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Global marine microbial diversity and its 
potential in bioprospecting
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Xuechun Shen2, Sen Wang5, Chen Qi2, Jing Chen7, Chen Ye2, Fang Zhao1, Jun Wang1, Jie Fan1,3, 
Baitao Li2, Jiahui Sun1, Xiaodong Jia15, Zhangyong Xia16, He Zhang1,2, Junnian Liu1, Yue Zheng2, 
Xin Liu1,2, Jian Wang2, Huanming Yang2, Karsten Kristiansen2,3,4, Xun Xu1,2,3,17, 
Thomas Mock18 ✉, Shengying Li5,19 ✉, Wenwei Zhang2,17 ✉ & Guangyi Fan1,2,3,13,17 ✉

The past two decades has witnessed a remarkable increase in the number of microbial 
genomes retrieved from marine systems1,2. However, it has remained challenging to 
translate this marine genomic diversity into biotechnological and biomedical 
applications3,4. Here we recovered 43,191 bacterial and archaeal genomes from 
publicly available marine metagenomes, encompassing a wide range of diversity with 
138 distinct phyla, redefining the upper limit of marine bacterial genome size and 
revealing complex trade-offs between the occurrence of CRISPR–Cas systems and 
antibiotic resistance genes. In silico bioprospecting of these marine genomes led to 
the discovery of a novel CRISPR–Cas9 system, ten antimicrobial peptides, and three 
enzymes that degrade polyethylene terephthalate. In vitro experiments confirmed 
their effectiveness and efficacy. This work provides evidence that global-scale 
sequencing initiatives advance our understanding of how microbial diversity has 
evolved in the oceans and is maintained, and demonstrates how such initiatives can  
be sustainably exploited to advance biotechnology and biomedicine.

Bacterial and archaeal cells account for an estimated 1029 cells in the 
oceans, and are essential components that underpin global biogeo-
chemical fluxes and ecological processes5. They are characterized by 
broad taxonomic and metabolic diversity and can undergo rapid evo-
lutionary adaptations in response to environmental changes. Recent 
advancements in sequencing technologies have lifted the barrier 
imposed by uncultivability, and have thus enabled genome-resolved 
metagenomics to shed light on marine biodiversity. In particular, 
landmark projects such as Global Ocean Sampling1 (GOS) and the Tara 
Oceans Expedition2, have significantly expanded our understanding 
of the oceanic microbial inventory on a planetary scale.

Despite these global sequencing efforts, only a few studies have 
applied a comprehensive approach to assess the functional diversity 
of the global marine microbiome4,6. A similar approach in terms of 
scale was performed by Nayfach et al.3 (2020), albeit with a focus on 

terrestrial and host-associated microbiomes and without experimental 
validation of the predicted biotechnological potential3. In relation to 
biotechnological potential, preliminary experimental data exist for 
genes involved in phospeptin and pythonamide biosynthetic pathways 
in ocean microbiomes4. Thus, robust experimental evidence is required 
to assess the usefulness and therefore value of these global microbiome 
datasets for their future exploitation to advance biotechnological and 
biomedical applications. To aid this approach, microorganisms from 
various marine ecosystems, including the difficult-to-assess polar 
oceans and the deep sea, must be included to explore the vast microbial 
diversity. Consequently, a two-step approach was chosen to address the 
current gaps: (1) we generated a comprehensive and unified catalogue 
based on genome-resolved metagenomics covering all major marine 
ecosystems including polar oceans and the deep sea; and (2) we applied 
deep learning-based bioinformatics in combination with experimental 
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approaches to provide robust evidence that ocean microbiomes are a 
valuable resource for marine bioprospecting.

To realize our approach and thereby provide a step change in 
ocean-based bioprospecting, we have analysed publicly available 
marine metagenomes from National Center for Biotechnology Informa-
tion (NCBI), European Bioinformatics Institute (EBI) and Joint Genome 
Institute ( JGI) from the period of August 2009 to July 2020. We gener-
ated 43,191 metagenome-assembled genomes (MAGs) across 3,470 
microbial genera and 138 phyla. Combining these MAGs with public 
marine bacterial and archaeal genomes from NCBI, Ocean Microbiom-
ics Database (OMD) and OceanDNA4,6, we constructed a unified global 
ocean microbiome genome catalogue (GOMC). The GOMC markedly 
expands the known marine microbial diversity with numerous novel 
MAGs across various taxonomic ranks. By profiling the abundance of 
bacterial and archaeal MAGs, we identified biogeographic patterns 
of microbiomes on a global scale. Through comprehensive statistical 
analyses driven by a vast array of genomes, our study unveils micro-
bial adaptive traits encoded in their genomes, such as genome size 
and preference for CRISPR–Cas or antibiotic resistance gene (ARG) 
defence systems. We also identified a novel CRISPR–Cas9 system, sev-
eral antimicrobial peptides (AMPs) and highly active halophilic PETases 
that degrade plastics and demonstrated their respective activities 
in the laboratory. Thus, our unified catalogue represents a valuable 

resource for future studies, not only in terms of advancing our under-
standing of global microbial diversity, but also for how this diversity 
can be sustainably exploited for mitigating environmental pollution 
and for benefitting mankind through advancing biotechnological and 
biomedical applications.

Expansion of the global ocean microbiome
We collected 237.02 Tb of sequence data from 24,395 publicly available 
marine metagenomes, covering a broad range of marine environments, 
from pole to pole (latitude ranging from 77.90 °S to 89.99 °N) and from 
the surface ocean to hadal trenches (Extended Data Fig. 1). From these 
metagenomes, we reconstructed a collection of 43,191 medium- to 
high-quality MAGs with average completeness of 82.33% and 1.79% 
potential contaminations (Fig. 1a,b). A total of 26, 79, 304, 1,185 and 
5,783 MAGs could not be assigned to known taxa against the Genome 
Taxonomy Database (GTDB) at the phylum, class, order, family and 
genus level, respectively. At the species level, a large proportion of 
bacteria and archaea (43.37% and 43.89%, respectively), accounting 
for 20,295 MAGs could not be assigned to any known taxon. To provide 
an exhaustive marine microbial genome catalogue, we further inte-
grated marine microbial genomes from three additional databases, 
including the OMD4, OceanDNA6 and 8,050 public genomes from NCBI, 
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Fig. 1 | Geographic and ecosystem distribution of MAGs. a, Geographic 
distribution of 43,191 newly recovered MAGs. BATH, bathypelagic; DCM, deep 
chlorophyll maximum layer; MES, mesopelagic; SRF, surface water. b, The 
collection of 43,191 MAGs with medium or higher quality that form the basis of 
this study. The central dot plot displays the distribution of completeness and 
contamination for all MAGs recovered in this study. The top bar plot indicates 
the percentage of MAGs within specific completeness ranges, while the right 

bar plot shows the percentage within specific contamination ranges. The grey 
bar plot embedded in the center illustrates the number of taxonomically 
unclassified MAGs across taxonomic ranks. c, A Venn diagram showing the 
specific or shared species-level genomes among the newly assembled genomes, 
NCBI, OMD and OceanDNA. d, Contribution of the current study and extant 
published databases to each bacterial and archaeal phylum. The inset table 
presents the original ecosystems of the 9,937 specific MAGs in this study.
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resulting in a non-redundant catalogue comprising 24,195 genomes, 
which constitutes the GOMC (Extended Data Fig. 1 and Supplementary 
Table 1). A total of 9,937 MAGs, accounting for 41.07% of the GOMC, 
were newly recovered in the current study, most of which (82.06%) 
represent potential novel species that were not available in previous 
databases (Fig. 1c and Supplementary Table 1). These specific MAGs 
were recovered mainly from the bathypelagic zone (3,713 MAGs), 
sediment (1,371 MAGs) and host-associated (1,250 MAGs) ecosystems 
(Fig. 1d). Our newly recovered MAGs significantly increased the known 
diversity of marine microbiomes, constituting 65% of the genomes for 
the Thermoproteota and Halobacteriota phyla (Fig. 1d and Extended 
Data Fig. 2a), and accounting for more than 85% of Campylobacterota 
and Desulfobacterota genomes (Fig. 1d and Extended Data Fig. 2b).

