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Thesis Summary

"Reading after a certain age, diverts the mind too much from its creative pursuits.

Any man who reads too much and uses his own brain too little falls into lazy habits of thinking" -Albert Einstein

Since the discovery of Phaeodactylum tricornutum by Bohlin in 1897, its classification within the tree of life has been controversial. It was in 1958 when Lewin, using oval and fusiform morphotypes, described multiple characteristic features of this species that resemble diatoms structure, the debate to whether classify P. tricornutum as a member of Bacillariophyceae was ended. To this point three morphotypes (oval, fusiform and triradiate) of Phaeodactylum tricornutum have been observed. Over the course of approximately 100 years, from 1908 till 2000, 10 strains of Phaeodactylum tricornutum (referred to as ecotypes) have been collected and stored axenically as cryopreserved stocks at various stock centers.

Various cellular and molecular tools have been established to dissect and understand the physiology and evolution of P. tricornutum, and/or diatoms in general. It is because of decades of research and efforts by many laboratories that now P. tricornutum is considered to be a model diatom species.

My thesis majorly focuses in understanding the genetic and epigenetic makeup of P. tricornutum genome to decipher the underlying morphological and physiological diversity within different ecotype populations. To do so, I established the epigenetic landscape within P. tricornutum genome using various histone post-translational modification marks (chapter 1 and chapter 2) and also compared the natural variation in the distribution of some key histone PTMs between two ecotype populations (chapter 4). We also generated a genome-wide genetic diversity map across 10 ecotypes of P. tricornutum revealing the presence of a species-complex within the genus Phaeodactylum as a consequence of ancient hybridization (Chapter 3). Based on the evidences from many previous reports and similar observations within P. tricornutum, we propose natural hybridization as a strong and potential foundation for explaining unprecedented species diversity within the diatom clade.

Moreover, we updated the functional and structural annotations of P. tricornutum genome (Phatr3, chapter 2) and developed a user-friendly software algorithm to fetch CRISPR/Cas9 targets, which is a basis to perform knockout studies using CRISPR/Cas9 genome editing protocol, in 13 phytoplankton genomes including P. tricornutum (chapter 5). To accomplish all this, I used various state-of-the-art technologies like Mass-Spectrometry, ChIP sequencing, Whole genome sequencing, RNA sequencing, CRISPR genome editing protocols and several computational softwares/pipelines. In brief, the thesis work provides a comprehensive platform for future epigenetic, genetic and functional molecular studies in diatoms using Phaeodactylum tricornutum as a model. The work is an add-on value to the current state of diatom research by answering questions that have never been asked before and opens a completely new horizon and demand of epigenetics research that underlie the ecological success of diatoms in modern-day ocean.

Introduction

Diatoms are highly diversified group of phytoplankton with estimates from few to thousands of species and recent evaluation of their diversity in the TARA Oceans Expedition reveals 4,748 operational taxonomic units (OTUs) distributed in all ocean provinces (Malviya et al. 2016). They are unicellular micro-eukaryotes mostly photosynthetic and found in almost all aquatic environments, from marine to fresh water. C.G. Ehrenberg first discovered them in the 19th century in dust samples collected by Charles Darwin in the Azores [START_REF] Gorbushina | Life in Darwin's dust: intercontinental transport and survival of microbes in the nineteenth century[END_REF]). Diatoms belong to a big group of heterokonts, constituent of chromalveolate (SAR group) which are believed to be derived from serial endosymbiosis acquiring genes from green and red algae predecessors (Bowler et al. 2008;Moustafa et al. 2009). They further diversified via horizontal transfer of bacterial genes (Bowler et al. 2008). According to earliest well-preserved fossil record, diatoms are believed to be around since 190 million years (myr) (Armbrust 2009) and their closest sister group are the Bolidomonads. Based on the characteristic organization of the valve (the intricately sculptured unit of each end of the diatom frustule), diatoms are divided into two major classes: Centrics and Pennates (Round et al. 1990). The Pennates are believed to have evolved from the polar centric diatoms (Figure 1) (Theriot 2010) and are first found in the fossil record of about 70 million years ago (mya) (Montsant et al. 2005).

Phaeodactylum tricornutum genome and epigenome: characterization of natural variants

Phaeodactylum tricornutum: a model species for diatom research

Phaeodactylum tricornutum is a raphid pennate diatom species classified within the suborder Phaeodactylineae, to which Phaeodactylum is assigned as the only known genus, till date. Bohlin, in 1897, described Phaeodactylum tricornutum as a single known species within genus Phaeodactylum. Bohlin based on stellate, three narrow arm structure named the species as P. tricornutum. Because of P. tricornutum cells description as weakly silicified by Bohlin and its close morphological resemblance with Nitzschia closterium, described by Wilson in 1946, the taxonomic assignation of P. tricornutum remained controversial until Lewin in 1958 described other morphological forms which are silicified and possess characteristics like golden-brown chromatophores, store leucosin and oil. Precisely, Joyce C. Lewin in 1958 reported the pleomorphic nature of P. tricornutum cells and suggested that it can be found in three major morphotypes viz. triradiate, oval and fusiform. He also described some rare morphotypes like cruciform, lunate etc. Recently, cruciform cells are also observed in lab maintained samples isolated from China (He et al. 2014). Among the three major morphotypes, fusiform and triradiate cells are planktonic while oval are benthic. The genome sequence and annotation of P. tricornutum was released in 2008 (Bowler et al. 2008). For sequencing, DNA was extracted from monoclonal cultures grown from single cell isolated from an English Channel strain Pt1. The latter cultured strain was denoted as Pt1 8.6. The DNA from Pt1 8.6 cell population was sequenced using Sanger sequencing protocol and assembled into 27.4 mega base pair (Mbp) with 33 chromosomes [12 complete (from one telomeric end to another) and 21 partial (with either one or no telomeric ends)] and 55 scaffolds (designated as bottom drawer, bd).

The last publically available functional annotation of P. tricornutum genome is Phatr2 that includes 10,402 genes with an average gene length of 1474 bp. These annotations are majorly based on the comprehensively created EST libraries in 16 different conditions (Maheswari et tricornutum (Nymark et al. 2016), strengthening its molecular toolbox.

Since the discovery of P. tricornutum, many of its isolates from different locations of the world have been sampled (referred to as ecotypes) within a time frame of approximately 100 years, between 1908 and 2000 (Figure 2) (De Martino 2007). All of the strains have been maintained either axenically or with their native bacterial population in different stock centers and cryopreserved after isolation (De Martino 2007).

Although variable cell shapes are observed within individual ecotypes, some forms are dominant, hence can be said as selected, over others. Among the three major morphotypes, fusiform is observed to be highly abundant across most sampled isolates and with the fastest doubling time it was also proposed to be highly adaptable to changing environmental conditions (De Martino 2007; Bartual Ana 2011). P. tricornutum is reported as non-abundant and suggested to be found majorly in unsteady coastal locations like seashores, estuaries, rock pools, tidal creeks, etc. The physicochemical conditions in such habitats change rapidly suggesting that evolution and diversity within morphotypes of P. tricornutum might be an adaptation mechanism. Studies have reported many instances where an external environmental Phaeodactylum tricornutum genome and epigenome: characterization of natural variants stress can induce the morphotype to change from one to another, which in some cases are reversible when the external stress is removed (Figure 3) [START_REF] Tesson | Insights into the polymorphism of the diatom Phaeodactylum tricornutum Bohlin[END_REF]).

Furthermore, many reports have shown that each ecotype has remarkably developed a unique environment-specific functional and phenotypic behavior of ecotypes in response to various environmental cues (Stanley 2007;Bailleul et al. 2010;Abida et al. 2015). However, diversity within the ecotypes was overlooked and no attempts were made at the molecular level to dissect this diversity. Changes in the species diversity/composition within diatoms and other microalgae are frequently regular [START_REF] Harnstrom | Bloom dynamics and population genetics of marine phytoplankton -Community, species and population aspects[END_REF]. Genetic studies on microalgae during the last decades have revealed strong cryptic diversity with some evident reports from protists [START_REF] Harnstrom | Bloom dynamics and population genetics of marine phytoplankton -Community, species and population aspects[END_REF]). However, the ecological and evolutionary processes generating new species and their maintenance is yet to be understood. The concept of species within microalgae is debatable because of the use of sequence-based clades in defining cryptic species [START_REF] Harnstrom | Bloom dynamics and population genetics of marine phytoplankton -Community, species and population aspects[END_REF], while the underlying genetic difference is also described as intra-genomic variation within a species [START_REF] Harnstrom | Bloom dynamics and population genetics of marine phytoplankton -Community, species and population aspects[END_REF]). Among dinoflagellates, many genotypes with small genetic variations have been described as clades, ribotypes or species complex, instead of species [START_REF] Harnstrom | Bloom dynamics and population genetics of marine phytoplankton -Community, species and population aspects[END_REF].

Comparative genomics study using ITS2 region of the genome from 10 isolates of P.

tricornutum was not able to provide any significant evidence for genetically driven morphological appearance of P. tricornutum cells (De Martino 2007). However, the analysis provided a firm opinion over the presence of various genotypes within P. tricornutum strains. Thus, in the absence of genome wide analysis and diversity map of P. tricornutum ecotypes, it is naïve to produce any hypothesis about, if or not, the genotype hosts any signatures for the evolution of morphogenesis in P. tricornutum.

However because of an instantaneous nature of P. tricornutum morphotypes to switch from one to another under the influence of reported environmental inducers, the mechanism of morphogenesis and other environment induced physiological changes Introduction Phaeodactylum tricornutum genome and epigenome: characterization of natural variants seems to be driven by more complex non-genetic forces, e.g. epigenetics and not by genetics alone.

Epigenetics is the study of heritable non-genetic changes that are induced by the physical environment around us. These changes provide fitness and establish new characters or phenotypes in an organism to survive better in its changing ecological niche and/or in newly invaded environmental conditions. The epigenetic control of gene regulation within a cell is governed by three components: DNA methylation, Histone protein post-translational modifications and noncoding RNA mediated pathways (Figure 4). In a eukaryotic cell nucleus, DNA exists as a condensed form called chromosomes. These chromosomes are composed of long threads called chromatin and are made by tightly wrapping of DNA around histone protein complex forming compact spherical beads like structure called nucleosomes. The histone protein complex is an octamer unit composed of two copies each of the core histone proteins H3, H4, H2A and H2B. The chain of nucleosomes is then mold into a 30nm spiral called solenoid, where additional H1 linker histone proteins are associated with each nucleosome to maintain the chromosome structure [START_REF] Ramakrishnan | Histone structure and the organization of the nucleosome[END_REF]).

Epigenetic mechanisms are well defined within plants and animals, however a lot has yet to be learnt from far diverged clades like stramenopiles. In the following review I have discussed how the study of emerging model organisms like diatoms helps understand the evolutionary history of epigenetic mechanisms with a particular focus on DNA methylation and histone modification landscape in P. tricornutum. The review article also provides, in light of studied epigenetic phenomenon in multicellular organisms, a holistic view of the epigenetic code underlying the ecological success of diatoms in the contemporary oceans.

Introduction

Research in the field of epigenetics has taken off in the last decade as evidenced by the growing number of published literature and scientific meetings. This is obviously due to numerous findings of its critical role in diseases such as cancer, development and responses to environmental cues in a wide range of species. Epigenetics means in addition to or above genetics implying changes in gene expression without altering the DNA sequence. These changes are inherited from cell to cell and trans-generationally from parent to offspring. Such changes involve chemical modifications of the DNA such as methylation, histone post-translational modifications leading to chromatin modifications, remodeling and attachment to the nuclear matrix, packaging of DNA around nucleosomes and RNA mediated gene silencing. Epigenetic mediated modifications are usually influenced by environmental cues, including diet, physical stresses such as temperature, or chemicals such as toxins and can also be stochastic due to random effects. A striking example is seen in Agouti mice exposed to bisphenol A, a ubiquitous chemical found in our environment. These are genetically identical twins but have a different size and fur color. In slim healthy brown mice, Agouti gene is prevented from transcription by DNA methylation while in yellow obese mice which are prone to diabetes and cancer, the same gene is not methylated resulting in its expression [1,2]. This is a fine example of the trans-generational inheritance of an epigenetic state where the Agouti locus escaped the usual resetting of epigenetic states during reproduction.

In the fruit fly Drosophila melanogaster, temperature treatment changes the eye color from white to red, and the treated individual flies pass on the change to their offspring over several generations without further requirement of temperature treatment [3]. The DNA sequence of the gene responsible for eye color remained the same for white eyed parents and red eyed offspring and the change was attributed to a specific histone modification [3]. Consistent with the work described above, a more recent study in Drosophila showed that the fission yeast homolog of activation transcription factor 2 (ATF2) that usually contributes to heterochromatin formation becomes phosphorylated leading to its release from heterochromatin upon heat shock or osmotic stress [4]. This new heterochromatin state that does not involve any DNA sequence change is transmitted over multiple generations [4].

In an ecological context, variation of DNA methylation was observed in a wild population of Viola cazorlensis which is a perennial plant [5]. Using a modeling approach on data collected over many years, the authors have observed that epigenetic variation is significantly correlated with long-term differences in herbivory, but only weakly with herbivory-related DNA sequence variation suggesting that besides habitat, substrate and genetic variation, epigenetic variation may be an additional, and at least partly independent, factor influencing plant-herbivore interactions in the field [5].

The above-discussed examples show a remarkable conservation of the function of epigenetic mechanisms in regulating gene expression among mammals, plants and invertebrates. This conservation goes beyond these species including early diverging single celled organisms such as microalgae. In this work, we will discuss how the study of non-model or emerging model organisms such as diatoms helps understand the evolutionary history of epigenetic mechanisms with a particular focus on DNA methylation and histone modifications.

Diatoms, what are they?

Diatoms are photosynthetic eukaryotic algae with cell sizes that usually range between 10 and 200 μm. They are found in all aquatic habitats including fresh and marine waters. These single celled species belong to Stramenopiles, which are part of the supergroup, Chromalveolates, containing also the Alveolata, the Haptophyta and Cryptophyceae (Figure 1, [6,7]). Diatoms are one of the most diverse and widespread phytoplankton with more than 100,000 extant species which are divided into two orders: centric that are round with radial symmetry and pennate that are elongate with bilateral symmetry (Figure 2). Fossil evidence suggests that diatoms originated during or before the early Jurassic period (~ 210-144 Mya). They are hypothesized to be derived from successive endosymbiosis where a heterotrophic eukaryotic host engulfed cells, phylogenetically close to red and green alga [8], combining therefore features from both green and red algae predecessors [9]. The diversity of diatoms increased further via the horizontal transfer of bacterial genes [10]. Diatoms and bacteria have indeed co-occurred in common habitats throughout the oceans for more than 200 million years, fostering interactions between these two diverse groups over evolutionary time scales [11]. Diatoms are at the base of the food web contributing to one fifth of the planet's oxygen and representing 40% of primary marine productivity [12]. They therefore play a critical role sustaining life not only in the oceans but also on Earth as a whole through their role in the global carbon cycle. Diatoms are also important for human society, providing food through the aquatic food chain and high value compounds for cosmetic, pharmaceutical and industrial applications. 

DNA methylation

Cytosine DNA methylation is so far the best characterized epigenetic mark. It is a biochemical process in which a methyl group is added to the cytosine pyrimidine ring at position five (5meC) common to all three super kingdoms. Cytosine methylation is a conserved epigenetic mechanism crucial for a number of developmental processes such as regulation of imprinted genes, X-chromosome inactivation, silencing of repetitive elements including viral DNA and transposons and regulation of gene expression [28,29]. DNA methylation is widespread among protists, plants, fungi and animals [30,31]. It is however absent or poor in some species such as the budding yeast Saccharomyces cerevisiae, the fruit fly Drosophila melanogaster, the nematode worm Caenorhabditis elegans and the brown algae Ectocarpus siliculosus [27,32].

With the advent of sequencing technologies and their increasing quality in terms of resolution and depth, our view and understanding of DNA methylation in the main supergroups of eukaryotes, plants and animals starts to emerge. The recently published methylome of P. tricornutum [23], which is phylogenetically distant from classic model organisms in the animal and green plant groups as well as diverse protists [31,33], drew a better picture and brought more insights into the evolutionary history of DNA methylation. With 27 Mb genome size, P. tricornutum shows a low level of DNA methylation compared to other eukaryotes such as human, Arabidopsis and the sea squirt Ciona intestinalis [31,33,34] (Figure 3). This is not correlated to the size of the genome as evidenced by the higher methylation occurrence of Ostreoccocus [33] that have much smaller genome and the low methylation in honey bee [31] whose genome is nearly ten times bigger than P. tricornutum. Although few species are compared in Figure 3, increase in cytosine DNA methylation seems to correlate with the average content of transposable elements, which presumably are kept silenced, and the complexity of the genome. Comparative epigenomics or methylomics provide some insights into the genes that might have impacted species evolutionary fate. A striking example are the differentially methylated genic regions (DMRs) found in human and its closely related primates such as chimpanzees, gorillas and orangutans which encode neurological functions suggesting species divergence correlated with developmental specialization [35,36]. In line with these observations, comparative epigenetic analysis of the two diatoms, the pennate P. tricornutum and the centric T. pseudonana [33], revealed no major differences in the fraction of the genome that is methylated or the context (Figure 4). However, out of 6199 shared genes, 408 are methylated only in P. tricornutum versus 461 only in T. pseudonana. DMRs between the two species are subsequently reflected in different GO categories enrichment [33] (Figure S1). Investigating further these genes might shed light on the history of their evolutionary divergence. on the orthologous genes between Pt and Tp genome. Using reciprocal best-hit BLAST approach, orthologous genes between Pt and Tp genomes are found. Out of 6199 orthologues, 459 genes are methylated in Pt whereas 512 genes are found methylated in Tp genome. The Venn comparison of these genes shows the conservation of gene body cytosine methylation over 51 genes while 408 and 461 genes are specifically methylated in Pt and Tp genomes, respectively. SRA accessions: Tp = GSM1134628; Pt = GSM1134626.

DNA methylation can occur in different contexts including CG, CHG and CHH where H can be any nucleotide except G. In P. tricornutum, DNA methylation was found in all contexts suggesting that CHG and CHH is not a plant innovation but existed already in a common ancestor and was lost from certain lineages. Indeed, Eukaryotes have evolved and/or retained different DNA methyltransferase complements responsible for the different context of methylation. Metazoans commonly encode DNMT1 and DNMT3 proteins, while higher plants additionally have plant-specific chromomethylase (CMT). On the other hand, fungi have DNMT1, Dim-2, DNMT4, and DNMT5 [39,40]. Previous phylogenetic analysis suggests that P. tricornutum genome encodes a peculiar set of DNMTs as compared to other eukaryotes [41]. DNMT1 appears to be absent in P. tricornutum as well as putative proteins coding for plant specific DNA methyltransferase CMT3 and DRM, which are responsible for non CG methylation. P. tricornutum encodes DNMT2 (Pt16674), which is an RNA methyltransferase that shows strong sequence similarities with DNA cytosine C5 methyltransferases. In addition to DNMT3 (Pt 46156), diatom genomes also encode DNMT5 (Pt45072) and DNMT6 (Pt36049) proteins as well as a bacterial-like DNMT (Pt47357) [41]. In bacteria, cytosine methylation acts in the restriction-modification system. Thus, the function of a bacterial-like DNMT in P. tricornutum is unclear. Interestingly, it is conserved in the centric diatom T. pseudonana (Tp 2094), from which pennate diatoms such as P. tricornutum diverged ~ 90 million years ago. This implies that a diatom common ancestor acquired DNMT from bacteria after a horizontal gene transfer prior to the centric/pennate diatom split [42]. Conservation of this gene in diatoms over this length of time suggests that it is functional. Because DNMT5 is also found in other algae and fungi, we postulate that it was present in a common ancestor. Furthermore, structural, functional, and phylogenetic data suggest that CMT, Dim-2 and DNMT1 are monophyletic [39,40]. Therefore, we propose that the common ancestor of plants, unikonts and stramenopiles possessed DNMT1 (subsequently lost in diatoms), DNMT3, and probably also DNMT5 (lost in metazoans and higher plants). This evolutionarily important loss is supported by the absence of DNA methyltransferases in the stramenopile E. siliculosus [27]. P. tricornutum encodes three putative DNA demethylases (Pt46865, Pt48620, Pt12645) with ENDO domain similar to the Arabidopsis DNA demethylases ROS1 domain suggesting similar mechanisms for DNA demethylation.

Dnmt5 was reported in a wide range of Eukaryotic single celled species that lack Dnmt1 but nevertheless retain CG methylation which was shown to be catalyzed by Dnmt5 [33]. In this work, the authors used Cryptococcus neoformans that has Dnmt5 as a unique DNA methylatransferase and showed that CG methylation is entirely lost when DNMT5 is deleted [33]. However, the authors did not exclude that another unknown methyltransferase catalyzes CG methylation and uses Dnmt5 as a required accessory or regulatory protein [33]. As mentioned above, typical Dnmt1 does not exist in P. tricornutum but our in-silico analysis revealed the presence of a gene which seems to be a Dnmt1 remnant protein which lacks the C5 methyltransferase catalytic domain but has retained two motifs characteristic of Dnmt1, the Bromo-adjacent homology (BAH) domain and a cysteine rich region (ZF_CXXX) that binds zinc ions. In higher Eukaryotes, Dnmt1 is the enzyme that catalyzes CG methylation and the activity of its catalytic domain is regulated by the N terminal region of the protein. Indeed an isolated Dnmt1 catalytic domain was proven to be inactive [43,44]. Interestingly, both BAH and cysteine rich domains are found within the N terminal region of Dnmt1 in higher eukaryotes. A tempting hypothesis would be that P. tricornutum Dnmt1-like is the accessory protein that might interact with Dnmt5 to catalyze CG methylation. It is tempting to think that these two domains that are as independent proteins in P. tricornutum fused through evolutionary time in a single polypeptide protein in higher Eukaryotes and gave rise to the eukaryotic Dnmt1. We are currently using a reverse genetic approach to determine the function of Dnmts and the putative accessory protein in P. tricornutum. The work will help to better understand their role in processes such as maintenance and de novo DNA methylation as well as context specificities which will ultimately shed light on the function of DNMTs in an evolutionary context.

P. tricornutum methylome discussed in various studies [23,30,31] confirms the conservation of gene body methylation as an ancient feature and its methylation preference for exons over introns in all Eukaryotic genomes where it has been examined including Arabidopsis, Ciona intestinalis, honey-bee and human. Several hypotheses were made to explain this specific pattern and interestingly, in-silico analysis of P. tricornutum genome revealed few evidences that support them. P. tricornutum encodes ROS1 related glycolysases that were thought present only in Arabidopsis where they were shown to specifically remove DNA methylation from gene ends [45]. A more universal factor that might explain gene body methylation pattern is the histone mark H3K4me that antagonizes DNA methylation and is distributed around the transcription start site in the genomes where it has been examined. In P. tricornutum, H3K4me2 does not localize with DNA methylation and maps around the translation start site [24], which is in line with its potential contribution to DNA methylation pattern at gene bodies.

A conserved function for gene-body methylation at the whole-genome level has not yet been established. When examined, sets of body-methylated genes were found to be expressed constitutively at moderate levels such as in angiosperms and most invertebrates [34,[46][47][48]. Nevertheless, in the silkworm, gene-body methylation correlates positively with gene expression levels [49]. In human, gene body methylation was shown to be involved in X chromosome activation [50] while it was recently reported that methylation of the first exon of autosomal genes correlates with transcriptional silencing [51]. It was also proposed that gene body methylation in human regulates the activity of intragenic alternative promoters [52]. In this line, a recent study [53] has established that body-methylated genes in A. thaliana are functionally more important, as measured by phenotypic effects of insertional mutants, than unmethylated genes. Using a probabilistic approach, the authors have reanalyzed single-base resolution bisulfite sequence data from A. thaliana. They demonstrated that body methylated genes are likely involved in either suppressing expression from cryptic promoters within coding regions and/or in enhancing accurate splicing of primary transcripts [53]. Interestingly, these functions were already proposed by previous studies [54][55][56], and the recent comparative study of honey-bee methylome has also established a link between gene-body methylation and splicing [57]. In our study, we found that gene-body methylation in P. tricornutum correlates positively with gene length and exon number. It is thus tempting to infer that intragenic methylation in P. tricornutum may play a role in avoiding aberrant transcription and/or mis-splicing. Furthermore, functional annotation of body-methylated genes reveals the presence of important functional classes such as (1) transferases and catalytic enzymes that play important role in cell wall assembly and its rearrangement which is crucial for cell integrity, (2) hydrolase activity which is important in stress responses, and (3) transporter activity necessary for metabolites shuttling such as silicic acid. Considering previous studies and in light of our recent work in P. tricornutum, gene body methylation does not suppress expression but rather correlates with low to moderate transcriptional activity. This might have the putative function of preventing aberrant transcription from intragenic promoters and appears to be a common and ancestral eukaryotic feature as reported previously [31,54].

Histones and their modifications

Eukaryotic chromosomes are packaged in the nucleus by wrapping the DNA around an octamer of four core histone proteins H2A, H2B, H3 and H4 forming the basic unit of chromatin, the nucleosome. Further compaction is achieved by the interaction of the nucleosome to the linker histone H1. This phenomenon seems to be conserved among all Eukaryotes and even archaea, where the nucleosomes are formed of only a tetramer of two H3 and H4 histones found in the cell, as archaea do not have a nucleus. Furthermore, nucleosome occupancy was found similar in two species of Archaea with depletion over transcriptional start sites as well as a conservation of nucleosome positioning code [58,59]. This demonstration of similarities between Eukaryotes and Archaea chromatin, suggests that histones and chromatin architecture evolved before the divergence of Archaea and Eukarya. This also suggests that the initial function of nucleosomes and chromatin formation might have been for the regulation of gene expression rather than the packaging of DNA, which is an Eukaryotic invention [58].

