigation of prokaryotic community diversity in
25  sediments from different habitats in a cold seep ecosystem of the South China Sea.
26 Compared to other sites, the prokaryotic community in the methane seep site showed a
27  lower o-diversity. Halobacterota was dominant in methane seep site, while higher
28  abundances of Chloroflexi and Asgardarchaeota were observed in the fauna sites. The
29  assembly process of the bacterial community in the methane seep site was mainly a
30  stochastic process, while the archaeal community was mainly formed by a deterministic
31  process. The prokaryotic community in fauna sites was influenced by both stochastic
32 and deterministic processes. The heterogeneity of the horizontal environment such as
33 the content of CHa, Ba?!, total inorganic carbon, and SO4>  influenced prokaryotic
34  community diversity and drove the community assembly processes. Additionally,
35  bacterial species coexisted more closely in methane seep site than in other sites, but
36  archaea did the opposite. Overall, this study revealed how prokaryotes build
37  communities in different cold seep habitats.

38

39  Keywords: Cold seep sediment, Horizontal environmental heterogeneity, Community

40  diversity, Community assembly, Species coexistence



https://doi.org/10.5194/egusphere-2025-1372
Preprint. Discussion started: 8 April 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

41 1. Introduction

42 Cold seeps are deep-sea phenomena caused by fluids rich in methane, hydrogen
43  sulfide, and other hydrocarbons released from seabed sediments (Feng et al., 2018; Lee
44 et al., 2014). In this type of seepage environment, the oxidation of methane is mainly
45  carried out by sulfate-driven anaerobic oxidation of methane, which is dominated by
46  methanotrophic archaea and sulfate-reducing bacteria (SRB) (Lin et al., 2022). With the
47  consumption of methane and sulfate, this biochemical process releases abundant
48  dissolved bicarbonate and hydrogen sulfide (Gong et al., 2023; Lin et al., 2022). These
49  processes provide carbon and energy sources for the surrounding prokaryotic and
50 macrofaunal communities, derived from the thriving cold seep chemosynthetic
51  ecosystem (Lyu et al., 2023).

52 During ecological succession at a cold seep, crevices appear in the sediments as a
53  result of methane seepage in the early stage; this continuous seepage of methane attracts
54 microorganisms capable of metabolizing methane to colonize the site. An abundance of
55  faunal organisms such as deep-sea white clam and sea anemone settle down in the
56  middle stage of the seepage. With the decreasing concentration of methane as one goes
57  away from the seep itself, mussels gradually dominate in the cold seep area, while
58  massive subsidence of carbonate rock often occurs in the later stage (Feng et al., 2023a).
59  The intensity of methane seepage varies in successional periods, resulting in the
60  formation of different habitats. In Haima cold seeps located in the South China Sea as

61  described below, remotely operated vehicle observations have confirmed the presence
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62  of typical cold seep biota including mussels, tubeworms, clams, and microbial mats
63  (Chen et al., 2023; Hu et al., 2019). Different methane seepage rates and densities of
64  various organisms were also observed in different habitats (Xu et al.,, 2020).
65  Correspondingly, dense populations of mussels, clams, Alvin shrimp, and deep-sea
66  crabs appeared in strongly bubbling areas, while large amounts of carbonate rocks and
67  dead shells existed in the weak seepage zone (Feng et al., 2023b; Liang et al., 2017; Xu
68 etal., 2020). Therefore, the different stages of cold seep succession harbor a variety of
69  habitats, and the horizontal heterogeneity drives the establishment of unique microbial
70  communities within each habitat (Chen et al., 2023; Niu et al., 2023).

71 Two theories have received a large amount of attention in ecology, namely the
72 niche and neutral theories (Wennekes et al., 2012; Whitfield, 2002). Niche theory
73 advocates that deterministic processes such as environmental filtering, biological
74  interactions, and interspecific trade-offs induce community composition, abundance,
75  and distribution. The neutral theory argues that species are functionally equal and highly
76  affected by stochastic processes such as colonization, extinction, and speciation (Chase
77  and Myers, 2011; Ning et al., 2020). These ecological processes are summarized as
78  selection, dispersal, speciation or diversification, and ecological drift, which
79  individually or collectively drive the community assembly of a local microbial
80  community. Additionally, when interspecific competition is lower than intraspecific
81  competition and leads to niche differentiation, species begin to coexist (Gravel et al.,