In addition to genome cataloguing, we further explored the bio-
geographic implications of our database (Extended Data Fig. 3a and 
Supplementary Note 1). Previous studies have investigated the marine 
microbial communities, particularly in the context of ocean microbi-
ome dynamics, mostly by amplicon sequencing7–9, with a few excep-
tions utilizing metagenomes10. Here we introduce the implementation 
of uniform manifold approximation and projection (UMAP) to unveil 
biogeographic patterns within marine microbiomes11 (Supplementary 
Note 1). Our analyses identified 56 distinct metagenomic provinces 
(MPs) (ANOSIM test, R = 0.61, P < 0.01) (Extended Data Fig. 3b). Globally, 
MPs were not confined to geographically clustered sampling sites but 
exhibited large-scale biogeographical partitioning (Supplementary 
Note 1). The absence of strict geographical constraints on the distri-
bution of MPs raises questions about the role of ocean connectivity 
in shaping microbial biogeography12. It is plausible that water masses 
facilitate the dispersal of microbial communities across large distances, 
contributing to the observed global-scale patterns10. MPs were pri-
marily restricted to specific ocean depths with few exceptions across 
adjacent depth boundaries, and thus exhibited a clear depth profile 
(Extended Data Fig. 3c). This depth-related segregation suggests the 
existence of strong environmental filtering. Besides the role of MPs in 
delineating ecological patterns, they represent a framework for iden-
tifying genomic properties against distinguishing features of MPs on 
a broader geographic scale, as exemplified in the subsequent analysis 
focusing on defence systems (Extended Data Fig. 3d).

Implications of large marine bacterial genomes
Evolutionary theory predicts that high environmental variability 
selects for larger genomes with increased metabolic potential13. This 
has been documented in terrestrial and freshwater ecosystems but is 
less known for marine habitats14. In GOMC, we discovered 303 large 
genomes with estimated genome sizes of at least 8 Mb. Among them, 
three newly recovered MAGs from the Planctomycetota phylum with 
genome sizes ranging from 16.7 to 18.4 Mb extended the known upper 
limit of marine bacterial genome size (Fig. 2a, Supplementary Note 2 
and Supplementary Table 1). These genomes were recovered from 
two samples from the Cariaco Basin, an anoxic marine basin situated 
on the northern continental shelf of Venezuela in the Caribbean Sea15. 
Their closest relative, Pirellulaceae bacterium, with a genome size 
of 11.7 Mb, was discovered in the upper layer of the anoxic pelagic 
system of the Black Sea16 (Supplementary Note 2). Although the two 
environments differ in several physiochemical properties, they are 
both characterized by a fluctuating supply of nutrients and significant 
redoxclines. This suggests that the larger environmental variability 
in these ecosystems might impose selection pressure that benefits 
bacteria with large genomes17. To further investigate the relationship 
between genome features and size, we assessed the variations in overall 
genome characteristics (Extended Data Fig. 4a). Although smaller 
genomes tend to employ higher coding density, no consistent trend 
was observed between coding density and genome size across major 
bacterial phyla. However, we identified an increase in gene length and 

intergenic length with genome size. Similarly, larger genomes tend to 
have a higher GC content with a maximum of around 75%, which might 
be attributed to a combination of intrinsic mutation bias and possibly 
also environmental factors18,19.

Additionally, we examined the trend between functional gene con-
tent and genome size, guided by the hypothesis that larger genomes 
preferentially accumulate genes involved in genome stability, cell cycle 
progression, signal transduction and gene regulation. Utilizing phylo-
genetic regression analyses, the reconstruction of ancestral proteomes, 
and exploring the associations between genome size and gene copies, 
we identified 77 Pfam domains that potentially underpin the expansion 
of genome size (Supplementary Note 2 and Extended Data Fig. 4b). 
Most of these domains exhibited a significant positive correlation with 
genome size across a wide taxonomic range (Fig. 2b and Extended Data 
Fig. 5a,b), and demonstrated a broad spectrum of functional roles, such 
as nutrient acquisition, responsiveness to environmental stimuli and 
interactions with other organisms. For instance, the methyltransferase 
domains (PF08241 and PF13649) appear to be a significant predictor 
of genome size. Studies have demonstrated roles for bacterial DNA 
methylation in gene regulation, genome stability and defence mecha-
nisms20,21. Thus, bacteria with larger genomes may encode a greater 
diversity of genes and regulatory elements, contributing to increased 
complexity in DNA methylation patterns20. These organisms may also 
invest in an elaborate defence system, utilizing DNA methylation to 
protect against phage infection and foreign DNA21. The von Willebrand 
factor type A domain (PF13519), which serves as a key structural motif 
influencing bacterial adhesion, biofilm formation and cellular inter-
actions22, emerges as another notable indicator. Its modular nature 
facilitates crucial protein–protein interactions, essential for bacterial 
adhesion in diverse environmental contexts, and contributes to ligand 
recognition, affecting bacterial colonization and community dynam-
ics23. Notably, we observed a significant positive correlation between 
genome size and WD40 motif-containing proteins (PF00400). WD40 
is an ancient protein domain family that was originally identified in 
eukaryotes but was subsequently also found in bacteria, especially 
in those with increased phenotypic complexity24,25. Proteins featur-
ing the WD40 motif often function as scaffolds for protein–protein 
interactions, with a potential role in the formation of the distinctive 
intracytoplasmic membrane in Planctomycetes, and thereby promot-
ing eukaryote-like intracellular compartmentalization26,27.

Trade-offs between CRISPR–Cas and ARG systems
The CRISPR–Cas system, which serves as a microbial ‘immune’ system, 
is crucial for preventing heterogeneous nucleate invasion. Since its 
discovery, the distribution of CRISPR–Cas systems across microbial 
phylogeny and diverse ecosystems has attracted substantial interest28. 
In GOMC, we identified 5,127 Cas operons of 40 types from 3,212 MAGs 
(around 15%), among which 1,708 also contained complete CRISPR 
arrays (Fig. 3a and Supplementary Table 1). Notably, Firmicutes_B pos-
sessed the highest fraction of MAGs encoding Cas operons, whereas 
other taxa, such as the Margulisbacteria and Rhizobiales, rarely encode 
Cas proteins (Fig. 3a). These results align well with previous studies 
with respect to the overall presence of Cas operons and uneven dis-
tribution pattern across phylogenies29. To investigate the potential 
factors driving this taxonomic bias in terms of the presence of Cas 
operons, we interrogated the influence of temperature, a previously 
reported variable influencing the abundance of CRISPR–Cas systems in 
bacteria and archaea30. We predicted the optimal growth temperature 
for all the genomes in the GOMC, and found that microorganisms that 
encode Cas proteins exhibited a significantly higher average optimal 
growth temperature compared with those without Cas operons across 
most phyla (Extended Data Fig. 6a). Consistently, the fraction of MAGs 
encoding CRISPR–Cas systems was significantly higher in thermophile 
compared with psychrophile, and in hydrothermal vents compared 
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with open-ocean water samples (Fig. 3b,c and Extended Data Fig. 3d). 
In addition to temperature, host-associated ecosystems exhibited a 
higher frequency of CRISPR–Cas encoding MAGs compared to open 
oceans (Extended Data Fig. 3d). Anaerobic ecosystems also demon-
strated relatively higher prevalence of Cas operons, including intestinal 
microbiomes, engineered wastewater anaerobic microbiomes and 
microbiomes from terrestrial deep subsurface ecosystems (Fig. 3c), 
which might be owing to host-associated condition and/or low oxygen 
concentration, as previously reported28.

Despite the canonical role of microbial CRISPR–Cas systems in 
thwarting foreign DNA invasion, their potential effect on the acquisi-
tion of adaptive traits, such as antibiotic resistance capacity31, remains 
an intriguing area of inquiry. We examined the frequency of ARGs in 
genomes that either encoded Cas operons or lacked them across vari-
ous lineages. We observed a significantly lower frequency of ARGs in 

genomes that simultaneously encoded Cas compared with genomes 
without Cas in several microbial phyla. These phyla inhabit environ-
ments that favour the selection of CRISPR–Cas defence systems, includ-
ing Thermoplasmatota and Halobacteriota from hydrothermal vents32, 
as well as Patescibacteria, WOR-3, Gemmatimonadota, Marinisoma-
tota and Firmicutes, which are commonly observed in anaerobic or 
host-associated environments30 (Fig. 3d and Extended Data Fig. 6b). 
However, the presence of Cas did not decrease the fraction of MAGs 
encoding ARGs in the remaining phyla (Fig. 3d). Further investigation 
considering not only the presence or absence but also the number of 
Cas operons in each genome revealed that their number appears to 
restrict the upper limit on the number of ARGs that the genome can 
potentially encode (nested ANOVA test, P < 0.001). Consequently, as 
the number of Cas operons increases, the number of ARGs and mobile 
genetic elements decreases (Fig. 3e and Extended Data Fig. 6c). Notably, 
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previous studies have reported divergent trends, with some identify-
ing an inverse relationship between CRISPR–Cas and ARGs in selected 
pathogenic strains33,34, whereas genes associated with fosfomycin and 
rifampicin resistance were reported to be more common in Escherichia 
coli genomes with CRISPR–Cas system34. These observations align 
with our findings depicted in Fig. 3d, suggesting a lack of a consistent 
monotonic trend. Here, we noticed a significantly higher proportion 
of MAGs encoding ARGs in MPs from the open ocean. Conversely, 
higher fractions of MAGs encoding CRISPR–Cas immunity systems 
were observed in host-associated MPs, suggesting that the protection 
against foreign DNA might be of greater importance in these environ-
ments compared with open-ocean environments. MAGs encoding both 
immune systems were observed across most of the MPs associated with 
various marine ecosystems, although their frequencies were relatively 
low (Extended Data Fig. 3d).

