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How marine currents and environment shape plankton genomic differentiation: a mosaic view from Tara Oceans metagenomic data
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Plankton is a word derived from the ancient Greek "πλαγκτος/planktós" for errant, wanderer.

It was first used by one of the father of plankton studies, the German scientist Victor Hensen in 1887. This term was quickly adopted by the scientific community and is now understood as the collection of all organisms that are passively dragged by currents. Another pioneer in plankton studies, also German, is the famous biologist Ernst Haeckel (1834Haeckel ( -1919)), a vigorous evolutionist of his time, and often critical of Hensen's work [START_REF] Lussenhop | Victor Hensen and the development of sampling methods in ecology[END_REF]. He described and drew hundreds of species, and compiled some lithographic prints in one of his best-seller, "Kunstformen der Natur " published in 1904. His work was so popular it went so far as to influence Art Nouveau architects like René Binet (1866Binet ( -1911)), that notably built the monumental gate for the 1900 Paris Exposition based on the representation of a radiolaria, Clathrocanium reginae (figure I.1A). To date, the notion of plankton has even been extended to atmospheric micro-organisms, or aeroplankton, transported by air masses and winds [START_REF] Favet | Microbial hitchhikers on intercontinental dust: catching a lift in Chad[END_REF]. The inner nature of plankton, as microscopic organisms wandering across the oceans, always made their description and study difficult. Jellyfishes were the first species sampled and described, because of their obvious higher size. From the middle to the end of the XIXth century, planktonic organisms began to be sampled, observed through microscopes and drawn, notably by newly created marine observatories such as the Station biologique de Roscoff in France (1872) or the Stazione Zoologica Anton Dohrn in Naples (1872). During the XIXth and XXth centuries, the technical progress for mesh fabrication [START_REF] Wiebe | From the Hensen net toward four-dimensional biological oceanography[END_REF], microscopes and the availability of more modern fleet allowed scientists to discover and describe organisms of the smallest sizes, and from many locations.

Plankton is often opposed to benthos, which designates the communities of organisms living on or near the seafloor (mostly metazoans like cnidarians, echinoderms, vertebrates, figure

I.
2), and to nekton, the organisms able to swim against currents (such as jellyfishes, fishes...).

However, the limits between these types of plankton are sometimes flawed; for example the jellyfish Aurelia sp. releases its gametes in the open ocean and after fecundation lives as a planula larva in plankton, before fixing as a polyp on the bottom of the sea. Then, after subsequent larval stages, the individuals adopt swimming capacities as adults. These species living temporarily as plankton, for example at larval stages, constitute the meroplankton (e.g benthic and nektonic species). It is opposed to organisms spanning all their life as plankton known as holoplankton (protists, some species of copepods...). Planktonic micro-organisms harbor incredible capacities for life that are totally out of our human scope. For example, these organisms live at such scales, characterized by low Reynolds numbers (a unitless dimension describing the flow patterns of a fluid, here <10), that water viscosity can compete with gravity in importance [START_REF] Yen | Life in transition: Balancing inertial and viscous forces by planktonic copepods[END_REF]. As an analogy, it was proposed that it was like moving in honey for humans (Smetacek, 2012), requiring particular adaptations for locomotion like in the case zooplankton species [START_REF] Kiørboe | Unsteady motion: Escape jumps in planktonic copepods, their kinematics and energetics[END_REF]Kiørboe, 2011;[START_REF] Svetlichny | Swim and fly: escape strategy in neustonic and planktonic copepods[END_REF].

Oceans are usually divided in five layers (figure I.2). The first layer, the epipelagic zone (< 200m) is the most explored area of oceans, and together with the mesopelagic zone, form the euphotic zone, i.e where the light can be used by phytoplankton for photosynthesis (i.e irradiance reaches ~1% of the surface total irradiation). Below are the abysses and the trenches, the abyssopelagic and hadalpelagic zones respectively, which sunlight cannot reach. Biodiversity is less important, but these zones remain largely underexplored and undersampled compared to the euphotic zone [START_REF] Webb | Biodiversity's big wet secret: The global distribution of marine biological records reveals chronic under-exploration of the deep pelagic ocean[END_REF][START_REF] Martini | Quantification of bioluminescence from the surface to the deep sea demonstrates its predominance as an ecological trait[END_REF]. On the seabed are present the benthic organisms forming the benthos. Plankton is present everywhere in the water column, from the epipelagic to the hadal zones as exampled by phytoplankton [START_REF] Guo | Insight Into the Pico-and Nano-Phytoplankton Communities in the Deepest Biosphere, the Mariana Trench[END_REF].

However, the composition and the density of these different layers is greatly varying, because of physico-chemical gradients [START_REF] Costello | Stratifying ocean sampling globally and with depth to account for environmental variability[END_REF][START_REF] Guo | Insight Into the Pico-and Nano-Phytoplankton Communities in the Deepest Biosphere, the Mariana Trench[END_REF], but more importantly be- cause of the progressive lack of light. Indeed, solar irradiation tends to exponentially decrease along the water column. The lack of sunlight produced particular ecological traits for a number of taxa, such as bioluminescence [START_REF] Martini | Quantification of bioluminescence from the surface to the deep sea demonstrates its predominance as an ecological trait[END_REF], which originated from the adaptation to this peculiar environment of darkness in order to feed, to hide and to reproduce.

I.1.2 A taxonomic rainbow

Plankton is characterized by a fascinating diversity in term of size (figures I. 1 & I.3). The smallest sizes concern marine viruses, bacteria or picoeukaryotes (e.g Pelagomonas calceolata or

Micromonas pusilla, < 3µm) [START_REF] Massana | Eukaryotic Picoplankton in Surface Oceans[END_REF], the middle sized protists (unicellular eukaryotes) and the highest ones comprise animals. However, as mentioned before, some organisms, and particularly animals, are not constrained to particular sizes, since they reside in plankton from larval stages to adult stages, such as the Cnidarian Pelagia noctiluca, a holoplanktonic jellyfish [START_REF] Stopar | Lack of genetic structure in the jellyfish Pelagia noctiluca (Cnidaria: Scyphozoa: Semaeostomeae) across European seas[END_REF].

Plankton is often divided into different groups reflecting both taxonomy and their trophic level, mainly comprising virioplankton, archeoplankton, bacterioplankton, mycoplankton, phytoplankton and zooplankton, spanning almost all the tree of life (figure I.4). Classifications often divide eukaryotes into animals, terrestrial plants, fungi and protists. The latter notion, proposed by Ernst Haeckel in 1866, is widely used by biologists to qualify all unicellular eukaryotes that Notably, the study of marine plankton (particularly protists) enabled to draw a new eukaryote tree of life (eToL) proposed by Burki et al. (2020) (figure I.4). Eukaryotes can be merged into seven large "supergroups", that all comprise planktonic species. It is thought since a long time that the eToL is incomplete, due to the difficulties to study small marine eukaryotes like protists compared to animals, plants and fungi because of sampling, lack of genetic data, or clear morphological analyses. Since life is known to have emerged from oceans, studying marine protists and their surprising diversity [START_REF] Adl | Revisions to the Classification, Nomenclature, and Diversity of Eukaryotes[END_REF] (especially heterotrophic protists) in the two last decades totally reshaped the eToL [START_REF] Burki | The New Tree of Eukaryotes[END_REF] into several supergroups and gave access to deep-rooted lineages that enhanced our understanding of life itself [START_REF] Adl | Revisions to the Classification, Nomenclature, and Diversity of Eukaryotes[END_REF].

Marine bacteria belong to the bacterioplankton. A large part of bacterioplankton is represented by two very abundant genera known as cyanobacteria (formerly known as "blue algae"): Prochlorococcus (figure I.1B) and Synechococcus. They also belong to phytoplankton, because of their capacity of photosynthesis. Cyanobacteria play a role in the microbial loop, and are able to fix nitrogen. Bacterioplankton is also composed of marine biofilms colonized by wide ranges of species [START_REF] Wilkins | Key microbial drivers in Antarctic aquatic environments[END_REF][START_REF] Pollet | Prokaryotic community successions and interactions in marine biofilms: the key role of Flavobacteriia[END_REF] like γ-proteobacteria (e.g Alteromonas), α-proteobacteria (e.g Roseobacter, SAR11), δ-proteobacteria, Planctomycetales or Flavobacteriia. Bacteria are the source of food for a large panel of zooplankton (e.g during summer bloom of cyanobacteria [START_REF] Hogfors | Bloom-forming cyanobacteria support copepod reproduction and development in the baltic sea[END_REF]) or small protists. Their populations are thought to be highly regulated by marine viruses [START_REF] Rohwer | Viruses manipulate the marine environment[END_REF][START_REF] Sullivan | Genomic analysis of oceanic cyanobacterial myoviruses compared with T4-like myoviruses from diverse hosts and environments[END_REF].

Marine viruses, or virioplankton, are important players in marine ecosystems. Recently, their diversity were shown using Tara Oceans datasets, and amazed by the number and the abundance of prokaryotic or eukaryotic viral populations [START_REF] Brum | Ocean Viral Communities[END_REF]Carradec et al., 2018;[START_REF] Gregory | Marine DNA Viral Macro-and Microdiversity from Pole to Pole[END_REF][START_REF] Endo | Biogeography of marine giant viruses reveals their interplay with eukaryotes and ecological functions[END_REF]. As mentioned, viruses are thought to significantly impact biogeochemical cycles, as exampled with cyanobacteria's viruses that can carry genes involved in photosynthesis [START_REF] Rohwer | Viruses manipulate the marine environment[END_REF], and probably has major effects in blooms of the coccolitophore Emiliana huxleyi [START_REF] Jacquet | Flow cytometric analysis of an Emiliana huxleyi bloom terminated by viral infection[END_REF] (figure I.1C) . They widely infect eukaryotic species, and notably animals, illustrated by the infections of the slug Elysia chlorotica [START_REF] Rohwer | Viruses manipulate the marine environment[END_REF], the sea star [START_REF] Fahsbender | Discovery of a novel circular DNA virus in the Forbes sea star, Asterias forbesi[END_REF] or copepods [START_REF] Dunlap | Molecular and microscopic evidence of viruses in marine copepods[END_REF], with drastic physiological changes. Moreover, endogenous viral elements were detected in several species of crustaceans [START_REF] Metegnier | Comparative paleovirological analysis of crustaceans identifies multiple widespread viral groups[END_REF], reflecting a potential impact on their hosts evolution. Surprisingly, it seems that protists are able to feed directly on viruses populations, with DNA fragments of non-infectious viruses detected inside the cells [START_REF] Brown | Single Cell Genomics Reveals Viruses Consumed by Marine Protists[END_REF]). Yet, this domain remains recent and discoveries will surely come in the future.

Phytoplankton is the part of plankton producing oxygen from atmospheric CO 2 , also known as photoautotrophs. It is composed by unicellular organisms, from pico-to microplankton, and belong to both the eukaryotic domain (e.g haptophytes (figure I.1C), diatoms (figure I.1D) or dinoflagellates (figure I.1E)) and the prokaryotic domain, like the picocyanobacteria Prochlorococcus (figure I.1B) and Synechococcus. While their biomass is extremely low compared to terrestrial photosynthetic species, they account for 45% of Earth annual net primary production [START_REF] Norfolk | Primary Production of the Biosphere[END_REF]. Eukaryotic phytoplankton, such as the group of Archaeplastida (green algae + terrestrial plants + red algae + Glaucophyta) are characterized by plastes, confering their photosynthetic abilities they obtained from an ancient endosymbiosis with a cyanobacteria.

Fungi form the mycoplankton. These species are poorly described [START_REF] Amend | Fungi in the marine environment: Open questions and unsolved problems[END_REF], but fungi have been detected in sediments, algae and animals. Surprisingly, an important part of the lineages found in oceans are also terrestrial ones, suggesting a strong capacity of adaptation of these clades. Mycoplankton is dominated by the Ascomycota and Basidiomycota phyla, but the presence of a large number of Chytridiomycota has also been spotted. Their role in the trophic web of plankton is not clear, but marine fungi, as their terrestial counterparts, are mainly described as parasitic, especially infecting phytoplankton.

Zooplankton is the collection of multicellular eukaryotic species from the Metazoa kingdom.

They are heterotrophic, i.e they are not capable of metabolizing their own organic components.

Generally, we distinguish two types of zooplankton: non-gelatinous and gelatinous. The former belong to crustaceans (amphipods, copepods, krill), chaetognathes or gasteropods (such as pteropods, figure I.1H), and the latter to Ctenophora, Tunicates or Cnidaria. Zooplankton usually composes the latest levels of the trophic food web. Small zooplankton graze on protists, bigger zooplankton feed on smaller species, and are then eaten by bigger fishes and mammals.

Porifera (sponges) are also studied in regard to plankton, because their main way to disperse is linked to their planktonic larval stages.

A large portion of zooplankton is represented by copepods (figure I.1F & G). Copepods are minute, numerous crustaceans and are considered to be the most abundant animals in oceans, and maybe on Earth (Humes, 1994;Gallienne, 2001). They were also among the first marine micro-organisms to be sampled and described as early as the XVIIIth century. In their own characteristics, they reflect the properties of planktonic organisms since they are widely distributed (depending on the species), abundant, present a diversity of sizes (from 0.2mm to several centimeters), life traits (some species act as parasites) and forms. Copepods are found in oceans, estuaries or ponds and display many strategies to feed as they can be hunters, ambush feeders or filterers.

Four well-studied orders composed copepods. The first one is composed of the biggest copepods, calanoids, such as Trigriopus californicus (figure I.1G). They are known to perform migrations from the epipelagic zone to the mesopelagic zone, over winter or on a daily manner, which has important consequences on the carbon cycle through the "lipid pump" that sequesters carbon into the deep ocean [START_REF] Jónasdóttir | Seasonal copepod lipid pump promotes carbon sequestration in the deep North Atlantic[END_REF]. Cyclopoids are smaller organisms, uniquely present in the epipelagic realm. One genus, Oithona is particularly described as containing the most widespread and abundant copepods (Gallienne, 2001). In chapter IV, I precisely focus on Oithona similis, a widespread and cosmopolitan species studied since more than a century (figure I.1F). Harpacticoida are constituted by benthic copepods, and Siphonostomatoida are mostly parasitic copepods, with the most famous species being the salmon louse, Lepeophtheirus salmonis. Recently, zooplankton began to be used as commercial oil (e.g the Antarctic krill, Euphausia superba, see the monograph of Krill oil) or diverse food items (extracted from the copepod Calanus finmarchicus, see Calanus.no), while the increasing knowledge documented on them also raised religious concerns in the Orthodox Jewish community of New-York [START_REF] Berger | The Water's Fine, but Is It Kosher? The New-York Times[END_REF]. Their importance in term of abundance and dispersion makes them a key component of biogeochemical cycles, especially the carbon cycle.

I.1.3 The cornerstone of Earth's biogeochemical cycles

Oceans and plankton play an incredible role in shaping life on Earth, particularly through oxygenic photosynthesis i.e the production of dioxygen using CO 2 . Phytoplankton now produces 45% of available oxygen in the Earth system. The first fossil record of a cyanobacteria dates back to ~1.9Gy, extracted from Belcher Islands in Canada, and the first massive rise of oxygen has been estimated at ~2.35Gy [START_REF] Fischer | Evolution of Oxygenic Photosynthesis[END_REF], an event also known as the Great Oxidation (but "whiffs" of oxygen were detected even earlier [START_REF] Fischer | Evolution of Oxygenic Photosynthesis[END_REF], with no clear explanations). This shift between the first fossils and the rise of oxygen is explained by the scarcity of the fossil record and the difficulties to interpret it. Moreover, plankton continued to be at the origins of this rise, with the apparitions of small photosynthetic eukaryotes through the endosymbiosis of cyanobacteria. Then, since Proterozoic, oxygen levels gradually rose to the present levels, with a peak during Carboniferous, notably by the apparition of land plants that originated from planktonic photosynthetic species. The development of more complex eukaryotes which gained the capacity to use carbon for cellular walls of silice or plates of calcite (e.g diatoms, coccolithophores) or exoskeleton (e.g crustaceans or pteropods) also impacted the levels of atmospheric CO 2 through their slow precipitation on the seabed after their death.

By integrating carbon to produce organic matter, plankton thus forms a gigantic biological pump for carbon (figure I.5). Indeed, phytoplankton uses the carbon for cellular components and by photosynthesis, and are then grazed by higher trophic levels, like herbivorous protists and zooplankton. Thereby, zooplankton is a cornerstone for carbon cycle [START_REF] Steinberg | Zooplankton and the Ocean Carbon Cycle[END_REF], notably because of several characteristics. For example, they excrete their food through fecal pellets that slowly fall on seabed, accumulating the carbon in the deepest layers of oceans. In the same way, copepod species are able to perform what we call a duel vertical migration, meaning that they migrate in the mesopelagic zone (even some weeks for calanoids), and provide in this area the carbon absorbed in upper layers by fecal pellets and respiration.

In parallel, bacteria are capable to use the dissolved organic carbon (DOC) produced by phytoplankton and zooplankton (through excretion and sloppy feeding) for their own metabolism, thus reintegrating these particles into the carbon cycle by respiration or by being grazed by organisms from higher trophic levels like zooplankton, constituting the microbial loop. As a result, species like foraminifers (protists) offer an impressive fossil record for climatologists. Sediments are central for the study of past climate, because the sinking organisms or benthic species accumulated specific carbon and oxygen isotopes specific of the atmosphere of their time to grow and live. Recently, this enabled the reconstitution of Cenozoic variations of carbon, oxygen and temperature [START_REF] Westerhold | An astronomically dated record of Earth's climate and its predictability over the last 66 million years[END_REF].

I.1.4 Plankton and human

Understanding the plankton world is important for humanity, since these organisms are at the basis of fish resources. The latter are indirectly correlated with primary production (Chassot , 2010), because larvae and small fishes feed on zooplankton, and particularly on copepods [START_REF] Gusmão | No evidence of predation causing female-biased sex ratios in marine pelagic copepods[END_REF][START_REF] Abo-Taleb | Importance of Plankton to Fish Community[END_REF][START_REF] Bouchard | The importance of Calanus glacialis for the feeding success of young polar cod : a circumpolar synthesis[END_REF], that themselves depend on the availability of species from lower trophic levels. Plus, fishes use the oxygen produced by phytoplankton for respiration. In 2016, the Food and Agriculture Organization of the United Nations (FAO) issued a report [START_REF] Fao | La situation mondiale des pêches et de l'aquaculture. Contribuer à la sécurité alimentaire et à la nutrition de tous[END_REF] where the organization showed that 56,6 millions of persons worked in fishery (see Table 10 of the report), and that fishery is an important source of income for developing countries. Nonetheless, fishes stocks tend to be more and more under high saturation, with a rate of under-exploited resources that dropped from 40% to 10% in 30 years (figure I.6), which can have negative effects on marine ecosystems [START_REF] Smith | Impacts of fishing low-trophic level species on marine ecosystems[END_REF]. Furthermore, climate change is supposed to disrupt the populations of fishes, as illustrated by the cod recruitment due to changes in temperatures and in the composition and abundance of zooplankton preys [START_REF] Beaugrand | Plankton effect on cod recruitment in the North Sea[END_REF]. In a context of climate change and high marine pollution, the future of this sector must be watched with high scrutiny.

Plankton has also a direct influence on our modern industrial societies. In fact, fossil energies extracted from oil, gas and coal in part originate from dead organisms that sedimented on the seabed millions of years ago [START_REF] Vandenbroucke | Kerogen origin, evolution and structure[END_REF]. As seen previously, these organisms store carbon in their bodies, by developing exoskeletons or calcite plates (especially calcifiers), and sink on the seabed slowly forming sedimentary layers. At such depths, the rarity of oxygen favors anaerobic bacteria that extract oxygen and nitrogen from the organic component, patiently transforming these sediments into a carbon-and hydrogen-rich kerogen.

Then, as the layers accumulate, their mass increases and the kerogen and the forming source rock sink into the continental crust. This results to increase the pressure and the geothermic temperature which turn the kerogen into oil and gas, depending on the temperature [START_REF] Vandenbroucke | Kerogen origin, evolution and structure[END_REF]. Hence, the need for rarefying fossil energies will push countries, research and companies to exploit offshore oil and gas that mainly originate from plankton.

I.1.5 The threat of climate change

Climate change is a challenge for the future of humanity, which itself is at the source of the main changes. Particularly through the combustion of fossil energies, such as oil or coal, and the massive deforestation, the levels of greenhouse gas emissions is dramatically increasing since the middle of the XIXth century, notably CO 2 . The International Panel on Climate Change (IPCC) reminded the situation in its special 1.5 • C report of 2019, with a clear stress on the need to remain under a warming of 1.5 • C (since pre-industrial period) at the end of the century, by limiting CO 2 emissions (IPCC, 2018;[START_REF] Allen | Framing and Context[END_REF]. To date, according to different estimations, human activities led to an increase circa 1 • C compared to pre-industrial levels (IPCC, 2018). These levels of CO 2 caused significant climate changes and have diverse and direct consequences on oceans.

First, increasing levels of CO 2 in atmosphere will have direct consequences on oceans, through acidification [START_REF] Pelejero | Paleo-perspectives on ocean acidification[END_REF]. Briefly, the higher dissolution of atmospheric CO 2 into oceans will decrease the availability of carbonate ions CO 3 2 -, thus reducing the calcification capacities of multiple organisms. These species can use calcium associated with carbonate ions to produce their skeletons or shells. Effects on coral reefs [START_REF] Hoegh-Guldberg | Climate change, coral bleaching and the future of the world's coral reefs[END_REF][START_REF] Hoegh-Guldberg | Change and Ocean Acidification[END_REF], representing incredibly diverse ecosystems [START_REF] Porter | Reef Ecosystems: Threats to their Biodiversity[END_REF], exemplify the catastrophic changes acidification can have on oceans. The response of marine plankton to ocean acidification is also expected to be important. The decrease of pH could have various effects on the expression of genes involved in calcification, at small timescales [START_REF] Maas | Transcriptome-wide analysis of the response of the thecosome pteropod Clio pyramidata to short-term CO2 exposure[END_REF][START_REF] Johnson | Transcriptomic response of the Antarctic pteropod Limacina helicina antarctica to ocean acidification[END_REF]. For example, many pteropods, small holoplanktonic mollusks known as "sea angels" (Gymnosomata) or "sea butterflies" (Thecosomata) (see figure I.1H, which represents a Gymnosomata shell-less species), are calcifier producing an aragonite shell to protect their body and could be affected by acidification. In the same way, as phytoplankton depends on dissolved CO 2 and as many are calcifiers, acidification is thought to disrupt the populations [START_REF] Collins | Evolutionary potential of marine phytoplankton under ocean acidification[END_REF]. However, this capacity of adaptation or acclimation can vary between taxonomic groups as illustrated with the different responses experienced by calanoid and Oithona spp., two taxa of copepods characterized by different life histories [START_REF] Lewis | Sensitivity to ocean acidification parallels natural pCO2 gradients experienced by Arctic copepods under winter sea ice[END_REF]. We see that the relative effects of acidification would depend mostly on the life traits of the species and their place in the trophic chain.

Second, the increase of greenhouse gas levels in the atmosphere also leads to global warming, resulting in an increase of mean water surface temperature. The rise of surface sea temperature (SST) causes a higher stratification of the water column, preventing deeper and nutrient-rich waters to mix with surface water. Furthermore, as the solar irradiation goes stronger, the maximum depth of the euphotic zone will also increase, provoking light damage to the part of plankton not adapted to higher irradiance. In a "horizontal" perspective, it will also push planktonic species to "move" to oceanic areas that better fit their ecological niche, which means that we will supposedly witness a migration to higher latitudes. The difficulties for some species to adapt to new temperatures and a higher competition with other species could probably lead some of them to their extinction. Thereby, these disturbances in planktonic ecosystems will also disrupt the trophic chain and the role of biological carbon pump of plankton that won't be able to fill its role anymore and aggravate the situation. These disturbances due to a warming world have already been documented with important biological shifts for different species [START_REF] Poloczanska | Global imprint of climate change on marine life[END_REF][START_REF] Beaugrand | Prediction of unprecedented biological shifts in the global ocean[END_REF].

Aside from climate changes, other anthropogenic threats weight on plankton. For example, the large quantities of plastic dropped to the sea since the end of the XXth century [START_REF] Jambeck | Plastic waste inputs from land into the ocean[END_REF] have actual aftermaths in the behaviour of marine ecosystems, particularly on bacteria [START_REF] Debroas | Plastics in the North Atlantic garbage patch: A boatmicrobe for hitchhikers and plastic degraders[END_REF][START_REF] Jacquin | Microbial ecotoxicology of marine plastic debris: A review on colonization and biodegradation by the "plastisphere[END_REF]. Indeed, what is called plastisphere represents the new microbial life living and colonizing plastic surfaces that drift along currents, showing the rapid way plankton can adapt.

I.2 Population genomics of marine plankton

Population genetics focus on the examination of genetic variations among populations of species.

Today, it mainly focuses on site polymorphism, known as single-nucleotide polymorphism (SNP), called on genetic markers, whole-genome, exomes or transcriptomes. This field has a long history but formerly originated from mathematical theory and from the work of Ronald A. Fisher, John B.S Haldane and Sewall Wright between 1920and 1950[START_REF] Crow | Population Genetics History: A Personal View[END_REF][START_REF] Charlesworth | Population genetics from 1966 to 2016[END_REF]. The first achievement of population genetics was to link together Mendelian theory of heredity to the evolutionist concepts stated by Charles Darwin and particularly pointed the acting role of selection in populations. In 1968, the Japanese biologist Motoo Kimura presented the basis of the Neutral Theory of Molecular Evolution [START_REF] Crow | An introduction to population genetics theory[END_REF][START_REF] Jensen | The importance of the neutral theory in 1968 and 50 years on: a response to Kern & Hahn[END_REF] which conversely claimed that most of the mutations arising in genomes do not have impact on fitness. Mutations are considered as generally neutral or "nearly" neutral mutations, and can then be fixed in the population by random effects; this is the genetic drift.

I will describe four main mechanisms acting on the genome evolution, which are recombination, drift, selection and migration.

Recombination is an important concept to study evolution. Crossing-overs can occur between alleles belonging to the same haplotypes, reshuffling alleles association in genome. It is estimated by the notion of linkage disequilibrium (LD), which is a non-random association between pairs of SNPs along the genome, reflecting the importance of recombination between two genomic loci. The rapid availability of data showed, as expected, how LD between loci sharply decreased with genomic distance [START_REF] Charlesworth | Population genetics from 1966 to 2016[END_REF]. The estimation of the rate of recombination using LD helped to calculate the recombination rate 4N e.r, where r is a the regional recombination rate and Ne the effective population size. To note, the latter is thought as the minimum number of individuals of an idealized Wright-Fisher population (fixed mutation rate over time, panmitic populations, no migration, same number of offspring and constant population size) under selected parameters (such as nucleotidic diversity) that match the actual parameters of the population. Several methods can estimate Ne, such as coalescence, heterozygosity estimations or LD estimators [START_REF] Charlesworth | Fundamental concepts in genetics: Effective population size and patterns of molecular evolution and variation[END_REF][START_REF] Wang | Prediction and estimation of effective population size[END_REF]. Generally, Ne is smaller than the real N of the population as illustrated in humans with Ne estimated below 7,000 individuals [START_REF] Tenesa | Recent human effective population size estimated from linkage disequilibrium[END_REF][START_REF] Park | Effective population size of current human population[END_REF], depending on the population.

Estimating effective population size helps to evualuate the effects of random events in populations, or genetic drift. Genetic drift arises from a lot of diverse phenomena that randomly fix alleles in a population, but actually measuring it is often difficult. The most notable effects on drift are demographic events such as population bottlenecks that happens when the size of the population is drastically reduced by random events (disease, sudden environmental changes, anthropogenic activities...) or by the migration of a small portion of the population (i.e founder effect), which considerably decreases genetic diversity among new populations. The relative number of females and males and inbreeding are also factors modulating Ne and genetic drift.

Drift can be balanced by natural selection. The latter can have diverse effects, but I will mainly describe positive and purifying selections. Positive selection occurs when a new mutation offers a gain of fitness for the individuals carrying it, or when a standing neutral variation becomes interesting in new environmental conditions. Standing variations have a better chance to be advantageous and rapidly selected in new environments compared to new mutations, because they are older than mutations, and have thus passed a "selective filter" that ensured their non-deleterious effects [START_REF] Barrett | Adaptation from standing genetic variation[END_REF]. On the opposite, selection can be purifying (also defined as negative), meaning that it has the beneficial effect of discarding deleterious alleles from a population. When selection occurs on beneficial positions, the adaptive alleles can "hitchhike" non-adaptive neighbouring alleles in the genome during its fixation. This provokes the phenomenon of genetic sweeps which results in a lower nucleotidic diversity around the adaptive locus. Depending on the origin and on the number of selected alleles, selection can lead to hard (one rare and strongly beneficial locus) or soft (multiple adaptive alleles at the same locus) sweeps, and can respectively originate from selection on de novo mutations or standing variations [START_REF] Messer | Population genomics of rapid adaptation by soft selective sweeps[END_REF]. Some argue that these patterns of lower diversity instigated by selection are more important in shaping genome polymorphism than the effects of drift, because virtually all positions of the genome have been indirectly affected by selection more or less recently, consequently challenging the primacy of the neutral theory over selection [START_REF] Kern | The Neutral Theory in Light of Natural Selection[END_REF].

The balance between drift and selection is indirectly link to the size and the genetic diversity of the populations [START_REF] Crow | An introduction to population genetics theory[END_REF]. In large populations drift will have a lower impact than in smaller populations, because allele fixation in the whole population is difficult to reach. In parallel, purifying selection is more efficient in large populations, because deleterious alleles can easily be discarded from the individuals carrying it and the high genetic diversity is prone to produce advantageous variations. As we will see, these observations are important when we want to apply classical population genetics to the particularities of marine plankton.

Migration is also an important force for genome evolution, notably towards selection [START_REF] Lenormand | Gene flow and the limits to natural selection[END_REF], favoring gene flow between populations by admixing individuals from different areas (e.g in dromedaries [START_REF] Lado | Genome-wide diversity and global migration patterns in dromedaries follow ancient caravan routes[END_REF]). Migrations are tied to the dispersal capacities of species and to the landscape and barriers they face. Gene flow leads to a decrease of genetic variations between divergent populations, but to higher intra-population variations. This provides new alleles in the admixed populations, that can be non-adaptive or selected [START_REF] Morjan | How species evolve collectively: Implications of gene flow and selection for the spread of advantageous alleles[END_REF][START_REF] Nürnberger | Ecological Genetics[END_REF], as nicely exampled with modern humans and Neanderthal [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF].

Recently, given the rise of new sequencing technologies, the notion of population genomics was proposed to take into account the increasing amount of data over genomes themselves and not only on small portions of them.

I.2.1 Concepts of population genetics in marine microbiology

In marine plankton, and as in terrestrial organisms in general, population genomics intertwines with biogeography and connectivity. Biogeography defines the living range of species and is closely linked to the concept of ecological niches, i.e the biological and physical factors that allow the species to live in a given location. Describing a species biogeography requires to identify the extent of the species, and to understand which factors contribute to it. Connectivity describes the links between these locations and uses such proxies like abundance, composition and genetics. Scientists often try to explain how a species can be located in different locations in regard to oceanic barriers and currents or environmental gradients [START_REF] Sjöqvist | Local adaptation and oceanographic connectivity patterns explain genetic differentiation of a marine diatom across the North Sea-Baltic Sea salinity gradient[END_REF].

Population genomics is thereby an interesting tool to better characterize both biogeography and connectivity within species (but also between species), assess the factors contributing to fitness and dispersion and give a quantification of gene flow between populations from different locations [START_REF] Balkenhol | Landscape Genomics: Understanding Relationships Between Environmental Heterogeneity and Genomic Characteristics of Populations[END_REF][START_REF] Hohenlohe | Population Genomics Provides Key Insights in Ecology and Evolution[END_REF]. Thereby, oceanic circulation constitutes the background of marine species compared to terrestrial beings, and is known as seascape, as a mirror to landscape. The oceanic circulation of surface waters is very complex, globally dominated by five vast gyres and the Antarctic Circumpolar current, running many local currents delimited by continental masses (figure I.7). It is governed by water masses displaced by differential densities and the force of the winds. The density of water masses is the result of their temperature and salinity, with the colder and more saline waters being denser and sinking below the warmer masses. At large scale, warm waters from the low latitudes migrate with varying speeds towards the poles (becoming colder in the process) before sinking in the depths of oceans, which is known as the thermohaline circulation [START_REF] Rahmstorf | The current climate[END_REF]. Particular but important phenomenons exist such as coastal upwellings, which are nutrient-rich water masses driven from the depths to the surface of oceans near the continents and regulated by coastal winds [START_REF] Anderson | Upwelling ecosystems[END_REF]. These rich ecosystems favor the development of organisms and are essential for the abundance of fishes. Sometimes, currents move in opposing directions, or are so different in term of density that surface waters don't even mix, constituting true oceanic front that can mimic the impact of mountains on lands.

At mesoscale, eddies can also arise periodically or permanently, isolating the water masses and disturbing phytoplankton distribution [START_REF] Fu | Remote sensing of the global ocean circulation[END_REF]). An overview of the relation between seascape and population genomics, or seascape genomics, is showed in figure I.8.

In this frame and because plankton is passively dragged over thousands of kilometers across the oceans, applying classical population genetics concepts raises several non-trivial questions. Due to this high capacity of dispersal and the apparent cosmopolitan extension of many species, it was long thought that gene flow was so important that genetic structure was rare between populations, following the "everything is everywhere, but environment selects" hypothesis stated by Lourens Baas Becking (1895Becking ( -1963Becking ( ) in 1934. . In recent years, it becomes accepted that this hypothesis has to be nuanced, and that marine currents, together with biotic interactions and environmental conditions play interpolating roles in shaping genome evolution.

Thus, the particular situation of marine plankton has several theoretical consequences.

First, the populations of plankton, from bacteria to copepods, are very large and composed of thousands to millions of organisms in local areas. For example, the count of individuals of only two species of copepods in Svalbard Archipelago can reach a million individuals per m [START_REF] Lischka | Life histories of the copepods Pseudocalanus minutus, P. acuspes (Calanoida) and Oithona similis (Cyclopoida) in the Arctic Kongsfjorden (Svalbard)[END_REF], where cyanobacteria can be present in millions of cells by millimeter depending on the location [START_REF] Flombaum | Present and future global distributions of the marine Cyanobacteria Prochlorococcus and Synechococcus[END_REF]. In this way, we could expect a high Ne in these populations and genetic drift to have a relative small effect on allele frequencies, for the simple reason that even if a population splits (due to a local marine barrier for example), this split probably concerns so many individuals that the total genetic diversity should not be affected. Attempts have been made to estimate Ne with various methods in copepods [START_REF] Bucklin | Low mitochondrial diversity and small effective population sizes of the copepods Calanus finmarchicus and Nannocalanus minor: Possible impact of climatic variation during recent glaciation[END_REF], dinoflagellates (from cysts extracted from sediments) [START_REF] Watts | A century-long genetic record reveals that protist effective population sizes are comparable to those of macroscopic species[END_REF] or jellyfishes [START_REF] Stopar | Lack of genetic structure in the jellyfish Pelagia noctiluca (Cnidaria: Scyphozoa: Semaeostomeae) across European seas[END_REF], all pointing to rather low Ne (or at least an extraordinary discrepancy between Ne and census population, like in chaetognaths [START_REF] Peijnenburg | Present-day genetic composition suggests contrasting demographic histories of two dominant chaetognaths of the North-East Atlantic, Sagitta elegans and S. setosa[END_REF] that may be due to relatively recent but strong demographic histories (such as the hypothetical effect of last glaciation on Pseudocalanus [START_REF] Aarbakke | Comparative phylogeography and demographic history of five sibling species of Pseudocalanus (Copepoda: Calanoida) in the North Atlantic Ocean[END_REF], or the closure of the Isthmus of Panama on Clausocalanus [START_REF] Blanco-Bercial | Comparative phylogeography and connectivity of sibling species of the marine copepod Clausocalanus (Calanoida)[END_REF]). Yet, these results are partial because estimating Ne requires haplotypes and the use of coalescent theory and progress could be made by analysing more powerful data with accurate tools.

A corollary is that selection is probably a strong force to be taken into account for multiple reasons (Peijnenburg and Goetze, 2013). First, the generation time of these micro-organisms is short (a maximum of a few weeks for some copepods, and days for bacteria and archaea), and they produce numerous offspring, which in theory would increase the genetic diversity inside a population, because of arising de novo mutations. This high diversity leads new deleterious mutations to be quickly eliminated by purifying selection, leaving numerous standing variations prone to directional selection [START_REF] Barrett | Adaptation from standing genetic variation[END_REF] in response to changing environmental conditions that characterize oceans. The adaptive capacities of plankton are highly suspected in a number of cases and lineages (Peijnenburg and Goetze, 2013;[START_REF] Collins | Evolutionary potential of marine phytoplankton under ocean acidification[END_REF], especially in the context of climate changes, but work is needed to firmly assess how pervasive selection is. This relation between effective population size and selection is illustrated in figure I.9, where even a very small selection coefficient drastically impacts the fixation of a mutation in large effective population size.