82  2011). The species coexistence of a microbial community can be represented by
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83  ecological co-occurrence networks that use microbial species as nodes and interspecific
84  interactions as links. In the early stage of a cold seep, a methane seep is the dominant
85  phenomenon and the symbiont of anaerobic methanotrophic archaca (ANME) and SRB
86  drive metabolic processes in sediments (Cui et al., 2019). At other stages, microbe-
87  shellfish symbionts appeared in faunal habitats. It has been reported that two thiotrophic,
88  one methanotrophic, and one methylophaga-related symbiont have been found in the
89  deep-sea mussel Idas sp., which collectively supported the primary chemosynthesis that
90  involves methane and sulfide (Duperron et al., 2008). Previous studies have shown that
91  methanotrophic and thiotrophic symbionts can be found in small mussels with a
92  increasing ability to collectively provide carbon nutrition to the host during the early
93  stages of growth (Duperron et al., 2011). The species and abundance of symbionts may
94 vary greatly within a host and between different sites, which may be related to different
95  biogeochemical conditions in the habitats of mussels (Duperron et al., 2007).
96 Although many studies have been conducted on cold seep sediments, these studies
97  have mainly focused on in-situ investigations of the diversity of the microbial
98  community and the related geochemical processes. For example, several studies have
99  shown that methane fluids promote microbial aggregation and evolution in sediments
100  (Dongetal., 2023; Zhong et al., 2023), and cold seep microorganisms play an important
101  role in carbon, sulfur, and nitrogen element cycles (Sun et al., 2020). Methane-induced
102  horizontal environmental heterogeneity may lead to distinct microbial community

103  assembly and a close connection between species (Jiang et al., 2022; Zhai et al., 2022).
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104 However, a lack of a detailed understanding exists related to how horizontal
105 environmental heterogeneity affects community assembly and species coexistence in
106  different cold seep sediments.

107 In this study, an investigation of the geochemical properties and microbial
108 community diversity of sediments from four habitats in Haima cold seeps in the South
109 China Sea was carried out. Specifically, 16S ribosomal RNA (rRNA) gene
110  amplification sequencing was applied to measure the bacterial and archaeal
111  communities. Null models and co-occurrence networks were used to characterize the
112 assembly processes and species coexistence patterns of prokaryotic communities. The
113 purposes of this study are to: (i) explore the horizontal distribution of the prokaryotic
114  communities in different cold seep habitats, (ii) clarify community assembly processes
115 and species coexistence patterns along the horizontal scale of cold seep sediments, and
116  (iii) analyze the important environmental factors that drive community diversity,

117  assembly processes and species coexistence.
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118 2. Materials and methods

119 2.1 Collection of sediment samples and geochemical analysis

120 The sediments were obtained using a pushcore controlled by a remotely operated
121 vehicle at four sites of Haima cold seeps (16°43'N, 110°28'E) located in the South China
122 Sea during May 2023. Sediment samples at depths of 5, 10, 15, 20, 25, 30, and 35 cm
123 were collected and were stored at —80°C prior to analysis. Of the four sites, the ROV1
124  site was a methane seep area while the ROV2, ROV3, and ROV4 sites were areas with
125  fauna containing mature mussels, clams, and sea anemones, respectively.

126 The geochemical parameters measured in the sediment samples included total
127 inorganic carbon (TIC), total organic carbon (TOC), and concentrations of CHs, SO4>",
128 CI, Ba’", K*, Ca?", Mg®", Fe*', Cu®", and Mn?". Specifically, TIC and TOC were
129 measured by a TOC analyzer (Shimadzu TOC-L, Kyoto, Japan). The CHas
130  concentrations were measured by gas chromatography (Trace 1300, Thermo Fisher,
131  Waltham, MA, USA). The concentrations of SO4*~ and CI” were detected by ion
132 chromatography (Thermo Fisher AQ-1200). An inductively coupled plasma-optical
133  emission spectrometer (ICP-OES, Thermo Fisher iCAP 7000 series) was used to
134 determine the concentrations of Ca?", Mg?*, Ba?*, K*, Fe’*, Cu?*, and Mn?". All testing
135  procedures follow manufacturer’s instructions.

136 2.2 DNA extraction, PCR amplification, 16s rRNA sequencing

137 Total genomic DNA was extracted from sediments using a Magnetic Soil And

138  Stool DNA Kit (Tiangen, DP712-02, Tianjin, China). The extracted DNA was qualitied
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139  using qubit fluorometric quantification (Thermo Scientific, Thermo Fisher Scientific
140  Corp.). Using forward primer 341F (5'-CCT ACG GGN GGC WGC AG -3") and reverse
141 primer 806R (5'- GGA CTA CHV GGG TWT CTA AT -3') (Yu et al., 2005) to amplify
142  the V3-V4 region of the bacterial 16S rRNA gene. Archaeal 16S rRNA gene was
143 amplified by forward primer Arc349F (5'-GYG CAS CAG KCG MGA AW-3') and
144  reverse primer Arc806R (5-GGA CTA CNS GGG TMT CTA AT-3') (Takai and
145  Horikoshi, 2000). Six specific bp barcodes were tagged on the primers to distinguish
146  the sequences of each sample in the mixed pools used for Illumina sequencing. Next,
147  PCR amplification was performed using the following settings: pre-denaturation at 95°C
148  for 3 min, 30 cycles consisting of denaturation at 95°C for 15 s, annealing at 53°C for
149 15 s, and extension at 72°C for 30 s, and a finally extension at 72°C for 10 min. The
150 amplified PCR products were purified with DNA Clean Beads (Vazyme, N411-01,
151  China). An equal quantity of DNA from each sample was mixed for amplicon library
152  construction. Amplicon libraries were sequenced on a Novasep-PE250 platform
153  (Illumina Inc., San Diego, CA, USA).

