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Diatoms: an ancient and highly diversified Marine Algae

Diatoms are highly diverse phytoplankton composed of more than 200,000 species [1,2] found all over the world. Small creature as a diatom can influence human life in many aspects. For instance diatom bloom, especially toxic one Pseudo-nitzschia multiseries, can easily damage the economy and even cause human death. Meanwhile, the bioactive compounds extracted from diatoms are important, widely used in health, food industries, cosmetics and aquaculture. What's more, the unique silica outlayer of diatoms can be applied to nanomedicine, for instance immunodiagnostics and drug delivery [3]. Most importantly, diatoms contribute to 20-45% of global primary production [1,4], mineralize the ocean and support millions of living creatures including us.

Evolution and Classification

The earliest fossil evidence of diatoms goes back to 190 Myr ago to Early Jurassic [5],but the molecular clock estimation pushes the rise of diatom to the Triassic period which is around 250

Myr ago [START_REF] Sorhannus | A nuclear-encoded small-subunit ribosomal rna timescale for diatom evolution[END_REF]. In the primitive ocean, the community of phytoplankton is consisting mainly of cyanobacteria, green algae and large portion of bacteria, approximately 2.4 billion years ago, the prosper of cyanobacteria caused the Great Oxidation Event, changed Earth's atmosphere to a more oxidizing environment and eventually established the foundation of occurrence and development of diatoms.

As a member of chromalveolates, the ancestor of diatoms benefits from a secondary endosymbiosis event leading to the acquisition of a chloroplast from another photosynthetic algae. But about the origin of the acquired plastid is a matter of debate. Lots of researchers believe that the last common ancestor of chromalveolates was the product of a red algal cell captured and retained by a non-photosynthetic heterotrophic protist [START_REF]Chromalveolate Hypothesis[END_REF][START_REF] Tom Cavalier-Smith | Principles of protein and lipid targeting in secondary symbiogenesis: euglenoid, dinoflagellate, and sporozoan plastid origins and the eukaryote family tree 1, 2[END_REF], so empirically diatom's ancestor has a red algae chloroplast. In fact numerous phylogenetic studies of nucleus proteins of chromalveolate species support this hypothesis [START_REF] Xue | Reexamining alveolate evolution using multiple protein molecular phylogenies[END_REF]10,[START_REF] Su Yoon | A molecular timeline for the origin of photosynthetic eukaryotes[END_REF][START_REF] Li | Phylogenomic analysis identifies red algal genes of endosymbiotic origin in the chromalveolates[END_REF][START_REF] Nosenko | Laser method of heating monolayer dusty plasmas[END_REF]. On the other hand, chromalveolates hypothesis itself has its limitations for explaining the evolution of some non-photosynthetic lineages in chromalveolates (for instance ciliates and apicomplexans). There are several explanations including but not limited to: subsequent loss of the captured algal cell or by genes of the endosymbiont that were acquired during serial endosymbiosis [START_REF] Moustafa | Chlamydiae has contributed at least 55 genes to plantae with predominantly plastid functions[END_REF], or an independent acquisition hypothesis [START_REF] Archibald | The puzzle of plastid evolution[END_REF] [START_REF] Bodył | Early steps in plastid evolution: current ideas and controversies[END_REF]. In the evolution of diatoms, evidences show that there are large portions of green algae genes in modern diatom genomes [START_REF] Moustafa | Genomic footprints of a cryptic plastid endosymbiosis in diatoms[END_REF], suggesting an additional endosymbiotic event with green algae during the early evolution of chromalveolates.

Recently an alternative model proposes that an ancient green endosymbiont prior to the red alga endosymbiont was replaced via repeated secondary and tertiary endosymbiosis [START_REF] Dorrell | Do red and green make brown?: Perspectives on plastid acquisitions within chromalveolates[END_REF], which means the "red" chloroplast of diatom not necessarily comes from red algae but can also be gained by tertiary endosymbiosis of another red origin chromalveolate alga. Either ways, diatoms evolved with an endosymbiotic mosaic features of red, green and even maybe chromalveolatederived genes which set the foundation of a highly diversified genome of diatoms.

Diatoms have been discovered for more than three hundred years since it has been first recorded by an anonymous Englishman in a letter to the famous Dutch microscopist Antonie van Leeuwenhoek in 1703 [START_REF] Anonymous | two letters from a gentleman in the country, relating to mr. leuwenhoek's letter in transaction, no. 282. communicated by mr. c[END_REF]. The study of diatom species classification started in the latter half of the 18th century, many diatoms were observed and have been classified based on their physical cellular structure. Since the limitation of techniques of that time, whether diatom is an animal or a plant was a subject of debate because plant are not supposed to move while the tube-dwelling and colonial form of diatoms were against the character of animal kingdom. Now we know the movement is relays on flagellum or raphe, flagellum is one of the most important feature of Heterokont, but this feature was lost in a lot of diatom species, only appear during sexual reproduction in male gametes. Raphe is a slit on the surface of pennate diatom along the apical axis, mucilage secreted through raphe helps pennate diatom to glide on the substrate.

With the development of microscopy in the 19th century, diatoms were divided into mainly two groups based on the symmetry: Pennate and Centric diatoms. Until now, this is still well recognized to most biologists. Taking mobility of diatoms into consideration and based on purely observation of morphology, another well-recognized consensus was brought up [START_REF] Frank | Diatoms: biology and morphology of the genera[END_REF], it classifies diatoms into three groups: centric, raphid pennate and araphid pennate. However those descriptive words have their limits in terms of taxonomic value. With the bloom of molecular biology in the 21th century, studies based on molecular evidence such as 18s rRNA modified the latter taxonomy and was replaced by a classification into two clades. Clade1: radial centrics (Coscinodiscophyceae), Clade2a: bi-or multipolar centrics and the radial Thalassiosirales (Mediophyceae) and Clade2b: pennate diatoms (Bacillariophyceae). Molecular evidence also suggested that pennate diatoms diverged from centric diatoms around 125Ma [START_REF] Mock | Genomics and genetics of diatoms[END_REF].

Physiology

Diatoms are a group of unicellular microalgae, the size of which can vary from 2 µm to 500 µm [START_REF] Grethe R Hasle | Identifying marine diatoms and dinoflagellates[END_REF].The color of diatoms are mostly brown, given by a specific pigment fucoxanthin. Like other algae, diatoms are autotrophic photosynthetic organisms with exceptions of few heterotrophic diatom species that exist in extreme habitats [START_REF] White | Growth of two facultatively heterotrophic marine centric diatoms1,2[END_REF]. The most significant physiology feature of diatoms is their silica frustule which makes them easily distinguishable from other phytoplankton.

Frustule is the external layer composed of two overlapping valves, usually with nanopores distributed on the surface of it to allow nutrients and light pass through the cell wall. The structure and pattern of silica outlayer is also a criterion of diatoms classification.

Diatoms are one of the most ecologically successful group of species in the world, dominating contemporary oceans, also found in fresh water and terrestrial ecosystems. The diversity and ubiquity of diatom species is astonishing, in the oceans they not only appear at coastal areas and up-welling regions, but also dominate the sea-ice edges [START_REF] Kang | Fragilariopsis cylindrus (grunow) krieger: the most abundant diatom in water column assemblages of antarctic marginal ice-edge zones[END_REF]. In the open-ocean, diatoms can bloom quickly with limited nutrition by a flexible adaptation strategy: they can take up and store the necessary nutrients and some diatoms can control their buoyancy to move up or down in the water column looking for nutrients [START_REF] Morel | The biogeochemical cycles of trace metals in the oceans[END_REF][START_REF] Villareal | Upward transport of oceanic nitrate by migrating diatom mats[END_REF][START_REF] Virginia | The life of diatoms in the world's oceans[END_REF].Physiological and biochemical studies of diatoms provided most of the evidence for adaptation between open-ocean to coastal areas, polar to temperate and tropical environments. Here are listed several key physiological features that diatoms possess to thrive in changing environments.

Chromoproteins: diatoms possess series of photoreceptors and sensors that can absorb red and far-red light [START_REF] Herbstová | Molecular basis of chromatic adaptation in pennate diatom phaeodactylum tricornutum[END_REF][START_REF] Emidio Fortunato | Diatom phytochromes reveal the existence of far-red-light-based sensing in the ocean[END_REF]. The shift emission spectra to the far-red region allow diatoms to actively colonize a wide range of ecological niches, including subsurface layers and turbulent environ-ments [START_REF] Margalef | Life-forms of phytoplankton as survival alternatives in an unstable environment[END_REF], competing against other algae in the same water column. Usually far-red wavelengths are only detectable in the ocean surface, but chlorophyll fluorescence and Raman scattering can generate red/far-red photons in deeper layers, to the diatoms which located at depth where light is limiting for growth, phytochrome of far-red light would be essential for a quick readjustment to light-dependent processes [START_REF] Emidio Fortunato | Diatom phytochromes reveal the existence of far-red-light-based sensing in the ocean[END_REF].

Silica-uptake: Diatoms are the most important silicifiers in modern marine ecosystems. When supercontinent Pangaea broke into pieces and formed the map we know today, important amounts of nutrients were delivered into the oceans and the increase in nutrients might have positively selected lots of phytoplankton which lived along continental margin like diatoms [START_REF] Cermeño | Continental erosion and the cenozoic rise of marine diatoms[END_REF]. The expansion of diatoms during Cenozoic (65 Ma) was attributed to their superior competitive ability for silicic acid uptake [START_REF] Siever | Silica in the oceans: Biological-geochemical interplay[END_REF]. The drivers of expansion are still under debate but the benefits of silica utilization were well illustrated. First of all, silica structure formation added up to silicic acid uptake are energetically more efficient than forming the same volume of an organic structure [START_REF] John | The transport and function of silicon in plants[END_REF], which means silicifiers like diatoms consume less than other non-silicifiers algae in the same ecology niches. Secondly, the silica frustule can be utilized for support, predation defense, environmental protection and optical properties for light transmission and modulation [START_REF] Hendry | Competition between silicifiers and non-silicifiers in the past and present ocean and its evolutionary impacts[END_REF]. As highly silicified species, diatoms have the highest strength per unit density of any known biological material [START_REF] Zachary H Aitken | Microstructure provides insights into evolutionary design and resilience of coscinodiscus sp. frustule[END_REF], silica cover protects diatoms from their grazing predators which also can be part of the reasons of why diatoms out compete other phytoplankton in the same environments.

Even with the competition of other silica users in marine environments, multiple modes of silicic acid uptake pathways possessed by diatoms, help them continue their domination in marine phytoplankton community [START_REF] Thamatrakoln | Silicon uptake in diatoms revisited: a model for saturable and nonsaturable uptake kinetics and the role of silicon transporters[END_REF].

Nitrogen metabolism: Diatoms can use different form of nitrogen benefit from versatile inorganic and organic nitrogen transporter found in their genomes [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]. The metabolic flexibility in diatoms could also be an advantage of nitrogen utilization: a metazoan type urea cycle both was found both in Phaeodactylum tricornutum and Thalassiosira pseudonana. It could have served as a hub in redistribution of central nitrogen-containing metabolites during fluctuating nitrogen availability [START_REF] Allen | Evolution and metabolic significance of the urea cycle in photosynthetic diatoms[END_REF][START_REF] Smith | Evolution and regulation of nitrogen flux through compartmentalized metabolic networks in a marine diatom[END_REF].

Genome-era of diatom research

Modern diatomists have much more tools than before to investigate diatoms such as genomics, proteomics or metabolomics. Genomic data provide thorough information allowing scientist to dissect mechanisms more easily and efficiently. For instance genomes of two model diatom dramatically speed up the discovery of silica formation mechanisms [START_REF] Thamatrakoln | Comparative sequence analysis of diatom silicon transporters: Toward a mechanistic model of silicon transport1[END_REF]. For instance,with the help of genomics and bioinformatics, screening of silaffin (a component in diatom cell wall) led to the discovery of another protein called cingulins which eventually turns out to be an integral component of silica-forming organic matrix which further directs silica morphogenesis [START_REF] Scheffel | Nanopatterned protein microrings from a diatom that direct silica morphogenesis[END_REF].

Thalassiosira pseudonana is the first sequenced centric diatom [START_REF] Armbrust | The genome of the diatom thalassiosira pseudonana: Ecology, evolution, and metabolism[END_REF], whole genome sequence gave new insights into the evolution and metabolism of diatoms, soon followed sequencing projects including pennate diatom Phaeodactylum tricornutum [START_REF] Bowler | The phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF], polar species Fragilariopsis cylindrus [START_REF] Mock | Evolutionary genomics of the cold-adapted diatom fragilariopsis cylindrus[END_REF] and toxic coastal species Pseudo-nitzschia multiseries [START_REF] Basu | Finding a partner in the ocean: Molecular and evolutionary bases of the response to sexual cues in a planktonic diatom[END_REF]. Those genome together revealed unique combination of genes and rapid evolutionary rates and diversity in diatom species. Comparison shows that 57% genes were shared between T. pseudonana and P. tricornutum with an average identity of 54.9% between diatom orthologues, such differences are close to that of between mammal and fish, however pennate and centric diatoms diverged around 150Mry ago while the latter diverged about 550 Myr ago [START_REF] Bowler | The phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF]. In general, microbial eukaryotes diverge faster than multicellular species. The rate of divergence in diatoms is similar to other unicellular species for instance yeast, marine prasinophytes and Micromonas [START_REF] Mock | Genomics and genetics of diatoms[END_REF]. Interestingly, 7.5% of genes in P. tricornutum were found to have bacterial origin, which might come from horizontal gene transfer. To be noted, this level of horizontal gene transfer is higher than in other free-living eukaryotes, however similar to the rates found between bacteria [START_REF] Bowler | The phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF]. Together with the red algal origin genes integrated into the nucleus during second endosymbiosis process, diatom genomes have their unique "mosaic" feature which might have helped them adapt to wider ecological niches thus out-compete others, prosper and dominate the modern ocean.

Genomic data combined with classic biochemistry approaches have proved their powerful strength in diatom research. Epigenetics as a growing field, also shows significant contribu-tion toward cell development and adaptation in multiple organisms. Investigation of epigenetic mechanisms recently arose in diatoms and would open new insights into unknown biological processes when combined with physiology and classical genetic approaches.

Epigenetics 1.2.1 What is epigenetics

This was a question I've been asked at a conference when I gave my first talk on my 1st year PhD. I was uncertain at that moment, but in the end here in this session I humbly offer my answer.

Epigenetics starts to become a popular word in publications since the concept was first confirmed by Conrad Waddington in 1942 [START_REF] Conrad H Waddington | Canalization of development and the inheritance of acquired characters[END_REF], within decades, this concept has quickly spread from embryo development to other biology fields such as ecology, physiology and psychology. Although the definition of epigenetics in Waddington's theory was limited to the recognition towards genetics at that time (early 1940s even before DNA was clearly understood), he brought up ideas such as canalization, regulatory mechanism existence in the decoupling of genotype and phenotype, which set up the fundamental of epigenetic concept. Later on in 1958, David Nanney suggested a similar concept to Waddington's definition which described genotype-phenotype relation but in his theory he emphasized that this regulation mechanism beyond genetics must be heritable [START_REF] David | Epigenetic control systems[END_REF]. The development of epigenetics as a new field presents a rapid and explosive growth alongside the advancement of modern molecular biology . DNA methylation, histone modifications and non coding RNAs were successively found to be important regulators of transcription in different species. In parallel, the concept of epigenetics has been updated and widely accepted by the public, thus: "Epigenetics is the study of heritable changes in gene expression and function that cannot be explained by changes in DNA sequence". [START_REF] Vincenzo | Epigenetic mechanisms of gene regulation[END_REF].

Heritable is a noteworthy trait of epigenetic process compared to classical genetic regulation, however sometimes in a boarder definition of epigenetic regulation [START_REF] Holliday | Epigenetics: an overview[END_REF][START_REF] Bird | Perceptions of epigenetics[END_REF], activities are not necessarily strictly related to inheritance. A good example will be the cell-cycle-dependent re-distribution of the histone variant H2A.Z to centromeres and sub-telomeres [START_REF] Nekrasov | Histone h2a.z inheritance during the cell cycle and its impact on promoter organization and dynamics[END_REF], or gene activity alteration in non-dividing cells [START_REF] Holliday | Epigenetics comes of age in the twenty-first century[END_REF]. Broad notion of epigenetic emphasized the concept of prefix in the term epigenetic : "epi-", meaning "above" the genetics which implies no changes in DNA sequence but didn't mention inheritance. As a result, numerous studies that use the term of epigenetic regulation appear without clearly states of inheritance. Some epigeneticists emphasized the importance of inheritance and strictly limited the usage of epigenetics to chromosomebound/related heritable changes to exclude the vague expressional changes caused by cytoplasmic compounds which might be induced by purely genetic regulation [START_REF] Deans | What do you mean, "epigenetic[END_REF].

Many appealed for not using epigenetics arbitrarily especially when it comes to transcription state change in a transient moment. Eichten et al claim that many of histone modifications shouldn't called themselves "epigenetic regulation" when heritability is still unclear in the process [START_REF] Ptashne | On the use of the word 'epigenetic[END_REF][START_REF] Eichten | Epigenetics: Beyond chromatin modifications and complex genetic regulation[END_REF], because one wouldn't know the modifications are the cause or the result of the altered gene expression state. Indeed cautions need to be paid to distinguish genetic and epigenetics regulation especially in the case like environmental cues that drastically cause expression patterns that seem to be related to epigenetics variations. But simply exclude those variations which happened at chromatin level from concept of epigenetics will be unreasonable. On one hand, in strict definition of epigenetics, only the process can be "remembered" by cells can be classified to epigenetics criteria, but on the long evolutionary scale, cells responding to environment stimuli could be a transient process that not yet heritable at the moment. Since epigenetic offered another layer of comprehension to the relationship of phenotypic trait and its associated environmental factor beyond classic genetic adaptation, the study of transient moment regulated by epigenetics effectors (enzymes that deposit epigenetic marks) would not be meaningless because they are the foundation of answers to the "genuine" epigenetic questions like how does cell remember environmental triggers. On the other hand, epigenetic effectors regulate expression of genes under (or not) environmental stimuli should not be excluded from the discussion of epigenetic mechanism especially for the organisms that have an ancient position in the tree of life, because they might possess the original epigenetic toolkit in their genome. Dissecting the possible functions of their epigenetic modifiers might give inspiration to the unsolved mechanisms in an evolutionary context. So in general, wide definition of epigenetic should be valued more in my opinion, meanwhile surely words should be cautiously used when talking about epigenetic. Mans J proposed a different name to the strict definition of epigenetic: memigenetics, to distinguish the possible misleading of epigenetic when people use this term in different range of definition [START_REF] Mann | Epigenetics and memigenetics[END_REF]. It is interesting however the discrepancy between those two terms makes it hard to link these two concepts in first impression. We are looking forward to a more unified definition and/or classification in epigenetic field to settle the disagreement that occurs mainly because of the different scope of research.

'Mainstream' epigenetic mechanism: DNA methylation, histone modifications and ncRNAs

DNA methylation is a biological process of extra methyl group added to either cytosine or adenine. Cytosine methylation is well-studied. In 1970s to 1980s, the association of cytosine methylation with cell differentiation related genes expression first confirmed and established the concept of epigenetics at a molecular level [START_REF] Holliday | Dna modification mechanisms and gene activity during development[END_REF][START_REF] Bird | A fraction of the mouse genome that is derived from islands of nonmethylated, cpg-rich dna[END_REF]. Methylation of the fifth carbon of cytosine (5methylcytosine (5mC)) originated in bacteria but also present in eukaryotes mostly in a symmetrical dinucleotide way with guanine. In mammals, 5mC in promoter regions has been recognized as a repressive mark of transcription. DNA methyltransferases (DNMTs) are enzymes which introduce methyl group to cytosine, in total up to six DNMT families were found [START_REF] Zemach | Genome-wide evolutionary analysis of eukaryotic dna methylation[END_REF]. Among them, DNMT3, DNMT4 and DNMT6 were identified in algae and fungi and have distinct functions compared to DNMT1 to 3 which are referred as canonical DNMTs. Adenine can be methylated on the exocyclic NH 2 group at the 6th position of the purine ring (m 6 A) in prokaryotes.

Unlike the wide distribution of 5mC, m 6 A is not heavily reported in eukaryotes until recently when several groups have published conclusively genome-wide mapping of this mark [START_REF] Luo | Dna n 6 -methyladenine in metazoans: Functional epigenetic mark or bystander?[END_REF]. Rate of m 6 A differs between species but stays at relatively quite low level in average compared to 5mC, in human 0.051% of adenines were methylated genome wide [START_REF] Xiao | N6-methyladenine dna modification in human genome[END_REF], in green algae Chlamydomonas reinhardtii around 0.5% [START_REF] Fu | N6-methyldeoxyadenosine marks active transcription start sites in chlamydomonas[END_REF], in fungi around 0.048% to 2.8% [START_REF] Mondo | Widespread adenine n6-methylation of active genes in fungi[END_REF], in ciliates the number is 0.8-2.5% [START_REF] Leslie Y Beh | Identification of a dna n6-adenine methyltransferase complex and its impact on chromatin organization[END_REF]. DNA methytransferase of m 6 A usually can directly bind to promoter regions that have 5'-GATC-3'.

Histone modifications are post-translational modifications (PTM) of histones. It is another epigenetic mechanism that has been widely studied since 1960s. Compared to DNA methylation, histone modifications have much more broader range: firstly there are only four nucleic acids in DNA but 39 amino acids in a protein sequence, also type of histone modifications can be highly diverse. For now the documented modifications are more than 17 which include but not limited to methylation, acetylation, ubiquitination, phosphorylation etc [START_REF] Zhao | Comprehensive catalog of currently documented histone modifications[END_REF]. However only a small portion of histone modifications have writers that were identified, large portion of histone modifications remains unknown either in terms of their regulation over genes or their recruitment process. In general acetylation is considered as activation, methylation on the other hand is strongly related to repression state of transcription.

ncRNAs is a group of functional RNA molecules which is also an important epigenetics mechanism, two major groups of ncRNA were classified according to their length: short ncRNAs (<30 nts) and the long ncRNAs (>200 nts). In short ncRNAs, microRNAs (miRNAs) have been heavily studied, they function as major players of posttranscriptional regulation in many species and are involved with multiple fundamental biological processess, siRNA, a short double-stranded RNA(dsRNA) which was generated from long dsRNA cleaved by an endoribonuclease like Dicer, wich silences gene by binding to its mRNA and induces mRNA cleavage [START_REF] Song | Crystal structure of argonaute and its implications for risc slicer activity[END_REF]. lncRNAs on the other hand, are still understudied, but they are mainly involved in chromatin remodeling and transcription regulation. Many lncRNAs associate with diseases in human, for instance XIST dysregulation was correlated to various cancers [START_REF] Weakley | Expression and function of a large non-coding rna gene xist in human cancer[END_REF]. Interestingly, lncRNAs can induce transcription silencing via their interaction with chromatin-modification complexes, a good example is KCNQ1OT1, which can recruit PRC2 and G9a histone methyltransferases to regulate genes in cis [START_REF] Nakano | Expression profile of lit1/kcnq1ot1 and epigenetic status at the kvdmr1 in colorectal cancers[END_REF].

Epigenetics in diatoms: Phaeodactylum tricornutum, an ideal model for epigenetics

Epigenetic studies in diatoms started within a decade, right behind the release of two model diatom genomes. DNA methylation, long non-coding RNA (lncRNA) and histone modifications were all investigated in only four diatom species under several environmental conditions.

Studies on DNA methylation in different diatom species indicated that DNA methylation level varies a lot among species, in line with findings in other eukaryotes [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. About 2.57% of the genome were methylated in Thalassiosira pseudonana, 8.63% in Fragilariopsis cylindrus [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF], 5.16% highly methylated region in Phaeodactylum tricornutum [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[END_REF] and yet strikingly 61% 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], a centric diatom closely related to Thalassiosira pseudonana, mostly on repetitive sequence in its genome. DNA methylation levels in Phaeodactylum tricornutum correlate with genes controlling nitrogen metabolism [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[END_REF], however no significant change in methylation of genes pertaining to silicon metabolism or lipid accumulation 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], suggesting that the role of DNA methylation 5mC also varies between species and/or conditions. DNA methylation is believed to target transposable elements (TEs) in order to prevent TEs jumping randomly in the genome. In line with variations of DNA methylation, TEs content also varies a lot in diatoms. TEs represent about 2% of Fragilariopsis cylindrus and Thalassiosira pseudonana genome while almost 40% of Cyclotella cryptica's genome is composed of repeated sequences.

As an important regulator of transcription, lncRNAs were also investigated in diatoms. Recent works showed that Phaeodactylum tricornutum encode up to 1500 long non coding RNAs in intergenetic region, many of them regulated by phosphate (Pi), nitrogen (N) or pCO2, indicating that lncRNAs are involved in biological processes [START_REF] Helena | Noncoding and coding transcriptome responses of a marine diatom to phosphate fluctuations[END_REF][START_REF] Huang | A potential role for epigenetic processes in the acclimation response to elevated pco2 in the model diatom phaeodactylum tricornutum[END_REF]. Furthermore, natural antisense transcripts (NATs) were found to cover 21.5% of P.tricornutum genome, and expression of them is under tight regulation by nutrient (for instance phosphate) and environmental stresses [START_REF] Cruz De Carvalho | Global identification of a marine diatom long noncoding natural antisense transcripts (nats) and their response to phosphate fluctuations[END_REF].

Compared to DNA methylation, study of histone modifications in unicellular organisms especially in diatoms has just started. In 2015, the first genome-wide characterization of the histone code was released in Phaeodactylum tricornutum, this study suggests that the epigenome of Phaeo-dactylum tricornutum has a lot of conservation compared to other eukaryotes: among 62 identified PTMs, 54 of them were found in metazoans and/or plants [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. Some of histone modifications can be only found in metazoans but not in plants, for instance mono-, di-and tri-methylation of lysine 79 of histone H4, interestingly H4K79 mono-and di-methylation were also detected in Toxoplasma gondii, a ciliate species which is closely related to Stramenopiles [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. Also there are some histone modifications shared with plants but not detected in mammals for instance H4K20Ac [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. The PTMs map reveals the mosaic epigenetic feature of Phaeodactylum tricornutum and considering the position of diatoms in the tree of life, studying the regulation of those conserved histone modifications found in diatoms such as H3K27me3, H3K9me2/3, H3K4me3 would be interesting to explore their role in an evolutionary context, which is also the aim of my thesis work. Co-occurrence of epigenetic marks suggests co-regulation mechanisms. The crosstalk between histone modifications would be an interesting topic to address in future epigenetic studies in diatoms.

Phaeodactylum tricornutum is one of the model diatom species whose genome size is 27 Mbase, which is smaller than other sequenced diatoms. The publication of the epigenome in 2015 provided a great start to explore epigenetic modifications in diatoms using Phaeodactylum tricornutum. So far, the DNA methyltransferase DNMT5 was identified in P. tricornutum which was suggested to be the maintenance DNMT in diatoms, removal of Pt-DNMT5 caused a global loss of CG methylation followed by reactivation of transposable elements (Hoguin et al., Ecole Normale Supérieure, unpublished). Phaeodactylum tricornutum also has conserved histone modifications like H3K27me3 which is a key regulator of cell differentiation in multicellular species. Studying the function of those histone modifications in unicellular species like diatoms would broaden our knowledge on their role in unicellular organisms, which is also one of the aims of this thesis. As a widely distributed costal diatom, more than ten Phaeodactylum tricornutum ecotypes were isolated, recently published genomic diversity landscape of those ecotypes revealed that they can be divided into four genetic clades. High numbers of heterozygous alleles were observed in most of the ecotypes, suggesting that allele frequency plays a significant role in the genetic differentiation between clades [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]. Epigenetic modifications can be a key regulator in allele specific expression on certain occasions [START_REF] Lee | Allele-specific gene expression and epigenetic modifications and their application to understanding inheritance and cancer[END_REF], ongoing work validated a number of allele specific expressed genes in P. tricornutum using pyrosequencing and suggested a putative role of epigenetic mechanisms (Hoguin et al., In revision).

Overall, a handful toolkit of enzymes/proteins that execute epigenetic functions were identified in Phaeodactylum tricornutum, which further supports the species as an ideal model for exploring epigenetic in diatoms and unicellular organisms in general. To be noted, sex is still an un- (Accepted) Zhao, X contributes to the part of manuscript related to Histone modification, including three subsection: Post translational modifications of histones and their enzymes in diatoms, Histone acetyktransferases and deacetylases, Histone methyltransferases and demethylases.

Abstract: Epigenetic and its role in genome regulation is one of the most exciting areas of modern science. After a brief history of epigenetic and an introduction to the molecular basics of this discipline of science, this section describes the current knowledge of epigenetic components in diatoms, namely writers and erasers of DNA methylation and histone modifications.

With a particular focus on the model pennate diatom Phaeodactylum tricornutum, we describe our current understanding of the contribution of few epigenetic factors to diatoms biology. Further, short regulatory non-coding RNAs (ncRNAs) as well as long ncRNAs are described in light of recent research. We highlight future studies and directions with a focus on epigenetic editing and environmental epigenetic.

Introduction

The history of epigenetics reflects the fast progress and the dramatic increase of knowledge gained in the last 70 years of this young discipline. This is illustrated by the definition of epigenetics which evolved from a science reflecting phenomena that cannot be explained to a more precise field known as the study of mitotically and/or meiotically heritable changes in gene regulation that are not due or cannot be explained by changes in DNA sequence. These changes are represented by biochemical modifications of DNA, post translational modifications of histones (PTMs), the proteins that coat DNA, nucleosome positioning, chromatin remodeling and non-coding RNA associated gene silencing [START_REF] Conrad H Waddington | Canalization of development and the inheritance of acquired characters[END_REF] (Figure 1.1)

The first reference to epigenetics goes back to 1942 by Conrad Waddington, an embryologist who referred to epigenetics as the whole complex of developmental processes that take place between genotype and phenotype [START_REF] Conrad H Waddington | Canalization of development and the inheritance of acquired characters[END_REF]. His research led to the famous model of epigenetic landscape illustrating the different fates or developmental pathways a cell might take during differentiation with branches in the landscape structured by underlying genes. This concept quickly evolved in modern science which extended epigenetic studies to several model organisms including bacteria, mammals, plants, insects, fungi and microalgae and refers to this fast growing field as changes that inherited through cell division in gene regulation without modifying the underlying DNA sequence.

Epigenetics permitted different discoveries with the diversification of model organisms including yeast species Saccharomyces cerevisiae and Schizosaccharomyces pombe used to elucidate chromatin structure and telomere silencing. Long before, the genetic fly model Drosophila melanogaster was used to study the effect of the position of genes on the phenotype (position effect variegation) which led to the discovery of heterochromatin, chromatin remodeling and histone modifying proteins. In plants, Arabidopsis thaliana emerged naturally as a model for epigenetic studies revealing widely conserved mechanisms as well as some specificities compared to animals (see below for details). In mammals, mice is so far the greatest model to learn about epigenetic regu- lation mechanisms in human in particular in stem cell research and environmental studies. More recently, three unicellular species from the red, green and brown lineage of microalgae contribute to advance our knowledge in epigenetic research, Cyanidioschyzon merolae, Chlamydomonas reinhardtii and Phaeodactylum tricornutum respectively. Using these species is an interesting opportunity to address the questions of epigenetic regulation mechanisms in an evolutionary context.

Sequencing of P. tricornutum genome [START_REF] Bowler | The phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF] revealed a conserved epigenetic machinery including writers, erasers and readers of its different components [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] which were investigated in recent studies [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[END_REF][START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF][START_REF] Zhao | H3k27me3 natural variation selectively marks genes predicted to be important for differentiation in unicellular algae[END_REF]. Few other diatoms were used to address the role of epigenetics in genome regulation (Figure 1.1) and evolution of epigenetic factors such as DNA methylation which was investigated in Thalassiosira pseudonana, Fragilariopsis cylindrus [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Tirichine | Histone extraction protocol from the two model diatoms phaeodactylum tricornutum and thalassiosira pseudonana[END_REF](Joli et al., Ecole Normale Supérieure, unpublished), Cyclotella cryptica [START_REF] Traller | Genome and methylome of the oleaginous diatom cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF] and Haslea ostrearia (Jean Luc Mouget, University of Le Mans, personal communication). In this chapter, we summarize our current knowledge about DNA methylation, PTMs of histones and non-coding RNAs in diatoms with a particular focus on in silico studies drawing a snapshot of the progress made at a time where epigenetics is coming to the forefront of diatom biology.

