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Abstract 22 

In deep sea cold seeps, diverse microbial communities thrive on the geological 23 

seepage of hydrocarbons and inorganic compounds. These chemosynthetically-driven 24 

communities are unique in composition, ecology, and biogeochemical activities 25 

compared to photosynthetically-driven ecosystems. However, their biosynthetic 26 

capabilities remain largely unexplored. Here, we analyzed 81 metagenomes, 33 27 

metatranscriptomes, and seven metabolomes derived from nine globally distributed 28 

areas of cold seeps to investigate the secondary metabolites produced by cold seep 29 

microbiomes. Cold seep microbiomes encode diverse, abundant, and novel 30 

biosynthetic gene clusters (BGCs). Most BGCs are affiliated with understudied 31 

bacteria and archaea, including key mediators of methane and sulfur cycling, and 32 

multiple candidate phyla. The BGCs encode diverse antimicrobial compounds (e.g. 33 

NRPS, PKSs, RiPPs) that potentially shape community dynamics, as well as 34 

compounds predicted to influence biogeochemical cycling, such as phosphonates, 35 

iron-acquiring siderophores, nitrogenase-protecting glycolipids, and methyl-CoM 36 

reductase-modifying proteins. BGCs from key players in cold seeps are widely 37 

distributed and highly expressed, with their abundance and expression levels varying 38 

with different sediment depths. Numerous unique natural products were detected 39 

through untargeted sediment metabolomics, demonstrating a vast, unexplored 40 

chemical space and validating in situ expression of the BGCs in cold seep sediments. 41 

Overall, these results demonstrate cold seep sediments potentially serve as a reservoir 42 

of hidden natural products and provide insights into microbial adaptation in 43 

chemosynthetically-driven ecosystems. 44 
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Introduction 45 

Deep sea cold seeps are unique and extraordinary ecosystems primarily located at 46 

continental margins. These seepages originate from the upward migration of 47 

hydrocarbon-rich fluids (mainly methane) through submarine microfractures1, 2. 48 

Chemosynthetic microbial consortia transform these geologically-derived 49 

hydrocarbons and inorganic compounds into biomass. Particularly dominant are 50 

anaerobic methane-oxidizing archaea (ANME) that live syntrophically with sulfate-51 

reducing bacteria (SRB)3. Due to these activities, cold seeps are hotspots of biomass 52 

and diversity in the deep sea4, harbouring compositionally and functionally unique 53 

microbial communities5, 6. Nevertheless, extensive competition for resources and 54 

space in these sediments exerts strong eco-evolutionary pressures7-9. Thus, microbes 55 

employ a plethora of strategies to adapt to these unique environments. 56 

Microorganisms encode biosynthetic gene clusters (BGCs) to synthesize natural 57 

products (NPs), also known as secondary or specialised metabolites (SMs). Microbes 58 

collectively produce an extraordinary array of NPs, which vary in their chemical 59 

structures, biosynthesis pathways, and physiological functions, many of which have 60 

pharmaceutical applications10-12. The major classes produced include ribosomally 61 

synthesized and post-translationally modified peptides (RiPPs), polyketide synthases 62 

(PKSs), non-ribosomal synthetic peptides (NRPS), PKS-NRPS hybrids, and terpenes. 63 

Many NPs have antimicrobial properties: microbes employ them as biological 64 

weapons13-15 to kill or inhibit competition, protect the host cells from predators and 65 

pathogens16, and gain a competitive advantage in nutrients and space17. However, NPs 66 

also enable microbes to adapt to their environments in other ways. For example, 67 

siderophores enhance iron transport and bioavailability in cells18, aryl polyenes (APEs) 68 

covalently attached in biofilms protect cells from damage caused by reactive oxygen 69 

species (ROS)19, and compatible solutes protect against osmotic stress20. In addition 70 

to facilitating environmental adaptation of microbes, NPs more broadly contribute to 71 

the evolutionary pressures and ecological dynamics shaping ecosystems21-23. 72 
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Comparative genomics data indicate that numerous unknown and hidden NPs remain 73 

to be discovered in uncultivated bacteria and archaea24-26. Several tools are available 74 

to analyze the secondary metabolic potential of these uncultured microorganisms, 75 

such as antiSMASH27, DeepBGC28, SanntiS29, and GECCO30; these identify BGCs by 76 

searching homologues of core biosynthetic genes or via utilization of deep learning 77 

and natural language processing (NLP) strategy29, 31, 32. Seminal studies in this area 78 

focused on soil ecosystems and emphasized that both well-known antimicrobial 79 

producers (i.e. Actinobacteriota) and understudied phyla (e.g. Acidobacteriota and 80 

Verrucomicrobiota) dominate NP biosynthesis24, 31. More recent studies have 81 

examined the production of bioactive NPs by the microbiota of plants and animals in 82 

recent years, such as in the human and animal digestive tracts33, 34, plant 83 

rhizospheres35 and marine sponges36, and highlighted their importance in regulating 84 

health and disease within their hosts. BGC repertoires have been explored in 85 

numerous other environments, spanning global seawaters37, 38, anoxic basins39, coastal 86 

marine sediments40, Antarctic deserts41, and glaciers42, as well as engineered biomes43. 87 

