CHAPTER 1:

A dive into the world of diatoms: the invisible multitude of the seas.

Diatoms: a major phytoplankton lineage

Photosynthesis (i.e. primary production) is an autotrophic activity that produces organic matter from inorganic compound using light and providing oxygen to the environment. Oxygenic photosynthesis likely emerged from ancestral prokaryotic anoxygenic systems in cyanobacteria at least 2.6-2.4 billion years ago and has shaped Earth's geological history since then [START_REF] Simon | Diversity and evolution of marine phytoplankton[END_REF][START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF]. This massive autotrophic activity precludes the subsequent thriving of life on earth. Photosynthesis in eukaryotes has been acquired very early through the endosymbiosis of cyanobacteria by a heterotrophic eukaryote ancestor [START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF][START_REF] Archibald | The puzzle of plastid evolution[END_REF]. Several photosynthetic lineages also rose after serial secondary and tertiary endosymbiosis of autotrophic eukaryotes [START_REF] Dorrell | Do red and green make brown?: perspectives on plastid acquisitions within chromalveolates[END_REF][START_REF] Archibald | The puzzle of plastid evolution[END_REF] (see also the following section 1.2). The two major eukaryotic photosynthetic lineages are the Plantae (green and red algae, land plants) and the Chromalveolata that includes the stramenopiles (heterokonts), the Alveolata, the Rhizaria (cercozoa) (also grouped under the acronym 'SAR') and possibly the haptophyte lineage (Figure 1.1). Most of these lineages composed modern communities of phytoplankton [START_REF] Baldauf | An overview of the phylogeny and diversity of eukaryotes[END_REF][START_REF] Knoll | The geological succession of primary producers in the oceans[END_REF]. The term phytoplankton comes from the Greek 'planktos'; that can be translated by "drifting"; and 'phyton' the "plants". "Phytoplankton" is hence a general definition for anything that performs photosynthesis drifting in the ocean and regroups numerous microalgae lineages. The first eukaryotic phytoplanktons are found as early as 1.5-1.2 billion years ago but the three major 'modern' phytoplankton groups (Chromalveolata) likely emerged more than 500 million years ago before the Cambrian and later during the Mesozoic just after the Permian-Triassic mass extinction events [START_REF] Simon | Diversity and evolution of marine phytoplankton[END_REF][START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF][START_REF] Falkowski | The evolution of modern eukaryotic phytoplankton[END_REF].

7

Nowadays, phytoplankton communities extensively populate all aquatic habitats and are responsible for about 40% of earth oxygen production [START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF]. They additionally provide the base for the food chain on which all oceanic life relies. Phytoplankton blooms correspond to rapid expansion of algae communities in response to fresh import of nutrients from the ocean interior (upwelling) and surface winds. This is a phenomenon particularly patent in the polar areas and the western coastal area of continents, experiencing upwelling water currents [START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF][START_REF] Malviya | Insights into global diatom distribution and diversity in the world's ocean[END_REF]. The blooms are so rich in phytoplankton that they can be seen from space (https://earthobservatory.nasa.gov/features/Phytoplankton). They are critical events allowing the cycling of carbons by photosynthesis, grazing and sinking of the huge phytoplankton biomass. This allowed the long-term sequestration of carbon from the atmosphere to the sediment ocean floor and shaped the biogeochemical history of earth [START_REF] Meyer | The influence of the biological pump on ocean chemistry: implications for long-term trends in marine redox chemistry, the global carbon cycle, and marine animal ecosystems[END_REF].

Among Chromalveolata, the stramenopiles lineage (previously known as 'Heterokonta') is a major algal group that includes the pelagophytes and bolidophytes and the unicellular and the multicellular brown algae like the diatoms and the Phaeophycea (kelps) (Figure 1.1). We can also site the oomycetes (plant pathogens) and the alga parasites labyrinthulomycetes. The stramenopile diatoms are unicellular brown micro-algae (from 2 to 200 µm) and are the most abundant, dominant and, by far, the most diverse of all marine photosynthetic eukaryotes [START_REF] Knoll | The geological succession of primary producers in the oceans[END_REF][START_REF] Malviya | Insights into global diatom distribution and diversity in the world's ocean[END_REF][START_REF] Armbrust | The life of diatoms in the world's oceans[END_REF][START_REF] De Vargas | Ocean plankton. Eukaryotic plankton diversity in the sunlit ocean[END_REF]. Diatoms are responsible for nearly 20% of earth primary production. This is alone equivalent to almost half the contribution of the oceanic primary activity of all phytoplankton and is equal to the combinatory photosynthesis efforts of all land plants. Diatoms are ubiquitous and can be found in marine as well as in freshwater environments. They are recognized to dominate marine polar area and are major contributor of the phytoplankton oceanic blooms [START_REF] Malviya | Insights into global diatom distribution and diversity in the world's ocean[END_REF][START_REF] De Vargas | Ocean plankton. Eukaryotic plankton diversity in the sunlit ocean[END_REF]. Diatoms also biosynthesizes silica in a nano-scaled highly organized and firm outer 'shell' known as 'frustule'. Each diatom species has its own frustule composed of two interconnected 'valves' with various structural symmetries. This frustule is a unique diatom feature which encases the cell protecting it from predators and biochemical attacks and modulates its sinking rate [START_REF] De Tommasi | Diatom Frustule Morphogenesis and Function: a Multidisciplinary Survey[END_REF]. The long-term deposition of diatom's frustule on the ocean floor created the diatomaceous earth: a silica rich sediment rock. Diatomaceous earth is frequently used in the production of toothpaste, medications and filters and also possess anti-parasitic properties [START_REF] Gao | Bioactivity of diatomaceous earth against the subterranean termite Reticulitermes chinensis Snyder (Isoptera: Rhinotermitidae)[END_REF][START_REF] Lopez-Cebral | Dual delivery of hydrophilic and hydrophobic drugs from chitosan/diatomaceous earth composite membranes[END_REF][START_REF] Nazmi | Diatoms and diatomaceous earth as novel poultry vaccine adjuvants[END_REF][START_REF] Bennett | Effect of diatomaceous earth on parasite load, egg production, and egg quality of free-range organic laying hens[END_REF][START_REF] Swartz | Diatomaceous earth as an aid in the dental laboratory[END_REF][START_REF] Applebaum | Filtration of water through diatomaceous earth[END_REF][START_REF] Kroger | Diatoms-from cell wall biogenesis to nanotechnology[END_REF]. Diatoms are important source of food for modern fisheries and oysteries. On another hand, diatoms also produce lipids as an energetic storage and are of interest for the biofuel industries [START_REF] Bozarth | Diatoms in biotechnology: modern tools and applications[END_REF]. With the emergence of the high-throughput sequencing technologies the scientific and biotechnological interest for diatoms is growing.

Basis in evolution, biology and ecology of diatoms

Fossils records indicate that diatoms critically emerged during the Pangea separation about 100-90 million years ago although the first silicifying eukaryote likely appeared earlier [START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF]. Diatoms then continued to diversify and expand since then, following the critical geological events of the Cenozoic [START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF]. As members of the stramenopile lineage, diatoms arose after a secondary endosymbiotic event between a heterotrophic host cell and a photosynthetic red algal ancestor [START_REF] Dorrell | Do red and green make brown?: perspectives on plastid acquisitions within chromalveolates[END_REF] (Figure 1.2.1). This event is common to all the Chromalveolata lineages. As a result, diatom's chloroplast is from red algal origin. The recent sequencing of diatom genomes, as Phaeodactylum tricornutum and Thalassiosira pseudonana, revealed a significant number of nuclear genes with green algal origins hinting for a possible endosymbiotic event between a green alga and a heterotrophic ancestor prior to the acquisition of the 'red' chloroplast during Chromalveolata evolution [START_REF] Bowler | The Phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF][START_REF] Armbrust | The genome of the diatom Thalassiosira pseudonana: ecology, evolution, and metabolism[END_REF]. Diatoms specifically retain a significant number of horizontally transferred genes during those endosymbiosis events and therefore have a 'mosaic' nuclear genome with green but also bacterial genes and a red alga chloroplast [START_REF] Moustafa | Genomic footprints of a cryptic plastid endosymbiosis in diatoms[END_REF][START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF]. [START_REF] Catoni | DMRcaller: a versatile R/Bioconductor package for detection and visualization of differentially methylated regions in CpG and non-CpG contexts[END_REF] It is estimated that the diatom lineage is composed of dozens of thousands of species. Most of which have never been characterized [START_REF] Round | the Diatoms: biology and morphology of the genera[END_REF]. Nowadays, diatoms are divided into two main phyla: the centric and the pennate diatoms. This subdivision is based on molecular data and differences in the frustule structures. A phylogenetic tree based on 18S sequencing of representative centric and pennate diatoms can be found in Figure 1.2.2

(adapted from [START_REF] Tirichine | Recent progress in diatom genomics and epigenomics[END_REF]). Centric diatoms are further separated into two lineages: polar and radial centric (Figure 1.2.2). Radial centric have circular valves with no obvious symmetry while polar centric usually have bi or multipolar valve symmetry. Pennate diatoms are mostly elongated with bilateral longitudinal symmetry and valves with feather like patterns.

Pennate are separated into raphid (with raphe) and araphid (no raphe) (Figure 1.2.2). The raphe is a frustule structure which forms a gutter like pattern. Importantly, within diatoms lineages exception exists. In addition, it is estimated that pennate and polar centric diatoms are monophyletic but the exact relationship between and within centric and pennate is still subject of debate. Recent works highlighted that numerous 'recent' whole genome duplication events occurred during centric and pennate diatoms evolution [START_REF] Parks | Phylogenomics reveals an extensive history of genome duplication in diatoms (Bacillariophyta)[END_REF] likely contributing to the rapid diversification of diatom species. Transposable elements are repeated autonomous or nonautonomous 'selfish' DNA sequences that propagate in nearly all eukaryotes. Transposition events of TEs can effectively disrupt coding sequences but also provide new genomic platforms for transcription factors [START_REF] Warren | Evolutionary impact of transposable elements on genomic diversity and lineage-specific innovation in vertebrates[END_REF][START_REF] Schrader | The impact of transposable elements in adaptive evolution[END_REF], and therefore have major impacts on the evolution of eukaryotes. The study of pennate and centric genomes also revealed that species specific transposable elements of the copia family, that replicate by copy and paste mechanisms, critically expanded in diatoms with potential evolutionary consequences [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF].

Recent reports also suggest that allele specific gene expression shape the environmental specific response of the polar diatom Fragilariopsis cylindrus [START_REF] Mock | Evolutionary genomics of the cold-adapted diatom Fragilariopsis cylindrus[END_REF]. This observation is important since diatoms are known to survive prolonged (>5months) period of darkness and very little is known about the metabolisms and genetic pathways involved in this fitness.

Moreover, in the highly oleaginous and allodiploid Fistulifera solaris, allele specific expression bias correlates biological pathways of lipid production and degradation, suggesting that hybridization and monoallelic expression are also involved in the emergence of key genetic pathways in diatoms of potential biotechnological interest [START_REF] Nomaguchi | Homoeolog expression bias in allopolyploid oleaginous marine diatom Fistulifera solaris[END_REF]. Like metazoans, diatoms are also capable of metabolizing nitrogen via an urea cycle acquired by several horizontally transferred bacterial genes [START_REF] Allen | Evolution and metabolic significance of the urea cycle in photosynthetic diatoms[END_REF]. Diatoms use this system to rapidly respond to nitrogen availability via the formation of polyamines. The convergent evolution of the urea pathway in metazoans and diatoms is remarkable. Diatoms also possess a unique mitochondria-chloroplast connection. They can transfer energy (ATP) from the mitochondria to the chloroplast but also reducing power (NADPH) from the chloroplast to the mitochondria [START_REF] Bailleul | Energetic coupling between plastids and mitochondria drives CO2 assimilation in diatoms[END_REF]. In other words, diatoms use the non-photosynthetic apparatus for the fine tune regulation of the photosystem.

Most of diatoms cell cycle consists of mitotic divisions [START_REF] De Martino | Mitosis in diatoms: rediscovering an old model for cell division[END_REF], this is specifically the case during blooms when diatoms cells extensively divide. Sexual reproduction nonetheless does occur in tight regulation with the silica-frustule cycle of the mitotic division [START_REF] Montresor | Sex in marine planktonic diatoms: insights and challenges[END_REF][START_REF] Ferrante | Exploring Molecular Signs of Sex in the Marine Diatom Skeletonema marinoi[END_REF]. In diatoms, due to the peculiar formation of frustules, after each division, a daughter cell is inevitably smaller than the mother cell. As a result, diatom cell populations become overall smaller and smaller upon constant mitotic division. When cell size reduction reaches a critical threshold (specific of each species, usually 30% of the adult size) sex cells are produced and form new cells that synthesize a new 'reset' frustule size. Sexual reproduction in diatoms is therefore inevitably linked to mitosis. It is also known that nutrient stress, low light and specific spectrum can trigger sexual reproduction [START_REF] Moore | Morphological and transcriptomic evidence for ammonium induction of sexual reproduction in Thalassiosira pseudonana and other centric diatoms[END_REF]. There is however contrasting (or even absence) of direct evidences for sexual reproduction in very abundant diatom species [START_REF] Montresor | Sex in marine planktonic diatoms: insights and challenges[END_REF]. Not all diatoms, including the model P. tricornutum, undergo cell size reduction. The genetic basis of diatoms sex cycle is only starting to emerge [START_REF] Ferrante | Exploring Molecular Signs of Sex in the Marine Diatom Skeletonema marinoi[END_REF].

Diatoms in the new (meta)genomic era

In the past decade, several consortiums arose to provide new genomic and transcriptomic resources of marine organisms. The Marine Microbial Eukaryotic Transcriptome Sequencing Project (MMETSP) is a publicly accessible database of about 650 transcriptomes of hundreds of eukaryotes, including marine microbial eukaryotes [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].

Transcriptomes are made from cultured species using the Illumina sequencing strategies and can be analyzed by classical RNAseq-pipelines. The database includes diverse lineages representative of the 'SARs'. It includes: 12 Stramenopiles lineages, 7 Alveolata, 3 Rhizaria but also haptophyte species and excavates. To our knowledge, with 57 diatom species represented: this is the most enormous 'diatom' database with TARA Oceans meta-omics.

The TARA Oceans expeditions (https://oceans.taraexpeditions.org/en/) are the biggest scientific sampling expeditions that aimed to gain insights into the diversity of plankton communities in modern oceans [START_REF] Bork | Tara Oceans studies plankton at planetary scale[END_REF] (Science Special issue 6237 "A world of plankton"). Worldwide, TARA Oceans expedition sampled and sequenced the marine bacterial and eukaryote communities in 210 locations. At each station, waters from different ocean's depth were sequenced. In addition, for each sample at each station, waters were filtered using different filter size (from 0.8 µm to >3mm) allowing an extensive coverage of marine plankton of different size and shape. Not only the TARA Oceans database provide ribosomal sequences for species identification but also meta-Genomic meta-mRNA polyA tailed and environmental data at each station, providing the unique opportunity to couple expression levels and variations in environmental conditions (http://taraoceans.mio.osupytheas.fr/ocean-gene-atlas/) [START_REF] Villar | The Ocean Gene Atlas: exploring the biogeography of plankton genes online[END_REF][START_REF] Kazamia | Endocytosis-mediated siderophore uptake as a strategy for Fe acquisition in diatoms[END_REF]. The Malaspina expedition is another circumnavigation around the globe led by the Spanish National Research Council. It aims at measuring the impact of global changes on the ocean and study its diversity.

1.4

Phaeodactylum tricornutum the 'model' diatom the model diatom that is extensively used as a proxy for the understanding of the biology of diatoms, but also in biotechnology industries.

Besides its 'triradiate' form, several Phaeodactylum tricornutum populations with various morphologies (in size and shapes -morphotypes) have been found [START_REF] De Martino | Genetic and phenotypic characterization of Phaeodactylum tricornutum (Bacillariophyceae) accessions[END_REF]. To date, 4 different morphologies have been described: 'triradiate', 'fusiform', 'oval' and 'cruciform' [START_REF] He | A rare Phaeodactylum tricornutum cruciform morphotype: culture conditions, transformation and unique fatty acid characteristics[END_REF] (Figure

1.4.1-a).

As far as we know, this is unique in diatoms. Since various Phaeodactylum ecotypes show different morphologies, although the 'fusiform' morphotytpe is dominant, it is speculated that this peculiar phenotype is linked to differences in fitness and evolution of a given population in respect to the ecological niches that it populates. However, within ecotypes, several different morphologies can be found (Figure 1.4.1-b) and morphotype switches are observed under the impulsion of changes in culture conditions [START_REF] De Martino | Physiological and Molecular Evidence that Environmental Changes Elicit Morphological Interconversion in the Model Diatom Phaeodactylum tricornutum[END_REF], including between the various 'standard' media commonly used in laboratory (personal communication). Moreover, the same morphotype can be found when comparing divergent ecotypes [START_REF] De Martino | Genetic and phenotypic characterization of Phaeodactylum tricornutum (Bacillariophyceae) accessions[END_REF]. This indicates that Phaeodactylum is capable of phenotypic plasticity, which was shown in a recent study to be driven by a repressive histone mark H3K27me3 (Zhao et al., submitted). The phenotypic plasticity of Phaeodactylum probably reflects its unusual silica-independent lifestyle. Phaeodactylum tricornutum is indeed a diatom (the only known) that does not produce a frustule even if silica is available in the media and that can growth without it. 'Oval' ecotype is nonetheless more silicifying than others, but frustule are reduced [START_REF] De Martino | Genetic and phenotypic characterization of Phaeodactylum tricornutum (Bacillariophyceae) accessions[END_REF]. In addition, Phaeodactylum can live as an axenic line (i.e. without innate bacterial communities). As already mentioned, upon mitosis, Phaeodactylum cells do not reduce in size and have never been yet observed to undergo sexual reproduction in any lab or natural conditions. This is in line with the absence of a frustule. Recent population genetics however, pointed that Phaeodactylum ecotypes are not genetically isolated and that sexual reproduction might take or have taken place in Phaeodactylum tricornutum populations at least in the wild [START_REF] Rastogi | A genomics approach reveals the global genetic polymorphism, structure and functional diversity of ten accessions of the marine model diatom Phaeodactylum tricornutum[END_REF]. P. tricornutum is hence a robust species that can grow without silica as an axenic and 'immortal' clonal state in standard lab conditions. Several mono-clonal populations from different Phaeodactylum natural populations have been isolated and propagated and are now used as models for the understanding of diatoms biology. Phaeodactylum cells are also easy to transform with foreign DNA using biolistic and conjugation protocols [START_REF] Falciatore | Transformation of nonselectable reporter genes in marine diatoms[END_REF][START_REF] Karas | Designer diatom episomes delivered by bacterial conjugation[END_REF]. Moreover, RNAi and the nuclease CRISPR/Cas9 systems (and also TALENS) are now used to generate 'knock down' and 'knock out' lines of genes of interest [START_REF] Nymark | A CRISPR/Cas9 system adapted for gene editing in marine algae[END_REF][START_REF] Hopes | Editing of the urease gene by CRISPR-Cas in the diatom Thalassiosira pseudonana[END_REF][START_REF] De Riso | Gene silencing in the marine diatom Phaeodactylum tricornutum[END_REF] making Phaeodactylum, the model of choice to decipher the general biology of diatoms.

The genome and the epigenome of Phaeodactylum tricornutum

After the centric Thalassiosira pseudonana in 2004 [START_REF] Armbrust | The genome of the diatom Thalassiosira pseudonana: ecology, evolution, and metabolism[END_REF], Phaeodactylum tricornutum is the second diatom whose genome was sequenced in 2008 [START_REF] Bowler | The Phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF]. This allowed the extensive development of reverse genetics tools in diatoms [START_REF] Tirichine | Recent progress in diatom genomics and epigenomics[END_REF]. Phaeodactylum genome is small and is 27 mega-bases. It was recently re-annotated using several transcriptomic data currently available for the main reference line (Pt1.86) [START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF]. To date, the assembly of the genome comprises 33 scaffolds including 12 genuine chromosomes with identified telomeric regions.

It encodes 12.410 protein coding genes. Among them: around 50% are stramenopiles specific and 25% are Phaeodactylum specific [START_REF] Bowler | The Phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF][START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF]. A substantial amount of shared, with other diatoms, horizontally transferred genes are also found: 5% are inherited from bacteria and 5% from red algae as well; 15% are from green algae origin [START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF]. This is stereotypical of the 'mosaic' diatom evolutionary origin. In Phaeodactylum tricornutum, genes are often 'short' 1500bp mono-exonic units interspaced by short intergenic regions of around 300bp [START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF]. Between 6% and 12% of P. tricornutum genome is composed of repeated transposable elements [START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF][START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF]. 90% of the TEs found in P. tricornutum are Ty1/Copia-like elements, named as the "CoDi" family [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF]. CoDi elements are specific to diatoms. CoDis are retrotransposons flanked by long terminal repeat sequences (LTR). They are composed of GAG-POL open reading frames, encoding several proteins required for the mobilization and spreading of the element like reverse transcriptase and integrase proteins. Some CoDi families are species specific, others are shared between diatoms. This suggests that serial waves of TE mobilization occurred in diatoms. There are evidences showing that specific CoDi elements are stress responsive possibly highlighting an environmental mediated regulation of repeated sequences in diatoms [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF]. In diatom genomes the amount of TEs is very variable. Notably, TEs represent about 2% of Fragilariopsis cylindrus and Thalassiosira pseudonana [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF] genome while almost 40% of Cyclotella cryptica's genome is composed of repeated sequences [START_REF] Traller | Genome and methylome of the oleaginous diatom Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF]. Our understanding of the diversity and the impact of TEs in diatoms evolution is very limited and the future sequencing of additional diatom species will be instrumental to further explore this concept. Long non-coding RNAs are RNA transcript >200nt long but with no protein coding potential. They are now extensively described in mammals and plants as cis and trans regulator of gene expression [START_REF] Kanduri | Long noncoding RNAs: Lessons from genomic imprinting[END_REF]. Recent works showed that Phaeodactylum tricornutum encode more than 1500 intergenic long noncoding RNA. A subset of which responded to phosphate starvation along with protein coding genes indicating that lncRNAs have biological importance in diatoms [START_REF] Cruz De Carvalho | Noncoding and coding transcriptome responses of a marine diatom to phosphate fluctuations[END_REF].

Epigenetics mechanisms can be defined as "reversible changes in gene expression that do not involve changes in the DNA sequence per se". This includes DNA methylation events, posttranslational modification of histones, small RNA pathways and higher order chromatin organization. In eukaryotes, the epigenetic machinery has been opted to repress transposable elements and key developmental genes [START_REF] Sanmiguel | DNA methylation dynamics of genomic imprinting in mouse development[END_REF][START_REF] Bartels | Dynamic DNA Methylation in Plant Growth and Development[END_REF][START_REF] Monk | Genomic imprinting in the human placenta[END_REF]. The epigenome of Phaeodactylum tricornutum has been recently reported along with the apparent conservation of the epigenetic machinery as found in other eukaryotes [START_REF] Rastogi | Probing the evolutionary history of epigenetic mechanisms: What can we learn from marine diatoms[END_REF][START_REF] Tirichine | Recent progress in diatom genomics and epigenomics[END_REF][START_REF] Maumus | Stemming epigenetics in marine stramenopiles[END_REF].

Phaeodactylum encodes a set of histones posttranslational modifying enzymes as histones acetylases as well as histone lysine methylases; like Enhancer of Zeste (Ez) and SETD2; and de-methylases as Jumanji proteins. Recent work in our laboratory (Zhao et al., Submitted) demonstrated that Ez homologue in P. tricornutum is responsible of di and tri-methylation of lysine 27 of histone H3 (H3K27me2/3) as observed in animals and plants [START_REF] Muller | Histone methyltransferase activity of a Drosophila Polycomb group repressor complex[END_REF][START_REF] Pereman | The Polycomb group protein CLF emerges as a specific tri-methylase of H3K27 regulating gene expression and development in Physcomitrella patens[END_REF][START_REF] Pontvianne | Arabidopsis Histone Lysine Methyltransferases[END_REF].

Several histone marks have been mapped in Phaeodactylum, they include H3K27me3 as mentioned, but also the tri and di-methylation of lysine 9 of histone H3 (H3K9me3/2) as well as acetylation of lysines9/14 of histone H3 (H3K9_14AC). The dimethylation of lysine 4 of histone H3 (H3K4me2) and H3K4me3 (Rocha and Zhao et al., submitted) are also reported. Notably, the repressive H3K9me3/H3K9me2 and H3K27me3

together with DNA methylation strongly co-localized at target genomic regions, usually but not exclusively composed of TEs (Figure 1.4.2a, Figure 1.4.2b) (Zhao et al., submitted) [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF].

H3K4me2 and H3K4me3 mark almost homogenously all actively transcribed genes. 30% of all genes are marked by all three active marks (H3K4me2/3 and H3K9_14Ac) and therefore associate with active transcription. Repressive marks also associate with DNA methylation to repress expression (Figure 1.4.2a).

We will discuss later the conservation of the epigenetic landscape in P. tricornutum compared to other eukaryotes. Phaeodactylum also possess a mosaic mark of histones found in animals, plants but also ciliates like H4K70me1/2 found in Toxoplasma gondii [START_REF] Rastogi | Probing the evolutionary history of epigenetic mechanisms: What can we learn from marine diatoms[END_REF]. P.

tricornutum also encodes several core histone variants as H2AZ and the centromeric cenH3 variant [START_REF] Rastogi | Probing the evolutionary history of epigenetic mechanisms: What can we learn from marine diatoms[END_REF]. In Phaeodactylum, cenH3 locates at low CG and repeat poor regions defining for the very first-time bona fide centromeres in diatoms [START_REF] Diner | Diatom centromeres suggest a mechanism for nuclear DNA acquisition[END_REF]. DNA methylation in the form of 5methyl-cytosine (5mC) has been reported on transposable elements (20-40% of the latter) and genes (<1% of genes) [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF][START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] and is the focus of this thesis. In Phaeodactylum, the overall DNA methylation levels are low: about only 1% of cytosines followed by guanine (CG context) are methylated [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF][START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. Other contexts are found but at very low levels (non-CG context). When locate on TEs, 5mC co-localized with histone repressive marks, as we just saw, and associates with transcriptional repression. Extensively methylated genes are repressed but most DNA methylation target genes are transcriptionally active under certain conditions [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. (log2 RPKM) of the genes in each category is showed below. We can see that genes marked by a combination of repressive marks have low expression while active marks tend to correlate active transcription.
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The direct regulatory function of 5mC in diatoms is unknown. 5mC is the only DNA methylation that has been explored in diatoms. Moreover, Phaeodactylum tricornutum encodes several DNA methyltransferases of the DNMT3, DNMT5 and DNMT6 family [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Ponger | Evolutionary diversification of DNA methyltransferases in eukaryotic genomes[END_REF].

Other diatoms also encode a DNMT4 related enzyme which was thought to be exclusive to fungi. This set of enzymes is unique in eukaryotes [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] (see also Chapter 2 of this manuscript).

A summary of the DNA methylation machinery found in four diatoms genomes (2 pennate and 2 centric) can be found in table 1.4.2. Diatoms notoriously lack DNMT1 (and UHRF1) which is the major 5mC maintenance enzyme in metazoans and plants [START_REF] Laisne | Mechanisms of DNA Methyltransferase Recruitment in Mammals[END_REF]. Adenine methylation of DNA is also reported in eukaryotes but diatoms do not seem to have an orthologue for the DNA adenine methyltransferase (DAM) found in Caenorhabditis elegans [START_REF] Greer | DNA Methylation on N6-Adenine in C. elegans[END_REF]. They nonetheless encode RNA adenine methylases related to the green algae CHLREDRAFT_205676 protein [START_REF] Iyer | Adenine methylation in eukaryotes: Apprehending the complex evolutionary history and functional potential of an epigenetic modification[END_REF]. The DNA de-methylation machinery is not highly conserved. There is no ROS and DME or TET enzymes in Phaeodactylum tricornutum.

However, in other species, orthologues of both ROS and DME proteins are found. They are ENDO3c domain containing proteins, like ROS, but do not have additional domains. DNA demethylation is associated with DNA repair [START_REF] Ortega-Galisteo | Arabidopsis DEMETER-LIKE proteins DML2 and DML3 are required for appropriate distribution of DNA methylation marks[END_REF][START_REF] Bian | DNA repair enzymes ALKBH2, ALKBH3, and AlkB oxidize 5-methylcytosine to 5hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine in vitro[END_REF] and we also found several DNA repair enzymes in diatoms. These include numerous ALKBH enzymes which have been found to regulate adenine methylations in vivo [START_REF] Wu | DNA methylation on N(6)-adenine in mammalian embryonic stem cells[END_REF] and to oxidize 5-methylcytosines in vitro [START_REF] Bian | DNA repair enzymes ALKBH2, ALKBH3, and AlkB oxidize 5-methylcytosine to 5hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine in vitro[END_REF].

ALKBH enzymes could directly link DNA de-methylation and methylation machineries; either 5mC and/or 6mA, if any, as it is suspected in fungi [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. It is to be determined if any of those has DNA methylation related functions in diatoms. The epigenetic machinery found in diatoms is hence very diverse, and as far as DNA methylation is concerned, no functional characterization of any of the enzymes cited above have been performed.

Main problematics and focus of the thesis manuscript Diatoms are major phytoplankton that extensively populates Modern Ocean from more than 100 million years. Because they contribute extensively to the primary production on earth, efforts have been made to understand their ecological success in light to their biology and evolutionary history. Diatoms dominate oceanic blooms which are rich but highly competitive environments. We make the hypothesis that diatoms use their epigenetic machinery in order to adapt to new environments. We suggest that diatoms possess a fine tune gene regulatory system that allow them to rapidly adapt to changing nutrient availability and mobilized resources for optimal and rapid growth. Current works in our laboratory are exploring this idea in Fragilariopsis cylindrus in the context of polar nights.

However, Phaeodactylum tricornutum is the only diatom species in which an extensive epigenetic landscape has been best reported. DNA methylation in the form of 5-methylcytosine is one of the most described epigenetic marks in eukaryotes. Phaeodactylum tricornutum possess a 'sparse' DNA methylation primary targeted at repeated sequences and a peculiar co-occurrence with repressive histone posttranslational modifications. The Tirichine lab uncovered the conserved role of the Enhancer of Zeste (Ez) protein in the deposition of H3K27me3 and its role in targeting putative morphogenes (Zhao et al., submitted). However, biological evidences for enzymes involved in the setting and maintenance of 5mC patterns in diatoms and any other Chromalveoalata species are lacking.

In the present work, I will provide in chapter 2 new insights into the diversity of the DNMT epigenetic machinery present in diverse microalgae lineages, using a set of 

CHAPTER 2:

Evolutionary and ecological diversity of DNA methyltransferases: what can we learn from diatoms?

