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DNA viruses are increasingly recognized as influencing marine microbes and microbe-mediated
biogeochemical cycling. However, little is known about global marine RNA virus diversity, ecology,
and ecosystem roles. In this study, we uncover patterns and predictors of marine RNA virus
community- and “species”-level diversity and contextualize their ecological impacts from pole to
pole. Our analyses revealed four ecological zones, latitudinal and depth diversity patterns, and
environmental correlates for RNA viruses. Our findings only partially parallel those of cosampled
plankton and show unexpectedly high polar ecological interactions. The influence of RNA viruses on
ecosystems appears to be large, as predicted hosts are ecologically important. Moreover, the
occurrence of auxiliary metabolic genes indicates that RNA viruses cause reprogramming of diverse
host metabolisms, including photosynthesis and carbon cycling, and that RNA virus abundances
predict ocean carbon export.

T
he Global Ocean is dominated by plank-
ton communities that are essential to
sustain life on Earth. Plankton are at the
base of the food web for marine and ter-
restrial organisms and drive planetary

biogeochemical cycles (1, 2). Because nearly
half of Earth’s primary production derives from
ocean plankton, carbon cycling and biodiversity
studies have long been a focus in oceanography
(3). In addition, marine plankton are central
to the biological carbon pump because their
activity determines whether dissolved carbon
dioxide is assimilated into biomass that can
be sequestered to the deep ocean or recycled
in surface waters and likely released to the
atmosphere (4, 5). Thus, understanding ocean
biodiversity, carbon export, and related chem-
ical transformations is critical to predict-
ing the changing role of the ocean in the
Anthropocene.
Plankton are susceptible to virus infection.

Double-stranded DNA (dsDNA) viruses have
been increasingly recognized as major eco-
system players (6), whereas RNA viruses have
been less well-studied owing tomethodological
challenges (7). It is clear, however, that marine

RNA viruses are likely important in marine
ecosystems, as they (i) are abundant (8, 9),
(ii) infect protists and invertebrates that are
central to ocean biogeochemical cycling (10),
and (iii) have been statistically associated
with termination of algal blooms (11, 12) and
modulation of host diversity (13). Despite lit-
erature increasingly presenting RNA viruses
as a likelymajor force behind biogeochemistry
(6, 14, 15), empirical data are challenging to
obtain. Recent sequencing surveys, including
from the oceans, have identified thousands of
previouslyunknownRNAviruses that constitute
genus- or subfamily-rank taxa (16–18) as well as
phylum-rank taxa (19). However, research on the
ecology of RNAviruses has been limited to small
spatial scales among pelagic waters and/or
viruses associated with larger plankton of a few
species (table S1). This lack of ecological context,
particularly over large scales, limits the incor-
poration of RNA viruses into predictive models.
Previously, we analyzed 771 metatranscrip-

tomes (provided by Tara Oceans Expeditions)
that span diverse ocean waters, depths, orga-
nismal size fractions, and sequencing library
approaches (Fig. 1A, fig. S1, table S2 for sam-

ple metadata, and materials and methods) to
identify and quantify RNA viruses (19). This
effort led to the identification of 44,779 RNA
virus contigs that were dereplicated to 5504
“species”-level virus operational taxonomic
units (vOTUs), for which we established tax-
onomy, evolutionary origins, and biogeography.
In this work, we leverage these data to gen-
erate and test several existing hypotheses about
RNA virus diversity and their ecological roles
throughout the Global Ocean.