The second issue is that while terrestrial organisms can "escape" uncomfortable environments by migration, plankton is forced to constantly migrate by marine currents which has several consequences. Along their forced trip, populations encounter varying environmental conditions (temperature, salinity, light...). Plus, we should observe a probable high admixture between populations of the same species, and maybe even of distinct species which adds a layer of complexity. For example, in Canalus species (copepods) two different surveys on hybridization and admixture, which analysed the same species but on different genetic markers, gave contradictory results [START_REF] Parent | Natural hybridization between Calanus finmarchicus and C. glacialis (Copepoda) in the Arctic and Northwest Atlantic[END_REF][START_REF] Choquet | Genetics redraws pelagic biogeography of Calanus[END_REF]. Moreover, the seasonal patterns of some marine currents can sometimes isolate populations from others at least for a certain time, and then admixed them again, meaning that populations are characterized by several events of isolation and admixture at relatively small timescales (figure I.8). Moving from a place to another can also theoretically disrupt biotic interactions between preys, grazers and predators, because these species adapt differently to new environments or because populations face species that were not present at the beginning. For example, it has been demonstrated that copepods can choose to target a range of selected strains of the Skeletonema marinoi diatom, showing how grazing can supposedly impact genetic diversity of diatoms populations [START_REF] Sjöqvist | Effects of Grazer Presence on Genetic Structure of a Phenotypically Diverse Diatom Population[END_REF]. The links between biotic interactions and plankton evolution have yet been understudied.

Altogether, these theoretical statements show that (i) drift should have a rather low effect on genomes, (ii) selection is a powerful force and (iii) migration is a process forcing populations and species to face varying environments and favoring admixture. The highest effect of drift and neutral evolution was noted in a simulation study with bacteria as a model [START_REF] Hellweger | Biogeographic patterns in ocean microbes emerge in a neutral agent-based model[END_REF], showing that the previous statements are still debated among the community (Delmont et al., 2019). This situation reveals how complex applying classical population genetics concepts to marine micro-organisms can be, and the caveats to avoid when considering plankton populations.

I.2.2 Frame of analysis: resources and methods

The main challenge for plankton population genomics studies is the nature of plankton, which brings itself its own obstacles, both technical and biological.

The first step to study plankton from a molecular point of view is to sample and identify the different species contained in a water volume. This requires boat maintenance, using proper mesh and filters (Gallienne, 2001) and an expertise to identify and sort the desired species with the right key of identification. Moreover, identifications based on morphology are not always able to discriminate between the different life stages of a species, can overlook the exis-tence of cryptic species and is prone to misdiagnoses by non-expert scientists. Furthermore, debates over the identification of species naturally exist, like in the case of Oithona similis and Oithona helgolandica, previously considered as two morphologically close species of copepods [START_REF] Cepeda | On the uncertainty beneath the name Oithona similis Claus, 1866 (Copepoda, Cyclopoida)[END_REF].

Another related problem is to sequence many individuals in order to gain access to accurate estimations of population genomics parameters. Sorting enough individuals is a difficult task.

Plus, it is not always possible to sequence individuals separately for different populations, due to the small amount of DNA retrieved from isolated individuals and the cost of sequencing.

Finally, the cultivation or the production of these organisms is useful to obtain genomes or transcriptomes, particularly for genetic studies. However, it is not materially feasible for all the laboratories and all the species of interest. Plus, laboratories populations do not reflect the real diversity of the natural field, since they mostly represent coastal species or organisms baring a proper ecological or economic interest.

Knowing these issues, several techniques were applied to study population genetics or genomics in marine micro-organisms, from in situ sampling. I will here describe some of them.

First, a widely used method is the use of marker genes, or DNA barcodes [START_REF] Ebach | Cladistics accessibility and impact evaluation[END_REF] to assert population structure or abundance. The principle is to sequence, by PCR amplification using a universal primer, a rather small, slowly evolving gene. Depending on the clade and the marker targeted, it can have a resolution as far as the subspecies level. There are today a collection of markers (microsatellites, mitochondrial gene cytochrome c oxidase subunit I (mCOI) [START_REF] Hebert | Biological identifications through DNA barcodes[END_REF][START_REF] Porter | Automated high throughput animal CO1 metabarcode classification[END_REF], internal transcribed spacers (ITS), 18S and 16S rRNA/rDNA, petB gene for bacteria...). From these marker loci extracted from individuals, alleles and haplotypes can be estimated, and a proper genetic structure or phylogenetic analysis can be conducted. Through years, the enhancement of barcodes databases, combining morphological identification and genetics, greatly helped to understand the biodiversity in oceans as exampled with metazoans and mCOI [START_REF] Bucklin | A 'Rosetta Stone' for metazoan zooplankton: DNA barcode analysis of species diversity of the Sargasso Sea (Northwest Atlantic Ocean)[END_REF]. These methods are less costly than the following ones and protocols can be easily applied notably through known primer sequences and PCR amplification. Yet, marker genes have several limits, for example in the case of the mCOI only inherited by matrilineality, and are in consequence poorly representative of species evolution.

A second approach is to capture SNPs. SNPs are genetic variations used as markers that enable a genome-wide or transcriptome-wide view of demographic histories and selection, and can be called by hundreds or thousands. Three main ways are used in plankton studies to retrieve SNPs. Generally, variant calling requires a reference genome to be performed.

Constructing reference genomes also offers insights for the genomic context of the SNPs, the functions of genes or to build recombination map of the genome. In this perspective, a needed effort led to improve the databases by sequencing individuals from marine samples. For Archaea and Bacteria, hundreds of genomes have been produced en masse since a decade [START_REF] Wu | A phylogeny-driven genomic encyclopaedia of Bacteria and Archaea[END_REF][START_REF] Kyrpides | Genomic Encyclopedia of Bacteria and Archaea: Sequencing a Myriad of Type Strains[END_REF][START_REF] Whitman | Genomic encyclopedia of bacterial and archaeal type strains, phase III: The genomes of soil and plant-associated and newly described type strains[END_REF][START_REF] Mukherjee | 1,003 Reference Genomes of Bacterial and Archaeal Isolates Expand Coverage of the Tree of Life[END_REF]. Nevertheless, in population genomics, many questions can be addressed without the need to call variants from genomes, but only by looking at a sufficient proportion of a genome. This avoids the difficulties of genomes complexity (duplications, repeated regions that are uninformative) and size, which can be high in eukaryotes where genomes can reach several giga base pairs (e.g zooplankton, figure 1 of Bucklin et al. (2018) and figure 1D of [START_REF] Jørgensen | The genome and mRNA transcriptome of the cosmopolitan calanoid copepod acartia tonsa dana improve the understanding of copepod genome size evolution[END_REF] for copepods ). In this purpose, genome reduction sequencing methods, which target local regions of genomes, became widely popular and especially for research on non-model species [START_REF] Ekblom | Applications of next generation sequencing in molecular ecology of non-model organisms[END_REF].

In comparison to whole-genome sequencing, transcriptome sequencing only focuses on transcribed parts of the genome, and can be more interesting because mRNA is more abundant in cells. In consequence, tremendous efforts have been made to offer a collection of eukaryotic transcriptomes, for example by the Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) [START_REF] Keeling | The Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP): Illuminating the Functional Diversity of Eukaryotic Life in the Oceans through Transcriptome Sequencing[END_REF][START_REF] Johnson | Re-assembly, quality evaluation, and annotation of 678 microbial eukaryotic reference transcriptomes[END_REF] that produced 678 transcriptomes (mainly protistan). In the Station Marine de Roscoff, a collection of eukaryotic species (bacteria, algae and protists) was constituted via cultures, which enabled transcriptomes and barcodes sequencing (Station Biologique de Roscoff). Another approach is the restriction siteassociated DNA sequencing (RADseq, ddRAD-seq, 2b-RAD), which offered an interesting tool for non-model organisms [START_REF] Andrews | Harnessing the power of RADseq for ecological and evolutionary genomics[END_REF], since it uses restriction enzymes that digest portions of DNA to retrieve SNPs. These methods are relatively cheap and straightforward, but demand a high quality and quantity of DNA, which can be limiting. To date, RADseq was used to study the structure of the copepod Centropages typicus (Blanco-Bercial and Bucklin, 2016).

Authors obtained around 1,000 SNPs that gave a contrasted outcome compared to a previous study on mitochondrial markers [START_REF] Castellani | Morphological and genetic variation in the North Atlantic copepod, Centropages typicus[END_REF]. In contrast with RADseq, sequence capture enrichment or targeted resequencing can be used. These protocols require less DNA but also need to know the sequences to target. The method is based on the hybridization of probes to complementary genomic sequences [START_REF] Mamanova | Target-enrichment strategies for next-generation sequencing[END_REF]. For example, designing probes based on 5'UTR sequences determined from transcriptomes was successfully applied in the copepods Calanus finmarchicus [START_REF] Choquet | Towards population genomics in non-model species with large genomes: A case study of the marine zooplankton Calanus finmarchicus[END_REF].

I.2.3 Examples of population genetics and genomics studies

To date, many species have been investigated through the population genetics point of view.

When looking at literature, phytoplankton and protists seem still understudied compared to zooplankton. This is mainly due to the hard task to isolate individual cells to retrieve sufficient quantities of DNA for sequencing, which is even harder for unicellular organisms.

I.2.3.1 Prokaryotes

In cyanobacteria, the study of Mediterranean Sea Synechococcus and Prochlorococcus ecotypes revealed a more important structure of the former species populations inside the basin, which was supposedly influenced by environmental factors (light and temperature) [START_REF]Is the distribution of Prochlorococcus and Synechococcus ecotypes in the Mediterranean Sea affected by global warming?[END_REF]. Another important study focused on Prochlorococcus using single-cells genomics by ITS-rDNA sequencing (known to be linked to ecotypes definition of Prochlorococcus) and whole-genome sequencing [START_REF] Kashtan | Single-cell genomics reveals hundreds of coexisting subpopulations in wild Prochlorococcus[END_REF]. They discovered that at the same place but at three different periods, important subpopulations of Prochlorococcus were present, with relatively high differentiation (reflected by 75% of the core genes showing high F ST values. At the end, they emphasized the potential role of selection in this pattern. Generally, for prokaryotes, genetic markers are more used to perform phylogenetic analyses, as exampled, again, in cyanobacteria and the marker gene petB [START_REF] Doré | Evolutionary mechanisms of long-term genome diversification associated with niche partitioning in marine picocyanobacteria[END_REF].

I.2.3.2 Protists

An elegant example of protistan population genetics study is the diatom genus Skeletonema based on hyper-variable region of nuclear LSU rDNA [START_REF] Kooistra | Global Diversity and Biogeography of Skeletonema Species (Bacillariophyta)[END_REF]. This genus comprises several morphologically distinct species that sometimes hide differences in genotypes.

The study focused on 182 strains of 11 species, and found for example a more flawed distinction between two species (S. dohrnii and S. marinoi) than previously described, because some of the genotypes analysed seemed very close for two distinct species. Another study focused on the dinoflagellate Alexandrium catenella which invaded the Thau lagoon, France years ago [START_REF] Masseret | Unexpected genetic diversity among and within populations of the toxic dinoflagellate Alexandrium catenella as revealed by nuclear microsatellite markers[END_REF]. Studying both ribosomal markers and microsatellites, the analysis revealed the lack of diversity inside the Thau lagoon, and the relative genetic diversity of close lineages in Japan. It also gave clues on the origins of this invasive species. In addition, a study focused on a relatively restricted area of four Antarctic lakes, and used the dinoflagellate Scrippsiella aff. hangoei as a model to understand the connectivity between the lakes, which revealed different subpopulations [START_REF] Rengefors | Polar lakes may act as ecological islands to aquatic protists[END_REF]. However, population genetics studies on phytoplankton remain rare, and often focus on biogeography or phylogeny (like Pelagomonas [START_REF] Worden | Global distribution of a wild alga revealed by targeted metagenomics[END_REF]), due to the previously mentioned technical issues for DNA or RNA extraction and unknown ploidy.

I.2.3.3 Zooplankton

A protostomian clade, Chaetognatha, revealed how differences in the type of markers that scientists decide to study can be important. Indeed, several showed how intra-specific variations were important in Eukrohnia sp. when using mCOI [START_REF] Kulagin | Spatial genetic heterogeneity of the cosmopolitan chaetognath Eukrohnia hamata (Möbius, 1875) revealed by mitochondrial DNA[END_REF], even compared with morphology [START_REF] Miyamoto | Global phylogeography of the deep-sea pelagic chaetognath Eukrohnia hamata[END_REF], but the use of ITS markers nuanced this observation and presented a rather low intra-specific diversity in Caecosagitta macrocephala [START_REF] Miyamoto | Global phylogeography of the deep-sea pelagic chaetognath Eukrohnia hamata[END_REF]. The exceptional mCOI variability of Chaetognatha was confirmed in a more recent study [START_REF] Marlétaz | Extreme Mitogenomic Variation in Natural Populations of Chaetognaths[END_REF]. In the same way, the comb jelly Mnemiopsis leidyi, from the early-diverging metazoan lineage Ctenophora, also displayed a widespread biogegraphy, and showed discordant patterns between mCOI and microsatellite markers in several studies [START_REF] Pérez-Portela | Population Genomics of Early-Splitting Lineages of Metazoans[END_REF]. The former presented more local genetic breaks where the analysis of the latter did not tend to confirm these population structures. Moreover, the analysis of mCOI and 28S DNA in the genus Cuvierina (pteropods) [START_REF] Burridge | Global biogeography and evolution of Cuvierina pteropods Phylogenetics and phylogeography[END_REF] showed a good correlation with identified morphotypes of the species, with a potential population differentiation between Northern and Southern Atlantic gyres. Notably, the two markers showed concordant results, with 28S DNA giving nevertheless a lesser amount of variation than mCOI.

I.2.3.4 The case of copepods

The most studied planktonic animals in population genetics are copepods. A vast literature now exists on these animals, with a wide range of situations. In the review of Peijnenburg and Goetze (2013), 32 studies on copepods are reported, with almost all of them that used mitochondrial genes, or allozymes for the older ones. Works mainly focus on Calanus species, other epipelagic species like cyclopoids remains overlooked. In Arctic, Calanus glacialis presents almost no structure, with only one cluster appearing from the STRUCTURE analysis using 11 microstaellites (Weydmann et al., 2016). Using microsatellites with mitochondrial CYTB also revealed a lack of structure between Atlantic/subpolar populations of Calanus finmarchicus [START_REF] Provan | High dispersal potential has maintained longterm population stability in the North Atlantic copepod Calanus finmarchicus[END_REF]. These results were recently confirmed with a powerful approach using SNPs from individuals [START_REF] Choquet | Towards population genomics in non-model species with large genomes: A case study of the marine zooplankton Calanus finmarchicus[END_REF], even if C. glacialis presented a slightly higher differentiation than C. finmarchicus. A two-species study on Calanus agulhensis and Calanus sinicus showed both a lack of divergence between and a weak structure between South Africa and Japan populations [START_REF] Kozol | Multi-Gene Analysis Reveals a Lack of Genetic Divergence between Calanus agulhensis and C. sinicus (Copepoda; Calanoida)[END_REF]. The latter species also presented complicated patterns of population differentiation in samples from Taiwan, Japan and Korea, with higher values using ITS1 compared to mitochondrial genes [START_REF] Schizas | Population genetic patterns of the copepod Calanus sinicus in the northwest Pacific[END_REF]. These studies demonstrate that there are numerous cases of absence of structures even at macro-scale.

In a work focusing on five different species of Pseudocalanus using mCOI, cytochrome b and ITS1 markers, different patterns were observed depending on the species in Northern Atlantic [START_REF] Aarbakke | Comparative phylogeography and demographic history of five sibling species of Pseudocalanus (Copepoda: Calanoida) in the North Atlantic Ocean[END_REF]. P. minutus, P. elongatus and P. moultoni displayed relatively weak structures and demographic inferences showed that these species probably have undergone population expansion or stabilization since the last glaciation. Conversely, P. ascupes and P.

newmani were relatively differentiated, the former enduring a probable bottleneck during the last glaciation. In a parallel study in the Bering Sea and Northern Pacific Ocean [START_REF] Questel | Phylogeography and connectivity of the Pseudocalanus (Copepoda: Calanoida) species complex in the eastern North Pacific and the Pacific Arctic Region[END_REF], authors confirmed the high diversity of P. newmani and P. ascupes and the low structure of P. minutus. In addition, they analysed P. mimus which displayed strong structures in this area. By testing models of migrations, significant patterns of connectivity were observed between Arctic and Northern Pacific. The two studies demonstrate how each species present specific patterns of differentiation compared to very closely-related ones.

Interestingly, an analysis targeting two species, Eucalanus hyalinus and Eucalanus spinifer globally presented a basin-scale differentiation of the two species, with subtle differences and species-specific biogeography and connectivity (Goetze, 2005). The same team repeated the same approach with Pleuromamma piseki and Pleuromamma gracilis and also showed that the mCOI analysis differed from morphological definitions [START_REF] Halbert | High Cryptic Diversity across the Global Range of the Migratory Planktonic Copepods Pleuromamma piseki and P. gracilis[END_REF]. In parallel, they also discriminated several clades inside these species, with some clades being widely distributed and others more local, with a general basin-scale structure. The same kind of patterns was observed in Pleuromamma xiphias, with a potential effect of depth on population structure, adding a vertical component to differentiation (Goetze, 2011). In Oithona similis, the same basin-scale patterns were observed via mCOI sequencing (Cornils et al., 2017).

Also, using metagenomics (see next section), a study deciphered the differentiation of Oithona nana populations between Western and Eastern Mediterranean Sea (Madoui et al., 2017).

Altogether, these species are good illustrations of genomic differentiation at the scale of basins.

Finally, other particular patterns can be described, such as the case of Metridia lucens in Southern Atlantic, which stratified northward between two sub-clades, using mCOI and rDNA ITS1 and 2 [START_REF] Stupnikova | Genetic variability of the Metridia lucens complex (Copepoda) in the Southern Ocean[END_REF]. Also, weird patterns are observed in Calanoides natalis in eastern Atlantic, a copepod living in upwellings [START_REF] Höring | Population genetic structure of Calanoides natalis (Copepoda, Calanoida) in the eastern Atlantic Ocean and Benguela upwelling system[END_REF]. By analysing three groups of stations with different depths (Spain, Canary islands and Benguela), it shows that the station from Spain seems closer to Benguela stations than to Canary stations and that northern Benguela surface stations were closer to northern hemisphere than to northern Benguela deep waters. These examples show how much patterns can differ between depths and how the choice of sampling locations to study is important.

Hence copepods well illustrate the complexity of marine plankton population differentiation, with a series of cases, from high local structuring to panmixia over thousands of kilometers, even for related species. We also witness the discrepancy of results between the different analysed markers, with a strong preference for genome-wide SNPs that offer less biased observations, but few studies exploited these data for now.

I.2.4 Examples of adaptation and acclimation in marine plankton

Adaptation and acclimation are two ways of evolution for individuals and populations in relation to their environment (Whitehead, 2012). Adaptation is the result of selection, which favors specific genes that improve the fitness of individuals. Acclimation is the response of individuals or populations to a modified environment during their lifetime, and can notably be detected by analysing gene expression. in a world like oceans, adaptation and acclimation are probably central for the evolution of plankton, and examples illustrate it in literature.

I.2.4.1 Adaptation and natural selection

Despite the supposed importance of natural selection as a strong force of evolution, examples of adaptation in planktonic species are not numerous. To properly analyse selection, several methods can be applied like experimental evolution on traits impacting fitness, scanning the genome for evidence of unusual F ST signatures (F ST -outliers) such as FLK [START_REF] Bonhomme | Detecting selection in population trees: The Lewontin and Krakauer test extended[END_REF], or identifying windows of low nucleotidic diversity that can be genomic footprints of selection [START_REF] Vitti | Detecting natural selection in genomic data[END_REF].

In prokaryotes, a recent work revealed how evolutionary processes were involved in the biogeography of the abundant SAR11 α-proteobacteria (Delmont et al., 2019). By analysing the selection at the aminoacid level or SAAVs (single-aminoacid variants), the study showed the efficiency of deleterious mutations removal by purifying selection, and the link with warm and cold currents.

Experimental evolution performed in the coccolithophore E. huxleyi, a calcifier organism, have shown their potential adaptive evolution in relation to ocean acidification [START_REF] Lohbeck | Adaptive evolution of a key phytoplankton species to ocean acidification[END_REF]. After 500 generations, strains adapted to higher CO 2 pressure presented better abilities for calcification and higher grow rates, showing the effect of natural selection. Other experimental evolution done for Ostreococcus over 400 generations showed that the latter species have strong adaptive capacities towards higher CO 2 due to ocean acidification [START_REF] Schaum | Environmental stability affects phenotypic evolution in a globally distributed marine picoplankton[END_REF], although fluctuating levels of CO 2 could impact the adaptive response of the lineages.

Finally, the literature found on evolution under ocean acidification of diatoms and dinoflagellates, photosynthetic beings, didn't show particular adaptive responses [START_REF] Collins | Evolutionary potential of marine phytoplankton under ocean acidification[END_REF].

These analyses performed by measuring fitness-traits in vitro are informative, and support the use of genomics and transcriptomics to analyse the impact of these experiments with molecular tools.

F ST -outlier and bayesian methods were used to detect loci under selection in Centropages typicus (Blanco-Bercial and Bucklin, 2016) but selection was not further studied. In the copepod Oithona nana, in the Mediterranean Sea, loci under potential selection were retrieved using variant calling that aligned metagenomic data on a reference genome (Madoui et al., 2017). The method to identify selection in the genome was the computation of the FLK statistics [START_REF] Bonhomme | Detecting selection in population trees: The Lewontin and Krakauer test extended[END_REF], which is an improvement of the LK and F ST statistics. Briefly, FLK distribution over loci should follow a χ 2 distribution, and outliers are loci under selection.

The advantage of this method is to not be biased to population structure. In this study, twenty loci presenting an FLK significantly different from the χ 2 distribution were considered as under selection.

As we see, despite indubitable progress, selection is still a blind spot in marine microorganisms studies. As almost all genetic studies are conducted based on highly conserved markers, selection was rarely evaluated independently in the studied species.

I.2.4.2 Acclimation and gene expression variation

Whereas adaptation acts on a relatively long time scale (several generations at least), it is expected that plankton species need to quickly react to new environmental conditions to survive. This is emphasized, again, by the passive transport of these species along the currents, but also by seasons and their subsequent changes in term of light, temperature or nutrients availability. Acclimation, or plasticity, is the process by which individuals respond to these changes, and is observed by studying varying gene expression by transcriptomics. Generally, the best way to analyse gene expression in regard to environment is differential expression, where one compares two genetically identical populations in different environmental conditions and ob-serves changes in the rate of expression.

An interesting study on the acclimation to different drivers (nitrate, pCO 2 , temperature, phosphate and irradiance) of E. huxleyi [START_REF] Feng | Effects of multiple drivers of ocean global change on the physiology and functional gene expression of the coccolithophore Emiliania huxleyi[END_REF] subjected individuals to various levels of each parameters. This comprehensive study that analysed many factors wanted to assess the roles of drivers when tested simultaneously. They discovered that phenotypes changed significantly over time. In parallel, by RNA-seq, they observed drastic variations of gene expression for transcripts involved in photosynthesis and calcification. Pteropods are also sensitive to acidification and can respond by the modulation of genes involved in biomineralization, as exampled in Clio pyramidata [START_REF] Maas | Transcriptome-wide analysis of the response of the thecosome pteropod Clio pyramidata to short-term CO2 exposure[END_REF].

Copepods are interesting to study in this perspective because of their role of indicator for water pollution. They also showed patterns of varying expression towards specific factors, such as Calanus finmarchicus and temperature [START_REF] Smolina | Reduced up-regulation of gene expression in response to elevated temperatures in the mid-Atlantic population of Calanus finmarchicus[END_REF]. Earlier, many studies focused on the response of copepods to physical, chemical (e.g copper) or biological stresses [START_REF] Lauritano | Gene expression patterns and stress response in marine copepods[END_REF] and presented varying gene expressions of targeted genes. Common garden experiments (which consist to test the effect of genetics by putting two different populations in the same environmental conditions) performed in Tigriopus californicus [START_REF] Pereira | Adaptation to a latitudinal thermal gradient within a widespread copepod species: The contributions of genetic divergence and phenotypic plasticity[END_REF] demonstrated that genetic adaptation was a strong determinant for populations resistance to temperatures, but that plasticity was common in the different populations.

However, a clear study design must be set to manage this question. In analyses using samples from the field, the cleavage between adaptation and acclimation is not always obvious since adaptive genomic variations can also affect gene expression and interpolate with strict acclimation (Whitehead, 2012). Notably, two studies tested this possible interaction in the extremophile fish Poecilia mexicana living in hydrogen sulphide (H 2 S)-rich areas [START_REF] Passow | The roles of plasticity and evolutionary change in shaping gene expression variation in natural populations of extremophile fish[END_REF][START_REF] Brown | Concordant changes in gene expression and nucleotides underlie independent adaptation to hydrogen-sulfide-rich environments[END_REF]. They compared two populations, one in this area and one in nontoxic habitat and analysed the differential gene expression and genes under potential adaptation by natural selection. They observed patterns of genes being differentially expressed and also under potential selection, leading to better understand the link between the two mechanisms.

Finally, authors attribute the observed differences in gene expression more to adaptation than to ancestral plasticity.

Therefore, in the frame of marine environment, there are clues that point to the link between adaptation and acclimation, between selection and gene expression variations in response to environment. Even if the effects and origins of both are difficult to distinguish, it would be interesting to identify them in natural populations of plankton.

I.2.5 Role of marine currents on population structure

The wide literature presented above showed different patterns of population structure: but the conclusion is often that gyres seem to act as barriers for organisms that differentiated by relatively well-defined oceanic basins. The absence of structure seems less common than previously expected, suggesting limits to dispersal and gene flow in marine plankton, together with a strong capacity to adapt in a relatively short time. This reveals the need to understand how transport by marine currents shapes genomic differentiation. This led scientists to adapt the concept of landscape genomics to marine environments, or seascape genomics [START_REF] Hansen | Landscape genetics goes to sea[END_REF]Riginos et al., 2016).

Almost all previous studies that tried to dissect the role of marine currents were done on mammals, fishes or benthic species, and not on holoplanktonic species. The simplest way to analyse the relation between genetics and seascape would be to compute Euclidean distances between locations, and perform a classical Mantel test to assess the so called isolation-bydistance (IBD) [START_REF] Diniz-Filho | Mantel test in population genetics[END_REF] which correlates genetic distance with geographic distance. But in marine environment, land masses obviously constrain the space to disperse, as well as the velocity and the direction of the currents. In consequence, different and better proxies are used to estimate marine transport such as dispersal potency of larval stages in fishes [START_REF] Dalongeville | Geographic isolation and larval dispersal shape seascape genetic patterns differently according to spatial scale[END_REF] or sponges [START_REF] Riginos | Asymmetric dispersal is a critical element of concordance between biophysical dispersal models and spatial genetic structure in Great Barrier Reef corals[END_REF], computing marine distances with least-cost path algorithm (e.g in porpoises [START_REF] Fontaine | Rise of oceanographic barriers in continuous populations of a cetacean: The genetic structure of harbour porpoises in Old World waters[END_REF]) or simulating Lagrangian particles trajectories for kelp [START_REF] Alberto | Isolation by oceanographic distance explains genetic structure for Macrocystis pyrifera in the Santa Barbara Channel[END_REF], sea cucumber [START_REF] Xuereb | Asymmetric oceanographic processes mediate connectivity and population genetic structure, as revealed by RADseq, in a highly dispersive marine invertebrate (Parastichopus californicus)[END_REF] or copepods (Madoui et al., 2017). In the latter, Lagrangian estimates helped to identify genomic clines along Mediterranean currents between Oithona populations. Globally, results often shed light on clear patterns of oceanic circulation influencing the species dispersal and migration, generally focused on restricted areas for which local currents are well-known and studied. These different approaches thus offered precious views on migration admixing the population and the impact of marine transport in these processes.

To sum up, the statement "Everything is everywhere, but the environment selects" seems to be an outdated concept. Notably, the dispersal potency of planktonic species appears as way less important than previously thought, even in zooplankton. Although several cases displayed no population structure, it seems that many species which were supposed to be cosmopolitan are way more fragmented than previously considered. The complexity of marine currents that drive species dispersion also contradict the first part of the statement. However, "The environment selects" seems more underpinned, judging by both theories and the few empiric evidence of adaptation, acclimation and high population effective size. This underlines the necessity to compare species biogeography, connectivity and population structure to environmental conditions and marine currents on a large scale. Southern Oceans between 1872 and 1876 and collected hundreds of samples, notably of the depths of oceans, from which Ernst Haeckel described and drew around 2,000 species of radiolaria (Smetacek, 2012). Die Plankton-Expedition (1889), led by Victor Hensen, surveyed the Atlantic Ocean to gather samples and attempted a first methodological approach to quantify plankton communities, a process vigorously criticized by contemporary scientists, and notably by Ernst Haeckel [START_REF] Lussenhop | Victor Hensen and the development of sampling methods in ecology[END_REF]. These first expeditions paved the way for more intense efforts to discover more extensively the diversity of micro-organisms from oceans.

I.3 Environmental

Recently, in order to explore plankton from a genetic perspective using the new sequencing technologies, several teams launched sampling campaigns, such as Sorcerer II [START_REF] Rusch | The Sorcerer II Global Ocean Sampling expedition: Northwest Atlantic through eastern tropical Pacific[END_REF], Malaspinas 2010 [START_REF] Duarte | Seafaring in the 21st century: The Malaspina 2010 circumnavigation expedition[END_REF] (named after a famous Spanish explorer of the late XVIIIth century) or Tara Oceans (Karsenti et al., 2011). The Sorcerer II was the first of his kind to extensively sequence environmental samples using shotgun sequencing (focusing on prokaryotes), after a first attempt in Sargasso Sea [START_REF] Venter | Environmental Genome Shotgun Sequencing of the Sargasso Sea[END_REF], and provided an im- portant database of protein sequences known as the Global Ocean Sampling (GOS) dataset [START_REF] Yooseph | The Sorcerer II global ocean sampling expedition: Expanding the universe of protein families[END_REF]. Tara Oceans is a multidisciplinary project, with the aim to considerably improve our knowledge of plankton, by integrating imagery, physico-chemical measures 11). From these first missions, more than 35,000 plankton samples were collected over 210 stations, for a total of more than 60 terabases of DNA and RNA sequenced [START_REF] Sunagawa | Tara Oceans: towards global ocean ecosystems biology[END_REF]. Plus, physico-chemical parameters were measured in each sampling site and for each depth. The project continued with (i) Tara Méditerranée in 2014, with a focus on plastic pollution, (ii) Tara

Pacific in 2016-2018 to study coral diversity and organisms linked to coral reefs [START_REF] Planes | The Tara Pacific expedition-A pan-ecosystemic approach of the "-omics" complexity of coral reef holobionts across the Pacific Ocean[END_REF], (iii) the survey for plastic pollution of 9 European rivers (Thames, Elbe, Rhine, Seine, 

I.3.2 Tara sampling and first results

The sampling strategy of Tara Oceans is described extensively in Pesant et al. (2015). Water samples were size-fractionated to optimize the concentration of organisms into 12 size fractions going from femto-to megaplankton, and from the euphotic zone (namely the surface, the deep-chlorophyll maximum (DCM), and the mesopelagic zone). In this thesis, I focused on four distinct size fractions: 0.8-5µm (mostly bacteria), 5-20µm (protists), 20-180µm (small zooplankton) and 180-2000µm (zooplankton, larvae of macro-and megaplankton), and only from surface (figure I.3). All the samples were sent to Genoscope for sequencing. To study and unravel the biodiversity of plankton, the project was designed to produce four type of data; single cell amplified genomes (SAGs), metabarcoding, metagenomics and metatranscriptomics.

Each data help to answer specific questions they can address, but are often complementary.

SAGs are a way to improve the collection for uncultured organisms, directly from environmental samples. The method consists to isolate single-cell organisms and amplify the genomes to sequence proper genomes. Then, metagenomic reads can be recruited from environmental samples to estimate the biogeography and living range of the targeted species. From the Tara expeditions, 900 SAGs have notably been produced, among which 40 were sequenced for targeted protistan lineages [START_REF] Seeleuthner | Single-cell genomics of multiple uncultured stramenopiles reveals underestimated functional diversity across oceans[END_REF], three for the choanoflagellate Monosiga brevicollis [START_REF] López-Escardó | Evaluation of single-cell genomics to address evolutionary questions using three SAGs of the choanoflagellate Monosiga brevicollis[END_REF] and many others in pico-and nanoplankton [START_REF] Sieracki | Single cell genomics yields a wide diversity of small planktonic protists across major ocean ecosystems[END_REF]. Helped by metagenomics and protein domains predictions (Pfam), the biogeography and functional insights have been recovered from once unreferenced organisms.

Metabarcoding is an approach commonly used in microbial communities to estimate the diversity inside and among them, to identify operational taxonomic units (OTUs) and describe the taxonomic composition of samples. It allows to extend the barcoding method exposed earlier to environmental DNA, without prior knowledge of the content of samples. Tara Oceans chose to sequence three markers: the hypervariable loop V9 of 18S rRNA for eukaryotes (especially useful for protists [START_REF] Amaral-Zettler | A method for studying protistan diversity using massively parallel sequencing of V9 hypervariable regions of smallsubunit ribosomal RNA Genes[END_REF]), and the hypervariable loops V4 and V5 of 16S rRNA for prokaryotes. This method successfully demonstrated how eukaryotic plankton was globally diverse in term of biogeography, abundance and biotic interactions [START_REF] Vargas | Eukaryotic plankton diversity in the sunlit ocean[END_REF], in addition to produce novel references for hundreds of lineages. It also enabled to decipher the wide biogeography of targeted lineages (e.g Collodaria [START_REF] Biard | Biogeography and diversity of Collodaria (Radiolaria) in the global ocean[END_REF], dinoflagellates (Le [START_REF] Bescot | Global patterns of pelagic dinoflagellate diversity across protist size classes unveiled by metabarcoding[END_REF], diatoms [START_REF] Malviya | Insights into global diatom distribution and diversity in the world's ocean[END_REF][START_REF] Busseni | Large scale patterns of marine diatom richness: Drivers and trends in a changing ocean[END_REF] or the green algae class Mamiellophyceae [START_REF] Monier | Phylogenetic diversity and biogeography of the Mamiellophyceae lineage of eukaryotic phytoplankton across the oceans[END_REF]), and functional traits (e.g mixotrophic groups [START_REF] Faure | Mixotrophic protists display contrasted biogeographies in the global ocean[END_REF]). However, metabarcoding presents limitations due its low resolution and rarely roots to the species level, and especially the 18S for animals [START_REF] Bucklin | Metabarcod-ing of marine zooplankton: Prospects, progress and pitfalls[END_REF]. Indeed, the latter are characterized by a low divergence and highly conserved V9 sequences, making them difficult to use. Some works attempted to analyse the relative role of drift and selection on plankton communities using diversity measures from Tara Oceans and Malaspinas expeditions metabarcoding data [START_REF] Logares | Disentangling the mechanisms shaping the surface ocean microbiota[END_REF], but metabarcoding is limited to investigated these questions, and progress are still needed in terms of methods to clearly observe selection with these data. Outside Tara Oceans, a study used metabarcodes to better understand benthic communities [START_REF] Brandt | An Assessment of Environmental Metabarcoding Protocols Aiming at Favoring Contemporary Biodiversity in Inventories of Deep-Sea Communities[END_REF]. Environmental DNA and RNA were sequenced for sediments samples, collected from deep-sea sites (between 470m and 2,826m) in Mediterranean Sea and Atlantic Oceans, and stressed the usefulness of metabarcoding approach even for eukaryotic communities.

The second type of data generated by Tara Oceans is metagenomics. Metagenomics is a very powerful tool in the context of environmental samples [START_REF] Tringe | Metagenomics: DNA sequencing of environmental samples[END_REF]. As shown before, marine water can contain millions of organisms per liter, from unicellular to multicellular ones, with various genome sizes and importance differences in species abundance.

Metagenomics is based on shotgun sequencing of environmental samples, and has the great advantage to blindly target DNA sequences. Briefly, this consisted in (i) the fragmentation of DNA by sonication, (ii) the preparation of libraries by adding specific adapters used in sequencing, (iii) the paired-end Illumina sequencing, (iv) the de novo assembly of the generated reads.

Metagenomics is a powerful genome-wide tool to target unknown and undescribed species, without available references, making it an interesting choice in the frame of Tara Oceans. In fact, metagenomic data are complementary to metabarcoding, as it allows to describe the biogeography of communities and often goes further than the latter, as shown notably in Mamiellophyceae [START_REF] Leconte | Genome resolved biogeography of mamiellales[END_REF] compared to the results of [START_REF] Monier | Phylogenetic diversity and biogeography of the Mamiellophyceae lineage of eukaryotic phytoplankton across the oceans[END_REF]. Moreover, metagenomics is now widely used in the frame of metagenome-assembled genomes (MAGs), and in particular for prokaryotes communities. The idea is to use different environmental samples and assemble genomes based on sequences similarities (e.g GC content that should be stable along a species genome) and to cluster the assembled sequences based on their co-abundance across samples. Recently, metagenomes were extensively produced from various sources like the 8,000 MAGs of archean and bacteria lineages recovered from public metagenomes (mainly environmental samples or mammals rumen and faeces) (Parks et al., 2017) or the 5,000 MAGs assembled from ruminants (Stewart et al., 2019). First attempts in marine bacterial life [START_REF] Delmont | Nitrogen-fixing populations of Planctomycetes and Proteobacteria are abundant in surface ocean metagenomes[END_REF] has been undertaken and larger works using Tara metagenomic data provided unique new resources of around 2,300 MAGs [START_REF] Tully | 290 metagenome-assembled genomes from the Mediterranean Sea: a resource for marine microbiology[END_REF][START_REF] Tully | The reconstruction of 2,631 draft metagenomeassembled genomes from the global oceans[END_REF].