Introduction

Biochemistry and origins of DNA methylation and its methyltransferases

The methylation of DNA at the carbon 5 of cytosine (5mC) is performed by DNA methyltransferases (DNMTs). They have been first described in prokaryotes as key enzymes of the Restriction-Methylation system (RM) and all eukaryotic DNMTs have a bacterial origin [START_REF] Bestor | DNA methylation: evolution of a bacterial immune function into a regulator of gene expression and genome structure in higher eukaryotes[END_REF]. This RM system consists in the coupling of a DNA methyltransferase and methylation sensitive restriction enzymes that cut un-methylated DNA at specific DNA motifs. Because viral DNA is not methylated, the RM system is used as a defense mechanism against foreign parasitic sequences that are recognized and degraded [START_REF] Ishikawa | Conflicts targeting epigenetic systems and their resolution by cell death: novel concepts for methyl-specific and other restriction systems[END_REF]. DNA methylation is therefore used as a system to recognize the self in bacteria and has important consequences on the overall prokaryotic biology [START_REF] Ishikawa | Conflicts targeting epigenetic systems and their resolution by cell death: novel concepts for methyl-specific and other restriction systems[END_REF][START_REF] Fukuda | Cell death upon epigenetic genome methylation: a novel function of methylspecific deoxyribonucleases[END_REF]. All DNMTs are composed of several conserved motifs responsible for their catalytic activity. The Figure 2.1.1 -lower panel shows the proteins alignment of bacterial DNA methyltransferases enzymes. Ten conserved motifs have been identified [START_REF] O'gara | Enzymatic C5-cytosine methylation of DNA: mechanistic implications of new crystal structures for HhaL methyltransferase-DNA-AdoHcy complexes[END_REF][START_REF] Cheng | Crystal structure of the HhaI DNA methyltransferase complexed with S-adenosyl-L-methionine[END_REF][START_REF] Goll | Eukaryotic cytosine methyltransferases[END_REF][START_REF] Kumar | The DNA (cytosine-5) methyltransferases[END_REF][START_REF] Posfai | Predictive motifs derived from cytosine methyltransferases[END_REF][START_REF] Sankpal | Structure, function, and mechanism of HhaI DNA methyltransferases[END_REF], hereafter designed as motifs I to X. Motifs I, IV, VI and VIII, IX and X are among the most conserved among DNMTs. Based on similarity with this domain, six main eukaryotic DNMTs have been described: the DNMT1, DNMT2, DNMT3, DNMT4, DNMT5 and DNMT6 family [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Ponger | Evolutionary diversification of DNA methyltransferases in eukaryotic genomes[END_REF]. In eukaryotes, those DNMTs are complemented by chromatin associated domains that helps the targeting of the DNA machinery. This part will be further developed in the section 2.1.3

The biochemistry of the DNMT catalytic activity has been described for the bacterial enzyme M.Hha1 [START_REF] O'gara | Enzymatic C5-cytosine methylation of DNA: mechanistic implications of new crystal structures for HhaL methyltransferase-DNA-AdoHcy complexes[END_REF][START_REF] Wu | Kinetic and catalytic mechanism of HhaI methyltransferase[END_REF]. Firstly, the cytosine to be methylated is flipped out of the DNA helix. This is likely helped by the interaction of the enzyme with the phosphate backbone of DNA. Then, the catalytic activity consists in the nucleophilic attack and activation of the C5-C6 boundary 

The divergence and convergence of DNA methylation patterns in the eukaryotic tree of life

Within animals, patterns of 5mC methylation are very distinct. In vertebrates, 5mC DNA methylation is enriched over genes, transposable elements, repeat rich telomeres and centromeres [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic DNA methylation[END_REF][START_REF] Feng | Conservation and divergence of methylation patterning in plants and animals[END_REF][START_REF] Long | ZF-CxxC domain-containing proteins, CpG islands and the chromatin connection[END_REF][START_REF] Deaton | CpG islands and the regulation of transcription[END_REF]. Interestingly, nearly all CG dinucleotides are heavily methylated at the exception of CG rich regions (CpG islands). Vertebrate's genomes are therefore densely methylated with patches of un-methylated DNA (Figure 2.1.2). The discrimination of methylated CGs and un-methylated CpG islands is important. Un-methylated CpG islands indeed usually locate in gene promoters [START_REF] Long | ZF-CxxC domain-containing proteins, CpG islands and the chromatin connection[END_REF][START_REF] Deaton | CpG islands and the regulation of transcription[END_REF][START_REF] Saxonov | A genome-wide analysis of CpG dinucleotides in the human genome distinguishes two distinct classes of promoters[END_REF] and reciprocally most transcriptional start sites (TSS) contain CpG islands, including cryptic promoter regions. When deposited on gene bodies 5mC mainly occurs on exons (rather than intron) of actively transcribed and conserved genes [START_REF] Zilberman | An evolutionary case for functional gene body methylation in plants and animals[END_REF]. It is further characterized by a depletion of CG methylation around the TSS followed by gradual enrichment of methylation along the transcriptional unit. Various amount of non-CG methylation also occur in a cell type and tissue specific contexts and patterns [START_REF] He | Non-CG Methylation in the Human Genome[END_REF][START_REF] Lister | Human DNA methylomes at base resolution show widespread epigenomic differences[END_REF] (1% to 25%, depending on the cell types). Often methylated at low levels, non-CG methylation often does not co-occur within CG di-nucleotides rich regions (as the CpG islands) especially at promoters and, like CG methylation, is enriched on transposable elements as well as exons of genes [START_REF] He | Non-CG Methylation in the Human Genome[END_REF]. Compared to vertebrates, invertebrates lost TE methylation and only methylate genes in CG context in a non-extensive manner as seen in cnidarians and insect [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic DNA methylation[END_REF][START_REF] Feng | Conservation and divergence of methylation patterning in plants and animals[END_REF][START_REF] Bewick | Evolution of DNA Methylation across Insects[END_REF][START_REF] Kvist | Pattern of DNA Methylation in Daphnia: Evolutionary Perspective[END_REF][START_REF] Zemach | Evolution of eukaryotic DNA methylation and the pursuit of safer sex[END_REF][100][101]. Furthermore, compared to vertebrates, 5mC levels are often high in the first exons but rapidly drop off in the subsequent coding sequence, specifically in insects [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic DNA methylation[END_REF][START_REF] Bewick | Evolution of DNA Methylation across Insects[END_REF][START_REF] Kvist | Pattern of DNA Methylation in Daphnia: Evolutionary Perspective[END_REF]. In fungi, while the Shaccharomycotina lineage notoriously lacks 5mC, the marking of TEs by DNA methylation is nonetheless widespread [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. Fungi almost exclusively methylate transposable elements at cytosines in any context. More importantly, in numerous species DNA methylation occurred on long clusters named "methylated cytosine clusters" (MCCs) that can be found in centromeric regions [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. It is important to note that within fungi, total levels of 5mC differ and a clear biological function for MCCs; that changes in size and number across fungal species; and in which sporadic gene methylation occurs; is unknown.

In the parasitic eukaryotes of the trypanosome's lineages, 5mC have been described although at low levels [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]102]. Trypanosoma brucei methylates both genes and TEs but its distribution in respect to the symmetrical or non-symmetrical context is unknown [102]. In Leishmania major, both CG and non-CG methylations levels are very low but whether this marks preferentially genes or TEs has not been reported.

In plants and green algae, TE methylation is ubiquitously observed (Figure 2.1.2).

Moreover, TEs and genes are marked by non-CG methylation in addition to the CG context to a much broader extent than in vertebrates [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic DNA methylation[END_REF][START_REF] Feng | Conservation and divergence of methylation patterning in plants and animals[END_REF][START_REF] Zemach | Evolution of eukaryotic DNA methylation and the pursuit of safer sex[END_REF]103,104]. However, within embryophyta the relative enrichment of CG and non-CG methylation in genes differs. As in animals, some genes indeed show specific enrichment of CG methylation in angiosperms and gymnosperms [START_REF] Zilberman | An evolutionary case for functional gene body methylation in plants and animals[END_REF][105][106][107][108]. This specific enrichment doesn't seem patent in the early land plants of the liverwort, mosses and licopod families [START_REF] Zilberman | An evolutionary case for functional gene body methylation in plants and animals[END_REF][105][106][107]. In basal land plants, non-CG methylation can be seen homogenously spread along the transcriptional units, over the TSS and or deprived from gene bodies, with or without CG methylation, depending on the species [105,106]. Non-CG methylation enrichment of genes has been lost in the green algae Chlorella that show high levels of CG methylation on gene bodies [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic DNA methylation[END_REF][START_REF] Zemach | Evolution of eukaryotic DNA methylation and the pursuit of safer sex[END_REF]105].

Moreover, Volvox carteri lost both gene body methylation and non-CG methylation and therefore only methylate TEs in CG context [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic DNA methylation[END_REF]. In addition, Chlamydomonas reinhardtii shows CG, CHG and CHH methylation co-marking of gene bodies but TEs lack non-CG contrary of what is observed in land plants [START_REF] Feng | Conservation and divergence of methylation patterning in plants and animals[END_REF]. A more peculiar 5mC pattern is observed in the green algae Bathycoccus prasinos, Micromonas pusilla and Otsreaoccocus lucimarinus in which nearly all genes are extensively methylated in CG context [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. Moreover, 5mC shows a periodicity compatible with dense linker DNA methylation/core histone exclusion. This is also found in early divergent eukaryotes of the haptophytes and the pelagophytes lineages [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] (Figure 2.1.2). In Micromonas pusilla and the pelagophyte Aureoccocus anophagefferens several repeated introns have been described [109]. These repeated sequences behave like DNA transposons and are named 'introner elements' (IEs). They also favor histone linker and to some extend co-occur with DNA methylation. This might indicate that TE within intronic sequences might at least in part explain the DNA methylation pattern observed in Micromonas pusilla. It is worth mentioning that the nuclei of those organisms are small and compact of which both the dense and nucleosome exclusion of 5mC and IEs would be an inevitable consequence [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]109]. 5mC is not restricted to the animal and plant kingdoms and has been now reported in several 'protist' genomes of the 'Stramenopile-Alveolate-Rhizaria' (SAR) lineages. In the haptophytes Emiliana huxleyi, Isochrysis galbana and Imantonia rotunda, 5mC shows periodic CG DNA methylation as observed in some green algae [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] (Figure 2.1.2). In Emiliana huxleyi, CHG methylation is also enriched on genes and follow the same periodicity as CG methylation [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. While ciliates as Tetrahimena lost 5mC, DNA methylation was recently showed in other alveolates as in the dinoflagellates Symbiodinium minutum and Symbiodinium kawaguttii [110]. In those species, genomes are defined as 'hypermethylated' (Figure 2.1.2). DNA methylation occurs in more than 70% of CG dinucleotides as in vertebrates and cover both TEs and genes almost homogeneously. Non-CG methylation is also detected; but scarce; and specifically targets TEs. The stramenopiles lineage is very diverse and groups marine photosynthetic unicellular eukaryotes as diatoms and pelagophytes but also multicellular brown algae and oomycetes plant pathogens.

Interestingly, as we already discussed, the pelagophyte stramenopiles Aureoccocus anophagefferens show dense, extensive, and periodic CG methylations. However contrary to Emiliana huxleyi neither CHG nor CHH methylation could be detected. Aureoccocus show the same DNA methylation pattern, as well as similar IEs genomic organization as the green alga Micromonas pusilla. The co-option of dense and periodic methylation patterns as observed in green algae, Aureoccocus and Emiliana huxleyi over billion years of evolution is 32 remarkable (Figure 2.1.2). In other stramenopiles, the marine brown seaweed Ectocarpus [111] and the oomycetes Phytophtora infestans lack 5mC [112]. 5mC is nonetheless found in the kelp Saccharina japonica [113]. Most of DNA methylation is found on genes rather than TEs, despite the fact that they are making 40% of its genome. CG methylation is overall very low indicating a lack of CG specific enrichment genome wide in multicellular brown algae. Interestingly, CHH enrichment of genes show the opposite pattern as the CG methylation in vertebrates, with increased TSS methylation and specific intron (rather than exons) marking with a decrease of methylation along exons. A few TEs are also methylated but to a much lesser extent than genes and always in the CHH context.

Diatoms are brown microalgae and major contributors of modern phytoplankton communities. Close relatives to the kelps they however methylate both TEs and genes in the CG, CHG and CHH context with sparse 5mC DNA methylation patterns (i.e patches of methylated islands between un-methylated regions) [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF][START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] as observed in plants, fungi and invertebrates (Figure 2.1.2). To date, 5mC have been reported in four diatoms; namely the centric Thalassiosira pseudonana [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] and Cyclotella cryptica [START_REF] Traller | Genome and methylome of the oleaginous diatom Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF], the polar pennate diatom

Fragilariopsis cylindrus [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] and the pennate diatom Phaeodactylum tricornutum [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF][START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. All four show the same overall DNA methylation pattern with 5mC primarily targeted at TEs and to a much lesser extend genes, usually (but not exclusively) concentrated in telomeric regions. This is opposite to what is seen in the multicellular brown alga Saccharina japonica.

In Phaeodactylum tricornutum and Cyclotella cryptica the CG enrichment of genes show similar patterns as observed in angiosperms, vertebrates and dinoflagellates with exon specific enrichment. Importantly, a recent reanalysis of Phaeodactylum tricornutum genomes and epigenomes revealed that Copia-like TEs were mainly marked by CG methylation while DNA transposons were more enriched for CHH methylation [START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF]. This peculiar marking is interesting as those transposons propagate differently in the genomes ('copy paste' vs 'cut and paste') and suggest that the control of these TEs could be context dependent. Cyclotella cryptica shows the highest level of DNA methylation compared to the other diatoms which correlates with the high amount of TEs found in its genome. Moreover, methylated regions span up to 30kb, a pattern not seen in the other diatoms and resembling the MCCs found in some fungal species that can span up to 14kb [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. and dense linker DNA methylation independently arose in some green algae. Diatoms are indicated with a red arrow. In diatoms we can detect CG on TEs but also in genes. In diatoms Non-CG methylation is detected on transposable elements and some genes but is very low and does not show the plant specific enrichment. Both the peculiar pattern of 5mC and IEs, restricted to the linker DNA, might be consequences of the co-option of small and condensed nuclei in those organisms and 2. IEs are also found not associated with 5mC; the direct and causal relationship between TE repression and DNA methylation is not fully established in those species. In dinoflagellates, TEs are extensively marked by DNA methylation however there is no clear correlations between levels of 5mC and transcriptional repression [110]. In the haptophyte Tisochrysis lutea, Copia-like elements and DNA transposons have been described but their association with DNA methylation is unknown [125]. In Emiliana huxleyi and relatives, as in Aureoccocus anophagefferens IEs correlates the dense methylation patterns and it is unclear whether DNA methylation was specifically opted to control repeated sequences [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]109]. In kelps, few transposable elements are methylated, and this methylation does not correlate their expression levels [113]. In all diatoms studied so far however, DNA methylated TEs often have low expression. Moreover, nitrogen depletion in Phaeodactylum tricornutum triggers the concomitant loss of DNA methylation and over-expression of the transposable 'Blackbeard' element, suggesting that 5mC does negatively regulate TEs expression under some environmental circumstances [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF].

TE and gene body methylation

b. The elusive role of gene body DNA methylation?

Compared to transposable elements, the role of gene body methylation is extensively discussed [START_REF] Zilberman | An evolutionary case for functional gene body methylation in plants and animals[END_REF]105,106,108,[126][127][128][129] and much less straightforward. In plants, animals and invertebrates, CG methylations occur on evolutionary conserved genes with moderate expression and housekeeping functions which contrast with their repressive role on TEs. In mammals, hyper-methylation of promoter's CpG islands is found in numerous cancer and associates with loss of expression of tumor suppressor genes [130][131][132][133]. And genes with methylation over the TSS have low expression [103,108]. CG methylation enrichment on genes might therefore prevent spurious transcription from internal and cryptic promoters within coding regions [134]. In addition 5mC is enriched on exons rather than introns [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic DNA methylation[END_REF]107,135] and might regulate splicing events [START_REF] Zilberman | An evolutionary case for functional gene body methylation in plants and animals[END_REF]108,136,137] strongly suggesting a direct role of gene body methylation in gene regulation [144]. There is some evidence that defects in 5mC leads to changes in alternative splicing in the honeybees [145]. In the sea anemone Aiptasia, several differentially methylated genes involved in the regulation of symbiosis are found between symbiotic and aposymbiotic Aiptasia, complementing but not fully explaining the differential expression patterns between both accessions. This suggests a potential role of gene methylation in the host-symbiont crosstalk [146]. The DNA methylation related mechanisms underlying these effects are unknown.

The role of the extensive DNA methylation pattern on genes in green algae, haptophytes and Aureoccocus anophagefferens is unknown. The extensive and periodical non-CG methylation on genes follows the symmetrical CG methylation enrichment in haptophytes [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. This suggest that the DNA methylation pattern in those species is not directly dependent of the 5mC context and of the genomic target (being genes or repeated introns) per se and rather propose that dense histone linker methylation is a default state in those species.

Importantly, it doesn't mean that gene methylation, or DNA methylation itself, has no function neither.

In diatoms, the role of gene body methylation is elusive. Firstly, the number of CG enriched genes is low. Moreover, they often show from low to moderate to high expression;

including heavily methylated genes as seen in Cyclotella cryptica [START_REF] Traller | Genome and methylome of the oleaginous diatom Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF], indicating that DNA methylation is not directly involved in gene regulation. In Phaeodactylum tricornutum extensively marked genes are repressed. However, most other genes marked by DNA methylation rather show moderate expression [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF] and some have condition specific expression. Importantly, in Cyclotella, mCG enriched genes are not shared between diatom species and instead enriched for species specific horizontally transferred genes. The reasons for this are unknown. In Phaeodactylum tricornutum, genes shared with other diatoms and species-specific methylated genes are found. Interestingly, nitrate depletion associates with loss of DNA methylation and transcriptional induction in a subset of genes (and TEs)

suggesting that 5mC repress stress related genes, although this could be indirect effects as well. Indeed, the conditional and differential loss of 5mC in Phaeodactylum tricornutum could be the consequence of transcriptional re-activation rather than its cause. Furthermore, silica depletions do not lead to changes in DNA methylation in Cyclotella cryptica suggesting that the role of 5mC on gene bodies in diatoms is species and/or stress specific. In Phaeodactylum and Cyclotella, DNA methylation is enriched over exons rather than introns as in most other eukaryotes but no 5mC splicing functions have been described [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF][START_REF] Traller | Genome and methylome of the oleaginous diatom Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF]. It is nonetheless true that genes with high number of exon-intron junctions are likely more methylated than mono-exon genes, at least in P. tricornutum [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. However, most

Phaeodactylum genes are de facto mono-exonic and some are still methylated. Moreover, whether bona fide alternatives splicings occur and if it has any strong regulatory role is discussed [START_REF] Rastogi | Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms[END_REF]. These rather suggest that exons are methylated by their own rights in diatoms probably through the interaction of histone methylations and DNA methylation (see also section 2.1.5). In the multicellular brown algae Saccharina japonica, most of the non-CG methylated genes encode for long-non-coding RNAs and circular non-coding RNAs contrary to what is observed in any other organisms [113], and DNA methylation does not correlate their expression levels except for highly expressed and downregulated genes that respectively show low and high DNA methylation. Moreover, for the other genes the relationship DNA-methylation/ gene expression is sex dependent which suggests a possible implication of 5mC is sex specific gametogenesis. There is therefore growing evidence for a functional role of DNA methylation on genes, especially towards the maintenance of housekeeping function. However, numerous lineages do not necessarily opt the marking of genes by 5mC even within the main kingdoms as in viridiplantae (plants).

5mC is known to favor the deamination of the cytosine into thymine resulting in C/G to T/A transversion. Consistent with this idea, fungi likely use an active deamination system to inactivate TEs during the RIP process, perhaps explaining a high mutational cost for DNA methylation in fungi and its loss during evolution [120]. Consistent with this idea in plants, CG rich genes are not methylated, when CG poor genes are. In vertebrates, in which CGs are extensively methylated, genomes are in turn overall deprived of CG dinucleotides. However, the genomes of haptophytes some micro algae and pelagophyte, which extensively methylate CGs, are instead enriched for CG dinucleotides indicating that other evolutionary forces overcome the mutational effect of 5mC in those species [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. In diatoms, Phaeodactylum tricornutum and Fragilariopsis cylindrus have low level of CG methylation and no clear specific loss or enrichment of CG dinucleotide genome wide [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. This consistent with a milder effect of CG content on the mutational spectrum as seen in Phaeodactylum trirocnutum [147]. It is possible that the low amount of CG methylation in those species partially causes the absence of a specific loss of CG dinucleotides. In Thalasiosira pseudonana however, DNA methylation is also low, but its genome is slightly less enriched for CGs than expected [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. A clear relation between DNA methylation and the effect of C/G to T/A transversion in diatoms therefore remains to be proven. On the other side, invertebrate species, that exclusively methylate genes, are not devoid of TEs [148][149][150].

Works demonstrated that TEs played a major role in the evolution of insects [151][152][153].

The relation between TE methylation, gene methylation and transcriptional repression is hence likely a matter of constant evolutionary trade-off between TE transpositions events that can provide advantageous and disadvantageous mutations, and the mutational spectrum of 5mC on genes. This renders the discovery of a unifying function for DNA methylation on genes rather challenging. The presence of gene body methylation in the CG or non-CG context in diatoms, kelps and dinoflagellates tend to suggest that this is a common feature in all eukaryotes and is as ancient as the marking of transposable elements.

Since all of those species also methylate TEs and that the role of CG methylation is unclear:

whether DNA methylation appeared as response to the tug-of-war between the selfish TEs and eukaryotic genomes and then was co-opted several times to perform gene regulatory function independently in each lineage is debatable.

Setting DNA methylation: diversity and evolutionary origins of eukaryotic

DNA methyltransferases

The diversity of DNA methylation patterns between and within eukaryotic lineages in respect to the context specificity of genes and TEs methylation, as well as the differences in b. DNMT3 proteins are the main de novo methylases in plants and metazoan.

The DNMT3 proteins are widespread de novo methylases in eukaryotic genomes [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Ponger | Evolutionary diversification of DNA methyltransferases in eukaryotic genomes[END_REF] (Figure 2.1.2). It was shown that DNMT3 paralogs play critical roles during the successive waves of methylation and demethylation of the mammalian development and establishment of imprinting [START_REF] Sanmiguel | DNA methylation dynamics of genomic imprinting in mouse development[END_REF][START_REF] Laisne | Mechanisms of DNA Methyltransferase Recruitment in Mammals[END_REF]116,186,187]. One of the main challenges for de novo methylases is to access the correct location to be methylated since DNA is devoid of any methylation when they act. Typical DNMT3 proteins in metazoans therefore include chromatin domains as PWWP domains and ADD domains (Zinc-finger) that connect the DNA methylation pathways and the histone posttranslational code deposited during development and meiosis (Figure 2.1.4b) [START_REF] Laisne | Mechanisms of DNA Methyltransferase Recruitment in Mammals[END_REF]171,172] [190]. The exclusion of 5mC to H3K4me3 targets explain the non-methylation of CpG islands observed in vertebrates which are targets of H3K4 histone methyltransferases [START_REF] Deaton | CpG islands and the regulation of transcription[END_REF]. Compared to plants and fungi, the relationship between de novo DNMT enzymes and H3K9me is loci specific in mammals [163,191,192]. Firstly, the DNMT3a and b can directly interact with histone methyltransferases SUV39H1, SETDB1 and G9a [165,191,193,194] and indirectly via the recruitment of H3K9me affine proteins like HP1 as in Neurospsora crassa [172]. As examples, the interaction of SETDB1 and the KAP/KRAB heterochromatin factor recruits DNMT3b to pericentromeric repeats [195]. The DNMT3a and b enzymes are also targeted to specific germ-line gene promoters in an H3K9me dependent manner [191,192,196]. Other Histone posttranslational modifications are involved in the control of 5mC depositions by DNMT3 enzymes. The PWWP domain of DNMT3b (and a) is known to bind methylated H3K36 [197][198][199], which are enriched in the exons of actively transcribed genes [200,201].

This binding provides a mechanism for the attraction of 5mC to gene bodies. Interestingly, in mice, the loss of interaction of DNMT3a and H3K36me generates hyper-methylation at specific promoters of developmental genes involved in the post-natal growth [202]. This aberrant recruitment occurs on genes targeted by the repressive methylation of lysine 27 of histone H3 (H3K27me3) and the activating H3K4me3. As mentioned, similar results observed in human's cancer cells and dwarfism diseases [203,204] demonstrate that variations in the PWWP domain can provide alternative DNMT-HPTMs recruitment. DNA methylation can also occur without H3K9me3 [205]. Of note, in mammals, DNMT3 is also responsible for non-CG methylation observed in embryonic stem cells and other tissues including brain tissues [START_REF] He | Non-CG Methylation in the Human Genome[END_REF]206] although the mechanisms by which this happens are elusive. This indicates that DNMT3 enzymes are per se capable of methylation in all contexts and evolved CG specific activity in mammals. [208] and that DRM proteins appeared later in plant evolution to perform RNA mediated de novo deposition of 5mC in all context at repeated sequences. DNMT3 enzymes are absent from fungi but are found in some invertebrates [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF][START_REF] Bewick | Evolution of DNA Methylation across Insects[END_REF], diatoms [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Tirichine | Recent progress in diatom genomics and epigenomics[END_REF] 

e. The Trypanosoma's DNMT6 family

The DNMT6 family has been first described in the parasitic euglenozoa Trypanosoma brucei and Leishmania major, in the green alga Micromonas pusilla, in diatoms but also dinoflagellates [START_REF] Ponger | Evolutionary diversification of DNA methyltransferases in eukaryotic genomes[END_REF]109,110]. DNMT6 is only composed of a highly conserved methyltransferase domain with no chromatin domains. It is the only 5mC DNMT in Leishmania major and Trypanosoma brucei that show CG and non-CG methylations at very low levels [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]102]. Its function, if any, has never been described in vivo or in vitro in any organism.

f. The RNA modifying DNMT2 enzyme and its evolutionary origins

The DNMT2 enzyme is a widespread enzyme in eukaryote genomes including species with no 5mC DNA methylation with few exemptions in trypanosomes and ciliates (Figure H2AZ is a core histone variant associated with active transcription that is recruited at transcription start sites (TSS) [223]. Interestingly, H2AZ is also associated with induction of genes in animals and plants, especially in response to external cues as heat stress and immunity [226][227][228]. Several studies suggest that DNA methylation excludes H2AZ from exons rather than the other way around [224,225,227]. Gene body methylation could therefore also allow stable expression by excluding H2AZ from the coding region. One contradictory fact relies on the absence of changes in H2AZ deposition patterns in plants that lost CG gene body methylation

[106]. In fact, in plants, how CG enrichment occurs on genes is far from well understood compared to mammals. Firstly, H3K9me2 is not required for the establishment of CG methylation on genes and seems to have been specifically opted for non-CG methylation only [178]. Intriguingly, the recovery of CG enrichment in gene bodies after loss of MET1 is incomplete and seems to occur in a stochastic manner [229]. This indicates that the de novo methylation system is not highly efficient per se or that DNMT1 itself triggers weak de novo activity. There is growing evidence suggesting that the combinatory recruitment of CMT3 (and non-CG methylation) and the lack of removal of H3K9me2 by the histone demethylase IBM1 at specific loci followed by selection might be involved in the process of gene body enrichment [108,181,230]. At the same time, the RdDM pathway that mainly occurs on repeated sequences is recruited by H3K9me2 and might spuriously trigger the recruitment of the DRM proteins and the deposition of CG methylation de novo to specific H3K9me2 target genes.

Interestingly, the green algae, Chlorella and Chlamydomonas reinhardtii also methylate genes in the CG context, yet lack DNMT3 proteins and encode for a divergent CMT that lost its chromodomain, which provides affinity to H3K9me2 in land plants [231]. Moreover, the moss P.

patens DRM-RdDM dependent methylation system is weak compared to Arabidopsis thaliana and instead most non-CG methylation is deposited de novo by canonical DNMT3 and CMTs enzymes [208]. This indicates that CMTs could act de novo to methylate genes even in the absence of H3K9me and creates by feedback recruitment new targets for the DNMT machinery-HPTM. It is interesting to consider that stochastic methylation events may occur on genes in species that developed a complex DNA methylation pathway to set and propagates efficiently this mark at TEs.

In vertebrates, DNA methylation is a default state which indicates that DNMT3 enzymes are particularly active and that de novo methylation system is more robust than in plants. In human and mice, DNMT3 enzymes are also capable of methylation at non-CGs further anchoring the labile activity of the DNMT3 enzyme family in respect to the CG context. However, compared to plants there is no known maintenance mechanisms of non-symmetrical DNA methylation patterns. The propagation of non-CG methylation in mammals, over evolutionary time hence requires strong reiterative de novo activity post meiosis. An interesting fact is that non-CG methylation does not occur randomly in animals and is developmentally regulated [START_REF] He | Non-CG Methylation in the Human Genome[END_REF].

Nonetheless, why mammals preferred CG methylation over non-CG methylation is not known. Fungi encode a large and diverse set of DNA methyltransferases that includes DIM-2, bona fide DNMT1 relatives but also DNMT4 and DNMT5 enzymes. Within fungi, in fine levels and patterns also diverged [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. The DIM-2 enzyme is restricted to fungi and is responsible for all DNA methylation in Neurospora crassa [184]. However, it is not conserved in other fungal lineages like basidiomycota and mucoromycota [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. A phylogenetic survey of DNMT diversity in fungi rather suggests that the combinatory role of DNMT1 and DNMT5 enzymes are responsible of the maintenance of all 5mC patterns in all contexts [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. DNMT5 seems to be dependent on H3K9me, like DIM-2. However, unlike DIM-2 DNMT5 requires a UHRF1-like protein which highlights a somewhat convergent mechanism of maintenance of DNA methylation between DNMT1 and DNMT5 enzymes [218]. Even within closely related species, the presence of the same DNMTs associates with high differences in levels of DNA methylation [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]. This is a strong indication that DNA methylation pattern depends on other factors than DNMTs themselves.

Several mutations in

Fungi do not encode de novo methylases of the DNMT3 family and how fungi performed de novo methylation is elusive. This raises the question of pertinence of a specific de novo methylation system over evolutionary time in those species [218].

As discussed, the intrinsic mutational effect of 5mC possibly underpinned the different usage and landscape of DNA methylation. Parallels are made between the evolution of DNA repair systems and DNMTs in fungi [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]120]. The methylation of the 6 th nitrogen of Adenine (6mA) is widespread epigenetic marks in prokaryotes which have also been recently found in numerous eukaryotes [START_REF] Greer | DNA Methylation on N6-Adenine in C. elegans[END_REF][233][234][235][236][237] including oomycetes, stramenopiles relatives of diatoms [112]. It can be present at very low levels that question the relevance of the above cited studies, especially in metazoans. Nonetheless, in fungi, 6mA anti-correlates 5mC (restricted to TEs) and is enriched on active genes [236]. Similarly, in green algae, 6mA marks the TSS of active genes when CG methylation is restricted to TEs and gene bodies [234]. However, the peculiar interaction between 6mA and 5mC is not straightforward in other organisms. In plants, 6mA marks gene bodies of active genes [237] but no clear association/anti-correlation with CG or non-CG methylation were stated. In mouse embryonic stem cells, 6mA and 5mC co-operate to repress TEs [START_REF] Wu | DNA methylation on N(6)-adenine in mammalian embryonic stem cells[END_REF]. The later study is elusive since both 6mA and 5mC are enriched upon the loss of the adenine de-methylase ALKBH1. No experiments in 5mC mutants were performed to track the 6mA specific effect on gene expression. Several organisms that do not methylate in 5-C, 6mA is found and can correlate gene expression. In drosophila, 6mA is required for TE repression [233]. In the ciliate Tetrahymena thermophila, 6mA is enriched at pol II transcribed genes with the histone H2AZ, which is found anti-correlated with 5mC in other organisms [235].

