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Résumé en français

Cette thèse porte sur l'exploration de l'implication des histones de liaison (H1) dans la modulation des propriétés de la chromatine chez Arabidopsis thaliana. Malgré le fait que les histones H1 sont des composants majeures et ubiquitaires de la chromatine, leur influence fonctionnelle sur les propriétés de la chromatine est restée largement inexplorée dans les organismes eucaryotes, qu'il s'agisse des métazoaires, de la levure ou des plantes. En utilisant la plante Arabidopsis thaliana comme modèle, j'ai pu étudier les rôles spécifiques des trois variants d'histones H1 présentes dans cet organisme : d'une part les histones H1 canoniques H1.1 et H1.2 et le variant H1.3 induits par le stress d'autre part. Mon objectif était d'étudier leur impact différentiel sur la chromatine lors des réponses adaptatives spécifiques aux plantes à partir d'analyses des changements au niveaux des modifications de la chromatine, de l'accessibilité de l'ADN, de la cytologie nucléaire et de la topologie du génome.

Je me suis d'abord intéressé au rôle des histones H1 canoniques dans la définition du paysage chromatinien. Suite à l'observation que la chromatine de plantes dépourvues des H1 canoniques (le mutant 2h1) présente un faible niveau de H3K27me3, je me suis intéressé à l'interaction fonctionnelle entre H1 et le paysage H3K27me3 résultant de l'activité des complexes Polycomb. Afin de caractériser les régions génomiques qui sous-tendent le manque de H3K27me3 chez le mutant 2h1, j'ai effectué une ChIPseq quantitatif et j'ai identifié que la majorité de gènes ciblés par Polycomb présentent des niveaux d'enrichissement faible en H3K27me3 chez le mutant, ce qui suggère un rôle général de H1 dans l'activité de Polycomb. En analysant les régions hétérochromatiniennes du génome, j'ai également révélé un rôle négatif inattendu de H1 dans le dépôt de H3K27me3 sur les répétitions télomériques au niveau des télomères et au niveau de deux larges régions télomériques interstitielles pericentromériques. Le fort enrichissement de H3K27me3 au niveau de ses régions en l'absence de H1 est associé au recrutement de protéines télomériques TELOMERIC REPEAT BINDING (TRB), permettant de proposer un modèle de compétition entre H1 et TRB au niveau de ces séquences via leur domaine commun GH1. Enfin, par des expériences de capture de la conformation des chromosomes (Hi-C haute résolution), j'ai pu montrer que les changements épigénomiques induits par la déplétion de H1 sont associés à des changements massifs dans l'organisation spatiale des chromosomes. Ces résultats constituent le deuxième chapitre et sont présentés sous la forme d'un article en préparation.

Dans un deuxième axe de recherche, j'ai exploré le rôle du variant spécialisé H1.3 dans la réorganisation spatiale du noyau et de la chromatine contrôlée par la lumière pendant la photomorphogenèse d'Arabidopsis. Dans un premier temps, j'ai pu définir plus précisément le rôle de H1.3, précédemment caractérisé par le laboratoire comme un acteur clé dans la répression de la compaction de l'hétérochromatine pericentromérique dans les noyaux des cotylédons étiolés. D'une part, en mettant en place un système artificiel inductible de H1.3, j'ai montré que son induction est suffisante pour décompacter l'hétérochromatine. D'autre part, j'ai révélé un rôle de H1.3 dans la dynamique de l'hétérochromatine pendant l'adaptation à des conditions de lumière sous-optimales, élargissant ainsi son rôle pendant la skotomorphogénèse aux stades ultérieurs du développement de la plante. Intrigué par l'effet de la lumière et de H1.3 sur la compaction de l'hétérochromatine pericentromérique à l'échelle cytologique, j'ai cherché à identifier les propriétés de la chromatine qui le sous-tendent. À cette fin, j'ai étudié l'accessibilité de la chromatine à l'échelle du génome, grâce à la mise au point d'un protocole d'ATAC-seq adapté à la comparaison d'échantillons riches en plastes, dans les cotylédons étiolés sauvages et mutants h1.3 et dans les cotylédons photomorphogéniques sauvages ou mutants 2h1. Ensuite, pour déterminer comment le génome se replie en 3D, au-delà de la décompaction des régions péricentromériques précédemment caractérisées par cytologie, j'ai entrepris des expériences de Hi-C haute résolution sur les mêmes échantillons que mentionnés ci-dessus. Les analyses qui en résultent constituent le troisième chapitre de la thèse. 

NOR

Definition of chromatin and epigenome

More than a hundred years ago, Flemming defined chromatin for the first time:

"The word chromatin may stand until its chemical nature is known, and meanwhile stands for that substance in the cell nucleus which is readily stained" Flemming, 1882

Despite the following tremendous technical and scientific advancements made in deciphering the structure and the function of chromatin, the word chromatin still stands, but its meaning has been enriched by several other notions. The ability of staining the constituent of nuclei was the starting point of several discoveries (Donald E [START_REF] Olins | Chromatin history: our view from the bridge[END_REF]. At the beginning of the 20 th century, Emil Heitz, by studying polythene chromosomes of the fruit fly Drosophila melanogaster, was able to identify a banding pattern on interphase chromosomes based on their staining ability, which corresponds to alternations of heterochromatin (intensely stained and highly compacted) and euchromatin (lightly stained and more loosely packed). The name given to these two states indicated already the classification of this newly defined duo into distinct functional domains: the eu-(from Greek eu 'well') chromatin as a "good" functionally active state differing from the "rest", i.e. the hetero-(from Greek heteros 'other') chromatin. Thanks to the increasing resolution of microscopy scientists were able to visualize heterochromatin content and conformation in the nucleus with increasing precision, and realized that it differs greatly between different organisms and also during development or finally in response to external stimuli [START_REF] Probst | Epigenetic inheritance during the cell cycle[END_REF].

Early observations of chromatin spread using electronic microscope in low-ionic condition, allowed the observation of the 11nm chromatin fibre, resembling to a "beads on string" structure (Donald E. [START_REF] Olins | Chromatin history: our view from the bridge[END_REF]. The beads consist of nucleosomes, the basic repeating units of chromatin, in which 146-bp of DNA wrap around an octamer of core histones consisting of pairs of H2A, H2B, H3 and H4 (Figure 1.1B). Microscopy experiments and molecular modelling later showed that the interaction of a fifth type of histone, so-called H1 or linker histone, with linker DNA and with the core nucleosome (Figure 1.1B) can further fold the 11nm chromatin wire into a 30nm diameter structure, in which nucleosomes are stacked in top of each other or organised in a solenoid structure (Figure 1.1A; [START_REF] Draizen | HistoneDB 2.0: A histone database with variants -An integrated resource to explore histones and their variants[END_REF]). More recent studies have showed that the chromatin fibre can have a variety of condensation state other than 30nm fibre, with different compaction levels ranging from moderate to highly compacted [START_REF] Bian | Revisiting higher-order and large-scale chromatin organization[END_REF].

The compaction differences between heterochromatin and euchromatin relies on the underlying DNA sequences, heterochromatin containing the bulk of repetitive DNA while euchromatin contains the bulk of genes, but also on the establishment of specific chromatin environments. Several isoforms of each histone type are encoded in the genome defining a repertoire of histone variants that can have different structural or functional properties. The terminal tails of histones protrude out of the nucleosome and are subject to a variety of post translational modifications (PTMs) such as acetylation, phosphorylation, ubiquitination and methylation, that can also impose different structural or functional properties to the chromatin. A. Bar diagrams represent data signal obtained from an idealized accessibility experiment using the three different assays (MNase, DNase or ATAC). MNase digests DNA unbound by nucleosomes and resulting fragments overlap nucleosomes positioning. DNAse digestion being highly dependent on concentration and time, it is thus possible to optimize assays to identify DNase hypersensitivity sites and transcription factor (TF) footprints. Tn5 transposase used in ATAC preferentially inserts (tags) in nucleosome free regions (NFRs). Pile up of insertion sites maps over linker DNA between nucleosomes, allowing both nucleosome positioning and TF foot printing at the level of NFRs. Adapted from [START_REF] Tsompana | Chromatin accessibility: A window into the genome[END_REF]. B. Heatmap of the relative accessibility level of the 734 light-responsive DNase hyper-sensitive sites identified by Sullivan and colleagues during seedlings de-etiolation allowed the identification of region subclasses undergoing dynamic changes in accessibility including key light-regulated TFs. Modified from [START_REF] Sullivan | DNase I hypersensitivity mapping, genomic footprinting, and transcription factor networks in plants[END_REF] Histone modifications and variants can function either individually or combinatorically to govern all DNA-related processes such as transcription, replication or DNA repair [START_REF] Martire | The roles of histone variants in fine-tuning chromatin organization and function[END_REF] . Histones tail post-transcriptional modifications can impact the transcriptional output of the underlying DNA either by altering the packing of chromatin or by mediating interactions with other proteins, such as chromatin readers, chromatin remodelers or transcription factors [START_REF] Deal | Histone variants and modifications in plant gene regulation[END_REF]. For example, acetylation of lysine residues changes the charge of histones tail and reduces the affinity between DNA and the nucleosomes, facilitating the binding of transacting factors to their target sequence and regulate gene expression.

Genome-wide profiling of chromatin marks by chromatin immunoprecipitation (ChIP) followed by sequencing (ChIP-seq) in different eukaryotic organisms revealed that the large repertoire of chromatin modifications organizes the epigenome in a few number of prevalent combinations [START_REF] Filion | Systematic Protein Location Mapping Reveals Five Principal Chromatin Types in Drosophila Cells[END_REF][START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF]Sequeira-Mendes et al., 2014). These epigenomics approaches allowed to functionally "colour" the epigenetic states of genomic regions that were originally defined as heterochromatin and euchromatin based DNA staining. These newly defined chromatin states typically correspond to expressed genes and Polycomb-repressed genes, also referred to as euchromatin and facultative heterochromatin, respectively, and to silenced transposable elements (TEs) and repeats corresponding to the aforementioned heterochromatin defined cytologically [START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF].

Local chromatin conformation: DNA accessibility

Changes in nucleosomes compaction can alter the accessibility of transcription factors (TFs) to DNA. This mechanism is important to defining the transcriptional output by the regulation of the binding and activity of TFs to DNA regulatory elements. The ability of TFs to recognize specific DNA motifs depends on their accessibility that can be modulated by diverse types of chromatin remodelers, histone modifiers, but also pioneer TFs [START_REF] Lai | Pioneer factors in animals and plants-colonizing chromatin for gene regulation[END_REF]. In turn, TF binding can alter histone-DNA contacts, leading to significant changes accessibility of the DNA locus. Chromatin accessibility data can thus be an important layer of information in understanding the functional organization of the genome. A growing number of studies is aiming at uncovering the role of chromatin dynamics in driving and modulate transcriptional changes during development or in in response to changing environmental conditions. Transcriptomic studies are increasingly being performed both at the level of whole organisms and more recently, thanks to technical advancement, at the organ or even single-cell level. Despite the growing availability of tissue and/or condition-specific transcriptomes, understanding how transcription programs are established during cellular responses to define organ development or adaptive responses remains necessary.

Over the last decades, a set of techniques has been developed to probe and profile nucleosome positioning and chromatin accessibility (Figure 1.2). These techniques can now been combined with high-throughput sequencing to provide genome-wide information on chromatin accessibility [START_REF] Shu | Measuring arabidopsis chromatin accessibility using DNase I-polymerase chain reaction and DNase I-chip assays[END_REF], an additional layer of information to combine and complement epigenomic and transcriptomic data. Generally, techniques probing chromatin accessibility rely on nuclease enzyme (DNase I or Micrococcal nuclease) and the assumption that nucleosome and/or TFs binding can locally protect DNA from the degrading action of such enzymes [START_REF] Tsompana | Chromatin accessibility: A window into the genome[END_REF]. Several studies conducted in Arabidopsis thaliana and other plants revealed the general pattern of chromatin accessibility in plants [START_REF] Zhang | High-resolution mapping of open chromatin in the rice genome[END_REF]Zhang, Zhang, et al., 2012;[START_REF] Sullivan | DNase I hypersensitivity mapping, genomic footprinting, and transcription factor networks in plants[END_REF]. Accessible regions were found mostly abundant in promoters, especially over nucleosome-free regions (NFRs) positioned upstream of transcriptional start sites (TSS), and in intergenic regions, with an accessibility range that positively correlates with the expression level.

In a landmark study, DNase I was used by Sullivan and colleagues (2015) to probe dynamic changes in chromatin accessibility in de-etiolating Arabidopsis seedlings and in seedlings responding to heat stress. Such approach allowed the detection of a high number of DNase I hyperaccessible sites (DHSs), in the order of 35,000, mostly localized in gene rich regions [START_REF] Sullivan | DNase I hypersensitivity mapping, genomic footprinting, and transcription factor networks in plants[END_REF]. Among these, 734 were found differentially accessible during the first 24h of photomorphogenesis, including DHSs at key light-regulated factors such as HYH HOMOLOG (HYH) and other known TFs (Figure 1.2.B). Analysis of the sequences of those photodynamic accessible regions led to the identification of an enrichment for motifs recognized by key photomorphogenic TFs such as ELONGATED HYPOCOTYL 5 (HY5), PHYTOCHROME INTERACING FACTOR 1 (PIF1) and PIF3, suggesting that the dynamic accessibility of certain loci is involved in modulating the transcriptional response during de-etiolation [START_REF] Sullivan | DNase I hypersensitivity mapping, genomic footprinting, and transcription factor networks in plants[END_REF](Figure 1.2.B). Using a different experimental set-up of MNase digestion at different enzyme concentration on dark or light cultivated Arabidopsis cells, Pass and colleagues [START_REF] Pass | Genome-wide chromatin mapping with size resolution reveals a dynamic sub-nucleosomal landscape in Arabidopsis[END_REF] also found a correlation between TFs binding sites and photodynamic accessible regions. These results point to large changes of the chromatin landscape triggered by light signalling during photomorphogenesis, which might relate on a general change in chromatin accessibility locally regulating the specific binding of light-regulated TFs.

Despite having provided robust information on chromatin accessibility in plants, previously described DNase I and MNase methods relied on the use of a large number of pure and intact nuclei, thereby limiting reaching an organ or cell-specific resolution. The recent development of Assay for Transposase-Accessible Chromatin (ATAC) [START_REF] Buenrostro | ATAC-seq : A Method for Assaying Chromatin Accessibility Genome-Wide[END_REF] allows to overcome such technical limitations. ATAC-seq exploits the preferential integration of a bacterial transposon into accessible DNA. Specifically, DNA cleavage is performed by the Tn5 modified transposase, which introduces an oligo adaptor to the cleaved site used for subsequent high-throughput sequencing. The sensitivity and precision of ATAC-seq is such that it can be used to infer not only the accessible regions of the genome but also TF binding sites visualized as footprints, i.e. decrease local accessibility inside a given accessible region (Figure 1.2), as recently described for Arabidopsis [START_REF] Lu | Combining ATAC-seq with nuclei sorting for discovery of cis-regulatory regions in plant genomes[END_REF].

Global chromatin conformation: the 3D genome

When thinking about genomes, we sometimes envisage DNA as a one-dimensional object. Especially when looking at the sequencing output of an experiment, we could picture DNA as a long word where every letter is a base of DNA. In reality, chromosomes are packaged into three-dimensional structures that distort the relationship between genomic and physical distance. Cytological approaches employing DNA sequence-specific Fluorescent in Situ Hybridization (FISH) using different colour probes for each chromosome allowed the visualization of "chromosome territories", specific 3D volumes in the nucleus being specifically occupied by each chromosome, first in human cells [START_REF] Lichter | Delineation of individual human chromosomes in metaphase and interphase cells by in situ suppression hybridization using recombinant DNA libraries[END_REF][START_REF] Manuelidis | Reproducible compartmentalization of individual chromosome domains in human CNS cells revealed by in situ hybridization and three-dimensional reconstruction[END_REF] and later in Arabidopsis cells [START_REF] Lysak | Chromosome painting in Arabidopsis thaliana[END_REF][START_REF] Pecinka | Chromosome territory arrangement and homologous pairing in nuclei of Arabidopsis thaliana are predominantly random except for NOR-bearing chromosomes[END_REF]. More recent technical advancement can now allow us to interrogate the chromatin 3D organization on a genome-wide scale. The Chromosome Conformation Capture (3C) techniques developed by Dekker and colleagues [START_REF] Dekker | Capturing Chromosome Conformation[END_REF] and derivates, such as 4C, 3C Carbon Copy (5C) and High-Throughput 3C (Hi-C), allows quantifying how often two distant genomic regions are in close vicinity in the nuclear space (Figure 1.3, (Kempfer and Pombo, 2019)). Neighboring sequences on a chromosome are close in physical space, but sequences that are located further away might also be found close or interacting in the 3D space. The Hi-C method allows a genome-wide probing of chromatin contacts frequency between all pairs of genomic loci ("all versus all").It has been recently applied to Arabidopsis thaliana and other plants [START_REF] Moissiard | MORC Family ATPases Required for Heterochromatin Condensation and Gene Silencing[END_REF]Grob, Schmid and Grossniklaus, 2014a;S. Feng et al., 2014;[START_REF] Wang | Genome-wide analysis of local chromatin packing in Arabidopsis thaliana[END_REF]Liu et al., 2016a;[START_REF] Veluchamy | LHP1 Regulates H3K27me3 Spreading and Shapes the ThreeDimensional Conformation of the Arabidopsis Genome[END_REF][START_REF] Dong | 3D Chromatin Architecture of Large Plant Genomes Determined by Local A/B Compartments[END_REF]Sun et al., 2020a).