However, the secondary metabolite potential of the deep biosphere and 88 

chemosynthetically-driven ecosystems such as cold seeps has largely been overlooked. 89 

Most NP research has also focused on bacteria, with minimal ecosystem-level 90 

research on the potential of archaea to produce secondary metabolites44. 91 

In this study, we addressed these knowledge gaps by performing an in-depth analysis 92 

of the BGCs encoded by microorganisms and their synthesized NPs in global cold 93 

seeps. To do so, we analyzed metagenomics, metatranscriptomics, and metabolomics 94 

datasets from nine cold seeps (Figure 1 and Supplementary Table 1). By integrating 95 

these data, we identified a wide variety of microbial BGCs from 2,479 metagenome-96 

assembled genomes (MAGs), including multiple uncultivated (candidate) bacterial 97 

and archaeal phyla. We also detected numerous novel NPs through mass spectrometry. 98 

These findings enhance understanding of the adaptive mechanisms and interspecies 99 

competition of microbial communities in the deep biosphere. Moreover, they provide 100 

a pathway to identify new antimicrobial compounds and other types of drugs. 101 
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Results and Discussion 102 

Cold seep microbiomes harbor diverse and unique BGCs 103 

We investigated the biosynthetic potential of the cold seep microbiome at global scale 104 

by first analyzing 2,479 previous constructed metagenome-assembled genomes 105 

(MAGs; 1,992 bacterial, 487 archaeal) spanning 89 phyla7, 45 (Figure 1, 106 

Supplementary Figure 1 and Supplementary Table 2). A total of 2,865 BGCs 107 

(longer than 10 kb; 2,627 bacterial and 238 archaeal) were predicted (Figure 2a, b 108 

and Supplementary Table 3). These BGCs encoded for seven of the eight BiG-109 

SCAPE classes46: ribosomally synthesized and post-translationally modified peptides 110 

(RiPPs, n = 580), terpenes (n = 480), non-ribosomal peptides (NRPS, n = 444), type I 111 

polyketide synthases (PKSI, n = 117), other polyketide synthases (Other PKSs, n = 112 

353), polyketide-non-ribosomal peptide combinations (PKS-NRPS hybrids, n = 19), 113 

and Others (n = 872). In line with other studies39, 41, 43, 47, multiple incomplete BGCs 114 

were retrieved at the end of metagenomic contigs. 115 

BGCs were identified in MAGs retrieved from most phyla, namely 11 of 16 archaeal 116 

phyla and 52 out of 73 bacterial phyla (Supplementary Table 3). For bacteria 117 

(Figure 2c), the most BGC-rich phyla are highly understudied44, 48, 49: the candidate 118 

phylum SZUA-182 (normalized counts of up to 12), Myxococcota (n ≈ 6) and 119 

DSWW01 (n ≈ 6). In agreement with their prevalence in cold seep sediments (Figure 120 

1b and Supplementary Figure 1) and known capacity to produce specialized 121 

metabolites7, 44, 48, MAGs from phyla of Proteobacteria, Acidobacteriota, 122 

Planctomycetota, Desulfobacterota and Bacteroidota also encoded numerous 123 

biosynthetic gene clusters (Figure 2c and Supplementary Table 3). For archaea, 124 

EX4484-52 and Micrarchaeota from the DPANN superphylum (n ≈ 2) were the most 125 

BGC-rich (Figure 2d), in agreement with other observations44. Thermoproteota, 126 

Halobacteriota, Asgardarchaeota, Thermoplasmatota, Altarchaeota, Hadarchaeota, 127 

Nanoarchaeota, PWEA01, and QMZS01 were also inferred to encode RiPPs, 128 
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Terpenes, NRPS, polyketide synthases and other NPs.  129 

The 2,865 BGCs clustered into 296 gene cluster families (GCFs) and 1,990 singletons 130 

(Figure 2e) based on BiG-SCAPE groupings46. Only three of the 2,865 cold seep 131 

BGCs grouped into GCFs together with reference BGCs50, specifically two NRPS 132 

(GCF_00393 and GCF_02819) and Other PKSs (GCF_01844). Most BGCs have 133 

unique structures and fewer similarity region modules (5-25%) compared to reference 134 

BGCs, and more are individually dispersed in the network (e.g. the 19 BGCs from 135 

PKS-NRPS hybrids; Supplementary Figure 2). We further compared the cold seep 136 

sediment BGCs with those from 16 other habitats (Supplementary Figure 3), 137 

including three artificial environments (bioreactors and wastewater), six host-138 

associated environments (e.g. rumen and human gut), and seven natural environments 139 