DNA methylation

DNA methylation is a major epigenetic mark in eukaryotes. In plants and animals, methylation at the 5th carbon of cytosines: 5-methylcytosine (5mC) (Figure 1.2A) is an epigenetic mark involved in diverse cellular functions including the repression of transposable elements in many species and the establishment and maintenance of genomic imprinting [START_REF] Galagan | Rip: The evolutionary cost of genome defense[END_REF][START_REF] Folami Y Ideraabdullah | Genomic imprinting mechanisms in mammals[END_REF][START_REF] Köhler | Epigenetic mechanisms underlying genomic imprinting in plants[END_REF]. 5mC patterns are very diverse within the eukaryotic tree of life which reflects a fine tuning of lineage-specific regulatory networks [START_REF] De Mendoza | Evolution of dna methylome diversity in eukaryotes[END_REF][START_REF] Robert | Dna methylation: shared and divergent features across eukaryotes[END_REF]. Hence, 5mC can be found at cytosines in different context. In vertebrates and invertebrates, DNA methylation mainly occurs at cytosines found at CG dinucleotides while in fungi and plants, methylation at non-CG sites is more widely observed [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] Stroud | Non-cg methylation patterns shape the epigenetic landscape in arabidopsis[END_REF]. 

5mC patterns and functions in diatoms

To date, 5mCs have been reported in four diatoms, namely P. tricornutum, T. pseudonana and F. cylindrus [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[END_REF] as well as Cyclotella cryptica [START_REF] Traller | Genome and methylome of the oleaginous diatom cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF]. In diatoms, 5mC is mainly found in a CG context over repeats and transposable elements usually (but not exclusively) concentrated in telomeric regions [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[END_REF]. Although scarce, Non-CG methylation is also detected. This is opposite to what is observed in the closely related multicellular brown alga Saccharina japonica, in which genes are mainly marked by non-CG methylations and transposable elements (TEs) are devoid of DNA methylation [START_REF] Fan | Single-base methylome profiling of the giant kelp saccharina japonica reveals significant differences in dna methylation to microalgae and plants[END_REF]. In addition, in P. tricornutum, T. pseudonana and F. cylindrus, total levels of DNA methylation are low and range from 8% to as low as 1% of cytosines in the CG context [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. Protein coding gene methylation is also sparsely observed. Among all diatoms with known methylome, C. cryptica shows the highest level of DNA methylation, which correlates with a higher amount of TEs found in its genome. In addition, DNA methylated regions can span up to 30 kb, a pattern not found in the other diatoms. Furthermore, no CG rich (CpG islands) and no promoter methylation patterns have been clearly described so far. Overall, diatom methylation pattern strongly contrasts with the patterns observed in animals in which nearly all CG dinucleotides are heavily methylated including within exons [START_REF] Lister | Human dna methylomes at base resolution show widespread epigenomic differences[END_REF]. This also contrasts with the pattern observed in the dinoflagellates Symbiodinium minutum and Symbiodinium kawagutii with 'hypermethylated' genomes exceeding 70% of CG methylation over genes and TEs [START_REF] De Mendoza | Recurrent acquisition of cytosine methyltransferases into eukaryotic retrotransposons[END_REF].

In diatoms, methylated TEs often have low expression [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[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] Traller | Genome and methylome of the oleaginous diatom cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF]. This is consistent with the repressive role of DNA methylation in other eukaryotes and further traces back 5mC mediated control of TE expression to last eukaryotic common ancestor. In P. tricornutum, while DNA methylation over TEs correlates with low expression [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[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], its repressive role on genes depends on its pattern. Extensively methylated genes correlates with low expression while partial methylation correlates with moderate to high levels of expression [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[END_REF]. Nitrogen depletion triggers the concomitant loss of DNA methylation and over-expression of the transposable element 'Blackbeard' in P. tricornutum, suggesting that 5mCs patterns negatively regulate TEs expression under specific environmental triggers [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]. However, these observations are not consistently reported.

In C. cryptica, 5mC patterns in any context are stable in response to silica depletion, including at transposable elements [START_REF] Traller | Genome and methylome of the oleaginous diatom cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype[END_REF]. Hence, within diatoms, DNA methylation while likely involved in TE repression, might have evolved lineage-specific dynamics and functions.

Diatoms have a peculiar set of DNA methyltransferases

Eukaryotes possess diverse mechanisms to set, propagate and remove methylated cytosines.

The deposition of 5mC is performed by DNA methyltransferases (DNMTs). Based on similarity with prokaryotic enzymes involved in the Restriction-methylation system [START_REF] Th Bestor | Dna methylation: evolution of a bacterial immune function into a regulator of gene expression and genome structure in higher eukaryotes[END_REF], six main eukaryotic DNMT families have been described: the DNMT1, DNMT2, DNMT3, DNMT4, DNMT5 and DNMT6 families [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]. All DNMTs contain a conserved protein domain with S-adenosyl-Lmethionine binding and methyltransferase activity (PF00145 domain). A summary of the DN-MTs found in the 3 model diatoms as well as their associated protein domains are listed in 1.1

and Figure 1.2.

Diatoms encode a unique set of DNMT2, DNMT3, DNMT4, DNMT5 and DNMT6 enzymes.

The DNMT2 enzymes are responsible for RNA methylation at diverse cytosine positions that occur during the maturation of t-RNAs [START_REF] Jeltsch | Mechanism and biological role of dnmt2 in nucleic acid methylation[END_REF]. DNMT2 enzymes are highly conserved DNA methyltransferases that evolved RNA modifying functions and are found in animals, plants and microalgae [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF]. The DNMT3 proteins are widespread de novo DNA methylases in eukaryotes [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF].

Typical DNMT3 proteins in metazoans therefore include chromatin domains that connect the DNA methylation pathways and the histone posttranslational code deposited during development and meiosis [START_REF] Laisné | Mechanisms of dna methyltransferase recruitment in mammals[END_REF]. Diatoms DNMT3, however, are short proteins lacking all known chromatin associated domains (Figure 1.2).

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 which are two DNA methylation dependent genomic defense mechanisms against TEs [START_REF] Galagan | Rip: The evolutionary cost of genome defense[END_REF][START_REF] Amselem | Whole genome comparative analysis of transposable elements provides new insight into mechanisms of their inactivation in fungal genomes[END_REF][START_REF] Gladyshev | Repeat-induced point mutation and other genome defense mechanisms in fungi[END_REF]. Earlier reports showed that DNMT4 is only conserved in fungi and diatoms which probably highlights a convergent evolutionary history of this gene 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 diatoms, DNMT4 is composed of a unique DNMT domain with no chromatin associated protein features (Figure 1. The DNMT6 family has been first described in the parasitic euglenozoa Trypanosoma brucei and Leishmania major, in the green alga Micromonas pusilla and dinoflagellates [START_REF] Huff | Dnmt1-independent cg methylation contributes to nucleosome positioning in diverse eukaryotes[END_REF][START_REF] De Mendoza | Recurrent acquisition of cytosine methyltransferases into eukaryotic retrotransposons[END_REF][START_REF] Ponger | Evolutionary diversification of dna methyltransferases in eukaryotic genomes[END_REF]. In Leishmania major, DNMT6 does not seem required for either de novo or maintenance of 5mC [START_REF] Cuypers | The absence of c-5 dna methylation in leishmania donovani allows dna enrichment from complex samples[END_REF]. In diatoms, DNMT6 whose function is unknown is only composed of a highly conserved methyltransferase domain with no chromatin domains as observed for other diatom DNMT3 and DNMT4 enzymes.

What are the de-methylation pathways in diatoms?

DNA de-methylation machinery is not highly conserved in diatoms. There is no Ten-eleven translocation methylcytosine dioxygenase (TET) enzymes that are known DNA demethylases in animals [START_REF] Agius | Role of the arabidopsis dna glycosylase/lyase ros1 in active dna demethylation[END_REF][START_REF] Choi | Demeter, a dna glycosylase domain protein, is required for endosperm gene imprinting and seed viability in arabidopsis[END_REF][START_REF] Gehring | Demeter dna glycosylase establishes medea poly-comb gene self-imprinting by allele-specific demethylation[END_REF][START_REF] Wu | Tet-mediated active dna demethylation: mechanism, function and beyond[END_REF]. Although with low similarity, two putative DNA demethylases, Phatr3_J46865, and Phatr3_J12645 with ENDO3c InterPro predicted domain were found in P.

tricornutum. In F. cylindrus and T. pseudonana, orthologues of both ROS and DME proteins are detected by reciprocal BLAST analysis. Both enzymes are ENDO3c domain containing proteins but do not have additional domains (Figure 1.2). It is worth noting that ENDO3c domains are also associated with a wide range of evolutionary diverse DNA repair proteins [START_REF] Swarna Kanchan | In silico analysis of the endonuclease iii protein family identifies key residues and processes during evolution[END_REF] and the presence of this domain alone does not preclude 5mC demethylation activity.

ALKBH enzymes are diverse proteins known to regulate adenine methylations in vivo in mouse and Caenorhabditis elegans [START_REF] Greer | Dna methylation on nadenine in c. elegans[END_REF][START_REF] Wu | Damid-seq: Genome-wide mapping of proteindna interactions by high throughput sequencing of adenine-methylated dna fragments[END_REF] and to produce oxidized 5-methylcytosine derivates in vitro [START_REF] Bian | DNA repair enzymes ALKBH2, ALKBH3, and AlkB oxidize 5-methylcytosine to 5-hydroxymethylcytosine, 5formylcytosine and 5-carboxylcytosine in vitro[END_REF], which can eventually lead to active DNA demethylation. ALKBH enzymes are also known to be involved in DNA repair of methylated DNA templates and they can modulate RNA methylations [START_REF] Fu | Human alkb homolog abh8 is a trna methyltransferase required for wobble uridine modification and dna damage survival[END_REF][START_REF] Lakshminarayan M Iyer | Adenine methylation in eukaryotes: Apprehending the complex evolutionary history and functional potential of an epigenetic modification[END_REF][START_REF] Zdżalik | Protozoan alkbh8 oxygenases display both dna repair and trna modification activities[END_REF]. BLAST analysis in diatoms revealed several putative ALKBH orthologues 1.1. They all contain an alpha-ketoglutarate-dependent dioxygenase domain but lack RNA/DNA binding domains. The ALKBH8 orthologue in P. tricornutum possess a S-adenosylmethionine binding domain (SAM) highlighting a potential RNA modifying activity. It is important to note that the current phylogenetic assignment of the putative diatom ALKBH enzymes must be further investigated. Nonetheless, these enzymes are potential new actors of the epigenetic regulation in diatoms.

Our current understanding of the proteins involved in the regulation of DNA methylation in diatoms is in progress. Our investigation of the diversity of DNMTs found in unicellular eukaryotes of the MMETSP data base using complementary in silico approaches and functional studies (Hoguin et al.,Ecole Normale Supérieure, unpublished) indicates that DNMT5 is an unappreciated diversified gene family in marine micro-eukaryotes. This is the only DNMT with chromatin associated domains in diatoms. In addition, in P. tricornutum, DNMT5 knock-out associates with a loss of CG methylation and a transcriptional activation of otherwise silenced transposable elements revealing for the first time the mechanisms controlling TE expression in diatoms (Hoguin et al.,Ecole Normale Supérieure, unpublished). More questions nonetheless remain regarding the maintenance and establishment of 5mC in diatoms. Since no de novo DNA methylation activity has been found yet in diatoms, we may indeed ask whether diatom DNA methylation patterns are rather the results of strong maintenance activity as suggested in some fungal lineages. As mentioned, previous and current studies suggest that P. tricornutum DNA methylome is responsive to environmental cues. It is therefore probable that DNA methylation evolved condition specific regulatory role in diatoms and hence might translate environmental changes into stable epigenetic inheritance of gene and or transposon regulation.

Post translational modifications of histones and their enzymes in diatoms

Histones are subject to a variety of post translational modifications (PTMs) that alter gene expression and chromatin structure. P. tricornutum genome sequencing revealed a long list of histone modifying enzymes which were described previously [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF][START_REF] Rastogi | Probing the evolutionary history of epigenetic mechanisms: What can we learn from marine diatoms[END_REF][START_REF] Tirichine | Histone extraction protocol from the two model diatoms phaeodactylum tricornutum and thalassiosira pseudonana[END_REF]. Here we update the list of genes with predicted function in histone modifications in few diatom species (Table 1.2).

Since the identification of PTMs using mass spectrometry in P. tricornutum, an epigenomic map of several histone marks known to be active or repressive was established using ChiP-Seq. Combined with previously published genome wide DNA methylation data [START_REF] Veluchamy | Insights into the role of DNA methylation in diatoms by genome-wide profiling in phaeodactylum tricornutum[END_REF], comprehensive and combinatorial analyses revealed some conserved and specific epigenetic features in P. tricornutum extending the existence of the epigenetic code to Stramenopiles. One of the important findings is the co-occurrence of repressive histone marks and DNA methylation over genes and transposable elements [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. It defines combinations of epigenetic marks unique to diatoms, suggesting a cooperation in repression and/or an interdependent recruitment mechanism. This implies that specific histone marks or DNA methylation are necessary for the establishment of the co-occurring mark. This chapter section provides a general overview of predicted histone modifiers based on four fully sequenced diatom genomes. However it is important to keep in mind that histone modifications are usually deposited by protein complexes which need to be taken into consideration in functional studies of these enzymes and the histone code in diatoms.

Histone acetyltransferases and deacetylases

Acetylation of ε-amino group in lysines leads to activation of transcription. This process is carried out by a group of proteins known as histone lysine acetyltransferase (HATs or KATs), which can be divided into 5 families: (1) Gcn5-related acetyltransferase (GNATs) family; (2) MYST family which includes MOZ, Ybf2,Sas2 and Tip60 related proteins; (3) p300/CBP family; (4) general transcription factor HATs including TFIIIC90 and Taf1, and (5) the steroid receptor co-activators like SRC1, ACTR and CLOCK [START_REF] Carrozza | Carrozza mj, utley rt, workman jl, cote j.. the diverse functions of histone acetyltransferase complexes[END_REF]. Table 1.2 summarizes acetyl transferase families in diatoms except for steroid receptor co-activator family since no homologs have been found. In GNATs family, three subgroups of KATs were found and listed in Table 1.2: KAT1, KAT2A/B and KAT9.

Among those, KAT1 is the simplest which only contains a histone acetyltransferase HAT1 type domain. Interestingly, except the listed KAT1 homologs, there are more GNAT domains containing acetyltransferases in diatom genomes. Taking P. tricornutum as an example, there are around 48 genes with GNAT domain but their function is unknown. Among them there are few special genes with another domain revealing a combination of protein domains that has never been reported before. Such examples include Phatr3_J47498 which has a Histidine phosphatase domain with GNATs, Phatr3_J46516 possess two possible tRNA binding domain similar to bacterial acetyltransferase TmcA suggesting that these acetyltransferase might target non-histone proteins like ATAT1, β-tubulin K40 acetyltransferase [START_REF] Akella | Mec-17 is an -tubulin acetyltransferase[END_REF][START_REF] Shida | The major α-tubulin k40 acetyltransferase αtat1 promotes rapid ciliogenesis and efficient mechanosensation[END_REF]. The expanded KAT1 subgroup of GNAT family in diatoms requires further investigations in future studies.

MYST domain containing proteins is another large family of KATs. In the yeast model species S. cerevisiae, only three genes were reported: Esa1, Sas2 and Sas3. The common feature of MYST family acetyltransferase is a MYST-type histone acetyltransferase domain with a chromodomain shared in yeast (Esa1), human (Tip60) and drosophila (MOF). Similar domain features were also found in diatoms MYSTs, a RNA binding activity-knot of a chromodomain (PF11717) at the Nterminal of the diatom MYSTs-like protein. There are only three gene homologs that belong to MYST family in each of the model diatom species investigated (Table 1.2). In P. tricornutum, Phatr3_J44463 has a MORF-like acetyltransferase domain considered as a homolog of MORF which is responsible for H3K14 and H4K5/8/12/15 acetylation in vitro and H3K9 [START_REF] Kitabayashi | Activation of aml1-mediated transcription by moz and inhibition by the moz-cbp fusion protein[END_REF][START_REF] Mishima | The hbo1-brd1/brpf2 complex is responsible for global acetylation of h3k14 and required for fetal liver erythropoiesis[END_REF] and H3K23 [START_REF] Klein | Histone h3k23-specific acetylation by morf is coupled to h3k14 acylation[END_REF] in vivo. CBP/p300 family was initially identified in mammals, and they are a unique acetyltransferase group without any sequence similarity to GNATs [START_REF] Richard | Cbp/p300 in cell growth, transformation, and development[END_REF]. In yeast there are no orthologs of human CBP and p300. However, a protein called Rtt109 which has a related 3D protein structure of CBP/p300 was identified [START_REF] Wang | Structure and chemistry of the p300/cbp and rtt109 histone acetyltransferases: implications for histone acetyltransferase evolution and function[END_REF]. It is a fungal-specific gene with no orthologs in uni and multicellular organisms. Here we found fungal-like Rtt109 acetyltransferase in four diatom species (Table 1.2), three paralogs with similar domain structure in each species, suggesting an ancient origin of CBP/p300 family.

Histone lysine acetylation is a reversible process. Acetylated lysine can be removed by histone deacetylases (HDACs). Based on protein 3-D structure and domain feature, HDACs can be grouped into four classes [START_REF] Seto | Erasers of histone acetylation: The histone deacetylase enzymes[END_REF]. In T. pseudonana, seven genes were found in Class I and II and enzymes from Class IV. In F. cylindrus and Pseudo-nitzschia multiseries, eleven and eight ho-mologs were identified respectively as histone deacetylase genes (Table 1.2). In P. tricornutum, 13 homologs were identified as histone deacetylase similar to HDAC1-11 protein sequences from human and yeast Hos1-3, Rpd3 and Hda1 proteins. Of note, there are several deacetylase domain containing genes in P. tricornutum that do not fall into any of the classes suggesting complex and diversified deacetylation mechanisms in diatoms.

Histone methyltransferases and demethylases

Histone methyltransferases (HMTs) are one of the most well studied histone modifiers. Unlike the broad range targeting strategy of HATs, HMTs are responsible for the methylation of specific residues. Almost all of the HMTs contain a SET domain except for DOT1 family. DOT1 family is not structurally related to SET-domain proteins, but their members can methylate K79 of histone H3 [START_REF] Feng | Methylation of h3-lysine 79 is mediated by a new family of hmtases without a set domain[END_REF][START_REF] Ng | Lysine methylation within the globular domain of histone h3 by dot1 is important for telomeric silencing and sir protein association[END_REF]. Interestingly, Dot1 homolog were detected in P. tricornutum, F. cylindrus and P. multiseries, three pennate diatom species, but not in centric diatom T. pseudonana (Table 1.3), suggesting a gain or loss of this gene at the split between centrics and pennates. However, methylation of H3K79 was reported in T. pseudonana [START_REF] Rastogi | Probing the evolutionary history of epigenetic mechanisms: What can we learn from marine diatoms[END_REF], it would be appealing to identify the putative methyltransferase of H3K79 in this diatom. SET-domain containing superfamily is big group of HMTs that can be divided into seven families [START_REF] Shane C Dillon | The set-domain protein superfamily: protein lysine methyltransferases[END_REF]. However three families were missing in diatom SET containing HMTs including SUV39, RIZ and SUV1-20 families (Table 1.3). SUV39 family proteins are the most well characterized HMTs. SUV39H1 was the first identified lysine methyltransferase which methylates lysine 9 of histone H3 [START_REF] Tamaru | A histone h3 methyltransferase controls dna methylation in neurospora crassa[END_REF]. In yeast model species, SUV39 is not found, but a homolog named Clr4 was identified in S. pombe [START_REF] Ivanova | The chromo and SET domains of the clr4 protein are essential for silencing in fission yeast[END_REF]. Although H3K9me2 and me3 modifications were both found in P. tricornutum, no homologs of SUV39H1 in any of the four diatom species discussed here has been identified, suggesting the existence of a diatom specific H3K9 methyltransferase. Another probability is that H3K9 methylation is deposited by other SET-domain HMTs such as enhancer of zeste which was shown recently to methylate lysine 9 of histone H3 in Paramecium tetraurelia [START_REF] Frapporti | The polycomb protein ezl1 mediates h3k9 and h3k27 methylation to repress transposable elements in paramecium[END_REF]. SUV1-20 family is also missing in diatom species and yeast, compared to their diversity in human suggesting that these two families might have evolved with the emergence of multicellular species. Histone demethylases (HDMs) are enzymes responsible for removal of methyl predominantly from lysine and arginine residues. HDMs can be categorized into two families with six class, HDM1, HDM2, HDM4D, HDM5A/B, HDM6A and 6B. Except HDM1 which has an Amine oxidase domain, the rest of classes possess Jumonji C (JmjC) domain containing iron and β-ketoglutarate (2OG) dependent oxygenases [START_REF] Robert J Klose | Jmjc-domain-containing proteins and histone demethylation[END_REF]. Each HDMs are site-specific histone demethylases, including HDM2A which demethylates H3K36me1/2 [START_REF] Tsukada | Histone demethylation by a family of jmjc domaincontaining proteins[END_REF] and HDM1 involved with demethylation of H3K4me1/2 [START_REF] Rudolph | Heterochromatin formation in drosophila is initiated through active removal of h3k4 methylation by the lsd1 homolog su (var) 3-3[END_REF]. In S. cerevisiae there are only JmjC family histone demethylases, Jhd1, Jhd2 and Rhd2. However, in diatoms, additional domains were found including Amine oxidase, multiple TRP repeat or SET domains suggesting that some of the diatom HDMs might have dual functions and/or specific recognition and demethylation mechanism.

Non-coding RNAs and silencing in diatoms

A considerable portion of eukaryotic genomes can be transcribed to RNAs with no coding potential. According to their length, they can be classified into small and long non-coding RNAs [START_REF] Law | Establishing, maintaining and modifying dna methylation patterns in plants and animals[END_REF]. Observation of systematic presence of siRNA over DNA methylated TEs [START_REF] Tirichine | Recent progress in diatom genomics and epigenomics[END_REF][START_REF] Rogato | The diversity of small non-coding rnas in the diatom phaeodactylum tricornutum[END_REF] 1.2leading to their silencing in diatoms suggests that RdDM is not only restricted to plants and few other species but seems to have an evolutionary deep origin. RNA mediated silencing was reported to occur in diatoms including both model species P. tricornutum [START_REF] De Riso | Gene silencing in the marine diatom phaeodactylum tricornutum[END_REF][START_REF] Sakaguchi | Identification of the ump synthase gene by establishment of uracil auxotrophic mutants and the phenotypic complementation system in the marine diatom phaeodactylum tricornutum[END_REF] and T. pseudonana [START_REF] Shrestha | Evidence for a regulatory role of diatom silicon transporters in cellular silicon responses[END_REF]. Small RNAs were characterized in both species as well as the polar diatom F. cylindrus [START_REF] Rogato | The diversity of small non-coding rnas in the diatom phaeodactylum tricornutum[END_REF][START_REF] Huang | Identification and characterization of micrornas from phaeodactylum tricornutum by high-throughput sequencing and bioinformatics analysis[END_REF][START_REF] Lopez-Gomollon | Global discovery and characterization of small non-coding rnas in marine microalgae[END_REF][START_REF] Trina M Norden-Krichmar | Characterization of the small rna transcriptome of the diatom, thalassiosira pseudonana[END_REF].

Despite two reports of in silico prediction of miRNA [START_REF] Huang | Identification and characterization of micrornas from phaeodactylum tricornutum by high-throughput sequencing and bioinformatics analysis[END_REF][START_REF] Trina M Norden-Krichmar | Characterization of the small rna transcriptome of the diatom, thalassiosira pseudonana[END_REF] 

Long non-coding RNAs

LncRNAs are a class of transcripts with lengths superior to 200 nt and no coding potential.

They can be intronic, intergenic or antisense transcripts. Although, not coding for proteins, they play an important role in gene regulation in combination with chromatin remodeling complexes and histone modifications [START_REF] Fatica | Long non-coding rnas: New players in cell differentiation and development[END_REF]. LncRNAs are poorly investigated in diatoms where the fraction of non-coding genome is estimated around 40% in both P. tricornutum and T. pseudonana [START_REF] Rastogi | Probing the evolutionary history of epigenetic mechanisms: What can we learn from marine diatoms[END_REF]. Few interesting studies reported the presence of lncRNAs in P. tricornutum under stress conditions or in natural variants of the species [START_REF] Helena | Noncoding and coding transcriptome responses of a marine diatom to phosphate fluctuations[END_REF][START_REF] Huang | A potential role for epigenetic processes in the acclimation response to elevated pco2 in the model diatom phaeodactylum tricornutum[END_REF][START_REF] Rastogi | PhytoCRISP-ex: a webbased and stand-alone application to find specific target sequences for CRISPR/CAS editing[END_REF]. The studies revealed intergenic lncRNAs under phosphate depletion and high CO 2 with some shared lncRNAs in stress related studies suggesting an important and central regulatory role of lncRNAs in response to stresses. Validation of these lncRNAs using Phatr3 gene models [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] for those identified under phosphate depletion and quantitative RT PCR as well as functional studies is necessary to demonstrate the relevance of these lncRNAs to phosphate and high CO 2 metabolisms.

Conclusions and future directions

In recent years, some progress has been made in the characterization of epigenetic factors in few diatoms where still many questions remain to be addressed. Epigenetics in diatoms emerged only recently and it is experiencing classic gain in knowledge rate similar to previous disciplines with important progress expected to happen in the future. Diatoms and microalgae in general represent suitable species to address fundamental questions about epigenetic mechanisms involved in genome regulation. Genome size, short life cycle, conservation of epigenetic components and lack of redundancy are all favourable factors in these microscopic living organisms to provide insightful findings about their epigenetic regulation.

The feasibility of gene editing in diatoms made these species attractive and boosted our knowledge of their gene function. The diversity of epigenetic factors and their peculiar domain combinations need to be addressed using the genetic tools that are now available in P. tricornutum and some other diatoms that emerge as additional and attractive models [START_REF] Tirichine | Recent progress in diatom genomics and epigenomics[END_REF]. The recent evolution of customizable epigenome engineering tools in mammals is a great inspiration for diatom biologist.

Typical examples include a strategy that uses fusions of engineered transcription activator-like effector (TALE) repeat arrays and the TET1 hydroxylase catalytic domain for efficient targeted demethylation of specific CpGs in human cells [START_REF] Maeder | Targeted dna demethylation and endogenous gene activation using programmable tale-tet1 fusions[END_REF]. This TALE system is effectively used in fusion with histone demethylase of LSD1 type to remove enhancer associated chromatin modifications from target loci [START_REF] Mendenhall | Locus-specific editing of histone modifications at endogenous enhancers using programmable tale-lsd1 fusions[END_REF]. 

Introduction

Polycombgroup proteins(PcG) and Trithoraxgroup (TrxG) proteins were initially isolated in Drosophila as factors responsible for the maintenance of expression of HOX genes, important determinants of body patterning [START_REF] Schuettengruber | Genome regulation by polycomb and trithorax proteins[END_REF]. Several decades of research has revealed that these two complexes are involved in a plethora of biological processes including X chromosome inactivation, genomic imprinting, cell cycle control, stem cell biology, and cancer [START_REF] Schuettengruber | Genome regulation by polycomb and trithorax: 70 years and counting[END_REF]. PcG and TrxG complexes have been shown to act antagonistically to modify chromatin via histone-modifying or chromatin remodelling activities that repress or activate their target genes, respectively [START_REF] Geisler | Trithorax and polycomb group-dependent regulation: a tale of opposing activities[END_REF].

Both complexes are highly conserved among eukaryotes and their recent discovery in single celled species raises important questions about their function and role in unicellular organisms and in the evolution of multicellularity. Of note, PcG complexes are not found in two widely studied yeast species Saccharomyces cerevisiae and Schizosaccharomyces pombe and their recent discovery and conservation in several unicellular microalgae points to their ancient origin and importance [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF]. In animals and plants, Polycombgroup proteins form at least two distinct complexes, PRC1 and PRC2. In mammals, PRC1 regulates gene expression through controlling chromatin compaction and catalyzing mono-ubiquitylation of histone H2A, whereas PRC2 is responsible for chromatin structure and methylation of lysine 27 of histone H3 (H3K27) [START_REF] Gil | PRC1 complex diversity: where is it taking us?[END_REF]. PRC1 contains four core subunits:polycomb (Pc), posterior sex combs (Psc), polyhomeotic(Ph; absent in plants), sex combs extra (Sce) or dRING [START_REF] Maria | Polycomb complex recruitment in pluripotent stem cells[END_REF]. The PRC2 complex comprises four core components: a [ [START_REF] Terrapon | Detection of new protein domains using co-occurrence: application to plasmodium falciparum[END_REF][START_REF] Yeats | A fast and automated solution for accurately resolving protein domain architectures[END_REF][START_REF] Ochoa | Using context to improve protein domain identification[END_REF].

Since eDAF can improve domain annotations, it is complementary to more prominent tools, such as InterPro [START_REF] Mitchell | The InterPro protein families database: the classification resource after 15 years[END_REF]. It also strongly improves the abilities of CLADE [START_REF] Bernardes | Improvement in protein domain identification is reached by breaking consensus, with the agreement of many profiles and domain co-occurrence[END_REF] by allowing it to analyze nucleotide sequences and propose the most probable translation of a given sequence (Figure 2.1). Both PcG and TrxG complexes are histone writers involved in post translational modifications of histones (PTMs), namely H3K27me3, H2AK119 Ub and H3K4me3/K36me3 and probably more as some recent work points to the involvement of Enhancer of Zeste in tri-methylation of lysine 9 of histone H3 [START_REF] Frapporti | The polycomb protein ezl1 mediates h3k9 and h3k27 methylation to repress transposable elements in paramecium[END_REF]. Therefore, these complexes play an important role in genome regulation providing a plasticity in mediating genome responses to environmental factors and developmental triggers. In this study, we illustrate the importance of these PTMs in particular a trithorax deposited mark, H3K4me3 using the model diatom Phaeodactylum tricornutum where chromatin immunoprecipitation was used with deep sequencing to investigate the pattern of its distribution genome wide in microalgae. Further, we revisited the epigenetic code in P. tricornutum [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] and compared H3K4me3 mapping profile with the previously investigated Polycomb associated mark H3K27me3 [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] to address for the first time their co-occurrence in a unicellular species.

Results

Unlike in mammals and plants, PcG and TrxG are not well studied in unicellular species.

Only a few recent studies of PcG proteins have been reported in microalgae [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF]. To further investigate the diversity of Polycombgroup proteins and Trithorax group proteins complexes in single-cell species, we first made an extensive scan of the MMETSP database using eDAF (see section "Materials and Methods") and reference sequences (Supplementary Table S1). We retained only MMETSP sequences whose corresponding domain architectures were identical to at least one of the reference sequences (see methods for details). Next, we aligned both reference and MMETSP sequences with Clustal Omega [START_REF] Sievers | Fast, scalable generation of high-quality protein multiple sequence alignments using clustal omega[END_REF] and built phylogenetic trees. In total, 203 homologs were identified from the MMESTP database that possess at least one of the components of the PRC1 or PRC2 complexes (Figure S2.1).

Phylogenetic Distribution of Polycombgroup proteins complexes in Marine Unicellular Species

Three core components of PRC2 are discussed here, E(z), Esc and Su(z)12. Nurf55 was not considered in our study because it is ubiquitous and is related to a high number of different biological processes that do not involve PRC2. Phylogenies of E(z), Esc and Su(z)12 show similarity to human and plant genes with very conserved domains displaying high support values (above 85%) (Figure 2.2,2.3,2.4). PRC2 components are in principle very conserved, however, the phylogenetic tree of E(z), Esc and Su(z)12 polypeptides all fail to reconstruct or represent the consensus tree of eukaryotic monophyletic tree, not only because of the normal weakness of individual gene phylogeny, but might also be due to insufficient information in the database. Despite this, diatom and green algae E(z) homologs are well clustered by their domain architecture (Figure 2.2), although there is one exception, Thalassiosira oceanica, a centric diatom, surprisingly clustered with Alveolata and Rhizaria polypeptides. About 90 E(z) homologs share two conserved regions, CXC domain known as pre-SET domain and the SET domain itself (Supplementary Table S2). Esc ho- mologs have two WD-40 repeat domains which can form a platform for protein-protein interactions (Supplementary Table S2). Esc transcripts are not as widely distributed as E(z) and Su(z)12 in diatom species. Consequently, the phylogenetic tree of Esc cannot well resolve the relationship among the species for which Esc sequences were detected (Figure 2.3). Using the VEFS-Box of the PcG domain to construct the phylogenetic tree of Su(z)12, we found that Chlorophytes and diatom Su(z)12 sequence formed a well-supported cluster like E(z), but with a few exceptions such as some pennate diatoms, Pseudo-nitzschia delicatissima, P. arenysensis and Fragilariopsis kerguelensis which were found to cluster with Rhizaria and Fungi (Figure 2.4). The high conservation of domain architecture suggests the ancient origin of PRC2 proteins and the important function of this complex during evolution, while the branching of E(z) and Su(z)12 suggests the early divergence of these two genes.

