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Abstract

The global ocean genome (the pool of genes in marine organisms and the

functional information they encode) is a major, untapped resource for science

and society with a growing range of biotechnology applications in sectors such

as biomedicine, energy, and food. Shotgun sequencing and metagenomics can

now be used to catalog the diversity of ocean microbial life and to explore its

functional potential, but has been limited by sample coverage, access to suitable

sequencing platforms, and computational capacity. Here we provide a novel

synthesis of the global ocean genome based on analysis of 2,102 sampled ocean

metagenomes, with gene assembly and annotation via the KAUST Metagenome

Analysis Platform (KMAP) Global Ocean Gene Catalog 1.0 containing 308.6

million gene clusters. Taxonomically, we report the distribution of marine genes

across the tree of life and different ocean basins and depth zone biomes.

Functionally, we map its relationship to protein families and biogeochemical

processes, including the major microbial metabolic pathways that process three

elements that play fundamental roles in biogeochemical cycles and are relevant

to climate change. These data extend our understanding of the complex,

dynamic nature of the ocean microbiome and its metabolic capabilities.

Further research is of critical global importance both to unlock the potential

of the ocean genome and to understand and predict the effects of human-

induced changes, including pollution and climate change. Further hypothesis-

driven research should target under-sampled deep sea and benthic microbial

communities using enhanced metagenomic methods, to better understand

marine ecosystem functioning. Investment in the necessary computational

capacity is essential, as are suitable intellectual property frameworks.
KEYWORDS

shotgun metagenomics, microbes, ocean gene catalog, biodiversity, ocean domains,
functional genomics, biogeochemical cycling
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Key points

• With 308.6 million gene clusters, the KAUST Metagenome
Analysis Platform (KMAP) Global Ocean Gene Catalog 1.0
is the largest open-source catalog to date matching
microbial class with gene function, geographic location,
and ecosystem type.

• The catalog offers diverse applications that go beyond
advancing our understanding of the ocean microbiome
and its metabolic capabilities—it also establishes a
baseline for tracking the influence of global warming,
pollution, and other changes on ocean health and
provides a tool to explore marine genetic resources to
discover novel genes with potential uses in medicine,
energy, food, and other industries.

• Fungi represented over 50% of the distinct gene clusters
identified in the mesopelagic zone. This finding highlights
the contribution of fungi to microbial diversity and carries
functional consequences for the role of fungi in elemental
cycling in the ocean.

• Biomass ratios among domains are not reflective of the
corresponding distribution of unique genes: this rough
comparison shows that the eukaryotic component of
ocean biomass outweighs its contribution to marine
genetic diversity, which remains dominated by Bacteria,
and that viral genomes contain far more innovation than
hitherto realized, even considering that this DNA-based
assessment of the global ocean genome omits
RNA viruses.

• Analysis of benthic and pelagic samples revealed
significant differences in both taxonomic composition
and metabolic processes, reflecting the heterogeneous
nature of the ocean floor and highlighting the potential
for uncovering a vast reservoir of functional genes, as well
as the need to further sample and investigate marine
benthic metagenomic resources, which remain under-
explored compared with the pelagic component.
Fro
Introduction

The ocean is the largest habitat in the world, covering 71% of

the Earth’s surface and an estimated 99% of the volume of the

biosphere, which is approximately 1.335 million km³ (1, 2). The

ocean is also the cradle of life: with 3.9 billion years of evolutionary

history (3–5), this is reflected in a far more extensive representation

of taxa across the tree of life compared with a much narrower

representation on land.

Life in the ocean is believed to have started with single-celled

organisms operating under anaerobic metabolic processes, such as

fermentation (6). Aerobic metabolism occurred much later,

facilitated by the advent of photosynthesis approximately 2.4

billion years ago and the oxygenation of Earth’s ocean and the

atmosphere (7–9). Hence, anaerobic processes are now limited to

sediment, hypoxic waters, or specific marine habitat niches, such as

hydrothermal vents. Aerobic processes, meanwhile, dominate in the

ocean water column, with aerobes being highly adapted to the
ntiers in Science 02
presence of molecular oxygen, which is toxic to anaerobic

organisms. The origins of the bacterial and archaeal domains in

the anoxic Archaean ocean predate the divergence of anaerobic and

aerobic metabolisms; aerobic lineages evolved during and after the

gradual oxidation of the biosphere. After the advent of

multicellularity and the emergence of nuclei as a structure,

phylogenetic analyses position a newly evolved branch originating

from Archaea (10), leading to the establishment of a distinct

domain of life—the eukaryotes.

An analysis of the global genome of the ocean classifying

metabolism types and taxonomic domains is thus consistent with

the evolution of life in the ocean, acknowledging that the modern

water column is mostly oxic and that aerobic microbial life is,

therefore, prevalent in the ocean water column. The development of

the tree of life in the ocean, dominated by microbial taxa, is also

reflected in its functional diversity—represented by the array of

metabolic pathways used to source energy and process

organic matter.

The global ocean genome, defined as the pool of genes present

in marine organisms and the functional information they encode

(including protein-coding genes and biosynthetic gene clusters

supporting ocean metabolism), is a major resource for science

and society, with a growing range of biotechnology applications

across many sectors, including health, energy, and food (11). For

instance, the discovery and development of the green fluorescence

protein (GFP), first isolated from jellyfish and now widely used in

medical imaging diagnostics, won Osamu Shimomura, Martin

Chalfie, and Roger Y. Tsien the Nobel Prize in Chemistry in 2008

(12). Polymerases sourced from bacteria associated with

hydrothermal vents are used in polymerase chain reaction (PCR)

tests, which proved critical to global efforts against the SARS-Cov-2

pandemic (13).

The release of the first full genome sequence of a marine

organism, that of the marine archaeon Methanococcus jannaschii

(14), was followed by the release of the full genome sequence of the

first marine photosynthetic organism, the ubiquitous

cyanobacterium Prochlorococcus marinus (15), which has the

smallest genome of all photosynthetic organisms known to date.

These pioneering, descriptive efforts were boosted with the

development of functional genomics, enabling the functional

annotation of proteins and inference on their role (16, 17),

together with shotgun sequencing, pioneered by the Sorcerer II

Global Ocean Sampling expedition (2003–2004) in the first

metagenomic assessment of a marine plankton community (18, 19).

The term “metagenomics”, first used by Handelsman and

collaborators in 1998 (20), is defined as the study of the pooled

genetic information contained in an environmental sample (21).

Shotgun sequencing, enabling metagenomics, has catalyzed efforts

to catalog microbial diversity and explore its functional potential in

the ocean, where >99% of microbes—the “unseen majority” (22)—

have not been cultured. Metagenomic-based approaches allow

multilevel assessments of microbial diversity and functionality

across habitats. They are now facilitated by the creation of

metagenomic analysis platforms such as the KAUST

Metagenomic Analytical Platform (KMAP) (23) and MGnify, the

European Molecular Biology Laboratory-European Bioinformatics
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Institute (EMBL-EBI) platform, for the assembly, analysis, and

archiving of microbiome data (24).