The interdependency between 6mA and 5mC remains poorly understood and likely differs between organisms but is an interesting new exploratory path.

The methylation pattern observed in pelagophytes, haptophytes and Micromonas pusilla and its relatives is likely maintained by DNMT5 which is the common DNMT present in those species (Figure 2.1.2). Interestingly, the presence of a dense and periodical DNA methylation pattern in the prasinophyte algae, pelagophytes and haptophytes coincide with the presence of DNMT5 over billion years of evolution. This is specifically true for the prasinophyte algae that do not possess DNMT1 or DNMT3 relatives compared to the other green algae and land plants ( [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF], The extensive DNA methylation in dinoflagellates likely reflects the high abundance of de novo DNMT3 enzymes found in their genomes [110]. It is interesting that TEs themselves encode for DNMTs although the reasons for this is for most part elusive.

b. The evolutionary history of the DNMT families within eukaryotes

The different eukaryote lineages therefore acquired a diverse set of DNMTs in the course of their evolution. This draws interesting evolutionary trajectories for the various DNMT families.

Firstly, the DNMT1 family is absent from the SAR lineages as well as trypanosomes species. By parsimony, we could therefore speculate that DNMT1 originated in the common ancestor of the opistokonts and embryophyta lineages but was not present in the very first The origin of the DNMT4 enzyme is elusive as it is, to date, only found in diatoms and fungi (Figure 2.1.2). The DNMT4 family is itself not strongly supported and seems DNMT1related [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Ponger | Evolutionary diversification of DNA methyltransferases in eukaryotic genomes[END_REF]216]. DNMT4 proteins are therefore most likely not present in the common ancestor of fungi and diatoms. Instead its distribution could be explained by a horizontal gene transfer between a fungi ancestor and a diatom ancestor, although how and when this exactly might have happened and if this has any functional importance is unknown.

The DNMT3 gene family is widespread and is found in plants, animals, dinoflagellates and diatoms (Figure 2.1.2). This strongly indicates that a common DNMT3 enzyme occurred in the very first eukaryote or that DNMT3 enzymes were repetitively acquired. It is much diversified and includes numerous enzymes with non-canonical DNMT rearrangement (like DRM proteins) as well as proteins with several chromatin associated domains or not. It has also been lost several times as in fungi [START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF], several insect species [START_REF] Bewick | Evolution of DNA Methylation across Insects[END_REF] and within dinoflagellates [110] and stramenopiles lineages as it is absent from pelagophytes and multicellular brown algae [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]113] ( 

c. 5mC patterns and histone posttranslational modifications (HPTMs) in diatoms

Diatoms epigenomics is at its early stages. Previous work demonstrated the conservation of the epigenetic machinery in diatoms demonstrating that they are ancestral features in eukaryotes [START_REF] Rastogi | Probing the evolutionary history of epigenetic mechanisms: What can we learn from marine diatoms[END_REF][START_REF] Tirichine | Recent progress in diatom genomics and epigenomics[END_REF]. The epigenetic landscape of Phaeodactylum tricornutum recently revealed the mosaic nature of the epigenetic regulation in diatoms [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. In short, 3main chromatin states have been described : an active chromatin state that is defined by the marking of H3K4me2; an inactive state that correspond to the co-occurrence of DNA methylation and the repressive histone marks H3K9me3, H3K9me2 and H3K27me3 at TEs and a small subset of genes; and an intermediate state with both repressive and activating marks. As already discussed, 5mC does not correlate with gene repression but in few exceptions and under specific conditions. 5mC is often in collaboration with H3K9me3/2 and H3K27me3 all along the coding region of genes and TEs in Phaeodactylum tricornutum highlighting possible compensatory role of these epigenetic marks (see Figure 1.4.2). This is in contrast with plants in which H3K27me3 is anti-correlated with DNA methylation and marks genes rather than TEs [139,238]; and H3K9me3 which is associated with actively transcribed gene [139,238].

Additionally, there is some evidence for a functional RNA mediated DNA methylation system along with the relative conservation of RNA dependent RNA polymerase, DICER and AGO proteins as in plants [START_REF] De Riso | Gene silencing in the marine diatom Phaeodactylum tricornutum[END_REF]213]. Small RNAs also correlates with the DNA methylation [213]. However, this system seems reduced in Phaeodactylum and canonical miRNAs are lacking [239].

In addition, DICER is partial in Phaeodactylum and only one AGO protein is found when they are Fragilariopsis cylindrus [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] and the DNMT6 enzyme in Thalassiosira pseudonana is partial (this manuscript -section 2.2). This suggests these enzymes are not per se strictly required for the establishment of 5mC in diatoms. Since DNMT5 is involved in the maintenance of CG methylation in yeast we can speculate it is also the case in diatoms. However, how this enzyme integrates in the epigenetic code of diatoms is unknown. This is specifically true since all repressive marks are found at the same locations in Phaeodactylum. It is a remote possibility that the epigenetic machinery is redundant in diatoms or that one actor control directly or indirectly all the others. This is even more elusive since despite DNMT5: the DNMT3, DNMT4 and DNMT6 enzymes do not have chromatin associated domains precluding any direct association of de novo (or maintenance) system to the histone marks. The non-CG pattern is very low in diatoms that do not have CMTs. As discussed, an RdDM may exist but no functional studies deciphered the role of this pathway in diatoms. DNMT3 enzymes are capable of non-CG methylation in mammals we therefore speculate it could be the case also in diatoms. The DNMT4 enzyme is only found in fungi where they performed RIP and MIP. We do not know if RIP or MIP systems occur in diatoms. Since it is absent in Phaeodactylum tricornutum we could argue that the function, if any, of DNMT4 cannot explain the common epigenetic landscape observed in diatoms. The function and underlying mechanisms, if any, of the DNMTs present in diatoms in respect to DNA methylation levels and contexts; as well as their interaction with

HPTMs; have never been demonstrated. The mosaic epigenetic code present in Phaeodactylum tricornutum together with its peculiar association of DNMTs might highlights key ancestral features of the of the epigenetic machinery in eukaryotes.

Paradigm of TE spreading in diatoms and variations of the epigenetic landscape

DNA methylation is a major repressor of transposable element expression. In animals and plants, the repression of TEs by DNA methylation and the expression of the various de novo DNMT proteins are tightly linked to the sexual cycle [START_REF] Bartels | Dynamic DNA Methylation in Plant Growth and Development[END_REF][START_REF] Zemach | Evolution of eukaryotic DNA methylation and the pursuit of safer sex[END_REF][241][242][243]. For examples, DNMT3a

enzymes are particularly required during meiosis to repress transposable elements while the RdDM pathway in plants is tightly linked to seed development. We can also cite the RID and MIP systems in fungi. Meiosis is hence a favorable playground for TEs spreading in eukaryotes and the DNA methylation machinery was opted to repress this activity at the right place and right time.

The variation of DNA methylation patterns during the sexual cycle of diatoms is unknown. In fact, for most part, sexual reproduction occurs in diatoms but only under certain internal or external cues [START_REF] Montresor | Sex in marine planktonic diatoms: insights and challenges[END_REF][START_REF] Moore | Morphological and transcriptomic evidence for ammonium induction of sexual reproduction in Thalassiosira pseudonana and other centric diatoms[END_REF]244] (see also section 1 of this manuscript). Most of a diatom life cycle consists of asexual mitotic divisions. Even if diatom sexual cycle occurs, in polyclonal population, it is likely happening in some but not all cells since size reduction happens on only one daughter cell. To date, Phaeodactylum tricornutum itself has never been reported to produce auxospores or any other sexual stages in culture (and in vivo) conditions and probably simply maintain all its epigenetic marks mitotically. One may then ask if DNA methylation and TE repression are sex independent in diatoms and if TE could in any way efficiently spread in such species especially at the population level. Interestingly, in Phaeodactylum levels of methylation are very low and not all transposable elements are methylated. We could then ask whether any efficient de novo methylation occurs at any time in diatoms. Works suggest that Phaeodactylum's DNA and histone methylomes do change in respect to environmental cues [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. Such observation has never been reproduced in any other diatoms except Cylcotella cryptica in which DNA methylation was stable in response to silica depletion [START_REF] Traller | Genome and methylome of the oleaginous diatom Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF]. In P. tricornutum, this is linked to the de-repression of the TE 'Blackbeard' that is nitrogen responsive [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. In modern oceans, diatoms are in constant interaction with their environment that can drastically change in short amount of time especially during blooms. It is a possibility that DNA methylation evolved condition specific regulatory role in diatoms. Interestingly, there is also growing evidences for the translation of environmental conditions into stable epigenetic information that requires a tight regulation of the epigenetic machinery including DNA methyltransferase systems in metazoans. In plants, epigenetic variation can impact the cellular response to specific environmental cues as heat, as demonstrated by the regulation of the FLC locus [246], salt and drought stress [START_REF] Bartels | Dynamic DNA Methylation in Plant Growth and Development[END_REF]247,248] but also immune response to pathogens [249,250]. Those effects have been linked to the direct or indirect role of the epigenetic machinery that incudes DNA methylation pathways [START_REF] Bartels | Dynamic DNA Methylation in Plant Growth and Development[END_REF]249]. In animals, one of the most famous cases is Both the epigenetic landscape of Phaeodactylum tricornutum and the peculiar combination of DNMTs found in its genome makes it a very interesting model to decipher ancestral epigenetic features of eukaryotes in an evolutionary point of view.

The following section will try to provide an extensive state of the art description of the different DNMTs present in diatoms in light with their specific domains, expression patterns, ecological diversity and evolutionary origins. To do so, I will make use of the recent progress in high-throughput sequencing technologies providing a wealth of informative RNA-seq experiments in micro-algae, put together in the Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) database. Not only pushing forwards our understanding of the diversity of DNMTs in diatoms but also in dinoflagellates, haptophytes, pelagophytes and radiophytes lineages for which very little is known. We will also re-interpret the diversity of DNMTs and transposable elements in respect to the evolution of eukaryotes and of the TARA ocean database that provides the biggest meta-transcriptomic and meta-genomic resource of the ecological diversity of microalgae lineages and the expression of their genes in respect to specific geographic locations and environmental biochemical content

Results

This following section will be integrated into a manuscript -Hoguin et al. 2019 (in preparation)
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The diversity and function of DNA methyltransferases: novel insights from microalgae lineages Antoine Hoguin 

Introduction

In eukaryotes the methylation of the fifth carbon of cytosines (5mC) is a recognized epigenetic mark involved in the chromosome X inactivation, genomic imprinting, the stability of repeat rich centromeric and telomeric regions, as well as transposable elements repression [START_REF] Bartels | Dynamic DNA Methylation in Plant Growth and Development[END_REF]119,[258][259][260]. Importantly, 5mC have been now reported in more diverse eukaryotes of the Chromalveolata/SAR lineages as in dinoflagellates, diatoms and kelps [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]110,113]. The Chromalveolata is a major eukaryotic radiation and is composed of the main planktonic photosynthetic micro-eukaryotes as the ochrophyte stramenopiles (photosynthetic stramenopiles that includes diatoms), but also the heterotrophic and mixotrophic lineage of Alveolata. This group of eukaryotes profoundly impacted the ecological and geological history of earth since the past billion years [START_REF] Benoiston | The evolution of diatoms and their biogeochemical functions[END_REF]261]. 5mC patterns between chromalveolates differ. For example, in dinoflagellates DNA methylation is hypermethylated over repeated elements and genes while diatoms have low and sparse 5mC deposition on transposable elements and in genes although at a lesser degree. However, compared to metazoans and plants, our understanding of the DNA methylation machinery in Chromalveolata is scarce. This is mainly due to the lack of available genomes for the marine unicellular eukaryotes that were severely underrepresented in modern sequence databases. varies greatly from as low as 2% in Thalassiosira pseudonana [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF] and as high as 40% in

Cyclotella cryptica [START_REF] Traller | Genome and methylome of the oleaginous diatom Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF]. Moreover, CoDia were shown to be well represented in transcriptomic studies and in natural marine samples especially under specific stress conditions. It is therefore strongly suggested that transposable elements have a considerable impact on the evolution and biology of diatoms.

The Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) is a major depository of more than 650 RNA sequencing experiments on cultured marine eukaryotes as diverse as photosynthetic euglenids, flagellated cryptomonads and diatoms. Using this database, we aim to provide insights into the DNA methylation machinery found in the main microalgae lineages and how they relate to the other DNMTs. Because the MMETSP is also the biggest diatoms sequence depository, we specifically ask whether we could measure the contribution of transposable elements on the overall transcriptomic outputs of the diatoms RNAseq databases. Because microalgae are well represented in modern oceans we also interrogated the TARA Oceans meta-transcriptomics and meta-genomic databases for the specific and respective distribution of DNMTs and TEs in world oceans. Nonetheless, we also reported sequence from numerous ochrophyte algae as well as in rhizaria, haptophytes and green algae species (table S2,Figure Fungi that share a substantial amount of DNMT families with other eukaryotes presented in this study are represented for comparison purposes and are indicated with a white triangle. For DNMT2 we indicate the row number of sequences found by our eDAF curation for each lineage. DNMT2 is well represented in diatoms, dinoflagellates, haptophytes and green algae. The asterisk highlights the DNMT6 family found in kinetoplastids (as Trypanosoma brucei) that were not represented in our databases.

Divergence and convergence within the DNMT1-DNMT4 families of microalgae.

The DNMT1 enzymes are major maintenance DNA methyltransferases found in animals and plants [178,266] and have never been reported in other lineages at the exception of CMTs in haptophytes [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF], we therefore further investigated our dataset looking for any DNMT1 orthologues from any microalga and Chromalveolata lineages. Since, in our phylogeny DNMT4 enzymes are distantly related to DNMT1, we also manually curated potential DNMT4 enzymes given by the eDAF results. Along-side DNMT1 green algal enzymes related to the plant MET1 Importantly, both enzymes were independently found by our DNMT4-RBH and HMMER-DNMT4-guided eDAF analysis but couldn't be confirmed as bona fide annotated genes, since no Raphidohyceae genomes are currently available.

The diversification of the DNMT5 families unravelled

The DNMT5 enzymes were first described as divergent DNMT-SNF2-related protein in a wide range of unicellular eukaryote including several microalgae lineages as diatoms, dinoflagellates, haptophytes and pelagophytes [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. Here, we further show that a DNMT5 enzyme is present in four stramenopiles ochrophyte lineages (Figure 2.2.2). DNMT5 transcripts could also be identified in dinoflagellates and green algae transcriptomes (Figure 2.2.1b, table S2). Our phylogeny shows that DNMT5 transcripts can be attributed to three well defined subfamilies: the DNMT5a, DNMT5b and DNMT5c families ( S2). S2) and we did not included them our final DNMT5 tree family. Our overall phylogeny does not support a DNMT5a or b enzyme in Alveolata (table S2). 

As

The DNMT6 and DNMT3 methylases have contrasted diversity in microalgae.

While the DNMT1 and DNMT5 family of enzymes were associated with the maintenance of DNA methylation, enzymes involved in the primary setting of DNA methylation were mainly found related to the DNMT3 clade. DNMT3 proteins are methyltransferases responsible for most of the de novo deposition of 5mC in metazoans and plants, in which they diversified. In metazoans, DNMT3s have acquired several chromatins associated domains that tether the DNA machinery to the histone posttranslational modification spectrum (Figure 2 S2). We also report few DNMT3 transcripts in dinoflagellates as previously described [110]. All microalgal DNMT3 enzymes are devoid of chromatin domains but their DNMT domains are well conserved. In diatoms as well as metazoans the DNMT motif X is often divergent (Figure S3). Upon alignment of their DNMT domains, dinoflagellates and the DNMT3 enzyme from the Goniomonas pacifica are closely related to red algal genes (Figure S4). We could not reach a critical number of DNMT3s to clearly infer a clear algal phylogeny within this family.

The DNMT6 family is not related to DNMT3 and it is a divergent DNMT first found in the trypanosomes Leishmania major and Tripanosoma brucei [START_REF] Ponger | Evolutionary diversification of DNA methyltransferases in eukaryotic genomes[END_REF]. It is absent in metazoans and land plants, but was found in the green algae Micromonas pusilla and the cocolitophore

Emiliana huxleyi [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. It is also conserved in dinoflagellates [110]. According to this view we found a DNMT6 transcript in the MMETSP transcriptomes of 3 S1). As a result, monophyletic relationships could not be resolved (Figure S5).

DNMTs are found in natural oceans but show weak expression levels and low correlations with environmental parameters

We saw that several phytoplankton lineages encode a great diversity of DNMTs. We therefore asked whether we could recapitulate our DNMT phylogeny using the meta-genomic and meta-transcriptomics sequences generated for the different filters and stations of the TARA Oceans database. Using the eDAF methodology, we interrogated the whole PF00145 match of the eukaryotic genomes and transcriptomes of TARA and categorized each putative protein into a DNMT family. However, eDAF was unable to distinguish the different categories of DNMTs. This is because TARA sequences are mainly partials. We hence used our reference sequences used for eDAF to build an in-house PHMM database (HMM build -module HMMER) for each DNMT. After a HMMER search using these new profiles, each TARA sequences were attributed to the DNMT1,2,3,4,5 or 6 families. At the lineages level, more than half of our (meta-) genomic corresponds to an overall increase of nitrogen bioavailability in the environment.

2.2.7

The diversity of transposable elements of the MMETSP and TARA Oceans database.

DNA methyltransferases have been recurrently opted to repress transposable elements.

Moreover, early works identified several retrotransposons families in diatoms genomes as well in marine samples highlighting the potential role of repeated sequences in the overall biology and evolution of micro-algae. In addition, transposable elements were specifically activated in respect to change in cultures conditions in pioneer works in Phaeodactylum tricornutum [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF].

We therefore ask whether we could also capture TEs from diatoms of MMETSP and TARA ocean In Aulacoseira subarctica, up to 1% of all sequences found in its transcriptomes are copia elements. At the expression levels, the total added contribution of TEs is important (Figure 2.2.5b). Our results further show that copia elements specifically and critically expand in diatoms, but also that they are effectively active.

The amount of transposable elements transcripts is very variable between diatoms (Figure

2.2.5b).

There are no genomes available for most of the species in which high TE expression is observed. Whether our expression profiles are due to an overall spreading of TEs in diatoms or reflect the peculiar activity of a given TE family in the conditions that were used for RNAseq experiments of the MMETSP consortium is not known.

We then asked whether specific families of TEs were overrepresented in our dataset. We build an alignment using the reference CoDia family in diatoms already described in [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF] and Because we identified interaction at the transcriptomic levels of DNMTs with NO2NO3

we asked whether we could find similar association upon using transposons sequences. To do this, we isolated the sequences that grouped with other MMETSP-RT sequences and attributed their corresponding CoDia family and performed Pearson correlation between normalized RT counts, environment and our normalized DNMT counts. We only found a modest positive correlation (Pearson correlation = 0.51 -value < 10^-16) between the genomic distribution of the CoDi5-TARA family and NO2NO3. We could not observe transcriptional link between NO2NO3 and TEs in TARA Oceans. This is the same correlation as observed for DNMT6 and DNMT4. However, we could not find correlations between DNMTs and TEs. In conclusion, NO2N03 contents do not link TEs and DNMTs. It seems that the correlation of TEs/DNMT4/DNMT6 and nitrogen are found independently and recurrently in our datasets. This is mainly due to the fact that TEs and DNMTs are not found in the same stations. RT with no known reference sequences.

Discussion

Methodological considerations

This study follows earlier works in the field [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Ponger | Evolutionary diversification of DNA methyltransferases in eukaryotic genomes[END_REF][START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF][START_REF] Bewick | Evolution of DNA Methylation across Insects[END_REF][START_REF] Zemach | Evolution of eukaryotic DNA methylation and the pursuit of safer sex[END_REF]105,110,267] and further demonstrates that DNA methyltransferases are much diversified in microalgae. Importantly, our current knowledge of the DNA methylation in microalgae machinery was impeded by the lack of exploitable genomic resources of divergent chromalveolates that composed the essential of the phytoplankton communities. Here, using the MMETSP and TARA ocean databases as the biggest marine microbial sequence resource, we provide a state-of-the-art exploration of the diversity of DNMT families found in cultured micro-eukaryotes but also in natural environment.

In this study we also demonstrate the use of the eDAF methodology for the first time outside its princeps. Our questions were really challenging the eDAF pipeline since DNMTs have multiple domains. Here, we can draw some preliminary insights into how eDAF 'worked'. The only limitation for the eDAF is the need for reliable differences (or homology) of protein structures and at the very least motifs. According to this, eDAF 'failed' when facing the truncated DNMT sequences of the TARA Oceans and we had to rely on the creation of a new HMMER architecture. We did the same for the RT sequences as it was already done [256]. We found this strategy also reliable and a good complement to the eDAF.

In conclusion our analysis de facto mainly relies on the overall quality of the database we used. In that matter it is important to note that most of our data are transcripts from cultured organisms and those DNMTs may not be universally highly expressed in laboratory conditions.

Absence of DNMTs must hence be taken with caution. Moreover, several of the species presented in this study are not known to methylate their DNA and for most part we cannot crosscheck our 'diversity' in DNA methyltransferases with bona fide in vivo functions. Our data are best interpreted at the lineage levels than they are at the single level species. Resolving the evolutionary histories of DNMTs is a challenging process since most of our data cannot be controlled by gene annotations and we entirely rely on the putative 'best' eDAF translation in all open reading frames possible to call proteins. This is also a power of the eDAF over classical annotations like CLADE as it can interpret nucleotide sequences. We also rely on the phylogeny of the MMETSP database and of the TARA Oceans meta-data to correctly associate each transcript to a lineage. In that matter, information in lineages in which only one transcript of a given family was found must be noted for further investigation. For the same reasons we could not interpret transcripts number and gene copy number and only one representative transcript within each species was kept. When possible we tried to report it for diatoms in which we definitively identified several transcripts of DNMT4, DNMT5 but also DNMT3 and DNMT6 within species. This is also backed up by genomic data as in Fragilariopsis cylindrus (table S3).

An important point to make is that our dataset is huge even using eDAF as a tool to categorize DNMTs, we have identified several transcripts that require further attention as the Raphidophyceae enzymes. We have also identified several dinoflagellates transcripts that cluster with bacterial sequences in our phylogeny and which we removed. They nonetheless could be bona fide transcripts with DNMT functions. We will make our dataset free and it could definitively be reinterpreted using other alignments or methodology as a HMMER-inhouse DNMT domain search of any species.

About the origins and diversity of the DNMT1-DNMT4 family in micro-eukaryotes

It is discussed that the DNMT1 enzyme are absent from most eukaryotes and is restricted to plants and animals [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. We could not identify bona fide DNMT1 enzymes in our microalgae databases. However, we could argue that the presence of DNMT4 related enzymes in diatoms and Raphidophyceae suggests that DNMT1 related enzymes do exist in early divergent eukaryotes, but have been extensively lost or diverged during their evolution. In This has never been reported or tested in diatoms. There is no obvious C/G to T/A transversion at TEs in any of the diatom genomes studied so far. Since DNMT4 is itself not present in all diatoms, If any DNMT4-methylated RIP/MIP occurs, we could predict that it does not in Phaeodactylum tricornutum (DNMT4 is absent in Pt) except in Thalassiosira pseudonana and Fragilariopsis cylindrus that otherwise share the same DNA methylation landscape. The PF00145 domain of DNMT4 is well conserved and some DNMT4 enzymes in diatoms are found with a chromodomain, which supports our hypothesis that it is active (either de novo or by maintenance). Evolutionary speaking, it is possible that DNMT4 and RID enzymes have been acquired by horizontal gene transfer between a diatom and a fungi and far diverged since then to perform specific functions in each lineage. However, horizontal gene transfers have never been reported between fungi and diatoms. Moreover, as mentioned, both diatoms and RID are divergent compared to DNMT1 and it is clearly possible that the DNMT4 family arose by convergence in diatoms and fungi and that they are paraphyletic by virtue. In addition, we discovered two new transcripts in Raphidophyceae, which could fall into the RID/diatoms-DNMT4 family. However, they do not resemble any of the diatoms and fungi enzymes. The exact phylogeny of the DNMT4 clade is elusive but is certainly composed of several distantly related DNMT1-like sequences.

On the absence of DNMT3 and the prevalence of DNMT6 enzymes

It is interesting that our phylogeny does not strongly support the DNMT3 enzymes in many lineages. In addition, DNMT3 is not particularly abundant in the oceans (Figure S6). We only found a DNMT3 enzyme in three dinoflagellates transcriptomes. This was also shown in two dinoflagellates in [110], but they were not present in our data. It would be interesting to investigate if those enzymes cluster with other DNMT3s of our phylogeny. Overall DNMT3 does not seem to be universally conserved in dinoflagellates. In diatoms however, DNMT3 enzymes are found but again in less than 50% of diatom transcriptomes/genomes with at least one DNMT transcript. In other eukaryotes of our databases, we did not find any DNMT3 enzymes in any of the TARA oceans and MMETSP transcriptomes/metagenomes. DNMT3 seems to have been lost in green algae which are closely related to land plants in which both DNMT3 and DRM proteins are found. The DNMT3 transcript from the cryptomonad is from red algal origin (Figure S5).

Cryptomonads are relatives of the cryptophytes that contain a red algal nucleomorph, relics of the red endosymbiont that led to the emergence of the Chromalveolata lineage [268,269]. Cryptomonads have lost both the plastid and the nucleomorph from red algal origins. It is therefore a remote possibility that this gene was acquired by horizontal gene transfer from the red algal endosymbiont. However, upon Blast analysis, this transcript is more closely related to the DNMT6 enzyme found in Phaeodactylum tricornutum than it is to its DNMT3 enzyme. eDAF correctly associated it with the DNMT3 family and so does our phylogenetic tree of the PF00145 domain. Importantly, a survey of the currently available genomes and transcriptomes of cryptophytes did not reveal any DNMT3 enzymes but instead retrieved a DNMT6 enzyme in Geminigera. It could be the case that Goniomonas pacifica enzyme had been miss-interpreted and misplaced in our tree. This raises the question of the relative resemblance of DNMT6 and DNMT3 enzymes in microalgae. In fact, DNMT6 and DNMT3 enzymes found in diatoms and dinoflagellates are very similar but are not monophyletic, which suggest they have acquired independently of each other's. Contrary to DNMT3, DNMT6 is phylogenetically widespread in microalgae genomes. It is also very abundant in the TARA Oceans database. However, within lineages it is not always well supported as in pelagophytes and green algae. It is nonetheless very well detected in diatoms and dinoflagellates and confirms previous work in the field [109,110]. We also extensively and unambiguously curated DNMT6 transcripts in Rhizaria and at least one transcript in labyrinthulomycetes (Aplanochytrium keurgelense DNMT6 was found but only reported in our RBH, table S2). This has been independently found in [110] for Bigelowella natans and Aplanochytrium stochhinoi although not specified by the authors. DNMT6 is not known to be active. It is the only known DNMT enzyme in Trypanosomes that does not show extensive DNA methylation pattern in any context [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. Its presence in several lineages, hence does not predict DNA methylation per se.

On the origin of the DNMT5 family

The DNMT5 family is widespread among micro eukaryotes but is much diversified. We describe for the first time the DNMT5a, b and c enzymes. Numerous questions however, remain in regard of its origin. When isolating the DNMT domain of all DNMT5 enzymes, DNMT5a.s are forming a monophyletic clade with paraphyletic relationships between all (Fungi-green algaeochrophyte -Emiliana huxleyi) lineages while DNMT5b-DNMT domains are separated and restricted to diatoms (data not shown). The same was observed when aligning the SNF domain alone (data not shown). When full proteins are aligned, the phylogeny of DNMT5a could involve-non parsimonious serial horizontal gene transfers between diatoms-pelagophytesdictyochophyte and green algae -Emiliana huxleyi. Such events have been reported between the diatoms-pelagophyte-dictyochophyte ancestor and Emiliana huxleyi for proteins involved in the regulation of plastid biology [START_REF] Kazamia | Endocytosis-mediated siderophore uptake as a strategy for Fe acquisition in diatoms[END_REF]264] S1). An alternative hypothesis would be that DNMT5b is found in other organisms which we could not resolve in our phylogeny and that the diatoms enrichment artificially created a separated diatoms clade. In this scenario DNMT5a and b are ancient duplication events that led to the maintenance of only one enzyme in a lineage specific manner.

As discussed for DNMT4, we cannot associate DNMT5a and b with differences in methylation within diatoms. This is due to the lack of available 5mC maps in diatoms. However, DNMT5a strongly correlates with the hypermethylated genomes of Aureococcus annophagefferens, green algae and Emiliana huxleyi. Again, this has to be put in perspective with a potential horizontal gene transfer between those lineages. We did not find peculiar amino-acid sequences in DNMT5-DNMT domains of the species with dense histone linker DNA methylation and the diatoms DNMT5a/b enzymes, contrary to what was observed in [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF].

Probably that functional divergence between DNMT5 enzymes is in the SNF domains rather than in the DNMT domains themselves. DNMT5(a) is clearly associated with DNA methylation in fungi [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]218]we accordingly make the hypothesis that the pelagophytes and the dictyophyte in which we detected a DNMT5 enzyme also methylate their genomes.

The origin of the DNMT5c which is widespread in dinoflagellates is elusive. Its structure itself is not only composed of a single DNMT domain but of a long tail with no known homology to any proteins. It does not mean that it has no functions, since this is consistently observed.

Nitrogen, TEs and DNMTs

We showed that DNMT6 and DNMT4 have a moderate correlation with high nitrogen availability. The CoDia5 family is known to be expressed in nitrogen deplete environment in

Thalassiosira pseudonana [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF] and it is the only TE family that showed a positive correlation (and not anticorrelations) with the NO2NO3 contents. In addition this was seen at the genomic levels but not at the transcriptomic levels , therefore we cannot infer that TEs are more kind to populate genomes in nitrogen rich regions or that species with more TEs are simply more prevalent in nutrient rich regions.

Nitrogen as phosphate and iron are limiting in oceans [274]. It was showed that proteins involved in the uptake of iron were more prevalent in polar areas, confirming a direct link between functional studies in diatoms and ecology [START_REF] Kazamia | Endocytosis-mediated siderophore uptake as a strategy for Fe acquisition in diatoms[END_REF]. Since nitrogen deprivation generates both changes in DNA methylation and TE reactivation in Phaeodactylum triconutum [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF][START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF],

we wondered if TE dominance in nitrogen rich environment at least at the genomic levels could be correlated in any direction with our DNMTs, but we could not find any associations. Such observations are mainly due to the lack of both consistent findings of a TE transcript/gene and of any DNMTs transcript/genes at a given station. Stations were DNMTs were associated with NO2NO3 are not the same as where TE were found. TEs and DNMTs were not necessarily found in the same organisms, neither. Absence of detectable transcript alone is not a good predictor of absence of transcription in meta-transcriptomic data and absence/presence at the genomic levels to not preclude of the transcriptional activity of a given protein. In respect to the relationship nutrients/Genes, the comparison of two genes at the ecological scale is very hard to interpret. We do not know if nitrogen per se is causative of a global change in DNA methylation or if the link is indirect and that DNMTs/TEs are simply more expressed were nutrients are high.