Like in PRC2, PRC1 components show strict conservation in unicellular species (Figure 2.5,2.6,2.7 and Supplementary Table S3). RING1 is the catalytic enzyme in the PRC1 complex which de- Pc homologs have a chromodomain and act as reader of H3K27me3. Yeast two-hybrid experiments show that Psc can directly interact with Pc and Ph through the RING finger domain [START_REF] Kyba | The drosophila polycomb group protein psc contacts ph and pc through specific conserved domains[END_REF] which is in line with our finding that Pc expression always co-occurs with Psc and RING1 (Figure 2.8), whereas Ph was not detected in our study.

To further investigate the coexistence of PcG complexes within species, we looked at all the ones that have at least one homolog in either PRC1 or/and PRC2 complex ( subunits, 24 species have both PRC1 and PRC2 core components with two catalytic enzymes from each complex (Supplementary Table S2 and (Figure 2.8). P. tricornutum is the only species that contains all the subunits of both complexes PRC1 and PRC2 (Supplementary Table S3 and

(Figure 2.8).
It is important to note that MMETSP is based on transcripts and most of its species have poorly assembled genomes which means that undetected components might be due to a poor or lack of expression. On the other hand, P. tricornutum is one of the rare microalgae species with a fully sequenced high quality genome.

Diversity of Domain Features in the TrxG Subfamily

TrxG proteins can be divided into 3 classes: (1) histone-modifying SET domain proteins,

(2)ATP-dependent chromatin-remodeling factors which can recognize methylated sites by the SET domain, and the third class [START_REF] Schuettengruber | Trithorax group proteins: switching genes on and keeping them active[END_REF].

We chose references from the SET domain TrxG proteins and found that TrxG homologs are more diverse compared to PcG protein homologs, with 54 sequences that can be sorted As expected, a phylogenetic tree of TrxG homologs shows that sequences from green lineage organisms cluster with the reference sequences ATX1 and ATX2 from the plant model species Arabidopsis thaliana (Figure 2.10). Among the five species found in Haptophyta, except for Chrysoculter rhomboideus, four have Clade 1-type TrxG homologs.

Assessment of Polycomband Trithoraxgroup proteins in Environmentally Sampled Microalgae

To investigate the presence of PcG and TrxG members in the environment, we used metagenomes and metatranscriptomes from Tara Oceans and applied eDAF (same procedure described in the Materials and Methods section) to detect all the unigenes. We retained only sequences with the exact same arrangements of conserved regions as the reference sequences (Supplementary Ta-ble S3), and considered only surface samples in 0.8 to 5, 5 to 20, 20 to 180 and 180 to 2000 µm size fractions. Both RING and enhancer of zeste genomic sequences were weakly detected in 28 stations (9 and 25, respectively) out of 68 where diatoms were found [START_REF] Carradec | A global ocean atlas of eukaryotic genes[END_REF].

However, their expression is significant in response to nitrate and phosphate although to a lesser extent than what was observed for the Trithorax complex (Figure 2.11B). This anti-correlation can be explained by the quality of DNA sequence reads, as reported previously in a much wider study of Tara Oceans samples [START_REF] Terrapon | Detection of new protein domains using co-occurrence: application to plasmodium falciparum[END_REF]. The majority of transcripts from genes encoding TrxG components belong to Stramenopiles and only a few are shared between Chlorophyta and Haptophyceae. On the other hand, transcripts from genes encoding EZ and RING components are dominated by Dinophyceae (Figure S2.1). The proportions of genomic DNA and transcripts for each class of microalgae can be accessed using Krona interactive charts in the following links:

(https://ndownloader.figshare.com/ files/20019587?private_link=302f866ec48cc9a2e1ed, https:// ndownloader.figshare.com/files/20019590?private_link=302f866 ec48cc9a2e1ed).

Several environmental factors were measured during the Tara Oceans expedition, so we examined whether there was any correlation with the expression of genes encoding PcG and TrxG components. Only phosphate and nitrate showed significant correlations with E(z), RING and TrxG. TrxG members were found to be highly expressed in response to increasing levels of nitrate and phosphate. E(z) shows the same trend although to a lesser extent. RING was also found to correlate moderately with increasing levels of both nutrients except in TARA Stations 84 and 85 in the South Atlantic Ocean where they respond to lower levels of nitrate and phosphate (Figure 2.11).

Among the other environmental factors measured during the Tara Oceans expedition, we observed a weak correlation between salinity and the expression of RING genes in 9 stations (scc: 0.56, p value: 0.04). The low number of stations is due to the absence of genes encoding RING proteins in most of the stations. We also obtained a weak correlation between the expression of genes encoding TrxG components in 46 stations with measured oxygen levels (scc: 0.54 p value: 0.47). However, the observed high p values prevent us from drawing any conclusions. 

TrxG Deposited H3K4me3 Is an Active Mark Exclusive to Genes in P. tricornutum

Phaeodactylum tricornutum is the first and only Stramenopile so far for which a chromatin landscape has been drawn, with the mapping of five histone marks including H3K4me2, H3K9/14Ac, H3K9me2/me3, and H3K27me3 [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. To explore the role of H3K4me3, known to be deposited by the Trithorax complex described above, and investigate its relationship to the repressive mark H3K27me3 reported to antagonize H3K4me3 [START_REF] Aach | Casfinder: Flexible algorithm for identifying specific cas9 targets in genomes[END_REF], we performed chromatin immunoprecipitation with deep sequencing on two independent replicates of cultures of the reference strain Pt1 8.6 (Figure S2.2).

H3K4me3 was found to cover around 42% of the genome targeting only genes (Supplementary

Table S4

). A total of 8,431 genes out of 12,152 were marked by H3K4me3, which was found mainly on exons (2,109 on exons out of 2,168 total peaks). H3K4me3 localizes at the 5'-end of transcribed regions (TSSs) and shows a similar profile to H3K9 acetylation and H3K4me2 but is different from the broader pattern of repressive marks such as H3K9me3 and H3K27me3 (Figure S2.3).

We subsequently investigated the correlation between H3K4me3 distribution and transcript levels using ChIP-Seq from this study and RNA-Seq data generated previously in the same growth conditions [START_REF] Bernardes | Improvement in protein domain identification is reached by breaking consensus, with the agreement of many profiles and domain co-occurrence[END_REF]. Analysis using a t-test shows significant differences in expression levels between marked and unmarked genes (t-test p-value:4.6e-08). Analysis of categorization of expression quantiles (10 quantiles) shows that highly expressed quantiles have 956 genes marked and 255 genes unmarked. In the low expression quantiles, 343 genes are marked and 988 genes are unmarked by H3K4me3 (Figure S2.3). Furthermore, the genes that are uniquely marked by H3K4me3 show similar levels of gene expression than those marked uniquely by either H3K4me2

or H3K9Ac, which are widely recognized as active marks. Overall, H3K4me3 marked genes show increased levels of expression (FPKM), compared to the H3K4me3 unmarked genes, further confirming that H3K4me3 is an active mark in P. tricornutum. 

Combinatorial Analysis of Histone Marks in P. tricornutum

To investigate the relationship between H3K4me3 and previously characterized histone marks [START_REF] Schuettengruber | Genome regulation by polycomb and trithorax proteins[END_REF], we analyzed the co-marking patterns including five histone marks, namely H3K4me2, H3K9/14Ac, H3K9me2, H3K9me3, H3K27me3, and DNA methylation (Figure S2. Considering the antagonistic relationship of both PcG and TrxG complexes in the regulation of several biological processes of the cell reported in plants and animals [START_REF] Geisler | Trithorax and polycomb group-dependent regulation: a tale of opposing activities[END_REF][START_REF] Poynter | Polycomb and trithorax opposition in development and disease[END_REF], we investigated the expression output when genes are co-marked with H3K27/K4me3. This analysis revealed two scenarios: first, 80 genes were exclusively co-marked with an intermediate level of expression and, second, a total of 814 co-marked genes with higher or lower expression are shared with either acetylation and H3K4m2 (CC6 with 457 genes), acetylation, H3K4m2 and H3K9me2 (CC 13 with 156 genes), only H3K4me2 (CC14 with 152) or H3K4me2 and H3K9me2 (CC25 with 66 genes) (Figure 2.12). Exclusive loci co-marking with both H3K4me3 and H3K27me3 suggests the coexisting that likely maintains genes in a poised state ready for activation or repression in response to relevant signals. These distinct readouts define a new histone code with the co-occurrence of active and repressive marks which likely cooperate or antagonize each other for gene regulation, with a distinct signature of balanced expression when H3K4me3 co-occurs alone with H3K27me3 and higher or lower expression when combined with active or repressive marks, respectively.

GO Functional Categories of H3K4me3 Marked Genes

To gain insights into the functional categories enriched in H3K4me3 marked genes, we performed a GO classification based on DAMA and CLADE and refined by eDAF results. We found an enrichment mostly in categories such as: (1) S4).

Discussion

In eukaryotes, the life cycle goes through growth/developmental phases characterized by specific spatial and temporal regulation of genome expression. This regulation is not only defined by their DNA sequence which remains constant between cell types but also by their gene expression pattern controlled by epigenetic mechanisms including dynamic chromatin states. Two groups of evolutionary conserved protein complexes known as Polycomb (PcG) and trithorax (TrxG) play a crucial role in such regulation by preventing or promoting gene expression, respectively [START_REF] Schuettengruber | Genome regulation by polycomb and trithorax: 70 years and counting[END_REF]. While TrxG are scarcely documented in only a few microalgae, PcG proteins are reported to be likely present in the last common ancestor of eukaryotes and to subsequently have been lost

during evolution in certain single celled lineages such as both yeast model species S. pombe and S. cerevisiae [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF][START_REF] Margueron | The polycomb complex prc2 and its mark in life[END_REF]. In the present study, using eDAF, which is an ensemble of modules for gene prediction, ontology, architecture extended information and automation, we interrogated MMETSP, currently the largest transcriptome reference database for eukaryotic marine microbes, and found that although the coexistence of PcGs and TrxGs is not found frequently in unicellular species ( S2). This number of species might be limited by the nature of the MMETSP database, which contains only transcriptomic sequences, and sequencing more unicellular genomes might reveal additional species with PcG and TrxG complexes.

Recently, studies on PRC2 and its associated epigenetic mark H3K27me3 in microalgae revealed interesting insights on their diversity and role in silencing of genes and transposable elements, which are their main targets [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF][START_REF] Frapporti | The polycomb protein ezl1 mediates h3k9 and h3k27 methylation to repress transposable elements in paramecium[END_REF][START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF][START_REF] Mikulski | Characterization of the polycomb-group mark h3k27me3 in unicellular algae[END_REF]. In our study, we found that both PcG and TrxG proteins are not well represented in dinoflagellates. This might reflect the unorthodox nature of histone proteins in dinoflagellates [START_REF] Georgi | Conservation and divergence of the histone code in nucleomorphs[END_REF] which do not play a major role in genome packaging and heterochromatinization [START_REF] Gornik | Loss of nucleosomal DNA condensation coincides with appearance of a novel nuclear protein in dinoflagellates[END_REF]. Although previous study show that dinoflagellates have most of the chromatin reader, writer and eraser protein families, including a strikingly large number of SET-domain proteins [START_REF] Georgi | Conservation and divergence of the histone code in nucleomorphs[END_REF], our search in MMETSP did not yield such exam-ples, except for a few species including Alexandrium and Symbiodinium which were found to have Esc and/or RING homologs, although no transcripts of other PcGs and TrxGs complex subunits could be found (Figure S2.3). Possible explanations for the poor representation in dinoflagellates is either the silencing of histone writers in the dinoflagellates contained in MMETSP or it may be a distinctive feature like other epigenetic modifying enzymes such as DNA methyltransferases (DNMTs) that are peculiar and unlike classical DNMTs [START_REF] De Mendoza | Recurrent acquisition of cytosine methyltransferases into eukaryotic retrotransposons[END_REF].

Trithorax family is a diverse group of proteins involved primarily in gene activation either by nucleosome positioning, histone modifications such as methylating lysine 4 of histone H3

or direct interactions with transcription machineries [START_REF] Kingston | Transcriptional regulation by trithorax-group proteins[END_REF]. Here we focus on MLL/COMPASS complex which has histone methyltransferase activity. MLL family is made up of three pairs of structurally similar proteins, namely MLL1-MLL2, MLL3-MLL4, and SET1A-SET1B [START_REF] Ruthenburg | Methylation of lysine 4 on histone h3: Intricacy of writing and reading a single epigenetic mark[END_REF][START_REF] Crump | Why are so many mll lysine methyltransferases required for normal mammalian development?[END_REF].

Surprisingly, TrxG protein homologs distribution in diatoms is more complicated than expected.

They can be divided into two groups: centric and pennates with structure differences that might reflect their evolutionary history with 90 million years of divergence. Green algae TrxG homologs are as simple as the first H3K4 methyltransferase Set1, identified in S. cerevisiae [START_REF] Scott D Briggs | Histone h3 lysine 4 methylation is mediated by set1 and required for cell growth and rdna silencing in saccharomyces cerevisiae[END_REF], only have SET and PHD finger domains, which is similar to SET1A-SET1B group in MLL family. Compared with green algae which possess only clade 3 and 4, diatoms TrxGs are more close to human TrxG genes which reflects the close relationship between stramenopiles and animals.

Using the same reference sequences, we probed the presence of both TrxG and PcG complexes in environmental samples from small size fractions of Tara Oceans. Our results point to the presence of TrxG complex including the four constituent proteins, all with SET and PHD finger domains in combination with either Bromodomain or F/Y motifs, which correlate with high concentrations of nitrate and phosphate. Although less important, this correlation is significant for both EZ and RING components of PRC2 and PRC1, respectively. These results suggest a Polycomb and Trithorax mediated regulation in response to nutrient availability. A weak correlation was observed between transcript levels of RING, TrxG and low salinity and oxygen, respectively.

To the best of our knowledge, this is the first report of expression of Polycomb and Trithorax genes in environmentally sampled marine eukaryotic microalgae and their correlation to macronutri-ent availability. This may suggest a role of chromatin master regulators in nutrient uptake which is important in nutrient cycling and ultimately primary productivity. Beyond the conservation of Trithorax proteins in unicellular marine microalgae sharing conserved domains with animal and plant homologs, the TrxG deposited histone mark H3K4me3 shows similar patterns of distribution in P. tricornutum compared to what is described in multicellular species [START_REF] Barski | High-resolution profiling of histone methylations in the human genome[END_REF][START_REF] Zhang | Genome-wide analysis of mono-, di-and trimethylation of histone h3 lysine 4 in arabidopsis thaliana[END_REF]. It is found over genes spanning transcriptional start sites and 5' promoter regions and correlates with active gene expression, suggesting a ubiquitous role of H3K4me3 as a transcriptionally activating mark.

Analysis of the combinatorial readout of histone PTMs in P. tricornutum identified principally three chromatin states that likely reflect a coordinated regulation of genes. Although not exhaustive, this histone code is overall conserved pointing to key PTMs that seem to be important for defining each of the chromatin states confirming previously published study [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. Despite the overall conservation of the histone code, unique patterns emerge from the co-occurrences of repressive marks that are not documented in animals and plants, in particular those that combine several repressive marks (e.g., C21 with 91 genes) with a dramatic effect on gene repression compared to the other CS. Our previous work [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] has identified such patterns, and profiling a new active histone mark which targets a high number of genes uncovers genes that are uniquely marked with several repressive histone marks and DNA methylation, suggesting a stable pattern of gene regulation that likely involves a crosstalk. This suggests several scenarios of regulation including a cumulative effect or recruitment loop as described in other studies [START_REF] Strahl | The language of covalent histone modifications[END_REF][START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in arabidopsis[END_REF]. Genetic studies in model species such as P. tricornutum are an important step in elucidating these mechanisms. These chromatin states are an indication of the overall transcriptional output of several marks when they co-occur. However, it needs to be extended to additional key marks which will undoubtedly refine the histone code which is a useful proxy for understanding how chromatin states mediate the regulation of genes in response to developmental and environmental triggers.

Functional annotation of exclusively H3K4me3 marked genes revealed an enrichment in categories such as protein degradation and peptide processing into amino acids, RING finger containing proteins known for their role in diverse cellular processes such as regulation of transcription, cell cycle, signaling and secretory pathway [START_REF] Deshaies | SCF and cullin/RING h2-based ubiquitin ligases[END_REF], FYVE domain containing proteins associated to vacuolar protein sorting and endosome function [START_REF] Leevers | Signalling through phosphoinositide 3-kinases: the lipids take centre stage[END_REF][START_REF] Rikke | FYVE zinc-finger proteins in the plant model arabidopsis thaliana: identification of PtdIns3p-binding residues by comparison of classic and variant FYVE domains[END_REF], proteins with DNA ligase domains with a role in a wide range of DNA transactions [185], all of which are indicative of rather general house-keeping functions. However, gene ontology annotation of H3K4me3/K27me3 loci shows enrichment in categories related to cellular architecture with a majority of GO terms referring to regulation of actin polymerization or depolymerization, regulation of cell shape, microtubule cytoskeleton, myosin complex, positive regulation of cellular components organization and peptidyl tyrosine phosphorylation important for cell proliferation, cell cycle progression, metabolic homeostasis, differentiation and development [START_REF] Hunter | Tyrosine phosphorylation: thirty years and counting[END_REF]. Although less important, these GO categories are present when genes are marked by H3K3me4/K27me3 and other marks. It is tempting to postulate that co-marking by H3K4me3 and H3K37me3 is a combinatorial action of both marks in transcriptional regulation of genes related to specific functions such as cell differentiation. This analysis is based on the intersection of ChIP-Seq tracks and so it will be important in future studies to perform sequential ChIP to monitor the coexistence of these two marks or the unique co-occurrence of several repressive histone marks within a single nucleosome.

The existence and diversity of PcG and TrxG complexes in eukaryotic unicellular species throughout the tree of life opens a whole range of questions on the molecular mechanisms of their interactions; their role in cell differentiation and other biological processes, how they are recruited to their targets, and understanding their contribution to a fundamental mechanism, the emergence of multicellularity. One particular aspect is understanding the cross talk between these two complexes for gene regulation, especially in a co-marking context where a timely activation is required as well as the maintenance of repression. Future studies in P. tricornutum and other emerging unicellular models will undoubtedly bring new insights and deepen our understanding of the evolutionary history of PcG and TrxG complexes.

Materials and Methods

Material and Growth Conditions

Cells of P. tricornutum reference strain Pt1 8.6 CCAP 1055/1 (CCMP2561) were harvested after a week of growth in artificial sea water [START_REF] Mathieu Vartanian | Plasticity and robustness of pattern formation in the model diatom phaeodactylum tricornutum[END_REF] at 19•C, under 12/12 light dark period with a light intensity of 75 µmol photons m-2 s-1.

Enhanced Domain Architecture Framework Analysis

eDAF is composed of four different modules: gene prediction (GP), most specific gene ontology terms (SGO), architecture extended information (AEI) and CLADE automation (CA) (Figure 2.1). Each of these modules is detailed below.

Gene Prediction

The gene prediction module allows CLADE to analyze all possible six-frame translations of each uniGene [START_REF] Carradec | A global ocean atlas of eukaryotic genes[END_REF]. Once CLADE/DAMA predicts a domain architecture for a frame, we use a quadratic regression [START_REF] Gergonne | The application of the method of least squares to the interpolation of sequences[END_REF] to select the frame with the highest score. The variables of quadratic regression are the coverage, the e-value, and the average length of the PFAM domain [START_REF] El-Gebali | The pfam protein families database in 2019[END_REF]. The regression might select the frame with the best domain architecture, that is, with the highest number of conserved regions, the best coverages and e-values. Note that we call domain architecture an arrangement of conserved regions (domains) typically found in protein sequences. Since the selected frame can contain more than one gene, we trim it to where start/stop codons are detected; however, we did not consider start and stop codons within domains. We have considered the standard list of start/stop codons and users can change it by adding/removing entries in the eDAF start/stop codon table.

Most Specific Gene Ontology Terms

After gene predictions, search is performed for their functional annotations. "PFAM2GO" that provides the Gene Ontology terms [START_REF] Mitchell | InterPro in 2019: improving coverage, classification and access to protein sequence annotations[END_REF] for each domain detected by CLADE is used. Domains are represented by a set of GO terms organized in a hierarchical representation. To look for the most specific gene ontology terms of each domain, the postgresql database is used to execute a depth first search [START_REF] Even | Graph Algorithms[END_REF] over the gene ontology tree terms [START_REF] Carbon | Gene ontology data archive[END_REF]. This search algorithm retains only the terms located on the leaves by avoiding generic terms, such as "cellular activity," that do not provide conclusive knowledge of protein function. However, generic terms can also be found on the leaves; thus, only terms whose depth is higher than the three levels are retained. Also, terms that are in the downward path of more profound terms are not retained. To produce the most enriched terms for a gene, all specific domain terms are considered, and only those with a frequency higher than three standard deviations above the mean of all identified terms (0.1% most enriched/frequent terms) are retained. Finally, repetitive/similar terms are grouped and collapsed by an approximate string matching algorithm [START_REF] Peter | The theory and computation of evolutionary distances: Pattern recognition[END_REF].

Architecture Extended Information (AEI)

Architecture Extended Information displays some DAMA and CLADE outputs not explored before. Each CLADE prediction is associated with one or more models and each model is associated to a specific taxonomy (species level). AEI recovers the corresponding taxa of each gene prediction and displays them to the user. The frequency of observed domain co-occurrence(internally part of DAMA database) are shown to highlight exotic (rarely observed) composition of conserved regions in the predictions.

CLADE Automation

CLADE is a set of powerful tools that need some expertise to be properly used. To make it user friendly, we implemented an automation. Basically, the user should only call one script and inform the gene fasta file; CLADE automation module will produce the submission files and the corresponding jobs to be sent to the computational grid. Currently, CLADE automation only works with Condor Computational Grid [START_REF] Thain | Distributed computing in practice: the condor experience[END_REF], but it can be easily adapted to other schedulers.

eDAF Analysis

We conducted an extensive set of scans over more than 11,720 transcriptomes distributed among 414 species (the MMETSP dataset) using eDAF. First, we used eDAF to interrogate the MMETSP transcripts by first translating each into the 6 possible frame translations. Next, eDAF fed the translations into CLADE and DAMA to identify the conserved domains. Then, eDAF selected the most probable translation of each transcript (as described in the previous sections).

eDAF outputs the resulting proteins and the domain architecture of the corresponding MMETSP transcripts. Finally, to identify the true positives among the MMETSP sequences, we used eDAF to identify the domain architecture of both Polycomb and Thrithorax reference proteins (sequences reported as true positives in the literature).We retained only those MMETSP sequences with the same domain architecture of the references.

Phylogenetic Analysis

Both reference sequences and MMETSP true positives were aligned with Clustal Omega [START_REF] Sievers | Fast, scalable generation of high-quality protein multiple sequence alignments using clustal omega[END_REF].

The corresponding alignments were used to produce the phylogenetic trees, which were built with MrBayes [START_REF] Harmanci | MUSIC: identification of enriched regions in ChIP-seq experiments using a mappability-corrected multiscale signal processing framework[END_REF] using the following parameters (fixed rate model Blosum; mcmcnruns = 1; ngen = 1000000; samplefreq = 100; sump burnin = 250;sumt burnin = 250).

ChIP-Seq Analysis

ChIP-Seq was performed on the reference strain of P. tricornutum Pt1 8.6 as described previously [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] using a monoclonal antibody anti-trimethyl histone H3 (Lys4) (H3K4me3, Cell signaling Technology 9751S). Library preparation was performed at Fasteris next generation sequencing facilities (Switzerland), using the Illumina TruSeq kit and sequencing was performed on a HiSeq platform (V4 chemistry) with 1 × 50 bp single-reads. Two replicates with input each around 10 million reads were sequenced. Quality check on reads was done using FASTQC 1with a cutoff Phred score of 20. Reads with minimum length of 36 bp were retained after trimming using Trimmomatic. Parameters for Trimmomatic were set as follows: Minimum length of 36 bp; Mean Phred quality score greater than 30; leading and trailing bases removal with base quality below 3; sliding window of 4:15. The reads were then mapped onto Phatr3 using Bowtie with unique read mapping parameter [START_REF] Langmead | Fast gapped-read alignment with bowtie 2[END_REF]. For peak calling, we used three different peak detection methods such as MUSIC [START_REF] Harmanci | MUSIC: identification of enriched regions in ChIP-seq experiments using a mappability-corrected multiscale signal processing framework[END_REF], BCP [START_REF] Xing | Genome-wide localization of protein-DNA binding and histone modification by a bayesian change-point method with ChIP-seq data[END_REF] and MACS2 [START_REF] Zhang | Model-based analysis of ChIP-seq (MACS)[END_REF]. We found a significant overlap between them and took consensus peaks from the three methods. Genome-wide analysis of tag density profile on TSS (transcriptional start sites) was performed using deepTools [START_REF] Ramírez | deepTools: a flexible platform for exploring deep-sequencing data[END_REF]. Mean and standard deviations of the coverage depth were calculated and plotted using Qualimap and samtools.

Analysis and visualization of the data were performed using Integrative genomics viewer from Broad Institute (IGV) [START_REF] James T Robinson | Integrative genomics viewer[END_REF] and R module ChIP peak annotation.

Co-occurrence and Correlation Analysis

ChIP-seq peaks were annotated with gene annotation from Phatr3 [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]. The intersection of different sets of genes overlapping with individual ChIP-seq peaks was performed using UpSetR [START_REF] Conway | UpSetR: an r package for the visualization of intersecting sets and their properties[END_REF]. All combinations of overlap are derived and ordered from most to least overlapping categories. Non-overlapping peak sets are removed from the plot. The aligned histone modification ChIP-seq dataset was binned for coverage with a window size of 1 kb. Replicate correlation was performed using multiBigwigSummary tools from deepTools. Pearson pairwise correlation coefficients were calculated from tag density. Scatter plot for correlation depicts the tag density for a bin of 1 kb each. Sequence data were deposited in NCBI Gene Expression Omnibus database (accession number GSE139676).

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the GSE139676. 

CHAPTER 3

Genome wide natural variation of H3K27me3 selectively marks genes predicted to be important for differentiation in

Phaeodactylum tricornutum

Abstract

In multicellular organisms, Polycomb Repressive Complex2 (PRC2) is known to deposit H3K27me3 to establish and maintain gene silencing, critical for developmentally regulated processes. PRC2 complex is absent in both widely studied model yeasts which initially suggested that PRC2 arose with the emergence of multicellularity. However, its discovery in several unicellular species including microalgae questions its role in unicellular eukaryotes. Here, we show that homolog of Enhance of zeste (E(z)) in Phaeodactylum tricornutum is responsible for di and tri-methylation of lysine 27 on histone H3. H3K27me3 depletion abolishes cell morphology in P. tricornutum providing evidence for its role in cell differentiation. Genome wide profiling of H3K27me3 in fusiform and triradiate cells further revealed genes that may specify cell identity. These results suggest a role for PRC2 and its associated mark in cell differentiation in unicellular species and highlight their ancestral function in a broader evolutionary context than is currently appreciated.

Introduction

Tri-methylation of lysine 27 of histone H3 (H3K27me3) is a mark deposited by Polycomb Repressive Complex 2 (PRC2), which mediates silencing of gene expression during differentiation and development in both animals and plant [START_REF] Aldiri | Prc2 during vertebrate organogenesis: A complex in transition[END_REF][START_REF] Surface | Polycomb group proteins set the stage for early lineage commitment[END_REF][START_REF] Ferrari | Polycombdependent h3k27me1 and h3k27me2 regulate active transcription and enhancer fidelity[END_REF]. PRC2 is comprised of four core proteins, highly conserved among multicellular organisms: the histone methyltransferase (HMTase) enhancer of zeste E(z), the WD40 domain containing polypeptide Extra Sex Comb Esc, the C2H2 type zinc finger protein Suppressor of zeste 12 Su(z)12 and the Nucleosome remodeling factor 55 kDa subunit Nurf-55 [START_REF] Yuri | A new world of polycombs: unexpected partnerships and emerging functions[END_REF][START_REF] Martínez-Balbás | Drosophila nurf-55, a wd repeat protein involved in histone metabolism[END_REF]. The absence of PRC2 in the unicellular yeast models Saccharomyces cerevisiae and Schizosaccharomyces pombe initially led to suggestions that it arose to regulate cell differentiation in multicellular organisms [START_REF] Köhler | Programming of gene expression by polycomb group proteins[END_REF]. This hypothesis has recently been questioned because components of PRC2 and the associated mark H3K27me3 are found in several unicellular species that belong to different lineages, thus questioning the function of such a widespread complex in single celled organisms.

Only few studies attempted to decipher the role of H3K27me3 in unicellular species. Using mass spectrometry, Shaver et al successfully identified mono-and di-methylation of lysine 27 on histone H3 in Chlamydomonas reinhardtii [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF], however attempts to understand the role of H3K27me3 in this green alga were not conclusive because tri-methylation of lysine 27 could not be assessed reliably, due to either its absence or its nominal mass which could not be distinguished from acetylation of lysine 27 of the same histone []. In the model red alga Cyanidioschizon merolae, H3K27me3 was found to target genes and transposable elements. Genome-wide analysis revealed that H3K27me3 marked genes were related to organismal process, development, protein maturation and splicing [START_REF] Mikulski | Characterization of the polycomb-group mark h3k27me3 in unicellular algae[END_REF]. Recently, in another unicellular species, Paramecium tetraurelia, E(z)-like protein Ezl1 which contains the catalytic SET domain, was shown to be responsible for tri-methylation of both lysine 9 and 27 of histone H3 and that loss of both marks results in global derepression of transposable elements with modest effects on protein-coding gene expression [START_REF] Frapporti | The polycomb protein ezl1 mediates h3k9 and h3k27 methylation to repress transposable elements in paramecium[END_REF]. These studies point to the importance of understanding H3K27me3 function in single celled species which was overlooked to decipher its role in an evolutionary context. The pennate diatom Phaeodactylum tricornutum which belongs to the stramenopile group of eukaryotes, only distantly related to the animal (Opisthokonta) and plant (Archaeplastida) eukaryotic crown groups has different morphotypes, fusiform (FM hereafter), which is the most prevailing morphology among the sampled accessions known so far, triradiate (TM hereafter), oval (OM hereafter) and cruciform (CM hereafter) [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][START_REF] De | Physiological and molecular evidence that environmental changes elicit morphological interconversion in the model diatom phaeodactylum tricornutum[END_REF][START_REF] De | Genetic and phenotypic characterization of phaeodactylum tricornutum (bacillariophyceae) accessions1[END_REF][START_REF] He | A rare phaeodactylum tricornutum cruciform morphotype: Culture conditions, transformation and unique fatty acid characteristics[END_REF][START_REF] Borowitzka | The polymorphic diatom phaeodactylum tricornutum: Ultrastructure of its morphotypes1,2[END_REF]. Each morphotype can switch reversibly into a different morphology in response to several growth and environmental cues [START_REF] De | Physiological and molecular evidence that environmental changes elicit morphological interconversion in the model diatom phaeodactylum tricornutum[END_REF]. FM is the most stable morphotype while switching is more prominent in TM, CM and OM, which tend to convert to FM in the growth conditions used in this study [START_REF] De | Physiological and molecular evidence that environmental changes elicit morphological interconversion in the model diatom phaeodactylum tricornutum[END_REF][START_REF] De | Genetic and phenotypic characterization of phaeodactylum tricornutum (bacillariophyceae) accessions1[END_REF]. Cell differentiation is often orchestrated by H3K27me3-mediated silencing that underlies the establishment and maintenance of cellular identity in multicellular model species [START_REF] Margueron | The polycomb complex prc2 and its mark in life[END_REF]. These results and the presence of different morphologies in P. tricornutum prompted us to investigate the putative role of H3K27me3 in cell differentiation in a unicellular model. In silico annotation of polycomb complex members in a well-developed experimental model such as P. tricornutum (Supplementary Fig. 1a-c) and the identification of H3K27me3 by mass spectrometry [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] as well as the avail-ability of different morphotypes which is unique to P. tricornutum among stramenopiles present therefore an opportunity to understand its role in single celled organisms with respect to its potential contribution to establish morphotype switches as well as its function in an evolutionary context.

Our study points to the emerging function of PRC2 and its H3K27me3 associated mark as a determinant of the establishment and maintenance of cell morphology in the single celled species P. tricornutum, which shows signs of differentiation of the cell into diverse morphologies. This same function likely diversified with the emergence of multicellularity with PRC2 orchestrating development in plants and animals. This is the first evidence of the involvement of H3K27me3 in cell differentiation in a unicellular eukaryote only distantly related to animals and plants.

Result

CRISPR/cas9 knockout of E(z) and H3K27me3 depletion abolish cell morphology in P. tricornutum

PRC2 is a conserved complex with different subunits and orthologues in several multi and unicellular model species (Figure 3.1A). In silico annotation of polycomb complex members in the Marine Microbial Eukaryotic Transcriptome Sequencing Project (MMESTP) shows the conservation and wide distribution of PRC2 complex in unicellular species suggesting the importance of this complex and its associated mark H3K27me3 in early diverging species (Figure S3.1,S3.2,S3.3).