The rapid reduction in sequencing costs, following the rise of

next-generation sequencing technologies, has enabled the

generation of gene catalogs and functional characterization of

marine microbial communities on a global scale. As a result, the

pioneering efforts of the Sorcerer II expedition (18, 19) were greatly

expanded, with increased sequencing depth and coverage, by the

global Tara Oceans expedition (2009–2013) (25), which focused on

microbial communities in the upper ocean, and the Malaspina

Expedition (2010–2011), which sampled the tropical and

subtropical Atlantic, Indian, and Pacific Oceans (26) and

delivered the first global metagenomics assessment of the deep

sea (27). In addition, the Ocean Sampling Day program (28)

coordinated a metagenomics analysis of coastal sites around the

world, and the Hawaii Ocean Time Series developed the most

extensive time series of microbial and biogeochemical processes

observations available, spanning from October 1988 to the present

day (29). In 2015, Tara Oceans released the first global ocean gene

catalog of the ocean, including 33.3 million non-redundant genes

sourced from 243 samples collected across 68 sampling sites, mostly

from the upper ocean (25). Coelho and colleagues released the Global

Microbial Gene Catalog (GMGCv1) in 2022, expanding the global

gene catalog to a total of 303 million (30), including 88 million 95%

non-redundant annotated genes from marine organisms.

The microbial population within the global ocean is highly

diverse both in composition—comprising more than 2×106 species

(31)—and in roles. Bacteria and Archaea are major players in all

biogeochemical cycles and conduct a vast array of metabolic

functions (18, 32) involving the uptake, release, and

transformation of some of the main climate-active molecules

formed from carbon, nitrogen, and sulfur (S1). The carbon cycle

is multifaceted and is rooted in carbon dioxide being fixed by

autotrophs into organic compounds, mainly using solar energy

through photosynthesis. These compounds are transformed and

ultimately remineralized through a series of complex cycles

supporting all biological processes and their energy requirements.

These biogeochemical cycles are all powered by the enzymatic and

biosynthetic machinery coded by the genome of the biosphere.

Metagenomics allows gene functions to be matched with the

corresponding taxonomic identity of the organism to which the

gene pertains (32), thereby correlating biodiversity and function in

the ecosystem—a major goal in ecology and biogeochemistry. While

the importance of bacteria in biogeochemical cycles is well
Frontiers in Science 03
established (33, 34), the role of Archaea in the functioning of

marine systems remains poorly understood.

Archaea are now known to be widespread throughout the

oceans, where they constitute a relevant fraction of the microbial

community (35). Benthic microbes play a major role in oceanic

biogeochemical cycles (36–39) and support much of the integrated

metabolic activity in the ocean through a broader diversity of

processes compared with those supported in the water column,

enabled by the sharp biogeochemical and redox gradients within the

first centimeters of marine sediments. Yet, efforts to catalog the

ocean genome have focused on pelagic microbes, thereby

potentially overlooking a wealth of functional diversity.

The term metabolic architecture was introduced recently to

refer to the functional structure of marine microbial communities,

resolved using functional analyses of metagenomics (27). Metabolic

architecture highlights the complex and multilevel interactive

nature of the various microbial metabolic pathways present in the

community, which creates in the end a metabolic network that

contributes to the maintenance of the integrity and functioning of

the ecosystem. Metagenomics provides the structure of the network,

which provides insights into potential metabolisms, but cannot

resolve rate processes.

Here we provide a novel synthesis of the global ocean genome

based on the analysis of 2,102 sampled ocean metagenomes, with

gene assembly and annotation via the KAUST Metagenome

Analysis Platform (KMAP), the KMAP Global Ocean Gene

Catalog 1.0, which contains 308.6 million gene clusters.

Taxonomically, we report the distribution of marine genes across

the tree of life and different ocean basins and depth zone biomes.

Functionally, we map its relationship to protein families and

biogeochemical processes, including the major microbial

metabolic pathways involving climate-active molecules built from

carbon, nitrogen, and sulfur.
Results

We analyzed 2,102 metagenomes obtained from the European

Nucleotide Archive (see Methods). The metagenomes were

dominated by pelagic samples (2016; 95.9%), with only 4.1% (86)

of metagenomics samples corresponding to benthic communities

(Table 1). Most (78.5%) samples were collected in the upper ocean

(depth 0–200 m), which represents only 5.2% of the ocean volume

(Table 1, Figure 1); 7.2% samples were collected from the
TABLE 1 Metagenome samples (number) across depth zones and basins.

Depth zone
and realm

Arctic
ocean

Atlantic
ocean

Indian
ocean

Pacific
ocean

Southern
ocean

Mediterranean
Sea Total

Upper ocean 64 498 246 571 29 241 1649

Mesopelagic ocean 22 44 26 56 3 1 152

Dark ocean 24 2 0 188 0 1 215

Benthic realm 3 44 0 39 0 0 86

Total 113 588 272 854 32 243 2102
fr
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FIGURE 1

Metagenomes sampling locations. (A) Pie chart showing the sample (number) distribution across basins. (B) Pie chart showing the sample (number)
distribution across depth zones. (C) Map summarizing the distribution of the metagenomes across realms, indicated by the polygon shape, and
depth zone, indicated by the filling color. The polygon indicates the realm (benthic or pelagic), while the filling color indicates the depth zone: upper
ocean, 0–200 m, mesopelagic ocean, 200–1000 m, and dark ocean, >1000 m. The full list of metagenomes analyzed in this study is reported in
Supplementary Table S2, including the above-mentioned classification.
Frontiers in Science frontiersin.org04
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mesopelagic ocean (200–1000 m) and 10.2% from the dark ocean

(>1000 m), the largest ocean biome by volume (Table 1, Figure 1).

Geographically, the Pacific and Atlantic oceans were best

represented in the metagenome set, accounting for 40.6% and 28%

of samples, respectively. There was a weak representation of polar

oceans, with 5.4% and 1.5% of metagenome samples collected in the

Arctic and Southern oceans, respectively, and an overrepresentation

of the Mediterranean Sea, which accounted for 11.6% of samples

while representing only 0.7% of the ocean surface (Table 1, Figure 1).

