
The Tara Oceans project
The ocean ecosystem covers ~70% of Earth’s surface 
and contains 97% of all water on our planet. Plankton 
are the dominant life forms in the ocean and comprise 
highly dynamic and interacting populations of viruses, 
bacteria, archaea, single-​celled eukaryotes (protists) 
and animals that drift with the currents. Together, these 
mostly microscopic organisms play a major role in 
maintaining the Earth system by, for example, carrying 
out almost half of the net primary production on our 
planet1 and by exporting photosynthetically fixed car-
bon to the deep oceans2–4. Plankton also form the base 
of food webs that sustain the complexity of life in the 
oceans and beyond5.

With the goal to gain a holistic understanding of this 
complexity, ocean ecosystems biology investigates how 
biotic and abiotic processes determine emergent proper-
ties of the ocean ecosystem as a whole6. Analogously to 
systems biology studies that require well-​characterized 
cell lines or model organisms for a mechanistic, molec-
ular understanding of their phenotypes, achieving this 
goal will require to establish an inventory of the ocean’s 
plankton, to collect data on the interactions of organ-
isms with each other and the environment, and to inte-
grate this information in the context of physicochemical 
boundaries in the ocean ecosystem across space and 
time7. Global-​scale efforts, although challenging, are 
poised to offer new insights into each of these directions 

and should make possible better predictions of the 
impact of climate change on this crucial component of 
the biosphere.

Planetary-​scale studies of open-​ocean organ-
isms have long been the stuff of dreams — from the 
Challenger Expedition (1872–1876), which led to 
the discovery and description of countless eukaryotic 
organisms, to the Global Ocean Sampling Expedition 
(2004–2008), which pioneered the genomic explora-
tion of ocean microbial communities8–10. Following this 
dream, Tara Oceans was conceived in 2008: a multi-
disciplinary project and team, including researchers 
with expertise in biological and physical oceanography, 
marine ecology, cell and systems biology, genomics, 
imaging as well as (bio)informatics, with a common 
goal to study epipelagic and mesopelagic plankton on a 
global scale (Fig. 1a) from the gene level to the commu-
nity level7. At its beginning (Box 1), this project, which 
would use the 36-​m schooner Tara (Fig. 1b) for the 
expedition, required trade-​offs and innovations in sam-
pling needs and capabilities. Enormous planning was 
required to identify oceanic areas of scientific interest; 
to negotiate international waters, ports and sampling 
authorizations; and to resolve intense debates across 
disciplines to establish baseline sampling protocols. 
Finally, in September 2009, Tara set sail from Lorient, 
France, partially navigating through stormy weather 
and around pirates, to collect samples for analysis by 

Epipelagic
Referring to uppermost layer  
of the ocean that receives 
sunlight, enabling the 
organisms inhabiting it to 
perform photosynthesis.

Mesopelagic
Referring to the ocean layer 
that receives very little to no 
sunlight, lying beneath the 
epipelagic layer, ranging from 
about 200 to 1,000 m in 
depth.
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state-​of-​the-​art molecular and imaging technologies 
(Supplementary Box 1).

The primary objectives of Tara Oceans have been to 
generate a baseline understanding of plankton diver-
sity, interactions, functions and phenotypic complex-
ity across global taxonomic and spatial scales, and to 
communicate the scientific findings to the public and 
policymakers (Box 2). In addition, all protocols, data 
and analyses (Supplementary Box 2) should be open 
access to promote further research. Working towards 
these goals, the consortium grew organically, and by 
the time the expedition was completed in 2013, Tara 
Oceans comprised 19 international partner institutions 
committed to generating, organizing and analysing the 
vast volumes of new and heterogeneous data derived 
from the thousands of plankton samples collected 
worldwide11.

While complementary expeditions exploring the 
deep ocean as well as local-​scale and other global-​scale 
plankton surveys are under way12–16, the focus of this 
Review is the work and outcomes of the Tara Oceans 
project. We describe how genetic, morphological and 
environmental data were combined and highlight the 
insights gained from the analysis of different plankton 
size spectra using a global ocean ecosystems biology 
approach. By providing an overview of the development 
of Tara Oceans from an adventurous initiative into a 
multinational, multidisciplinary, collaborative project, 
we also hope to stimulate planetary-​scale research not 
only within a biome, but also across different ones, 
which will be crucial for integrating biology into models 
of Earth system functioning.

Sample collection and processing
From its departure in 2009 to its return in 2013, Tara 
sailed 140,000 km over a period of 38 months, sys-
tematically collecting more than 35,000 ocean water 
and plankton samples as well as environmental data 
(Supplementary Table 1) at 210 stations (Fig. 1). The aim 
was to sample most of the biogeographic and biogeo-
chemical provinces17 of the global ocean and to follow 
standardized protocols and logistics for sample collec-
tion, distribution and storage to facilitate comparative 
analysis11. To assess ocean plankton from viruses to 
small animals from the sunlit, epipelagic waters to the 
dark, mesopelagic waters down to 1,000 m, seawater 
was sampled with use of Niskin bottles, pumps and nets 
(Figs 1c,2A). Total plankton were then separated into frac-
tions of organisms of different size ranges (Fig. 2B), and 
the fractions were cryopreserved on filter membranes 
or preserved in different fixatives for molecular and/or 
morphological analyses on land (Supplementary Box 3). 
Back in the laboratory, nucleic acids were extracted from 
the filters and subjected to high-​throughput sequencing 
(HTS) to generate metabarcoding (metaB), metagen-
omic (metaG) and metatranscriptomic (metaT) data 
sets as well as to yield single-​cell genomes (Fig. 2C). Deep 
sequencing was performed with Illumina technology at 
high coverage rates per sample to access the genomic 
content of plankton species, including those that are rare 
in the environment. As of 2019, more than 60 terabases 
from more than 2,800 individual plankton samples had 
been made publicly available (Supplementary Table 2). 
In addition, high-​throughput imaging (HTI) tools cap-
tured the abundance and morphological features of 
plankton across size fractions spanning seven orders 
of magnitude (Fig. 2D). In total, 6.8 million images of 
planktonic organisms from more than 9,200 samples, 
amounting to more than 30 terabytes of data, have been 
generated (Supplementary Table 3).

The HTS and HTI data, combined with data from envi-
ronmental conditions measured in situ and additional 
metadata (Supplementary Box 4), have been used for 
integrative analyses (see later and Supplementary Box 1) 
and released in open-​source repositories (Supplementary  
Box 2), where they should serve as a treasure trove for 
future analyses. Furthermore, bioinformatic methods 
were either adopted or newly developed to facilitate the 
analysis, comparability and integration of the large vol-
umes of data18. Still, despite these numerous bioinfor-
matics resources and tools (Supplementary Boxes 5,6), 
powerful all-​encompassing interfaces that make pos-
sible integration of the vast amounts of heterogeneous 
data generated by such global ecosystem-​scale projects 
remain much needed for efficient secondary data usage.