RNA virus meta-community analyses reveal
distinct ecological zones

Given the importance of marine plankton (2),
scientists have long sought to understand
their ecological patterns and drivers through
space and/or time. Temporal studies have
revealed seasonal-, depth-, and nutrient-related
local or regional drivers of plankton species
diversity and community composition, whereas
systematic surveys sought to examine these
ecological patterns and drivers on a global
scale (table S3). However, none of these global
studies included RNA viruses. Hence, we
used our previously generated RNA vOTUs
(19), preclustered at 90% average nucleotide
identity across 80% of the shorter sequence
length and 1-kb minimum contig length
(materials and methods), and their relative
abundances, estimated by means of meta-
transcriptomic read mapping (materials and
methods), to investigate marine RNA virus
ecology globally.
By using a statistical method that non-

linearly deconvolutes high-dimensional data
into two-dimensional space (Fig. 1B; t-distributed
stochastic neighbor embedding, fig. S2, A to
C) and classical hierarchical clustering tech-
niques (fig. S2D) on Bray-Curtis dissimilarity
matrices of RNA vOTU relative abundances
(materials and methods), we show that Global
Ocean RNA virus communities can be assigned
to four ecological zones: Arctic, Antarctic, Tem-
perate and Tropical Epipelagic, and Temperate
and Tropical Mesopelagic. This classification
into only four ecological zones contrasts with
the 56 biogeochemical provinces that are clas-
sically described for the surface oceans, where
nutrients and primary productivity drive plank-
ton community composition (20). However, the
four ecological zone assignments are nearly
identical (115 of 118 shared samples) to those
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Fig. 1. The cross-domain Global Ocean plankton sampling and resultant
RNA virus meta-communities identified from the metatranscriptomes.
(A) Global Ocean sampling map shows the cruise of the Tara Oceans and Tara
Oceans Polar Circle expeditions and the location of their stations, which are
shown with green and white shapes, respectively. Down-pointing triangles
indicate stations from where dsDNA viromes were previously collected. Up-
pointing triangles, squares, and circles show stations with samples of
prokaryote-enriched size fractions, eukaryote-enriched size fractions, and both,
respectively. The upper blowout panel shows a graded arrow that represents a
logarithmic scale of the plankton organismal size fractions captured in this
study. The four operational size fractions (piconanoplankton, nanoplankton,
microplankton, and mesoplankton) are indicated by the top colored bars and
are classified as “prokaryote-enriched” or “eukaryote-enriched” size fractions
(highlighted by the bottom gradient-colored bars). Such categories, despite

being enriched in a type of organism, do not exclude other types. Thus,
prokaryote-enriched samples could contain giant viruses and picoeukaryotes,
and eukaryotic holobionts of eukaryote-enriched samples could harbor
prokaryotes or viruses either as symbionts or food. A picture of the research
vessel Tara is included as well. (B) Statistical analysis [t-distributed stochastic
neighbor embedding (t-SNE)] of a Bray-Curtis dissimilarity matrix that was
calculated from all RNA virus sequence samples in this study regardless of size
fraction or library preparation method. Dot colors follow the legend shown in
(C) (also see figs. S4 and S5 for vOTU definition sensitivity analyses).
(C) Regression analysis of the first coordinate of a principal coordinate analysis
(PCo1) of the same Bray-Curtis dissimilarity matrix in (A) (also see fig. S2) and
temperature, which shows that samples across all the size fractions were
separated by their local temperatures with an r2 of 0.74 (P values = 0). ANT,
Antarctic; ARC, Arctic; TT, Temperate and Tropical.
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that were inferred for prokaryotic dsDNA
viruses (materials and methods; the fifth
Bathypelagic zone that was inferred from
dsDNA virus analyses was not sampled here)
(21) and largely parallel to those frombroader
TaraOceans Consortiumwork on prokaryotes
(22). Before this study, these ecological zone
analyses hadnot been performed for eukaryotes
or eukaryotic RNA viruses. Also previously,
transport or migration of eukaryotic plank-
ton across ocean surface biomes and layers
was thought to erode the boundaries between
these ecological zones (23). Our and other
recent eukaryotic data (24) challenge this
hypothesis.
Investigation of ecological parameters that

potentially drive community structure at large
scale revealed that temperature alone could
explain most RNA virus community compo-
sition variation along the first ordination axis
(Fig. 1C). Other ecological drivers, including
oxygen, depth, and nutrient availability, may
shape plankton community composition (table
S3, A10 to A14), but these often co-vary with
temperature. Limited sampling in these previ-
ous, geographically constrained studies led to
the hypothesis that depth is the main driver of
plankton community composition. With global
data now available, it is apparent that temper-
ature variance potentially drives stratification
in nonpolar regions (fig. S2, E and F) and
selects for cold-adapted communities in polar
regions. A temperature-drivenRNA virus com-
munity composition complements that for
dsDNA viruses (21), prokaryotes (22), eukary-
otes (24), and their interactions (25).