Future efforts for metagenomic characterization of ocean

communities should improve the delivery of essential metadata,

including the data (latitude, longitude, depth, temperature, salinity,

and nutrient concentration) to apportion the samples to Longhurst

biogeochemical provinces (40), which may provide additional insight

into selection and adaptation processes, matching communities with

functional traits as well as inferring biogeochemical processes from

functional metagenomics.
Taxonomic distribution of genes

The KMAP Global Ocean Gene Catalog 1.0 comprises 308.6

million gene clusters, of which 164.8 million (53.4%) were

annotated. The gene catalog was dominated by Bacteria (78.26%

of the annotated unique gene clusters), followed by Eukaryota

(12.21%), Archaea (6.08%), and viruses (3.46%). Since our

analysis was based on DNA sequencing, RNA viruses have not

been included, and their incorporation is pending the availability of

additional data. Each domain had different contributions to the

different depth zones and realms: the mesopelagic and dark ocean

were relatively rich in unique Archaea genes, whereas the upper

ocean was greatly enriched with eukaryotic and viral

genes (Figure 2).

Taxonomically, we focused separately on the contribution of

Archaea and Bacteria and the eukaryotic groups to the catalog of

unique annotated genes.

Regarding Bacteria, the gene clusters related to Pseudomonadota

were the bacterial phylum contributing the most to unique annotated

genes in the catalog in all realms and depth zones.

Alphaproteobacteria, in particular, dominated the unique gene

clusters (Table 2, Figure 3) in all depth zones except the dark ocean,

where Gammaproteobacteria contributed the highest number of

unique genes. Deltaproteobacteria were highly represented in the

gene catalogs of the dark ocean (10.62%) and benthic realm

(9.99%). Epsilonproteobacteria were also well-represented in the

dark ocean (8.97%), contributing 10-fold more unique gene clusters

in this depth zone than in the upper ocean, mesopelagic zone, or

benthic realm, where they accounted for less than 1% (Table 2,

Figure 3). Bacteroidota showed similar contributions in the upper

ocean and the benthic realm (12.69% and 13.84%, respectively)

while accounting for around 7% of unique gene clusters in the

mesopelagic and dark ocean. Cyanobacteriota showed the highest

relative contribution (6.30%) in the upper ocean, while Bacillota

reached the highest contribution (1.93%) in the benthic realm. Gene

cluster enrichment of other phyla is shown in Figure 3.
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Among Archaea, the phylum Euryarchaeota contributed most to

the unique gene clusters across all depth zones and realms with the

exception of the dark ocean depth zone where its relative contribution

was almost identical to the phylum Nitrososphaerota (6.38% and

6.40%, respectively). This is consistent with previous studies (35, 41)

since Nitrososphaerota are mostly chemolithoautotrophs and occur

predominantly in the deep ocean, while Euryarchaeota thrive mostly

in the photic zone and live heterotrophically, displaying great

seasonal and spatial variation and phylogenetic diversity.

For the Eukaryota, gene clusters related to the phylum Metazoa

dominated both the upper ocean (43.54%) and dark ocean (78.97%)

depth zones, while the clade Fungi dominated the mesopelagic

ocean zones, accounting for more than half the number of unique

annotated gene clusters (56.7%) (Table 3, Figure 4). The benthic

realm showed enrichment of unique annotated gene clusters related

to the phylum Chlorophyta (67.75%), followed by the metazoans

(11.20%). The enrichment in chlorophyta-related gene clusters of

this realm can be attributed to a depositional flux probable of dead

photosynthetic organisms from the photic layer, corresponding

with the ubiquity of viable photosynthetic organisms in deep sea

waters (42) as well as microphytobenthos in the shallow coastal

sediments sampled.

Overall, the ratio of unique annotated genes from Bacteria to

Archaea to Eukaryota to viruses in the KMAP Global Ocean Gene

Catalog 1.0 was 22.65: 1.76: 3.53: 1 (Table 4), with the benthic realm

and the dark ocean being highly enriched in Bacteria and Archaea

gene clusters and the upper ocean being highly enriched both in

Eukaryota and Bacteria gene clusters. The upper ocean also

presented the highest relative abundance of viral gene clusters

among all depth zones and realms. This overall ratio of unique

annotated genes implies that Bacteria are the largest contributors to

unique genes in the ocean, followed by Eukaryota and Archaea. We

note, however, that viral genes are underestimated, as only DNA

viruses are included in the catalog. For comparison, the ratio of

ocean biomass, derived from total ocean biomass estimates from the

work of Bar-On and Milo (2019) (43), is 50: 10: 150: 1 for Bacteria to

Archaea to Eukaryota to Viruses in the ocean. The ratio of biomass

across Bacteria to viruses does not reflect that of unique genes,

showing that the contribution of eukaryotes to ocean biomass is

disproportionately higher than that tomarine genetic diversity, which

is dominated by Bacteria. This rough comparison also shows that

viral genomes contain far more innovation than hitherto realized,

even considering that this DNA-based assessment of the global ocean

genome omits RNA viruses. While it is recognized that DNA viruses

modulate microbial diversity, populations, and microbially mediated

processes, the diversity and role of RNA viruses are not well studied.

Recently reported to be prevalent and likely functionally significant,

these represent an important emerging area of exploration in the

global ocean genome (44).
Functional distribution of genes

From a functional point of view, gene clusters were grouped

into the main relevant Kyoto Encyclopedia of Genes and Genomes
frontiersin.org
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(KEGG) categories: Metabolism (KEGG 09100), for gene clusters

coding for proteins involved in metabolic processes, Genetic

Information Processing (KEGG09120), Environmental

Information Processing (KEGG09130), and Signaling and Cellular

Processes (KEGG 09183) (Figure 5).

The benthic realm was enriched by unique gene clusters coding

for metabolic processes (KEGG 09100): these represented 42.54% of

the total annotated unique gene clusters in this realm compared

with about 25% of those in pelagic communities. In contrast,

benthic communities were relatively depleted in unique gene

clusters coding for Genetic Information Processes (KEGG 09120)

and Env i ronmenta l In format ion Proces s ing (KEGG

09130) (Figure 5).
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Given the importance of microbial metabolic processes in

shaping the ocean in every aspect, we assessed the unique gene

clusters involved in the most important microbial metabolic

pathways of the main elements involved in the formation of

climate-active molecules: carbon, nitrogen, and sulfur

(Supplementary Table S1). Overall, genes related to acetate

utilization and carbon monoxide (CO) oxidation were the

predominant unique gene clusters in Bacteria and Archaea

(weighted average values, Table 5, Figure 6). In contrast, anaerobic

ammonium oxidation and methane oxidation, very important

processes for biogeochemical cycles and climate regulation carried

out by specific microbial taxonomic groups, were supported by a

restricted set of unique gene clusters across the global ocean genome.
FIGURE 2

The contribution of taxonomical domains to the gene catalog. (A) Pie chart showing the overall relative contribution of the four taxonomical
domains (Archaea, Bacteria, Eukaryota, and viruses) to the gene catalog. (B) Pie charts showing the contribution of the four taxonomical domains to
the gene catalog in each depth zone of the pelagic (upper, mesopelagic, and dark ocean) and benthic realms.
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Unique gene clusters related to CO oxidation dominated all

depth zones along with acetate utilization ones. Average gene

abundances related to CO oxidation ranged from 7.14% in the

dark ocean to 12.33% in the mesopelagic ocean, while for acetate

utilization the peak abundances were in the upper ocean (4.90%)

and in the benthic realm (3.96%), indicating that these processes

play an important role in carbon cycling dynamics.