Global ocean plankton biodiversity
Viruses. When Tara set sail in 2009, viruses were known 
to be abundant (one million to 100 million per milli
litre of seawater), and were suggested to kill about one 
third of the microbial cells in seawater per day19–21. These 
findings, however, were largely derived from counts 
of virus-​like particles and incubation experiments. 
Over the last decade, a confluence of rapidly advanc-
ing sequencing technologies and low-​input molecular 
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biology techniques22 set the stage for systematic, quan-
titative global ocean virome surveys. These new capa-
bilities advanced our knowledge of ocean viral genomes 
from 39 publicly available isolate genomes before Tara 
Oceans to metaG-​derived sequence information for 
nearly 200,000 predominantly double-​stranded DNA 
virus populations in the most recent global ocean virome 
(version 2; GOV2) data set23–25.

This incrementally increasing (Fig.  3a) data set 
set the stage for new approaches to the taxonomy of 
double-​stranded DNA viruses that infect bacteria and 
archaea. Population genomic analyses and ecological 
phenotyping suggest, at least for culturable phage–
host model systems, that these hundreds of thousands 
of virus populations across the global ocean represent 

a taxonomic rank of ‘species’. For one, this conclusion 
is based on the notion that gene flow is higher within 
than between the populations of cyanophages that were 
deeply sampled from coastal Pacific Ocean seawater and 
from evolutionary selection analyses that suggest that 
most of the populations are under differential selection 
pressures24. Among ‘heterotrophic phages’, however, the 
populations had measurably differing niches as inferred 
from host-​range differences26. Furthermore, at least for 
viral populations that were assembled from short-​read 
metaG data, the population-​delineating benchmark of 
95% average nucleotide identity differentiated more than 
99% of the virus populations in the GOV2 data set24. 
Undoubtedly, there are microdiverse populations that 
cannot be assembled completely from such data sets, 
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Tara Oceans (2009–2013)
• 140,000 km sailed

• >35,000 plankton samples collected

• 210 sampling stations

• >60 terabases of DNA and RNA sequenced

• ~7 million images captured

• 120 crew members and scientists on-board

• 52 stopovers in 37 countries

• 35,000 schoolchildren on board at stopovers

0

10

20

30

°C

b

a

c

Fig. 1 | Tara oceans sampled the global ocean ecosystem. a | The map shows the cruise track of Tara as she sailed the 
world from September 2009 to December 2013 and the location of 210 stations, which were chosen to cross and to 
sample as many biogeographic provinces and environmental features as possible (sea surface temperature shown as a 
colour gradient). Overall, more than 35,000 samples of seawater and plankton were collected and archived in partner 
laboratories. The samples are cross-​referenced with the physicochemical data associated with each sample and sampling 
site (Supplementary Table 1). b | The 36-​m aluminium-​hulled schooner Tara hosted 15 crew members and scientists during 
the legs of her open-​ocean sampling mission. c | In addition to the installation of a ‘dry laboratory’, mainly for imaging 
instruments, an on-​board, ergonomic ‘wet-​laboratory’ for plankton ecosystem sampling, from viruses to animals, was built 
on the rear deck of Tara.

Heterotrophic
Capable of incorporating 
organic carbon into biomass.
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as inferred from emerging single-​virus genomics27 and 
long-​read viromics measurements28, but the prevalence 
of such populations remains unclear. Beyond the species 
level, the scale of the data necessitated an automated and 
systematic approach to organize the viral sequence space 
at the level of viral genera29,30, resulting in the moderni-
zation of the gene-​sharing network-​based taxonomy31,32 
that is currently a leading tool for classifying the ‘dark 
matter’ that dominates the virosphere33,34.

Once taxonomically organized, the data provided 
a first glimpse into large-​scale ecological patterns and 
drivers for ocean viruses. For example, viral commu-
nities seem structured (likely indirectly through their 
hosts) by temperature and oxygen, and are passively 
transported by oceanic currents, consistent with the 
notion that ‘everything is everywhere and the envi-
ronment selects’23,35. Viral ecology patterns were also 
revealed at the between-​population (macrodiversity) 
and within-​population (microdiversity) levels, the 

latter tracking more recent ecological and evolutionary 
changes. These data, derived from the GOV2 data set24, 
revealed not only that the oceans globally comprise five 
ecological zones but also latitudinal biodiversity pat-
terns that are both consistent with (low in the Southern 
Ocean, at least at the northernmost margins sampled 
by Tara Oceans, and high at the equator) and contrast 
with (surprisingly high in the Arctic) those known for 
macroorganisms24,36 (Fig. 3b). Beyond these large-​scale 
patterns, ocean viruses have now also been linked in 
silico to ecologically important marine microbial hosts, 
providing foundational hypotheses that can be tested by 
experimental virus–host linkage methods. These data 
have provided global virus–host infection maps25, and 
for cyanobacteria they have advanced our understanding 
of how viral infections associate with diel dynamics of 
host communities37–39. Specifically, a cross-​omics analy-
sis that leverages Tara Oceans viral genome data revealed 
a peak of cyanophage gene expression in the afternoon 
or dusk followed by an increase of genomes from the 
virions at night, confirming that cyanophages drive 
the diel release of cyanobacteria-​derived organic matter 
into the environment39. The data have also revealed key 
virus-​encoded auxiliary metabolic genes that indicate 
extensive metabolic reprogramming of the hosts and are 
likely to directly modulate biogeochemical cycles25,29,40. 
These genes range from photosynthesis genes, which 
were identified in cyanophage isolate genomes more 
than a decade ago41,42, to genes that manipulate central 
carbon, sulfur and nitrogen metabolism25,43.

From an ecosystem perspective, these findings ques-
tion some paradigms in phage and ocean microbiology. 
For example, a multi-​omics mechanistic study of a cul-
tured representative of the third-​most-​abundant ocean 
viral genus (Bacteroidetes phage phi38:1) revealed that 
these viruses infect two bacterial strains with identical 
16S ribosomal RNA gene sequences in completely dif-
ferent ways due to a diversity of mismatched metabolic 
machinery and ameliorated cellular defences. These 
data suggest that phage resistance in nature is not due 
to simple, single-​step mutational events but is rather 
due to a multistep and more complex process44. A solid 
understanding of the ecosystem outputs of cells infected 
by viruses (‘virocells’) remains elusive. To address this 
knowledge gap, an experimental model system using 
viruses that infect Pseudoalteromonas, the second-​most 
highly predictive bacterial genus for ocean carbon flux45, 
was investigated by a multi-​omics mechanistic approach, 
which revealed that virocells differ drastically from 
uninfected cells and that virocells infected with one 
phage are completely different from those infected with 
another phage46.

Additionally, the vast Tara Oceans organismal data 
set coupled with global measurements of ocean carbon 
export provided an opportunity to determine which 
organisms best predicted this crucial ecosystem func-
tion. For decades, the paradigm in viral ecology has 
been that viruses ‘keep carbon small’, as lysis products 
are rapidly remineralized47; however, early observations 
that viruses seemed to sink, as inferred from photo-
synthesis gene sequences at various depths48 and later 
gene-​to-​ecosystem modelling predictions45, suggested 

Box 1 | A historical account of the Tara oceans expedition

Tara Oceans was conceived by eric Karsenti to popularize fundamental science using  
a sailing boat. the tara Ocean Foundation proposed the use of its schooner Tara for a 
global expedition. a scientific component focused on plankton was soon added 
through inputs from Christian sardet and Gaby Gorsky in 2007 (zooplankton) and  
Chris Bowler and Colomban de vargas in 2008 (microbial plankton). the idea was shared  
with other scientists, leading to the development of an international, multidisciplinary, 
collaborative consortium aimed at studying oceanic plankton at a planetary scale.