(e.g. soil, freshwater and seawater)24, 34, 41, 43, 51. These data showed the relative 140 

proportions and dominant types of BGCs differ in cold seep sediments from other 141 

environments (Supplementary Figure 3), further highlighting the uniqueness of the 142 

deep biosphere. 143 

Natural products likely influence community dynamics and biogeochemical 144 

processes in cold seeps 145 

We analyzed the potential function of the NPs based on wider integration with the 146 

literature. A large proportion of the BGCs likely encode for antimicrobial compounds, 147 

serving as chemical weapons for host defense and competition within the microbial 148 

community. Indeed, the most frequently predicted RiPPs were bacteriocins (Figure 3a 149 

and Supplementary Table 3), which bacteria typically produce to inhibit and thereby 150 

outcompete other, often closely related, bacteria52. Also abundant were BGCs for 151 

various types of peptides, such as lasso peptides, thiopeptides, and lanthipeptides, 152 

which often have antimicrobial activities53. Among them, thiopeptides, also known as 153 

thiazolyl peptides, are structurally complex natural products with exquisite 154 

antibacterial activities and ability to overcome antibiotic resistance54. For the class of 155 
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Others (Figure 3a), aryl polyenes and beta-lactones were at high prevalence, 156 

indicating cold seep microbes synthesize NPs both for antimicrobial warfare and 157 

wider purposes such as protection against environmental stresses37. For example, 158 

exposure of cells to oxidative and reductive stress in high hydrostatic pressure cold 159 

seep environments can lead to the production of excess ROS, potentially causing 160 

cellular damage55, 56. The antioxidant action of aryl polyenes (APEs, like carotenoids) 161 

in microbes can scavenge external ROS, thereby preventing more extensive damage 162 

to essential cellular molecules and increasing bacterial fitness19, 57. 163 

The NPs are also likely to be critical for the capacity of cold seep microbes to acquire 164 

nutrients and mediate biogeochemical cycling. For example, most diazotrophs with 165 

the phylum Desulfobacterota58, 59 (Desulfobacterales, Desulfatiglandales, C00003060 166 

or SEEP-SRB1c and Syntrophales, Figure 3b) encoded heterocyst glycolipid 167 

synthase-like PKS (HglE-KS), which contributes to the synthesis of heterocyst-168 

specific glycolipids (Hgls) to protect nitrogenase from oxygen damage60, 61. Six 169 

archaeal and 13 bacterial phyla also encoded BGCs to produce phosphonates (Figure 170 

3c), which have diverse structural, antimicrobial, and storage roles and are central to 171 

marine phosphorus cycling62. Certain taxa, including multiple Gemmatimonadota 172 

MAGs (Figure 3d), encode siderophores to scavenge the presumably limiting 173 

micronutrient iron63.  174 

Also notable are the BGCs encoded by Halobacteriota, the main players of anaerobic 175 

oxidation of methane occurring in cold seeps7. A total of 62 TfuA-related BGCs 176 

(Figure 3e) were encoded by the orders Methanosarcinales, Methanomicrobiales, 177 

Methanotrichales, and ANME-1 from this phylum. These gene clusters encode TfuA-178 

like and YcaO proteins64 that mediate the post-translational modification of methyl-179 

coenzyme M reductase (MCR)65, 66, a large protein ubiquitous to methanogenic and 180 

methanotrophic archaea that catalyzes the anaerobic production and consumption of 181 

methane66. Indeed, the predicted amino acid sequences of the TfuA-like protein is 182 

related to the McrA-glycine thioamidation proteins (Supplementary Figure 4). 183 
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Structural predictions confirmed that these cold seep proteins are identical in 184 

secondary and tertiary structure to experimentally determined thioamidation proteins65 185 

and form the required substrate-binding pockets (Figure 3f, 3g, and Supplementary 186 

Figure 5). Thus, we predict that cold seep Halobacteriota encode YcaO and TfuA 187 

proteins to help catalyse the thioamidation of the MCR, thereby enabling anaerobic 188 

methane oxidation. 189 

BGCs from key players in cold seeps are widely distributed, highly expressed, 190 

and depth stratified 191 

At the ecosystem level, the BGCs from the 63 different phyla were encoded in at least 192 

one cold seep site, though their abundance and occupancy varied (Figure 4a, 193 

Supplementary Figure 6 and Supplementary Table 4). Gene-centric surveys 194 

suggested that the phosphonate biosynthesis gene from Caldatribacteriota 195 

(ENP_sbin_8_3) was the most abundant across different samples. Notably, the 196 

abundance of BGCs in Asgardarchaeota, Hadarchaeota, Halobacteriota, 197 

Thermoproteota, Actinobacteriota, Aerophobota, Caldatribacteriota, Desulfobacterota, 198 

and UBA6262 were also globally high across different sites, with the mean abundance 199 

greater than 500 GPM (Figure 4b; see Methods). For archaea, a high abundance of 200 

BGCs from Halobacteriota, Asgardarchaeota, Thermoproteota, and Thermoplasmatota 201 

were observed across globally distributed cold seep sediments in almost every depth. 202 