Assimilatory sulfate reduction ranked third in the upper ocean,

coupled with a 2.51% relative average abundance of dissimilatory

sulfate-reduction-related genes. We observed a notable relative

average abundance of genes of the carbon metabolism-related

3-hydroxypropionate bi-cycle, with peak contribution values in

the upper ocean (1.94%). The benthic realm showed remarkable
Frontiers in Science 07
contributions to carbon metabolism by the Wood-Ljungdahl

pathway (1.32% average gene abundance). Denitrification-related

genes showed notable representation in the depths of the ocean,

accounting for a 6.22% and a 3.52% average abundance in the dark

ocean and the benthic realm, respectively.
Discussion

The KMAP Global Ocean Gene Catalog 1.0 consists of 308.6

million gene clusters, of which 53.4% (164.8 million) have been

annotated. This represents remarkable progress compared with the

Global Ocean Microbial Reference Gene Catalog (OM-RGC), released
TABLE 2 Relative (%) contribution of the Archaea and Bacteria taxonomical groups to the gene clusters.

Upper ocean (%) Mesopelagic ocean (%) Dark ocean (%) Benthic realm (%)

Archaea

Thermoproteota 0.02 0.04 0.50 0.10

Euryarchaeota 5.29 3.52 6.38 5.22

Nitrososphaerota 0.66 5.09 6.40 1.90

Bacteria

Acidobacteriota 0.22 2.37 2.15 1.18

Actinomycetota 5.11 5.88 3.34 5.03

Aquificota 0.01 0.03 1.23 0.05

Bacteroidota 12.69 7.06 7.69 13.84

Chlamydiota 0.09 0.07 0.07 0.13

Chlorobiota 0.02 0.03 0.08 0.07

Chloroflexota 1.43 6.56 6.57 3.82

Cyanobacteriota 6.30 0.93 0.73 2.77

Deferribacterota 0.00 0.00 0.05 0.02

Deinococcota 0.02 0.03 0.22 0.07

Fibrobacterota 0.01 0.01 0.03 0.02

Bacillota 0.74 0.83 1.33 1.93

Fusobacteriota 0.01 0.01 0.03 0.03

Gemmatimonadota 0.41 2.19 1.44 1.06

Nitrospirota 0.07 0.23 0.61 1.65

Planctomycetota 2.37 5.12 5.86 2.55

Alphaproteobacteria 36.53 28.62 14.77 22.91

Betaproteobacteria 2.51 1.65 1.55 2.31

Gammaproteobacteria 19.65 22.28 16.39 20.31

Deltaproteobacteria 2.11 4.12 10.62 9.99

Epsilonproteobacteria 0.15 0.15 8.97 0.72

Zetaproteobacteria 0.04 0.01 0.25 0.07

Spirochaetota 0.25 0.24 0.33 0.91

Thermodesulfobacteriota 0.00 0.01 0.28 0.05

Thermotogota 0.01 0.01 0.07 0.05

Verrucomicrobiota 3.27 2.90 2.07 1.24
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FIGURE 3 (Continued)

Archaeal and bacterial annotated gene cluster contribution.
(A) Heatmap with hierarchical clustering of gene clusters related to
the major archaeal phyla. The clades are shown on the right of the
graph, while the depth zones of the pelagic (upper, mesopelagic,
and dark ocean) and benthic realms are shown on the top. Red
color indicates the highest values and blue the lowest. (B) Heatmap
with hierarchical clustering of gene clusters related to the major
archaeal and bacterial phyla. The clades are shown on the right of
the graph, while the depth zones of the pelagic (upper,
mesopelagic, and dark ocean) and benthic realms are shown on the
top. Red color indicates the highest values and blue the lowest.
(C) Sankey plot showing the distribution of the archaeal and
bacterial gene clusters among depth zones of the pelagic (upper,
mesopelagic, and dark ocean) and benthic realms.

Laiolo et al. 10.3389/fsci.2023.1038696
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in 2015 and based on the Tara Oceans expedition, which included

>40 million non-redundant representative genes from viruses,

Archaea, Bacteria, and picoeukaryotes (25). Tara Oceans’

sequencing efforts were focused on the upper ocean, providing a

global assessment. In 2022, the Global Microbial Gene Catalog

(GMGCv1) was released, and it includes 88 million 95% non-

redundant annotated genes belonging to marine organisms within

the 303 million species-level genes from 14 different habitats (30).

Hence, the KMAP Global Ocean Gene Catalog 1.0, which focuses on

pelagic and benthic marine habitats, represents an important tool for

future comparative studies.

Out of the 2,102 marine metagenomes analyzed, only 86 were

sampled from benthic communities, accounting for less than 5% of

the total metagenomes, while only 215 out of the 2016 pelagic

metagenome samples (10.2%) were sampled from the dark ocean,

the largest habitat on Earth.

Marine metagenomics efforts have largely focused on the upper

pelagic ocean, the most easily accessible habitat, while benthic and

deep-sea environments remain grossly under-sampled in comparison,

suggesting that a large pool of genes of marine organisms may be

discovered in future efforts targeting benthic and deep-sea

environments. However, in contrast to pelagic metagenomics, which

has been conducted at global scales by expeditions such as TARA

Oceans and Malaspina (26), no systematic attempt to achieve global

coverage for benthic metagenomics is available, thereby precluding a

deeper classification by major domains of the benthic environment.

Recent efforts have targeted and improved the understanding of

benthic habitats, some at a regional level and some on a global

scale. Dombrowski et al. (45) examined benthic metagenomes from

hydrothermal sediments in the Guaymas Basin (Gulf of California),

and Langwig et al. (46) reconstructed metagenome-assembled

genomes (MAGs) from metagenomes of marine sediments in

hydrothermal vents from Guaymas Basin, Gulf of California, and a

coastal site in Mesquite Bay, Texas.

Global studies have focused mostly on the recovery of MAGs

and provide some insights into benthic diversity. A study by

Parks et al. (47), using more than 1,500 public metagenomes,

increased the phylogenetic diversity of bacterial and archaeal

genome trees by over 30%; this was improved by Nayfach et al.

(48), where MAGs were recovered from more than 10,000 publicly

available metagenomes from different terrestrial and marine
FIGURE 3 (Continued)
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environments and hosts. Publicly available metagenomes were used

for these two global scale studies; however, mining metagenomes

from public repositories can be a difficult task due to unavailable or

incomplete associated metadata. Metadata problems contribute to

the underutilization of publicly available metagenomes. Thus,

recent efforts tried to offer standardized metadata in public

repositories in combination with a user-friendly interface. Planet
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Microbe (49) is a web-based portal for the open sharing and

discovery of past and ongoing oceanographic sequencing efforts.