Development from a rough concept to a project of its current magnitude required a 
coalescence of many factors. through 2008, a team of Tara Oceans coordinators with 
complementary expertise began to grow. New members joined the project through 
word of mouth, and regular meetings were held, approximately every 3 months, to 
define the structure of the project. this crucial start-​up phase was made possible 
through seed funding from the French National research agency (aNr), the French 
National Centre for scientific research (CNrs), the european Molecular Biology 
Laboratory (eMBL), the veolia Foundation and region Bretagne, which recognized  
the potential of the project. During this time, the overall collaborative philosophy of the 
project, the holistic and systematic sampling strategy and the details of the sampling 
and analysis protocols were established. Meetings for project coordination and 
networking continued over the last 11 years, rotating between Paris, roscoff (France) 
and Heidelberg (Germany), among other locations.

the principles for the consortium were modelled on the basis of a scientific unit at 
eMBL, in which group leaders from different disciplines with interests in the same broad 
scientific question meet regularly and structure projects with a bottom-​up approach. 
similarly, for Tara Oceans, decisions were often made on the fly on the basis of discussions 
between the coordinators and were overseen by a programme manager, stefanie 
Kandels. this form of planning represents an entirely different and more agile type of 
science than what is generally supported by peer-​reviewed funding bodies that require 
an a priori statement of the research design and goals. Although riskier, this blue-​sky 
approach offers opportunities to develop creative ideas that may lead to novel and 
innovative research directions.

Furthermore, Tara Oceans is an example of how adventurous science can profit  
from engaged philanthropists and private entities, such as agnès b., the tara Ocean 
Foundation and other private foundations and companies (see acknowledgements),  
to catalyse a new approach for supporting fundamental biological research. importantly, 
Tara Oceans consortium members invested their own resources in the project, which 
did not necessarily fit into public mainstream channels of science funding. Finally, as the 
project gained momentum and credibility, funding from national agencies, including 
the French Government through its investissement d’avenir programme (project 
OCeaNOMiCs), was acquired, covering the substantial costs associated with the 
processing and sequencing of all samples as well as the general running costs of  
the project. Major catalysts of the project were the flexibility and cost-​effectiveness 
provided by use of a sailing boat to collect plankton samples across the global ocean, 
and the subsequent use of the most advanced technologies in sequencing, imaging, 
data analysis and computing onshore at the multiple partner institutions involved.

Remineralized
Derived from the breakdown of 
organic matter into its simplest 
inorganic form.
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bacterial and archaeal viruses are key players in the 
biological carbon pump, at least in the predominantly 
open-​ocean waters that were sampled. Specifically, the 
abundances of viruses best predicted global ocean car-
bon flux in comparison with abundances of bacteria 
and archaea or eukaryotes, and a handful of the most 
predictive viruses were identified to guide future work45. 
Although improved modelling techniques are needed to 
better capture the magnitudes of variation in carbon flux 
and to simultaneously compare the relative impact of 
all organismal groups, these gene-​to-​ecosystem mod-
elling predictions suggest that viruses are important 
to an ecosystem process that was traditionally viewed to 
be dominated by the mere presence of large protists 
and metazoans.

Furthermore, Tara Oceans deep-​sequencing data 
provide unprecedented opportunities to unveil the 
global eukaryotic virosphere49–52. Although eukary-
otic viruses are less abundant than bacterial and archaeal 
viruses, gene marker-​based approaches have revealed 
that eukaryotic viruses are at least as abundant as archaea 
in the epipelagic layer of the ocean50. Both metaG data 
and metaT data suggested that nucleocytoplasmic giant 
DNA viruses are ubiquitous and transcriptionally active 
across oceans49. Reminiscent of the phage-​to-​host ratio, 
these giant DNA viruses outnumber the abundance of 
their potential hosts by an order of magnitude50 and 
show dispersal at a planetary scale53. Moreover, the tax-
onomic richness of these giant viruses was shown to be 
potentially greater than that of bacteria and archaea54.

The study of the associated genomes has also led to 
an improved understanding of the impact of eukaryotic 
viruses on the evolution of the host’s sexual life cycle. For 
example, the loss of the genomic capacity to carry out 
a sexual life cycle in the cosmopolitan phytoplanktonic 
organism Emiliania huxleyi in the oligotrophic ocean 
was found to be associated with decreased biotic pres-
sure due to the low abundance of large virus infection55. 
Environmental factors, such as phosphate availability, 
were further found to drive giant virus community 

structure in some regions of the ocean56–59. Furthermore, 
some eukaryotic viruses are predicted to influence the 
efficiency of the vertical carbon flux60.

Overall, these studies led to the development of 
community resources, including iVirus, which provides 
access to viromic tools and data sets61 and a knowledge 
base of virus–host interactions62, to facilitate further 
eco-​genomic exploration of marine viruses. Of note, 
single-​stranded DNA viruses and RNA viruses from 
the Tara Oceans samples and data sets have yet to be 
analysed. Although single-​stranded DNA viruses are 
not thought to be abundant in marine systems25, RNA 
viruses are suggested to constitute as much as half of the 
viral particles in the oceans63.

Bacteria and archaea. The Global Ocean Sampling 
Expedition pioneered the exploration of the genomic 
diversity of ocean bacteria and archaea on the basis of 
environmental DNA sequencing8,10. Analysis of surface 
water samples collected at 41 locations from the east-
ern North American coast through the Gulf of Mexico 
and into the equatorial Pacific revealed approximately 
six million new protein sequences, almost doubling the 
number available in public databases in 2005 (ref.10). 
Despite this prompt expansion of ocean microbial pro-
tein sequences, the diversity of protein-​coding genes in 
nature was too large to be captured with the sequenc-
ing technology available at the time. Specifically, new 
protein families were discovered at nearly linear rates 
with additional sequencing10.

Because of the advent of HTS technologies and 
the drastic reduction of costs since 2008, Tara Oceans 
generated unprecedented amounts of environmen-
tal sequencing data for each sample with the goal to 
obtain an ecosystem-​wide overview of the diversity, 
function, biogeography and activity of the global ocean 
microbiome64,65. For a set of 243 samples enriched in 
planktonic organisms smaller than 3 μm, more than 
7.2 terabases of metaG sequencing data were assembled 
into an ocean microbial reference gene catalogue (Fig. 3a) 
by use of a method originally developed for human 
microbiome research66–68. This first ocean gene cata-
logue comprised more than 40 million non-​redundant 
protein-​coding sequences. This number was four 
times higher than the one reported for the human gut 
microbiome at the time65, although approximately two 
thirds of the gene abundances could be attributed to 
core gene families that were shared between the two 
biomes. Moreover, 80% of these sequences were previ-
ously unknown, on the basis of a nucleotide sequence 
identity of more than 95% with sequences in reference 
databases. The rate of detecting new genes from an esti-
mated 35,000 bacterial and archaeal operational taxo-
nomic units (OTUs; 97% clusters) decreased to 0.01% by 
the end of sampling, suggesting near saturation of gene 
diversity in these samples.