Our finding of independent correlation with nitrogen and expression of DNMTs and the presence of TEs is hence elusive.

Conclusion and perspectives

This work was a first attempt to explore how much diversity in DNMTs we could find in microalgae using the MMETSP and TARA Oceans database. We made efforts to also compile our current knowledge of the DNMTs present in microalgae from the literature and integrate those information into a comprehensible phylogeny. This study is to date the most complete insights into the DNA methylation machinery of diatoms. We also refined the phylogeny of DNMT5 enzymes. All our data, including eDAF DNMTs candidate will be freely available and we believe that our phylogeny, which is a snap shot, can be used as reference to study any DNA methyltransferase in microalgae and other eukaryotes. It can be at any time further enriched by sequences from other eukaryotes to be refined. We are now rebuilding the eDAF structure models with new microalgae sequences identified in this work as a tool that can be used de novo on any database of any species even in absence of annotations. In fact, we could crosscheck our own study with this new build as a proof of concept of the eDAF computation.

Our understanding of the epigenetic machinery in 'SARs' is emerging and our DNMT phylogeny can be enriched in the future with functional studies.

Figure S5 -Phylogeny of DNMT6 enzymes

Phylogeny of the DNMT domain of DNMT6 enzymes. DNMT3 enzymes used for our phylogeny of DNMTs in micro-eukaryotes were extracted and aligned using CLUSTALW and CLUSTALΩ . The alignment was trimmed to remove position with gaps in more than 50% of sequences. The tree was generated at CIPRES Science Gateway [START_REF] Iller | Creating the CIPRES Science Gateway for inference of large phylogenetic trees[END_REF]. Numbers represent MrBAYES branching probability values (sumpburnin value 250, sumtburnin 250, n=1.000.000 generation -final split average frequency of 0.041036). The root was placed at bacterial DCM enzymes. in Eutreptiella gymnastica-like that we could not unequivocally assigned in our phylogeny. The DNMT6 from Aplanochytrium keurgelense was only found by blast.

Table S3 -as for table S2 but with diatoms only.

For each species we mentioned their taxonomic assignation within diatoms. 'Outgroup-cen' are basal diatoms. Despite DNMT5a, all DNMTs are present in both pennate and centric. 'g'

indicates annotated genes or proteins found in genomes. 'c' correspond to DNMT4 with chromodomains. '*' represent the DNMT6 enzyme in Thalassiosira pseudonana that is divergent at motif IV.

The following section is part of the manuscript Hoguin et al. 2019, in preparation

The diversity and function of DNA methyltransferases: novel insights from microalgae lineages In comparison to other planktonic lineages, diatoms are peculiar. They encode at least five DNMT families or subfamilies that they share with other microalgae or that are exclusive to their lineage like DNMT4 and DNMT5b. Most of the diversity is observed within diatoms.

Antoine

Moreover, despite at very low amount, 5mC is clearly correlated with transposons repression.

The model Phaeodactylum tricornutum encodes three DNMTs. Namely, DNMT3, DNMT6 and DNMT5a enzyme. The DNMT5a enzyme is more similar to fungal enzymes than it is to the other diatoms DNMT5b enzymes. Moreover, DNMT5a have been shown to be involved in DNA methylation in the parasitic yeast Cryptococcus neoformans [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. For this reason, we focused our interest in elucidating its potential activity in our model.

CRISPR-Cas9 mediated generation of DNMT5 KO in Phaeodactylum tricornutum

In order to decipher the putative role of DNMT5(a), we induced DNMT5:KOs using the CRISPR/Cas9 system in the model diatom Phaeodactylum tricornutum. Our strategy was to generate short deletions, insertions to disrupt the open reading frame of DNMT5. We therefore designed target sequences in the first exon of Phatr3_EG02369 (DNMT5) using PhtyoCRISPR-Ex

[275] and introduced, with the gene gun bombardment the guide RNAs independently of the Cas9 and ShBle plasmids, conferring resistance to Phleomycin, into the reference strain Pt1.86

(referred hereafter as 'reference line' or 'wild-type'-WT -see also Materials and Methods). In total we performed three independent KO inductions using three different guide RNAs positioned between the ATG and first DNMT PF00145 motifs of DNMT5. In total, up to 21 different mutants lines were generated. Among them 12 were heterozygote and 9

homozygotes. From the homozygote lines in total we found 6 deletions and 3 insertion events. 

DNMT5:KOs show a global loss of DNA methylation

We first screened M23/M25/M26 using a dot blot approach (Material and Methods).

This experiment revealed that all DNMT5:KOs had a 4-3 fold loss of DNA methylation compared to the WT/Cas9 controls (Figure 3.3.1a). We also show the results for two extra mutant lines (7C6 and 7C7) which we did not further characterized in this manuscript. (between 20% and 30%) but detectable and is not shared with the other lines. 128 At this stage, our DMR calling analysis is still ongoing and we will provide a full more ized DMR study between our lines and the reference strain in the optic of the defense of the present manuscript. At first, we notice that the coverage of our reference lines is very low in comparison to our mutant lines, which could render our interpretation more complicated. For this manuscript we therefore first rely on the methylation profiles generated in [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF], which show a greater coverage, comparable to our data and fine tune DNA methylation reporting. Using DMRcaller [START_REF] Catoni | DMRcaller: a versatile R/Bioconductor package for detection and visualization of differentially methylated regions in CpG and non-CpG contexts[END_REF] (see Material and Method), as a very early preliminary result, we broadly identified DMRs between M23 and the Pt1.86 reference of [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] by only considering bases with >30% methylation in the reference and that showed a 30% difference or greater in our mutant and are hypoDMRS. Those regions are repeat rich and concentrate the essential of CG methylation in diatoms. Genes and TEs falling in those DMRs will be further investigated in respect to gene expression and functions. Importantly, these regions are also called using our low coverage reference lines (data not shown) and are all hypoDMRs but the overall levels of DNA methylation as well as the exact boundaries changes. This is because the differences in DNA methylation between our sequenced reference and our M23 (M25) are greater compared to the reference published in [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. We are however debating on the appropriate DMR methodology.
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Transcriptional reactivation of transposable elements in DNMT5:KOs

The control of transposable elements by the DNA methyltransferases family is a key unifying feature within eukaryotes. In addition, the direct regulatory role of 5mC has never been established in diatoms. Our preliminary DNA methylation and DMR analysis was very eloquent of loss of DNA methylation at transposable elements and genes which have been previously

described [START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF]. We hence monitored the transcriptional effect of the loss of DNMT5 in M23/M25, in comparison to the reference, by whole RNA high throughput sequencing (Material and Method). In order to identified the most significant changes in mRNA levels, we focused our analysis on the genes showing a significant 2fold induction or reduction of expression (log2foldchange(Mutant/WT) >1 or <-1 and p.adjust <0.01). We then split our data into two sets: set1

-includes all annotated genes. set2 -include all annotated TE 'open reading frame' or simply referred here as TEgenes. Most of those TE genes are ORF with 'reverse transcriptase' domains that are very well represented in diatoms [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF][START_REF] Maumus | Potential impact of stress activated retrotransposons on genome evolution in a marine diatom[END_REF] and that are highly repeated in the genomes.

Figure S2 show a volcano plot representation of the log2-fold change (Mutant/WT) in respect to the p.adjust value. For M23 and M25, we observe a strong bias towards overexpressed genes and transposable elements genes compared to down regulated transcripts. A summary of those genes can be found in table S1 (subset of up-regulated genes of Figure S2) and table S2 (that show all down regulated genes). We would like to stress the differential level of induction between TEs and genes. The overall induction of TE genes is very high. However, there is a huge discrepancy between the two mutant lines. At the transcriptional level, M23 show up to 1134 up regulated genes. Only 20% are shared with M25. As a result, 219 genes are consistently upregulated in both DNMT5:KOs. TE genes showed more overlap. 55% of transposable elements found up-regulated in at least one mutant are consistently up-regulated in both. A very small amount of genes are downregulated in M23 and M25. Only 36 genes showed consistent downregulation in both lines. These include DNMT5, which show a 3fold loss in both mutants (table 3.4.2). As for upregulated genes, M23 show the greatest amount of gene downregulation. A handful of TE genes show loss of expression in DNMT5:KOs. It is interesting that M23 show a greater transcriptional response compared to M25 and the reference. One observation is that only a subset of TEs and genes show consistently mis-expression in mutant lines. Moreover, given the observed loss of DNA methylation, we asked whether those elements had specific epigenetic regulations. Notably, 32% of all TE genes marked by DNA methylation (established in [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]) are up-regulated in DNMT5:KOs. When considering both mutants, we can consider than 45% of previously known DNA methylated TEgenes are up- 

Phaeodactylum tricornutum tolerates the loss of DNA methylation

One key observation was that DNMT5:KOs are viable in our culture conditions. The very fact that we could generate several KOs was already a hint that the loss of DNMT5 alone was not drastically detrimental for the cells. The relatively low number of down-up regulated genes in our conditions clearly supports this idea. We can see however that M23 and M25 are somewhat In order to get a better understanding of the phenotypic effect of DNMT5 loss, whether it is a direct or indirect effect, we performed gene ontologies enrichment searches using the topGO tool. There is a clear enrichment of genes involved in tetrapyrrole/chlorophyll binding proteins from up-regulated genes. This is typified by the molecular function "organic cyclic compound binding" and heterocyclic "compound binding" (Figure 3.5.2a). This is evocative of effects in cell respiration and photosynthesis [278]. There is probably a misregulation of the energetic system in DNMT5 KOs. Transcription factors could also be up-regulated given the enrichment of genes with DNA binding functions. From the down regulated set of genes, we could not found compelling evidences from the functional annotations of genes. Our biological function enrichment indicates that genes involved in ion transports are significantly down regulated upon the loss of DNMT5 (Figure 3.5.2b). Whether those performed important cellular functions per se is not known. Among other chromatin associated genes we found a protein annotated as "condensin complex 2". Condensin proteins regulate a very diverse set of functions including chromosome organization and TE repression (reviewed in [279]). However, this protein did not show real homology with any condensin so we did not further pursue this path. In the end, we could not find evidences for a growth defects so the clear biological changes that occur in our mutant lines remain elusive. We have not pushed forward the phenotypic analysis of DNMT5 mutants which is currently investigated in the Tirichine lab using different stress conditions including nutrient depletion, light intensities and spectra, salinity and temperature.

-Molecular functions and Biological process of up and down

regulated genes in DNMT5:KOs

Discussion

On the de novo and maintenance activities of diatoms DNMTs

We have established for the very first time a DNA defective line in a diatom. In this work, we implicitly hypothesized that DNMT5 was a maintenance enzyme rather than a de novo methyltransferases. Our experiments demonstrate that the 'somatic' (i.e. clonal) loss of DNMT5

was sufficient to generate a global loss of virtually all CG methylation upon repeated cellular division. For this reason, we state here that we monitored a loss due to defective maintenance activity. We could not monitor the gradual decrease in DNA methylation due to the passive dilution that occurs during mitosis in absence of maintenance activity, and if any de novo methylation occurs in diatoms remains elusive. It is possible that de novo methylation activity is performed by DNMT3 and or DNMT6. From our DNMT5:KOs we could not put in evidence any redundancy of DNMTs at least at the CG level.

In plants, the loss of DDM1 but also MET1 is known to trigger de novo deposition of non-CGs [178]. Intriguingly, we did observe 'de novo' non-CG methylation in M23 and to a lesser extend M25. This methylation is not shared between M23 and M25 and is restricted to the non-CG pattern as it is not observed for CG methylation. Upon observation of the genomic distribution of this 'de novo' methylation pattern we found that it is widespread in the genome and is not particularly enriched in predefined regions. Our DMR analysis is however ongoing but we are questioning the conversion rate of the bisulfite treatment. It is known that incomplete conversion lead to overestimation of non-CG methylations [280]. Bisulfite treatments are performed with spike-in of DNA of known methylation patterns. In our case, human DNA was added and sequenced alongside our genomic DNA. If any bisulfite conversion bias occurred, it will be quantified from the analysis of mCGs and specially non-mCGs from this human spike in.

However, assuming noise at non-CGs from a metazoan genome, that lacks canonical non-CG methylation machinery, in comparison to genomes which are known to have patchy but detectable pattern of CHH and CHG methylation, like diatoms, is delicate. We could miss bona fide de novo events. In addition, in our reference line, the average level of DNA methylation per cytosine (when considered above 30%) is at 50% (Figure 3.3.X), which is at the threshold of hemi-methylation. It is arguably possible that 30% of DNA methylation, considered as low in metazoans, is in fact a decent amount of methylation for a diatom. The methylation difference at non-CGs in our mutants compared to the WT is important (>20%) but yet we have to take this observation with care.

The very fact that methylation is very scarce in diatoms could itself imply that the de novo methylation machinery is not very efficient or absent. The methylation of unmethylated transgene has never been quantified in Phaeodactylum but it would be very interesting to see if this happens. Noteworthy, our DNMT5:KOs now provide a useful tool to study the de novo activity of any enzymes in vivo. We are currently designing knock-in experiments that will involve the reintroduction of DNMT5 into the DNMT5:KOs. This require fine tune technical considerations since CRISPR/Cas9 is inserted in the genome of our mutant, but it is feasible. The follow of the recovery or the absence of recovery, of the DNA methylation pattern over cell passage upon overexpression of DNMT5 will profoundly help us in understanding the very dynamism of DNA methylation patterns in diatoms. This has been done in Cryptococcus neoformans and it demonstrated that DNMT5 alone could not de novo methylate un-methylaed DNA in vivo. It also demonstrated that no de novo methylation occur in this species. We are currently investigating DNMT3 mutants, that we generated using the same strategy as DNMT5.

Our recurrent efforts to knock-out DNMT6 remained to date unsuccessful. This could be due to technical reasons; however, it is a possibility that DNMT6 is more essential than any other DNMT and or have DNMT independent functions. The DNMT4 enzyme found in diatoms is also an enzyme of high interest. However, Phaeodactylum simply does not encode any DNMT4 or DNMT4 related enzyme. As said for DNMT5, we could perform knock-in and overexpression experiments to study the functions of DNMT3, DNMT4 (from another diatom) and DNMT6 using our mutant as in vivo methylation sensor system. Basic screening on the recovery of DNA methylation can be performed a priori by McrBC qPCR on key hypomethylated and highly responsive loci. In addition, we can only notice that DNMT3, DNMT6 and DNMT4 have been extensively and iteratively lost during diatoms evolution (this manuscript Chapter 2). This is seen at the genomic levels, but also at the transcriptional level (which should be interpreted with more nuances). As example, DNMT6 was secondary lost in Fistulifera solaris, the sister species of Phaeodactylum tricornutum, while DNMT3 is absent in another pennate Fragilariopsis cylindrus (see also table 1.4.2). In addition, DNMT5a diverged in centric as a DNMT5b enzyme (this manuscript Chapter 2). We however must Figure the evolutionary redundancy and functional diversification of the DNMT family within diatoms.

Our data clearly demonstrate a reactivation of transposable elements upon loss of DNA methylation. This is a strong support for the hypothesis that 5mC was recruited to directly or indirectly keep TEs at bay in the very first eukaryotes. Whether this reactivation lead to new transposition events or not is not known. Nonetheless, it is very unlikely that such events occur, since one might expect this could be too detrimental for the cells and that our mutants are instead viable. However, clonal specific transposition events could occur. Such events would be hard to quantify as they will be 'averaged' at the population level, or the clone would simply be over competed by other cells within DNMT5:KOs. One interesting observation is that Phaeodactylum is not doing sexual reproduction and we could be missing meiotic defects due to excessive TEs transpositions.

On the function of DNMT5

The mechanisms behind DNMT5 functions are not known. This is due to its DNMT-SNF2 like structure that does not resemble any other methyltransferases. Since we have not specifically targeted either the SNF2 motifs of the DNMT domain, we can only suppose that the whole protein is required for DNA methylation function. It is probably not straightforward to assume that the DNMT domain of DNMT5 has any DNMT function on its own. Chromatin remodelers are known to be involved in the maintenance of CG and non-CG methylation. In Arabidopsis thaliana, DDM1 (which is also a SNFlike protein) is required for the maintenance of heterochromatic DNA methylation at specific loci [281]. In human the DDM1 orthologue LSH is also required for heterochromatin methylation [282]. Here we can only assume that the DNMT domain of DNMT5 is required for DNA methylation, but it could very well not have bona fide methylation activity. In Cryptococcus neoformans, a DNMT5-DNMT1-like mechanism, that required UHRF1 and H3K9me is observed [218]. Of note, Cryptococcus DNMT5 also possesses a chromodomain that binds H3K9me. We have not found DNMT5-CHROMO enzymes in our HMMER search (this manuscript Chapter2). The common ancestor of fungi likely encodes both DNMT1 and DNMT5a enzymes and it is to note that lineages that secondary lost DNMT1 might have simply retained the already available DNMT1/UHRF1 recruitment system but for DNMT5.

In diatoms, we have not identified bona fide UHRF1 and bona fide DNMT1 are absent in Chromalveolata, with the very exception of a few transcripts sparsely found in raphidophycea, the CMT-like enzymes of haptophytes the DNMT4 family restricted to diatoms and fungi. UHRF1 is composed of several protein domains that interconnect it with histone marks and DNMT1

[157]. Numerous proteins with methyl binding and ubiquitin activity are found in diatoms but they do not form a UHRF1 on their own. The DNA methylation accessory machinery as well as the diversity of DNA methylation readers in diatoms has not been extensively studied. We can now use our established eDAF computation in that regards.

At this stage, we therefore can only notice that DNA methylation, being CG or non-CG, extensively correlates with the other repressive epigenetic marks in Phaeodactylum. This, at the very least, strongly suggest that heterochromatin is mechanistically co-recruited at TEs in diatoms and that redundancy, interdependency and convergent pathways of setting (and resetting) are definitively happening. At the transcriptional levels, in DNMT5:KOs, we have not found compelling hints for any interdependency within the epigenetic machinery. A deep chromatin survey of DNMT5 KOs (and Ez KOs), should be undertaken. We are currently crosschecking DMR calling, histone posttranslational modifications and transcriptional activation and repression. Since DNMT3 and DNMT6 do not contain chromatin associated domains, it is possible that the chromatin targeting of DNMTs in diatoms is more indirect. In vivo tagging strategies are commonly used in diatoms and we could consider an approach based on immunoprecipitation of DNMT5, DNMT6 and DNMT3 to decipher potential protein partners of the DNA methylation machinery.

On the viability of DNMT5:KOs

Our DNMT5 mutants are viable. We nevertheless have to comprehend the exact phenotype that we observed. We haven't yet clearly quantified the morphological effects of DNMT5:KOs. As it doesn't affect its growth that much, we have stated that Phaeodactylum tolerate the loss of DNA methylation. However, ESAW and ASW media (commonly used in laboratory) are known to be very rich in nutrients, compared to sea water. It would be very interesting to challenge our mutants and monitor their phenotype upon stress conditions. In addition, Phaeodactylum is, unlike any other diatoms, silica (and frustule) 'independent'.

Therefore, we cannot test or observe a potential role of DNA methylation in the proper formation of the frustule, that otherwise governs a diatom's life cycle. The high transcriptional differences between our mutant's lines do not show up at the phenotypic level. High transcriptional variations might come from the nature of our CRISPR/Cas9 experiment. It is indeed to be considered that CAS9 and other plasmids integration sites should be monitored to account for possible side effects of our gene gun bombardment strategy. The whole point of our strategy to sequence two independent mutants was to remove such diversity. It is something that should be kept in mind when comparing our mutants, at the DMR levels or any other aspect.

More remarks

Our laboratory has set the first steps toward the understanding of genomics in diatoms with the publication of the pennate diatom genome Phaeodactylum tricornutum in 2008 [START_REF] Bowler | The Phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF].

Our laboratory plays an instrumental role in the TARA Oceans community and actively contributes to the understanding of the ecology and biology of diatoms and other microalgae.

Today, with our work on both histone methyltransferases and in particular H3K27me3 ([2], Zhao et al, Submitted) and DNA methylation ( [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF], this manuscript), we believe that our work contributes to place Phaeodactylum tricornutum as a model organism for the understanding of epigenetic mechanisms in photosynthetic single celled eukaryotes. There is a lot to be done, but the diatom community is starting to conjointly tackle down the functional characterization of other epigenetic actors. Epigenetic related projects, in diatoms, are expanding.

The work presented in this section extends far beyond diatoms. More importantly, we provide the second up to date report of the function of DNMT5 in any organism. As of the conservation of DNMT5 in microalgae ([4] , chapter 2 of this manuscript), we firmly hypothesize that its function is also conserved. DNMT5 is likely a major functional DNMT family that has expanded in 'SAR' lineages as did DNMT1 in metazoans and land plants. 147 genes co-transformed by biolistic in the Pt1.86 'Wild Type' strain as described in [START_REF] Falciatore | Transformation of nonselectable reporter genes in marine diatoms[END_REF] We also generated a line that was transformed with pPHAT-eGFP and pDEST-hCas9-HA but no guide RNAs. This line is referred as the Cas9:Mock line.

Growth curve (AH): Phaeodactylum tricornutum populations were initiated at a density of 10.000 cells/ml in ESAW. Growth was monitored by flow cytometry and cell concentration was measured for 12 days. Cells/ml counts were plot as function of time in days and growth rate was extrapolated using the slope of the natural logarithm of cell density during exponential phase. RT-QPCR and analysis (AH): qPCR primers were designed using the online PRIMER3 program v0. 4.0 [284, 285] defining 110-150 amplicon size and annealing temperature between 58°C and 62°C. Primer specificity was checked by BLAST on Phaeodactylum tricornutum genome at ENSEMBL. For cDNA synthesis, 1ug of total RNA was reverse transcribed using the SuperScript™ III First-Strand (Invitrogen) protocol. For quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis, cDNA was amplified using SYBR Premix ExTaq (Takara, Madison, WI, USA) according to manufacturer's instructions. CT values for genes of interest were generated on a Roche lightcycler® 480 qpcr system. CT values were normalized on housekeeping genes

[286] using the deltaCT method. Normalized CT values for amplifications using multiple couple of primers targeting several cDNA regions of the genes of interest were then averaged and used as RNA levels proxies.

Dot blot (AH): gDNA samples were boiled at 95°C for 10 min for denaturation. Samples were immediately placed on ice for 5 min, and 250-500 ng were loaded per dot on regular nitrocellulose membranes. DNA was then autocrosslinked in a UVC 500 crosslinker -2 times at 1200uj (*100). The membranes were blocked for 1 hr in 5% BSA. Membranes were probed for 1 hr at room temperature or overnight at 4°C with 1:1000 dilution of 5mC antibody (OptimAbtm Anti-5-Methylcytosine -BY-MECY 100). 5mC signals were revealed using 1:5000 dilution of HRP conjugated antirabbit IgG secondary antibody for 1 hr at room temperature followed by chemo luminescence. Loading was measured using Methylene blue staining.

Colorimetric assay (AH): Colorimetric assay was performed according to the MethylFlash Methylated DNA 5-mC Quantification Kit (EpiGentek). This is an Elisa type assay. Briefly, DNA was fixed on a assay plate and was incubated using a 5mC antibody (provided) further revealed by colorimetry measured by OD-450nm. %Methylations are extrapolated based on standards provided by the kit. In this manuscript, we only show relative methylation levels as biological replicates were performed on different plates and standards and could not show the same average % levels of DNA methylation.

RNA sequencing and Bisulfite sequencing: RNA sequencing was performed by the FASTERIS Company (https://www.fasteris.com/dna/).Total RNAs were polyA purified and libraries were prepared for illumina NextSeq sequencing technologies. 2 technical replicates per biological samples were performed. A PT1.86 line was sequenced in the same run as controls. Bisulfite libraries and treatments were performed by the FASTERIS Company and DNA was sequenced on an Illumina NextSeq instrument. Pair-end reads were generated with 30X coverage. A new 5mC map was also generated in the reference Pt1.86 line as a control.

Bisulfite sequencing analysis (AH, OAM): Bisulfite analysis was performed using Bismark-bowtie 2 (babraham bionfinformatics). We used the default Bowtie2 implements of bismark with the specifications that only uniquely mapped reads should be aligned. We also clearly specified that no discordant pairs should be aligned. A summary of the alignment reports can be seen in Figure S1c. We have a big difference in coverage between our WT and mutant lines. For further analysis of DNA methylation only cytosines with at least 10 reads coverage in all three lines (WT-M23-M25) were considered.

DMR calling (AH): Differentially methylated regions were called using the DMRcaller Rpackage [START_REF] Catoni | DMRcaller: a versatile R/Bioconductor package for detection and visualization of differentially methylated regions in CpG and non-CpG contexts[END_REF]. We used the noise-filter strategy with triangular normalization as well as the bins calling strategy. The 'Score test' method was used to calculate statistical significance and threshold was set at p.value <0.01. For noise-filters, only cytosines with at least 30% methylation differences in CG context and 10X coverage are considered. In addition, DMRs must contain at least 4 methylated cytosines. For both 'bins' and 'noise filter': 100bp bin size and window size was chosen.

RNAseq analysis (OAM)

150bp pair-end sequenced were aligned on the reference genome of Phaeodactylum tricornutum (Phatr3) using STAR (v2.5.3a) [287]. Expression levels were quantified using HTseq v 0.7.2.

[288]. Differentially regulated genes were analyzed using DESeq2 v1. 19.37 [289]. p.adjust values are corrected p.values using the Benjamin and Hochberg method.

Introduction -From genomic imprinting to random monoallelic expression: definitions and mechanisms of allele specific expression in eukaryotes

Monoallelic expression (MAE) refers to the exclusive allele specific expression (ASE) of genes as a result of transcriptional imbalance between alleles in non-haploid organisms [START_REF] Nomaguchi | Homoeolog expression bias in allopolyploid oleaginous marine diatom Fistulifera solaris[END_REF][290][291][292][293].

Genes expressed with ASE therefore deviate from the central dogma that alleles are expressed in an equal and biallelic manner. In the past twenty-years, multiple cases of monoallelic expression have been reported in eukaryotes. Genomic imprinting, X-chromosome inactivation (XCI) and homoeologous expression bias (HEB) are extensively reported processes known to trigger monoallelic expression. The advances of high-throughput sequencing have led to the discovery of autosomal random monoallelic expression (rMAE) which is characterized by allelic expression imbalance at autosomal loci in a stochastic manner. Recently, cases of allelic imbalance have been reported in two diatoms: Fragilariopsis cylindrus and the oleaginous and allodiploid diatom Fistulifera solaris. The aim of this section is to define the different forms of monoallelism and discuss the similarities and differences among their regulation and biological roles. We will discuss to what extent the allelic imbalance found in diatoms may refer to these different models of allelic imbalance or if new paradigm can be drown from the study of allelic imbalances in micro-organisms.

Genomic imprinting: a developmentally locked allele specific expression phenomenon a. Genomic imprinting in plants and mammals

Genomic imprinting was one of the very first reported phenomena of monoallelic gene expression [294]. In mammals, diploid embryos are formed by the fusion of a male and a female gamete such that each gene has one paternal and one maternal allele. Mammalian imprinted genes are genes that only express from one of the parental genomes [290,294,295]. This imbalance is deterministic and parent-of-origin specific. Genomic imprinting is found for hundreds of genes in humans and mice. Human diseases associate with defects of monoallelic expression or mutations at specific imprinted loci [296][297][298]. As example, in the Angelman syndrome; mutations in the maternal expressed genes UBEA3 in neurons resulting in loss of functions are detrimental since the paternal allele is naturally repressed by imprinting [299,300]. The Beckwith-Wiedemann syndrome is notoriously associated with defects of imprinting at the H19/IGF2 locus [301]. In mice, gain or loss of functions of imprinted genes affect growth and behavior of the individuals [297,[302][303][304] (http://www.mousebook.org/mousebookcatalogs/imprinting resource?catalog=imprinting). Genomic imprinting requires parental specific inheritance of epigenetic marks and is set very early during gametogenesis [295,297,305,306].

Moreover, in the past years, it became more and more evident that genomic imprinting shows developmental and tissue-specific onset and regulations [307][308][309]. Differences exist between the extent and the setting of imprinting in intra vs extra-embryonic tissues [310][311][312][313][314]. Imprinting can be transient but with important outcomes. This is the case of the ZDBF2 gene whose parental specific expression in the adult brain requires the imprinted expression of the long non-coding RNA Liz that occurs only during early preimplantation development [315,316]. The evolutionary cues that underlie the formation of the genomic imprint have been extensively

discussed [317]. One of the main hypotheses involves the concept of genetic conflicts and kindship theory of evolution [304,308,318,319]. This hypothesis is based on the tendency of paternal alleles to stimulate growth to improve the fitness of the offspring while maternal alleles tend to inhibit growth to reduce the cost of pregnancy. This creates an evolutionary tugof-war between paternal and maternal alleles with different selective pressures. Imprinted genes would hence have arisen from this parental genomic conflict as a parental specific gene dosage compensation mechanism.

Plants also independently acquired a form of genomic imprinting, likely by evolutionary convergence and shared analogy with mammalian imprinting [320,321]. In angiosperms, genomic imprinting can be found in the endosperm that participates in the nutrition of the embryo during early seed development [321][322][323][324]. The endosperm is analogous to the placenta and arises from the fertilization of the central cell by a second pollen sperm cell in a process known as "double fertilization". Despite the presence of three alleles within the same cells with the endosperm [START_REF] Gehring | DEMETER DNA glycosylase establishes MEDEA polycomb gene self-imprinting by allele-specific demethylation[END_REF]345]. Accordingly, the loss of maintenance DNMT enzyme, MET1, is also associated with loss of imprinting [344] at some loci. However, contrary to mammals, no ICRs have been described to date.

Histone posttranslational modifications (HPTMs) have a strong impact on the onset of imprinting in the placenta [312-314, 346, 347] and endosperm [321,328,348]. In plant endosperm, histone 3 lysine 27 trimethylation (H3K27me3) deposition is thought to be triggered by the maternal specific DNA hypo-methylation at specific loci [349]. This is particularly important for paternal specific expression (or maternal repression) of imprinted genes [327,328,348]. In mammals, sperm cells and oocytes differ in their HPTMs and the developmental dynamic of HPTMs differ between the paternal and maternal genomes. Numerous studies indeed suggest that HPTMs can be maternally or paternally inherited in mammals suggestive of parental epigenetic inheritance of the HPTMs code [306,350]. DNA methylation independent imprinting has been recently found in placental tissues [313,314,347]. This new type of imprinting is very transient in embryonic tissues and only conserved in the extra-embryonic tissues [314]. In intra-embryonic tissues, HPTMs seem to act in secondary events following the onset of imprinting by ICRs to allow the maintenance and the spatio-temporal fine tuning of the genomic imprint. Accordingly, the loss of H3K27me3 [346] and histone 3 lysine 9 methylation (H3K9me) [351] lead to loss of imprinting in some loci but not all, again in a lineage specific manner.