There are several examples of the power of Tara metagenomic data to investigate poorly studied marine taxa. Notably, virioplankton was the subject of a vast survey that enabled to discover around 200,000 new viral populations distributed across geographically distinct communities [START_REF] Gregory | Marine DNA Viral Macro-and Microdiversity from Pole to Pole[END_REF]. Also, the biogeography of nucleocytoplasmic large DNA viruses (NCLDVs) was investigated [START_REF] Endo | Biogeography of marine giant viruses reveals their interplay with eukaryotes and ecological functions[END_REF] and the link between viral population composition and eukaryotes communities was deciphered. The second illustration of the use of Tara data was done for fungi (a poorly studied lineage in marine plankton) and revealed how fungi were widespread, but in a relatively low abundance, in all basins [START_REF] Morales | Global Structuring of Phylogenetic and Functional Diversity of Pelagic Fungi by Depth and Temperature[END_REF]. The challenge is now to be able to use these data to perform real population genomics, as already experienced with the α-proteobacteria SAR11 (Delmont et al., 2019) and the copepod Oithona nana (Madoui et al., 2017). To date, in the latter we saw how metabarcodes were limited to discriminate animal species.

In parallel to metagenomics, metatranscriptomic data were also generated during the project.

Here, the aim is to identify patterns of expressed genes that differ between communities and environmental conditions. In a parallel manner to metagenomics, mRNA is blindly extracted from the samples, cDNA is produced through reverse transcription and then sequenced using Illumina protocols. Metatranscriptomics recover the total gene expression of a sample, which enables to observe the global response of entire communities to varying environmental conditions. For eukaryotes, Tara Oceans metatranscriptomic data allowed the constitution of a unique gene catalogue of more than 116 millions of unigenes (the Marine Atlas of Tara Ocean Unigenes (MATOU)), among which 60% were unknown in term of taxonomic assignation or functions (Carradec et al., 2018). This catalogue can then be interrogated for specific questions, for example in the case of mycoplankton, where depth-related expression of glycoside hydrolase genes was observed [START_REF] Chrismas | Depth-dependent mycoplankton glycoside hydrolase gene activity in the open ocean-evidence from the Tara Oceans eukaryote metatranscriptomes[END_REF]. Also, the main force of Tara Oceans is the possibility to integrate metagenomic and metatrancriptomic data from the same samples and compare them to environmental parameters to better understand communities composition and functions (Salazar et al., 2019;[START_REF] Vorobev | Transcriptome reconstruction and functional analysis of eukaryotic marine plankton communities via high-throughput metagenomics and metatranscriptomics[END_REF]. In Salazar et al.

(2019), gene expression of genes implicated in carbon fixation and photosynthesis was higher in epipelagic layers than in mesopelagic ones. Plus, non-polar surface samples displayed overexpression of genes involved in photosynthesis compared to polar surface samples. These results proved the capacity of metatranscriptomics to give access to key functions in microbial communities, by adopting a gene-centered approach, at least in prokaryotes.

All the sequencing protocols used for Tara samples (metabarcoding, metagenomics and metatranscriptomics and SAGs) are reported in Alberti et al. (2017).

I.3.3 Population genomics in the frame of Tara Oceans

Because of the way the sampling campaign and subsequent sequencing were performed, population genomics in the frame of Tara Oceans, and more precisely in the frame of metagenomics and metatrancriptomics, is a challenge. As mentioned above, meta-omics offers unique datasets and useful tools to investigate the composition of environmental samples, such as the identification of bacterial populations in the human microbiome, where new species and strains were discovered [START_REF] Schloissnig | Genomic variation landscape of the human gut microbiome[END_REF][START_REF] Garud | Population Genetics in the Human Microbiome[END_REF]. Nonetheless, from the qualities of metagenomics and metatrancriptomics also arise their own flaws. Where in classical population genetics individuals are genotyped, metagenomics can be compared to Pool-Seq [START_REF] Anand | Next Generation Sequencing of Pooled Samples: Guideline for Variants' Filtering[END_REF], which sequences a known number of mixed individuals of the same species. In environmental samples like marine water, neither the number of individuals nor the species are known, preventing one to access to proper genotypes. In consequence, we have to find other ways to perform population genomics to better understand plankton populations when using metagenomics.

Usually, works based on metagenomic approaches align the metagenomic reads to a reference genome or transcriptome [START_REF] Schloissnig | Genomic variation landscape of the human gut microbiome[END_REF]Madoui et al., 2017;[START_REF] Leconte | Genome resolved biogeography of mamiellales[END_REF] to then compute classical diversity or population genetics metrics. Yet, as also mentioned before, planktonic organisms are often so small that individuals don't provide enough

DNA when an extraction is undertaken (i.e <5ng per individual), as we witnessed in our team with small Oithona copepods. For example, to constitute the genome of Oithona nana, individuals had to be pooled to obtain a sufficient amount of DNA (> 1µg) for classical sequencing protocols (Madoui et al., 2017), and as the complexity of their genomes is unknown, they can be hard to assemble (e.g the team's attempt to sequence the 5Gb genome of O. similis, results not shown). Together, this shows the difficulty to constitute proper databases of references for plankton, especially for uncultured or unknown species.

To overcome these issues, one can develop proper new reference-free methods applied to metagenomic samples. The development of DiscoSNP (Uricaru et al., 2015) and its newer version DiscoSNP++ (Peterlongo et al., 2017) enabled the direct application of variant calling without the need of a reference (only isolated SNPs for the first, indels and SNPs for the second). Briefly, DiscoSNP++ was first designed for genomic data. The method is based on the constructon of so-called de Bruijn Graph (dBG), where nodes are words of length k (k-mers), and edge connects two k-mers that share a k-1 overlap. In such graphs, a bubble is thus formed when a path in the graph split in two subpaths before joining again into a single path. Typically, polymorphisms (i.e indels and SNPs) can generate such bubbles, because only a part of the sequence is different (figure I.12A). When bubbles are detected, and after removing potential The first main steps consist to create a de Bruijn Graph and identify the bubbles that correspond to polymorphisms. Only the example of a dBG (k = 4) bubble generated by an isolated SNP (A/T) is presented here. Prediction would be ACTGACCTG and ACTGTCCTG, B) Pipeline overview. Inside rectangles are data, the arrows and corresponding italic texts stand for the methods, and the dotted lines and rectangles for the case when a reference genome is available (modified from Peterlongo et al. (2017)).
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sequencing errors, raw reads are mapped on these bubbles which provides a read coverage for each variant and sequence (figure I.12B). As a final step, one can map the variants on a reference genome to obtain the positions of variants.

Previous work showed the efficiency of DiscoSNP++ for population genomics on large-scale metagenomic data, compared to classical alignment methods (e.g bwa/samtools/bcftools or BSB pipeline) (Arif et al., 2018). It showed that DiscoSNP++ was able to detect more variants in non-coding region, was less sensitive but more specific than BSB and that both methods didn't present significant differences when analysing the population structure. This is the reason why DiscoSNP++ seems to be a good candidate to help us deal with Tara Oceans dataset, and is the method I mainly used to generate variants during my thesis.

I.4 Aims of the thesis

In the face of climate changes and its consequences in oceans (warming and acidification), understanding plankton's connectivity over large distances is a crucial issue. As seen before, despite incredible discoveries in the last decade, population genomics in marine micro-organisms is still a challenge and faces numerous obstacles. Environmental -omics (such as Tara Oceans datasets) provide data unseen before and give access to thousands of species unknown to biologists. Besides those novelties, methods and analytical frameworks to properly take advantage of these unique data have to be developed in order to decipher the population genomics of these minute organisms. The central problematic of my thesis is the following: how do populations of planktonic species evolve in the seascape? Hence, the main question of my work centered on performing population genomics without any reference, and using data such as metagenomics and metatranscriptomics provided by Tara Oceans to resolve the previous problematic. All along the manuscript, I will describe the work undertaken during my thesis in four chapters.

Chapter II focuses on a new method we developed, metaVaR, that aimed to perform population genomics using metagenomics. This method is thought to extract polymorphism of species present in environmental samples directly from raw metagenomic reads to avoid the use of references when the latter are unavailable, which is very frequent in marine biology.

Then, in chapter III, the question is to understand and describe the population structures of planktonic species from diverse taxonomic groups, and to estimate the relative roles of marine currents and environmental conditions in shaping their genomic differentiation and connectivity.

I show how I applied the method explained in chapter II to a metagenomic dataset of Tara Oceans, using samples from the Mediterranean Sea, Atlantic and Austral Oceans, together with environmental parameters and travel times between stations. I will also describe how I was involved in the creation of a method built to estimate marine transport through Lagrangian travel times.

In chapter IV, my goal is to evaluate the impact of adaptation and acclimation on populations of plankton by integrating metagenomic and metatranscriptomic data from Arctic Tara Oceans samples. I investigated a new molecular phenomenon, population-scale allelic differential expression (psADE) in Arctic populations of the copepod Oithona similis, and linked it to natural selection.

These three chapters are constituted by four scientific articles: one under review in chapter II, one under review (co-author) and one ready for submission in chapter III and one published in chapter IV. The last chapter is intended to discuss the former chapters, the problems encountered during the thesis and conclude on the advances provided by this work.

Chapter II

Towards reference-free population genomics II.1 Introduction to the chapter

During this thesis, the goal was to exploit Tara meta-omics data and to take advantage of this unique dataset to study population genomics of plankton species. As we saw, few references exist for these species, which is an important obstacle to comprehensive and classical studies.

The first analyses of Tara data illustrated this, with a majority of reads and unigenes of unknown or poor taxonomic affiliation (Carradec et al., 2018;[START_REF] Vorobev | Transcriptome reconstruction and functional analysis of eukaryotic marine plankton communities via high-throughput metagenomics and metatranscriptomics[END_REF]. The first step was thus to design a method that would help us to bypass the lack of references, and Tara metagenomic data offer this opportunity.

II.1.1 Main principles

The following method is based on the fact that metagenomic reads from environmental samples are mostly characterized by their depth of coverage among the different samples, i.e the number of reads covering a portion of a genome. This depth of coverage can vary over samples and is specifically linked to the number of individuals of a given species in each of those samples.

The idea was to use this variation of coverage between samples to cluster loci belonging to the same genome together. Indeed, hundreds of polymorphic loci that follow the same variation of depth of coverage between samples should also belong to the same genome.

II.1.2 Method outline

To recover genetic markers, we used the reference-free variant caller DiscoSNP++, as described in the last section of the introduction. Its accuracy in regard to alignment methods was already shown in a former work (Arif et al., 2018), which pushed us to apply it for metagenomic reads.

The rationale was the following. Once the calling step on the selected samples is done with DiscoSNP++, each metavariant (variants obtained from metagenomic reads) is characterized by its depth of coverage in each sample. The main idea behind the work is to cluster the metavariants based on the co-variation of their depth of coverage, using the multiple densitybased clustering algorithm (mdbscan). The latter is a method which has the particularity to not cluster all the points present in the space, contrary to k-means for example, i.e it allows for noise in the data. In our case, noise are unclustered metavariants which can be considered as inter-specific variations and not relevant for further analyses.

The algorithm needs to test many couples of two parameters; (i) ε, the radius around a point (representing the neighbouring space of a point), (ii) the minimum points (MinPts) that the user enables to begin the clustering. For a given point in the space, the radius ε is computed, and if the space in this neighbourhood contains MinPts, the point is considered to belong to the cluster. This process is repeated from a point to another, until no point can satisfy the couple ε, MinPts. Each couple offers a set of metavariant clusters (MVC), some different and some identical, with varying sizes. The next step is to use a maximum-weighted independent set (MWIS) algorithm on these MVCs to select the best ones. The principle is to retrieve non-overlapping, accurate and big clusters by computing two scores for each cluster which integrates information about their size and the coverage of the metavariants comprised in it. If several clusters overlap, meaning that they share metavariant(s), it probably means they represent two approximations of the same cluster. What we want is to select the clusters containing the highest amount of metavariants but also metavariants for which the depth of coverage is fitting what is expected in each sample (using a negative binomial distribution estimated from the data). MWIS can be represented as a graph, where the nodes are the MVCs. An edge connects two nodes if they share metavariants. At each iteration, connected components are identified. The latter are groups of nodes independent from each other, i.e with no edges linking them in the graph. Inside these connected components, the MVC with the best scores is spotted and kept as a valid cluster. The others are removed from the graph. This is the most complex part of the process, and also the heaviest from a computational point of view. After a filtering step recovering the best covered metavariants from each MVC, we finish with a set of metavariant species (MVS). MVSs are thought as the representation of the species through their respective polymorphisms, and can then be used to compute classical population genomics based on allele frequencies. All the steps are contained in an R package, metaVaR. The whole process is illustrated in the figure 1 of the following article.

In order to test our method, we performed a simulation-based analysis by generating seven bacterial metagenomes for six samples, with varying coverage. A second analysis was undertaken on the 20-180 µm size-fraction from a set of five Mediterranean Tara stations, which are samples known to relatively contain a high abundance of metagenomic reads linked to the copepod Oithona nana (Madoui et al., 2017). The results were compared to the previous alignment-based study, and served as a proof that the method works on real and empiric data.

At every step, mdbscan was compared to state-to-the-art clustering methods (e.g kmeans). 
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The availability of large metagenomic data offers great opportunities for the population genomic analysis of uncultured organisms, which represent a large part of the unexplored biosphere and play a key ecological role. However, the majority of these organisms lack a reference genome or transcriptome, which constitutes a technical obstacle for classical population genomic analyses. We introduce the metavariant species (MVS) model, in which a species is represented only by intra-species nucleotide polymorphism. We designed a method combining reference-free variant calling, multiple density-based clustering and maximum-weighted independent set algorithms to cluster intra-species variants into MVSs directly from multisample metagenomic raw reads without a reference genome or read assembly. The frequencies of the MVS variants are then used to compute population genomic statistics such as F ST , in order to estimate genomic differentiation between populations and to identify loci under natural selection. The MVS construction was tested on simulated and real metagenomic data. MVSs showed the required quality for robust population genomics and allowed an accurate estimation of genomic differentiation (∆F ST < 0.0001 and < 0.03 on simulated and real data respectively). Loci predicted under natural selection on real data were all detected by MVSs. MVSs represent a new paradigm that may simplify and enhance holistic approaches for population genomics and the evolution of microorganisms. 

INTRODUCTION

Thanks to advances in deep sequencing and metagenomics, microorganism genomic resources have become more widely available over the last two decades. By analyzing community assemblies containing a large number of uncultured species [START_REF] Chariton | Environmental dna: For biodiversity research and monitoring[END_REF] we are gaining a better understanding of microbial ecology. This is especially the case for marine, soil and gut microbiomes that have been intensively investigated thanks to large sequencing consortia like Tara Oceans (Carradec et al., 2018;[START_REF] Ibarbalz | Global trends in marine plankton diversity across kingdoms of life[END_REF], TerraGenome [START_REF] Vogel | Terragenome: a consortium for the sequencing of a soil metagenome[END_REF] or MetaHit [START_REF] Ehrlich | Metahit: The european union project on metagenomics of the human intestinal tract[END_REF].

Currently, in order to make effective use of whole-genome metagenomic data when addressing questions of molecular evolution and population genomics in uncultured species, reference genome or transcriptome sequences are required and a priori selected for the target species. Typically, metagenomic reads are first aligned on reference sequences for variant calling, then population alleles or amino acid frequencies (Delmont et al., 2019) and derived population genomic metrics are then computed and used to identify genomic differentiation between populations or natural selection of variants that drive genomes evolution. This approach has in particular been applied to gut microbiomes of vertebrates [START_REF] Schloissnig | Genomic variation landscape of the human gut microbiome[END_REF][START_REF] Garud | Population genetics in the human microbiome[END_REF] and invertebrates [START_REF] Ellegaard | Genomic diversity landscape of the honey bee gut microbiota[END_REF], marine bacteria (Delmont et al., 2019;Salazar et al., 2019) and crustaceans (Madoui et al., 2017).

In metagenomics the filtering step in which reads are aligned is critical in order to avoid the crossmapping of reads from a given species to the reference genome of another species. The main filters are, first, the selection of genomic regions with a depth of coverage within an expected range specific to the II.2 Article 1 : Identify species polymorphism : metaVaR species abundance, and, second, the minimum identity percentage of a read aligned to the reference for membership of the targeted species [START_REF] Costea | metasnv: A tool for metagenomic strain level analysis[END_REF]Madoui et al., 2017). This alignment-based approach is currently limited by the number of available reference sequences.

To increase the number of references for organisms found in environmental samples, a number of methods have been developed to produce metagenome assembled species (MAGs) from whole-genome metagenomic sequencing. These approaches have successfully been applied to prokaryotes [START_REF] Sedlar | Bioinformatics strategies for taxonomy independent binning and visualization of sequences in shotgun metagenomics[END_REF]Parks et al., 2017;Stewart et al., 2019), but the main limitation of the alignment-based approach remains, namely that it is dependent on the availability, completeness and quality of reference genomes that can be constructed from metagenomic data (Parks et al., 2017). Recently the approach has been able to make use of long-read sequencing [START_REF] Huson | Megan-lr: new algorithms allow accurate binning and easy interactive exploration of metagenomic long reads and contigs[END_REF][START_REF] Somerville | Long-read based de novo assembly of low-complexity metagenome samples results in finished genomes and reveals insights into strain diversity and an active phage system[END_REF]. However, in the case of eukaryotes, because of the large genome size of and the difficulties in obtaining high molecular weight DNA, results for eukaryotes are still lacking.

To bypass the use of references in the variant calling process, several reference-free variant calling methods have been developed. Among them, we can distinguish complete reference-free approaches as implemented in softwares like ebwt2SNP [START_REF] Prezza | Snps detection by ebwt positional clustering[END_REF], kmer2SNP [START_REF] Li | Kmer2snp: reference-free snp calling from raw reads based on matching[END_REF] and DiscoSNP++ (Uricaru et al., 2015) to partial reference-free approaches like Kevlar [START_REF] Standage | Kevlar: A mapping-free framework for accurate discovery of de novo variants[END_REF] or scalpel [START_REF] Fang | Indel variant analysis of short-read sequencing data with scalpel[END_REF], these latter approaches are based on micro-assembly that generates contigs but still need a reference. None of these methods were specifically designed to deal with metagenomic data.

To identify nucleotide variants from metagenomic data, the use of DiscoSNP++ has recently been proposed. DiscoSNP++ detects variants by identifying bubbles in a de Bruijn graph built directly from the raw metagenomic reads. The variants can then be relocated on genomes of interest, if available. In comparison to alignment-based variant calling applied on metagenomic data, DiscoSNP++ has been shown to be less sensitive but more specific in term of recall, and more accurate in term of allele frequency, especially in non-coding regions [START_REF] Arif | Discovering millions of plankton genomic markers from the atlantic ocean and the mediterranean sea[END_REF]. Given the sensitivity of population genomic analysis to the accuracy of the allele frequencies, we might consider the use of DiscoSNP++ preferable to the alignment-based approach for population genomics based on metagenomic data. Moreover, the indexing method implemented in DiscoSNP++ uses bloom filters, space-efficient probabilistic data structure, which enable the indexing of very large and complex dataset making DiscoSNP++ very suitable to handle metagenomic data .

To bypass the lack of reference for micro-organisms in order to perform population genomics using metagenomic data, we first introduce the notion of metavariants, i.e variants detected directly from raw metagenomic reads without a reference genome. Then, we present an approach for clustering metavariants by species when reference genomes are not available. We propose the resulting clusters as a new form of species representation that we call metavariant species or MVS. We establish a formal definition of the metavariant and MVS. We implemented the clustering method in an R package called metaVaR. metaVaR allows the construction of the MVSs and also their manipulation to perform population genomic analyses.

The clustering of metavariants implemented in metaVaR was benchmark with state-of-the-art clustering algorithms. We also tested the relevance of MVSs using simulated and real metagenomic data to perform accurate population genomic analyses.

METHODS

From metavariants to metavariant species

Variable loci and metavariants

We define a metavariant as a single nucleotide variant detected directly from metagenomic data without a reference genome. We use metavariants produced by DiscoSNP++ and consider only metavariants located on loci producing one metavariant. Due to the absence of a reference genome, the reference 
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Clustering of metavariants into metavariant species

A metavariant species or MVS corresponds to a set of intra-species metavariants of the same species.

If it is assumed that L contains both inter and intra-species metavariants, MVSs can be represented by pairwise disjoint subsets of L not covering L.

As for the binning of metagenomic contigs [START_REF] Sangwan | Recovering complete and draft population genomes from metagenome datasets[END_REF], we consider that the depth of coverage of the variable loci of the same species covariates across samples and that this constitutes a species signature. MVSs can thus be identified by clustering L based on its values. However, the complexity of metagenomic data raises several issues. First, the number of species and corresponding MVSs is unknown.

Second, the initial set of metavariants contains an admixture of inter and intra-species metavariants deriving from entire genomes including repeated regions. Only intra-species metavariants from single copy loci are informative for population genomics. Third, the genome size and the polymorphism rate vary considerably between species. This impacts the depth of coverage of the loci and the number of variants by species.

Metavariant species construction steps and algorithms

To create MVSs, we propose the following approach, described in detail in the following sections:

1. Reference-free metavariant calling with DiscoSNP++ from raw metagenomic data (figure 1.B). 4. Each mvc is scored according to its size and the expected depth of coverage distribution of its loci (figure 1.D).

5. A maximum-weighted independent set (WMIN) algorithm is applied on all mvc to select a subset of mvc as potential MVSs (figure 1.E).

6. Selection of the metavariant loci based on coverage expectation for robust population genomic analysis (figure 1.F).

Computation of population genomic metrics for each MVS (figure1.G).

Multiple density-based clustering of metavariants

To cluster L we used density-based clustering (dbscan) [START_REF] Campello | Density-based clustering based on hierarchical density estimates[END_REF], a clustering algorithm that requires two input parameters: epsilon (ε) and minimum points (p), corresponding respectively to the minimum distance between two points to be considered as members of the same cluster and the minimum number of points to extend a cluster. Given ε and p, dbscan generates a disjoint set of metavariant clusters {mvc ε,p ⊂ L}. Intuitively, for L generated from real data, there might be no optimal (ε, p) enabling the best reconstruction of the clusters according to some criterion. Instead of choosing an arbitrary couple (ε, p) we run dbscan using a grid of (ε, p) values. This multiple density-based clustering (mDBSCAN) produces a set of possibly overlapping mvc. We call this set MVC, which by default is restricted to mvc containing more than 1,000 metavariants.

Scoring of metavariant clusters

Several metagenomic binning approaches use Gaussian or Poisson distributions to model genome sequencing coverage [START_REF] Sedlar | Bioinformatics strategies for taxonomy independent binning and visualization of sequences in shotgun metagenomics[END_REF]. However, due to its overdispersion, the sequencing depth of coverage can be better approximated using a negative binomial (NB) distribution (Robinson and Smyth, 2007). Let mvc ε,p,k ∈ MVC denote the k th mvc computed with parameters (ε, p). For each mvc ε,p,k , in each sample, we compare the observed and expected NB coverage distribution of the loci using fitdistrplus (Delignette- Muller and Dutang, 2015). For all possible mvc ε,p,k we compute d ε,p,k , the mean across m samples of the log-likelihood of the fitting with θ j , the negative binomial distribution parameters in sample j.

d ε,p,k = 1 m m ∑ j=1 ln L (θ j , mvc ε,p,k [ j]) (1) 
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with mvc ε,p,k [ j] being the depth of coverage of the metavariant in the j th sample in mvc ε,p,k . We also compute d ε,p,k ∈ [0, 1], the corrected mean log-likelihood of each cluster,

d ε,p,k = d ε,p,k -d min d max -d min , (2) 
with d min and d max being respectively the smallest and the highest mean log-likelihood observed over all mvc ∈ MVC. We also normalised the size s ε,p,k of each cluster such as s ε,p,k ∈ [0, 1],

s ε,p,k = s ε,p,k -s min s max -s min , (3) 
with s min and s max being respectively the smallest and the highest sizes of all computed mvc. Finally we compute w ε,p,k , the mvc ε,p,k score as the geometric mean between ( 2) and (3),

w ε,p,k = d ε,p,k .s ε,p,k (4) 
Metavariant species as a maximum-weighted independent set

Identifying the MVS is equivalent to simultaneously maximizing the number of non-overlapping mvc and their corresponding weights. This corresponds to a Maximum-Weighted Independent Set (MWIS) problem. Algorithms for this have been proposed by Sakai and colleagues [START_REF] Sakai | A note on greedy algorithms for the maximum weighted independent set problem[END_REF]. Here, we use the WMIN algorithm to find MW IS, the set of all MWISs.

In this context, MVC can be represented by a weighted undirected graph G(V, E,W ), where ∀i, j ∈ {1, ..., |V |}, v i ∈ V represents mvc i of weight w i ∈ W and e i j ∈ E ⇐⇒ mvc i ∩ mvc j = / 0 and mvc i = mvc j .

We recall here the outline of the Sakai WMIN algorithm, which takes G as input and iterates until G = / 0.

At each iteration the following steps are performed: (i) detection of the connected components (cc);

(ii) in each cc, finding the node that is the maximum-weighted independent set,

v i = mwis ∈ MW IS, if f (v i ) = argmax( f ), with f (v i ) = w i deg(v i )+1
and with deg(v i ) the v i degree; (iii) in each cc, deletion the neighbors of the mwis from G, and storage of mwis in MW IS and deletion mwis. The fact that this algorithm needs w i ∈ R * justifies ( 2) and (3).

Data: G(V, E,W ) Result: MW IS MW IS = / 0; while G = / 0 do foreach cc do foreach v i ∈ cc do if f (v i ) = argmax( f ) then MW IS = MW IS ⊕ {v i }; G = G \ {v i , neighbors(v i )}; break; end end end end
Algorithm 1: WMIN algorithm from Sakai et al.

Selection of metavariant clusters as metavariant species

A metavariant cluster is a potential MVS if it satisfies four criteria applied in order as follows. (i) The metavariant cluster is a maximum-weighted independent set. (ii) The metavariant cluster occurs in more than k min populations (set to 4 by default) and corresponding loci have a median depth of coverage higher than c m (set to 8 by default). (iii) The metavariant cluster's filtered variable loci have a depth of coverage within c min = c m -2 * sd, c min ≥ 8 by default and c max ≤ c m + 2 * sd in all samples. (iv) The metavariant 5/14 cluster contains more than m min2 metavariants (set to 100 by default). More formally,

mvc = mvs ∈ MV S ≡ mvc ∈ MW IS ∧ | mvc |≥ m min1 ∧ ∀ j ∈ {1, ..., k }, k ≥ k min , median i∈[1,k] (c i, j ) ≥ c m ∧ ∀ m i ∈ mvc ≡ c j ∈ [c min , c max ], | {m j } |≥ m min2
(5)

MVS-based population genomic analysis

The allele frequency of metavariant species was defined as p = c a c a +c b

, with c a and c b the number of read supporting the alleles a and b. The allele frequencies are used to compute classical population genomic metrics. This includes the global F ST (Lewontin and Krakauer, 1973) such as F ST = p p(1-p) , with p being the mean allele frequency across all samples. We also computed the LK, a normalized F ST , such as

LK = n-1

FST

.F ST , with FST being the mean F ST across all loci. LK is expected to follow a χ 2 distribution when a large majority of the polymorphic loci are under neutral evolution Lewontin and Krakauer (1973).

To estimate the genomic differentiation between MVS populations, we compute the pairwise-F ST between the different populations.

Implementation of the mDBSCAN-WMIN algorithm in metaVaR

The metavariants preprocessing step is performed by running metaVarFilter.pl, which produces the depth of coverage and frequency matrices from a reference-free vcf file. The MetaVaR package was written in R and provides three main functions for constructing MVSs:

1. tryParam creates metavariant clusters using several e, p values. We used the R package fitdistrplus to obtain the log-likelihood of the coverage distribution.

2. getMWIS identify the maximum-weighted independent sets.

3. mvc2mvs applies filters described in (5) to select the MVSs and performs population genomic analysis.

The metaVaR source code and manual are available at https://github.com/madoui/metaVaR

Metavariants from simulated metagenomic data

We downloaded six bacterial genomes from NCBI (Escherichia coli NC 000913.3, Pseudomonas aeruginosa NC 002516.2, Yersinia pestis NC 003143.1, Rhizobium tropici NC 020059.1, Rhizobium phaseoli NZ CP013532.1, Rhodobacter capsulatus NC 014034.1). For each genome we created a derived genome where 1% of the genomic sites corresponds to randomly distributed SNPs for E. coli and 2% for the other bacteria. We used metaSim [START_REF] Richter | Metasim-a sequencing simulator for genomics and metagenomics[END_REF] to simulate Illumina paired-end 100 bp reads from 300bp genomic fragments on seven populations that contained different abundances (Figure 2.A) and different proportions of original and derived genomes (Figure 2.B).

To generate the metavariants, DiscoSNP++ was run on the total read set with parameter -b 1. As a control, the metavariants were relocated on the six original genomes using the -G option. From the VCF file produced by DiscoSNP++, the depth of coverage of the biallelic loci and allele frequencies were calculated using metaVarFilter.pl with parameters -a 10 -b 500 -c 7. Here, the first two parameters are the minimum and maximum cumulative depths of coverage of a locus, and the third parameter specifies that a locus is kept only if it occurs in at least seven samples.

Metavariants from real metagenomic data

To test the performance of the mDBSCAN-WMIN algorithm on real metagenomic data, we used metagenomic reads from five marine samples collected in the Mediterranean (Table 1). In a previous study the reads were processed by DiscoSNP++, the metavariants were aligned on the Oithona nana genome, and the genomic differentiation between samples was estimated by pairwise-F ST and loci under selection were identified [START_REF] Arif | Discovering millions of plankton genomic markers from the atlantic ocean and the mediterranean sea[END_REF].

In the present study DiscoSNP++ was run on the five read sets and the vcf output was filtered using metaVarFilter.pl with parameters -c 20 -b 250 -c 3. This produced two files containing the depth of coverage of metavariant loci and the metavariant frequency matrices. These two files were then used as input for metaVaR and other algorithms used for benchmarking (see next section for details). To evaluate the performances of each clustering algorithm on simulated data, first the clusters were assigned to one single original genome based on the highest proportion of metavariant originating from the same genome based on the results of the alignment of the metavariants with bwa mem run with default parameters.

For a cluster, we defined the true positives T P as the number of metavariants of the cluster deriving from the original genome, the false positives FP as the number of metavariants of the cluster not deriving from the original genome, the false negatives FN as the number of metavariants of the original genome not present in the cluster. We computed the recall, precision, signal to noise (STN) of each cluster, as follows: recall = T P T P+FN , precision = T P T P+FP , ST N = recall 1-precision , with T P, the number true positives, FN the number of false negatives and FP the number of false positives. The global purity and entropy of the clustering was computed as follows:

Purity = 1 n ∑ k q=1 max 1≤ j≤l n j q
with n the number of metavariants, n j q the number of metavariants in cluster q belonging to original species j, and Entropy = -∑ k q=1 ∑ l j=1 n j q n q log 2 n j q n q , where n is the total number of metavariants, n q the total number of samples in cluster q, and n j q the number of samples in cluster q belonging to the original species j.

To evaluate the accuracy of the (pairwise-F ST ) computed from the simulated data by metaVaR, we calculated the difference between all possible (pairwise-F ST ) for each bacteria computed by metaVaR to 8/14 the expected pairwise-F ST obtained with the alignment-based approach according to the evolutionary presented on Figure 2.B where, for each bacteria, the abundance of the derived genome increase continuously from sample metaG1 to sample metaG7.

RESULTS

Metavariant species as a new modelling of organisms from metagenomic data

In the absence of a reference genome to guide metagenomic data analyses for population genomics, we model species only by their variable loci and associated depths of coverage and variant frequencies in different environment samples. We have called this model metavariant species or MVS, and we propose a method for constructing MVSs from multisample raw metagenomic data (Figure 1.A). The method is based on reference-free variant calling from metagenomic reads from different samples using

DiscoSNP++ (Figure 1.B).
In 

Metavariant species on simulated metagenomic data

To test the relevance of MVSs for population genomic analyses we simulated seven metagenomic data sets composed of Illumina short reads from an admixture of six bacteria in various abundances (Figure The six clusters selected by mDBSCAN-WMIN correspond to three different DBSCAN parameter settings. Four clusters generated with e = 6, p = 8 were selected , one cluster for e = 6, p = 5 and one for e = 7, p = 12. This is a good illustration that with our scoring method there is not one single couple (e, p)

that gives the highest-scoring metavariant clusters.

9/14 The accuracy of the pairwise-F ST estimation based on MVS was evaluated for the four clustering algorithms and compared with the accuracy obtained using metavariant alignment on the six bacterial genomes (Figure 3.D). Pairwise-F ST estimated on clusters from the four algorithms showed negligible differences with the reference-based approach for ∆ F ST ≤ 0.01. However, the CLR-kmeans algorithm showed the lowest ∆ F ST values.
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Metavariant species on real metagenomic data

To evaluate the relevance of MVS on real metagenomic data generated from environmental samples containing more complex genomes than the bacterial samples, we selected five metagenomic marine samples known to contain the zooplankter Oithona nana in sufficient abundance for population genomic analyses [START_REF] Arif | Discovering millions of plankton genomic markers from the atlantic ocean and the mediterranean sea[END_REF].

We ran DiscoSNP++ on the raw data and generated 1,159,157 metavariants filtered into 138,676 metavariants. The metavariants were clustered into MVSs using the same four clustering algorithms as previously tested for simulated data. MVSs corresponding to O. nana were identified by aligning the metavariant on its genome. mDBSCAN-WMIN and CLR-kmeans detected the O. nana MVS, but the two other methods generated the maximum number of MVSs allowed by the parameters (i.e 12 clusters), with no clusters assigned to O. nana. These two other methods are therefore not considered further (Table 2). The O. nana MVS built by mDBSCAN-WMIN is less complete but more accurate than that built by CLR-kmeans (Table 2). The metavariants that were not relocated on the O. nana may include missing parts of the genome assembly. 

DISCUSSION

Modeling species' nucleotide polymorphism by metavariant species Large-scale nucleotide polymorphism detection traditionally requires reference sequences such as a genome or transcriptome assemblies. In most species these resources are lacking, which greatly reduces the scope of population genomic investigations, since the choice of species is limited to those that have been sequenced. The small number of species that have a transcriptome or genome reference are unrepresentative of the whole genomic landscape of small eukaryote-rich biomes to be found in the oceans in particular (Carradec et al., 2018). MVS representation allows this obstacle to be overcome, making it possible to investigate a much larger number of species, including unknown species for which few or no genomic resources are available. However, if a reference sequence is available for a targeted species, we recommend also using classical reference and alignment-based approaches.

MVS modelling nevertheless still requires a minimal amount of genomic information, which includes the variable loci of single copy regions and their variant frequencies in the different samples. This information is sufficient for basic population genomic analysis, such as genomic differentiation and detection of loci under natural selection. The extraction of this information from raw metagenomic data through the use of DiscoSNP++ does not need a reference or assembly, and generates accurate variant frequencies in a reasonable time using computational resources, even for very large datasets [START_REF] Arif | Discovering millions of plankton genomic markers from the atlantic ocean and the mediterranean sea[END_REF].

Our results showed a large amount of false negative metavariants that where not assigned to any MVS using both mDBSCAN-WMIN or other coseq clustering algorithms. This can be explained by the fact that we used only the metagenomic abundance. The reads depth of coverage distribution is known to be over-dispersed when using Illumina sequencing (Robinson and Smyth, 2007) which disables to cluster all loci into MVC in the simulated data and a fortiori in real data. However, we proved that the accuracy of the population genomic metrics is not affected by this false negative rate (or low recall) and metaVaR estimates accurate F ST with both simulated and real data.

As the allele frequency estimation bias depends greatly on the depth of coverage. High depth of coverage (>20x) allows more accurate allele frequency estimation, but such coverage are not often reached in metagenomic samples. However, here the selection of loci with at least 8x is sufficient to provide useful information for accurate allele frequency estimation.

In order to gain an ecological insight from MVSs, we recommend performing a taxonomical assignation of the MVSs, which can be done by taking the variable loci sequences generated by DiscoSNP++ and aligning them against public sequence databases. Due to the short length of the loci, this task can be performed using classical short read aligners.

The challenge of metavariant classification by species

The accuracy of the genomic differentiation estimation depends on the sample size and the number of markers. Having an exhaustive set of SNPs is not mandatory, but a large set (> 1,000 SNPs) is preferable [START_REF] Willing | Estimates of genetic differentiation measured by f(st) do not necessarily require large sample sizes when using many snp markers[END_REF]. The number of metavariants required for an MVS to be considered valid is critical.

Moreover, the loci under selection often represent a small fraction of the genome. Increasing the number of metavariants in an MVS can help to detect these loci, but it is crucial to avoid false positives that 11/14 generate biased F ST values. In metagenomics, false positives are metavariants assigned to a species that they do not belong to. F ST values derived from mis-assigned metavariants may generate outliers and support false natural selection. For this reason precision may be deemed to be the criterion with the highest priority. Clustering the metavariants using mDBSCAN-WMIN and CLR-kmeans gave the best clustering results on simulated and real data. mDBSCAN-WMIN is more specific but less sensitive, both methods have also their own particular limitations. With mDBSCAN-WMIN a variety of clustering parameters (e, p) generally need to be tried. For example, values for e ranging from 0.1 to 1 and p from 10 to 100 can be initially tried. However, several runs will often be necessary to obtain all possible MVSs. CLR-kmeans involves trying different values of k with no prior knowledge, and the optimum value of k may be missed.

Toward a holistic view of microorganism genomic differentiation and natural selection

Current population genomic analyses focus on one single species at a time for which we do not have a sequence reference. Thanks to MVSs, the genomic differentiation of several species without genomic reference can be modelled simultaneously, and hypotheses like isolation-by-distance can be tested on each species. The genomic differentiation of MVSs can be compared and species sharing common differentiation profiles can be identified to illustrate possible co-differentiation or similar gene flow.