These newly established resources have thus substan-
tially expanded our knowledge of the ocean microbial 
gene repertoire and made possible taxonomic and gene 
functional composition analyses of ocean microbial 
communities on a global scale65. In agreement with prior 
studies69,70, microbial communities sampled worldwide 

Box 2 | outreach and societal impact

the mission of the tara Ocean Foundation includes outreach that makes possible the 
combination of innovative science with diverse activities to communicate the project 
goals and findings to the public, company managers, policymakers and schoolchildren. 
During the expeditions from 2009 to 2013, Tara completed 52 stopovers in 37 countries. 
in each of the ports of call and in the city of Paris, where Tara was docked during the 
2015 united Nations Climate Change Conference, the crew and scientists welcomed 
several thousand visitors onboard. More than 50 exhibits explained the goals of the 
project and demonstrated the key role that tiny organisms drifting in the oceans play  
in the global ecology of our planet. tours aboard Tara and the numerous conferences 
presented by members of the team in every country were inspirational to the visitors, 
who included local decision makers (mayors, ministers, heads of states and the united 
Nations secretary General) in addition to many schoolchildren. the story of scientists, 
sailors and inspired artists criss-​crossing the planet on a schooner to explore the ocean 
using state-​of-​the-​art technologies also attracted non-​scientists and the media around 
the world. Photographs and videos received worldwide attention (for example, plankton 
chronicles and artist profiles, and journalists wrote articles about the expedition from 
many different angles, especially following the publication of major scientific results in 
2015 (ref.149). in addition, the tara Ocean Foundation published three journals in French, 
english, Chinese, Japanese and Portuguese, and the expedition was popularized through 
documentaries on television (for example, 35 prime-​time Thalassa shows on French 
television in 2009 and 2010) as well as several DvDs and books.
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at 68 locations from epipelagic and mesopelagic waters 
were primarily structured by depth. In addition, the 
taxonomic and gene functional diversity was higher in 
mesopelagic layers than in epipelagic layers, whereas 
viruses showed the opposite pattern for the same lati-
tudinal range24 (Fig. 3b). Beyond depth, previous studies 
suggested temperature and other factors, such as salin-
ity and nutrients, as important drivers of the taxonomic 
composition of ocean microbial communities71. Because 
of global sampling by Tara Oceans, it was possible to dis-
entangle geographic effects from environmental effects 
(that is, the similarity of microbial community compo-
sitions may be driven by geographic proximity rather 
than environmental similarity of the respective sampling 
locations), and as a result pinpoint temperature as a key 
variable to predict the taxonomic and gene functional 
composition in epipelagic waters of the open ocean65.

In addition, the availability of metaT data from 126 
sampling sites, including the Arctic Ocean (Fig. 1a), made 
it possible to address the question of how microbial 
communities adjust to global environmental variation. 
Such adjustments seem to differ not only for individ-
ual metabolic processes but also for oceanic regions64. 
These conclusions were reached through the integration  
of metaT and metaG data, along with the development of  
new bioinformatics resources and normalization pro-
cedures. Specifically, a new ocean microbial gene cat-
alogue with 47 million sequence entries was generated 
to facilitate the integration of metaT and metaG data 
for gene-​level quantitative analyses of community 
transcript, gene abundance and gene expression levels. 
Normalization procedures based on single-​copy marker 
genes64,72 made it possible to distinguish organismal 
turnover and gene expression changes as underlying 

mechanisms for changes in the pool of community tran-
scripts. These analyses suggested that polar communities 
are more specifically adapted to their niches and may 
undergo stronger organismal composition changes than 
their physiologically more variable counterparts in tem-
perate and tropical waters in response to rising seawater 
temperatures64 (Fig. 3b).

More focused analyses of Prochlorococcus and 
Synechococcus, the two most abundant and widespread 
phototrophic bacterial genera in the ocean, have led 
to a better understanding of their genetic capacity for 
mixotrophy as well as factors that control their biogeo-
graphic distribution73–75. In addition, single-​cell genome 
sequencing revealed a novel species in the genus Kordia 
(phylum Bacteroidetes) with the potential capacity for 
photoheterotrophy76,77, and combined HTS and mor-
phological analyses contributed to identifying the 
functional and ecological importance of a symbiosis 
between nitrogen-​fixing cyanobacteria and haptophytes 
in epipelagic waters worldwide78–80.

Finally, the resources and data provided by Tara 
Oceans have also made possible research by investiga-
tors outside the consortium. For example, following the 
first release of metaG data65, thousands of draft genomes, 
so-​called metagenome-​assembled genomes (MAGs), from 
ocean bacteria and archaea were reconstructed81–84. 
Some MAGs shed new light on the metabolic capabili-
ties of certain bacterial lineages81. Specifically, a number 
of bacteria in the phylum Planctomycetes, a group that 
had previously not been linked to nitrogen fixation, were 
found to contain and express64 genes that are required 
for this process. Other MAGs led to an extended view of 
the phylogenetic diversity of Alphaproteobacteria, ques-
tioning the long-​standing hypothesis about the origin of 
mitochondria. Rather than mitochondria having evolved 
from the alphaproteobacterial order Rickettsiales, the 
authors suggested that mitochondria may have evolved 
from a lineage that branched off before the divergence of 
all Alphaproteobacteria sampled to date82. Other studies 
discovered new families of light-​sensing rhodopsins85, 
including a new class of anion-​conducting channel 
rhodopsin86. Furthermore, Tara Oceans data were used 
in other ways, such as to define metabolic functional 
groups and to decouple their global variation from tax-
onomic community composition87, and to estimate the 
contribution of marine organisms to the total biomass 
on Earth88. These examples showcase the accomplish-
ment of one of the initial goals of the project: the wide 
use of Tara Oceans data by the broad scientific commu-
nity to make possible new discoveries and follow up on 
diverse research questions.