In line with in silico identification of PRC2 complex subunits, western blot analysis using a monoclonal antibody raised against H3K27me3 in different representative of the Stramenopile, Alveolates and Rhizaria super lineage (SAR) identified the mark supporting further the importance of H3K27me3 in single celled species (Figure S3.4). In the model diatom P. tricornutum, PRC2 complex is simpler than in other organisms: only one homolog was found in each subunit of PRC2 (Figure 3.1A), which makes P. tricornutum an ideal model organism for studying PRC2 and its associated mark H3K27me3 in unicellular species. Interestingly, western blot analysis of H3K27me3 in four different morphotypes of P. tricornutum (FM, TM, CM and OM cells) revealed a positive correlation between the complexity of the morphology (branching of the cell) and the amount of H3K27me3. Quantification of western blot shows that H3K27me3 level is higher in both CM and TM cells compared to FM and OM cells (Figure S3.4E). In fact the relative expression of E(z) which is the catalytic enzyme that deposits H3K27me3 also presents the same tendency: TM shows higher expression of E(z) than FM and OM (Figure S3.4F).

To gain insights into the function of E(z) and its associated H3K27me3 mark in Pt, we generated two CRISPR/cas9 knockouts of E(z) in each of the three morphotypes (FM, TM and CM) leading to loss of function mutations including premature stop codon and frameshifts (Figure S3.4G). Light microscopy analysis of E(z) knockouts shows a change in cell morphology which becomes shorter in the FM background. Both triradiate and cruciform morphologies were abolished in TM and CM, respectively while transgenic lines carrying cas9 control vectors in each morphotype remain unchanged (Figure 3.1B). Statistical analysis of cell size dimensions performed between FM, TM and their respective mutants show significant differences (Table S1). While P. tricornutum transgenic lines with the Cas9 control vector show similar H3K27me3 enrichment than the wild type (Figure S3.5A), knockout of PtE(z) led to an overall depletion of expression (Figure 3.1C) as well as the level of H3K27me3 which we monitored by western blot using a monoclonal antibody against the mark (Figure 3.1D).

Mass spectrometry (MS) analysis of histones extracted from both wild type and E(z) knockout confirmed the loss of H3K27me3 and revealed a depletion of H3K27, demonstrating further the role of E(z) in tri-methylation of lysine 27 of histone H3 (Figure S3.5B,C,D). Furthermore, MS analysis showed that di-methylation of lysine 27 is affected by the loss of E(z) (Table S1). Western blot assay of E(z) knockout mutants using a monoclonal antibody against H3K27me2 (Figure S3.5E) confirmed the depletion of the mark from the mutants, supporting further MS study. Although cell shape is abolished in each of the mutants, E(z) knockout and the loss of H3K27me3 is not lethal and does not affect the overall growth of the cells as shown from the growth curves (Figure S3.5F). 

Genome-wide distribution of H3K27me3 shows distinctive marked genes in fusiform and triradiate morphotype

To further investigate the role of H3K27me3 and its targets in different morphotypes, we carried out a genomic approach and performed Chromatin Immuno-Precipitation (ChIP) on two biological replicates of TM morphotypes using an antibody against H3K27me3 followed by DNA deep sequencing (ChIP-Seq) to generate a map of H3K27me3 distribution, which we compared to the one previously generated in FM in the same growth conditions [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. ChIP-Seq data analysis revealed a similar H3K27me3 enrichment profile between TM and FM that localizes principally on transposable elements (TEs), with 58% and 60% of the reads overlapping with TE annotations for FM [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] and TM, respectively. The mark was found to occupy, on average, 11.6% of the genome in FM cells, targeting approximately 15% of genes (consistent with [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]) and 13.2% of the genome within TM, targeting 19% of genes in agreement with the absolute amount of H3K27me3 to be Among the PRC2 target genes, 635 and 297 genes are found to be specifically marked by H3K27me3 in TM and FM, respectively (Figure 3.2A). We used ChIP followed by quantitative PCR (ChIP-qPCR) to validate H3K27me3 enrichment over specifically marked loci in both backgrounds, which corroborated the genome wide data for most of the tested genes (Figure 3.2C).

Commonly marked and unmarked loci were used as internal controls (Figure S3.6D). To test whether there are differences in nucleotide polymorphisms between marked, unmarked and total genes in both FM and TM and exclude a genetic based regulation of morphotype switch, we compared single nucleotide polymorphism density between H3K27me3 marked and unmarked genes and found no significant differences (Figure S3.6E) supporting further a prominent role of H3K27me3 in regulating cell morphotypes in P. tricornutum.

To investigate the loss of H3K27me3 in E(z) knockout mutants, we performed ChIP-qPCR in FM and TM as well as the respective mutants and tested loci shown to be enriched by the ChIP-Seq analysis in FM or TM. We found a clear decrease in H3K27me3 enrichment over the tested loci in the mutants compared to the wild type FM and TM which confirmed the depletion of H3K27me3 in these mutants as a consequence of E(z) loss (Figure 3.1E).

H3K27me3 specific targets in FM and TM are predicted to be important for cell differentiation

To gain insights into the functional categories enriched in H3K27me3 target genes that are shared between the two morphotypes or specific, we applied to the updated Phatr3 annotation a gene ontology analysis using DAMA [START_REF] Bernardes | A multi-objective optimization approach accurately resolves protein domain architectures[END_REF] and CLADE [START_REF] Bernardes | Improvement in protein domain identification is reached by breaking consensus, with the agreement of many profiles and domain co-occurrence[END_REF] which is a machine learning methodology that uses pHMMs, position specific score matrix and supports vector machines to identify the corresponding most probable conserved regions to genes. DAMA and CLADE allow a more sensitive remote homology that permits to assign to conserved regions (even with no or poor conservation) the corresponding functional domains that would have been missed by other methods. From the functional domains identified, we obtained the corresponding GOs based on the method described in [START_REF] Evelyn B Camon | An evaluation of GO annotation retrieval for BioCreAtIvE and GOA[END_REF], which has been evaluated at 91-100% accurate. To avoid obtaining general GOs, normally produced by other methods, we used eDAF [START_REF] Zhao | Probing the diversity of polycomb and trithorax proteins in cultured and environmentally sampled microalgae[END_REF] to produce a more specific list of terms. Moreover, are considered statistically significant, only GO classes that are represented by at least 3 standard deviations above the average of observed entries.

Out of 1,640 H3K27me3 marked genes, 753 could not be assigned to a more specific GO category and are therefore marked as unknown. The genes that are marked in both morphotypes show top enrichment in RNA related biological processes such as RNA-dependent DNA biosynthetic process, RNA phosphodiester bond hydrolysis and RNA-DNA hybrid ribonuclease activity. Genes marked by H3K27me3 specifically in TM displayed top enrichment exclusively in (1) glycoprotein biosynthetic processes, (2) Peptidyl tyrosine dephosphorylation processes with Ankyrin repeats proteins (Figure 3.2D, Table S1). Genes that are specifically marked in FM cells A third category (Both) also presents a GO distribution for genes observed on both morphotypes. (E) The box plot represents mean enrichment of H3K27me3 (Y-axis), with log10 scaling, over genes marked specifically in FM (blue), TM (orange), and also on genes marked in both (commonly marked) morphotypes. The enrichment profile is generated using number of genes marked by H3K27me3 specifically in each morphotypes and also in both. The significant H3K27me3 enrichment difference between specifically marked and commonly marked is estimated using two-tailed t-test with P value < 0.0001, denoted by "****". (F) Expression of genes marked specifically in FM (blue), TM (orange), and in both phenotypic backgrounds with same principle aesthetics and categorical genes, used in 2E. The significance/non-significance of the variability of expression between specifically and commonly marked genes is estimated using two-tailed t-test with P value <0.0001, as denoted by "****". "ns" denote non-significant. (G) Boxplot showing the entropy value distribution of H3K27me3 marked genes. Entropy values measures the differential expression of genes under different experimental conditions. Entropy values are derived from expression data (fragments per kilobase of exon per million fragments mapped) under five different experimental conditions. Genes marked specifically by H3K27me3 in TM (Triradiate) shows higher variation in expression followed by FM (Fusiform) specific H3K27me3 marked genes. Horizontal lines represent the median entropy values. P-values derived from t-test on FM/TM-specific H3K27me3 marked genes and genes marked on both conditions are shown on top.

exhibit enrichment in exclusively categories such as peptidyl-tyrosine phosphorylation which is interestingly contrasting with the Peptidyl tyrosine dephosphorylation in TM; zinc ion binding proteins with a catalytic, co-catalytic or structural role known to be essential for the growth, development and differentiation of all living organisms[] (Figure 3.2D and Table S1). Interestingly, additional genes specifically marked in each FM or TM share categories with predicted functions in (1) positive regulation of GTPase activity (2) protein ubiquitination, both shown to play a role in differentiation of different cell type [START_REF] Thompson | Ubiquitin-proteasome system as a modulator of cell fate[END_REF]. Other shared functional categories point to GOs with genes involved in processes that occur while relatively unspecialized cells are acquiring the specialized features that permit a specific fate in multicellular species such as cell morphogenesis involved in neuron differentiation and cellular response to fibroblast growth factor stimulus GO categories.

The role of H3K27me3 as a repressive mark is conserved

H3K27me3 is known to be a repressive mark in plants, animals and protists [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF][START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF][START_REF] Margueron | The polycomb complex prc2 and its mark in life[END_REF].

To further test the conserved role of H3K27me3 in repression in P. tricornutum, we analysed the expression of genes in TM using whole genome transcript sequencing which revealed overall lower expression levels of H3K27me3-marked genes (Figure S3.6F). Interestingly, when genes are marked by H3K27me3 in both FM and TM, their expression is lower compared to the genes that are uniquely marked in FM and to a lesser extent in TM (Figure 3.2E), which is in line with enrichment level of H3K27me3 on those genes (Figure 3.2F).

We further analysed the effect of E(z) knockout on gene expression. Therefore, RNA sequencing of two biological replicates of the E(z) mutant (FM-Del6) was carried out and compared to previously generated RNA-seq in the wild type (FM). Around 1/4 of all genes are (23%, 2795 out of 12152 annotations) differentially expressed in the E(z) mutant (P-value. < 0.05), (Figure S3.6G, Table S1), indicating an essential role in gene regulation by PRC2 in P. tricornutum.

As a further test, we monitored by RT-qPCR the expression of 27 specifically marked genes in the E(z) knockout of the TM randomly chosen and found that 18 genes out of 27 showed a gain of expression in the mutant compared to the TM background, demonstrating further that depletion of H3K27me3 likely releases the repression of target genes and correlates with the loss of the triradiate morphology (Figure 3.2H). There are 9 remaining genes including 2 with no change and 7 genes show more repression, suggesting that other gene expression regulation mechanisms might occur compensating for the loss of H3K27me3.

In order to find out whether the genes that are specific targets of H3K27me3 in either FM or TM show significant variations in expression across multiple growth conditions compared to marked genes in both morphotypes, we applied the R value analysis [START_REF] Zambelli | Rnentropy: An entropy-based tool for the detection of significant 204 variation of gene expression across multiple rna-seq experiments[END_REF] which reflects the entropy, and therefore the variability in expression of genes between the above mentioned categories. The R value is used as an indication of genes differentially expressed in different conditions, the higher the value, the more differentially expressed is the gene. Our Analysis showed a higher R value in specifically marked genes compared to commonly marked ones (Figure 3.2G).

H3K27me3 dynamics correlates with morphotype switch

To substantiate the assumption that phenotypic plasticity and morphotype switch are regu- We then asked whether specifically H3K27me3-marked loci in TM lose the mark upon cell the morphology with the level of enrichment in H3K27me3 over specific genes.

lated

Discussion

Polycomb proteins originally identified in Drosophila were shown to be important for the regulation of the spatiotemporal expression of transcription factors, most notably the Hox genes, themselves important for body segmentation in the fly. Since then, many orthologues were identified in plants and animals with similar functions, namely the orchestration of proper cell fate identity and development [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF]. PRC2 is the best characterized complex with the enhancer of zeste catalytic subunit which is involved in tri-methylation of lysine 27 of histone H3. Knockout of this enzyme leads to cell fate modifications and developmental defects in plants and animals [START_REF] Margueron | The polycomb complex prc2 and its mark in life[END_REF]. Although, widely studied in multicellular species, PRC2 complex and its associated mark H3K27me3 are scarcely identified in unicellular organisms and their role poorly investigated in particular in cell fate determination where to our best of knowledge, no evidence for such a role was reported so far in single celled species. The absence of the complex in the most studied yeast models species, Saccharomyces cerevisiae and Schizosaccharomyces pombe led to the assumption that PcG complexes arose with the emergence of multicellularity. The availability of genome sequences [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] of many single celled organisms belonging to different super group such as Chromalveolata, Opisthokonta and Archaeplastida (Figure S3.1,S3.2,S3.3,S3.4) revealed the existence of several components of the polycomb complexe which supports the idea of its emergence in an ancestral unicellular eukaryote and its probable loss in specific lineages during evolution [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF].

This raises the question of their role in single celled species knowing that in multicellular organisms PcG are involved in developmental processes that are not necessarily relevant to single celled species.

In the model diatom P. tricornutum, we have previously identified without ambiguity, H3K27me3 by mass spectrometry and investigated its distribution genome wide showing that it represses mainly transposable elements and a significant number of genes [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. P. tricornutum can be found in four morphotypes, fusiform, triradiate, oval and cruciform, all capable of switching into a different morphology reversibly and in a relatively short time suggesting chromatin mediated regulation of cell morphology. In the current study, western blot analysis using a monoclonal antibody against H3K27me3 reveals a higher amount of the mark in triradiate and cruciform (cells are more branched) compared to fusiform and oval (simpler morphology) suggesting a morphology dependent enrichment of H3K27me3. P. tricornutum, with its conserved single copies of PRC2 complex subunits, the reliably identified H3K27me3 and the presence of different morphologies which allows phenotypic screen is a unique opportunity to investigate the role of PRC2 complex and its associated mark, H3K27me3 in unicellular species.

We used CRISPR cas9 editing to generate mutants in the homologue of the catalytic subunit of PRC2, enhancer of zeste E(z) in each of FM, TM and CM backgrounds leading to a total depletion of H3K27me3 shown by western blot analysis and mass spectrometry. This demonstrates the role of P. tricornutum E(z) as a histone methyltransferase responsible for tri-methylation of lysine 27 of histone H3. H3K27me3 depletion caused changes in the cell morphology of all the morphotypes in particular in TM and CM where the branching of the cell is completely abolished suggesting that the loss or diminution of E(z) activity, and hence H3K27me3, related to the observed changes in cell morphology (Figure 3.1,S3.6), Table S1). This evidenced that E(z) and its associated mark are related to morphotype switch which can be also recognized as establishment of specific cell identity in a unicellular species. Similar to animals, plants and Neurospora crassa, H3K27me3 appears not to be essential for cell survival in P. tricornutum, as indicated by the overall growth of E(z) knockout lines which are not severely affected, only slightly retarded compared to wild type lines (Figure S3.5). Although E(z) knockout has in general shorter size than the wild type (Figure 3.1B, Table S1 ), the morphotype remains fusiform which is not similar to the stressinduced natural OM morphotype reported before [START_REF] Ovide | Comparative in depth RNA sequencing of p. tricornutum's morphotypes reveals specific features of the oval morphotype[END_REF], comparison of RNA-seq data between OM and FM-Del6 shows that FM-Del6 has higher expression level than OM on OM specifically expressed genes (Figure S3.5G), meanwhile, comparison of expression level between OM, FM and FM-Del6 on H3K27me3 marked genes has similar result: FM-Del6 has much higher expression than OM and FM (Figure S3.5G). In those comparison we can find that either expression pattern or morphotype of OM and FM-Del6 are quite different, suggesting that knockout of E(z) did not resemble a known cell-type(OM), moreover OM is known to have the ability to switch to other morphotype however FM-Del6 is very stable in terms of morphology to our observation. It has to be noted that the different expression pattern between this two strains could also due to the genetic variant given they have different genetic background.

Similar to fungi [START_REF] Jamieson | Regional control of histone h3 lysine 27 methylation in neurospora[END_REF] and mammals [START_REF] Ferrari | Polycombdependent h3k27me1 and h3k27me2 regulate active transcription and enhancer fidelity[END_REF], E(z) was found to dimethylate lysine 27 of histone H3 in P. tricornutum. However, this is different from A. thaliana where PRC2 loss of function leads to specific depletion of H3K27me3 [START_REF] Lafos | Dynamic regulation of h3k27 trimethylation during arabidopsis differentiation[END_REF], although in vitro assays with reconstituted A. thaliana PRC2 components showed mono, di and tri-methylation of lysine 27 of histone H3 [START_REF] Feng | Atxr5 and atxr6 are h3k27 monomethyltransferases required for chromatin structure and gene silencing[END_REF][START_REF] Frank W Schmitges | Histone methylation by prc2 is inhibited by active chromatin marks[END_REF].

The pattern of distribution of H3K27me3 genome wide in TM is similar to FM targeting mainly transposable elements and more genes in TM than FM with a broad pattern of distribution as reported in our previous study [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. In the unicellular species, Cyanidioschizon merolae, Chlamydomonas reinhardtii and Paramecium tetraurelia, H3K27me3 was also found to target primarily TEs suggesting that one of the ancestral roles of PCR2 may have been in defense responses against intragenomic parasites such as TEs, prior to being co-opted for lineage specific functions like developmental regulation in multicellular eukaryotes [START_REF] Frapporti | The polycomb protein ezl1 mediates h3k9 and h3k27 methylation to repress transposable elements in paramecium[END_REF][START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF]. Although, most of H3K27me3 target genes are shared between FM and TM, some were found to be marked exclusively in either of the morphotypes suggesting a specific role of these genes in cell differentiation leading to a triradiate or a fusiform morphology.

Functional annotation of H3K27me3 target genes using a highly sensitive annotation tool, DAMA and CLADE allowed the assignation of GO categories which clearly distinguished between those found in commonly marked genes (noted as Both in and DNA integration (7.48%). These categories together representing 48.46% of annotated GOs terms, reflect the importance of the mark throughout the cell cycle progression to ensure repression of specific genes and the transmission of the mark to the replicating fork which is in line with the function of H3K27me3 in other organisms. Interestingly, presence of certain categories such as MLL1 complex (catalyzing methylation of H3K4), PRC1 complex (catalyzing methylation of H2AK119Ubi) and histone of H3-K9(di, tri) methylation in commonly marked genes suggests the possible correlation of H3K27me3 and other histone marks such as H3K4me3, H2AK119Ubi

and H3K9me2/3. This finding is in line with the co-occurrence of these histone modifications previously reported in P. tricornutum [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] To our surprise, additional genes specifically marked in each FM or TM share categories with predicted functions in (1) Axonogenesis/axon development (28.57%), ( 2) positive regulation of semaphoring-plexin signaling pathway (17.46%), (3) cell morphogenesis involved in neuron differentiation (15.08%), (4) cellular response to fibroblast growth factor stimulus (5.56%), which all together represent 66.67% of the GOs suggesting the correlation of these specific marked genes with morphogenesis. Although these categories are known to be involved in general processes, they were reported in different studies with a role in morphogenesis. This is exemplified by: semaphorin-plexin signaling pathway related gene are known to directly related to the cytoskeletal and adhesive machinery that regulate cellular morphology [START_REF] Alto | Semaphorins and their signaling mechanisms[END_REF]. GTPase positive regulation activity reported with a role in cell morphology changes, and neurite outgrowth and guidance [START_REF] Etienne Manneville | Rho gtpases in cell biology[END_REF] as well as the differentiation of many cell types, including neurons, T lymphocytes and myocytes [START_REF] Bryan | The rho family of small gtpases: crucial regulators of skeletal myogenesis[END_REF]; protein ubiquitination shown to play a role in the complex regulation of the levels and function of many proteins and signaling pathways involved in determining cell fate [START_REF] Thompson | Ubiquitin-proteasome system as a modulator of cell fate[END_REF] (Figure 3.2D, Table S1). Typical examples in TM specific associated GOs also include (1) glycoprotein biosynthetic processes involved in the transfer of sugar moieties that might determine different sugar composition of the cell wall which is known to be sugar rich in P. tricornutum [START_REF] Tinaïg | New structural insights into the cell-wall polysaccharide of the diatom phaeodactylum tricornutum[END_REF],

(2) Peptidyl tyrosine dephosphorylation processes with Ankyrin repeats proteins known to act as scaffold for connecting molecular interactions, likely important for development of the numerous signaling pathways associated generally to more complex multicellular organisms [START_REF] Marcotte | A census of protein repeats11edited by j. m. thornton[END_REF] (Figure 3.2D, Table S1). Genes that are specifically marked in FM cells exhibit enrichment in categories such as peptidyl-tyrosine phosphorylation containing genes with central roles as modulators of cell differentiation and cell fate decisions [START_REF] Yu | Proliferation, survival and metabolism: the role of pi3k/akt/mtor signalling in pluripotency and cell fate determination[END_REF]. Overall, the genes that are specifically marked in the TM or FM morphotypes reflect processes related to cell growth, proliferation and differentiation. Although some of the categories seem not relevant to single celled organisms, our GO analysis may reflect evolutionary persistence tracing back to a shared ancestor [START_REF] Weiss | The last universal common ancestor between ancient earth chemistry and the onset of genetics[END_REF].

Gene expression levels which were found higher in H3K27me3 specifically marked genes compared to common targets (Figure 3.2) suggest that exclusively marked genes in either FM or TM are kept under less stringent and tight repression which might be due to their putative role in morphotype switch, which is known to be a dynamic process [START_REF] De | Physiological and molecular evidence that environmental changes elicit morphological interconversion in the model diatom phaeodactylum tricornutum[END_REF]. R value analysis [START_REF] Weiss | The last universal common ancestor between ancient earth chemistry and the onset of genetics[END_REF] which reflects the entropy of these genes found to be higher in FM and TM specifically marked genes compared to shared H3K27me3 targets supports further the finding of exclusive H3K27me3 enrichment and higher expression versus shared enrichment and lower expression (Figure 3.2).

RT-qPCR in TM-M2.11 (the knockout of E(z) in TM) versus TM suggests further that depletion of H3K27me3 likely releases the repression of target genes and correlates with the loss of the triradiate morphology (Figure 3.3). Although the remaining genes showed no change or even a gain in expression, these genes can be targets of other repressive or active marks which is in line with the GO analysis reported in former disscussion.

The correlation between H3K27me3 enrichment and cell morphology is further substantiated with the dynamics of both E(z) expression and the mark enrichment when cells switch from TM to FM. Morphotype switch experiment clearly shows a higher expression of E(z) in pure triradiate compared to a mixture of FM and TM and pure FM cells, all three originating from the same TM genetic background (Figure 3.3). H3K27me3 dynamics and changes in the morphology in an identical genetic background is a strong evidence for chromatin mediated regulation of cell differentiation in P. tricornutum.

In summary, we have demonstrated in this study the role in P. tricornutum E(z) as a histone methyltransferase responsible for di and tri-methylation of lysine 27 of histone H3. Knockout of E(z) causes H3K27me3 depletion and loss of triradiate cell shape maintenance, providing evidence for the involvement of E(z) and its associated mark in establishing and/or maintaining cell morphology in unicellular species. We showed the dynamic nature of the mark, depending on the specific morphology between and within P. tricornutum accessions that correlate with the level of H3K27me3 enrichment. We showed differential marking in two different accessions of P. tricornutum, FM versus TM, which identified genes related to cell fate decisions compared to commonly marked genes. This is the first evidence for the involvement of H3K27me3 in cell differentiation in a unicellular eukaryote only distantly related to animals and plants. Our study points to the emerging function of PRC2 and its H3K27me3 associated mark as a determinant of the establishment and maintenance of cell morphology in a single celled species such as P.

tricornutum that shows signs of differentiation of the cell into diverse morphologies. This same function likely diversified with the emergence of multicellularity with PRC2 orchestrating development in plants and animals.

Methods

Strains and growth conditions

Phaeodactylum tricornutum Bohlin Clone Pt1 8.6 (CCMP2561) (referred as FM) and Clone Pt8Tc (referred as TM) cells were grown as described previously [START_REF] Siaut | Molecular toolbox for studying diatom biology in phaeodactylum tricornutum[END_REF].

Isolation and immunoprecipitation of chromatin

Chromatin isolation and immunoprecipitation were performed as described previously [START_REF] Lin | Protocol: Chromatin immunoprecipitation (chip) methodology to investigate histone modifications in two model diatom species[END_REF].

The following antibodies were used for immunoprecipitation: H3K27me3 (07-449) from Millipore and H3K27me3 from cell signaling technology. qPCR on recovered DNA was performed as described previously [START_REF] Lin | Protocol: Chromatin immunoprecipitation (chip) methodology to investigate histone modifications in two model diatom species[END_REF] 3 HA-tag [START_REF] Siaut | Molecular toolbox for studying diatom biology in phaeodactylum tricornutum[END_REF], following the manufacturer's protocol, which was named pDest-HA-hCAS9n.

For the sgRNA vector we first cloned the snRNA U6 promoter38 from P. tricornutum genomic DNA using the primers 5'-AAA CGA CGG CCA GTG AAT TCT CGT TTC TGC TGT CAT CAC C-3' and 5'-TCT TTA ATT TCA GAA AAT TCC GAC TTT GAA GGT GTT TTT TG-3'. PU6::unc-119-sgRNA (kindly received from Dr. Yonatan B. Tzur) backbone was amplified using the primers 5'-CAA AAA ACA CCT TCA AAG TCG GAA TTT TCT GAA ATT AAA GA-3' and 5'-GGT GAT GAC AGC AGA AAC GAG AAT TCA CTG GCC GTC GTT T-3'. The two PCR products were used as template for a second round fusion PCR reaction as described in [START_REF] Hobert | Pcr fusion-based approach to create reporter gene constructs for expression analysis in transgenic c. elegans[END_REF]. We further transformed the resulting product into E. coli, and extracted the ligated plasmid. The terminator sequence of the P. tricornutum U6 was amplified using the primers 5'-CATTCTAGAAGAACCGCTCACCCATGC-3' and 5'-GTTAAGCTTGAAAAGTTCGTCGAGACCATG- 

Transformation of P. tricornutum cells and screening for mutants

Wild type cells of the reference strain FM and the TM were transformed with three plasmids (pPhat1, Cas9 and guide RNA with the target sequence) as described previously []. Positive transformants were validated by triple PCR screen for pPhaT1 shble primers (ACT GCG TG-CACTTCGTGGC/TCGGTCAGTCCTGCTCCTC), sgRNA (GAGCTGGAAATTGGTTGTC/GACTCGGTGCCACTTTTTCAAGTT) and CAS9n (GGGAGCAGGCAGAAAACATT/TCACACCTTCCTCTTCTTCTT). For each colony, a rapid DNA preparation was performed as described previously and fragment of 400 bp was amplified with primers flanking the target sequence in the E(z) gene. The forward primer used is 5'-TAAGATGGAGTATGCCGAAATTC-3' and reverse primer is 5'-AGGCATTTATTCGTGTCTGTTCG-3' PCR product was run in 1% agarose gel and a single band was extracted using Machery Nagle kit and according to the manual manufacturer. PCR product was sequenced using the primer 5'-AGCCACCCTGCGTTAACTGAAAAT-3'.

To make sure that the fusiform cells originating from the switch of TM are not contaminants from the FM, each of the TM-T1, TM-Fusi and TM-N were checked for their genetic background whether it is FM or TM using a molecular marker designed around a 400 bp insertion in the FM background (figure S3.6I), identified from genome sequencing of FM and TM strains of P.

tricornutum [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]. The PCR check confirmed that all the cell samples described above are in the TM genetic background.

Validation of enrichment and expression of target genes

qPCR: Total RNA was extracted from TM and FM cells as described previously [START_REF] Siaut | Molecular toolbox for studying diatom biology in phaeodactylum tricornutum[END_REF] and cDNA was synthesized with cDNA high yield synthesis kit according to the manufacturer user manual. Quantitative PCR was performed as described previously [START_REF] Siaut | Molecular toolbox for studying diatom biology in phaeodactylum tricornutum[END_REF] using the primer list in Table S1

Proteomics and PRM Measurements

Three independent histone purifications recovered from FM wild type cells as well as E(z) knockout mutant Del6 in FM genetic background were simultaneously separated by SDS-PAGE and stained with colloidal blue (LabSafe Gel Blue GBiosciences). Three gel slices were excised for each purification and in-gel digested by using trypsin/LysC (Promega). Peptide extracted from each set were pooled and analyzed by nanoLC-MS/MS using an 

PRM Data Analysis

The PRM data were analyzed using Skyline version 3.7.0.11317 MacCoss Lab Software, Seattle, WA; https://skyline.ms/project/home/software/Skyline/begin.view, fragment ions for each targeted mass were extracted and peak areas were integrated. The peptide areas were log2 transformed and the mean log2-area was normalized by the mean area of peptide STDLLIR using software R version 3.1.0. On each peptide a linear model was used to estimate the mean fold change between the conditions, its 97.5% confidence interval and the p-value of the two sided associated t-test. The p-values were adjusted with the Benjamini-Hochberg procedure [START_REF] Vizcaíno | The Proteomics Identifications (PRIDE) database and associated tools: status in 2013[END_REF].

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE43 partner repository with the dataset identifier PXD012347.

Western blot analysis

Chromatin was extracted from wild type as well as mutants of both TM and FM cells and western blot performed as described previously [START_REF] Lin | Protocol: Chromatin immunoprecipitation (chip) methodology to investigate histone modifications in two model diatom species[END_REF] (SNPs), small insertions and deletions ranging between 1 and 300 base pairs (bp). The genotyping mode was kept default (genotyping mode = DISCOVERY), Emission confidence threshold (-stand_emit_conf) was kept 10 and calling confidence threshold (-stand_call_conf) was kept at 30. The minimum number of reads per base to be called as a high quality SNP was kept at 4 (i.e., read-depth ≥ 4x). SNPEFF was used to annotate the functional nature of the polymorphisms.

RNA sequencing (RNA-Seq):

Total RNA was extracted from FM, TM, and FM E(z)-KO (Del6) cell lines. RNA expression and differential gene expression analysis was performed using Eoulsan version 1.2.2 with default parameters 49. Genes having at least 2 folds expression change with P-value<0.05 were considered as significant different expressed genes (DEGs).

GO enrichment analysis: DAMA and CLADE were used for Gene Ontology analysis. GO categories were grouped by three different levels of expression according to a simple density clustering algorithm (also confirmed by iterative k-means clustering).
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Data Availability

All data are available through NCBI Sequence Read Archive with accession number PRJNA565539. 

SUPPLEMENTARY MATERIAL

The Supplementary Tables for this article can be found online at: https://nph.onlinelibrary.wiley.com/ S1). (E) Western blot of chromatin extracts from wild type FM and TM as well as E(z) knockouts in both backgrounds with a monoclonal antibody against H3K27me2. H4 histone antibody was used as loading control. (F) Growth curves of wild type, enhancer of zeste mutants and cas9 control line in each of FM, TM and CM. (G) Expression level of FM-Del6, FM and OM respectively on OM specifically expressed genes(listed in Table S1) and H3K27me3 marked genes, significant of differences were estimated by Mann-Whitney U test which applied to abnormal distributed dataset. In the plot *P<0.05, **P<0.01, ****P<0.0001. 

CHAPTER 4 Polycomb Repressive Complex 1 in unicellular species: insights from the model diatom Phaeodactylum tricornutum

Highlights:

• PtRING1 is the catalytic enzyme depositing H2AK119Ub in diatoms even without the RAWUL domain which is conserved in RING1 of multicellular species.

• Loss of PtRING1 leads to a decrease of an active histone mark H3K4me3 which has not been reported in other organisms.

• Knockout of PtLHP1 increase the level of H3K36me3.

• PtEsc is a key element in H3K27me3 deposition.