The increase in our understanding of trans (long range) and cis (short range) regulatory roles of long non coding RNAs (lncRNA) has led to the discovery that regulatory non-coding transcripts also intervene in the proper setting and maintenance of imprinted genes [START_REF] Kanduri | Long noncoding RNAs: Lessons from genomic imprinting[END_REF]352,353]. At imprinted regions, lncRNA can be used as a link between all the regulatory elements that have been involved in parental allelic imbalances, including HPTMs, transcription factors and DNMTs providing cis-specific and/or trans-specific fine tune regulation of a subset of genes [START_REF] Kanduri | Long noncoding RNAs: Lessons from genomic imprinting[END_REF]354]. Imprinted RNAs are examples of non-coding molecules with strong biological functions. Small non-coding RNAs are also involved in the imprinting process [355].

c. Stochastic allele specific expression of the chromosome X: mammalian X-chromosome inactivation (XCI)

In mammals, all X-linked genes also show allele specific expression. While males are hemizygotes, female cells inactivate one X-chromosome in a process known as X-chromosome inactivation (XCI) [356]. In early development, female cells epigenetically inactivate the paternal or maternal X-chromosome in a stochastic manner resulting in a paternal or maternal monoallelic expression of nearly all X-linked genes. In consequence all female tissues are mosaic in respect to the X-linked allelic imbalance (Figure 4.1.2). This process equilibrates Xchromosome's gene dosage between hemizygote males and females [357]. However, a subset of genes escapes the inactivation [358]. Reactivation of genes from the inactivated X-linked alleles and defects in XCI is associated with cancerogenesis [359,360] and efforts are made to understand the causality of this escaping phenomenon in light to tumorigenesis and cancer prognosis.

The inactivated X-chromosome is extensively covered by heterochromatin marks including histone posttranslational modifications (HPTMs) and DNA methylation [292,361] but also different histone variants like the histone macroH2A. It is also found in a condensed chromatin context with fewer topologically associating domains (TADs) than the active X-chromosome [260,362], in other words, genes of the inactivated chromosome X lost specific 3D contacts with other regions of the chromosomes. The XCI requires the lncRNAs XIST for its onset. XIST is exclusively expressed from the inactivated X-chromosome and it is found extensively coating the latter allowing its repression [363]. As typified for imprinted lncRNAs, numerous studies point out the role of XIST as a platform for diverse heterochromatin proteins allowing the proper spreading, 3D structure and maintenance of XCI [292,362,364,365]. The interaction of XIST with heterochromatin proteins like HNRNPU [366] allows its extension over the entire chromosome. XIST also recruits histone modifying proteins [365,367]. Multiple lines of evidences point that XCI is associated with the recruitment of the polycomb repressive complex PRC1 and PRC2 [260,368]. However, it is not clear whether XIST directly or indirectly interact with PRC1 and/or PRC2 and the exact mechanisms of this association are under investigation. . This sequesters the targeted Xchromosome into constitutive inactive states and represses the genes from the maternal or paternal allele accordingly (red and blue cells). This inactivation is stable and maintained in a XIST independent manner in the subsequent cellular division and differentiation programs.

Since the paternal and maternal alleles have equal chance to be inactivated, all tissues are expected mosaic with half cells expressing paternal X-linked alleles and the other half expressed maternal X-linked alleles. Each gene therefore shows a paternal/maternal ratio of 1/1 at the population level.

Autosomal random monoallelic expression (rMAE): 'clonal' and 'dynamic' changes of allelic imbalance

We saw that the genomic imprint is parental specific and occurs on a handful of gene clusters controlled by defined ICRs while X-chromosome inactivation is randomized but inactivates nearly all genes within the chromosome. Recent advances of next-generation sequencing revealed that MAE was not restricted to genomic imprint and XCI [372]. This new type of MAE takes place on non-sex-linked genes. In addition, alleles are expressed with no link to their parental origin. This 'randomized' or 'random' MAE on specific genes is named hereafter as 'rMAE'. Several cases of clustered genes undergoing rMAE have been reported but scattered 'widespread' rMAE can also be observed [291,372,373].

a. Non imprinted autosomal monoallelic expression at specific loci : gene and allelic exclusion

Several non-X linked gene loci, often encoding surface proteins, are showing monoallelic expression in a parent-of-origin independent and stochastic manner.

The olfactory receptor (OR) gene family contains thousands of different genes organized into clusters. However, each olfactory sensory neuron only expresses one olfactory gene and one allele of that gene [374,375]. This expression has profound developmental and structural importance within the olfactory epithelium and generates diversity in odor detection [291,376,377]. There are no preferences for the maternal or paternal alleles, however this choice is developmentally regulated and neurons expressing the same OR alleles tend to project axons in the same regions of the epithelium. The expression of a functional OR gene is required for its own exclusive expression and the maturation of olfactory neurons [291,375,377]. 

b. 'Clonal' rMAE: a lineage and mitotically stable phenomenon

Despite the few cases described above, the very first discoveries of widespread rMAE were obtained from the study of clonal populations of human and mouse cells using whole genome sequencing technologies including micro-array and next generation sequencing strategies. In both mouse [390] and human [372] lymphoblastic cells, rMAE was detected on up to 10% of genes demonstrating for the very first time that allelic imbalance at non-imprinted genes was more prevalent than previously thought. In mice fibroblast [390] as well as in human

[391] and mice neural stem cells [392,393], between 2 to 5% of genes show monoallelic expression. Two independent studies in mouse neuro-progenitor stem cells [394,395], also identified 2-3% of rMAE genes. In human embryonic stem cell lineages, between 8 and 14% of genes undergo rMAE or partial skewed expression [396]. Accordingly, estimations again showed that between 3% and 14% of genes show rMAE in mice lymphocytes, fibroblasts and neuroprogenitor stem cells [397]. In all experiments cited above, some genes showing rMAE in one clonal population do not necessarily show the same imbalance in other populations of clonal cells or cell types. However, imbalance was maintained over repeated cell passages which indicate that rMAE is mitotically stable [394] like the inactivation of the chromosome X and genomic imprint.

It is interesting that the differentiation of mESC into neuronal progenitor stem cells increased (>5fold) the amount of rMAE genes identified [395]. rMAE genes in neuro-progenitor cells are not biased in mESC and the same was showed for most genes upon neuralization of induced pluripotent stem cells (iPSCs) [391]. Interestingly, both the induction of iPSCs from neural stem cells and their subsequent commitment also revealed small amount de novo rMAE settings [391,398] The following of clonal populations of iPSC in early and late passage showed strong similarity in rMAE between successive cell divisions but with some cases of reverting rMAE genes (i.e genes loosing or gaining monoallelic expression upon cell passages [398]). This is indicative that both 'stable' and 'unstable' rMAE do occur in vitro upon cell division. Given the hypothesis that rMAE is indeed sensitive to external or developmental cues it is a remote possibility that in vitro populations artificially enhance the amount of 'stable' rMAE since cells are monoclonal and experience the same environment at the same time. On the other side, single cell experiments are more sensitive to catching noises of spontaneous bursts of transcription, especially from freshly isolated cells compared to population RNA-seq experiments that average all imbalances.

In conclusion, both stable and mitotically unstable monoallelic expression occurs: single cell experiments likely underestimate stable monoallelic expression while population levels studies are biased toward genes with an average picture of monoallelic expression.

e. Evolutionary and mechanistic forces driving rMAE

The mechanisms of regulation and onset of random widespread monoallelic expression remain elusive. The 'stable' clonal rMAE observed in clonal populations of cells, mainly maintained upon cellular division suggest that epigenetic information could underlie the maintenance and the dynamics of allelic choices independently to changes in the genetic information per se at the population level. However, the single cell inconsistency of rMAE rather suggests stochastic transcriptional bursting. In human lymphoblast cells, the repressive H3K27me3 and activating H3K36me3 histone marks associate with rMAE [397,409]. This dual marking is a good predictors of rMAE for other tissues even if rMAE genes differ [397,409,410],

this strongly suggest that this regulatory pathway is inherent of the scattered monoallelic expression. In addition, the study of mice neuro-progenitor stem cells showed that H3K27me3 as well as H3K36me3 and H3K4me2/3 associates with the repressed/activated allele respectively [394]. Moreover, ATAC-Seq experiments in the very same NPCs lines revealed that the promoter of monoallelic genes correlate with the presence of random monoallelically accessible (RAMA) elements [START_REF] Xu | Landscape of monoallelic DNA accessibility in mouse embryonic stem cells and neural progenitor cells[END_REF]. RAMA are monoallelic sites of DNA accessibility and are faithfully inherited upon mitotic division. Importantly, at promoters, DNA accessibility was observed at the expressed alleles rather than the repressed alleles (Figure [398]. It is also interesting to see that all dynamics are observed with genes gaining/loosing imbalance at each step of iPSCs induction and differentiation while in comparisons X-linked genes were more stable. This indicates that specific flickering regulatory events occur on genes showing randomized monoallelic expression during iPSCs induction and re-differentiation. Both studies [START_REF] Xu | Landscape of monoallelic DNA accessibility in mouse embryonic stem cells and neural progenitor cells[END_REF]398], elegantly provide insights into the dynamics of epigenetic marks associated with the setting of rMAE (Figure 4.1.3e left and right panels). In mouse embryonic fibroblast, allele specific imbalances in H3K4me3 also predict allele specific expression [396]. In human neuronal stem cells clones, rMAE genes are enriched for the H3K27me3 and DNA methylation marking but are less enriched for the activating H3K4me2/3 and H3K9Ac [391]. In addition, in human embryonic stem cells, allelic bias correlates with allele specific higher order chromatin organization and DNA methylation [396] further anchoring epigenetic imbalance and allele specific expression. However, we see that each study detected different epigenetic marks associated with rMAE. This can be due to bona fide difference in fine tune regulation of random monoallelic expression or technical differences in the methodology used to call imbalanced genes from pooled population of cells. In addition, rather than being a cause of MAE, it is noteworthy that the association of rMAE genes with repressive marks may simply reflect their expression levels. The direct and causative role of HPTMs, RAMA and DNA methylation on the regulation of rMAE remain to be proven. Neither the impairment of H3K27me3 nor the loss of DNA methylation seems to affect monoallelic expression in mice NPCs [394,406]. Moreover, all experiments performed above identified associations within populations of genetically identical clonal cells and therefore only represent an average picture of allele specific epigenetic marks and no single cell resolution of allelic epigenetic skewing.

Studies also pointed the role of cis-regulatory genomic variations coupled with imbalanced allele-specific epigenetic marks, in the control of allele-specific transcriptional effects. The human GTEX consortium established that most of tissue specific allele specific expression correlates with cis-eQTL [411]. Interestingly, in human embryonic stem cells lineages, not only haplotype-specific epigenetic marking is widespread and not restricted to imprinted genes but both allele specific enhancer contact and enhancer epigenetic skewing correlates with allele expression bias [396]. This strongly suggests a complex overlay of interacting genetic and epigenetic regulatory elements at rMAE genes.

Random monoallelic expression may create mosaicism in respect of cell-to-cell interactions.

However, its dynamic nature and developmental regulations, as demonstrated in clonal populations and single-cell experiments questions its relevance in respect to the cell biology.

The role of stable rMAE has never been demonstrated. One of the effects of diploidy is the buffering of deleterious effect of loss of function mutations. Stochastic monoallelic expression may give the opportunity to somatically purge detrimental variants in a diploid background.

Since allele specific expression of genes may be relevant only during a short developmental time window, stable rMAE may reflect clonal selection of the fittest stem cells at a given time point, a selection which can be independent of the function of the rMAE genes themselves. Dynamic rMAE could be the result of absence of acting selective forces for that peculiar imbalance in the given cell type allowing considerable flickering of allelic expression without obvious phenotypic effects. Allelic effects might be of high importance in the brain. It was demonstrated that cells could expressed a mutated allele in a monoallelic fashion [401] and create a bottleneck during brain maturation or stem cells differentiation. We can see that this could (eventually) lead to mosaicism of functional importance [400,401]. Accordingly, rMAE genes are deprived from deleterious alleles in mammal's brain [410,412]. The APP gene associated with Alzheimer disease is known to undergo rMAE [372,394,395]. It is a remote possibility that disease susceptibility may come from the (stochastic or not) clonal selection of unfavorable APP alleles in the mosaic brain. In that regards, Works by XU and colleagues in neuronal stem cells [START_REF] Xu | Landscape of monoallelic DNA accessibility in mouse embryonic stem cells and neural progenitor cells[END_REF] also suggested that RAMA establishment doesn't occur necessarily randomly at some genes reminiscent of clonal selection or imprinted like skewed onset (Figure 4.1.3e right panel).

Interestingly, rMAE genes found in human lymphoblast and mice cells are enriched for genes undergoing balancing selection indicating that allelic diversity is specifically maintained on rMAE genes [412]. In addition, the very same rMAE genes tend to have higher expression variations between cells than BAE genes in light with associations with expression variability quantitative trait loci evQTLs [410] a probable reflection of cell to cell inconsistency of rMAE observed in single cell experiments. Maintaining genetic diversity and at the same time reducing this diversity by allelic exclusion and enhanced expression variation between cells may seem counterintuitive. This might reflect a peculiar evolutionary trade-off between the risk to express unfavorable alleles and the need for high cell-to-cell heterogeneity. In embryonic stem cells, rMAE is not set and alleles are marked by both inactivating and activating histone marks. Left panel shows the mechanism suggested by [START_REF] Xu | Landscape of monoallelic DNA accessibility in mouse embryonic stem cells and neural progenitor cells[END_REF]. In ESC cells, both alleles are marked by H3K27me3 and H3K4me3. There is no difference in allelic chromatin accessibility in cis. Chromatin is accessible on both alleles and biallelic expression is expected.

During differentiation, one allele acquired a closed chromatin state and maintained repressed epigenetic marks resulting in monoallelic expression. Right panel: From biallelic expressed ESCs, stochastic monoallelic expression is set in more differentiated cells. This monoallelic expression is preserved and lead to mosaic tissues. This process resembles X-chromosome inactivation. For some loci one of the parental allele can be favored compared to the other in imprinting-like manner (although there is no parental specific inheritance of specific marks for rMAE genes) or clonal selection might remove cells with non-functional alleles. This can lead to tissues with only one allele being more expressed than the other f.

Homoeologous gene expression bias

The term 'homoeologs' is analogous to 'homologous' and is used to denote copies of genes in a polyploid organism. Homoeolog pairs can arise through hybridization and polyploidization.

Polyploidy is widespread in plants and hybrids are commonly used as crops [413]. The mechanisms of hybridization and polyploidization are reviewed elsewhere and are not the subject of this section [413,414]. It has been reported that whole genome duplication and the formation of hybrid organisms generate differences of mRNA levels in the form of allelic imbalances [415] (referred to HEB -homoeologous expression bias). It is important to note here that the definition of HEB includes both absolute/monoallelic and partial allelic imbalance.

Several studies demonstrated that HEB was tissue specific as in the tetraploids Gossypium hirsutum (cotton) [416], Coffea [417] and Tragopogon mirus [418]. RNA-seq experiments in Arabidopsis lyrata-thaliana hybrids [419,420] showed that between 5 to 7% of genes have allelic imbalance in a tissue-specific manner. Upon cold and dehydration stress induction in lyrata-thaliana and halleri-thaliana between 10 and 14% of genes showed HEB in at least one condition and one hybrid. Very little change in bias could be directly attributed to the differential growth conditions per se however [420]. Both studies nonetheless found some subgenome expression bias dominance for some genes involved in stress responses suggesting that some levels of HEB are the consequence of species-specific parental adaptations participating in the hybrid fitness [420]. Interestingly, directional HEB was associated with the inheritance of parental histone posttranslational modification in cis. For example, A. thaliana alleles marked by the repressive H3K27me3 were less expressed than their cognate lyrata copy in the hybrid. And Because both genomes (d) and (e) evolved independently, the differential allelic expression in the hybrid consequently might reflect parental specific gene regulation in respect to environmental cues or hybrid specific biological innovations and adaptations. This is likely a process that is happening in the diatom Fistulifera solaris in which lipid synthesis and lipid degradation associated genes are imbalanced toward one of the sub-genome specifically [START_REF] Nomaguchi | Homoeolog expression bias in allopolyploid oleaginous marine diatom Fistulifera solaris[END_REF]421]. The diatom Fragilariopsis cylindrus is not a known hybrid but contains divergent alleles undergoing positive selection and with transcriptional imbalance [START_REF] Mock | Evolutionary genomics of the cold-adapted diatom Fragilariopsis cylindrus[END_REF] . The origin of the divergent alleles is unknown in Fragilariopsis but could be a case of HEB differential expression.

g. rMAE in single celled microalgae

Random monoallelic expression in single celled organisms is not extensively reported. In yeast, a study on Saccharomyces cerevisiae-Saccharomyces uvarum hybrids monitored variations in allelic expression in response to heat stress. In this case, most alleles are expressed at similar levels in hybrids and only small subsets of genes are showing differential allelic imbalances. Some differentially expressed alleles nonetheless encode proteins known to be involved in the response to temperature challenges [422]. This suggests that the effect of allele specific cis-regulation in yeast is not as strong as reported in other eukaryotes. Accordingly, several studies pointed toward low levels of allelic imbalance in other yeast hybrids due to compensatory translational effects [423,424]. In Candida albicans, which is a not an hybrid, a study combined ribosome profiling and RNA sequencing strategies to decipher the different levels of allelic imbalances [425] and showed contrasting data. It was demonstrated that indeed, allelic imbalances were mostly compensated but bona fide imbalanced were more abundant than previously thought. The number of allelic imbalanced genes was nonetheless low (4.2%).

In diatoms, homoeologous gene expression bias (HEB) was recently described in the allodiploid and highly oleaginous diatom Fistulifera solaris [START_REF] Nomaguchi | Homoeolog expression bias in allopolyploid oleaginous marine diatom Fistulifera solaris[END_REF]421]. In this naturally occurring hybrid species, HEB is widespread with 61% of homoeologous genes with differential expression (expressed allele ratios > 2). HEB is stable in contrasting culture environments, as previously shown in Arabidopsis hybrids [420]. Nevertheless, during the process of oil accumulation, HEB followed logic of sub-genome preference dependent on the sub-metabolic pathways studied.

For examples lipid synthesis and degradations have opposite genomic-origin expression. This is in line with the hypothesis of hybrid adaptation and in this peculiar case oil accumulation.

However, parental genomes are unknown (and or parental species are extinct) which render physiological and mRNA levels comparison between hybrids and 'parents' impossible compared to experiments performed on plants. Mock et al. [39] recently described widespread rMAE in the cold adapted Fragilariopsis cylindrus species. Fragilariopsis cylindrus shows a peculiar genome architecture compared to other diatoms. Notably, 24% of genes are present in the form of two highly divergent alleles. Upon application of a wide variety of environmental cues, about 66% of those genes showed allelic imbalance in at least one experiment strongly suggesting that allelic imbalance results from species adaptation to new environments. Divergent alleles that showed the highest changes in allelic ratios upon abiotic stresses were shown to be under positive selection, further suggesting that allelic expression imbalance was associated with the underlying cis-variations in adaptation to new environments. Imbalanced alleles are widespread in the genome and do not form clusters. This is reminiscent of the definition of rMAE genes.

However, recent re-assembly of Fragilariopsis cylindrus genome highlighted the presence of a third genome copy, questioning the diploid nature of Fragilariopsis (unpublished -MDL meeting, Norwich July 2019). Preliminary analysis indeed showed that Fragilariopsis contains regions with a 2:1 genomic ratio. In other words and intriguingly, one of the haplotype is duplicated. In any cases, the extra copy of one allele compared to the other might have been wrongly interpreted as allelic imbalance and whether monoallelic expression in Fragilariopsis refers to bona fide rMAE is debatable.

Problematics

Monoallelic expression refers to diverse phenomenon that range from parental imprinting, homoeologous expression, X-chromosome inactivation or random scattered regulated or stochastic monoallelic expression. In diatoms, there is growing evidences for allele specific Moreover, this is the only diatoms for which a comprehensive epigenetic landscape has been drawn [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. Phaeodactylum tricornutum is not producing sexual stages and show no other physiological characteristics of sexual reproduction as observed in other diatoms, despite having the genetic material to do so [START_REF] Rastogi | A genomics approach reveals the global genetic polymorphism, structure and functional diversity of ten accessions of the marine model diatom Phaeodactylum tricornutum[END_REF] Phaeodactylum hence propagates asexually in vitro and does not likely show any imprint or sex linked monoallelic expression. Recent works nonetheless highlighted genomic divergence between several accessions of Phaeodactylum tricornutum and provided extensive maps of polymorphic sites and haplotypes in the currently available

Phaeodactylum lines [START_REF] Rastogi | A genomics approach reveals the global genetic polymorphism, structure and functional diversity of ten accessions of the marine model diatom Phaeodactylum tricornutum[END_REF]. This study noteworthy demonstrated that Phaeodactylum populations are highly heterozygous lineages that likely arose from ancient population admixing. This provides for the very first time the opportunity to explore allelic expression variations within and between Phaeodactylum ecotypes.

Using four different monoclonal but polymorphic populations of Phaeodactylum tricornutum ecotypes we therefore aim to provide a meaning full insight into monoallelic expression in this species as well as possible epigenetic mechanisms underlying its maintenance.

Results

: discovery and overview of monoallelic expression in Phaeodactylum tricornutum

Methodological considerations

In order to detect monoallelic expression in Phaeodactylum tricornutum, we made use of available genomic and transcriptomic data generated for the study of the genetic diversity in

Phaeodactylum populations [START_REF] Rastogi | A genomics approach reveals the global genetic polymorphism, structure and functional diversity of ten accessions of the marine model diatom Phaeodactylum tricornutum[END_REF]. This preliminary analysis was performed by Dr. Achal Rastogi, a former PhD student in our laboratory. In an analysis he made to explore the correlation of transcripts in different ecotypes to their respective ecological niches, he revealed the existence of allele specific expression based on the existing single nucleotide polymorphism among the analyzed ecotypes. As said, this led to the finding that Phaeodactylum tricornutum populations had various levels of admixing. Notably, the Pt1, Pt2, Pt3 and Pt9 lines are related (they share the most genetic diversity compared to the other ecotypes). In Pt1 the levels of heterozygosity that diverged from the Hardy Weinberg equilibrium is high. This led to the primary hypothesis that allele effect could take place in asexual P. tricornutum populations, with potential adaptive purposes. Because RNA seq reads could now be aligned on the reference genomes taking into consideration polymorphic sites, we isolated allele specific read counts and asked for genes with differential expression bias in four accessions of Phaeodactylum tricornutum, namely, the Pt1.86 (reference genome), Pt3ov, the Pt8tc and the Ptcr that also show different morphologies (see also chapter I of this manuscript). In this manuscript, we only considered single nucleotide variations (SNP). We quantified allelic imbalance as the percentage difference in read count between two alleles of a given SNP with the following formula: %allelic imbalance = (reads allele 1 -reads allele 2)/(total read count). In other words, a difference in allelic imbalance of 100% means that one allele is not expressed. A difference of 0% is a 1 for 1 ratio (1:1,) 20% is equivalent of a 3:2 ratio, 50% is equivalent of having three times more of a given allele compared to the other (3:1), a difference of 60% means that one allele is 4 times more expressed than the other (4:1). . We only considered SNPs with at least 10 reads coverage.

Moreover, when several polymorphisms can be detected in a given transcript, all SNPs should give concordant bias in expression. This is to remove probable allele specific splicing effects or alternative allele specific transcription start sites along the gene. Finally, since Phaeodactylum tricornutum is diploid we reasoned that any bias in genomic frequency for a given SNPs would reflect gene (polymorphism) duplication events or random sampling and sequencing errors. We therefore removed any genes with one or more SNP with spurious gDNA bias deviating from the 1:1 -3:2 ratios. Finally, we removed sites with polymorphisms generating a non-sense variant to avoid taking genes in which allelic imbalance can simply be explained by the fact that it is not functional.

Monoallelic expression is scarce in Phaeodactylum tricornutum

In total: 144, 133, 71 and 75 genes have monoallelic gene expression in the Pt1.86, Pt8Tc, PT3Ov and PTcr using a threshold of 60% in %difference of allelic frequency. Monoallelic expression is therefore scarcely detected. Moreover, it was not shared between ecotypes (Figure 4.2.1a). This is mostly due to the absence of a corresponding polymorphism in the other lines (data not shown). This was not necessarily unexpected since ecotypes are genetically isolated and can have environmental specific selective pressures [START_REF] De Martino | Genetic and phenotypic characterization of Phaeodactylum tricornutum (Bacillariophyceae) accessions[END_REF]. This suggests that gain of monoallelic expression might be linked to gain of specific polymorphisms in each ecotype. Given the absence of a clear common biological role of mono-allelic genes in Phaeodactylum tricornutum and within each ecotype, we did not further investigate the correlation between ASE and the function of the genes that show allelic imbalance. However, this question deserves careful future consideration and manual screening of the genes and their predicted function might lead to some interesting correlations and suggestions to what role ASE might play in P. tricornutum. Important questions remain to be asked in the Pt1.86 which is the reference strain extensively used in laboratories over the world compared to the remaining ecotypes including the triradiate, oval and cruciform relatives. This is also the reference strain for which most of genomics, epigenomics and transcriptomics data that we and others have generated. We therefore chose to focus our efforts in characterizing general trends of allelic imbalance in the reference strain Pt1.86 

Monoallelic expression in the reference strain Pt1.86

Pt1.86 shows a very low amount of monoallelic gene expression as his cognate ecotypes, so we wish to refine our analysis looking for broader, less stringent differences in allelic imbalances. We therefore set up 3 thresholds. Genes with low allelic imbalance (<20% difference in allelic expression) were called as 'biallelic expressed genes' (BAE). Genes with 20%

to 60% allelic differences were called as 'allele specific expressed' (ASE We then asked whether within Pt186, MAE genes were more enriched for a given biological process compared to ASE and BAE genes. This analysis showed that no significant enrichment could be seen confirming our primary analysis of MAE in ecotypes (Figure S1a andb). There was not a clear meaningful enrichment of a given function for MAE genes despite the minor enrichment in genes involved in ion transports.

We extracted the RPKM of genes from ASE, BAE and MAE categories from the RNAseq experiments that were used to call differences in allelic imbalance in Pt1.86. Monoallelic genes are less expressed than the BAE/ASE genes (Figure 4.2.2b). ASE and BAE genes seem to have similar expression levels. We then asked whether we could relate this with known epigenetic marks generated in [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. Accordingly, monoallelic genes seem to be more associated with a repressive epigenetic landscape than ASE and BAE genes that are more expressed. However, a substantial amount of MAE genes are marked by active marks alone (40%) (Figure 4.2.2c). Our in silico analysis predicted a very low amount of monoallelic genes but identified a substantial amount (50%) of genes with allele specific expression which would suggest that, although nearly complete bias is scarce per se, there is a high jittering of allelic expression on its own right. In order to know if our allele expression bias was solely observed due to random effects (as transcriptional bursting) or due to the stochastic sampling of lowly expressed SNPs, we wish to experimentally measure relative allelic expression on manually picked MAE, BAE and ASE genes using a pyrosequencing approach (see Material and Methods). When several polymorphisms are present in a given gene, we tried (whenever possible) to monitor most of the SNPs on the same sequencing reads. We also averaged %allelic differences between multiple SNPs of a given gene. In total, we tested 11 ASE genes, 13 BAE genes and 21 MAE genes. From the 21 MAE genes, 5 were called using a lower threshold of coverage from an earlier preliminary analysis ('MAE-low') (table S1). We also monitored the %allelic difference on gDNA for the same SNPs and using the same primer couples to take into account both technical variations (PCR bias) and possible duplication events not cached by illumina sequencing. The list of MAE genes tested and the number of biological replicates performed on both cDNA and gDNA can be found in table S1. [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in Phaeodactylum tricornutum[END_REF]. H3K9me2 and H3K9me3 were compiled as they are found at the same genomic positions in the genomes. Genes marked by the different histone marks were taken from [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF]. Centre -arbitrary schematic representation of the presence vs absence of repressive vs activating marks within each combination. Red combinations have more repressive marks than activating marks.

Right -MAE genes are more represented in genomic regions with all three repressive marks.

BAE genes have an average of 12, 5% in allele expression bias in the genomic DNA with a median at 14, 9 and the third quartile at 22,5% (Figure 4.2.3a). This fits our expected 1:1 to 3:2 ratios for heterozygotes alleles. In cDNA, BAE genes have an average of 18,75% allelic bias. The median is at 16,3 % and the third quartile is at 24,9%. This is higher than expected ratios for biallelic genes, but this distribution does not differ from the gDNA distribution for the same SNPs (Student test). ASE genes have a gDNA fitting the expected ratios. However, its distribution show that half of the 11 tested genes have bona fide biallelic expression (Figure 4.2.3a, table S1). When comparing cDNA and gDNA bias between SNPs, we could argue that more ASE genes show biallelic expression (table S1). In conclusion we could not confirm that 'ASE' variations are consistent upon experimental validation. On the other hand, one gene with an expected 75% of bias is a bona fide monoallelic gene given our thresholds. To us it is a clear indication that genes with medium bias of expression are dynamics and that considering our RNA seq experiment as a definitive quantification is not straightforward. This also correlates with the chromatin pattern at ASE genes that resemble more actively transcribed biallelically expressed genes. The median of differential allelic expression for MAE genes is above 85%. However, two genes have biallelic expression and are therefore false positives. Using a lower threshold of allelic covering gave more contrasted results. This is showed for 'MAE-low' genes that tended to be less biased than the gene. We therefore make the hypothesis that 5'-3' cis specific effects might be responsible for this discrepancy. Using available RNA-seq data for an H3K27me3 defective mutant (Zhao et al., Submitted), we further investigated the relationship between allele specific expression and histone posttranslational modifications. As a result, none of the genes presented in this manuscript showed changes in either total expression or allele specific expression upon loss of H3K27me3 (data not shown). This is a strong indication that H3K27me3 alone is not directly involved in the control of fixed allelic imbalances. S1. b. as for a. but for Phatr3_J37136. .

Discussion

On the discovery and function of monoallelic expression in Phaeodactylum tricornutum

The wealth of extensive RNA-seq data generated for different purposes in Phaeodactylum tricornutum as well as important levels of heterozygous polymorphic sites differentiating ecotypes of Phaeodactylum was a first approach to tackle allele specific effects in diatoms in general. At first, we were asking whether allele specific expression patterns could dissociate ecotypes. As a result, we observed that, although definitively detected both at the whole genome level and at the single gene level, monoallelic expression was very scarce. These monoallelic expressions affect genes in all chromosomes. This clearly resembles random monoallelic expression as observed in various cell types in mammals. However, the polymorphisms identified in our study are not very informative of any functional divergence.