A CRISPR–Cas9 system with robust in vitro activity
We have demonstrated the potential of the GOMC database as a valu-
able resource for exploring novel genome editing tools. Taking the 
most widely used Cas9 system as an example, we identified 88 con-
tigs containing Cas9 operons and complete CRISPR arrays, among 
which 36 had Cas9 proteins more than 950 amino acids in size35 (Sup-
plementary Table 2). From these, we selected the shortest one (ocean 
microbiome CRISPR–Cas9 system (Om1Cas9); 1,054 amino acids) 
from newly recovered genomes for experimental testing (Supplemen-
tary Table 3a). Om1Cas9 utilizes a guide RNA scaffold consisting of a 
37-bp mature CRISPR RNA (crRNA) and a 72-bp trans-activating crRNA 
(tracrRNA) (Extended Data Fig. 7a,b) and specifically recognizes 3′ 
NNGG protospacer adjacent motif (PAM) sequences for targeting of 
double-stranded DNA (dsDNA) (Extended Data Fig. 7c). We conducted 
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digestion experiments by incubating Om1Cas9 ribonucleoprotein 
complexes and dsDNA substrates at temperatures ranging from 22 to 
42 °C. The results demonstrated that Om1Cas9 can effectively cleave 
dsDNA across the tested temperature range, displaying robust in vitro 
editing performance (Extended Data Fig. 7d and Supplementary Fig. 1). 
Furthermore, we integrated the Om1Cas9 sequence into the pX458 
plasmid and evaluated its activity using human cells (Supplementary 
Table 3b). Specifically, we selected five target sites in the haemoglobin 
subunit gamma (HBG) gene and BCL11a enhancer regions, and designed 
corresponding guide RNA spacers with appropriate PAMs to explore the 
practical application of Om1Cas9 in the treatment of β-thalassaemia 
(Supplementary Table 3c). Om1Cas9 showed a cleavage efficiency of 
17.08–37.44% and 14.89–93.83% at the HBG and BCL11a enhancer gene 
loci, respectively, in the HEK293T cell line derived from embryonic 
kidney cells (Extended Data Fig. 7e,f). This case study demonstrates the 
efficacy and highlights the potential of utilizing the GOMC resources 
for identifying novel CRISPR–Cas systems for various biotechnologi-
cal applications.

AMPs with efficacy against a range of pathogens
Marine microbial communities have the ability to synthesize second-
ary metabolites with significant ecological, biotechnological and 
therapeutic application potentials4. These molecules are encoded 
by biosynthetic gene clusters (BGCs). In our study, we predicted a 
total of 64,217 BGCs of 66 different types, with lengths ranging from 
1,001 to 576,743 bp (Extended Data Fig. 8a). To address redundancy 
and incompleteness inherent in individual BGCs, we clustered all 
BGCs into 13,063 gene cluster families (GCFs) (Fig. 4a). Remarkably, 
approximately 25.49% (16,369 BGCs) of the BGCs from 5,793 GCFs 

were only remotely similar (cosine distance > 0.2) to any annotated 
GCFs in the BiG-FAM reference database36. Approximately 60.83% of 
these novel BGCs were specifically encoded by the newly reconstructed 
MAGs in our study. Most of the novel BGCs were from Proteobacte-
ria (38.36%) and Bacteroidota (10.65%) (Extended Data Fig. 8b), with 
ribosomally synthesized and post-translationally modified peptides 
(RiPPs) (43.12%) and terpenes (23.12%) being most dominant types 
(Extended Data Fig. 8c). Furthermore, we identified a total of 419 
archaeal GCFs, with 233 archaeal-specific domains, mainly from 
Halobacteriota and Thermoplasmatota. Among the bacterial phyla, 
Proteobacteria, Actinobacteriota and Firmicutes had the highest diver-
sity of GCFs, with more than 80% of their GCFs being phylum-specific 
(Extended Data Fig. 8d), implying that the biosynthesis of certain 
secondary metabolites might be restricted to specific taxa. Further-
more, we extrapolated the trend of GCF-coding potential across vari-
ous taxonomic ranks, identified Proteobacteria, Actinobacteriota, 
Bacteroidota and Planctomycetota as having the highest potential 
for producing secondary metabolites (Extended Data Fig. 8e) and 
emphasized the efficacy of genus-level classification in assessing 
coding potential (Extended Data Fig. 8f,g), further corroborating  
previous findings36.

We conducted extensive data mining to identify potential novel AMPs 
from putative BGCs, which often exhibit various antibacterial and anti-
tumor activities37 (Extended Data Fig. 8h). We identified 1,079 putative 
AMPs from 629 BGCs, of which 121 unique candidate AMPs (cAMPs) 
were identified from 115 BGCs using deep learning models (Supple-
mentary Table 4). The cAMPs were mainly derived from lanthipeptide 
class II and lanthipeptide class I BGCs from Actinobacteriota (31 cAMPs), 
Firmicutes (27 cAMPs) and Proteobacteria (21 cAMPs) (Extended Data 
Fig. 8h). Out of the 121 candidate AMPs, 117 showed high potential to 
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Fig. 4 | Identification of biosynthetic gene clusters and AMPs. a, Comparison 
of biosynthetic gene clusters among phyla. The number of unique GCFs detected 
in each phylum is displayed by the bar chart. b, SEM examination of five bacterial 
strains treated with cAMP_87 and non-AMP negative control group, revealing 

leakage of cell contents and disruption of the cell wall and membrane. The 
experiments were conducted in triplicate, yielding consistent results, and a 
representative image is provided for illustration.
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be novel cAMPs, indicating a rich source of unexplored AMPs in the 
marine microbiome38.

To validate and characterize their antimicrobial activity, we suc-
cessfully synthesized 63 cAMPs with fewer than 50 amino acids by 
solid-phase peptide synthesis (Supplementary Table 4). We examined 
their antimicrobial activity against five bacterial strains, including 
Gram-positive Staphylococcus aureus (ATCC 12600) and Bacillus subtilis 
(ATCC 6051), as well as Gram-negative E. coli (ATCC 25922), Klebsiella 
pneumoniae (ATCC 13883), and Vibrio vulnificus (ATCC 27562). Prelimi-
nary examination identified ten cAMPs with antimicrobial activity that 
inhibited the growth of at least one strain (Extended Data Fig. 9a and 
Supplementary Table 4). Of note, one of the tested cAMPs (cAMP_87) 
showed the lowest minimal inhibitory concentration (MIC) and minimal 
bactericidal concentration (MBC) of 4 μM against the S. aureus and 
B. subtilis strains, whereas for other three strains, the MIC was 16 μM 
and the MBC remained below 32 μM (Extended Data Fig. 9a,b). The 
22-amino-acid peptide cAMP_87 was initially identified from a novel 
bacterium of the Salinibacteraceae family. The structure predicted 
by AlphaFold2 showed that cAMP_87 adopts an alpha-helical confor-
mation, consistent with a typical structure of AMPs39 (Extended Data 
Fig. 9c,d). Both scanning electron microscope (SEM) and transmission 
electron microscope (TEM) images revealed damage of the bacterial 
membrane upon exposure to cAMP_87 (Fig. 4b and Extended Data 
Fig. 9e). Thus, cAMP_87 exhibits broad-spectrum and potent antibacte-
rial activity against both Gram-negative and Gram-positive bacteria. 
Our finding indicates that novel marine bacterial genomes have great 
potential for AMP mining, pointing to the unexplored novel antibiotics 
space of marine microbial genomes.