Histones are subject to a variety of post-translational modifications (PTMs) that have an important role in several processes such as transcription, replication and DNA repair. Histone PTMs in particular at the N terminus include acetylation, methylation, phosphorylation and ubiquitination, which were extensively studied in diverse species, along with modifications like sumoylation, glycosylation, biotinylation, carbonylation, and ADP ribosylation for which little is known [60]. Histone PTMs function either by altering the accessibility of genes to the transcriptional machinery, or by binding to effector proteins via specialized chromatin domains that deposit or erase these histone modifications. PTMs function in a combinatorial pattern known as the histone code, which confers active or repressive chromatin states to specific chromosomal regions of the genome [60,[START_REF] Cosgrove | Regulated nucleosome mobility and the histone code[END_REF].

P. tricornutum possesses 14 histone genes encoding 9 histone proteins. They are dispersed throughout five chromosomes with most in clusters of two to six genes as seen for most Eukaryotes. P. tricornutum histones belong to the five known classes, histone H1, H3, H4, H2A and H2B. These histones are conserved among diatoms and eukaryotic species. With the exception of histones H4 and H2B, P. tricornutum encodes variants for each histone H1, H3 and H2A. Sequence alignment of histone H3 shows the presence of canonical and replacement histones similar to human, H3.2 and H3.3. Additionally, P. tricornutum expresses a centromere specific variant commonly called CenH3 that varies considerably from the rest of H3 histones especially in the N terminal tail. CenH3 is essential for recruitment of kinetochores components ensuring correct segregation of chromosomes during mitosis and meiosis [62].

H2A histone members constitute the most diverse group of histones with the greatest number of variants. P. tricornutum is no exception as it encodes two copies of the canonical H2A but also both H2AZ (Pt28445) and H2AX variants while this latter is missing from C. elegans and protozoan parasites such as Plasmodium and Trypanosomes. The presence of the conserved motif SQE/D in the C terminal of P. tricornutum H2AX suggests a putative role of this histone in the maintenance of genome integrity via its contribution in the repair of double stranded DNA breaks. P. tricornutum encodes two histone H1 variants, which share nearly 50% identity. Interestingly, one of them (Pt44318), is expressed only in stress conditions such as high light which suggests its putative role in DNA repair as found previously in yeast and vertebrates [63,64]. The diversity of histone variants in P. tricornutum is interesting and suggests an adaptive evolution to the life history of diatoms via their chromatin interface to acquire new abilities to cope with the changing environment.

P. tricornutum and T. pseudonana genome sequencing revealed a long list of histone modifying and demodifying enzymes that are summarized in Table 1. This shows the great conservation of the writers and erasers of histone modification marks in diatoms and their ancient origin. Furthermore, Mass spectrometry analysis (MS) of PTMs in P. tricornutum showed similarities to that of plants and mammals including acetylation and/or methylation of several lysines on the N terminal tail of histones H2A, H2B, H3 and H4 and mono, di and tri-methylation of lysines 4, 9, 27 and 36 of histone H3 suggesting the early divergence of these PTMs and their important role in transcriptional regulation of many biological processes (Table 2). Interestingly, P. tricornutum combines histone PTMs found in both mammals and plants such as acetylation and mono-di methylation of lysine 79 of histone H3 found only in human and yeast [65] but not in Arabidopsis [66] underlying P. tricornutum genome diversity and the divergence of histone modifications among species throughout evolution. Another interesting example is the acetylation of lysine 20 of histone H4 which is shared with Arabidopsis but different from human where the residue is only methylated [66]. H4K20me which is known to be a repressive mark was detected neither by mass spectrometry nor by western blot using an antibody that recognizes this modification in Arabidopsis (data not shown). Furthermore, mono and dimethylation of lysine 79 of histone H4 are modifications that P. tricornutum shares only with Toxoplasma gondii which is an obligate intracellular parasitic protozoan belonging to Alveolates, a superphylum closely related to Stramenopiles [24]. A non-exhaustive mass spectrometry analysis of histones from an early diverging diatom Thalassiosira pseudonana shows the presence of similar histone PTMs (Figure 5), which points to the important role that histone PTMs might have had in shaping diatom genomes and ultimately in the diversification of eukaryotes. 

Non-coding RNA

Non-coding RNA is found in all kingdoms of life with fractions varying from 8% for bacteria to more than 98% for human genome (Figure 6). This non-coding fraction comprises functional non-coding RNAs such as transfer, ribosomal and regulatory RNAs as well as DNA that remains untranscribed or gives rise to RNA molecules of unknown function. Genome size correlates positively with the amount of non-coding DNA and evolutionary age of the species suggesting that the smaller and early diverging the species are, the less non-coding fraction of their genome they have (Figure 6). This also suggests that non-coding RNAs arose with the complexity of species and the plethora of subsequent novel functions. Although initially argued to be spurious transcriptional noise or accumulated evolutionary debris arising from the early assembly of genes and/or the insertion of mobile genetic elements, we have now evidence suggesting that the previously named "junk DNA" may play a major biological role in cellular development, physiology and pathologies [68]. It is also argued that not all of it will be functional as the transcription machinery is not perfect and will generate non-coding RNA with no fitness advantage and simply tolerating them would be more feasible than evolving and maintaining more rigorous control mechanisms that could prevent their production [69]. Non-coding RNAs that appear to have an epigenetic function including heterochromatin formation, DNA methylation, histone modifications and transcriptional silencing can be divided into two main categories based on their length: short non-coding RNAs (< 30 nts) and long non-coding RNAs (> 200 nts). Short interfering RNAs (siRNA) of 21 nucleotides are produced by long double stranded RNA through a cleavage by the endonuclease Dicer and are bound by an Argonaute protein. They recognize and silence their target mRNAs by perfect sequence complementarity which is in contrast to micro RNAs (miRNAs, 20 to 23 nts) which silence their target sequences by incomplete homology and act primarily at the translational level. Long non-coding RNAs (lncRNAs) have been reported in several eukaryotic genomes including mouse [70], human [71], Arabidopsis [72] and Zebrafish [73]. Non-coding RNAs are highly diverse and new classes are constantly being discovered. For an exhaustive list of known non-coding RNAs, refer to [74]. Non-coding RNA are known to occur in a wide range of species including human, insects, fish, plants, yeast, protists, even bacteria and archaea, underlying a conserved phenomenon. In Chlamydomoans reinhardtii, two studies reported the existence of miRNA that are reminiscent of the miRNAs of multicellular organisms as well as the phased transacting siRNAs (tasiRNAs) of plants. Chlamydomonas miRNA do not seem to have sequence homology to any known miRNAs in animals or plants, suggesting that miRNA genes may have evolved independently in the lineages leading to animals, plants and green algae [75,76]. The discovery of small RNA in diatoms and cocolithophores further confirmed the early divergence of such molecules [25,[START_REF] Lopez-Gomollon | Global discovery and characterization of small non-coding RNAs in marine microalgae[END_REF][START_REF] Norden-Krichmar | Characterization of the small RNA transcriptome of the diatom, Thalassiosira pseudonana[END_REF].

Conclusions and future perspectives

Although epigenetics is recognized for its fundamental role in diseases such as cancer, there is still a long way to go before we appreciate its importance in shaping species genomes through evolutionary time scales. Epigenetics allows individuals and populations to cope with biotic and abiotic stresses and respond to environmental cues through its dynamic regulation of genes but also provides progenies with a better fitness when the parents experience a particular stress affecting therefore their evolutionary potential. This is exemplified by DNA methylation that acts as an inducer of mutations in DNA sequences via the deamination process impacting therefore genome nucleotide sequences. These mutations in chromosomal DNA might have an effect on the fitness and evolution of individuals and populations. Using model or non-model single celled eukaryotes such as diatoms which constitute an early diverging branch in the evolutionary tree will provide a solid complement to multicellular organisms to enhance our understanding of the impact and true contribution of epigenetics to biological processes and ultimately to their evolutionary history. It is becoming clear now that it is important to include epigenetics and its impact on the evolutionary biology of species in our way of thinking and designing of experiments in biology.

Chapter 1

The Histone Code

Post-translational modifications of histone proteins are one of the two components of epigenetic code that regulates and maintains the functional physiological behavior of a cell. The current chapter discusses the use of an integrative approach combining Mass Spectrometry (MS), Chromatin Immunoprecipitation (ChIP) and RNA-Seq to introduce the histone code in Phaeodactylum tricornutum, along with the functional characterization of five histone post-translational modifications. This study provides the first landscape of various histone modifications and their impact in shaping the genome using a stramenopile species. In the current chapter, we discuss thoroughly the role of different marks in maintaining active and repressive state of the genome of P. tricornutum. Furthermore, to decipher the dynamic role of histone marks in maintaining the cellular physiology of P. tricornutum in response to the environmental cues, we investigated the role and functional profile of some key histone marks under nitrate stress conditions. In conclusion, the combinatorial analysis of histone PTMs revealed different chromatin states and gene expression patterns, extending the histone code to Stramenopiles.

Background

Eukaryotic histones are small proteins involved in the formation of nucleosomes, the basic repeating unit of chromatin comprising a histone core around which approximately 146 base pairs of DNA wrap, allowing it to be packaged into the nucleus [1]. The histone core consists of a histone octamer comprising two copies of histone H2A and H2B dimers and one copy of a histone H3-H4 tetramer, all linked to the next nucleosome by the histone linker H1, which appears to be an essential element for stabilizing the folding and condensation of chromatin [2]. Histones are substrates for a diverse range of post-translational modifications (PTMs). These PTMs can occur alone or in a combinatorial fashion (known as the 'histone code') and define dynamic transitions between active and silent chromatin states that coregulate important biological processes [3]. PTMs occur primarily on the N-terminal tails of histones but also on their globular domains and their C-termini, and include methylation, acetylation, phosphorylation, ubiquitination, sumoylation, citrullination, ADP-ribosylation, hydroxylation, and crotonylation of specific residues [4]. While histone acetylation is generally associated with gene activation, methylation of specific lysine residues can be associated with either active or silent chromatin states depending on the residue that is modified, and whether it is mono-, di-, or tri-methylated. Furthermore, histone phosphorylation is involved in transcriptional regulation of a wide range of biological processes, such as mitosis, DNA replication and damage repair, stress responses, and activation of transcription.

Histones are one of the most highly conserved groups of proteins throughout evolution, highlighting their important role in living organisms. They have been found in almost all eukaryotes so far examined, and although they are not found in bacteria, they do occur in some Archaea [5], indicating their ancient origin. They have been extensively studied in several model organisms, including human, Drosophila, yeast and Arabidopsis. However, little is known about their role in genome organization in phylogenetically distant groups of eukaryotes beyond the Opisthokonta (including metazoans and fungi) and the Archaeplastida (higher plants, green and red algae).

The chromalveolate group is one of the most diverse groups of eukaryotes, and includes ciliates and dinoflagellates (members of the Alveolata), as well as oomycetes and diatoms (representatives of the Stramenopila, also known as Heterokonta) [6]. Very little is known about the genome structure of these organisms. Ciliates, for example, show a peculiar genome organization reminiscent of the germline-soma distinction in other eukaryotes, with a macronucleus, where transcription of protein coding genes takes place, and a germline micronucleus, which remains silenced [7]. This diversity in genome organization is also seen in dinoflagellates, whose chromosomes are attached to the nuclear membrane and lack canonical histones [8].

Diatoms (Bacillariophyta) are one of the major groups of chromalveolates. Although chronically understudied from a molecular perspective, they are a fundamental component of phytoplankton in most aquatic ecosystems, and are believed to contribute around 40 % of primary production in marine ecosystems [9]. Whole genome sequencing of two marine diatoms, Thalassiosira pseudonana and Phaeodactylum tricornutum, has revealed their unusual genomic composition, proposed to be a result of endosymbiotic gene transfers involving green and red algae, as well as a significant amount of horizontal gene transfer from bacteria [10]. The combination of genes from different origins has attributed them with novel metabolic capacities for photosynthetic organisms, such as fatty acid oxidation pathways and a urea cycle centered in their mitochondria [11]. These pathways are central hubs of diatom primary metabolism and are also used for diatom-specific processes, such as the construction of their silicified cell walls, known as frustules [11,12].

Diatoms are remarkably successful organisms with a broad distribution in contemporary oceans and with a well-known capacity to adapt rapidly and outcompete other phytoplankton when favorable conditions arise [13], suggesting that epigenetic regulation mechanisms might contribute to their success. We therefore used high accuracy mass spectrometry (MS) to draw a comprehensive landscape of PTMs in P. tricornutum. Using chromatin immunoprecipitation (ChIP), we generated whole genome maps of five PTMs and compared their distributions with a previously generated DNA methylation landscape [14]. Finally, we demonstrate the dynamic nature of the chromatin code by revealing changes in response to nutrient limitation.

Results

Identification of histone PTMs using mass spectrometry

The P. tricornutum genome encodes 14 histone genes dispersed on 5 of the 34 chromosome scaffolds characterized previously [15]. Most are found in clusters of two to six genes, as seen in other, albeit not all, eukaryotes such as the ciliates Stylonychia lemnae, Tetrahymena thermophila and related species [16,17]. The phylogenetic clustering of P. tricornutum histones in doublets of H3-H4 and H2A-H2B reflects their similar evolutionary history, which involves the progressive diversification and differentiation of the four core histone families through a mechanism of recurrent gene duplication [18] (Additional file 1). While histones H4 and H2B are highly conserved, the P. tricornutum genome encodes one variant of histone H1, and two variants of each histone H3 and H2A. Further in silico analysis revealed that the 27 Mb genome contains a plethora of histonemodifying enzymes, including histone acetyl transferases and deacetylases, and methyl transferases and demethylases [19].

To identify histone PTMs in P. tricornutum, we used high-accuracy MS combined with different enzyme digests with purified histone preparations [20]. Subsequent manual inspection and validation of MS data resulted in a high level of confidence in discriminating between modified sites with the same nominal masses (see Materials and methods for details). In total we identified 62 PTMs on the core and variant histones, among which eight are novel or have been identified previously in only one species (Fig. 1a). As expected, most PTMs are on the protruding N-terminal tails, although a substantial number of modified sites were also detected on the globular domains (Fig. 1a; Additional file 2). A range of lysine residues exhibited multiple modifications comprising mono-, di-and tri-methylation, acetylation and mono-ubiquitination, many of which are shared with mammals and plants. However, the positions of some modified sites were not conserved, such as the ubiquitination of lysine 111 of histone H2B. N-terminal acetylation was observed on H2A.Z and H4, where the initial methionine was lost during protein processing and the subsequent serine residue was acetylated. We could not detect either di-or tri-methylation of lysine 9 of histone H3 despite the presence of the histone modifying enzyme of the SuVar family. However, we have shown the presence of both modifications by western blot in a previous work [21]. Of note, neither H3K9me2 nor H3K9me3 were detectable by MS in Arabidopsis despite their occurrence in vivo [22,23]. Although several arginine methylases are encoded in the P. tricornutum genome [19], methylation of arginine was not detected, which might be due to its low abundance. Some modifications were shared only with metazoans and not plants, such as mono-, di-and tri-methylation of lysine 79 of histone H4. Besides these novel PTMs, we identified five additional unique modifications, acetylation of lysines 31 and 59 of histone H4 as well as acetylation of lysines 2, 34 and 107 of H2B (Fig. 1a,b).

Genome-wide distribution of H3K4me2, H3K9me2, H3K9me3, H3AcK9/K14 and H3K27me3

The identification of several histone PTMs by MS provides an opportunity to investigate their biological role and significance in P. tricornutum. We chose to focus our analyses on a few histone marks that have known functions in transcriptional activation or repression so as to draw inferences of possible regulatory roles in diverse biological processes. Genome-wide mapping of five histone marks (H3K4me2, H3K9me2, H3K9me3, H3K27me3 and H3AcK9/14) as well as nucleosome occupancy was generated by ChIP followed by deep sequencing (ChIP-Seq; see Materials and methods). Two biological replicates were sequenced for each mark and statistical tests showed a positive correlation between replicates (multiple hypothesis testing with 10 % false discovery rate, FDR p-value <0.005), thus validating the accuracy of the data. We generated high coverage maps with 4 to 38 million reads that uniquely mapped to the P. tricornutum genome (Additional file 3). Almost 40 % of t h eg e n o m ew a sm a r k e db yt h ef i v eh i s t o n em o d i f i c ations. H3K4me2-, H3K9/14Ac-, H3K9me2-, H3K9me3and H3K27me3-marked regions covered ~29 %, ~25 %,
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by at least one histone modification, and a total of 119,000 genomic regionsgenes, intergenic regions, transposable elements (TEs) (1,228,620 bp) -are shared between all the marks (Fig. 2a).

We further investigated the distribution of histone modification peaks on genes, TEs and intergenic regions. Based on the number of modified domains, we found more enriched domains within genic regions than on TEs for all the marks except H3K9me3 (Additional file 5). Furthermore, a significant percentage of H3K4me2-and H3K9/ 14Ac-modified domains lay within intergenic regions.

A systematic analysis of the locations of H3K4me2and H3K9/14Ac-marked regions revealed a highly significant correlation between their location and the presence of annotated genes. Around 86 % and 63 % of annotated genes were found to be associated with H3K4me2 and H3K9/14Ac, respectively, while only 605 and 741 TEs, respectively, were marked (Fig. 2b). In stark contrast with these two marks, H3K9me2 and H3K9me3 were found associated principally with annotated TEs. A total of 1281 and 1510 TEs were found to be marked with H3K9me2 and H3K9me3, respectively, even though a significant number of genes were also marked by H3K9me2 (Fig. 2b). Compared with H3K9me2, H3K27me3 was even more highly enriched on TEs, which is surprising and unusual compared with other organisms for which this mark has been profiled [25,26]. A total of 1421 out of 3493 TEs were associated with H3K27me3 while only 700 genes were marked with it (Fig. 2b).

Distribution patterns of H3K4me2, H3K9me2, H3K9me3, H3AcK9/K14 and H3K27me3 on genes

To investigate the enrichment patterns of each histone modification on genes, we examined the average enrichment of the five histone marks on predicted genes over their entire coding sequence (CDS), and within regions 500 bp upstream and downstream of the CDS. The enrichment of H3K9/14Ac and H3K4me2 peaks significantly close to the 5′ end of CDSs, with a sharper peak for H3K9/14Ac (Fig. 2c). b Percentage of genomic features (genes, TEs, and intergenic regions) found enriched for each of the marks. The numbers above each bar refer to total number of peaks overlapping genes, TEs or intergenic regions. c Enrichment profile of H3K4me2, H3K9_14Ac, H3K9me2, H3K9me3, H3K27me3 along genes (upstream 500 bp, coding region, downstream 500 bp). Average tag density is the number of sequence reads per gene. Note that the small rise in enrichment seen in the flanking regions (both at 5′ and 3′ ends) is a result of the presence of nearby genes in the densely packed genome. d Genome-wide nucleosome distribution. The color code refers to the level of enrichment, blue being low and red high. e Nucleosome occupancy along genes and flanking regions and its correlation with gene expression quantiles (Reads Per Kilobase Per Million, RPKM). f A snapshot of chromosome 1, showing the six epigenetic modifications within genes and TEs

To assess whether the genes marked with specific histone modifications are enriched in specific functional categories, we performed a gene ontology (GO) classification. The genes marked by H3K4me2 (6047; 62.8 % of annotated genes) are enriched in the structural constituent of ribosome GO category compared with the rest of the genes in the genome while those marked by H3K27me3 (700; 7 % of annotated genes) are enriched in protein kinase activity, cAMP-dependent protein kinase, phosphotransferase, and diamine N-acetyl transferase GO categories. H3K9me2-and H3K9me3-marked genes (218; 2.3 % of annotated genes) were found to be enriched in hydrolase, ATPase, inorganic cation transmembrane transport, nucleoside tri-phosphatase activity, helicases, and structural constituent of cytoskeleton GO categories. H3K9/14ac marked genes were not enriched in any particular GO category (Additional file 6).

Genome-wide mapping of H3K4me2, H3K9me2, H3K9me3, H3AcK9/K14 and H3K27me3 on TEs P. tricornutum TEs contain class I elements, including long terminal repeat retrotransposons (LTR-RTs; Copia), relics of non LTR-RT retrotransposon-like elements, and a few copies of class II transposons, including Piggybac, Tpase-like, and MuDR-like elements [27]. Among them, 1350 (38.7 %), 1510 (43 %) and 1421 TEs (41 %) were marked by H3K9me2, H3K9me3 and H3K27me3, respectively (Figure S5A in Additional file 7). Most of these marked TEs belong to Copia-type elements. A total of 1158, 1163 and 1281 Copia TEs were found to be marked by H3K9me2, H3K9me3 and H3K27me3, respectively, and most of them are not transcribed (Figure S5A, B in Additional file 7). As for H3K9/14Ac and H3K4me2, which have a transcription activating effect on TEs (Figure S5B in Additional file 7), only 858 and 644 TEs were marked, respectively, and most of these were found to be simple repeats (n = 657 and n = 337, respectively). Overall, a significant fraction of potentially active Copia TEs were found associated with H3K9me2, H3K9me3 and H3K27me3, which implies that these marks may regulate the transcriptional activation of TEs, especially Copia-type TEs, which appear likely to have amplified recently in the genome of P. tricornutum [27].

Nucleosome occupancy in the P. tricornutum genome Nucleosome occupancy plays an important role in cellular processes, allowing selective access to the DNA by regulatory elements such as transcription factors [28]. To assess the relative size of nucleosomes, we performed micrococcal nuclease (MNase) digestion of isolated nuclei using increasing concentrations of MNase. Separation of the digested product in agarose gels showed a major band around 150 bp, which is a similar size to that found in plant and metazoan nucleosomes (Figure S6A in Additional file 8).

To evaluate the relative nucleosome occupancy over the P. tricornutum genome, we performed ChIP-Seq with an antibody against the unmodified carboxyl terminus of histone H3. Close to 60 % of the genome was found to be occupied by nucleosomes, with densely packed segments interspersed by nucleosome-depleted regions (Fig. 2d). Most of the nucleosomes fall within exons and a significant number cover TEs and intergenic regions (Figure S6B in Additional file 8). We further examined nucleosome distribution over CDSs, upstream of the transcription start site and downstream of the stop codon, and assessed how this correlated with the expression state of the genes. Our data show that nucleosome depletion occurs around 150 bp upstream of the transcription start site for genes that have high expression quantiles while nucleosome density increases over gene bodi e sa n dd r o p st o w a r d st h e3 ′ end for all genes, regardless of their expression quantile, which is consistent with what has been reported in other species (Fig. 2e).

Previous work in other organisms identified nucleosome positions based on DNA sequence motifs [29]. We therefore tested whether DNA sequence-guided nucleosome positioning is of relevance in P. tricornutum.W e found that GC and CG are dinucleotide sequences where nucleosomes are preferentially positioned whereas AA, TA and TT can be considered nucleosomeexcluding sequences and rather tend to peak outside the nucleosomes (Figure S6C in Additional file 8), as observed in other species [29].

Correlation of chromatin marks with gene expression

A representative genomic region of chromosome 1 is shown in Fig. 2f to demonstrate the general distribution of the five histone marks along with histone H3 on genes and TEs. It shows that, in general, genes are co-marked by H3K4me2 and acetylation while TEs tend to be marked by H3K9me2, H3K9me3 as well as H3K27me3.

To explore the relationship between gene expression and each of the five histone marks, the mRNA levels of genes were assessed genome-wide using RNA-Seq in the same growth conditions that were used for the cells used for chromatin analyses. The genes marked by both H3K4me2 and H3K9/14Ac showed the highest average expression levels, and the latter showed the largest variation in expression (Fig. 3a). By contrast, both H3K9me3-and H3K27me3-marked genes displayed the lowest gene expression levels, indicating their association with repressed genes in P. tricornutum, consistent with previous studies in different organisms [30][31][32]. H3K9me2 also displayed a moderate repressive effect on genes. Taken together, these observations suggest that H3K4me2 and H3K9/14Ac represent general marks for expressed genes, whereas H3K9me3, H3K27me3 and H3K9me2 appear to associate with repressed genes.

Combination of two or more histone modifications is known to have an impact on gene regulation beyond those of individual marks [33,34]. We therefore examined whether particular combinations of histone PTMs may influence transcriptional regulation of genes in P. tricornutum. A large number of genes marked with both H3K4me2 and H3K9/14Ac were significantly correlated with high levels of expression, further supporting the role of these two marks in the activation of gene expression, while co-occurrence of H3K27me3 with either H3K9me2 or H3K9me3 correlated with a low level of gene expression, indicating the repressed state of these co-marked genes (Fig. 3b).

We further correlated DNA methylation from previously published work [14] with histone PTMs and examined gene expression patterns of marked genes. As noted above, genes co-marked with H3K4me2 and H3K9/14Ac were upregulated, and this was largely unaffected by the presence or absence of DNA methylation (Fig. 3b). DNA methylation had no major effect on expression patterns, except on 48 genes labeled with H3K4me2, which were significantly highly expressed compared with other H3K4me2 genes that were not methylated (Fig. 3b). We have already shown that DNA methylation has no significant effect on expression of genes except when they are extensively methylated [14]. Furthermore, the genes co-marked by H3K4me2 and DNA methylation might have additional activating histone marks that we did not investigate in this study, such as H3K4me3, H3K36me3 and H3AcK27, which could explain the significant increase in gene expression.

Combination of the five histone marks with DNA methylation defined three main chromatin states (CSs): CS1, which is activating and correlates with the presence on genes of H3 acetylation and H3K4me2; CS2, which is repressive and is defined predominantly by H3K27me3, H3K9me3 and H3K9me2; and CS3, which combines activating and repressive marks with an intermediate expression level of genes. It should also be noted that a significant number of genes are not marked and may contain histone marks that were not investigated in this study (Fig. 3b).