However, even if the method is able to retrieve several MVSs from multiple samples, this will never cover the whole complexity within and among samples. Indeed, only few species present a sufficient sequencing depth of coverage and enough metavariants to pass the quality filters in real samples.

Another relevant MVS application concerns natural selection. The ratio of loci under selection over the total number of variable loci is an interesting metric for estimating the impact of natural selection on the molecular evolution of a species. This ratio can be computed for each MVS and the different ratios compared in order to assess the relative effect of natural selection.

Current limitations and future developments for metavariant species-based population genomics

Pairwise-F ST currently remains a robust metric for tracing the silhouette of the genomic differentiation from metagenomic data. The absence of genotypes and haplotypes and their relative frequencies precludes intra-population analysis, and makes it impossible to compute p-values for F ST . Moreover, the use of population genomic tools enabling the estimation of nucleotide diversity, the identification of genomic structure, and the testing of evolutionary trajectories and past demographic events is not yet possible.

For these reasons, future developments focusing on variant phasing and haplotyping from metagenomic data will greatly help to improve MVS applications. In this context, the use of long read sequencing technologies will be of great benefit, by supporting long-range haplotypes spanning several kilobases.

CONCLUSION

MVSs make it feasible to carry out population genomic analyses of unknown organisms without a reference genome or genome assembly. MVSs are suitable for genomic differentiation and natural selection analysis. Simultaneous access to nucleotide polymorphisms of different species present in the same ecosystem allows for a holistic view of microorganism genomic differentiation and adaptation.

Future developments will attempt to reconstruct species haplotypes based on metavariant species, in order to provide a more accurate view of species evolution.

II.3 Conclusion

The method has proven its accuracy on both simulated and empiric data to retrieve metavariants and cluster them into MVSs to perform simple population genomics analyses.

MetaVaR has several advantages. First, it is designed to obtain clean clusters, with highly covered and specific metavariants. As a consequence, the role of the method is not to be exhaustive in retrieving MVSs, but to be accurate (reflected by a high true-positive rate). In consequence, as metagenomic data are noisy and identifying false signals is a caveat for population genetics analyses, one needs to be very stringent on applied filters. Second, the algorithms demand low computational needs and are very fast to compute, even with millions of metavariants. The most demanding part being the WMIS algorithm that relies on a graph analysis which needs a relatively large memory. Hence, we think this method is very reliable for data like Tara metagenomic data.

The next step, as presented in chapter III, was then to use metaVaR on a larger scale, with a selected set of Tara samples to obtain a more comprehensive view of plankton population genomics. As we saw in the Introduction, the main population genetics studies focused on mCOI, ribosomal DNA, microsatellites, and only used SNPs recently. The scope of the sampling often was restricted to local-or meso-scale areas, with notable exceptions. Furthermore, integrating environmental data and marine currents transport estimates with genetic data has proven to be a hard task, also limited to several factors independently. Therefore, even if structure determined by the transport by marine currents is guessed for several species (especially fishes [START_REF] Dalongeville | Geographic isolation and larval dispersal shape seascape genetic patterns differently according to spatial scale[END_REF], mammals [START_REF] Fontaine | Rise of oceanographic barriers in continuous populations of a cetacean: The genetic structure of harbour porpoises in Old World waters[END_REF] or benthic species such as sponges (Pérez-Portela and Riesgo, 2018)), testing the relationship between population structure and marine currents is difficult for plankton species and was limited to study communities assemblages, with various results [START_REF] Logares | Disentangling the mechanisms shaping the surface ocean microbiota[END_REF].

Chapter

Thereby, three main questions motivated this study. How is the population structure of marine planktonic species characterized? Are differences explained by the geographic scale, the oceanic basin or the taxon we study? And finally, what is the relative contribution of marine currents and environmental conditions to the differentiation?

III.1.2 Estimation of marine currents transport

To assess the role of marine currents in population differentiation, the first step was to find a way to compute travel times between two points in the ocean. Many methods exist, called

Lagrangian estimations, aiming at this kind of computation, and often rely on complex oceanographic models of particle advection in oceans. Nevertheless, these methods are often time- et al., 2012). The goal was to design an easy-to-use method to retrieve travel times between locations, with a low demand of computation resources. The principle is to tessellate oceans with a grid of hexagons and pentagons (called the H3 spatial index, designed by UBER (UBER, 2019)), which offers cells sharing all their edges compared to squares where cells in diagonal are not considered as side by side. Then, trajectories of buoys that crossed the cells matching the two locations are retrieved and a transition matrix is computed, reflecting the probabilities of buoys to cross the cells they ran through. The most probable trajectory between the two points is computed (from A to B and vice-versa, which gives an asymmetric matrix) using a Dijkstra's algorithm and a correction by bootstrap is applied. Travel time is then estimated, and the uncertainty in travel times is evaluated by randomly rotating the grid system. At the end, the developed method is straightforward, and requests and brief amount of time to compute the travel time estimates of a set of 35 locations as is presented in the next article. Compared to other methods of travel times computation, the present method avoids computationally heavy simulations of millions of particles. Furthermore, this approach is also more sophisticated than the simple use of Euclidean distances between locations that are not relevant in oceans. Finally, the force of the method is to use data captured by real drifters, which reflects the better the movements of water masses, giving a strong basis for the results.

For the purpose of the study, we agreed to use a dataset of drifters that comprised both type of buoys (drogued and undrogued) in order to maximize information, and because it is known that epipelagic layers are also influenced by wind forces. The computation was ran for the 35 Tara stations used in the study, with a particular case in Mediterranean Sea. Indeed, the later surface waters originate from the Atlantic Ocean and take a century to get out of the basin [START_REF] Wu | Modeling the dispersal of Levantine Intermediate Water and its role in Mediterranean deep water formation[END_REF][START_REF] El-Geziry | The circulation pattern in the Mediterranean Sea: Issues for modeller consideration[END_REF] and surprisingly no buoys pass from the 

III.1.3 Outline of the study

The work was conducted as follows, and is represented in figure III.1.

I applied metaVaR to data generated previously in Arif et al. (2018) to detect MVSs. In the latter, several millions of metavariants were produced using Tara stations from the Atlantic Ocean and the Mediterranean Sea, for four size fractions (see figure I.3) by the referencefree variant caller DiscoSNP++. Then, to taxonomically assign these MVSs to a clade, the metagenomic reads supporting the variants were assigned to a taxon through three different databases, and a more or less precise affiliation was linked to each MVS. Second, we used the allele frequencies of the MVSs to estimate F ST . We analysed the genomic differentiation of MVSs from a global point of view and observed the influence of biogeography, living range and the size of species on the structure. Finally, we evaluated the role of multiple environmental factors in the variability of differentiation. These factors represent different things. First, we used the Lagrangian estimates to approximate marine currents transport. Second, we used two physico-chemical conditions, temperature and salinity which have known impacts on community diversity, genetic structure or speciation [START_REF] Ueda | Speciation of two salinityassociated size forms of Oithona dissimilis (Copepoda: Cyclopoida) in estuaries[END_REF]. Finally, we estimated the influence of nutrients (phosphate, nitrate and silicate). Nutrients are used by micro-organisms for their own metabolism and are regulated by complex biogeochemical cycles implicating supply from terrestrial origins, death of organisms and biotic interactions [START_REF] Levitus | Distribution of nitrate, phosphate and silicate in the world oceans[END_REF]. In the frame of population genetics, the role of nutrients is poorly investigated. After that, MVSs were clustered and each cluster was analysed separately.

In the following article, I conducted all analyses. For supplementary materials, see Appendix 

Impact Summary

Climate change is thought to particularly impact the biogeography of plankton, the trophic web and biogeochemical cycles. Thus, connectivity of planktonic species is of wide importance to understand the actual and future consequences of global climate changes in oceans. However, the lack of reference limits the investigations to a few species, whereas marine ecosystems display a unique diversity of species. Metagenomic data obtained from shotgun sequencing of environmental samples, like Tara Oceans dataset, thus constitute a treasure trove to answer these questions, by gathering genomic information from numerous unknown and unreferenced species from many locations. We first obtained a representation of the polymorphism of distinct species, extracted from metagenomic data, and offered the silhouette of the population structure of 113 metavariant species or MVS, belonging to a large range of taxa. We then developed an analytical framework to obtain a more comprehensive picture of the relative contribution of marine currents and environmental conditions on the evolution of plankton, on a large scale. We saw that marine currents, salinity and temperature were the main drivers of the population differentiation and showed that these drivers were not linked to the taxonomy of the species.

Our holistic approach, without reference data, enabled us to capture the mosaic pattern of population differentiation and thus offered further clues to understand the connectivity of plankton in the world ocean.

Introduction

Marine species from epipelagic plankton are drifting organisms abundantly present in every oceans, playing an active role in Earth biogeochemical cycles [START_REF] Longhurst | The biological pump: Profiles of plankton production and consumption in the upper ocean[END_REF]Steinberg & Landry 2017) and form a complex trophic web [START_REF] Wassmann | Food webs and carbon flux in the Barents Sea[END_REF][START_REF] Lima-Mendez | Determinants of community structure in the global plankton interactome[END_REF] of high taxonomic diversity [START_REF] Bucklin | A 'Rosetta Stone' for metazoan zooplankton: DNA barcode analysis of species diversity of the Sargasso Sea (Northwest Atlantic Ocean)[END_REF][START_REF] Malviya | Insights into global diatom distribution and diversity in the world's ocean[END_REF][START_REF] Karlusich | Phytoplankton in the Tara Ocean[END_REF], at the basis of fish resources [START_REF] Worm | Impacts of biodiversity loss on ocean ecosystem services[END_REF][START_REF] Smith | Impacts of fishing low-trophic level species on marine ecosystems[END_REF]. Understanding the present connectivity between populations or communities of plankton is thus crucial to apprehend upheavals due to climate changes consequences in oceans [START_REF] Beaugrand | Reorganization of North Atlantic Marine Copepod Biodiversity and Climate[END_REF]Guinder & Molinero 2013).

Due to their potential high dispersal and huge populations size, planktonic species have long been thought to be homogenous and highly connected across oceans, but this assumption is challenged by empirical studies since two decades [START_REF] Norris | Pelagic species diversity, biogeography, and evolution[END_REF]. Planktonic species are characterized by theoretical high population effective sizes (Peijnenburg & Goetze 2013;[START_REF] Collins | Evolutionary potential of marine phytoplankton under ocean acidification[END_REF], which reduces the power of drift and makes selection and beneficial mutation stronger drivers of evolution, as exampled in the SAR11 alphaproteobacteria (Delmont et al. 2019), but the balance between neutral evolution and selection is still debated [START_REF] Hellweger | Biogeographic patterns in ocean microbes emerge in a neutral agent-based model[END_REF][START_REF] Ron | Dispersal increases ecological selection by increasing effective community size[END_REF]. Furthermore, evolution in plankton also seems to be strengthened by acclimation through variation of gene expression or changing phenotypes in response to environmental conditions [START_REF] Lewis | Sensitivity to ocean acidification parallels natural pCO2 gradients experienced by Arctic copepods under winter sea ice[END_REF][START_REF] Mackey | Divergent responses of Atlantic coastal and oceanic Synechococcus to iron limitation[END_REF][START_REF] Maas | Transcriptome-wide analysis of the response of the thecosome pteropod Clio pyramidata to short-term CO2 exposure[END_REF][START_REF] Laso-Jadart | Investigating population-scale allelic differential expression in wild populations of Oithona similis (Cyclopoida, Claus, 1866)[END_REF].

Gene flow and connectivity between planktonic populations can be impacted by three major forces: marine currents, abiotic (i.e physico-chemical parameters) and biotic factors. First, as planktonic species are passively and continuously transported by marine currents, we could expect that isolation-bydistance shapes the genetic structure of populations. Conversely, cosmopolitan, panmictic and/or unstructured species have been reported multiple times in Copepoda [START_REF] Provan | High dispersal potential has maintained longterm population stability in the North Atlantic copepod Calanus finmarchicus[END_REF][START_REF] Kozol | Multi-Gene Analysis Reveals a Lack of Genetic Divergence between Calanus agulhensis and C. sinicus (Copepoda; Calanoida)[END_REF]Weydmann et al. 2016;[START_REF] Laso-Jadart | Investigating population-scale allelic differential expression in wild populations of Oithona similis (Cyclopoida, Claus, 1866)[END_REF], Collodaria [START_REF] Biard | Biogeography and diversity of Collodaria (Radiolaria) in the global ocean[END_REF] or Cnidaria [START_REF] Stopar | Lack of genetic structure in the jellyfish Pelagia noctiluca (Cnidaria: Scyphozoa: Semaeostomeae) across European seas[END_REF]). Other studies show more complex patterns, with genetic structure mainly observed at the level of basins in Copepoda (Goetze 2011), Pteropoda [START_REF] Burridge | Global biogeography and evolution of Cuvierina pteropods Phylogenetics and phylogeography[END_REF], Diatoms [START_REF] Casteleyn | Limits to gene flow in a cosmopolitan marine planktonic diatom[END_REF] and Cnidaria [START_REF] Werner | Speciation and phylogeography in the cosmopolitan marine moon jelly, Aurelia sp[END_REF] or at mesoscale in Chaetognatha [START_REF] Peijnenburg | Spatial and temporal genetic structure of the planktonic Sagitta setosa (Chaetognatha) in European seas as revealed by mitochondrial and nuclear DNA markers[END_REF]) [START_REF] Peijnenburg | Spatial and temporal genetic structure of the planktonic Sagitta setosa (Chaetognatha) in European seas as revealed by mitochondrial and nuclear DNA markers[END_REF], Copepoda (Edmands 2001;[START_REF] Yebra | Barriers in the pelagic: Population structuring of Calanus helgolandicus and C. euxinus in European waters[END_REF]Madoui et al. 2017), Dinophyceae [START_REF] Richlen | Extensive genetic diversity and rapid population differentiation during blooms of alexandrium fundyense (dinophyceae) in an isolated salt pond on cape cod[END_REF] or Macrocystis pyrifera [START_REF] Alberto | Isolation by oceanographic distance explains genetic structure for Macrocystis pyrifera in the Santa Barbara Channel[END_REF]. Thus, due to the complexity of oceanic processes, classical landscape genomics frameworks began to be applied and adapted [START_REF] Fontaine | Rise of oceanographic barriers in continuous populations of a cetacean: The genetic structure of harbour porpoises in Old World waters[END_REF]Hansen & Hemmer-Hansen 2007) to better model the dispersion of populations over seascape, or what we would call "isolation-by-currents". Hence, modelling oceanic circulation at macro-and mesoscale is a prerequisite to capture the water masses connectivity (Riginos et al. 2016). Successful approaches derived from larval dispersal models were tested in fish and coral [START_REF] Galindo | Seascape genetics along a steep cline: Using genetic patterns to test predictions of marine larval dispersal[END_REF][START_REF] Dalongeville | Geographic isolation and larval dispersal shape seascape genetic patterns differently according to spatial scale[END_REF][START_REF] Riginos | Asymmetric dispersal is a critical element of concordance between biophysical dispersal models and spatial genetic structure in Great Barrier Reef corals[END_REF]) and the relatively recent use of Lagrangian travel time estimates combined with genetic data seems promising [START_REF] Alberto | Isolation by oceanographic distance explains genetic structure for Macrocystis pyrifera in the Santa Barbara Channel[END_REF]Madoui et al. 2017).

At the same time, changing environmental conditions may lead to selective pressure that counter the effect of dispersion induced by marine currents, leading to a higher differentiation. The best examples are temperature-driven structures from bacteria to cnidaria [START_REF] Werner | Speciation and phylogeography in the cosmopolitan marine moon jelly, Aurelia sp[END_REF][START_REF] Paulsen | Synechococcus in the Atlantic Gateway to the Arctic Ocean[END_REF]Delmont et al. 2019) or the effect of salinity in diatoms [START_REF] Sjöqvist | Local adaptation and oceanographic connectivity patterns explain genetic differentiation of a marine diatom across the North Sea-Baltic Sea salinity gradient[END_REF], that can even favours speciation in estuaries [START_REF] Ueda | Speciation of two salinityassociated size forms of Oithona dissimilis (Copepoda: Cyclopoida) in estuaries[END_REF]. Finally, biotic drivers based on competition and co-evolution were also reported to shape evolution (Smetacek 2012).However, abiotic and biotic parameters are often linked to oceanic circulation, which leads to technical challenge to disentangle the role and importance of each parameter on populations' connectivity.

All these above mentioned findings usefully enhanced our understanding of plankton connectivity, like in zooplankton (Bucklin et al. 2018), but they focused on documented species with reference sequences, often using few molecular markers such as mitochondrial (COI) or ribosomal genes (16S, 18S, 28S), and/or are restricted to mesoscale sampling. Thus, we need to overcome these case studies by adopting a holistic approach which integrates the analyses of genome-wide markers belonging to species from different levels of the trophic chain, sampled across the world oceans.

Advances in environmental genomics realized by shotgun sequencing offer a new perspective for population genomics of marine plankton species based on metagenomic data. Diversity in ocean microorganisms can now be better understood, thanks to ambitious expeditions [START_REF] Yooseph | The Sorcerer II global ocean sampling expedition: Expanding the universe of protein families[END_REF]Karsenti et al. 2011). Particularly, Tara Oceans data provides a unique dataset from many locations in all the world oceans, enabling global approaches to investigate plankton (Carradec et al. 2018;[START_REF] Karlusich | Phytoplankton in the Tara Ocean[END_REF][START_REF] Vorobev | Transcriptome reconstruction and functional analysis of eukaryotic marine plankton communities via high-throughput metagenomics and metatranscriptomics[END_REF]), but blind spots in term of taxonomy or function are still an obstacle for further analyses, due to the lack of reference genomes or transcriptomes. The first way to address this issue relies on the use of the metagenome-assembled genomes (MAGs) from metagenomic data that enable to retrieve a large amount of lineages from metagenomic samples, especially for smallsized genomes as found in viruses and prokaryotes [START_REF] Brum | Ocean Viral Communities[END_REF]Parks et al. 2017;[START_REF] Delmont | Nitrogen-fixing populations of Planctomycetes and Proteobacteria are abundant in surface ocean metagenomes[END_REF]Stewart et al. 2019). A second way is the single-cell sequencing after flow-cytometric sorting [START_REF] Seeleuthner | Single-cell genomics of multiple uncultured stramenopiles reveals underestimated functional diversity across oceans[END_REF]) which allows the genome reconstruction of small eukaryotic species. Both ways increase the number of available references. An alternative way is based on a reference-free approach of metagenomic data (Laso-Jadart, Ambroise, et al. 2020), in order to analyse the population differentiation of numerous unknown species potentially lacking a reference.

Here, we proposed to study plankton connectivity from a holistic point of view, using metagenomic data extracted from samples gathered during Tara Oceans expeditions in Mediterranean Sea, Atlantic and Austral Oceans. After extracting polymorphic data and clustering them into metavariant species (MVS) using a reference-free method (Laso-Jadart, Ambroise, et al. 

Material and Methods

Extracting metavariants from Tara Oceans metagenomic data

Metavariants are nucleotidic variants detected directly from metagenomic data. We used a set of 23x10 6

metavariants produced in a previous study (Arif et al. 2018). These metavariants were detected in 35

Tara Oceans sampling sites corresponding to four distinct size fractions (0.8-5 µm, 5-20 µm, 20-180 µm and 180-2000 µm) from the water surface layer, for a total of 114 samples (Figure 1A). For further analyses, Tara stations were separated into four groups corresponding to the basins they belong to: the Mediterranean Sea (MED; TARA_7 to TARA_30), Northern Atlantic Ocean (NAO; TARA_4, TARA_142 to TARA_152), Southern Atlantic Ocean (SAO; TARA_66 to TARA_81), Austral Ocean (AO; TARA_82 to TARA_85). Full protocols for sampling, extractions and sequencing are detailed in previous studies (Pesant et al. 2015;Alberti et al. 2017). The metavariants were generated using the reference-free variant caller DiscoSNP++ (Uricaru et al. 2015;Peterlongo et al. 2017) with parameters -k 51 -b 1 [START_REF] Arif | Discovering Millions of Plankton Genomic Markers from the Atlantic Ocean and the Mediterranean Sea[END_REF].

Construction of metavariant species

To identify sets of loci belonging to unique species, we used metaVaR version v 0.2 (Laso-Jadart, [START_REF] Laso-Jadart | metaVaR: introducing metavariant species models for reference-free metagenomic-based population genomics[END_REF]. This method enables the clustering by species of metavariants previously called from metagenomic raw data. Each cluster is constituted of genomic variants of a single species and the final clusters are called metavariant species (MVSs).

The metavariants of the four size fractions were filtered using metaVarFilter.pl with parameters -a 5 -b 5000 -c 4. This process discarded low covered loci, repeated regions that present very high coverage and loci with non-null coverage in less than four samples.

The second step of the metaVaR process clusters the metavariants. As metaVaR uses multiple densitybased clustering (dbscan, (Ester et al. 1996;Ram et al. 2010)), a total of 187 couples of parameters epsilon and minimum points (ε, MinPts) were tested, with epsilon ε = {4,5,6,7,8,9,10,12,15,18,20} and MinPts ={1,2,3,4,5,6,7,8,9,10,20,50,100,200,300,400,500}. This clustering phase constitutes a set of clusters called metavariant clusters (MVC) (Supplementary Figure S1). Then a maximum weighted independent sets (MWIS) algorithm was computed on the resulting set of MVCs to select the best nonoverlapping clusters. For the dataset corresponding to the size fraction 20-180µm, 220 MVCs containing more than 90% of the metavariants were discarded to decrease the memory use during the MWIS computation. For each selected MWIS, only loci with a depth of coverage higher than 8x were kept.

Finally, only MVSs with at least 100 variants, and for which at least three samples presented a median depth of coverage > 8x were retained, leading to a final set of 113 MVSs. As a result, metaVaR provides a frequency matrix and a coverage matrix across each biallelic locus in each population for each MVS that will be used further for population genomic analyses.

Taxonomic assignation of MVSs

To provide a taxonomic assignation of each MVS, three different assignations were performed, using different sources of information (Supplementary Figure S2).

First, for each size fractions, the sequences supporting the were mapped on downloaded NCBI nonredundant database (10/23/2019) with diamond v0.9.24.125 (Buchfink et al. 2014), using blastx and parameter -k 10, and the results were filtered based on the E-value (<10 -5 ). Then, for each variant, the taxonomic ID and bitscore of each match were kept. A fuzzy Lowest Common Ancestor (LCA) method (Genoscope 2018) was used to assign a taxonomy to each sequence, using bitscore as a weight with -r 0.67 -ftdp options. The highest phylogenetic ranks were retained as the best assignation for each sequence. This constituted a first taxonomic assignation of the metavariant sequences. In parallel, the sequences were mapped on the MATOU, a unigen catalog based on Tara Oceans metatranscriptomic data (Carradec et al. 2018) (Carradec et al. 2018), and on the MMETSP transcriptomic database [START_REF] Keeling | The Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP): Illuminating the Functional Diversity of Eukaryotic Life in the Oceans through Transcriptome Sequencing[END_REF]) [START_REF] Keeling | The Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP): Illuminating the Functional Diversity of Eukaryotic Life in the Oceans through Transcriptome Sequencing[END_REF]. This constituted three different taxonomic assignations of the variant sequences.

Then, for each MVS, the unfiltered variant sequences from the corresponding MVC were used to maximize information. The three mentioned taxonomic assignations were crossed with the MVC sequences and the sequences assigned to the same clade were summed and used as a basis for a manual taxonomic assignation of the MVS. Each MVS was thus assigned to the most probable taxonomic clade.

MVSs were then regrouped into 24 taxonomic groups that were clustered into six reliable wider groups:

Virus, Bacteria, Unicellular Eukaryotes, Animals, Copepods, and Poor classification (Figure 2B). This offered three levels of assignation, from the most precise to the widest (Supplementary Table S1).

Population genomics analysis

To investigate genomic differentiation at different scales, the F ST metrics was used throughout this study (Wright 1951;Lewontin & Krakauer 1973) computed for each variant of a MVS as follow,

F ST = σ 2 i p i ( 1-p i )
, with p and σ 2 being respectively the mean and variance of allele frequency across the considered populations i [START_REF] Weir | Estimating F-Statistics for the Analysis of Population Structure[END_REF]. Two types of computations were launched, in each MVS. A first global F ST was calculated using the total set of populations, allowing the analysis of the global F ST distribution. Then, a pairwise-F ST was calculated between the populations, and median pairwise-F ST was retained as a measure of genomic differentiation between the populations of the MVS.

For the whole set of MVSs, each pairwise-F ST comparison was extracted from the metaVaR outputs.

These pairwise-F ST were compared in three different statistical frameworks, by grouping them based on the following factors: the basins where the two populations are located, the taxonomic assignation of the MVS and the size fraction of the MVS. For each comparison, a Kruskal-Wallis test was used to assess the significance of the variation of the median pairwise-F ST among groups. When the test was significant (p-value <0.05), multiple comparison Wilcoxon tests were performed between groups.

Connection within and between basins

To estimate the connection between and within basins, we regrouped Tara stations based on their locations (i.e. MED, NAO, SAO and AO), and computed the mean F ST between and within basins. As an example, if we compared MED to AO, we extracted, from the median pairwise-F ST matrices of all MVSs, all the median pairwise-F ST where a MED station and an AO station were compared, and took the mean of this distribution as an estimate.

Lagrangian travel time estimation

To estimate Lagrangian transport, we used a method based on drifter data (O'Malley et al. 2020), and computed the asymmetric travel time of the most likely path between Tara stations. We used the public database of the Global Drifter Program (GDP), managed by the National Oceanographic and Atmospheric Administration (NOAA) (https://www.aoml.noaa.gov/phod/gdp/) containing information from drifters ranging from February 15, 1979 to present. We extracted the data for both drogued and undrogued drifters (i.e drifters that lost their sock) to maximize information. To avoid missing data, as no drifters were capable of getting out of the Mediterranean Sea through the Strait of Gibraltar, we arbitrarily added 100 years to the corresponding travel times based on previous models on surface water (Wu & Haines 1996;El-Geziry & Bryden 2010). For analyses, we retained the minimum travel time between two stations as the measure of transport time.

Environmental data

Environmental variables corresponding to the 35 selected Tara stations were extracted from the World Ocean Atlas public database (https://www.nodc.noaa.gov/OC5/woa13/woa13data.html), for the period 2006-2013 on 1°x1° grid, covering the dates of Tara Oceans expeditions. The following parameters were retrieved: temperature (°C), salinity unit, silicate (µmol.L -1 ), phosphate (µmol.L -1 ) and nitrate (µmol.L -1 ).

Variation partitioning of the genomic differentiation of MVSs

To estimate the relative contribution of environmental parameters and Lagrangian travel time in the variance of each MVS genomic differentiation, a linear mix model (LMM) was applied with R package MM4LMM [START_REF] Laporte | MM4LMM: Inference of Linear Mixed Models Through MM Algorithm[END_REF]. For each pairwise-F ST matrix, the corresponding matrix of minimum Lagrangian travel time was retrieved. Temperature, salinity, silicate, phosphate and nitrate measures were extracted for all the stations where the MVS is present, and a Euclidean distance was computed between the stations for each on these parameters. The LMM was then applied on median pairwise-F ST values using the five environmental distances and Lagrangian travel time after scaling, adding a variance of 1 for each explicative variable. At the end, the total variance of pairwise-F ST is divided by the proportion explained by each parameter and a fixed effect. In addition, a proportion of variance unexplained is retrieved.

Two principal component analyses (PCA) were performed. A first one was done on the variance explained by the six variables and the unexplained part of the variance over the 113 MVSs. From this PCA, the unexplained variance of F ST (Supplementary Figure S4) was high in most of MVSs, strongly contributing to the first component (37% explained variance). For clarity, a second PCA was conducted by removing the unexplained part of the variance. For both PCA, correlation of the variables with the components and the contribution (i.e. the ratio of the cos² of each variable on the total cos² of the components) of the variables to the components were extracted. PCA were performed using FactoMineR v2.3 R package [START_REF] Lê | FactoMineR: An R Package for Multivariate Analysis[END_REF][START_REF] Husson | FactoMineR: Multivariate Exploratory Data Analysis and Data Mining[END_REF].

Clustering MVSs into specific parameters-driven differentiation groups

The variance explained by each factor was used to represent the MVS with dimensional reduction through t-distributed Stochastic Neighbor Embedding (t-SNE), using Rtsne R package (Krijthe & Van der

Maaten 2018) with a perplexity of 5 and 5,000 iterations and we extracted the MVS coordinates. Then, a k-means clustering (K = 8) was performed to identify MVSs with common patterns of explained variance.

To identify which set of parameters drives the differentiation of a cluster, we compared the distributions of the explained variance of the parameters within the cluster and identified the parameters significantly explaining the more the variance using a Kruskal-Wallis and a Wilcoxon paired tests (p-value < 0.05).

Results

Taxonomy and biogeography of MVSs

We used 23x10 6 metavariants generated from 114 metagenomics data of 35 Tara samples with

DiscoSNP++ in a previous study (Arif et al. 2018) as input for metaVaR and we constructed a total of 113 MVS out of 4,220 MVCs (Figure 1B, Supplementary Table S1), containing altogether 68,575 metavariants (0.3% of the total, Figure 1B). The taxonomic assignation of the MVS showed a wide range of lineages spanning all the plankton trophic levels, with a predominance of Maxillopoda/Copepoda (46), Bacteria (24) and Eumetazoa (21, comprising three Cnidaria and one Echinodea) (Figure 2B). In Bacteria, we found 9 Cyanobacteria, with 8 probable MVS linked to Synechococcus and one to Prochlorococcus. Other notable eukaryotic species belonged to Dinophycea (5), Haptophyta (4), Mamiellales (3), Collodaria (2), Ciliophora (2), Cryptophyta (1) and Pelagomonadacea (1). Only four MVSs presented a poor assignation (unclassified or Eukaryotes) and one MVS was a virus. In Mamiellaes, two MVSs were identified as Bathyccocus prasinos and are related to previously observed results from Tara Oceans (Supplementary Table S2). The size of MVSs ranged from 114 to 1,767 variants and was unrelated to the size fraction (Figure 1A, Kruskal-Wallis p-value > 0.05). As expected, bacteria dominate smaller size fractions, and Eumetazoa (Cnidaria, Bilateria, Copepods…) are found in higher size fractions.

A vast majority of MVSs (95, 84%) was present in four to six stations, with a maximum of eight stations by MVS (Supplementary Figure S5). The number of MVSs by stations showed an important variation (Figure 2D), from four to 43 MVSs (TARA_67/81/84/85 and TARA_150 respectively). Notably, stations from Austral Ocean (TARA_82 to 85) contained few MVSs compared to the others (from 4 to 7 MVSs), with four MVSs (Gammaproteobacteria, Haptophyta, Flavobacteriia and Calanoida) being solely present in Austral Ocean (AO). Finally, 36 MVSs were present in only one basin, while a majority of MVSs ( 80) is present in Northern Atlantic Ocean (NAO) and in one other basin (Figure 2C).

Global view of MVSs genomic differentiation

Pairwise-F ST was used to estimate the population differentiation among the MVSs. First, we saw that differentiation between populations was significantly more important among basins than within basins (Figure 3A), for each size fraction separately or together. When we compared the basins (Figure 3B), NAO presented weak differentiation with MED and SAO (0.118 and 0.143 respectively). SAO and MED presented a relatively higher differentiation between them (0.222). Finally, this analysis underlined the important global differentiation of the AO from other basins (0.201-0.555), but also a high differentiation within the AO (0.397).

Secondly, population differentiation was significantly different between size fractions (Kruskal-Wallis, pvalue < 0.05), being higher in 0.8-5µm and lower in 180-2000µm (Figure 3C). Population differentiation between the six larger taxonomic groups (see Methods) was related to the body size of the lineages, with a differentiation being relatively lower in copepods and other animals than in unicellular eukaryotes, bacteria and virus (Figure 3D).

We observed a large spectrum of population genomic differentiation patterns among MVSs (Figure 3E), with maximum median pairwise-F ST between 0.03 to 1. Extreme cases were observed, for 13 MVSs presenting one or more populations with a median pairwise-F ST of 1, and a global F ST distribution strongly shifted to 1, as exampled by the Collodaria (MVS 15_200_2, Supplementary Figure S6). We then saw that the number of basins where MVSs were spotted was not linked to their global F ST (Kruskal-Wallis p-value > 0.05, Figure 3F).

Computing Lagrangian estimates of marine travel times

Using a data-driven method based on drifters moves throughout the oceans, we computed Lagrangian travel time estimates between the 35 Tara stations, and observed three clear patterns, distinguishing the MED, NAO and SAO/AO (Figure 4A, Supplementary Figure S7). These results also showed interesting cases illustrated by the following four examples: (i) the relative proximity between TARA_66 to 76 (SAO)

and NAO stations, (ii) the link between AO stations and TARA_66 to 70, despite an important geographic distance, (iii) the isolation of TARA_145 from the rest of NAO stations, (iv) a separation between TARA_7/9/11 and the rest of MED stations.

Estimating the relative role of environment and marine currents

To estimate the relative role of environmental factors and marine currents in the genomic differentiation of plankton, we first extracted the data from World Ocean Atlas (Figure 4B) for temperature, salinity, nitrate, silicate and phosphate. Then, we modelled pairwise-F ST of each MVS as the variable depending on the five environmental and Lagrangian times variables using a linear mixed model (LMM). The fixed part of the explained variance was low for each MVS, ranging from 0 to 14% (Supplementary Table S1), and was not analysed after. Among all tested environmental variables, Lagrangian travel time, temperature and salinity were the major contributors to the genomic differentiation (Figure 5A), highly correlated to the three first components (67% explained variance). Nitrate, silicate and phosphate respectively followed on the last three components.

MVSs were then clustered into eight groups by k-means, based on their t-SNE coordinates (Figure 5B).

Then, we identified the most important variables over the MVSs of each cluster (Figure 5C), to characterize the clusters. Two clusters were linked to Lagrangian travel times, labelled as "Lagrangian" (14 MVSs) and "Lagrangian 2" (13), the latter exhibiting a lower explained variance by Lagrangian. The largest cluster contained 24 MVSs but was not linked to any parameter. The others are linked to a single environmental parameter: salinity (16 MVSs), temperature ( 14), silicate (13), phosphate (13) and nitrate (10).

More precisely, the clusters "Lagrangian", "Temperature" and "Salinity" presented clear differences between their respective drivers compared to the other parameters (Figure 5C). The clusters "Phosphate" and "Silicate" showed a wider distribution of their respective driver among the MVSs they contained, with respectively salinity and phosphate sharing high proportion of explained variance. The "Nitrate" cluster also regrouped MVSs for which a non-negligible part of variance was explained by Lagrangian travel time.

Each cluster showed MVS assigned to almost all taxonomic groups and presented no particular visual enrichment (Figure 5C). This absence of enrichment is clearer in copepods, which constitute the majority of MVSs (Fisher's Exact Test p-value = 0.348).

Among the nine MVSs belonging to the "Lagrangian" cluster, we observed five MVSs present in Mediterranean Sea and Southern Atlantic and one in Northern and Southern Atlantic. Interestingly, two were restrained to a single basin (Austral Ocean and Northern Atlantic). Notably, the latter, Planctomycetales 9_200_1, shows a differentiation linked to local marine barriers, with TARA_148 being isolated from the others, TARA_150 and 151 being closely related, and TARA_152 connected to the others, but with slightly higher values (Figure 6A).

Another example one of within-basin differentiation concerns the Mediterranean gammaproteobacteria 7_300_4 from the "Lagrangian 2" cluster, for which the differentiation clearly shows a pattern linked to marine currents (Figure 6B), with a clear separation between TARA_7, 9 and TARA_23, 25, and TARA_18

being genetically closer to TARA_9, this is explained by Lagrangian estimates together with a small contribution of salinity.

Some MVSs displayed a clear link between their differentiation and one environmental parameter. For example, in the "Phosphate" cluster, we found a Dinophyceae MVS (8_10_11), that displayed a clear unimodal F ST distribution and no structure between NAO and SAO (Figure 6C). For this Dinophyceae, the population of TARA_70 seemed more isolated to the other NAO populations and TARA_70 is characterized by a higher phosphate concentration (0.264 µmol.L -1 against 0.031-0.106 µmol.L -1 ).

Inside the "Nitrate" cluster, there is an example of one Mamiellale MVS (5_100_1) for which populations from TARA_146 and TARA_147 were highly connected, and TARA_142 was more connected to TARA_146 than TARA_147. This reflects the differences in nitrate between these locations (Figure 6D).

In the "Temperature" cluster, the cosmopolitan Calanoida MVS 12_5_104, detected in the MED, NAO and SAO (Figure 6E), presented a relatively higher genetic distance between populations from TARA_20 and 68 (F ST = 0.08). This genetic pattern was linked to a higher difference in temperature with respectively 21.9°C and 16.7°C.

In the "Silicate" cluster, we have an illustration of a differentiation along a gradient of silicate, in the cyanobacteria 8_100_13, showing a high isolation of the TARA_151 population compared to populations from TARA_146, 147 and 150 (Figure 6F). The genetic isolation of TARA_151 was linked to a higher concentration in silicate in Northern East Atlantic.

We also found MVSs belonging to a cluster but showing another parameter that also explained a great proportion of the genomic differentiation. As an example, we found the Cnidaria 20_100_10 from the "Salinity" cluster, for which temperature was also an important explaining factor (Figure 6G). Also, the Cyanobacteria 7_7_9 from "Lagrangian 2" cluster presented a clear differentiation between MED and NAO (Figure 6H), which was explained by both Lagrangian travel times and salinity, the Mediterranean Sea presenting higher salinity than NAO.