154 2.3 Data processing and bioinformatics analysis

155 The bioinformatics tool Quantitative Insights Into Microbial Ecology version 2
156  (2022.8) was used for data processing. The raw data were split into the amplicon
157  sequences of individual samples by the plugin cutadapt based on each unique barcode.
158  Plugin dada2 was used to complete the quality control of sequences. First, the forward

159  and reverse primers were cut off; then the low-quality sequences and chimeras were
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160 filtered. Next, the high-quality reads with 100% similarity were clustered to form
161  amplicon sequence variants (ASVs), and the feature tables and representative sequences
162  were obtained. To further clarify the representative sequences, the feature-classifier
163  plugin and the Silva reference database (version 138.1) were used to perform taxonomic
164  annotations and produce a taxonomy table. Finally, the phylogenetic trees were
165  constructed using the Phylogeny plugin.

166 2.4 Statistical analysis

167 The following data analysis was performed by R software (vers. 4.3.0). The a-
168  diversities of the bacterial and archaeal communities were calculated using the “vegan”
169 package in R, including Chaol richness, Observed ASVs, Phylogenetic diversity,
170  Shannon diversity and Goods coverage. Furthermore, the least significant difference
171  method was used (using the “agricolae” package) to calculate the significant differences
172 between samples (Meier, 2006). Principal coordinate analysis (PCoA) based on Bray-
173 Curtis distance was performed using the “vegan” package to show the differences in
174  the prokaryotic community between sites. The relative abundance of community
175  compositions at phylum and genus level were represented by a stack histogram and
176  heatmap, respectively. Linear discriminant analysis effect size was performed among
177  sites to obtain biomarkers with statistical differences and the extent of their effects
178  (Chang et al., 2022). The unique and shared ASVs between sites were calculated and
179  were visualized using a petal chart.

180 Based on the evolutionary distance of the phylogenetic tree, a null model was

10
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181  applied to calculate the mean-nearest-taxon distance, which was transformed into the
182  nearest-taxon index (NTI) to reflect the closest interspecific affinities. To obtain the -
183  nearest-taxon index (BNTI) and describe the spatial and temporal succession of
184  community phylogenetic composition, the P-mean-nearest-taxon distance (BMNTD)
185  was calculated using the comdistnt function in R. The results were divided according
186  to the following conditions: when |[BNTI>2, the community is in a state of high turnover,
187  which means that the community assembly is controlled by a deterministic process.
188  When BNTI>2, this indicates heterogenous selection, while BNTI<-2 indicates that the
189  turnover in community composition is very low, which is interpreted as homogenous
190  selection. When |BNTI|<2, the community is in a low turnover state, which means a
191  stochastic process is occurring. In this premise, when RCbray>0.95, this means that the
192  Raup-Crick (RC) distance between species is relatively large, which is defined as the
193  dispersal limitation. When RCbray<—0.95, this indicates that the RC distance between
194  species is relatively small and tends to be homogenous, which indicates homogenous
195  dispersal is occurring. Additionally, when |BNTI|<2 and [RCbray|<0.95 are met at the
196  same time, indicating low turnover and a small RC distance, the process is considered
197  to be undominated (e.g. weak selection, weak dispersal, diversification, and drift are
198  occurring).

199 Spearman’s correlation coefficient was calculated and a Mantel test (“linkET”
200 package) was conducted to analyze the correlation between the composition of the

201  microbial community and environment parameters (Legendre and Fortin, 2010).

11
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202  Random Forest prediction was carried out in the “rfPermute” package (Han and Trimi,
203  2024) to evaluate the influence of environmental factors such as concentrations of CHa,
204 SO+, CI, Ca’?*, Mg?', Ba?*, K*, Fe*', Cu?*, and Mn?" on microbial distribution at the
205  four stations (ROV1-ROV4).

206 The bacterial and archaeal communities at each site were used to construct the
207  microbial co-occurrence networks for each site. The ASVs with relative
208 abundance >0.005 were extracted using the “psych” and “igraph” packages. The
209  correlations between individual ASVs were calculated using Spearman’s correlation
210  coefficients and the “Benjimini—-Hockberg” method was applied to correct the P values
211  of the correlation coefficients. The obtained networks were visualized in Gephi
212 software, and the basic topological properties of the networks were derived, including
213  average degree, average clustering coefficient, average path length and modularity.
214 Average degree indicates the average number of connections between nodes. The
215  clustering coefficient of a node refers to the ratio of the number of connected edges
216  between its neighbors to the maximum number of possible connected edges between
217  these neighbors. Average clustering coefficient is the average of the clustering
218  coefficients of all nodes in the network. Average path length represents the average of
219  the distance between any two nodes. Modularity represents the number and structure of
220  modules composed of nodes in a network.