Several layers of linear information, such as histone marks, transcriptional activity and accessibility can be integrated in silico with 3D chromatin interactions, notably benefiting from Hi-C resolution reaching the level of a transcription unit, notably in the model plant Arabidopsis thaliana (Liu et al., 2016b). Global patterns of 3D organization are emerging and can be functionally linked to transcriptional and epigenetic features [START_REF] Rodriguez-Granados | Put your 3D glasses on: Plant chromatin is on show[END_REF][START_REF] Liu | Prominent topologically associated domains differentiate global chromatin packing in rice from Arabidopsis[END_REF]. Hi-C data have been analyzed and functionally characterized at several "scales", from chromosome territories, to the dual A/B domain compartmentalization of the genome, to the identification of sub-nuclear compartments such as lamina associated domains (LADs) and Nucleolar Associated Domains (NADs), to a more local interactions within Topologically Associated Domains (TADs), up to the annotation of long-range cis-regulatory elements such as chromatin and genes loop (Liu et al., 2016b), as described below.

A/B compartments

Other than identifying chromosomes territories (Figure 1.3.A), Hi-C maps allowed the identification of subnuclear domains named A and B compartments (Figure 1.3.B) that are characterized by regions having a similar chromatin signature and interacting more with each other than with the rest of the regions. Analysis of A/B compartmentalization relies on the definition of positive and negative values of Eigen vector and allows to categorize the genome in two very distinct blocks of preferential interactions. In Arabidopsis and other plants, the A/B compartmentalization recapitulate well the segregation between heterochromatin and euchromatin visible by cytology after DNA staining (Grob, Schmid and Grossniklaus, 2014a). Arabidopsis A compartments overlap with euchromatic chromosomes arms while B compartments largely correspond to heterochromatic regions (Grob, Schmid and Grossniklaus, 2014a;Liu et al., 2016b;[START_REF] Zhu | 3D Chromatin Architecture of Large Plant Genomes Determined by Local A / B Compartments[END_REF] Several 3D chromatin features such as chromosome territories (A), genomic A/B compartments typically reflecting euchromatin vs heterochromatin (B), local topologically associated domains (TADs) (C), while Cis or trans-acting promoter-enhancer contacts can be identified by Hi-C analysis or by 4C (possibly virtual 4C if Hi-C data are available) (D). Adapted from [START_REF] Kempfer | Methods for mapping 3D chromosome architecture[END_REF] 2017). Among the different Arabidopsis genomic regions, pericentromeres displayed the strongest interactions (Grob et al., 2014). This first global level of organization has been found impaired in mutant plants for the silencing regulator MORC6 [START_REF] Moissiard | MORC Family ATPases Required for Heterochromatin Condensation and Gene Silencing[END_REF], as well as in mutants for the plant lamin-like proteins Crowded Nuclei 1 and 4 (CRWN1 and CRWN4) (Grob, Schmid and Grossniklaus, 2014;[START_REF] Hu | Plant lamin-like proteins mediate chromatin tethering at the nuclear periphery[END_REF] After categorizing these two major compartments, a more refined compartmentalization can be achieved either by searching for sub-ccompartments inside A and B, i.e. in the arms and pericentromeric regions separately (Grob et al., 2014).

Sub-nuclear domains

To functionally understand the 3D folding principles of chromatin, it is important to integrate the relative positioning of genomic regions between themselves inferred from Hi-C, with the positioning of those regions in the nuclear space relative to the different subnuclear components: the nucleolus, nuclear speckles and Cajal bodies, nuclear membrane and nuclear pores [START_REF] Pontvianne | Chromatin domains in space and their functional implications[END_REF]. In mammals, the laminin fiber creates an interaction network with Laminaassociated domains (van Steensel and Belmont, 2017)(LADs), usually associated with silencing. In Plants, which lack a proper lamina, other types of proteins such as the nuclear-membrane associated CROWDED NUCLEI (CRWN) proteins, have been used as baits to identified the nuclear periphery associated genomic regions [START_REF] Hu | Plant lamin-like proteins mediate chromatin tethering at the nuclear periphery[END_REF]. Also, ChIP-seq experiments of nuclear pore complex associated protein NUCLUEOPORIN1 (NUP1) expanded the spatial annotation of genomic regions, showing that the A/B compartments correlate with the radial axis of the nucleus, the B HI-C compartment (heterochromatin) being enriched at the nuclear periphery [START_REF] Hu | Plant lamin-like proteins mediate chromatin tethering at the nuclear periphery[END_REF] .This property is possibly mediated by the recruitment of Polycomb-group associated protein PWWP INTERACTOR OF POLYCOMB 1 (PWO1) near the nuclear periphery [START_REF] Mikulski | The chromatin-associated protein pwo1 interacts with plant nuclear lamin-like components to regulate nuclear size[END_REF].

Regions showing high contact frequencies with other distant genomic regions in Drosophila and Arabidopsis were found enriched in H3K27me3, a mark deposited by Polycomb Repressive Complex 2 (PRC2) that defines "facultative heterochromatin" and triggers transcriptional repression (Reviewed in [START_REF] Grob | Chromosome conformation capture-based studies reveal novel features of plant nuclear architecture[END_REF]). This physical clustering of distant genomic regions enriched in H3K27me3 can form so-called "Polycomb bodies" [START_REF] Wang | Genome-wide analysis of local chromatin packing in Arabidopsis thaliana[END_REF]. In Drosophila, Polycomb Response Elements (PREs) specific cis-regulatory elements interact [START_REF] Ogiyama | Polycomb-Dependent Chromatin Looping Contributes to Gene Silencing during Drosophila Development[END_REF] and orchestrate transcriptional repression of the genes associated in 3D. The recent identification of candidate PREs in Arabidopsis [START_REF] Xiao | Cis and trans determinants of epigenetic silencing by Polycomb repressive complex 2 in Arabidopsis[END_REF] opens the way to investigations aimed at testing the involvements of such regulatory sequences in the formation of Polycomb-bodies in plants. Of note, candidate Arabidopsis PREs were found enriched in specific motifs, of which telomeric (telobox) motifs were previously associated to Polycomb occupancy and showed to be targeted by the GH1-containing TRB proteins [START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF].

Topologically Associated Domains (TADs)

Chromosomal compartments are not homogeneous, but certain regions have rather a preferential interaction within themselves. This further compartmentalization level is visible in Hi-C interaction maps as an interaction square along the diagonal (Figure 1.3.C). These squares, or triangles, were defined as to Topologically Associated Domains and have been associated with the transcriptional control of the embedded genes in animals [START_REF] Szabo | Principles of genome folding into topologically associating domains[END_REF]. Local 3D folding compartments have not yet been prominently defined in Arabidopsis. Indeed, TADs have been identified and characterized in other plant species such as Rice [START_REF] Liu | Prominent topologically associated domains differentiate global chromatin packing in rice from Arabidopsis[END_REF][START_REF] Golicz | Rice 3D chromatin structure correlates with sequence variation and meiotic recombination rate[END_REF], but not in the Arabidopsis thaliana nor in the related species Arabidopsis lyrata (Zhu et al., 2017). This could be due to their small genome size and high gene density associated to a low abundance of transposable elements mostly located at pericentromeric regions [START_REF] Huang | The Matrix Revolutions: Towards the Decoding of the Plant Chromatin 3D Reality[END_REF].

Chromatin loops

Along metazoan genomes, the transcriptional enhancer of a given transcribed unit is often located at a long distance from its promoter, and chromatin loops allows bringing those distant regulatory elements into direct contact. 3C techniques have been widely used to study enhancer-promoter interactions in animals (Figure 1.3.D). Although enhancers and promoters are usually located immediately upstream of the regulated gene body, A first chromatin loop has been described in plants using 3C, which corresponds to the maize b1 gene [START_REF] Louwers | Tissue-and Expression Level-Specific Chromatin Looping at Maize b1 Epialleles[END_REF]. Later, a chromatin loop connecting the 5' and 3' end of the FLOWERING LOCUS C (FLC) locus was found to be disrupted early during vernalization [START_REF] Crevillén | A gene loop containing the floral repressor FLC is disrupted in the early phase of vernalization[END_REF], a process that may participate to its repression and to the induction of flowering. High-resolution Hi-C datasets revealed the presence of numerous (~20,000) small gene loops along the Arabidopsis genome, often corresponding to contacts between the 5' and 3' ends of transcribed domains (Liu et al., 2016b). Chromatin loops connecting the 5′ and 3′ ends of genes have also been described in yeast and were proposed to facilitate the recycling of RNA pol II at actively transcribed genes [START_REF] Venkatesh | Histone exchange, chromatin structure and the regulation of transcription[END_REF].

Chromatin organization in the nucleus at the cytological scale

In 1885, Rabl described and defined the non-random spatial distribution of chromosomes in the nuclear space, showing that centromeres and telomeres are located at the two different poles of the nucleus in several species. This appeared to be a characteristic of large genomes such as wheat to cite an example in plants, but is not observed in the model specie Arabidopsis thaliana [START_REF] Santos | Interphase chromosomes and the Rabl configuration: Does genome size matter?[END_REF].

Staining chromatin with 4',6-diamidino-2-phenylindole (DAPI) led to the identification of highly condensed heterochromatic foci named chromocenters in several species spanning different kingdoms. Chromocenter organization can be affected by several factors. First, different organisms bear genomes of very different sizes, and have intrinsic different organization of chromosomes. Even inside a given individual, several cellular and nuclear processes involve changes in the chromatin organisation such as replication, DNA repair and transcription. Moreover, especially in plants, different cells can have very different ploidy levels, a characteristic found positively corelated with the number of chromocenters [START_REF] Ceccarelli | Chromocenter association in plant cell nuclei: determinants, functional significance, and evolutionary implications[END_REF]. Despite this wide range of parameters and processes, most interphase nuclei display a common nuclear organization.

Arabidopsis leaf interphase nuclei typically contain 8 to 10 chromocenters, mostly localized in the nuclear periphery except for 2-3 chromocenters that are located near the nucleolus (Figure 1.4.A). DNA FISH experiments have shown that chromocenters typically contain centromeric, pericentromeric repeats, and are thought to aggregate most sequence repeats of the genome in a slinet state. A few nucleolar-associated chromocenters also contain the Nucleolar Organisation Regions (NORs) that contain all 45S rDNA units encoded at the sub-telomeric regions of chromosomes 2 and 4. Interestingly, telomeres are also localized around the nucleolus, but outside from chromocenters (Figure 1.4.A). Immunostaining approaches have helped understanding the specific chromatin features underlying the differences in compaction of the different genomic regions (Fransz et al., 2002).

Thanks to DNA FISH experiments using different euchromatin targets, stretches of transcriptionally active chromatin stemming from condensed heterochromatin organizational foci were identified, leading to the definition of a so-called "rosette" like chromatin organization model (Fransz et al., 2002) (Figure 1.4.A). This organisational model has been further integrated by an increasing amount of chromatin information deriving from a large range of technical approaches based on cytology and on genome-wide sequencing (Figure 1.4.B). This rosette configuration has been only partially re-capitulated by the Hi-C data. Arabidopsis telomeres were found frequently interacting with centromeres (Grob et al., 2014), yet the periodic contacts expected between TEs embedded in chromosomes arms and pericentromeres, supposed to represent the anchors of the rosette, have remained elusive. On the other hand, the cytologically-based notion of telomeres interacting with the nucleolus has converged with genomic-based studies as the regions enriched in the NADs comprise large stretches of sub telomeric regions [START_REF] Pontvianne | Identification of Nucleolus-Associated Chromatin Domains Reveals a Role for the Nucleolus in 3D Organization of the A. thaliana Genome[END_REF].

Chromatin can now be defined by many variables, such as histone marks and variants distribution, chromatin accessibility and chromosome 3D conformation. In the next section, I will detail the spatial dynamics of chromatin organization in the nucleus that have been described during plant developmental and adaptative responses.

Nuclear organization and 3D genome dynamics in Arabidopsis thaliana

The sub-nucleus organization of chromatin is highly organized, yet is also highly dynamic.

Characterization of chromocenter formation is a good proxy to investigate changes in heterochromatin nuclear compartmentalization as these structures are easily visualized upon DAPI staining, and their number, DNA content and distribution pattern in the nuclear space provide meaningful insights into the nuclear organization of a given cell at a given moment. [START_REF] Simon | Structure and function of centromeric and pericentromeric heterochromatin in arabidopsis thaliana[END_REF]. Several softwares allow a detailed analysis of chromocenters such as the ImageJ pulgins NucleusJ [START_REF] Poulet | NucleusJ: An ImageJ plugin for quantifying 3D images of interphase nuclei[END_REF], Nucl-Eye [START_REF] Graindorge | Photodamage repair pathways contribute to the accurate maintenance of the DNA methylome landscape upon UV exposure[END_REF] or a recently in-house developed pipeline named iCRAQ for imageJ Chromocenter Recognition And Quantification (https://github.com/gschivre/iCRAQ). Several parameters can be quantified, one of the most widely used to evaluate chromatin condensation state is the Relative Heterochromatin Fraction (RHF) [START_REF] Pavlova | Plant Developmental Biology, Plant Developmental Biology[END_REF], which corresponds to the percentage of fluorescence signal from the chromocenters over the fluorescence from the whole nucleus, and so indicates the percentage of the genome organized as "constitutive" heterochromatin. Several other nuclear and chromocenter morphometric parameters (such as roundness, heterogeneity and others) can be containing the so-called "constitutive" heterochromatin, are not constitutively present in all cells and different reports have now showed that heterochromatin domains are dynamically regulated in Arabidopsis during different developmental transitions and in response to environmental changes [START_REF] Del Prete | Nuclear architecture and chromatin dynamics in interphase nuclei of arabidopsis thaliana[END_REF]. In the following paragraphs, I will lay an overview on key case studies of chromocenter dynamics during plant life, leaving aside the specific influence of light on chromatin that will be detailed in a later section.

3D chromatin dynamics during plant life 1.2.1 Developmentally-mediated 3D chromatin dynamics

While working with plant tissues and cells, it is important to note that manipulation of the plant cells can itself drives heterochromatin decompaction. Indeed, the first description of chromocenter decondensation was observed in an "artificial" experimental set up: the protoplastization of Arabidopsis cells [START_REF] Tessadori | Large-scale dissociation and sequential reassembly of pericentric heterochromatin in dedifferentiated Arabidopsis cells[END_REF]. During protoplasting, cells de-differentiate and a deep decondensation of chromocenters is observed within a few hours (Figure 1.5). Upon prolonged culturing, cells start dividing and heterochromatic regions can re-assemble into visible chromocenters [START_REF] Tessadori | Large-scale dissociation and sequential reassembly of pericentric heterochromatin in dedifferentiated Arabidopsis cells[END_REF]. Interestingly, these heterochromatin dynamics are not associated with the de-repression of centromeric and pericentromeric sequences [START_REF] Avivi | Reorganization of specific chromosomal domains and activation of silent genes in plant cells acquiring pluripotentiality[END_REF] but was associated to a global decrease in RNA Pol II activity [START_REF] Dełeńko | Dedifferentiation of Arabidopsis thaliana cells is accompanied by a strong decrease in RNA polymerase II transcription activity and poly(A+) RNA and 25S rRNA eradication from the cytoplasm[END_REF]. Establishment of heterochromatin compaction during cell differentiation and specialization is a recurring theme among eukaryotic organisms, as shown in mammalian stem cells and during embryo development [START_REF] Probst | Epigenetic inheritance during the cell cycle[END_REF]. Several developmental transitions in Arabidopsis are associated with heterochromatin dynamics. I omit here multiple investigations on heterochromatin dynamics during gamete formation, fecundation and embryogenesis to start during the formation of the mature seed following fecundation when the embryo is subjected to a global dehydration of the seed, which allows long-term viability and the accumulation of lipids in the cotyledons. During this important developmental step, cotyledon nuclei reduce their volume and heterochromatin is heavily compacted. These changes in nuclear morphology might constitute an adaptation of the DNA to the desiccation state [START_REF] Van Zanten | Seed maturation in Arabidopsis thaliana is characterized by nuclear size reduction and increased chromatin condensation[END_REF]; Figure 1.5).