Focus on Antarctic genomic differentiation of plankton

From the analysis of global F ST , it seemed AO presented a pattern of relative isolation from the other basins (Figure 3B). Plus, as stations TARA_82, 83, 84 and 85 from AO have in common the same four MVSs (Gammaproteobacteria 12_100_16, Flavobacteriia 7_100_6, Haptophyta 4_50_2 and Calanoida 5_20_1), we focused on this basin. These MVSs presented among the highest global median F ST (0.35 to 0.84, see Supplementary Figure S6), revealed a high differentiation between their populations (Figure 7B), and all belonged to different clusters ("Salinity", "Unknown", "Lagrangian" and "Nitrate" respectively).

Discussion

Metavariant species as a representation of species polymorphism

Metavariant species were detected in each of the four size fractions. The number of genomic variants varied from 114 to several hundreds, with a very low rate of false positive metavariants (Laso-Jadart, Ambroise, et al. 2020) enabling a realistic overview of the population structures of marine planktonic species lacking reference sequences. With this approach, metagenomic data help us to draw the silhouette of species population structure while previous studies are often based on few genetic markers, few samples, and are restrained to small geographic areas.

We were able to detect an extensive range of taxa, reflecting the biodiversity of epipelagic layer of oceans. It must be noticed that for each MVS, a majority of variant sequences didn't show any taxonomic signal, an observation already made in other studies using Tara Oceans data (Carradec et al. 2018;[START_REF] Vorobev | Transcriptome reconstruction and functional analysis of eukaryotic marine plankton communities via high-throughput metagenomics and metatranscriptomics[END_REF]. The level and quality of taxonomical assignation are both due to a lack of references in databases and to the small size of the sequences, reducing the chance of matching a reference and having a clear assignation.

Notwithstanding these technical limits for the taxonomical annotation of the MVS, four notable taxonomic groups retrieved from MVSs can be described and be related to previous observations. First, we were able to detect a virus, from the order of Caudovirales, and probably belonging to the family of Myoviridae. These viruses are known to be abundant compared to other viruses in oceans (Sullivan et S2) in a previous study using Tara Oceans metagenomic dataset [START_REF] Leconte | Genome resolved biogeography of mamiellales[END_REF]. Finally, copepods formed the largest group retrieved by metaVaR, with a predominance of calanoid species compared to cyclopoid species. Finding a high number of these species was expected, as copepods are very abundant in oceans (Humes 1994;Gallienne 2001;[START_REF] Turner | The importance of small planktonic copepods and their roles in pelagic marine food webs[END_REF]) and well represented in the Tara Oceans dataset [START_REF] Vorobev | Transcriptome reconstruction and functional analysis of eukaryotic marine plankton communities via high-throughput metagenomics and metatranscriptomics[END_REF]). Together, these MVSs show the ability of metaVaR and our taxonomic assignation to distinguish closely-related species or ecotypes, and the accuracy to retrieve abundant species.

Differentiation of plankton populations from a global view

Our results showed clear patterns of differentiation among MVSs that depend on the basins and the size of organisms. Populations belonging to different basins tend to be more differentiated than populations located in the same basins, which could be explained by relatively smaller connections within basins than between basins. While this trend has been observed several times [START_REF] Kulagin | Spatial genetic heterogeneity of the cosmopolitan chaetognath Eukrohnia hamata (Möbius, 1875) revealed by mitochondrial DNA[END_REF][START_REF] Burridge | Global biogeography and evolution of Cuvierina pteropods Phylogenetics and phylogeography[END_REF][START_REF] Hirai | Extensive genetic diversity and endemism across the global range of the oceanic copepod Pleuromamma abdominalis[END_REF], it hides interesting patterns. We observed the central place of NAO, relatively well connected to both MED and SAO, and a slightly lower connection between MED and SAO. Also, the AO was characterized by a relative isolation from the other basins. Indeed, AO shares few MVSs with other basins, and the latter are relatively highly differentiated. This situation was already observed notably in the copepod Metridia lucens [START_REF] Stupnikova | Genetic variability of the Metridia lucens complex (Copepoda) in the Southern Ocean[END_REF], with important differences between the populations of the basin. This area is characterized by differences in environmental conditions among it, and compared to the rest of the basins, with higher silicate, nitrate and phosphate concentrations on one hand, and lower salinity and temperature on the other hand (Figure 4B, Supplementary Figure S3).

Plus, water masses are driven over thousands of kilometres by the complex Antarctic Circumpolar Current (ACC) [START_REF] Sokolov | Circumpolar structure and distribution of the antarctic circumpolar current fronts: 1. Mean circumpolar paths[END_REF], which could favour gene flow between long-range locations all around the Antarctic. This situation could explain why these MVSs are both specific to Austral Tara stations and highly differentiated.

We showed that smaller organisms, like protists and bacteria, are more structured throughout oceans than zooplankton. These groups play are not characterized by the same range of population sizes, dispersal capacities nor generation times, leading to different effects on their evolution. Finally, we were able to see a unique diversity of population differentiation among MVSs (Figure 3E), from unstructured to highly differentiated MVSs. The latter observation could be understood as complexes of closelyrelated species as already described in Oithona similis in the NAO, SAO, AO and Arctic Ocean (Cornils et al. 2017).

Lagrangian travel times to estimate marine current transport

From the computation of Lagrangian travel times and sampling sites clustering, we were first able to distinguish three basins: NAO, MED and SAO-AO. Interestingly, the isolation of AO is not observed here, reinforcing our previous observations of genetic specificities linked to the unique environmental conditions of this basin. However, important differences were also observed between and among basins.

For example, the Eastern part of the SAO presented an important connection with the NAO, which reflects the North Equatorial Current that linked these locations. Moreover, we saw how travel times from the AO to the Eastern part of the SAO were relatively small, which we can be linked to the Antarctic Circumpolar Current. Inside NAO, travel times between Tara oceans sampling sites presented a clear West-East trend, with some local divergences, which is related to the Gulf Stream and the North Atlantic Drift. Finally, inside MED, we clearly observed a West-East trend, with three different patterns:

TARA_7/9/11 in the Western basin, TARA_18 to 26 in the Eastern basin, and the relative isolation of TARA_30 in the Levantine part of MED. Altogether, these results show the accuracy of this computation to reflect some of the main surface marine currents and the connectivity between Tara stations.

Shaping of genomic differentiation by marine currents and environmental factors

In this study, the genomic differentiation of planktonic species was partially linked to environmental parameters and Lagrangian travel times. We first saw that globally, marine currents, salinity and temperature were the most important tested drivers of genomic differentiation, and that nitrate, silicate and phosphate had a relatively lower impact and this does not seem to be clade specific. [START_REF] Karl | Microbially Mediated Transformations of Phosphorus in the Sea: New Views of an Old Cycle[END_REF]) in marine micro-organisms metabolism, diversity and in the frame of their biogeochemical cycles [START_REF] Tyrrell | The relative influences of nitrogen and phosphorus on oceanic primary production[END_REF][START_REF] Levitus | Distribution of nitrate, phosphate and silicate in the world oceans[END_REF][START_REF] Martiny | Biogeochemical controls of surface ocean phosphate[END_REF]) has been well

studied, but their impact on the population structure has never been investigated at this scale.

This study also points to the importance of computing Lagrangian travel time estimates to evaluate the role of transport by marine currents, that is critical for the understanding of plankton genomic differentiation, as underlined here and in previous studies [START_REF] Siegel | Lagrangian descriptions of marine larval dispersion[END_REF][START_REF] Alberto | Isolation by oceanographic distance explains genetic structure for Macrocystis pyrifera in the Santa Barbara Channel[END_REF][START_REF] Sala | Lagrangian transport pathways in the northeast Atlantic and their environmental impact[END_REF]Madoui et al. 2017;[START_REF] Dalongeville | Geographic isolation and larval dispersal shape seascape genetic patterns differently according to spatial scale[END_REF]. We can note that obtaining proper haplotypes or genotypes together with considering the asymmetric travel times between locations would allow measuring the directional gene flow between populations.

We also notice that a large part of genomic differentiation cannot be explained in this study. The absence of physico-chemical parameters like metals, a key for cellular metabolism [START_REF] Ji | Differential effects of phosphorus limitation on cellular metals in Chlorella and Microcystis[END_REF][START_REF] Mackey | Divergent responses of Atlantic coastal and oceanic Synechococcus to iron limitation[END_REF]Carradec et al. 2018;[START_REF] Hawco | Minimal cobalt metabolism in the marine cyanobacterium Prochlorococcus[END_REF]), sulfur (Van Mooy et al. 2006) or pH [START_REF] Lewis | Sensitivity to ocean acidification parallels natural pCO2 gradients experienced by Arctic copepods under winter sea ice[END_REF]) could also enhance our comprehension of plankton genomic differentiation. Also, the contribution of biotic interactions between trophic levels, like grazing on phytoplankton by zooplankton [START_REF] Sjöqvist | Effects of Grazer Presence on Genetic Structure of a Phenotypically Diverse Diatom Population[END_REF] should also be examined.

Plankton connectivity as a mosaic

Finally, in our study, the identification of group of planktonic species having similar genomic differentiation trends driven by abiotic factors clearly demonstrated the mosaic of plankton population differentiation. This mosaic trend is underlined by the diversity of environmental conditions influencing the differentiation but was also exampled by the absence of link between the number of basins where

MVSs were detected and their global differentiation (Figure 3F) and with several individual cases. This

shows that the living range of species is not correlated to their population structure, i.e. cosmopolitan species do not necessarily present an absence of population structure and species with populations present in close locations can exhibit high differentiation (such as AO). We thus showed how population genomics is important to decipher the connectivity of plankton, and can be complementary to the traditional metabarcoding approach, that fails to quantify the connectivity. Furthermore, we showed that the clade of species was not determinant to identify the drivers of the genomic differentiation, which is indeed probably more related to the ecological niche of the species and their sensitivity to evolve under changing conditions.

The next step would be to better catch the relative effects of evolutive forces on genome, like genetic drift and selection, as the question is still unresolved (Peijnenburg & Goetze 2013;[START_REF] Hellweger | Biogeographic patterns in ocean microbes emerge in a neutral agent-based model[END_REF][START_REF] Ron | Dispersal increases ecological selection by increasing effective community size[END_REF]Delmont et al. 2019). Sequencing genomes or haplotypes data could resolve this question, but in the frame of metagenomic, the latter is still a computational challenge. In grey, asymmetric times that were not the minimum, thus the matrix reflects the "direction" of currents between stations. B) Measures of temperature, salinity, nitrate, phosphate and silicate extracted from World Ocean Atlas (WOA) for the 35 Tara stations. On the right, color scales for each parameter. For the worldmap of Tara stations, see supplementary Figure S3. A B 0.9 

Figures

M E D N A O A O S A O M E D -N A O M E D -S A O N A O -S A O M E D -N A O -S A O A O -N A O -S A O A O -M E D -N A O A O -M E D -S A
• • • • • • • • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • 1 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • N it r a t e • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • P h o s p h a t e • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • S a li n it y • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • S il ic a t e • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • T e m p e
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • T e m p e
• • • • • • • • • • • • • • • • • • • • • • Cnidaria Unclassified Gammaproteobacteria
• • • • • • • • • • • • • • • • T e m p e

III.3 Conclusion and perspectives

From this holistic work, we were able to obtain several results. First, from a technical point of view, it showed that metaVaR was usable at another scale than the sets tested in chapter II. Moreover, the computation was relatively fast and straightforward. Also, we obtained a total of 113 MVSs containing hundreds of SNPs, from a wide diversity of taxa and from which only four were poorly assigned in term of taxonomy. MVSs were detected in many locations, enabling a large-scale analysis. Second, the analyses notably showed that smaller species, from low trophic levels (bacteria, protists), are more differentiated than higher ones (copepods and animals). Different reasons can explain this, like a shorter generation time in the same time lapse, which can generate more genetic variations in bacteria than in copepods. Also, we saw that differentiation inside basins was lower than between basins, with the notable exception of Antarctic locations, inhabited by highly differentiated populations in four MVSs. Finally, the living range of MVSs was not a good predictor for their differentiation. It means that cosmopolitan, widespread MVSs don't necessarily present an absence of structure, as thought for cosmopolitan species. In the same way, geographically close populations of MVSs can present high differentiation. Furthermore, we observed that marine currents, temperature and salinity were the most important drivers of genomic differentiation, with nutrients having a clear lower impact. This proves how overlooking marine transport in classical studies conducts to miss an important factor of differentiation. Finally, the clusters based on variation partitioning did not contain any excess of specific taxa, leading us to conclude that no taxa were particularly impacted by specific environmental parameter.

These results are interesting because they present a mosaic pattern of genetic differentiation, the latter probably more linked to specific ecological niche and biological features than the clade a species belong to.

I see many potential improvements for this study, and also for metaVaR.

For example, the F ST computation, based on a simple estimation, is potentially biased because we can not assess the intra-population variability: it is consequently impossible to know if these F ST are significant or not. However, the number of genetic markers used and the F ST unimodal distributions seem a good basis to obtain a proper silhouette of the population structures.

Being able to retrieve haplotypes with DiscoSNP++ would improve this type of study.

Plus, the successful application of metaVaR offers promising perspective. The goal will be to integrate and analyse way more samples, from surface, DCM and mesopelagic layers. To date, before studying this dataset, I also tried to obtain metavariants and MVSs from other subsets of Tara metagenomic data, but with some obstacles during the computation of MWIS. While this obstacle will be avoided with technical improvements, I focused on the present dataset.

Anyway, a more comprehensive analysis using Arctic, Pacific and Indian Oceans Tara samples remains a key objective to explore plankton connectivity in more basins. In addition, we could also jointly run metaVaR on metagenomic and metatranscriptomic data to obtain information on the acclimation of species to different environments, in regard to metagenomics. This idea saw a first attempt and application in chapter IV. Finally, other applications of Lagrangian computations are possible. Here, we obtained the asymmetric travel times between the 35 stations, but I used only the minimum pairwise time as the best proxy of travel time estimates. Adopting models of dispersal or identifying haplotypes could help us investigate directional gene flow between populations (as already achieved for example in copepods (Blanco-Bercial and Bucklin, 2016), sea cucumber [START_REF] Xuereb | Asymmetric oceanographic processes mediate connectivity and population genetic structure, as revealed by RADseq, in a highly dispersive marine invertebrate (Parastichopus californicus)[END_REF] or pipefishes and seahorses [START_REF] Riquet | Parallel pattern of differentiation at a genomic island shared between clinal and mosaic hybrid zones in a complex of cryptic seahorse lineages[END_REF][START_REF] Bertola | Asymmetrical gene flow in five co-distributed syngnathids explained by ocean currents and rafting propensity[END_REF]), and have a better utilization of Lagrangian computation.

IV.1.1 The model : the copepod Oithona similis

Following a previous study in our laboratory (Madoui et al., 2017) and hypotheses on zooplankton evolution (Peijnenburg and Goetze, 2013), we knew how copepods could be interesting to study population genomics of plankton as they are characterized by large populations, are widespread and are very abundant in their size fractions. In the following work, I focused on the widespread copepod Oithona similis (figure I.3F), described by Claus in 1866 from specimens gathered in the Mediterranean Sea [START_REF] Cepeda | On the uncertainty beneath the name Oithona similis Claus, 1866 (Copepoda, Cyclopoida)[END_REF]. This species is present in probably all oceanic basins [START_REF] Dvoretsky | Characteristics of the Oithona similis (Copepoda: Cyclopoida) in the White and Barents seas[END_REF][START_REF] Shebanova | Some biological features and productive characteristics of Oithona similis (Copepoda) in the Sea of Okhotsk and western Bering Sea[END_REF]Madoui et al., 2017), but preferably in temperate to cold waters (Castellani et al., 2016). A recent genetic study (Cornils et al., 2017) described a probable basin-based speciation, thanks to mCOI, meaning that O. similis is probably a complex of cryptic species. This copepod is thus an interesting case to study the population genomics of plankton.

I focused on seven Tara Oceans Arctic stations (155,158,178,206,208,209,210), because it is known that O. similis is present in Arctic, and at a high abundance [START_REF] Dvoretsky | Characteristics of the Oithona similis (Copepoda: Cyclopoida) in the White and Barents seas[END_REF][START_REF] Shebanova | Some biological features and productive characteristics of Oithona similis (Copepoda) in the Sea of Okhotsk and western Bering Sea[END_REF]Zamora-Terol et al., 2013). I chose these stations because they presented enough metagenomic depth of coverage to perform my analyses. In a first variant calling step, we used TARA_168, but the low depth of coverage of this sample led us to discard it for further analyses, despite the presence of O. similis.

The choice of the Arctic region is interesting because this area is less analysed by most genetic studies and providing results on populations from these high latitudes could contribute to improve knowledge over this area. Arctic is a complex and fragmented region, characterized by complex currents running from rivers, Pacific and Atlantic Oceans (figure IV.1). Recently, studies on phytoplankton began to totally revise what was previously thought of life in Arctic Seas [START_REF] Ardyna | Phytoplankton dynamics in a changing Arctic Ocean[END_REF]. This interest towards Arctic is particularly growing in regard to climate change, since this area has and will experience the highest increase of sea surface temperature, from an increase of 2 • C to 5 • C [START_REF] Alexander | Projected sea surface temperatures over the 21st century: Changes in the mean, variability and extremes for large marine ecosystem regions of Northern Oceans[END_REF], with severe consequences on populations [START_REF] Beaugrand | Prediction of unprecedented biological shifts in the global ocean[END_REF]. This emphasizes the need to characterize Northern and Arctic planktonic communities and their acclimation and adaptive response to environment.

Also, transcriptomes were produced from specimens sampled in Toulon's Large Bay thanks to the collaboration of Pr. Jean-Louis Jamet, in the frame of the thesis of Kevin Sugier (2016- Variation in gene expression within and between individuals or natural populations is an important mechanism for the acclimation of species [START_REF] Fay | Evaluating the role of natural selection in the evolution of gene regulation[END_REF][START_REF] Hutter | Gene expression variation in African and European populations of Drosophila melanogaster[END_REF][START_REF] Li | Gene expression variability within and between human populations and implications toward disease susceptibility[END_REF]Whitehead, 2012).

This variation can nonexclusively be driven by selective genetic factors [START_REF] Zhang | Evaluation of genetic variation contributing to differences in gene expression between populations[END_REF][START_REF] Fraser | Gene expression drives local adaptation in humans[END_REF][START_REF] Sato | Natural selection in a population of Drosophila melanogaster explained by changes in gene expression caused by sequence variation in core promoter regions[END_REF] or be induced by environmental cues and gradients, for varying in several studies (Lauritano, Procaccini, & Ianora, 2012;Salazar et al. 2019). However, taxonomic identification (Cepeda, Sabatini, Scioscia, Ramírez, & Viñas, 2016), DNA and mRNA extraction of small marine eukaryote species due to their complex genomes (Bucklin et al., 2018) still constitute an obstacle to conduct proper studies focusing on gene expression and selection in natural populations.

In the present study, we proposed to measure the population-scale allelic differential expression (psADE) of genes. psADE depends on the difference between alleles abundance at the genomic and transcriptomic level. At population scale, it aggregates differential expression between the two alleles at smaller scales (Figure 1). To measure psADE on small organisms, it would require the sequencing of several individuals at genomic and transcriptomic levels separately. An alternative approach could be to take advantage of the recent advances in metagenomic and metatranscriptomic sequencing of environmental samples, which offer a direct populational insight. In this context, polymorphic sites of a single species have to be extracted, allowing to evaluate whether the population-scale relative expression of an allele deviates from its genomic frequency.

Copepods, and particularly species belonging to the Oithona genus, are small crustaceans forming the most abundant metazoan on Earth (Gallienne, 2001;Humes, 1994;Kiørboe, 2011). This abundance, reflecting strong adaptive capacities to environmental fluctuations, together with large hypothetic effective population size (Peijnenburg & Goetze, 2013;Riginos, Crandall, Liggins, Bongaerts, & Treml, 2016;Madoui et al. 2017;Arif et al. 2018) make this species suitable for population genomics analyses. In addition, they play an ecological key role in biogeochemical cycles and in the marine trophic food chain [START_REF] Wassmann | Food webs and carbon flux in the Barents Sea[END_REF]. In this study, we propose to detect psADE by focusing on the widespread epipelagic copepod, Oithona similis (Cyclopoida, Claus, 1866). We used environmental samples collected by the Tara Oceans expedition (Karsenti et al. 2011;Pesant et al. 2015) during its Arctic phase (2013) for which both metagenomic and metatranscriptomic data are available.

Arctic Seas is an area where O. similis is known to be highly abundant [START_REF] Blachowiak-Samolyk | Magnitude of mesozooplankton variability: A case study from the Marginal Ice Zone of the Barents Sea in spring[END_REF]Castellani et al., 2016;[START_REF] Dvoretsky | Seasonal mortality rates of Oithona similis (Cyclopoida) in a large Arctic fjord[END_REF]Zamora-Terol, Nielsen, & Saiz, 2013). First, variants of O. similis were extracted and the genetic structure between the populations was studied. Then, we detected loci under psADE, under selection and under both psADE and selection. From these results, we tried to decipher the potential links between psADE, genomic differentiation and natural selection.

Lastly, we investigated the molecular functions and biological processes of candidate loci under psADE and selection.

| MATERIAL S AND ME THODS

| Variant calling using Tara Oceans metagenomic and metatranscriptomic data

We used metagenomic and metatranscriptomic reads generated from samples of the size fraction 20-180 µm collected in seven Tara Oceans stations (TARA_155,158,178,206,208,209,and 210l Figure 2a) according to protocols fully described by Alberti et al.

(2017) (Table S1). Because of the lack of a reference genome, the reference-free variant caller DiscoSNP++ [START_REF] Uricaru | Reference-free detection of isolated SNPs[END_REF]Peterlongo et al. 2017) was used to extract SNVs simultaneously from raw metagenomic and metatranscriptomic reads and was run Biallelic loci were then filtered based on their metagenomic coverage. For each sample, the median and standard deviation σ of the distribution of metagenomic coverage of all biallelic loci were estimated. Biallelic loci must be characterized by a metagenomic coverage between a limit of median ± 2σ, with a minimum and maximum of 5× and 150× coverage in each sample to avoid low covered and multicopy genomic regions. To keep out rare alleles and potential calling errors, only variants characterized by a BAF comprised between 0.9 and 0.1, and a BARE between 0.95 and 0.05 in at least one population were chosen for the final dataset resulting in 25,768 biallelic loci (Table S5).

To ensure that these loci belong to O. similis, the global Fstatistics (or Wright's fixation index (Wright, 1951;Lewontin & Krakauer 1973) over the seven populations was computed as follows, F ST = 2 p(1-p) , with p and σ 2 being the mean allele frequency and the related variance, and its distribution was tested for unimodality via a Hartigans' dip test [START_REF] Hartigan | The dip test of unimodality[END_REF]. Moreover, LK statistics (Lewontin & Krakauer 1973) tion with df = n-1, with n being the number of populations and F ST being the mean F ST across all loci.

| Population-scale ADE detection using metagenomic and metatranscriptomic data

In each population, we first selected heterozygous loci variants (BAF ≠ {0,1}). We tested the correlation between BAF and BARE and modeled their relationship by a linear regression. Then, we computed We then tested the psADE of each variant using a two-sided Fisher's exact test on a 2 × 2 table containing the read counts G A , G B , T A , and T B . Given the large number of tests, we applied the Benjamini and Hochberg p-value correction [START_REF] Benjamini | Controlling the false discovery rate : A practical and powerful approach to multiple testing[END_REF] to control the False Discovery Rate (FDR). This generated seven sets of candidate loci under psADE, one set for each population.

| Noise detection in population-scale ADE using simulated data

To account for noise originating from potential sampling bias during sequencing, simulations were performed by generating sets of variants: (a) We modeled the distributions of the genomic depth of coverage of the loci (i.e., the sum of G A and G B ) from each of the seven samples separately (Table S3) by a negative binomial (NB) distribution (Robinson & Smyth, 2007) and estimated seven µ and θ (the NB mean and shape parameters); (b) The relationship among the seven samples between the observed µ and θ by a linear regression (Figure S4), allowing us to estimate a shape parameter θ for any given mean µ; (c) A-allele frequencies followed a U-shaped distribution, approximated by a beta distribution of shape parameters α and β;

(d) The expression level (i.e., the sum of T A and T B ) was modeled by a gamma distribution of shape and rate parameters a and b. These estimations were performed with fitdist function of fitdistrplus R package (Delignette-Muller & Dutang, 2015) and are presented in Figure S3.

To simulate the genomic A-allele frequency for one biallelic loci in a given population, we extracted one random deviates from its beta distribution of shape parameters α, β estimated previously for each population in (c). The A-allele frequency was multiplied by the estimated µ to obtain an expected genomic read count of allele A, G A . In the same way, G B was obtained by the difference between µ n and G A . Simulated genomic read counts for allele A and B were then obtained by generating a random value from negative binomial distributions of parameters µ A = G A and µ B = G B respectively, and the corresponding size parameters θ A and θ B estimated using the linear regression between θ and µ as described above in (b).

A locus expression level was then computed by generating random deviates following a gamma distribution of shape a and rate b estimated previously for each population in (d). Under the null hypothesis, the allele abundance at genomic and transcriptomic level is the same (see Table S3), the expected transcriptomic read count of allele A, T A , was generated by multiplying the genomic A-allele frequency previously computed and the locus expression level. In the same way, T B was obtained by the difference between the locus level expression and T A . Finally, simulated transcriptomic read count T A and T B were obtained by generated random values from a Poisson distribution of parameter λ A = T A and λ B = T B , respectively. All simulations were performed using lm, rbeta, rnbinom, rgamma, and rpois R functions.

To formally test for psADE due to noise (i.e., under the null hypothesis), seven sets of 50,000 loci were simulated using the seven sets of parameters learnt for each sample. Fisher's exact test was performed only on heterozygous loci with a non-null expression level, and simulated variants with a q-value < 0.05 (Benjamini-Hochberg correction) were considered as noisy psADE, as described above.

| Estimation of genomic differentiation and detection of variants under selection

Pairwise-F ST was computed as follows, F ST = 2 i p i (1-pi) , for each locus between each pair of populations i and the median pairwise-F ST was retained to measure the genomic differentiation between each population. A Mantel test was performed to test for isolation-by-distance between median pairwise-F ST and geographic Euclidean distances using vegan v2.5-2 [START_REF] Oksanen | vegan: Community Ecology Package[END_REF]) and geosphere v1.5-7 (Hijmans, 2017) R packages. The pcadapt R package v4.0.2 (Luu, Bazin, & Blum, 2017) was used to detect selection among populations from the B-allele frequency matrix. The computation was run on "Pool-seq" mode, with a minimum allele frequency of 0.05 across the populations, and variants with a corrected Benjamini and Hochberg p-value < .05 were considered under selection.

| Modeling psADE with population differentiation

The seven sets of candidate loci under psADE were crossed to identify variants under psADE in several populations (named "shared psADEs") and all nonempty, nonoverlapping crossings between populations were represented by an upset plot.

To test whether populations characterized by weak genetic differentiation tend to share more loci under psADE than genetically distant populations, we modeled the number of shared psADEs between populations by genomic differentiation using a nonlinear model: y = a e -bx + c, with y being the number of shared ADE and x the genomic differentiation. The latter was estimated by computing the median F ST of each nonempty crossing set of populations as described above, with i being here the considered set of populations. To find the starting values, the model was linearized as follows,
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log(y-c 0 ) ≈ log(a) + bx, with c 0 = min(y)*0.5 and a and b parameters were estimated via the lm R function. The nonlinear model was then applied, and least squares estimates were used via the nls R function.

Pearson's correlation between the fitted and empirical values was then computed via the cor.test R function.

| psADE and link with natural selection

To identify alleles under both psADE and natural selection, the set of variants under psADE in each population was crossed with the set of loci detected under selection. The size of the intersection was tested by a hypergeometric test, H(q,m,n,k), with q being number of alleles under psADE in the population and under selection (size of intersection), m being the total number of alleles under selection, n being the total number of variants under neutral evolution, and k being the total number of alleles under psADE in the tested population. We considered that, in a given population, the number of alleles under both psADE and selection was significantly higher than expected by chance for p-value < .05.

| Material sampling, mRNA extraction, and Mediterranean O . similis transcriptomes sequencing

To conduct a functional analysis, Mediterranean O. similis transcriptomes were produced. Oithona similis specimens were sampled at the North of the Large Bay of Toulon, France (Lat 43°06' 02.3" N and Long 05°56' 53.4" E). Sampling took place in November 2016. The samples were collected from the upper water layers (0-10 m) using zooplankton nets with a mesh of 90µm and 200 µm (0.5 m diameter and 2.5 m length). Samples were preserved in 70% ethanol and stored at -4°C.

From the Large Bay of Toulon samples, O. similis individuals were isolated under the stereomicroscope [START_REF] Nishida | Taxonomy and distribution of the family Oithonidae (Copepoda, Cyclopoida) in the Pacific and Indian Oceans[END_REF]Rose, 1933). We selected two different development stages: four copepodites (juveniles)

and four adult males. Each individual was transferred separately and crushed, with a tissue grinder (Axygen) into a 1.5 ml tube (Eppendorf).

Total mRNAs were extracted using the 'RNA isolation' protocol from NucleoSpin RNA XS kit (Macherey-Nagel) and quantified on a Qubit 2.0 with a RNA HS Assay kit (Invitrogen) and on a Bioanalyzer 2100 with a RNA 6000 Pico Assay kit (Agilent). cDNA was constructed using the SMARTer-Seq v4 Ultra low Input RNA kit (ClonTech). The libraries were built using the NEBNext Ultra II kit for paired-end sequencing with an Illumina HiSeq2500. After adaptors trimming, only reads with a mean Phred score > 20 were kept.

| Transcriptomes assembly and annotation

Each read set was assembled with Trinity v2.5.1 [START_REF] Haas | De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis[END_REF]) using default parameters and transcripts were clustered using cd-hit v4.6.6 [START_REF] Fu | CD-HIT: Accelerated for clustering the next-generation sequencing data[END_REF] using -c 0.9 -aS 0.8 -aL 0.8 parameters (Table S2).

To ensure the classification of the sampled individuals, each ribosomal read set were detected with SortMeRNA [START_REF] Kopylova | SortMeRNA: Fast and accurate filtering of ribosomal RNAs in metatranscriptomic data[END_REF] and mapped with bwa v0.7.15 using default parameters [START_REF] Li | Fast and accurate long-read alignment with Burrows-Wheeler transform[END_REF] S2). In parallel, homology searches were also included as ORF retention criteria for Transdecoder; the peptide sequences of the longest ORFs were aligned on Oithona nana proteome (Madoui et al. 2017) using DIAMOND v0.9.22 (Buchfink, Xie, & Huson, 2014). Protein domain annotation was performed on the final ORF predictions with Interproscan v5.17.56.0 [START_REF] Jones | InterProScan 5: Genome-scale protein function classification[END_REF]) and a threshold of E-value < 10 -5 was applied for Pfam annotations. Finally, homology searches of the predicted proteins were done against the nonredundant NCBI protein database, restricted to Arthropoda (taxid: 6656), with DIAMOND v0.9.22.

| Variant functional annotation

The variant functional annotation was conducted in two steps.

First, the variant sequences were mapped on the previously annotated O. similis transcripts using the "VCF_creator.sh" program of DiscoSNP++. Secondly, a variant annotation was carried out with SNPeff [START_REF] Cingolani | A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3[END_REF] to identify the location of variants within transcripts (i.e., exon or UTR) and to estimate their effect on the proteins (missense, synonymous or nonsense). The excess of candidate variant annotations was tested for the different classes of SNPEff, for the three sets of variants under selection, psADE, and both, by comparing to the total sets of annotated variants. A significant excess was considered for a hypergeometric test qvalue < 0.05, after Benjamini-Hochberg correction.

| Gene enrichment analysis

To identify putative biological function or processes associated to the variants, a domain-based analysis was conducted. The Pfam annotation of the transcripts carrying variants categorized as psADE and selection was used and compared to Pfam annotation of the total sets of variants with a hypergeometric test for enrichment.

A significant excess was declared for a q-value < 0.05 (Benjamini-Hochberg correction). To complete the domain-based analysis, the functional annotations obtained from the homology searches against the nr were manually curated.

| RE SULTS

| Extracting polar Oithona similis variants from environmental samples

From metagenomic and metatranscriptomic raw data of seven sampling stations (Figure 2a), we identified 102,258 variants using a
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reference-free approach. Among them, 25,768 expressed O. similis variants were retrieved after filtering. To ensure that the variants belonged to O. similis, we performed three different analyses. First, in each sample, the distributions of variable loci depth of coverage were unimodal (Figure 2b) and fitted the expected negative binomial distributions (Figure S3). Secondly, 97% of 25,768 variants were mapped on Mediterranean O. similis transcriptomes (Figure 2a). Third, the global distribution of F ST of the seven populations was unimodal (Hartigans' dip test, D = 0.0012, p-value = .19) with a low median F ST at 0.1 (Figure 2c), confirmed by the pairwise-F ST distributions (Figure S6d).

Finally, the LK distribution over all the loci followed the expected chisquared distribution (Figure 2d), showing that most of the loci follow the neutral evolution model, as expected in a single species.

| Oithona similis genomic differentiation in Arctic Seas

The seven populations were globally characterized by a weak to moderate differentiation, with a maximum median pairwise-F ST of 0.12 between populations from TARA_210 and 155/178 (Figure 3b, Figure S6d). Populations from stations TARA_158 (Norway Current), 206 and 208 (Baffin Bay) were genetically closely related, with the lowest median pairwise-F ST (0.02), despite TARA_158 did not co-geolocalize with the two other stations. The four other populations (TARA_155, 178, 209, and 210) were equally distant from each other (0.1-0.12). Finally, TARA_158, 206, and 208 on one side and TARA_155, 178, 210, and 209 on the other side showed the same pattern of differentiation (0.05-0.07). A Mantel test was performed and revealed no correlation between F ST and geographic distances (r = 0.34, p-value = .13; Figure S7).

| Detection of population-scale ADE

As expected, most of the loci presented a strong correlation between B-allele frequency and B-allele relative expression (Figure 3a, Table S3). Thus, we observed the difference between BAF and BARE, which followed a Gaussian distribution centered on 0 in each population (Figure 3a, Table S3). The number of SNVs tested for psADE varied between 13,454 and 22,578 for TARA_210 and 206 respectively. We found a significant amount of variants under psADE in each population under a Fisher's exact test (Figure 3c, Table S4). 14 8 5 4 4 3 3 3 2 1 1 1 1 1 

T A R A _ 2 1 0 T A R A _ 2 0 9 T A R A _ 2 0 8 T A R A _ 2 0 6 T A R A _ 1 7 8 T A R A _ 1 5 8 T A R A _ 1 5 5 T A R A _ 1 5 8 T A R A _ 1 7 8 T A R A _ 2 0 6 T A R A _ 2 0 8 T A R A _
1 1 1 1 1 1 | 7 LASO-JADART eT AL.
p-values compared with the simulated ones, resulting in a proportion of true-positives psADEs varying from 70% to 100% (Table S4).

Overall, we found 572 variants under psADE, including 513 population-specific psADEs, and 59 psADEs shared by several populations (Figure 3c). Remarkably, 29 psADEs out of the 59 were present only in the populations from TARA_158, 206, and 208 that correspond to the genetically closest populations, leading us to compare the relationship between sharing psADEs and population differentiation. By comparing the number of shared psADEs in the different sets of populations to their genomic differentiation, we found a negative trend between the two (with a strong negative exponential slope estimate), illustrated by a significant correlation between nonlinear fitted and empirical values (0.87, p-value 5.6 × 10 -30 , Figure 3d). This modeling shows that genetically close populations tend to share more variants under psADE.

| Loci under population-level ADE and selection in Arctic populations

The set of variants was tested for selection using pcadapt. The favored by psADE (allele B in TARA_178), with a low genomic frequency and fixed in nearly all the other populations.

| Functional analysis of transcripts under population-scale ADE and selection

The full dataset of variants was positioned on the eight transcriptomes to extract putative functional information, with a total of 25,048 variants (97% of total) successfully mapped on 16,272 transcripts. First, SNPEff was used to estimate the localization of variants inside the transcripts, and an enrichment was estimated for all categories, and for three sets of variants categorized respectively as under selection, psADE and both (Figure S9). Overall, the two first sets showed a significant excess of variants in 3' UTR. Plus, among the variants under psADE, one was categorized as a "stop gained" and one as a "stop retained". However, variants under psADE and selection did not show any excess of specific effect.

Among the 84 loci identified under psADE and selection, 80

were located on O. similis transcripts (Table S6). Amid these transcripts, 64 (76%) were linked to at least one Pfam domain (61 different domains) and 59 (70%) to a functional annotation from the nr database. From this total of 61 Pfam domains, 23 presented a significant excess compared with domains present in the global set of transcripts, corresponding to 21 transcripts (Figure S10). On the latter, three transcripts were involved in nervous system features: omega-amidase NIT2, vang-like 2B protein, and 5-oxoprolinase.

| DISCUSSION

| Genomic and transcriptomic variation data belong to a single Oithona similis lineage

Because genomes of small animals like copepods are difficult to reconstruct, we used DiscoSNP++, a reference-free variant caller to extract variants from metagenomic data, that already showed its accuracy on Tara Oceans metagenomic data (Arif et al. 2018).

Global populations of O. similis are known to be composed of cryptic lineages across oceanic basins (Cornils et al., 2017). It is also known that this species in highly abundant among other copepods in Arctic Seas [START_REF] Blachowiak-Samolyk | Magnitude of mesozooplankton variability: A case study from the Marginal Ice Zone of the Barents Sea in spring[END_REF]Castellani et al., 2016;[START_REF] Dvoretsky | Seasonal mortality rates of Oithona similis (Cyclopoida) in a large Arctic fjord[END_REF]Zamora-Terol et al., 2013). Thus, the assessment that the extracted variants from the seven samples used in our study belongs to the same O. similis cryptic lineage was a prerequisite for further analyses. Three different analyses support this assumption. First, the distribution of depth of coverage in each of the seven samples followed the expected negative binomial distribution (Supplementary Figure S3). Indeed, the possibility to observe these patterns in the presence of different species would require them to be equally co-abundant, which is unlikely.