Metatranscriptome analyses confirmed expression of BGCs from various 203 

microorganisms at different sites and depths (Figure 4c, Supplementary Figure 7 204 

and Supplementary Table 5). For example, 42 bacterial (>80%) and 7 archaeal 205 

phyla (>63%) expressed BGCs in the Jiaolong cold seep sediments. In bacteria, BGC 206 

expression was dominated by Actinobacteriota, Bipolaricaulota, Chloroflexota, 207 

Desulfobacterota, and WOR-3 (Supplementary Figure 7), especially biosynthesis 208 

genes for bacteriocins, beta-lactones, aryl polyenes, and polyketides with inferred 209 

antibiotic and oxidative stress resistance activities39. For example, these genes were 210 
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highly expressed in Haima cold seep sediments (HM5 and S11), especially those for 211 

T3PKS (up to 932,163 TPM; see Methods) and aryl polyene (up to 842,651 TPM) 212 

synthesis (Figure 4c). The genes to produce nitrogenase-protecting glycopeptides (up 213 

to 171,389 TPM in Desulfobacterales), siderophores (up to 201 TPM in 214 

Longimicrobiales) and phosphonates (up to 54,264 TPM in SB-45) were also 215 

expressed (Figure 3h). Among archaea, we also observed a high expression of 216 

various Halobacteriota BGCs, including thiopeptides associated with antimicrobial 217 

defenses (up to 502,455 TPM in ANME-1) and TfuA-related genes for methyl-CoM 218 

reductase biosynthesis (up to 172,569 TPM in Methanosarcinales).  219 

To determine the distribution characteristics of biosynthetic gene clusters, each 220 

metagenome was categorized in terms of its sediment depth (i.e. surface, <1 mbsf; 221 

shallow, 1–10 mbsf; deep, >10 mbsf). BGC compositions were stratified by depth 222 

(Figure 4d), with significantly differences being observed among surface, shallow 223 

and deep layers (p �=� 0.001, R �=� 0.459, 999-permutations test). Likewise, we 224 

observed depth-related differences in BGC expression (Supplementary Figure 7). In 225 

general, very few BGC transcripts were detected at deeper sediment sites, though 226 

some transcripts were still highly expressed such as a lasso peptide biosynthesis gene 227 

(up to 482,852 TPM) at QDN W01B and W03B sites. 228 

Sediment metabolomes confirm BGC expression and NP novelty 229 

To generate chemical evidence that confirms the presence of diverse secondary 230 

metabolites, we utilized untargeted mass-spectrometry-based metabolomics to 231 

examine metabolomes in the sediment samples of Qiongdongnan cold seeps (QDN; 232 

Figure 1) at depths of 0-30 cmbsf. This resulted in the identification of 9,145 233 

lipophilic and 1,061 hydrophilic molecular features based on MS/MS spectra 234 

comparisons with the GNPS online platform67 (Figure 5a, Supplementary Tables 6 235 

and 7). A total of 3,054 molecular features (29.9%) were shared between more than 236 

two depths. Most other metabolites were only detected in sediment at a specific depth 237 
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(Supplementary Figures 8-9), suggesting spatial stratification of cold seep sediment 238 

metabolomes. Like BGCs detected in the metagenomes, the generated molecular 239 

networks (Figure 5b and Supplementary Figure 8) displayed a significant number 240 

of singleton nodes (5145, 50.4%), suggesting that a substantial amount of structurally 241 

dissimilar compounds were detected.  242 

Despite extensive manual inspection, different database searches, and other 243 

cheminformatic predictions, most detected molecular features in QDN sites could not 244 

be matched with known compounds68-70. A total of 778 molecular features (Figure 5) 245 

were classified into thirteen classes by the initial structural predictions based on 246 

MS/MS spectra comparisons with chemical structure databases (including HMDB, 247 

SUPNAT, CHEBI, DRUGBANK, and FooDB) by the MolNetEnhancer workflow70. 248 

This suggests that most molecular features remain unidentified and there is a vast, 249 

unexplored chemical space associated with sediment metabolomes in cold seeps. The 250 

773 annotated lipophilic molecular features were classified into twelve classes 251 

(Figure 5b and Supplementary Table 7), with 436 being identified as peptides, 252 

including 356 cyclic peptides (cyclopeptides) and 80 oligopeptides.  253 

A total of 68 hydrophilic and 462 lipophilic compounds were predicted with the 254 

database Natural Products Atlas by SNAP-MS71 (Supplementary Tables 8 and 9). A 255 

range of peptides were predicted in the lipophilic network (Figure 5c and 256 

Supplementary Table 10), including cyclic hexapeptides and octapeptides, the 257 

antimicrobial compound champacyclin72, and the proteasome inhibitors phepropeptin 258 

B and D73, 74 (Figure 5c). Nostamides (Figure 5c and Supplementary Figure 10), 259 

predicted to be synthesised by 16 NRPS biosynthetic gene clusters from five phyla 260 