This compacted and quiescent state of chromatin is rapidly reverted upon seed imbibition. Within a few days, a global decompaction of heterochromatin is observed with the dispersion of peri-centromeric repetitive regions, but also, to a smaller extent, of the centromeric repeats. After three days of imbibition, heterochromatin re-compacts to allow for the establishment of maturetype nuclei with fully established chromocenters [START_REF] Mathieu | Changes in 5S rDNA Chromatin Organization and Transcription during Heterochromatin Establishment in Arabidopsis[END_REF]; Figure 1.5).

Later in plant life, it was observed that the transition from the vegetative to the reproductive phase occurring in apical meristems is preceded by a general decompaction of heterochromatin in rosette leaf nuclei (Tessadori, Schulkes, et al., 2007a). This phenomenon is driven by the dispersion of peri-centromeric and 5S rDNA repeats while condensation of centromeric and 45S rDNA repeats are not affected. This heterochromatin dispersion is reversible as chromocenters re-assembly takes place a few days after Arabidopsis bolting (Tessadori, Schulkes, et al., 2007b). (Tessadori, Schulkes et al., 2007). Manipulation of plant cells to induce protoplasting (de-differenciation) also triggers high levels of chromocenter decompaction, which can be re-established once cells are re-differenciate [START_REF] Tessadori | Large-scale dissociation and sequential reassembly of pericentric heterochromatin in dedifferentiated Arabidopsis cells[END_REF].

DAPI Figure 1.6. Heat stress influence nuclear organization

Effect of Long Heat Stress (LHS) on interphase nuclei. DNA fluorescent in situ Hybridization (FISH) using probes for different repetitive regions of the genome indicate that heterochromatin decompaction affects at least three distinct contexts: the 180-centromeric repeats (red), the sub-pericentromeric localized 5S rDNA gene clusters (green), and a multicopy hygromycin resistant transgene that is induced upon heat stress. During this long heat stress the HIT4-GFP protein is relocalized to the nucleolus. After [START_REF] Pecinka | Epigenetic Regulation of Repetitive Elements Is Attenuated by Prolonged Heat Stress in Arabidopsis[END_REF][START_REF] Wang | Arabidopsis HIT4, a regulator involved in heat-triggered reorganization of chromatin and release of transcriptional gene silencing, relocates from chromocenters to the nucleolus in response to heat stress[END_REF] HIT4-GFP

1.2.3

Light-mediated 3D chromatin dynamics

Light is a key environmental factor for plants that not only provides energy for photosynthesis but also a valuable source of information on their spatio-temporal environment. I will thus delineate in the following paragraphs a rapid overview of the chromatin mechanisms implicated in regulating developmental and physiological responses to light. Specifically, I will focus on two key lightregulated phenotypic adaptations that drive massive changes in gene expression. Firstly, the photomorphogenic transition (de-etiolation) triggered by the very first light exposure of the seedling will be considered as a powerful biological model to investigate the effect of light-driven regulations on chromatin dynamics. Secondly, I will detail subsequent plant photomorphogenic adaptations to different light signals.

1.2.4

Light signalling pathways regulating photomorphogenic processes

Several key developmental transitions have been associated to light signalling. A key, yet vulnerable transition during the development of a plant is the establishment of the heterotrophic regime upon germination. During this developmental window, the seedling relies on seed storage reserves until the establishment of a photo-autotrophic regime. Germination in the dark under the soil surface triggers a specific developmental program called skotomorphogenesis, which involves the rapid growth of hypocotyl for rapid emergence from the subterranean darkness, and the formation of an apical hook to protect the shoot apical meristems while roots and cotyledons growth in paused [START_REF] Gommers | Seedling establishment: a dimmer switch-regulated process between dark and light signaling[END_REF] 

(Figure 1.7A).
Upon the first perception of light, plants commit to a new development program called photomorphogenesis. During the transition from skoto-to photomorphogenesis (de-etiolation), the apical hook opens, cotyledons unfold and expand while hypocotyl growth stops (Figure 1.7A). Deetiolation is a drastic metabolic transition as the establishment of photosynthesis and the biogenesis of chloroplast mark the switch from heterotrophy to autotrophy. It also involves a massive and rapid change in gene expression and transcriptomic analyses of Arabidopsis deetiolating seedlings indicated that ˜1/3 rd of the genes are differentially regulated within a few hours [START_REF] Ma | Light Control of Arabidopsis Development Entails Coordinated Regulation of Genome Expression and Cellular Pathways[END_REF], establishing specific expression patterns in an organ-specific manner [START_REF] Burko | Chimeric activators and repressors define HY5 activity and reveal a lightregulated feedback mechanism[END_REF].

Several photoceptors that sense different wavelengths transduce this light response by regulating the stability of a set of key transcription factors that promote photomorphogenesis, such as HY5 and its ortholog HYH, LONG AFTER FAR-RED LIGHT 1 (LAF1) and LONG HYPOCOTYL IN FAE-RED 1 (HFR1), or that repress photomorphogenesis such as the PIFs (Figure 1.7.B) [START_REF] Mazzella | Hormonal networks involved in apical hook development in darkness and their response to light[END_REF]. Decades of studies using specific wavelengths and mutants for light signalling uncovered the intricated underlying signalling network [START_REF] Chory | Light signal transduction: An infinite spectrum of possibilities[END_REF]. Key regulators of this process downstream of photoreceptors are the E3 ubiquitin ligase formed by COSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and SUPPRESSOR OF PHYA-105 (SPA) proteins, the DE-ETIOLATED 1 (DET1) chromatin-associated protein and HY5. In the dark, COP1/SPA is required for the activity of the E3 ubiquitin ligase CUL4-DDB1, which de-stabilizes several transcription factors, including HY5, HYH, LAF1 and HFR1, thereby preventing photomorphogenesis (C. M. M. M. Gommers and Monte, 2018;[START_REF] Hernández-Verdeja | Emerging from the darkness: interplay between light and plastid signaling during chloroplast biogenesis[END_REF] 
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In the light, the activated photoreceptors phyA, phyB, cry1, cry2 and UVR8 directly interact with the COP1/SPA complex and prevent its activity via its translocation in the cytoplasm, or by disrupting the interaction between COP1 and SPA or promoting the degradation of the SPA proteins. Light-activated phytochrome photoreceptors interact with PIFs and inhibit their transcriptional activity, notably through their phosphorylation and degradation [START_REF] Legris | Molecular mechanisms underlying phytochrome-controlled morphogenesis in plants[END_REF]( Figure 1.7B).

Adaptation of photomorgenic plants to suboptimal light qualities

In agreement with the central role of light on their life cycle, plants take advantage of multiple photoreceptors sensitive to specific wavelengths to perceive and adapt to changes in the light intensity, quality, orientation and periodicity during their all lifetime (reviewed in [START_REF] Fiorucci | Plant Strategies for Enhancing Access to Sunlight[END_REF].

Light signals can thereby be translated into precious information about timing but also about location such as how/where the plant is within its community. As shown in red in Figure 1.8.A-B, a plant in an open environment will basically perceive the full spectrum of solar radiations while a plant under a canopy will be exposed to light with a drastically different spectrum. In addition to a general decrease of the light intensity affecting the photosynthetically-active radiations (PAR), pigments and cellular contents of the upper plants preferentially absorb specific wavelengths such as blue (B, 400-500nm) and red (R, 660-670nm) and better transmit others such as green, yellow and far-red light (Figure 1.8.A). Consequently, the enrichment of red relative to farred photons is strongly elevated, a signal that profoundly affects the activity of phytochrome photoreceptors and their signalling to plant development and physiology [START_REF] Jiao | Light-regulated transcriptional networks in higher plants[END_REF][START_REF] Casal | Shade Avoidance[END_REF]. This red-to-far-red ratio (R:FR) is constantly changing throughout daylength, with varying situations ranging from temporary shading of the plants to competitors growing above.

Plants can distinguish these distinct light contexts and react through an adaptive syndrome: the so-called shade avoidance responses (SAR) (Figure 1.8.B). While certain plant species such as tropical species defined as "shade-tolerant" can live with extremely low light intensity, most model and cultivated species are so-called shade-intolerant or shade-avoiders [START_REF] Gommers | Shade tolerance : when growing tall is not an option[END_REF]. This adaptive response is ecologically important but also has economic consequences on crop yield as high-density planting triggers "shade-mimicking" signals. In particular, far-red light reflected by neighbouring plants activates plant SAR and strongly affects the plant life cycle and architecture to allow the reallocation of resources into elongation growth at the expense of harvestable organs (usually leaves, fruits, and seeds) [START_REF] Roig-Villanova | Plant Responses to Vegetation Proximity: A Whole Life Avoiding Shade[END_REF]. In all major crop species, SAR is also induced at the expense of biomass production, fruit development, seed set and immune responses to pathogens [START_REF] Pierik | Shade avoidance: phytochrome signalling and other aboveground neighbour detection cues[END_REF].

In Arabidopsis, among the several phenotypic adaptations triggered by SAR, one of the best characterized trait is hypocotyl elongation [START_REF] Casal | Photoreceptor signaling networks in plant responses to shade[END_REF]. This photomorphogenic adaptation of the seedling is driven by perception of light in cotyledons and subsequent production of hormonal 1.8.C). Similarly to seedling de-etiolation, these contrasting responses between cotyledons and hypocotyls have led to the necessity of organ-specific approaches for identifying the transcriptional responses associated to a complex concerted mix between similar adaptations to a specific light and contrasting effects on cell growth and physiology [START_REF] Kohnen | Neighbor detection induces organ-specific transcriptomes, revealing patterns underlying hypocotyl-specific growth[END_REF][START_REF] Procko | The epidermis coordinates auxin-induced stem growth in response to shade[END_REF]. SAR signalling has been extensively studied in Arabidopsis over the last two decades after the identification of R:FR perception by phytochrome B (phyB) as a most important signal regulating the process (reviewed in [START_REF] Casal | Photoreceptor signaling networks in plant responses to shade[END_REF]. Low R:FR ratio affects the conformation and activity of phytochrome B, leading to the activation and nuclear accumulation of physically-associated PIFs. In addition, low blue light intensity perceived by the cryptochrome 2 photoreceptor also contributes to SAR by a similar mechanism involving its physical association with PIFs (Pedmale, S. C. [START_REF] Pedmale | Cryptochromes Interact Directly with PIFs to Control Plant Growth in Limiting Blue Light[END_REF]. The Arabidopsis genome encodes 8 PIFs with partially overlapping target genes among which PIF7, and to a smaller extent PIF4 and PIF5, act as major determinants of SAR [START_REF] Li | Linking photoreceptor excitation to changes in plant architecture[END_REF]) [START_REF] Li | Linking photoreceptor excitation to changes in plant architecture[END_REF]. Among the PIFs target genes, auxin biosynthetic genes directly influence plant developmental adaptations [START_REF] Hersch | Light intensity modulates the regulatory network of the shade avoidance response in Arabidopsis[END_REF]. Phytochrome and cryptochrome photoreceptors as well as PIFs being major factors of Arabidopsis seedling photomorphogenesis during deetiolation, there seems to be a high degree of overlap and mirroring paths between skotomorphogenesis and SAR.

Dynamics of the epigenome during de-etiolation

The intensity and homogeneity of the de-etiolation transition have been used in many studies aimed at characterizing the mechanisms linking chromatin changes and molecular impact on gene expression (Reviewed in [START_REF] Perrella | Light behind the curtain: photoregulation of nuclear architecture and chromatin dynamics in plants[END_REF][START_REF] Armarego-Marriott | Beyond the darkness: recent lessons from etiolation and de-etiolation studies[END_REF]Bourbousse et al., 2020). Many of the results available are related to the regulation of chromatin marks at the gene level. This charting of chromatin dynamics associated with the use of mutant lines for key molecular players involved in chromatin dynamics has allowed the description of the effect of light signalling on chromatin modifiers and on histone marks homeostasis and their functional consequences in term of gene expression (Reviewed in Bourbousse et al., 2020). One of the first described effect of chromatin changes on plant gene expression is the histone acetylation of the plastocyanin (PetE) gene promoter in green pea (Pisum sativum) [START_REF] Chua | Targeted Histone Acetylation and Altered Nuclease Accessibility over Short Regions of the Pea Plastocyanin Gene[END_REF]. This gene is more expressed in the aerial parts of dark-grown seedlings than light grown seedlings, a pattern that correlates a specific increase of histones H3 and H4 acetylation, leading to a local change in chromatin accessibility [START_REF] Chua | The Transcriptional Enhancer of the Pea Plastocyanin Gene Associates with the Nuclear Matrix and Regulates Gene Expression through Histone Acetylation[END_REF].

Following this seminal work, changes of expression patterns induced by light were associated to dynamic changes in chromatin marks on a genome-wide scale [START_REF] Charron | Dynamic Landscapes of Four Histone Modifications during Deetiolation in Arabidopsis[END_REF][START_REF] Bourbousse | Histone H2B Monoubiquitination Facilitates the Rapid Modulation of Gene Expression during Arabidopsis Photomorphogenesis[END_REF]. Notably, profiling of histone H3 lysine 9 acetylation (H3K9ac) and of histone H3 lysine 27 acetylation (H3K27ac) indicates that gene activation induced during the deetiolation transition is associated to rapid acetylation dynamics [START_REF] Charron | Dynamic Landscapes of Four Histone Modifications during Deetiolation in Arabidopsis[END_REF]. The functional impacts of light-driven acetylation changes have been uncovered thanks to the use of mutant lines for enzymes involved in deposition or removal of this histone modification. Specifically, the gcn5 mutant, impaired in one of the most studied Histone Acetyl Transferase (HAT) in Arabidopsis, shows defects in the induction of light-induced genes, including the photosynthesisrelated genes CAB2 and RBCS1, and displays a light hyposensitive phenotype. Conversely, the hd1 mutant impaired in the histone deacetylase (HDAC) HD1/HDA19 shows the opposite phenotype [START_REF] Benhamed | Arabidopsis GCN5, HD1, and TAF1/HAF2 interact to regulate histone acetylation required for liqht-responsive gene expression[END_REF]. These results indicate that the balancing effects of histone acetylation and deacetylation dynamically fine tune genes expression to allow their correct induction in response to light signalling [START_REF] Benhamed | Arabidopsis GCN5, HD1, and TAF1/HAF2 interact to regulate histone acetylation required for liqht-responsive gene expression[END_REF](Figure 1.9.A). Interestingly, an early ChIP-on-chip profiling of HY5 (Lee, He, Stolc, Lee, Figueroa, Gao, Tongprasit, Zhao, Lee and Deng, 2007), indicated that HY5 binding targets correlated with H3K9ac and largely overlap with the targets of GCN5 [START_REF] Benhamed | Genome-scale Arabidopsis promoter array identifies targets of the histone acetyltransferase GCN5[END_REF], suggesting that HY5 could mediate the targeting of chromatin modifiers to specific loci in the genome. It is likely that other histone deacetylases are involved in orchestrating this regulation, as for example HDA15 has been reported to interact with PIF3 and to be also required for a proper repression of photosynthetic metabolic genes in darkness [START_REF] Liu | PHYTOCHROME INTERACTING FACTOR3 Associates with the Histone Deacetylase HDA15 in Repression of Chlorophyll Biosynthesis and Photosynthesis in Etiolated Arabidopsis Seedlings[END_REF](Figure 1.9.B).