Deep-sea PETases depolymerize PET film
We also constructed a global ocean microbiome protein catalogue 
(GOPC) by predicting open reading frames (ORFs) of the assembled 
contigs (Extended Data Fig. 1). The GOPC contains more than 2,458 
million unique genes, surpassing the gene count of Ocean Microbial 
Reference Gene Catalogue40 (OM-RGC_v2), providing a more compre-
hensive resource for novel enzyme mining for various biotechnological 
applications. The enzymatic breakdown of polyethylene terephthalate 
(PET) has attracted increasing attention since the discovery of a novel 
PET hydrolase (IsPETase) from a PET-assimilating bacterial strain41,42. 
Techniques such as directed evolution have significantly improved 
the catalytic efficiency for PET degradation and recycling43–45. We con-
ducted a targeted search against GOPC using the IsPETase sequence 
as a reference to discover novel PET hydrolases. We identified 1,598 
IsPETase homogenous sequences from various marine ecosystems 
containing the conserved Ser-Asp-His catalytic triad46 (Extended Data 
Fig. 10a). These sequences showed significant phylogenetic diversity 
and formed distinct clades not being constrained by their geographic 
origins (Extended Data Fig. 10b,c). To identify PET hydrolases with 
robust performance under different conditions and enzymatic stabil-
ity, we focused on PETase candidates associated with extreme marine 
environments47. Consequently, we selected three sequences from the 
hadal trench and another three sequences from hydrothermal vents for 
heterologous expression in E. coli and following in vitro biochemical 
characterization (Extended Data Fig. 10d and Supplementary Table 5).

To test the hydrolytic activities of the six heterologously expressed 
deep-sea PETases (dsPETases), commercial GfPET films (ES301445, 
Goodfellow) were used as substrates. The total concentration of the 
main hydrolysis products including mono (2-hydroxyethyl) tereph-
thalic acid (MHET) and terephthalic acid (TPA) (Fig. 5a), served as a 
proxy of catalytic activity44. Among the six candidates, three halophilic 
PET hydrolases (dsPETase05 from the North Su hydrothermal vent, and 
dsPETase01 and dsPETase06 from the Mariana Trench) exhibited supe-
rior catalytic activity against amorphous GfPET films, especially under 
elevated NaCl concentrations (Fig. 5b and Extended Data Fig. 10e). 

Their catalytic activities increased with higher NaCl concentrations and 
reached their peak performance at 4.5 M or 5.3 M NaCl at 37 °C. Com-
pared to IsPETase, these three halophilic PET hydrolases displayed 12.0-, 
16.0- and 5.6-fold higher activity, respectively (Fig. 5b). However, no sig-
nificant catalytic activity was observed for dsPETase02, dsPETase03 and 
dsPETase04 under varying saline conditions (Extended Data Fig. 10e). 
The optimum temperature for dsPETase05 from the vent plume water 
(55 °C) was higher than those for dsPETase01 and dsPETase06 derived 
from the hadal trench water (40 and 45 °C) (Fig. 5c). Compared with the 
salt-intolerant IsPETase, the three halophilic dsPETases showed 11.8- to 
44.3-fold higher activities under the optimum saline and temperature 
conditions (Fig. 5c). We conducted an incubation experiment using 
the most active dsPETase05, with IsPETase serving as the control, to 
visualize the PET depolymerization process. The incubation systems 
contained in-lab prepared solvent-cast PET (scPET) films with an aver-
age thickness of 28 μm and PETases with 300 and 500 nM concen-
trations. During three days of incubation, dsPETase05 showed more 
significant visible degradation of the scPET film than IsPETase (Fig. 5d). 
Notably, after three days of incubation with 500 nM dsPETase05, all 
scPET was degraded into small fragments. The dsPETse05 achieved 83% 
depolymerization rate, significantly higher than that of 41% achieved 
by IsPETase. Similarly, at a reduced enzyme concentration of 300 nM, 
the dsPETase05 still exhibited a higher depolymerization rate of 41%, 
compared with 27% for the IsPETase.

Discussion
We conducted extensive data collection and analysis of ocean metage-
nomes and marine microbial genomes from worldwide distributed 
samples. Our study significantly contributes to the expanding knowl-
edge on marine microbiomes with the establishment of the GOMC 
database, comprising 24,195 species-level genomes. This comprehen-
sive resource, alongside our protein database GOPC, provides valuable 
insights into the intrinsic biological diversity of marine environments 
and opens promising avenues for bioprospecting. Although previous 
MAGs-based studies have offered preliminary insights into the role of 
the marine system in maintaining biological diversity1–3,9,48, our research 
extends these findings and introduces avenues for sustainable explora-
tion and exploitation.

The interactions between microorganisms and their environment 
are of paramount importance within marine ecosystems owing to the 
dynamics of oceanic habitats. Factors such as salinity, temperature fluc-
tuations, light availability and significant changes in pressure from the 
surface to the sea floor impose unique selective pressures on microbial 
populations, shaping their (co)evolution49,50. The evolutionary process 
results in disparities in genome size and the variations of adaptive 
mechanisms such as defence systems. The observed augmentation 
in bacterial genome size demonstrates a complex association with 
the proliferation of distinct functional domains that are crucial for 
nutrient acquisition, responsiveness to environmental stimuli and 
interactions with other organisms20–27. The differential abundance 
and uneven distribution of defence systems across ecosystems reflect 
the competitive nature of oceans, despite their dilute environment. 
The presence of CRISPR–Cas systems underscores their importance 
in shaping microbial survival strategies in dynamic marine ecosys-
tems31,34,51. Despite complex and sometimes contradictory patterns, 
the correlation between CRISPR–Cas occurrences and ARG defence 
systems suggests potential trade-offs between adaptive immunity and 
the acquisition of new genetic material31,33,34,51. This genomic plasticity 
not only contributes to the ecological success of specific lineages in cer-
tain ecosystems but also highlights the rich diversity of marine micro-
organisms, offering unique opportunities for potent bioprospecting.

Drawing from these insights, our study leverages the repository 
of marine microbial genomes as a fundamental resource for genome 
mining. This approach enables the discovery of genetic tools and 
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novel bioactive compounds. Our investigation unveils valuable infor-
mation about newly identified CRISPR–Cas9 systems, AMPs and 
plastic-degrading enzymes, showcasing the diverse molecular arsenal 
encoded within the microbial communities of the marine environ-
ment. For instance, our newly identified CRISPR–Cas9 systems in the 
GOMC hold great application potential in various fields of research and 
biotechnology52,53. Notably, taxa such as Streptomyces, Micromonos-
pora and Pseudomonas_E emerge as promising candidates for bio-
prospecting endeavors54–56, facilitating the exploration of novel BGCs 
and bioactive compounds. The observed diversity in the BGC coding 
potential serves as a tangible demonstration of the extensive range of 
genetic diversity within marine microbial communities. Notably, the 
experimentally validated AMPs show promise as antibiotics against 
multiple pathogens. The insights obtained from our experimental 
in vitro work can in return improve deep learning algorithms tailored 
for the precise identification of AMPs57. This synergistic relationship 
between computational prediction and experimental validation might 
establish a positive feedback loop, where each iteration refines and 
strengthens the efficacy of both methodologies37,57. Additionally, our 
databases harbour significant potential for discovering novel enzymes, 
exemplified by the identification of PETases for plastic degradation and 
waste management practices41–43. Together, the deep learning-based 
genome mining of ocean microbiomes in combination with in vitro 

verification hold great promise for addressing global challenges from 
antimicrobial shortages to ocean pollution, emphasizing the critical 
role of marine microbiomes in advancing human well-being and envi-
ronmental sustainability.
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Article
Methods

Marine metagenome sequence data collection
We downloaded and reanalysed marine metagenome sequencing data 
from NCBI, EBI and JGI published during August 2009 to July 2020. 
For datasets from NCBI database, we first screened 49 marine-related 
taxonomy IDs (Supplementary Table 6), including those with keywords 
of various marine environments, ecosystems, animals, plants and oth-
ers related. Based on these taxonomy IDs, we used NCBI’s E-utilities 
tool to obtain the corresponding sample and Sequence Read Archive 
information. For datasets from the EBI database, we first downloaded 
the metadata of all classification systems, and then manually screened 
them according to 27 keywords related to the ocean (Supplementary 
Table 6). For datasets from JGI database, we directly downloaded sam-
ple information based on the same set of keywords as used for EBI data-
base. To reduce potential redundancy between different databases, we 
double-checked and removed the duplicated datasets obtained from 
different databases. A total of 24,395 marine metagenomic samples 
with more than 230 Tb sequencing data were downloaded from these 
three databases15,17,58–108. All of the downloaded datasets were further 
checked and samples of rRNA gene amplicon sequencing, metatran-
scriptomics sequencing, and non-marine environments, were removed 
and not considered in this study.

