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            Abstract
Ocean microbes drive biogeochemical cycling on a global scale1. However, this cycling is constrained by viruses that affect community composition, metabolic activity, and evolutionary trajectories2,3. Owing to challenges with the sampling and cultivation of viruses, genome-level viral diversity remains poorly described and grossly understudied, with less than 1% of observed surface-ocean viruses known4. Here we assemble complete genomes and large genomic fragments from both surface- and deep-ocean viruses sampled during the Tara Oceans and Malaspina research expeditions5,6, and analyse the resulting ‘global ocean virome’ dataset to present a global map of abundant, double-stranded DNA viruses complete with genomic and ecological contexts. A total of 15,222 epipelagic and mesopelagic viral populations were identified, comprising 867 viral clusters (defined as approximately genus-level groups7,8). This roughly triples the number of known ocean viral populations4 and doubles the number of candidate bacterial and archaeal virus genera8, providing a near-complete sampling of epipelagic communities at both the population and viral-cluster level. We found that 38 of the 867 viral clusters were locally or globally abundant, together accounting for nearly half of the viral populations in any global ocean virome sample. While two-thirds of these clusters represent newly described viruses lacking any cultivated representative, most could be computationally linked to dominant, ecologically relevant microbial hosts. Moreover, we identified 243 viral-encoded auxiliary metabolic genes, of which only 95 were previously known. Deeper analyses of four of these auxiliary metabolic genes (dsrC, soxYZ, P-II (also known as glnB) and amoC) revealed that abundant viruses may directly manipulate sulfur and nitrogen cycling throughout the epipelagic ocean. This viral catalog and functional analyses provide a necessary foundation for the meaningful integration of viruses into ecosystem models where they act as key players in nutrient cycling and trophic networks.
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                    Figure 1: Composition of the Global Ocean Viromes (GOV) dataset.[image: ]


Figure 2: Characterization of the dominant oceanic viral clusters.[image: ]


Figure 3: Characterization and distribution of viral AMGs involved in sulfur and nitrogen cycles.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Accumulation curves of populations and viral clusters and identification of abundant viral clusters in GOV samples.
a, b, Accumulation curves for viral populations (a) and viral clusters (b) were computed from 50 randomly shuffled samples (blue dots) for all samples, epipelagic, mesopelagic, or bathypelagic subsets. For each curve, the average of 50 iterations is displayed with red dots. c, Schematic of the selection process of abundant viral clusters. For each sample, viral clusters accounting for (up to) 80% of the sample diversity (as assessed by their Simpson index) was considered as abundant. On the left is an example for sample 125_MIX. Viral clusters detected as abundant in at least two different stations were included in the 38 viral clusters described in Fig. 2 and Extended Data Fig. 3.

                          Source data
                        


Extended Data Figure 2 Comparison of viral clusters with other classification methods (phage proteomic tree and percentage of shared genes).
The phage proteomic tree includes the 756 GOV complete and near-complete genomes from epipelagic and mesopelagic samples and the closest reference genomes from RefSeq and environmental phages (d < 0.5 to a GOV sequence or found in the same viral cluster as a GOV sequence). Branches of monophyletic clades that include more than 3 GOV and/or uncultivated marine sequences with no isolate reference are highlighted in blue. All viral clusters with more than 8 representatives in the tree or part of the 38 abundant viral clusters are indicated by the colours of the outer ring. The name and affiliation (if available) of the 38 abundant viral clusters are indicated next to the viral cluster on the coloured ring. Viral clusters in which members were gathered in single monophyletic clades are indicated with a solid black outline, while viral clusters for which all-but-one member were gathered in a single monophyletic clade are highlighted with a dashed black outline. Distribution of the percentage number of shared genes estimated based on the number of shared protein clusters for viral genome/contigs pairs either between different viral clusters or within viral clusters (bottom right). On average, 73% and 39% of sequences within a viral cluster shared more than 20% and 40% of their genes, respectively, which represent the current thresholds currently accepted for sub-family and genus designations. Similarly, 83% of sequences within a viral cluster were consistently affiliated in the phage proteomic tree as they formed a monophyletic group that included only members of the particular viral cluster. Thus all three classification methods are largely consistent for the GOV dataset (see Supplementary Information).


Extended Data Figure 3 Summary of 34 of the 38 abundant viral clusters.
Summaries are given for the 34 abundant viral clusters not summarized in Fig. 2. Predicted genome size is based on the set of isolates and circular contigs in the viral cluster. NA (not applicable) corresponds to viral clusters either without any circular contigs, or for which the relative standard deviation of estimated genome size across the different isolate(s) and/or circular contigs is greater than 15%. Host association values are based on the number of cluster members associated with each host group. Statistical significance of this number of predictions was evaluated by comparison with an expected number of associations calculated using a Poisson distribution. Host associations based on known isolates are indicated with a star (for associations based on cultivated isolates) or a dot (for associations based on the detection of a cluster member in a microbial genome from the VirSorter Curated Dataset). The abundant epipelagic microbial groups (representing >1% of the microbial OTUs in epipelagic samples) are highlighted in bold. Distribution and relative abundance of viral clusters are based on the cumulated coverage of viral cluster members among sample viral populations. The main oceanic basins are indicated for each set of sample.