This must be determined case by case. Alternatively, we could refine our gene ontology analysis using an enriched database [427]. In conclusion, we cannot support the original hypothesis that allele effects are strong in diatoms but rather that it stably affect a small subset of genes. This is clearly to put in perspective to what is seen in Fragilariopsis cylindrus and Fistulifera solaris [START_REF] Mock | Evolutionary genomics of the cold-adapted diatom Fragilariopsis cylindrus[END_REF][START_REF] Nomaguchi | Homoeolog expression bias in allopolyploid oleaginous marine diatom Fistulifera solaris[END_REF].

The low number of MAE genes observed in our study must also be put in the perspective that we were studying clonal populations of cells grown in artificial water with standardized and 'optimized' nutrient. Our cells have adapted to laboratory conditions for years. We could argue, that if any allele specific effects happen in diatoms, this must be studied in changing environments. Cell specific variation in allele expression is averaged in our experiments and we might have simply identified long time 'fixed' allele specific expression, although the reasons why those genes in particular is not known. This is probably the same conundrum as of the 'dynamic' MAE observed at the single cell levels and the 'stable' MAE observed in clonal populations of cells. The 'ASE' genes that we could not confirm experimentally could be a typical example of this phenomena. In mammals, rMAE is dependent on the cell type and developmental timing (see section 4.1.2b of this manuscript). In diatoms, we expect changes (either acquisition or loss) in allele specific expression due to external cues. The latter has been under looked in the past and we strongly recommend that RNAseq experiments should be reassessed and re-interpreted in that regards.

The independent findings of common MAE genes in mESC were key to demonstrate that allelic effects exist at non-imprinted genes in mammals [394,395] . As a consequence, we could refine our in silico analysis by analyzing new RNA sequencing of the reference Pt1.86 and comparing monoallelic calls. For this, we can use our sub cloned populations of Pt1.86. 'ASE' genes would probably be 'experiment' and clonal specific. Allelic effect should be studied when it is consistently observed and or when comparing different cultured conditions.

Single cell experiments demonstrated that allelic bias can occur by transcriptional bursting [293]. We thought about doing single cell RNA sequencing in Phaeodactylum tricornutum. However, this would have required a full de novo set up of a sequencing protocol for a diatom. In addition, the technologies available at that time were restricted to the sequencing of the extreme 3'-5' region of transcript [428] in which very little of our SNPs were falling. We could revive this idea using new tools as described in [429] (for review see also [430])

Technical consideration: calling polymorphisms and haplotypes.

In our strategy, although we could detect polymorphisms and quantified their allelic imbalances with more or less efficiency, we could never establish haplotypes. This comes from the nature of our sequencing. Illumina reads are around 150bp in our strategy. This can be even less after trimming. Pair-ends are important for mapping purposes, however, when it comes to polymorphisms; phasing alleles remain challenging. Unless both polymorphisms were sequenced in both paired reads, we cannot associate with certainty two or more SNPs. This become even more challenging the more distant the polymorphisms are. In the data presented in this manuscript, several SNPs are separated by more than 1kb. It is hence impossible to tell whether monoallelic expression was observed all along a single mRNA, or if they were present on two different transcripts of the same gene. The third generation of sequencing is a promising tool for that regards since it generates long reads (we could cite PacBio sequencing and the Oxford Nanopore Technologies and more recently the Sequel II system which combines the PacBio read length and the accuracy of illumina reads [431,432]. The Pac Bio technology has been used in the diatom Fragilariopsis cylindrus. In this paper they combined SANGER sequencing and PacBio to generate a comprehensive assembly and identified with confidence divergent alleles and haplotypes. This is of high interest since alleles are now annotated as bona fide transcripts; they can be directly quantified by classical illumina sequencing to give haplotype specific expression patterns. It can also help to resolve issues of close paralogues being misinterpreted as alleles. Strikingly, each allele can be associated with its cis-regulatory sequences, which we could not do. In that regards, we cannot directly infer transcription factor binding divergence or promoter region divergence mechanisms behind monoallelic expression in Phaeodactylum compared to Fragilariopsis cylindrus and Fistulifera solaris. It is to be considered that a new Phaeodactylum assembly should be generated using a third generation sequencing strategy. This will greatly improve our understanding of the alleles present in P.

tricornutum populations.

On the control of monoallelic expression in Phaeodactylum tricornutum

As mentioned, our data do not support a direct role for H3K27me3 in the control of monoallelic expression, which confirm previous observations in mESC [394]. Our MAE genes have low expression so it is a remote possibility that their marking is not causal, but rather a consequence, of low polymerase activity.

Our observed allele specific H3K27me3 cannot be interpreted as a spreading of epigenetic marks from cis regulatory elements per se, as in our examples: the gene J49883 seems to be marked on its own rights while J47694 is surrounded by two transposable elements (known to be extensive targets of H3K27me3 and DNA methylation in Phaeodactylum [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF]) (Figure S2). Moreover, we cannot infer the allele specific positioning of the transposons. That doesn't prove that a given gene is indeed not controlled by epigenetic mechanisms. Allele specific epigenetic marking in Phaeodactylum must be interpreted at the genome wide scale.

Since epigenetic marks are intervening at MAE genes (Figure S2), it is possible that the epigenetic control is functionally redundant. One and very noticeable observation is that the 9 MAE genes are overexpressed in our DNMT5:KOs. They are parts of the regions that show global upregulation of TEs in our mutants. In that regards, we are currently investigating changes in allelic imbalance in our newly defined 5mC defective DNMT5:KOs.

Perspectives:

Our study is the first experimental validation of monoallelic expression in diatoms. Our plan is to use this study as a proof of concept for further characterization. We have showed that some MAE genes are in a very interesting genomic context that interconnects transposable elements and the epigenetic machinery of Phaeodactylum tricornutum. It is nevertheless clearly possible that their monoallelic output is a characteristic feature of this connection, although it is probably loci specific. Since our primary focus is epigenetic regulations, we will investigate some of those loci in light with the functional characterization of new mutants lines (like DNMT5:KOs, Ezh:KOs…) and use them to study the redundancy of the epigenetic machinery in diatoms. Number are percentage of genes. Around 30% of genes (in grey) have exclusive GO.

We could not draw any functional conclusion from those. b. Exclusive GO found for monoallelic genes in Pt1.86. Numbers represent % of genes. 

Table S1a and b -Monoallelic genes validated by pyrosequencing

Tables that resume the polymorphisms we used in this study for monoallelic genes. The chromosomal positions of the SNPs are showed. We also included the effect of the polymorphism in respect to coding regions. For each SNP we indicate the number % of allele frequency we detected by pyrosequencing in each biological replicate for gDNA and cDNA. GOs were extracted from our analysis presented in Figure S1.

Table S2 -Monoallelic genes validated by H3K27me3 ChIP-pyrosequencing

Table that resume the polymorphisms we used in this study for H3K27me3 specific marking. All genes are marked by H3K27me3 in Pt1.86. This marking is hence, allele specific

General conclusion

Given the peculiar evolutionary origins of diatoms and their contribution to earth global ecology much efforts have been made to understand their biology and physiology. In addition, it conditions and epigenetic regulations. In the last part of this manuscript, we showed that allele specific expression does occur in the model Phaeodactylum tricornutum. We have selected a subset of monoallelic expressed genes and demonstrated that this expression was stable upon clonal propagation and mitotic division. We found that incomplete allele effects were more dynamic fitting the hypothesis that they are environmental specific. Importantly, we showed that a subset of stable monoallelic genes had allele specific marking in H3K27me3. This highlights that allele specific expression patterns correlate allele specific epigenetic marking in diatoms. We did not found however that H3K27me3 was causative of monoallelic expression.

We suggest that monoallelic gene expression is a complex trait that requires the interplay of intervening epigenetic actors in diatoms.

To conclude, our pioneering work provided a new DNMT phylogeny focused on microalgae lineages. Using this phylogeny, we isolated an interesting gene family named DNMT5a and experimentally established that it was likely an active methyltransferase in diatoms. In addition, we described allele specific effects in diatoms and pointed to their possible epigenetic related dependencies.

General perspectives

Our combinatory study of in silico analysis and experimental work on DNMT5a and allele specific expression can be used as a reference to study the other DNMTs found in diatoms. We are currently investigating the role of the Phaeodactylum tricornutum DNMT3 enzyme that we found with contrasted conservation in other SAR species. The function of the DNMT6 which is, widespread in micro eukaryotes, can also be investigated using our model diatom. Our Les diatomées sont des algues brunes unicellulaires de la lignée stramenopile. Les diatomées sont parmi les eucaryotes les plus divers et constituent un groupe majeur du phytoplancton. La méthylation du carbone 5 de la cytosine est une marque épigénétique impliquée dans la répression des éléments transposables, l'établissement et le maintien de l'empreinte génomique et l'inactivation du chromosome X chez les mammifères. Cette thèse fournit une description approfondie des machineries moléculaire de la méthylation de l'ADN dans les différentes lignées de Stramenopile-Alevolates-Rhizaria. Nous démontrons également pour la première fois que l'enzyme DNMT5 est nécessaire à la propagation des profils de méthylation de l'ADN et à la répression des éléments transposables dans la diatomée modèle Phaeodactylum tricornutum. Les progrès récents dans les technologies de séquençage à haut débit ont révélé que les effets alléliques sont plus répandus qu'on ne le pensait auparavant chez les organismes diploïdes. Ici, nous rapportons formellement l'expression monoallélique chez Phaeodactylum tricornutum, son étendue et les mécanismes de contrôle épigénétiques potentiellement impliqués dans son maintien. Ce manuscrit contribue à l'émergence de Phaeodactylum tricornutum en tant qu'espèce modèle pour l'étude des mécanismes épigénétiques chez les eucaryotes.

  atlantica (by David Mann) SEM -Actinocyclus (by David Mann) SEM -Thalassiosirale species (from 'Recent progress in diatom genomics and epigenomics' Tirichine et al. 2017 -Current opinion in Plant biology
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 41 Phaeodactylum tricornutum: a peculiar diatom Phaeodactylum tricornutum 'bohlin' is a diploid temperate marine costal pennate diatom first described by K. Bohlin in 1897, as a 'tricorne' shaped plankton (Figure 1.4.1). It is the only known species of the Phaeodactylum genus. It is mainly found in rock pools around the world's coastal area. It is not particularly abundant per se. Phaeodactylum tricornutum is

Figure 1 . 4 .

 14 Figure 1.4.2a-The co-occurrence of epigenetic modifications on genes in Phaeodactylum tricornutum Number of genes marked by each epigenetic mark and within each combination of the epigenetic marks in the reference strain of Phaeodactylum tricornutum. The expression

  bioinformatics and computational tools to interrogate the biggest unicellular phytoplankton transcriptomic databases (TARA Oceans and MMETSP databases). The diversity of DNA methyltransferases in eukaryotes can shed light into our understanding of the evolution of DNA methylation in eukaryotes. Chapter 3 reports the first characterization of 5mC DNA methyltransferase (DNMT5) defective lines in the diatom species Phaeodactylum tricornutum, providing at the same time the first known 5mC DNA methylation mutant in a Chromalveolata genome. Allelic specific effects have been extensively found in the context of mammalian and plant developments. However, allelic expression bias effects have been under looked in diatoms. In Fistulifera solaris, allele specific expression likely results in the hybridization of two divergent ancestral genomes while Fragilariopsis cylindrus alleles can show strong expression variations dependent of the environmental conditions. Because allele specific expression can lead to cell to cell heterogeneity, the understanding of global patterns of allelic bias in diatoms can shed lights into the innate dynamics of transcription in phytoplankton. Motivated by the accessibility of Phaeodactylum tricornutum genetic variations in various ecotypes, we monitored the extent of allele specific expression bias in 4 different P. tricornutum monoclonal lines. Several studies report that DNA methylation affects various forms of allele specific expression (ASE) in mammals and flowering plants[START_REF] Sanmiguel | DNA methylation dynamics of genomic imprinting in mouse development[END_REF][START_REF] Gehring | DEMETER DNA glycosylase establishes MEDEA polycomb gene self-imprinting by allele-specific demethylation[END_REF]. Chapter 4 reports the characterization of ASE which we have evidenced in Phaeodactylum tricornutum and draw perspectives based on the available resources generated in our laboratory and elsewhere to study the probable underlying (epi) mechanisms controlling or propagating allele specific expression in diatoms.

  at the carbon C6 by the Cysteine of motif IV. The methyl group of adenosyl-L-methionine (SAM) is then transferred to the C5 releasing S-Adenosyl-l-homocysteine and the DNMT enzyme (Figure 2.1.1 -upper panel). DNMTs can be very variable outside the conserved motifs, which can give fine tune differences in the catalytic activity and the recognition of different cytosine contexts. 5mC can be mainly found at CG dinucleotides (CG methylation) and CHG and CHH context in which H is any base but G (non-CG methylation).
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 211 Figure 2.1.1 -Structure of DNMT domains and biochemistry of DNA methylation
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 212 Figure 2.1.2 -Diversity of DNA methylation patterns and DNA methyltransferases in the eukaryotic tree of life

  We saw that TEs are major targets of DNA methylation in numerous eukaryote lineages including dinoflagellates and diatoms anchoring these features to the origin of eukaryotes. Because 5mC by virtue recruits a wide variety of transcriptional repressor [114] and intervene with histone posttranslational modifications, the repressive control of TEs by DNA methylation has been demonstrated in vertebrates, plants and fungi. In vertebrates, failure to establish DNA methylation patterns by de novo methylases leads to meiotic arrest due to loss of genome stability by transposable elements spreading, highlighting the repressive effects of 5mC on repeated sequences [115, 116]. The loss of maintenance of DNA methylation during cellular division also leads to gain of expression of TEs [117]. Similarly, 5mC is an important keeper of genomic integrity in pants [118, 119]. Numerous TE controlling strategies can be found in fungi; among them two DNA methylation mediated processes: the RIP (Repeat Induced Point mutation) and its analogous MIP (methylation induced premeiotically) [120-122]. In Neurospora crassa repetitive elements are extensively methylated; mainly in the CA non-CG context; and subsequently mutated through the RIP process [120] leading to C/G to T/A transversion and extinction of methylated repeats. The ascomycetes Ascobollus immersus methylates repeats transiently during its sexual phase through the MIP process [123] controlling TE mobilization in the next generation. This methylation is only partially maintained during vegetative growth indicating that MIP is per se reversible. Recent works also suggest that transient DNA methylation is required for the repression of repeated sequences and chromosome stability during embryogenesis in Drosophila melanogaster which otherwise does not show DNA methylation in adulthood [124]. In divergent eukaryotes of the SAR lineages, the relationship between DNA methylation and TE repression is not straightforward. In Aureoccocus anophagefferens and Micromonas pusilla genomes, no classical TE could be identified although repeated IEs likely originated in a DNA transposon-like manner and are partially targets of 5mC [109]. However, because 1.
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 21 Figure 2.1.4a -The maintenance activity of DNMT1 enzymes and their partners in crime

Figure 2 . 1 .

 21 Figure 2.1.4b -DNMT3 enzymes intervene with histone posttranslational modifications
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 12 [START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] 219, 220]. DNMT2 enzymes are only composed of a DNMT domain without chromatin associated motifs (Figure2.1.5). DNMT2 has very weak if not no DNA methylation functions in eukaryotes[219]. In Drosophila melanogaster DNMT2 has a debated de novo methylation activity in the non-CG context[219][220][221]. This methylation only occurs during a short time during flies' embryonic development and 5mC is for most part essentially absent from Drosophila genomes[START_REF] Bewick | Evolution of DNA Methylation across Insects[END_REF]. DNMT2 is also the only DNMT in Saccahrina japonica which show extensive genic CHH methylation, suggesting it could be involved in DNA methylation at least in sexual cells. Instead, DNMT2 is responsible for RNA methylations at diverse cytosine positions that occur during the maturation of t-RNAs[219, 222]. The methylation of t-RNAs affects their stability and has a wide regulatory effect on protein translation[222]. Phylogenetic reconstructions indicate that DNMT2 enzymes originate from a bacterial DNA methyltransferase ancestor independently of the other DNMTs. DNMT2 enzymes are nonetheless distantly related to the de novo DNMT3 proteins rather than other RNA modifying enzymes[222]. DNMT2 enzymes are therefore DNA methyltransferases that evolved RNA modifying functions.
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 215 Figure 2.1.5 -Typical domains found in DNMT2, DNMT4, DNMT5 and DNMT6 proteins

  the DNMT domain of DNMT3s are found in cancer cells which also show changes in DNA methylation patterns [232]. This indicates that such variations might be causal and favor the selection of aggressive clonal cancer cells by directly affecting the affinity of DNMT3s for CpGs. Again, stochastic de novo methylation could potentially lead to profound change in regulation of gene expression.
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 212 Figure 2.1.2). Because DNMT5 is also present in species without dense methylation (as diatoms and fungi), specific variations in DNMT5 DMT domain might help the preference for the histone linker methylation [4]. Whether DNMT5 possess de novo activity in those species is unknown. It is possible that de novo methylation might be performed by the DNMT6 enzymes (Figure 2.1.2).

  eukaryotic lineage. Alternatively, it was lost very early during the very first eukaryotic radiation to be only maintained in animals and plants. CMTs are DNMT1 related enzymes that likely originated from a DNMT1 enzyme early in Viridiplantae (plants) evolution as it is found in most green algae and land plants [105, 106, 108]. Outside plants it is only found in the divergent haptophyte lineage that therefore likely acquired it by horizontal gene transfer prior to the diversification of the CMTs in land plants (Figure 2.1.2).
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 212 see also section 2.2 Hoguin et al.2019) The DNMT5 enzyme likely appeared before the radiation of the SAR lineage as it is present in diatoms, pelagophytes, haptophytes and dinoflagellates, although in the latter it considerably diverged [110] (Figure2.1.2). Its conservation outside the SAR lineages is arguably more intriguing. First, it is absent from the distantly related trypanosome family and within animals it is only present in fungi. Secondly, within plants it seems only found in the green algae Micromonas pusilla, Ostreoccocus lucimaru and Bathyccocus prasinos and is most likely absent from other algae and plants (Figure2.1.2). It is noticeable that DNMT5 was lost in know multicellular organisms that instead encode the DNMT1 enzyme. Given the convergence of the methylation pattern observed in the pelagophyte, haptophytes and green algae that also share the same marine living environment, we could argue that the green algal DNMT5 gene might have been horizontally transferred from an ancestor of the SAR. For the same reasons the fungi DNMT5 gene origin is elusive. It is intriguing to find that diatoms have a DNA methylation pattern better matching that of fungi rather than dinoflagellates, haptophytes and the closely related pelagophytes and that between diatoms and fungi, two enzymes (DNMT5 and DNMT4) might have been horizontally transferred between each other early during their respective evolution. Alternatively, DNMT5 might have been lost independently several times in metazoans, land plants and most of the green algae.The DNMT6 enzyme is also widespread in eukaryotes (Figure2.1.2). Its presence in the divergent trypanosome family, as well as in green algae and numerous SAR lineage including diatoms, dinoflagellates, pelagophytes and haptophytes strongly supports an ancient origin that trace back to the very first eukaryote.

  highly duplicated in plants [240]. Moreover, Pol V and Pol IV show week conservation (personal communication). Recent works in our laboratory, showed that an Enhancer of Zeste (EZH) orthologue is responsible of trimethylation of lysine 27 of histone H3 (H3K27me3) in Phaeodactylum (Zhao et al. submitted) as observed in Drosophila, plants and mammals demonstrating the conservative role of this enzyme over billion years of evolution. Concerning DNA methylation, diatoms mainly mark TEs in the CG context and show very low amount of non-CG methylation as observed in animals. Diatoms encode several DNMTs of the DNMT5, DNMT4, DNMT3 and DNMT6 family. This combination of DNMTs is unique within eukaryotes (Figure 2.1.2). It is interesting thatCyclotella cryptica show very high amount of DNA methylation in big cluster of TE which is not seen in other diatoms. Moreover, a reciprocal BLAST best hit search reveals that the genome of Cyclotella cryptica does not encode any DNMT containing protein, including the highly conserved RNA modifying DNMT2 enzyme (this manuscript). Advances in genome assembly and gene annotation might help resolving this issue. In addition the DNMT3 and DNMT4 enzymes are not shared between Thalassiosira pseudonana, Phaeodactylum tricornutum and

  A survey of the Phaeodactylum and Thalassiosira pseudonana EST database [245] reveals that DNMT3 (PHATRDRAFT_46156), DNMT6 (PHATRDRAFT_47357) and DNMT4 (THAPSDRAFT_11011) are particularly expressed under certain conditions including stress in nitrogen. DNMT5 could not be assessed in this database. The study of RNA-seq experiments performed on Phaeodactylum tricornutum under phosphate starvations and repletion experiments nonetheless showed that DNMT5 is co-overexpressed with chromatin remodelers during the recovery of cells and the activation of mitosis (personal communication[START_REF] Cruz De Carvalho | Noncoding and coding transcriptome responses of a marine diatom to phosphate fluctuations[END_REF], further discussed in chapter 3 of this manuscript). This association is interesting since DNMT5 do possess a SNF2 domain. Overall, the peculiar expression dynamic of diatoms methyltransferases might underlie specific DNA methylation (or DNA methylation independent) requirement.

  Eukaryotes have acquired a diverse set of DNA methyltransferases (DNMTs) from bacterial DNA Cytosine methyltransferases (DCM) enzymes. These enzymes are involved in the Restriction Methylation system. DNMTs have further diversified over evolutionary time scales in eukaryote lineages giving rise to a wide diversity of DNA methylation patterning. Given their central role in controlling the detrimental effects of new transposition events, the loss and gain of DNMTs have been associated with divergence in cell biology and in the control of gene expression [77, 89, 99, 122]. To date, six mains eukaryotic DNMT families have been described and named as DNMT1, DNMT2, DNMT3, DNMT4, DNMT5 and DNMT6. The DNMT1 family is well represented in Viridiplantae and Opistokonts. It is involved in the maintenance of 5mC that have been deposited de novo by the DNMT3 enzymes during development. In plants, the acquisition of new DNMT1, named chromomethylases (CMTs), and the divergence of the DNMT3 family led to the spreading of the asymmetrical non-CG patterns of DNA methylation extensively found in angiosperms. In the green algae Micromonas pusilla as well as in the pelagophyte Aureococcus annophagefferens and the haptophyte Emiliana huxleyi, the acquisition of DNMT5 correlates with a heavy histone linker DNA methylation landscape.
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 21 An iterative and supervised computational approach to study the diversity ofDNA methyltransferasesIn order to capture the diversity of 5-cytosines DNA methyltransferases encoded in Chromalveolata and other microalga, we applied a relaxed HMMER search (no cut-off) for the PFAM DNMT (PF00145) domain on the whole transcriptomes of the MMETSP database consortium. We complemented this database with 7 diatom transcriptomes (sequenced by GENOSCOPE) which are among the top 20 most abundant diatoms found in the analysis of the TARA Oceans data[START_REF] Malviya | Insights into global diatom distribution and diversity in the world's ocean[END_REF]. This first analysis gave 1325 PF00145 containing enzymes. In order to annotate DNMT candidate sequences, we made use of the iterative enhanced Domain Architecture Framework ('eDAF') curation. The eDAF is a computational sequence analysis tool developed byRocha et al (in preparation). In this manuscript we cannot detail the eDAF computation that will be covered in a special issue of 'Frontiers'. Briefly, based on a machine learning programme, eDAF integrates and interprets protein motifs information from the CLADE database[262, 263] to produce the most probable gene translations of unknown transcripts and a deep structural organization of the corresponding sequences. The eDAF can automatically and predictively annotate queries in different protein families based on its structural similarities with a reference 'structure' database. The system can be trained to recognize any specific protein sequences or structures from any organisms based on a manual input of reference datasets of representative proteins and or transcripts of interest.Diatoms are successful photosynthetic microorganisms of the stramenopile lineage that populate modern oceans. In the past decade, there have been growing interests in understanding the ecological success of diatoms in lights with their peculiar biology in their environment but also in controlled laboratory conditions. Diatoms encode several DNMTs of four different families and are among the most abundant in phytoplankton communities. We hence first manually filtered DNMT3, 4, 5 and 6 sequences from the diatoms MMETSP and genome databases to produce a home-made reference set for microalgae DNMT sequences. This set was complemented by reference enzymes from other eukaryotes and fed into the eDAF curation. In order to get a better understanding of the evolutionary history of microalgal DNA methyltransferases, we also used a reciprocal blast best hit (RBH) approach as described in [264]. Briefly, the DNMT3, DNMT4, DNMT5 and DNMT6 protein sequences of the published diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana genomes were blasted on a phylogenetic optimized database [264]. Each blast best hits were then reciprocally blasted on the Phaeodactylum tricornutum or Thalassiosira pseudonana genomes. Only putative sequences giving back the corresponding DNMTs at the threshold of 1 × 10^-5 in the corresponding diatom were finally retained. Importantly, because the MMETSP and the above cited Dorrell et al. databases as well as our eDAF curation and BLAST analysis are partially redundant, we iteratively interrogated the HMMER-eDAF-filtered sequences and the blast best hit search to reach a consensus of new DNMT sequences with structures and homologies of interest.The PF00145 domain of the representative set of eDAF and reciprocal blast best hit candidates as well as sequences from published genomes and literature were then aligned using CLUSTAL omega[265]. After manual curation and trimming, a general phylogenetic tree was inferred using Mr BAYES (Figure2.2.1a). A list of representative sequences mentioned in this manuscript, their structure as given by the eDAF and the DNMT family to which they belong can be found in the supplementary table S1, since we wanted to specifically interrogate the presence of transcripts with potential DNA methylation activity and therefore focused on the DNMT1, DNMT3, DNMT4, DNMT5 and DNMT6 families that we report here. Importantly, in the present manuscript, the DNMT2 enzymes representatives are sequences from metazoans and published genomes of plants and microalgae genomes.
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 22 Figure 2.2.1a -The phylogeny and diversity of DNA 5-cytosine methyltransferases found in microalgae
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 22 Figure 2.2.1b -Domain diversity of DNMTs found in eukaryotes as given by the eDAF most probable structure
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 222 Figure 2.2.2 Distribution of DNA methyltransferases in micro-eukaryotes
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 221 . The DNMT5-PF00145 motifs I and IV are very divergent when comparing other DNA methyltransferases but are similar within the three DNMT5 families (Figure S2). Moreover, our eDAF curation and our DNMT5-RBH analysis, de novo reported DNMT5a, b and c enzymes. This strongly supports that the different families are indeed DNMT5 relatives and do not resemble any other DNMTs. The DNMT5a, b and c have never been described. Importantly they are not randomly distributed among lineages and show important structural variations (Figure 2.2.1b, Figure 2.2.2, table

  DNMT5c enzymes are very divergent and do not resemble any DNMT5 enzymes except the DNMT domain (Figure S2), elucidating their origin is challenging. Blast of the DNMT5c PF00145 on the genome of Fragilariopsis cylindrus that contains both DNMT5a and b type of enzymes retrieved both enzymes but DNMT5a was more supported (data not shown). This overall suggests that DNMT5c(s) have canonical DNMT5a-PF00145 origins and acquired different domains by diversification.
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 223 Figure 2.2.3 -The phylogeny of DNMT5a and b enzymes
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 2222 Figure 2.2.4a and b -Diversity of DNMTs in modern oceans
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 22 Figure 2.2.4c -Diversity of DNMTs in modern oceans

  databases and if they significantly contribute to their transcriptomes. Various domains of Class I LTR-(retro)transposable elements were therefore searched in the 97 MMETSP diatom transcriptomes using HMM profiles of Gypsy Database (GyDB: http://gydb.org, Llorens et al., 2011) with the software HMMER/hmmsearch (Finn et al., 2011) as for DNMTs. Reverse transcriptase domains are only present in LTR transposable elements and they are specific to each element. This is important since each new transposable element transcript can be attributed to specific RT families solely based on their homology with this domain. Our data demonstrate that 80% (1092 sequences) of all LTR transposable elements detected in transcriptomes are from the Copia family (Figure 2.2.5a).

  generated a Maximum likelihood tree (Figure 2.2.5c). Most of the transposable elements found in diatoms of the MMETSP database fall into the well-known CoDia family. However, two new RT diatom clades were found. Those clades do not have reference sequences from the Gypsy or CoDia family (Figure 2.2.5c). They are found in centric and pennate diatoms. Overall, our data support an expansion at least at the transcriptional levels of the CoDia family of retrotransposons in all diatoms.To identify retrotransposons in the TARA ocean database, a new HMM profile was constructed based on the alignment of the MMETSP CoDia sequences and previously described RT[256]. Upon customized HMMER search using this new profile we isolated diatoms RT sequences of the TARA ocean meta-data. A total of 592 diatom sequences were retrieved. A maximum likelihood phylogenomic tree of the most conserved RT sequences found in the TARA Oceans databases can be found in FigureS8. This indicates that transposons from diatoms of the TARA Oceans are also from the CoDia family and cluster with other MMETSP-RT sequences.
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 22 Figure 2.2.5c -Diversity of retrotransposons in diatoms of the MMETSP database
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 12 While we trained our curation on manually picked transcripts and annotated genes in diatoms and model organisms, eDAF managed to correctly attribute divergent DNMTs to their corresponding gene family. It is because any new DNMT family with completely new domains/architecture but conserved PF00145 motifs is still interpreted and associated to its closest 'known' DNMT relative. This likely happened for the Raphidophyceae enzymes. eDAF not only interprets the presence of domains but also their absence and takes into consideration the 'likeliness' of the protein as a whole. It could therefore interpret the presence of a chromodomain in the otherwise 'naked' N-tail of DNMT4 enzymes as: 'DNMT4' enzymes and didn't only focused on the chromodomain to attribute it to other chromodomain containing proteins. We did not provide any DNMT5c as a template for eDAF curation. However, DNMT5c was found with accuracy. This is likely because the motifs of the PF00145 within DNMTs are much conserved between DNMT5abc enzymes (although b is more divergent) and the eDAF could not do better than accepting to attribute it to the:'DNMT5' family. eDAF therefore does clearly consider the homology of the motifs within domains to decide the final attribution. Point 1 And 2 confirm that the eDAF did what he was coded to do (personal communication -Rocha et al. 2019). 3-

  haptophytes, CMTs have DNMT1 like features. They have been possibly acquired by horizontal gene transfer of green algae CMT-DNMT1like enzymes observed in Chlamydomonas and Volvox carteri [105]. In our phylogeny, the RID/DMTA and the diatoms DNMT4 enzymes are clearly related but adding several CMTs and DNMT1 enzymes would certainly profoundly dim the DNMT4-fungi-diatom clade within the DNMT1 super-clade. This is a real possibility, since diatoms and RID only aligned on their DNMT domains while RID enzymes have BAH domains and are closely related to DIM2 enzymes within fungi[77]. RID enzymes are involved in the Repeat-induced Point mutation (RIP) and Methylation Induced Premeiotically (MIP) process.

Figure S6 - 2

 S62 Figure S6 -DNMT 2, 3 and 5 are under-represented in TARA Oceans database

  The diversity of DNA methyltransferases in micro eukaryotes has been under looked. In chapter 2 of this manuscript, we have provided an extensive description of the numerous DNMT enzymes found in the Chromalveolata lineage. The DNMT3 family is underrepresented in SAR lineages, yet is widespread in diatoms. The DNMT6 family is found in most eukaryotes but is poorly defined. The DNMT5a enzyme is conserved in fungi, green algae, haptophytes, and many ochrophyte algae, in which it further diversified. Yet, verticality was hard to assume, and horizontal gene transfers might have shaped the evolutionary history of this enzyme. The evolutionary diversification of DNMT enzymes can have profound effect on the regulatory network of each species. However, the functional characterization of any of the DNMT enzymes encoded in Chromalveolata awaits. In this chapter, we used the diatom Phaeodactylum tricornutum as an epigenetic model for the study of the divergent microalgae DNMT enzymes.