221 The visualization of the above analysis was completed in R and Origin software

222 (vers. 2024). The environmental factors, a-diversity boxplots, heatmaps, phylum

12
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223

224

225

226

227

community composition and community assembly stacking bar charts, biomarker bar
charts, NTI, BNTI scatter plots, and network topology bar charts were all drawn using
Origin software. The results of PCoA, a Mantel test, and Random Forest were all
visualized using the “ggplot2” package of R software, and a petal diagram was drawn

using the “plotrix” package.

13
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228 3. Results and discussion

229 3.1 Horizontal geochemical heterogeneity of sediments

230 The environmental factors of sediments at different Haima cold seeps are shown
231  in the Fig. 1 and Table S1. The changes of geochemical properties were significant
232  along the horizontal profile of the sediments. Higher CHa, TIC, and Ba>" concentrations
233  were observed at ROV1 sediments than in sediments from the other three sites. In
234  contrast, the ROV1 sediment showed lower TOC, SO42, and Ca*" concentrations. The
235  concentrations of K, Mg?", Fe*, Cu®*, and Mn*" were not significantly different
236  between sites, and the concentrations of Fe*", Cu?', and Mn?" were extremely low.

237 Significant differences in geochemical properties were found between the methane
238  seep area (ROV1) and the macrobiotic areas (ROV2, ROV3, and ROV4), which were
239  attributed to the different biogeochemical processes. The abundance of methane drove
240  the microbial-mediated anaerobic oxidation of methane (AOM) in ROV1 sediments
241  and coupled sulfate reduction to generate large amounts of HCOs. As a result,
242 relatively higher CH4 and TIC concentrations and a lower sulfate concentration were
243  observed in ROV1 sediments. The bicarbonate produced by the AOM increased the
244 alkalinity of the surrounding porewater and methane combined with Ca?" to form
245  authigenic carbonates (Akam et al., 2023; Gong et al., 2023). In short, significant
246  horizontal differences were observed in environmental parameters at different locations
247  of the sediments of Haima cold seeps.

248 3.2 Differences in prokaryotic community diversity of horizontal sediments

14
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249 A total 0f 4,016,684 bacterial and 3,288,215 archaeal high-quality sequences were
250  obtained after merging and filtering the raw data of 16S rRNA genes of bacteria and
251  archaea from 28 sediment samples. The bacterial and archaeal reads were clustered to
252  generate 54,081 and 20,180 ASVs, respectively. The average value of Goods coverage
253  (Fig. S1) in each site was greater than 0.99, indicating that the sequencing depth of all
254  samples was sufficient to cover all species in the samples. The o-diversities of bacterial
255  and archaeal communities at sites are shown in Figs. 2a, 3a, and Table S2. The Chaol,
256  Observed ASVs, Phylogenetic diversity, and Shannon indices revealed the horizontal
257  differences of microbial a-diversity in different sediments. The bacterial a-diversity
258  peaked at the ROV2 site and the lowest value at ROV 1. The a-diversity of archaeal
259  communities was the lowest at ROV1, and was significantly different from the other
260 three sites.

261 The community variability between samples can be visualized using PCoA. The
262  first two principal coordinates explained 40.23% and 54.99% of the variance in the
263  bacterial and archaeal communities, respectively (Figs. 2b and 3b, respectively). The
264  bacterial and archaeal communities from the same site clustered together and varied in
265  different site sediments. The bacterial community of ROV, ROV2, ROV3, and ROV4
266  were mainly concentrated in the third, fourth, first, and first quadrants, respectively.
267  The PCoA of the archaeal community showed a similar trend. To further confirm
268  similarity and discrepancy among samples, a petal chart based on the ASV composition

269  was created; the results showed that samples grouped by site had more shared ASVs

15
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270  than those grouped by depth (Fig. S2) in both bacterial and archaeal communities. The
271  compositions of the bacterial (Fig. 2c) and archaeal (Fig. 3¢) communities at each site
272  were analyzed at the phylum level. In the bacterial community, Desulfobacterota
273 (13.8%—29.7%) were more frequent in the ROV1 site than in other sites. Chloroflexi
274 (11.8%—45.9%) was the dominant phyla of ROV2. Meanwhile, ROV3 had relatively
275  high concentrations of Chloroflexi (10.4%—39.2%) and Proteobacteria (12.5%—43.9%).
276  Proteobacteria (10.9%—-29.3%), Chloroflexi (8.1%—-22.9%) and Desulfobacterota
277 (13.3%—20.6%) were the dominant phyla of site ROV4. In the archaeal community,
278  Halobacterota (77%—91.5%) was the main group at the ROV1 site. Asgardarchaeota
279 (12.9%—51.7%), Crenarchaeota (4.0%—44.5%), and Halobacterota (5.5%—37.7%) were
280  the principal phyla of ROV2. Halobacterota (8.5%—62.3% and 24.1%—67.9%),
281  Thermoplasmatota (1.7%—14.7% and 11.1%24.2%), and Asgardarchaeota
282  (6.4%—35.7% and 3.7%—11.1%) were the dominant taxa of both ROV3 and ROV4, but
283 ROV3 had more Firmicutes (0.7%—15.2%) and Proteobacteria (3.3%—28.2%) than
284  ROVA4. In addition, community composition at the genus level was also investigated
285  (Fig. S3). In the bacterial community, JS7 was dominant in ROV1, ROV3, and ROV4.
286 In addition, Anaerolineaceae and Dehalococcoidia dominated in ROV2.
287  Anaerolineaceae was also relatively frequent in ROV3. In the archacal community,
288 ROVI1 was dominated by ANME-1b and ANME-2c. Lokiarchaeia and Bathyarchaeia
289  were dominant in ROV2. In addition, ANME-1a mainly inhabited ROV3 and ROV4.