H3K27me3 is characterized by a broad distribution pattern over several kilobases in animals, while plants such as Arabidopsis display shorter H3K27me3-marked domains restricted mainly to transcribed regions [32,36]. Although a photosynthetic organism, P. tricornutum shows an animal-like distribution pattern of H3K27me3, perhaps suggesting similar mechanisms of deposition and transcriptional regulation of genes. Polycomb repressive complex 2, containing four proteins, methylates H3K27me via the SET domain of its subunit enhancer of zeste [37]. The PRC2 complex is widely distributed among plants, metazoans and algae but appears to be absent from the yeast species Saccharomyces cerevisiae and Schizosaccharomyces pombe [38]. Considering the presence of different clusters within the wide H3K27me3 domains reported in different species [26,31,37] and the lack of knowledge about the distribution pattern of this mark in single-celled organisms, we assessed in more detail the pattern of H3K27me3 enrichment over genes. Interestingly, we could distinguish six different profiles. The first cluster of genes shows a distinct enrichment over the region 500 bp downstream of the stop codon (C1), while the other clusters target the gene body and 500 bp downstream (C2), the gene body only (C3), the entire gene length (C4), only the region 500 bp upstream of the TSS (C5), and 500 bp upstream and the gene body (C6) (Fig. 4a). When correlated with expression data, only four clusters (C2, C3, C4 and C5) correlate clearly with repressed genes while clusters C1 and C6 show positive correlations with gene expression compared with unmarked genes, suggesting a different or a diversified role of H3K27me3 in P. tricornutum which is known to be repressive (Fig. 4b). We performed a homology estimation analysis (see Materials and methods) and found out that out of 700 H3K27me3-marked genes, 39 % have no homologs with known function and nearly 20 % are found only in P. tricornutum (Additional file 9). Of note, none of the other investigated marks showed such a clustering pattern.

Changes in chromatin marks in response to nutrient-limiting conditions

To gain insights into the dynamic nature of the P. tricornutum epigenome in response to an environmental cue, we analyzed the impact of nitrate depletion. Nitrate is an important nutrient in marine ecosystems and its appearance in surface waters, e.g., following upwelling events, is often associated with diatom proliferation [13]. We specifically examined three histone modifications (H3K4me2, H3K9/14Ac and H3K9me3) using Chip-seq, as well as DNA methylation by bisulfite deep sequencing. We also assessed gene expression changes by RNA-Seq.

In parallel with the reduced growth rate and chlorotic phenotype observed during nitrate limitation (Additional file 10), the number of genes that lost or gained histone marks and/or DNA methylation was noteworthy, in particular H3K9/14 acetylation and H3K4me2 (Fig. 5a). These changes were more prominent on genes than on TEs, except for H3K9me3 and DNA methylation, which showed an opposite profile, indicating that TEs are probably tightly regulated by these two marks, which show repressive effects in response to stress (Fig. 5b). Almost 20 % of H3K4me2-marked genes lost this mark under nitrate depletion while ~16 % of H3K9/14Ac-free genes gained this mark. The loss of both H3K9me3 and DNA methylation was even more significant (31 % and 35 %, respectively). As expected, the chromatin profiles of most genes and TEs remained the same, suggesting that only certain sets of genes and TEs were affected by nitrate limitation. Very few intergenic regions were differentially marked between both conditions, suggesting they have a minor role in gene regulation in response to nitrate limitation (data not shown).

To determine whether these patterns of histone modifications were correlated with changes in transcriptional regulation, we used a global quantification approach to examine the link between differentially marked genes and the fold change in expression under nitrate replete and limiting conditions. The overall effect of differential marking by both acetylation and H3K4me2 had a positive effect on gene expression, while the differential marking of H3K9me3 showed a rather repressive effect on gene expression (Fig. 5c,d). Many genes gained acetylation and/or H3K4me2 under low nitrate and therefore became upregulated, as did those that lost H3K9me3. This analysis pinpointed genes involved in nitrate metabolism, e.g., ferredoxin-dependent nitrite reductase (Pt12902), and nitrite (Pt13076) and nitrate (Pt26029) transporters, which were all acetylated under nitrate starvation, which correlated with their transcriptional upregulation (Fig. 6; Additional file 11).

To gain further insights into the functional categories of genes that were differentially marked and regulated under low nitrate, we performed a GO classification as well as a Mapman analysis and found that, as expected, there is an enrichment in genes encoding proteins involved in nitrate metabolic pathways (nitrate transport, reduction and assimilation) as well as genes involved in lipid transport and metabolism, and stress response in conditions of nitrate limitation (Additional files 11, 12, 13, 14, and 15). Other genes involved in different pathways related to nitrate availability were also found to be marked and expressed differentially. For example, genes encoding phytoene desaturase-like3 (Pt15806), known to be involved in carotenoid biosynthesis, coproporphyrinogen III oxidase (Pt10640), involved in heme and chlorophyll synthesis, as well as several proteins involved in light harvesting (Pt14442, Pt25168, Pt22956, Pt22395, Pt47697) gain H3K4me2 under low nitrate, while genes encoding an ATP binding protein (Pt46431) or encoding secondary metabolite biosynthesis components (Pt16295) gained H3K9me3. Stress response genes were also found to be differentially regulated. Most of the genes that gain or lose DNA methylation encode proteins involved in catalytic activities and metabolism. A few other genes indirectly related to nitrate depletion showed differential regulation ab Fig. 4 Clustering analysis of H3K27me3 over genes and correlation with gene expression. a H3K27me3 enrichment is shown in red while absence is represented in gray. Gene expression levels are shown as a heat map with red reflecting high (expression level FPKM [fragments per kilobase of exons per million reads mapped] greater than 20) and green representing low expression (expression level FPKM between 0 and 20). b Expression boxplots for each H3K27me3 enrichment cluster. Un refers to genes unmarked by H3K27me3 in response to nitrate limitation, including Pt15815, which encodes an ortholog of a pyrophosphatase-energized proton pump (involved in auxin transport in plants), whose enhanced activity was shown to improve nitrogen uptake in roman lettuce [39], and Pt51183, which encodes a CREG1 ortholog, involved in cellular repression of transcription. Interestingly, many genes of unknown function lost one of the marks, in particular acetylation under low nitrate conditions. Among these genes, many were found to be diatom specific -30 % of H3K9me3-, 36 % of H3AcK9/14-and 40 % of H3K4me2-marked genes; these represent 9 %, 9.6 % and 3.6 %, respectively, of the Phaeodactylum genome, suggesting particular pathways have been recruited by diatoms to survive nitrate depletion in the oceans.

Discussion

We report here a comprehensive analysis of histone PTMs in the model diatom P. tricornutum using MS and ChIP-Seq. MS analysis revealed a large conservation of histone modifications but also new ones, thus expanding the list of histone PTMs in eukaryotes. Most of the histone modifications showed similarities to those of plants and mammals, including acetylation of several lysines on the N-terminal tails of histones H2A, H2B, H3 and H4 and mono-, di-and tri-methylation of lysines 4, 9, 27 and 36 of histone H3, suggesting their role in transcriptional regulation of many biological processes.

MS analysis revealed eight less-characterized modifications, namely acetylation of lysine 59 of histone H4, which was instead reported to be methylated in bovine calf thymus histones [40], and acetylation of lysine 31 of histone H4 (reported only in Toxoplasma [41], although not confirmed in an independent study [42]). In addition, we also detected acetylation of lysines 2, 34 and 107 of H2B, which are reported for the first time in this study, as well as the ubiquitination of lysine 111 of the same histone. Due to their accessibility, histone tail modifications have been widely studied and have been shown to act primarily through altering the ability of non-histone proteins to interact with chromatin. On the other hand, less-studied histone modifications in the core domain, such as the novel ones identified in this work, are likely to exert their function through mechanisms that are distinct from those reported for histone tail modifications. H2BAcK34, H4AcK31, H4AcK59, H4K79me1, H4K79me2 and H4K79me3 are located on the lateral surface of the nucleosome (Fig. 1b), suggesting a primary function in the regulation of histone-DNA interactions. To explain how these modifications might alter chromatin structure, a model has been proposed whereby a chromatin remodeling activity acts on the nucleosomes to alter histone-DNA interactions, thereby exposing sites on the lateral surface w h i c hi nt u r nb e c o m em o d i f i e da n da l t e rt h em o b i l i t yo f nucleosomes. This altered mobility can either lead to changes in the accessibility of specific DNA sequences or changes in higher order chromatin structure [39,42].

Interestingly, P. tricornutum combines histone PTMs found in both mammals and plants, such as acetylation and mono-and di-methylation of lysine 79 of histone H3 found only in human and yeast [44] but not in Arabidopsis [23], underlying the mosaic nature of the P. tricornutum genome. Another interesting example is the acetylation of lysine 20 of histone H4, which is shared with Arabidopsis but different from human where this residue is only methylated [23]. H4K20me, which is known to be a repressive mark, was not detected by either MS or western blotting using an antibody that recognizes this modification in Arabidopsis (data not shown). Furthermore, mono-and di-methylation of lysine 79 of histone H4 are modifications that P. tricornutum shares only with Toxoplasma gondii, which is an obligate intracellular parasitic protozoan belonging to the Alveolata, a superphylum closely related to Stramenopiles. Novel histone core domain modifications identified in P. tricornutum are probably ancient modifications that likely were lost from the divergent lineages (or have not yet been detected). It will be interesting to investigate the presence of these novel PTMs in closely related species to trace back their evolutionary history more precisely.

We further generated an integrated epigenomic map of five histone marks known to be activating or repressive using ChIP-Seq. Combined with previously published genome-wide DNA methylation data [14], comprehensive and combinatorial analyses revealed some conserved and specific epigenetic features in P. tricornutum, thereby extending the existence of the histone code to Stramenopiles. As expected, both acetylation of lysines 9 and 14 and di-methylation of lysine 4 of histone H3 map predominantly to genes, followed by intergenic regions and TEs. This is in contrast to H3K9me3, H3K9me2 and H3K27me3, which we found mainly within TEs. As in yeast, mammals and plants, H3K4me2 in P. tricornutum does not appear to index genes in relation to their expression level and may not be directly implicated in transcriptional activation [45,46]. By contrast, acetylation correlates with transcription activation and is enriched in gene promoters, which is in line with genome-wide studies in yeast, human and Arabidopsis [47][48][49]. H3K9me2 marking was mainly found on TEs and a substantial number of transcriptionally repressed genes, consistent with what has been observed in plants and animals in which this mark has been profiled [33, 49-5 0 ] .T h eH 3 K 9 m e 3m a r km a p p e dm a i n l yo n TEs and is repressive, which is similar to mammals but different from Arabidopsis, where it is exclusively found on euchromatic regions where it has a positive effect on gene regulation [32].

H3K27me3 covered 3.84 Mb (14 %) of the 27.4 Mb P. tricornutum genome, which is more than Neurospora, Arabidopsis, Drosophila and mammals, where it covers around 6 % of each genome [25,32]. This high percentage compared with other species can be explained by the large coverage of H3K27me3 over TEs and is in line with this mark being an ancient histone modification with a primary role in TE silencing, as previously suggested [25]. H3K27me3 is known to be repressive and to mark mainly genes in Drosophila, mammals, Arabidopsis and Neurospora [25,32]. However, its distribution is different and unusual in P. tricornutum, being predominantly on TEs, and it has a repressive effect, implying that the functions and mechanisms of H3K27me3 in singlecelled eukaryotes may be different from in their multicellular counterparts.

The H3K27me3 mark is established by the Polycomb repressive complex PRC2 and its absence in the model unicellular fungi S. pombe and S. cerevisiae initially suggested that it arose to regulate developmental processes in multicellular organisms [53]. This hypothesis has recently been questioned because PRC2 has been found in several single-celled species [37]. Our results showing genome-wide mapping of H3K27me3 in a unicellular organism confirm its early evolution prior to the last common ancestor of animals and plants.

Unlike in Arabidopsis, where H3K27me3 marks short regions, typically <1 kb, which tends to be restricted to the coding regions of single genes, H3K27me3-modified regions show blanket-type coverage over large domains in P. tricornutum (≥2 kb), which resembles the enriched profiles of H3K27me3 in animals [35,53]. Our observation of H3K27me3 enrichment over promoter regions and its correlation with highly transcribed genes is also surprising and contrasts with what has been previously reported [37,55]. The blanket-like coverage of H3K27me3 in animals has been overlooked and such correlations might have been missed from Drosophila, human and mouse cells because the wide enrichment of H3K27me3 does not appear to have been analyzed in detail. However, a more detailed study reported recently in mouse embryonic stem cells revealed a similar profile, where H3K27me3 mapping on promoters correlated with high expression, suggesting that these regions might serve as bivalent domains harboring additional activation marks such as H3K4me3 and H3K36me3 [30]. The observed enrichment over the entire gene, gene body alone, or together with either 500 bp upstream or downstream regions represents the majority of H3K27me3-marked genes in P. tricornutum and correlates with low expression, thus corresponding to the canonical view of H3K27me3 as being inhibitory to transcription [25,31,35]. This suggests that a repressive role of H3K27me3 in P. tricornutum might be mediated by gene body marking that occurs in all four clusters identified in Fig. 4, and may compromise transcription elongation. This does not exclude repression by transcription initiation for the upstream marked regions. A novel and intriguing pattern is the presence of H3K27me3 downstream of gene bodies that correlates with activation, suggesting that H3K27me3 does not interfere with transcription termination and that other unknown additional factors allow the transcription of these genes to take place. Overall, H3K27me3-marked genes belong to many functional categories. However, there is a tendency for H3K27me3 to mark genes that have no known function or to be poorly conserved, among which a large proportion have no orthologs. For the rest of the genes that are functionally annotated, a significant number encode 'developmental' genes, as seen in mammals and Arabidopsis. Cluster-wise, most of the genes marked at their promoter by H3K27me3 are co-marked by acetylation, which might explain their transcriptional activity, while the others, in particular those marked over their entire length, tend to encode 'developmental' genes as well as defense response genes.

Our work has also shown the importance of chromatin level regulation in diatoms in response to nitrate starvation, as the changes in the examined histone marks had a considerable impact on gene expression. Epigenetic profiling of nitrate-starved cells revealed a set of genes involved in nitrate assimilation, transport and metabolism which either gain activating marks or lose repressive marks and become upregulated. As expected, many diatom-specific genes of unknown function show up in this analysis, suggesting a key role in surviving nitrate starvation. These uncharacterized genes might help diatoms to cope with a scarcity of nitrate until better conditions become available and allow them to bloom and out-compete other plankton. Functional characterization of these genes will shed light on the pathways that diatoms recruit to survive nutrient depletion and will ultimately contribute to better understanding of diatom ecological success in contemporary oceans.

In line with previous studies in Drosophila and Arabidopsis, where different chromatin states have been identified, the combinatorial analysis of histone marks with DNA methylation allowed us to define three chromatin statesactive, repressive or intermediatesupporting the existence of an epigenetic code in addition to the histone code in P. tricornutum. Mapping of additional marks will undoubtedly refine this analysis and provide new insights into the role of chromatin modifications in marine diatoms.

Conclusions

To gain insights into the evolution of chromatin-mediated regulation of genes, we used an integrative approach combining MS, ChIP and RNA-Seq to analyze posttranslational modifications of histones in a stramenopile, the model diatom P. tricornutum, which is phylogenetically distant from well-known model organisms from other lineages of life such as plants and animals. MS analysis revealed the strong conservation of histone modifications across distantly related species but also new ones, thus expanding the list of histone PTMs in eukaryotes. Remarkably, Phaeodactylum combines histone PTMs found in plants and/or mammals, underscoring the chimeric nature of its genome and suggesting a different evolution of histone PTMs in plants and animals. Genome-wide mapping of some key PTMs revealed shared features with plants and animals, such as the distribution of acetylation, and di-methylation of lysine 4 of histone H3, which map mainly on genes and have an activating effect. Our work shows also some divergence from green lineages exemplified by the H3K9me3 profile, which is found exclusively on genes and is activating in Arabidopsis while it is distributed mainly on TEs and is repressive in P. tricornutum and animals. Interestingly, the pioneering genome-wide mapping of H3K27me3 has revealed an unorthodox distribution as it maps mainly on TEs and has a repressive effect, while this mark is known to repress mostly genes in euchromatic regions in Arabidopsis. The H3K27me3 profile in P. tricornutum suggests this mark has an evolutionarily ancient function in transcriptional repression of TEs. The presence of H3K27me3 in P. tricornutum and several other algae suggests an ancient origin of Polycomb repressive complex proteins and raises the question of its role in single-celled species. Combinatorial analysis of histone PTMs revealed different chromatin states and gene expression patterns, extending the histone code to Stramenopiles. Investigation of histone modifications under nitrate-limiting conditions revealed the dynamic role of chromatin modifications in regulating some key target genes, indicating their importance for adaptation of diatoms to changing environments.

Materials and methods

Materials and growth conditions

Phaeodactylum tricornutum Bohlin Clone Pt1 8.6 (CCMP2561) cells were grown as described previously [54]. Under low nitrate, cells were grown as described in [14].

Extraction of histones

Histones from P. tricornutum were extracted as described previously [20].

MNase digest assay

MNase digest was performed as described previously [54] with a few modifications. Nuclei were washed three times with MNase digestion buffer. The nuclei suspension was aliquoted into 100 μl to which 0.5, 12 and 16 units of MNase were added. After 1 h of incubation with the stop buffer, 1 μl of RNAse was added to each sample and further incubated as described previously [55].

MS assay Protein in-gel digestion using multiple proteases

Comprehensive localization of PTMs on histones requires observation of each amino acid. Efforts to increase histone coverage have been achieved by use of a multiple protease strategy and chemical derivatization. Enzymatic digestion with trypsin results in small peptides that are difficult to retain on nano-high-performance liquid chromatography (HPLC) columns for analysis by MS. As an alternative, lysine amino groups can first be chemically modified by reaction with propionic anhydride to further generate propionylated residues that would be resistant to trypsin proteolysis. Under these conditions, reproducible and MS-compatible Arg-C-type peptides can be obtained [56].

Proteins were separated by 14 % SDS-PAGE gels and stained with colloidal Coomassie blue (LabSafe Gel Blue™, AGRO-BIO) reagent, which does not contain methanol or acetic acid. Histone bands were excised and washed and proteins were reduced with 10 mM dithiothreitol prior to alkylation with 55 mM iodoacetamide or chloroacetamide for ubiquitylation studies. After washing and shrinking of the gel pieces with 100 % acetonitrile, propionylation or in-gel digestion was performed. All digestions were performed overnight in 25 mM ammonium bicarbonate at 30 °C, by adding 10-20 μl endoproteinase (12.5 ng/μl) trypsin (Promega) or 12.5 ng/μl chymotrypsin (Promega) or 12.5 ng/μlAr gC (Promega) or 20 ng/μl elastase (Sigma-Aldrich). The shrunken gel bands were chemically derivatized by treatment with propionic anhydride before and after trypsin digestion. Briefly, this reaction mixture was created using 3/4 propionyl anhydride (Sigma-Aldrich) and 1/4 methanol. Propionylation reagent (20 μl) and 100 μlo f2 5m M ammonium bicarbonate were added to each band, adjusted to pH 8.0, and allowed to react at 51 °C for 20 minutes and reduced to dryness using a SpeedVac concentrator for removal of reaction remnants before trypsin digestion. A second round of propionylation was performed to propionylate the newly created peptide N-termini. Ultrasoundassisted extraction was used to extract peptides with 60 % acetonitrile/5 % formic acid extraction solution. The extract 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 MS analysis.

MS and data analysis

Samples were analyzed by nano-HPLC/MS/MS using an Ultimate3000 system (Dionex S.A.) coupled to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Samples were loaded on a C18 precolumn (300 μm inner diameter × 5 mm; Dionex) at 20 μl/minute in 2 % acetonitrile, 0.1 % trifluoroacetic acid. After 3 minutes of desalting, the pre-column was switched on line with the analytical C18 column (75 μm inner diameter × 50 cm; C18 PepMap™, Dionex) equilibrated in 100 % solvent A. Bound peptides were eluted using a 0 to 30 % gradient of solvent B (80 % acetonitrile, 0.085 % formic acid) during 157 minutes, then a 30 to 50 % gradient of solvent B during 20 minutes at a 150 nl/minute 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 on the Orbitrap in the 400-1200 m/z range with 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 five most intense ions per survey scan were selected for collision-induced dissociation 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 were then analyzed via the Mascot™ Software created with Proteome Discoverer (version 1.4, Thermo Scientific) using an in-house database containing the sequences of histone proteins from P. tricornutum (PtH3_50695, PtH3_21239, PtH4_26896, PtH2A_34798, PtH2A_28445, PtH2B_11823, PtH1_54381) or the UniProtKB Phaeodactylum tricornutum database (15,832 proteins) with a Mascot score of 1 % FDR (or <5 % ;sh o w ni nb o l di nA dd i ti o n a lf i l e1 6 ) .C a r b a m i d o m e t h y lation of cysteine, oxidation of methionine, acetylation of lysine and protein N-termini, methylation, dimethylation of lysine, arginine and trimethylation of lysine, methylation of aspartic and glutamic acid, di-glycine of lysine, propionylation of lysine and N-termini of peptides, phosphorylated histidine, serine, threonine and tyrosine were set as variable modifications for Mascot searches. 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 [57]. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium [58] via the PRIDE partner repository [59] with the dataset identifier PXD002148.

Isolation and immunoprecipitation of chromatin

Chromatin isolation and immunoprecipitation were performed as described previously [21]. The following antibodies were used for immunoprecipitation: H4K9/ 14Ac (005-044) from Diagenode; H3K4m2 (32356) and H3K9me3 (8898) from Abcam; H3 (07-690), H3K4me2 (07-030), H3K9me2 (17-681) and H3K27me3 (07-449) from Millipore. Peptide competition assays were performed for H3K4me2, H3K9me2 and H3K27me3 as described previously [21].

Chlorophyll analysis

Cells (1 ml) were harvested by centrifugation at 1400 g for 10 minutes, resuspended in 100 % ethanol, and incubated for 30 minutes in the dark. The crude extract was cleared by 1-minute centrifugation at 12,000 g and the supernatant was used for chlorophyll quantification according to [60] with a spectrophotometer Biossacte 3 from Thermo Spectronic reading at 629 nm and 665 nm wavelengths. The calculated chlorophyll contents were normalized to 10 6 cells.

Oxygen evolution

Photosynthesis was measured as O 2 exchange rates using a Clark-type oxygen electrode at 25 °C (Oxy-Lab, Hansatech Instruments, King's Lynn, UK). The actinic light was provided by light-emitting diodes with an emission maximum around 650 nm. For each measurement cells were concentrated by 10-minute centrifugation at 1400 g and resuspended in Artificial Sea Water (ASW) to a final concentration of 10 7 to 3 × 10 7 cells/ml. Net O 2 evolution V max was measured at 800 μEa n di s presented as nmol O 2 evolved per minute per 10 6 cells.

Data analysis

For mapping and analysis we used P. tricornutum genome v.2.0 available at the Joint Genome Institute [START_REF] Cosgrove | Regulated nucleosome mobility and the histone code[END_REF].

Reads obtained were quality controlled with a standardized procedure using FASTQC [62]. Trimmomatic [63] was used for quality trimming. GO-based functional analysis on ChIP-marked genes and methylated genes were performed using BLAST2GO [64] with a significant FDR cutoff of 0.05 % probability level. R [65] and Biopython [66] were extensively used for data analysis. For pattern-based analysis on genes and flanking regions, genes were normalized to equal size, and flanking 2-kb regions were selected as the average intergenic size of ~1500 bp. Data processing, analysis, and plotting were performed using Python, R/Bioconductor and Hyperbrowser [67]. Results of the analysis have been made available on the Gbrowse-based genome browser at [68].

Computational analysis of histone modifications in P. tricornutum by ChIP-Seq

Single-end sequencing of the five ChIP samples was performed using an Illumina GAIIx with a read length between 36 and 50 bp. This yielded an average of approximately 37 million reads each (Additional file 3). Data for all ChIP samples and input were of good quality with mean quality scores of 30, with 50 % mean GC content. The reads were mapped onto the P. tricornutum genome v.2.0 using Bowtie [69] with mismatch permission of 2 bp. Unique mapping of reads was adopted. To identify regions that were significantly enriched, we used MACS [70] and SICER [71] with parameters of W:200 (window length), G:200 (gap size) for H3K4me2 and H3K9_14Ac; W:200, G:600 for H3K27me3, H3K9me2 and H3K9me3; and a FDR <1E-2. Enriched regions were detected against the islands of background control with the same parameter.

MACS and SICER both generated peaks with similar peak ranges and comparable overlapping genomic regions. But for H3K9me2 and H3K27me3, MACS showed much fewer peaks and in these two cases SICER showed significant diffused peaks which overlapped on repeat regions. Visualization and analysis of genome-wide enrichment profiles were done with IGV [72]. Peak annotations such as proximity to genes and overlap on genomic features such as transposons and genes were performed using Peak Analyzer [73]. The high-throughput Chip sequencing data have been deposited in NCBI'sG e n eE xpression Omnibus under accession number GSE68513.

H3K27me3 clustering

A 700 × 30 matrix was created based on position of the H3K27me3 mark along the 500 bp upstream, gene body, and 500 bp downstream regions. Hierarchical clustering was done on this matrix using the complete-linkage method [74]. This resulted in six clusters and each cluster was then correlated to expression level. Both expression levels and ChIP seq peaks were plotted as heat maps with red reflecting high expression (expression level RPKM greater than 20), and green low expression (expression level RPKM between 0 and 20).

Homology estimation analysis

We downloaded 57,224,756 protein sequences from 344,297 species from UniProt [75] and MMETSP [76] databases. The sequences were then categorized into various groups of life, Archaea, Bacteria and as described in the Eukaryote tree of life [START_REF] Lopez-Gomollon | Global discovery and characterization of small non-coding RNAs in marine microalgae[END_REF]. Finally, for the homology estimation analysis, 662,593, 20,176,346, 7,250,814, 1,741,270 and 3,065,341 protein sequences from Archaea (~267 species), Bacteria (~4435 species), Opisthokonta (~853 species), Archaeplastida (~144 species) and diatoms (~70 species) were considered, respectively. The homology was assigned to a pair by BLASTP [START_REF] Norden-Krichmar | Characterization of the small RNA transcriptome of the diatom, Thalassiosira pseudonana[END_REF] using an expected cutoff value of 1e-5.

Detection of nucleosome occupancy sites

Nucleosome prediction with NuPoP [START_REF] Supek | REVIGO summarizes and visualizes long lists of gene ontology terms[END_REF] (HMM order, 3; Markov model, Linker-Nucleosome; Markov model species, NULL) on the Pt1.86 were compared with nucleosome mapping using NucHunter [80]. The following parameters are used: chunk size, 1 Mb; p-value threshold, 1E-6; Z-score, 3.0; interval length, 146 bp. NuPoP predicts 161,875 nucleosomes. Genome-wide di-nucleotide preference over nucleosomes and nucleosome-depleted regions was estimated by fetching their corresponding nucleotide sequences using GFF-Ex [81] and calculating the frequency of AT, TA, TT, GC and CG occurrence within the sequences using compseq [82].