Differential predictors of RNA virus global and
local “species”-level diversity

Comparison of the diversity patterns of RNA
(this study) and dsDNA (21) viruses revealed
highly concordant large-scale patterns, includ-

ing previously identified (21) high- and low-
diversity regions of the Arctic Ocean (ARC-H
and ARC-L) (Fig. 2). However, local diversity
comparisons (i.e., per-sample comparisons)
showed that the concordance, despite being
significant (P < 0.02), wasmodest (r ≈ 0.25 per
each Pearson’s and Spearman’s tests), which
suggests that small-scale diversity drivers may
differ for DNA and RNA viruses. When exam-
ining the large suite of environmental varia-
bles available for our samples (table S4) for
possible correlations with RNA and dsDNA
virus diversity, we accounted for collinearity
using a systems biology network analysis frame-
work to reduce environmental factor dimen-
sionality into fewer environmental “modules”
(Fig. 3 and materials and methods).
We found, first, that similar to dsDNA viruses

(21), temperature (cyan module in Fig. 3) was
not the best predictor of RNA virus diversity.
Instead, nutrients (whitemodule in Fig. 3) were
prominent predictors of species diversity for
both dsDNA and RNA viruses, along with
other signatures of primary productivity (violet
module in Fig. 3). Second, in our previous
study on dsDNA viruses (21), we showed that
the link between dsDNA virus diversity and
nutrients might be through primary produc-
tivity, because photosynthetic coccolithophores’
abundance and particulate inorganic carbon
(PIC) concentration covaries with dsDNA virus
diversity (light green module in Fig. 3). More
recently, the relationship between dsDNA
viruses and PIC has been posited to be abiotic
on the basis of direct virus-mediated mineral
precipitation (26). Unlike dsDNA virus diver-
sity, RNA virus diversity does not correlate
with the PIC module but does still correlate
with primary productivity pigment concen-
trations such as chlorophyll b (yellowmodule
in Fig. 3), which indicates, as expected, that
dsDNA and RNA viruses infect different hosts.

This and other biological features of RNA vi-
ruses, such as their shorter and faster-evolving
genomes, higher burst sizes, lytic lifestyles, and
eukaryotic hosts, are hypothesized todrive virus–
host interaction and ecosystem impact differ-
ences from dsDNA viruses (27). Models that
are based on known RNA virus biological fea-
tures also lend support to this idea (6, 7, 27, 28).
We interpret the small-scale differences in di-
versity patterns, despite high concordance at
the large scale, as also deriving from varied
biological features across RNA and dsDNA
viruses.
Together, these findings indicate that the

underlying large-scale potential drivers for
virus community composition (which encom-
passes the identity and abundance of vOTUs)
and species diversity (which encompasses the
vOTUs’ richness and distribution evenness)
act similarly for the RNA viruses of eukaryotes
and the dsDNA viruses of prokaryotes. For
virus community composition, perhaps this is
not surprising, given that likely host commu-
nity compositions (planktonic prokaryotes and
microbial eukaryotes) also appear to bemainly
driven by temperature (22, 24, 29). For virus
diversity, the relationship with host diversity
can be more complex (see “RNA virus ‘species’-
level diversity along ecological gradients”). Lo-
cally, the varying biological features of RNA
viruses are hypothesized (7, 28) to drive virus–
host interaction and ecosystem impact differ-
ences between largely prokaryotic dsDNA
viruses and eukaryotic RNA viruses. For local
diversity predictors, our findings are consistent
with this hypothesis.