Introduction

Polycombgroup (PcG) proteins were initially identified as a set of epigenetic factors which negatively regulate body segmentation of fruit fly Drosophila melanogaster [START_REF] Lewis | A gene complex controlling segmentation in drosophila[END_REF][START_REF] Christian | Chromatin insulator elements block the silencing of a target gene by the drosophila polycomb response element (pre) but allow trans interactions between pres on different chromosomes[END_REF][START_REF] Tie | The drosophila polycomb group proteins esc and e(z) are present in a complex containing the histone-binding protein p55 and the histone deacetylase rpd3[END_REF] "-" means not reported in current published paper, grey background are multicellular species. B. Schematic plot of PRC1 and PRC2 complex composition, variants of each complex in grey, names of PRC1 variants are not listed here to avoid redundancy, detailed PRC1 variants are present in Figure 7B. C) crosstalk of PRC1 complex and PRC2 complexes in mammalian cells, modified from [START_REF] Blackledge | Prc1 catalytic activity is central to polycomb system function[END_REF].

duplication events during metazoan evolution, correlating with large numbers of diverged mammalian PRC1 family (Figure 4.1 A and B). In fact, there are six types of ncPRC1 complexes based on the six different PCGF subunits it possess, thus PRC1.1 to PRC1.6. Those PRC1 variants target different genes and have distinct functions in mammals [START_REF] Gao | PCGF homologs, CBX proteins, and RYBP define functionally distinct PRC1 family complexes[END_REF]. Although the composition of PRC1 complex in plants is still sparse due to the lack of biochemical evidence, reported studies put together show that at least six subunits exist in Arabidopsis thaliana PRC1 complex, AtRing1ab and AtBmi1a-c as orthologues of RING1 and Psc respectively, and LHP1, which functionally replaces the role of Pc in H3K27me3 binding [START_REF] Gaudin | Mutations in like heterochromatin protein 1 affect flowering time and plant architecture in arabidopsis[END_REF][START_REF] Sung | Epigenetic maintenance of the vernalized state in arabidopsis thaliana requires LIKE HETEROCHROMATIN PROTEIN 1[END_REF]. There are also two plant-specific PRC1 like proteins EMBRYONIC FLOWER 1 (EMF1) and VERNALIZATION 1 (VRN1) whose mutants have similar phenotype to that of other PRC1 mutants but their interactions towards other PRC1 core components is not well established.

Compared to PRC1, PRC2 is relatively simpler and conserved. Enhancer of zeste (E(z)) is the catalytic enzyme which has methyltransferase activity on lysine 27 of histone H3 (H3K27me3).

Other than E(z), suppressor of zeste 12 (Suz12), extra sex combs (Esc) and RbAp46/48 are also core components of PRC2. PRC2 variants have also been extensively reported in mammalian cells, including but not limited to Jarid2, PCL, AEBP2 and EPOP (Figure 4.1 A). PRC2 complex has multiple homologs in multicellular species, for instance up to 12 homologs of PRC2 components were discovered in Arabidopsis thaliana. A summary of all PcG proteins found in different species was listed to help readers avoid potential confusion due to different nomenclatures between organisms (Figure 4.1 A).

Although PRC1 and PRC2 complexes have distinct composition and activate different histone modifications, their relationship are close through the interaction between their subunits and the histone marks they deposit. It is well accepted that cPRC1 can recognize H3K27me3 through the chromodomain of CBX protein and then ubiquitinates H2AK119 which eventually leads to chromatin compaction and repression of translation [START_REF] Francis | Chromatin compaction by a polycomb group protein complex[END_REF], based on this result PRC1 activity was believed to follow PRC2. However several studies illustrate controversial results to this concept, for instance it has been proved that H2AK119Ub can also create a binding site for Jarid2-Aebp2-containing PRC2, then promotes H3K27 tri-methylation [START_REF] Kalb | Histone h2a monoubiquitination promotes histone h3 methylation in polycomb repression[END_REF]. Recently an-other study shows that existing H2AK119Ub could stabilize cPRC1 and PRC2 activities, promoting H3K27me3 deposition [START_REF] Tamburri | Histone h2ak119 mono-ubiquitination is essential for polycomb-mediated transcriptional repression[END_REF], highlighting the important role of PRC1 in the recruitment of PRC2 complex further challenging the concept of PRC2 function upstream of PRC1 (Figure 4.1 C). Thus, PRC1 and PRC2 interaction has been shaped into one in which both systems can be interdependent, reinforcing each other in mammals, a positive feedback loop was formed to spread H3K27me3 mediated by H2AK119Ub and perhaps vice versa (Figure 4.1 C). This interdependent correlation between PRC1 and PRC2 is not clear in plants, but one thing can be confirmed is that in Arabidopsis thaliana, PcG protein interactions were mainly bridged by MSl1 and LHP1. As homolog of Rbap46/48, MSl1 has 7 repeats of WD-40 domain, interacts with LHP1 which is a plant-specific chromodomain containing protein and recognizes H3K27me3 [START_REF] Kohler | Arabidopsis MSI1 is a component of the MEA/FIE polycomb group complex and required for seed development[END_REF]. LHP1 was identified as a PRC1 subunit because its chromodomain is functionally close to Pc/CBX in cPRC1 complex and it can interact with several PRC1 components [START_REF] Xu | Polycomb silencing of KNOX genes confines shoot stem cell niches in arabidopsis[END_REF]. Still there are studies that hold different opinions because LHP1 has been shown to co-purify with PRC2 components and is required to maintain H3K27me3 levels at specific loci [START_REF] Derkacheva | Arabidopsis MSI1 connects LHP1 to PRC2 complexes[END_REF][START_REF] Cui | Plant immunity: a lesson from pathogenic bacterial effector proteins[END_REF][START_REF] Liu | Regulation of floral patterning by flowering time genes[END_REF]. Current evidence shows that H2AUb in plants is independent of H3K27me3 and even required for H3K27me3 marking in some target loci [START_REF] Calonje | PRC1 marks the difference in plant PcG repression[END_REF]. Meanwhile Yang et al showed in their study that depletion of AtBmi1 increased the levels of H3K27me3 even at H2AUb-independent targets. Interestingly in the same paper, the authors demonstrated that the lack of orthologs of Ez leads to increased levels of H2AUb. Those results seem to be contradictory mainly due to the lack of genome wide information and full knowledge of PRC1 composition in plants. We can only conclude that PRC1 and PRC2 negatively regulate each other on certain loci while co-regulate transcription on other loci. Therefore, a unified PcG interaction model is not clearly defined in multicellular organisms. The challenge might be the duplicated PcG gene families which are in charge of a variety of functions in highly diversified cells and tissues.

Studies of PcG proteins in micro-algae revealed the existence of PcG proteins in unicellular ancestors [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF]. Although they are absent in two highly developed yeast model species Schizosaccharomyces pombe and Saccharomyces cerevisiae [START_REF] Köhler | Programming of gene expression by polycomb group proteins[END_REF], the presence of core PcG components (mainly PRC2 complex) were reported in Neurospora crassa and a budding yeast Cryptococcus neoformans [START_REF] Lewis | Polycomb group systems in fungi: New models for understanding polycomb repressive complex 2[END_REF]. Study of PRC2 complex in Cryptococcus neoformans shows that H3K27me3 distributes mainly on subtelomeric regions with a small fraction (25%) overlap with H3K9me2. More strikingly, removal of Cccl, a yeast specific chromodomain containing PRC2 component, results in redistribution of H3K27me3 to H3K9me2 marked regions, suggesting a novel histone PTM-based recruitment mechanism [START_REF] Dumesic | Product binding enforces the genomic specificity of a yeast polycomb repressive complex[END_REF]. Coincidentally, recently Paramecium tetraurelia Ezh1 was shown to catalyze methylation of H3K27 and H3K9 in vitro and in vivo, consistent with co-occurrence of both marks on its transposable elements [START_REF] Frapporti | The polycomb protein ezl1 mediates h3k9 and h3k27 methylation to repress transposable elements in paramecium[END_REF]. Suz12 homolog reported in the green algae Chlamydomonas reinhardtii leads to repression of transgene and retrotransposons, E(z) defect also stimulates some transcriptional active histone marks such as H3K4me3 and acetylation on H4 in Chlamydomonas reinhardtii [START_REF] Shaver | Origin of the polycomb repressive complex 2 and gene silencing by an e(z) homolog in the unicellular alga chlamydomonas[END_REF]. Attempts to discover PcG proteins (mainly PRC2) give us new insights in understanding the ancient role of PcGs. It is exciting and inspiring to see those studies, yet there are still no sufficient data to comprehend PcGs in unicellular lineages systematically.

Interestingly, PRC1 complex is missing in fungi and not much mentioned in other unicellular species, putting the existence of PRC1 complex in unicellular eukaryotic species into question. Among a variety of single-celled species, the diatom Phaeodactylum tricornutum (P. tricornutum) presents some advantages for epigenetic studies: well assembled and annotated genome, matured genetic editing tools and a conserved epigenetic machinery. Moreover, in the previous chapter we reported various species encoding PcG proteins in the Marine Microbial Eukaryote Transcriptome Sequencing Project database (MMETSP), suggesting the abundance of PcG proteins especially PRC1 in marine unicellular species (Chapter 2). Then, identification of PRC2 core component Ez homolog in the model diatom P. tricornutum revealed a strong correlation between morphology and PcG repressive mark, H3K27me3 (Chapter 3). These results prompted us to further investigate the role of other PcG proteins in diatoms. PRC1 is an important complex in cell development processes but rather neglected in unicellular species. With full repertoire of post-translational modifications of histones [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF], as well as all potential PcG homologs in its genome (Figure 4.1 B), P. tricornutum is an ideal model for studying PcG proteins composition and functions. In this chapter, core PcG proteins especially PRC1 core subunits were revisited in a bigger database including both transcriptomic data from MMETSP and new genomes not previously included. More importantly, function of three PcG homologs were identified and discussed. Our study revealed the existence of PRC1 subunits complex in diatoms and a unique crosstalk between H2AUb and H3K4me3 in P. tricornutum. 1). However, RAWUL domain was lost in all unicellular RING1 homologs as reported in Chapter 2 (Supplementary Figure S4.1). Residues marked with a red star were mutagenized and confirmed in vitro and in vivo that they could cause the loss of H2AUb activity in mammalian cells [START_REF] Cochran | Structure and biochemistry of the polycomb repressive complex 1 ubiquitin ligase module[END_REF]. These residues overlapped with the conserved site in Motif I and Motif II. New conserved sites have been identified in the alignment in Motif III marked by a blue box, those sites could be vital for E3 ligase activity but have not been reported yet. Meanwhile, mutations in mouse/mammals that cause minimal effect on H2AUb activity were marked in grey, showing in the alignment a match with less conserved sites. Dashed box represents mutation that share similar domain feature, lineage specific motif were put in front of the group name. For instance motif VII which is represented by darkblue cube is a motif specific belongs to centric diatoms, motif VIII which is represented by pink cube is uniquely presents in all Rhizaria species studied here. 123 cellular species, as well as human non-canonical PRC1 subunit PCGF1, PCGF3, PCGF5, but not in canonical PRC1 members PCGF2, PCGF4/Bmi and other model organisms (Figure 4.4), suggesting different origin of PCGF family. Canonical PCGF2/4 type of RAWUL domain was only found in some dictyochophytes species as well as Arabidopsis thaliana. Phylogenetic tree of Bmi shows that PCGF1, PCGF3 and PCGF5 cluster together but on a separate branch than PCGF2 and PCGF4/Bmi (Figure 4.4).

Results

H2AK119Ub deposition and PtRING1 in diatoms

Lineage specific features of Bmi homologs in SAR group

PtLHP1: a Pc homolog or a demethylase?

Chromodomain containing proteins like Drosophila Pc, human CBX family and plant LHP1 are essential subunits of PRC1 complex and play an important role in PRC1 and PRC2 inter- Although more quantitative analysis needs to be done to confirm this result, at least in diatoms, it seems that H2AK119Ub is independent of H3K27me3 and its associated protein complex PRC2. 

PtEsc is important in H3K27me3 deposition
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Discussion and perspectives

PcG proteins are well-known because of their vital role as transcription regulators in cell identification and differentiation processes in multicellular organisms. Elimination of PcG proteins causes disorder of body segmentation in various degrees and embryo lethality in Drosophila [START_REF] Kennison | The polycomb and trithorax group proteins of drosophila: Transregulators of homeotic gene function[END_REF]), mis-regulation of PcG proteins in human somatic cells leads to cancer ( [START_REF] Piunti | Epigenetic balance of gene expression by polycomb and COMPASS families[END_REF]. In plants,

PcGs are required to maintain organ identity and to keep cells in an appropriate differentiated state [START_REF] Hennig | Diversity of polycomb group complexes in plants: same rules, different players?[END_REF]. In those well-developed model species, composition of PcG complex and their function has been extensively studied and discussed. Summary list of PcG proteins suggests that the more complex the organism is, the more members of PcG proteins it possesses (Figure 4.1). The duplicated and diversified PcG proteins in multicellular species somehow reflect the complexity of highly developed organisms, thus making the study of PcGs in multicellular species more challenging.

Very little is known about the last common ancestors of PcG proteins and how they developed to have vital functions in cell differentiation processes. Discovering PcGs and their associated histone modifications in unicellular species is a unique opportunity to solve this question, since understanding the fundamental functions of this ancient protein family which are closer to the root of the tree of life might inspire the study in other organisms. Studies of PRC2 in unicellular species such as Cryptococcus neoformans and Paramecium tetraurelia revealed a novel crosstalk of H3K9me2/me3 and H3K27me3 which has never been reported in higher eukaryotic species. Diatoms have unique pattern of overlapped repressive histone marks as well as DNA methylation [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] and the foundations to comprehend this mechanism would be to depict the enzyme/complex that deposits those marks.

RING finger domain containing proteins in unicellular species

Ubiquitin modification is a widespread post-translational mechanism for protein regulation involved in a wide range of biological functions in eukaryotes. The cascade mechanism requires a series of reactions to accumulate enough energy for amide bond formation [START_REF] Pickart | Mechanisms underlying ubiquitination[END_REF][START_REF] Kerscher | Modification of proteins by ubiquitin and ubiquitin-like proteins[END_REF]. Firstly ubiquitin is coupled to ubiquitin-activating enzymes E1, then E1-Ub undergoes a thirol-exchange with a number of ubiquitin conjugation enzymes E2, finally ubiquitin is transferred to a certain substrate by E3 ligase. RING finger proteins constitute the largest class of E3 ubiquitin ligases [START_REF] Deshaies | RING domain e3 ubiquitin ligases[END_REF] with hundreds of RINGs found in human. Proteins containing RING finger domain have a variety of functions including but not limited to Xi silencing, cell cycle, transcription regulation, DNA repair and degradation from ER. Some of those functions are directly related to E3 ligase while some are not well demonstrated which might be due to different preferred E2 enzymes of different RING proteins.

RING finger domain is a short zinc-binding module, for PRC1-type of RING finger proteins, another important feature of those type RING1 protein is RAWUL domain located at the Cterminal. RING domain always functions as either homodimer or heterodimer. Evidence shows that binary complex of Ring1b and Bmi was substantially more active than that of Ring1b alone [START_REF] Cochran | Structure and biochemistry of the polycomb repressive complex 1 ubiquitin ligase module[END_REF][START_REF] Cao | Role of bmi-1 and ring1a in h2a ubiquitylation and hox gene silencing[END_REF]. Thus, active E3 ligase often requires both Bmi-like protein and RING1 protein in multicellular species [START_REF] Cao | Role of bmi-1 and ring1a in h2a ubiquitylation and hox gene silencing[END_REF]. Recent crystal structure also reveals that the RING1B/PCGF4 heterodimer can bind to nucleosome, Ring domain of RING1B, especially its N-terminal extension loop is the crucial part for RING domain dimerization, and will eventually lead to a substantial enhancement of RING1 activity towards nucleosome [START_REF] Li | Structure of a bmi-1-ring1b polycomb group ubiquitin ligase complex[END_REF][START_REF] Wong | KDM2b recruitment of the polycomb group complex, PRC1.1, requires cooperation between PCGF1 and BCORL1[END_REF]. The N-terminal extension of Ring domain in RING1B wraps around the Ring domain in PCGFs and guides by the N-terminal extension of PCGFs Ring domain. RAWUL domain at the C-terminal functions as a specific protein interaction site, for instance RAUWL domain of RING1B only interacts with CBX or RYBP, while each different PCGF-RAUWL domain interact with specific associated factors and make different PRC1 complex variants, therefore their genomic localization and ubiquitination level also vary a lot.

In this study, a bunch of highly diversified genes with RING finger domain were identified, however their alignment shows that although they all have conserved RING finger domain, RAWUL domain was lost in all identified RING1 homologs including the candidate gene in P.

tricornutum PtRING1 (Figure 4.2). Interestingly, missing of RAWUL domain, which is responsible for the interactions towards the chromodomain of Pc/CBX, is in agreement with the fact that homolog of Pc/CBX is also suspicious in diatoms, which will be discussed later.

It is reasonable to doubt if those RING1 homologs without RAWUL domain are real components of PRC1 complex, because RING finger family contains a variety of proteins that are widely distributed and involved with multiple biological functions not necessarily related to histone ubiquitination. Such short conserved motif (not more than 50 amino acids) might not be sufficient to execute function of E3 ligase on histones. Especially, a vital domain which interacts with other PRC1 components -RAWUL domain -was lost in all lineages, making the connection of Recently progress on crystal structure shows that the composition and function of PRC1 is mainly depending on the structure of PCGF (Bmi) [START_REF] Chittock | Molecular architecture of polycomb repressive complexes[END_REF]. In mammals, cPRC1 is composed of PCGF2/4 and Pc/CBXs, it is not required for gene repression [START_REF] Nadezda | Synergy between variant PRC1 complexes defines polycomb-mediated gene repression[END_REF]. On the other hand ncPRC1 components are essential for the crosstalk to PRC2 complex (Figure 4. both have an extra motif inside their RAWUL domain which are abundant in unicellular species but not in other multicellular Bmi homologs. PCGF2/4 have typical domain feature as for Bmi homologs found in multicellular species, the only unicellular species that have this type of Bmi homologs is Dictyochophytes (Figure 4.4). Hacrobia has its unique domain feature as it sits on the root of the tree of life. This result implies that differences of PCGF family in mammals already existed in their unicellular ancestors. This refreshed our knowledge about PCGF proteins in an evolutionary context, suggesting that each of PCGFs in multicellular organisms might have a different unicellular origin. As to the question of how did a multicellular organism acquire all different kinds of PCGFs, at once or multiple times during evolutionary scales? or even a common ancestor possessed all PCGFs then several losses occurred in different lineages? That would be an interesting topic to further investigate for evolutionary biologists.

PRC1 complex crosstalk and its associated mark H2AUb in diatoms

Antagonism between H3K4me3 and H3K27me3 is well known in mammals. It is mediated by two demethylases: (1) RBP2 (Jarid1a) which is an H3K4me3 demethylase, interacts with PRC2 and UTX; (2) H3K27me3 demethylase interacts with MLL-type of H3K4 methyltransferase complex, that lead to a set of bivalent genes that are comodified by H3K4me3 and H3K27me3 in mESC cells [START_REF] Zhao | Whole-genome mapping of histone h3 lys4 and 27 trimethylations reveals distinct genomic compartments in human embryonic stem cells[END_REF]. However, to my knowledge a relation between H3K4me3 and H2AK119Ub has never been reported before. Western blot results revealed that in the PtRING1 mutant, H3K4me3 level decreases significantly compared to the wild type (Figure 4.2), which strongly implies a correlation between H2AK119Ub and the active mark H3K4me3 in diatoms. In fact, Schuringa's group reported that one of PRC1 variants, PRC1.1, targets genes which display transcriptionally active chromatin profiles that were strongly enriched for H3K4me3 and H3K36me3 [START_REF] Vincent Van Den Boom | Non-canonical PRC1.1 targets active genes independent of h3k27me3 and is essential for leukemogenesis[END_REF] in leukemic stem cells, implying the possible relationship between H3K4me3 and H2AK119Ub in this specific cell type. In Chapter 2, we reported a set of genes co-regulated by H3K4me3 and H3K27me3, it would be interesting to see if the correlation between PRC1 and H3K4me3 is mediated by PRC2.

However from the study of PRC2 mutants discussed in Chapter 3, it is clear that removal of H3K27me3 did not cause the same effect (Supplementary Figure S4.5), meaning that PtRING1 might has a more direct effect towards the catalytic enzyme of H3K4me3 in diatoms.

Another hypothesis about this novel crosstalk is related to the uncharacterized role of PtLHP1, it possesses CBX/Pc-like chromodomain and a JmjC domain which might function as a demethylase of H3K4/H3K36 (Figure 4.5). This unique combination of domain architecture has not been found in other species except in two centric model diatoms Thalassiosira oceanica and Thalassiosira pseudonana. In pennate diatom Fragilariopsis cylindrus, although the chromodomain is not found at the N-terminal of its PtLHP1 homologs, High motif box domain and CpG methylation recognition domain were found instead, suggesting the possibility of interactions with other PcG regulation factors. Western blot results suggest that PtLHP1 does have a strong effect on H3K36me3 (Figure 4.5). Based on the domain feature of PtLHP1, a bold hypothesis would be that PtLHP1 is a fusion gene of Pc/CBX and H3K4/K36me3 demethylase which not only negatively regulates H3K4/K36me3 but also bridges PRC1 with those active histone marks in diatoms. However, western blot of PtLHP1 mutants suggests that removal of PtLHP1 does not affect either the level of H2AK119Ub or H3K27me3, indicating that PtLHP1 does not have essential function in deposition of either those two mark. Moreover, as discussed before, RAWUL domain is missing in PtRING1, consequently potential CBX/Pc homologs in diatoms could not bind to PtRING1, which suggest that PtLHP1 probably is not a member of PRC1 complex.

LHP1 gene in plants have direct interaction with both PRC1 and PRC2 components, it can recognize H3K27me3 through chromodomain/chromoshadow domain and co-occur with other PRC2 component genome wide. We used to believe that LHP1 protein is a subunit of PRC1 because of the direct interaction with other PRC1 members [START_REF] Xu | Polycomb silencing of KNOX genes confines shoot stem cell niches in arabidopsis[END_REF], however the co-localization with PRC2 component as well as the fact that loss of LHP1 leads to a decrease of H3K27me3 questioned this hypothesis [START_REF] Derkacheva | Arabidopsis MSI1 connects LHP1 to PRC2 complexes[END_REF][START_REF] Turck | Arabidopsis TFL2/LHP1 specifically associates with genes marked by trimethylation of histone h3 lysine 27[END_REF]. Following the concept of LHP1 being a non-canonical component of PRC2 rather than PRC1 like in plants, PtLHP1 could also be a non-canonical PRC2 component and bridges between PRC2 and H3K36me3. Indeed in Del6, the H3K27me3 KO line, H3K36me3 level increased (Supplementary Figure S4.5). However this hypothesis also requires more evidence like pull-down assay or Tandem affinity purification analysis of PtRING1 or PtE(z) to reveal the actual composition of PRC1/PRC2 complexes.

PRC1 and PRC2 coordination of recruitment mechanisms have been extensively discussed in multicellular species pointing to H2AK119Ub as a key element of the recruitment hierarchy. Two types of PRC1 complex can be defined by co-factors of RING1 in mammals: 1) RING-CBX type of PRC1 which can specifically recognize H3K27me3 produced by PRC2 via the chromodomain of its Pc subunit [START_REF] Fischle | Molecular basis for the discrimination of repressive methyl-lysine marks in histone h3 by polycomb and HP1 chromodomains[END_REF], 2) RING-PCGF-RYBP type which mediates H2AUb independently of PRC2 complex [START_REF] Tavares | RYBP-PRC1 complexes mediate h2a ubiquitylation at polycomb target sites independently of PRC2 and h3k27me3[END_REF]. Knockout of E(z) in diatoms led to a complete removal of H3K27me3 in our study (Chapter 3). However mutants of E(z) did not show decrease of H2AK119Ub levels but rather an increase ( not proved, H2AK119Ub could also be a repressive mark as in other species [START_REF] Tamburri | Histone h2ak119 mono-ubiquitination is essential for polycomb-mediated transcriptional repression[END_REF]. This unique relation has not been reported before, it would be worth to apply genome wild analysis to further investigate the nature of this correlation.

Potential PRC1 complex present in unicellular species

PRC1 components are rarely reported in unicellular species, once in Ostreococcus tauri where there is one homolog of RING1A [START_REF] Sanchez-Pulido | RAWUL: A new ubiquitin-like domain in PRC1 ring finger proteins that unveils putative plant and worm PRC1 orthologs[END_REF], and more recently AtRING1A homolog was reported in green algae [START_REF] Huang | Evolution and conservation of polycomb repressive complex 1 core components and putative associated factors in the green lineage[END_REF]. The lack of PRC1 in yeast reinforces the elusive role of H2AUb and its catalytic enzymes in single cell species. In Chapter 2 we reported potential PRC1 homologs massively discovered in marine unicellular species but lack a detailed discussion. In general PRC1 components are quite abundant in SAR lineages (Figure 4.8 B), except for only a few lineages pelagophyceae and one ancient branch in Rhizaria, foraminifers. The absence could be due to the lack of sequence information especially in the case of foraminifers, a distinct lineage which could be found as fossils but has been rarely studied alive [275]. RING1 and Bmi are two essential components of PRC1 complex due to their E3 ligase activity, biochemical and structural analysis reveal that heterodimer formed by Bmi1 and RING1 in mammals have substantially more activity than that of RING1 protein alone. Bmi/PCGF subunits are needed for a robust E3 ligase. Interestingly, in Chapter 2 we found that a pattern of Bmi homologs appears almost exclusively with RING1 homologs. Only few species have both RING1 and Bmi homologs, P. tricornutum , Emiliania huxleyi, Haptolina brevifila and Isochrysis galbana (Chapter 2). In this chapter, by adding genome data to the analysis, the number of species possessing both RING1 and Bmi increased slightly but mainly in diatoms, Hacrobia and Rhizaria species. Those three clades (groups) have highest possibility of having PRC1 complex considering that they possess two core elements of PRC1 complex (marked in red background in Figure 4.8). Moreover, H2AK119Ub was detected in P.

tricornutum [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF]. PtRING1 homologs in other diatom species show the highest protein sequence identity. For some species like Coscinodiscophytes which only have Bmi homolog, they might also have good chance of possessing PRC1 complex because the combination of RING finger domain and RAWUL domain is only found in PRC1-type of RING family, meaning that they have one catalytic homolog of E3 ligase. One possibility is that Coscinodiscophytes Bmi homologs form a homodimer to execute the activity of E3 ligase. As for other species who only have RING1 homologs, since RING domain often but not always functions as a dimer, there is still a possibility that they have a catalytic activity towards H2AK119 but this requires more experimental evidences to support this hypothesis. 

Material and Methods

CRISPR/Cas9 plasmid construction

The plastmid ptU6::unc-119-sgRNA was generated as described before (Chapter 2) and was used as a template to replace several target sequences by PCR. Target sequences were designed and picked using PhytoCRISP-Ex [START_REF] Rastogi | PhytoCRISP-ex: a webbased and stand-alone application to find specific target sequences for CRISPR/CAS editing[END_REF], following primers were used to constructed sgRNA plasmids in this study: were amplified with primers flanking the target sequence. PCR product was run in 1% agarose gel and a single band was extracted using GeneJET TM Gel Extraction Kit from Thermo scien-tificTM according to the manual of the manufacturer. PCR product was sequenced using the forward primer of each target sequence.

Isolation of chromatin and Western blot

Chromatin isolation was performed as described previously [START_REF] Lin | Protocol: Chromatin immunoprecipitation (chip) methodology to investigate histone modifications in two model diatom species[END_REF] with a few modifications. mini tablet of protease inhibitors diluted in 1 ml (for 10 ml), 1% SDS). Solution can be stored at -80 • C before western blot experiment for weeks.

Western blot was conducted as described before [START_REF] Lin | Protocol: Chromatin immunoprecipitation (chip) methodology to investigate histone modifications in two model diatom species[END_REF], and the following antibodies were used for western blot: H3K27me3 (reference number: 9733S) and H2AK119Ub (reference number: 8240S) from Cell Signaling Technology.

Expression of target genes by RT-qPCR

Total RNA was extracted from cells as described previously in Chapter 3, cDNA was synthesized by High capacity cDNA reverse transcription kit from Thermo scientific TM (Catalog No: 4368814) according to the manufacturer user manual. Quantitative PCR was performed as described previously using the primer list in supplementary table.

Phylogenetic analysis and Motif analysis

Protein sequences retrieved from DAMA-Clade search as described in Chapter 2 and sequenced genome data from blast search were added to build a phylogenetic tree, protein alignment was conducted by MUSCLE alignment in software Geneious, Maximum likelihood tree was built by MEGA-X using default parameters. 

CHAPTER 5

Glutamate methylation of histones H4 and H2B in

Phaeodactylum tricornutum reveals a conserved novel histone modification in Eukaryotes

Introduction

Glutamate methylation was first identified in bacterial proteins, it is known to occur in bacteria as part of chemotaxis system where chemotaxis receptors are reversibly methylated on specific glutamate residues. This makes the bacteria capable of directed movement and efficiently migrate to suitable environment in response to a variety of stimuli including chemicals, temperature, pH, light or electricity [START_REF] Stock | Bacterial chemotaxis in the absence of receptor carboxylmethylation[END_REF][START_REF] Simms | Purification and characterization of the sadenosylmethionine: glutamyl methyltransferase that modifies membrane chemoreceptor proteins in bacteria[END_REF]. Methylation of chemotaxis proteins on glutamate sites are conducted by the methylase CheR [START_REF] Springer | Identification of a protein methyltransferase as the cheR gene product in the bacterial sensing system[END_REF] and S-adenosylmethionine (AdoMet or SAM) is the substrate of this methylation process.

In eukaryotes, glutamate/aspartate methylation is not a rare post-translational modification but remains rather under-investigated. Sprung et all showed in their proteomic screenings that D/E methylation potentially occurs in about 2% of proteins in eukaryotic cells. Methylation of glutamate was found in several proteins including cytokeatin, transthyretin and rab8 in human cells [START_REF] Sprung | Identification and validation of eukaryotic aspartate and glutamate methylation in proteins[END_REF]. However there is still very limited information about catalytic enzymes depositing methyl group to glutamate site of proteins. Arm1 is the first and yet the only eukaryotic glutamate SAM dependent methyltransferase which has been identified so far. By specifically targeting of histones has been reported in mouse [START_REF] Zhang | Systematic proteomic analysis of protein methylation in prokaryotes and eukaryotes revealed distinct substrate specificity[END_REF]. Interestingly in this paper, the authors found that two glutamate methylated sites showed statistically significant differences in diet-inducing obese [START_REF] Zhang | Identification and verification of lysine propionylation and butyrylation in yeast core histones using PTMap software[END_REF], however no evidence for its existence in other species. This is the first time that a conserved glutamate modification was reported in eukaryotes. Another glutamate related methylation was reported on histone linker H1 poly (ADP-ribosyl)ation on glutamic and aspartic residues [START_REF] Visochek | PolyADP-ribosylation is involved in neurotrophic activity[END_REF], PARP-1 and ar1 have been identified as the catalytic enzyme [START_REF] Kraus | PARP goes transcription[END_REF]. It was shown to have profound effects on both the packaging of nucleosomes into higher-order structures and on the stability of individual nucleosomes. shows that dGMT has some classical SAM methyltransferase features: 'α -β -α' sandwich of several parallel β-strands and α-helices, and a variable N-terminal 'cap' region [START_REF] Martin | SAM (dependent) i AM: the s-adenosylmethionine-dependent methyltransferase fold[END_REF] although there are only two β-strands in dGMT. Motifs identified from protein alignment are all located at loop regions (marked in red) which are exposed to the outside, the highly conserved residues in Motif II, III and IV are close to each other in the predicted model, suggesting that there might be a unrevealed catalytic region in dGMT (Figure 5.3C).

dGMT: a histone glutamate methyltransferase in diatoms

Rhodanese-like domain along with tRNA uridine (34) hydroxylase (N-terminal) in dGMT have 31.60% similarity to TrhO in Proteobacteria Legionella pneumophila. The tRNA uridine [START_REF] Hendry | Competition between silicifiers and non-silicifiers in the past and present ocean and its evolutionary impacts[END_REF] hydroxylase, catalyzes oxygen-dependent ho5U formation at position 34 of bacterial tRNAs [START_REF] Sakai | Dual pathways of tRNA hydroxylation ensure efficient translation by expanding decoding capability[END_REF].

To our surprise, TrmR-a AdoMet (SAM)-dependent catechol O-methyltransferase catalyzes the methylation of 5-hydroxyuridine (ho5U) to form 5-methoxyuridine (mo5U) at position 34 in tR-NAs, those two genes are on the same process of tRNA uridine 5-carboxymethoxyuridine (cmo5U)

[289] (Figure S5.2). The Authors found that trhO and TrmR were encoded as a fusion protein in three stramenopiles species: Phytophthora sojae, Phytophthora ramorum, and Phaeodatylum tricornutum. The fusion protein referred to in their study is our candidate gene dGMT since it is the only gene in P. tricornutum genome which possesses Rhodanese-like domain, tRNA uridine [START_REF] Hendry | Competition between silicifiers and non-silicifiers in the past and present ocean and its evolutionary impacts[END_REF] hydroxylase (N-terminal) as well as SAM-dependent O-methyltransferase domain.