From those, 3

 3 did not change the open reading frame. We hence first selected three mutants with out of frame deletions/insertions for further investigation. The first mutant line contained a 11 base pair deletion near the target site of guide RNA n°3 and will be named hereafter as DNMT5:KO M23 (or 'M23'-Figure 3.2.1). In M23 the mutation generates a loss of amino acids 58 to 60/61 followed by a frameshift that disrupts the coding sequence of DNMT5 and create a premature STOP codon at amino acid position 179-180 from ATG (Figure 3.2.1).The second mutant has a deletion of 16 base pair at the expected target site of guide RNA n°1 and is named hereafter as DNMT5:KO M25 (or 'M25'-Figure 3.2.1). In M25, the mutation generates a loss of amino acids 28-34 followed by a frameshift that disrupts the coding sequence of DNMT5 leading to a premature STOP codon at amino acid 280. A third line, named hereafter DNMT5:KO M26, had a 1bp insertion at the target site of the guide RNA n°3. This insertion generates a frameshift and a premature stop codon at amino acid 179-180 (as M23). The mutants were generated independently and show different mutations with different guide RNAs (for M23 and M25). All three mutants are therefore external controls of each other's in regard to plasmid integration and off-targets effects. Since no antibodies against DNMT5 exist, we wanted to assess the mRNA levels of DNMT5 in our CRISPR/Cas9 mutants by quantitative PCR. Using a set of two pairs of primers targeting the DNMT domain as well as the DEADX helicase-SNF2 like domain of DNMT5 transcript, we monitored a global loss of 4 fold in mRNAs levels in the three mutant lines. Importantly, RNA could still be detected but at very low levels. Figure S1 a -show quantification of DNMT5 mRNA levels compared to a CRISPR:Mock control line (Material and Method) and M23-25-26 on 2 biological replicates averaged on 6 pairs of primers targeting the DNMT5 transcript at the DNMT domains and SNF-like domains -averaged on 2 housekeeping genes. A 5-fold lose is consistently observed in mutants lines.
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 321 Figure 3.2.1 -Generation of DNMT5:KOs using the CRISPR/Cas9 system

Figure

  S1a. shows the DNA methylation reduction in M23 compared to the WT using two different dilutions. Background levels of DNA methylation are observed in the mutants compared to the reference lines. Our dot blot results are consistent with the putative role of DNMT5. DNA methylation was also monitored using colorimetric assay of DNA methylation (Material and Methods). This showed a milder loss of DNA methylation in M23-M26 compared to both dot blot analysis and the M25 mutant (Figure 3.3.1b). Dot blot analysis are semi-quantitative and could hide loci specific gain/loss of DNA methylation occurring in DNMT5:KOs. In addition, both colorimetric and dot blot assays are dependent on the binding activity of antibodies raised against 5mC and are blind to context specificity of DNA methylation patterns. We did not try other methods for genome wide estimation of DNA methylation, Methyl Sensitive Methylation Polymorphism (MSAP) [276] and Combined Bisulfite Restriction Analysis (COBRA) [277] are assayed in the Tirichine lab to screen dnmt3 and 6 mutants (see also discussion 3.6).
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 331 Figure 3.3.1 -Global loss of DNA methylation in DNMT5:KOs
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 33 Figure 3.3.2a and b -Bisulfite sequencing reveal that the bulk of CG DNA methylation is lost in DNMT5:KOs

Figure 3 . 3 .

 33 Figure 3.3.2c and d -Bisulfite sequencing reveal that the bulk of CG DNA methylation is lost in DNMT5:KOs
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 333 Figure 3.3.3 -Bisulfite sequencing reveal that the bulk of CG DNA methylation is lost in DNMT5:KOs

  lines. A representation of DMRs identified in the chromosome 1 and 31 are showed in Figure 3.3.4a and b respectively. Both regions corresponds to TE rich regions (see also Figure 3.4.2)
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 341 Figure 3.4.1 -Transcriptional up-regulation at transposable elements in DNMT5:KOs

31 (Figure 3 . 4 . 2 )

 31342 regulated upon the loss of DNMT5 (Figure 3.4.1a). Conversely, non-methylated TEs are also overexpressed, but not in both mutants (Figure 3.4.1a). This is a first indication that activated elements were part of a repressive epigenetic landscape in the reference and hint for a potential direct regulatory role of DNA methylation at transposable elements. For up regulated genes no such pattern are observed but 34 genes are marked by DNA methylation in the WT strain and show up-regulation in both DNMT5:KOs (Figure 3.4.1a). Down regulated genes and TE genes are not targets of DNA methylation (Figure 3.4.1b). They could be DNA methylation indirect transcriptional responses. We are currently analyzing DMRs in mutants compared to the reference line to find possible direct association between TE reactivation and loss of DNA methylation. From our primary analysis, this link is observed in the DMR of chromosome but not in DMRs of chromosome 1 (data not shown). In the DMR of chromosome 31, TEs show transcriptional reactivation in M23 and M25 that do not have CG nor extensive CHH or CHG methylation at a threshold of 30% of methylation. This transcriptional reactivation is strikingly confined to the region that is showing 1-high CG but also CHH methylation in the WT and 2-the co-occurrence of H3K27me3 and H3K9me3 in the Pt1.86. We notice that H3K4me2 delineate the boundaries of the reactivated loci. Since overall half of the transposable elements genes that are targets of DNA methylation are not showing up-regulation we are currently investigating what differentiate them from the induced one. These could be the type of targeted transposable elements (being CoDias, or DNA transposons), the extend of DNA methylation levels or other indirect effects as loci specific compensatory role of the epigenetic machinery. 134

affected (Figure 3 . 5 .Figure 3 1 -

 3531 1a). Mutant cells are finer and bigger than the WT (Figure3.5.1a). This is interestingly not seen at the growth levels in which both mutants (and M26) do not have a strong growth defect compared to the reference and the Cas9:Mock control (Phaeodactylum tricornutum tolerates global loss of DNA methylation a. 60X -light microscopy pictures of Phaeodatcylum tricornutum Pt1.86 and M23/M25 D5 Knock outs. Size is in arbitrary unit based on pixel sizes. b. Growth kinetic of DNMT5:KOs in respect to the WT and the Cas9:Mock control. Standard errors represent log2 (cells/ml) standard deviation for n=3 biological replicates. c. growth rate as given by the slope in b. This means that the WT and Cas9 population double every 12h/12h light cycle in our culture condition. Very mild defects are found in D5 mutants.

Figure S1 a.

 S1 Figure S1

  RNA and DNA extraction (AH): Total RNA extraction was performed by classical TRIZOL/Chloroform isolations and precipitation by isopropanol. Frozen cell pellets were extracted at a time in a series of 3 technical extraction/duplicates and pooled. RNA was DNAse treated using DNAse I (ThermoFisher) as per manufacturer's instructions. DNA extraction was performed using the Invitrogen™ Easy-DNA™ gDNA Purification Kit following 'Protocol #3' instructions provided by the manufacturer. Extracted nucleic acids were measured using QUBIT fluorometer an NANODROP spectrometer. RNA and gDNA Integrity were controlled by electrophoresis on 1% agarose gels.

161

  Using inducible X-inactivating cell lines, a recent work elegantly demonstrated that XCI requires a complex internship between XIST spreading and a dynamic of HPTMs depositions[369]. After its onset, XIST does not seem required per se for the maintenance XCI as this function is performed by the repressive epigenetic marks recruited[370, 371].
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 412 Figur 4.1.2: X chromosome inactivation

  OR genes are repressed by H3K9me and H3K20me and failure to do so leads to disruption of monoallelic expression [378]. The setting of monogenic-monoallelic exclusion therefore requires the stochastic de-repression of a given OR allele by the histone demethylase LSD1 [379, 380]. Once established, the cascade of regulation associated with OR expression prevents further activity of 163 LSD1 and the activation of new alleles [379] (Figure 4.1.3a). Additional higher order chromatin effect might also participate in this monoallelic exclusion [291].
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 41 Figure 4.1.3 a -Monoallelic expression at specific loci

  not observed in the original cell lines. Accordingly, new allelic bias are dynamically set and reset in intermediates stages of differentiation of human fibroblast into IPSCs[399]. Because rMAE within clones was preserved upon differentiation of neuronal progenitor stem cells into astrocytes between two experiments[391, 392], it is possible that rMAE can nevertheless be preserved upon differentiation and that dynamic setting and resetting happens in the favor of the peculiar chromatin states of less committed cells[398, 399] (further discussed in section 4.1.3e). Together, these data suggest that rMAE occurs stochastically during development at specific loci in a lineage-specific and clonal manner. One key drawback from all the experiments cited above is that they represent an average picture of allelic imbalance on a population of cells rather than a representation of bona fide single cell allelic exclusions. RMAE is not restricted to cell cultures and single cell levels of monoallelic expression have been provided in tissues. FISH experiments in brain mice tissues demonstrated that rMAE genes of neuro-progenitor stem cells also show monoallelic expression in vivo in most but not all cells[394]. Monoallelic expression in kidney tissues can vary in respect to the developmental stages of the tissue examined[394]. In addition, similar experiments were made in vivo in mice brain tissues[400, 401] although the studies revealed that most genes have skewed expression rather than complete parental imbalanced. These experiments are direct confirmations that tissues are mosaic for rMAE in a lineage and developmental specific manner with cells expressing either one or the other allele, as suggested in vitro.The recent advances in single cell whole genome sequencing allowed a new step forward in the understanding of the underlying process of rMAE. The study of 269 whole genome single cell RNAseq from mouse embryos at different stages of preimplantation development showed that 25% of genes have monoallelic expression in at least one of the cells studied for all stages of development[293]. Upon differentiation, the amount of MAE genes per developmental stage was stable around 12-25%. Importantly, allelic imbalance was virtually lost upon pooling cells from the same embryos at a given developmental stages demonstrating that rMAE was clonally inconsistent in vivo[293]. The same conclusions were made by the single cell analysis of mouse fibroblasts[402] where 30% genes show rMAE but with most (>95%) of which showed imbalance in one fibroblast cell only. Indeed, upon clonal propagation each cell showed different amount of rMAE and pooling high amount of cells from the same clone lead to a loss of imbalance. Less than 0.5% of rMAE genes showed clonally consistent MAE. The same was observed for lymphoblast T cells with more than 80% of all genes showing clonal inconsistent rMAE[402]. Those experiments on mice are also confirming observations made on human fibroblast[403] and lymphoblast cells[404]. A reanalysis of single cell RNA-seq data from human brain cells estimates that an average of 5% of genes shows clonal 'consistent' monoallelic expression. This contrast with the high amount of allelic imbalanced alleles (>50%) observed at the level of individual cells. This is a strong indication that imbalance is widespread at the single cell level but also very dynamic and stochastic. As direct consequence; cell populations, even those composed of clonal cells, are mosaic for rMAE genes with cells expressing either one or both of alleles at a given time (Figure 4.1.3b right).
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 413 Figure 4.1.3 b -'Widespread' and random monoallelic expression
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 413 Figure 4.1.3 e Hypothetical mechanisms of rMAE setting during development

Figure 4

 4 thaliana genes marked by the activating H3k9m3 mark are more expressed [419] (
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 413 Figure 4.1.3 -f Homoeologous gene expression and parent of origins inheritance of epigenetic regulations

  regulations especially in response to different environmental cues as seen in Fragilariopsis cylindrus. However, these observations are debated. In Fistulifera solaris, allelic imbalance is due to homoeologous allele divergence and has probable metabolomics importance. None of the experiment above provided insight full mechanisms of the onset of monoallelic expression and its maintenance if any during clonal propagation. Outside Fragilariopsis cylindrus and Fistulifera solaris, allele specific effects in other diatom species have been under looked. The exact mechanisms and relevance of monoallelic expression in diatoms is therefore for most part elusive.Phaeodactylum tricornutum is the most studied model diatom for which large sets of RNAsequencing experiments in different controlled cultured condition are publically available.
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 421 Figure 4.2.1 -Discovery and overview of monoallelic expression in Phaeodactylum tricornutum
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 424 Figure 4.2.4 -A role for H3K27me3 marking and monoallelic expression (?)

Figure

  Figure S1 -Monoallelic gene expression, allele specific expression bias and biallelism in the reference Pt1.86

  Figure S2 -Chromatin context at MAE genes differentially marked by H3K27me3

  is suggested that diatoms use epigenetic factors to dynamically regulate their gene network contributing to their ecological success. Despite the recent expansion of novel genomic and epigenomic tools allowing for the very first genome wide mapping of DNA methylation and histone post-translational modifications in Phaeodactylum tricornutum, as well as the discovery of allele specific effects in Fragilariopsis cylindrus, both the diversity and functions of the epigenetic regulatory components and phenomenon in diatoms have been under looked.DNA methylation is a common epigenetic mark in eukaryotes that is set and maintained by DNA methyltransferases. In the work presented in this manuscript, we used an integrative set of multiscale in silico computations as well as experimental in vivo functional studies combining transcriptomic, genomic, meta-transcriptomic and meta-genomic datasets. This allowed a comprehensive and unique analysis of the functional diversification of DNMTs in diatoms and other eukaryotes of the Stramenopile-Alveolate-Rhizaria lineages. Using known reference structures and diversity of DNMTs from the literatures and robust whole genome and metagenomics datasets of cultured organisms and species found in natural oceans (MMETSP and TARA Oceans), we built in house models of DNMT structures and defined an innovative approach based on the eDAF analysis to resolve in depth phylogenies. We found DNMT4 and DNMT6 enzymes of diatoms species positively correlate with nitrogen availability in natural oceans, highlighting possible roles of DNA methylation in favorable planktonic growth. In addition, we have critically expanded the DNMT5 family into three subfamilies: DNMT5a, b and c; with both profound phylogenetic and structural diversity among eukaryotes and between the remarkably diverse diatom species. In that regard, we used Phaeodactylum tricornutum as a model species to decipher the role of the newly defined DNMT5a protein, which is a unique DNMT-chromatin remodeler protein, using a forward genetic approach and genome editing strategy. Our work showed that DNMT5a is involved in the maintenance of the DNA methylation pattern in diatoms. Importantly, the concomitant loss of DNA methylation was viable but triggered the somatic reactivation of transposable elements demonstrating further the universal repressive role of DNA methylation in eukaryotes. As transposable elements are the main targets of the DNA methylation machinery; and are indeed reactivated upon loss of DNA methylation; we also explored their diversity and expression patterns in diatoms of the MMETSP and TARA Oceans databases. This showed transposable elements are expressed in cultured species questioning the biological role of repeated sequences in diatoms. While allele specific effects were shown to occur in the polar diatom Fragilariopsis cylindrus in response to environmental cues, works from metazoans and plants showed that allele specific expression associate with epigenetic regulations. The study of allele specific expression in diatoms hence provides the unique opportunity to integrate dynamic transcriptional responses, environmental

DNMT5:Chapitre 2 -Chapitre 3 -Chapitre 4 -

 234 KOs lines provide a potent tool to directly interrogate the putative adaptive function of epigenetics in diatoms. This can be done by monitoring the viability of DNMT5 defective lines in different stress conditions. In that regard, we suggest that any transcriptional analysis in any of the Phaeodactylum tricornutum DNMT mutants in any conditions, starting with the DNMT5:KO lines, must be interpreted in respect to allele specific effects. In parallel, the mechanisms underlying the recruitment of DNMTs and the interconnection of the repressive epigenetic marks in diatoms are exciting research questions which are under current investigation in the Tirichine lab. Allele specific expressed genes with intervening allele specific epigenetic marks and possibly environmental allele specific expressions could be instrumental loci for such studies.Our work extends far beyond diatoms. Our methodology can be reused to study the diversity of any DNMT enzyme. The conservation of the DNMT5a family is intriguing and we clearly make the hypothesis that it is an active methyltransferase in the other microalgae lineages. This manuscript contributes to the emergence of Phaeodactylum tricornutum as a model species for the study of epigenetic mechanisms in eukaryotes.Phaeodactylum : la diatomée modèle -épigénome et problématiquePhaeodactylum tricornutum "bohlin" est une diatomée pennée marine côtière et diploïde décrite par K. Bohlin en 1897, comme un plancton de forme "tricorné". C'est la seule espèce connue du genre Phaeodactylum. On la trouve principalement dans les bassins rocailleux des zones côtières partout dans le monde. Phaeodactylum tricornutum est la diatomée modèle qui est largement utilisée comme substitut pour la compréhension de la biologie des diatomées.Les mécanismes épigénétiques peuvent être définis comme des "changements réversibles dans l'expression des gènes qui n'impliquent pas de modifications de la séquence d'ADN en soi". Cela comprend les événements de méthylation de l'ADN, la modification post-traductionnelle des histones, les petits ARN et l'organisation de la chromatine. Chez les eucaryotes, la machinerie épigénétique a été sélectionnée pour réprimer les éléments transposables et les gènes clés du développement. L'épigénome de Phaeodactylum tricornutum a été récemment rapporté de même que la préservation apparente de la machinerie épigénétique comme on le trouve chez d'autres eucaryotes. Plusieurs marques d'histones ont été cartographiées, elles incluent H3K27me3 mais aussi la tri et la diméthylation de la lysine 9 de l'histone H3 (H3K9me3/2) ainsi que l'acétylation des lysines9/14 de l'histone H3 (H3K9_14AC). La méthylation de l'ADN sous la forme de 5-méthyl-cytosine (5mC) a été décrite sur les éléments transposables (20-40% de ces derniers) et les gènes (<1% des gènes) et est le sujet de cette thèse. Phaeodactylum tricornutum possède plusieurs ADN méthyltransférases (DNMT) de la famille des DNMT3, DNMT5 et DNMT6. Aucune caractérisation fonctionnelle de l'une des enzymes citées ci-dessus n'a été effectuée. Cette thèse présente au chapitre 2 de nouvelles perspectives sur la diversité de la machinerie épigénétique des DNMT présentes dans diverses lignées de microalgues. Le chapitre 3 présente la première caractérisation de lignées défectueuses pour l'enzyme DNMT5 chez Phaeodactylum tricornutum. Poussé par la disponibilité des variations génétiques de Phaeodactylum tricornutum dans divers écotypes, ce projet a étudié l'ampleur du biais d'expression spécifique des allèles (ASE) dans 4 lignées monoclonales différentes de P. tricornutum. Le chapitre 4 présente la caractérisation de l'ASE chez P.tricornutum. Diversité évolutive et écologique des ADN méthyltransférases : que pouvons-nous apprendre des diatomées ? Dans ce chapitre, nous avons utilisé un ensemble intégratif de calculs in silico à plusieurs échelles. Cette démarche a permis une analyse complète et unique de la diversification fonctionnelle des DNMT dans les diatomées et autres eucaryotes des lignées Stramenopile-Alvéolate-Rhizaria. En utilisant des structures de référence connues et la diversité des DNMT provenant de la littérature et des ensembles de données génomiques et métagénomiques fiables d'organismes cultivés et d'espèces présentes dans les océans naturels (MMETSP et TARA Oceans), nous avons construit des modèles spécifiques de structures de DNMT tout en définissant une approche innovante basée sur l'analyse eDAF. Nous avons élargi de manière significative la gamme des enzymes DNMT4 et DNMT6 des espèces de diatomées. En outre, nous avons décrit pour la première fois trois sous-familles d'enzyme DNMT5: les familles DNMT5a, b et c. DNMT5 est nécessaire pour la méthylation de l'ADN dans la diatomée modèle Phaeodactylum tricornutum Nous avons utilisé Phaeodactylum tricornutum comme espèce modèle pour décrypter le rôle de la protéine DNMT5a récemment redéfinie au chapitre 2. Cette enzyme est une protéine unique de remodelage de la chromatine fusionnée à un groupement DNMT. En utilisant une approche génétique d'édition du génome nos travaux ont montré que DNMT5a est impliquée dans le maintien du profil de méthylation de l'ADN dans les diatomées. Il est important de noter que la perte de méthylation de l'ADN se révèle viable chez P. tricornutum, mais déclenche la réactivation somatique d'éléments transposables, démontrant ainsi le rôle répressif universel de la méthylation de l'ADN chez les eucaryotes. Expression mono-allélique dans les organismes unicellulaires, observations sur la diatomée Phaeodactylum tricornutum Alors qu'il a été démontré que des effets de régulation spécifiques des allèles se produisent dans la diatomée polaire Fragilariopsis cylindrus; des travaux sur les métazoaires et les plantes ont montré que l'expression spécifique des allèles s'associait à des régulations épigénétiques. Ce chapitre montre que des événements d'expression spécifique des allèles se produisent également chez Phaeodactylum tricornutum. En sélectionnant un sous-ensemble de gènes et en étudiant leur niveau d'expression allélique par pyroséquençage, nous démontrons qu'un sousensemble de gènes sont exprimés de façon mono-allélique tout en étant associé à un marquage spécifique en la marque d'histone H3K27me3. Ceci met en évidence que les modèles d'expression spécifiques des allèles sont en corrélation avec le marquage épigénétique spécifique des allèles dans les diatomées. Conclusion En conclusion, les travaux présentés dans ce manuscrit ont permis de mettre au point une nouvelle phylogénie des DNMT axée sur les lignées de microalgues. Cette thèse établie expérimentalement que la protéine DNMT5a est une méthyltransférase active dans les diatomées. En outre, cette étude pionnière décris les effets spécifiques des allèles dans les diatomée et établi Phaeodactylum tricornutum comme eucaryote modèle pour l'étude des mécanismes épigénétiques. Etude du rôle des méthyltransferases de l'ADN en C5 Cytosine et de l'expression spécifique des allèles chez la diatomée modèle Phaeodactylum tricornutum Mots clés : Diatomée, C5 méthyle-cytosines, ADN méthyl-transférases, Expression specific des allèles Résumé : Eius populus ab

  Study of the C5-DNA methyltransferases and allele specific expression in the model diatomPhaeodactylum tricornutumKeywords : Diatoms, 5 methyl-cytosine, DNA methyltransferases, Monoallelic expression Diatoms are early divergent ubiquitous unicellular brown alga. Diatoms are one of the most lineage rich eukaryotes and are a major group of phytoplankton. Efforts have been made to understand the incredible success of diatoms in modern oceans. The methylation of carbon 5 of cytosine is an epigenetic mark involved in the repression of transposable elements, the establishment and maintenance of genomic imprinting and the inactivation of the X chromosome in mammals. However, questions remained about its role in diatoms. This manuscript provides profound insights into the DNA methylation machinery of the divergent Stramenopile-Alevolates-Rhizaria lineages. We also demonstrate for the very first time that the DNMT5 enzyme is required for the propagation of DNA methylation patterns and the repression of transposable elements in the model diatom Phaeodactylum tricornutum. Recent advances in high throughput sequencing technologies revealed that allelic effects are more widespread than previously thought in diploid organisms. Here we report random monoallelic expression in Phaeodactylum tricornutum, its extent and potential epigenetic control mechanisms involved in its regulation. This manuscript, contributes to the emergence of P.tricorntum as a model species for the study of epigenetic mechanisms in eukaryotes

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  peculiar phenotypic nor chromatin effects[139] while in rice loss of gene body methylation leads to various metabolic defects[136]. Moreover, most basal land plants simply lack specific CG methylation on genes[105][106][107]. Overall, CG enriched methylation doesn't seem to affect directly gene expression in plants over evolutionary time[126]. Of note, plant genes enriched for non-CG methylation are less expressed and are less shared within closely related species. The effect of gene body methylation is likely context dependent and differ based on the evolutionary origins of target genes[105][106][107]. In mammals, non-CG is also found on genes in a tissue specific manner[START_REF] He | Non-CG Methylation in the Human Genome[END_REF][START_REF] Lister | Human DNA methylomes at base resolution show widespread epigenomic differences[END_REF] and is involved in both the repression and activation of gene expression likely by the binding of methyl sensitive proteins like MeCP2[140]. Several reports indicate that non-CG methylation is involved in a wide variety of brain functions[START_REF] He | Non-CG Methylation in the Human Genome[END_REF] 140].

. In humans, defects of CG methylation on gene bodies associate with wide variety of defects in gene regulations; including splicing defects; as observed in the ICF syndrome

[138]

. Gene CG methylation might therefore have homeostatic functions. Interestingly, fungi lost DNA methylation of genes in any context. Few exemptions seem to occur in genes within MCCs

[START_REF] Bewick | Diversity of cytosine methylation across the fungal tree of life[END_REF]

. However, MCCs are strongly enriched in TE suggesting a non-gene specific 5mC deposition occurs in fungi. It is important to note that the loss of gene methylation in Arabidopsis thaliana does not lead to Because invertebrates notoriously lack TE methylation and only methylate genes, efforts have been made to understand the role if any of gene body methylation in a wide variety of insect species

[141, 142]

. In Apis melifera (honeybee), a royal jelly diet allows the development of larvae into fertile queens rather than infertile workers

[143]

. This cast determination phenotype is impaired upon loss of the DNA methyltransferase DNMT3

a. The diverse maintenance DNMT1 family or how to faithfully maintain DNA methylation during cell division?

  

	genome wide distribution of 5mC, suggest that eukaryotes opted diverse mechanisms to set
	and propagate methylated cytosines genome wide. 5mC is set by numerous genes of the
	DNA methyltransferases (DNMTs) family which interacts with other proteins involved in
	histone posttranslational modifications and heterochromatin formation tightly linking DNA
	methylation patterns and the histone epigenetic code. To date six main eukaryotic DNMT
	family have been described [4, 70] with chromatin and context dependent specificities. All
	eukaryotes do not encode all DNMTs and eukaryotes opted and co-opted a wide variety of
	DNMTs during evolution. Two main classes of DNMTs include the 'maintenance' enzymes
	and the 'de novo' enzymes that maintain and set the methylation pattern.
	Because newly synthetized DNA are un-methylated there is a need for a highly
	efficient cell cycle specific maintenance of DNA methylation to prevent progressive dilution
	of 5mC epigenetic information upon cellular division. DNMT1 are classical 'maintenance
	enzymes' conserved

in plants and animals (Figure 2.1.2). DNMT1 enzymes are composed of

  

	a C-ter conserved DNMT domain complemented by several chromatin associated domains
	including a DMAP-1 binding domain, a Replication Foci Domain (RFD), a CXXC domain and
	two Bromodomains (BAH)

(Figure 2.1.4a -i). In

  

	maintenance activity to the replication process [159, 160]. It is also possible that DNMT1 and
	UHRF1 interact directly sterically allowing the enzymatic activity of DNMT1 [161, 162]. In
	addition to the H3K23ub, the interconnection between other histone posttranslational
	modifications (HPTMs) and DNMTs is well characterized. DNMT1 can interact with histone
	modifying enzymes as lysine 9 of histone H3 (H3K9) methyltransferases [163-165] and
	histone de-acetylases [166] that contributes to its activity [167]. Interestingly, UHRF1 also
	binds the methylations of lysine 9 of histone H3 (H3K9me) via its TUDOR/PHD domains [168,
	169]. Because de novo methylases also have some affinity for H3K9me regions [71, 170-172],
	these interactions might possibly and intriguingly not only link HPTMs and 5mC, but also the
	two main machinery (de novo and maintenance) of DNA methylation outside of the
	replication phase. Nonetheless, in mammals, the loss of the different H3K9
	methyltransferases leads to partial loci-specific defects in DNA methylation. Moreover, the
	binding of UHRF1 to H3K9me is not sufficient alone to generate wide depositions of DNA
	methylation [173] indicating that the H3K9me co-recruitment mechanisms are not the major
	DNMT1 pathways of DNA methylation in mammals and are more involved in the de novo
	processes. DNMT1 orthologues are found in fungi, invertebrates, plants and green algae
	genomes. In plants, H3k9me3 marks actively transcribed genes and MET1, the DNMT1
	orthologue, and the other H3K9 methylations are not strikingly interdependent [104, 174]. In
	plants the relation of H3k9me and DNA methylation is context dependent as H3k9me is
	nonetheless required for the maintenance of non-CG methylation ([104, 171], see following
	vivo, while the CXXC domain of DNMT1 binds
	un-methylated DNA and prevents de novo activity [154], DNMT1 is recruited at the
	replication fork by PCNA protein, a key replication associated protein [155, 156]. The
	accessory protein UHRF1 is further required for the maintenance activity of DNMT1 [157,
	158]. The protein UHRF1 indeed binds newly synthetized hemi-methyl cytosines via its SRA
	domain and triggers the ubiquitination of lysine 23 of histone H3 (H3K23ub) at the
	replication fork, for which the RFD domain of DNMT1 has high affinity. This anchors the DNA

section 2.1.4b). In Fungi, the MASC2 enzyme doesn't seem to have any maintenance or de

  

	novo activity [175, 176]. In insect, DNMT1 is duplicated in several genomes and is likely
	involved in the patterning of 5mC, either de novo and/or by maintenance [97]. Recent
	phylogenetic analysis revealed that DNMT1 is absent from most eukaryotic lineages, other
	than in opistokonts and viridiplantae [4], suggesting that the maintenance of DNA
	methylation is not the panache of DNMT1 relatives.
	Several other DNMT1 related enzymes with DNA methylation catalytic activities have
	been described. The plant specific chromomethylases: CMT2 and CMT3 are capable of
	propagating non-CG methylation [104, 177] (

Figure 2.1.2, Figure 2.1.4a -ii). CMTs

  

	2.1.4a -ii). All CMTs bind the di-methylation of lysine 9 of histone H3 (H3K9me2) via these
	domains in vitro and are required for the deposition of DNA methylation in vivo [171, 178-
	180]. CMT2 propagates the CHH context while CMT3 propagates the CHG context on
	transposable elements and repeated centromere regions [104, 119]. Ectopic deposition of
	H3K9me2 is enough to trigger extensive non-CG methylation and reciprocally, the loss of
	H3K9me2 leads to loss of non-CG methylation [181]. In turn, non-CG methylation recruits
	H3K9 modifying enzymes (like KRYPTONITE) in a self-reinforcing DNA-histone methylation
	loop [104, 182, 183]. This is true for both CMTs and the de novo DRM proteins (see section
	2.1.4b)
	In fungi, the DIM2 enzyme is required for the maintenance of all 5mC methylation
	contexts [184]
	are
	composed of a conserved DNMT domain complemented by an N-ter Zinc-Finger chromatin
	organization modifier domain and bromo-adjacent homology ('bromodomain' BAH) (Figure

(Figure 2.1.4a -iii). The

  

	structure of DIM2 is similar to that of mammalian and
	plants DNMT1 orthologues but lack replication foci interacting RFD domain. DIM-2
	associates with the Heterochromatin Protein 1 (HP1) that binds H3K9me deposited by the
	DIM-5 enzymes at RIP TE targets [171]. This 'maintenance' activity can de facto be described
	as a perpetual de novo methylation system that constantly recruits DNMTs to repeated
	sequences. In Neurospora, H3K9me is strikingly required for DNA methylation but H3K9me3
	can happen in case of defects in DIM-2 via their recruitment to RIP'ed TEs [185].