(Calditrichota, Chloroflexota, Cloacimonadota, Planctomycetota and Proteobacteria), 261 

were also identified. These cyclic hexapeptides, also known as anabaenopeptins, can 262 

be potent inhibitors of blood clot stabilizing carboxypeptidases75. Besides, there were 263 

other classes of bioactive natural products (Figure 5d and 5e), such as macrolides, 264 

bahamaolide A with antifungal activity 76 and oligomycin A with cytotoxicity77. 265 
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Conclusions 266 

This meta-omic study, bridging metagenomic, metatranscriptomic, and metabolomic 267 

analysis, suggests a vast diversity of natural products are produced in an 268 

underexplored deep-sea chemosynthetic ecosystem. BGCs were encoded by 63 269 

microbial phyla from nine seeps, with 7 archaeal and 42 bacterial phyla expressing 270 

these genes in at least one sampling location. In turn, this expands our knowledge of 271 

the biosynthetic potential of uncultivated anaerobic microbes, especially the rarely 272 

investigated archaeal domain39, 78, 79. The derived natural products likely influence 273 

community dynamics, for example through their inferred roles in antimicrobial 274 

warfare, oxidative stress defences, and potentially biofilm formation, but also likely 275 

also influence biogeochemical cycling for example through their roles in facilitating 276 

methyl-CoM reductase biosynthesis in anaerobic methanotrophic archaea. Together, 277 

the metagenomic and metabolomic analysis suggest these microorganisms synthesize 278 

many unknown metabolites, though it is challenging with current understanding to 279 

accurately predict what NPs are synthesized from BGCs. Further biochemical analysis, 280 

for example through heterologous expression of BGCs and production of NPs, will be 281 

required to gain a more comprehensive understanding of these links and explore the 282 

pharmaceutical potential of the cold seep metabolome.  283 

 284 

Methods 285 

Collection of metagenomes, metatranscriptomes and MAGs 286 

For this study, the 81 metagenomes and 33 metatranscriptomes used were derived 287 

from nine globally distributed cold seeps (Figure 1a and in Supplementary Table 1). 288 

These sites are as follows: Eastern Gulf of Mexico (EGM), Northwestern Gulf of 289 

Mexico (GOM), Scotian Basin (SB), Haima seep (HM1, HM3, HM5, S11, SY5, SY6), 290 

Haiyang4 (HY4), Site F cold seep (SF), Qiongdongnan Basin (QDN), Shenhu area 291 
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(SH), and Jiaolong cold seep (JL). Detailed descriptions of the sampling sites and 292 

sequencing information for the metagenomic and metatranscriptomic data can be 293 

found in our previous work7, 45, 58, 80. Paired-end raw reads were quality-controlled by 294 

trimming primers and adapters and filtering out artifacts and low-quality reads using 295 

the Read_QC module within the metaWRAP pipeline (v1.3.2; –skip-bmtagger)81. 296 

Clean reads from each sample at individual depths were assembled, and clean reads 297 

from each sampling station from all depths were co-assembled, both using MEGAHIT 298 

(v1.1.3; default parameters, length > 1000�bp). For each assembly, contigs were 299 

binned using the binning module (parameters: –maxbin2 –concoct –metabat2) and 300 

consolidated into a final bin set using the Bin_refinement module (parameters: –c 50 301 

–x 10) within metaWRAP. The quality of the obtained MAGs was estimated by the 302 

lineage-specific workflow of CheckM (v1.0.12)82. MAGs estimated to be at least 50% 303 

complete and with less than 10% contamination were retained. MAGs reconstructed 304 

from individual assemblies and co-assemblies were combined and dereplicated for 305 

strains-level clustering using dRep (v3.2.2)83 with an average nucleotide identity (ANI) 306 

cutoff value of 99%, resulting in 2,479 strains-level representative MAGs. These 307 

MAGs obtained were taxonomically annotated using the GTDB-Tk (v1.5.0)84 against 308 

Genome Taxonomy Database GTDB (release 06-RS202). Phylogenetic trees produced 309 

by GTDB-Tk were uploaded to iTOL (v6.7.5; https://itol.embl.de/)85 for visualization. 310 

BGCs mining and net-work analysis 311 

BGCs were identified from MAGs using antiSMASH (v5.1.2)27 using the following 312 

parameters: -fullhmmer -cb-general -cb-subclusters -cb-knownclusters -genefinding-313 

tool prodigal-m -clusterhmmer -asf -smcog-trees -pfam2go. Only BGCs on contigs of > 314 

10 kb were considered. BiG-SCAPE (v1.1.0)46 was run in -auto mode with -mibig 315 

enabled to identify BGCs families. Networks using the similarity threshold of 0.3 316 

were examined, generating proposed BGC families (Gene Cluster Family, GCF). 317 
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Phylogenetic analyses of functional genes 318 

The TfuA-like phylogenetic tree was produced by aligning the predicted TfuA-like 319 

protein sequences with 25 reference sequences. All sequences were aligned using 320 

MAFFT (v7.505, –auto option)86 and gap sequences were trimmed using TrimAl 321 

(v1.2.59, –gappyout option)87. The maximum likelihood tree was constructed with IQ-322 