Metagenome assembly, binning and quality evaluation
Sequencing reads of metagenome samples were obtained using sra-
toolkit (v2.10.8), and reads with low sequencing quality, PCR duplication 
and adapter contamination were trimmed by SOAPnuke (v1.5.6). Clean 
data of each sample was assembled into contigs by megahit (v1.1) with 
parameters “--min-count 2 --k-min 33 --k-max 63 --k-step 10”109. Contigs 
with lengths longer than 1,000 bp were subjected to the MetaBAT2 
(v2.12.1)110 module of MetaWRAP (v1.1.5)111 software for binning analy-
sis to generate the MAGs. A total of 119,843 MAGs were reconstructed 
after individual-sample binning of all marine metagenomic samples 
in the current study. The quality score (QS) defined as ‘complete-
ness − 5 × contamination’ of each MAG was estimated with CheckM 
(v1.0.12)112, and the low-quality genomes following the MIMAG standard 
(completeness <50% or contamination >10% or QS < 50) were removed 
from downstream analysis. Genomes with completeness ≥90% and 
contamination ≤5% were defined as near-complete genomes, with com-
pleteness ≥70% and contamination ≤10% were defined as high-quality 
genomes, and completeness ≥50%, contamination ≤10% were defined 
as medium-quality genomes. Finally, 43,191 MAGs met the criterion of 
medium or higher quality of the MIMAG standard (completeness ≥ 50%, 
contamination ≤ 10% and QS ≥ 50) and were kept for downstream 
analysis and included in the GOMC. However, it should be noted that 
more MAGs would probably be reconstructed from these metagen-
omic datasets by different genome binning approaches. For instance, 
multiple-sample binning methods based on differential coverage across 
all samples from similar environments4,113. We suggest that researchers 
adopt diverse and flexible binning approaches if they intend to recover 
as many genomes as possible. However, significantly more computing 
resources will be required by the multiple-sample binning approach.

Genome catalogue construction and taxonomic assessment
The 43,191 newly recovered MAGs from this study together with another 
two recently published databases, including marine microbial genome 
datasets OMD4, OceanDNA6 and 8,050 qualified publicly available 
marine bacterial and archaeal genomes (completeness ≥50%, con-
tamination ≤10% and QS ≥ 50) from NCBI114 (CNSA accession number: 
DATAmic13, retrieved from NCBI on 31 May 2020) were combined and 
subjected to de-redundancy at the species level using dRep (v2.6.2)115 
with parameter settings of “-comp 50 -con 10 -pa 0.9 --S_ani 0.95 --cov_
thresh 0.3”. Taxonomic annotation was performed using the Genome 
Taxonomy Database Toolkit (GTDB-Tk, v2.1.1) with the classify_wf 

function under default parameter settings (dataset r207v2)116. The 
bacterial and archaeal phylogenetic trees of GOMC were constructed 
by FastTree (v2.1.10)117 using the protein sequence alignments produced 
by GTDB-Tk and visualized by iTOL (v5.0)118.

Functional annotation of GOMC genomes
ORFs of genomes in GOMC were predicted using Prokka (v1.14.6)119, and 
functional annotation of the predicted ORFs was conducted. Protein 
families (Pfams) were annotated using InterProScan (v5.0) against Pfam 
(v43) database. The ARGs were identified using RGI (v5.2.0) against the 
CARD (v3.2.9) database, and only the ‘Perfect’ and ‘Strict’ annotation 
results with protein length >50 amino acids and identity >30% were 
retained. CRISPR–Cas genes and arrays were searched and identi-
fied using CRISPRCasTyper (v1.6.1)120. The acr-aca operons including 
Anti-CRISPR (Acr) proteins and Acr-associated (Aca) proteins were 
identified by using the AcaFinder121 with parameters “-l 800 -i 300 -b 10”. 
The optimal growth temperature (OGT) was estimated using OGT_pre-
diction by the excluding_genome_size_and_rRNA regression model122. 
Based on the predicted optimal growth temperature, we divided MAGs 
into 6 categories, including psychrophile (OGT < 10 °C), psychrotrophs 
(10 ≤ OGT < 20 °C), mesophile (20 °C ≤ OGT < 40 °C), thermotolerant 
(40 °C ≤ OGT < 55 °C), thermophile (55 °C ≤ OGT < 85 °C) and hyper-
thermophile (OGT ≥ 85 °C).

Genome mining of CRISPR–Cas operons from diverse ecosystems
To compare the distribution of CRISPR–Cas system in different eco-
systems, we downloaded 19,483 genomes of eight ecosystems from 
the Genomes from Earth’s Microbiomes (GEM) catalogue3, including 
7,335 genomes of aquatic freshwater, 2,461 of terrestrial soil, 1,955 of 
mammalian digestive system, 1,910 of wastewater anaerobic digestor, 
1,735 of aquatic non-marine saline and alkaline, 1,579 of aquatic ther-
mal springs, 508 of terrestrial deep subsurface and 2,000 randomly 
selected genomes of human digestive system. Then all genomes from 
each ecosystem were clustered at 95% average nucleotide identity using 
dRep (v2.6.2)115 with parameters “-comp 50 -con 10 -pa 0.9 --S_ani 0.95 
--cov_thresh 0.3”. Besides, 968 non-redundant glacier genomes were 
downloaded from the Tibetan Glacier Genome and Gene (TG2G) cata-
logue123. Totally, 10,274 non-redundant genomes from nine ecosystems 
were used for the CRISPR–Cas operons and acr-aca operons detection 
by using CRISPRCasTyper (v1.6.1)120 and AcaFinder121, respectively, as 
described above. MobileElementFinder (v1.1.2) was used to investi-
gate the mobile genetic elements including transposon, insertion, 
integrative conjugative elements and integrative mobilizable ele-
ments of all genomes124. The results showed that many microorgan-
isms encode anti-CRISPR genes that inhibit the CRISPR–Cas function 
to avoid self-targeting immunity34,125 and facilitate the acquisition of 
novel beneficial functions under complex regulation mechanisms126,127.

Assessing CRISPR–Cas9 activity
From the CRISPRCasTyper prediction results, we identified 88 genomes 
in GOMC containing complete Cas9 operon and CRISPR array in one 
contig and selected 36 Cas9 proteins longer than 950 amino acids. We 
predicted their 3D structures using AlphaFold2 (v2.3.0)128 and checked 
the conserved key residuals of the active center, leading to a total of 
26 Cas9 proteins showing the conserved structure of the key residuals 
(Supplementary Table 2). The genome GOMC.bin.16150 (CNSA acces-
sion no. CNA0069409), which contained the shortest Cas9 protein 
(Ocean Microbiome Cas9, Om1Cas9) with a length of 1,054 amino acids 
among the newly recovered genomes in GOMC, were selected for the 
experimental demonstration of potential genome editing activity.

The CRISPR locus of Om1Cas9 was designed and synthesized into 
pACYC184 plasmid. To identify the mature crRNA and tracrRNA of 
Om1Cas9, we transformed the plasmid expressing the Cas9 system 
into E. coli BL21. We extracted total RNA using the RNA Extraction Kit 
(Tiangen) and constructed the small RNA sequencing library using the 

https://db.cngb.org/search/assembly/CNA0069409/


MGIEasy Small RNA Library preparation kit (MGI). The small RNA library 
was sequenced on a DNBSEQ-G400 sequencer generating single-end 
100 bp reads. The sequencing reads were trimmed and mapped to the 
10 kb DNA sequence flanking the CRISPR locus to identify the crRNA 
and tracrRNA sequences (Supplementary Table 3a and Supplementary 
Fig. 6a). The small RNA sequencing reads are deposited in the China 
National GeneBank Sequence Archive (CNSA) database under the data-
set number MDB0000002.

For protein expression, the Om1Cas9 sequence was cloned and 
inserted into the pET28a (+) vector, and transformed into the E. coli BL21 
(DE3) for expression. The plasmid maps are available in Supplementary 
Table 3b. Ni-NTA chromatography and size-exclusion chromatography 
were used to purify target proteins. To assess the targeting capabil-
ity of Om1Cas9 to generate specific double-stranded DNA breaks, we 
conducted experiments using the DocMF platform to validate the 
positive cutting event of Om1Cas9 against the opposite PAM library as 
described previously and the PAM sequence logos were generated using 
ggseqlogo129,130 (Supplementary Table 3c). All plasmids and primer 
sequences were synthesized by BGI Tech Solutions.

In vitro activity assay of Om1Cas9
The amplified AAVS1 gene DNA fragments from 293T cell genomic 
DNA were used as dsDNA cleavage substrates, and the PCR primer pair 
sequences were shown in Supplementary Table 3d. All guide RNAs were 
transcribed in vitro using T7 RNA polymerase (AM1354, Invitrogen) 
following the manufacturer’s instructions. Nuclease and guide RNA 
(IVT) were combined to form active RNP complexes at a concentra-
tion of 100 nM in a 1:1 molar ratio in 1× NEBuffer r3.1 (NEB, US). The 
50 nM DNA substrates were incubated with the formed active RNP 
complexes at a temperature range from 22 °C to 42 °C for 30 min for 
cleavage. After incubation, samples were analysed by electrophoresis 
on a 1% agarose gel.