Further linking histone acetylation dynamics and light signalling, my host laboratory unveiled using quantitative mass-spectrometry that chromatin of det1-1 mutant seedlings shows hyperacetylation of various residues of histones H2A and H2B [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF]. DET1 is a key light-dependent signalling component that functions cooperatively with COP1 to repress photomorphogenesis. DET1 molecular function has long remained elusive due to the absence of known functional domains but it was shown to be involved in the transcriptional repression of light-responsive genes as shown both in planta and in an heterologous system [START_REF] Maxwell | DET1 Dark Response Element , Mediate DET1 Regulation of Chlorophyll a / b-Binding Protein 2 Expression 1[END_REF][START_REF] Lau | Interaction of Arabidopsis DET1 with CCA1 and LHY in Mediating Transcriptional Repression in the Plant Circadian Clock[END_REF]. Early studies of the laboratory have shown that DET1 is able to interact with the N-terminal tail of histone H2B both in vivo and in vitro, with a preference for non-acetylated histone peptides, suggesting that DET1 could bind chromatin-repressed genes [START_REF] Benvenuto | The Photomorphogenesis Regulator DET1 Binds the AminoTerminal Tail of Histone H2B in a Nucleosome Context[END_REF]. In addition to high levels of histone acetylation, det1-1 chromatin is largely depleted in histone H2B monoubiquitination [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF], a mark associated to RNA Pol II elongation necessary to facilitate gene induction by light [START_REF] Bourbousse | Histone H2B Monoubiquitination Facilitates the Rapid Modulation of Gene Expression during Arabidopsis Photomorphogenesis[END_REF]. DET1, as part of the CDDD complex, was further shown to be involved in the light-dependent destabilization of a histone deubiquitination module in darkness. Over-accumulation of the ubiquitin protease UBP22 in det1-1 mutant plants drives a general deubiquitination of histone H2B across most genes [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF](Figure 1.9.C). Overall, these observations show that, in addition to gene-specific changes in chromatin modifications on light-regulated loci, the bulk of specific chromatin marks is also impacted. These global variations of chromatin marks may be linked to the establishment of different transcriptional regimes as the absence of light was related to low transcriptional activity in etiolated cotyledons (Bourbousse et al., 2015) and in dark-adapted leaves [START_REF] Godoy Herz | Light Regulates Plant Alternative Splicing through the Control of Transcriptional Elongation[END_REF]. 
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3D chromatin dynamics during adaptation to low light

Arabidopsis thaliana is a species wide-spread in different geographical regions, covering a large range of environmental conditions. Light intensity can vary greatly along the year, and light intensity itself and the amplitude of the light condition's changes can be greatly influenced by altitude, latitude and longitude. When different ecotypes of Arabidopsis thaliana are brought back to the laboratory and grown under control conditions (100 µmol.m -2 . s -1 ), they display different degrees of heterochromatin condensation [START_REF] Van Zanten | Shedding light on large-scale chromatin reorganization in Arabidopsis thaliana[END_REF]. To capture fine differences in heterochromatin organization, the Heterochromatic Index (HX), representing the number of nuclei with conspicuous chromocenters, was measured in several Arabidopsis accessions. The results ranged from the Cape Verde Islands accession (Cvi) with highly relaxed heterochromatin (HX 20%) to a set accession showing a high degree of compaction (80%) like Columbia-0 (Col-0) including the commonly used Landsberg erecta (Ler) (Tessadori, Zanten, et al., 2009). These differences in chromatin compaction correlate to light intensity (Figure 1.12). Col-0 plants grown under a set of different light intensities displayed different degree of chromocenter decompaction, suggesting that chromocenters are destabilized by low light (Tessadori, Van Zanten, et al., 2009). The chromatin responses to changes in light intensity has been further characterized as being transient and reversible [START_REF] Van Zanten | Photoreceptors CRYTOCHROME2 and phytochrome B control chromatin compaction in Arabidopsis[END_REF]. Three accession, Col-0, Ler and Cvi were specifically tested for light-correlated effect on chromatin compaction. Similar results were reported for Col-0 and for Ler, but not for the more geographically divergent Cvi accession. In Cvi, chromocenters were mostly decompacted under a wide range of light intensity raging from 20 to 600 µmol.m -2 .s -1 (Figure 1.1). To further uncover the genetic bases of this specific behaviour, the authors proceeded with Quantitative Trait Loci (QTL) mapping. Mutant analysis of the candidate geness PHYB and HDA6 indicated their implicated in chromatin compaction in response to light intensity. Both genes have been found as positive regulators of heterochromatin condensation. The light intensity response was additionally linked to the blue light photoreceptor cry2, which along phyB, appears to be responsible for translating the low light signalling into chromatin dynamics (van Zanten, [START_REF] Van Zanten | Photoreceptors CRYTOCHROME2 and phytochrome B control chromatin compaction in Arabidopsis[END_REF]. The influence of light on genome topology has been recently addressed in Sesame (Sesamum indicum L., 2n = 26), a plant belonging to the family of Pedaliaceae, widely cultivated in tropical and subtropical regions. As for other cultivar, Hi-C experiments aimed at improving the quality of genome assembly, but Li and colleagues (2020) also compared plants grown in different conditions. Specifically, the same cultivar of sesame was grown in control condition or subjected to a dark treatment. Dark-induced changes in chromatin architecture occurs preferentially in promoter regions and often associated with dark-regulated genes [START_REF] Li | Chromatin Architectures Are Associated with Response to Dark Treatment in the Oil Crop Sesamum indicum, Based on a High-Quality Genome Assembly[END_REF], suggesting that lightmediated gene transcription changes could be functionally linked to TAD changes. These different reports suggest that signalling of a low light irradiance modulates chromatin organization. This could either result from a reduction of the chloroplast photosynthetic activity or be mediated by nuclear signalling from photoreceptors.

De-etiolation and SAR are both controlled by interconnected signalling components acting downstream from the cryptochrome and phytochrome photoreceptors [START_REF] Fiorucci | Plant Strategies for Enhancing Access to Sunlight[END_REF]. Each of these developmental adaptations involve massive and rapid transcriptional reprogramming of the genome expression, and they are particularly well suited for studying chromatin dynamics on individual genes and at the same time also globally at the nuclear scale [START_REF] Barneche | The impact of chromatin dynamics on plant light responses and circadian clock function[END_REF][START_REF] Perrella | The impact of light and temperature on chromatin organization and plant adaptation[END_REF]. During de-etiolation photoceptor activity is stimulated by the increase light availability, on the other end during SAR specific wavelength are reduced and thus photoreceptor activity inversely regulated. In Chapter 3 I will investigate the functional influence of light on chromosome organization by contrasting these twomirroring transitions in the context of histone H1 function and regulation. 

Introduction to linker histones

The textbook definition of chromatin as a DNA-protein complex identifies the nucleosome as the building block, the basic unit, of the multilevel DNA folding required to fit and organize the genome inside the nucleus. This definition does not take in account histone H1 (Figure 1.13.A), sometimes presented as the forgotten histone [START_REF] Brockers | Histone H1, the forgotten histone[END_REF]. As the core histones, linker histones are rich in positively charged amino acids, such as Arginine and Lysine, in order to electrostatically interact with the negatively-charged DNA. They bind DNA on the nucleosome dyad to build-up another fundamental unit of metazoan chromatin: the chromatosome (Fyodorov, et al., 2017; Figure 1.1 B) that consists of the nucleosome core (147-bp of DNA wrapped around a histone octamer) plus the linker histone associated to an additional 20-bp of DNA. The chromatosome structure and his dynamics (Reviewed in Öztürk, et al., 2020) are being subject of a raising interest as important regulators of chromatin fibre formation and of chromatin packing, which are fundamentally linked to different epigenetic regulations. Linker histones are generally thought to regulate chromatin condensation, limiting the accessibility of DNA to transacting factors and thus playing a repressive role on transcription. Despite being evolutionary conserved, these proteins are the most variable histones as compared to nucleosomal ones. In the past, linker histones were mostly identified by their structural role driving the formation of the chromatin 30nm fibre (Figure 1.1A). Several years of studies have shown that they are not only involved in driving this general condensation process but are themselves dynamically regulated during several key cellular processes such as transcriptional regulations, DNA replication, DNA repair, meiotic recombination and chromosome segregation [START_REF] Kotliński | Histone H1 variants in Arabidopsis are subject to numerous posttranslational modifications, both conserved and previously unknown in histones, suggesting complex functions of H1 in plants[END_REF].

Several histone H1 variants are often found in the same organism, some being developmentally regulated, others being relegated to restrain their expression to certain cell types or tissues other to certain specific part of the cell cycle [START_REF] Over | Open and closed: The roles of linker histones in plants and animals[END_REF]. In mammals, there are 11 different H1 variants, including seven somatic H1s (H1a, H1b, H1c, H1d, H1e, H10 and H1x) and four germor cell-specific H1s (H1oo, H1t, H1t2, and HILS1). The H1a to H1e variants are the major somatic H1s, which are ubiquitously expressed in nearly all cells with their synthesis coupled to S-phase of the cell cycle in a DNA replication-dependent manner. Interestingly, these so-called somatic linker histones H1a to H1e are genetically linked to the more ancient and conserved core histones. Individual knock-out of H1 subtypes did not lead to visible phenotypes in mouse [START_REF] Fan | Monroy & vanderPutten 2009 -Local variation in belowground multitrophic interactions[END_REF]. Despite the different expression patterns and multiple variations at the sequence level, it is likely that several histone H1 variants can functionally replace each other. Nevertheless, by knocking out three different histones H1 variants in the study by [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF] the authors managed to impact the total amount of H1 available in mouse. This global reduction of over 50% of the normal level of H1 protein resulted in a genome-wide change of chromatin compaction state but only led to minor gene expression change [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF].

Human H10 (H1.0) and H1x are replacement H1 variants, which are regulated based on the cellular status and synthesized in a DNA replication-independent manner. H10 is a peculiar variant with low expression during the S phase followed by an accumulation in terminally differentiated Linker histones appear to be more mobile than core nucleosome histone H2B (brown) and among the three variant, H1.3 is the most highly dynamic. C. Maximum-likelihood phylogenetic tree of the 15 GH1-containing proteins encoded in the Arabidopsis genome H1s. After Rutowicz et al., 2015 andKotlinksy et al., 2017 cell types, which have stopped dividing (Doenecke et al 1996). Interestingly, association studies unveiled that low H10 expression is linked to higher ability of tumorigenic cell lines to dedifferentiate thus becoming self-renewing tumour-maintaining cells, suggesting that H10 could act as a key chromatin component for maintaining cell differentiation [START_REF] Torres | The linker histone H1.0 generates epigenetic and functional intratumor heterogeneity[END_REF] Uncovering the role of linker histones in mammals has proven challenging, notably because of their genetic redundancy. Arabidopsis thaliana is a perfectly suited model to investigate the role and specificity of histone variants as Arabidopsis genome encodes for only three isoforms (Kotliński et al., 2017a), versus 11 isoforms found in human and mouse [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF]. I will detail in the following paragraphs that, among the three Arabidopsis linker histones, H1.1 and H1.2 are evolutionarily conserved canonical histones and are ubiquitously expressed in somatic cells. In contrast, the more divergent H1.3 variant is mostly stress-induced and otherwise not expressed in most cell types (Ascenzi and Gantt, 1999b;Rutowicz, Puzio, Halibart-puzio, et al., 2015). As this class of histones is usually redundant in their function and a global depletion is lethal in animal cells [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF][START_REF] Lu | Linker histone H1 is essential for Drosophila development, the establishment of pericentric heterochromatin, and a normal polytene chromosome structure[END_REF], Arabidopsis represent a well-suited system for identifying the role of these proteins and the specificity characteristics of the different structural and expression variants.

Linker histone H1 isoforms in plants 1.3.2 Structure of linker histone H1 isoforms in plants

Histone H1 proteins classically display a tripartite structure including a central wellstructured alpha-helical globular H1 domain (GH1). This GH1 domain is usually used to identify histone H1 protein, but other class of chromatin proteins can also harbour this globular domain among which High-Mobility-Group Proteins Group A (HMGAs), the GH1/Myb-related Telomericrepeat-Binding (TRBs) (Kotliński et al., 2017a). The other two domains are the amino-and carboxyterminal tails are intrinsically disordered and usually positively charged with the C-tail along with the GH1 globular domain being the main targets of post-translational modification in both mammals and plants (Izzo and Schneider, 2016a;[START_REF] Kotliński | Histone H1 variants in Arabidopsis are subject to numerous posttranslational modifications, both conserved and previously unknown in histones, suggesting complex functions of H1 in plants[END_REF]. Structural studies showed that GH1 domains bind on the outside of the nucleosome next to the dyad (Zhou et al., 2016;[START_REF] Bednar | Structure and dynamics of a 197 bp nucleosome in complex with linker histone H1[END_REF]. The binding is achieved by the interaction of at list two binding sites, containing a specific set of positively charged amino acids. This double binding would allow H1 to connect DNA on different strands and stabilizing the nucleosome [START_REF] Kotliński | Histone H1 variants in Arabidopsis are subject to numerous posttranslational modifications, both conserved and previously unknown in histones, suggesting complex functions of H1 in plants[END_REF]. Accordingly, recent advancements in defining the binding mechanism of histone H1 identified that domain swap of Cand N-terminal tails of human H1.1 changes its chromatin binding dynamics (Jordana [START_REF] Hutchinson | Interaction of chromatin with a histone H1 containing swapped N-and C-terminal domains[END_REF].

Among the three Arabidopsis H1 variants, H1.3 is divergent already at the sequence level. H1.3 C-terminal tail is about half shorter than the one of the canonical histones H1.1 and H1.2. This shortening is associated with a reduced positive charge and the absence of key amino acids concurring in the formation of the (S/T)PxK phosphorylation motifs and of the DNA-binding motifs (Rutowicz, et al., 2015;Figure 1.14A). Also, the different ratio of H1.3 R:K amino-acids might influence its charge and its ability to bind chromatin tightly [START_REF] Ascenzi | A drought-stress-inducible histone gene in Arabidopsis thaliana is a member of a distinct class of plant linker histone variants[END_REF]. In line with this prediction, a more transient ability of H1.3 to integrate to chromatin was revealed by Fluorescent Recovery After Photobleaching (FRAP) experiments (Rutowicz et al 2015;Figure 1.14B). The differences in recovery rates illustrate how rapid are the binding dynamics of canonical H1s, with more continuous exchanges between chromatin than nucleosomal histones such as H2B. H1.3 displays an even shorter residence time than canonical H1s (Rutowicz et al 2015). The structural features of the H1.3 protein driving these fast association dynamics remain to be identified, as well as the functional consequences of H1.3 incorporation on chromatin structure and modifications.

1.3.3

Post-translational modifications of linker histone H1 isoforms in plants

The development of a new method, involving a large amount of starting material (150g of frozen Arabidopsis powder) enabled Arabidopsis histone H1 isolation coupled with mass spectrometry. Thanks to these analyses, Kotlinski and colleagues characterized the post-translation modifications of the three variants. Among the three-histone variant, most of the modification were found on histones H1.1 and H1.2, probably because of their tails bearing these marks, but possible also because of technical limitation due to the low amount of histone H1.3 present under the conditions used. 30 amino acids and 17 amino acids were reported to be post-translationally modified for histone H1.2 and H1.1, respectively. Among them, the (S/T)PxK motifs present in the N-and Cterminal tails, known to be the consensus substrate for cyclin-dependent kinases (CDKs), were found to be phosphorylated, indicating that these vtwo ariants are probably regulated during cell cycle progression, a process already characterized in animals (Izzo and Schneider, 2016b). No (S/T)PxK motif is present in H1.3, suggesting that this variant does not undergo cell-cycle dependent phosphorylation. Other modifications, such as acetylation, methylation, formylation and crotonylation,were found and show similar distributions than in mammals [START_REF] Kotliński | Histone H1 variants in Arabidopsis are subject to numerous posttranslational modifications, both conserved and previously unknown in histones, suggesting complex functions of H1 in plants[END_REF].