Bisulfite-Seq methylation analysis

We mapped Bisulfite-Seq reads from an Illumina GAII from DNA extracted from both nitrate replete and depleted conditions after filtering through FASTQC to the Pt1.86 reference genome available using Bismark [83]. Five million reads for the replete nitrogen condition and 3.3 million reads for the low nitrogen condition were uniquely mapped and de-duplicated. Average fold coverage was 17. We extracted the methylation calls for each base and for calling a CpG/CHH/CHG site as methylated, we used a cutoff of at least three reads and a minimum of 20 % reads being methylated. generated using numerous P. tricornutum cell lines maintained under different conditions. In the current chapter, I discuss the release of new genome annotation, Phatr3, for P. tricornutum genome. In summary, I used 90 RNA sequencing libraries, done using Illumina NGS platform, that were maintained in different conditions, to discover new and improved gene models compared to the last release Phatr2. In light of new gene models the current chapter also provides valuable insights on the occurrence of alternative splicing, which has never been studied in P. tricornutum.

RNA-Seq data analysis for gene expression quantification

Furthermore, using an updated set of diatom transcriptomes and state-of-the-art computational tools, I attempted to understand the phylogenetic origin of P.

tricornutum and/or diatom genomes in general.

Introduction

Diatoms are one of the most important and abundant photosynthetic microeukaryotes, and are believed to contribute annually about 40% of marine primary productivity and 20% of global carbon fixation (1). Marine diatoms are highly diverse and span a wide range of latitudes, from tropical to Polar Regions. The diversity of planktonic diatoms was recently estimated using metabarcoding to be around 4,748 operational taxonomic units (OTUs) (2,3). In addition to performing key biogeochemical functions (4), marine diatoms are also important for human society, being the anchor of marine food webs, and providing high value compounds for pharmaceutical, cosmetic and industrial applications (5,6). A deeper understanding of their genomes can therefore provide key insights into their ecology and biology.

In the last decades, several diatom species have been sequenced, including the pennate diatom Phaeodactylum tricornutum (7) and the centric diatom Thalassiosira pseudonana (8). Analysis of the P. tricornutum genome revealed an evolutionarily chimeric signal with genes apparently derived from red and green algal sources as well as the endosymbiotic host, and from a range of bacteria by lateral gene transfers (7,9), although the exact contributions of different donors to the P.

tricornutum genome remains debated (10,11), alongside vertically inherited and lineage-specific genes. Such a diversity of genes has likely provided P. tricornutum and diatoms in general with a high degree of metabolic flexibility that has played a major role in determining their success in contemporary oceans.

The availability of a sequenced genome for P. tricornutum has also opened the gate for functional genomics studies, using Gateway, RNAi, CRISPR (12,13), TALEN and conjugation and have revealed novel proteins and metabolic capabilities such as the urea cycle (14), proteins important for iron acquisition (15,16), cell cycle progression (17), lipid metabolism for biofuel production (18,19), as well as for red and far/red light sensing (20). Deeper understanding of the ecology and success of diatoms as well as a thorough dissection of the gene repertoire of P. tricornutum will however
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Results and Discussion

Building Phatr3 gene models

To generate a new annotation of the P. tricornutum nuclear genome, our approach combined high-throughput RNA sequencing data along with ESTs and protein sequences. 14,505 gene models were predicted from RNA-Seq mapping and aligning the EST data-set using est2genome. Additionally, we used SNAP and Augustus to predict 10,743 and 11,611 gene models, respectively. MAKER2 was used to merge the three sets and predicted 12,055 gene models with an average gene length of 1,624 bp and ~1.7 exons per gene. The predicted putative genes were then compared to the Phatr2 gene models (http://genome.jgi.doe.gov/Phatr2/Phatr2

.home.html) and categorized as: 1) New, U cha ged or Modified at ' a d/or ',

3) Split (former Phatr2 genes that were split into two or more gene models), or 4)

Merged gene models (former two or more Phatr2 genes that were merged as one Phatr3 gene model) (Table 1). The list of genes in each category is shown in Supplementary Table S3. Comparison between Phatr3 and Phatr2 revealed a total of 1,489 novel genes. We found no notable evidence from the Phatr3 annotation for 142 Phatr2 genes. A total of 122 of these were however considered as true genes based on the presence of epigenetic features known to be hallmarks of coding sequences, like acetylatio hich peaks over the ' e d of ge es a d H K e which lies over gene bodies. The remaining 20 genes were not considered in Phatr3

and can be accessed via the Phatr2 portal hosted by the Joint Genome Institute (JGI).

The basic statistics of the structural comparison between Phatr3 and Phatr2 gene models are presented in Table 1.

Phatr3 extends the repertoire of bona fide genes

To provide further evidence for the 1,489 novel transcripts, we examined the potential influence of chromatin-based regulatory processes based on DNA methylation and histone (H3) post-translational modification (PTMs) profiles, in light
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genes perform a variety of different biological processes, with significant enrichments in 7-methylguanosine mRNA capping, chromatin remodeling menaquinone biosynthesis, and potassium ion transport (refer to Table S3 for all enriched processes). Most of the biological processes, like ones mentioned latter, are exclusively enriched in novel genes relative to unchanged gene models (Table S3), indicating the value of Phatr3 annotations in elevating the functional knowledge-base of P. tricornutum genome.

In addition to the functional annotations, we used ASAFind and HECTAR to predict the sub-cellular targeting of the new gene models (Fig 2B and2C, Table S4). The proteins encoded by the new gene models were predicted to localize to all three organelles considered by each targeting programme, namely the plastid (196 proteins predicted with ASAFind, 63 with HECTAR), the endomembrane system (188 with ASAFind, 370 with HECTAR) and the mitochondria (92 with HECTAR, mitochondrial targeting not considered with ASAFind) (Table S4). This is broadly analogous to the targeting predictions made for proteins encoded by Phatr3 genes with unchanged Phatr2 models, although both programs suggested a slightly higher proportion of the novel gene models localized to the cytoplasm or lacked clear targeting information (Fig 2B and2C). Together, the presence of domains performing known biological processes, and of clear subcellular localization predictions, confirms that many of the novel genes identified within the P. tricornutum genome possess specific biological functions.

Homology estimation of P. tricornutum proteome

The initial publication of the P. tricornutum genome in 2008 (7) suggested that nearly 40% of the genes in the P. tricornutum genome were species-specific, i.e.

were not shared with the closest relative compared (the diatom Thalassiosira pseudonana ( 8)). Since then, the amount of sequence information available for other lineages of the tree of life has increased dramatically, including multiple genome sequences for previously under sampled taxa (e.g., red algae), and large-scale transcriptome sequence data for a variety of eukaryotic species (e.g., the Marine Microbial Eukaryote Transcriptome Sequencing Project ). We wished to use this data, alongside improved gene models within Phatr3, to quantify the lineage specific versus conserved genes in the P. tricornutum genome, and to determine whether genes with different levels of conservation have different functional properties.

We assembled a large sequence library, consisting of the complete UniRef library, supplemented with multiple genome and transcriptome sequences, currently not integrated into UniRef (Table S2). This library was split into 73 phylogenetic subcategories, based on recent published phylogenies (See Methods), which were grouped into nine lineages (diatoms, other ochrophytes, other algae with complex plastids, other heterotrophic SAR clade members, green algae and plants, red algae, other eukaryotes, prokaryotes, and viruses; Table S2). Two complementary techniques were employed to estimate the conservation status of each gene in the P. tricornutum genome. Firstly, to minimize the identification of false positives due to random associations, Reciprocal Best-Hit BLAST (RBH-BLAST) was performed across the entire P. tricornutum genome. Genes were only deemed to be "conserved" with a particular lineage if orthologues were detected using RBH-BLAST with an expect value of <1E -05 (Tables S3,S5). Secondly, to minimize the identification of false positives due to contamination in sequence libraries and species-specific gene transfer, the conservation of genes within the different subcategories that comprise a particular lineage were considered. For this analysis, genes were deemed to be conserved if a BLAST top hit with an expect value of <1E -05 were found in more than half of the sub-categories that comprise a particular lineage (Table S1, S4). We repeated the latter analysis with three different threshold expect values (1E-05, 1E-10, 1E-50) and three threshold levels of conservation (presence in >1/2, >1/3, and >2/3 sub-categories within a particular lineage (Table S5).

The conservation analyses revealed that a significantly greater proportion (83-86%) of the Phatr3 genes are of the Phaeodactylum genes are shared among one or more We wished to determine whether genes with different levels of conservation have different functional properties in the Phaeodactylum genome. Firstly, we tested to see whether the 1,489 novel genes uncovered by Phatr3 differ in terms of evolutionary conservation to those previously identified. While many of the novel genes are specific to P. tricornutum (33-49%: 728 genes, RBH analysis; 502 genes, majority conservation; Table S3) or are limited to diatoms (13-28%: 188 genes, RBH analysis; 409 genes, majority conservation; Table S1), as with the full dataset, significant numbers of novel genes were found to be conserved across the tree of life (2-4%: 66 genes, RBH analysis; 35 genes, majority conservation; Table S3), or across all eukaryotes (5-8%: 74 genes, RBH analysis; 121 genes, majority conservation; Table S3), confirming that many of these genes are likely to have important biological functions. Next, we performed GO enrichment analysis (using assigned biological process (BP), chi-squared test; P-value < 0.05) to evaluate the functional nature of genes, as determined by RBH analysis, that are specific to diatoms (uniquely shared with diatoms, 1,619 genes), those that are uniquely shared with eukaryotes (1325 genes) and are broadly conserved across the tree of life, except viruses (1749 genes). Overall, ~12%, ~47% and ~76% genes are found to be have at least one biological process associated to them, from diatom specific, eukaryotic specific and broadly conserved genes, respectively. Among the very few genes that have predicted BP assignations within diatom specific gene-set, the top five enriched BP includes: cell division, lipid catabolism and metabolism, protein phosphorylation and DNA-templated regulation of transcription. While processes corresponding to intracellular protein transport, mRNA splicing via spliceosomes, protein and vesicle mediated transport are highly enriched in eukaryotic specific genes, processes like protein phosphorylation, DNA templated regulation of transcription, tRNA aminoacylation for protein translation and vesicle-mediated transport are enriched in P. tricornutum genes that are broadly conserved across the tree of life, except viruses. By analyzing all enriched processes within different sets of specific genes, it appears that P. tricornutum or in general most diatoms have attained numerous genes involved in signaling, exchanging and acclimatizing genetic
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Substantial changes in BLAST top hits were found by searches using libraries from which all remaining diatom, ochrophyte, complex algal sequences, or SAR clade sequences had been removed (Fig. 4). 504 probable gene transfer events were identified between prokaryotes and different ancestors of the diatom lineage (Table S6. These top hits were found to be distributed across multiple prokaryotic lineages, consistent with multiple gene transfer events, with significant enrichments (chisquared test, P< 1E-03) found for the Deinococcus-Thermus clade, Chlamydiae, Chloroflexi, cyanobacteria, and Planctomycetes (Fig. S1; Table S6). 386 genes produced top hits against members of the red algae, consistent with the red algal ancestry of the diatom plastid (Fig. 3). Only 38 of these red algal genes were identified by removing heterotrophic members of the SAR clade (i.e. oomycetes, labyrinthulomycetes, slopalinids, Rhizaria, and ciliates) from the dataset (Fig. 3;

Table S6). The limited number of genes of red algal origin identified within these groups is consistent with them never having possessed red algal plastids.

Finally, 1,383 genes generated top hits from members of the green lineage (green algae and plants), consistent with large-scale gene transfer between diatom ancestors and green algae (Fig. 3; Table S6). Some of these genes may be misidentified genes of red algal origin, as has been discussed elsewhere; however, we believe that many are genuinely of green origin, for three reasons. Firstly, compared to previous phylogenomic studies of diatom genomes, our reference library contains a much larger amount of red algal sequence information, including five complete genomes, and large-scale transcriptomes for a further twelve red algal species (Table S2). Secondly, green gene transfers appear to have occurred at a different time point to the red algal gene transfers, as the largest number (624/ 1,383) were only identified following the removal of all heterotrophic SAR clade members from the reference dataset (Fig. 3), in contrast to the relatively limited number of red genes identified with this dataset. Finally, the green top hits were biased towards specific sub-categories, whereas misidentified red genes should be distributed randomly across the entire green lineage. Only one-fifth of the green lineage top hits were found to come from streptophytes, despite these organisms the genome (Fig 4B). Although the expression of novel genes that are specifically marked by H3K9me2 is slightly higher than those specifically marked by H3K9_14Ac RNAs (25). This specific pattern might also be relevant to the nature of replication of each class of TEs; class I relies on a replicative mechanism for transposition while class II elements move by a cut and paste mechanism. As class I TE copy number can rapidly increase, their higher methylation in both CG and CHG contexts might be a means to keep their expression under tight control. An interesting pattern of cooccurrence of epigenetic marks over TEs emerges from this analysis that shows a systematic repression of TEs when associated with CHG methylation (Figure S2).

Although associated with active marks such as H3K9/14 Ac and H3K4me2, both classes of TEs show a significant decrease in their expression, suggesting the importance of maintenance of a heterochromatic environment. When checked, most of these TEs are found to be inserted into or overlapping with genes, reflecting the importance of keeping these TEs silent. A similar phenomenon has been

Chapter 2 observed for Arabidopsis TEs which are inserted into genes and whose repression is required to avoid the deleterious effects of TE insertion into host genes (26).

Alternative splicing is widespread in P. tricornutum

Finally, we profiled the distribution and dynamics of introns in the P. tricornutum genome. 4,014 (~33%) Phatr3 genes were predicted to contain only one intron, while It is well known that introns can have regulatory functions because they are the basis of alternative splicing, generating multiple proteins from a single gene, and they are also known to produce non-coding RNA molecules that can regulate transcription (29). Exon-skipping (ES) and intron-retention (IR) are two major constituents of the alternative splicing code in higher eukaryotes and plants, respectively (30). Because AS may have an important impact on gene expression in P.

tricornutum, we evaluated the type of AS that can be found in Phatr3 with RNA-Seq data generated in different growth and stress conditions (Table S1). From the 12,177

Conclusions

The use of high coverage RNA-Seq transcriptomics in P. tricornutum grown in various conditions, coupled with information from chromatin landscaping and improved annotation tools, has increased the repertoire of genes and transposable element classes, and improved predictions about the structure of proteins previously identified in Phatr2. In-depth analysis of RNA-Seq reads from different libraries identified alternatively-spliced forms including intron retention and exon skipping, the former being more prevalent, a common feature in single celled eukaryotes.

Comparison of the extended P. tricornutum genome to expanded reference libraries has illuminated ongoing questions regarding diatom evolution, such as the timing and extent of gene transfer from bacteria, red algae and green algae into diatom genomes. This work provides a more accurate annotation of a widely used model diatom, which will undoubtedly be useful for functional as well as comparative and evolutionary genomics studies. Further manual curation of gene models are ongoing and will be provided to the community members through the Web Apollo annotation tool.
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Phaeodactylum_tricornutum/Info/Index/. We investigated the presence of organelle signaling signatures within the entire Phatr3 gene repertoire using ASAFind and HECTAR, under the default conditions as specified in the original publications for each programme (41,42). ASAFind v 2.0 was run remotely across the entire dataset, using SignalP v 3.0 (43) to predict the presence of signal peptide sequences. HECTAR was run remotely, using the Galaxy integrated server provided by the Roscoff Culture Collection (http://webtools.sb-roscoff.fr/).

Distribution of epigenetic marks

Data corresponding to epigenetic marks, H3K27me3; H3K9me2/3; H3K14_Ac;

H3K4me2 and DNA methylation (CG, CHH, CHG), were taken from ( 22) and (23,44), respectively. RNA-Seq data for Pt18.6 (normal growth condition) was also downloaded from the same resource. Distribution of all marks along with the expression were then checked over the new genes and new TE models by adapting the methodology applied in ( 22) and ( 23).

Evolutionary analysis

The evolution of the P. tricornutum genome was examined using gene homology searches. Amino acid identities were calculated from Smith-Waterman alignments.

A composite reference library, consisting of 75001602 non-redundant sequences was compiled from UniPROT (http://www.uniprot.org/help/uniref) (downloaded February 2016), alongside additional genomic and transcriptomic resources from JGI, MMETSP, and the 1kp project currently not located on UniPROT (http://genome.jgi.doe.gov;http://marinemicroeukaryotes.org/;https://sites.google. com/a/ualberta.ca/onekp/) (Table S2). To minimize phylogenetic artifacts arising from contamination, each MMETSP library was pre-cleaned using a BLAST pipeline kindly provided by Daniel Richter (Roscoff Culture Collection), which identifies and removes sequences with 100% pairwise identity that are present in two different species libraries, and a further twelve MMETSP libraries found to contain high levels of residual contamination were excluded (see Table S2). The reference sequence library was then split into twenty-six prokaryotic sub-categories (using UniPROT taxonomy as a guideline), and forty-seven eukaryotic sub-categories, defined using up-to-date phylogenetic information (45)(46)(47)(48)(49)(50)(51)(52), and these categories were finally binned into nine distinct lineages (diatoms, ochrophytes, algae with complex plastids, heterotrophic SAR clade members, red algae, green algae and plants).

Conceptual translations of the Phatr3 genome were then searched against the composite reference library using RBH-BLAST (Reciprocal best hit BLAST), under default alignment conditions, with a threshold expect value of 1E-05. Genes were identified as likely to be conserved between P. tricornutum and a given lineage if at least one orthologue were identified within the lineage. A secondary series of conservation analysis was performed using the initial primary BLAST output for each gene. In this case, genes were deemed to be conserved if BLAST tophits below a specified threshold expect value (1E-05, 1E-10, or 1E-50) could be identified in multiple sub-categories within a given lineage (either > 1/3, >1/2, or >2/3 all subcategories within a lineage). The values obtained from each analysis were compared, and only forms of conservation that in every analysis were found to occur significantly more frequently (chi-squared test, 1E-05) than would be expected through uniform distribution of the data were deemed to be genuine.

To identify the probable closest evolutionary relative of each gene, the BLAST top hits obtained for each gene against each phylogenetic sub-category were compiled to form a localized reference directory. As this directory only contains the single BLAST best hits for each category, it is de-enriched for phylogenetically redundant and duplicated genes. BLAST top hit analysis was then performed for each gene against this directory, with an evolutionary affinity only recorded if a phylogenetically consistent signal was obtained from the first three BLAST hits (for example, a gene for which the first three BLAST hits were of diatom origin would be recorded as being a diatom-derived gene). To distinguish between BLAST results that represent a genuine phylogenetic affinity between two lineages, versus noise and/ or random phylogenetic assignation within the dataset (53,54), the number of top hits observed for a particular phylogenetic lineage was compared to what would be expected given random assortment, and the size of the reference dataset for that lineage (chi-squared test).

Annotation of repetitive elements

We used the REPET v2.2 package (55) to detect the repetitive fraction of the P.

tricornutum genome. The TEdenovo pipeline (https://urgi.versailles.inra.fr/ Tools/REPET) was launched including the RepeatScout approach ( 56) to build a library of consensus sequences representatives of the repeated elements in the genome assembly. The classification comes from decision rules applied to the evidence collected from the consensus sequences. These include: search for structural features, search for tandem repeats, comparison to PFAM, comparison to Repbase (57) and to a local library of known TEs. The library of manually curated TEs that has been established in previous work was appended to the TEdenovo library and redundancy was removed from the combined library. The TEannot pipeline was then run with default settings using the sequences from the filtered combined library as probes.

Alternative splicing

To explore the set of genes undergoing alternative splicing, exon skipping or intron retention, we used 17 RNA-Seq samples prepared under different conditions of nutrient limitation (Table S1). Only genes that were annotated as having two or more exons, and containing introns with a minimum length of 50 bp, were considered for the analysis. RNA-Seq reads were mapped on the reference genome using Bowtie (58) with parameters: -n 2 -k 2 --best. To filter the significant candidate features, we considered horizontal (along the gene) and vertical coverage (depth of reads) to be more than 80% and 4x, respectively. Measuring the rate of consensus observation within multiple samples studied provided theoretical support to the candidate features showing exon-skipping or intron-retention. For exons anticipated to show exon-skipping, the observation had a consensus from more than 20% and less than 80% samples. On the other hand, introns having a consensus observation of their retention from more than 20% samples were considered as true events. for: all new genes identified within the Phatr3 annotation, all Phatr3 genes for which a Phatr2 equivalent previously existed, and the modified version of Phatr2 (using all gene models, clustered to remove redundant sequences, and modified to be Nterminally complete) generated by [START_REF] Gruber | Plastid proteome prediction for diatoms and other algae with secondary plastids of the red lineage[END_REF] for exemplar profiling of the ASAFi d predictor. ND i plies a targeti g predictio could ot be obtai ed either because the protein in question was N-incomplete (i.e. did not begin with a methionine) or was too short to screen using ASAFind, or the Predotar module of HECTAR.

Figure 3. BLAST top hit analysis of P. tricornutum genes. The bar chart on the left shows the results of BLAST top hit analysis of the entire Phatr3 genome using the entire reference dataset, and five reference datasets generated by the progressive removal of five lineages (pennate diatoms, all diatoms, all ochrophytes, all complex algae, and all remaining SAR clade lineages). A phylogenetic affinity for each gene was only recorded if the top three hits obtained in the BLAST analysis originated from the same lineage. Genes were labelled as "ambiguous" if the top three BLAST hits contained sequences with multiple phylogenetic affinity, and "novel" if no hits were found with an expect value below 1E -05. The bar chart on the right compares the number of genes assigned to six different phylogenetic affinities (bacteria, complex algae, green algae and plants, heterotrophic SAR clade members red algae, and other eukaryotes) by BLAST analysis with each of the six different reference datasets used. The largest value recorded for each gene category corresponds to the most probable evolutionary time point at which genes were acquired; for example, the largest number of genes of red algal affinity were recovered following the removal of all complex algae from the reference dataset, indicating a large-scale donation of red algal genes into algae with complex plastids. 
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Ecotype diversity

During the time frame of approximately a century, 10 strains (referred to as ecotypes) of Phaeodactylum tricornutum have been sampled from different parts of the world. Although the sampling locations are widespread around the globe, their microenvironment is suggested to be highly unsteady where physiochemical conditions change very rapidly. Studies in the past have also suggested that these strains have distinct functional and morphological characteristics. However, so far no distinct evidence for their genetic diversity has been reported. In the current chapter, we used whole genome sequencing data of all the 10 strains to elucidate the genetic diversity that underlies distinct functional behavior of the ecotypes. Total diversity between the ecotypes is estimated via small polymorphisms and large structural variants and their specificity to individual ecotypes. Furthermore, using comparative and population genomics we suggest multiple sub-species within the 10 

Results

Heterozygous alleles account for most of the genetic diversity within P. tricornutum ecotypes

We sequenced the genomes of 10 isolates of P. tricornutum and performed a referencebased assembly using the genome sequence of Pt1 8.6 (Bowler et al. 2008). Across all the ecotypes, the alignment depth ranged from 26X to 162X covering 92% to 98% of the genome (Table 1). We discovered 462,514 (depth >= 4x) single nucleotide variants (SNVs), including (Pt10) and 99% (Pt3). On average, 1 out of every 219 bp exhibits a heterozygous polymorphism. On the other hand, homozygous mutations were observed much less frequently (on average 1 every 8,314 bp) within ecotypes having high levels of heterozygosity (>90%; Pt1, Pt2, Pt3, Pt9) and more frequently (on average 1 out of 319 bp) in ecotypes where heterozygosity was comparatively low (<65%; Pt4, Pt5, Pt6, Pt7, Pt8, Pt10).

With an average transition to transversion ratio of ∼1.6, the spectrum of mutations across all the ecotypes reveals a higher rate of transitions over transversions. In total, six possible types of single nucleotide changes could be distinguished, among which, G:C -> A:T and A:T -> G:C, while maintaining balance between each other, accounted for more than ∼60% of the observed mutations (Fig 1C).

Along with small variations, we also discovered large structural variants within different ecotypes. Using a normalized measure of read depth, we found that 259 and 588 genes, representing ~2% and 5% of the total gene content, had been lost or displayed copy number variation (CNV), respectively, across all the 10 ecotypes (Fig 1D). Using PCR, we experimentally validated some randomly chosen loci which are lost in different ecotypes (Figure S4). Approximately 70% of the genes that were either lost within ecotypes or present Chapter 3 in many copies are shared among multiple ecotypes. This indicates close association and functional behavior between different populations that could be because of their shared coastal macro-environment. Additionally, each ecotype has a specific molecular make-up, possibly linked to the explicit functional behavior of some ecotypes in response to various environmental cues as reported previously (Stanley 2007 

Monoallelic gene expression contributes excessively to the genetic diversity in P. tricornutum

In the absence of clear characterization of sexual reproduction, the observation depicting high levels of heterozygosity within P. tricornutum can be explained as a phenomenon of introgression via cryptic speciation or sub-speciation within a given cell population. We examined the latter hypothesis by comparing the rate and specificity of heterozygous alleles between laboratory cultured natural sampled populations and monoclonal populations derived from a single cell. This would give us a fair idea if the heterozygosity is because of sequencing of two different very closely associated species together or if other evolutionary pressures are dictating the effect. We performed WGS of monoclonal populations derived from single cells of Pt1, Pt3 and Pt8 ecotypes, named as Pt1 8.6, Pt3Ov and Pt8Tc, respectively. We further compared the nature of all SNVs between Pt1 vs Pt1 8.6; Pt3 vs Pt3Ov and Pt8 vs Pt8Tc (data not provided). On comparing the natural vs monoclonal cell populations, we found consensus nature of most polymorphic sites, across all the 3 comparisons (Pt1 vs Pt1 8.6; Pt3 vs Pt3Ov and Pt8 vs Pt8Tc). Most of the polymorphic sites (>90%) were observed to be heterozygous in both backgrounds (natural and monoclonal population, data not provided). The little difference in the nature of polymorphisms between natural and monoclonal population data can be because of the clonally grown cells.