Figure 2.1.4b) and

  hence triggers the deposition of 5mC in H3K4me poor regions

	. During meiosis, the accessory protein DNMT3L and the DNMT3a and
	b enzymes are required for the establishment of DNA methylation patterns and the
	safeguarding of genomic integrity [116, 188]. DNMT3L is a paralogue of the vertebrate's
	DNMT3a/b enzymes but is catalytically inactive due to mutations in its methyltransferase
	motifs [116]. DNMT3a/b and DNMT3L form and active enzymatic complex [189]. DNMT3L
	specifically binds un-methylated H3K4 via its ADD domain (also found in DNMT3a/b enzymes

and dinoflagellates (Figure 2.1.2). In invertebrates

  

	rodent specific and germ-line expressed DNMT3c protein, in controlling young TEs
	expression [212]. Since the PIWI and DNMT3c share similar targets it is a remote possibility
	that DNMT3c, with DNMT3L, is the DNMT involved in the PIWI-DNA methylation dependent
	pathway. Interestingly DNMT3c is lacking the PWWP domain found in other DNMT3
	enzymes which likely repel it from gene bodies and further anchor it to repeats [212].
	Of note, there are some evidences for a RNA dependent DNA methylation pathway in
	diatoms [213]; however, classical Pol V and Pol IV are lacking (personal communication)
	(further discussed in
	, DNMT3 have been
	lost several times and the relative activity of the maintenance DNMT1 and DNMT3 enzyme
	in setting 5mC is discussed [97]. Diatom's and dinoflagellates DNMT3 enzymes lack all known
	chromatin domain (this manuscript section 2.2 -Hoguin et al. 2019), [34, 110]. Moreover,
	dinoflagellates also encode non-canonical TE-derived DNMT3 related enzymes [110]. The in
	vivo function of diatoms and dinoflagellate's enzymes has never been shown.
	In mammals, the PIWI mediated DNA methylation involved the loading of 25-30nt
	single stranded RNAs on the Argonaut proteins MILI and MIWI. The PIWI pathway is required
	for the establishment of de novo DNA methylation pattern in the germline and the
	repression of young transposons [209-211]. Recent works unraveled the role of the muroid

section 2.1.5c). Figure 2.1.4c -The RdDM pathway Schematic representation of the RdDM pathway in plants. DRM proteins are rearranged DNMTs with domains VI to X upstream of the domain I to IV. Pol IV transcripts (usually at

  

	transposable elements) are processed by Dicer and RDR2 enzymes to form 25-35nt long
	small RNAs with sequence complementary to the transcribed elements. The small RNAs
	are loaded on AGO proteins and paired with the corresponding complementary
	transcript now transcribed by PolV. This interaction triggers DRM proteins that
	methylate DNA in CG and non-CG context. Both H3K9me2 and DNA methylation itself
	are required for the recruitment of pol IV but also pol V creating a self-reinforcing loop
	as for the maintenance activity of CMTs. In plants, H3K9me2 which is required for de
	novo and maintenance of non-CG sites is therefore under the control activity of the
	IBM1 histone demethylase (not shown). CG methylation can be maintained
	independently of H3K9me2.

c. DNMT4: a DNMT1-related family with no known maintenance DNA methylation activity in vivo

  

	The DNMT4 family is a weakly supported DNMT1 related family, typified by fungi
	RID/DMTA and MASC1 proteins respectively involved in the RIP and MIP processes, two DNA
	methylation dependent genomic defense mechanisms against TEs [120, 122, 175, 214, 215].
	In silico evidences suggest that RIP is an early and widespread genome defense mechanisms
	among fungi [120, 122]. In Neurospora crassa the RID (Repeat Induced Deficient) enzyme is
	required for RIP and has classical DNMT features with a conserved DNA methyltransferase
	but also a chromatin related BAH domain [122]. Although being required for RIP, the direct
	implication of DNMT4 enzymes in the setting or the maintenance of 5mC is debated. RID
	proteins do not seem to have methyltransferase activity in vivo and rid mutations do not
	affect much of Neurospora crassa life cycle [215]. In the latter species, DNA methylation
	associated-RID requires another DNMT1 divergent protein: DIM2; (see section 2.1.4a) which
	is not conserved in all fungi [77]. The MASC1 (DNMT4) protein in Ascobollus immersus only
	affects MIP, probably by de novo methylation, but is not required for the maintenance of
	DNA methylation [175]. The DMTA proteins, other DNMT4 enzymes, in Aspergillus flavus
	[216] and in Aspergillus nidulans [217] are important for sexual development but not via
	DNA methylation functions. Interestingly, the DNMT4 family has been recently found in the
	diatoms Thalassiosira pseudonana and Fragilariopsis cylindrus [109]. In diatoms, the role of
	DNMT4 enzymes is unknown; as it is not known whether any RIP or MIP related process
	occur in those species.

d. The DNMT5 family is a unique DNMT shared between diatoms, fungi and green algae.

  

	enzymes. Recent works strongly suggest that DNMT5 is a bona fide H3K9me affined
	maintenance enzyme with very low de novo activity in Cryptoccocus neoformans [218]. The
	H3K9 methyltransferase CLR4 and the HP1 protein pathways act upstream of DNMT5;
	reminiscent of the DIM-2/H3K9me in Neurospora crassa. The loss of DNMT5 triggers a
	rearrangement of H3K9me genome wide with an increased marking at sub-telomeric
	regions, possibly by compensatory mechanisms. Interestingly, DNMT5 is also highly
	conserved enzyme within unicellular eukaryote as in green algae, diatoms, haptophytes and
	dinoflagellate lineages [4] (Figure 2.1.2). In dinoflagellates, DNMT5 is divergent and do not
	contain C-ter SNF related domains [110]. To date, the function of this enzyme outside fungi
	is unknown (
	The DNMT5 family was first described by L. Ponger and W.H Li in Aspergillus
	fumigatus and Cryptococcus neoformans as a new DNA methyltransferase possessing a long
	C-ter region containing DEADx and C-ter Helicases domains [70]. This C-ter domain is related
	to SNF chromatin remodelers and specially the RING containing SNF2 enzymes [4] . The
	function of this domain is unclear [4]. The DNA methylation function of this enzyme was first
	demonstrated in Cryptococcus neoformans in which it is the only known DNA
	methyltransferase [4]. The unique association of a DNA methyltransferase domain and a
	SNF2 related domain clearly suggests that the DNMT5 family consists of multifunction

Figure 2.1.5).

  

  TEs are temperature responsive[257]. It is intriguing that marine TEs might have evolved conditional expression patterns in somatically dividing cells; in a pattern that could match the conditional specific expression of DNMTs themselves.ProblematicsDNA methylation patterns and DNMTs are diverse in the eukaryotic tree of life. This diversity likely generates fine tune difference in gene regulatory networks especially in respect to gene body methylation. While considerable efforts have been made in metazoans to decipher the maintenance and setting of DNA methylation, in diatoms, the mechanisms that lead to the establishment of the epigenetic landscape are only starting to emerge(Zhao et al. 

the feeding of royal jelly in honeybees that modify gene methylation and transform infertile workers into queens. In mice, nutritional intakes during pregnancy can modify the agouti phenotype (yellow fur) by modification of the methylation state of an IAP transposon located in the promoter of the AGOUTI gene

[251]

. In humans, there are some evidences for the effect of various compounds, which includes Arsenic and Bisphenol A, on DNA methylation

[252, 253]

.

Environmentally linked changes in DNA methylation are now more and more considered in epidemiology of different human diseases

[254] 

like Asthma in which various states of DNA methylation on immune response genes have been described

[255]

. Diatoms could therefore be instrumental models to further decipher naturally occurring environmental-related epigenetic variations of gene expression.

A recent meta-genomic and meta-transcriptomic study of TARA samples of the Mediterranean see demonstrated that TE were widespread in various lineages of bacteria, haptophytes, dinoflagellates and stramenopiles (including diatoms)

[256]

. TEs are naturally expressed in Modern Ocean and for some clades correlates with concentration in orthophosphates (PO4-). This also suggests that TEs have ecological functions in marine systems. Unpublished works from collaborators showed that some transposable elements were specifically upregulated in the response to cold in other diatom species and echoes the studies on nitrogen depletion in Phaeodactylum. In addition, in the dinoflagellate Symbiodinium microadriaticum (close relatives to the Symbiodinium in which DNA methylation patterns were described), submitted) and remain for most part elusive. Concerning DNA methylation, no functional studies have been yet performed to decipher the implication of any of the DNMT encoded in diatoms genomes. There is some evidence for environmental specific variations of the DNA methylation patterns in diatoms but, the role, if any, of 5mC in this context has never been described. There are several open questions about the origin of the different DNMTs found in eukaryotes, including enzymes found in diatoms and shared with other planktonic organisms.
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  Transposable elements are major targets of 5mC. In mammals, the pressure exerted by de novo transposition events are cause of intensive defects in meiosis[116]. In plants,

transposable elements repression is also associated with DNA methylation patterns deposited by DRM proteins

[104, 178]

. In early divergent eukaryotes of the Chromalveolata, knowledge regarding TE repression and expression are only starting to emerge. In diatoms, several retrotransposons that propagate by copy and paste mechanisms have been reported. Those transposons were named CoDia for "Copia of Diatoms". In diatom genomes, the amount of TEs

  two DNMT1 related proteins with similar, but not identical structure and domains, which leave room for a potential evolutionary convergence scenario.

	Beyond diatoms, the DNMT4-eDAF annotated proteins found two putative DNMT4
	enzymes in the Raphidophyceae brown microalgae Heterosigma akashiwo and Chatonella
	subsala. Structural analysis revealed that they are composed of a conserved DNMT domain and
	a plant homeodomain (PHD) (table S1, Figure 2.2.1b). In Heterosigma akashiwo DNMT is
	disrupted by the PHD domain between motifs I and IV which resemble chromodomains of CMTs
	enzymes (table S1-S2, Figure S1) we found a DNMT1 related protein in three haptophytes of the (Figure 2.2.1b). The Raphidophycea enzymes poorly define a DNMT family by themselves and
	MMETSP database. In our main phylogeny they form a monophyletic group with the predicted outgroup the DNMT1-DNMT4 enzymes (Figure 2.2.1a). They do not structurally resemble any

chromomethylases of the coccolitophore Emiliana huxleyi and are distantly related to plants CMT enzymes (Figure 2.2.1a, Figure 2.2.2). However they also sometimes contain a Replication Foci Domain (RFD) usually found in DNMT1 proteins (table S1, Figure 2.2.1b). Alignments of their PF00145 domain in respect to other DNMT1 and CMT enzyme revealed that they have canonical DNMT motifs at the exception of the motif I that resembles more chromomethylases than any other DNMT (Figure S1). Overall, this suggests that haptophytes encode CMT with DNMT1-like features. Our methodology extensively identified diatom DNMT4 enzymes that form a monophyletic group with RID/DMTA enzymes (Figure 2.2.1a). The diatoms DNMT4 are monophyletic and are separated from the RID/DMTA fungal enzymes (Figure 2.2.1a). A total of 31 diatom pennate and centric species express at least one DNMT4 transcript which indicates that it was acquired early in diatoms evolution (table

S3

). Most DNMT4 enzymes are composed of a single DNMT domain. However, 9 diatom's DNMT4 proteins possess an additional N-ter chromodomain (Figure

2

.2.1b, Supplemental table S1-S3

). We note that the DNMT motif VI is canonical in diatom DNMT4 enzymes and divergent in RID proteins (Figure

S1

). While the de novo activity of RID enzymes is debated [120], we hence hypothesize that diatom DNMT4 enzymes are likely functional on their own rights and can recognize epigenetic marks. The peculiar phylogenetic distribution of the RID/DNMT4 enzymes suggests that they arose from a horizontal gene transfer between a fungus and a diatom ancestor. We cannot directly confirm or infirm the latter hypothesis. Our results rather highlight that diatoms and RID DNMT4 enzymes are DNMT4 or DNMT1 enzyme per se. It is a remote possibility that they represent a yet undescribed new type of divergent DNMT4, and therefore DNMT1, related enzymes.

Figure 2.2.3, table S2).

  The DNMT5a and DNMT5b both have a C-ter SNF-like domain (Figure2.2.1b). However, the DNMT5a are widespread among stramenopiles, green algae, fungi and haptophytes compared to DNMT5b. The DNMT5a family includes the protein from Cryptococcus neoformans which is involved in the establishment or maintenance of DNA methylation patterns[START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF] 218]. In addition, green algae and the photosynthetic stramenopiles are forming a monophyletic clade. The DNMT5 enzymes of Emiliana huxleyi are not monophyletic in this phylogeny. Both haptophyte enzymes are indeed either more similar to DNMT5a or b respectively rather than they resemble each other's. The position of the DNMT5 enzymes of Emiliana huxleyi could involve horizontal gene transfer from a Pelagophycea-Dictyochophycea-Diatom or green algae ancestor. The position of green algae in the DNMT5 family is intriguing as it suggests that the DNMT5a enzymes of green algae are more closely related to stramenopiles than they are from fungi. This can be due to the overall less representation of green algae in our DNMT5a is generally absent from most diatom transcriptomes. The DNMT5b show a more restricted distribution and essentially consist in a diatom monophyletic clade of enzymes.Although very similar, DNMT5a and DNMT5b differ and likely possess various functions. Firstly, the DNMT5b SNF domain diverged compared to other DNMT5a enzymes and lacks a ring domain (tableS1, Figure 2.2.1b). In addition, several DNMT5b enzymes contain an N-ter laminin B receptor domain that is not detected in any DNMT5a or c sequences from any species in our analysis. Laminin B receptor domains are relatives of TUDOR domains found in numerous proteins involved in the setting and recognition of histone posttranslational modifications. They are also found in proteins involved in the small RNA pathways. TUDOR containing DNMT5 enzymes are found in diatom genomes and transcriptomes (tableS3). Moreover, our eDAF structure analysis show that the PF00145 of DNMT5b much diversified between motifs VI and

	The DNMT5b family is exclusively composed of diatom sequences (Figure 2.2.1a, Figure 2.2.2,
	table S2). The DNMT5c family is a dinoflagellate specific clade (Figure 2.2.1a, Figure 2.2.2, table
	S2). Contrary to the other DNMT5 proteins, dinoflagellate DNMT5c enzymes are devoid of
	chromatin associated domains. DNMT5c instead have long N-ter amino-acid tails with no
	homology to any known protein motifs (Figure 2.2.1b, table S1). This lack of common SNF

structures between DNMT5c and DNMT5a/b did not prevent eDAF or our RBH search to correctly associate DNMT5c enzymes with the DNMT5 clade. Our original phylogeny which was based on the alignment of PF00145 domains did not consider other variations, we therefore further investigated the relationship of DNMT5 families upon the full alignment of their SNF domains using fungi and green algae reference enzymes (Figure

2

.2.3, table

S5

). It is worth note, since DNMT5c proteins do not contain SNF domains; we could not generate reliable alignments in comparison to the other DNMT5 enzymes and were removed from our tree.

Within the DNMT5a family, the ochrophyte (diatoms, pelagophyte, dictyochophyte) algae proteins are monophyletic and relatives to the fungi DNMT5 enzymes (Figure

2

.2.3). All fungi and green algae enzymes analyzed in our trees fall in the DNMT5a subfamily (datasets. Within diatoms, DNMT5a is only found in 2 transcriptomes and 4 annotated genomes (table

S3

).

VIII (Figure 2.2.1b, table S1).

There is overall a weaker eDAF e-value certainty for the DNMT5b PF00145 compared to DNMT5a enzymes. The differences between DNMT5a and b structures probably highlight profound functional diversification between the DNMT5a and b enzymes, irrespective of their putative DNA methylation activity or not. Outside diatoms, the DNMT5b enzyme is not well supported except in Bolidomonas pacifica (table S1-table

S2

). Therefore, DNMT5b is probably a divergent DNMT5 protein that extensively diversified in diatoms. From other haptophytes of the MMETSP, DNMT5 transcripts are either absent or partial or with poor PF00145 homologies (table

S2

). Isolated dinoflagellate DNMT5b enzymes are also very divergent transcripts (Figure

2

.2.1a, table

  

  .2.1b). DRM plant proteins are divergent DNMT3 enzymes with swapped DNA motifs and are involved in the deposition of non-symmetrical DNA methylation patterns [178]. Our data indicate that DNMT3

is, in fact, not particularly abundant in microalgae (Figure 2.2.2), since DNMT3 appeared to have been lost in most stramenopiles except for diatoms; in which both genomic and transcriptomic data strongly support its presence (Figure 2.2.2, table S2-S3). DNMT3 seems absent in haptophytes (Figure 2.2.2, table S2), only one transcript from the cryptomonad Goniomonas pacifica could be associated with DNMT3. In addition, we couldn't identify DNMT3 enzymes in green algae, but it is very likely present in red algae as found in the genomes of Cyanidioschyzon merolae and Galdieria sulphuraria (Figure 2.2.2, table

  In fact, our eDAF analysis didn't retrieved Aurreococcus anophagefferens DNMT6 enzyme that was presented in[START_REF] Huff | Dnmt1-independent CG methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. A DNMT6 hit for Aureococcus annophagefferens was found by RBH. This enzyme clusters with the DNMT6 enzymes of kinetoplastids in our phylogeny and it was retained. In addition, in diatoms, DNMT6 is very abundant (tableS2). DNMT6 is also present in the non-photosynthetic labyrinthulomycetes Aplanochytrium stocchinoi and probably in Aplanochytrium keurgelense. Interestingly, we strongly support a DNMT6 orthologue in the major Chromalveolata linage of rhizarians (Figure These enzymes are for most part homogeneous and none of the putative proteins

	2.2.2). DNMT6 is therefore one of the most widespread DNMT in micro eukaryotes (Figure
	2.2.2).

Tetraselmis green algae and of 7 dinoflagellates. In addition, DNMT6 is found in stramenopiles as in Dictyochophyceae, Crysophyceae and Pelagophyceae (Figure 2.2.2, table S2). We couldn't identify a DNMT6 enzyme in any pelagophyte. encode chromatin associated signatures (Figure 2.2.1b, table

  Within diatoms, DNMT5a is phylogenetically restricted. It is almost exclusively found in annotated genomes of pennate diatoms, including the model diatom Phaeodactylum tricornutum and its sister species Fistulifera solaris. In the genomes of the closely related Fragilariopsis cylindrus species as well as in the pennate Synedra both DNMT5a and b are found (tableS3). It is very likely that a DNMT5a and b are ancestral to pennate diatoms. Because a DNMT5a enzyme is found in Aureococcus anophagepherens as in Bolidomonas pacifica, in the latter it is partial (tableS1, tableS2), as well as in several pelagophyte and dictyophyte transcriptomes, we could argue that it is ancestral to the stramenopiles as well. However,

	Corethron
	. Of note, Emiliana huxleyi seems to have hence
	acquired both a DNMT5 enzyme and a CMT-DNMT1 like protein by horizontal gene transfers

with (brown-green) microalgae. Such horizontal gene transfers could very well occur during endosymbiosis

[270, 271] 

by heterotrophic algae (as the ancestor of cryptophytes). Interactions between organisms in natural oceans are diverse and probably more complex than we think

[272]

. pennatum is the only centric with a DNMT5a (and b) transcript and cannot be confirmed by other means.. Its absence in centric diatoms is likely not due to its low level of expression per se since it is not found in any of the 5 centric genomes in which at least another DNMT could be detected, specially DNMT5b (table

S3

). If DNMT5a is present in the common ancestor of diatoms it most likely extensively pseudogenized in centrics. However, since pennate diatoms arose from a centric ancestor [273], we would have expected that DNMT5a would be present in centric and then diverged in DNMT5a in pennate. DNMT5a of diatoms are much more closely related to green and fungi DNMT5a enzymes than they are from DNMT5b from other diatoms

(Figure 2.2.3)

. Pennate and centric diatoms likely diverged 75 million years ago. The origin of DNMT5a in diatoms is questionable, but we cannot at this stage infer pennate specific acquisition of a DNMT5a enzyme. We have found that several fungi DNMT5 enzymes are more divergent than others. Cryptococcus neoformans gene has an N-ter chromodomain at the same position as DNMT5b 'Tudor' domain (table

Table S2 -Detailed report of all transcripts found in the MMETSP and representative sequences used in our phylogenies

 S2 Numbers indicate the number of transcripts found in our analysis. If not otherwise specified,

	transcripts were identified by eDAF and RBH. If not otherwise species sequences are coming
	from the MMETSP/ [264] databases. 'g' indicates the sequence was extracted from annotated
	genes. 'p' indicate partial sequences. 'd' indicate divergent transcript that could still be assigned
	to a given family. 'x' represent the two enzymes found in raphidophycea that required manual
	annotation. '*' represents: a full DNMT5a transcript in Karenia brevis and a divergent DNMT5a

Figure 4.2.1b). This analysis

  Figure 4.2.1b). Those ontologies are very diverse and broad, with no evident association with its ecotype specificity. There are not enough monoallelic genes to get specific patterns of gene ontologies and functions. Interestingly, however, Pt1.86 and Pt3ov which are closely related[START_REF] Rastogi | A genomics approach reveals the global genetic polymorphism, structure and functional diversity of ten accessions of the marine model diatom Phaeodactylum tricornutum[END_REF] have a substantial amount of gene ontologies that is only shared between them compared to the other ecotypes. These ontologies are enriched for genes involved in ion

	revealed that ecotypes shared a substantial amount of ontologies enrichment. The most common gene ontology is "generation of neurons". "Generation of neurons" includes conserved genes involved in very diverse biological processes. "Sexual reproduction" associated genes are not bona fide meiosis genes found in diatoms [426]. Those processes are very general, cover an extensive number of genes with different in fine functions and are not specific of monoallelic genes per se (see also Figure S1). Other categories are found and are more specific to each only true for a small subset of genes. Since Pt1.86 and Pt3ov also share more MAE genes than other ecotypes do (Figure 4.2.1a), we verified if the genes with shared ontologies had common ecotype ('exclusive' transports like calcium, sodium and manganese (Figure 4.2.1b -lower panel) but again this was SNPs in both. We observed that this was not a general rule (data not shown).

Monoallelic genes are not part of gene cluster and are scattered in the genome (data not shown). Monoallelic expression could have been co-opted at genes with common functions in all ecotypes; we therefore further looked for enrichment of specific biological process -gene ontologies found in monoallelic genes (Material and Methods -

.2.2 -Allelic imbalances in Pt1.86 a.

  Distribution of genes based on their allelic expression imbalances in Pt1.86. Most of the genes have incomplete allelic imbalances. b. RPKM of MAE, BAE and ASE genes. Outliers were removed. 6 MAE genes could not be retrieved and were removed from further analysis. c. left -table representing the combination of epigenetic marks found in MAE, BAE and ASE genes. Repressive marks are indicated in red and marks associated with transcriptional activation in green. DNA methylation comprises CG, CHG and CHH methylation called in

  Lowering the threshold of coverage to identify MAE genes therefore enriched for genes with partial bias in expression ('MAE-low') clearly demonstrating that low coverage RNAseq artificially enhanced the discovery of MAE genes (Figure4.2.3a, tableS1) as false positives. Our data are a strong indication that near absolute monoallelic expression happens on a small subset of genes with fixed allelic imbalances in the populations of Four genes showed consistent monoallelic bias in clonal populations of Phaeodactylum tricornutum. Of note, two genes called with a lesser threshold but showing strong bias in expression at the population levels, are nevertheless stably monoallelic in all subclones. This is a strong confirmation that for those genes monoallelic expression is fixed. As we only performed technical replicates, we are now planning in isolating new RNAs from our clonal populations that was propagated for up to a month and re-assess allelic variations. This will take in consideration variations within clones in respect to cell division. It is interesting that pooling bias values of clones broadly recapitulate the allelic variations observed at the population levels.

	Phaeodactylum tricornutum.
	Variations in allelic expression could reflect clonal specific transcriptional variations. In
	order to test this hypothesis, we subcloned Pt1.86 by low density seeding on ESAW-AGAR plate.
	Isolated colonies were further propagated as axenic cultures in ESAW and pyrosequencing was
	performed on a subset of MAE and 'MAE-low' genes. Our preliminary results are showed in
	Figure 4.2.3b.

expected by RNAseq. However, they are nevertheless showing a bias in expression and could be considered as 'ASE' genes.

Phatr3_J49711 and Phatr3_J46938 have a more contrasted allelic imbalance. At the population levels J46938 has a lower bias in expression than expected by RNA seq experiments (2.5:1 -40% allelic differences -70% allelic frequency) and showed divergence in allelic imbalance in 4 clones. It is biallelically expressed in clones A,B and D and it is monoallelic expressed in clone H (clone G show no bias compared to gDNA controls). The gene J49711 shows less bias in clone A, D and H than at the population levels and in other clones. In this experiment, we therefore could not recapitulate all allelic bias for all genes.

  incunabulis primis ad usque pueritiae tempus extremum, quod annis circumcluditur fere trecentis, circummurana pertulit bella, deinde aetatem ingressus adultam post multiplices bellorum aerumnas Alpes transcendit et fretum, in iuvenem erectus et virum ex omni plaga quam orbis ambit inmensus, reportavit laureas et triumphos, iamque vergens in senium et nomine solo aliquotiens vincens ad tranquilliora vitae discessit. Hoc inmaturo interitu ipse quoque sui pertaesus excessit e vita aetatis nono anno atque vicensimo cum quadriennio imperasset. natus apud Tuscos in Massa Veternensi, patre Constantio Constantini fratre imperatoris, matreque Galla. Thalassius vero ea tempestate praefectus praetorio praesens ipse quoque adrogantis ingenii, considerans incitationem eius ad multorum augeri discrimina, non maturitate vel consiliis mitigabat, ut aliquotiens celsae potestates iras principum molliverunt, sed adversando iurgandoque cum parum congrueret, eum ad rabiem potius evibrabat, Augustum actus eius exaggerando creberrime docens, idque, incertum qua mente, ne lateret adfectans. quibus mox Caesar acrius efferatus, velut contumaciae quoddam vexillum altius erigens, sine respectu salutis alienae vel suae ad vertenda opposita instar rapidi fluminis irrevocabili impetu ferebatur. Hae duae provinciae bello quondam piratico catervis mixtae praedonum.
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For RNA-sequencing and bisulfite experiments, WT and D5 mutant cultures were seeded in duplicate at 10.000 cells/ml and grown side by side in 250ml flasks until mid-exponential at 500.000 cells/ml. Culture growth was followed using a hematocytometer (Fisher Scientific, Monoallelic expression in single cell organisms, insights from the diatom Phaeodactylum tricornutum a maternal -paternal 2:1 ratio, there are hundreds of genes in this tissue with uniparental expression, i.e., only the paternal or maternal allele is expressed [325][326][327][328]. Some cases of imprinted genes have also been reported in intraembryonic tissues in maize and Arabidopsis thaliana but this type of imprinting does not seem as patent as the parental imbalance observed in the endosperm [329]. In the endosperm, as in the mammalian placenta, imprinting is required for correct seed and early embryonic development [321].

b. Epigenetic and genetic inheritance of genomic imprinting

Genomic imprinting requires the parental epigenetic transmission of interconnected epigenetic marks. Differential and imbalanced transmission of DNA methylation (in the form of 5 methyl-cytosine) between the male and female gametes have been shown critical for the proper establishment and maintenance of imprinting in both plants [324,328,[330][331][332] and mammals [START_REF] Sanmiguel | DNA methylation dynamics of genomic imprinting in mouse development[END_REF]290,333,334]. In mammals, the allele specific-parental and imprinted genes are under the control of differentially methylated regions (DMRs) at imprinted control regions (ICRs), whose parental imbalanced DNA methylation pattern is inherited from the gametes and preserved despite the successive waves of DNA demethylation and re-methylation that occur during mammalian preimplantation development [START_REF] Sanmiguel | DNA methylation dynamics of genomic imprinting in mouse development[END_REF]335]. This process involves the de novo activity of DNA methyltransferases (DNMTs) [186,336]. One ICR typically regulates several imprinted genes which are then often found in the same cluster [295,337]. ICRs are recognized by several methylation sensitive proteins like ZFP57 that recruit heterochromatin factors [317,338]. Methylation sensitive insulator CTCF proteins that sterically isolate chromatin states between genomic regions by ensuring genomic loops can also promote or prevent parental specific promoter and enhancer interactions [339][340][341] based on the parental specific methylation sites of ICRs. The genomic imprint hence requires the interplay of specific cis regulatory genomic sequence platforms of precise epigenetic information [342]. In plants, as in mammals, DNA methylation was shown to be involved in the onset of imprinting [325,327,328,343,344]. In plants, the central cells of the embryo that will give rise to the endosperm undergo genome-wide DNA de-methylation by Demeter enzymes. While sperm cells keep DNA methylation, DMRs therefore arise from the maternal inheritance of un-methylated regions in S1. Different histone marks were taken from [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom Phaeodactylum tricornutum[END_REF].

Potential role of epigenetics in the control of stable monoallelic expression

As we validated several genes with stable monoallelic expression at the population and subcloning levels we wished to further investigate a possible epigenetic control of allelic imbalances using those genes as references. H3K27me3 is found associated with imprinting Pyrosequencing protocol (AH)

The pyrosequencing protocol was derived from [433] and consists in a two-in-one PCR based method preceding pyrosequencing. Briefly, for each SNP, pyrosequencing primers were designed using the "PSQ assay design" software. We subsequently modified the corresponding biotinylated primer sequences to include 5'tailed universal sequences: 5'-GTGACGTACTAGCAACG and 5'-TAGCAGGATACGACTATC for the forward or reverse primers accordingly. The sequencing primer was left unmodified and primers were synthetized by the Eurofins company as non-biotinylated oligos. Two-in-one PCR was performed with biotinylated universal primer USF : 5'[Biotin]-GTGACGTACTAGCAACG ; and USR : 5'[Biotin]-TAGCAGGATACGACTATC using GoTaq® Flexi DNA polymerase (Promega) according to manufacturer's protocol with the following modifications. If reverse/forward strand to be biotinylated use 0.4µM final forward/reverse primer, 0.08µM final reverse/forward primer and 0.32µM final USR/USF respectively for one 50ul PCR reaction. The cycling conditions were set up as the following : 3' 95°C -(15'' at 95°C; 15'' at 58°C; 30'' at 72°C)X7 followed by (15 '' at 95°C;

15''at 56°C; 30'' at 72°C)X40 -5' at 72°C -4°C hold. This will amplify a 100bp biotinylated PCR product in which the SNP is included. Importantly none of the primer used for pyrosequencing are specific for either one of the allele allowing an unbiased sequencing of both alleles. The PCR product is then sequenced by pyrosequencing on a Pyroseq Q96 device. Pyrograms were analyzed using the provided PyroMark Q96 ID software 2.0 calling for allele quantification.

Gene ontology analysis (AH and FR)

Specific GOs were first obtained by the relation between GOs and the functional annotation of the sequences. To do so Phaeodactylum genes were associated with their functional CLADE [262,263] Les diatomées biosynthétisent la silice en une " couche " extérieure appelée " frustule ". Chaque