Other plant GH1-containing proteins

Being the most conserved domain in this group of histones, the central globular domain has been used to draw a phylogenetic analysis of histone H1 and related protein in plants (Kotliński et al., 2017a) (Figure 1.14C). Most of the 15 GH1-containing proteins encoded in the Arabidopsis genome display tissue-and developmental-specific expression patterns, suggesting that they might play a role in plant adaptive evolution (Kotliński et al., 2017a). The three H1 genes stand alone because of a specific amino-acids pattern with a positive charge distribution in the amino and carboxyterminal domains, a distinctive feature probably related with their role in DNA binding [START_REF] Jerzmanowski | Linker Histones and HMG1 Proteins of Higher Plants[END_REF]. Of interest also, the GH1-Myb/GH1-Myb-related subgroup contain 5 Telobox Repeat Binding proteins that bear a Myb domain recognizing the telomere motif AAACCCTAA, or telobox [START_REF] Mozgová | Functional characterization of domains in AtTRB1, a putative telomere-binding protein in Arabidopsis thaliana[END_REF]. TRBs, to date the only proteins with reported in vivo telomere localization in Arabidopsis thaliana required for telomere length maintenance (Procházková Schrumpfová, Fojtová and Fajkus, 2019). These proteins are made of a C-terminal myb-telobox domain and a central histone-like (H1/5) domain allowing for interaction with POT1b, a plant POT1 paralogue [START_REF] Mozgová | Functional characterization of domains in AtTRB1, a putative telomere-binding protein in Arabidopsis thaliana[END_REF]. AtTRB1-3 have been found to bind both single and double-stranded DNA telomeres [START_REF] Mozgová | Functional characterization of domains in AtTRB1, a putative telomere-binding protein in Arabidopsis thaliana[END_REF]. TRBs protein have been identified has homologues of the human Telomeric Repeat binding Factor 1 and 2 (hTRF1/2) [START_REF] Peska | Using the Telobox to Search for Plant Telomere Binding Proteins[END_REF] and of the TBF1 yeast protein, which are not only telomeric proteins but also act as a TFs regulating the expression of a large number of genes [START_REF] Wellinger | Everything you ever wanted to know about Saccharomyces cerevisiae telomeres: Beginning to end[END_REF]. Arabidopsis TRBS also associate to several loci along the genome, in addition to the telomeric interactome [START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF] and also have a general role of transcriptional regulators (Zhou et al., 2016). TRBs have also been reported to be involved in the recruitment of CLF/SWN-PRC2 complex [START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF]. They are therefore involved not only in telomere maintenance but also in regulating H3K27me3mediated gene regulation [START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF]. Other than TRBs, other GH1-containing protein are linked to telomeres. GH1-HMGA1 has been recently identified as part of the telomere interactomes [START_REF] Charbonnel | The Linker Histone GH1-HMGA1 Is Involved in Telomere Stability and DNA Damage Repair[END_REF]. Depletion of GH1-HMGA1 triggers a higher incorporation of histone H1 in the chromatin [START_REF] Charbonnel | The Linker Histone GH1-HMGA1 Is Involved in Telomere Stability and DNA Damage Repair[END_REF]. This feature could indicate that, at same loci, these non-H1 proteins might compete through their GH1 domain with H1 histones for nucleosome binding (Kotliński et al., 2017a).

Functional impact of histone H1 on chromatin properties 1.4.1 H1's influence on cytologically defined heterochromatin

Canonical linker histones have been associated to chromatin condensation and gene repression in most eukaryotic organisms. Accordingly, Arabidopsis H1s have been found to be distributed over most of the genome with an enrichment in heterochromatic regions (Ascenzi and Gantt, 1999a;Rutowicz, Puzio, Halibart-Puzio, et al., 2015;[START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. Early characterization of the subnuclear localization of H1 variants by immunostaining with specific antibodies identified that H1.1 and H1.2 occupy the whole nucleus, with an increased localization in chromocenters, while H1.3 is less enriched in heterochromatic regions (Ascenzi and Gantt, 1999) .

Observations from the Jerzmanoski lab using electron microscopy reported that decreasing the level of somatic H1 in tobacco cultured cells induces a low degree of chromatin condensation, thereby confirming that plant somatic linker histones are required for heterochromatin condensation [START_REF] Calikowski | Perturbation in linker histone content has no effect on the cell cycle but affects the cell size of suspension grown tobacco BY-2 cells[END_REF]. More recently, cytological observations of Arabidopsis nuclei lacking H1.1 and H1.2 also proved that canonical H1s are required for heterochromatin subnuclear organization within so-called chromocenters (Rutowicz et al., 2019;[START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. Analysis of DAPI-stained nuclei from the 3h1 triple mutant (h1.1h1.2h1.3) shows slightly larger nuclei containing around ~2 chromocenters with an RHF below 5%, i.e. less than 4 times less chromocenters (Rutowicz et al., 2019;Figure 1.15A). Complementary FISH analysis showed that peri-centromeric regions are scattered in the nuclear space while the NORs remain compacted and are presumably responsible for the remaining 2 chromocenters in 3h1 nuclei. Decompaction of heterochromatin in 3h1 plants is associated with a redistribution of the heterochromatin hallmarks H3K27me1 and H3K9me1 in the nucleus (Rutowicz et al., 2019) (Figure 1.15.B). Despite massive hetrochromatin decompaction, only a few TEs are apparently re-activated in 2h1 or 3h1 mutant plants [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF], indicating that this relaxation is not sufficient to release the silencing of peri-centromeric TEs and repeats.

1.4.2

Influence of H1 on chromatin fiber folding

In addition to contributing to higher-order organization of heterochromatin, linker histones also fine-tune chromatin organization. The length of linker DNA is positively correlated with H1 levels [START_REF] Woodcock | Role of linker histone in chromatin structure and function: H1 stoichiometry and nucleosome repeat length[END_REF] and depletion of H1 has been consistently associated to reduced linker DNA length measured by MNase-seq in multiple organisms, including plants [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF][START_REF] Öberg | Linker histone subtypes differ in their effect on nucleosomal spacing in Vivo[END_REF][START_REF] Chereji | Precise genome-wide mapping of single nucleosomes and linkers in vivo[END_REF]Rutowicz et al., 2019;[START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. This is a determinant of chromatin compaction as, for example, short DNA linkers promote chromatin folding in vitro independently of the presence of linker histones whereas compaction and regular arrangement of nucleosomes over DNA stretches with long linkers relies on H1 [START_REF] Woodcock | Role of linker histone in chromatin structure and function: H1 stoichiometry and nucleosome repeat length[END_REF]. Linker histones binding to nucleosome is still debated and may influence local compaction properties (Öztürk et al., 2020). Two different mechanisms have been proposed: on-dyad with linker histone found symmetrically bound between the entry or exit site of linker DNA (Figure 1.16.B) or binding closer to one of the two entry sites, being thus off-dyad. These two different binding models have been proposed to influence chromatin compaction, and they probably coexist along the genome [START_REF] Zhou | Structural Mechanisms of Nucleosome Recognition by Linker Histones[END_REF]Perisic, Portillo-Ledesma and Schlick, 2019)(Figure 1.16.B).

In line with the role of H1 on chromatin fibre folding, the analysis of chromatin density in transmission electron microscopy (TEM; Figure 1.5B) ultrathin preparations from the 3h1 mutant Arabidopsis showed that euchromatin nanodomains (30-60 nm scale) are more dispersed than in the WT, with larger gaps between nanodomains, possibly enabling increased accessibility (Rutowicz et al., 2019). This suggests that H1 is required to maintain the homogeneity of euchromatin small-scale spatial organization.

Plants and animal telomeric DNA is also packed with nucleosomes but organizes in a different structure than bulk chromatin. Telomeres are constituted of 5-7 bp tandemly repeated units that are organized into arrays of closely spaced nucleosomes with short linker DNA (as little as 5 bp against more than 30 bp for bulk chromatin [START_REF] Tommerup | Unusual chromatin in human telomeres[END_REF][START_REF] Vershinin | Comparative analysis of the nucleosomal structure of rye, wheat and their relatives[END_REF]. Accordingly, mean nucleosomal repeat length (NRL) of the telomeres was estimated at 150 bp in Arabidopsis (Ascenzi and Gantt 1999) against ~170-190 bp in bulk chromatin or in vivo. H1 is associated to rat and Arabidopsis telomeres, but with a decreased histone/nucleosome stoichiometry as compared to bulk chromatin (Ascenzi and Gantt 1999) and the binding mode of linker histones to these short linker sequences is still unknown. This lower H1 content at telomeres may be driven by competition with other GH1-containing proteins, such as TRB1, TRB3 and GH1-HMGA1 that are opposedly enriched at telomeres [START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF][START_REF] Charbonnel | The Linker Histone GH1-HMGA1 Is Involved in Telomere Stability and DNA Damage Repair[END_REF]. Taken together, these observations suggest that telomeric regions may display a peculiar nucleosome packing (Fajkus and Trifonov, 2001) (Figure 1.16B), which relies on the binding of different GH1-domain containing proteins, possibly influencing telomeres structure and epigenetic state, as explored in Chapter 2 of the thesis. 

H1s as part of the histone code and their influence on histone marks

In animals, H1 is depleted from the promoter region of active genes and enriched within silenced chromatin [START_REF] Izzo | The Genomic Landscape of the Somatic Linker Histone Subtypes H1.1 to H1.5 in Human Cells[END_REF][START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. Thus, H1 positively correlates with repressive histone marks and negatively correlates with permissive histone marks. In that respect, H1 occupancy can be envisioned as being part of so-called chromatin signatures. Accordingly, in animal cells H1 enrichment has been implicated in the control of various core nucleosome modifications to promote repressive chromatin environments. As examples, we can cite the effect of H1 in preventing access to histone acetyltransferases and the ability to directly interact with chromatin modifiers, such as drosophila Su(var)3-9 H3K9 methyltransferase, human DNMT1/3B DNA methyltransferases and human Polycomb Repressive Complex 2 (PRC2) subunits (Reviewed in D. V. [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF].

In plants, the first genome-wide profiling of H1s used a ChIP-on-chip approach with an anti GFP immunoprecipitation of Arabidopsis tagged histone H1 variants. This study reported that H1s are enriched over the 3' end of genes (Rutowicz, et al., 2015). Canonical H1 histones were also found enriched over heterochromatic regions of the genome, correlating positively with the heterochromatic H3K9me2 mark, and correlating negatively with gene expression (Rutowicz, et al., 2015). In agreement with these observations, a second report investigated H1 distribution by ChAP-seq and found H1.1/H1.2 enriched over DNA methylated regions. Nevertheless, H1 genomic distribution in the hypomethylated met1 mutant did not change. This points out that H1 chromatin incorporation is generally independent of DNA methylation [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF].

Changes in chromatin marking resulting from H1 loss of function were also observed in plants. A global reduction in H3K4me3 and H3K27me3 was observed by quantitative immunofluorescence and immunoblot in the 3h1 and 2h1 mutants (Rutowicz et al. 2019;Figure 1.17.A). H1 depletion also impacts Arabidopsis DNA methylation profiles with euchromatic TEs being hypomethylated and heterochromatic TEs hypermethylated [START_REF] Zemach | The arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF]. Linker histones were proposed to impede the access of DNA methyltransferases to chromatin. In this model, H1 structural barrier is resolved by the activity of the SWI/SNF chromatin remodeler DDM1 that facilitates the access to nucleosomal DNA in H1-containnig chromatin (Zemach et al., 2013;Lyons and Zilberman, 2017). These conclusions stemmed from the observation that the loss of DNA methylation over long TEs that is observed in the ddm1 mutant was mostly rescued in the 2h1 mutant background. 

H1 influences the 3D genome organization

Several studies have established the role of H1 as a major determinant of higher-order folding of the chromatin fibre (as detailed in section 3.3.2;Bednar 1998;Fan et al., 2005b;Grigoryev 2016),. This suggested that H1 may impact nuclear genome topology. H1 triple-knockout (TKO) mouse embryonic stem cells (mESCs) in which three of the five somatic H1s are mutated (H1c, d and e,) and that display a 50% reduction of the H1-to-nucleosome stoichiometry have been used to perform Hi-C analyses. This partial reduction of H1 function did not result in major changes in the overall 3D genome organization, maybe due to the redundant role of other H1 genes. Still, distant chromosomal regions were found to more easily establish long-distance contacts and the TAD segmentation was significantly less pronounced (Geeven et al., 2015). These changes did not correlate with differentially genes expression. Overall, these results likely underestimate the influence of linker histones on genome topology within the nucleus due to the redundancy issues. These limitations being overcome in plants, Arabidopsis H1 mutant plants represent a model of choice for such Hi-C investigations, which I will explore in Chapter 3 of this thesis.

Functional impact of histone H1 on plant developmental and stress responses

There is accumulating evidence that the regulation of the abundance of H1 variants with different properties is involved in controlling key cellular processes such as gene expression, DNA repair and cell cycle progression (Reviewed in [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF]. The role of linker histone variants was addressed in several plant species, such as Arabidopsis but also tobacco and tomato. In a first part I will first focus on the role of the canonical linker histones H1.1 and H1.2, addressing the impact of H1 depletion at the phenotypic level and their dynamics during gametophytic development. Then, in a second section I will address the specific case of the stress-induced H1.3 variant.

Functions of canonical H1s in the vegetative phase

The drastic effect of H1 depletion on heterochromatin higher-order compaction described in section 3.3.1 is associated to more subtle effects on plant developmental phenotypes. Tobacco plants overexpressing H1 are viable and capable of normal vegetative growth but display defects in the production of inflorescence [START_REF] Prymakowska-Bosak | Linker histones play a role in male meiosis and the development of pollen grains in tobacco[END_REF]. Defect in flowering was also identified in Arabidopsis thaliana using a RNA interference approach that led to a set of pleiotropic defects, including altered generative growth with late flowering and partial infertility (Wierzbicki and Jerzmanowski, 2005). In contrast to these results, double and triple knock-out mutant plants for the 3 Arabidopsis H1 genes, generated by combining different T-DNA alleles, has produced viable plants that display only subtle developmental phenotypes (Zemach et al., 2013;She and Baroux, 2014). Yet, refined phenotyping of the 3h1 mutant plants uncovered defects in the fine regulation of several developmental transitions (Rutowicz et al., 2019). Precisely, 3h1 seeds display prolonged dormancy, increase formation of lateral roots, defects in stomata patterning, early flowering and defects in callus formation, indicating a role of H1 in the regulation of organogenesis, and resembling to the defects in the regulation of epigenetic cell fate observed in mutants impaired for H3K27me3 marking (Table 1.17.B; Rutowicz et al., 2019). Indeed, a global reduction of H3K27me3 
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in 2h1 and 3h1 was observed by immunofluorescence, which I could confirm by immunoblot (Figure 1.17.B) (Annexe 2; Rutowicz et al., 2019) and the second chapter of my thesis is dedicated to the study of the impact of H1 depletion on H3K27me3 profiles along the genome.

Functions of canonical H1s in the reproductive phase

While canonical linker histones are stably expressed in vegetative tissues throughout the life cycle of Arabidopsis, they seem to be "unwanted chromatin guests" during the Arabidopsis somatic to reproductive transition (Rutowicz et al., 2019). H1.1 and H1.2 are globally depleted during both female and male sporogenesis in a cell-specific manner (Figure 1.14;She, et al., 2013;He, et al., 2019;She & Baroux, 2015). During sporogenesis, the specification of the female Megaspore Mother Cell (MMC) and of the Pollen Mother Cell (PMC) (the cells that will commit to meiosis and give rise to the gametes in subsequent gametogenesis), the nucleus undergoes a large-scale re-organization with an increase of volume and a reduction of chromocenter number. This transient heterochromatin decompaction has been associated with the depletion of H1.1 and H1.2, as seen by the complete loss of signal of GFP-tagged variants (She, et al., 2013;She & Baroux, 2015). In contrast to other organisms, plants do not have a gamete-specific type of linker histone H1 and it is likely that H1 might be replaced by other H1-like proteins (presented in Section 3.2.3). This complex transition is also associated to a global change of the level of chromatin marks, including a reduction of the repressive marks H3K9me2 and H3K27me3 in the MMC (She, et al., 2013) and of H3K27me1 and H3K27me3 in the PMC (She & Baroux, 2015). Considering the global reduction in H3K27me3 observed after artificial depletion of H1 [START_REF] Rutowicz | Linker histones are fine-scale chromatin architects modulating developmental decisions in Arabidopsis[END_REF], it can be hypothesized that the natural depletion of H1 in these two contexts could drive a reduction of the H3K27me3 bulk level but this remained to be investigated. H1 histones have also been involved in chromatin regulations during the subsequent reproductive phase, gametogenesis (Figure 1.19). First, on the maternal side, maternal histone H1 proteins were found to be required for the demethylation of cytosines at the promoters of MEDEA, FWA and FIS2 imprinted genes in the central cell of the female gametophyte, which gives rise to the endosperm during embryogenesis. This effect was proposed to rely on a direct interaction of H1.1 and H1.2 with the DNA glycosylase DEMETER (DME) acting enzymatically as a demethylase [START_REF] Rea | Histone H1 affects gene imprinting and DNA methylation in Arabidopsis[END_REF]. Providing an additional link between H1s and H3K27me3, MEDEA and FIS2 are part of the same PRC2 complex involved in the deposition of H3K27me3 in the gametophyte and developing seed (reviewed in Jiao and Wagner 2015).