Clearly, the results reject our hypothesis of relating high levels of heterozygosity with introgression via speciation. However introgression can still persist via migration and ecological mixing of different natural strains. We further questioned the existence and role of high levels of heterozygosity within P. tricornutum genome. In order to do so, we performed RNA sequencing from Pt1 8.6, Pt3Ov and Pt8Tc and compared it to the corresponding WGS data. On comparing the SNP sites over the genes, we observed that the reasonable numbers of heterozygous alleles from the WGS data were not supported by SNP data from RNA sequencing (data not included), suggesting a strong influence of mono-allelic gene expression. Interestingly, the number of genes exhibiting monoallelic expression (MAE) is highly variable between the three ecotypes studied. With 3546 genes (~29% of the total genes) exhibiting MAE, which is higher than Humans (~19%) (Savova et (alternative spliced forms) of many genes to exhibit both monoallelic and biallelic expression (Figure 2E). This unexpected and interesting observation further adds to our knowledgebase the complex nature of expression control of genes within single cell organisms. Based on these preliminary results, the ongoing work focus on characterizing the role of mono vs biallelic gene expression in P. tricornutum. We are also interested in understanding the epigenetic control, if any, in the regulation of monoallelism including DNA methylation 
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Ribotype analysis reveals species-complex within genus Phaeodactylum

Localization of the polymorphic sites over genomic features (genes, transposable elements, and intergenic regions) revealed the highest densities of polymorphisms over genes (Fig 3E ), specifically on exons, and was consistent across all the studied ecotype populations. An average non-synonymous to synonymous mutation ratio (N/S) was estimated to be ~0.87, which is higher than Chlamydomonas reinhardtii, N/S = 0.58 [START_REF] Flowers | Whole-Genome Resequencing Reveals Extensive Natural Variation in the Model Green Alga Chlamydomonas reinhardtii[END_REF]. These populations of this ribogroup with other ecotypes, consistent with three past hybridization events within the genus Phaeodactylum. However, it is non-evident that any such process has happened or if so, how? Moreover, P. tricornutum is a coastal species and apparently there are no evidences of its migration from one location to another. Though, dispersal of diatoms between localities has been previously shown to be limited to human activities [START_REF] Vanormelingen | The diversity and distribution of diatoms: from cosmopolitanism to narrow endemism[END_REF], and can account for the dispersal of Phaeodactylum species. Further, we confirmed the presence and expression of both the alleles using whole genome and total-RNA sequencing monoclonal population, grown using a single cell from the Pt8 population (referred to as Pt8Tc) (Fig 3B). Furthermore, topology of the whole genome tree generated by maximum likelihood algorithm using all polymorphic sites (SNVS and INDELS), across all the ecotypes, reflects the close association of ecotypes clustered within a ribogroup (Fig 3E).
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Population genetics structure exhibits close association between different species of genus Phaeodactylum

Pairwise nucleotide diversity (∏) estimated in non-overlapping 1 kb windows across all the ecotypes is quite low and ranges between 0.000005 and 0.0097 per site. A mean ∏ of 0.002 ± 0.001 per site indicates that two homologous sequences taken at random across different populations will on average differ at ∼0.2%, which is slightly lower than dimorphic fungi Candida albicans [START_REF] Hirakawa | Genetic and phenotypic intra-species variation in Candida albicans[END_REF] and much lower than green alga Chlamydomonas reinhardtii [START_REF] Flowers | Whole-Genome Resequencing Reveals Extensive Natural Variation in the Model Green Alga Chlamydomonas reinhardtii[END_REF]. High level of heterozygosity and low nucleotide diversity has been shown to be associated with high growth rate in Candida albicans (Hirakawa et al. This is consistent with a previous observation of the existence of functional redundancy in gene families as a balancing mechanism for null mutations in yeast [START_REF] Gu | Role of duplicate genes in genetic robustness against null mutations[END_REF]). To estimate an unbiased effect of any evolutionary pressure (LoF allele or Positive selection mutations) on different gene families, we calculated a ratio, named the effect ratio (EfR, see Methods), which normalizes the fact that if any gene family has enough candidates to buffer the effect on some genes influencing evolutionary pressure, it will be considered as being less affected compared to those where all or most of the constituents are under selection pressure. From the analysis each ribogroup revealed a specific set of gene families to be under selection pressure. Significantly enriched biological processes (chi-squared test; P- 

Population genetics structure

Population genetic parameters were estimated using Vcftools [START_REF] Danecek | The variant call format and VCFtools[END_REF] using SNP data. In the absence of data from individuals of each ecotype/sample, we assumed the behavior of each individual in a population to be coherent.

Conclusively, instead of estimating the population genetic structure within an ecotype, we compared it across all the ecotypes.

For haplotype analysis, ITS2 gene (chr13: 42150-43145) and 18S gene (chr13: 43553-45338) were used. Polymorphic sites across all the ecotypes within ITS2 and 18S

were called and the assembled sequences were aligned using CLUSTALW. The same approach was employed to perform diversity analysis at the whole genome scale.

Later, a maximum likelihood algorithm was used to generate the whole genome tree with bootstrap values of 1,000. Further, we measured various population genetic functions to estimate the effect of evolutionary pressure in shaping the diversity and resemblance between different ecotype populations. We evaluated average R2 as a
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function to measure the linkage disequilibrium with increasing distance (1 kb, 5 kb, 10 kb, 20 kb, 30 kb, 40 kb and 50 kb) between any given pair of mutant alleles across all the ecotypes using expectation-maximization (EM) algorithm. Nucleotide diversity π as esti ated i a kb o -overlapping window along the whole genome across all the ecotypes, using the method described by [START_REF] Nei | Mathematical model for studying genetic variation in terms of restriction endonucleases[END_REF]. Genetic differentiation or variability between the ecotypes was assessed using the mathematical value of Fixation index (FST), as described by Wright in 1931, as also stated in [START_REF] Whitlock | Neutral additive genetic variance in a metapopulation[END_REF][START_REF] Rottenstreich | Dynamics of Fst for the island model[END_REF]). We estimated FST as a function to measure, mathematically, the similarity between different pairs of ecotypes sharing multiple SNP positions using the following formula, = -, where Hp and He represent the total number of polymorphic positions between any given pair of ecotypes and number of total polymorphic sites within an individual ecotype, respectively.

Functional characterization of polymorphisms

SNPEFF and KaKs calculator were used to annotate the functional nature of the polymorphisms. Along with the non-synonymous, synonymous, loss-of-function (LOF) alleles, transition to transversion ratio and mutational spectrum of the single nucleotide polymorphisms were also measured. Genes with Ka/Ks aka dN/dS ratio more than 1 with a p-value less than 0.05 are considered as undergoing natural or Darwinian selection. Various in-house scripts were also used at different levels for analysis and for plotting graphs. Data visualization and graphical analysis were performed principally using CIRCOS, CYTOSCAPE, IGV and R.

Association of the ecotypes

Based on the presence of functional domains all the genes were grouped into 3,020 gene families. Subsequently, the constituents of each gene family was checked for being affected by either loss-of-function mutations or experiencing natural selection.

To estimate an unbiased effect of such phenomena over the gene families, a We report here for the first time comparative genome wide mapping of H3K27me3 in a unicellular species with two natural morphotype variants triradiate monoclonal population (PT8TC, TMP hereafter) and fusiform monoclonal population (PT1 8.6, FMP hereafter), which allowed the discrimination of putative targets with a role in cell fate determination. To gain insights into the role of polycomb proteins in unicellular species, we used CRISPR cas9 gene editing to knock out the catalytic unit of the PRC2 complex, which is E(z) and led to the loss of its expression, a total depletion of H3K27me3 from the genome and subsequent distortion in the morphotype. Our study brings new insights into the role of H3K27me3 in unicellular species and points to the role of the interplay between genetics and chromatin in cell fate determination.

Figures and Tables
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Results and Discussions

Natural variation of H3K27me3 distribution between TMP and FMP

To investigate the function of PRC2 complex and uncover its targets, we carried out a genomic approach and performed Chromatin Immuno-Precipitation (ChIP) followed by deep sequencing using an antibody against H3K27me3 in TMP and FMP backgrounds. Additional marks (H3K4me2, H3K9me2) as well as RNA seq were also performed. CHIPseq data analysis revealed similar H3K27me3 enrichment profile between TMP and FMP that localizes majorly on transposable elements (TEs hereafter), specifically 58% and 60% within FMP and TMP, respectively (Figure 1A). However, the genome-wide H3K27me3 target coverage within TMP is slightly higher (2%) than the FMP (Figure 1B), which is due to more number of specific genes being targeted in the triradiate cells (Figure 1A). Fd-Fg-Fu or Td-Tg-Tu with genes marked within 500 bp upstream to the TSS, gene body and 500 bp downstream to the stop codon (referred to as broadly marked). In addition, we found 14 and 18 genes marked only in the vicinity of 500 bp upstream to TSS and downstream to stop codon in FMP and TMP respectively (Figure 2A, 2C). Further evaluation of these genes revealed their close proximity to either TEs or genes, which are strongly marked by H3K27me3.

Considering the broad nature of H3K27me3 marking over its targets that are often flanked to proximal features, we did not considered the genes, which are marked only in upstream and downstream with close proximity to H3K27me3 targets, as individual clusters.

With most of the H3K27me3 target genes being common between both morphotypes, their regulation corresponding to different enriched clusters is also coherent (Figure 2B,2D).

Among all the clusters, cluster with genes marked broadly (500bpUPstream-genebody-500bpDownstream) contributes 54% and 46% within FMP and TMP cells, respectively (Figure 2A, 2C). Compared to the unmarked genes, both FMP and TMP exhibit lowest expression in the cluster where genes are broadly marked (Fu-Fg-Fd/Tu-Tg-Td). In FMP, genes that are marked specifically either across upstream to TSS or downstream to stop-codon show higher expression, consistent to our previous observations showing the co-occurrence of active marks (like H3K9_14Ac) over these clusters (Veluchamy et al. 2015). This might also explain similar observation within TMP cells where genes that are marked only across the 500 bp upstream to TSS or 500 bp downstream to stop-codon have higher expression.

TMP possesses more number of H3K27me3 gene targets (2377 genes) compared to FMP (1836 genes) (Figure 1A), among which 1814 genes (either marked in both or marked in any one of them) are marked at least in the gene body. Further, total-RNA expression analysis exhibited 1097 (~9% of total 12177 Phatr3 gene annotations) differentially expressed genes between TMP and FMP. Among the latter, 554 and 543 genes are significantly upregulated (log2 (Foldchange) > 2; Padj. value < 0.05) and downregulated (log2 (Fold-change) < -2; Padj value < 0.05), respectively, in TMP cells compared to FMP. GO enrichment analysis of the upregulated genes revealed a significant (chi-squared test; P-value < 0.05) top enrichment of biological processes like gluconeogenesis, isopentenyl diphosphate biosynthetic process, mevalonate pathway, metal ion transport, proton transport and oxidation-reduction process. Whereas The expression of 711 (39%) from 1814 H3K27me3 target genes, localized at least in the genebody, across either TMP or FMP is low expressed to repressed. Of the latter 711 genes, 308 (43%) and 102 (14%) genes are specifically marked in TMP and FMP, respectively. Although most of the genes are of unknown biological processes, we were able to trace most enriched processes among genes specifically marked in TMP or FMP using ~24% and ~27% genes known to have biological processes in TMP and FMP, respectively. Conclusively, genes being marked by H3K27me3 specifically in FMP exhibit enrichment of ATP biosynthetic process, glycerol-3phosphate catabolic process, phosphatidylinositol biosynthetic process, phosphatidylinositolmediated signaling and viral process. Whereas, genes that are specifically marked within TMP cells display top enrichment of cellular aldehyde metabolic process, lipid biosynthetic process, protein farnesylation, regulation of ARF protein signal transduction and regulation of cell proliferation. Apart from the latter, we found many putative cell wall associated genes to be specifically marked and regulated by H3K27me3 in TMP cells. We validated some of them using CHIP-qPCR (Figure 3A), which included genes similar to extensin (Phatr3_J44695), dentin (Phatr3_J47347), titin (Phatr3_J46523) proteins and sec14 gene (Phatr3_49062), which is known to be essential for vegetative growth in yeast [START_REF] Bankaitis | The Saccharomyces cerevisiae SEC14 gene encodes a cytosolic factor that is required for transport of secretory proteins from the yeast Golgi complex[END_REF]).

To gain insights into the function of Ez and its associated H3K27me3 mark in P. tricornutum, we performed CRISPR cas9 knockout of the gene in both morphotypes and performed genome wide expression (RNA-Seq) analysis of two mutants. With low or no expression of E(z) gene and an overall depletion of H3K27me3 genome-wide, observed in multiple mutant lines (Figure 3B), comparison of Ez mutant expression profiles with their respective wild type revealed that FMP and TMP exhibited 2795 (23%) and 1774 (15%) differentially expressed genes, respectively. Among the latter, 22/38 (58%) FMP and 24/44 (55%) TMP specific target genes, including some cell wall related genes specifically marked by H3K27me3 within TMP, show upregulation of gene expression, suggesting a loss of H3K27me3. For validation purposes, Chip-qPCR was performed for few genes confirming partial or total depletion of Chapter 4

H3K27me3 (Figure 3C, 3D). Furthermore, most of the genes (>25%) that are specifically marked in TMP and FMP populations does not have significant homology with other species in the tree of life and are specific to P. tricornutum. Approximately 14% of the genes are specific to diatoms. While ~8% of the genes shows conservation in almost all the lineages of Tree of life except viruses, more than 4% genes shows conservation across wide range of eukaryotic lineages.

The interplay between DNA variants and H3K27me3 in TMP and FMP

To evaluate the genetic diversity between TMP and FMP, contributing to morphotype determination, we sequenced the genome of TMP and performed a reference-based assembly using the genome of FMP (Pt1 within TMP with highest insertion and deletion length to be 19 base pairs (bp) and 212 bp, respectively. Localization of the polymorphic sites over the functional features (genes, transposable elements, and intergenic regions) of the genome revealed high densities of the polymorphisms over genes specifically on exons, and is consistent across all the previously reported ecotype populations (Chapter 3 of the current thesis). With an average transition to transversion ratio of 1.6 and 1 mutation per 117 bases, the spectrum of mutations across all the ecotypes reveals a higher rate of transitions over transversions. In total, six possible types of single nucleotide changes can be distinguished, among which, G:C -> A:T and A:T -> G:C, while maintaining balance between each other, accounts for more than 72% of the observed mutations. An average non-synonymous to synonymous mutation ratio (N/S) is estimated to be 0.88 and indicates the fast evolving nature of TMP, which could be because of their adaptation to dynamically changing niches.

In order to understand the functional consequences of the polymorphisms, we clustered all the genes into two groups: Positive selection (PoS) and Loss of function (LoF) mutations. Both Chapter 4

effect over the marked genes. Lysine 9 of histone H3 can be mono-, di-, or tri-methylated both in plants and animals. Like H3K27me3, H3K9me2 is also associated with repression and targets mainly TE(s) in both TMP and FMP. Unlike H3K27me3 and H3K9me2, H3K4me2 is associated to constitutive expression of genes, which are its major targets. To identify different chromatin states (CS) we compared the co-localization profiles of H3K9me2, H3K27me3 and H3K4me2 over genes using FMP and TMP (Figure 4A,4B). Both TMP and FMP possess approximately similar number of genes that are marked by H3K4me2. Whereas, ~1600 genes are uniquely marked by H3K9me2 within TMP cells (Figure 4B). Interestingly the co-localization profile of the three marks across FMP and TMP is coherent, in terms of maintaining similar chromatin states across the genome (Figure 4A,4B). H3K27me3 and H3K9me2 often co-localize on their targets and the pattern is consistent in both the ecotypes (Figure 4A,4B). Although, H3K9me2

and H3K27me3 peaks are reported to be mutually exclusive in humans, they are majorly found to be close neighbors [START_REF] Lienert | Genomic prevalence of heterochromatic H3K9me2 and transcription do not discriminate pluripotent from terminally differentiated cells[END_REF]. Genes that are co-marked by the repressive marks, H3K27me3 and H3K9me2, shows very low or no expression within FMP and TMP cells (Figure 4A, 4B). Similarly, genes that are specifically marked by H3K9me2 show moderate to low expression compared to unmarked genes (Figure 4A,4B). On the contrary, genes that are specifically marked by H3K4me2 are highly expressed. Interestingly, on an average, genes that are co-marked by H3K27me3 and H3K9me2 are flanked by more TEs, compared to those that are either marked specifically by H3K9me2 or H3K27me3, within the vicinity of 500 bp upstream till 500 bp downstream of a gene. Conclusively, co-localization of the three marks suggests four chromatin states that are consistent within both FMP and TMP cells (Figure 4A, 4B). These states are, CS1: Highly expressed, defined by genes that are uniquely marked by H3K4me2; CS2: Moderate to high expression, defined by genes that are marked by either all the three marks or by H3K4me2 with H3K9me2 and/or H3K27me3; CS3: Moderate to low expression, defined by genes that are marked specifically by either H3K9me2 or H3K27me3; and, CS4: Low or no expression, defined by genes that are marked by both the repressive marks, H3K27me3 and H3K9me2 suggesting an additive effect of both repressive marks. It is also noteworthy, that quantitatively, the enrichment of H3K9me2 and H3K27me3 within the co-localized target genes is higher compared to the enrichment of H3K9me2 and H3K27me3
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within genes marked specifically by H3K9me2 and H3K27me3, respectively (Figure 5A) and is correlated to the expression (Figure 5B). This suggest the establishment of facultative heterochromatin, characterized as high TE(s) density and low or no expression state (CS4) of the genome, by the co-localization of H3K27me3 and H3K9me2

Conclusions

We demonstrate natural variation of the repressive chromatin mark H3K27me3 between two P. tricornutum ecotype populations, Pt1 8.6 and Pt8Tc, possessing fusiform (FMP) and triradiate morphotypes (TMP), respectively. The distribution of H3K27me3 in FMP and TMP cells is highly similar with TE(s) being the major targets suggesting an ancestral role of H3K27me3 in suppression of TEs. Although the global distribution of H3K27me3 is coherent, there are many genes, involved in wide range of biological processes including cell wall related genes, specifically marked within TMP and FMP. Along with the distribution of H3K27me3, its co-localization profile with H3K4me2 and H3K9me2, and the respective chromatin states are consistently maintained within both TMP and FMP. Furthermore, the function of H3K27me3 is for the first time demonstrated in a single celled species using CRISPR cas9 editing where the knockout of enhancer of zeste, a polycomb protein responsible of the deposition of H3K27me3 results in its depletion from the genome and a distortion of the morphology of the cell. Coupling the comparative distribution of H3K27me3 profiles with the genetic diversity between the two ecotypes revealed a significant role of sequence variations and putative cross talk between DNA sequence and epigenetic repressive mark H3K27me3 in order to attribute a specific fate to the cell via the repression of specific target genes most of which encode genes of unknown functions which interestingly are diatom or P. tricornutum specific.

Among the genes that are differentially targeted by H3K27me3 and with functional domains, we identified and validated few with cell wall related functions.
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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 

Transformation of P. tricornutum cells and screening for mutants

Wild type cells of the reference strain Pt1 8.6 and the triradiate morphotype Pt8Tc were transformed with three plasmids (pPhat1, Cas9 and guide RNA with the target sequence) as described previously (Falciatore et al. 1999). Positive transformants were validated by triple PCR screen for pPhaT1 shble primers (ACT GCG TGCACTTCGTGGC/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 enhancer of zeste gene (E(z)). 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'.

Sequencing and Computational data analysis

Chromatin Immunoprecipitation (ChIP), Total RNA and DNA extraction was done with monoclonal cell cultures grown using single triradiate cell from Pt8 population (referred as 

Background

Phytoplankton are microalgae that form an essential constituent of the marine food chain. Though microscopic and mostly uncharacterized, these minute organisms have tremendously showcased themselves as potential research models [22,20]. Recent large-scale sampling to understand the morphological and genetic diversity of this hidden community [3,12,21] has already established the foundation for further molecular studies. The successful achievement of this exploration also reflects the interest of research communities towards the functional characterization of phytoplankton in the near future. Clustered regularly interspaced short palindromic repeats CRISPR/CAS systems have recently emerged as a simple and accurate tool for genome editing [13], and show facile editing in numerous organisms including bacteria [10], yeast [4], plants [6], human [14] and other animals [ 2 ,5 ,7 ,9 ,1 7 ,2 3 ,2 4 ] .C o m m o nd e s i g n e dC R I S P R systems consist of expression of a Cas9 nuclease or nickase and a single guide RNA (sgRNA). The latter includes a 20-bp target sequence used to target the Cas9/RNA complex to the desired chromosomal location. By modifying only these 20-bp, the targeting of the whole CRISPR/Cas9 complex will change and thus the DNA cleavage site. A well designed target sequence must not only optimally bind to its desired target, but must also not target any other site in the genome being edited, to avoid undesired off-target mutations [11]. Several parameters were shown to contribute to a better targeting of the target sequence, and the general form of G-N19-NGG is widely accepted, although others were also suggested [1].

Because target site choice is a key point for promoting successful editing, several computational tools have been designed aiming to automate this procedure, all offering candidate target sites for a given input sequence/gene and potential off-target sites for a given background genome. This search is usually restricted for genomes of selected model organisms such as human, mice, fruit-fly, C. elegans, and yeast, making them irrelevant for researchers aiming to use CRISPR on other, less common, organisms. We designed PhytoCRISP-Ex, a user friendly web interface, as well as a stand-alone software, which predicts potential target sites for CRSIPR/CAS projects. The off-target analysis can be performed against indexed genomes from 13 algae (diatoms, green algae, haptophytes, etc.), or any user defined genome or transcriptome, assembled or not, making it useful for designing CRISPR projects for many communities.

Algorithm

PhytoCRISP-Ex is a rational and flexible tool for finding Cas9 target sites with low/no off-target potential. Given a DNA query (e.g., gene) sequence, the pipeline first fetches all the possible regions of length 23, structured as [5′-G/N(19 bps)PAM-3′]/[3′-PAM(19 bps)C/N-5′]. These regions are then evaluated and filtered to show low/no off-target activity across the whole genome (see Fig. 1a for general workflow). The choice of PAM sequence and CRISPR target start base is kept flexible. PAM sequence can be selected from NGG or NAG and CRISPR start base can be chosen as G or any (N) base. These options are also implemented in the standalone version of the software and can be used as arguments.

There are two levels of filters and passing both designates the region as a potential sgRNA for Cas9 activity. The first level accepts the target sequence and tags it "PASS" if it has less than or equal to 2 base-pair mismatch with the closest off-target in the genome. The second filter, accepts the target if the seed region (last 15 bases including the PAM sequence) has 0 mismatch with off-targets anywhere in the genome. The pipeline reports the instances which are accepted by both or either one of the filters, but the ones which passes both the filters are designated as potential Cas9 targets.

Once the potential sgRNAs are filtered, they are then checked for the presence of none, one or more restriction sites corresponding to pre-selected and most common restriction enzymes (Additional file 1: Figure S1). Cas9 enzyme cleaves both DNA strands ~3-4 bases upstream of the PAM [19,25]. Therefore along with the presence of restriction sites on the entire target sequence, PhytoCRISP-Ex reports specifically, if any, the restriction sites overlapping three and four bases upstream to the PAM sequence. Embedding a restriction site in the target sequence will help screening for mutants using PCR after a digest with the appropriate restriction enzyme. Presence and absence of the restriction sites along with its position on the sgRNA are reported in the output file (Fig. 1b). The list of restriction enzymes (Additional file 2: Table S1) can be updated and used when using the standalone version of the software. The PhytoCRISP-Ex pipeline is mounted with the index of 13 genomes and is accessible via web-server. An off-line standalone software is also developed which gives liberty to its users to use it for any genome, assembled or un-assembled. The standalone package also includes a few example files and a README file to help users install and execute PhytoCRISP-Ex. The standalone version can be found under "Download" tab at http://www.phytocrispex. biologie.ens.fr/CRISP-Ex/.

Results

Several computational tools have been published aiming to identify candidates for CRISPR/CAS targeting. In order to validate the novelty and sustainability of PhytoCRISP-Ex, we compared it with 8 other previously published tools. Our criteria for comparison included first, the possibility to use the tool as a browser-based or stand-alone application, so to meet the need of a wide range of users. Second, whether it provides the flexibility to perform off-target analysis on any or a restricted list of genomes. The third criteria compares the possibility to perform restriction site mutant screening analysis. The summary of this comparison is presented in Table 1 and shows PhytoCRISP-Ex as a robust and adequately designed application. Further, we evaluated our tool against the whole exome of the model diatom Phaeodactylum tricornutum (http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index/) and Thalassiosira pseudonana (http://genome.jgi.doe.gov/Thaps3/ Thaps3.home.html). The statistics revealed that ~94 % and ~95 % of the genes in P. tricornutum and T. pseudonana, respectively, have atleast 1 potential guide RNA to be used as a Cas9 target against these genes. Among the latter, most of the genes have high percent efficiency in terms of constituting mostly potential targets among total predicted Cas9 targets (Additional file 1: Figure S1). These findings suggest that potentially almos ta n yg e n ei nt h e s et w os p ecies can be targeted with high probability for generating a single specific mutation. Out of the total, ~89 % genes in both the species (P. tricornutum and T. pseudonana)p o ssess potential targets with restriction sites over the probable Cas9 cleavage site. Therefore, choosing such targets might help in fast screening of the mutants. PhytoCRISP-Ex is a CRISPR/Cas9 target extraction web-package, built to extract targets using 13 model phytoplankton genomes. The algorithm has also been designed as a UNIX based standalone package which provides flexibility to its users to use it on other non-model genomes. The simple design of PhytoCRISP-Ex allows its use by end-users with moderate or no software programming background.