Protists. Protists, which span a wide range of organis-
mal sizes from less than 1 μm to a few millimetres, can 
have extremely large genomes and complex morphol-
ogies, physiologies and behaviours89 (Fig. 4). In 2009, 
knowledge of planktonic protists was based mainly on 
DNA metaB and flow-​cytometry surveys for the small-
est taxa, microscopic observations for the larger ones 
(larger than 20 μm) and genomic characterization of 
a handful of model organisms, largely phototrophic 
species (phytoplankton), including alveolates, diatoms, 

Fig. 2 | Tara oceans assessed plankton across taxonomic, organismal and 
environmental scales to study the whole ecosystem. A | At each open-​ocean station 
(Fig. 1), Tara sampled plankton during daytime and night-​time, guided by satellite data, 
using five types of plankton nets with different mesh sizes (part Aa), an industrial, high- 
volume peristaltic pump (part Ab) and a rosette water sampling system equipped  
with Niskin bottles (part Ac), from sunlit (surface and subsurface, including the deep 
chlorophyll maximum) to dark (mesopelagic) waters down to 1,000-​m depth. Key 
physicochemical parameters of the sampled water were measured in situ or back in  
the laboratory (Supplementary Table 1). b | The Tara Oceans sampling protocol targeted in 
total, although not at every sampling site, 12 organismal size fractions from picoplankton to  
megaplankton, that is, across more than seven orders of magnitude in size, corresponding  
to the range from the size of a bee to ten times the height of Mount Everest. c | The Tara 
Oceans high-​throughput sequencing workflow generated multi-​omics data sets 
(Supplementary Box 1; Supplementary Table 2) for assessment of the diversity and 
relative abundance of genomes, genes and taxonomic barcodes across the kingdoms of 
life. D | The high-​throughput imaging methods applied by Tara Oceans imaged plankton 
from different size fractions (Supplementary Table 3) to quantify organismal richness, 
sizes, biovolumes and morphological complexities. Owing to field work conditions  
and prioritization of specific analyses, it was not possible to collect every sample at  
each station and to subject every sample to all possible types of analyses. However, each 
sample is cross-​referenced to a rich set of metadata to provide researchers with the 
possibility to ensure comparability of different samples and data types. All physicochemical, 
sequencing and imaging data obtained are archived following FAIR (findable, accessible, 
interoperable and reusable) principles to facilitate integrative analyses (Fig. 6). CDOM, 
coloured dissolved organic matter; CTD, conductivity , temperature and depth; DOC, 
dissolved organic carbon; eHCFM, environmental high-​content fluorescence microscopy; 
metaB, metabarcoding; metaG, metagenomics; metaT, metatranscriptomics; PAR , 
photosynthetically active radiation; UVP, underwater vision profiler. Parts b and D 
adapted from ref.7, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Mixotrophy
Capacity to incorporate carbon 
into biomass from either 
inorganic or organic sources.

Photoheterotrophy
Capacity to derive energy from 
light and carbon from organic 
matter.

Haptophytes
Group of single-​celled 
photosynthetic planktonic 
organisms.

Metagenome-​assembled 
genomes
(MAGs). Consensus genome 
sequences that are 
reconstructed using 
sequencing reads of DNA 
extracted from whole microbial 
communities.
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coccolithophores and prasinophytes. In oceanogra-
phy, protists are traditionally divided on the basis of 
their broad ecological function into phytoplankton, 
heterotrophic nanoflagellates and larger predators. To 
expand this incomplete knowledge base, Tara Oceans 
developed an automated high-​resolution 3D imaging 
workflow for quantitative subcellular exploration of 
microeukaryotes90 and generated more than 220 bil-
lion DNA sequencing reads from about 2,200 samples 
(Supplementary Table 1). Furthermore, 6.8 million 
images from ~9,000 eukaryote samples covering organ-
ismal size fractions from 0.8 µm to a few centimetres 
(picoplankton and nanoplankton to macroplankton and 
megaplankton; Supplementary Table 2) were obtained  
(Figs 4b,d,5). This data set of protist biocomplexity was 
completed with the building of new reference resources of  
taxonomically curated DNA barcodes91,92, transcriptomes49  
and single-cell genomes93,94.

The first large-​scale metaB survey based on a 
fragment of the 18S ribosomal RNA gene95 revealed 
about 150,000 eukaryotic taxa (genus or higher taxo-
nomic levels) in the epipelagic ocean, and only ~10% 
of these taxa were known previously. More than 85% of  
these taxa represent uncharacterized protists of mostly 
heterotrophic groups96, including many parasites and 
symbionts78,79,97–99 (Fig. 4c), in addition to the tradi-
tional members of the plankton community (such 
as diatoms100, dinoflagellates101, prasinophytes102 and 
ciliates103).

The Tara Oceans metaB survey has become a refer-
ence baseline for the community to assess global upper 
ocean diversity and biogeography of specific taxa or 
functional groups104–106 and as a test data set for new 
bioinformatic tools107,108. Targeted analysis of the major 
eukaryotic phytoplankton groups (diatoms, dinoflag-
ellates, haptophytes, pelagophytes and chlorophytes) 
has clarified their relative abundances with respect to 
each other as well as with respect to mixotrophs and 
known photosymbionts and with respect to the different 

organismal size fractions collected by Tara Oceans109. 
Clade-​specific analyses across plankton size fractions 
further revealed the importance of nano-​sized and 
pico-​sized diatoms that had previously been over-
looked in ocean surveys110. These minute diatom spe-
cies, including Minidiscus spp. and Minutocellus spp., 
were found to be globally distributed, and data from 
the DeWeX cruise in the Mediterranean Sea revealed 
that these organisms can generate massive blooms and 
can also be found at depth, implying a substantial con-
tribution to carbon export111. In addition, the combi-
nation of metaB data with palaeoenvironmental data 
and phylogenetic models of diversification were used 
to analyse the evolutionary diversification of the entire 
group of diatoms. There was a negative correlation 
between carbon dioxide partial pressure and early dia-
tom diversification, consistent with increased primary 
productivity (that is, conversion of inorganic carbon 
into organic carbon) that favours increased diversity. 
Subsequently, in the late Eocene epoch, a major burst of 
diversification occurred at around the same time as the 
Southern Ocean gateways opened, creating a new eco-
system where diatoms could thrive. The molecular data 
are consistent with previous reports based on analysis of 
diatom microfossils112. This diversification was affected 
by changes in sea level, an influx of silica and competi-
tion with other planktonic groups, and different diatom 
clades were affected differently. This heterogeneity in 
diversification dynamics across diatoms suggests that a 
changing climate will favour some clades at the expense 
of others94.

Furthermore, the deep coverage of the Tara Oceans 
metaB data sets (typically one million to two million 
sequence reads per sample) has made possible explora-
tion of the rare protist biosphere92. Briefly, an adaptive 
algorithm was used to explore the variant abundance 
distributions of non-​dominant OTUs across plankton 
communities. These rare OTUs constituted more than 
99% of the local richness in each sample, and their rela-
tive abundances were governed by a power law. Despite 
the apparently very high spatial turnover in species 
composition at a given site in the ocean, the power-​law 
exponent varied by less than 10% across locations and 
showed no biogeographic signature. Such striking regu-
larity suggests that the assembly of protist communities 
is governed by large-​scale ubiquitous processes, despite 
the highly dynamic and variable environment. The 
underlying drivers of this relationship are unknown, but 
the similarity of the power-​law exponent to 3/2 resem-
bles the temporal spectra of intermittently varying 
ecosystems113,114, suggesting that local abundances are 
influenced by spatiotemporal variability. Understanding 
the origin and impact of this apparently universal abun-
dance signature of non-​dominant protists on plankton 
ecology is important for evaluating the resilience of 
marine biodiversity in a changing ocean.

Of note, the global eukaryotic metaB survey has 
revealed a realm of unknown diversity and functions 
among heterotrophic and symbiotic (sensu lato) protists 
(Fig. 4c). For example, planktonic diplonemids may well 
be the most diverse group of planktonic eukaryotes in the 
ocean, with the majority of their abundance and diversity 

Eocene epoch
Second geological epoch of the 
Palaeogene period (66 million 
to 23 million years ago) that 
began 56 million years ago and 
ended 34 million years ago.