Thus, this covariation of the depth of coverage of these variants supports the single species genome origin. Secondly, the high proportion of variants (97%) mapped on the Mediterranean O. similis transcriptomes, another cryptic lineage (Cornils et al., 2017),

showed that the variant clustering method was efficient to regroup loci of O. similis. Finally, the unimodal distribution of F ST showed that these populations of O. similis belong to the same polar cryptic species, and that most of the loci are under neutral evolution. Altogether, these results show that we were able to retrieve polymorphic data of a single species, O. similis, on which population differentiation analyses and psADE detection can be undertaken.

| Oithona similis populations are weakly differentiated within the Arctic Seas

We observed that the seven populations examined showed low genomic differentiation, despite the large distances separating them, which was illustrated by a nonsignificant Mantel test for isolationby-distance (Figure S7). Goetze, 2013). Weak genetic structure in the polar region was highlighted for other major Arctic copepods like Calanus glacialis (Weydmann, Coelho, Serrão, Burzyński, & Pearson, 2016) and Pseudocalanus species (Aarbakke, Bucklin, Halsband, & Norrbin, 2014). The absence of structure was explained by ancient diminutions of effective population size due to past glaciations [START_REF] Aarbakke | Comparative phylogeography and demographic history of five sibling species of Pseudocalanus (Copepoda: Calanoida) in the North Atlantic Ocean[END_REF]Bucklin & Wiebe, 1998;Edmands, 2001), or high dispersal and connectivity between the present-day populations due to marine currents (Weydmann et al., 2016). Using

Lagrangian travel time or dispersal probabilities could help to estimate how much marine currents explain this observed genomic differentiation.
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| Population-scale ADE in O. similis populations and its link with differentiation and selection

We were able to detect variants under psADE in the seven populations. First, allele frequency and relative expression are strongly correlated in the data, showing as expected that the more an allele is observed at the genomic level, the more this allele is expressed.

Simulations performed showed that although this sequencing bias noise is present in our data, it does not significantly affect psADE detection. Among the variants under psADE, a large part was population-specific and a minority was under psADE in several populations. From the latter, we showed that closely related populations tended to share more variants under psADE than other more differentiated populations, meaning that a genetic basis partially shapes these psADEs. This result shows that psADE allows the observation of similar allelic expression variation in individuals sampled from geographically very distant populations (>4,000 km for TARA_206 and 158) but having very strong genetic relatedness. This finding clearly suggests that these variations of expression are probably controlled by the same regulatory genetic drivers.

We estimated the number of loci under psADE that were also targeted by natural selection. A significant amount of SNVs ( 84 with this psADE due to a low abundance and high expression. In this population, the allele B sees its frequency decreasing because another allele appears in this population. However, since the latter is under-expressed, it could mean that it is a deleterious mutation, and strong regulatory elements or molecular mechanisms repress its expression, or that even a small expression enables a higher fitness for individuals carrying it, or that the allele favored by psADE is the one enabling higher fitness, leading to fixation in other populations.

Ultimately, although determining how psADE and selection interact remains beyond the scope of this study, we can hypothesize from these observations that the action of the two mechanisms on a locus can be (a) independent, psADE and selection acting separately, (b) sequential, with psADE acting before, while or after selection occurs.

The process of acclimation through gene expression and the link with genetic variation and adaptation have been studied widely in several organisms [START_REF] Fay | Evaluating the role of natural selection in the evolution of gene regulation[END_REF][START_REF] Signor | The evolution of gene expression in cis and trans[END_REF][START_REF] Williams | The influence of genetic variation on gene expression[END_REF]. In a first study in human, a link has been established between gene expression and selection, affecting particular genes and phenotypes, looking at cis-acting SNPs [START_REF] Fraser | Gene expression drives local adaptation in humans[END_REF]. In a second study, the team was able to detect loci under ADE and selection at the same time in different human populations [START_REF] Tian | Genome-wide comparison of allele-specific gene expression between African and European populations[END_REF]. Also, approaches in a plant model, Capsella grandiflora, a species characterized by weak population structure and large effective population size, emphasized the relative impact of purifying selection and positive selection on cis-regulatory variation in populations [START_REF] Josephs | Association mapping reveals the role of purifying selection in the maintenance of genomic variation in gene expression[END_REF][START_REF] Steige | Genomic analysis reveals major determinants of cis-regulatory variation in Capsella grandiflora[END_REF]. Our study, by focusing on whole populations of numerous individuals, offers further clues to understand the link between gene expression variation and selection.

Further investigations including replicates, more populations, and the production of a genome and genotypes would help to confirm our results, disentangle the different causes of psADE, and question the link between psADE and selection.

| Functional insights of natural selection and population-scale ADE in Oithona similis

By analyzing the functional annotation of the variants with SNPEff, we found a significant excess of variants under selection and variants under psADE located in 3'UTR, but no excess in variants under selection and psADE. Variations in these regions are known to both affect transcription efficiency through mRNA secondary structures, stability, and location [START_REF] Matoulkova | The role of the 3′ untranslated region in post-transcriptional regulation of protein expression in mammalian cells[END_REF][START_REF] Mignone | Untranslated regions of mRNAs[END_REF], leading to affect the function of the gene. However, no clear pattern was observed among the candidate variants.

On the 674 loci under selection, some variants were located in transcripts annotated by homology search (Table S6) as pantothenate kinase, glycine receptors/GABA receptors, and FMRFamide receptor. The same genes are also under selection in Oithona nana populations of Mediterranean (Madoui et al. 2017), stressing their evolutive importance. To date, variants located in transcripts linked to FMRFamide, glycine, and GABA receptors are also found among the 572 variants under psADE, but not in the 84 candidate variants under psADE and selection.

Glutamate, GABA and glycine are known neurotransmitters in arthropods motor neurons [START_REF] Smarandache-Wellmann | Arthropod neurons and nervous system[END_REF].

Pantothenate kinase, an enzyme catalyzing the phosphorylation of vitamin B5, constituting the first step in Coenzyme-A biosynthesis pathway, is linked to neurodegenerative diseases in human and Drosophila [START_REF] Pandey | A new in vivo model of pantothenate kinase-associated neurodegeneration reveals a surprising role for transcriptional regulation in pathogenesis[END_REF].

Among the transcripts under psADE and selection, three are of specific interests, as they are also involved in nervous system. Omegaamidase NIT2 is an enzyme that produces α-ketoglutaramate, a precursor of glutamate and GABA. The 5-oxoprolinase produces glutamate from 5-oxoproline. Finally, vang-like protein 2B is involved in the formation of ommatidies in Drosophila [START_REF] Leung | The planar cell polarity protein Vangl2 is required for retinal axon guidance[END_REF]. Other studies focusing on axon myelination in calanoid species illustrate how nervous system can play an important role in copepod evolution [START_REF] Lenz | The biogeography and ecology of myelin in marine copepods[END_REF][START_REF] Weatherby | The need for speed. II. Myelin in calanoid copepods[END_REF]. From our results, more functional analyses would allow a better characterization of these genes, but it reveals the potential evolutionary importance of nervous system in copepods.

IV.3 Discussion

IV.3.1 Main outcomes

In this study, I was able to integrate metagenomics and metatranscriptomics to study acclimation and adaptation in copepods. I retain selected results. First, we used the mdbscan algorithm to accurately cluster metavariants of O. similis. Here, the use of this method and its accuracy was facilitated by (i) unpublished analysis of 18S, that shows that O. similis is the major Oithona detected in the 20-180µm size fraction in these seven stations, (ii) literature pointing the high abundance of this copepod in Arctic. It was further confirmed by the unimodal F ST distribution (figure 2c) and the successful mapping of 97% of variant sequences on the transcriptomes (figure 2a). These results also motivated the development of metaVaR described in chapter II.

Second, we observed a weak population structure of O. similis in Arctic Seas, which constitutes a new observation in this area for this species. As shown in the article, this trend is also observed in other polar copepods, providing again some clues about this high connectivity between populations of copepods. It could be the result of several events with (i) a constant migration and gene flow among the populations, (ii) an ancient event that created a dramatic bottleneck in the populations, which strongly reduced diversity (i.e last glaciation).

Demographic studies and population effective size evolution would allow us to understand this lack of structure in polar copepods.

We also developed a proper method to estimate the number of loci under psADE and under selection, showing how varying allelic expression could be locally selected. An interesting result is the number of shared psADE among the populations (figure 3d) that is linked to the genetic relatedness of the populations; a variant under psADE in one population tends to be also under psADE in a genetically close population.

Finally, we demonstrated that loci under psADE were also targeted by selection in a nonrandom manner. Indeed, the number of shared psADE between the populations could mean that genetically controlled plasticity exists in copepods, but was minor because of the few loci concerned by this. Another part of the loci under psADE were also subjected to selection, possibly meaning that (i) both mechanisms tend to target the same loci, (ii) that loci are first under psADE before being preferentially favored by selection. Finally, we must notice that most of the variants under psADE were neither under selection nor shared between populations, meaning that they could reflect population acclimation to local environmental conditions. This constitutes a first step to understand the clear interaction between adaptation and acclimation in plankton populations, using meta-omics.

IV.3.2 Issues faced and limits

The study has not been straightforward, due to the nature of the data and analyses (for example, the literature on metatranscriptomics is quite rare, particularly for eukaryotes) and some problems arose. First, the work would have gained a more solid statistical ground by using replicates to estimate psADE. Even if we expect that metatranscriptomics should reflect loci expressed in the majority of the individuals of a population, we cannot totally exclude the possibility that we actually observed tissue-or inter-individual variations of expression. However, the Tara sampling was not designed for this purpose. Secondly, even if I found genes implicated in nervous system features that were targeted by the two mechanisms, it is to note that a large portion of the transcriptomes remained partially annotated, due to the lack of knowledge and available references in the databases. A thoughtful investigation of the transcriptomes together with the production of a genome would greatly help to observe the genomic impact of selection and psADE. For example, it would be worth to disentangle the role of selection on the allelic differential expression : is it the variation inside the coding DNA sequence (CDS) that is selected, or a variant influencing expression level upstream? Plus, the breeding of copepods as a model would enable to better assess the importance of nervous system in copepods' evolution and fitness.

Finally, we didn't analyse the impact of environmental conditions or marine currents on the allelic expression or selection for several reasons. First, the environmental parameters measured in situ contained several missing data, and as we only investigated seven stations, the scarcity of the data would have been an issue. Early attempts did not provide satisfying results. Second, the method to compute Lagrangian travel times were not developed at this time, preventing us to assess the role of marine currents.

The article was submitted to several journals, but the main comments came from Molecular & Ecology and Genome Biology and Evolution, which both rejected the paper. The main concerns were about the statistical framework for the detection of psADE, which we called allele-specific expression (ASE) before (a term they rejected), and the interpretations of the link between psADE and selection. We added the analysis of the potential noise in the data to take into account the comments, and then submitted to Ecology and Evolution, which quickly accepted the manuscript after minor revisions.

IV.3.3 Future questions

Altogether, these results were promising. We attempted to extend these analyses by running

DiscoSNP++ on way more Tara samples (with a joint variant calling on metagenomic and metatranscriptomic reads), and then by using metaVaR, pcadapt and the methods applied in Chapter III. The goal was to estimate selection and psADE in different taxonomic groups and observe differences among them, in order to globally better understand acclimation and adaptation in range of species spanning all trophic levels and taxa. At the end, the lack of time redirected my work. The next step will be to integrate Tara metatranscriptomic and metagenomic data (and maybe metabarcodes) using these approaches on a global scale from a reference-free perspective, to dissect psADE and selection over all organisms from plankton.

between loci under selection and under psADE, offers further clues for the intertwined relations of adaptation and acclimation at population scale in marine plankton.

V.2 Problems encountered and solutions

Given the recent explosion of new generation sequencing and high-throughput sequencing, a multitude of paths prompted new discoveries. Particularly, the field of marine plankton studies has greatly enjoyed these new technologies applied to environmental samples. However, issues in term of methodologies and modeling need to be solved in order to fully exploit these data. The main issue I faced was thus the absence of methods and literature to overcome the challenge that represents population genomics based on metagenomic data, and without reference.

Also, Tara expeditions and data were not designed for population genomics studies, especially when using metatranscriptomic data. The main problem is the lack of replicates in the stations, which severely limits investigations and conclusions together with the small number of reference in the databases. Howsoever, even with the limits of this work, the perspectives opened by these articles are set to provide tools and results for a better understanding of marine plankton evolution.

V.3 Future perspectives for marine genomics

My thesis aimed to answer one main problematic: how do plankton populations evolve in a varying environment along marine currents?

Staying in the frame of Tara data, many more questions could be addressed. A focus on particular environmental changes could be done, such as between the Pacific Ocean and the Atlantic Ocean, between Indian Ocean and Atlantic Ocean. The study of the transition between Northern Atlantic, Northern Pacific and Arctic would also be interesting, because we expect species to acclimate and adapt to particularly cold environments. Investigating variations of expression (with metatranscriptomics) and selection (with metagenomics) in gene implicated in key functions for cold adaptation or absence of light would give incredible insights to understand evolution in Arctic Seas. In this thesis, I focused on surface samples. Actually, unexpected pat- This would answer the following questions: do populations from surface and deeper layers differentiate? From a biological perspective, do surface and deeper currents interact (for example by vertical migration), and can we trace a footprint in planktonic populations?

Beyond Tara, if the question of the model species to study arises, I would point to copepods.

As demonstrated in the previous works of the team, these animals are the best model to study marine genomics. Why? In my opinion, these animals have several characteristics very suitable for population genomics. First, from a technical point of view, they are well described species, with ongoing catalogues of barcodes that will enable more accurate molecular characterization of the species or subspecies. They are also easier to identify and sort than phytoplankton or prokaryotes. Second, they are great proxies for phytoplankton and fishes abundance, but also for carbon cycle, since they are the cornerstone of the trophic chains and the biogeochemical cycles almost everywhere they are found. Finally, they probably reflect evolution capacities of many planktonic species in terms of population genomics characteristics (large populations, high number of offspring) acting as a nice model even from a theoretical point of view.

The large advances of environmental genomics as shown in this thesis are very promising for marine genomics. The role of some oceanic features on population genomics is still not understood. I will take two examples to describe the progress that could be made.

First, the impact of splitting currents is not really understood. It could imply to sample water at selected spots within the main and the splitting currents (figure V.1A). A proper area where we could study this is in Northern Atlantic, where the Gulf Stream and the North Atlantic Drift divide into different currents, i.e one to the North (Norway) and one to the South (roughly Bay of Biscay and Spain). In the same way, the effects of mesoscale eddies, as presented in the event 3 of figure I.8, are totally unknown. Do they isolate or "trap" populations, and how much?

Concerning temporary eddies, do they create cycles of isolation/admixture regarding the main currents? The best way to understand it is to design a solid sampling plan, in Mediterranean

Sea for example, where eddies are now well known and described, inside one main current and eddies, at different point in times, to obtain a real view of the evolution (figure V.1B).

Moreover, using Lagrangian estimates, we could answer the following question: how do planktonic populations migrate and admix, and at which time scale? Testing models with asymmetric Lagrangian trajectories and travel times would also help to disentangle many questions about the role of migration and the evolution of plankton along currents. However, for real insights we would need the retrieval of haplotypes (e.g with DiscoSNP++), that could help us to better figure out how demographic events occur within and between populations.

Since some years, I have a great interest for paleogenomics and related questions. Paleogenomics consists to analyse ancient DNA extracted from old historical, archaeological samples to trace the history of species and populations by directly comparing it to contemporary data. Paleogenomics and environmental genomics applied to plankton have technical similarities, via shotgun sequencing of short sequences for example, and face the same challenges to retrieve small amount of DNA and analyse them. Recently, the development of sampling and sequencing technologies already led researchers to address the possibilities of ancient DNA studies using DNA extracted from marine or lake sediments [START_REF] Ellegaard | Dead or alive : sediment DNA archives as tools for aquatic system evolutionary ecology[END_REF], in order to analyse the immense library that lie on the seabed. 

Objectifs et résultats de la thèse

Ainsi ma thèse a pour but de répondre à une question principale: comment les populations Cette discipline peut offrir de nouvelles perspectives pour comprendre l'évolution des espèces planctoniques en relation avec leur environnement. Malgré tout, le manque de référence (génomes et transcriptomes) dans les banques de données constitue un obstacle difficilement dépassable. C'est ainsi que le projet Tara Oceans, qui a permis de recueillir des données méta-omiques de centaines d'échantillons dans toutes les mers du globe, permet d'adopter une nouvelle approche et globale. Durant ma thèse, mon but a donc été d'exploiter les données de Tara Oceans pour améliorer notre compréhension des structures génétiques du plancton, et comprendre l'impact des facteurs environnementaux. Pour cela, la première étape a été de créer un nouvel outil permettant d'identifier, sans référence, des metavariants species (MVS) via les lectures métagénomiques. Les MVS sont pensés comme la représentation du polymorphisme des espèces. Dans le but d'avoir une vue globale de la différentiation du plancton, j'ai appliqué cette méthode à des échantillons de Tara issues des océans Atlantique, Austral et de la Méditerranée. En étudiant des MVS assignés à des bactéries, des protistes ou du zooplancton, j'ai pu montrer que les structures des populations planctoniques étaient expliquées majoritairement par les courants marins, la température et la salinité et présentaient un caractére de mosaïque. Enfin, en me concentrant sur des populations polaires du copépode Oithona similis, et en intégrant les données métagénomiques et métatranscriptomiques de Tara, j'ai pu identifier des locis sous sélection dont l'expression relative était particulièrement différente de leur abondance génomique, ouvrant de nouvelles perspectives pour l'étude de l'acclimatation et de l'adaptation du plancton à son environnement.

Title: Epipelagic marine plankton through the lens of population genomics: a molecular study using metagenomic and metatranscriptomic data of Tara Oceans expeditions Keywords: plankton, copepods, Tara Oceans, metagenomics, metatranscriptomics, population genomics Abstract: Marine plankton constitutes an ecosystem regrouping species of micro-organisms of a high diversity, from bacteria to jellyfishes, which wander across the currents. These organisms play an essential role in several Earth's biogeochemical cycles (carbon, oxygen, nitrate...) and in the oceanic trophic chain. Anthropogenic climate changes are set to create important upheavals in oceans, such as acidification and global warming. It is thus crucial to understand plankton populations as a whole. Recently, progress of molecular tools and high-throughput sequencing technologies allowed a deeper study of plankton's diversity, biogeography and connectivity. Population genomics is a vast domain that focuses on genetic relations between populations, species evolution and their causes. This field can offer new perspectives to understand plankton species in relation with their environment. Nevertheless, the lack of references (genomes, transcriptomes) in databases is a heavy obstacle. Following this, the Tara Oceans project, that gathered meta-omic data from hundreds of samples and locations, enabled to adopt a new and global approach. During my thesis, my goal was to exploit Tara Oceans data to improve our knowledge on population structures of plankton and to understand the impact of environmental factors. The first step was to develop a new tool to allow to identify, without references, metavariants species (MVS) via metagenomic reads. MVS are thought as the representation of species polymorphism. With the aim to adopt a global view of plankton differentiation, I applied this method to Tara samples from the Atlantic and Austral Oceans and Mediterranean Sea. By studying MVSs, I showed that population structures of plankton were mainly explained by marine currents, temperature and salinity, and was characterized by a mosaic pattern. Finally, by focusing on polar populations of the copepod Oithona similis and by integrating Tara metagenomic and metatranscriptomic data, I identified loci under selection that presented a relative expression particularly different from their genomic abundance, opening new perspectives to study acclimation and adaptation of plankton.
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Figure I. 1 :Figure I. 2 :

 12 Figure I.1: Diversity of plankton. A) Comparison of the radiolaria Clathrocanium reginae (drawn by Ernst Haeckel) and the monumental gate built by René Binet for the 1900 Paris Exposition, B) Cyanobacteria Prochlorococcus marinus, extracted from Pierella Karlusich et al. (2020), C) Emiliana huxleyi, a coccolitophore, extracted Riebesell et al. (2000), D) Diatom Nitzschia closterium (Bacillariophyceae) from the Roscoff collection (RCC81), E) Dinophycea Alexandrium minutum, extracted from the Roscoff collection http://roscoff-culture-collection.org/ (Station Biologique de Roscoff) (RCC749), F) Oithona similis, a small cyclopoid copepod studied in chapter IV, extracted from http://www.arcodiv.org/watercolumn/copepod/Oithona_similis.html, G) Scanning electron micrograph of the copepod Tigriopus californicus, extracted from Andrew et al. (2012), H) Clione limacina, a shell-less pteropod from the Gymnosomata order, from Russ Hopcroft/Census of Marine Life

Figure I. 3 :

 3 Figure I.3: Plankton size scale. On the top, the representation of the organisms present in the corresponding size class. Rectangles correspond to the Tara size fractions, with the one used in this thesis in red rectangles. (modified from Sunagawa et al. (2020))

Figure I. 4 :

 4 Figure I.4: Tree of life. This tree summarizes the current literature on the eukaryote classification (modified from Burki et al. (2020)). Colored groupings correspond to the current 'supergroups'. The red and green stars correspond to the lineages of green algae + land plants and fungi + animals respectively.

Figure I. 5 :

 5 Figure I.5: Trophic chain and carbon cycle. Pathways of cycling and export of carbon by the trophic chain and zooplankton in the ocean. POC: Phytoplankton particulate organic carbon. DOC: dissolved organic carbon. The central role of zooplankton is well depicted. The microbial loop is illustrated with the uptake by bacteria that are then consumed by small zooplankton. (extracted from Steinberg et al. (2017) (Steinberg and Landry, 2017))

Figure I. 6 :

 6 Figure I.6: World fish resource saturation. World fish resource since 1974 (extracted from FAO report of 2016 (FAO, 2016))

Figure

  Figure I.7: Global oceanic circulation of surface waters.

Figure I. 8 :

 8 Figure I.8: Seascape genomics overview. The figure presents oceanic features of seascape and the potential consequences on populations.Temperature is here presented as the only environmental condition, for a better understanding. Currents are represented by their speed because speed could have an impact for populations, connecting locations at different scales of time and showing that the time factor is important in oceans. Blue parallelepipeds represent the water column transporting organisms they contain. 1 Gyres are strong, large-scale currents (e.g Northern Atlantic gyre). They passively transport organisms on large distances which leads to the forced migration and neutral evolution of populations. 2 Two currents or gyres can meet and exchange water masses and populations that can later admix (or hybridize, in case of differen species), producing higher genetic variation in both populations. 3 Mesoscale eddies are currents formed by the presence of a land barrier (e.g islands) or strong variations in density or temperature, respectively permanent and temporary. It forces populations to isolate for a certain amount of time (i.e weeks or months) on restricted areas. Populations isolated by temporary eddies can then admix with populations of the main currents. 4 A major current can divide into smaller currents and separate water masses, creating a split. This can result in diverse neutral demographic effects such as bottlenecks or founder effect (likely reducing genetic diversity). Populations can then diverge and experience isolation driven by 5 environment and adaptation, exampled by a cooling current (e.g Atlantic-Arctic transition), 6 non-adaptive and neutral evolution when environment remains stable. 7 Two currents can transport water masses in very close locations, but differences in density or temperature can prevent water mixing (like mountains in landscape genomics), as opposed to the situation in 2 .

  omics: Tara, a new horizon I.3.1 Tara Oceans: the story of the consortium Expeditions set by scientists to study and classify the diversity of the world oceans began in the XVIIth century. In the second half of the XIXth century, in the wake of Charles Darwin famous On the Origins of the Species (1859), several expeditions were designed to explore more widely the biodiversity of oceans. The English corvette HMS Challenger cruised Atlantic, Pacific and

Figure I. 10 :

 10 Figure I.10: The schooner Tara. The schooner is a 36m aluminium-hulled boat that can host around 15 crew members and scientists during sampling missions. It is equipped with a dry and a wet lab for in situ observations, samples preparation and storage. A) Picture extracted from Sunagawa et al. (2020), B) Picture taken by myself during an exhibition of the schooner in Paris, March 2019 A) B)

Figure I. 11 :

 11 Figure I.11: Cruise track of Tara Oceans. Worldmap of the track used for Tara Oceans between 2009 and 2013 (extracted from Sunagawa et al. (2020)).

  , Tiber, Garonne, and Loire) between May and November 2019.

Figure I. 12 :

 12 Figure I.12: Overview of DiscoSNP++. Schematic representation of the DiscoSNP++ variant caller, A)The first main steps consist to create a de Bruijn Graph and identify the bubbles that correspond to polymorphisms. Only the example of a dBG (k = 4) bubble generated by an isolated SNP (A/T) is presented here. Prediction would be ACTGACCTG and ACTGTCCTG, B) Pipeline overview. Inside rectangles are data, the arrows and corresponding italic texts stand for the methods, and the dotted lines and rectangles for the case when a reference genome is available (modified fromPeterlongo et al. (2017)).

  (a) and alternative (b) nucleotides are chosen by DiscoSNP++ based on alphabetic order. In a single sample, a and b, are characterized by the count of reads supporting them, and a locus l that harbors a metavariant can be represented by its depth of coverage c as the sum of reads supporting a and b. Each locus l is described by the m sample supporting counts l = {c 1 , ..., c m }. The n metavariant loci row vectors l i generated from m samples metagenomic data are placed in the n * m depth of coverage matrix,

Figure 1 .

 1 Figure 1. Metavariant species construction from metagenomic data with metaVaR. A. Environmental samples and metagenomic high-throughput sequencing. The example contains three different species. Species A generates orange reads, species B brown reads and species C red reads. B. Variant calling from raw metagenomic data. C. Multiple density-based clustering of metavariants mDBSCAN-WMIN. Black points represent inter-species variants, while other colored points refer to intra-species variants. Circle colors represent the dbscan parameters. D. Metavariant cluster scoring. E. Maximum-Weighted Independent Set algorithm. Each node is a cluster of metavariants, their circle color representing the dbscan parameters used to build the cluster. Grey zones represent the connected components. Colored nodes are MWIS and black nodes are MWIS neighbors.F. Metavariant filtering for MVS construction. Grey zones correspond to the single-copy loci. G. Population genomics of MVS.

2 .

 2 Metavariant filtering and construction of matrices for the depths of coverage of the different loci and for metavariant frequencies (figure 1.B). 3. Multiple density-based clustering (mDBSCAN) of the metavariants. Each clustering generates a set of disjoint metavariant clusters (mvc) (figure 1.C).

Figure 2 .

 2 Figure 2. Simulated seven-metagenomic dataset on an admixture of six bacterial species containing within-species single nucleotide polymorphism. A. Genome coverage distribution of the species. B. Within-species variants frequencies distribution.

Figure 3 .

 3 Figure 3. Metavariant clustering performances of four clustering algorithms. A. Recall of metavariant clusters. B. Precision of metavariant clusters. C. Signal to noise of metavariant clusters. D. Population pairwise-F ST difference between MVS and the alignment-based method

  the context of metagenomics, the variants are termed metavariants and clustered into MVSs. The metavariants are clustered by multiple density-based clustering (mDBSCAN) based on the covariation of the depth of coverage of the variable loci across samples (Figure 1.C). Clusters are then scored statistically based on the expected depth of coverage of the variable loci in each sample (Figure 1.D). The best clusters are selected by a maximum-weighted independent set (WMIN) algorithm (Figure 1.E) and variable loci with a certain minimal coverage are selected to obtain the final MVSs (Figure 1.F). The method was implemented in a R package called metaVaR that allows users to build and manipulate MVSs for population genomic analyses (Figure 1.G). The relevance of the MVSs and metaVaR was tested for population genomics use.

  Figure3. Overall, the mDBSCAN-WMIN algorithm had the highest precision, signal to noise ratio (STN), purity and entropy. mDBSCAN-WMIN was slightly but not significantly less sensitive than CLR-kmeans (Figure3.A), (paired U-test, P ≥ 0.05). mDBSCAN-WMIN was significantly more precise than the three other algorithms (Figure3.B) and had a significantly higher STN (Figure3.C) (paired U-test, P ≤ 0.05).Moreover, three of the mDBSCAN-WMIN clusters out of the six contained zero false positives. The arcsin-GMM and logit-GMM methods showed significantly lower recall (paired U-test, P ≤ 0.05).

Figure 4 .

 4 Figure 4. Examples of applications and accuracy of metavariant species. A. Genomic differentiation based on pairwise F ST of O. nana populations from the MVS built with DBSCAN-WMIN. . B. Difference of F ST values between alignment-based method and MVSs. C. Mantel test with Lagrangian distances. D. Co-differentiation between species. E. LK distribution. F. Venn diagram of loci predicted under selection (LK p-value ≤ 0.001) by the different approaches.

  The pairwise-F ST matrices of the O. nana MVSs (Figure4.A) showed small differences in relation to alignment-based F ST values (∆ F ST ≤ 0.03) (Figure 4.B). To illustrate potential MVS applications we performed several downstream analyses, including isolation-by-distance (IBD) (Figure 4.C), species codifferentiation (Figure 4.D), and natural selection tests (Figure 4.E-F). In the Mediterranean the Lagrangian distances between the western and eastern basin sampling sites (S10, 11, 12 and S24, 26 respectively) can to a large extent explain the O. nana genomic differentiation (Mantel r = 0.73, pvalue ≤ 0.05) (Figure 1.C) Mantel (1967). Comparing the genomic differentiation trends between three MVSs (detected by the mDBSCAN-WMIN) revealed a negative correlation between MVS2 and MVS3, but no co-differentiation patterns between other MVS pairs. Loci under selection in Mediterranean populations of O. nana were identified based on LK outlier values produced by the MVS-based and the alignment-based methods. For all three approaches, the LK distribution suggests neutral evolution at most of the O. nana polymorphic sites (Figure 4.E). The 10/14 prediction of loci under selection based on the extreme LK values by the three approaches showed that all loci predicted by the alignment-based approach are identified in the O. nana MVSs, and that more loci are identified under selection by both clustering methods that differs only form one loci (Figure 4.F).

  With the development of metaVaR, I was now able to use a reference-free method to study the population differentiation of marine plankton, from a holistic point of view. I applied it to data generated previously inArif et al. (2018). In the latter, several millions of metavariants were produced using Tara stations from the Atlantic Ocean and the Mediterranean Sea, for four size fractions (see figure I.3) by the reference-free variant caller DiscoSNP++.

  consuming and computationally heavy because they require the simulations of thousands or millions of trajectories to gain proper estimates. In consequence, we undertook a collaboration with a team of the Department of Mathematics and Statistics at the Lancaster University. I particularly worked with a PhD student, Mike O'Malley from the Lancaster University, that designed the new method on which I gave regular feedback, advice and biological expertise.Briefly, the method relies on the National Ocean and Atmospheric Administration-Global Drifter Program (NOAA-GDP), which inventories drifters trajectories since 1979 that cover almost all the globe's surface, but could be used with any Lagrangian type of data. Drifters generally have a 15m deep drogue and regularly send their GPS position via satellite. However, some drifters lose their drogues with time and are thus more subject to wind forces (Van Sebille

Tara

  station 4 in the Atlantic Ocean to the Mediterranean Sea through the Strait of Gibraltar. To avoid empty values, we fixed an arbitrary value of 100 years to go out of Mediterranean Sea. The article is currently on preprint (O'Malley et al., 2020) and received positive reviews in Journal of Atmospheric and Oceanic Technology journal (JAOT), that are currently properly answered. To access it for more information: "Estimating the travel time and the most likely path from Lagrangian drifters: http://arxiv.org/abs/2002.07774".

  IV. In addition, MVSs are represented in a supplementary file with the following information for each MVS: name, size fraction, map of the Tara stations, pairwise F ST matrix, variation partitioning results and the cluster it belongs to.

Figure III. 1 :

 1 Figure III.1: Pipeline of article 2.

  2020), we coupled environmental parameters and a new modelling of Lagrangian travel times (O'Malley et al. 2020) to estimate the relative contribution of environment and marine currents on the population differentiation of these MVSs.

Figure 1 :

 1 Figure 1: Construction of metavariant species from metagenomic dataset of Tara Oceans. A) Worldmap showing the locations of the 35 Tara Oceans stations used in the study. Each circle is divided in four, depending on the detection of an MVS. In grey, no MVSs were retrieved. B) Pipeline of MVS construction, with additional statistics by size fraction. From top to bottom: number of metavariants before and after filtering, number of metavariant clusters (MVC) detected and number of metavariant species (MVS) finally selected.

Figure 2 :

 2 Figure 2: Description of the set of MVSs. A) Distribution of the number of metavariants for each size fraction. On the top, pie charts representing the taxonomic composition of each size fractions. B) Number of MVSs assigned to the six wider taxonomic groups. C) Number of MVSs according to the basins they were detected in: Northern Atlantic Ocean (NAO), SAO (Southern Atlantic Ocean), AO (Austral Ocean) and MED (Mediterranean Sea). D) World map showing the number of MVSs of each taxonomic group for each Tara station. The size of the circles corresponds to the amount of MVSs detected in each station. Colors of taxonomic groups are indicated on the bottom right of the panel.

Figure 3 :

 3 Figure 3: Global view of genomic differentiation. A) Distributions of the 113 MVSs' pairwise-F ST matrices. In red, pairwise-F ST of populations belonging to the same basin; in blue to different basins. B) Pairwise-F ST matrix between basins. The values represent the mean of all the median-F ST between stations regrouped according to the basin they belonged to. C) Distributions of the MVSs' median pairwise-F ST , according to their size fractions. Black diamonds correspond to the mean of the distributions. The bars on the top correspond to the comparisons done by pairwise Wilcoxon tests (p-values: * <0.05, **<0.01, ***<0.001, ****<0.0001) D) Distributions of the MVSs' median pairwise-F ST , according to their taxonomic group.Black diamonds correspond to the mean of the distributions. Each bar corresponds to taxonomic groups displaying no significant differences. E) Scatter plot, each dot is an MVS. The size of each dot reflects the global median-F ST of the MVS' F ST distribution (i.e., F ST computed over all the populations of an MVS). F) Global median F ST compared to the number of basins MVSs were detected. Each dot is a MVS.

Figure 4 :

 4 Figure4: Lagrangian travel times and environmental parameters. A) Minimum times retained for analyses. In grey, asymmetric times that were not the minimum, thus the matrix reflects the "direction" of currents between stations. B) Measures of temperature, salinity, nitrate, phosphate and silicate extracted from World Ocean Atlas (WOA) for the 35 Tara stations. On the right, color scales for each parameter. For the worldmap of Tara stations, see supplementary FigureS3.

Figure 5 :

 5 Figure 5: Variation partitioning of genomic differentiation. A) PCA performed on the proportion of variation explained by each parameter over the 113 MVSs. The colour corresponds to the Pearson's correlation between coordinates of MVSs for a component and the variation explained by the parameters (p-values: * <0.05, **<0.01, ***<0.001, ****<0.0001). The size of the circles represents the relative contribution (i.e. the ratio of the variable cos² on the total cos² of the component) of each variable to each component. B) t-SNE and kmeans (K=8) clustering. Each dot represents an MVS. Each colour corresponds to a defined cluster obtained by kmeans. The names of the clusters are linked to the following figure C) Distributions of variation explained by each factor by cluster, and the taxonomic

Figure 6 :

 6 Figure 6: Examples of genomic differentiation. A) to H) Pairwise-F ST matrices of MVSs mentioned in the respective titles. For each title are mentioned: the taxonomic assignation, the name, and the cluster to which the MVS belongs.

Figure 7 :Figure 1 :

 71 Figure 7: Genomic differentiation in Austral Ocean. A) Map localizing TARA_82, 83, 84, 85. B) Pairwise-F ST matrices of the four MVSs specific to this area.

Figure 2 :

 2 Figure 2: Description of the set of MVSs. A) Distribution of the number of metavariants for each size fraction. On the top, pie charts representing the taxonomic composition of each size fractions. B) Number of MVSs assigned to the six wider taxonomic groups. C) Number of MVSs according to the basins they were detected in: Northern Atlantic Ocean (NAO), SAO (Southern Atlantic Ocean), AO (Austral Ocean) and MED (Mediterranean Sea). D) World map showing the number of MVSs of each taxonomic group for each Tara station. The size of the circles corresponds to the amount of MVSs detected in each station. Colors of taxonomic groups are indicated on the bottom right of the panel.

Figure 3 :

 3 Figure 3: Global view of genomic differentiation. A) Distributions of the 113 MVSs' pairwise-FST matrices. In red, pairwise-FST of populations belonging to the same basin; in blue to different basins. B) Pairwise-FST matrix between basins. The values represent the mean of all the median-FST between stations regrouped according to the basin they belonged to. C) Distributions of the MVSs' median pairwise-FST, according to their size fractions. Black diamonds correspond to the mean of the distributions. The bars on the top correspond to the comparisons done by pairwise Wilcoxon tests (p-values: * <0.05, **<0.01, ***<0.001, ****<0.0001) D) Distributions of the MVSs' median pairwise-FST, according to their taxonomic group. Black diamonds correspond to the mean of the distributions. Each bar corresponds to taxonomic groups displaying no significant differences. E) Scatter plot, each dot is an MVS. The size of each dot reflects the global median-FST of the MVS' FST distribution (i.e., FST computed over all the populations of an MVS). F) Global median FST compared to the number of basins MVSs were detected. Each dot is a MVS.

Figure 4 :

 4 Figure 4: Lagrangian travel times and environmental parameters. A) Minimum times retained for analyses.In grey, asymmetric times that were not the minimum, thus the matrix reflects the "direction" of currents between stations. B) Measures of temperature, salinity, nitrate, phosphate and silicate extracted from World Ocean Atlas (WOA) for the 35 Tara stations. On the right, color scales for each parameter. For the worldmap of Tara stations, see supplementary FigureS3.