Discussion and Perspectives

Glutamate methylation is comparable to de-phosphorylation in terms of charge change but is likely to elicit more dramatic effect in terms of structural changes than lysine methylation because it modifies the charge state of ionisable groups on the side chain of the modified E residue [START_REF] Sprung | Identification and validation of eukaryotic aspartate and glutamate methylation in proteins[END_REF]. There is no clue why prokaryotic homologs are catalytic enzymes of tRNA modification process while the function of dGMT in eukaryotes seems to be dramatically different. To our knowledge, tRNA cmo5U has not been reported in diatom species, so the hypothesis could be that dGMT evolves a novel function in eukaryotes. Since we have very limited knowledge of dGMT protein structure, it is not known whether dGMT function as a fusion protein or alternatively splicing would separate those two domains, or even the fusion protein is cleaved during post-translational modification. The ambiguous role of dGMT surely requires more information of the catalytic sites on its S-adenosyl-L-methionine-dependent O-methyltransferase domain. Diatoms indeed have pervasive bacterial genes in their genomes and P. tricornutum contains a wide range of genes which are organized in novel domain associations [START_REF] Bowler | The phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF]. In fact, natural fusion events are not rare in P. tricornutum, other than assimilatory nitrite reductase B and D subunits exemplified in a previous study [START_REF] Bowler | The phaeodactylum genome reveals the evolutionary history of diatom genomes[END_REF]. Recently PtAll has been found to be a fusion protein complementing two human pseudogenes (Urah and Urad) during allantoin synthase [START_REF] Oh | Diatom allantoin synthase provides structural insights into natural fusion protein therapeutics[END_REF]. Fusion events can also appear in mitochondrial genome, nad9 and rps14 genes are fused in P. tricornutum. PtLHP1 mentioned in Chapter 3 could also be a fusion gene which might have a novel function. Further studies of dGMT could give new insights into the novel function of a fusion gene in an evolutionary context.

The exploration of dGMT and glutamate methylation has just started. Further work is needed for the characterization of this newly discovered histone mark. Antibodies directed against H4E52me-E53me and H2BE96me have been produced but their specificity is poor. A second trial has been performed and the test of antibodies is in progress. This is going to be useful not only for the iden-tification of the candidate gene but also useful to identify the targets of the mark genome wide using ChIP-Seq and its function. RNA-seq of dGMT mutants compared to the wild type would give more information about function of glutamate methylation. In parallel, in vitro confirmation on SAM binding activity of dGMT can be easily done using a general SAM methytransferase inhibitor such as Sinefungin, also purified histones and dGMT from E.coli would be used to test the histone methyltransferase enzymatic activity of dGMT in vitro. On the other hand, crystal structure of dGMT protein would be valuable for identification of binding domain to further characterize dGMT homologs in other species. At last, knockout of the candidate gene might have not completely removed methylation of glutamate on detected histone sites. This could be due to the deletion of dGMT which is not complete because total removal of glutamate methylation would be lethal for diatoms or there is a compensation mechanism in the cell. In this case, screening for other O-methyltransferases which share similar structure to dGMT protein could expand our knowledge on histone glutamate methylation in eukaryotes. 

Material and Methods

Culture and growth conditions

Isolation of chromatin for mass spectrometry

Chromatin isolation was performed as described previously [START_REF] Lin | Protocol: Chromatin immunoprecipitation (chip) methodology to investigate histone modifications in two model diatom species[END_REF] with a few modifications.

Briefly 50 million cells were collected and stored at -80 mini tablet of protease inhibitors diluted in 1 ml (for 10 ml), 1% SDS).

Protein in-gel digestion

Samples were loaded into fresh made 14% of Tri-Glysine gel immediately to avoid degradation, after one hour migration was stopped and stained with colloidal coomassie blue (LabSafe Gel Blue TM , AGRO-BIO) reagent that does not contain methanol or acetic acid. Histone bands were excised and washed and proteins were reduced with 10 mM DTT prior to alkylation with 55 mM iodoacetamide. After washing and shrinking of the gel pieces with 100% acetonitrile, digestion were done overnight in 25 mM ammonium bicarbonate at 30 • C, by adding 0.20 µg trypsin (Promega) and 100 µL of 25 mM ammonium bicarbonate. Peptides were extracted by ultrasonication with extraction solution (60% acetonitrile/5% formic acid). The extraction was dried in a vacuum concentrator at room temperature and re-dissolved in solvent A (2% acetonitrile, 0.1% formic acid). Peptides were then subjected to LC-MS/MS analysis.

Mass spectrometry and data analysis

Peptides were separated by nano-HPLC using an Ultimate3000 system (Dionex S.A.) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Samples are loaded on a C18 precolumn (300 µm inner diameter × 5 mm; Dionex) at 20 µL/min in 2% acetonitrile, 0.1% trifluoroacetic acid. After 3 min of desalting, the precolumn was switched on line with the analytical C18 column (75 µm inner diameter × 50 cm; C18 PepMapTM, Dionex) equilibrated in 100% solvent A (2% acetonitrile, 0.1% formic acid). Bound peptides were eluted using a 0 to 30% gradient of solvent B (80% acetonitrile, 0.085% formic acid) during 157 min, then Carbamidomethylation of cysteine, oxidation of methionine, acetylation of lysine, methylation, dimethylation of lysine, arginine and trimethylation of lysine, methylation of aspartic and glutamic acid were set as variable modifications for Mascot searches. Specificity of trypsin digestion was set and 5 missed cleavage sites were allowed. The mass tolerances in MS and MS/MS were set to 5 ppm and 0.5 Da, respectively. The resulting Mascot files were further processed using myProMS [START_REF] Poullet | myProMS, a web server for management and validation of mass spectrometry-based proteomic data[END_REF] nanoLC-MS/MS (RSLCnano system coupled to a Q Exactive HF-X). Peptides were first trapped onto a C18 column (75 µm inner diameter × 2 cm; nanoViper Acclaim PepMapTM 100, Thermo Scientific) with buffer A (0.1% formic acid) at a flow rate of 2.5 µL/min over 4 min. Separation was performed on a 50 cm × 75 µm C18 column (nanoViper C18, 3 µm, 100Å, Acclaim PepMapTM RSLC, Thermo Scientific) regulated to 50 • C and with a linear gradient from 2% to 35% buffet B (100% acetonitrile, 0.1% formic acid) at a flow rate of 300 nL/min over 91 min. The mass spectrometer was operated in PRM mode (see acquisition list Table 1.). The acquisition list and retention time was generated from the synthetic peptides analyzed in DDA (data not shown) except for the peptide GMSIMNSFINDIFER (no synthtetic peptide) which was searched over the whole gradient.

PRM Data Analysis

The PRM data were analyzed using Skyline version (version 20.1.0.155) MacCoss Lab Software, Seattle, WA; (https://skyline.ms/project/home/software/Skyline/begin.view), fragment ions for each targeted mass (Table 1) were extracted and peak areas were integrated. Data analysis was performed using the R software (version 3.6.3). For each peptide, the peak area of the methylated peptide was normalized by the sum of the methylated and non-methylated peptides areas and these normalized areas were log2 transformed. The distribution was then checked for normality within each condition and we also observed that the data did not contain extreme outliers according to the Tukey's fences method. For each peptide, the mean fold-change between Mutant and Wild-Type conditions was estimated and its statistical significance was computed with a two-sided Welch's T-test. The p-values and the 95% confidence intervals were adjusted for multiple testing with the Bonferroni procedure [START_REF] Jean Dunn | Multiple comparisons among means[END_REF].

Phylogenic analysis, motif analysis and protein structure prediction

Protein sequences retrieved from DAMA-Clade search as described in Chapter 1 and sequenced genome data from blast search were added to build phylogenetic tree, protein alignment was conducted by MUSCLE alignment in software Geneious, Maximum likelihood tree was built by MEGA-X using default parameters. Motif analysis was done by online software MEMEsuite.org based on homologs search results Protein structure of dGMT was predicted by online server I-TASSER which is an Internet service for protein structure and function predictions [START_REF] Yang | I-TASSER server: new development for protein structure and function predictions[END_REF] (https://zhanglab.ccmb.med.umich.edu/). General conclusions and perspectives

Histone modifications in unicellular species: From classics to novelties

Based on the very first unicellular epigenome published in 2015 [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF] in Phaeodactylum tricornutum, I explored three histone modifications and their modifiers.

In Chapter 3 and Chapter 4, classical histone modification H3K27me3 and H2AK119Ub along with the complex depositing those two marks were discussed. PtE(z) and PtRING1 were identified as catalytic enzyme depositing H3K27me3 and H2AK119Ub respectively. Moreover, H3K27me3 was shown to be involved in the regulation of morphology in Phaeodactylum tricornutum by specifically targeting genes with a role in morphogenesis. Although Phaeodactylum tricornutum is a unicellular species which has great differences compared to multicellular species, similar features can be found in H3K27me3 target patterns. For instance, similar to animal, H3K27me3 targets at a large portion transposable elements (TEs) as well as a set of lowly expressed genes. It suggested that the role of H3K27me3 as a repressive mark is highly conserved in all eukaryotes.

Genes marked by H3K27me3 have a tissue-specific expression pattern in plants [START_REF] Zhang | Whole-genome analysis of histone h3 lysine 27 trimethylation in arabidopsis[END_REF], while in mammals H3K27me3 targets embryo development related genes which is crucial for the survival of an organism. In unicellular species where cell differentiation per se does not exist, it is not surprising to see that H3K27me3 is linked in ancient species to early steps of morphogenesis which is another fundamental aspects of developmental biology. In fact, in Phaeodactylum tricornutum H3K27me3 targets not only morphology related genes but also genes which are involved in cell-cycle and replication. Those fundamental functional genes have higher H3K27me3 levels than that of morphogenesis, indicating that they are under more strict repression.

To be noted, unlike in multicellular species, knockout of PcG proteins (either PtE(z), PtRING1

or PtEsc) are not lethal mutations in Phaeodactylum tricornutum. It is a bit surprising since H3K27me3 marks on quiet a lot of TEs. Similar observation was reported in DNMT5 mutants which show normal growth (Hoguin et al., Ecole Normale Supérieure, unpublished). Physiology of those mutants are similar: shorter cell length compared to wild type. Co-occurrence of epigenetic marks was reported in 2015 in P. tricornutum epigenome study, several repressive marks were found located on the same loci. This could be one of the reasons that PcGs and/or DNMT mutation is not lethal: a compensation mechanism of repressive epigenetic regulators on vital genes to maintain repression might take place. It would be a very interesting direction to explore using mutants generated in my thesis work. In future genome-wide mapping of each marks in those two mutants as well as sequential ChIP would provide a better picture.

The antagonistic relationship between H3K27me3 and methylated CpG DNA is well known [START_REF] Bartke | Nucleosome-interacting proteins regulated by DNA and histone methylation[END_REF][START_REF] Van Kruijsbergen | Recruiting polycomb to chromatin[END_REF], however DNA methylation and H3K27me3 were found to co-occur at loci with low CpG dinucleotide density as well as non-methylated CpG islands (NMI) [START_REF] Brinkman | Sequential ChIP-bisulfite sequencing enables direct genomescale investigation of chromatin and DNA methylation cross-talk[END_REF][START_REF] Van Heeringen | Principles of nucleation of h3k27 methylation during embryonic development[END_REF]. In vertebrates, DNA binding proteins that direct PRC2 towards NMIs might operate via PRC1 variants subunit KDM2B. In diatoms, although no CpG island regions were reported so far, correlation of in transcriptional silencing [START_REF] Tamburri | Histone h2ak119 mono-ubiquitination is essential for polycomb-mediated transcriptional repression[END_REF], the study of the crosstalk between H2AK119Ub and H3K27me3

in Phaeodactylum tricornutum will help to understand polycomb mediated silencing mechanism in unicellular species.

In the last chapter (Chapter 5), I reported a novel histone modification which is conserved among eukaryotes. Although quiet advanced, the characterization of the candidate gene and mechanisms are not fully addressed due to time limit. It is definitely an exciting discovery which suggests that unicellular species like diatoms should not be neglected in epigenetic studies. As listed in the last session of Chapter one, histone modifiers are highly conserved in diatoms including methyltransferases, demethylases, acetyltransferases and deacetylases. Those well-studied histone modifiers were not paid attention to in unicellular species, however their existence strongly suggests that there must be some conservation in chromatin regulation mechanisms waiting for discovery and will undoubtedly shed light on how the current epigenetic regulation mechanisms as we know them today evolved in multicellular species. This review (Chapter one) provides a catalogue for the future diatomists or epigenetists who are interested in the study of histone modification mechanisms in unicellular species.

Overall, Phaeodactylum tricornutum is an ideal model species for epigenetic studies in unicellular species and will provide a lot more fascinating results in the near future. In the first chapter we investigated the diversity of PcG and TrxG genes in marine unicellular species, report the correlation of these epigenetic modifiers and environmental factor for the first time, also emphasise the unique co-occurrence pattern of histone marks in P. tricornutum. Based on those discoveries, further study with chapter two and three focused on two PcG complexes, PRC2 and PRC1. In total, three core components of PcG protein were identified in PRC1 and PRC2 complex respectively, the second part of thesis explored the unique function of PRC2 and its associated mark H3K27me3 which I report related to morphology in P. tricornutum.

Summary in French

Chapter three discussed the crosstalk between H3K27me3 and H2AK119Ubi which is deposited by PRC1. The last chapter describes a novel histone modification detected in P. tricornutum was found conserved among eukaryotes. The last chapter reports the characterization of this novel mark and identification of the histone writer.
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 124 solved scientific question in diatoms particularly in Phaeodactylum tricornutum, so mitosis instead of meiosis inheritance is currently the focus in diatom epigenetic. Benefiting from the established knowledge of epigenetic regulation in other model eukaryotic species, potential epigenetic regulation were reviewed in details in the following session. With the development of techniques such as ATAC-seq, Hi-C and single cell sequencing, in future more epigenetic mechanisms will be uncovered in diatoms. It is an exciting beginning yet still long way to go. Epigenetic control of diatom genome function: An overview from in silico characterisation to functional studies Zhao, X., Hougin, A. & Tirichine, L. Epigenetic control of diatom genomes: An overview from in silico characterisation to functional studies. A chapter in Molecular life of Diatom [Elseiver book].

Figure 1 . 1 :

 11 Figure 1.1: Epigenetics in diatoms. A. a simplified scheme of epigenetic factors associated with activation (eg., open chromatin active histone marks) or repression (eg., closed chromatin, DNA methylation) of gene transcription. The scheme was drawn using BioRender tool. B. Photos of diatom species used as models for epigenetic studies, P. tricornutum (left), T. pseudonana (top left, courtesy of NCMA), F. cylindrus (bottom left, courtesy of Roscoff culture Collection) Haslea ostreraria (top right) and Cyclotella cryptica (botton right, courtesy of NCMA).

Figure 1 . 2 :

 12 Figure 1.2: DNAmethylation mediated silencing. A. Schematic representation of the DNA methyltransferase activity of 5mC DNA methyltransferases. B. Structure of representative enzymes putatively involved in DNA methylation and de-methylation as well as DNA repair proteins. C. Snapshot of the epigenome browser illustrating co-occurrence of repressive marks including DNA methylation and the presence of small RNAs over TEs suggesting RNA directed DNA methylation leading to silencing.

  2). The role of DNMT4 in diatoms is unclear as it is unknown whether any RIP or MIP related process occurs in these species. Diatoms notoriously lack other DNMT1 related proteins that are the major 5mC maintenance enzyme in metazoans and plants. However, diatoms possess DNMT5 which was previously shown to maintain DNA methylation in a CG context in the parasitic yeast Cryptococcus neoformans. This enzyme is likely responsible for CG methylation in other fungi, green algae, haptophytes and in the stramenopile Aureoccocus anophagepherens(Huff and Zilberman 2014; Bewick et al. 2019). DNMT5 enzymes possess a long C-terminal region containing DEADx and Helicase domains (Figure 1.2). This C-ter domain is related to SNF chromatin remodelers and might be involved in the tethering of DNMT5 into the epigenetic landscape of cells.

  histone methyltransferase, Enhancer of zeste (E(z)), a WD40 domain protein, extra sex combs (ESC), a zinc finger protein, suppressor of zeste 12 (Su(z)12), and another WD40 domain protein, Nurf-55[START_REF] Margueron | The polycomb complex prc2 and its mark in life[END_REF]. TrxG complex has been classified into three groups based on the function of its members (1) SET domain containing proteins which methylate histones including COMPASS and COMPASS-like involved in the methylation of Lysine 4 of histone H3 for general gene activation as well as methylation of specific genes and methylation of H3K36me3 (2) ATP dependent chromatin remodeling factors with few proteins that can read the histone methylation marks deposited by the SET domain proteins, and (3) TrxG proteins known to bind directly to specific DNA sequences. Our focus here is on the first group of TrxG complex proteins considering their role in antagonizing PcG mediated repression.Both complexes have been studied intensively in multicellular species but only scarcely investigated in unicellular organisms such as microalgae or yeast model species in which PRC1 and PRC2 complexes do not exist. Here, we draw a comprehensive picture of the diversity and abundance of both complexes in the Marine Microbial Eukaryote Transcriptome Sequencing Project database (MMETSP) and metagenome/metatranscriptome samples from Tara Oceans using the enhanced Domain Architecture Framework, eDAF, which is an ensemble of algorithms to process, enhance and expand the output of DAMA[START_REF] Bernardes | Improvement in protein domain identification is reached by breaking consensus, with the agreement of many profiles and domain co-occurrence[END_REF] or any other domain architecture algorithm
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 21 Figure 2.1: eDAF flow chart.
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 22 Figure 2.2: Phylogenetic tree of PRC2 component Enhancer of Zest(E(z)).
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 23 Figure 2.3: Phylogenetic tree of PRC2 component Esc.
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 24 Figure 2.4: Phylogenetic trees of PRC2 component Su(z)12.
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 252627 Figure 2.5: Phylogenetic tree of PRC1 component RING1
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 2828 Figure 2.8: Distribution of PRC1 and PRC2 components in a phylogenetic tree among microalgae species in MMETSP. Each star marks the presence of one component of either PRC1 or PRC2. Different color backgrounds represent species belongs to the same phylum or group.
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 4210 Figure 2.10: Phylogenetic tree of TrxG components.
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 211 Figure 2.11: Correlation analysis of Metagenome and metatranscriptome and distribution of PcG and TrxG in TARA stations. (A) Correlation of the relative levels of gene presence (Metagenome) and gene expression (Metatranscriptome) detected by TARA station for bacillariophyta sequences when compared with 3 different environmental levels. The relative levels correspond to the abundance in RPKM of each gene/complex at each station normalized by the total abundance in RPKM of bacillariophyta sequences detected at the same station, and then re-scaled to the unit interval (minimum and maximum levels are presented in figure B). Abundances at each station were computed by pooling 4 size fractions, namely: 0.8 to 5, 5 to 20, 20 to 180 and 180 to 2000 µm. Spearman correlations coefficients (scc) and p values represent statistical association of the environment levels of Phosphate, Nitrate and bioavailable Nitrogen with the relative levels of RING genes, E(z) genes and the TrxG complex. We note that correlations between each respective Metagenome and Metatranscriptome pair were not significant enough to be shown (scc < 0.22) and colors were used to distinguish different stations, for visual clarity. (B) Distribution of RING genes, Enhancer of zeste genes and the TrxG complex among TARA stations. Disk sizes represent the relative levels of gene presence (Metagenome) and gene expression (Metatranscriptome) at each TARA station in RPKM. Color intensities shows the different environment levels of Phosphate, Nitrate and bioavailable Nitrogen according to the corresponding color bars, and gray disks represent relative levels of genes where environmental factors were not available.

Figure 2 .

 2 Figure 2.12: Co-occurrence analysis. A co-occurrence plot for the ChIP-seq peaks of different histone modification. For each set of intersection, a black filled circle is drawn. The size of the intersections is depicted in vertical bar. The vertical black line connects the different dataset that intersect. The number of genes for each chromatin state is shown on the top of the bars.

  4). Histone marks and DNA methylation can occur in 40 different combinations (Figure 2.12). Correlation analysis with transcript data defines principally three chromatin states (CS), active, repressive and intermediate. The three active marks of the study localize together on the highest number of genes compared to the rest of the combinations. They predominantly appear together with one repressive mark, H3K9me2. The lowest number of genes are co-marked by H3K9me3, H3K27me3 and DNA methylation, leading to a repressive CS. While co-occurrence of DNA methylation and the three repressive histone marks clearly define a repressive chromatin state, their association with one or more active marks switches to an intermediate or active CS with a particular signature of H3K4me3 which tends to have a significant effect by itself on the increase of global transcript levels (Figure 2.12). Mapping of an additional active mark does not change the pattern of co-occurrence of four repressive histone marks, which is unique to P. tricornutum, suggesting an interdependence or cooperation for transcriptional regulation of genes and TEs.
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 123814 Figure S2.1: Krona Pie charts. (A-C) represent metagenomics krona charts of TrxG, EZ and RING. (D-F) show meta-transcriptomic Krona charts of TrxG, EZ and RING respectively.
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 31 Figure 3.1: Phaeodactylum tricornutum morphotypes and enhancer of zeste knockout mutants. (A) Existence of PRC2 complex components in model species including diatom. (B) Light microscopy images of wild type Pt cells, E(z) KO and Cas9 control cells in four different kind of morphotype respectively. Scale bar of all WT, mutants and Cas9 control cells are 1 µm. Names of each mutant line were showed on the top left of their images.OM was the only one without E(z) KO line and Cas9 control due to lack of experimental capacities. (C) RNA expression levels of E(z) in wild type and E(z) KOs by qRT-PCR in three morphotypes background (FM, TM and CM)respectively. Statistical analysis using Student t-test was performed by Mathematica. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. (D) Western blots of WT and two E(z) KOs from each morphotype using a monoclonal antibody against H3K27me3. Histone H4 was used as a loading control. (E) ChIP-qPCR comparison of H3K27me3 enrichment levels on certain genes between WT and E(z) KO in FM and TM backgrounds. Statistical analysis using Student t-test was performed by Mathematica, average of P-value=0.000182672, *P<0.001.

  elevated in TM compared to FM as detected by western blot (Figure S3.4E). Indeed, more genes are marked by H3K27me3 in TM compared to FM (Figure 3.2A, Figure S3.6A), although most of the PRC2 targets are shared between both morphotypes (Figure 3.2A) and exhibit globally broad coverage over the annotation (Figure S3.6B). TEs shared by FM and TM mainly belong to Copia type elements and include other categories such as Piggy Bac, SSR and MTITE type which seem to be equally distributed between the two morphotypes (Figure 3.2B).

Figure 3 . 2 :

 32 Figure 3.2: Genomic features of H3K27me3 targets in FM and TM cells. (A) Venn diagrams showing the number of common and specific genomic features [Genes, Transposable elements (TEs), and Intergenic Regions (IGRs)] targeted by H3K27me3 in TM (orange circles) and FM (blue circles). (B) Bar plot showing the distribution of TEs on different category in TM (orange bar) and FM (blue bar).(C) ChIP-qPCR validation of H3K27me3 specifically marked genes in TM and FM morphotypes. Two experiment were conducted with different cell number so the enrichment level varies between two figures. (D) Distribution of the most frequent GO terms on genes marked with H3K27me3. The distribution was subdivided into different categories, where TM and FM represent the GOs observed exclusively on triradiate and fusiform genes, respectively. A third category (Both) also presents a GO distribution for genes observed on both morphotypes. (E) The box plot represents mean enrichment of H3K27me3 (Y-axis), with log10 scaling, over genes marked specifically in FM (blue), TM (orange), and also on genes marked in both (commonly marked) morphotypes. The enrichment profile is generated using number of genes marked by H3K27me3 specifically in each morphotypes and also in both. The significant H3K27me3 enrichment difference between specifically marked and commonly marked is estimated using two-tailed t-test with P value < 0.0001, denoted by "****". (F) Expression of genes marked specifically in FM (blue), TM (orange), and in both phenotypic backgrounds with same principle aesthetics and categorical genes, used in 2E. The significance/non-significance of the variability of expression between specifically and commonly marked genes is estimated using two-tailed t-test with P value <0.0001, as denoted by "****". "ns" denote non-significant. (G) Boxplot showing the entropy value distribution of H3K27me3 marked genes. Entropy values measures the differential expression of genes under different experimental conditions. Entropy values are derived from expression data (fragments per kilobase of exon per million fragments mapped) under five different experimental conditions. Genes marked specifically by H3K27me3 in TM (Triradiate) shows higher variation in expression followed by FM (Fusiform) specific H3K27me3 marked genes. Horizontal lines represent the median entropy values. P-values derived from t-test on FM/TM-specific H3K27me3 marked genes and genes marked on both conditions are shown on top.

  by PRC2 in P. tricornutum, we took advantage of the lack of stability of the TM phenotype and its tendency to switch to FM. Specifically, we used clonal cell samples with FM and TM morphologies from the same genetic background (TM), which switches habitually to fusiform and therefore contains a mixture of FM and TM cells. Molecular markers were chosen to distinguish TM and FM strain and exclude any cross contamination (Figure S3.6I). We reasoned that the activity of E(z) should correlate with H3K27me3 levels in the following way: (1) a pure triradiate population isolated from TM-N (named here TM-T1): highest level of H3K27me3), (2) a population of cells from TM after N generations (N is 60±5) of cell division containing a mixture of triradiate and fusiform morphotypes (TM-N): medium level of H3K27me3) and (3) fusiform cells isolated from the triradiate background TM (TM-Fusi): lowest level of H3K27me3 (Figure 3.3A).We performed a quantitative PCR analysis of E(z) transcript levels which show a clear decrease in TM-N and TM-Fusi compared to TM-T1 (Figure3.3B). These results correlate with the switch from TM to FM, reflecting a lower activity of E(z) and H3K27me3 levels.

Figure 3 . 3 :

 33 Figure 3.3: H3K27me3 enrichment levels and morphotype switch. (A) Schematic diagram showing how TM-N, TM-T1 and TM-Fusi were generated. After generations of culture in lab growth condition (ASW media, 19 • C, 12h/12h light dark period), some triradiate cells switch to fusiform forming a mixture of FM and TM cells, named TM-N. A single fusiform cell from TM-N was picked and propagated clonally giving rise to TM-Fusi. Similarly, single triradiate cell was isolated from TM-N and its clonal propagation gave a population of pure triradiate cells named TM-T1. (B) Relative expression level of Enhancer of Zest in FM, TM-T1 and TM-Fusi respectively (C) ChIP-qPCR shows enrichment levels of H3K27me3 between TM-T1 and TM-Fusi, and also betweenTM-T1 and TM-N on certain H3K27me3 marked loci.

Figure 3 .

 3 2D) from the GOs exclusively found in FM or TM (noted as FM and TM respectively in Figure 3.2D). Genes which are marked commonly mainly belong to GO categories related to RNA/transcription activity, representative categories include: RNA-DNA directed DNA polymerase activity (21.35%), RNAdenpendent DNA biosynthetic process (10.71%), RNA-DNA hybrid ribonuclease activity (8.92%)
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 53 CRISPR/Cas9 plasmid construction hCAS9n (Cas9 from Streptococcus pyogenes, adapted to human codon usage, fused to SV40 nuclear localization sequence, and containing a D10A mutation) was amplified from pcDNA3.3-TOPO-hCAS9n (kindly received from Dr. Yonatan B. Tzur, Hebrew University of Jerusalem), using the primers 5'-CAC CAT GGA CAA GAA GTA CTC-3' and 5'-TCA CAC CTT CCT CTT CTT CTT-3'. The PCR product was first cloned into pENTR using pENTR/D-TOPO cloning kit (Ther-moFisher Scientific), and then sub-cloned into a P. tricornutum pDest, containing an N-terminal

3 '

 3 , digested by XbaI/HindIII and ligated into XbaI/HindIII digested pU6::unc-119. The resulting vector, ptU6::unc-119-sgRNA, was used as template to replace the target sequence to E(Z) target by PCR using primers 32817TS12fwd GTG TCG GAG CCC GCC ATA CCG TTT TAG AGC TAG AAA TAG C and 32817TS12rev GGT ATG GCG GGC TCC GAC ACC GAC TTT GAA GGT GTT TTT TG. Target sequences were picked using PhytoCRISP-Ex[START_REF] Rastogi | PhytoCRISP-ex: a webbased and stand-alone application to find specific target sequences for CRISPR/CAS editing[END_REF].
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 1S12106S13 Figure S3.1: Phylogeny of polycomb complex subunits. A:Enhance of Zest. Continued.

Figure S3. 4 : 4 : 9 : 10 :

 44910 Figure S3.4: Phylogeny of polycomb complex subunits. (D) Western blots using a monoclonal antibody against H3K27me3 on protein or chromatin extracts of different species representative of the super SAR lineage (1: Bigelowiella natans, 2: Gymnophora dimorpha, 3: Skeletonema marinoi, 4: Thalassiosira pseudonana, 5: Raphoneis sp, 6: Synedra sp, 7: Asterionellopsisglacialis, 8: Thalassiosira rotula, 9: Phaeodactylum tricornutum, 10: Isocrhrysis lutea, 11: Amhedinium klebselii, 12: Amhedinium carteri). (E) Western blot on chromatin extracts from oval (OM), fusiform (FM), triradiate (TM) and cruciform (CM) with a monoclonal antibody against H3K27me3 and a densitometry quantification, Bar plot at up left was quantification of H3K27me3/H4 using pixel calculation by ImageJ from two independent western blot, Table below shows the calculated number of two western at up right. (F) Expression of E(z) in OM,FM and TM, *CM line was not pure CM morphotype when experiment were conducted. (G) Sequence chromatograms of PCR product from WT cells and CRISPR cas9 mutants of enhancer of zeste showing the different indels in FM, TM and CM.

FigS2Figure S3. 5 :

 5 FigS2 Figure S3.5: (A) Western blot of chromatin extracts of Cas9 control lines from each of FM, TM and CM. H4 histone antibody was used as a loading control. Cas9 control are the empty vector controls containing Cas9 and Shble antibiotic resistance gene. (B, C) Mass spectrometry quantification of di and tri-methylation of lysine 27 of histone H3 in both wild type and enhancer of zeste knockout mutant. MS/MS spectrum of the [M + 2H] 2+ precursor ion of histone H3 (27-36 residue peptide) tri-methylated or di-methylated on K27. Broken bonds above and below sequence denote b and y ions, respectively, that were annotated from the spectrum. (D) Abundance of H3 K27 di-and tri-methylated KSAP-ATGGVK peptide. Y axis shows normalized log2 (WT/Mutant) of the di-methylated and tri-methylated peptides. All measurements have been performed in triplicate, and error bars indicated the 97.5% confidence interval (see TableS1). (E) Western blot of chromatin extracts from wild type FM and TM as well as E(z) knockouts in both backgrounds with a monoclonal antibody against H3K27me2. H4 histone antibody was used as loading control. (F) Growth curves of wild type, enhancer of zeste mutants and cas9 control line in each of FM, TM and CM. (G) Expression level of FM-Del6, FM and OM respectively on OM specifically expressed genes(listed in TableS1) and H3K27me3 marked genes, significant of differences were estimated by Mann-Whitney U test which applied to abnormal distributed dataset. In the plot *P<0.05, **P<0.01, ****P<0.0001.
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 S47 Figure S4

Figure S3. 8 :

 8 Figure S3.8: Scatter plots with Pearson correlation coefficient displaying the relationship between TM ChIP-Seq replicates.

  . The elimination of PcG proteins usually results in improper development or early embryonic lethality from insects to vertebrates, suggesting a vital role of PcG proteins in cell cycle regulation, embryogenesis and development of multicellular organisms[START_REF] Schwartz | Polycomb silencing mechanisms and the management of genomic programmes[END_REF][START_REF] Ren | REST interacts with cbx proteins and regulates polycomb repres-208 sive complex 1 occupancy at RE1 elements[END_REF].PcG proteins can form different complexes which co-mediate global silencing. At least two major PcG family complexes were found in all current appreciated model species: Polycomb Repressive Complex1 (PRC1) and Polycomb Repressive Complex2 (PRC2). PRC1 which was first purified in Drosophila embryos contains four subunits: Polyhomeotic (Ph), Polycomb (Pc), Posteriorsex combs (Psc), and Sex combs extra (Sce)-usually referred to as dRING. Among those subunits, Psc and dRING are two RING finger proteins which have E3 ligase activity towards mono-ubiquitylation of lysine 119 on histone H2A. The classification of PRC1 proteins were developed based on the first purification discovered in Drosophila: Ph, Pc, Psc and dRING form canonical PRC1 (cPRC1), the novel complexes found later in other organisms, RYBP-RING were all classified as non-canonical PRC1 (ncPRC1). Lack of Pc (CBX in mammals) is a typical ncPRC1 feature. PRC1 is a highly diversified and complex multi-function group of proteins with substantial amount of subunits discovered recently[START_REF] Chittock | Molecular architecture of polycomb repressive complexes[END_REF]. PRC1 subunits might experience multiple

C 8 P55Figure 4 . 1 :

 841 Figure 4.1: Polycombgroup proteins complex in eukaryotes. A. List of PcG proteins nomenclature in several model species including Homo sapiens, Saccharomyces cerevisiae, Arabidopsis thaliana, Chlamydomonas reinhardtii, Cyanidioschizon merolae and Phaeodactylum tricornutum."-"means not reported in current published paper, grey background are multicellular species. B. Schematic plot of PRC1 and PRC2 complex composition, variants of each complex in grey, names of PRC1 variants are not listed here to avoid redundancy, detailed PRC1 variants are present in Figure7B. C) crosstalk of PRC1 complex and PRC2 complexes in mammalian cells, modified from[START_REF] Blackledge | Prc1 catalytic activity is central to polycomb system function[END_REF].