We constructed the editing plasmids by using the pX458 vector 
backbone which included Om1Cas9 ORFs with 2A-puromycin resist-
ant marker (2A-EGFP). Five potentially effective editing sites in HBG 
and BCL11a genes were selected according to the Om1Cas9 PAM 
sequences131,132 (Supplementary Table 3e). The guide RNA oligonucleo-
tides were synthesized and inserted downstream of the U6 promoter 
through the BsaI recognition site after annealing.

The HEK293T (CRL-3216 ATCC) cells were seeded into 12-well plates 
and transfected with a total of 2 μg Om1Cas9 plasmids using the Lipo-
fectamine 3000 kit (Invitrogen, UK) (2.4 μl per well). Blank plasmids 
were used as negative control. The frozen cell line was provided by Ser-
vicebio Technology Co., Ltd. (No. STCC10301G) and was identified by 
short tandem repeat (STR) profiling. Mycoplasma contamination was 
not detected by using the Myc-PCR Mycoplasma Detection Kit (Yeasen 
Biotechnology Co., Ltd., No. 40601ES10). After transfection, the cells 
were cultured in Dulbecco’s modified Eagle medium (10566016, Gibco) 
for 3 days. Then the treated cells were collected and the transfection 
efficiency was calculated by Countstar Rigel S2 (Countstar) using the 
GFP channel. There was no significant difference in the transfection 
rate between the negative control and the Om1Cas9 plasmids. Genomic 
DNA was extracted using the TIANamp Genomic DNA Kit (DP304 Tian-
gen) and quantified using Nanodrop. The target sites were amplified 
from genomic DNA (PrimeSTAR GXL DNA Polymerase, TAKARA). The 
primers are listed in Supplementary Table 3f. The purified amplifica-
tion mixture was used for the library construction using the MGIEasy 
PCR-Free Library Prep Set (MGI), and the libraries were subjected to 
deep sequencing on the DNBSEQ-G400 sequencer using the paired-end 
150 bp mode. CRISPRresso2 was used to analyse the insertions and 
deletions (indels) of the target amplicon sequencing data133.

The prediction of marine microbial natural products
Secondary metabolite BGCs were identified using antiSMASH (v5.0)134 
with default parameters. Similar or identical BGCs were grouped into 

GCFs using BiG-SLiCE (v1.1.0)135 with the parameters “--threshold 99999 
--complete”. For each BGC, we calculated its cosine distances to all BGCs 
in the BiG-FAM database, selecting the minimum value as the distance 
between the target BGC and BiG-FAM136. Subsequently, we computed 
the mean cosine distance of all BGCs within a GCF to determine the 
distance between the GCF and the BiG-FAM database. Finally, GCFs 
with a distance larger than 0.2 were identified as novel GCFs36. Further-
more, a GCF presence/absence matrix was generated and then used as 
“incidence raw data” in the R package iNEXT (v2.0.20) to estimate the 
potential diversity of GCFs for the top 20 dominant phyla and genera, 
respectively4,36. For the cAMPs identification, a total of 1,079 putative 
core peptides mined from diverse BGCs were subjected to the unified 
deep learning pipeline including Attention, LSTM, and BERT as previ-
ously described, and only the peptides with prediction scores of > 0.5 
in all three models (Attention, LSTM, and BERT)137 were considered as 
candidate AMPs.

AMP synthesis and activity assessment
All the AMPs used in this study were synthesized by solid-phase peptide 
synthesis by Sangon Biotech with their accurate molecular masses 
determined by mass spectrometry. The purity of all peptides was deter-
mined by high-performance liquid chromatography, and the purity of 
all peptides was higher than 90%.

The bacterial inhibition assays were conducted as described previ-
ously with slight modifications137. Five bacterial strains were streaked 
on Luria-Bertani (LB) agar plate and incubated at 37 °C overnight. The 
single colonies were picked into LB culture medium and shaken at 
120 r.p.m. at 37 °C overnight. The resulting LB bacterial suspension 
was adjusted to a predetermined starting concentration with OD600 of 
0.1 and then diluted 1,000 times for the inhibition test. Freeze-dried 
powder of AMPs was firstly dissolved in double-distilled water to a final 
concentration of 2.4 mM. We set three groups to test AMP antibacte-
rial activity: (1) blank group, 200 μl of LB medium; (2) negative control 
group, 100 μl of LB medium, 95 μl of bacterial culture and 5 μl of sterile 
water; and (3) test group, 100 μl of LB medium, 95 μl of bacterial culture 
and 5 μl of AMP mother solution (with final working AMP concentra-
tion of 60 μM). Experiments were performed in 96-well plates with a 
working volume of 200 μl. The OD600 value of each well was measured 
after 12 h cultivation at 37 °C. All experiments were performed with 
three independent technical replicates.

MIC determination of AMPs was performed by broth microdilution as 
described in Clinical and Laboratory Standards Institute guidelines138. In 
brief, the above mentioned 5 strains were inoculated in cation-adjusted 
Mueller-Hinton broth (CaMHB, QDRS Biotec, 11865) and incubated at 
37 °C overnight. The cultures were diluted 1:100 using fresh CaMHB and 
cultured to the exponential phase (OD600 of 0.4–0.6). The cell concen-
trations were then adjusted to approximately 5.5 × 106 colony-forming 
units per ml. Subsequently, 10-μl aliquots were transferred into 96-well 
plates containing 100 μl of serially twofold-diluted AMP-CaMHB solu-
tions, to the final AMP concentrations ranging from 1,024 µM to 1 µM. 
After incubating at 37 °C for 16–18 h, the MIC values were determined as 
the minimum concentration of AMP where bacteria showed no detect-
able growth. All assays were performed in technical triplicate, and 
the entire experiment was repeated three times for robustness and 
reliability. Following the MIC examination, samples obtained from 
the 2×, 1× and 0.5× MIC wells were inoculated onto CaMHB agar plates. 
Sections devoid of any visible bacterial colony growth were identified 
as the MBC for each strain and the respective AMP. All experiments 
were conducted in triplicate.

Damage of the bacterial cell envelope by AMPs was visualized by 
TEM and SEM. cAMP_87 treated and untreated samples were fixed 
with 2.5% glutaraldehyde in 0.1 M phosphate buffer at 4 °C for 4 h. The 
carbon-coated grids were placed in the bacteria solution for 3 min for 
absorption of bacteria, dried using a wedge of filter paper, and stained 
with 0.2% uranyl acetate for approximately 5 s. Samples were observed 

https://ftp.cngb.org/pub/SciRAID/microbiomics/MDB0000002/Supplementary_Data/SmallRNA.CL100176085_L01_25.fq.gz
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in the STEM mode of an electron microscopy (Zeiss Crossbeam550). 
Freshly cultured bacteria were diluted to the final OD600 of 1.0 in CaMHB 
broth. Subsequently, bacteria cells were treated with cAMP_87 at the 
concentration of 1× MIC in CaMHB for 5 h. The untreated control sam-
ples were prepared by supplementing the same volume of sterile water. 
Subsequently, the bacteria samples were fixed with 2.5% glutaraldehyde 
in 0.1 M phosphate buffer at 4 °C for 4 h. And the fixed bacteria were 
dehydrated through an ethanol gradient and dried with a critical point 
drier (Leica EM CPD300). Then, the treated bacteria were mounted and 
sputter coated with platinum using a sputter coater (Cressington 108) 
and imaged using a field emission SEM (FEI Quanta FEG 250).

Construction of the gene set
Coding sequence (CDS) regions of all metagenomic assembled contigs 
were predicted using MetaGeneMark (v3.38)139, and all predicted CDS 
sequences were lumped and redundant sequences were removed using 
the easy-linclust function of MMseqs2 (v12.113e3)140 with the parame-
ters “--cov-mode 1 -c 0.99 --min-seq-id 0.95” to construct a unique global 
ocean microbiome protein catalogue (GOPC). The GOPC constructed 
in this study contained a total of more than 2,458 million unique genes 
(Extended Data Fig. 1). Comparison of the gene catalogue constructed 
in our study with those published previously, including Ocean Microbial 
Reference Gene Catalogue (OM-RGC_v2)40, Global Microbial Gene Cata-
log (GMGC10)141 and microbial gene catalogue of mangrove ecosystem 
(Mangrove)142 revealed significantly improved comprehensiveness of 
the current marine microbial gene catalogue (Extended Data Fig. 1). 
Functional annotation of the unique genes in GOPC was carried out 
against KEGG database (v87.0) by kofamscan (v1.3.0). The results of 
functional annotation showed that ~803 million genes were annotated 
to 10,287 KOs against KEGG database, leaving the majority not being 
annotated. This indicates that there are still plenty of novel functions 
in marine ecosystems to be explored.