It offers integration of their omics data with their in situ

environmental data and information about sampling events,

sampling stations, and additional metadata about the cruise

tracks, protocols, and instrumentation used. The first release of

Planet Microbe included more than 2,000 aquatic samples collected
TABLE 3 Relative (%) contribution of the eukaryotic taxonomical groups to the gene clusters.

Taxonomic group Upper ocean (%) Mesopelagic ocean (%) Dark ocean (%) Benthic realm (%)

Eukaryota

Amoebozoa 0.25 0.55 0.53 0.21

Discoba 0.39 0.75 0.63 0.15

Metamonada 0.12 0.17 0.29 0.06

Ochrophyta 7.86 1.24 0.70 7.64

Retaria 0.04 0.95 0.30 0.02

Chryptophyta 2.41 0.14 0.08 0.18

Haptophyta 14.13 1.83 0.32 0.56

Fungi 2.03 56.76 6.58 2.21

Metazoa 43.54 25.39 78.97 11.20

Dinophyta 2.46 1.52 1.57 0.29

Apicomplexa 0.49 0.81 1.34 0.44

Rhodophyta 0.18 0.14 0.14 0.14

Chlorophyta 21.96 2.95 0.67 67.75

Streptophyta 4.15 6.81 7.87 9.14
FIGURE 4

Eukaryotic annotated gene cluster contribution. (A) Heatmap with hierarchical clustering of gene clusters related to the major eukaryotic clades. The
clades are shown on the right of the graph, while the depth zone of the pelagic (upper, mesopelagic, and dark ocean) and benthic realms are shown
on the top. Red color indicates the highest values and blue the lowest. (B) Sankey plot showing the distribution of the eukaryotic gene clusters
among depth zones of the pelagic (upper, mesopelagic, and dark ocean) and benthic realms.
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from multiple projects; the majority of samples in this database

release are from major global expeditions such as Tara Ocean,

Hawaii Ocean Time-series (HOT), and Ocean Sampling Day

(OSD). Owing to the sampling strategies of the projects included,

most of the samples are pelagic and mostly from surface waters;

they did not provide deep insight in the benthic realm.

MarineMetagenomeDB is another example of a public repository,

created by Nata’ala et al. (50), trying to address the previously

mentioned limitations of metagenome-associated metadata. Its

objective is to improve the contextualization and ecological

interpretation of marine microbial metagenomes, allowing

comparison with novel datasets and use in meta-analysis studies.

Tools like MarineMetagenomeDB and Planet Microbe can boost

efforts focused on better understanding differences among benthic

and pelagic realms, leading to works that go beyond the realm or

regional scale.

The unique challenges to life in benthic environments imply

that both their taxonomic composition (51) and metabolic

processes (27) are likely to differ greatly from those in the upper

ocean. These differences do not only relate to the depth of the water

column but also the variability in microbial communities across the

deep ocean (52)—this being a far less homogeneous environment

than it was once thought to be. In particular, the benthic

compartment, characterized by steep biogeochemical gradients, is

likely to contain a large reservoir of undiscovered genes and

functions. Moreover, benthic habitats are at risk, with 75–90% of

coral reefs predicted to be lost due to climate change even if the

most ambitious goals of the Paris Agreement (53) are reached.

Despite accounting for less than 0.1% of the total surface (54), coral

reefs are biodiversity hotspots; they contribute an estimated US$2.7

trillion per year in ecosystem services (55) and contain a rich

microbiome the membership and functions of which are

currently the subject of much research (56).

The risks extend even to the deep sea, which has recently been

identified as the reservoir holding about 95% of all the synthetic

plastics that have ever entered the ocean (57). Along with other

pollutants, these plastics may have disrupted deep-sea microbial

communities. Likewise, deep-sea mining may also alter benthic

habitats, with unpredictable consequences on their functionality

and diversity. The abundance of polymetallic nodules in some areas

of the deep sea has raised interest in mining these resources to meet

the growing needs from electronics and electrification (58). Given
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the threats to this habitat, developing a baseline understanding of

the genome of benthic microbial communities is a matter

of urgency.

Whereas biogeochemical cycles in ocean domains have

received great attention, this understanding has lagged behind a

comparable understanding of its genomic basis for decades. In

fact, only the advent of shotgun sequencing two decades ago has

allowed this gap in our understanding to be bridged by

enabling metagenomics.

The analysis of the architecture of the global ocean genome

presented here allows us to match biogeochemical cycling with

microbial taxonomy through the taxonomic assignment of the

unique genes supporting the various metabolic processes

presented in this paper. Hence, resolving the global ocean

genome can provide a deeper understanding of the complexity

of microbial metabolic capabilities across ocean environments,

which should be expanded further in the future. The metagenomic

samples corresponding to the data for the ocean gene catalog

released here do not discriminate between living or active

organisms and inactive or dead ones (59, 60), as it reflects the

total pool of genes present in the ocean. Future efforts should

strive to distinguish the active or living component from the

inactive or dead component, although resolving active versus dead

organisms from metabarcoding or metagenomics is not

yet straightforward.

The long evolutionary history of the global ocean genome and

the diversity of environmental conditions across ocean habitats are

reflected in the diversity of present metabolic pathways, such as

those involved in carbon metabolism. The range of non-

photosynthetic carbon fixation pathways supported by Bacteria

and Archaea is impressive and highly specialized: the

dicarboxylate/4-hydroxybutyrate cycle, for example, seems to play

an important role in the benthic realm, with its combination

anaerobic metabolic modules leading to an efficient carbon

dioxide (CO2) fixation mechanism.

The upper ocean was rich in genes related to carbon-related

metabolic pathways, the Calvin cycle, CO oxidation and acetate

utilization, and a sulfur-processing pathway for assimilatory sulfate

reduction (Figure 6). In contrast, the benthic realm was rich in

genes related to alternative carbon fixation pathways, such as the

hydroxypropionate-hydroxybutylate cycle , along with

fermentation- and denitrification-related genes. The dark ocean

was rich in genes related to denitrification, as in the benthic realm,

along with ones related to the reductive citrate cycle and

dissimilatory nitrate reduction. The high respiratory activity

measured in the dark ocean is difficult to reconcile with the rates

of supply of organic carbon produced in the photic layer (39, 61).

Recently, it has been suggested that chemolithoautotrophic and

mixotrophic organisms, which combine chemolithoautotrophic

inorganic carbon fixation and heterotrophy, play a more

important role in driving deep-sea metabolism than previously

thought (27, 62–64). Indeed, it has been calculated that dark

carbon fixation processes contribute a significant fraction of

oceanic primary production (65, 66).