290  The linear discriminant analysis effect size method was used to compare ASVs between

16
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291  sites and identify biomarkers in bacterial (Fig. 2d) and archaeal (Fig. 3d) communities.
292  The dominant classes of bacterial communities in ROV1 included Dissulfuribacteria,
293  Methanosarcinia and Gammaproteobacteria. Dehalococcoidia was the main class found
294 at site ROV2. Both ROV3 and ROV4 had habitat of taxa in the class
295  Gammaproteobacteria. In addition, abundant taxa in the class Bacilli were also found
296 in ROV3. In the archaeal community, ANME-1 and Methanosarcinia had been
297  identified as the biomarkers for ROV1 and ROV4. Also, ANME-1 was a major member
298  of the Halobacterota. Meanwhile, ANME-1b and ANME-2¢ existed in ROV1, while
299  ANME-1a appeared in ROV4. The ROV2 site was the representative territory of
300 Lokiarchaeia and Thermoplasmata. Rich Gammaproteobacteria and Bacilli appeared
301  frequently in ROV3.

302 Differences in biogeological parameters play crucial roles on the formation of
303  distinct biological communities (Li et al., 2021; Zhai et al., 2022; Zhang et al., 2015).
304  Both environmental conditions and physical distance are important factors affecting
305 microbial community structure (Martiny et al., 2006). The flux and duration of seepage
306  are the driving factors of faunal colonization (Seabrook et al., 2018). The microbial-
307  mediated AOM serves as the principal method of methane consumption in sediments,
308  which is mainly achieved by anaerobic methanotrophic archaca (ANME) and SRB
309  (Zhai et al., 2022). For example, site ROV1 was in the early stage of a cold seep and
310  sediments here were dominated by methane oxidation and sulfate reduction. In addition,

311  ANME and SRB were the dominant microorganisms in ROV1, where the community

17
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312  diversity was relatively simple as shown by the relatively low o-diversity at this site.
313  Meanwhile, the other three sites were in the middle and late stages of cold seep
314  formation where diverse microorganisms were enriched and provided biomass energy
315  for the overlying fauna. Consequently, the relative higher a-diversities were observed
316  at the other three sites. The sample aggregation and site distance displayed by PCoA
317  further confirmed the discrepancies between microbial communities of different cold
318  seep habitats.

319 Gammaproteobacteria have been identified as a dominant bacterial taxon in deep
320 sea sediments and have the potential to degrade oil contaminants in marine
321  environments (Aoki et al., 2014; Cui et al., 2019). Desulfobacteraceae, a cluster of
322  Desulfobacterota, are believed to cooperate with ANME to complete the sulfate-driven
323  anaerobic oxidation of methane (Cui et al., 2019). The relatively high methane content
324 and biomarkers of ROV1 suggested that ANME-1b and ANME-2¢ might collaborate
325  with Desulfobacterota for AOM. Chloroflexi usually occurs in anaerobic or organic-
326  rich sediments, and in particular, the class Dehalococcoidia has been shown to oxidize
327  aromatic compounds (Poritz et al., 2015; Wasmund et al., 2014; Zanaroli et al., 2012).
328  Lokiarchaeia is a branch of the phylum Asgardarchaeota and are heterotrophic archaea
329 involved in anaerobic fermentation; Lokiarchaeia have been considered to be one of the
330 important members of the carbon cycle in sediment ecosystems (Busi et al., 2021).
331  Lokiarchaeia (Spang et al., 2015) were first discovered in sediments near the Loki’s

332  Castle active vent site. This group is thought to be involved in the oxidation of methane

18
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333  and in sulfate reduction metabolism (Cai et al., 2021). Thermoplasmatota are host-
334  associated or free-living methanogens (Bendia et al., 2022).