RNA virus “species”-level diversity along
ecological gradients

The physicochemical tolerances, or ecological
gradients, of RNA viruses are not understood.
Organismal diversity typically decreases with
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Fig. 2. RNA and DNA virus “species”-level diversity
show large-scale congruence. (A and B) Boxplot (A)
and regression (B) analyses of RNA and DNA virus
“species”-level diversity across their shared ecological
zones. Shannon’s H values were mean-centered and
rescaled across the two virus nucleic acid types for
visual comparisons. All boxplots show medians
and quartiles. The medians of each boxplot were used
for direct regression analysis. Statistical support
(Tukey honest significant differences method on an
analysis of variance) is indicated in the figure as
follows: ∗adjusted P < 0.05, ∗∗adjusted P < 0.01, and
∗∗∗∗adjusted P < 0.000001. Only RNA viruses from
the prokaryotic fraction were used (see fig. S3 for
comparison with the eukaryotic fractions) as this
fraction showed the smallest library preparation biases
(fig. S1 and materials and methods). ANT, Antarctic;
ARC-H, Arctic high diversity; ARC-L, Arctic low
diversity; TT_EPI, Temperate and Tropical Epipelagic;
TT_MES, Temperate and Tropical Mesopelagic.
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Fig. 4. RNA virus “species”-level diversity
across depth and latitudinal gradients.
(A) Locally estimated scatterplot smoothing
(LOESS) smooth plots showing the depth dis-
tributions of “species”-level diversity for RNA and
DNA viruses. Shown are only RNA viruses from
the prokaryotic fraction because of the very
limited number of deep ocean samples from the
eukaryotic fraction (eukaryotic fraction results
are shown in fig. S3). (B) LOESS plots showing
the latitudinal distributions of “species”-level
diversity for DNA (gray) and RNA viruses
(remaining colors). Plots are nudged along the
y-axis (with a baseline offset as indicated in the
parentheses on the right) for visibility. Size
fraction and nudge value are indicated next to
each plot, with the collective estimate of
Shannon’s H values across all the size fractions
of RNA viruses shown in black. On all of the
smoothing plots, the lines represent the LOESS
best fit for the samples included (n), whereas the
lighter band corresponds to the 95% confidence
interval of the fit (also see figs. S4 and S5 for
vOTU definition sensitivity analyses). (C) Global
and organismal domain-specific co-occurrence
networks connectivity (mean node degree) in
polar versus nonpolar samples showing that the
significantly higher connectivity in the polar
waters (ellipses) is driven solely by RNA viruses.
All boxplots show medians and quartiles. Statis-
tical significance was assayed by the Mann-
Whitney U test and is documented in the figure
as follows: ∗adjusted P < 0.05, ∗∗∗adjusted P <
0.0001, and ∗∗∗∗∗adjusted P < 0.0000001.

Fig. 3. “Species”-level diversity correlates of marine RNA viruses. Weighted
gene correlation network analysis (WGCNA)–supported modules (to account for
collinearity) of environmental variables (materials and methods) showing the
cofactors of RNA and DNA virus diversity. Modules are Pearson correlated to the
Shannon’s H values of each virus group. Shown are only those relationships that

were statistically supported by both Pearson’s and Spearman’s tests. Only RNA
viruses from the prokaryotic fraction were used (see Fig. 2 for explanation).
Notably, aragonite and carbonates could be indicative of coccolithophores,
whereas violaxanthin and the latitude-chlor a signal could be related to diatoms.
MLE, maximum Lyapunov exponent; POC, particulate organic carbon.
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depth (30), as does dsDNA virus diversity
(21), and we found that RNA virus diversity
also decreases with depth (Fig. 4A and fig. S3).
Latitudinal diversity gradients are characterized
by relatively low polar and high equatorial
diversity for most terrestrial flora and fauna
(31, 32) and oceanic plankton (33). However,
paradoxically, prokaryotic dsDNA virus diver-
sity tends to increase in the Arctic (21, 33),
unlike their hosts’ diversity (34, 35). Thus, to
establish baseline paradigms for RNA viruses,
we assessed how RNA virus diversity varied
with latitude and how it compares with eu-