Extended Data Figure 4 Association between abundant viral clusters and abundance and diversity of host groups.
a, Abundance and diversity of bacterial and archaeal host groups associated with the 38 abundant viral clusters (see Fig. 2a). For each host group (at the phylum level, except for Proteobacteria where the class level is used), the different panels display, from top to bottom: (i) the number of viral clusters associated with this host group; (ii) the global relative abundance of this group estimated from the microbial metagenomic OTU counts; (iii) the global diversity of this group based on a Chao index computation including all Tara Oceans microbial metagenome samples (that is, including both alpha and beta diversity); (iv) the distribution of Chao indexes by sample for this group (the alpha diversity); and (v) the average Sorensen index between pairs of samples that include at least one OTU of this group (the beta diversity). OTU counts were derived from the 109 epipelagic microbial metagenomes described previously18. b, Pearson correlations between host-group relative abundance or diversity indices (global Chao index, average Chao index across samples and average Sorensen index across samples) and the number of viral clusters.

                          Source data
                        


Extended Data Figure 5 Diversity, distribution, and genome context of dsrC genes in GOV contigs.
a, Maximum-likelihood tree (from an amino-acid alignment) including the 11 viral DsrC and microbial sequences from microbial metagenomes and NCBI nr database. The presence of conserved cysteine residues (termed CysA and CysB, as in ref. 24) is indicated with coloured circles next to each sequence or clade. The corresponding type of DsrC-like protein is indicated by the colouring of the branch or clade. The microbial metagenomic contigs affiliated to uncultivated, marine sulfur-oxidizing Gammaproteobacteria (as confirmed by complementary phylogenetic analysis of DsrAB; Supplementary Fig. 7) are indicated by stars. Viral AMG sequences are highlighted in blue, internal nodes and SH-like supports are represented by proportional circles (all nodes with support <0.40 were collapsed). Each dsrC AMG is associated with an abundance profile (right) that displays the relative abundance of the contig across the 91 epipelagic and mesopelagic samples (based on normalized coverage—that is, contig coverage per Gb of metagenome). b, Comparison of dsrC-containing contigs maps. A T4-like marker gene (T4 baseplate) is indicated on the maps, alongside putative AMGs (Fe–S biosyn, iron–sulfur cluster biosynthesis; Amt, ammonia transporter).


Extended Data Figure 6 Diversity, distribution, and genome context of soxYZ genes in GOV contigs.
a, Bayesian tree from an amino-acid alignment, including the four viral soxYZ and microbial sequences from microbial metagenomes and the NCBI nr database. The affiliation of microbial clades (either from the NCBI reference or from the LCA affiliation of metagenomic contigs) is indicated by the colouring of the grouped clades or by a coloured square next to the sequence. Viral AMG sequences are highlighted in blue, posterior probabilities are represented by proportional circles (all nodes with posterior probability <0.40 were collapsed). Clades including sulfur-oxidizing proteobacteria are indicated on the tree. Each soxYZ AMG is associated with an abundance profile (on the right) displaying the relative abundance of the contig across the 91 epipelagic and mesopelagic samples (based on normalized coverage; that is, contig coverage per Gb of metagenome). b, Comparison of soxYZ-containing contigs maps. For contig GOV_bin_4310_contig-100_0, the second largest contig from the same bin (GOV_bin_4310_contig-100_1) is displayed. T4-like marker genes (gp23 and the gene encoding T4 baseplate) are indicated on the maps alongside putative AMGs.


Extended Data Figure 7 Diversity, distribution, and genome context of P-II genes in GOV contigs.
a, Maximum-likelihood tree from an amino-acid alignment that includes the 10 viral P-II and microbial sequences from microbial metagenomes and the NCBI nr database. The affiliation of microbial clades (either from the NCBI reference or from the LCA affiliation of metagenomic contigs) is indicated by the colouring of the grouped clades or by a coloured square next to the sequence. Sequences lacking the conserved uridylation site of P-II (Supplementary Fig. 5) are highlighted with a star next to the sequence name or clade. Viral AMG sequences are highlighted in blue, internal nodes SH-like supports are represented by proportional circles (all nodes with support <0.40 were collapsed). Each P-II AMG is associated with an abundance profile (right) displaying the relative abundance of the contig across the 91 epipelagic and mesopelagic samples (based on normalized coverage; that is, contig coverage per Gb of metagenome). b, Comparison of P-II-containing contig maps. Ammonia transporter genes linked to P-II are indicated on the map (dark red). When available, the viral-cluster affiliation of each contig is indicated next to the contig name. Contig GOV_bin_5834_contig-100_7 is too short to be clustered based on a shared protein cluster network, however the seed contig of its population was clustered (in VC_12, Siphoviridae P12024virus), hence the indication of this seed contig affiliation.