335 In summary, Desulfobacterota and Halobacterota existed in ROV1 areas where
336 relatively strong sulfate reduction and anaerobic oxidation of methane occurred.
337  Chloroflexi and Asgardarchaeota were relatively abundant in sediments at middle and
338  lower depths, suggesting that the microbial reaction intensity of site ROV2 was greater
339  at these depths. Accordingly, similarity of environmental conditions of ROV3 and
340 ROV4 resulted in similar microbial community composition, with mainly
341  Proteobacteria and Halobacterota present. In general, the heterogeneous composition of
342  prokaryotes was caused by dissimilar environmental conditions. Differences in seepage
343 flow led to diversity of environmental parameters, further promoting the composition
344 of different microorganisms.

345 3.3 Horizontal environmental heterogeneity affects prokaryotic community diversity
346 To detect the influence of environmental variables on prokaryotic communities, a
347  Mantel test (Fig. 4a) and Random Forest model analysis (Fig. 4b) were performed
348  which depended on prokaryotic communities and environmental parameters. Mantel
349  test results showed that environmental factors that had significant effects on the
350 diversity of bacterial and archaeal communities were CHa4, TIC, SO4>, Ca®*, Ba*", and
351  Mg?" (p<0.01, r>=0.4). Random Forest results showed that the concentrations of CHa,
352 Ba?', Ca’", SO4*, and TIC had significant effects on the microbial community structure

353  at different sites (p<0.01); the Mean Decrease Accuracy value of CHs was the highest
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354 (25.29%), indicating that methane had the most significant effect on the structure of the
355  microbial community.

356 The aggregation of microorganisms in cold seep sediment had obvious
357  biogeographical distribution characteristics, which were related to in-situ geochemical
358  conditions, such as the concentrations of methane and sulfate (Heijs et al., 2007; Jiang
359 et al, 2022). The emission of seepage fluids from cold seeps shaped microbial
360 communities in these environments, especially anaerobic methanotroph communities
361  (Vigneron et al, 2019). In hydrate-bearing ecosystems, it can be reasonably
362  hypothesized that CH4 can affect microorganisms; several studies have shown that
363 methane leakage is correlated with the structure of the surrounding microbial
364  community (Li et al., 2021; Zhang et al., 2012). Methanotrophic microorganisms are
365  often coupled with sulfate-reducing bacteria, which are thought to be the main force
366  involved in the production and consumption of sulfate (Xu et al., 2020). In addition,
367 HCOs™ combines with Ca?* to form carbonate rocks, which consume calcium ions. The
368  concentration of SO4*~ and Ca’" in the ROV site decreased, suggesting an increase in
369 the intensity of AOM at this site (Chen et al., 2023). Combined with the differences of
370  environmental factors and microbial communities at each site, it was speculated that
371  environmental parameters, especially concentrations of CHs, TIC, SO4*, and Ca?",
372 were correlated with microbial community structure. These parameters are important
373  parts of the chemosynthesis reactions driven by microorganisms in cold seepage

374  environments.
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375 The seepage activity in the Haima cold seeps region changes with time and space
376  (Xuetal., 2020). Therefore, the intensity of external leakage of different sites will vary,
377  so that the energy and nutrition will fundamentally support different prokaryote taxa
378  and functional community structure (Chen et al., 2023). In that study, the changes of
379  AOM related parameters and the role of microbial functional groups in biogeology
380  suggest a link between environmental parameters and microbial community structure.

381 3.4 Horizontal environmental heterogeneity drives different community assembly
382  processes of prokaryotic communities

383 To explore the assembly process of prokaryotic communities at different sites, the
384  assembly mechanism of bacterial and archaeal communities was predicted on a
385  horizontal scale based on a null model (Fig. 5). The NTI and Shannon diversity indices
386  were positively correlated, indicating that the community phylogeny varied with
387  community diversity (Fig. 5a and 5b). Bacterial BNTI was positively correlated with
388 differences in environmental parameters of CHa, TIC, SO4>, and Ca®" (p<0.001) (Fig.
389  5e), while archaeal BNTI was negatively correlated with differences in environmental
390  parameters (p<0.001) (Fig. 5f), indicating that these parameters were important factors
391  affecting community assembly. The bacterial community assembly was mainly driven
392 by stochastic processes (Fig. 5c), while deterministic and stochastic processes
393  contributed to the assembly process of the archaecal community (Fig. 5d). In the
394  assembly process of the bacterial community, the community of the ROV1 site was

395  mainly influenced by homogenizing dispersal (33.3%) along with undominated (23.8%)
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396 and homogeneous selection (33.3%), while dispersal limitation (28.6-52.4%) and
397  homogeneous selection (28.6—61.9%) played more important roles at other sites. In the
398 archaeal community, deterministic processes (homogenous and heterogeneous
399  selection processes) dominated the communities at all sites. Especially in communities
400 of ROV1, homogenous selection (85.7%) almost completely dominated the archaeal
401  community. The archaeal communities at ROV2 and ROV3 were jointly affected by
402  homogenous selection (23.8—42.8%), heterogenous selection (33.3—38.1%) and
403  undominant selection (23.8-33.3%). In the community of ROV4, homogenous
404  selection (57.1%) and undominant process (38.1%) were the main driving forces.