  RING1 and Bmi are identified as E3 ligases which deposit ubiquitin on histone H2A through their RING-finger domain. The key feature of this domain is a zinc-binding module: CX2CX(9-39)CX(1-3)HX(2-3)C/HX2CX(4-48)CX2C with C representing Cys, H for His and X means any amino acid. Using RING1 homologs discovered in Chapter 2 in MMETSP database as well as other identified RING1 gene from other model species, phylogenetic trees were reconstructed to understand the divergence of RING1 (Figure 4.2 A), however the phylogenetic trees couldn't well represent the evolutionary status of the species, low bootstrap value suggested the high diversity of RING1 homologs among unicellular species (Supplementary Figure S4.1). Surprisingly, PtRING1 was closer to AtRING1 than other unicellular RING1 homologs. Alignment of RING finger domain sequences from RING homologs shows that the classical RING finger domain is conserved in SAR clade (Stramenopiles, Alveolates, and Rhizaria), as well as in several Hacrobia species (Figure 4.2 B), suggesting the conservation of RING finger domain from unicellular to highly developed multicellular organisms (motif analysis support values were listed in Supplementary table
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 4243 Figure 4.2: Genetic features of RING1 homologs. A. Phylogenetic tree of RING1, boostrap values are marked on the root of each branching point, scale bar indicates the variation of amino acid sequences. B. Protein alignment using MUSCEL of selected species shows the conserved motif in RING1 homologs.

  Bmi has similar domain architecture to RING1, it also has a RING finger domain and a RAWUL domain. Compared to RING1 homologs found in MMETSP, Bmi homologs are much more conserved, ten conserved motifs were identified from most of the sequences and lineages clustered in phylogenetic tree of Bmi as presented in Chapter 2 (Figure 4.4). Unlike RING1 in unicellular species, both RING and RAWUL domains were found, indicating highly conserved and vital function of Bmi in the evolutionary history of living organisms. Seven motifs were identified in RING finger domain, three were in RAWUL domain (Figure 4.4). Interestingly, except for three motifs commonly shared by all Bmi homologs (Supplementary Figure S4.2 A), there are some lineage specific motifs present around RING finger domain in Bmi homologs (Figure 4.4), protein alignment of those motif were exemplified in all Hacrobia species, Motif IX was found at N-terminal of RING finger domain, as presented in the alignment as well (Supplementary Figure S4.2 B). Motif VIII which is Aspartic Acid (D) and Glutamic Acid (E) rich region seems to be a Rhizaria-specific motif, it is also located at the N-terminal of RING finger domain. Interestingly this DE-rich motif can be also found in PCGF6 (Supplementary figure S4.2 B), indicating this lineage specific motif in Rhizaria species might be the origin of human PCGF6. Phylogenetic tree of Bmi homologs also suggests that PCGF6 sits at a distinct branch than other PCGFs paralogs (Figure 4.4). Motif IV, which is inside RAWUL domain, was found in almost all MMETSP uni-t1 peptide: Phatr3 EG01692.p1 pep:protein coding Ditylum brightwellii Strain Pop1 (SS4) t1 peptide: Phatr3 EG01692.p1 pep:protein coding Ditylum brightwellii Strain Pop1 (SS4)

Figure 4 . 4 :

 44 Figure 4.4: Phylogenetic analysis of Bmi homologs combined with motif-based protein sequence analysis. In dash box are group of species
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 45 Figure 4.5: Western blot analysis of Del6(E(z) KO line) and wild type chromatin with antibody against H3K4me3 and H3K36me3 respectively.

  Esc, or EED in human, is a WD-40 repeat domain containing PRC2 component. It is responsible for the spreading of H3K27me3 as well as the stimulation of EZH2 H3K27me3 HMTase activity in mammals. Esc homolog in plants is MSI, which functions as a bridge between PRC1 and PRC2 components. In P. tricornutum, CRISPR-Cas9 mutants of RING1 were generated to investigate the role of PtEsc in diatoms. Four mutants were generated showing different variations in nucleotide sequence and the two mutants were selected for future work, thus EscM8 and EscM10 (Figure 4.6 A). qPCR result and western blot analysis together show that Esc mutants EscM8 and EscM10 were successfully silenced and lost completely the activity of the repressive histone mark H3K27me3 (Figure 4.6 B,C), suggesting that the depletion of PtEsc component will prevent the deposition of H3K27me3 in P. tricornutum. PtEsc is an essential part of PRC2 which is responsible for transcription repression as in many other species. But the absence of Esc did not strongly decrease the level of H2AK119Ub in diatoms, on the contrary normalization of the western blots signal shows an increase of H2AK119Ub in PtEsc mutants (Figure 4.6 C). Considering that in Esc mutants there is no H3K27me3, this result questioned the model of PRC2 as a platform serving to recruit PRC1 in other organisms [257]. Using the other PRC2 mutant PtEz KO, Del6 described in Chapter 3, similar result was observed: increase of H2AK119Ub in Del6 (Figure 4.6 C).

Figure 4 . 6 :

 46 Figure 4.6: PtEsc mutants characterization. A. Sequence chromatograms of PCR product from PtEsc mutant showing the different mutation sites B. Relative expression levels of PtEsc in wild type and two PtEsc mutants by qRT-PCR C. Western blot on chromatin extracts of RING1 mutants and wild type with antibody against H3K27me3, H2K119Ub1 respectively.

  sole RING finger homologs to a PRC1 core subunit weaker. Surprisingly, experiments conducted on RING1 homolog, PtRING1 (Phatr3_J54121) suggest that diatom RING1 could function as E3 ligase without RAWUL domain: removal of PtRING1 strikingly decreases level of H2AK119Ub, implying the important role of PtRING1 in ubiquitination of histone H2A. Of note, PtRING1 sequence is relatively unique compared to other RING only homologs (Figure4.2), with very few loci aligned. This points out to the possible unrevealed features in PtRING1 prompting the E3 ligase function of H2AUb. Also, P. tricornutum is one of the few species that has both RING1 and Bmi homologs (Chapter 2), one hypothesis is that there is a RING1-Bmi dimer formed by PtRING1 and PtBmi which might reinforce E3 ligase activity.It is encouraging to see that PtRING1 might has E3 ligase activity even without RAWUL domain in diatoms although biochemistry experiment need to be done to further confirm this hypothesis. However as to other species that possess RING1 homologs, conclusions cannot be made especially for the ones who do not have Bmi homologs. In this case, RING1-like gene would be more appropriate description for this clade before further in vivo or in vitro confirmation in certain representative species. Phylogenetic analysis of those homologs either on RING finger domain itself (data not shown) or on the whole gene sequence shows low bootstrap values (Supplementary FigureS4.1), meaning that those genes might not cluster together, which further indicates the complexity and diversity of RING1 gene family in unicellular species.Bmi and RING1 are two different genes that share similar domain features (RING finger and RAWUL domain). Motif analysis of well-studied RING1A/B and Bmi genes in multicellular species suggests that they indeed share one motif in RING finger domain and one motif in RAWUL domain respectively (Figure4.7 A). Interestingly, AtRING1A/B and AtBmi from plants have much

Figure 4 . 7 :

 47 Figure 4.7: A. Motif-based protein sequence analysis on RING1 and Bmi sequences in Arabidopsis thaliana, Drosophila melanogaster, Homo sapiens. B. Schematic plots of PRC1 variants and motif features of correlated PCGFs.

  1) as well as to other histone modifications such as H3K4me3 and H3K36me3. Three types of ncPRC1 were identified in human, thus PCGF1-type, PCGF3/5-type and PCGF6-type which correlated to PRC1.1, PRC1.3/PRC1.5 and PRC1.6 shown in Figure 4.1. Coincidently, in our motif analysis each type of PRC1 complex can be correlated to a specific type of PCGF homologs (Figure 4.7 B), and surprisingly those specific features can be traced back to certain unicellular species. For instance, PCGF6 has DE enriched region on N-ternimal of RING1 domain which is similar to the Rhizaria-specific motif (Supplementary figure S4.2 B), PCGF1 has a centric diatom-specific motif. PCGF1/3/5
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 4648 Figure 4.8: A. Co-occurrence of PRC1 components in MMETSP. B. Two different crosstalk models in diatoms and mammals.
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 41 Culture and growth conditionsPhaeodactylum tricornutum Bohlin Clone Pt1 8.6 (CCMP2561) cells were obtained from the culture collection of the Provasoli-Guillard National Center for Culture of Marine Phytoplankton (Bigelow Laboratory for Ocean Sciences, USA.). Cultures were grown in autoclaved Enhanced Sea Artificial Water (ESAW) medium under constant horizontal shaking (100 rpm). Cultures were maintained in a controlled growth chamber at 19 • C with cool white fluorescent lights at 70 µE m -2 s -1 in 12h/12h photoperiod. Cells were collected after 7 days of growth at exponential phase by centrifugation (4000 rpm), pellets were washed twice with marine PBS then stored at -80 • C until needed for the experiments.

PtEscTS1fwd: 4 . 4 . 3

 443 CTG TGG GTA CCA AAA AGG CCG TTT TAG AGT TAG AAA TAG C PtEscTS1rev: GGC CTT TTT GGT ACC CAC AGC GAC TTT GAA GGT GTT TTT TG PtLHP1TS2 fwd: GTG GCC CGT AGA AAG CGG ACG TTT TAG AGC TAG AAA TAG C PtLHP1TS2rev: GTC CGC TTT CTA CGG GCC ACC GAC TTT GAA PtRING1TS1fwd: GAG ACG CCG TCG TTC GCT CAG TTT TAG AGC TAG AAA TAG C PtRING1TS1rev:TGA GCG AAC GAC GGC GTA TCC GAC TTT GAA GGT GTT TTT TG Transformation of P. tricornutum cells and screening for mutants Wild type cells of the reference strain Pt1.86 were transformed with three plasmids (pPhat1, Cas9 and guide RNA with the target sequence) as described previously [276]. Positive transformants were validated by triple PCR screen for pPhaT1 shble primers (ACT GCG TGC ACT TCG TGG C / TCG GTC AGT CCT GCT CCT C), sgRNA primers used for screening are as following: PtEsc: GT TTG GAT ATC GGC ATC GGC / TC GCA GCT GTA TCT ACC CGA, PtLHP1: AGC AAT TCG TCT AGC CAT CGG/ G GCG CAG TCG ATT TCG TTC, PtRING1: GC AAT CGT CCG AGG ATG AAG / GAG GAA AAC GAG TTC GCA TCC. Finally CAS9n primers were also used for validation: GG GAG CAG GCA GAA AAC ATT / TCA CAC CTT CCT CTT CTT CTT For each colony, a rapid DNA preparation was performed and fragment from 200bp to 400bp

Briefly 50 million

 50 cells were collected and stored at -80 • C before use, 5 ml of Extraction buffer I (0.4 M sucrose, 1 mini tablet Roche per 50 ml, 10 mM MgCl2,5 mM βME, 10 mM Tris-HCl pH 8) were added to the culture pellet and left on ice for 20 min followed with a spin of the solution at 4000 rpm for 20 min at 4 • C. Pellet was resuspended in 1 ml of Extraction Buffer II (0.25 M sucrose, 10 mM Tris-HCl pH8, 10 mM MgCl2, 1% triton, 1 mini tablet Roche diluted in 1 ml (for 10 ml), 5 mM βME) and spin at 10,000 rpm for 10 min at 4 • C. This step was repeated until the pellet became white. Pellet was resuspended in 300 µl of Extraction Buffer III (1.7 M sucrose, 1 minitablet diluted in 1 ml (for 10 ml), 0.15% Triton X-100, 2 mM MgCl2, 5 mM βME, 10 mM Tris HCl pH8). The 300 µl resuspended pellet were added to 300 ul of buffer III in a clean Eppendorf and centrifuged at 13,000 rpm for 1 hour at 4 • C. After removal of the supernatant, the chromatin pellet was resuspended in 50 µl of Nuclei Lysis Buffer (50 mM Tris HCl pH 8, 10 mM EDTA, 1
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 624123 Figure S4.1: Phylogenetic analysis of RING1 homologs combine with motif-based protein sequence analysis.
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 45 Figure S4.4: Motif-based protein sequence analysis on Pc homologs.

  proliferating cell nuclear antigen (PCNA) in breast cancer cell line, Arm1 shows its potential role in DNA damage response (DDR)[START_REF] Perry | Human c6orf211 encodes armt1, a protein carboxyl methyltransferase that targets PCNA and is linked to the DNA damage response[END_REF]. Interestingly, like typical SAM MTase, Arm1 has significant structural similarities to class I SAM-MTs: 7-stranded central β-sheet, however it belongs to the domain of unknown function (DUF89 family of uncharacterized proteins). This finding indicates the diversity of glutamate methyltransferases in eukaryotes and most of them are uncharacterised.Histones are highly conserved proteins that are essential for packaging of DNA into the cell, post-translational modification (PTMs) of histones are one of the important epigenetic regulation mechanisms involved in multiple biological processes. PTMs of histones were extensively studied, mainly methylation of lysine and arginine residues. Several important lysine methylation of histones have been introduced in the former chapters. Recently glutamate methylation

Phaeodactylum tricornutum Bohlin Clone Pt1 8 . 6 (

 86 CCMP2561) cells were obtained from the culture collection of the Provasoli-Guillard National Center for Culture of Marine Phytoplankton (Bigelow Laboratory for Ocean Sciences, USA.). Cultures were grown in autoclaved Enhanced Sea Artificial Water (ESAW) medium under constant horizontal shaking (100 rpm). Cultures were maintained in a controlled growth chamber at 19 • C with cool white fluorescent lights at 70 µE m-2 s-1 in 12h/12h photoperiod. Cells were collected after 7 days of growth at exponential phase by centrifugation (4000 rpm), pellets were washed twice with marine PBS and flash frozen in liquid nitrogen then stored at -80 • C until needed for the experiments.

  30 to 50% gradient of solvent B during 20 min at a 150 nL/min flow rate (40 • C). Data-dependent acquisition was performed on the LTQ-Orbitrap mass spectrometer in the positive ion mode. Survey MS scans were acquired in the Orbitrap on the 400-1200 m/z range with the resolution set to a value of 100 000. Each scan was recalibrated in real time by co-injecting an internal standard from ambient air into the C-trap ('lock mass option'). The 5 most intense ions per survey scan were selected for CID fragmentation and the resulting fragments were analyzed in the linear trap (LTQ). Target ions already selected for MS/MS were dynamically excluded for 20 s. Data were acquired using the Xcalibur software (version 2.0.7) and the resulting spectra where then analyzed via the MascotTM Software created with Proteome Discoverer (version 1.4, Thermo Scientific) using the in-house database containing the sequence of histone proteins from each species.

Figure S5. 2 :

 2 Figure S5.2:A. Scheme of cmo5U biosynthesis adapted from[START_REF] Sakai | Dual pathways of tRNA hydroxylation ensure efficient translation by expanding decoding capability[END_REF] with correlated domain feature of dGMT. B. Protein-Protein interaction of COMTD1 from GPS-Prot [? ] C. mRNA differential expression in normal tissues according to GTEx for COMTD1 Gene (The data used for the analyses described in this manuscript were obtained from: GTEx Analysis Release V8 (dbGaP Accession phs000424.v8.p2)

  PRC1 and PRC2 was also discussed in Chapter four. Level of H3K27me3 and H2AK119Ub seems to negatively regulate each other, which is not often seen in other organism. Thus genome wide mapping of H2AK119Ub in the future might give insights to the regulation of epigenetic repressive marks in diatoms. Chapter 2 demonstrated the co-occurrence of H3K4me3 and H3K27me3 on promoter regions, suggesting the crosstalk of H3K27me3 with other histone marks might lead to different expression patterns. Recent studies of H2AK119Ubi reveal the importance of PRC1

  En me basant sur le tout premier épigénome unicellulaire publié en 2015 chez Phaeodactylum tricornutum, j'ai exploré trois marques d'histones et leurs modificateurs. Dans les chapitres 3 et 4, les modifications classiques des histones, H3K27me3 et H2AK119Ub ainsi que le complexe déposant ces deux marques ont été abordés. PtE(z) et PtRING1 ont été identifiés comme des enzymes catalytiques déposant respectivement H3K27me3 et H2AK119Ub. De plus, H3K27me3 s'est avérée impliquée dans la régulation de la morphologie chez Phaeodactylum tricornutum en ciblant les gènes qui jouent un rôle dans la morphogenèse. Bien que Phaeodactylum tricornutum présente de grandes différences par rapport aux espèces multicellulaires, des caractéristiques similaires peuvent être trouvées dans les gènes cibles de H3K27me3. Par exemple, comme chez les animaux, H3K27me3 cible une grande partie des éléments transposables (TE) ainsi qu'un ensemble de gènes faiblement exprimés. Il a été suggéré que le rôle de H3K27me3 en tant que marque répressive est très bien conservé chez tous les eucaryotes. Les gènes marqués par H3K27me3 ont un modèle d'expression spécifique aux tissus des plantes, tandis que chez les mammifères, H3K27me3 cible les gènes liés au développement de l'embryon, ce qui est crucial pour la survie d'un organisme. Chez les espèces unicellulaires où la différenciation cellulaire n'existe pas en soi, il n'est pas surprenant de constater que H3K27me3 est liée chez les espèces anciennes, aux premières étapes de la morphogenèse qui est un autre aspect fondamental de la biologie du développement. En fait, chez P. tricornutum, H3K27me3 cible non seulement les gènes liés à la morphologie, mais aussi les gènes qui sont impliqués dans le cycle cellulaire et la réplication. Ces gènes fonctionnels fondamentaux ont des niveaux de H3K27me3 plus élevés que celle de la morphogenèse, ce qui indique qu'ils sont soumis à une répression plus stricte. A noter que, contrairement aux espèces multicellulaires, l'élimination des protéines PcG (soit E(z), RING1 ou Esc) n'induisent pas la létalité chez P. tricornutum. Une observation similaire a été rapportée pour les mutants DNMT5 qui montrent une croissance normale (Hoguin et al., Ecole Normale Supérieure, non publié). La physiologie de ces mutants est similaire, à l'exception de cellules plus courtes par rapport au type sauvage. La cooccurrence de marques épigénétiques a été signalée en 2015 chez P. tricornutum, plusieurs marques répressives ont été trouvées sur les mêmes loci. Cela pourrait être une des raisons pour lesquelles la mutation PcG et/ou DNMT n'est pas létale : un mécanisme de compensation des régulateurs épigénétiques répressifs sur les gènes vitaux pour maintenir la répression pourrait avoir lieu. Ce serait une direction très intéressante à explorer en utilisant les mutants générés dans mon travail de thèse. À l'avenir, la cartographie à l'échelle du génome de chaque marque de ces deux mutants ainsi que le ChIP séquentiel permettraient d'obtenir une meilleure compréhension du phénomène de cooccurrence. La relation antagoniste entre H3K27me3 et l'ADN CpG méthylé est bien connue, mais il a été constaté que la méthylation de l'ADN et H3K27me3 coexistaient sur des loci à faible densité de dinucléotides CpG ainsi que sur des îles CpG non méthylées (INM). Chez les vertébrés, Les protéines de liaison à l'ADN qui dirigent la PRC2 vers les INM pourraient fonctionner via des variantes de PRC1 et sous-unité KDM2B. En ce qui concerne les diatomées, bien qu'aucun ilot CpG n'ait été signalé jusqu'à présent, la corrélation entre La RPC1 et la RPC2 ont également été abordées au chapitre quatre. Le niveau de H3K27me3 et H2AK119Ub semble pour se réguler négativement les uns les autres, ce qui n'est pas souvent le cas chez d'autres organismes. Ainsi, à l'échelle du génome La cartographie de H2AK119Ub à l'avenir pourrait donner des indications sur la régulation de la répression épigénétique des marques chez les diatomées. Le chapitre 2 a démontré la cooccurrence de H3K4me3 et H3K27me3 sur les régions promotrices, suggérant que la cooccurrence de H3K27me3 avec d'autres marques d'histone pourrait conduire à différents modèles d'expression. Des études récentes sur H2AK119Ub révèlent l'importance de PRC1 dans la répression transcriptionnelle, l'étude de l'interaction entre H2AK119Ub et H3K27me3 chez P. tricornutum aidera à comprendre le mécanisme de répression médié par le complexe polycomb chez les espèces unicellulaires. Dans le dernier chapitre (chapitre 5), j'ai signalé une nouvelle modification des histones qui est conservée parmi les eucaryotes. Bien que peu avancée, la caractérisation du gène candidat et Les mécanismes ne sont pas pleinement élucidés en raison des délais. Il s'agit sans aucun doute d'une découverte passionnante ce qui suggère que les espèces unicellulaires comme les diatomées ne doivent pas être négligées dans les études épigénétiques. Comme indiqué dans la dernière session du premier chapitre, les modificateurs d'histones sont très bien conservés chez les diatomées, notamment les méthyltransférases, les déméthylases, les acétyltransférases et les désacétylases. Ces modificateurs d'histones bien étudiés n'ont pas été pris en compte chez les espèces unicellulaires, mais on suggère fortement qu'il doit y avoir une certaine conservation des mécanismes de régulation de la chromatine qui attendent d'être caractérisés ce qui nous éclairera sans aucun doute sur la façon dont les mécanismes de régulation épigénétique actuels tels que nous les connaissons aujourd'hui ont évolué chez les espèces multicellulaires Titre: Caractérisation des modifications post-traslationnelles des histones chez la diatomée modèle Phaeodactylum tricornutum Mots clés: Phaeodactylum tricornutum,

  

Table 1 .

 1 1: Putative writers and erasers of C5 DNA methylation in three model diatoms. (* This gene presents a Dicer double-stranded RNA-binding fold domain)

family common domain H.sapiens S.cerevisiae P.tricornutum T.pseudonana F.cylindrus P.multiseries Methyltransferase(KMTs) SUV39 family

  

	-(lncRNAs). They were shown to be involved in silencing, house-keeping functions, cell differen-0078730(Set 1 family?), 0068570(Set1), 0047650(Set2 family), 0030240(Set2), 0033940(Set1 family?) -0076820, -0098260 0059180, 0032800, 0007610, 0102820, 0030440, 0079500 0025410?, 0061600 -*not found but multiple TRP repeat protein found tiation, development and stress response. Too much so not listed here Small non-coding RNAs
	Pre-SET (9 Cys, 3 SUV39H1/2 *Clr4 in ---Different epigenetic mechanisms have evolved in eukaryotes to silence the expression of genes Zn), post-SET (CXCX4C) SET domain pombe ESET/CLL8 G9a GLP1 Post-SET (CXCX4C), SET domain MLL1-4 set1 Phatr3_J21456(Set1), Phatr3_J15937(NSD1-3), Phatr3_J6915(MLL1), Phatr3_J44935(Set 2 family?), Phatr3_J6093(Set2), Phatr3_EG02211(Set1 family?) 35182(Set1), 35531(Set1), 22757(Set2 family?), 264323(Set2), 182906(Set1), 192471(Set2), 152933(Set2), 144309(set1), 218739(set1), 259554(Set2 family?) ASH2 STE1L Pre-SET (7-9 Cys); post-SET (CXCX4C), SET domain NSD1-3 set2 HIF1 ASH1 C2H2 zinc finger, SET domain RIZ ----BLIMP1 Post-SET (CXCX2C), Zf-MYND, SET do-main SYMD1-3 -Phatr3_J1647??,Phatr3_J43708 23831,24988 231918, 248695 Pre-SET (∼15 Cys),SET domain EZH1-2 -Phatr3_J6698 268872 181541 Post-SET (CXCX2C), SET domain SUV4-20 ----SET7-9 *not found but MORN motif are found DOTL1 dot1 Phatr3_J50632 234840 Demethylase (KDMs) Amine oxidase LSD1, LSD2 pombe: Swm1/ Sat10 Phatr3_EG01090,Phatr3_J51708, Phatr3_J44106, Phatr_J48603 138681, 264053, 240044, 264053, 193836 F-box + JmjC FBXL10/11 Jhd1 Phatr3_J42595 14890, 24345 184520 JmjN + JmjC JMJD2 Rph1 Phatr3_J48109 22122 237169 JmjN +JmjC + ZF-PHD TPR + JmjC JmjC C5HC2 + ARID + ZF-JARID1A-C Jhd2 Phatr3_J48747 UTX -*not found but multiple TRP repeat protein found *not found but multiple TRP repeat protein found -JMJD3 -Too much so not listed here Too much so not listed here Too much so not listed here and mobility of transposable elements (TEs). They all require the cleavage of input double strand RNA into small RNAs (micro RNAs (miRNA) and small interfering RNAs (siRNA)with a size between 19 to 31 nucleotides in length) by an enzyme called Dicer. The small RNAs are then bound by Argonaute proteins which are part of the RNA induced Silencing complex (RISC) with RNA-dependent RNA polymerases (RDRs) [129]. RISC uses the small RNAs as guides for se-quence specific gene and TEs silencing via translational repression, mRNA degradation and het-erochromatin formation by recruitment of histone and/or DNA methyltransferases to regulatory sequences of the target genes [130]. RNA mediated recruitment of DNA methyltransferase for silencing is known as RNA directed DNA methylation (RdDM), widely studied in Arabidopsis thaliana. In plants, canonical RdDM comprises 2 steps (1) biogenesis of 24 nt siRNAs mediated by Pol IV, RDR2 and DCL3 and (2) de novo methylation involving PolV, AGO4 and de novo dn-Table 1.3: Histone methyltransferases and demethylases in diatoms (KMTs). mts
	SET1 family	SET2 family	RIZ family	SMYD family	EZ family	SUV1-20 family	others	DOT family	KDM1	KDM2	KDM4D	KDM5A-B	KDM6A	KDM6B

CHAPTER 2 Probing the diversity of Polycomb-and Trithorax-group proteins in cultured and environmentally sampled microalgae 2.1 Abstract

  

	isolation and multiple evidence point to complex interactions orchestrating epigenetic mediated
	regulation of genomes. Typical examples include LncRNAs interactions with histone modifiers,
	shaping thus the outcomes of gene transcription and nuclear architecture. Likewise, DNA methy-Polycomb (PcG) and Trithorax (TrxG) complexes are two evolutionarily conserved epigenetic
	lation and histone modifications maintain a close cross-talk that deserves further investigation. regulatory components that act antagonistically to regulate the expression of genes involved in
	Genetic studies in diatoms provided important findings about adaptation to their environ-cell differentiation and development in multicellular organisms. The absence of PcG in both yeast
	ments and because epigenetic variations are intimately connected to adaptation, it is important models Saccharomyces cerevisiae and Schizosaccharomyces pombe suggested that polycomb proteins
	to investigate such connection over several generations asking what is the role of DNA methyla-might have evolved together with the emergence of multicellular organisms. However, high
	tion, histone modifications and non-coding RNAs in the evolution of adaptive traits in response to throughput sequencing of several microalgal genomes and transcriptomes reveals an unprece-
	specific changes in environmental factors. Epigenetic studies in diatoms are undoubtedly going dented abundance and diversity of genes encoding the components of these complexes. We re-
	to provide exciting and important insights for still many years to come. port here the diversity of genes encoding PcG and TrxG proteins in microalgae from the Ma-
	In this thesis, I mainly focus on histone modifications in Phaeodactylum tricornutum, aiming rine Microbial Eukaryote Transcriptome Sequencing Project database (MMETSP) and detected
	at exploring histone modifiers and function of their associated epigenetic marks in this model at broad scale in Tara Oceans genomics datasets using a highly sensitive method called eDAF
	diatom species. Started with a comprehensive catalog of existed epigenetic mechanism in Phaeo-(enhanced Domain Architecture Filtering). Further, we explored the correlation between envi-
	dactylum tricornutum which has been presented above, the undiscovered histone modifiers in uni-ronmental factors measured during the Tara Oceans expedition and transcript levels of PcG and
	cellular species were studied and discussed in details in the following chapters: Chapter two TrxG components. PcG and TrxG are responsible for the deposition of three histone marks among
	reports the abundant distribution of polycomb group proteins (PcG) and Trithorax-group pro-which a TrxG associated mark, H3K4me3 which we profiled genome wide in the model diatom
	teins (TrxG) in marine unicellular species and the correlation of those components with environ-
	mental factors. Genome-wise analysis of H3K4me3 reveals a set of bivalent marking of genes
	that co-occur with H3K27me3. Chapter three identifies catalytic enzyme of polycomb repressive
	complex 2 (PRC2) in Phaeodactylum tricornutum and studies the genomics distribution of its as-
	sociated mark H3K27me3 in different morphotypes, reveals the correlation of morphology and
	the repressive mark H3K27me3 in unicellular species. Chapter four studies potential subunits in
	polycomb repressive complex1 (PRC1) in Phaeodactylum tricornutum, identifies one catalytic en-
	zyme of PRC1. In this chapter I also discussed about the unique cross-talk between histone mod-
	ifications in diatoms. Chapter five reports a novel histone modification: glutamate methylation
	in Phaeodactylum tricornutum as well as in other model eukaryotes. Candidate methyltransferase
	was identified and its homologs in other species were further discussed in this chapter.
	Epigenetic factors, their writers, erasers and readers do not act in

Phaeodactylum tricornutum to understand its role in microalgae and investigated its co-occurrence with other histone marks including the antagonizing Polycomb deposited mark H3K27me3.

  tetratricopeptide repeat containing proteins which act as a protein-protein interaction module involved in regulation of different cellular functions

	The cooperation of two antagonistic marks, H3K4me3 and H3K27me3, for regulation of devel-
	opmental processes in plants and animals compelled us to analyze the GO categories inherent to
	these cases. Interestingly, we see developmental and cell differentiation related categories when
	genes are exclusively co-marked with both H3K27me3/K4me3. When shared with other marks
	(CC6, CC13, CC14, and CC27), broader GO terms emerge (p-value of 2.52383E-73 for genes only
	enriched with H3K4me3 versus H3K4me3/K27me3 and no matter the others, p-value 4.54346E-
	98 for genes only co-marked by H3K4me3/K27me3 versus genes marked only by H3K27me3 or

including cell cycle, hormone signaling, neurogenesis, protein folding and transport, and transcriptional control

[START_REF] Arnaldo | TPR proteins in plant hormone signaling[END_REF]

; (2) mitochondrial carrier proteins that mediate the transport of ions, nucleotides and metabolites across mitochondrial membranes

[START_REF] Palmieri | Evolution, structure and function of mitochondrial carriers: a review with new insights[END_REF]

; (3) WD domain, G-beta repeat involved in a variety of functions ranging from signal transduction and transcription regulation to cell cycle control and apoptosis; (4) Aldo/Keto reductase families of proteins which are important intermediates in many metabolic pathways, including sugar metabolism, steroid biosynthesis, amino acid metabolism, and biosynthesis of secondary metabolites

[START_REF] Elizabeth | Microbial aldo-keto reductases[END_REF]

; and

(5) 

Kelch motif involved in fundamental cellular activities in multiple cellular compartments such as actin-binding activity, organization of cytoskeletal, plasma membrane and organelle structures

[START_REF] Adams | The kelch repeat superfamily of proteins: propellers of cell function[END_REF]

. Overall, functional categories of H3K4me3 marked genes are mostly related to general biological processes involved in house-keeping functions.

H3K4me3, p-value of 1.094673-123 for genes only marked by H3K4me3 or only H3K27me3 versus genes marked only by H3K4me3, Supplementary Table

  Motif analysis was done by online software MEME-suite.org based on homologs search results of each gene. Calculation of each motif models was listed in supplementary table 1.