Tree (v2.1.2; with best-fit models and 1000 bootstrapped replicates)88 on the CIPRES 323 

server89. Three-dimensional structures of TfuA-like protein sequences were predicted 324 

using ColabFold by combining the fast homology search of MMseqs2 with 325 

AlphaFold2 90, 91. 326 

BGCs abundance calculations and in situ activities 327 

The relative abundance of BGCs across difference metagenomes were calculated from 328 

the combined BGC catalog (n = 2,865) with the program Salmon (v1.8.0)62 in the 329 

mapping-based mode (parameters: -validateMappings -meta). GPM (genes per 330 

million) values were used as a proxy for BGC abundance. The ribosomal RNAs in 331 

quality-filtered metatranscriptomic reads were removed by comparing with rRNA 332 

sequences in the Rfam and Silva databases using SortMeRNA (v4.2.0)92. 333 

Preprocessed reads were mapped to the combined BGC catalog to generate read count 334 

quantification TPM (Transcripts Per Million) of each transcript using Salmon 335 

(v1.8.0)93. The sum of all TPM values is the same in all samples and gene expression 336 

levels between samples are comparable in principle, but it is noted that the differences 337 

in the abundance of some highly expressed genes are likely to affect the relative 338 

abundance of all transcripts in a sample, thus may leading to high TPM values of 339 

some genes in a sample94. 340 

Analysis of metabolites from sediment samples 341 

Extraction of metabolites from sediment samples. Metabolite extraction was 342 

conducted using established protocols68. Hydrophilic and lipophilic metabolites were 343 
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prepared separately. About two grams of each sediment sample stored at −80 °C were 344 

taken and directly suspended in 10 ml of 1:1 dichloromethane/methanol (vol/vol) in a 345 

glass tube. The tubes were shaken carefully and sonicated for 10 min. The supernatant 346 

was collected. Fresh solvents were added to the tubes twice to repeat the extraction 347 

process and all supernatants were combined. The mixtures were filtrated using 0.45 348 

μm filters and solvents were then removed by rotary evaporation (30 °C). The 349 

obtained crude extracts were redissolved by adding 20 ml of 350 

chloroform/methanol/water (2:1:1, vol/vol/vol). The mixtures were vortex-mixed for 351 

2 min and centrifuged at 10,000 g for 10 min at 4 °C. Both the upper (water-soluble 352 

metabolites) and the bottom phases (lipid-soluble metabolites) were recovered and 353 

vacuum-dried using a vacuum evaporator. The hydrophilic and the lipophilic 354 

metabolites were reconstituted using 2 ml of acetonitrile/water (1:1, vol/vol) and 355 

isopropanol/acetonitrile/water 4:3:1 (vol/vol/vol), respectively. Two reagent blank 356 

samples (one hydrophilic and one lipophilic sample) were also prepared using the 357 

same procedure while no sediment sample was added in the first step. 358 

Analysis of metabolites samples using LC-MS/MS. Liquid chromatography tandem-359 

mass spectrometry (LC-MS/MS) analyses were performed on a VionTM ion-mobility 360 

quadrupole time-of-flight mass spectrometer (Waters, MA, USA) with an electrospray 361 

interface and coupled with an Acquity UPLC system (Waters, MA, USA). The ESI 362 

conditions were as follows: capillary voltage 2500 V, source temperature 120 °C, 363 

desolvation temperature 350 °C, cone gas flow 80 L/h, desolvation gas flow of 850 364 

L/h. Detection was performed in positive ion mode in the m/z range of 50–2000 with 365 

a scan time of 0.2 s. The MSE acquisition mode, which allows simultaneous 366 

acquisition of full scan data (low-energy scan, 6 eV) and collision-induced 367 

fragmentation data (high-energy scan, ramp from 25 to 35 eV), was used. Leucine-368 

enkephalin (Sigma–Aldrich, Steinheim, Germany) of 200 ng/mL was used as a 369 

reference and was introduced into the system at a flow rate of 10 µl/min. The 370 

separation of hydrophilic metabolites was carried out on an ACQUITY UPLC BEH 371 

Amide column (2.1 × 150 mm, particle size 1.7 µm). Acetonitrile and water (both 372 
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with 0.1% (vol/vol) formic acid) were used as mobile phases A and B, respectively. 373 

The column temperature was set to 30 °C, the flow rate to 0.4 ml/min, the injection 374 

volume to 3 µl, and the autosampler temperature to 10 °C. The following elution 375 

gradient was used: 0-6 min, 1 % to 60 % B; 6-8 min, 60 % to 1 % B; and 1% B was 376 

kept for 2 min. The gradient was run four times without injecting any sample to 377 

equilibrate the column. All samples were diluted ten times before analysis. Lipophilic 378 

metabolites were separated on an ACQUITY UPLC CSH C18 column (2.1 × 100 mm, 379 

particle size 1.7 µm). Acetonitrile/water (60:40, vol/vol) with 10 mM ammonium 380 

formate and 0.1% (vol/vol) formic acid was used as mobile phase A. 381 

Isopropanol/acetonitrile (90:10, vol/vol) with 10 mM ammonium formate and 0.1% 382 