Figure 5 :

 5 Figure 5: Variation partitioning of genomic differentiation. A) PCA performed on the proportion of variation explained by each parameter over the 113 MVSs. The colour corresponds to the Pearson's correlation between coordinates of MVSs for a component and the variation explained by the parameters (p-values: * <0.05, **<0.01, ***<0.001, ****<0.0001). The size of the circles represents the relative contribution (i.e. the ratio of the variable cos² on the total cos² of the component) of each variable to each component. B) t-SNE and kmeans (K=8) clustering. Each dot represents an MVS. Each colour corresponds to a defined cluster obtained by kmeans. The names of the clusters are linked to the following figure C) Distributions of variation explained by each factor by cluster, and the taxonomic composition of each cluster. The boxplots colours are the same as the previous figure. The asterisk * on the top of boxplots corresponds to parameters that significantly contributes the most to the genomic differentiation of the MVSs included in the cluster, according to a pairwise Wilcoxon test (p-value < 0.05).

Figure 6 :Figure 7 :

 67 Figure 6: Examples of genomic differentiation. A) to H) Pairwise-FST matrices of MVSs mentioned in the respective titles. For each title are mentioned: the taxonomic assignation, the name, and the cluster to which the MVS belongs.
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 1 Figure IV.1: Arctic Seas marine currents and Tara stations. Warm waters (red) enter these high latitudes from the Pacific and Atlantic Oceans and form colder currents (blue). Tara stations from the Tara Polar Circle expedition are represented. In white, stations from which no 20-180µm samples where used, in yellow samples investigated but not retained, in red the final set of samples. Modified from AMAP, Icelandic Marine Research Institute, http://library.arcticportal.org/id/eprint/1494

  periods of time[START_REF] Passow | The roles of plasticity and evolutionary change in shaping gene expression variation in natural populations of extremophile fish[END_REF] Brown, Arias-Rodriguez, Yee, Tobler, & Kelley, 2018). Particularly, marine species populations belonging to plankton face a large panel of physico-chemical changes in open ocean,(Guinder & Molinero, 2013; Pelejero, Calvo, & Hoegh- Guldberg, 2010) and gene expression variations have been observed

F I G U R E 1

 1 Allelic differential expression at population-scale. (a) Different scales of allele-specific expression detection for a heterozygous gene, from population to cellular levels. For a heterozygous genotype, ADE is understood as the difference in expression between two alleles of a single gene, opposed to strict biallelic expression. For clarity, the example of ADE presented here is

using parameter -b 1 .

 1 Only SNVs corresponding to biallelic loci with a minimum of 4x of depth of coverage in all stations were initially selected. Then, to capture loci belonging to Oithona similis, SNVs were clustered based on their loci co-abundance across samples using density-based clustering algorithm implemented in the R package dbscan(Ester, Kriegel, Sander, & Xu, 1996; Ram, Jalal, Jalal, & Kumar, 2010) and ran with parameters epsilon = 10 and minPts = 10. This generated three SNVs clusters, the largest of which contained 102,258 SNVs. To ensure only the presence of O. similis SNVs, we observed the fitting of the depth of coverage to the expected negative binomial distribution in each population (FigureS3). As the variant calling step is reference-free, the alternative allele (here, B-allele) is arbitrary set by DiscoSNP++. For each variant in each population, the B-allele frequency (BAF) and the population-level B-allele relative expression (BARE) were computed as follows, BAF = A , with G A , G B the metagenomic read counts supporting the reference and alternative alleles respectively and T A , T B the metatranscriptomic read counts supporting the reference and alternative alleles, respectively.

  was computed as follows, LK = n-1 F ST F ST and compared with the expected chi-squared distribu-F I G U R E 2 Genomic polymorphism data of O. similis. (a) Scheme representing the study, from samplings to analyses. (b) Genomic depth of coverage distributions of the set of 25,768 variants by sample. (c) F ST distribution across the seven samples. (d) LK distribution. The red line represents chi-squared theoretical distribution (df = 6) 4 | LASO-JADART eT AL.

D

  = BAF-BARE and estimated the distribution parameters µ and σ 2 by fitting a normal distribution via fitdist function from fitdistrplus R package (Delignette-Muller & Dutang, 2015).

  to 82 ribosomal 28S sequences of Oithona species used in Cornils, Wend-Heckmann, & Held, 2017 (Figure S2). The transcriptome assemblies were annotated with Transdecoder v5.1.0 (Haas et al. 2013) using default settings to predict the open reading frames (ORFs) and protein sequences (Table

  Potential noise due to sample bias during sequencing was estimated by simulations for each of the seven population and was relatively negligible compared with real data. Distributions of simulated pvalues under null hypothesis (i.e., no psADE) and O. similis empirical p-values (Figure S5) show higher amount of significant O. similis F I G U R E 3 Population-scale allelic differential expression and its link with genomic differentiation. a, Each column corresponds to a population. Upper panel represents the relation between BAF and BARE, each hexagone corresponds to an area containing the number of variants indicated by the color scale. Black lines are the linear regression curves. Lower panel represents the distribution of BAF-BARE. The red lines correspond to the Gaussian distribution estimated from the data. b, Pairwise F ST matrix. The median (mean) of each pairwise-F ST distribution computed on allele frequencies is indicated c, Upset plot of psADE detection in the seven populations. Each bar of the upper plot corresponds to the number of variants under psADE in the combination of population(s) indicated by black dots in the lower plot. d, Genomic differentiation and shared psADE. Each dot is a combination of population as presented in the lower panel of the upset plot. The blue line represents the nonlinear regression curve estimated from the data and 95% confidence interval in gray

  PCA decomposed the genomic variability in six components (FigureS6a-c); the first two components discriminated TARA_155 and 178 from the others (32% and 28.1% variance explained, respectively), and the third component differentiated TARA_210 and 209 (19.5%). The fourth principal component separated TARA_209 and 210 from 158/206/208 (11.3%), with the last two concerning TARA_158/206/208. Globally, these results dovetailed with the F ST analysis, with details discussed later. Finally, we detected 674 variants under selection, representing 2.6% of the dataset (corrected p-value < .05).The seven sets of variants under psADE were crossed with the set of variants under selection (Figure4a). The size of the intersections ranged from 1 to 31 variants (TARA_155 and 206/210) and was significantly higher than expected by chance for all the populations but TARA_155 (Figure4b, hypergeometric test p-value < .05). It represented a total of 84 unique variants under selection and psADE in at least one population, corresponding to 15% and 12% of variants under psADE and under selection, respectively. Two main different genomic and expression profiles can be observed (FigureS8). First, as illustrated in Figure4c, loci can show an allele under psADE but not fixed in one population (here allele A in TARA_178) and fixed in another (TARA_155). A second observed pattern, more extreme, concerns variants as exampled in Figure4d, which presents an allele F I G U R E 4 Crossing psADE and selection. (a) Scheme representing the method; in yellow the total dataset of SNVs, in green the tested SNVs in one population, in blue SNVs under psADE in this population, in red the SNVs targeted by selection. (b) Crossing the candidate variants under psADE (blue) and those under selection (red) for each population. The hypergeometric p-value corresponds to the significance of the amount of variants both under psADE in the considered population and under selection (purple). (c, d) Genomic abundance and expression profiles of variants 20,286,969 and 1,522,691. The first one is under psADE in TARA_178 for allele A (*), which is fixed in TARA_155. The second one is under psADE in favor of allele B in TARA_178 (*) and reaching near fixation for the same allele in all the other populations 8 | LASO-JADART eT AL.
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  ST and pcadapt analyses both showed the same patterns of genomic differentiation. First, the differentiation of populations from TARA_155 and 178 is relatively high compared with the others. Secondly, the geographically close populations from TARA_210 and 209 present a relatively high differentiation (median pairwise-F ST of 0.11, PC3). This could be explained by the West Greenland current acting as a physical barrier between the populations, which could lead to reduced gene flow[START_REF] Myers | Structure and variability of the West Greenland Current in Summer derived from 6 repeat standard sections[END_REF]. At last, the strong link between TARA_158 from Northern Atlantic current and TARA_206/208 from the Baffin Bay is the most intriguing. Despite the large distances that separate the first one from the others, these three populations are well connected. Based on this weak structure and that most of loci follows a neutral evolution (Figure2d), outliers detected by pcadapt probably are truly under selection and not due to specific population differentiation.Metagenomic data enable to draw the silhouette of the gene flow between populations but lacks resolution when dealing with intrapopulation structure. However, our findings are concordant with previous studies underpinning the large-scale dispersal, interconnectivity of marine zooplankton populations in other oceans, at diverse degrees(Blanco-Bercial & Bucklin, 2016; Goetze, 2005; Höring, Cornils, Auel, Bode, & Held, 2017; Peijnenburg & 

  Figure4d(see also FigureS8), where an allele (here B) is nearly fixed in six populations and under psADE in one population (here TARA_178),

Figure V. 1 :

 1 Figure V.1: Theoretical sampling design.

Titre:

  Le plancton épipélagique marin du point de vue de la génomique des populations: une étude moléculaire à travers les données métagénomiques et métatranscriptomiques issues des expéditions de Tara Oceans Mots clés: plancton, copépodes, Tara Oceans, métagenomique, métatranscriptomique, génomique des populations Résumé: Le plancton marin forme un écosystème regroupant des espèces de micro-organismes d'une grande diversité, des bactéries au méduses, qui se déplacent au gré des courants. Ces organismes ont un rôle essentiel dans divers cycle biogéochimiques terrestres (carbone, nitrate, oxygène...) et dans la chaîne trophique des océans dont nous dépendons. Les changements climatiques d'origine humaine sont susceptibles de créer de grands bouleversements dans les océans, comme l'acidification et le réchauffement des eaux. Il est donc primordial de mieux comprendre les populations de plancton dans leur ensemble. Récemment, les progrès des outils moléculaires et des technologies de séquençage à haut-débit ont permis d'étudier en profondeur sa diversité, la biogéographie des espèces et leur connectivité. La génomique des populations est un vaste domaine qui s'intéresse aux relations génétiques entre les populations, l'évolution des espèces et leurs causes.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Metavariant clustering performances on simulated metagenomic data. *The computation was performed on Intel(R) Core(TM) i5-7200U CPU

	Algorithm	Software	Recall	Precision	Signal-To-Noise	Purity	Entropy	Time CPU (min)*
	mDBSCAN-WMIN CLR-kmeans arcsin-GMM logit-GMM	metaVaR coseq coseq coseq	0.5523 0.5945 0.3007 0.2685	0.9996 0.9941 0.998 0.9993	1691.18 99.79 158.24 408.6	0.9999 0.993 0.9915 0.9892	0.008 0.22 1.77 1.76	3.96 1.66 4.41 5.94

Table 2 .

 2 Metavariant clustering performances on real metagenomic data. *Performances for the O. nana cluster. Time CPU is in minutes.

	Algorithm	Software	Number of cluster	Recall*	Precision*	Signal-To-Noise*	Time CPU
	mDBSCAN-WMIN CLR-kmeans arcsin-GMM logit-GMM	metaVaR coseq coseq coseq	3 4 12 12	0.1592 0.1662 --	0.8144 0.7182. --	1691.18 99.79 --	1.48 4.5 5.53 4.9

  Salinity and temperature are known to affect biogeography, community composition and population structure[START_REF] Ueda | Speciation of two salinityassociated size forms of Oithona dissimilis (Copepoda: Cyclopoida) in estuaries[END_REF][START_REF] Burridge | Global biogeography and evolution of Cuvierina pteropods Phylogenetics and phylogeography[END_REF][START_REF] Sunagawa | Structure and function of the global ocean microbiome[END_REF] Castellani et al. 2016; Delmont et al. 2019). The

role of nutrients like nitrate

[START_REF] Kitzinger | Single cell analyses reveal contrasting life strategies of the two main nitrifiers in the ocean[END_REF]

, silicate

[START_REF] Baines | Significant silicon accumulation by marine picocyanobacteria[END_REF][START_REF] Ohnemus | Silicon content of individual cells of Synechococcus from the North Atlantic Ocean[END_REF][START_REF] Biard | Biogeography and diversity of Collodaria (Radiolaria) in the global ocean[END_REF]

) and phosphate

La génomique environnementale par les expéditions Tara Océans Les

  These questions are thus of a great interest to me. Indeed, I learnt a lot on marine genomics and oceanography during this thesis. It is a fascinating field, previously unknown to me, where questions are open and perspectives are still to be drawn. Oceans are the first matrix of life, and studying these ecosystems are a key to better understand our planet. Environmental genomics and population genomics are powerful frameworks for this purpose and pave the way for future research questioning the evolution of marine plankton. se fixer au fond de l'océan et former un polype (benthique). Après d'autres étapes, le polype va donner une méduse adulte capable de nager (nectonique). Ces espèces sont considérées comme formant le méroplancton, c'est-à-dire comme plancton temporaire. A l'inverse, les espèces dont le cycle de vie est entièrement planctonique sont dites holoplanctoniques (comme les copépodes).Les organismes planctoniques sont caractérisés par une diversité impressionnante en terme de taille et de groupes taxonomiques représentés. On y retrouve tout à la fois des virus, des bactéries, des archées, des animaux, des algues et des protistes. Ces derniers, nommés ainsi par Ernst Haeckel en 1866, regroupent globalement les organismes eucaryotes unicellulaires.Ainsi, l'étude du plancton est un domaine scientifique précieux pour comprendre l'arbre de la vie des eucaryotes, car on y retrouve une diversité de lignées évolutives inconnues chez les espèces terrestres. Ces lignées sont en effet parfois à la base de l'arbre eucaryote et leur étude a permis d'améliorer et de remodeler l'arbre du vivant tel que nous le connaissions.Le plancton peut être divisé en plusieurs catégories mêlant taxonomie, mode de vie et place dans la chaîne trophique. Emiliana huxleyi. Des gènes viraux ont aussi été détectés chez des copépodes, et il a été récemment observé que des protistes sont capables de se nourrir de particules virales. Les bactéries marines composent le bactérioplancton, dont une vaste partie est composée des cyanobactéries Synechococcus et Prochlorococcus, ou algues bleues, qui sont capables de photosynthèse et font donc aussi partie du phytoplancton. Le bactérioplancton forme de véritables biofilms colonisés par un grand nombre d'espèces (γ-proteobacteria, α-proteobacteria, δ-proteobacteria, Planctomycetales or Flavobacteriia). Le phytoplancton est la partie du plancton usant de la photosynthèse. Elle permet l'utilisation du dioxyde de carbone atmosphérique et produit du dioxygène. Ces espèces sont les producteurs primaires, ils sont donc à la base de la chaîne alimentaire et trophique, et forment près de la moitié de la production terrestre annuelle. Viennent ensuite les champignons, ou fungi, qui sont rassemblés dans le mycoplancton. Bien qu'ils soient peu étudiés, il est aujourd'hui montré qu'ils sont principalement des parasites d'autres eucaryotes. Enfin, le zooplancton est la partie animale du plancton. Ce sont des organismes pluricellulaires hétérotrophiques, qui se nourrissent de protistes. Deux types de zooplancton sont identifiés: les gélatineux (cnidaires, cténophores) et les non-gélatineux (crustacés, gastéropodes). Les copépodes sont une partie très importante du plancton. Ils représentent probablement les clades d'animaux les plus abondants sur Terre. Leurs caractéristiques reflètent bien le plancton en général. En effet, ils sont au centre des cycles biogéochimiques, peuvent être parasites ou non, benthiques ou épipélagiques, sont représentés par de nombreuses espèces et sont variables en terme de taille et de forme. Les micro-organismes des océans jouent un rôle crucial dans les cycles biogéochimiques terrestres, principalement grâce à la photosynthèse, comme illustré par les cycles du carbone (le plancton servant de pompe biologique du carbone), de l'azote, ou du fer. De plus, le plancton est à la base de la nutrition de plus gros animaux comme les méduses, les poissons et on appelle le paysage marin ou seascape. Cette migration forcée dans ce paysage marin entraîne le mélange de populations relativement divergentes et l'isolation forcée de milliers d'individus. De plus, ces populations se retrouvent confrontées à des environnements changeants, ce qui a donne un rôle important à l'acclimatation et à l'adaptation des espèces pour affronter plus ou moins rapidement ces conditions environnementales. Enfin, le dernier obstacle à la génomique des populations du plancton est technique. En effet, cela requiert (i) de prélever ces individus (et donc d'avoir le matériel adapté), (ii) d'identifier les espèces, ce qui entraîne des problèmes d'identification pour les non experts, (iii) les individus sont si petits qu'extraire suffisamment d'ADN pour les technologies de séquençage actuelles est impossible. De ce fait, peu de génomes de référence sont disponibles et les banques de données offrent une représentation très biaisée de la diversité marine, en privilégiant logiquement les espèces faciles à cultiver, généralement familières des littoraux et/ou ayant un intérêt économique ou écologique. expéditions maritimes organisées ou accompagnées par des scientifiques ont été la clé pour étudier et classifier la diversité des océans, depuis au moins le XVIIème siècle. Dans la seconde moitié du XIXème siècle, à la suite de la propre expédition du Beagle à laquelle a participé Charles Darwin et qui lui a permis d'écrire «De l'origine des espèces», plusieurs expéditions ont été mises en place. Par exemple, la corvette anglaise HMS Challenger a traversé les océans Atlantique, Pacifique et Austral entre 1872 et 1876 et a collecté des centaines Malaspinas 2010 (nommé ainsi en hommage à un explorateur espagnol du XVIIIème siècle) et Tara Océans. En particulier, Tara Océans est un projet multidisciplinaire, mêlant imagerie, omiques et relevés physico-chimiques, et visant à améliorer notre connaissance sur le plancton marin. La goëlette Tara a elle-même un long passé scientifique. En effet, construite en 1989 sous le nom de Antarctica sur proposition de Jean-Louis Etienne, un explorateur français, elle fut ensuite réutilisée par le navigateur néo-zélandais Sir Peter Blake qui lui a donné un nouveau nom, Seamaster, pour des missions sur l'environnement sous l'égide des Nations Unies. En 2009, Tara Océans se lança sur les mers pour traverser la mer Méditerranée, les océans Indien, Atlantique et Pacifique. En 2013, Tara Océans Polar Circle a entrepris la tour des mers Arctiques. De ces premières missions, plus de 35 000 échantillons de plancton ont été récoltés dans 210 stations, pour un total de 60 terabases d'ADN et d'ARN séquencés. Le projet a en-Les polymorphismes comme les SNPs ou les insertions peuvent générer ces bulles parce qu'une partie seulement de la séquence diffère. Quand une bulle est alors détectée, et après le nettoyage des erreurs de séquençage, les lectures métagénomiques brutes peuvent être positionnées sur les bulles pour obtenir une profondeur de séquençage pour chaque allèle d'une position. Enfin, on peut ensuite repositionner les variants sur un génome pour obtenir la localisation des variants au sein du génome. C'est cette méthode qui va être utilisée dans ma thèse pour l'appel de variants à partir des données métagénomiques.
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les mammifères. De ce fait, comprendre le comportement et la dynamique des populations de plancton est très important pour l'Homme, dont une part non négligeable de la population dépend directement de la pêche. Or, les réserves ichtyologiques diminuent de plus en plus.

Les effets du changement climatique sur le plancton, à travers l'augmentation des émissions de gaz à effet de serre par les humains, vont donc probablement avoir des conséquences majeures pour l'industrie de la pêche. En effet, le changement climatique va avoir deux effets majeurs. Premièrement, la température mondiale moyenne est en train de dramatiquement grimper en comparaison de l'ère pré-industrielle, avec une augmentation de 1 • C. Si rien n'est fait, les modèles physiques prédisent au mieux une modification des écosystèmes, une mi-On le voit, étudier le plancton est donc crucial pour l'Homme, et ce afin de mieux comprendre notre environnement, nos océans et permettre d'appréhender les futures conséquences du changement climatique. L'évolution des espèces se fait à travers plusieurs mécanismes maintenant très bien décrits, et tous contribuent à leur manière à la diversité des populations et au devenir des mutations génomiques. Tout d'abord, la dérive génétique correspond à l'évolution neutre des populations, et permet la fixation aléatoire de variants génétiques. Elle est généralement opposée à la sélection naturelle. Celle-ci peut être positive, en fixant des allèles qui procurent un avantage aux individus qui les portent. Elle peut aussi être purificatrice en faisant disparaître des populations les mutations trop néfastes et délétères pour les individus. Nous avons aussi la recombinaison, qui reconfigure les haplotypes de manière aléatoire le long du génome grâce aux enjambements (crossing-over ). Enfin, la migration des populations a aussi un effet sur la diversité génétique, en isolant des populations, ou au contraire en mélangeant des populations divergentes. tion rapide des mutations bénéfiques à la valeur sélective (fitness) des individus. En deuxième lieu, les populations planctoniques parcourent des centaines de kilomètres de manière passive, poussées par des courants marins plus ou moins rapides, plus ou moins complexes, formant ce qu'Au-delà de ces difficultés techniques, de nombreuses études se sont penchées sur la différenciation des populations. En effet, même si un génome est intéressant pour effectuer de l'appel de variant ou pour identifier un contexte moléculaire à des gènes ou des loci ciblés par la sélection ou autres mécanismes, différentes méthodes existent pour contourner ces obstacles. codantes des génomes, du séquençage associé à des sites de restrictions (RADSeq), ou des méthodes de capture de séquences codantes. Ces méthodes sont très intéressantes pour des organismes non-modèles, comme les copépodes ou la plupart des protistes, car elles ne d'échantillons, dont un certain nombre a été analysé et décrit par Ernst Haeckel. Une seconde opération, Die Plankton-Expedition, a été lancée en 1879 par Victor Hensen, qui s'est attaché à développer de nouvelles méthodologies de prélèvement, de quantification et d'estimation de la diversité des micro-organismes marins. Ces ambitieuses entreprises ont donc posé les bases de la recherche scientifique pour un siècle. C'est dans l'héritage de ces expéditions fondatrices que de récents projets ont vu le jour. En effet, le progrès des technologies de séquençage a ouvert une voie pour le séquençage systématique d'échantillons environnementaux. C'est dans cette optique qu'ont été lancées les campagnes d'échantillonnage du Sorcerer II de Craig Venter, Après la disparition tragique de Peter Blake en décembre 2001 au Brésil, Etienne Bourgois, le PDG de agnés b., racheta le bateau sous son nom actuel et aida à lancer le projet Tara.

larves), et seulement de la surface. Tous les échantillons sont envoyés au Genoscope pour être séquencés. Ainsi, pour révéler la diversité du plancton, quatre types de données sont produites: single-cell amplified genomes (SAGs), du metabarcoding, de la métagénomique et de la métatranscriptomique. Dans cette thèse j'ai utilisé uniquement les deux dernières, que l'on regroupe sous l'appellation de omiques. Ce sont les données extraites du séquençage des échantillons entiers, c'est-à-dire de l'ADN et de l'ARN environnementaux. La métagénomique récupère des informations sur les génomes des organismes présents, et la métatranscriptomique s'intéresse à l'expression des gènes présents dans l'échantillon. Dans le cadre de Tara Océans, faire des analyses de génomique des populations est ainsi un défi en soi, mais pourrait permettre de compléter les résultats précédents issus du consortium. partagent un croisement de k-1 en commun. Dans ces graphes, une «bulle» se forme quand un chemin dans le graphe se sépare en deux sous-chemins, avant de se réunir en un chemin unique.

Table S1 : Tara Oceans samples and Oithona similis Mediterranean transcriptomes accession numbers

 S1 ou de caractères évolutifs) de populations de plancton en intégrant des donées métagénomiques et métatranscriptomiques de TOPC. Pour cela, j'ai analysé un nouveau phénomène moléculaire, population-scale allelic differential expression (psADE) dans des populations arctiques du copépode Oithona similis et j'ai relié ce phénomène à la sélection naturelle.Ces trois chapitres sont composés de trois articles scientifiques (un en revue dans le chapitre II, un en pré-print dans le chapitre III, et un publié dans le chapitre IV). Le dernier chapitre se borne à discuter et synthétiser les chapitre précédents et conclure sur les avancées offertes par ces travaux et les possibles perspectives qu'ils ouvrent. significativité pour ces estimations. Ensuite, nous avons dû développer nos propres méthodes d'analyses statistiques, en utilisant des approches pré-existantes mais qu'il a fallu adapter à notre situation, en raison de la relative nouveauté de ces recherches. Ce constat a donc pu rendre parfois difficile la recherche et l'application de ces méthodes, d'autant que la littérature sur la différenciation du plancton, quoique riche, est peu abondante.Cette thèse a ainsi globalement pu démontrer que l'on pouvait analyser des données d'omiques environnementales en contournant le besoin (mais aussi le manque) de séquences de référence. De plus, les différents résultats obtenus rendent compte de la fascinante diversité qui existe au sein du plancton en terme de différenciation, d'adaptation et d'acclimatation.Enfin, le plancton se révèle être un excellent objet de recherche pour la génomique des populations, offrant des caractéristiques propres qui font de ces organismes un univers particulièrement intéressant pour la biologie de l'évolution. Les océans étant la matrice fondamentale de la vie, étudier les écosystèmes marins est une clé pour mieux comprendre notre planète. La génomique environnementale et la génomique des populations sont ainsi de puissants cadres de travail pour atteindre cet objectif et ouvre la voie aux futures recherches sur l'évolution du plancton marin. ode sur un jeu de données empiriques, qui contient cinq échantillons issus de cinq stations méditerranéenne de Tara Oceans, station dont la forte présence du copépode Oithona nana fut évaluée dans un précédent articleMadoui et al. (2017). Globalement, metaVaR a démontré sa solidité sur les deux jeux de données, avec notamment des prédictions de F ST très proches de la réalité ainsi que la détection des mêmes loci sous sélection naturelle précédemment détectés chez O. nana.De ce fait, metaVaR ouvre de nouvelles perspectives prometteuses pour l'exploitation de données métagénomiques issues d'échantillons environnementaux pour lesquels les espèces ne sont pas nécessairement connues, et servira d'outil pour une meilleure approche de la génomique des populations et l'évolution des micro-organismes.