405 In general, deterministic processes control community composition and turnover,
406  Dbut stochastic processes also play an important role (Stegen et al., 2012). The bacterial
407  communities in that study were strongly influenced by stochastic processes, and the
408 assembly of archaeal communities was affected by stochastic and deterministic
409  processes. In conclusion, the diverse assembly processes of bacterial and archaeal
410 communities were the result of environmental heterogeneity at different sites.

411 In the present study, environmental parameters differed among sites and the
412  environmental difference affected the assembly process of the microbiome. The
413 interaction of methane-related substances was an important factor that promotes
414  microbial aggregation. Stochastic processes become more vital to community assembly
415  in highly productive environments (Chase, 2010). Consistently, in systems with high

416  levels of chemosynthesis such as those with methane seepage, the community assembly
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417  ofthe prokaryotes in the present study was primarily influenced by stochastic processes.
418 Environmental heterogeneity affected the aggregation of microorganisms, which
419  further led to the alteration in assembly processes at different locations. The assembly
420  of biomes is generally affected by stochastic and deterministic factors, and they may
421  synergistically affect the diversity of biomes (Soininen and Graco-Roza, 2024). In this
422  study, stochastic and deterministic processes showed different response balances in
423  prokaryotic communities at different sites. The bacterial community of the ROV site
424  was more affected by stochastic processes (homogenizing dispersal and undominated)
425  than at the three other sites and the biodiversity was relatively low. It might be a result
426  of the high content of nutrients such as methane in ROV1, which was conducive to
427  supporting the growth of specific microorganisms. The high dispersal rate in the region
428 may lead to the homogenization of the community and the formation of similar
429  community composition in different areas (Zhou and Ning, 2017). The assembly of the
430 archaeal community at the ROV site was mainly the result of homogenous selection.
431  In highly productive environments, the colonization of dominant species tends to result
432  in the establishment of populations with a very stable equilibrium (Chase, 2010).
433  Methane-oxidizing archaea, as the dominant group of competitive species, settled in
434 large numbers at the ROV site, the components of which were relatively concentrated
435  Dbut with low biodiversity. Microorganisms can respond to the competitive pressure
436  caused by the environment (Dai et al., 2017). Homogeneous environmental conditions

437  are likely to favor similar species composition and community structure at various sites
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438 (Wuetal., 2021). In the samples of sites ROV2, ROV3, and ROV4, the relatively low
439  methane content was similar at different depths, resulting in similar homogenous
440  selection at these sites. Accordingly, the environmental heterogeneity between sites also
441  leads to the control of prokaryotic community assembly by different degrees of
442  homogenous selection.

443 In conclusion, environmental parameters as significant factors affecting the
444  colonization activity of microbes, play a role in shaping community structure.
445  Horizontal discrepancy in ambient conditions result in a balance between the
446  differences in assembly processes, such as stochastic and deterministic processes. The
447  heterogeneity of the horizontal nutrient distribution in four sites in the Haima cold seeps
448  area drove the diversity of prokaryotic community assembly.

449 3.5 Coexistence patterns of different species in prokaryotic communities vary along
450  the horizontal sediment dimension

451 In the present study, the co-occurrence networks and topological properties are
452  shown to assess microbial associations (Fig. 6). In the bacterial community co-
453  occurrence networks (Fig. 6a), more connections were shown between the
454  microorganisms of the ROV site than at other sites. In the archaeal community (Fig.
455  6b), the microbial network of ROV had fewer nodes and connections when compared
456  with other sites. The majority of species in the bacterial networks belonged to
457  Chloroflexi, Desulfobacterota, and Proteobacteria. In the archaeal networks, species

458 mainly belonged to Thermoplasmatota, Halobacterota, Asgardarchaeota, and
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459  Crenarchaeota. The topological properties of the prokaryotic networks were different
460 among the sites (Fig. 6¢c and 6d). The bacterial network of ROV1 showed more node
461  connections, while the archaeal network did the opposite, indicating that bacterial
462  species communicated more frequently with each other than archaeal species. For
463  example, the average degree of bacterial communication at ROV1 was the highest,
464  while the average degree of archaeal communication was the lowest. The network of
465 ROV3 exhibited more intense clustering and modularity, indicating the close
466  association and structural stability of the microbial communities at this site.