karyotic diversity across our Global Ocean
dataset. This revealed no obvious latitudinal
pattern for RNA virus diversity, regardless of
the size fraction (Fig. 4B and fig. S3; also see
figs. S4 and S5 for other sensitivity analyses),
which is reminiscent of the deviation seen for
dsDNA viruses (21). This disconnect of virus
and host diversity also has a precedent among
nonviruses [see eukaryotic photosynthetic intra-
cellular symbionts and their eukaryotic hosts
(33)]. We hypothesize that this disconnect is
caused by the differential impacts of temper-
ature, allowing (i) viral particles to be better

preserved in cold temperatures and/or (ii) more
viruses of distinct species to interact with the
samehost organism in polar waters. The former
hypothesis has some support in literature (36),
whereas the latter is untested.
To test the latter hypothesis, we built an

abundance-based co-occurrence network that
integrated RNA viruses, prokaryotes, and eu-
karyotes (materials and methods) to predict
hosts for these RNA viruses [sensu (25)]. As-
suming that the overall topology of the network
is relatively representative, even if specific pre-
dictions are not accurate (see the predicted
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Fig. 5. Functional diversity of AMGs carried by marine RNA viruses.
Schematic representation of the hypothesized roles played in manipulation of
host metabolism by RNA virus AMGs, which are separated according to
functional categories. Red text corresponds to proteins that were found
encoded independently in several vOTUs with the number of vOTUs listed in
parentheses. The putative hosts, which were inferred by using available
information for RNA viruses with established orthornaviran taxonomy, are

indicated by organism silhouettes in each section. Inferred plants were
interpreted as their closest relatives, chlorophytes (green algae), in the
marine environment. Bacteria were inferred from picobirnavirids. Annotated
proteins associated with multiple, disparate cellular processes or whose
function remains obscure are not shown (see annotation details for
corresponding vOTUs and virus contigs in table S6). ABC, ATP-binding
cassette; TRAP, tripartite ATP-independent periplasmic.
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hosts section below), we compared the average
number of connections per taxon (i.e., mean
degree) in polar and nonpolar samples. This
comparison showed significantly more con-
nections in polar samples than nonpolar sam-
ples, and this feature was solely driven by RNA
viruses (Fig. 4C). This result was unexpected
but is in line with a recent ecological network
theory prediction that used data from 511
mammal-infecting viruses to show a nonlinear
relationship between host and virus diversity
(37), which was interpreted to be a result of
host sharing among different sets of viruses of
separate species.
Hence, although the ecological zones and

potential ecological drivers of marine RNA
viruses (Fig. 1, B and C) and their expected
eukaryotic hosts (24) were similar in our data-
sets, the species diversity relationships of RNA
viruses and their hosts can be more complex on
a global scale.

Marine RNA viruses and inferred local and
global ecological impact

First, we sought to place RNA virus diversity
data into an ecosystem context by assessing
local- to global-scale impacts by means of in-
fected plankton hosts or altered metabolisms
(local scale) versus systems-level ecosystem im-
pact (global scale). We predicted hosts for our
vOTUs using three approaches: (i) host infor-
mation available for viruses of established taxa,
(ii) abundance-based co-occurrence, and/or
(iii) endogenous virus element (EVE) signa-
tures (fig. S6). Although these results provide
only broad taxon rank host predictions, as in
silico host inferences for RNA viruses are not
well-established, they indicated infection of
diverse organisms of ecological interest, pre-
dominantly protists and fungi, and, to a lesser
extent, invertebrate metazoans (table S5). We
also explored alternative eukaryotic genetic
codes for host prediction, which revealed 11
known alternative, eukaryotic genetic codes
in 6.8% of the vOTUs and indicated microbial
eukaryotes (including mitochondria of yeast,
mold, protozoans, and chlorophyceans and
nuclear codes of several ciliates) and meta-
zoans (mitochondria of invertebrates) as puta-
tive hosts (table S5). Notably, these inferred
hosts are associated with diverse ecologi-
cal functions, including phototrophy (e.g.,
bacillariophytes), phagotrophy (e.g., ciliates),
mixotrophy (e.g., dinophyceaens), saprotrophy
(e.g., ascomycetes), parasitism (e.g., alveolates),
grazing (e.g., arthropods), and filter feeding
(e.g., annelids). Furthermore, several of these
hosts, including certain invertebratemetazoans
and particularly protists and fungi, are also
recognized as critical contributors to the bio-
logical carbon pump. Although host prediction
is challenging, these findings add support to
prior work at smaller scales (table S1) that indi-
cate that RNA viruses are central ecological