Southern Ocean gateways
Pathways of the oceanic 
circulation that are influenced 
by the displacement of 
continents (for example,  
the Drake Passage, South 
African gateway and the 
Tasman gateway between 
Antarctica and South America, 
Africa and Australia, 
respectively).

Fig. 3 | Tara oceans viral, bacterial and archaeal analysis pipeline and highlighted 
discoveries. The analysis of sequencing data from environmental DNA enriched for 
viruses, bacteria and archaea and environmental RNA enriched only for the last two 
involved the establishment of reference resources that were subsequently used to study 
diversity and biogeographic patterns. a | Reference resources (for example, seawater 
samples) were sequentially filtered to separate plankton into several size fractions. 
For bacteria- and archaea-​enriched samples, seawater was filtered through 1.6- or 3-​μm 
filters and collected on 0.22-​μm filters. Viruses were flocculated in 0.22-​μm filtrates using 
ferric chloride and collected on 1-​μm filters11. On DNA extraction, library preparation 
and sequencing, DNA sequencing reads were assembled into contigs. For viruses, 
contigs were screened for sequences of viral origin and then grouped for individual 
viral populations24,25,149. For bacteria and archaea, genes were predicted on contigs and 
clustered to yield catalogues of non-​redundant gene sequences64,65. b | These de novo-​
generated resources were used as reference databases for quantifications of viruses, 
genes and microbial species per sample (S). Bacterial and archaeal quantifications were 
derived as abundances of operational taxonomic units (OTUs) based on 16S ribosomal 
RNA fragments directly identified from metagenomic (metaG) sequencing reads150. 
Integration of quantitative profiles with environmental parameters (Supplementary 
Table 1) facilitated the study of diversity gradients across latitude and depth, with partly 
contrasting patterns observed for viruses compared with bacteria and archaea24,64. 
Biogeographic analyses revealed five ecological zones of viral populations24, and 
differences in the mechanisms driving community transcriptomic compositions were 
identified by combining metaG and metatranscriptomic (metaT) data64. Part b, bottom 
right adapted from ref.64 and bottom left from ref.24, Elsevier.
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in deeper waters96. Although the underlying causes of 
their hyperdiversification and the roles of these differ-
ent lineages in the ecosystem remain unknown, specific 
trophic interactions, such as bacterivory or parasitism, 
appear most probable96,115. Sequencing of barcodes from 
individual protists isolated from ethanol-​preserved 
plankton samples (Supplementary Box 3) showed wide-
spread symbiotic associations, such as those between 
the coral-​associated dinoflagellate Symbiodinium and 

the calcified ciliate Tiarina116 (Fig. 5A) and between the 
chain-​forming pennate diatom Fragilariopsis doliolus 
and tintinnid ciliates99 (Fig. 5B). Image acquisition of 
fragile plankton from the surface to 1,000-​m depth high-
lighted the abundance of giant photosymbiotic rhizarian 
protists (order Collodaria; Fig. 5G) detected by metabar-
coding in mesoplankton size fractions95 and showed that 
their biomass exceeds that of all zooplankton in (sub)
tropical oceans117.
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Single-​cell genomics, metaG, and metaT analyses of 
Tara Oceans eukaryote-​enriched samples confirmed the 
hyperdiversification of heterotrophic and symbiotrophic 
protists and suggested potential mechanisms underlying 
these processes. A single-​cell genomics survey revealed 
hidden functional complexity and niche differentiation 
in unculturable heterotrophic protists, partially explain-
ing their unforeseen diversity93,94,118. Although a direct 
comparison with bacterial and archaeal gene diver-
sity is difficult18, global eukaryotic metaT data from 
441 communities yielded an extreme richness of more 
than 116 million transcripts from eukaryotes (includ-
ing metazoans) without apparent saturation49. Many 
unknown genes were detected, and the biogeography 
of their specific expression revealed a potential link to 
niche adaptation.

On the basis of these findings, protists have arguably 
emerged as the group of organisms that drive today’s 
plankton complexity (Fig. 4a). To unify the analyses of 
the emerging complexity of protist data under a single 
ontology, an initiative for building a universal taxonomic 
framework for eukaryotes has been launched (UniEuk), 
and the Tara Oceans metaT data have yielded the largest 
available gene collection for eukaryotes49.

Zooplankton. Zooplankton have a central role in the 
ocean by transferring energy, nutrients and biomass from 
lower to higher trophic levels5,119. Biodiversity patterns in 
planktonic metazoans are far less understood than those 
in their terrestrial counterparts. In Tara Oceans, five dif-
ferent types of nets (Supplementary Table 3) were used 
to collect nearly 1,500 standardized zooplankton sam-
ples at depths from the surface to a few hundred meters. 
Imaging and HTS were then used (Fig. 4b) to assess the 
morphogenetic complexity of zooplankton communities 
in well-​defined oceanographic provinces.

In terms of imaging, all zooplankton samples have 
been processed, and most have been validated by 
experts using EcoTaxa (Supplementary Table 2). Several 
Tara Oceans imaging data sets were used to assess the 
mechanisms that contribute to the limited dispersal of 
Indian Ocean plankton populations into the Atlantic52. 
Imaging data have also demonstrated substantially 
reduced abundances of metazoan plankton in the Indian 
Ocean oxygen minimum zone and its positive effect on 
carbon flux120.

Analyses were also performed on targeted zoo-
plankton taxa. For example, combined morphological 
and phylogenetic data revealed that sea snails (clade 
Thecosomata) diversified through four major mor-
phogenetic events that coincide with climate events 
from the Eocene epoch to the Miocene epoch; this evo-
lutionary scenario is potentially driven by skeleton 
selection to avoid predation or to increase buoyancy121. 
Additionally, a comprehensive phylogenetic study of 
chaetognaths based on complete ribosomal DNA genes 
amplified from preserved specimens showed that their 
evolution corresponds to simplification of a pre-​existing 
body plan rather than to an increase in morphological 
complexity122.

Finally, metaG data have been used to study the pop-
ulation structure of the abundant copepod Oithona in 
the Mediterranean Sea123, providing evidence for genes 
under selection in specific contexts and allowing the cre-
ation of a collection of single-​nucleotide polymorphisms 
in a reference-​independent manner124. The current data 
pave the way for studies of diversity and expression at the 
gene level for the main groups of zooplankton; however, 
these studies merely scratch the surface of the morpho-
genetic information buried in the Tara Oceans collection 
of zooplankton samples and data. Increased efforts to 
sequence metaB data and genomes of the major organ-
isms, to use metaG and metaT information for detecting 
genes under active selection and to correlate genetic data 
to imaging information in the future will undoubtedly 
advance our knowledge of these important planktonic 
organisms and their role in the ocean ecosystem.

