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Viruses influence ecosystems by modulating microbial population size, diversity, metabolic
outputs, and gene flow. Here, we use quantitative double-stranded DNA (dsDNA) viral-fraction
metagenomes (viromes) and whole viral community morphological data sets from 43 Tara
Oceans expedition samples to assess viral community patterns and structure in the upper
ocean. Protein cluster cataloging defined pelagic upper-ocean viral community pan and core
gene sets and suggested that this sequence space is well-sampled. Analyses of viral protein
clusters, populations, and morphology revealed biogeographic patterns whereby viral
communities were passively transported on oceanic currents and locally structured by
environmental conditions that affect host community structure. Together, these investigations
establish a global ocean dsDNA viromic data set with analyses supporting the seed-bank
hypothesis to explain how oceanic viral communities maintain high local diversity.

cean microbes produce half of the oxy-

gen we breathe (7) and drive much of the

substrate and redox transformations that

fuel Earth’s ecosystems (2). However, they

do so in a constantly evolving network
of chemical, physical, and biotic constraints—
interactions that are only beginning to be ex-
plored. Marine viruses are presumably key
players in these interactions (3, 4), as they affect
microbial populations through lysis, repro-
gramming of host metabolism, and horizontal
gene transfer. Here, we strive to develop an over-
view of ocean viral community patterns and eco-
logical drivers.

The Tara Oceans expedition provided a plat-
form for sampling ocean biota from viruses to
fish larvae within a comprehensive environ-
mental context (5). Prior virus-focused work
from this expedition has helped optimize the
double-stranded DNA (dsDNA) viromic sample-
to-sequence workflow (6), evaluate ecological
drivers of viral community structure as inferred
from morphology (7), and map ecological pat-
terns in the large dsDNA nucleo-cytoplasmic
viruses using marker genes (8). Here, we explore
global patterns and structure of ocean viral com-
munities using 43 samples from 26 stations in
the Tara Oceans expedition (see supplemen-
tary file S1) to establish dsDNA viromes from
viral-fraction (<0.22 um) concentrates and quan-
titative whole viral community morphological
data sets from unfiltered seawater. Viruses lack
shared genes that can be used for investigation
of community patterns. Therefore, we used three
levels of information to study such patterns: (i)
protein clusters (PCs) (9) as a means to organize
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virome sequence space commonly dominated
by unknown sequences (63 to 93%) (10), (ii) pop-
ulations, using established metrics for viral contig
recruitment (71), and (iii) morphology, using
quantitative transmission electron microscopy
(qTEM) (7).

The Tara Oceans Viromes (TOV) data set

The 43 Tara Oceans Viromes (TOV) data set
comprises 2.16 billion ~101-base pair (bp) paired-
end Illumina reads (file S1), which largely rep-
resent epipelagic ocean viral communities from
the surface (ENV0:00002042) and deep chloro-
phyll maximum (DCM; ENVO:01000326) through-
out seven oceans and seas; only 1 of 43 viromes
is from mesopelagic waters, Environment Ontol-
ogy feature ENV0:00000213 (file S1). The TOV
data set offers deeper sampling of surface ocean
viral communities but underrepresents the deep
ocean relative to the Pacific Ocean Viromes data
set (POV) (10), which includes 16 viromes from
aphotic zone waters. In all viromes, sampling and
processing affects which viruses are represented
(6, 12-14). We filtered TOV seawater samples
through 0.22-um-pore-sized filters and then con-
centrated viruses in the filtrate using iron chlo-
ride flocculation (15). These steps would have
removed most cells but also would have excluded
any viruses larger than 0.22 um. We then purified
the resulting TOV viral concentrates using de-
oxyribonuclease (DNase) treatment, which is as
effective as density gradients for purifying ocean
viral concentrates (14). This DNAse-only step is
unlikely to affect viral representation in the viromes
but reduces nonviral DNA contamination. Fi-
nally, we extracted DNA from the samples and

prepared sequence libraries using linker ampli-
fication (13). These steps preserve quantitative
representation of dsDNA viruses in the result-
ing viromes (12, 13), but the ligation step excludes
RNA viruses and is biased against single-stranded
DNA (ssDNA) viruses (12).

We additionally applied quantitative trans-
mission electron microscopy (qTEM) (7) to
paired whole seawater samples to evaluate pat-
terns in whole viral communities. This method
simultaneously considers ssDNA, dsDNA, and
RNA viruses, although without knowledge of
their relative abundances because particle mor-
phology does not identify nucleic acid type. In
the oceans, total virus abundance estimates based
on TEM analyses, which include all viral parti-
cles, are similar to estimates based on fluorescent
staining, which inefficiently stains ssDNA and
RNA viruses (16-24). This suggests that most
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