Conclusions

With the persuasive interest of scientific community towards phytoplankton research, the need of establishing genetic transformation tools for plankton species is thriving. PhytoCRISP-Ex provides a reliable and first ever application for predicting CRISPR/Cas9 targets within various plankton genomes. PhytoCRISP-Ex is also equipped with an easy to 

Conclusions and perspectives

"It is not the strongest of the species that survives, nor the most intelligent, but the one most responsive to change" -Charles Darwin Since the beginning of life on earth, phenomenon like speciation and selection has governed the establishment of new species and diversity within the tree of life. With time and ever-changing environment, the need of adaptation and the role of evolution became indispensable. Diatoms came into existence long after the life on earth was originated. It is suggested that diatoms emerged in the Jurassic era, approximately 190 million years (Myr) ago, long before homosapiens were evolved, and are now estimated to be one of the most diverse kingdom in the tree of life. They are found on all form of water bodies such as open oceans, polar waters, tropical waters, fresh water areas, snow and even glacial ice. Evolving as per their habitat, diatoms attained numerous shapes and sizes, which are grouped into centric and pennates and is based on their characteristic shape of cell frustule.

Résumé

Depuis la découverte de Phaeodactylum tricornutum par Bohlin en 1897, sa classification au sein de l'arbre de la vie a été controversée. En utilisant des morphotypes ovales et fusiformes Lewin a décrit en 1958 plusieurs traits caractéristiques de cette espèce rappelant la structure des diatomées mettant ainsi fin à la controverse sur la classification de P. tricornutum au sein des Bacillariophycées. Pour se faire, trois morphotypes (ovale, fusiforme et triradié) de Phaeodactylum tricornutum ont été observés. Au cours d'u e ce tai e d'a ées e viro , de 1908 à 2000, 10 souches de Phaeodactylum tricornutum (appelées écotypes) ont été collectées et stockées soit de manière axéni ue ou e l'état avec leur populations naturelles de bactéries dans les centres des ressources génétiques pour algues, cryo-préservées quand cela est possible. Divers outils cellulaires et moléculaires ont été établis pour disséquer et comprendre la physiologie et l'évolution de P. tricornutum, et/ou les diatomées en général. Grâce à des décennies de recherche et les efforts déployés par de nombreux laboratoires que P. tricornutum est aujourd'hui considérée comme une espèce modèle des diatomées. Le sujet de ma thèse traite majoritairement de la composition génétique et épigénétique du génome de P. tricornutum ainsi que de la diversité morphologique et physiologique sousjacente au sein des populations naturelles prospectées à différents endroits du globe. Pour se faire, j'ai gé éré les profils chromatiniens en utilisant différentes marques des modifications post-traductionnelles des histones (chapitres 1 et 2) et a également comparé la variation naturelle dans la distribution de certaines marques clés entre deux populations d'écotypes (chapitre 4). Nous avons également généré une carte de la diversité génétique à l'échelle du gé o e chez 10 écotypes de P. tricornutum révélant ainsi la présence d'un complexe d'espèces dans le genre Phaeodactylum comme la conséquence d'u e hybridation ancienne (chapitre 3). Sur la base de nombreux rapports antérieurs et des observations similaires au sein de P. tricornutum, nous proposons l'hybridation naturelle comme une base solide et une possibilité plausible pour expliquer la diversité des espèces chez lest diatomées. De plus, nous avons mis à jour les annotations fonctionnelles et structurelles du génome de P. tricornutum (Phatr3, chapitre 2) et mis au point un algorithme de logiciel convivial pour aller chercher les cibles CRISPR du syst e d'éditio du gé o e CRISPR / cas9 chez 13 génomes de phytoplancton incluant P. tricornutum (chapitre 5). Pour accomplir tout cela, j'ai utilisé diverses méthodes à la pointe de l'état de l'art comme la spectrométrie de masse, l'i u oprécipitation de la chromatine suivie de séquençage à haut débit ainsi que les séquençages du génome entier, de l'ARN et des protocoles d'édition du génome CRISPR et plusieurs logiciels / pipelines de calcul. Ainsi, le travail de thèse fournit une plate-forme complète ui pourra tre utilisée à l'ave ir pour des études épigénétiques, de génétiques moléculaires et fonctionnelles chez les diatomées en utilisant comme espèce modèle Phaeodactylum tricornutum. Ce travail est pionnier et représente une valeur ajoutée importante dans le domaine de la recherche sur les diatomées en répondant à des questions nouvelles ouvrant ainsi de nouveaux horizons à la recherche en particulier en épigénétique qui joue un rôle important mais pas encore assez apprécié dans le succès écologique des diatomées dans les océans actuels.
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Abstract

Since the discovery of Phaeodactylum tricornutum by Bohlin in 1897, its classification within the tree of life has been controversial. It was in 1958 when Lewin, using oval and fusiform morphotypes, described multiple characteristic features of this specie that resemble diatoms structure, the debate to whether classify P. tricornutum as a member of Bacillariophyceae was ended. To this point three morphotypes (oval, fusiform and triradiate) of Phaeodactylum tricornutum have been observed. Over the course of approximately 100 years, from 1908 till 2000, 10 strains of Phaeodactylum tricornutum (referred to as ecotypes) have been collected and stored axenically as cryopreserved stocks at various stock centers. Various cellular and molecular tools have been established to dissect and understand the physiology and evolution of P. tricornutum, and/or diatoms in general. It is because of decades of research and efforts by many laboratories that now P. tricornutum is considered to be a model diatom species. My thesis majorly focuses in understanding the genetic and epigenetic makeup of P. tricornutum genome to decipher the underlying morphological and physiological diversity within different ecotype populations. To do so, I established the epigenetic landscape within P. tricornutum genome using various histone post-translational modification marks (chapter 1 and chapter 2) and also compared the natural variation in the distribution of some key histone PTMs between two ecotype populations (chapter 4). We also generated a genome-wide genetic diversity map across 10 ecotypes of P. tricornutum revealing the presence of a species-complex within the genus Phaeodactylum as a consequence of ancient hybridization (Chapter 3). Based on the evidences from many previous reports and similar observations within P. tricornutum, we propose natural hybridization as a strong and potential foundation for explaining unprecedented species diversity within the diatom clade. Moreover, we updated the functional and structural annotations of P. tricornutum genome (Phatr3, chapter 2) and developed a user-friendly software algorithm to fetch CRISPR/Cas9 targets, which is a basis to perform knockout studies using CRISPR/Cas9 genome editing protocol, in 13 phytoplankton genomes including P. tricornutum (chapter 5). To accomplish all this, I used various state-of-the-art technologies like Mass-Spectrometry, ChIP sequencing, Whole genome sequencing, RNA sequencing, CRISPR genome editing protocols and several computational softwares/pipelines. In brief, the thesis work provides a comprehensive platform for future epigenetic, genetic and functional molecular studies in diatoms using Phaeodactylum tricornutum as a model. The work is an addon value to the current state of diatom research by answering questions that have never been asked before and opens a completely new horizon and demand of epigenetics research that underlie the ecological success of diatoms in modern-day ocean.

  al. 2009; Maheswari et al. 2010). The genome release along with exhaustive EST data source and establishment of numerous genetic Introduction Phaeodactylum tricornutum genome and epigenome: characterization of natural variants transformation tools (Falciatore et al. 1999; Diner et al. 2016) boosted P. tricornutum as a model species for comparative genetics and functional characterization studies of other diatoms. Recent advancement in the field of reverse genetics is dominated by RNAi silencing and TALEN (De Riso et al. 2009; Daboussi et al. 2014; Kaur and Spillane 2015; Weyman et al. 2015). Simpler and more efficient techniques have been recently developed including CRISPR based genome-editing. Be it knocking any gene out off a system or to manipulate the epigenetic makeup of the genome (Vojta et al. 2016), CRISPR based editing tools are now widely used and accepted. Recently, for the first time, researchers from Norway, our lab and others are able to successfully optimize CRISPR/Cas9 technology to efficiently generate stable targeted gene mutations in P.
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 1 Figure 1. Eukaryote phylogenetic tree. The tree is derived from different molecular phylogenetic and ultrastructural studies (adapted from [13]). Images courtesy of NCMA, the Culture Collection of Marine Phytoplankton at Bigelow Laboratory for Ocean Sciences, and for dinoflagellates (image courtesy of Richard Dorrell). Red arrow head points to diatoms.
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 3 Figure 3. DNA methylation in diverse Eukaryotes. Graphical representation of genome-wide percentages of cytosine DNA methylation as well as in different contexts [C (red), CG (green), CHG (orange) and CHH (black)]. Species names are represented on the Y-axis. All the stated elements are represented as stacks over gray bar indicating the size of each genome measured as mega base pairs (Mbp).For comparison, the human genome methylation data is given: genome size (3381,94), methylated Cs (75%). Data was taken from[33,37,38], http://genome.jgi-psf.org/, http://phytozome.jgi.doe.gov/pz/portal.html.
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 4 Figure 4. The orthologous gene body cytosine methylation analysis. The genes that are differentially methylated between Phaeodactylum tricornutum (Pt) and Thalassiosira pseudonana (Tp) are represented. Qualitative analysis of gene body cytosine methylation
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 5 Figure 5. Histone PTMs in T. pseudonana. Diagram showing sites of PTMs of core and variant histones identified in Thalassiosira pseudonana by mass spectrometry. Amino acid residue number is indicated below the peptide sequence. Dark gray, black and light gray boxes indicate N-terminal, globular core and C-terminal domains, respectively. Acetylation and methylation are indicated in green and red respectively.
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 6 Figure 6. The percentage of coding fraction of several Eukaryotic and bacterial genomes (Adapted from [68]).

Fig. 1

 1 Fig. 1 Histone PTMs in P. tricornutum. a Sites of PTMs of linker, core and variant histones identified in this work. Amino acid residue number is indicated below the peptide sequence. Gray, black and white boxes indicate N-terminal, globular core and C-terminal domains, respectively. Because K211 and K212 are contiguous, their methylation state cannot be discriminated. Me2 can be located on K211 or K212 of histone H1. H3K9me2 and H3K9me3 were detected by western blot. Novel modifications are underlined. b Novel histone modifications are modeled on the crystal structure of the nucleosome (Protein Data Bank file 3A6N). The histone proteins are shown in ribbon diagram with histone H2A in red, H2B in orange, H3 in blue, and H4 in green. The DNA helix is shown in gray. Modified residues are visible as yellow spheres. The image was generated using the program Pymol[24] 

Fig. 2

 2 Fig. 2 Distribution of ChIP-Seq signal peaks for H3K4me2, H3K9_14Ac, H3K9me2, H3K9me3, and H3K27me3. a Venn diagram showing the overlap (in base pairs) of histone marks with each other.b Percentage of genomic features (genes, TEs, and intergenic regions) found enriched for each of the marks. The numbers above each bar refer to total number of peaks overlapping genes, TEs or intergenic regions. c Enrichment profile of H3K4me2, H3K9_14Ac, H3K9me2, H3K9me3, H3K27me3 along genes (upstream 500 bp, coding region, downstream 500 bp). Average tag density is the number of sequence reads per gene. Note that the small rise in enrichment seen in the flanking regions (both at 5′ and 3′ ends) is a result of the presence of nearby genes in the densely packed genome. d Genome-wide nucleosome distribution. The color code refers to the level of enrichment, blue being low and red high. e Nucleosome occupancy along genes and flanking regions and its correlation with gene expression quantiles (Reads Per Kilobase Per Million, RPKM). f A snapshot of chromosome 1, showing the six epigenetic modifications within genes and TEs

Fig. 3

 3 Fig. 3 Comparison of the presence of histone marks with gene expression. a Boxplots showing the gene expression profiles correlating with each histone mark. Gene expression was quantified in standard growth conditions using RNA-Seq data. Around 85 % of genes are expressed and quantified as fragments per kilobase of exons per million reads mapped (FPKM). Number of genes is indicated above each bar. b Combinatorial effects of histone modifications and DNA methylation on gene expression. FPKM values are indicated below each bar

Fig. 5

 5 Fig. 5 Dynamic changes in chromatin marks in nitrate replete and limiting conditions. a Venn diagrams showing overlap of different histone marks on genes in nitrate replete (Normal N) and nitrate-limiting (Low N) conditions. b Venn diagrams showing overlap of different histone marks on TEs in nitrate replete and nitrate-limiting conditions. Percentages of differentially marked genes and TEs are indicated between parentheses. c Comparison of levels of ChIP binding and expression levels. Fold change of ChIP binding (differential binding) is calculated from the number of reads in the peak region using diffReps. Fold change in expression level is calculated from the levels of RPKM using the Cuffdiff [78]. Pearson correlation values between differentially marked and expressed genes under the two conditions (normal and low nitrate growth conditions) are marked along the trend line. d Number of genome features (genes and transposable elements) marked by each of the three histone marks, as well as DNA methylation. Percentage was derived using the known genome feature annotations. Number of genes, TEs and intergenic regions under normal or low nitrate are indicated above each bar

  TopHat v.1.1.3 [84] and Cufflinks [85] were used to map and estimate the transcripts from the RNA-Seq data. Relative abundances of transcripts were measured as fragments per kilobase of exon per million fragments mapped (FPKM).

1 :

 1 Figure S1. Phylogeny of different classes of histone proteins. A Relationship between different classes of histone proteins in P. triconutum. Boot strap numbers are indicated. B Protein sequences from different species belonging to respective classes of histone proteins were obtained from NCBI, aligned using Gonnet [87], and used to construct a neighbor-joining tree. The numeric values on the tree indicate the bootstrap confidence between two branches. Only core histones are considered in this tree. NCBI accession numbers used are as follows: [H3: Drosophila melanogaster (NP_724345), Homo sapiens (NP_003520), Caenorhabditis elegans (NP_496899), Arabidopsis thaliana (NP_195713), Chlamydomonas reinhardtii (XP_001690671), Phaeodactylum tricornutum (XP_002177514), Thalassiosira pseudonana (XP_002288694), Paramecium tetraurelia (BAF03646), Saccharomyces cerevisiae (AAS64349), Dictyostelium discoideum (XP_647577), Leishmania infantum (XP_001463740), Giardia intestinalis (ESU45648)]; [H4: Arabidopsis thaliana (NP_180441), Chlamydomonas reinhardtii (XP_001690685), Caenorhabditis elegans (NP_492641), Drosophila melanogaster (NP_524352), Paramecium tetraurelia (CAD97571), Dictyostelium discoideum (XP_642712), Leishmania infantum (XP_001464339), Giardia intestinalis (ADW95184), Saccharomyces cerevisiae (EDV12280), Homo sapiens (ESW55528), Phaeodactylum tricornutum (XP_002179286), Thalassiosira pseudonana (XP_002288196)]; [H2A: Phaeodactylum tricornutum (XP_002181345), Thalassiosira pseudonana (XP_002286413), Paramecium tetraurelia (XP_001433287), Drosophila melanogaster (NP_524519), Caenorhabditis elegans (NP_001263788), Homo sapiens (NP_003507), Arabidopsis thaliana (Q90681), Chlamydomonas reinhardtii (EDO96006), Saccharomyces cerevisiae (CAA81267), Leishmania infantum (CAD11891), Dictyostelium discoideum (XP_636327), Giardia intestinalis (ESU37209)]; [H2B: Phaeodactylum tricornutum (XP_002179210), Thalassiosira pseudonana (XP_002290856), Saccharomyces cerevisiae (CAA81268), Arabidopsis thaliana (NP_180440), Chlamydomonas reinhardtii (XP_001700194), Drosophila melanogaster (NP_724342), Caenorhabditis elegans (NP_505464), Homo sapiens (NP_003510), Giardia intestinalis (ESU39253), Paramecium tetraurelia (XP_001428087), Leishmania infantum (XP_001470056), Dictyostelium discoideum (XP_628972)]; [H1: Drosophila melanogaster (NP_724341), Homo sapiens (NP_722575), Chlamydomonas reinhardtii (XP_001693443), Arabidopsis thaliana (AAD20121), Caenorhabditis elegans (NP_491678), Saccharomyces cerevisiae (NP_015198), Phaeodactylum tricornutum (XP_002179285), Thalassiosira pseudonana (XP_002294007)]. Additional file 2: Figure S2. Identification of histone modification sites. MS/MS spectrum of novel PTMs detected in histones H3, H4, H2A and H2B, as well as histone PTMs that were mapped. mononucleosomes around 150 bp. Lane C indicates undigested control. The two left-most lanes indicate low and high molecular weight DNA ladders. B Pie chart showing genome-wide nucleosome distributions (H3) along genes, TEs, and intergenic regions. The number of each genomic feature is indicated. C Dinucleotide frequencies around nucleosome occupancy sites and over linker regions.(MMETSP): illuminating the functional diversity of eukaryotic life in the oceans through transcriptome sequencing.

(

  Fig 4B), it is reported to be repressive genome wide. We further investigated the localization pattern of DNA methylation over the newly annotated TEs. From 458 (~23%) of the 1,993 new TEs that we found to be methylated, most of them (368; ~80%) are methylated in CG context only (Fig 4C). On the other hand, 19 (~4%) TEs are specifically methylated in CHH context, and 34 (~7%) are found to be methylated by at least two sub-contexts of DNA methylation (CG, CHH and CHG) (Fig 4C). TEs those are methylated specifically in CG context reveals least expression compared to those specifically methylated in CHG or CHH contexts (Fig 4D). By classifying the entire repertoire of TEs based on their method of transposition, Class I and II TEs show distinct patterns of DNA methylation and epigenetic marking. While most of the class I TEs are enriched with CG methylation, co-localizing with or without CHH methylation, class II TEs are predominantly marked by DNA methylation in CHH context and CGs co-localize with CHG methylation (Fig S2). A similar pattern was reported in soybean where a high abundance of CHH methylation over class II elements was correlated with the presence of small
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 2 Figure 2. Dissecting the functional characteristics of P. tricornutum novel proteome (A) In-silico functional characterization of novel transcripts from Phatr3 was performed using the UniProt-GOA database. For each gene we mapped the associated biological process (BP), cellular component (CC) and molecular function (MF), along with the presence of functional protein domains using PFAM and

Figure 4 .

 4 Figure 4. Distribution of epigenetic modifications over transposable elements. The Venn diagram presents (A) the number of new TEs found to be localized by one or more histone H3 PTMs, and (B) the number of new TEs found to be methylated in CG, CHH, and CHG contexts.

Figure 5 .

 5 Figure 5. Identification of splice variants under different nutrient conditions. (A) The Venn diagram represents genes observed to either retain introns or to skip exons in multiple biological samples. (B) & (C) represent a Venn diagram analysis depicting genes that show intron-retention and exon-skipping under normal (WT) and various N-stress conditions (NFREE, NO3, NO2 and NH4), respectively.

  strains as an adaptive response to various environmental cues, suggesting a distinct genetic makeup of different ecotypes a (Stanley 2007; Bailleul et al. 2010; Abida et al. 2015). The accumulated effect of diverse evolutionary and environmental forces such as recombination, mutation, selection, admixtures and introgression has been found to dictate the structure and diversity of genomes in a wide range of species (Liti et al. 2009; Cao et al. 2011; Flowers et al. 2015). Deciphering the existence and role of such processes in shaping the genetic diversity of P. tricornutum across different ecotype populations is an important first step to assess their role in shaping the evolution and adaptive capacities of diatoms. In order to understand the underlying genomic diversity within different ecotypes and to establish the functional implications of such diversity, we performed deep whole genome sequencing of all the ecotypes. Here we present the first genome wide diversity map and population genetic structure of 10 P. tricornutum ecotypes.

  ~25% singleton SNVs, 573 insertions (of length 1 bp to 312 bp) and 1,801 deletions (of length 1 bp to 400 bp). Most of the SNVs are heterozygous and are shared between different ecotypes (Fig 1A & 1B). Most INDELS are also shared between different ecotypes, except for Pt4, which possesses the highest proportion of specific INDELS and SNVS (Fig 1B). The total number of heterozygous SNVS, along the whole genome, is estimated to range between 45%

(

  Meaburn et al. 2010; Schalkwyk et al. 2010), and post translational modifications of histones as reported in human lymphoid cells (Nag et al. 2013) and murine cells (Nag et al.

  observations, coupled with the high levels of genetic variation, and fast doubling time, indicate that P. tricornutum populations are likely able to adapt quickly to survive in a dynamically changing environment.Although nothing is known about sexual reproduction in P. tricornutum, stress due to metabolically demanding and challenging niches have been shown to induce and promote sexual reproduction (genetic exchange) in asexually reproducing microorganisms[START_REF] Taylor | THE EVOLUTION OF ASEXUAL FUNGI: Reproduction, Speciation and Classification[END_REF][START_REF] Grishkan | Ecological stress and sex evolution in soil microfungi[END_REF][START_REF] Schoustra | Fitness-associated sexual reproduction in a filamentous fungus[END_REF]). The phenomenon leads to the establishment of new and fit genotypes, as a consequence of recombination of advantageous mutations. Hybridization events leading to the existence of multiple ribotypes have been reported recently in three pennate diatom species, which are Pseudo-nitzschia pungens(Casteleyn et al. 2009), Pseudo-nitzschia multistriata (D'Alelio et al. 2009), and Fistulifera solaris (Tanaka et al. 2015). Likewise, inter-specific hybridization based on rDNA markers has also been reported in dinoflagellates (Edvardsen 2003; Hart 2007). These findings have extended our perception of natural hybridization to persist not only in macroeukaryotes (Casteleyn et al. 2009) but also in micro-eukaryotes. By comparing the sequences of the 18S and internal transcribed spacer 2 (ITS2) region of rDNA within the P. tricornutum genome, the ecotypes can be clustered into 4 ribotypes (Fig 3A and 3B): ribotype A (Pt1, Pt2, Pt3 and Pt9), ribotype B (Pt4), ribotype C (Pt5 and Pt10), and ribotype D (Pt6, Pt7 and Pt8). Inspection of the 18S rDNA gene sequence across ribogroups (ecotypes possessing the same ribotypes) indicated the presence of two different alleles in populations of ribogroup B, C and D (Fig 3B). Specifically, out of the two alleles observed among populations within ribogroups B, C and D, one of the alleles was specific to ribogroup A (Fig 3B), supporting the idea of ecological mixing via migration leading to interbreeding or genetic exchange between

3 Functional

 3 2015) and seems adequate in explaining high estimates of heterozygosity within fast reproducing (Fig S1) Phaeodactylum species. Moreover, heterozygosity may be selected under balancing selection (Sellis et al. 2011; Sellis et al. 2016). Not surprisingly, we observed low levels of heterozygosity and less alleles, genome-wide, that are deviated from Hardy-Weinberg equilibrium within populations that support the occurrence of hybridization (ribogroup B, C and D), compared to ribogroup A populations where no hybridization is observed. The linkage disequilibrium analysis using only homozygous SNP sites, revealed, on average, high linkage disequilibrium (LD > 0.7) over pairs of polymorphism, which is consistent with low levels of recombination. Linkage disequilibrium moderately declines with the increase in pairwise distance between associated alleles (Fig 3C). The Fixation Index (FST), studied among all possible pairs of populations ranges between 0.08 and 0.4 with a mean of 0.28 ± 0.1 (Fig 3D). These observations indicate a strong signal of convergent evolution between Phaeodactylum species/ribogroup populations. The latter can be conceptualized based on low nucleotide diversity, consequently low genetic differentiation (calculated as FST) (Fig 3D), and strong linkage disequilibrium between the populations belonging to different ribogroups. The closely associated behaviors of populations, at both inter and intraribogroup level, suggests hybridization to be an ancient event, happened in the life history of Phaeodactylum strains. It furthermore appears that the species complex is under strong convergent evolution where asexuality and heterozygosity may provide Phaeodactylum species better fitness to adapt rapidly to changing environments. Population genomics and ecotype diversity 95 Chapter characterization of the polymorphisms suggest change of selection pressures under laboratory conditions Considering Darwinian selection theory, species are under continuous pressure to get fitter with time, in order to better survive. To understand the functional consequences of the polymorphisms driving selection of certain loci for better fitness, we identified genes within different ribogroups experiencing strong selection based on their high Ka/Ks (dN/dS) ratios. Across all the ecotypes, 100 such genes could be detected (Fig 4A), among which 47% are specific to one or other ribogroup. Furthermore, many genes (902) are found to have loss-offunction (LoF) alleles (Fig 4A), including frame-shift mutations and mutations leading to theoretical start/stop codon loss or gain of premature start/stop codon.Based on the presence of functional domains, all P. tricornutum annotated genes (Phatr3, Chapter 2) were grouped into 3,020 gene families. These families can be as large as the reverse transcriptase gene family, which is also highly abundant in marine plankton[START_REF] Lescot | Reverse transcriptase genes are highly abundant and transcriptionally active in marine plankton assemblages[END_REF], representing 149 candidate genes having reverse transcriptase domain or as small as families that constitute single gene candidates. Across all the ecotypes we observed that the majority of genes experiencing LoF mutations belong to large gene families (Fig4B).