Regarding carbon metabolism and in particular CO oxidation,

metagenomic analyses of the Sargasso Sea (67, 68) revealed that a
TABLE 4 Ratios among annotated gene clusters belonging to each
taxonomical domain for the benthic realm and each pelagic realm depth
zone (upper ocean, mesopelagic ocean, and dark ocean).

Depth zone
and realm

Archaea Bacteria Eukaryota Viruses

Upper ocean 1.43 20.00 3.67 1.00

Mesopelagic
ocean 5.26 50.50 1.19 1.00

Dark ocean 17.52 133.52 3.66 1.00

Benthic realm 12.60 135.64 4.35 1.00

Overall 1.76 22.65 3.53 1.00
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FIGURE 5

Annotated gene cluster number distribution. (A) Annotated gene cluster distribution between depth zones of the pelagic (upper, mesopelagic, and
dark ocean) and benthic realms and taxonomical domains. (B) Annotated gene cluster distribution between depth zones of the pelagic (upper,
mesopelagic, and dark ocean) and benthic realms and functional Kyoto Encyclopedia of Genes and Genomes (KEGG) Brite categories.
Frontiers in Science frontiersin.org11

https://doi.org/10.3389/fsci.2023.1038696
https://www.frontiersin.org/journals/science
https://www.frontiersin.org


Laiolo et al. 10.3389/fsci.2023.1038696
significant number of cox genes have proven to be abundant in

environmental samples. CO dehydrogenase (CODH) and acetyl-

CoA synthase (ACS) serve as pivotal catalysts for growth when

utilizing CO. CODH facilitates the oxidation of CO into CO2,

yielding low-potential electrons that are essential for cellular

processes. Alternatively, CODH can reduce CO2 to CO. When

this latter reaction is coordinated with ACS, it creates a system for

producing acetyl-CoA from CO2, enabling the synthesis of cellular

carbon compounds (69). CO oxidation has been linked to various

bacterial groups, including Actinobacterota, Proteobacteria,

Bacteroidota, and Chloroflexota phyla. Remarkably, CO oxidation

by cox genes is widely distributed in all depth zones, including the

dark ocean (27). This high prevalence suggests that CO oxidation

serves as a significant energy source for heterotrophic organisms in

the deep ocean.

The finding of a relevant presence of genes involved in

dissimilatory sulfate reduction in the upper ocean may seem

surprising at first, as these are expected to occur in anoxic

environments. However, molecular and physiological studies

confirm that oxygen minimum zones support pelagic
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microorganisms capable of utilizing inorganic sulfur compounds to

support their energy metabolism, where sulfide products are

immediately oxidized and, therefore, do not accumulate in the

water column (70–72). The average gene frequency of dissimilatory

sulfate-reduction-related genes in the pelagic realm of 1.9–2.88%

(Table 5) is conservative based on the estimate that oxygen minimum

zones currently constitute 1–7% of the volume of the ocean (73). In

contrast, the proportion of assimilatory sulfate-reduction gene

clusters showed its peak in the upper ocean; it accounted for an

average gene frequency of 4.24%, showing a decreasing contribution

towards the deeper depth zones, as expected from the fact that

assimilatory sulfate reduction supports sulfur cycling in many

organisms, whereas dissimilatory sulfate reduction is expected to be

limited to low oxygen environments. A review of metagenomes from

pelagic microbial communities from oxygen minimum zones shows

that these support an active sulfur cycle with potentially substantial

roles in organic carbon input and mineralization and critical links to

the nitrogen cycle (70). Moreover, organic aggregates have been

shown to provide microenvironments that have demonstrated an

ability to support sulfate reduction in the ocean water column (73, 74),
TABLE 5 Relative abundance (the weighted median proportion of gene clusters relative to important selected metabolic pathways); the KEGG
Orthology identifiers related to each metabolic pathway are available in Supplementary Table S1.

Metabolic pathway
Upper

ocean (%)
Mesopelagic
ocean (%)

Dark
ocean (%)

Benthic
realm (%)

Carbon metabolism

3-Hydroxypropionate bi-cycle 1.94 1.44 0.70 1.13

Acetate production/utilization 4.90 3.86 2.54 3.96

Calvin cycle 3.09 1.16 2.07 1.95

Carbon monoxide oxidation 8.81 12.33 7.14 7.22

Archaeal autotrophic
carbon fixation 1.09 1.42 1.15 2.17

Fermentation 0.58 1.19 1.74 2.19

Hydroxypropionate-
hydroxybutylate cycle 0.00 0.02 0.01 0.08

Wood-Ljungdahl pathway 0.05 0.15 0.38 1.32

Reductive citrate cycle
(rTCA cycle) 0.03 0.05 1.53 0.31

Methane metabolism
C1 metabolism/Methanogenesis 0.42 0.48 0.82 0.66

Methane oxidation 0.00 0.00 0.00 0.00

Nitrogen/
methane metabolism

Nitrification/methane oxidation 0.12 0.65 0.86 0.29

Anaerobic ammonium oxidation 0.02 0.06 0.04 0.07

Nitrogen metabolism

Denitrification 1.24 2.43 6.22 3.52

Dissimilatory nitrate reduction 1.79 2.98 3.65 2.06

Assimilatory nitrate reduction 0.73 0.72 1.26 0.73

Nitrification 0.11 0.23 0.47 0.44

Nitrogen fixation 0.09 0.09 0.67 0.84

Sulfur metabolism

Assimilatory sulfate reduction 4.24 3.79 2.12 3.41

Dissimilatory sulfate reduction 2.51 1.91 2.58 2.88

Thiosulfate oxidation 2.11 1.31 2.59 2.22
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which helps explain the prevalence of genes participating in these

metabolisms in the water column at different depth zones.

Bacteria and Archaea residing within the oxygenated water

column of the deep ocean utilize an array of diverse electron donors,

including hydrogen, thiosulfate/sulfide, and ammonia, as sources of

energy to fuel different metabolic processes, such as nitrification and

denitrification. These reduced inorganic compounds play a crucial

role in supporting microbial metabolism in the dark ocean (27).

Variations between habitats in the abundance of unique genes

contributing to different classes of metabolic processes highlight the

existence of distinct metabolic niches in the ocean. Indeed, these

probably exist at finer levels of spatial resolution than those presented

here. Likely, two key processes involved in nitrogen cycling play

fundamental ecological and biogeochemical roles in the ocean

(nitrogen fixation and anaerobic ammonium oxidation); they are

supported by a very limited set of genes and microbial taxa compared

with the diversity of metabolic pathways processing carbon,

identifying evolutionary bottlenecks in key metabolic processes.