Integrative ocean ecosystems biology
A unique feature of the growing Tara Oceans data set 
is its relatively uniform and deep coverage over spatial 
and taxonomic scales, encompassing the variability of 
the global plankton ecosystem from the surface to meso
pelagic depths (Figs 1,2). This scope and the large data 
sets derived from it facilitate data-​driven analyses to 
extract information in a comprehensive eco-​evolutionary 
framework. Tara Oceans thus attempted to integrate the 
different layers of ecosystem organization, from genes to 
organismal populations, across environmental and spa-
tial variations and beyond analyses of plankton within 
specific size fractions (Fig. 6).

To decipher the plankton metacommunity structure, 
a global plankton co-​occurrence network was drafted 
to include both biotic and abiotic information98. The 
results showed that biotic and positive co-​occurrences 
predominate over environmental influences on commu-
nity structure. Furthermore, this network revealed the 
prevalence of parasitic and photosymbiotic protists95,117  

Miocene epoch
First geological epoch of the 
Neogene period (2.6 million  
to 23 million years ago) that 
extends from about 23 million 
to 5 million years ago.

Fig. 4 | Tara oceans analysis of eukaryotic plankton complexity and highlighted 
discoveries. a | This illustration shows the biological and functional complexity of 
eukaryotes across the plankton organismal size fractions analysed in Tara Oceans. 
Whereas tiny phytoplanktonic organisms (for example, Phaeocystis) can assemble into 
visible colonies, heterotrophic protists in association with phytoplanktonic organisms 
(for example, Collodaria) can form giant holobionts, which outweigh all animals in (sub)
tropical sunlit oceans117. On the other hand, animals produce gametes, juvenile stages 
and debris which might be important components of microbial plankton size fractions. 
Overall, eukaryotes show diverse and complex interactions and behaviours along the 
symbiosis and predation axes, reflecting their immense and non-​saturating gene 
repertoire49. Note that the viral, bacterial and archaeal diversity associated with 
eukaryotes is not represented in this scheme. b | Different molecular and imaging 
methods were developed and/or deployed by Tara Oceans to explore and assess 
unicellular and multicellular eukaryotes across their ontogenic, life-​cycle and symbiotic 
complexity. c | This schematic network synthesizes the relative importance of the main 
eukaryotic taxonomic and functional groups36 and their interactions (symbiosis sensu 
lato in green and predation in red). Metabarcoding (metaB) data highlighted the 
dominant diversity of heterotrophic and parasitic protists95 and their central role in 
shaping the global plankton interactome98. d | The suite of Tara Oceans automated 
imaging devices (shown here: flow-​cytometry , imaging flow cytobot (IFCB), FlowCam, 
ZooScan and underwater vision profiler (UVP)) make possible quantification of the 
abundance of organisms ranging from 0.8 µm to several centimetres in size. These 
spectra can then be used to estimate how biomass is distributed along plankton 
size spectra or functional groups. eHCFM, environmental high-​content fluorescence 
microscopy; HTI, high-​throughput imaging; HTS, high-​throughput sequencing; metaG, 
metagenomic; metaT, metatranscriptomic; SAG, single amplified genome. Part d 
adapted from ref.132, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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as keystone taxa that increase the connectivity of plank-
ton food webs (Fig. 4c). Together, plankton metabarcod-
ing95, 3D fluorescence microscopy90,99,116 and underwater  
imaging117 confirmed that putative symbioses, includ-
ing parasitism and mutualism, derived from global 
co-​occurrences are ubiquitous in plankton ecology 
(Fig.  5) and may underlie the hyperdiversification 
of protists95 through evolutionary mechanisms that 
remain elusive. Overall, this notion challenges tradi-
tional ocean ecology that focuses on the negative rela-
tionships between producers and consumers and most 
of the models that typically ignore symbioses to predict 
nutrient and energy flow in the ocean.

Tara Oceans data were used to address basin-​scale 
oceanographic questions in a study on the impact of 
the Agulhas choke point on plankton communities52. 
Specifically, connectivity between the Indian Ocean 
and the Atlantic Ocean influenced different planktonic 
groups in different ways, largely as a function of their 
size. The Agulhas rings were important conduits for 
transporting plankton between the two oceans. These 
findings highlight the need to investigate the relation-
ship between plankton diversity and global ocean circu-
lation. Specifically, the Agulhas current retroflection was 
a key factor constraining diatom diversity, in line with 
previous palaeo-​oceanographic studies based on diatom 
microfossils100,112.

Additionally, Tara Oceans data have been used in 
graph-​based methods from systems biology to integrate 
the full suite of ecological, morphological and genetic 
information for inclusion of biological complexity in ocean 
modelling (Fig. 6). A study using network-partitioning45 
identified plankton subcommunities and gene modules 

associated with carbon export from the upper epipelagic 
zone to the ocean interior, demonstrating the possibil-
ity to scale up from genes to ecosystems and to derive 
insightful models of key ocean biogeochemical processes. 
In addition to viruses emerging as the best predictors 
for the variability of carbon export in the oligotrophic 
ocean45, the same graph-​based methods showed that 
plankton subcommunities varied with the iron products 
from two global-​scale biogeochemical models125. Within 
these subcommunities, genomic adaptation based on 
gene-​copy numbers was disentangled from transcrip-
tomic adaptation based on gene expression for specific 
groups and functions. For example, many photosynthetic 
protists respond to iron limitation by shifting the use of 
a key gene coding for ferredoxin to an iron-​independent 
analogue, flavodoxin. The rapidly responding groups, 
such as diatoms, are frequently adapted at the genomic 
level by harbouring variable numbers of each gene 
depending on optimal growth conditions. In contrast, 
other organisms, such as haptophytes or pelagophytes, 
rely on differential transcription to shift to the best ana-
logue49,125. Such meta-​omics analyses were used to explore 
the underpinnings of recurrent phytoplankton blooms 
in the Marquesas archipelago in the central equatorial 
Pacific Ocean, and revealed that an increase in iron 
bioavailability is likely to be the underlying cause of the 
blooms125. This example demonstrates that the field of 
ocean meta-​omics is now sufficiently mature to provide 
an independent, biologically based validation of ecosys-
tem models. In another case, the abundance and expres-
sion of transporter genes in diatoms was determined as 
a function of environmental variation, and the observed 
variation was then used to train an algorithm to predict 
the functional response of diatoms to future seawater 
temperatures126. The combination of global biogeochem-
ical models with genomics and community composition 
analysis highlights the transformative nature of integrat-
ing quantitative omics data and oceanography to better 
understand the functions of marine ecosystems127.

More recently, latitudinal gradients and global pre-
dictors of plankton diversity across archaea, bacteria, 
eukaryotes and major virus clades have been explored 
with use of molecular and imaging data from Tara 
Oceans36. Latitudinal diversity gradients were previously 
studied primarily in terrestrial macroorganisms and typ-
ically consist of a monotonic poleward decline of local 
diversity128. Studies in ocean ecosystems have been frag-
mentary and have often led to different results129,130; thus, 
the availability of a single comprehensive data set that 
represents all planktonic organisms collected on a global 
scale made possible investigations of such macroecolog-
ical patterns. There was a decline of diversity for most 
planktonic groups towards the poles, and this decline 
was mainly driven by temperature with input from pro-
ductivity and seasonal variability36. Projections into the 
future using climate models of the Intergovernmental 
Panel on Climate Change further suggested that severe 
warming of the ocean in the future may lead to trop-
icalization of the diversity of most planktonic groups 
at higher latitudes. These changes may have ripple 
effects on marine ecosystem functioning, affecting both 
biogeochemical cycles and trophic interactions globally.