3 3 Methods

 33 value<0.05) that are associated to ribogroup A specific gene families, which are under selection, revealed the top enrichment of chlorophyll biosynthetic process, fatty acid biosynthetic process, fructose 6-phosphate metabolic process and photosynthesis. Similarly, ribogroup B specific gene families that are under strong adaptive selection exhibits top Chapter Considering all pairwise correlated gene families exhibiting similar selection signals among the 10 ecotypes, we used hierarchical clustering to examine the functional closeness of ecotype populations with one another. Consistent with the population and genetic structure, ecotypes within a ribogroup are more closely related than the ecotypes belonging to other ribogroups (Fig S3), suggesting variation in functional relatedness between different proposed groups of sub-species within the genus Phaeodactylum. Discussion Phaeodactylum tricornutum is a diploid diatom known to reproduce asexually although sexual reproduction is not excluded. Since the discovery of the species by Bohlin in 1897, many strains around the world have been sampled. These strains were isolated over approximately a time period of 100 years (De Martino 2007). Since the release of its genome in 2008, the species is used as a model for deciphering various metabolic pathways and unveiling the evolutionary history of diatoms (Bowler et al. 2008, (Huysman et al. 2013); Tanaka et al. 2015)(Allen et al. 2011; Morrissey et al. 2015; Fortunato et al. 2016). Along with sequencing of the genome, for most of the studies, Pt1 8.6, monoclonal population of a single cell derived from Pt1 population, is used as a reference. However, some studies have involved multiple ecotypes of P. tricornutum to compare its genetic and functional behavior in response to dynamically changing niches. From these studies, it appears that some ecotypes have different and unique features in response to various environmental cues. Like Pt3 population, which was derived originally from Pt2 population, shows the dominance of oval cells in the cultures (De Martino 2007); Pt4 population is known to be uniquely adapted for low light ambient environment displaying a reduced non photochemical quenching capacity (Bailleul et al. 2010); Oval cells from Pt5 population has maximum adherence to culturing flasks (Stanley 2007); Pt6 population has shown to accumulate high lipid content (specifically TAG) when grown in nitrate limiting conditions (Abida et al. 2015), and Pt8 population exhibits cells that are mostly triradiate in shape (De Martino 2007). Although the genetic basis of such diversity is unknown, attempts have been made to decipher the underlying genotype leading to different morphologies observed within different ecotypes. Sequencing of ITS2 region of the genome from all the ecotypes shows no correlation Chapter 3between ecotypes and their genotypes (De Martino 2007). However, four ribotypes: A (Pt1, 2, 3 and 9), B (Pt4), C (Pt5 and Pt10) and D (Pt6, 7 and 8), were proposed based on the ITS2 sequences from all the ecotypes (De Martino 2007). In the current study, we sequenced the whole genome of all the 10 ecotypes to understand and compare their population genetics structure and genomic diversity. Genome wide diversity highlights high levels of heterozygosity within all ecotypes. Confirming the observations of the previous study, Pt4 population is the most genetically distinct strain with the highest total and specific numbers of SNVS and INDELS. Based on the presence of multiple variant positions within 18S and ITS2 molecular marker genes, we can cluster all ecotypes within 4 ribogroups, which is in consensus with previous report (DeMartino 2007). The topology of association between the ribogroups was further confirmed to exhibit coherency at the whole genome scale with multiple genotypes. These levels of heterozygosity suggest frequent hybridization events within the evolution of P. tricornutum, and we propose the existence of a species-complex within the genus Phaeodactylum. In the absence of clear morphological evidences, a strong genetic elucidation supports the idea of speciation. Furthermore, in light of other reported hybrids within diatom species(Casteleyn et al. 2009; Casteleyn et al. 2010), current analysis strongly promotes the idea of possible genetic exchange between known non-sexually reproducing organisms. Although the mechanism and conditions that favor such genetic exchanges are not clear, population genetics structure of the ecotypes and the fact that there are no evidences of P. tricornutum presence in the open ocean indicates an ancient dispersal of the ancestors of ribogroup A populations to localities specific to ancestor of other ribogroup populations, most likely by human activities, rafting (Thiel 2005; Nikula et al. 2013), birds and water masses (Schlichting 1960; Proctor 1966; Foissner 2006). Further, with no clear characterization of gametes, phenomenon like introgression seems more compelling in describing genetic exchange between the migrated and already inhabited strains. Additionally, there is little evidence of recombination in the dataset suggesting that the Phaeodactylum species-complex is best fit for reproducing asexually making it more flexible to adapt in its dynamically changing niche by maintaining a heterozygous genetic makeup. These species complexes is further supported by functional specialization of individual groups well illustrated with Pt4 in ribotype B which shows low non photochemical quenching Population genomics and ecotype diversity 99 Chapter 3 capacity (NPQ) (Bailleul et al. 2010) suggested as adaptive trait to low light condition at this latitude and most likely subsequent upregulation of a peculiar light harvesting protein LHCX4 in dark conditions (Bailleul et al. 2010; Taddei et al. 2016). In line with these observations, a gene involved in nitrate assimilation (Phatr3_EG02286) in Ribotype B shows high copy number suggesting a different mode of nutrient acquisition within this ribotype to back up autotrophy via photosynthesis in prolonged dark or low light conditions. In this case, osmotrophy or a different nutrient uptake mechanism can be a way in Pt4 (Ribotype B) to use dissolved amino acids or other sources of nitrogen. Similarly, another gene (Phatr3_J50146), an amino acid transporter is positively selected suggesting a role in nutrient uptake when mixotrophy is advantageous, most likely via a diffusion mode rather than pinocytosis, which is more energy consuming. Interestingly, a predicted seven transmembrane receptor belonging to rhodopsin gene family characterizes ribotype B. It is tempting to speculate on its role in light perception and photo-sensing in low light environments such as Scandinavian fjords. No distinction of specific genes is obvious in ribotype A. Ribotype C (Pt5 and Pt10) contains a protein with a role in adhesion among other functions, which is in line with high adherence reported in Pt5 (Stanley 2007). Additional functions emerge from this ribotype including vacuolar sorting and vesicle mediated transport which could be an indication of some intracellular motility (Pickett-Heaps and Forer 2001) useful for yet an unknown phenomenon or some vesicle transport outside the cell for cell-cell communication process. Ribotype D is largely enriched with proteins with reverse transcriptase domain suggesting a dominant role of retro elements in adaptation and evolution of this ribotype. Chapter Sample preparation, sequencing and mapping Ten different accessions of P. tricornutum were obtained from the culture collections of the Provasoli-Guillard National Center for Culture of Marine Phytoplankton the Culture Collection of Algae and Protozoa (CCAP, Pt2=CCAP 1052/1A, Pt3= CCAP 1052/1B, Pt4= CCAP 1052/6), the Canadian Center for the Culture of Microorganisms (CCCM, Pt8=NEPCC 640), and the Microalgae Culture Collection of Qingdao University (MACC, Pt10=MACC B228). All of the accessions were grown axenically in batch in flask cultures with a photon fluency rate of 75 μ ol photo s -2 s-1 provided by cool-white fluorescent tubes in a 12:12 light: dark (L:D) photoperiod at 20 °C. Exponentially growing cells were harvested and total DNA was extracted with the cetyltrimethylammonium bromide (CTAB) method. At least μg of ge o ic DNA fro each accessio as used to co struct a se ue ci g library follo i g the a ufacturer's i structio s Illu i a I c. . 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). 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 (Bowler et al. 2008), we performed reference-assisted assembly of all the ecotypes. We used BOWTIE (-n 2 -X 400) for mapping the high quality NGS reads to the reference genome followed by the processing and filtering of the alignments using SAMTOOLS and BEDTOOLS. Discovery of small polymorphisms and large structural variants GATK (McKenna et al. 2010), configured for diploid genomes, was used for variant calling, which included single nucleotide polymorphisms (SNVs), 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). Considering Z-score as a normalized measure of read-depth, gene candidates showing multiple copies (representing CNV) or apparently being lost (representing gene loss) were determined. The read-depth data was normalized to eliminate 1) the effect of variable size of the sequence libraries, 2) irregularity in sequencing regions with similar depth across the entire genome, and 3) variable coverage breadth (horizontal coverage) of a gene across different ecotypes. The horizontal coverage cut-off of each gene to be called as showing copy number variation, across all the ecotypes, was set to >=95%. Following the normalization step we calculated the foldchange between the average of normalized read depth (average Z-score) and normalized read depth per gene (Z-score per gene), per sample.

4 ( 1 4 Introduction 4 (

 4144 Epigenetic modifications like tri-methylation at lysine 27 of histone H3 protein (H3K27me3) is well characterized as an essential component in development and in dictating cell fate decisions. In-silico identification of enhancer of zeste (E(z)) gene, a methyltransferase that transfer methyl group to lysine 27 of histone H3 and a central component of polycomb repressive complex proteins (PRC2), in P. tricornutum along in several other algae indicates an ancient origin of PRC2 and raises the question of its role in single-celled species. In the current chapter, we analyzed the level of natural variation in H3K27me3 profile of two populations, PT1 8.6 and PT8Tc representing two different morphotypes, fusiform and triradiate, respectively. Using chromatin Immunoprecipitation (ChIP) followed by sequencing from fusiform (PT1 8.6) and triradiate (PT8Tc) single cell monoclonal populations, we have established different H3K27me3 enrichment profiles of fusiform and triradiate populations, identifying putative targets of H3K27me3 involved in morphogenesis in Phaeodactylum tricornutum. Furthermore, using E(z)-knockout lines, RNA-seq and whole genome sequencing (WGS) data, we investigate the crosstalk between genetics and epigenetics in controlling morphogenesis in P. tricornutum. Chapter Manuscript in preparation) Insights into the role of H3K27me3 mediated regulation of morphogenesis in the marine diatom Phaeodactylum tricornutum Achal Rastogi 1 , Xin Lin 2 , Anne Flore Deton Cabanillas 1 , Catherine Cantrel 1 , Javier Paz 1 , Murik Omer 3 , Cédric Gaillard 4 , Chris Bowler 1 and Leila Tirichine Chapter Diatoms are photosynthetic unicellular micro-eukaryotes found in almost all aquatic habitats. They belong to a large group called the heterokonts or stramenopiles, which is distantly related to the main eukaryotic lineages. Diatoms are cosmopolitan protists and highly diverse (de Vargas et al. 2015; Malviya et al. 2016). They are believed to originate from a serial secondary endosymbiosis where a heterotrophic cell engulfed red and green algae, and further diversified through horizontal transfer of bacterial genes (Bowler et al. 2008; Moustafa et al. 2009). Diatoms show a wide diversity of sizes and shapes and can be divided into two main groups, based on the organization of their silicified frustule, pennate and centric. Phaeodactylum tricornutum is a pennate diatom known to have different interconverting morphotypes, fusiform, triradiate, oval and cruciform (Borowitzka 1978; De Martino 2007; De Martino et al. 2011; He et al. 2014). Unlike most diatoms, P.tricornutum does not show the typical silicified frustule. Only the oval morphotype possesses a single silica valve while the valves in the other morphotypes consist entirely of organic material, although siliceous bands were observed in the girdle region of the fusiform cell wall (Borowitzka 1978). P. tricornutum is mainly found in coastal areas with high fluctuations of environmental conditions such as salinity, pH, light and nutrients, which might be in favor of the plasticity in the morphology inherent to this species. This is in line with several studies, which report a change in cell shape that can be reversible in response to an environmental trigger (De Martino 2007) . Ten natural variants have been isolated from different locations in the world oceans with a majority of fusiform morphotype, which was found to have the highest growth rate and adaptability to changing environments. Comparative study using ITS2 region of the genome from ten natural isolates failed to designate any positive correlation between genotypes and morphotypes (De Martino 2007). Absence of such a correlation along with the reversible and rapid morphotype switch in P. tricornutum suggest an epigenetic mediated regulation, namely post translational modifications of histones (PTM) such as tri-methylation of lysine 27 of histone H3 Chapter H3K27me3), a repressive mark well recognized for its role in governing morphogenesis and cell fate. H3K27me3 is deposited by polycomb repressive complex 2 (PRC2), a chromatinremodeling complex that mediates silencing of gene expression during differentiation and development in both animals and plants (Surface et al. 2010; Aldiri and Vetter 2012; Fragola et al. 2013). PRC2 was first identified in Drosophila melanogaster and consists of four core proteins highly conserved among organisms: the histone methyltransferase 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) (Martinez-Balbas et al. 1998; Schwartz and Pirrotta 2013) (Figure S1-S3). The absence of PRC2 in model unicellular fungi S. pombe and S. cerevisiae initially suggested that it arose to regulate developmental processes in multicellular organisms (Kohler and Villar2008). This hypothesis has recently been questioned because PRC2 can be found in several single celled species(Shaver et al. 2010). This marked the beginning of attempts to understand the role of H3K27me3 in unicellular organisms. In-silico identification of polycomb complex in the pleomorphic model species, P. tricornutum (FigureS1-S3) presents a unique opportunity to decipher its role in single celled organisms. Moreover, based on our recent findings of the homologs of E(z) gene in multiple marine micro-eukaryotes establishes its ubiquitous role in unicellular organisms (FigureS4).
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 4 genes show top enrichment of processes like leucyl-tRNA aminoacylation, mitochondrial alanyl-tRNA aminoacylation, nitrate assimilation, propyl-tRNA aminoacylation and S-adenosylmethionine biosynthetic process.

  ter i ator se ue ce of the P. tricor utu U as a plified usi g the pri ers '-CATTCTAGAAGAACCGCTCACCCATGC-' a d '-GTTAAGCTTGAAAAGTTCGTCGAGACCATG-', 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 (Rastogi et al. 2016).

Figure 1 .

 1 Figure 1. Comparative genome-wide distribution of H3K27me3 within fusiform (PT186, FMP) and (PT8TC, TMP) triradiate monoclonal populations. Bar plots in (A) and (B) represents the percentage of different genomic features [Genes, transposable elements (TEs) and Intergenic regions (IGRs)] that are targeted by H3K27me3 in TMP (green bar) and FMP (blue bar). (B) The bar plot represent total genome coverage of H3K27me3 within TMP (green bar) and FMP (blue bar). (C) Venn diagram compares the number of common and specific genomic features targeted by H3K27me3 in TMP (green circles) and FMP (blue circles). (D) The line plot represents an average distribution profile of H3K27me3 over the 500 bp upstream, genebody and 500 bp downstream region of all the gene targets in FMP and TMP. (E) The pie chart depicts the portion of H3K27me3 target genes, in both TMP (green) and FMP (blue), are being flanked by TEs within the vicinity of 500 bp upstream till 500 bp downstream. (F) The circus plot, using chromosome 1 of the P. tricornutum genome, represents examples of TEs being in close proximity to the H3K27me3 target genes in both TMP (denoted by Pt8Tc) and FMP (denoted by Pt1 8.6). (G) The stack bar plot represents the proportion of different classes of transposable elements (TEs) that are targeted by H3K27me3 within TMP (green bars) and FMP (blue bars).

abFig. 1

 1 Fig. 1 PhytoCRISPex workflow. The figure represents (a) the working design of PhytoCRISPex, taking NGG as a PAM sequence and (b) the description of sample PhytoCRISPex output file. a The flowchart here demonstrates the working of the web server and the standalone version of the software. The genome is indexed and putative sgRNA targets (structured as [5′-G/N(19 bps)NGG/NAG-3′]/[3′-CCN/CTN(19 bps)C/N-5′]) from user given query sequences are aligned locally against it. The aligned output is then directed through two check levels, passing both assigns a putative sgRNA target as potential target for cas9 activity. b The output file of the software is a comma separated file which can be viewed easily using Excel. The file includes three basic columns. The first column represents gene name with start, stop and sequence of the sgRNA targets. The next two columns are the results of check level one and two, respectively

  

  

  

Table 1 . Histone modifications enzymes in two diatom species. Proteins encoding

 1 putative enzymes responsible for histone modification which are identified in P. tricornutum and T. pseudonana. New gene models are given for P. tricornutum (http://protists.ensembl.org/Phaeodactylum_tricornutum/Location/Genome).

	Histone

Modifiers Residues Modified Homologs in P. tricornutum (Phatr2) Homologs in P. tricornutum (Phatr3) Homologs in T. pseudonana Lysine Acetyltransferases (KATs)

  

	CBP/p300	K56) H4 (K5,	54505	Phatr3_J54505	263785
	(KAT3A/B)	K8); H2A (K5)			
		H2B (K12, K15)			
	MYST1 (KAT8)	H4 (K16)	24733, 24393	Phatr3_J51406, Phatr3_J3062	37928, 36275
	ELP3 (KAT9)	H3	50848	Phatr3_J50848	9040
			Unknown	
	RPD3 (Class I	H2, H3, H4	51026, 49800	Phatr3_J51026, Phatr3_J49800 41025, 32098,
	HDACS)				261393
	HDA1 (Class II	H2, H3, H4	45906, 50482,	Phatr3_J45906, Phatr3_J50482,	268655, 269060,
	HDACS)		35869	Phatr3_J35869	3235, 15819
	NAD+ dependent	H4 (K16)	52135, 45850,	Phatr3_J52135, Phatr3_J45850,	269475, 264809,
	(Class III HDACS)		24866, 45909,	Phatr3_J8827, Phatr3_J12305,	16405, 35693,
			52718, 21543,	Phatr3_J16589, Phatr3_J21543,	264494, 16384,
			39523	Phatr3_J39523	35956
			Lysine Methyltransferases	
	MLL	H3 (K4)	40183, 54436,	Phatr3_EG00277,	35182, 35531,
			42693, 47328,	Phatr3_EG02316,	22757
			49473, 49476,	Phatr3_J6915, Phatr3_J47328,	
			44935	Phatr3_EG00277,	
				Phatr3_15913, Phatr3_J44935	
	ASH1/WHSC1	H3 (K4)	43275	Phatr3_6093	264323
	SETD1	H3 (K36), H4	not found	not found	not found
		(K20)			
	SETD2	H3 (K36)	50375	Phatr3_EG02211	35510
	SETDB1	H3 (K9)	not found	not found	not found
	SETMAR	H3 (K4, K36)	not found	not found	not found
	SMYD	H3 (K4)	bd1647, 43708	Phatr3_J1647, Phatr3_J43708	23831, 24988
	TRX-related		not found	not found	not found
	E(Z)	H3 (K9, K27)	32817	Phatr3_J6698	268872
	EHMT2	H3 (K9, K27)	not found	not found	not found
	SET+JmjC	Unknown	bd1647	Phatr3_J1647	not found
			Lysine Demethylases (KDM)	
	LSD1 (KDM1)	H3 (K4, K9)	51708, 44106,	Phatr3_J51708, Phatr3_J44106,	not found
			48603	Phatr3_J48603	
	FBXL (KDM2)	H3 (K36)	42595	Phatr3_J42595	not found
	JMJD2	H3 (K9, K36)	48747	Phatr3_J48747	2137
	(KDM4)/JARID				
	JMJ-MBT	Unknown	48109	Phatr3_J48109	22122
	JMJ-CHROMO	Unknown	40322	Phatr3_J40322	1863
	HAT1 (KAT1)	H4 (K5, K12)	54343	Phatr3_J54343	1397, 22580
	GCN5 (KAT2)	H3 (K9, K14,	46915	Phatr3_J2957	15161
		K18, K23, K36)			
	Nejire (KAT3);	H3 (K14, K18,	45703, 45764,	Phatr3_J45703, Phatr3_J45764, 24331, 269496,

Table 2 . Diversity of histone PTMs in P. tricornutum.

 2 

	Examples of PTMs of histones present in P. tricornutum but
	absent or not detected (ND) in representative of two major
	lineages, animals and plants. Data taken from [24,66,67].
	Histone PTM P. tricornutum H. sapiens A. thaliana
	H4K31	present	ND	ND
	H4K59Ac	present	ND	ND
	H4K59me	present	ND	ND
	H4K79me	present	ND	ND
	H4K79me2	present	ND	ND
	H4K20Ac	present	ND	present
	H4K20me	present	present	ND
	H3K79me	present	present	ND
	H3K79me2	present	present	ND
	H2BK107Ac present	ND	ND
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The first genome assembly of Phaeodactylum tricornutum, Phatr1, was released in October 2005 with 588 scaffolds and 10681 gene models, constituting 31 MB genome size. The next release Phatr2 was made in 2008 with 33 main chromosomes and 55 scaffolds composing the genome size of 27.4 MB. Phatr2 is composed of 10402 gene models with an average gene length of 1617 bp(s). This version is currently in use and was majorly established based on a comprehensive set of EST(s)

Table 1 . Comparison of Phatr3 and Phatr2 annotations

 1 

	of genes	10,402	12,177
	New gene models	-	1,489
	Unchanged gene models	-	9,192
	Merged gene models	-	236
	Split gene models	-	1,260
	Average gene length	1,474 (bp)	1,624 (bp)
	Number of exons	18,552	20,885
	Average exon length	770 (bp)	886 (bp)
	Number of introns	8,058	10,932
	Average intron length	963 (bp)	142 (bp)
	Number of intergenic regions	5,157	5,542
	Average length of intergenic region	1159 (bp)	307 (bp)
	Completeness	83.4%	99.1%
	Number of known protein domains	65,988	74,171
	Number of genes with known protein domain	9,152	9,910

. The table presents a summary of Phatr3 and Phatr2 gene comparison statistics. Only filtered gene models have been considered in each case. The structural differences between Phatr2 and Phatr3 gene models have been classified into 4 major classes: Merged, New, Split, and Unchanged gene models. The number of genes in each category is given. Average length, number of exons, and average exon length is based on evaluation of all 12,177 genes. Completeness here refers to the percentage of gene models found to contain both start and stop codons.

  ; Bailleul et al. 2010; Abida et al. 2015). Among all the enriched biological processes (chi-square test, P<0.01) that are associated to genes exhibiting ecotype-specific CNVs, a gene (Phatr3_EG02286) associated to nitrate assimilation, is observed to have high copy number (estimated read-depth is 4 folds higher compared to other genes and in other ecotypes) specifically in Pt4 population.Nitrate-assimilation is shown to regulate extensively under low light or dark conditions, to overcome nitrate limitation of growth in Thalassiosira weissflogii (Darren R.[START_REF] Clark | The large capacity for dark nitrate-assimilation in diatoms may overcome nitrate limitation of growth[END_REF]. Pt4 is well adapted to its low light ambient environment which can affect the nitrate assimilation capacity (Ivanikova Natalia V. 2005; Weiguo Li 2011) and so the dependent growth of the

strain. Although it is not evident that low light corresponds to low nitrate assimilation and limited growth in Pt4 cultures, it seems Pt4 cells have attained a specific genetic makeup to acquire more nitrate and compensate low assimilation of nitrate due to low light environment.

  in all the three ecotypes (Fig 2A, 2B and 2C). Moreover we also confirmed that even if the genes specifically demonstrate MAE in either of the three ecotypes, their expression remains low in all the ecotype populations (Fig 2D), which suggest that the signals of evolution within a population can only be achieved from genes that are moderately or lowly expressed[START_REF] Pal | Highly expressed genes in yeast evolve slowly[END_REF][START_REF] Dotsch | Evolutionary conservation of essential and highly expressed genes in Pseudomonas aeruginosa[END_REF] or can be said that the evolutionary forces are more prominent on moderate/low expressing genes. Our analyses of 3546 genes exhibiting MAE are significantly enriched with diatom or P. tricornutum specific genes. Apart from the genes that are monoallelicly regulated within Pt1 8.6, we interestingly found the isoforms

	al. 2016), MAE is
	more prevalent within Pt1 8.6 population, and reveals significant (chi-squared test; P-value <
	0.02) top enrichment of biological processes like DNA metabolic process; DNA replication;
	nitrate assimilation; obsolete ATP catabolic process; purine nucleobase biosynthetic process.
	Whereas only 574 (~5%) and 1539 (~13%) genes exhibits MAE in Pt3Ov and Pt8Tc,
	respectively. Genes that exhibits MAE in Pt3Ov are enriched in processes like acetyl-CoA
	biosynthetic process; DNA integration; nitrate assimilation; organic acid metabolic process;
	oxidation-reduction process. While, genes exhibiting MAE in Pt8Tc are enriched in processes
	like, 'de novo' IMP biosynthetic process; DNA metabolic process; obsolete ATP catabolic
	process; purine nucleobase biosynthetic process; rRNA processing. Further, among the
	genes, which shows MAE in all the studied ecotypes (185 genes), biological processes like
	acetyl-CoA biosynthetic process; ammonium transmembrane transport; intracellular signal
	Chapter 3

transduction; organic acid metabolic process and tRNA dihydrouridine synthesis, are among the top enriched processes. Although there is a noticeable difference between the numbers of genes showing MAE in different ecotype populations, genes with MAE are least expressed

Table 1 .

 1 Reference-assisted mapping statistics. The table summarizes the origin and year of sampling of each isolate of P. tricornutum along with the number of total reads mapped on the reference. Average depth (X=average number of reads aligned on each base covered across the entire genome) was estimated using the number of mapped read pairs and the horizontal coverage (aka. coverage breadth) across the whole genome.

	Library Name	Origin	Year of Isolation Mapped Read-Pairs	Alignment Depth (X) Genome Coverage (%)
	Pt1	Blackpool, UK	1956	3, 642,044	26.5	98.0
	Pt2	Plymouth, UK	Prior to 1910	6, 016,241	43.8	98.0
	Pt3	Plymouth, UK	1930s	6, 373,591	46.4	98.3
	Pt3Ov	Plymouth, UK	2012	17,694,466	131.2	98.4
	Pt4	Finland	1951	15, 583,665	113.5	94.0
	Pt5	West Dennis, MA, USA	1972	5, 346,009	38.9	93.2
	Pt6	MA, USA	1956	3, 922,830	28.5	94.1
	Pt7	Long Island, NY, USA	1952	4, 937,516	35.9	94.9
	Pt8	Vancouver, Canada	1987	22, 235,170	162.1	94.4
	Pt8Tc	Vancouver, Canada	2012	9,478,820	73.2	94.5
	Pt9	Guam, Micronesia	1981	7, 551,099	55.2	97.5
	Pt10	Dalian, China	2000	5, 436,057	39.6	92.1

  8.6) (Bowler et al. 2008) as a reference. With an average depth of 110x and 94% of genome coverage, we discovered 232,323 (depth >= 4x, which means

minimum of 4 reads per base) single nucleotide polymorphic (SNP) sites across the whole genome of TMP cells. We also discovered 133 small insertions and 642 deletions (INDELs)

  Basic RNA expression and differential gene expression analysis was performed using Eoulsan version 1.2.2 with default parameters[START_REF] Jourdren | Eoulsan: a cloud computing-based framework facilitating high throughput sequencing analyses[END_REF]. Data visualization and graphical analysis were performed principally using CIRCOS, CYTOSCAPE, IGV and R. GO enrichment analysis was performed by comparing the observed to expected frequency ratio of a biological process to occur in any given study relevant geneset. Chi-squared test with a P-value < 0.05 was considered significant to reject the null hypothesis.

	Validation of enrichment and expression of target genes
	Chapter 4 Chapter 4

QPCR:

Total RNA was extracted from TMP and FMP cells as described previously

(Siaut et al. 2007

) and cDNA was synthesized with cDNA high yield synthesis kit according to the manufacturer user manual. Quantitative PCR was performed as described previously

(Siaut et al. 2007

) using the primer list in table S1 Western blot analysis: Chromatin was extracted from wild type as well as mutants of both TMP and FMP cells and western blot performed as described previously

(Lin et al. 2012) 

Table 1

 1 PhytoCRISP-Ex vs othersSoftwaresBrowser-based application Stand-alone application Restriction screening Background Genome flexibility Reference

	PhytoCRISP-Ex	✓✓	✓	✓	Current study
	CRISPR MultiTargeter ✓	XX	X	[ 18]
	CasFinder	X	✓	XX	[ 1]
	CHOPCHOP	✓	XX	X	[ 15]
	CRISPRdirect	✓	XX	X	[ 16]
	E-CRISP	✓	XX	X	[ 8]
	sgRNAcas9	X	✓	X	✓	[27]
	CasOT	X	✓	X	✓	[26]
	CRISPRseek	X	✓✓	✓	[28]

Comparison between PhytoCRISP-Ex and several previously published CRISPR target analysis tools
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Figure S1. Gene Ontology (GO) enrichment analysis based on semantic clustering of molecular function (MF) associated to P. tricornutum-T. pseudonana orthologous genes which are (A) methylated only in P. tricornutum and (B) methylated in T. pseudonana. X and the Y axis represent the pairwise semantic similarity scores. Color in the sphere represents the uniqueness of each term when compared semantically to the whole list of molecular functions. More unique terms tends to be less dispensable. The graph was generated using Revigo [START_REF] Supek | REVIGO summarizes and visualizes long lists of gene ontology terms[END_REF].