467 As a high methane seepage area, the microbial network of the ROV1 site was
468  different from other sites. Bacterial co-occurrence networks in ROV1 showed higher
469  species connectivity. The high connectivity and short average path length indicates that
470  external disturbances could transfer swiftly between nodes in the network, which
471  enhances the overall efficiency of the system (Wu et al., 2024). However, low
472  modularity also reflected the instability of the bacterial community at this site.
473  Modularity can reflect interactions such as competition, cooperation, and niche
474  differentiation among microorganisms, which increase the complexity of ecological
475  networks (Zhang et al., 2020). In contrast, the species connectivity of the archaeal
476  community at ROV1 was significantly lower than that at other sites, and the degree of
477  modularity of the network was higher, suggesting that the archaeal community at this
478  site was relatively stable. This fact may be a result of the supply of cold fluids and

479  specific microbial responses to environmental selection resulting in distinct system
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480  divisions. Very abundant taxa are more frequently located in the center of the network
481  (Zhang et al., 2020). The major species of ROV2 were located in the center of the
482  network and the connectivity was high, indicating the major species uniformity found
483  atthe ROV2 site and their irreplaceable roles in the community. The short average path
484  length and medium modularity suggested that although microbial co-occurrence and
485 interaction were more frequent in oligotrophic environments, the stability of the
486  network was not adequate to maintain the network over time.

487 The ROV1 site exhibited unique microbial co-occurrence with other sites. The
488  important role of microbes in the chemosynthesis system meant the archaea at this site
489  exhibited more unique patterns in terms of species diversity and community interactions
490 compared to other sites. The differences in the other site environments were not
491  prominent, but slight differences were still observed in the co-occurrence process. The
492  environment creates ecological niches that allow for the interaction and reproduction of
493  dominant species, playing a crucial role in structuring microbial communities (Freilich
494 et al,, 2018). The content of methane and its related series of reactions drove the
495  surrounding microbial activities, driving microbial adaptation to the environment and
496  selective colonization. In this process, microbial interactions and environmental forces
497  had great significance for the development of biological communities and the formation
498  of ecological networks at this site (Kraft et al., 2015). Environmental differences
499 initially drove the aggregation of prokaryotes, selected for suitable species in the

500 ecosystem, and facilitated the further development of different coexisting networks

26



https://doi.org/10.5194/egusphere-2025-1372
Preprint. Discussion started: 8 April 2025
(© Author(s) 2025. CC BY 4.0 License.

501

502

503

504

EGUsphere\

through evolutionary processes such as competition. Eventually, the influence of the

environment on the development of the biological community reflected the adaptation

and evolutionary succession of prokaryotes to different habitats in the extreme

environment of cold seeps.
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505 4. Conclusions

506 Through a comprehensive investigation of sediment microorganisms from
507  different sampling sites in the Haima cold seeps, differences were found in prokaryotic
508 community assembly and species coexistence patterns among the four sampling sites
509 in the present study. Significant differences in the abundance and community structure
510  of microorganisms were found in regions with different methane content. The results
511  of B-NTI showed that the assembly process of prokaryotic communities at each site was
512 mainly controlled by stochastic processes. Specifically, the archaeal communities in
513  areas with high methane content might be driven by the same energy source, and the
514  assembly process also exhibited a significant degree of determinacy. Horizontal
515 environmental heterogeneity affected the diversity and structure of prokaryotic
516  communities, driving the assembly process of bacteria and archaea. Different co-
517  occurrence networks further showed the diversity of species coexistence patterns in
518  different environments. In conclusion, the present study explored environmental
519  heterogeneity observed at different locations in the cold seep from a microbiological
520  perspective, deepening our understanding of how environmental heterogeneity plays an
521  important role in the assembly of prokaryotic communities and species coexistence.
522

523  Data availability

524 All raw sequences in this study have been deposited at the NCBI Sequence Read

525  Archive under the accession number PRINA1230284.
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Fig. 1. Horizontal geochemical properties of sediment samples from four sites of Haima
cold seeps in the South China Sea. Letter inconsistencies between the data for the sites
ROVI, ROV2, ROV3, and ROV4 indicate significant differences between the sites
(p<0.05; least significant difference test): concentration of (a) CHa, (b) total inorganic
carbon (TIC), (c) total organic carbon (TOC), and concentrations of (d) SO4%, (e) CI,

(H Ba?', (g) K, (h) Ca*", (i) Mg*", (j) Fe**, (k) Cu?’, and (1) Mn?".
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Fig. 2. Horizontal community composition of bacteria for the sites ROV, ROV2,
ROV3, and ROV4: (a) horizontal a-diversity; letter inconsistencies between the data
indicate significant differences between the sites (p<0.05; least significant difference
test); (b) principal coordinate analysis showing differences in community composition
between sites; (c) relative abundance of microbial communities at the phylum level at
sites; (d) linear discriminant analysis effect size showing biomarker microorganisms in
sediment at different sites. Note: LDA, linear discriminant analysis; PCol and PCo2,

principal coordinates 1 and 2, respectively.
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test); (b) principal coordinate analysis showing differences in community composition
between sites; (c) relative abundance of microbial communities at the phylum level at
sites; (d) linear discriminant analysis effect size showing biomarker microorganisms in

sediment at different sites. Note: LDA, linear discriminant analysis; PCol and PCo2,
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Fig. 5. Community assembly mechanism of bacteria and archaea along the horizontal
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