Second, on the paternal side, H1.1 and H1.2 are specifically depleted in the vegetative cell (VC) of mature pollen (Hsieh et al., 2016). This cell type is known to reactivate some TEs, a mechanism that was proposed to reinforce TE silencing in the generative cell through the transport of small RNAs [START_REF] Slotkin | Epigenetic Reprogramming and Small RNA Silencing of Transposable Elements in Pollen[END_REF]. By targeting H1 overexpression specifically in the VC, He et al. showed that depletion of H1 allows for the reactivation of a small subset of TEs by favoring DNA demethylation via DME activity and for the reactivation of another small subset of TEs in DNA methylation-independent manner (He et al., 2019). This H1 ectopic expression in the vegetative cell was also shown to reduce fertility, highlighting the importance of targeted H1 depletion for plant reproduction. A. Organ-specific distribution of the three Arabidopsis H1 variants in GFP-tagged lines exposed to a control condition or to low light. The canonical histones H1.1 and H1.2 appear to be expressed at high level in the three organs, H1.2 being slightly more abundant. H1.3 variant is only visible in guard cells in control condition, while low light induces its accumulation in all the organs. Modified from Rutowicz et al., 2015 B. 

Species

Phenotype Reference

Coton -Vagad Mass spectrometry identification of H1 variant in a drought tolerant cultivar.

Triverdi et al., 2012

Tomato (H1-S variant) Linker histone variant is upregulated in water defici conditions Scippa et al., 2000 and2004 Arabidopsis thaliana Induction in response to drought stress, deficient CO2 assimilation rate Ascenzi and[START_REF] Ascenzi | A drought-stress-inducible histone gene in Arabidopsis thaliana is a member of a distinct class of plant linker histone variants[END_REF]1999a andb;Rutowicz et al., 2015 1.5.3

Functions of H1.3 in stress responses

Phylogenetic analyses have underpin that a distinct branch of stress-inducible linker histone variants evolved during the emergence of the Angiosperm flowering plants clade [START_REF] Kotliński | Phylogeny-based systematization of arabidopsis proteins with histone H1 globular domain[END_REF]. This group contains Arabidopsis H1.3, tobacco H1-C and H1-D, tomato H1-D or H1-S, and cotton H1-S (Wei [START_REF] Tao | Structure and characterization of a putative droughtinducible H1 histone gene[END_REF][START_REF] Prymakowska-Bosak | Linker histones play a role in male meiosis and the development of pollen grains in tobacco[END_REF][START_REF] Scippa | The histone-like protein H1-S and the response of tomato leaves to water deficit[END_REF][START_REF] Singh | Chapter 13: Analysis of Chromatin Structure in Plant Cells[END_REF]. Several reports have indicated how this minor variant is induced upon drought stress in these different species (Ascenzi andGantt, 1997, 1999b), while In normal growth conditions this protein has only been detected in Arabidopsis guard cells (Figure 1.18A; Ascenzi & Gantt, 1999b;Rutowicz, et al., 2015). Arabidopsis H1.3 is induced after several days of drought and depleted after several hours of recovery [START_REF] Ascenzi | A drought-stress-inducible histone gene in Arabidopsis thaliana is a member of a distinct class of plant linker histone variants[END_REF]. H1.3 induction relies on ABA signaling in Arabidopsis and tomato [START_REF] Ascenzi | A drought-stress-inducible histone gene in Arabidopsis thaliana is a member of a distinct class of plant linker histone variants[END_REF]Bray 1999). Its accumulation in stomata under optimal growth conditions may also rely on an autonomous ABA biosynthesis pathway in guard cells [START_REF] Bauer | The stomatal response to reduced relative humidity requires guard cell-autonomous ABA synthesis[END_REF]. Remarkably, H1.3 was also shown to be greatly induced by low light conditions in most tissues (Figure 1.18A; Rutowicz, et al., 2015).

In agreement with its specific expression pattern, several lines of evidence suggest a role for H1 "minor/stress" variant in drought tolerance (Figure 1.18.B). In cotton, the drought-inducible H1.S variant has been shown to be specifically induced in the drought tolerant ecotype Vagad [START_REF] Trivedi | The histone h1 variant accumulates in response to water stress in the drought tolerant genotype of gossypium herbaceum L[END_REF]. Reducing H1-S levels by RNAi in the tomato cultivar Lycopersicum esculentum alleviated the decrease in stomatal conductance, transpiration and photosynthesis rates induced by drought [START_REF] Cohen | Multiple mechanisms control the expression of abscisic acid (ABA)requiring genes in tomato plants exposed to soil water deficit[END_REF]. Study of the effect of h1.3 mutation has been hampered by the absence of a null mutant allele in the T-DNA insertion collections of the most commonly used ecotype Col-0. As an alternative, Rutowicz and colleagues identified a transposon-trap line from the Cold Spring Harbour seeds collection in the Ler ecotype in which the H1.3 gene is not expressed. In controlled conditions, h1.3 mutant plants display a reduced CO 2 assimilation rate and stomatal density as compared to wild-type plants, likely related to a specific role for H1.3 in stomatal development where this variant is expressed. Facing a combination of drought and low light stress, the h1.3 mutant showed a higher photosynthetic rate and less growth retardation than wild-type plants (Rutowicz et al., 2015), a drought-resistance phenotype reminiscent of what was observed in tomato (Bray 1999).

Given its specific induction upon drought and light stress and its atypical structural properties (Figure 1.14),, these observations concur in defining a specific role of the Arabidopsis H1.3 variant (Rutowicz, et al., 2015). One could expect that H1.3 induction can impact local and global chromatin organization. Determining such impacts and their functional outcomes in term of gene expression regulation and developmental responses has been one of the main focus of the laboratory, in the specific context of plant adaptive responses to light. Stemming from recent findings in the host laboratory on the role of H1.3 in the control of chromocenter formation during cotyledon deetiolation (Bourbousse et al., 2015), the second chapter of my thesis is dedicated on my investigations of the impact of linker histones on chromatin 3D organization at the molecular level in this developmental context.

Aim of the thesis

I dedicated my PhD to the exploration of the implication of linker histones in the modulation of chromatin properties in Arabidopsis thaliana. Considering that histone H1 are general and ubiquitous components of chromatin, their functional influence on chromatin properties have remained largely understudied in eukaryotic organisms, whether in metazoans, yeast or plants. After choosing Arabidopsis thaliana as a system model, I was able to investigate the specific roles of different isoforms of histones H1 present in this organism, the canonical linker histones H1.1 and H1.2 on one side and the stress-induced variant H1.3 on another side. My aim was to address their differential impact on chromatin from chromatin modifications and accessibility to nuclear cytology and genome topology during plant-specific adaptive responses.

In a first part, I investigated the role of canonical H1s in shaping the chromatin landscape. Stemming from our observations that the chromatin from plants lacking canonical H1s (2h1 mutant) display low levels of H3K27me3, I sought to investigate the functional interplay between H1 and the Polycomb-mediated H3K27me3 landscape. In order to characterize the genomic regions underpinning H3K27me3 low enrichment in 2h1, I performed quantitative ChIP-Rx and identified that a majority of Polycomb-target genes display lower levels of H3K27me3 enrichment in the mutant, which suggested a general role of H1 in Polycomb activity. Inspecting gene-poor genomic regions, I also unveiled an unforeseen implication of H1 in the restriction of H3K27me3 deposition over repetitions of telomeric motifs at both telomeres and over large blocks of interstitial telomeric regions embedded in the peri-centromeres of 2 chromosomes. The effect triggers massive changes in chromosome organization, and possibly results from a competitive DNA binding of canonical H1s with the GH1-containing TRB telomere proteins over telomeric repeats. These results constitute the second chapter of the thesis and are presented in the form of a research article in preparation.

In a second research axis, I explored the role of the specialized H1.3 histone variant in nuclear and chromatin spatial reorganization controlled by light during Arabidopsis photomorphogenesis. First, I was able to further define the role of H1.3, previously characterized in the laboratory as a key player repressing the establishment of light-dependent chromocenters during cotyledon skotomorphogenesis. On the one hand, I set up an artificialH1.3 inducible system and showed that H1.3 expression is sufficient to trigger chromocenter decompaction. On the other hand, I revealed a role of H1.3 in heterochromatin dynamics during adaptation to sub-optimal light qualities, thus expanding its role during skotomorphogenesis to later stages of plant development. Intrigued by the effect of light and H1.3 on peri-centromeric heterochromatin compaction at the cytological scale, I sought to explore what chromatin properties underpin this drastic effect. To this end, I interrogated chromatin accessibility on a genome-wide scale by developing an ATAC-seq protocol suited to compared plastid-rich samples such as etiolated and photomorphogenic cotyledons lacking or not canonical or H1.3 histones. Last, to determine how genome folds in 3D in these distinct contexts and genetic backgrounds, beyond what has been described cytologically on pericentromeric regions, I generated cotyledon-specific high-resolution Hi-C contact maps of etiolated and photomorphogenic cotyledons for WT and h1.3 mutant plants. The resulting analyses constitute the third chapter of the thesis. [START_REF] Filion | Systematic Protein Location Mapping Reveals Five Principal Chromatin Types in Drosophila Cells[END_REF] and plants [START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF]Sequeira-Mendes et al., 2014;[START_REF] Wang | Genome-wide analysis of local chromatin packing in Arabidopsis thaliana[END_REF].

Variations in nucleosome composition and positioning through multiple combinations of histone variants, posttranslational modifications and remodeling activities contribute to influence the physico-chemical properties of chromatin domains and their activity. Besides nucleosomal histones, chromatin architecture also relies on linker histone H1, whose central globular H1 (GH1) domain sits on the dyad while an intrinsically disordered carboxy-terminal domain binds inter-nucleosomal (linker) DNA. H1 incorporation can modulate nucleosome distribution, promote the compaction of nucleosomal arrays and restrict the accessibility or compete with chromatin machineries, such as DNA methyltransferases or transcription factors (reviewed in [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF]Hergeth and Schneider, 2015).

The linear information obtained by genomic profiling of epigenomic landscapes converges with spatial information obtained using cytogenetics and Chromosome Conformation Capture to shed light on a small number of prevalent chromatin states that vary along chromosomes and influence their sub-nuclear organization. Both local (nucleosomal) and higher-order chromatin organization mediated through H1 incorporation and long-range chromosomal interactions necessitate a regulation of chromatin compaction and accessibility [START_REF] Bonev | Organization and function of the 3D genome[END_REF][START_REF] Santos | Tiding-up the plant nuclear space: domains, function and dynamics[END_REF]. Among these chromatin states, Polycomb-Group (PcG) mediated gene repression has been intensively investigated for its important function in defining cell identity throughout development and in response to external cues in metazoans [START_REF] Schuettengruber | Genome Regulation by Polycomb and Trithorax: 70 Years and Counting[END_REF], plants [START_REF] Hugues | Mitotic Inheritance of PRC2-Mediated Silencing: Mechanistic Insights and Developmental Perspectives[END_REF] and some unicellular organisms [START_REF] Schubert | Evolution of polycomb-group function in the green lineage [version 1; referees: 2 approved[END_REF]. The heritable repressive activity of PcG involves the enzymatic activity of the socalled Polycomb Repressive Complex 1 (PRC1) and 2 (PRC2) in histone H2A monoubiquitination and histone H3 trimethylation on lys-27 (H3K27me3), respectively [START_REF] Schuettengruber | Genome Regulation by Polycomb and Trithorax: 70 Years and Counting[END_REF]. PcG target genes typically display high levels of chromatin compaction [START_REF] Francis | Chromatin compaction by a polycomb group protein complex[END_REF][START_REF] Shao | Stabilization of Chromatin Structure by PRC1, a Polycomb Complex[END_REF][START_REF] Shu | Distinct modes of DNA accessibility in plant chromatin[END_REF], a feature that has long been thought to refrain transcription (reviewed in [START_REF] Illingworth | Chromatin folding and nuclear architecture: PRC1 function in 3D[END_REF][START_REF] Schuettengruber | Genome Regulation by Polycomb and Trithorax: 70 Years and Counting[END_REF]. Together with other PRC1 subunits, Posterior sex combs in drosophila, CBX2 in mammals or the more divergent homologous protein EMBRYONIC FLOWER1 (EMF1) in Arabidopsis, all display highly positive charge regions that trigger chromatin compaction in vitro [START_REF] Beh | A core subunit of Polycomb repressive complex 1 is broadly conserved in function but not primary sequence[END_REF][START_REF] Grau | Compaction of chromatin by diverse Polycomb group proteins requires localized regions of high charge[END_REF] with a clear impact on gene silencing [START_REF] Lau | Mutation of a nucleosome compaction region disrupts Polycomb-mediated axial patterning[END_REF], gene imprinting and genome topology [START_REF] Terranova | Polycomb Group Proteins Ezh2 and Rnf2 Direct Genomic Contraction and Imprinted Repression in Early Mouse Embryos[END_REF] in mouse cells. The mechanistic links between PRC2 and chromatin accessibility are less understood, especially with regard to functional interplays with histone H1. Mammalian Ezh1 PRC2 complex can itself trigger chromatin compaction without necessarily relying on the K27me3-marked histone H3 tail [START_REF] Margueron | Ezh1 and Ezh2 Maintain Repressive Chromatin through Different Mechanisms[END_REF]. In vitro, PRC2 activity shows a substrate preferences for H1-enriched chromatin fragments, its activity being stimulated on dinucleosomes but not on mononucleosomes (Martin et al., 2006). H1-mediated PRC2 activation has been linked to chromatin compaction and to histone H3 closer vicinity [START_REF] Yuan | Dense chromatin activates polycomb repressive complex 2 to regulate H3 lysine 27 methylation[END_REF]. Vice versa, human H1.2 variant displays high binding affinity to H3K27me3enriched chromatin and is recruited to distinct regions in a manner dependent on EZH2-mediated H3K27me3 [START_REF] Kim | Linker histone H1.2 establishes chromatin compaction and gene silencing through recognition of H3K27me3[END_REF].

Arabidopsis thaliana encode three H1 variants (Ascenzi and Gantt, 1999). The two major variants H1.1 and H1.2, thereafter referred to as H1, are ubiquitously expressed in somatic cells while a cell-specific and stress inducible H1.3 variant lacks both carboxy-and amino-terminal canonical tails (Rutowicz et al., 2015). Recent studies unveiled that H1.1 and H1.2 strongly associate with high GC content and less with several histone marks linked to transcription (e.g., H3K4me3, H3K36me3, H3K9ac) [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. H1 is also enriched along a variety of loci with high nucleosome occupancy [START_REF] Shu | Distinct modes of DNA accessibility in plant chromatin[END_REF] including H3K27me3enriched genes and heterochromatinized transposable elements (TEs) typically bearing H3K9me2, H2A.W and methylated cytosines [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF][START_REF] Rutowicz | Linker histones are fine-scale chromatin architects modulating developmental decisions in Arabidopsis[END_REF]Wollmann et al., 2017). H1 was also found onto telomeric terminal repeats, possibly with a different stoichiometry (Ascenzi and Gantt, 1999;Fajkus and Trifonov, 2001). In Arabidopsis and other plant species, H1 restrains the accessibility of DNA methyltransferase (e.g., MET1 and CMT2) and DNA demethylase activities (e.g., DEMETER) to regulate cytosine methylation of nucleosome-packed DNA over gene and TE bodies (He et al., 2019;Lyons and Zilberman, 2017;Wollmann et al., 2017;Zemach et al., 2013). DNA methylation was found to be mutually exclusive with H3K27me3 enrichment (Zhang et al., 2007) but potential mechanistic links between PcG and H1 recruitment have not been assessed in plants.

We previously reported that Arabidopsis H1 knock-out plants display a considerably lowered H3K27me3 level in whole nuclei and in chromatin extracts (Rutowicz et al., 2019), indicating that Arabidopsis H1 influences either PRC2 activity or the maintenance of H3K27me3 through DNA replication. H1-mediated regulation of the H3K27me3 landscape might have important consequences on specific plant cellular transitions, especially when chromatin is naturally subjected to H1 eviction. This is notably the case during female and male gametogenesis in the megaspore mother cells (She et al., 2013), in pollen mother cells (She and Baroux, 2015) and in pollen vegetative cells (VC) (He et al., 2019;Hsieh et al., 2016). During these somatic-to-reproductive transitions, H1 depletion precedes a wide reprogramming of the epigenome and extensive heterochromatin relaxation (reviewed in (She and Baroux, 2015). Accordingly, natural depletion of H1 during male gametogenesis triggers DNA demethylation, possibly by facilitating DNA accessibility for demethylation of certain TEs (He et al., 2019).