Although nitrogen fixation is thought to have been restricted

to the upper ocean owing to limited reactive nitrogen, our analysis

shows an opposing pattern of related gene clusters, with an

abundance of nifH genes in deeper depth zones. Indeed, recent
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analyses identify nitrogen fixation associated with sinking

particles in the dark ocean (75) and heterotrophic nitrogen-

fixing bacteria in the dark ocean to be associated with organic

matter-rich particles (27, 76), which provide substrate as well as

microenvironments sheltered from oxygen inhibition of nitrogen

fixation (76). However, the significance of nitrogen-fixing bacteria

in the dark ocean for water column nitrogen fixation remains to be

quantified (77). Indeed, nitrogen fixation is expected to be selected

against in the dark ocean, where reactive nitrogen forms are

widely available, owing to the prevalence of remineralization of

organic matter, while the energy required to fix nitrogen is a

limiting resource.

The investigation of the global ocean genome has been a long-

standing goal of microbial oceanography, limited by sequencing

costs and access to advanced sequencing platforms. These

disadvantages are on the verge of being overcome through a

recent breakthrough in the sequencing era: the development of

miniaturized high-capacity sequencing systems, such as

MinION™ (Oxford Nanopore Technologies). These portable

systems enable sequencing to be performed on board

oceanographic vessels, shortening processing times and increasing

reliability in terms of quality and output (78). However, the
FIGURE 6

Distribution of average gene abundances related to microbial metabolism. (A) Heatmap with hierarchical clustering of average gene abundances
related to microbial metabolic pathways (Table 5). Metabolic pathways are shown on the right of the graph, while the depth zone of the pelagic
(upper, mesopelagic, and dark ocean) and benthic realms are shown on the top. Red color indicates the highest values and blue the lowest. (B)
Sankey plot showing the distribution of average gene abundances related to prokaryotic metabolic pathways. Gene clusters have been classified
according to the depth zone of the pelagic (upper, mesopelagic, and dark ocean) and benthic realms (shown on the left of the graph). The KEGG
Orthology identifiers related to each metabolic pathway are available in Supplementary Table S1.
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remaining bottleneck is the need for computational power, as

metagenomics datasets keep growing and demand both advanced

bioinformatics skills and ongoing access to high-performing

supercomputers to align and annotate sequences. For instance,

48.09% of the gene clusters identified here could not be annotated,

requiring continuous efforts to blast this large pool of over 150

million gene sequences against newly deposited sequences to

functionally characterize them. One factor here is the additional

clusters we obtained by applying length overlap (80%) cutoff, as

recommended previously (79), to avoid merging shorter genes with

bigger ones. This filter was not applied in the OM-RGC derived from

the Tara Oceans expedition (30) in which almost 30% of clusters

originally remained unannotated despite there being a smaller

number of final clusters than in the present analysis (25). Hence,

improvements in gene prediction frameworks are needed, together

with continuous re-analysis to match these unassigned genes with

newly released genes. Efforts to further sequence environments that

are underrepresented in the current KMAP Global Ocean Gene

Catalog 1.0 must be supported by the development of platforms

allowing convenient and open access to computational resources,

enabling the exploration of the catalog, as KMAP does (23). Further

novel methods are needed to expand our knowledge regarding the

non-annotated portion, for example, employing structural aspects

given recent developments of AlphaFold2 (80).

Cataloging the genome of the global ocean is a work in progress

and will remain so for decades to come. Maintaining the effort,

initiated in 2004 (18), to develop a full inventory of marine genomic

diversity requires a clear understanding of the benefits to be derived

(19). These are many, starting from a basic understanding of the

taxonomic structure and diversity of marine communities, ranging

from viruses (81) to Archaea and Bacteria (82, 83) and eukaryotes

(84, 85), free of the biases introduced by amplicon sequencing (86),

as well as accelerating the full genomic description of unculturable

marine microbes through the assembly of high-quality

metagenome-assembled genomes (87, 88). Functional analyses of

annotated genes can help assemble the metabolic architecture of

different oceanic environments (27) and elucidate the

biogeochemical role of microbial communities (89). Combining

taxonomic and functional annotation allows specific roles in

biogeochemical processes to be assigned to specific taxa (90)—a

fundamental task that has hitherto remained challenging.

Functional metagenomics can also probe the functioning of entire

microbiomes, as demonstrated by the major effort to resolve the

properties of the human gut microbiome (91), therefore describing

links between microbial consortia. Biosynthetic gene clusters,

cooperating to yield complex molecules, can also be predicted

from metagenomics, thereby offering a bridge between genomics

and metabolomics, which is currently underexplored in the context

of the global ocean genome.

However, future efforts need to be guided by the gap analysis

conducted here, targeting under-sampled deep-sea and benthic

environments. The exploration of the global ocean genome

cannot be based on the simple aggregation of a growing number

of samples but instead must be guided by specific hypotheses,

targeting specific processes and/or taxa of interest. This study,

therefore, does not represent a comprehensive analysis of benthic
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microbial life owing to the low number of metagenomes and

sampling sites included, but it can provide important insights to

help formulate hypotheses guiding future efforts.

A question-driven approach, as represented by the KMAP

Global Ocean Gene Catalog 1.0, will require broad collaboration

since the number of relevant questions is potentially very large

and can come from different perspectives, including evolutionary,

biogeochemical, ecological, and industrial prospection. Moreover,

future efforts must aim to reliably describe the genetic repertoire

of a community, as recently shown by a replicated sequencing of a

Red Sea community that greatly multiplied the number of

sequences retrieved and thereby yielded a far larger gene catalog

than those previously retrieved by conventional sequencing (92).

Such efforts continue to bring novelty to gene catalogs, including

at high levels such as gene families (92). Indeed, next-generation

sequencing metagenomics yields 14.7 million unique genes per

Tera base-pair sequenced across projects (92), so probing into the

genome of the rare ocean biosphere (93) will require enhanced

sequencing efforts.

A deeper dive into the genome of the ocean should also include

a deeper insight into functional diversity at the ecotype level,

examining the functional consequences of relatively minor

genomic differences at the genus level, such as those

demonstrated for the unicellular cyanobacterium Synechoccocus

(94) and the former Prochlorococcus, which is now differentiated

into five genera (Prochlorococcus, Eurycolium, Prolificoccus,

Thaumococcus, and Riococcus) with distinct genomic and

ecological attributes (95). Recent developments are unveiling the

role of specific genes in coding for polyfunctional enzymes, which

may participate in multiple processes and connect otherwise

independent elemental cycles (96). A recent example is the PhoA

enzyme; kinetic assays revealed that it exhibits not only the

predicted P-monoester activity but also P-diesterase, P-triesterase,

and sulfatase activity (97).

Probing deeper into the global ocean genome is vital, because it

is the foundation upon which the biodiversity and functionality of

all marine ecosystems rest, supporting their resistance and resilience

to pressures. Functional redundancy is a foundation of the resilience

of ecosystems to disturbance, allowing adaptation to environmental

changes and pressures. Indeed, functional redundancy and

complementarity are probably the keys to understanding the huge

diversity of plankton communities, which has represented a long-

standing paradox in ecology. Functional redundancy allows the

overall ecosystem functionality to be preserved even in case of

stochastic impacts leading to loss of taxonomical groups.