The identification of PETase sequences from the deep sea
To identify potential active PETase proteins in marine ecosystems, 
DIAMOND (v0.8.23.85)143 was used to search the GOPC against 
the sequences of the typical PET hydrolase IsPETase (GenBank: 
GAP38373.1)144,145 as a reference with E-value cutoff of <10−5. A total 
of 3,954 hits were obtained from GOPC, exhibiting a hit rate of 0.011 
hits per Mb, consistent with the previous study146. Each of the 3,954 
hit sequences was aligned to the reference sequences using MUSCLE 
(v3.8.31) to check whether the Ser-Asp-His catalytic triad was contained, 
resulting in 1,598 aligned sequences containing the conserved catalytic 
triad. The multi-sequence alignment of PETase candidates was carried 
out by MAFFT (v7.407), and the phylogenetic tree was constructed by 
FastTree (v2.1.10)117. SignalP (v5.0b) was used to detect the signal pep-
tide sequences of all PETase candidates, and 893 candidates with signal 
peptides were retained and then the signal peptide amino acids were 
removed before downstream analysis147,148. Among the 893 candidates, 
295 of them were identified from marine surface water, while 86 and 22 
of them were identified from the bathypelagic zone and hydrothermal 
vents respectively. We picked out the candidates from the extreme 
marine environments, which were assumed to be more stable in hostile 
conditions. Finally, three PETase candidates from the deepest parts 
of the Mariana trench (10,400 m) and Kermadic trench (9,177 m), and 
three sequences from two hydrothermal vents at different depths were 
selected for subsequent biochemical characterization (Supplementary 
Table 5). The six target amino acid sequences were aligned using the 
ClustalW algorithm in MEGA X149, and the alignment results and amino 
acid residues were analysed and visualized by ESPript (v3.0)150.

Protein purification and the assessment of PET hydrolysis activity
Genes encoding PETases were commercially synthesized by BGI 
Research, with codon optimization for E. coli. The N-terminal sig-
nal peptides of the enzymes were truncated before synthesis. The 

synthesized genes were subcloned into pET32a-LIC plasmid down-
stream of the TEV protease cleavage site. The constructs were sub-
sequently transformed into competent E. coli Rosetta-gami 2 (DE3) 
(Novagen) for protein expression. Protein purification was conducted 
as previously described145.

Amorphous GfPET film, ES301445 (Goodfellow) was cut into small 
round pieces by a hole puncher with 6 mm in diameter as substrates. The 
GfPET film was incubated with 50 nM of IsPETase or dsPETases in 500 μl 
of Tris-HCl buffer (pH 9.0) containing a series of NaCl concentrations of 
0, 0.6, 1.2, 1.9, 2.8, 3.7, 4.5, and 5.3 M, respectively. The reaction mixture 
was incubated at 37 °C for 48 or 120 h, then the amount of hydrolysed 
products was used as a proxy of activity and visualized using GraphPad 
Prism (v9.5.1). The halophilic dsPETases were subsequently applied to 
catalyse PET hydrolysis under a series of temperatures ranging from 25 
to 75 °C, in 500 μl of Tris-HCl buffer (pH 9.0) containing 4.5 M NaCl for 
dsPETase06, and 5.3 M NaCl for dsPETase01 and dsPETase05. Since the 
pH of Tris-HCl buffer significantly changes with temperature, all the 
buffers were prepared by adjusting pH under the same temperatures 
as the reaction conditions. The hydrolysis products MHET and TPA 
were analysed and quantified using HPLC as previously described151.

Hydrolytic activities of IsPETase and dsPETases were also evaluated 
using solvent-cast PET film (scPET) as substrate. scPET was prepared as 
reported151,152 with slight modifications where appropriate. In brief, 4 ml 
of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) dissolved GfPET (40 mg ml−1) 
was cast on a flat glass sheet with a diameter of 10 cm. After overnight 
evaporation of HFIP under ambient temperature, and then incuba-
tion in 75% ethanol for 2 h, the resulting scPET film was peeled off and 
cut into small pieces for degradation assessment. The reactions were 
carried out with 3 mg of scPET film in glass tubes in a total volume of 
3 ml. The reaction mixtures for dsPETase05 contained Tris-HCl buffer 
(pH 9.0) with 5.3 M NaCl, and the incubation temperature was 55 °C. 
IsPETase catalysing reaction under NaCl-free Tris-HCl buffer (pH 9.0) 
at 37 °C was set as reference. The reactions were carried out with 300 
or 500 nM enzyme concentration, to a total reacting volume of 3 ml, 
with technical triplicate. After 3 days of incubation, the soluble PET 
hydrolysis products were analysed by HPLC and the depolymerization 
rate was calculated according to the theoretical amount of MHET unit, 
which is 15.6 μmol in 3 mg of scPET.

Statistics and reproducibility
Statistical analyses were performed in RStudio with R v4.0.2-4.3.1. 
Specific statistical tests used for individual analysis are detailed in the 
figure legends. Unless otherwise specified in methods and legends, 
statistical tests were two-sided. Fig. 1a and the map in Extended Data 
Fig. 1 were generated using the R package maps (v3.4.2) and scatterpie 
(v0.2.3). Bar, box, violin and heat map plots were created using the R 
package ggplot2 (v3.5.1). Each boxplot displays the distribution of 
data as follows: the box represents the interquartile range (IQR), with 
the median marked by a horizontal line inside the box. The whiskers 
extend to the largest and smallest values within 1.5 times the IQR from 
the hinges. Outliers beyond the whiskers are plotted individually. Wher-
ever applicable, individual data points were plotted above the bar or 
violin plots to depict the original distribution of the data. Phylogenetic 
trees were visualized using either iTOL (v5.0)118 or the R package ggtree 
(v3.8.2) as specified in Methods.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All 43,191 genomes recovered in this study, the GOMC database 
containing 24,195 unique genomes and other supporting data can 
be interactively accessed at China National GeneBank DataBase 



(CNGBdb) (https://db.cngb.org/maya/datasets/MDB0000002). The 
previously available public marine bacterial and archaeal genomes in 
NCBI have been also collected and backed up in China National Gen-
eBank Sequence Archive (CNSA) under the accession DATAmic13.  
The two marine microbial genome catalogues OMD and OceanDNA 
were downloaded from OMD (https://microbiomics.io/ocean/) and 
figshare (OceanDNA, https://doi.org/10.6084/m9.figshare.c.5564844.
v1). The Earth’s Microbiomes (GEM) catalogue and Tibetan Glacier 
Genome and Gene (TG2G) catalogue were downloaded from https://
genome.jgi.doe.gov/GEM and https://www.biosino.org/node/project/
detail/OEP003083, respectively. The BiG-FAM database can be accessed 
at https://bigfam.bioinformatics.nl/. Additional materials generated 
in this study are available on request.

Code availability
The code used for the analyses performed in this study is accessible 
at GitHub (https://github.com/BGI-Qingdao/GOMC). All software and 
code sources used in this study are listed in Methods.
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Extended Data Fig. 1 | Overview and schematic workflow. Globally distributed 
marine metagenomes were collected and reanalysed for recovery of marine 
microbial metagenome-assembled-genomes (MAGs). Microbial genomes 
previously deposited in public NCBI databases and MAGs from two previous 
studies (OMD and OceanDNA) were downloaded and pooled with the newly 

recovered MAGs to construct a unified and comprehensive GOMC as a reference 
database for downstream analysis and future studies. Open reading frames 
were predicted from the assembled contigs and then dereplicated for the 
construction of a unique and comprehensive GOPC. Venn diagram shows the 
KOs overlap of GOPC with other previously published gene catalogues.



Article

Extended Data Fig. 2 | Phylogenetic distribution of GOMC MAGs. a and b, Phylogenetic tree based on 122 or 120 universally distributed single-copy genes for 
archaeal (a) and bacterial (b) genomes in GOMC, respectively.



Extended Data Fig. 3 | Microbial biogeography and metagenomic provinces 
(MPs). a, Microbial community composition of samples from different depths. 
b, Distribution of MPs in the UMAP dimensionality reduction space. Different 
colors indicate different MPs. The identifier of each MP is labeled at the center 
of the cluster. c, Alluvial diagram showing geographic groupings of MPs only 
comprising of seawater samples. Major categories of climate zones are shown 

on the left stratum and designated by the following acronyms: “NP” stands for 
“North Polar”, “NT” for “North Temperate”, “T” for “Tropical”, “ST” for “South 
Temperate” and “SP” for “South Polar”. Color scheme for MP flows is identical 
to b. d, The number (the middle heatmap) and fraction of MAGs encoding Cas 
operon (the upper part) or ARG (the lower part) in metagenomic provinces 
represent various marine ecosystems.