(vol/vol) formic acid was used as mobile phase B. The column temperature was set at 383 

50 °C, the flow rate at 0.4 ml/min, the injection volume at 3 µl, and the autosampler 384 

temperature at 10 °C. The following elution gradient was used: 0- 2 min, 40 % to 43 % 385 

B; 2–2.1 min, 43 % to 50 % B; 2.1–10 min, 50 % to 54 % B; 10–10.1 min, 54 % to 386 

70 % B; 10.1–14 min, 70 % to 99 % B; 14–14.1 min, 99 % to 40 % B; and 14.1–16 387 

min, kept 40% B. The gradient was run four times without injecting any sample to 388 

equilibrate the column. 389 

Metabolite annotation using GNPS platform. Raw data generated from LC-MS/MS 390 

analysis were converted into the mgf format using UNIFI v. 1.8 (Waters). The mgf 391 

files were uploaded and deposited in the MassIVE Public GNPS (Global Natural 392 

Products Social Molecular Networking) data set (https://massive.ucsd.edu/)67, 69. 393 

Firstly, the MS/MS data were analyzed with the GNPS pipeline (METABOLOMICS-394 

SNETS) using the following parameters: precursor ion mass tolerance = 0.01 Da, 395 

fragment ion mass tolerance = 0.01 Da, minimal pairs cosine = 0.7, minimum 396 

matched fragment ions = 6, and minimum cluster size = 1. The options “Search 397 

Analogs” was checked. One no-injection blank sample and one reagent blank sample 398 

were put in G6 to filter the contaminants and/or noises from UPLC analysis as well as 399 

sample preparation procedures. Compounds were identified using the GNPS reference 400 

library, which contains over 220,000 curated spectra. Library matches were assigned 401 
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if they shared at least 6 MS/MS peaks and had a similarity score above 0.7. For all 402 

spectral matches, the generated mirror spectra plots were manually investigated. 403 

Secondly, the Dereplicator tool95 was used for the identification of known peptidic 404 

natural products from the generated molecular network. The precursor ion mass 405 

tolerance and fragment ion mass tolerance were both set as 0.02 Da. The option 406 

“Search Analogs (VarQuest)” was checked. The molecular networks were also 407 

subjected to MS2LDA (http://ms2lda.org/) workflow96, 97. The bin width was set as 408 

0.01. The minimum MS2 intensity and LDA free motifs were set as 100 and 200, 409 

respectively. Subsequently, the Network Annotation Propagation (NAP) workflow 410 

was used98. The following parameters were applied: 10 first candidates for consensus 411 

score, accuracy for exact mass candidate search within 15 ppm, and search against 412 

structure databases including HMDB, SUPNAT, CHEBI, DRUGBANK, and FooDB. 413 

Lastly, the results generated from the above-mentioned workflows were integrated by 414 

MolNetEnhancer into the generated molecular network70. All the nodes annotated by 415 

the library search or in silico prediction were submitted to chemical classification 416 

using ClassyFire hierarchical chemical ontology software99. The molecular network 417 

was then visualized using Cytoscape (v3.8.2)100. Compound family annotations were 418 

also carried out through matching chemical similarity grouping in the Natural 419 

Products Atlas to grouping of mass spectrometry features from molecular networks by 420 

Structural similarity Network Annotation Platform for Mass Spectrometry (SNAP-421 

MS)71.  422 

Statistical analyses 423 

All statistical analyses were performed in R (v4.1.3). Beta diversity of biosynthetic 424 

gene clusters was calculated using vegan package (v2.5–6)101. Shapiro–Wilk and 425 

Bartlett’s tests were employed to test data normality and homoscedasticity prior to 426 

other statistical analysis. Non-metric multidimensional scaling (NMDS) was used to 427 

reduce dimensionality using the function capscale, based on Bray–Curtis 428 

dissimilarities generated with gene abundances (GPM) values using the vegdist 429 
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function. The groupings of cold seep sediments into three different sample depths 430 

(surface: <1 mbsf, shallow: 1-10 mbsf, and deep: >10 mbsf) were individually 431 

verified using Analysis of Similarity (ANOSIM), performed with 999 permutations 432 

based on Bray–Curtis dissimilarity. 433 

Data availability 434 

MAGs, BGCs and other related information have been uploaded to figshare 435 

(10.6084/m9.figshare.23364041). Raw data generated from LC-MS/MS analysis were 436 

converted into the mgf format using UNIFI v. 1.8 (Waters). The mgf files were 437 

uploaded and deposited in the MassIVE Public GNPS (Global Natural Products 438 

Social Molecular Networking) data set (https://massive.ucsd.edu/). The accession 439 

numbers for polar and nonpolar metabolites data are MSV000090350 and 440 

MSV000090349, respectively. 441 

Code availability 442 

The present study did not generate codes, and mentioned tools used for the data 443 

analysis were applied with default parameters unless specified otherwise.  444 
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Figure legends 684 