	MVSname MVSname MVS name 10_20_34 15_200_2 15_200_2 10_200_9	Size Fraction Fixed Effect Temperature Taxonomy (precise) Salinity Fixed Effect Temperature Salinity Silicate 0.0433 0 0.2728 0.0127 MVSname MVS name Silicate Retained Taxonomy Phosphate Phosphate Larger group Nitrate Nitrate Lagrangian Number of variants (MVC) Lagrangian Unexplained Number of variants Unexplained 0.0207 0 0 0.6504 -19.2852283638193 Basin(s) t-SNE_X t-SNE_X Global Median-FST Maximum-pairwise-FST Minimum-pairwise-FST Global Median-FST Maximum-pairwise-FST Minimum-pairwise-FST 10_20_34 0.212172308965259 0.287390029325514 0.065952792979559 (MVS) 20-180µm Ciliophora (Spirotrichea) Ciliophora Unicellular Eukaryotes 1363 695 MED-NAO-SAO 0.1365 0 0 0 0.0021 0.0456 0 0.8156 4.47118779172045-6.11517246684117 Unknown Tara stations t-SNE_Y cluster t-SNE_Y cluster -23.1444059566222 Salinity TARA_145,23,66,70 0.0163 0.0013 0.166 4,00E-04 0.6519 0 1,00E-04 0.1639 -24.660485785748 4.79460669553445 Phosphate 15_200_2 1 1 0.0668117397611873 10_200_9 0.586440195135847 1 0.101738410596027
	15_300_10 15_300_10 10_300_13 0.0732 20-180µm 7,00E-04 0.3063	Maxillopoda (Calanoid) 0.5499 0.0246 0.0058 0 15_300_10 0.0663472727891968 0.065474365525465 Maxillopoda Copepods 1237 0.3292 0 0.0482 0.0407 0.0818 0 0.0949 0.019770203930815 715 MED-NAO-SAO 0.0068 30.1981931594932 3.41852646307986Temperature TARA_150,22,25,26,70 0.4379 27.3109070506584 3.11465514611179 Temperature 10_300_13 0.200447315740737 0.181244475294075 0.106186924089513
	Synthèse et discussion 20-180µm Copepod (Calanoid) Calanoida 20-180µm Maxillopoda (Cyclopoid) Maxillopoda 20-180µm Copepod (Cyclopoida) Cyclopoida 20-180µm Maxillopoda (Cyclopoid) Maxillopoda 20-180µm Eumetazoa Eumetazoa 20-180µm Spirotrichea Ciliophora 20-180µm Copepod (Oithona_nana?) Cyclopoida 20-180µm Copepod (Calanoid) Calanoida 20-180µm Copepod (Cyclopoida) Cyclopoida 20-180µm Copepod (Oithona) Cyclopoida 20-180µm Copepod (Oithona) Cyclopoida 20-180µm Copepod (Oithona) Cyclopoida 20-180µm Copepod (Cyclopoida) Copepoda 20-180µm Copepod (Calanoid) Calanoida 20-180µm Copepod (Calanoid) Calanoida 20-180µm Copepod (Calanoid) Calanoida 180-2000µm Eumetazoa Eumetazoa 180-2000µm Eukaryota Eukaryota 180-2000µm Copepod (Calanoid) Calanoida 180-2000µm Eumetazoa Eumetazoa 180-2000µm Eumetazoa Eumetazoa 180-2000µm Copepod (Calanoid) Calanoida 180-2000µm Cnidaria Cnidaria 180-2000µm Echinoidea Echinoidea 180-2000µm Collodaria Collodaria 180-2000µm Copepod (Calanoid) Calanoida 180-2000µm Bilateria Bilateria 15_500_6 15_500_6 15_500_7 18_300_11 18_300_9 20_100_6 4_6_23 5_10_3 6_20_9 6_50_1 7_20_9 7_50_3 8_300_3 8_50_10 8_8_91 9_10_18 9_100_10 10_100_10 10_20_37 10_6_139 10_8_48 10_9_10 10_9_61 10_9_71 12_1_55 12_10_4 12_100_10 12_100_13 0.0909 0 0 0 15_500_7 0.0208 0 0 0.0788 18_300_11 0.016 6,00E-04 0.1951 0.0036 18_300_9 0.0043 0 0.1084 0.0101 20_100_6 0.1362 3,00E-04 2,00E-04 0 4_6_23 0.0141 0.0107 0 0 5_10_3 0.0283 0.0011 0.3012 0 6_20_9 0.0192 0 0.356 0 6_50_1 0.0964 0.0439 0.4775 0.0706 7_20_9 0.0544 0.1284 0 1,00E-04 7_50_3 0.0038 0.0085 0 3,00E-04 8_300_3 0.0027 0 0 0.1559 8_50_10 0.0297 0.0224 0 0.0307 8_8_91 0.0483 0.1313 0.0723 0 9_10_18 0.0127 0.0391 0 0.0022 9_100_10 0.0333 0.0207 1,00E-04 0 10_100_10 0 0 0.0042 0.5184 10_20_37 0.0844 0.0357 0.0202 0.0106 10_6_139 0.0407 0 0 0.1051 10_8_48 0.0235 0.0741 0.0433 1,00E-04 10_9_10 0.0095 0.0204 0.652 0.0031 10_9_61 0.0307 0.0015 0.0882 0 10_9_71 0.0579 0.0619 0.0092 2,00E-04 12_1_55 0.023 0.3928 0.0666 0 12_10_4 0.0296 0.0891 0.0614 1,00E-04 12_100_10 0.0364 0.0288 0.3204 0 12_100_13 0.0199 1,00E-04 0.3358 3,00E-04 10_300_15 0.0612 2,00E-04 0 0 0 12_100_16 0.0604 0 0.5704 0.0055 2,00E-04 1,00E-04 Copepods Copepods Copepods Copepods Animals Unicellular Eukaryotes Copepods Copepods Copepods Copepods Copepods Copepods Copepods Copepods Copepods Copepods Animals Poor classification Copepods Animals Animals Copepods Animals Animals Unicellular Eukaryotes Copepods Animals 0 1,00E-04 0.0357 0.0309 0.0039 0.1102 0.7965 0.0381 0 0 0 0 0 0.3053 0.1208 0.0756 0 0 0 0 0.0111 0.9533 0.0159 0.1615 0 0.0799 0 0.0116 0 2,00E-04 6,00E-04 0.3428 0.0956 2,00E-04 0.0016 3,00E-04 0 0.1471 0.0032 1,00E-04 1,00E-04 0 0.0197 0 0 0.034 0 0 0.4435 0.0304 0.0364 0 0.4442 0 0.0206 5,00E-04 8,00E-04 1,00E-04 1006 2274 1357 1770 1019 1092 1434 1331 1394 1013 1141 1229 2147 1234 1167 2127 1186 1008 1017 1035 1025 1082 1053 1094 1068 1773 1237 0 0.2502 0.335 0 0.0427 0.8339 0.0816 0.0257 0.02 0 0 0.6489 0.0047 0.0223 0.7443 0.2448 0.039 0 0 0.2141 0.1719 0 0 0.2917 0 0 12_100_22 0.0599 0 0 0 0.0263 0.0143 0 12_200_4 0.004 0 0.5968 8,00E-04 0.321 0.0118 0.0249 12_50_5 0.0343 0.0733 0.0916 0 0.003 0 0.0769 15_100_9 0.0147 2,00E-04 0 3,00E-04 0.4146 0.0975 0.2526 15_300_3 0.0067 9,00E-04 0.0013 0.2456 0.0131 0.3123 0.3799 15_500_9 0.0179 0 2,00E-04 0 0.0037 0.448 0.2616 20_100_3 0.0104 0.4698 0 6,00E-04 0.0021 0.4125 0 20_100_7 0.0089 0.9136 1,00E-04 0.0068 0.0055 0.0089 0.0019 20_200_4 0.0428 0 0 0.0172 1,00E-04 0.0536 0.4573 4_5_2 0 0.0058 0.0033 0.7431 0.0075 0.0227 0.2176 4_50_2 0 0.0095 0.0195 0.0081 0.2029 0 0.76 5_100_1 0 0 0 0 2,00E-04 0.9998 0 5_20_14 0.021 0 0.0032 0.0069 0.0231 0.0552 0.4496 6_2_5943 0.0014 0 0 9,00E-04 0 0.0371 0.9519 6_5_14 0.0488 0.0582 1,00E-04 0.1553 1,00E-04 6,00E-04 0.0026 6_9_27 0.0083 0.1675 0 0.0718 0.6538 0.0017 0.0141 7_100_6 0.1424 0 5,00E-04 0 0 0.0024 0 7_20_37 0.0561 0.0061 0.0629 1,00E-04 2,00E-04 3,00E-04 0.0324 7_300_4 0.047 0.0212 0.1711 1,00E-04 0 0.0066 0.2823 7_7_9 0.0044 0 0.4754 0 0 3,00E-04 0.4933 8_100_13 1,00E-04 0 0 0.8752 0.1232 0.001 0 8_300_4 5,00E-04 0 0.8883 0.0721 0.0346 0 0 8_300_6 0.0097 0 0 1,00E-04 0 0 0.9323 8_5_18 0.1192 2,00E-04 1,00E-04 0.1243 3,00E-04 0.0412 0 8_500_5 0.0084 0.6347 0 0 0.1825 0 0.0486 8_8_204 0.0448 0 0 0.112 0 5,00E-04 0.3957 9_10_185 0.0909 0 0 0 0 0 0 15_500_6 0.521612311048298 1 10_300_15 0.148699815326744 0.222222222222222 0.0490795874795046 221 346 228 665 474 711 113 239 1266 398 695 912 168 150 179 227 937 591 238 118 254 148 574 535 962 164 466 0.909 0.5836 0.3356 0.0427 0.8205 0.1413 0.2825 0.4027 0.2916 0.817 0.023 0.0152 0.8325 0.7257 0.1901 0.7001 0 0.8473 0.8539 0.4945 0.143 0.8599 0.8708 0.4834 0.0847 0.5476 0.1995 0.918 4.75275592359791 MED-NAO NAO-SAO NAO-SAO MED-NAO-SAO MED MED-SAO MED NAO-SAO NAO-SAO MED-SAO NAO-SAO MED-SAO MED-NAO MED-NAO MED-SAO MED-NAO-SAO NAO-SAO NAO-SAO MED-NAO-SAO NAO-SAO MED-NAO-SAO NAO-SAO MED-NAO MED-NAO NAO MED-NAO-SAO NAO-SAO 4.42664002282318-1.12465410578479 Unknown TARA_144,149,150,18,23 TARA_144,146,147,148,149,70,76,78 TARA_143,144,146,147,149,150,70 TARA_72,143,26,70,76 TARA_7,11,22,23 TARA_23,25,26,78,80 TARA_7,11,22,23,26 TARA_72,142,143,144,148,76,78 TARA_145,152,66 TARA_7,11,18,23,26,70 TARA_148,150,67,68 TARA_7,18,26,70 TARA_144,146,147,148,149,25,26,30 TARA_144,147,150,151,25,30 TARA_72,18,25,26,30,76 TARA_72,143,151,7,18,30,70 TARA_72,142,143,144 TARA_147,148,149,150,70 TARA_149,150,151,152,9,25,68 TARA_147,148,149,150,151,4,78 TARA_146,148,151,9,76,78 TARA_142,143,144,150,151,70,76,80 TARA_144,149,151,9,11,23 TARA_142,144,146,147,148,149,30 TARA_146,147,148 TARA_72,4,9,23,70,76 TARA_148,150,151,68,80 2.55647447734196 15.4313068883426Lagrangian2 6.07105491942456 12.868775673644 Lagrangian2 -24.384163098622 6.13099790320723 Phosphate 5.30564992737063 1.33940423458257 Unknown 3.63067044198188 33.5966113161716 Lagrangian -12.1423379441701-24.0425479591782 Nitrate -18.1956956784025-20.8812891000039 Salinity -21.271074705172-17.2500892019674 Salinity 19.0718553049792-10.0519202393021 Unknown -4.51615987073792-29.2621602489922 Nitrate 1.26922561990608 29.6394228029421 Lagrangian 5.1339622573142 -7.64311118100608 Unknown 17.3750702916235-7.89971617210671 Unknown 3.56427131350743 32.2789399700983 Lagrangian 2.41503697862757 14.7224204555798Lagrangian2 -10.2659206028563 8.4804382495934 Silicate 17.1113959103599 -13.049212143848 Unknown -4.226625620824390.155214515841527 Silicate 0.99451362229622 15.3217891223267Lagrangian2 -22.9360344918258-15.0089251683965 Salinity 10.1071257364221-9.34847443493572 Unknown 18.0235603825944-12.5445073809079 Unknown 28.0600931751472 3.52370523238234Temperature -2.0948827310203-25.6952122144356 Nitrate -19.6603042858407-21.4244548473397 Salinity -11.855478992592-24.1823238997268 Nitrate 0.377644441444733 Unknown 0.3622 -22.5064626462747 -16.6874182455034 Salinity 0.8995 4.18115102933879 -3.15751637341172 Unknown 0.0405 -24.2004185487957 -2.13833532078058 Phosphate 0.7209 15.5333127120754 -7.42105856775404 Unknown 0.2201 -18.1895750845467 4.72573310338044 Phosphate 0.0404 0.239260309422452 -24.0797471356567 Nitrate 0.2686 -1.12923237020809 -26.0411490685487 Nitrate 0.1045 25.3604386974162 -1.83895881863454 Temperature 0.0543 31.9238061463571 10.3408775262454 Temperature 0.429 3.51240807578828 20.4753395787973 Lagrangian2 0 -7.7425785938013 11.4199653773324 Silicate 0 1.12165258773066 32.5442334282814 Lagrangian 0 -4.82587939887527 -29.1194096160284 Nitrate 0.441 3.09189733958743 20.2691689436746 Lagrangian2 0.0086 3.49402719457801 35.0509925262005 Lagrangian 0.7343 -5.56638269710948 0.622409323502679 Silicate 0.0827 -22.8530316585461 5.90208665408954 Phosphate 0.8547 3.83901103608941 -1.7493423067805 Unknown 0.8421 11.0312126026875 -8.18142113801941 Unknown 0.4718 5.68920529688963 13.1286904871818 Lagrangian2 0.0266 7.21337188302061 11.7082587625771 Lagrangian2 6,00E-04 -8.06111905726165 10.2568634550825 Silicate 0.0046 -25.0095047157473 -11.5838267001138 Salinity 0.058 4.16244004821243 34.6775330526547 Lagrangian 0.7148 -4.90096789392655 -0.516402461301072 Silicate 0.1258 30.3251818866403 7.67820944013163 Temperature 0.4471 4.03896719108721 19.0029510970795 Lagrangian2 0.909 3.03084898465676 -1.36339573546197 Unknown 0.105263157894737 15_500_7 12_100_16 0.356020942408377 0.50830632859517 0.026431718061674 0.086066097730318 0.0869565217391303 0.0238095238095236 12_100_22 0.120025630019471 0.145583902714223 0.0277010736464136 18_300_11 0.0792052880887083 0.0875011984276626 0.0182185932150796 18_300_9 12_200_4 0.239471144505039 0.537884400954263 0.0450006656903206 0.0734058728819302 0.0779220779220779 0.0200421455586124 20_100_6 12_50_5 0.258187761895973 0.507142857142857 0.0779220779220779 0.067463727587513 0.0822539699861012 0.0136054421768702 4_6_23 0.155837686929212 0.2 15_100_9 0.109202798046532 0.0952380952380954 0.0475654376583173 0.0409386925732195 5_10_3 0.147723180945268 0.211111111111111 0.0952380952380952 6_20_9 0.112797768599575 0.119429590017825 0.0412355090738916 6_50_1 1 1 0.04423109822983 7_20_9 0.62203461845416 1 0.0586300192363809 7_50_3 0.829383319847837 1 0.167224080267559 8_300_3 0.132090177321135 0.125874125874126 0.03125 8_50_10 0.115153358074095 0.111111111111111 0.0327472227901587 8_8_91 0.192030964412429 0.17979797979798 15_300_3 0.314050833685342 0.484622553588071 0.0431355287903641 15_500_9 0.0892665703349781 0.0983785256846985 0.0275385492044306 20_100_3 0.541967854122916 1 0.0408163265306123 20_100_7 0.0967741935483874 0.139330723135315 0.0242389233438191 20_200_4 0.107195706387299 0.133333333333333 0.0291278138535278 4_5_2 1 1 Supplementary Sampling Latitude Longitude Type Description Depth Filter Number of pair of reads External ID Study Sample Experiment Run Submission accession accession accession accession accession 0.08 4_50_2 0.840165150225006 1 Tara Oceans 54,5305 -16,9377 Metagenomics TARA_155 SUR 20-180µm 182,925,026 SAMEA6864587 ERA2652122 -ERS4592162 ERX4145216 ERR4181794 0.0488745657343849 5_100_1 0.22657229710654 Tara Oceans 54,5305 -16,9377 Metatranscriptomics TARA_155 SUR 20-180µm 179,585,384 SAMEA6864574 ERA2652118 -ERS4592149 ERX4145203 ERR4181781 0.351465528143954 0.0728744939271255 5_20_14 0.366731173546076 0.940350877192982 0.0606060606060606 Tara Oceans 67,1675 0,2177 Metagenomics TARA_158 SUR 20-180µm 138,512,807 SAMEA6864586 ERA2652122 -ERS4592161 ERX4145215 ERR4181793 0.0552637588490521 9_10_18 0.148449374569555 0.156739811912226 6_2_5943 0.16984984984985 0.271939736346515 0.0414250207125106 Tara Oceans 67,1675 0,2177 Metatranscriptomics TARA_158 SUR 20-180µm 168,629,428 SAMEA6864575 ERA2652118 -ERS4592150 ERX4145204 ERR4181782 0.054054054054054 9_100_10 0.148590000251264 0.156299840510367 6_5_14 0.41132616068653 0.666666666666667 0.11017661017661 Tara Oceans 77,1604 73,2057 Metagenomics TARA_178 SUR 20-180µm 207,442,505 SAMEA6864581 ERA2652122 -ERS4592156 ERX4145210 ERR4181788 0.0484848484848486 6_9_27 0.379888887671156 0.666666666666667 0.0726733407489804 Tara Oceans 77,1604 73,2057 Metatranscriptomics TARA_178 SUR 20-180µm 170,190,939 SAMEA6864576 ERA2652118 -ERS4592151 ERX4145205 ERR4181783 10_100_10 0.0484524164559834 0.0560437738351849 0.00844805431198999 10_20_37 7_100_6 0.582984106831389 0.81917211328976 0.0869565217391301 Tara Oceans 70,9618 -53,603 Metagenomics TARA_206 SUR 20-180µm 223,300,333 SAMEA6864582 ERA2652122 -ERS4592157 ERX4145211 ERR4181789 0.0649821379555036 0.0651890482398958 0.0194959644500929 10_6_139 7_20_37 0.0989243401614111 0.115299141574797 0.028808397541274 Tara Oceans 70,9618 -53,603 Metatranscriptomics TARA_206 SUR 20-180µm 189,447,541 SAMEA6864577 ERA2652118 -ERS4592152 ERX4145206 ERR4181784 0.0969840114646646 0.0740740740740736 0.0346543756953051 10_8_48 0.0960203508981884 0.13620495430293 7_300_4 0.232256694075769 0.222222222222222 0.0555395201026268 Tara Oceans 69,1136 -51,5086 Metagenomics TARA_208 SUR 20-180µm 223,058,371 SAMEA6864583 ERA2652122 -ERS4592158 ERX4145212 ERR4181790 0.0207893622201339 10_9_10 0.136978428428559 0.163791985190169 7_7_9 0.147290081390764 0.329113924050633 0.0139612717519871 Tara Oceans 69,1136 -51,5086 Metatranscriptomics TARA_208 SUR 20-180µm 184,221,525 SAMEA6864578 ERA2652118 -ERS4592153 ERX4145207 ERR4181785 0.0444409289653504 10_9_61 8_100_13 0.154651651645635 0.204081632653061 0.037648203253299 Tara Oceans 64,7127 -53,0106 Metagenomics TARA_209 SUR 20-180µm 181,915,803 SAMEA6864584 ERA2652122 -ERS4592159 ERX4145213 ERR4181791 0.0963948406746777 0.0830564784053157 0.0229310180376512 10_9_71 0.0822601249654252 0.0745156482861403 0.0264603727491431 12_1_55 0.0672242899570278 0.0603150351049511 0.0217391304347826 12_10_4 0.0313788826634694 0.0284288608805309 0.0170940170940171 12_100_10 0.128756822460663 0.129845766028724 0.0470633803967136 12_100_13 0.109147060686705 0.121390656408882 0.0247209171474904 8_300_4 1 1 0.0869565217391304 8_300_6 0.792941306392744 1 Tara Oceans 64,7127 -53,0106 Metatranscriptomics TARA_209 SUR 20-180µm 178,106,374 SAMEA6864579 ERA2652118 -ERS4592154 ERX4145208 ERR4181786 0.074074074074074 8_5_18 0.395740679877601 0.76923076923077 Tara Oceans 61,5442 -55,9865 Metagenomics TARA_210 SUR 20-180µm 182,303,005 SAMEA6864585 ERA2652122 -ERS4592160 ERX4145214 ERR4181792 0.118518518518519 8_500_5 0.1794950829756 0.22637453493179 Tara Oceans 61,5442 -55,9865 Metatranscriptomics TARA_210 SUR 20-180µm 179,419,896 SAMEA6864580 ERA2652118 -ERS4592155 ERX4145209 ERR4181787 0.0444444444444442 8_8_204 0.126734547327716 0.117528405604062 Toulon 43,1001 5,9482 Transcriptome Copepodite 1 0-10m 90-200µm 17,823,526 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282627 ERR3255855 0.019953547297297 9_10_185 0.0593095994725671 0.0645161290322581 0.0127323656735423 Toulon 43,1001 5,9482 Transcriptome Copepodite 2 0-10m 90-200µm 19,237,768 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282628 ERR3255856 Cette méthode est faite pour extraire le polymorphisme de différentes espèces (metavariant species, ou MVS) directement à partir des lectures métagénomiques, ce qui évite l'utilisation de référence. Ensuite, dans le chapitre III, la question a été de comprendre et décrire la structure des 15_9_20 180-2000µm Cnidaria (Hexacorallia) Cnidaria Animals 1121 426 NAO TARA_142,143,144,146,147,149 15_9_20 0.0266 1,00E-04 0.0853 4,00E-04 0.3987 0.0035 0.0877 0.3979 -18.35898075941193.41476070547302 Phosphate 20_100_6 0.0216 0.0124 0.3192 0 0.4044 0.0022 0.0247 0.2155 -23.970068629715 -0.0398704597345631 Phosphate 15_9_20 0.0709683489850122 0.0715276401822873 0.0241189421300933 20_100_6 0.0706692956112596 0.0559350459782924 0.028509181697905 populations des espèces planctoniques de divers groupes taxonomiques et d'estimer le rôle 12_20_30 180-2000µm Eumetazoa Eumetazoa Animals 1067 122 MED TARA_9,11,20,22,23,25 12_200_10 180-2000µm Copepod (Calanoid) Calanoida Copepods 1099 753 MED-NAO TARA_148,149,150,151,25 12_5_104 180-2000µm Copepod (Calanoid) Calanoida Copepods 1006 422 MED-NAO-SAO TARA_144,150,20,25,68 12_5_123 180-2000µm Bilateria (Chordata) Bilateria Animals 1221 291 MED-NAO TARA_143,144,149,150,151,25 12_500_4 180-2000µm Copepod (Calanoid) Calanoida Copepods 1275 900 MED-NAO TARA_146,147,148,149,25 12_500_5 180-2000µm Copepod (Calanoid) Calanoida Copepods 2011 498 MED-NAO-SAO TARA_72,143,144,20,70,76 12_8_21 180-2000µm Bilateria Bilateria Animals 2749 1205 NAO-SAO TARA_72,142,143,76 15_50_28 180-2000µm Copepod (Calanoid) Calanoida Copepods 1020 845 SAO TARA_72,70,76,78 15_9_18 180-2000µm Eumetazoa Eumetazoa Animals 1007 390 MED-NAO TARA_143,144,20,22,25 12_20_30 0.053 2,00E-04 0 0.0949 0 0.0513 0.0051 0.7955 -4.42881398539982-1.06902321122978 Silicate 12_200_10 0.0212 0.3005 0.0022 0.0796 0 0 0.3838 0.2127 8.60457351400031 19.5511022471363Lagrangian2 12_5_104 0.0145 0.8121 0 0 0.012 0 0.0158 0.1455 31.9262270605029 9.2340832636683 Temperature 12_5_123 0.0094 0.5816 0.2451 0.0235 0 0 0 0.1403 31.8791129440348 5.33481206097428Temperature 12_500_4 0.0379 1,00E-04 0.1318 0.2354 0.2145 0 5,00E-04 0.3799 -8.10413179331017 2.1931751279648 Silicate 12_500_5 0.0457 0 0 6,00E-04 0 0.0782 0.1566 0.7188 2.40816262308786 13.7861969159925Lagrangian2 12_8_21 0.0019 0 0 0.0378 0.6112 0.3378 0 0.0114 -25.73871955067636.81003296514234 Phosphate 15_50_28 3,00E-04 3,00E-04 0.4091 0 0.4254 0.0128 0.1502 0.0019 -24.0635929993526 -0.775543115852738Phosphate 15_9_18 0.0831 0.0533 1,00E-04 0 0.0299 0 0 0.8335 18.6716168324699-13.2745727626281 Unknown 9_500_10 0.0015 0 0 0.5148 0 0 0.4747 0.009 -6.93128868749637 12.4976975191702 Silicate 10_20_12 0.0578 0.0024 0.0057 1,00E-04 0 0.0656 1,00E-04 0.8684 4.65512275720554 -6.67291439744875 Unknown 10_200_2 0.0429 0 0.0384 0.2471 0.0268 0 0 0.6447 -6.83326226771352 1.34517529420826 Silicate 10_6_36 0.0213 0.1147 0 0 0 0 0.6506 0.2134 3.83370080819903 30.9339557153637 Lagrangian 12_200_5 0.0057 0.1381 0 0 0 0.5755 0.2469 0.0339 -2.38461405586291 -26.8214199114312 Nitrate 12_8_13 0.0087 0.0035 0.9332 0.0024 0 0 0 0.0522 -25.940171003814 -11.87760360972 Salinity 18_200_10 0.0819 0.087 5,00E-04 3,00E-04 0 0.007 4,00E-04 0.8228 18.7160988608554 -11.5249284390853 Unknown 18_200_5 4,00E-04 0 2,00E-04 0.3852 0.5143 0 0.0956 0.0042 -10.7792925801925 8.04565681269603 Silicate 18_200_6 0.066 1,00E-04 0.2429 0 0.0242 0 0.0063 0.6605 -19.9143614476248 -23.9787545407648 Salinity 18_300_4 0.0363 0.1037 0 0.0953 0.0206 2,00E-04 0.378 0.3658 4.9685251698207 18.9167861876584 Lagrangian2 12_20_30 0.0894816130001802 0.11010101010101 9_500_10 0.155517847040633 0.235978733095142 0.0234193178910428 Toulon 43,1001 5,9482 Transcriptome Copepodite 3 0-10m 90-200µm 18,292,442 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282629 ERR3255857 0.021914489401471 10_20_12 0.0830365518266337 0.0831598468533141 0.0246059974251589 Toulon 43,1001 5,9482 Transcriptome Copepodite 4 0-10m 90-200µm 13,933,841 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282630 ERR3255858 12_200_10 0.0790602454942032 0.0737327188940094 0.0304652689026287 12_5_104 10_200_2 0.104337169061364 0.0824866514906724 0.0417198808003404 Toulon 43,1001 5,9482 Transcriptome Male 1 0-10m 90-200µm 18,052,409 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282631 ERR3255859 0.0613485409739657 0.0834042553191486 0.0211290362958716 12_5_123 10_6_36 0.192948361028995 0.281505659824661 0.0385494954276136 Toulon 43,1001 5,9482 Transcriptome Male 2 0-10m 90-200µm 21,048,656 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282632 ERR3255860 0.0673241286299597 0.0625000000000002 0.0173913043478259 12_500_4 0.0789890908152684 0.0625000000000002 0.0241686001546791 12_500_5 0.0716924186526509 0.0768049155145926 0.01556379981276 12_8_21 0.0555360737963558 0.0440770749156407 15_50_28 15_9_18 0.086624779012917 0.135309791430584 18_300_4 0.0650893472190191 0.0698918875333686 0.0244565217391304 0.0141403405294573 18_200_6 0.0645701623559973 0.0744936280243803 0.018104454082591 0.0448159591916502 0.0430347897472669 0.0189385416502271 18_200_5 0.206469295782867 0.405670772956589 0.0322945108746822 0.030811990210267 12_200_5 0.082963760117591 0.0571428571428572 0.0406795655102379 12_8_13 0.218905472636816 Toulon 43,1001 5,9482 Transcriptome Male 3 0-10m 90-200µm 19,129,821 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282633 ERR3255861 0.303030303030303 0.0564516129032257 18_200_10 0.0843962978332418 0.125 0.0189133232611494 Toulon 43,1001 5,9482 Transcriptome Male 4 0-10m 90-200µm 17,624,872 SAMEA5540033 ERA1801976 ERP114539 ERS3342094 ERX3282634 ERR3255862
	18_200_27 18_200_27 6_6_42 0.0322 180-2000µm 0.0344 des courants marins et des conditions environnementales dans la différenciation génomique et Eukaryote (Eumetazoa) Eumetazoa Animals 1113 233 NAO-SAO TARA_143,144,147,149,150,151,70 0.1316 0.0329 0 0.0511 0.0146 0.013 0.7224 18.7838209466465-8.35501473925688 Unknown 0 4,00E-04 0.0991 0 0.3801 0.1662 0.3219 -0.100085196037452 -25.7116746995848 Nitrate 18_200_27 0.0768260616630634 0.0820081781008633 0.0196644598654653 6_6_42 0.0842365423255101 0.105263157894737 0.032247701933225 20_100_10 180-2000µm Cnidaria (Hydrozoa) Cnidaria Animals 1328 282 NAO-SAO TARA_72,143,4,76,80 20_100_10 0.0013 0.3527 0.5096 0.0866 0 0 0.0365 0.0133 -19.8624796738073-16.7447337678767 Salinity 7_7_22 0.022 0.7535 0.0618 0 0.0307 0 0 0.132 31.6791186593824 8.49484111212348 Temperature 20_100_10 0.105175875170361 0.146479570099366 0.0220450137814909 7_7_22 0.0707184157528251 0.0622868114640334 0.0322997416020671
	la connectivité. Je montre comment j'ai appliqué la méthode décrite en chapitre II à un jeu de données métagénomiques comprenant des échantillons de Méditerranée, et des océans Atlan-tique et Austral, ce qui m'a permis d'obtenir des informations de différenciation (i.e la mesure de F ST entre les populations) pour un certain nombre de MVS en combinant des paramètres environnementaux et des temps de transport entre stations. Je m'intéresse également au niveaux trophiques (bactéries, protistes) présentent une différenciation génomique plus forte que les animaux (copépodes, cnidaires. . . ). Enfin, l'étude a révélé le rôle majeur des courants marins, de la température et de la salinité dans la structure des populations. Finalement, le dernier article montre, chez des copépodes, que des loci peuvent posséder un allèle qui change l'expression d'un gène dans une population particulière et que ces loci peuvent être 180-2000µm Eumetazoa Eumetazoa Animals 1021 611 MED-NAO TARA_149,151,23,25,30 180-2000µm Copepod (Calanoid) Calanoida Copepods 1157 947 MED-NAO TARA_147,149,150,20 20_100_9 20_100_9 20_500_17 0.0312 0.0048 1,00E-04 0 0.0033 0 0.6483 0.3123 2.91941969259886 31.1643882640975 Lagrangian 20_500_17 0 0 0.7969 0 0.1512 0.0445 0.0075 0 -24.7007303315059-10.5208976498662 Salinity 8_10_11 0.009 0 0.1604 0 0.6959 0 0 0.1346 -23.9773677901634 5.0722341310757 Phosphate 8_10_3 0.036 0.5173 1,00E-04 0 1,00E-04 1,00E-04 0.0857 0.3607 29.1142194118142 4.63904410710441 Temperature 20_100_9 0.0868416099616802 0.0914973363947405 0.0261319299519103 20_500_17 0.17377650462589 0.303030303030303 0.0426693975081074 8_10_11 0.0996631783175812 0.112869771991629 0.0192307692307695 8_10_3 0.230730024500979 0.307828865613349 0.0373370206243403 vouloir établir des plans d'échantillonages pour étudier des structures océanographiques par-ticulières et leur influence sur l'évolution des populations tels les tourbillons océaniques ou les divisions de courant. De plus, le développement d'outils permettant de retrouver des haplo-types dans les données métagénomiques (peut-être couplé au séquençage de longues lec-8_50_5 180-2000µm Copepod (Calanoid) Calanoida Copepods 1363 1237 MED-NAO TARA_146,147,148,9 8_50_5 0.042 0.328 3,00E-04 0.069 0 0.3083 0 0.2524 25.1651194819753-2.03296710255161Temperature 15_100_8 0.0212 0.0807 0.1232 9,00E-04 3,00E-04 0.1519 0.0275 0.5944 6.98907704822802 -9.07909278962472 Unknown 8_50_5 15_100_8 0.082596343254904 0.0995581737849778 0.0255254571667044 0.0490385160866168 0.0381157540720548 0.0267034962902843 tures) seraient un avantage en plus. Enfin, les données lagrangiennes devraient ouvrir la voie 20_500_18 180-2000µm Bilateria Bilateria Animals 1280 1080 MED-NAO-SAO TARA_144,20,22,68 20_500_21 180-2000µm Eumetazoa Eumetazoa Animals 1102 832 MED-NAO TARA_147,149,150,20 20_500_22 180-2000µm Copepod (Oithona) Copepoda Copepods 1221 1007 NAO TARA_146,147,148,149 5_20_1 180-2000µm Copepod (Calanoid) Calanoida Copepods 1027 894 AO TARA_82,83,84,85 7_20_11 180-2000µm Bilateria Bilateria Animals 1096 708 NAO-SAO TARA_145,150,151,68,80 7_3_916 180-2000µm Eumetazoa Eumetazoa Animals 1100 379 MED-NAO TARA_147,148,149,151,25 7_4_14 180-2000µm Copepod (Calanoid) Calanoida Copepods 1035 294 MED-NAO TARA_145,150,152,30 8_20_12 180-2000µm Copepod (Calanoid) Calanoida Copepods 1164 416 MED-NAO-SAO TARA_143,144,150,20,22,25,70 8_50_1 180-2000µm Copepod (Calanoid) Calanoida Copepods 1577 639 MED-NAO-SAO TARA_145,152,30,66 20_500_18 1,00E-04 0.5792 0.0773 0 0 0.1041 0.2389 5,00E-04 28.7900893203775 5.78296845567757Temperature 20_500_21 0 0.0483 0.9063 0 0.0361 0 0.0092 0 -25.8565609632823-10.9498527953424 Salinity 20_500_22 0.0859 0 0.3974 0 0 9,00E-04 0 0.5158 -20.5803474563314-20.0009808793084 Salinity 5_20_1 0.0401 0 0 0 2,00E-04 0.3947 0.3245 0.2405 -1.18501526633765-25.021174854194 Nitrate 7_20_11 0.0211 0.5956 0.1625 0 0 0 0.0087 0.2121 31.275830834252 5.50856449212934Temperature 7_3_916 0.0624 0 0.2823 2,00E-04 7,00E-04 0.0204 0.0087 0.6252 -19.9787824309686-22.4498569554869 Salinity 7_4_14 0.1275 0 0.0448 1,00E-04 0 0.0346 0.025 0.768 10.2641697709783-7.59363128221987 Unknown 8_20_12 0.0434 0 0 0.044 0 0 0 0.9124 1.13416029700442 -0.808606920024252 Silicate 8_50_1 0.0015 3,00E-04 0.0782 0.7367 0.1445 0.0298 0 0.009 -8.7579022487474210.3296373498265 Silicate 8_7_14 0.0183 0.4254 0.0021 4,00E-04 0 0 0.4438 0.1099 9.291340475905 19.8150356098709 Lagrangian2 9_100_3 0.0319 0.0131 0.5573 0.0026 0 0 0.0762 0.3189 -22.3121267676777 -15.9593884437398 Salinity 9_200_1 0.0311 4,00E-04 2,00E-04 0.0013 0.0765 0.0475 0.6583 0.1848 2.05188680125501 31.2465942500519 Lagrangian 9_4_57 0.0114 0.9202 0 1,00E-04 0 0 0 0.0683 32.8172520078053 9.95399878971633 Temperature 10_100_9 0.0408 1,00E-04 0.1122 1,00E-04 0.2331 0 0 0.6138 -17.5888110134198 2.47530094125205 Phosphate 10_6_296 0.1159 0.1415 0 3,00E-04 0.0466 0 0.0017 0.694 19.5172553420878 -8.88862583022718 Unknown 12_100_12 0.0146 0 0.187 6,00E-04 0.558 0.0211 0 0.2187 -24.5569796869584 3.87690230164111 Phosphate 12_3_631 0.0643 0 0.2843 0.0084 0 0 0 0.6429 -20.6990742399602 -22.9329484421086 Salinity 12_300_13 0.0859 0 0 0 0.3986 0 2,00E-04 0.5153 -18.80780024908 3.03281612988102 Phosphate 12_300_14 0.0838 0 0.0652 0.0102 0 0 0.0012 0.8396 10.9302001997217 -9.11432651261761 Unknown 20_500_18 0.187957588970585 0.230769230769231 8_7_14 0.067441807895049 0.0588235294117644 0.0260133309313637 0.0647773279352225 5_20_1 0.349880434359205 0.608724104205566 7_20_11 7_3_916 7_4_14 0.292682926829269 0.384615384615384 8_20_12 8_50_1 1 1 12_300_14 0.0639722985402082 0.051992726915327 0.0282718437912304 0.0976190476190476 12_300_13 0.064807474366638 0.0651890482398958 0.0253069828721996 0.0968668542577331 0.0876949071363954 0.0186055407486239 12_3_631 0.0833242428899492 0.081447963800905 0.0318138614172483 0.128941499399554 12_100_12 0.0844644521957899 0.08 0.033045787609369 0.0626440435192702 0.0855614973262031 0.0215478770878488 10_6_296 0.0652864419283524 0.0444444444444445 0.0325312542008335 0.0810433281494406 0.0985424655501845 0.0167627029858563 10_100_9 0.591419707826614 1 0.072463768115942 0.0444444444444442 9_4_57 0.136765120012588 0.180759046778464 0.0350877192982459 20_500_22 0.0473639240018329 0.0518484430127322 0.0152195451000234 9_200_1 0.319925493248406 0.571428571428571 0.0551750380517502 20_500_21 0.0400288692872349 0.0402061022428771 0.0120834609735718 9_100_3 0.259117609455935 0.278129395218002 0.117647058823529 20
	développement d'une méthode pour calculer des estimations de temps de transport lagrang-également soumis à la sélection naturelle, ce qui rend plausible une hypothèse d'une sélection aux tests de modèles de migration entre les populations de plancton. 180-2000µm Bilateria Bilateria Animals 1020 667 NAO TARA_142,143,144,149,151 9_100_5 9_100_5 0.0036 0.2402 0.0654 0.2557 0 0.1032 0.2959 0.0359 7.36777664234817 18.8727459669192Lagrangian2 15_200_11 0.0345 0 1,00E-04 0 0 0 0 0.9654 3.49919108024647 -0.581716262594579 Unknown 9_100_5 0.0730653071972875 0.0771567735111065 0.0182329846290703 15_200_11 0.0974358872892014 0.0833333333333333 0.0292712626451852
	iens auquel j'ai pris part. de la plasticité moléculaire chez le plancton.

de plancton évoluent-elles dans le paysage marin? En utilisant les données d'omique environnementale de Tara Océans, ma thèse a consisté à comprendre cette évolution au regard de la génomique des populations. Je vais ainsi décrire mes travaux et mes résultats en trois chapitres distincts. Voir les résumés de chaque article en appendices II, III et V. Dans le chapitre II, je me concentre sur le développement d'une nouvelle méthode, metaVaR, qui a pour but de rendre possible la génomique des populations à partir de métagénomique. Dans un quatrième chapitre, mon but a été d'évaluer la relation entre l'acclimatation (la variation de l'expression des gènes et/ou la variabilité du phénotype) et l'adaptation (la sélection de gènes Au travers de ces travaux, j'ai donc pu décrire le plancton marin d'un point de vue de la génomique environnementale. J'ai développé ou participé à développer des méthodes et des cadres d'analyse pour comprendre la manière dont les populations planctoniques évoluent dans cet immense écosystème que sont les océans. Dans une première partie, la création de l'outil metaVaR permet de regrouper des variants appelés directement des lectures métagénomiques (DiscoSNP++), sur le principe de co-variation de la profondeur de couverture des loci appartenant aux mêmes génomes. Dans une deuxième partie, j'ai ainsi appliqué cette méthode à des données de Tara pour décrire la différenciation génomique d'espèces planctoniques appartenant à des lignées évolutives très variées (bactéries, protistes, animaux). J'ai pu montrer que les populations d'un même bassin océanique sont globalement plus proche génétiquement que des populations de bassins différents. De même, les espèces de bas Des limites existent cependant dans ces travaux. Premièrement, la mesure utilisée, le F ST , souffre de l'impossibilité d'avoir accès à la variabilité intra-population: on ne peut donc pas établir de Perspectives Ainsi, cette thèse ouvre de nouvelles perspectives pour la génomique environnementale du plancton. Tout d'abord, les données Tara peuvent permettre de répondre encore à d'autres questions, couplées à la méthode metaVaR. Par exemple, la transition entre les bassins Pacifique, Indien et Austral n'ont été étudié ici. De même, la transition entre l'Atlantique Nord et l'Arctique, ou encore entre l'Océan Austral et les autres, offre un terrain d'étude favorable pour estimer l'adaptation et l'acclimatation (avec la métatranscriptomique) à des conditions très particulières de température et de luminosité. Au-delà de Tara Océans, ces études poussent à En conclusion, cette thèse m'a permis d'en apprendre énormément sur la génomique marine et l'océanographie, qui sont des domaines fascinants dans lesquels les questions sont encore nombreuses et très ouvertes.
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IV.1 Introduction to the chapter

As seen in the section "Adaptation and acclimation in marine plankton" in chapter , the role of adaptation and acclimation is particularly important in plankton (although poorly assessed) notably because of climate change. Since selection is theoretically acting slower than plasticity and modulation of gene expression, understanding the relation between the two is key to capture plankton evolution.

As showed in fishes [START_REF] Passow | The roles of plasticity and evolutionary change in shaping gene expression variation in natural populations of extremophile fish[END_REF][START_REF] Brown | Concordant changes in gene expression and nucleotides underlie independent adaptation to hydrogen-sulfide-rich environments[END_REF], this relation can be measured by comparing different populations. In a study related to birds [START_REF] Wang | Bayesian inference of allele-specific gene expression indicates abundant Cis-regulatory variation in natural flycatcher populations[END_REF], the authors compared different species and populations of birds and measured allele-specific expression (ASE). The latter characterizes the differential expression between two alleles of the same gene. The goal was to picture the differences in gene expression in natural populations.

Plankton, coupled to Tara sampling, offers the possibility to observe gene expression and selection in natural populations of numerous animal individuals. This grounded our will to use copepods as a case study. 2019). In this process, I mainly assembled, annotated and analysed the transcriptomes.

IV.1.2 Work outline

I constructed my work as follows. First, we used DiscoSNP++ to call variants from the metagenomic raw metagenomic and metatranscriptomic reads of the seven stations, for the 20-180 µm size fraction. Then, with the same idea behind metaVaR (i.e using mdbscan algorithm), variants were clustered based on the co-variation of their depth of coverage across the seven stations, and filtered for a total of 25,768 biallelic variants, for which we had (i) the genomic depth of coverage and (ii) the relative expression in each station. Second, I deciphered the population structure between the seven populations by computing a median pairwise-F ST matrix. Third, I developed a method to retrieve the variants under psADE, a notion I defined, in the seven populations. The idea is the following: using a Fisher's Exact Test, we can compare the number of metatranscriptomic reads carrying the two alleles to the number of metagenomic reads carrying the two alleles. In this way, we can observe the loci over-expressed or underexpressed in regard of their genomic abundance. In parallel, I used pcadapt [START_REF] Luu | pcadapt: An R package to perform genome scans for selection based on principal component analysis[END_REF] to recover variants under local adaptation among the seven populations. This method uses allele frequencies as an entry to perform a principal component analysis (PCA) and compute a Mahalanobis distance to retrieve outliers loci in the dataset. I then crossed the set of variants under selection with the seven sets of variants under psADE to have a new set of variants both under psADE and selection. Finally, using O.similis transcriptomes from Mediterranean individuals produced in the laboratory, I performed a functional analysis of candidate loci.

For supplementary materials, see Appendix VI. To date, supplementary tables S5 and S6 can be found on the online version of the article, and in online separate files, because they are large excel tables. 

| CONCLUSION

Gene expression variation is thought to play a crucial role in acclimation and adaptive history of natural populations. Herein, we integrated metagenomic and metatranscriptomic data to detect ADE at the population level in populations of copepods. Then, we demonstrated the link between psADE and population differentiation on one hand and with natural selection on the other hand, by providing a quantitative observation of this phenomenon and its impact on specific biological features of copepods. In the future, we will try to expand these observations to other organisms and question the nature of the link between psADE and natural selection. Bourgois and the Tara schooner and its captain and crew. Tara Oceans would not exist without continuous support from 23 institutes (oceans.tara-expeditions.org). We acknowledge the support of Vincent Segura and Leila Tirichine for fruitful scientific discussions and support on the analyses and manuscript. This is contribution number 106 from Tara Oceans.
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General conclusions V.1 Principal results

Tara Oceans expeditions provide a unique view on the diversity of marine plankton. During these three years of work that translated into three articles, I demonstrated how we could answer questions about the population structure of marine plankton by exploiting the advantages that offer metagenomics and metatranscriptomics.

Fist, we developed a reference-free method enabling us to extract variants from metagenomic reads, cluster them into MVSs, and successfully showed the accuracy of the method compared to alignment-based approaches (chapter II). Hence, this method will be a valuable tool to search metagenomes and circumvent the lack of references.

Then, in a second move, I applied this new method to a dataset of Tara samples (chapter III). I observed the mosaic trend of population structure, and the relative role of environment and marine currents on it. Indeed, population differentiation in plankton seems species-specific.

Populations belonging to the same basin tend to be closer than between basins, and differentiation seems globally higher in small organisms. Finally, marine distances, temperature and salinity are the main drivers of genomic differentiation, while nutrients (nitrate, phosphate and silicate) play a minor role. Overall, this holistic approach was useful because we were able to compare the genomic differentiation of dozens of species from a wide range of taxonomy under the same macro-scale framework.

At the end, we demonstrated a link between varying allelic expression and selection in natural populations of copepods (chapter IV). This link, revealed by a non-random association 

Supplementary Figure S2: Overview of taxonomic assignation

Pipeline describing how each MVS was assigned to a taxonomic group.

Supplementary Figure S3: Environmental parameters maps

Each dot corresponds to a Tara station.

Supplementary Figure S4: Principal component analysis of the contribution of environmental parameters to the genomic differentiation of MVSs Supplementary Figure S5: Occurrence of MVSs

Supplementary Figure S6: Global distributions of FST

Each plot corresponds to an MVS. The color of the violin is linked to the taxonomy, and the background color of MVSs' names stand for the size fractions; red, blue, green and yellow for 0.8-5µm, 5-20µm, 20-180µm and 180-2000µm respectively.

Supplementary Figure S7: Lagrangian estimates matrices

Results of Lagrangian travel time computations. A) Asymmetric times between the 35 stations. Because of the important difference in travel times between Mediterranean Sea stations and the rest, we also present the Lagrangian estimates between B) Mediterranean Sea stations, C) Atlantic and Austral Oceans stations. The red rectangles reflect the relative separation between NAO (bottom left) and SAO + AO (top right).
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Supplementary Table S2: MVSs and Bathycoccus

The columns "Bathycoccus" MVSs reflects the occurrences of the two MVSs identified as potential Bathycoccus in our dataset. The columns "Bathycoccus strains" are the percentage of metagenomic reads from each Tara stations matching the two reference genomes (data extracted from [START_REF] Leconte | Genome resolved biogeography of mamiellales[END_REF] ,6 , Jean-Louis Jamet 5 , Mohammed-Amin Madoui Estimates from the fitting between a negative binomial distribution and genomic depth of coverage (see Figure S2). In blue the regression curve, in grey the 95% confidence interval. 

Supplementary Figure 10 : Pfam enrichment in candidate loci

Representation of Pfam enrichment among the 84 candidate loci compared to the total set of Pfams present in the full dataset. Each dot represents a Pfam domain (x axis) and its corresponding transformed q-value. The red dots are Pfams with a significant enrichment (black dotted line, q-value <0.05), and the size corresponds to the ratio of the occurrence of a Pfam in the 84 loci on the occurrence of this Pfam in the global dataset.

21 Supplementary Table S2 : Oithona similis Mediterranean transcriptomes summary.

Supplementary Table S3 : Distribution parameters of genomic depth of coverage, variant frequency and expression level.