Agulhas choke point
Oceanic system south of Africa 
where warm and salty Indian 
Ocean waters leak into the 
South Atlantic Ocean 
impacting the global oceanic 
circulation.

Fig. 5 | Eukaryotic shapes and symbioses explored by Tara oceans plankton 
imaging. All eukaryotes host a cohort of more or less specific or beneficial viral, bacterial, 
archaeal or eukaryotic symbionts. The staining strategy developed for automated 
confocal microscopy of aquatic microbial eukaryotes (environmental high-​content 
fluorescence microscopy)90 revealed symbiotic interactions in marine protists.  
A | Photosymbiosis occurs between the calcareous ciliate Tiarina sp. and Symbiodinium 
dinoflagellates. The image shows confocal laser scanning microscopy (CLSM; panels 
Aa,Ab) and scanning electron microscopy (panel Ac) reconstructions of the ciliate host; 
false colours show nuclei of the ciliate in cyan, nuclei of the symbiotic microalgae in blue 
and Symbiodinium chloroplasts in red (scale bars 20 μm). b | Diatoms (Fragilariopsis sp. 
cells assembled in a chain) and a heterotrophic tintinnid ciliate (Salpingella sp., shell  
with trumpet-​shaped oral opening) form a symbiotic relationship (scale bars 10 μm).  
c | Intracellular cyanobacterial symbionts (Richelia sp.) are seen within the pennate 
diatom Rhizosolenia (panel ca; scale bar 20 μm). Two cyanobacterial trichomes are  
visible with their heterocysts (panel cb; scale bar 10 μm). D | Association between the 
heterotrophic dinoflagellate Amphisolenia and unidentified cyanobacteria hosted inside 
the cell wall (arrowhead) (scale bar 30 μm). E | The diatom Corethron sp. harbours several 
epiphytic nanoflagellates living in small shells and attached to the diatom cell wall  
(scale bar 30 μm). F | Dinoflagellates from the genus Ornithocercus host extracellular 
cyanobacterial symbionts in their ‘symbiotic chamber’ (OmCyn cyanobacteria)151 
(dinoflagellate cell size between 80 and 100 μm). g. Giant colonial protists (Collodaria) 
harbour intracellular dinoflagellate symbionts (Brandtodinium sp.)152. This light 
stereoscope image (panel ga) shows an entire colony (scale bar 1 mm); the CLSM image 
(panel gb) within a colony shows collodarian cells (blue, 200 μm), endosymbiotic 
dinoflagellates (red, 20–30 μm) and a reticulate cytoplasmic network (green filaments). 
All images (except for those in panels Ac,ga) are CLSM reconstructions from single Tara 
Oceans cells. Panel A adapted from ref.116, Springer Nature Limited; panel b from ref.99, 
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/); panels c and F from ref.153, 
Springer Nature Limited; and panels D and E from ref.90, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). Panel g provided by C.d.V.
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Overall, these ecosystems biology approaches high-
lighted previously underrated organisms and genes that 
should be assessed as genomic proxies for the prediction 
of key emergent ecosystem functions. These analyses 
were unprecedented with respect to the global ecosystem 
scale and further laid the foundation for future robust 
ecosystem modelling to bridge information about genes, 
organisms, consortia and biomes (Fig. 6).

Conclusions and perspectives
Life has evolved over billions of years, starting in the 
oceans; however, it is only recently that technologies 
have enabled us to capture the taxonomic, genetic and 
morphological biodiversity of extant ocean life as a 
whole, from microorganisms to animals. Tara Oceans 
exemplifies how such a holistic approach has been used 
to study ocean plankton at a planetary scale. Starting 
from an adventurous initiative of blue-​sky research with 

no substantial core funding, the project has developed 
into a multinational, multidisciplinary, collaborative 
programme (Box 1). The comprehensive end-​to-​end 
sampling protocols developed to capture plankton from 
viruses to metazoans, organisms rarely studied together, 
have greatly expanded our knowledge of biodiversity, 
organismal interactions, ecological drivers of community 
structure and genomic proxies for key ecosystem pro-
cesses, such as carbon export, in the ocean. This approach 
has already prompted similar implementations on other 
oceanographic cruises and time-​series studies, and may, 
ultimately, help to establish much-​needed standards for 
biological sampling in oceanography131–133. Furthermore, 
the commitment to create a consistent knowledge 
base has resulted in open-​access resources of in situ 
multi-​omics sequencing, imaging and environmental 
data, which a diverse community of researchers has been 
mining ever since for new insights and discoveries.
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complexity can be compared with Russian dolls in providing an eco-​evolutionary , data-​driven framework for modelling 
of the Earth system. The analysis of each layer requires the use of different techniques, which are often discipline specific, 
to target different biological processes. Besides the interest within each layer of spatial scale and biological complexity 
(described from I to IV), Tara Oceans has integrated information across the various layers of biological organization. For 
example, one study98 built a co-​occurrence network (III) using organismal abundance data (II) inferred from metabarcode 
data (I) and validated examples using imaging of organisms (II). Another study52 analysed plankton communities (III) in the 
context of oceanographic models (IV) using DNA sequence data (I). Other studies have used the whole ecosystems 
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Although Tara Oceans maximized its global reach 
in its sampling design, there remains a need to increase 
the geographic coverage and granularity of ocean sam-
pling, also across depth. In the meantime, additional 
Tara expeditions have sampled transects across parts of 
the North Atlantic Ocean and Pacific Ocean134 includ-
ing coastal reef waters135. However, the subarctic North 
Pacific, equatorial sections and the Southern Ocean 
remain priority areas with insufficient coverage. In addi-
tion to complementary ocean sampling campaigns (for 
example, Ocean Sampling Day15 and the International 
Census of Marine Microbes16), repeated cruises and 
expeditions applying similar approaches have been 
completed, are under way or are planned136, and will 
help to close these gaps. One limitation inherent to the 
spatially distributed nature of ocean sampling expedi-
tions is the lack of temporal resolution. To complement 
existing snapshots of planktonic states, it will thus be 
important to incorporate trajectories of community var-
iability over time as they have been recorded, for exam-
ple, at long-​term ocean time-​series stations12,14,137–141, 
in shorter-​term studies at day-​to-​day resolution142 and 
during mesoscale process studies143. To further increase 
spatiotemporal information of plankton dynamics, these 
local measurements will ideally be complemented by 
future technological advances144 to provide global and 
multiyear coverage, for example using in situ remote 
observatories for automated genomic, imaging and  
environmental data collection145.

In conclusion, considering that ocean ecosystems 
biology aims to gain a holistic understanding of the bio-
diversity and processes that govern the ocean, the field 
is still very much in a data-​driven, phenomenological 
discovery phase146. And yet it must rapidly get up to 
speed as anthropogenic climate change is already alter-
ing the global ocean147. Moreover, ocean plankton will 
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