	CAMNT 0030782581 5 Emiliania huxleyi CCMP370
	CAMNT 0032259785 4 Isochrysis sp CCMP1244
	CAMNT 0002365037 2 Protocruzia adherens Strain Boccale
	CAMNT 0017787943 6 Platyophrya macrostoma Strain WH
	CAMNT 0000886945 5 Palpitomonas bilix
	CAMNT 0001833591 5 Vannella sp Strain DIVA3 517 6 12
	CAMNT 0007205393 3 Micromonas pusilla Strain RCC2306
	CAMNT 0005208671 4 Percolomonas cosmopolitus Strain AE 1 (ATCC 50343)
	CAMNT 0044883889 6 Vaucheria litorea Strain CCMP2940
	CAMNT 0053341743 4 Pavlova lutheri Strain RCC1537
	CAMNT 0050721805 6 Bicosoecid sp Strain ms1
	CAMNT 0007644475 6 Gymnochlora sp Strain CCMP2014
	CAMNT 0045026327 6 Scrippsiella hangoei like Strain SHHI 4
	CAMNT 0051577187 3 Alexandrium margalefi Strain AMGDE01CS 322
	CAMNT 0042247551 2 Symbiodinium sp Strain cladeA
	CAMNT 0000759317 1 Guillardia theta CCMP2712
	CAMNT 0009636651 3 Hanusia phi Strain CCMP325
	CAMNT 0053378651 5 Exanthemachrysis gayraliae Strain RCC1523
	CAMNT 0043540125 2 Gonyaulax spinifera Strain CCMP409
	CAMNT 0010372383 4 Dolichomastix tenuilepis Strain CCMP3274
	CAMNT 0015911071 5 Chrysochromulina brevifilum Strain UTEX LB 985
	CAMNT 0052074621 3 Climacostomum Climacostomum virens Strain Stock W 24
	CAMNT 0043408969 6 Alexandrium andersonii Strain CCMP2222
	CAMNT 0000798585 6 Alexandrium minutum
	CAMNT 0047927315 1 Neoparamoeba aestuarina Strain SoJaBio B1 5 56 2
	AT5G10380.1 CDS 1 3702
	CAMNT 0014433069 6 Hemiselmis rufescens Strain PCC563
	CAMNT 0009549035 1 Hemiselmis andersenii Strain CCMP1180
	CAMNT 0016182303 3 Hemiselmis tepida Strain CCMP443
	CAMNT 0007506129 4 Florenciella parvula Strain CCMP2471
	CAMNT 0048197531 5 Skeletonema grethea Strain CCMP 1804
	CAMNT 0032636007 1 Karenia brevis SP1
	CAMNT 0033387591 5 Kryptoperidinium foliaceum CCMP1326
	CAMNT 0003648715 4 Pseudo nitzschia arenysensis Strain B593
	CAMNT 0001765569 2 Aristerostoma sp Strain ATCC 50986
	CAMNT 0049562755 2 Chlamydomonas leiostraca Strain SAG 11 49
	AT1G03770.1 CDS 1 3702
	Phatr3 J54121.t1 CDNA 1 2850
	Sce RA CDS 1 7227
	RING1 201 CDS 1 9606
	RNF2 203 CDS 1 9606

Alveolata Rhizaria Stramenoplie Hacrobia Green algae Others Model species from multicellular Name p-value Motif Locations

  

	Arabidopsis_thaliana_TFL2_sequence Drosophila_melanogaster_HP1b_sequence Drosophila_melanogaster_HP1c_sequence	5.75e-23 1.42e-59 4.40e-41		MotifSymbol Motif Consensus 1. EYLVKWKGYPE 2. EDNTWEPEENL 3. EEEEVYEVEKILDKRKRKGGK 4. IIGATDSSGDLMFLMKWKDSDEADLVPAKEANVKCPQIVIAFYEERLTWH 5. ARIWKTTIKPGEILLMPHGTYHQCRNVTPCLSYSRFHLDTINLRAFLZSL 6. PLQYJFMGREDTMSKJHRDPGGLAISIAPIVGEKECVLVHRDDGHACLYH 7. LYLHQWQFPLSDTAGKKLCHQNNPLPKHILGEDL 8. VVFRDVZRIDVNDPNAGQLVTDARINGTPVVLVGHIGWANFAKRWLRK 9. WKLDVEAMSQDIGDEDVPVVRRNYNESKPIHGNILASKFLETCWPN 10. VKIDGDSEDWNKLVDDIDVCLHEFRYRFNKKIPPF
	Drosophila_melanogaster_Pc_sequence	3.35e-15		
	Drosophila_melanogaster_Su_var_205_sequence	9.14e-57		
	Homo_sapiens_CBX1_sequence		3.81e-80		
	Homo_sapiens_CBX2_sequence		3.45e-18		
	Homo_sapiens_CBX3_sequence		6.72e-75		
	Homo_sapiens_CBX5_sequence		1.47e-75		
	Name Aplanochytrium_stocchinoi,		p-value Motif Locations 2.75e-14	Paramecium_tetraurelia_GSPATT00008712001-1	6.25e-12
	Phaeodactylum_tricornutum_Phatr3_EG01368	5.98e-213	Tiarina_fusus,		2.43e-20
	Pseudonitzschia_multistriata_VEU35481 Thalassiosira_oceanica_gca_EJK69616	1.28e-273 5.44e-243	Strombidium_rassoulzadegani,		2.63e-7
	Thalassiosira_pseudonana_THAPSDRAFT_1863_sequence 2.35e-219	Platyophrya_macrostoma,		4.85e-15
	Astrosyne_radiata,		1.10e-16	Chromera_velia,		2.68e-16
	Florenciella_parvula,		7.34e-15	Glenodinium-foliaceum-CCAP1116_3		1.69e-7
	Proboscia_inermis,		6.24e-17	Perkinsus-chesapeaki-ATCC_PRA_65		1.93e-16
	Cyclotella_meneghiniana,		1.25e-12	Anophryoides_haemophila,	4.78e-19
	Coscinodiscus_wailesii,		2.42e-13		
	Paraphysomonas_vestita,		4.13e-12		
	Rhizosolenia_setigera,		2.95e-15	Bigelowiella_natans_fgenesh1_pg		4.52e-17
	Fragilariopsis-kerguelensis-L26_C5		2.13e-12	Plasmodiophora_brassicae_CEO96909	6.35e-18
	Heterosigma-akashiwo-CCMP2393		1.67e-23	Bigelowiella_natans,		2.24e-21
	Lingulodinium-polyedra-CCMP1738		8.10e-15	Norrisiella_sphaerica,		2.09e-17
	Pseudopedinella-elastica-CCMP716		3.94e-14		
	Thalassiosira-rotula-CCMP3096		2.42e-13	Emiliania_huxleyi_230451-1		1.62e-15
	Chromulina_nebulosa,		1.82e-16	Emiliania_huxleyi_235215-1		5.55e-18
	Triceratium_dubium,		2.19e-9	Guillardia_theta_GUITHDRAFT_162799_sequence	1.75e-13
	Chaetoceros_debilis,		5.86e-15	Guillardia_theta		3.64e-18
	Thalassiothrix_antarctica,		3.45e-19	Hemiselmis_andersenii,		5.73e-10
	Skeletonema_japonicum,		3.11e-22	Chlorarachnion_reptans,		2.89e-17
	Licmophora_paradoxa,		1.08e-12	Chrysochromulina_polylepis,		2.40e-19
	Fragilariopsis_cylindrus_		1.37e-261	Scyphosphaera_apsteinii,		3.59e-16
				Phaeocystis_antarctica,		2.07e-18
	Chlamydomonas_leiostraca,	7.10e-17		Chrysochromulina_brevifilum,		1.02e-17
	Pyramimonas-parkeae-CCMP726 Cyanoptyche_gloeocystis Prasinoderma_coloniale,		9.58e-21 8.69e-19 8.89e-20	Isochrysis-galbana-CCMP1323 Pavlova_lutheri,	6.12e-17	8.82e-17
	Dunaliella-tertiolecta-CCMP1320		2.21e-20	Exanthemachrysis	2.87e-18
	Gloeochaete_witrockiana,		9.06e-12		
	Ostreococcus_lucimarinus_OSTLU_86901_sequence Pyramimonas_obovata, Timspurckia_oligopyrenoides, Rhodomonas_lens, Nephroselmis_pyriformis, Crustomastix_stigmata,	1.26e-7 1.25e-7 7.86e-13 3.29e-15 3.08e-18 3.66e-16	Dictyostelium_purpureum_ Eutreptiella_gymnastica Stereomyxa_ramosa, Stygamoeba_regulata, Vitrella_brassicaformis,		1.41e-12 3.06e-12 1.33e-13 5.72e-16 7.17e-14

2 Results 5.2.1 Conservation of Glutamate methylation of histones H2B and H4 in eu- karyotes

  (DIO) mice compared with chow-fed mice. Nevertheless whether this histone mark exist in other species or whether it has a regulatory function in transcription is still unknown, as well as the identification of the histone methyltransferase of glutamate.Diatoms are a group of unicellular microalgae which are widely distributed over aquatic as well as terrestrial environments. Our previous work has demonstrated the conservation of histone modifications found in the model diatom Phaeodactylum tricornutum (P. tricornutum), in which novel histone modifications have been discovered. In this chapter, we present for the first time preliminary characterization of two conserved glutamate methylation sites on histone H4

	Gene ID	Domain	Homologs
	Phatr3_EG00269	O-methyltransferase	unknown
	Phatr3_J43731	O-methyltransferase	unknown
	Phatr3_J44531	Protein-L-isoaspartate (D-aspartate)	PCMT
		O-methyltransferase (PCMT)	
	Phatr3_J45110	Macrocin-O-methyltransferase (TylF)	TylF
	Phatr3_J49785	Protein-L-isoaspartate (D-aspartate)	PCMT
		O-methyltransferase (PCMT)	
	Phatr3_J49855	Macrocin-O-methyltransferase (TylF)	TylF
	Phatr3_J50174	Rhodanese-like domain	unknown
		O-methyltransferase	
	Phatr3_J55206	Macrocin-O-methyltransferase (TylF)	TylF
	Table 5.1: P. tricornutum O-methyltransferases	
	not detected (Figure 5.1). In P. tricornutum, glutamate 74 of histone H4 was mono-methylated,
	Mass spectrometry (MS) analysis of histones extracted from P. tricornutum showed several
	novel histone modifications including methylation of glutamate on histone H2B and H4. Strik-
	ingly, MS analysis of histone extracts of Hela cell (H. sapiens), D. melanogaster, C. elegans and T.
	pseudonana also detected methylation of glutamate 52/53 on histone H4, suggesting that H4E52/53me
	is a novel histone modification which is highly conserved among those eukaryotic species (Tiri-
	chine et al., unpublished).		

and H2B across eukaryotes using histone extracts from two model diatoms P. tricornutum and Thalassiosira pseudoanan as well as human, drosophila and C. elegans. Moreover, a candidate gene of glutamate methyltransferase has been identified in P. tricornutum. The levels of glutamate methylation decrease or increase in knockout and overexpressed lines of this candidate gene respectively.

5.

MS analysis also showed that glutamate 96 of histone H2B is conserved between P. tricornutum, H. sapiens and D. melanogaster, while in A. thaliana and C. elegans, such modifications were recently a proteomic screening shows that this site is also methylated in mouse

[START_REF] Zhang | Systematic proteomic analysis of protein methylation in prokaryotes and eukaryotes revealed distinct substrate specificity[END_REF]

. Alignment of Histone H2B and H4 in Homo sapiens, Mus musculus, D. melanogaster and C. elegans shows that E52/E53 and E74 of histone H4, E96 of Histone H2B (in human is H2BE105) are highly conserved (Figure

S5

.1). Glutamate methylation of histone H3 (H3E59me) was reported in the model yeast species Saccharomyces cerevisiae

3 Mystery role of dGMT in eukaryotes and prokaryotes

  Although with low similarity, dGMT shares Class I-like SAM-dependent O-methyltransferase domain with a variety of genes in mammals, fish and plants as well as human. Since SAMdependent O-methyltransferase family has multiple enzymes which utilize different substrates, some of the dGMT homologues found in multicellular species have known functions not related to glutamate methylation (TableS5.1). From liginase to degradation of neurotransmitter, Class I-like SAM-dependent O-methyltransferase containing genes have highly diversified functions in eukaryotes, and most of the function remain unknown.Phylogenetic tree of dGMT homologs suggests that except for species in the SAR clade, dGMTs

	Among the 12098 genes in P. tricornutum annotated by DAMA-CLADE, eight genes possess domain features which belong to O-methyltransferase (Pfam: PF01596). O-methyltransferase is a family of methyltransferase enzyme transferring a methyl group on a molecule, CheR is one of protein-glutamate O-methyltransferase which belongs to this family. Out of all annotated O-Target sequence 1 Target sequence 2 1nt insertion multiple stop codons Target sequence 3 Multiple insertions J50174A4 J50174J1 Mutant R1 Mutant R2 Mutant R3 Mutant R4 Mutant R5 Mutant R6 WT R1 WT R2 WT R3 WT R4 WT R5 WT R6 A B C Peptides adjusted_pval Mean difference (Mutant-WT) conf_int_start conf_int_end Log2(Mutant/WT) H2B LMLPGE[Methyl (E)]LAK 0.0016 -0.0344 -0.0408 -0.0281 -1.2317 GMSIMNSFINDIFE[Methyl (E)]R 0.0012 -0.0587 -0.0738 -0.0436 -0.9641 H4 DSVTYTE[Methyl (E)]HAR 0.0019 -0.0384 -0.0494 -0.0273 -1.2963 ISGLIYEE[Methyl (E)]TR 0.1187 -0.0431 -0.0781 -0.0081 -0.6182 ISGLIYE[Methyl (E)]ETR 1.0000 -0.0050 -0.0363 0.0262 -0.0556 Table 5.2: Quantification of glutamate methylation in knock out lines of P. tricornutum and J49785 are protein L-isoaspartyl methyltransferases (PIMT, PCMT) which recognize and cat-alyze the repair of damaged L-isoaspartyl and D-aspartyl groups in proteins [286]. The three remaining J45110, J49855 and J55206 are Macrocin-O-methyltransferase (TylF) found in bacteria that are responsible for the methylation of macrocin to produce tylosin [287]. J43731, J50174, J9546 and EG00269 are four O-methyltransferase containing domain which has no clear annotated func-Interestingly, MS analysis shows that knockout of J50174 shows significant decrease of gluta-mate methylation level on histone H2BE96 and H4E74 compared to the wild type (Figure 5.2C), quantification and statistic are listed in Table 5.2. Likewise, MS analysis showed an increase of glutamate methylation in 50174 overexpressed lines (Tirichine et al., unpublished). Although preliminary, the data strongly indicate that J50174 might be responsible for glutamate methyla-tion on these two positions in P. tricornutum. Although In vitro/ In vivo evidence proving that J50174 could methylate glutamate in other species has still to be shown, J50174 could be a diatom specific Glutamate methyltransferase, thus we refer to it as dGMT in this chapter. O-methyltransferase domain. This unique domain architecture was only found in Stramenopila, (PDB: 4f67.1.A) and Cationdependent O-Methyltransferase from the Cyanobacterium Synechocystis Sp (PDB: 3cbg.1.A), they shared 31.60% and 29.77% sequence identity respectively, representing the Rhodanese-like domain and tRNA uridine (34) hydroxylase (N-terminal) domain and Class Figure 5.2: Histone 5.2.dGMT has two annotated domains: Rhodanese-like domain and Class I-like SAM-dependent I-like SAM-dependent O-methyltransferase domain (Figure 5.3C). Model predicted by I-Tasser

methyltransferase homologs in P. tricornutum (Table 5.1), five genes have high similarity with known methyltransferases which have clear function and no relation with glutamate. Both J44531 A. Domain architecture of dGMT, B. Sequence chromatograms of PCR product from dGMT two mutants, C. Mass Spectrometry quantification of level of glutamate methylation in wild type and dGMT mutants in diatom. R1-R6 meaning six biological replicates used in the quantification. tions. Among those genes, J50174 shows low similarity to human Catechol O-methyltransferase COMTD1. J50174 contains a Class I-like SAM-dependent O-methyltransferase as well as a rhodanese domain (Figure 5.2A). Two Knockout lines of J50174 were generated using CRISPR cas9 editing tool developed in the lab, mutation sites were demonstrated (Figure 5.2B). Alveolata, and Rhizaria (SAR clade) as well as in several Rhodophyta (Table 5.3), indicating the origin of dGMT might come from second endosymbiosis with red algae. have Rhodanese-like domain and tRNA uridine (34) hydroxylase (N-terminal) domain, other species only have SAM-dependent O-methyltransferase domain (Figure 5.3 A). Protein alignment shows that in Class I-like SAM-dependent O-methyltransferase domain, four motifs are found in dGMT homologues across eukaryotic kingdoms (Figure 5.3B), SAM binding sites which have been predicted in crystal structure of human COMTD1 were marked by stars. Motif I has six overlapped residues with SAM binding sites, together with the other three residues located inside Motif III and in between Motif II and III suggest that most of key amino acids were preserved in dGMT the protein sequence. This indicates that dGMT indeed utilises SAM as a donor of methyl, like the other members of the O-methyltransferaes superfamily. Interestingly, Motif II and VI are also conserved across eukaryotes but no ligands were reported to bind through this region. Protein structure prediction was applied to dGMT by SWISS-MODEL and I-Tasser, there are two closest structural neighbour to dGMT: UPF0176 protein lpg2838 from Legionella pneumophila

  The discovery of histone glutamate methylation in eukaryotes prompted us to investigate the role of this novel histone modification, the preliminary study of this mark in the model diatom P. tircornutum can lead to insights applicable to other systems.Characterizing mutant lines of P. tricornutum using mass spectrometry quantification of glutamate methylation of histone H2B and H4 points to dGMT as a histone methyltransferase on glutamate residues of H2B and H4. Physiological changes in dGMT KO lines has not been noticed under lab culture conditions yet. To be noted, nutrients in our culture media are sufficient for the growth of diatom cells, thus dGMT KO lines might exhibit obvious phenotypes under stressful environments considering the potential role of this candidate gene which is close to CheR. Inter-estingly, Zhang et al reported that H4E74me was down-regulated in diet-induced obese (DIO) mouse, suggesting the potential roles of H4E74me in diabetes and obesity[START_REF] Zhang | Systematic proteomic analysis of protein methylation in prokaryotes and eukaryotes revealed distinct substrate specificity[END_REF]. In our study, H4E74 methylation level significantly decreases in dGMT mutant, suggesting dGMT is responthat is flanked by three alpha-helices per side of the sheet[START_REF] Martin | SAM (dependent) i AM: the s-adenosylmethionine-dependent methyltransferase fold[END_REF]. SAM MTase can be divided into five to ten classes[START_REF] Heidi | Many paths to methyltransfer: a chronicle of convergence[END_REF][START_REF] Wlodarski | Comprehensive structural and substrate specificity classification of the saccharomyces cerevisiae methyltransferome[END_REF], the vast majority of MTase belong to class I: Rossmanlike alpha/beta which consists in a seven stranded beta sheet adjoined by aloha helices. In our study, protein structure prediction indicates that dGMT has similar secondary structure as well as conserved binding site to AdoMet, suggesting that dGMT has a specific binding affinity towards S-adenosyl-L-methionine. As shown in table V, SAM-dependent O-methyltransferase can utilise multiple different substrates. Pool alignment of dGMT and CheR as well as another glutamate methyltransferase Arm1 implies that dGMT might has a specific structure that recognises and binds to histones which is a different substrate. Due to the limit of time and material, structure of dGMT is not investigated in this chapter, but in the future it is definitely an interesting direction to take. Protein 3D structure prediction of dGMT has in general low QMEAN value, no high quality structure can be resumed with existing models. This might be due to the low conservation of protein sequence to any known model.

	sible for H4E74 methylation in diatoms. dGMT has one homolog in humans, that is Catechol-
	O-Methyltransferase Domain Containing 1 (COMTD1), it is a Class I-like SAM-dependent O-dGMT could be a fusion gene of TrhO and TrmR which are two enzymes catalysing tRNA 5-
	methyltransferase domain containing protein, a putative O-methyltransferase. The function of carboxymethoxyuridine (cmo5U) in bacteria (Figure S5.2). However in this study we show that
	COMTD1 in human remains unknown but it is overexpressed in Pancreas (x6.9) and Esophagus-dGMT has methylation activity towards glutamate on histones in a eukaryotic unicellular species,
	Mucosa (x4.6), indicating the correlation of COMTD1 with digestion system (Figure S5.2). This P. tricornutum.
	result is in line with the downregulation of glutamate methylation over histone of DIO mouse,
	further implied the correlation of COMTD1 and glutamate methylation. Moreover, several nu-
	clear transport receptors such as KNBP1, IPO7, IPO9, IPO11 were found in the protein-protein
	interaction (PPI) network of COMTD1 [290, 291, 292] (Figure S5.2), suggesting the potential lo-

calization of COMTD1. Further studies on dGMT could also enlighten and accelerate the identification of glutamate methyltransferase in mammals. S-adenosyl-L-methionine-dependent methyltransferase (SAM MTase or AdoMet MTase) is a methyltransferase superfamily. Two known Glutamate methyltransferase: CheR and Arm1 both belong to this family. Enzymes in this superfamily utilise SAM/AdoMet as methyl donor to methylate certain proteins, small molecules, lipids, and nucleic acids. A common feature of SAM MTases is a structurally conserved SAM-binding domain consisting of a central seven-stranded beta-sheet

  • C before use, 5 ml of Extraction buffer I (0.4 M sucrose,1 mini tablet Roche per 50 ml, 10 mM MgCl2,5 mM βME, 10 mM Tris-HCl pH 8) were added to the culture pellet and left on ice for 20 min followed with a spin of the solution at 4000 rpm for 20 min at 4 • C. Pellet was resuspended in 1 ml of Extraction Buffer II (0.25 M sucrose, 10 mM Tris-HCl pH8, 10 mM MgCl2, 1% triton, 1 mini tablet Roche diluted in 1 ml (for 10 ml), 5 mM βME) and spin at 10,000 rpm for 10 min at 4 • C. This step was repeated until the pellet becomes white. The pellet was resuspended in 300 µl of Extraction Buffer III (1.7 M sucrose, 1 minitablet diluted in 1 ml (for 10 ml), 0.15% Triton X-100, 2 mM MgCl2, 5 mM βME, 10 mM Tris HCl pH8). The resuspended pellet was added to 300 µl of buffer III in a clean Eppendorf and centrifuged at 13,000 rpm for 1 hour at 4 • C. After removal of the supernatant, the chromatin pellet was resuspended in 50 µl of Nuclei Lysis Buffer (50 mM Tris HCl pH 8, 10 mM EDTA, 1

  Figure S5.1: Alighment of histone H4 and H2B in Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans, Phaeodactylum tricornutum, Arabidopsis thaliana as indication of conserved glutamate residues.
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  micro-algues, épigénomique, Polycomb, H3K27me3, H2Aubme, changement de morphotype, méthylation du glutamate Résumé: Les diatomées sont l'un des groupes de phytoplancton les plus abondants dans les milieux aquatiques et les plus performants sur le plan écologique. Elles colonisent un large éventail d'habitats. Leur physiologie, leur plasticité et leur adaptation rapide aux différentes conditions environnementales les aident à dominer les océans d'aujourd'hui. Par rapport à la régulation génétique, les changements épigénétiques peuvent être flexibles et réversibles et les modifications des histones sont l'un des mécanismes épigénétiques qui peuvent avoir un impact sur l'expression des gènes. Phaeodactylum tricornutum (P. tricornutum) est l'une des espèces de diatomées modèles, également le premier organisme unicellulaire possédant un répertoire complet de modifications post-traductionnelles des histones, ce qui en fait une espèce idéale pour étudier la régulation épigénétique dans les organismes unicellulaires. Dans ce manuscrit de thèse, je me concentre sur les mécanismes de modification des histones chez P. tricornutum, en utilisant la méthode classique de génétique inverse par l'élimination des gènes candidats pour identifier l'enzyme catalytique qui est responsable du dépôt des modifications des histones. Les complexes de protéines du groupe Polycomb (PcG) sont des composants épigénétiques régulateurs conservés au cours de l'évolution qui agissent de manière antagoniste avec les complexes Trithorax (TrxG) pour réguler les gènes qui sont impliqués dans la différenciation et le développement des cellules. Dans le premier chapitre, nous avons étudié la diversité des gènes PcG et TrxG chez les espèces unicellulaires marines, nous rapportons pour la première fois la corrélation entre ces modificateurs épigénétiques et les facteurs de l'environnement, et nous avons également souligné le schéma unique de co-occurrence des marques d'histones chez P. tricornutum. Sur la base de ces découvertes, une étude plus approfondie dans les chapitres deux et trois s'est concentrée sur deux complexes PcG, PRC2 et PRC1. Au total, trois composants principaux ont été identifiés dans les complexes PRC1 et PRC2 respectivement. La deuxième partie du manuscrit de la thèse a exploré la fonction unique de PRC2 et de la marque associée H3K27me3 que je rapporte liée à la morphologie dans P. tricornutum. Le troisième chapitre traite de l'interaction entre H3K27me3 et H2AK119Ubi qui est déposée par le complexe PRC1. Le dernier chapitre décrit une nouvelle modification d'histone détectée chez P. tricornutum. Il est intéressant de noter que cette modification a été trouvée conservée chez les eucaryotes et le dernier chapitre rapporte la caractérisation de cette nouvelle marque et l'identification de l'enzyme modifiant l'histone. Characterization of Post translational modifications of histones in the model diatom Phaeodactylum tricornutum Keywords: Phaeodactylum tricornutum, micro-algae, epigenomics, Polycomb, H3K27me3, H2Aubme, morphotype switch, glutamate methylation Abstract: Diatoms are one of the ecologically most successful eukaryotic phytoplankton in the world. They are abundant in a wide range of habitats, their physiology, plasticity and fast adaptation to different environmental conditions help them dominate modern Oceans. Compared to genetic regulation, epigenetic changes can be flexible and reversible and histone modifications are one of the epigenetic mechanisms which can impact gene expression. Phaeodactylum tricornutum (P. tricornutum) is one of the model diatom species, also the first unicellular organism with a full repertoire of post-translational modifications of histones, which makes it an ideal species to study epigenetic regulation in single celled organisms. In this thesis manuscript, I focus on histone modification mechanisms in P. tricornutum, utilize classical reverse genetic method: knockout of candidate genes to identify the catalytic enzyme which is responsible of the deposition of histone modifications. Polycomb group protein (PcG) complexes are evolutionarily conserved epigenetic regulatory components that act antag-onistically with Trithorax (TrxG) complexes to regulate genes which are involved in cell differentiation and development.

Title:

'Chaetoceros debilis' 'Phaeodactylum tricornutum' 'Thalassiosira gravida' 'Proboscia inermis' 'Astrosyne radiata' 'Proboscia alata' 'Coscinodiscus wailesii' Staurosira 'Ditylum brightwellii' 'Asterionellopsis glacialis' 'Extubocellulus spinifer' 'Cyclotella meneghiniana' 'Chaetoceros neogracilis' 'Stephanopyxis turris' 'Thalassiosira rotula' 'Skeletonema grethae' 'Dactyliosolen fragilissimus' 'Attheya septentrionalis' 'Thalassiothrix antarctica' 'Thalassionema frauenfeldii' 'Corethron pennatum' 'Synedropsis cf. recta' 'Dictyocha speculum' 'Pelagomonas calceolata' 'Florenciella parvula' 'Aureoumbra lagunensis' 'Norrisiella sphaerica' 'Lotharella globosa' 'Amorphochlora amoebiformis' 'Lotharella oceanica' 'Chlorarachnion reptans' 'Partenskyella glossopodia' 'Bigelowiella longifila' 'Platyophrya macrostoma' 'Tiarina fusa' 'Climacostomum virens' 'Fabrea salina' 'Protocruzia adherens' 'Chrysochromulina rotalis' 'Haptolina brevifila' 'Prymnesium parvum' 'Scyphosphaera apsteinii' 'Pavlova lutheri' 'Emiliania huxleyi' 'Haptolina ericina' 'Isochrysis galbana' 'Chrysoculter rhomboideus' 'Calcidiscus leptoporus' 'Chrysotila carterae' 'Exanthemachrysis gayraliae' 'Hemiselmis rufescens' 'Hanusia phi' 'Goniomonas pacifica' 'Guillardia theta' 'Pyramimonas parkeae' 'Ostreococcus mediterraneus'

'Bigelowiella natans' 'Chlorarachnion reptans' 'Thalassiosira antarctica' Chaetoceros 'Attheya septentrionalis' 'Amphiprora paludosa' 'Leptocylindrus danicus' 'Stauroneis constricta' 'Cyclotella meneghiniana' 'Skeletonema dohrnii' 'Skeletonema marinoi' 'Tryblionella compressa' 'Skeletonema costatum' 'Cylindrotheca closterium' 'Pseudo-nitzschia delicatissima' 'Proboscia alata' 'Aulacoseira subarctica' 'Corethron pennatum' 'Grammatophora oceanica' 'Detonula confervacea' 'Skeletonema menzelii' 'Thalassiosira oceanica' 'Corethron hystrix' 'Thalassiosira minuscula' 'Thalassionema nitzschioides' Acanthoeca 'Vannella sp. CB-2014' 'Rhodomonas lens' 'Pelagomonas calceolata' 'Aureoumbra lagunensis' 'Paraphysomonas bandaiensis' 'Paraphysomonas vestita'

'Pyramimonas parkeae' 'Prasinoderma singulare' 'Micromonas pusilla' 'Prasinococcus capsulatus' 'Picochlorum oklahomense' 'Picocystis salinarum' 'Prasinoderma coloniale' 'Pycnococcus provasolii' 'Mantoniella antarctica' 'Rhodosorus marinus' 'Compsopogon caeruleus' 'Timspurckia oligopyrenoides' 'Prymnesium parvum' 'Emiliania huxleyi' 'Gephyrocapsa oceanica' 'Chrysoculter rhomboideus' 'Isochrysis galbana'Figure 2.9: Domain architecture of Trithorax homologs in microalgae and their phylogenetic distribution. (A) Scheme representing the different groups of TrxG protein domain structures, (B) TrxG group distribution in a phylogenetic tree.
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Sequencing and computational data analysis

ChIP-Seq: Chromatin Immunoprecipitation (ChIP) was done with monoclonal cell cultures grown using single triradiate cell from Pt8 population (referred as TM). CHIP-Seq was performed as described previously [START_REF] Veluchamy | An integrative analysis of post-translational histone modifications in the marine diatom phaeodactylum tricornutum[END_REF][START_REF] Vizcaíno | The Proteomics Identifications (PRIDE) database and associated tools: status in 2013[END_REF]. Two replicates were performed and showed a good Pearson correlation (Supplementary Fig. 6). Raw reads were filtered and low quality read-pairs were discarded using FASTQC with a read quality (Phred score) cutoff of 30. Using the genome assembly published in 2008 as reference (Pt1 8.6), we performed reference-assisted mapping of filtered reads using BOWTIE. We then performed the processing and filtering of the alignments using SAMTOOLS and BEDTOOLS. SICER [START_REF] Zang | A clustering approach for identification of enriched domains from histone modification ChIP-Seq data[END_REF] was then used to identify significant enriched H3K27me3 peaks by comparing it with the INPUT. Differential H3K27me3 peak enrichment analysis between FM and TM backgrounds was also done using SICER-df plugin. Peaks with Padj<0.05 differential enrichment or depletion were considered significant. Functional inferences were obtained by overlapping the differentially enriched peaks over structural annotations from Phatr3 genome annotation [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].

Whole genome sequencing (WGS): Whole genome sequencing was performed using DNA extracted from monoclonal cell cultures grown using single triradiate cell taken from Pt8 and Pt1 accession, referred to as Pt8tc and Pt1 8.6, respectively. At least 6 µ g of genomic DNA from each accession was used to construct a sequencing library following the manufacturer's instructions (Illumina Inc.). Paired-end sequencing libraries with a read size of 100 bp and an insert size of approximately 400 bp were sequenced on an Illumina HiSeq 2000 sequencer at Berry Genomics Company (China) and Fasteris for Pt1 8.6 and Pt8tc, respectively. Low quality read-pairs were discarded using FASTQC with a read quality (Phred score) cutoff of 30. Using the genome assembly published previously47, we performed reference-assisted assembly of all the accessions. We used BOWTIE (-n2 -X400) for mapping the high quality NGS reads to the reference genome followed by the processing and filtering of the alignments using SAMTOOLS and BEDTOOLS.

For estimating the genetic diversity between Pt1 8.6 and Pt8Tc genome, GATK 48 configured for diploid genomes, was used for variant calling, which included single nucleotide polymorphisms 

CRISPR/Cas9 plasmid construction

The plasmid ptU6::unc-119-sgRNA was generated as described before in chapter 3 and was used as template to replace several target sequences by PCR. Target sequences were designed and picked using PhytoCRISP-Ex [START_REF] Rastogi | PhytoCRISP-ex: a webbased and stand-alone application to find specific target sequences for CRISPR/CAS editing[END_REF], following primers were used in this study:

J50174TS1fwd: TCG AGG TGC TCG CTT GTG AGC GGT J50174TS1rev: AAA CAC CGC TCA CAA GCG AGC ACC

Transformation of P. tricornutum cells and screening for mutants

Wild type cells of the reference strain FM and the TM were transformed with three plasmids For each colony, a rapid DNA preparation was performed as described previously and fragments from 200bp to 400bp were amplified with primers flanking the target sequence. PCR product was run in 1% agarose gel and a single band was extracted using Machery Nagle kit and according to the manual manufacturer. PCR product was sequenced using the forward primer of each target sequence.

Quantification of Histone Modifications by Parallel-Reaction Monitoring (PRM)

Five independent histone purifications for WT and three for mutant condition recovered from 0.1g were simultaneously separated by SDS-PAGE and stained with colloidal blue (LabSafe Gel Blue GBiosciences). One gel slice was excised for each purification and in-gel digested by using 0.10 µg of trypsin/LysC (Promega). Peptides extracted from each band were then analyzed by