The exploration of the global ocean genome delivers additional

findings, such as the dominance of the clade Fungi in the

mesopelagic ocean zone, where it accounted for more than half

the number of unique annotated gene clusters. This adds to studies

that show fungi play an important role in microbial diversity in the

mesopelagic ocean (98) and suggests that this diversity may carry

important functional consequences. For instance, a recent paper

(99) analyzed global metagenomic and metatranscriptomic data

covering all major oceanic basins to shed light on fungal peptidase

activity, reporting that both total and secretory peptidase genes and

transcripts (and the percentage of secretory), as well as the a-
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diversity of fungal protease genes and transcripts, were higher in the

mesopelagic than in the upper water layers. Peptidases are the main

enzyme family responsible for cleaving proteins, which constitute a

major fraction of marine living and detrital biomass. Based on the

expression of carbohydrate-active enzymes (CAZymes) related to

this group, Breyer and colleagues hypothesized that fungi are also

major contributors to the degradation of proteins in the oceanic

water column (99).

Importantly, the genome of the ocean is not a static property but a

dynamic one subject to continuing evolution—now forced by human-

induced changes in the marine environment, including pollution by

plastics and other synthetic pollutants, climate change, and the

associated warming, acidification, and deoxygenation. For example,

the introduction of synthetic compounds into the ocean may be

driving evolutionary processes in microbes to enable their use, as

described recently (100, 101). The proliferation of antibiotic resistance

genes in marine bacteria (102) also emphasizes the dynamic nature of

the ocean genome and its connectivity to changes occurring in other

biomes, including the human-dominated environment via sewage and

waste (103). Understanding these dynamics is of critical global

importance given the foundational importance of the ocean genome

to biodiversity and biogeochemical processes.

In conclusion, the taxonomic and metabolic underpinnings of

the global ocean genome reported here represent an important step

toward integrating marine metagenomic data into an overview of

the taxonomic and metabolic distribution of different ocean

compartments on a global scale. Understanding the taxonomic

basis of metabolic capabilities is a foundation to help predict the

functional consequences of ongoing changes in community

structure and biodiversity in the ocean. It could also provide a

novel perspective to predict the functional consequences of changes

driven by climate change, including ocean warming, deoxygenation,

and acidification. We also identify gaps, such as benthic

metagenomics, where additional effort is required to provide a

comprehensive global understanding of the metabolic architecture

of the ocean.

Propelling investment into this research will require the

resolution of current uncertainties in the ownership of intellectual

property derived from the exploration of the ocean genome and the

development of a just and equitable framework for benefit sharing

(11, 104). On 4 March 2023, the Agreement under the United

Nations Convention on the Law of the Sea on the conservation

and sustainable use of marine biological diversity of areas beyond

national jurisdiction (105) represented a long-awaited milestone

decision to share benefits derived from marine genetic resources

and delivered a key mechanism of reporting. However, this

agreement also poses a new risk: slowing investments in marine

genetic resources because of reduced incentives for those making

discoveries. This risk comes at an especially crucial time when

sequencing technologies are low in cost and efficient, and there is

potential for integration with artificial intelligence, potentially

prompting unprecedented rates of discovery. Advancing research

on the global ocean genome will accelerate the development of blue

biotechnology and advance problem-solving across a broad range of

sectors, including biomedicine, food, and energy.
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Methods

We processed a large number of metagenomic samples available

from the European Nucleotide Archive (ENA; www.ebi.ac.uk/ena)

as of May 2018, from quality control of reads through to assembly

of metagenomes into KMAP, as described in Alam et al. (23).

Briefly, using the advanced search function in the ENA, we created a

list of FASTQ files for metagenomes, restricting the taxonomy to

metagenomes and the shotgun sequencing platform to paired-end

Illumina sequencing technology, with a nominal length of >100

base pairs (bp) and a base count higher than 2×108.

The resulting metadata file was filtered for availability of FTP

location to download FASTQ files. We downloaded 2,102

metagenomes using wget and GridFTP, also collecting the ENA run,

sample, project, and metagenome taxon identifiers. After metadata

verification, the 2,102 metagenomes were classified according to their

geographical sampling location, depth zone, and realm. The full list of

metagenomes analyzed in this study is reported in Supplementary

Table S2, including the above-mentioned classification.

Geographically, we categorized the metagenomes into the

Atlantic, Pacific, Indian, Arctic, and Southern Oceans; we also

included the Mediterranean Sea owing to its peculiar

characteristics. We classified the metagenomes from pelagic realm

samples into three depth zone categories: the upper ocean, for

metagenomes obtained from samples taken between 0 and 200 m,

mesopelagic ocean (200–1000 m), and dark ocean (>1000 m).

Metagenomes belonging to the benthic realm were not

subcategorized owing to their low number.

Upon download, we pre-processed the individual samples for

quality control and validation of the pairs using bbduk (http://

jgi.doe.gov/data-and-tools/bb-tools/). Assembly and annotation

were performed using the KAUST Shaheen II supercomputing

infrastructure. Assembly used the MegaHit assembler (106)

(final contig size limited to 500 bp) with default options. Complete

genes were predicted using Prodigal (107), maintaining a minimum

length of 100 bp. Gene sequences were clustered usingMMseq2 (108)

considering a global sequence identity cutoff of 90% and minimum

gene length difference of 80%. Annotation was performed using

KMAP (www.cbrc.kaust.edu.sa/kmap). Protein translation of

predicted genes was compared using a basic local alignment search

tool (BLAST) to Universal Protein Knowledgebase (UniProtKB) to

obtain annotations such as taxonomic affiliation, generic functional

descriptions, and cross-references, e.g., Cluster of Orthologous Genes

(COGs) database.

The taxonomy used in the paper corresponds to that of the

National Center for Biotechnology Information (NCBI), confirmed

by NCBI’s taxon report checking tool (https://www.ncbi.nlm.nih.gov/

Taxonomy/TaxIdentifier/tax_identifier.cgi) (access date: 11 April

2023) and does not capture revisions in some taxa since that date

(50, 109). Microbial taxonomy is a very dynamic field and will

continue to evolve, requiring an update, in a future release of the

Ocean Genome Catalog, when additional data will also be available.

Another BLAST to the Kyoto Encyclopedia of Genes and

Genomes (KEGG) database was performed to obtain more

specialized functional annotation, given the wide coverage of gene
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functionalities within this database. All annotations are saved in a

Gene Information Table (GIT) containing 19 fields of annotations

( fo r de t a i l s s e e : www.cbrc . kaus t . edu . s a / aamg/docs /

KMAP_Documentation.html).
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fsci.2023.1038696/

full#supplementary-material
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