players in the oceans. These findings also indi-
cate that, althoughprokaryotic cells outnumber
eukaryotic organisms in the oceans, few RNA
viruses (only 3.4%of the vOTUs) infect bacteria,
a result that is consistent with previous marine
virome and virus isolate reports (7).
Second, ecosystem impactmight be inferred

from the “cellular” protein sequences that we
identified in the RNA virus genomes, whichwe
posited may parallel the “auxiliary metabolic
genes” (AMGs) that are ecologically important
in marine prokaryotic dsDNA viruses (38). Al-
though such cellular protein sequences are
uncommon in RNA virus genomes, either as
independent open reading frames or as parts
of larger virus proteins, we found 72 function-
ally distinct AMGs in 95 vOTUs (table S6).
Together, these may hint at how RNA viruses
manipulate host physiology to maximize virus
production (Fig. 5). Although chimeric assem-
blies might artifactually link AMGs to virus
RNA–directed RNA polymerases (RdRP) se-
quences, several lines of evidence argue against
this possibility: (i) 15 AMG–RdRP linkages
were observed at multiple sampling sites (Fig.
5), and (ii) even though RNA viruses are rarely
represented in metatranscriptomes (16), long-
read sequencing captured three AMG–RdRP
linkages (data S1). In addition, no AMGs were
present in any of the 14 virus contigs that were
putatively derived from EVEs (data S2 and
materials and methods). Mechanistically, we
presume such AMGs were acquired by RNA
virus genomes through copy-choice recombi-
nation with cellular RNAs, as was originally
suggested for ubiquitin in togaviruses (39).
We identified 12 previously reported cases
of such RdRP-linked AMGs, but only three
studies assessed their functional context in
virus infection (table S6). Thus, we used this
larger dataset to explore the possible biology
that such AMGs might offer to RNA viruses
and ecosystems.
Functionally, the 72AMG typeswere diverse,

with only four cases overlapping with the 12
previously reported AMGs in RNA virus ge-
nomes (table S6 anddata S1). Themost common
functional type of AMG (15.8%) was involved
in RNA modifications (RtcB, AlkB, and RNA
2′-phosphotransferase) and posttranslational
modifications (NADAR and OARD1), which
may reflect the common need of viruses to
evade host antiviral responses through the
repair of virus RNAs and proteins (40, 41).
Given that virusesmust reprogramcells toward
virus progeny production and that RNA viruses
have relatively short genomes, it was not
surprising to see that protein kinases were
abundant (14.8%), as they would allow broad
reprogramming capability through limited
genetic capacity. The frequency of AMGs sug-
gested that a suite of other processes are
affected by marine RNA viruses, including
carbohydrate metabolism (10.9%), translation