Immuno-cytogenetic analyses of H1 knockout plant nuclei unveiled that most of the nuclear H3K27me3 signal is lowered whereas a few undetermined H3K27me3 conspicuous spots remain (Rutowicz et al., 2019). Yet, the genomic domains impacted by a general decrease of H3K27me3 in H1 depleted plant cells are unexplored. We also lack information on the functional interplays between histone H1 and PcG for modulating equilibriums between chromatin compaction and accessibility, thereby ensuring chromatin plasticity (Mozgova and Hennig, 2015). Here, using a spike-in ChIP-seq approach, we first unveiled that reduction of H3K27me3 bulk level in Arabidopsis h1.1 h1.2 (2h1) mutant plants originates from a diffuse effect over a majority of the PRC2marked protein-coding genes. We also report that H1 prevents exacerbated H3K27me3 deposition over the telomeres and peri-centromeric Interstitial Telomeric Regions (ITRs). After showing that TRBs are redistributed on ITRs in 2h1, we propose that H1 restricts TRB-mediated PRC2 recruitment on telomeric motifs (telobox) acting as Polycomb Response Elements (PREs). Using Hi-C and immuno-cytogenetics, we further unveiled that H1 largely influences the 3D organization of peri-centromeres, telomeres and ITRs. These observations led us proposing new hypotheses on the regulation of H3K27me3 homeostasis over distinct chromosomal regions through competitive binding between GH1-domain containing proteins.

Results

H1 is enriched over lowly accessible and H3K27me3marked genes

Aiming at assessing the functional correlations between H1 distribution, H3K27me3 enrichment and chromatin accessibility over the genome, we first profiled the genomic landscapes of H1.2 and H3K27me3 by ChIPseq and compared their occurrence over protein-coding genes, the major carrier of H3K27me3 in Arabidopsis [START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF]Sequeira-Mendes et al., 2014;[START_REF] Wang | Genome-wide analysis of local chromatin packing in Arabidopsis thaliana[END_REF]. To maximize H1 ChIP specificity, we used a GFP-tagged version of H1.2 expressed under its own promoter (Rutowicz et al., 2015), this isoform being the most expressed H1 variant in Arabidopsis seedlings with similar binding properties to H1.1 (Rutowicz et al., 2015). In agreement with previous reports, we observed that H1.2-GFP was enriched over heterochromatic TEs and over many genes, while H3K27me3 was mostly found over genes (Figure S1A). Also in agreement with other studies in plants and other eukaryotes (Cao et al., 2013;[START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF][START_REF] Izzo | The Genomic Landscape of the Somatic Linker Histone Subtypes H1.1 to H1.5 in Human Cells[END_REF]Rutowicz et al., 2015), H1.2-GFP distribution exhibited no clear peak but strictly matched DNA linkers (see below). Yet, comparison of H1 profiles over genes with different H3K27me3 levels unveiled distinct H1 profiles, H1.2-GFP being enriched mostly over gene bodies, especially in H3K27me3-marked genes, and much less upstream of TSS (Figure 1A andS1B). These variations suggest that H1.2 is enriched over PRC2repressed transcriptional units and less over transcribing domains, especially towards their 5' end and nucleosome-free region (NFR). We obtained ChIP-seq data of pan-histone H3 as a control for nucleosome occupancy and NFR positioning. H1 and H3 had similar profiles over both H3K27me3-marked and non-marked genes, indicating that PRC2-targeted genes stand out by an elevated H1 and nucleosome occupancy over 5' domains of their body (Figure 1B).

As a control, we compared H1.2 profiles with histone hallmarks of active RNA Polymerase II initiation (H3K4me3) and elongation (H2Bub) profiles [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASSlike and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF] and with RNA-seq data (this study). This confirmed that H1.2-GFP was poorly enriched over strongly expressed genes, with a clear depletion around/at the NFR (Figure 1A). Again, all transitions appeared to be gradual (Figure 1 and S1B), possibly resulting from enrichment/antagonism on the same chromatin fiber or through cumulative effects in complex cell populations. classes of genes using ATAC-seq upon nuclear sorting. This unveiled that, both for 2C or 4C nuclei, PRC2marked genes display very low chromatin accessibility while highly transcribed genes display a sharp accessibility peak at their TSS (Figure 1C). Collectively, these analyses unveiled a clear correlation between H1.2 abundance, chromatin compaction and PRC2 marking in Arabidopsis. In the following analyses, we used h1.1 h1.2 (2h1) mutant plants to test the functional consequences of H1 loss-of-function on these chromatin features.

H3K27me3 enrichment over protein-coding genes is functionally linked to H1

Cytological analyses of 2h1 leaf nuclei identified a ~2fold decreased abundance of H3K27me3 level, with the persistence of a few discrete H3K27me3 sub-nuclear spots whose nature is undetermined (Rutowicz et al., 2019). To determine the genomic loci affected, we undertook a quantitative comparison of H3K27me3 landscapes in wild-type and 2h1 seedlings using a spikein ChIP-seq approach (ChIP-Rx) employing a fixed amount of exogenously-added drosophila chromatin in each sample prior to immunoprecipitation. After quantifying drosophila and Arabidopsis reads in each input and immunoprecipitated DNA sample (as in [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF], this method allows for an internal normalization and genome-wide quantitative comparisons of samples with different global levels of the histone mark analyzed [START_REF] Orlando | Quantitative ChIP-Seq Normalization Reveals Global Modulation of the Epigenome[END_REF]. Confirming a general defect, ~10% of the 7542 genes H3K27me3-marked identified in wild-type plants lack the corresponding peak in 2h1 plants (Figure 2A and S2).

Examining H3K27me3 profiles in the set of genes either loosing or keeping an H3K27me3 peak in 2h1 plants, we observed that a majority of H3K27me3 domains are either missing or display lower levels in 2h1 plants (Figure 2B-C). Hence, we undertook a spikein based differential analysis oh H3K27me3 levels. This allowed detecting almost 10-fold more H3K27me3 hypo-marked genes (n=4317) than hyper-marked genes (n=496) (Figure 2D-E and S3-S5), while classical ChIPseq normalization would miss this information (Figure S3A). In brief, ChIP-Rx analyses identified defective H3K27me3 enrichment over more than 50% of the genes normally bearing an H3K27me3 domain.

We analyzed the expression of hypo/hypermarked genes by RNA-seq and, similarly to previous reports [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]Rutowicz et al., 2019), we identified only minor defects of transcript levels in 2h1 plants. On average, hyper-marked genes were not misregulated but the set of H3K27me3 hypo-marked genes had a significant tendency for over-expression (Figure 2F and S4). Gene ontology analysis of this large gene repertoire identified an over-representation of gene function in transcriptional regulation as well as in meristem maintenance, cell wall organization and vascular development (Figure S5), in agreement with the repression of these biological functions by PRC2 (de [START_REF] De Lucas | Transcriptional Regulation of Arabidopsis Polycomb Repressive Complex 2 Coordinates Cell-Type Proliferation and Differentiation[END_REF] and with the phenotypes recently reported for 2h1 (Rutowicz et al., 2019). It is currently unclear whether expression changes of hypo-H3K27me3 genes directly result from reduced Polycomb-based repression of these loci or from any other dependence on H1 for repression such as restraining accessibility. To test for potential effects of H1 on chromatin accessibility in relation to H3K27me3, we compared the accessibility of the H3K27me3-marked genes using ATAC-seq of WT and 2h1 plants. This unveiled that chromatin of H3K27me3-marked genes tends to be more accessible upon H1 loss-of-function, especially over gene bodies and to a lower extent over the promoter and terminator domains (Figure 2G). However, we found no correlation between H3K27me3 hypo-methylation and chromatin accessibility (data not shown). Hence, to examine what renders the hypo-marked genes particularly sensitive to H1, we investigated their H1 profiles. Hypo-marked genes tend to display low H1 levels. In contrast, hypermarked and unaffected genes tend to have elevated H1 occupancy over the whole body (Figure 2E), suggesting that the hypo/hyper-marked gene classes are inherently differently sensitive or differentially regulated by H1 function.

We further undertook an agnostic search of sequence motifs over the promoters of genes bearing hypo/hyper-marked H3K27me3 domains. The set of hypo-H3K27me3 genes being too elevated, this was performed only for the 496 hyper-marked genes and identified 4 prevalent logos (Figure S6A). Among them we could identify monomeric AAACCCTA telomeric motifs, referred to as telobox (or telo-box) regulatory elements [START_REF] Regad | Interstitial Telomeric Repeats within the Arabidopsis thaliana Genome[END_REF][START_REF] Tremousaygue | Plant interstitial telomere motifs participate in the control of gene expression in root meristems[END_REF], which have more recently been identified as Polycomb Response Elements (PREs) in Arabidopsis [START_REF] Xiao | Cis and trans determinants of epigenetic silencing by Polycomb repressive complex 2 in Arabidopsis[END_REF][START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF]. Several of the 22 hyper-marked genes containing a telobox in their promoter appear related to TE activities or overlap a TE annotation (Figure S6B). More generally, 206 of the 496 genes hyper-H3K27me3 genes (41%) overlap with a TE annotation, suggesting a link between H3K27me3 hyper-marked elements and TE regulation.

Collectively, these analyses unveil that H1 enrichment over PRC2-marked genes is commonly required for efficient deposition and/or maintenance of H3K27me3 and for reducing chromatin accessibility, a process apparently marginally affecting steady-state transcript levels at the seedling stage. Contrasting to this general tendency, H1 also seems to prevent H3K27me3 enrichment at a minority of H1-rich genes, which in many instances correspond to TE genes or to genes regulated as TEs. Consequently, we focused subsequent analyses on TEs. 

H1 prevents H3K27me3 enrichment over a specific family of H1-rich heterochromatic elements

Other than identifying a strict tendency for H3K27me3 hypo-methylation, our ChIP-Rx analysis unexpectedly identified a thousand of newly marked TEs in 2h1 plants. We clustered them in two main groups bearing different H3K27me3 enrichment. As shown in Figure 3A, they display H3K27me3 enrichment over the full length of individual elements, thereby a priori excluding an artifactual annotation originating through H3K27me3 spreading from neighboring genes. TE cluster 1 displays H3K27me3 exceeding almost 2-fold those of highly marked genes, while TEs in cluster 2 are subject to a significant but moderate H3K27me3 enrichment.

On the contrary of TE cluster 2 that is made of a great variety of TE super-families, TE cluster 1 is prevalently composed of so-called "DNA/Others" annotations (Figure 3B). More detailed analysis of this family of repeats in both clusters unveiled a specific prevalence of ATREP18 elements that rather correspond to a succession of telomeric motifs than to TEs. Comparison of H3K27me3 variations with H1.2 level unveiled that ATREP18 elements stand out from the general distribution because of their exacerbated H3K27me3 enrichment in 2h1 plants as compared to their initial H1 level (Figure 3C). Considering that TE cluster 1 and 2 respectively comprise 189 and 47 of the 391 Arabidopsis ATREP18s, including some of the longest units (Figure S7A), this sheds light on these genetic elements to be particularly dependent on H1 for preventing H3K27me3 deposition/maintenance over their sequence. Meta-plot analysis of H1.2-GFP levels and of other typical chromatin hallmarks showed that TE cluster 1 elements and more generally ATREP18s display elevated histone H3 occupancy and are enriched in H3K9me2 but not in H3K27me1 (Figure S8). Hence, ATREP18s display a heterochromatic nature, but no particular H3K27me1 enrichment appears to constitute a possible substrate for their H3K27 hyper-methylation in 2h1 plants. Further analysis of chromatin features of TE cluster 1-2 and all ATREP18 elements showed a tendency for H1 enrichment and extremely low chromatin accessibility as compared to other TEs (Figure 3D-E).

While TEs' chromatin tends to be on average more accessible in 2h1 plants, this was not the case for TE cluster 1-2 and ATREP18 elements whose chromatin remained very weakly accessible (Figure 3E andS7B). Collectively, this analysis unveiled that, other than a general tendency for H3K27me3 deficiency over protein-coding genes, H1 also has a strong and spatially limited role in preventing H3K27me3 enrichment over a set of telobox-rich heterochromatic elements.

Large blocks of pericentromeric interstitial telomeric repeats are subject to H1-mediated inhibition of H3K27me3 enrichment

Aiming at characterizing the genomic links between H1 and PRC2 activity, we focused our analysis on TE Cluster 1 that displays an exacerbated and apparently specific enrichment of H3K27me3 upon H1 depletion. First, a DNA sequence analysis allowed identifying a series of 5-9bp over-represented motifs in these 216 elements, among which anti-sense telomeric motifs (ACCCTAA versus TTTAGGG) matching the telobox motif were hugely abundant (Figure 4A). Vice versa, genome-wide profiling of telobox elements showed a ~100-fold over-representation of these motifs in ATREP18 sequences as compared to other Arabidopsis TEs (Figure 4B). This observation was somehow expected given the intrinsic nature of ATREP18 sequences but the analysis further unveiled a tendency for periodic patterns from 5' to 3' (Figure 4B and S9 and below). We further checked whether this asymmetric pattern was linked to a preferential orientation of ATREP18s along the genome, unveiling that about 86% of them are encoded on the minus DNA strand (Figure S10A). ATREP18s display no predictable protein-coding region and tend to be located in close vicinity, nearly half of them being positioned within 100bp and 90% of them within 1kb distances (Figure S10B-C).

To explore their apparent vicinity, we plotted the chromosomal distribution of all TE Cluster 1 and 2 elements, all ATREP18s and all telobox motifs annotated in the Araport11 genome, which mainly lacks centromeric, telomeric and organellar DNA sequences. This unveiled a huge concentration of ATREP18s and telobox motifs in two large regions of ~355 and ~72kb of chromosome 1R and 4R pericentromeric regions, respectively (Figure 4C and S11A). Noteworthy, the coordinates of these large blocks match two of the previously described centromeric Interstitial Telomeric Regions referred to as ITRs [START_REF] Uchida | Interstitial telomere-like repeats in the Arabidopsis thaliana genome[END_REF][START_REF] Vannier | ERCC1/XPF protects short telomeres from homologous recombination in Arabidopsis thaliana[END_REF] and consist of often degenerated and/or disrupted telomeric repeats (Procházková Schrumpfová et al., 2019). In agreement with our observations, ITRs usually display typical heterochromatin features in other eukaryotes [START_REF] Vaquero-Sedas | Analysis of the epigenetic status of telomeres by using ChIP-seq data[END_REF]. In contrast, TE cluster 2, which comprises a large variety of TE families, is scattered as more discrete positions in all pericentromeric regions (Figure S11B). For both clusters, we observed a remarkable co-occurrence of H3K27me3 variations with the local presence of telomeric motifs (representative examples of interspersed Cluster 2 TEs are shown in Figure S11B). In sum, these analyses unveiled that H1 abundantly occupy two peri-centromeric ITRs and prevent H3K27me3 deposition and/or maintenance along these large chromosomal blocks.