Figure 1. The map of nine globally distributed cold seep sites and reconstruction 685 

of MAGs. (a) Geographic distribution of all cold seep sites where metagenomic data 686 

were collected. Asterisks donate sites where metatranscriptomes were also collected, 687 

the triangle denotes the site were metabolomes were collected. Details are shown in 688 

Supplementary Table 1. (b)-(c) Sanket plots showing recovered MAG information 689 

of cold seep sediment microbiome at different taxonomic levels based on GTDB-Tk 690 

classification, including (b) archaea and (c) bacteria. The numbers indicate the 691 

number of MAGs recovered for the lineage. Detailed trees for recovered MAGs can 692 

be found in Supplementary Figure 1. 693 

 694 

Figure 2. Biosynthetic gene clusters detected in cold seep archaeal and bacterial 695 

MAGs. Relative proportions of different BGC classes in (a) archaeal and (b) bacterial 696 

MAGs derived from 81 cold seep sediment samples based on BiG-SCAPE. (c) 697 

Normalized counts of bacterial biosynthetic gene clusters at the phylum level. (d) 698 

Normalized counts of archaeal biosynthetic gene cluster at the phylum level. Bold 699 

labels indicate phyla with only one representative MAG. Normalized BGC counts 700 

were derived by dividing the total count of each BGC type present in a phylum by the 701 

total number of MAGs from that phylum. (e) Venn diagram showing the overlap 702 

between the MIBiG database and cold seep BGCs. Three cold seep BGCs overlap 703 

with four reference BGCs, forming three Gene Cluster Families (GCFs). Detailed 704 

BGC statistics are provided in Supplementary Table 3. 705 

Figure 3. Biosynthetic gene clusters potentially influencing community dynamics 706 

and biogeochemical processes in cold seeps. (a) Detailed diversity of Others and 707 

RiPPs in archaeal and bacterial MAGs based on similarity networks. Nodes are 708 

colored by biosynthetic class. BGC distributions across different taxonomic levels, 709 

including (b) heterocyst glycolipid synthase-like PKS (hglE-KS), (c) phosphonate, (d) 710 

siderophore, and (e) TfuA-related. (f-g) Structural comparison between a predicted 711 
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TfuA-related McrA-glycine thioamidation proteins and the experimentally determined 712 

structure (6XPB, the crystal structure of TfuA involved in peptide backbone 713 

thioamidation from Methanosarcina acetivorans). (f) The overall structural 714 

comparision showing a unique di-domain fold. The presumptive active site residues of 715 

experimental and predicted structure are shown as green and yellow sticks, 716 

respectively. (g) Close-up view of the putative active site of TfuA-related. Residues 717 

predicted to form the ThiS-binding pocket, and the α-helix that is implicated to 718 

mediate interactions with YcaO is marked as α4. (h) Wind rose diagram showing 719 

expression levels of BGCs from the top 10 or 5 abundant microbes related to N, P, Fe, 720 

and CH4 cycling. Transcript abundances are represented in the units of transcripts per 721 

million (TPM). 722 

Figure 4. Abundance and expression of biosynthetic gene clusters across different 723 

phyla and different BGC types in the cold seep sediments. (a) The heatmap shows 724 

the average abundance of BGCs for each phylum. Sediment depth is grouped into: 725 

surface, <1 mbsf; shallow, 1–10 mbsf; deep, >10 mbsf. (b) Mean relative abundances 726 

of BGCs for each phylum. The bars indicate the minima and maxima of BGC 727 

abundances. BGC abundances are represented in the units of genes per million (GPM). 728 

(c) The heatmap shows the average transcript abundance of BGCs for each type. 729 

Transcript abundances are represented in the units of transcripts per million (TPM). (d) 730 

NMDS analysis of a Bray-Curtis dissimilarity matrix calculated from BGC 731 

abundances. ANOSIM was applied to test BGC differences in microbial communities 732 

among different sediment depths (surface, <1 mbsf; shallow, 1–10 mbsf; deep, >10 733 

mbsf), using a 999-permutation test. Detailed data are in Supplementary Tables 4-5. 734 

Figure 5. Metabolomes in Qiongdongnan cold seep sediments. (a) Annotated and 735 

unannotated molecular features were classified into two groups: hydrophilic and 736 

lipophilic metabolites. Annotated hydrophilic metabolites are grouped into three 737 

classes. (b) A molecular network of 9,145 nodes was created, 773 of which fall into 738 

12 molecular families and are indicated with different colors while the remaining 739 
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were colored in grey to represent unannotated lipophilic metabolites. (c-e) Clusters of 740 

notable identified lipophilic metabolites. Cluster I (c) were peptides, with nodes 741 

identified to cyclic peptides. The cluster II (d) and III (e) belonged to macrolides. 742 

Detailed data are in Supplementary Tables 6-9. 743 
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