Article

Extended Data Fig. 4 | Identification of genome features and Pfam domains 
related to genome expansion. a, Correlations between genome features and 
genome size in the phyla with large genomes. b, The workflow to identify Pfam 
domains potentially underpinning genome size expansion, which integrates 

phylogenetic regression analyses, ancestral proteome reconstruction, and 
exploration of associations between genome size and gene copies (details in 
Supplementary Note 2).



Extended Data Fig. 5 | Validation of the positive correlation between 
selected Pfam domains and bacterial genome enlargement across multiple 
phyla. a, Statistics of the phylogenetic regression analyses between the selected 

77 Pfam domains and bacterial genome sizes across multiple phyla (n » 30).  
b, Distribution of Pfam domains within each phylum as genome size increases. 
Only Pfams with R² ≥ 0.5 from the regression analyses are shown for each phylum.



Article

Extended Data Fig. 6 | Distribution of CRISPR-Cas systems, ARGs and 
mobile genetic elements (MGEs) across different microbial phylogeny and 
ecosystems. a, The predicted OGT of genomes with or without Cas operon. 
Only lineages with more than 50 genomes are presented. The star symbol 
indicated significance level between the two groups. ns represented P > 0.05,  

* represented 0.01 < P ≤ 0.05, ** represented P ≤ 0.01 (Wilcoxon test, n » 30).  
b, The uneven distribution patterns of defense systems. The ARG and MGE 
occurrence frequencies of the GOMC dataset are shown on the left side of the 
heatmap. c, The trend indicates a decrease in the upper limit number of MGEs 
with increased number of Cas operons.



Extended Data Fig. 7 | Evaluation of Om1Cas9 activities. a, The tracrRNA and 
mature crRNA identified by small RNA sequencing. b, The structure of guide 
RNA. c, PAM sequences identified by the DocMF platform. d, Verification of  
the in vitro dsDNA cleavage efficiency for the AASV1 gene fragments across 
temperature gradients. The experiments were conducted in technical replicates. 

e and f, Quantification of editing efficiency for five selected editing sites of the 
HBG gene (Student’s t-test, n = 3, technical triplicate) (e) and the BCL11a enhancer 
(n = 2, technical replicates) (f), respectively. The bars and circles represent the 
average and individual values, respectively. Error bars represent SD of the 
replicated experiments.



Article

Extended Data Fig. 8 | Phylogenomic distribution and diversity of 
biosynthetic gene clusters. a, BGCs predicted from GOMC genomes.  
b and c, Comparison of BGCs in GOMC against BiG-FAM database. d, Circos plot 
showing GCFs unique to phyla (solid shapes) and with pairwise overlaps between 
phyla (ribbons). Venn diagram showing GCF overlap between bacterial and 
archaeal domains. e and f, Rarefaction curves of the top 4 phyla (the other 16 phyla 

of the top 20 in embedded figure) and top 20 genera with most predicted 
biosynthetic potential, respectively. g, Variance of biosynthetic diversity for 
genomes at different taxonomic rank from phylum to genus. h, cAMP prediction 
using deep-learning models. The bar chart shows the novel or known number 
of RiPPs subtypes of 133 cAMPs including the 121 unique cAMPs.



Extended Data Fig. 9 | Characterization of novel antimicrobial peptides.  
a, Determination of MIC and MBC values of ten cAMPs. b, CaMHB agar plates 
determination of MBC concentrations of cAMP_87. c, Helical wheel projections 
of cAMP_87. Positively charged residues are shown in blue and hydrophobic 
residues are depicted in yellow. d, Three-dimensional structure simulation 

presented in ribbon diagram (top) and potential surface (bottom) of cAMP_87. 
Blue denotes positive potential, while red denotes negative. e, TEM examination 
of five bacterial strains treated with and without cAMP_87. All the experiments 
were conducted in triplicate with consistent results, and one representative 
figure is shown.
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Extended Data Fig. 10 | Bioprospecting of IsPETase candidates. a, The 
distribution of 1,598 IsPETase homologues with Ser-Asp-His catalytic triad 
across varying marine ecosystems. b and c, Phylogenetic analysis of the PETase 
candidates (b) and ecosystem origins of different clades (c). Color scheme for 
the ecosystems in c is the same as that in a. d, Alignment of dsPETases with 
IsPETase. Arrows indicates β-sheets and helix indicates α-helixes. The Ser-Asp-His 
catalytic triad is labeled by green circles. The conserved serine hydrolase Gly–x1– 

Ser–x2–Gly motif is highlighted as purple triangles. The two disulfide bonds 
found in IsPETase are indicated with brown-colored circles and lines. e, Incubation 
of GfPET films with 50 nM dsPETases at 37 °C for 48 h under various NaCl 
concentrations. All reactions were performed in technical triplicate. The bars 
and circles represent the average and individual values, respectively. Error bars 
represent the s.d. of the replicated experiments.
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Data collection The sequencing data collected from NCBI, EBI and JGI was downloaded using their API. The other publicly available marine prokaryotic 
genomes were downloaded directly from the sources specified in the data availability statement.

Data analysis Only open source software was used for data analysis. The metagenome-assembled genomes (MAGs) binning and data analysis were 
conducted using the following softwares: sratoolkit (v2.10.8), SOAPnuke (v1.5.6), megahit (v1.1), MetaWRAP (v1.1.5), MataBAT2 (v2.12.1), 
CheckM (v1.0.12), dRep (v2.6.2), GTDB-tk (v2.1.1), FastTree (v2.1.10), iTOL (v5.0), FastANI (v1.1), OrthoFinder (v2.5.4), Diamond (v0.8.23.85), 
Kraken2 (v2.1.2), Bracken (v2.5), MUSCLE (v3.8.31), MAFFT (v7.407), ESPript (3.0),IQ-Tree (v2.1.4-beta), HMMER (v3.3.2), AnGST (https://
web.mit.edu/almlab/angst.html),  Prokka (v1.14.6), kofamscan (v1.3.0), InterProScan (v5.0), RGI (v5.2.0), MobileElementFinder (v1.1.2), 
CRISPRCasTyper (v1.6.1), AcaFinder (https://github.com/boweny920/AcaFinder), OGT_prediction (https://github.com/DavidBSauer/
OGT_prediction), antiSMASH (v5.0), BiG-SLiCE (v1.1.0), MetaGeneMark (v3.38), RGI (v5.2.0), MMseqs2 (v12.113e3), SignalP (v5.0b), GraphPad 
Prism (v9.5.1), Alphafold2 (2.3.0), and R (v4.3.0) with the packages Seurat (v3.2.1), phyloseq (v3.17), phylolm (v2.62), pairwiseAdonis (v0.4), 
geosphere (v1.5.18), vegan (v2.6.4), stats (v4.2.2), ape (v5.7.1), iNEXT (v2.0.20), ggplot2 (v3.5.1), ggtree (v3.8.2), scatterpie (v0.2.3) and maps 
(v3.4.2). The c_AMPs prediction was conducted  using the deep-learning pipeline including the LSTM, attention, and BERT models (https://
github.com/mayuefine/c_AMPs-prediction). The scripts used for the analyses performed in this study are accessible at GitHub (https://
github.com/BGI-Qingdao/GOMC). No new code or software was developed and used. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
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All 43,191 genomes recovered in this study, the GOMC database containing 24,195 unique genomes and other supporting data can be interactively accessed online 
at China National GeneBank DataBase (CNGBdb) (https://db.cngb.org/maya/datasets/MDB0000002). The previously available public marine bacterial and archaeal 
genomes in NCBI have been also collected and backed up in China National GeneBank Sequence Archive (CNSA) with accession number of DATAmic13. The two 
marine microbial genome catalogues OMD and OceanDNA were downloaded from Ocean Microbiomics Database (OMD, https://microbiomics.io/ocean/) and 
figshare (OceanDNA, https://doi.org/10.6084/m9.figshare.c.5564844.v1). The Earth’s Microbiomes (GEM) catalog and Tibetan Glacier Genome and Gene (TG2G) 
catalog were download from https://genome.jgi.doe.gov/GEM and https://www.biosino.org/node/project/detail/OEP003083, respectively. The BiG-FAM database 
can be accessed at https://bigfam.bioinformatics.nl/. Additional materials generated in this study are available on request.
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Sample size Samples sizes were defined by the availability of published data that were used to perform the analyses.

Data exclusions The sequence data that failed quality control were excluded from the analysis.

Replication All the in-vitro and ex-vivo experiments reported in this study were supported by replicated experiments (n >= 3).

Randomization Randomization was not applicable because all samples were processed similarly in different analyses performed in this study.

Blinding Blinding was not applicable because all samples were processed similarly in different analyses performed in this study.
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Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells were purchased from ATCC.

Authentication Cell lines were authenticated by the vendor and no further authentication in the laboratory.

Mycoplasma contamination Cells were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines were used in this study.
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