(8.9%), nutrient transport (7.9%), photosynthesis
(5.9%), and vacuolar digestion (4.0%). We posit
that many of these AMGs represent ocean-
specific RNAvirus adaptations that help cellular
“virus factories” maximize output in the often
ultralimiting nutrient conditions of seawater.
Recent experimental work has emerged to

assess how DNA viruses affect ocean carbon
export over small scales (42, 43). We sought
to complement these efforts through Global
Ocean assessment of RNA viruses by using
previously developed machine learning and
ecosystemmodeling approaches (materials and
methods) (10) to evaluate in silico whether
RNA virusesmight affect ocean carbon export.
This revealed that RNA virus abundances
were strongly predictive of ocean carbon flux
and identified specific vOTUs that were most
significant for these predictions (fig. S7 and
table S7). Specifically, from 5504 vOTUs, 1,243
were identified as part of four highly signifi-
cant subnetworks (P values≈ 0) of RNA viruses
that strongly predicted carbon flux variation
(fig. S7A). Notably, subnetwork-specific topology
interrogation by partial least-squares regression
modeling and leave-one-out cross-validation
techniques (materials and methods) showed
that these subnetworks represent predictive
community biomarkers for carbon export (cross-
validated r2 up to 0.79, and, critically, in a 1:1
ratio, which implies capturing the correct mag-
nitude in the models) (fig. S7A). Further, these
techniques very conservatively identified 11 RNA
viruses that were most predictive of carbon flux
(i.e., VIP score) (table S7 and fig. S7B) and offer
ideal targets for follow-on hypothesis testing.
Chlorophytes andhaptophytes could be assigned
as hosts for two of these viruses (fig. S7B). These
algal hosts are thought to be critical components
in the biological carbon pump (table S3, A17
to A19).

Conclusions

For decades, extensive studies have focused on
plankton dynamics and activity to infer the
pairwise links among plankton and carbon
export, including recent experimental work
with viruses (42, 43). Because these seminal
studies were focused on narrow geographic
ranges or oceanic provinces, we sought here
to instead explore Global Ocean signals by
taking advantage of the uniform TaraOceans
strategy for sampling plankton and sinking
particles to broadly investigate oceanic con-
ditionsandecosystembiota (10).Hence, although
limited by single time points or “snapshot”
sampling, combining thesemeasurementswith
a robust statistical framework (i.e., network-
based, cross-validated, multivariate-aware cor-
relation analysis) enables statistical exploration
to establish hypotheses about key ecosystem
players. For this, we can leverage the context of
hypothesized interactions (25) instead of using
the more traditional pairwise correlations (e.g.,
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of amember of specific taxon and an ecosystem
output) from classical studies.
Notably, previous Tara studies have revealed

prokaryotic and eukaryotic DNA virus abun-
dances to provide biological proxies for esti-
mating carbon export (10, 44), and one even
identified eukaryotic virus abundances as pre-
dictive for carbon export efficiency (44). How-
ever, the RNA virus diversity and abundance
analyses presented here represent major ad-
vances: (i) our ecological unit and abundance
calculation methods (from contigs to high-
quality genomes) were extensively evaluated
and found to be robust and suitable for sen-
sitive ecological analyses (figs. S4 and S5); (ii)
our analyses were composed purely of RNA
viruses because of capturing 25-fold more data
that are not dominated by eukaryotic dsDNA
viruses; and (iii) our analyses included polar
waters, which are critical for carbon export
(fig. S8). Together, these findings provide a
roadmap for studying RNA viruses in nature,
as well as evidence that RNA viruses play im-
portant roles in the ocean ecosystem.
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Patterns and process in RNA viruses
Viruses are suspected to be lynchpins in ecosystem function, but so far we can only guess at their significance.
DNA viruses are increasingly being recognized as significant components of biogeochemical cycling in the oceans.
Dominguez-Huerta et al. explored global patterns of marine RNA virus occurrence by extracting virus sequences
from Tara Ocean samples. Host prediction analysis identified predominantly protist and fungal hosts plus a few
invertebrates. Like double-stranded DNA viruses and their hosts, RNA viruses showed marked depth limitation but little
latitudinal change. Auxiliary metabolic genes in the RNA virome indicated that several eukaryote plankton processes
are affected by viruses. A group of 11 RNA viruses that significantly influence ocean carbon flux were identified. —CA
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