Additional file 3: Table S1. Sequencing data from each chromatin immunoprecipitation experiment followed by Illumina HiSeq 2000. The number of sequencing reads analyzed in the ChIP-Seq and RNA-Seq data are shown.

Additional file 4: Figure S3. Coverage (in base pairs) of the peaks of each histone mark on the genomic features (genes, TEs and intergenice regions) of P. tricornutum.

Additional file 5: Figure S4. Distributions of histone modifications on genes, TEs, Genes and TEs, and intergenic regions.

Additional file 6: Table S2. Functions of encoded proteins of genes marked with a range of histone modifications. KOG functional categories and GO enriched categories are shown. For functional enrichment, a hypergeometric test was performed with KOG classes and a GO enrichment test with GO classes. GO enrichment was performed with a Fisher exact test using a reference set of whole genome annotation (4772 genes) and an FDR value of 0.05. The comparison was performed against the unmarked genes. S3. GO categories and orthology groups of H3K27me3 clusters of genes. Additional file 11: Table S4. List of differentially marked and expressed genes under nitrate depleted condition. Additional file 16: Table S5. The sites of post-tanslational modifications (PTMs) on histones include amino acid (residue) and peptide sequences which are acetylated (Acetyl), methylated (Methyl, Dimethyl and Trimethyl) or ubiquitinated.

Abbreviations bp: base pair; CDS: coding sequence; ChIP: chromatin immunoprecipitation; CS: chromatin state; FDR: false discovery rate; GO: gene ontology; HPLC: highperformance liquid chromatography; MNase: micrococcal nuclease; MS: mass spectrometry; PTM: post-translational modification; TE: transposable element.
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Chapter 2 require better information regarding genome composition and gene structure. The first draft of the P. tricornutum genome (Phatr1), based on Sanger sequencing, was released in 2005, and contained 588 genome scaffolds totalling 31 Mb. The draft genome was further re-annotated and released as Phatr2 in 2008 with an improved assembly condensed into 33 scaffolds and 55 unmapped sequences which could not be assigned to any of the mapped chromosomes (denoted Phatr2 bottom drawer) (7). Subsequently, sequencing technologies have evolved and RNA-seq has been established as a gold standard for transcriptome investigation, and knowledge has advanced rapidly concerning the roles of small RNAs and histone modifications on transcriptional regulation. Therefore, we exploited a large set of RNA-Seq reads derived from cells grown in different conditions, in combination with expressed sequence tags (ESTs) (21) and protein sequences (UniProt), as well as histone posttranslational modifications (22) to re-annotate the P. tricornutum genome. This allowed identification of a significant number of novel transcripts as well as improved annotation of gene models including splice variants and a refined structure of exon intron junctions and gene ends. This resource was released as Phaeodactylum tricornutum annotation 3 (Phatr3) and is available to the community on the Ensembl portal (http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index).

Chapter 2

of our previously published work (22,23). We have shown that genes are preferentially labelled by active marks such as acetylation and H3K4me2 with a particular pattern of mapping but can also carry marks known to be repressive in other systems including H3K27me3, H3K9me3 and H3K9me2. Among the novel transcripts, 99 (~7%) genes show DNA methylation among which 91 (~92%), 17

(~17%) and 9 (~9%) genes are found to be methylated in CG, CHH and CHG contexts, respectively (Fig 1A groups within the tree of life (10,110 genes, RBH analysis; 10, 417 genes, majority conservation; Table S3) than was previously found (7). 14 different patterns of conservation were found consistently, in all analyses, to occur more frequently than would be expected by random association (chi-squared test, P < E-02; Table S3). 3-9% of the Phat3 genes were conserved across all other lineages studied (333 genes, RBH analysis; 1007 genes, majority conservation); 9-14% across all lineages except viruses (1749 genes, RBH analysis; 1111 genes, majority conservation); 1-3% across all lineages except prokaryotes (55 genes, RBH analysis; 364 genes, majority conservation); and 11-15% across all eukaryotes (1325 genes, RBH analysis; 1871 genes, majority conservation). Smaller but significant numbers of genes were found to have more complex patterns of conservation (Table S3), with the largest of these categories being all eukaryotes except red algae (which may reflect ancient reduction events in red algal genomes), and all eukaryotic algal lineages (inclusive or exclusive of red algae) (Table S3).

We still found, with the expanded dataset, that many genes within the Phaeodactylum genome have limited evolutionary conservation. 14-17% of the genes (2,067 genes, RBH analysis; 1,784 genes, majority conservation) were found to be specific to P. tricornutum, while 13-19% were only shared between P. tricornutum and other diatoms (1616 genes, RBH analysis; 2300 genes, majority conservation), 3-4% were only shared with diatoms and other ochrophytes (424 genes, RBH analysis; 469 genes, majority conservation), 1-3% with ochrophytes and other algae with complex plastids (337 genes, RBH analysis; 153 genes, majority conservation), and approximately 1% with ochrophytes and other SAR clade members (145 genes, RBH analysis; 154 genes, majority conservation). We could not find significant evidence for genes that were shared between P. tricornutum and non-diatom lineages, but absent in other diatoms, or between P. tricornutum and non-ochrophyte lineages, but absent in other ochrophytes (Tables S3,S5). Thus, the Phaeodactylum genome contains many lineage-specific genes, and there has been largely vertical inheritance of genes in the recent evolutionary history of P. tricornutum, at least since the radiation of ochrophytes.

Chapter 2

and nutritional elements from their ecological niches. All enriched processes are available in Table S3.

Characterization of ancient gene transfers in the P. tricornutum genome

We wished to use the Phatr3 genome annotation, and our expanded reference sequence dataset, to reassess the different gene transfer events that have occurred in the evolutionary history of P. tricornutum. In particular, we wished to validate the presence of genes derived from green algae and from prokaryotes, which have previously been controversial. To do this, the phylogenetic distribution of BLAST top hits across the Phatr3 genome was tabulated using the full reference sequence dataset previously generated (Fig. 3; Table S6). A phylogenetic origin was only considered to be real if the first three top hits originated from the same lineage (i.e.

was phylogenetically consistent). Given the evidence from our conservation analysis pipeline for largely vertical gene inheritance in the recent history of P. tricornutum S1), we also profiled the presence of more ancient gene transfers. To do this, the BLAST top hit analysis was repeated using versions of the reference library from which five different lineages (all pennate diatoms, all diatoms, all ochrophytes, all algae with complex plastids, and all remaining SAR clade members) were iteratively removed (Fig. 3).

Only 40 of the 12177 Phatr3 genes producing phylogenetically unambiguous BLAST tophits against non-diatom (i.e. non-vertically inherited) lineages, when searched against the full reference dataset (Fig. 3). Of these, the greatest number (13) yielded top hits against prokaryotes, and five of yielded top hits with one specific prokaryotic sub-category (the Deinococcus-Thermus clade), which was significantly more than might be expected through random assortment (chi-squared test, P= 0.02; Table S6).

Removal of all pennate diatom sequences from the reference library did not have any major effects on the BLAST top hits recovered, confirming that P. tricornutum has received few genes from other sources in its recent evolutionary history.

Chapter 2

comprising three-quarters of the green lineage sequences (Fig. S1), while strong signal enrichments (chi-squared test, P=0) were found for five chlorophyte/ prasinophyte sub-categories (chlorodendrophytes, Pyramimonadales, the Micromonas/ Mantoniella clade, Ostreococcus, and Nephroselmis/ Prasinoderma) (Fig. S1, Table S6).

Examination of repetitive sequence content

In the context of the Phatr3 gene prediction, we also revisited the annotation of repetitive elements in the genome assembly. For the first time, we applied a robust and de novo approach for the whole genome annotation of repeat sequences.

Collectively, repeats were found to contribute 3.1 Mb (11%) of the assembly, including transposable elements (TEs), unclassified and tandem repeats, as well as fragments of host genes (Table 2). TEs are the dominant repetitive elements in P.

tricornutum and represent 75% of the repeat set, i.e., 2. Phatr3 gene models, 2,924 (~24%) genes are found to have introns that can be retained in more than 20% of the total experimental samples studied, while 2,444 (~20%) genes are observed to skip one or more exons in various samples. A total of 1,335 (~11%) genes are found to undergo both ES and IR, hence can perform alternative splicing (Fig 5A). Like most unicellular eukaryotes and unlike metazoans, P. tricornutum shows a higher rate of IR than ES, supporting the hypothesis that ES has become more prevalent over the course of metazoan evolution (23).

Alternative splicing was investigated in a subset of samples that have experienced different forms of nitrate stress. This revealed significant differences in the number of genes alternatively spliced between normal and stress conditions. 730 and 646 genes that are not found to be alternatively spliced in normal growth conditions (WT), undergo IR and ES under N-stress conditions, respectively (Fig 5B and5C). GO enrichment analysis of the latter genes revealed a top enrichment of biological processes like DNA replication, mitochondrial translational elongation, ATP synthesis coupled proton transport, and glutamine catabolism (Table S3 for further classes).

Thus, AS may have important roles in regulating the physiology of P. tricornutum under fluctuating environmental conditions.
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Methods

Data

Phaeodactylum tricornutum genome re-annotation (Phatr3) was done on the Phatr2 assembly (ASM15095v2). The Phatr2 assembly was generated by the Joint Genome Institute (JGI), which resulted in 10,402 gene models from 33 assembled scaffolds (12 complete and 21 partial chromosomes) and 55 unassembled scaffolds (7). Apart from the previous assembly information, the species-specific data used in this re- H3K4me2 and H3K9_14Ac) from our previous study (22).

Mapping and gene discovery: Phatr3

The 42 RNA-Seq Illumina dataset was mapped to the genome using Genomic Shortread Nucleotide Alignment Program, GSNAP (34), whereas the 49 SoLiD sequence datasets were aligned to the genome in color space (35). The mapping percentage was estimated using Samtools and varied between 70 -96% (Table S1). Transcripts from the mapped reads were generated using Cufflinks (36). These transcripts along with EST libraries and protein sequences were used to train SNAP and Augustus (37) gene prediction programs using the MAKER2 annotation pipeline (38).

Annotation

All predicted gene models were annotated for protein function using InterProScan (39) Functional association studies were further performed on genes showing evidence for exon-skipping or intron-retention. Genes were clustered based on conditions used to prepare the RNA-Seq samples and gene ontology (GO) terms were assigned to the genes (wherever possible) using UniProt-GOA (http://www.ebi.ac.uk/GOA).

Significance of these terms was interpreted by calculating the observed to expected ratio of their percent occurring enrichment. 
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Whole genome sequencing of Phaeodactylum tricornutum ecotypes reveals multiple subspecies as a consequence of ancient hybridization

Achal Rastogi 1 , Anne-Flore Deton 1 , Alaguraj Veluchamy Chapter 3

normalized ratio named as effect ratio (EfR), was calculated. The ratio was estimated as shown below and gene families with EfR larger than 1 were considered as being significantly affected. = ℎ ℎ ℎ ℎ ℎ Later, considering gene family EfR as a function to measure the association rate, we deduced Pearson pairwise correlations between different ecotypes. The correlation matrix describes that if many equally affected gene families are shared between any given pair of ecotypes, they will have higher correlation compared to others. Finally, hierarchical clustering using Pearson pairwise correlation matrix assessed the association between the ecotypes.

Validation of gene loss and quantitative PCR analysis

In order to validate gene loss, DNA was extracted from all the ecotypes as described previously (Falciatore et al. 1999) and PCR was performed with the primers listed in Table S1. PCR products were loaded in 1% agarose gel and after migration, later, UV light and photographs taken using a gel documentation apparatus visualize presence and absence of amplified fragment. To assess gene expression, RNA was extracted as described in (Siaut et al. 2007) from ecotypes grown axenically in Artificial Sea Water (ASW) [START_REF] Vartanian | Plasticity and robustness of pattern formation in the model diatom Phaeodactylum tricornutum[END_REF]) supplemented with vitamins as well as in the presence of their endemic bacteria in ASW without vitamins. QPCR was performed as described previously (Siaut et al. 2007).
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Abstract

Tri-methylation of lysine 27 of histone H3 (H3K27me3) protein is well characterized in higher organisms like plants, insects and mammals where it plays a vital role at various stages of species development, organogenesis and in regulating cell fate decisions. Recently the functional profile of H3K27me3 has been established in the single cell marine model microeukaryote Phaeodactylum tricornutum. P. tricornutum is a coastal species and appears to have multiple morphological shapes (referred as morphotypes) that are fusiform, triradiate, oval, round and cruciform. These morphotypes have been shown to switch from one form to another under certain laboratory conditions and some transformations are reversible if the natural conditions are replenished. While genetic changes are not sufficient in explaining these dynamic and rapid switches, epigenetics holds a capacity to regulate these changes and identify the genes involved in giving the cell a specific morphotype. In order to understand the epigenetic mediated regulation of morphogenesis in P. tricornutum, we compared H3K27me3 profile of triradiate and fusiform cells sampled from two geographical isolated locations of the world. While doing so, we discovered many cell wall related genes being specifically marked and, regulated by H3K27me3 in triradiate cells as determined by knockout experiment of H3K27me3 methyltransferase gene, enhancer of zeste (Ez), in triradiate and fusiform backgrounds. Furthermore, identification of differentially marked genes between triradiate and fusiform cells revealed the presence of a genetic signature that might have a role in the presence of H3K27me3 over these genes.

Chapter 4 are majorly shared between TMP (~66%) and FMP (~80%). Only 34% (853 genes/2377 genes marked by H3K27me3) and 20% (312 genes/1836 genes marked by H3K27me3) genes are found to be specific H3K27me3 targets within TMP and FMP respectively. Among the specifically marked genes, majority, 531 (~62%) in TMP and 251 (~80%) within FMP, are at least marked in the gene body. These observations indicate similar H3K27me3 gene target profile between the two backgrounds and also define the characteristic nature of H3K27me3 enrichment over gene-body in P. tricornutum. Consistent to genes and intergenic regions, most of the TE targets of H3K27me3 are shared between FMP and TMP (Figure 1A,1C). The analysis of targeted TEs within classes I and II revealed strong H3M27me3 targeting of copy and paste transposition, mechanism that is specific to class I TEs, specifically Copia-type transposable elements (Figure 1G), in both the ecotype populations. This could be to avoid the free movement of the latter elements in the genome in order to keep them under tight control.

H3K27me3 majorly target genes specific to P. tricornutum and regulate cell wall related genes

Analysis of H3K27me3 distribution between the two morphotypes of P. tricornutum (fusiform and triradiate) revealed similar profiles of enrichment and localization, with some genomic features being targeted specifically in TMP and FMP. To investigate the functional regulation of H3K27me3 dynamic enrichment over various target loci, we performed high throughput RNA sequencing using total RNA from FMP and TMP. As reported previously (Veluchamy et al. 2015), we were able to distinguish six different enrichment profiles of H3K27me3 localization over the genes in both FMP and TMP (Figure 2A,2C). They are; C1 (represented as Fu or Tg depending on cluster found in fusiform (F) population or triradiate (T) population) with genes marked only in the 500 bp upstream to TSS; C2 represe ted as Fg-Fu or Tg-Tu with genes marked within 500 bp upstream to TSS and gene body; C3 represe ted as Fg or Tg with genes marked only in gene body; C4 represe ted as Fg-Fd or Tg-Td with genes marked within gene body and 500 bp downstream to stop codon; C5 represe ted as Fd or Td with genes marked only in 500 bp downstream to stop codon; and C6 (represented as Chapter 4 groups reflect the characteristic functional nature of polymorphisms over the genes. Genes with high (more than 1) Ka/Ks (dN/dS) ratios are clustered together as highly evolving genes considered to be under positive selection. These polymorphisms are less likely to be deleterious and assumed to provide some kind of fitness to the species. Such genes display significant high ratio of non-synonymous (N) mutations/N sites over synonymous (S) mutations/S sites. Across all the ecotypes, 40 genes are found to be under natural selection.

Among the latter, 8 (20%) genes are marked by H3K27me3 in both TMP and FMP, whereas 3 (5%) genes are marked specifically within TMP. Similarly, 915 genes are found to harbor frameshift mutations, start/stop codon loss or premature start/stop codon mutations and are categorized under loss of function (LoF) alleles. Among the latter, 242 (26%) genes are marked by H3K27me3 in both TMP and FMP, whereas, only 50 (0.5%) and 22 (0.9%) genes are marked specifically within TMP and FMP, respectively. 98% (238 genes) of the genes that are marked by H3K27me3 and exhibiting LoF mutations in both TMP and FMP also contain numerous missense (mutations causing theoretical amino-acid substitutions) mutations. In addition, 6 out of 40 (15%) genes that are categorized as under PoS also exhibit LoF mutations. Among them, 2 (33%) and 1 (16%) are marked by H3K27me3 in both the populations and specifically in TMP, respectively. Interestingly, we found a significant (chi-square test; P-value < 0.01) number of genes with missense and LoF mutations, which are specifically marked and regulated by H3K27me3 in TMP, compared to the unmarked genes. Similar effects are observed when the genes are marked and regulated either specifically in FMP or both TMP and FMP cells. Mutational spectrum within genes that are specifically marked and regulated in TMP exhibits an abundance (~64%) of A:T -> G:C and C:G -> T:A mutations. These observations suggest a putative role of sequence variation in the direct or indirect recruitment of H3K27me3 in P. tricornutum.

Co-localization of H3K27me3 and H3K9me2 defines repressive chromatin state in both TMP and FMP

Along with H3K27me3, we also profiled two marks, H3K9me2 and H3K4me2 to study their distribution in the two morphotypes and analyze their co-occurrence with H3K27me3 and Chapter 4

Methods

Strains and growth conditions

Phaeodactylum tricornutum Bohlin Clone Pt1 8.6 (CCMP2561) and Clone Pt8Tc cells were grown as described previously (Siaut et al. 2007).

Isolation and immunoprecipitation of chromatin

Chromatin isolation and immunoprecipitation were performed as described previously (Lin et al. 2012). 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 (Lin et Pt8Tc). CHIPseq and RNA-Seq was performed as described previously (Veluchamy et al. 2013;Veluchamy et al. 2015). Whole genome sequencing was performed using genomic DNA from Pt8Tc to construct a sequencing library by follo i g the a ufacturer's i structio s Illu i a Inc.). Paired-end sequencing libraries with an insert size of approximately 400 bp were sequenced using Illumina HiSeq 2000 sequencer at Fasteris (https://www.fasteris.com. Raw reads from each experiment 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 assembly of all the filtered reads. We used BOWTIE for mapping the CHIP sequencing and whole genome sequencing reads to the reference genome followed by the processing and filtering of the alignments using SAMTOOLS and BEDTOOLS. SICER (Zang et al. 2009 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 and KaKs calculator were used to annotate the functional nature of the polymorphisms. Along with the non-synonymous, synonymous, lossof-function (LOF) alleles, transition to transversion ratio and mutational spectrum of the single nucleotide polymorphisms were also measured. Genes with Ka/Ks aka dN/dS ratio more than 1 with a p-value less than 0.05 are considered as undergoing natural or Darwinian selection.

Various in-house scripts were also used at different levels for analysis and for plotting graphs.

Chapter 4

use, yet powerful, standalone version which gives its user the flexibility to use it on any genome. Many such and other unique features make the software more advance and appropriatefortheusebyabroad research community.
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Additional file 1: Figure S1. PhytoCRISP-Ex efficacy. The scatter plot depicts that most of the predicted Cas9 targets per gene in Thalassiosira pseudonana and Phaeodactylum tricornutum, respectively, are potential candidates (passing both PhytoCRISP-Ex filter). X-axis represents the percent efficiency of each gene in terms of having high number of potential Cas9 targets compared to the total number of targets. Y-axis represents the number of all potential targets per gene. (PDF 182 kb)

Additional file 2: Table S1 Authors' contributions AR, OM and LT conceived and designed the structure of the software. AR wrote the software. AR, OM CB and LT wrote the manuscript. LT coordinated the study. All authors read and approved the manuscript.
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Phaeodactylum tricornutum genome and epigenome: characterization of natural variants

Phaeodactylum tricornutum is a raphid pennate diatom species and is classified under genus Phaeodactylum, where it is the only known species till date. P. tricornutum majorly resides in unsteady and/or nutrient limiting coastal areas like seashores, estuaries, rock pools, tidal creeks, etc. With its discovery in the late 18 th century and efforts from numerous researchers, P. tricornutum is now extensively exploited as a model to understand, in general, diatom physiology, evolution and genome structure.

To add on the existing experimental and theoretical resources that researchers have developed since a century, making P. tricornutum as a robust experimental model, a part of my thesis focused in advancing these resources (Chapter 1, 2 and 5), based on the current state-of-the-art technologies, and make the community access them with ease. Although the species is non-abundant in nature, it have been found and sampled from various parts of the world. Recent estimates of P. tricornutum abundance (Figure 1), around the world, have been estimated (personal communication by Shruti Malviya) from numerous locations which were the part of open sampling day (OSD) 2014 campaign (http://www.microb3.eu/osd). Among the 10 isolates (Pt1 -Pt10) of P. tricornutum that were sampled since 1902 till 2000 and are referred to as ecotypes, some have been frequently used in the past to understand the functional diversity of this species in response to various environmental cues. Using advanced Illumina sequencing technology, we sequenced 10 latter mentioned ecotype populations and established a genome-wide genetic diversity map (Chapter 3). Along with elucidating the population structure, this work unveils, for the first-time, the existence of multiple sub-species within the genus Phaeodactylum as a consequence of natural hybridization (Chapter 3). We were further interested in understanding the evolution of P. tricornutum, and the mystery behind the existence of its pleomorphic nature.

Considering the dynamic nature of P. tricornutum cells in maintaining and transforming morphology from one form to another, we explored and advanced the epigenetic code (Chapter 1 and Chapter 5) underlying functional and genetic diversity between different ecotypes and morphotypes. We compared natural variation of H3K27me3 profile across two ecotypes, possessing two different morphotypes, of P.

Phaeodactylum tricornutum genome and epigenome: characterization of natural variants tricornutum (Chapter 4). Using integrative-OMICS approach (Figure 2) we established the role of chromatin, precisely H3K27me3, in shaping the genome structure and governing the existence of adaptive phenotypes in P. tricornutum.

Based on the above findings, I propose a working evolutionary model/theory of morphogenesis in P. tricornutum where epigenetics provide a spontaneous and flexible control for acquiring various adaptive features, including morphological appearances, by the species under pressure (Figure 3). This flexibility allows the acquired feature to have reversible properties in the changing or fluctuating environmental conditions. Once these conditions get stable and the attained phenotype is selected, the underlying genetic makeup driven by epigenetics gets fixed in the population. The role of environment is well known in inducing various epigenetic changes in an organism resulting in the regulation of various chromatin states and adaptive acquisitions. We are familiar with the role of DNA methylation in regulating the expression of various loci, providing multiple elements for the evolutionary forces to act upon, causing high rates to C to T mutations genome-wide.

In the current work we attempted to understand the role of H3K27me3 in providing a firm platform for the evolutionary forces to act upon. We also report the role of H3K27me3 in maintaining different expression profiles of genes involved in cell wall maintenance and morphogenesis in P. tricornutum.

The thesis work did not aim to explore specific environmental variables that induce morphogenesis in P. tricornutum and do not provide direct evidences that epigenetic governed mechanisms, like gene expression control, are adaptable to the changing environmental forces. Therefore, in light of the described model, an immediate perspective of the work lies in understanding the molecular control of gene expression within the population of P. tricornutum leading to the selection of certain loci or alleles, in its dynamically changing niche. Based on the recent findings (ongoing project) we discovered multiple genes with mono-allelic expression (Chapter 3),

Conclusions and perspectives 147

Phaeodactylum tricornutum genome and epigenome: characterization of natural variants advancing our knowledge to another horizon of molecular complexity that lies within single cell micro-eukaryotes like P. tricornutum. In a collaborative work environment, our future plan is to obtain experimental evidences to confirm H3K27me3 role in regulating genes involved in cell morphology and to establish the role and regulation of bi vs mono-allelism in P. tricornutum using newly sampled cell population from China which is characterized to have majorly the cruciform morphology. I vision to expand my knowledge of the molecular complexity within single cell organisms, which we deciphered using P. tricornutum as a model species, to understand the unprecedented diversity within diatoms using meta-data from TARA sampling project.

Conclusively, using integrative-OMICS approach my thesis provides new insights into the biology of extensively studied model diatom species Phaeodactylum tricornutum.

Along with updating functional annotations (Phatr3) and identifying new gene models using current state-of-the-art technologies, I developed PhytoCRISP-Ex which will assist experimental biologist to perform reverse genetic studies in P. tricornutum. I discovered the presence of multiple sub-species within the genus Phaeodactylum, where P. tricornutum is classified as the only species. To do so, I established a genetic variant map across 10 most studied strains of P. tricornutum, providing a platform for future functional studies, including genome wide association analysis. I also discovered the molecular complexity underlying the expression control in single cell micro-eukaryotes, by identifying genes exhibiting bi and mon-allelic expression in the model diatom species P. tricornutum. After deciphering the histone code within P. tricornutum, I also studied the natural variation of H3K27me3 distribution across two ecotypes, possessing two different morphotypes. The study strengthens our knowledge over the role of H3K27me3 in regulating the genes associated with cell morphology and governing the genome structure. All these studies put together have advanced our knowledge about the molecular complexity that underlies the success of P. tricornutum survival and adaptation.