Extended Data Figure 8 Diversity, distribution, and genome context of amoC gene in GOV contigs.
a, Maximum-likelihood tree (from an amino-acid alignment) including the GOV amoC AMG and microbial sequences from microbial metagenomes and NCBI nr database. The affiliation of microbial clades (either from the NCBI reference or from the LCA affiliation of metagenomic contigs) is indicated by the colouring of the grouped clades or by a coloured square next to the sequence. Viral AMG sequence is highlighted in blue, internal nodes and SH-like supports are represented by proportional circles (all nodes with support <0.40 were collapsed). b, Abundance profile displaying the relative abundance of the contig across the 91 epipelagic and mesopelagic samples (based on normalized coverage; that is, contig coverage per Gb of metagenome). c, Map of the amoC-containing contig.


Extended Data Figure 9
Normalized coverage of contigs harbouring AMG as a function of the temperature and nutrient concentrations of the corresponding samples. AMGs are grouped by clade based on their phylogeny (see Extended Data Figs 5, 6, 7) and their coverages are cumulated if multiple contigs are included in a clade. Plots display the cumulated normalized coverage of a clade (y axis) as function of the temperature or nutrient concentration (x axis) across all epipelagic samples for geographically unrestricted clades (that is, clades found in >5 samples, see Fig. 3c). Mesopelagic samples were excluded from the analysis since the AMG signal was detected in epipelagic samples. Samples are colour-coded according to ocean and sea regions (Supplementary Table 1). The calculated preferential range of temperature or nutrient concentration is displayed below each plot for epipelagic AMGs (P-II-4 distribution could not be linked to specific environmental conditions, but this AMG is the only one consistently retrieved in mesopelagic samples).

                          Source data
                        


Extended Data Table 1 Summary of genes and contigs characteristics for new viral dsrC, soxYZ, P-II, and amoC AMGsFull size table





Related audio
Noah Baker learns about the viruses in our oceans




Supplementary information
Supplementary Information
This file includes Supplementary Text and Data, Supplementary Figures 1-8 legends for Supplementary Tables 1-6 (see separate excel files) and additional references. The text includes additional information and literature context that help document details about the generation of the GOV dataset (assembly, identification of viral contigs, read mapping to viral contigs), viral cluster definition and affiliation (including comparison to other genome classification methods), host prediction (methods evaluation and results), discussions about AMG affiliation and host prediction for associated contigs, and list of supports and sponsors of Tara Oceans and Malaspina expeditions (including the list and affiliation of Tara Oceans coordinators). (PDF 8379 kb)


Supplementary Table 1
This file contains the list of viromes in the GOV dataset. Station number, depth, longhurst province, biome, and sequencing effort are indicated for each virome sample. (XLS 63 kb)


Supplementary Table 2
This file contains the GOV viral population summary. The number of contig and length of each population are presented, alongside their normalized coverage across the 104 GOV viromes. (XLS 13582 kb)


Supplementary Table 3
This file contains a summary of GOV Viral Clusters (VCs). For each VC, the composition (number and origin of VC members), affiliation, and coverage across GOV viromes are indicated. (XLS 865 kb)


Supplementary Table 4
This file contains the benchmarks of in silico host prediction methods. Results of host prediction methods evaluations performed using the NCBI RefSeq Virus database and VirSorter Curated Dataset. (XLS 7 kb)


Supplementary Table 5
This file contains the host prediction for GOV viral contigs that are associated with a population. Predictions are reported for each population with the type of signal (blastn, CRISPR, tetranucleotide composition), the host sequence used, and the strength of the prediction. (XLS 699 kb)


Supplementary Table 6
This file contains the PFAM domains detected in GOV viral contigs (≥1.5kb). For each PFAM domain, the number of genes detected in the GOV dataset is indicated, alongside the functional category of the domain. (XLS 369 kb)
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Viral diversity in the oceans
Ocean viruses profoundly impact microbial community composition and metabolic activity in the oceans, thereby affecting global-scale biogeochemical cycling. Owing to sampling and cultivation challenges, viral diversity remains poorly described at the genome level, such that less than one per cent of observed surface-ocean viruses are 'known'. Information on viruses of the deep ocean is particularly scarce. Here, Matthew Sullivan and colleagues report the assembly of complete genomes and large genomic fragments from both surface- and deep-ocean viruses sampled during the Tara Oceans and Malaspina research expeditions. The resulting Global Oceans Viromes dataset roughly triples known ocean viral populations and doubles known candidate bacterial and archaeal viral genera. Using this global map, the study predicts viral hosts and identifies viral auxiliary metabolic genes, most of which were previously unknown.
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