H1 competitive binding with TRB transcription factors may counteract PRC2 activity on telomeric repeats

Following the finding that H1 avoids H3K27me3 enrichment on telomeric repeats, we investigated the molecular mechanisms linking telomeric repeats and PRC2 activity first reasoning that Telomeric Repeat Binding (TRB) proteins might have a prominent role. The three TRB1, TRB2 and TRB3 founding members of these plant-specific family make part of the telomere nucleoprotein structure required for telomere length maintenance [START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF] and possesses a telobox-specific Myb binding domain with stronger affinity for the G-rich strand of telomeric motifs [START_REF] Mozgová | Functional characterization of domains in AtTRB1, a putative telomere-binding protein in Arabidopsis thaliana[END_REF][START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF]. Similarly to the telomeric motif binding protein Rap1p in yeast [START_REF] Planta | Global regulators of ribosome biosynthesis in yeast[END_REF], TRBs also have a general role as transcriptional regulators (Zhou et al., 2016) that was recently shown to mediate CLF/SWN-PRC2 complex recruitment onto telobox motifs interspersed in genes and acting as PREs [START_REF] Xiao | Cis and trans determinants of epigenetic silencing by Polycomb repressive complex 2 in Arabidopsis[END_REF][START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF]. Besides, together with the three H1 variants, TRBs make part of 15 proteins containing a histonerelated Globular-H1 (GH1) DNA-binding domain in Arabidopsis (Figure S12). Hence, we reasoned that TRB-H1 competitive or cooperative DNA binding might modulate chromatin accessibility or activity. To explore this possibility, we first focused on telobox motifs and used available ChIP-seq profiling of endogenous TRB1 (Schrumpfová et al., 2016). After confirming that TRB1 peak summit usually remarkably matches a telobox motif, we observed that H1 but not TRB1 proteins tend to be enriched on TE cluster 1 telobox-rich domains. Still, H1 was less enriched on positions corresponding to the rare TRB1 peaks in TE cluster 1 (Figure 5A and S13). To assess whether this apparent antagonism was a general property, we then profiled the occupancy of H1 and H3 over all TRB1 binding sites. This showed that H1 and H3 levels tend to drop at both genes and TE TRB1 peaks (Figure 5B). Together with previous finding that H1 prevents exaggerated H3K27me3 enrichment over telomeric repeats, these observations hint at a possible mutually exclusive binding of H1 versus TRB1 over telobox-rich regions such as TE Cluster 1. They further identify that blocks of a few telobox motifs are regularly spaced by +/-500bp on TE cluster 1 elements.

In order to reach a better resolution on TRB1 DNA binding in relation to H1 and to test whether such a regular spacing of telobox motifs could be linked to nucleosome distribution, we took advantage of the wellpositioned nucleosome (WPN) coordinates recently defined using MNase-seq in WT and 2h1 plants by (Lyons and Zilberman, 2017). We plotted local enrichment of H1, TRB1, telobox motifs and nucleosome accessibility over all WPNs commonly present in these two plant lines (shared WPNs). Unexpectedly, this allowed identifying a sharp distribution of both H1s and telobox motifs in linker DNA. In addition, TRB1 peaks tend to exhibit a broader distribution spanning 4-5 nucleosomes with an apparent periodic pattern that corresponds to linker DNA (Figure 5C). We concluded that TRB1 and telobox motifs tend to be positioned on linker DNA like H1, with a tendency for mutual antagonism between TRB1 and H1 enrichment. These observations fit to the possibility of competitive binding between TRBs and H1 over telomeric motifs at multiple places along the genome.

Following this hypothesis, ectopic H3K27me3 enrichment over TE clusters 1-2 observed in 2h1 plants could result from an increased TRB accessibility on otherwise H1-occupied telobox-rich domains. If this holds true, TRBs should theoretically be re-positioned on TE clusters 1-2 loci in 2h1 plants. We therefore undertook targeted ChIP analyses of endogenous TRB1 proteins in 2h1 plants to test whether H1 prevents TRBs recruitment over these loci. Analysis of two teloboxcontaining TRB1 target gene promoters identified in [START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF] were used as positive controls and two non-target genes deprived of telobox as negative controls, allowing confirming the specificity of our anti-TRB1 ChIP assay (Figure 5D). We subsequently tested five telobox-rich loci with ectopic H3K27me3 enrichment in 2h1 plants: two loci in ITR-1R from TE cluster 1 and three interspersed ATREP18 or LTR-Gypsy elements from TE cluster 2 on chromosomes 2 and 3. Considering the poor association of TRB1 with ITRs in the wild-type plants, no significant signal was expectedly observed over these five loci. In contrast, four independent biological replicates robustly allowed detecting a significant TRB1 enrichment in 2h1 samples. As illustrated in Figure 5E, these analyses indicate that TRBs and H1 likely associate antagonistically to telobox motifs positioned in linker DNA at multiple places over the genome. They further show that TRB1 can be recruited de novo at telobox-rich loci upon H1 loss-of-function, possibly allowing for enhanced H3K27me3 deposition or maintenance. as compared to telobox positions. This unveiled that TRB1 peak summit is elevated and perfectly positioned over teloboxes when considering genes. In contrast to H1, TRB1 is lowly associated on teloboxes of TE cluster 1 elements. H1 and TRB1 display antagonistic profiles in TE cluster 1 elements, while appears related to a telobox periodic pattern. B. Comparison of H1 and H3 landscapes over all TRB1 peaks unveils a clear depletion of these two histones that precisely correlate to TRB1 average peak summits. C. Both H1, TRB1 and telobox motifs tend to be distributed over DNA linker regions. The genome profiles of H1, TRB1 and telobox sequence motifs were plotted over the coordinates of all Arabidopsis well-positioned nucleosomes defined by MNase-seq in Lyons et al (2017). Analysis of the MNase profile shows the expected linker DNA profile of H1.2-GFP, but also TRB1 enrichment in inter-nucleosomal regions. Unexpectedly, telobox sequence motifs also display a strong overrepresentation in linker DNA D. Working model of possible competitive binding of TRB1 with H1 on linker DNA-localized telobox motifs. E. Ectopic enrichment of endogenous TRB1 over ITR-1R and other elements of TE cluster 2 in 2h1 plants. Anti-TRB1 ChIP was performed in wild-type and 2h1 plants before analysis by qPCR using known TRB1 associated genes (AT4G15258 and AT2G1840) as positive control, and two genes with no TRB1 signal (AT5G09810 and AT5G13440) as negative control. Five other loci displaying a clear H3K27me3 enrichment over telobox motifs in TE cluster1-2 were also tested for potential redistribution of endogenous TRB1 such loci. Error bars represent standard deviation from two independent biological replicates. See text for details.

A dual role for H1 on ITRs and telomere chromatin composition and organization

Cumulated size of ITR-1R and ITR-4R (~107kb) represents at least 2-fold longer chromosomal regions than all telomeres considered together. We therefore envisaged that telomeres might similarly be subject to massive H3K27me3 enrichment in 2h1 plants. Perfect multimeric telomeric repetitions being not well suited for quantitative NGS analyses, we investigated H3K27me3 levels in 2h1 by undertaking new anti-H3K27me3 ChIPs followed by dot-blot hybridization with radioactively labeled telomeric oligonucleotides (CCCTAAA)4 as in [START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF]. A part of these chromatin extracts was also used for anti-H3 ChIPs in order to assess whether potential variations in nucleosome occupancy affect H3K27me3 quantification (Figure 6A and S14). This unveiled that, similarly to ITRs, telomeres are subject to a ~4-fold increase of H3K27me3 in H1 loss-of-function plants, which occurs independently from any detectable change in H3 occupancy. To test whether H3K27me3 enrichment over telomeric regions was restricted to a few chromosomes or was rather a general effect, we explored the spatial distribution of this mark in wild-type and 2h1 seedling cotyledon nuclei by immunolabeling combined with telomere Fluorescent In Situ Hybridization (DNA FISH). Firstly, we could confirm using this complementary approach that H3K27me3 signal is generally detected over telomeric foci in wild-type plants and further enhanced in 2h1 plants (Figure 6B). We also frequently detected 2 foci hybridizing to our telomeric oligonucleotide probes that display outstanding H3K27me3 signals. At this stage, we cannot ascertain whether these correspond to telomeres or to cross-hybridization with the two pericentromeric ITRs from chromosome 1R and 4R. Their apparent localization near the nuclear periphery might hint at the letter hypothesis. Secondly, this analysis unveiled significant defects in telomere individualization and subnuclear organization, as we detected a decreased number of telomeric foci in 2h1 as compared to WT plants (Figure 6B). Moreover, the proportion of telomeric foci located in close vicinity to the nucleolus was reduced. Taken together, these observations unveil a role for histone H1 in preventing excessive accumulation of PRC2 marking over telomeres and ITRs but also in the proper definition of telomere organization (Figure 6C).

Whether H1 also influences chromatin organization of the much longer ITRs remained uncertain in the absence of ITR-specific hybridization probe. Hence, we employed in situ chromatin conformation capture (Hi-C) to determine ITR-Chr1 and ITR-Chr4 interaction maps in nuclei isolated from WT and 2h1 dissected cotyledon. This organ is composed of a majority of mesophyll cell layers with homogenous DAPI-based heterochromatin organization during cellular transitions (Bourbousse et al., 2015;[START_REF] Fransz | Interphase chromosomes in Arabidopsis are organized as well defined chromocenters from which euchromatin loops emanate[END_REF], a nuclear homogeneity that help reaching a resolution of 1-2kb.

Consistently with previous work (Feng et al., 2014;Grob et al., 2014;[START_REF] Liu | Genome-wide analysis of chromatin packing in Arabidopsis thaliana at single-gene resolution[END_REF][START_REF] Moissiard | MORC Family ATPases Required for Heterochromatin Condensation and Gene Silencing[END_REF][START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF], the interaction maps allowed visualizing frequent intra-chromosomal interactions that were pronounced among each chromosome arm, between telomeres and within peri-centromeric regions (Figure S15-S16). In line with the influence of H1 on chromatin organization [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF], comparison of normalized variations between WT and 2h1 interaction maps unveiled massive changes over most chromosomal domains with a clear tendency for a decreased frequency of long-distance interactions within chromosome arms. Also in agreement with the impaired compaction of heterochromatin within so-called chromocenters in 2h1 and 3h1 cotyledon nuclei [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]Rutowicz et al., 2019), we also detected a strong decrease of long-range interactions within the peri-centromeres and between peri-centromeres of different chromosomes. This was mirrored by more frequent long-range (Mb) intra-and inter-chromosomal interactions between peri-centromeres and chromosomal arms (Figure S17).

Close-up views at ITRs 1 and 4 showed a sharp transition between the reduced interaction among the peri-centromeric regions and a strong enhancement within the ITRs, which perfectly correspond to the domains with high telobox density and H1-repressed H3K27me3 enrichment (Figure 7 and Figure S15). Although we cannot ascertain whether increased ITR chromatin interactions in 2h1 plants rely on H3K27me3mediated chromatin compaction, these analyses unveiled that H1 has a distinct influence on ITRs as compared to the remaining peri-centromeric chromatin domains and to genes, both in term of epigenome regulation and of topological association. 

Discussion

A general role of H1 on H3K27me3 enrichment over protein-coding genes

In this work we investigated the global influence of canonical histone H1.1 and H1.2 over H3K27me3 distribution over the Arabidopsis genome. This first unveiled that reduction of H3K27me3 bulk level upon H1 loss-of-function formerly identified by cytological observations (Rutowicz et al., 2019) results from a diffuse effect over a majority of protein-coding genes. Given the high number of affected genes, we were not able to identify any sequence specificity potentially mediating H3K27me3 hypomethylation but, considering that PRC2-target genes tend to be H1-rich, we concluded that H1 is commonly required for H3K27me3 deposition and/or maintenance. Although Results -Section 2 their intensity was frequently lowered, most of the H3K27me3 peaks identified in wild-type plants were still detected in 2h1 plants. This suggests that, despite a general influence on H3K27me3 enrichment and/or spreading, nucleation of H3K27me3 over genes does not much commonly rely on H1.

Sequence-specific inhibition of H3K27me3 enrichment over ITRs and telobox-rich elements by H1

Contrasting with the situation of genes, we also unveiled a somehow dramatic enrichment of H3K27me3 over a thousand of TE annotations, among which ATREP18 elements are prevalent. The precise nature of these elements remains poorly characterized, but their main characteristic is to be composed of multiple telomeric motifs, which we could find as being often densely and periodically positioned. It is inherently difficult to quantify histone modifications on telomeres bearing perfect tandem repeats using ChIP-seq, but we could detect high H1 enrichment and basically no H3K27me3 and TRB1 association over ATREP18, ITR-1R and ITR-4R in wild-type plants. Ectopic enrichment of both TRB1 and H3K27me3 in 2h1 plants may therefore directly result from increased accessibility of otherwise H1-occupied DNA. Arabidopsis 2h1 mutant plants were recently shown to display longer nucleosome repeat length (NRL) relying on longer linker DNA [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]Rutowicz et al., 2019), a property that might also facilitate the access of TRBs to teloboxes given their highly dynamic association with chromatin [START_REF] Dvořáčková | AtTRB1, a telomeric DNA-binding protein from Arabidopsis, is concentrated in the nucleolus and shows highly dynamic association with chromatin[END_REF].

Following the discovery that TRBs can recruit both CLF-PRC2 and SWN-PRC2 onto teloboxcontaining gene promoters [START_REF] Xiao | Cis and trans determinants of epigenetic silencing by Polycomb repressive complex 2 in Arabidopsis[END_REF][START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF], we propose a model in which H1 restricts the accessibility to TRB1 and/or other related GH1containing factors to telomeric repeats acting as PREs. We still lack a mechanistic assessment of the redistribution of TRB1 on the two ITRs and other interspersed telomeric motifs. However, several observations hint at a mutually antagonist DNA binding of H1 and TRBs. Firstly, genome-wide profiling showed that H1 occupancy spatially drops at TRB1 peak summits. Secondly, analysis of well-positioned nucleosomes over the genome unveiled that telobox motifs are positioned preferentially in linker DNA where H1 and TRB1 can bind. Thirdly, we observed a significant enrichment of endogenous TRB1 on ITR1-R and other telobox-rich domains that gain H3K27me3 in 2h1 plants. Given the binding specificity of their Myb domain for the G-rich strand of telomeric motifs [START_REF] Mozgová | Functional characterization of domains in AtTRB1, a putative telomere-binding protein in Arabidopsis thaliana[END_REF], TRBs represent excellent candidate for a telobox sequence-specific targeting of PRC2 in ITRs, and possibly also on telomeres and other telobox-rich domains normally heavily occupied by H1. TRB association with linker DNA might either be an intrinsic property or a consequence of nucleosomes being positioned around teloboxes.

Still, the remarkable positioning of teloboxes in linker DNA is intriguing. It suggests a capacity of these motifs to influence chromatin organization, either acting on linker DNA positioning or inhibiting local nucleosome occupancy. Future studies on histone H1, TRBs or on other DNA linker-associated factors may help understanding this phenomenon possibly involving a telobox-targeted chromatin remodeling activity. Such studies may also allow determining whether H1mediated inhibition of H3K27me3 enrichment on ITRs relies on TRBs through physical association with PRC2 as shown for protein-coding genes using a gene reporter system [START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF], or through other factors capable to modulate H3K27me3 levels. For example, in addition to the physical association with the CURLY-LEAF (CLF) and SWINGER (SWN) PRC2 methyltransferases [START_REF] Zhou | Telobox motifs recruit CLF/SWN-PRC2 for H3K27me3 deposition via TRB factors in Arabidopsis[END_REF], TRB1 and TRB2 also associate with PWWP domain-containing proteins (PWWPs) and AT-rich interaction domain-containing proteins (ARIDs) within a so-called PEAT complex that mediates TE silencing and heterochromatin condensation through histone deacetylation [START_REF] Tan | The PEAT protein complexes are required for histone deacetylation and heterochromatin silencing[END_REF]. Whether TRBs influence histone modification on telomeres remains unexplored, but the plant repertoire of GH1-domain containing proteins may allow targeting different functions along the genome, possibly on overlapping loci [START_REF] Charbonnel | The Linker Histone GH1-HMGA1 Is Involved in Telomere Stability and DNA Damage Repair[END_REF][START_REF] Kotliński | Phylogeny-based systematization of arabidopsis proteins with histone H1 globular domain[END_REF].

Hypothetical role for H1 in balancing H3K27me3 homeostasis between genes and telomeric sequence motifs

In N. crassa, interstitial telomere sequences are rare, limited to less than four tandem repeats, and are not preferentially associated with H3K27me2/3 regions. Still, loss of telomerase (tert) activity leds to a reduction of TTAGGG telomere repeats and drive H3K27me3 deposition in a density dependent manner. Vice versa, artificial introduction of a short array of (TTAGGG) 17 telomere repeats in interstitial sites of the N. crassa genome can induce a large domain (~225 kb) of H3K27me2/3, exemplifying the plasticity of H3K27 trimethylation and its interplay with telomeric motifs in other species as well [START_REF] Jamieson | Telomere repeats induce domains of H3K27 methylation in Neurospora[END_REF].

The nature of ATREP18 or ITR chromatin states also remains to be characterized with more detail, especially because telomere chromatin composition is still elusive with the possible presence of mixed chromatin states with either short or long linker DNA (Ascenzi and Gantt, 1999). Because of the presence of ITRs dispersed in the genome, the analysis of the epigenetic state of Arabidopsis telomeres using ChIPseq has so far proven challenging [START_REF] Fojtová | Epigenetic regulation of telomere maintenance[END_REF][START_REF] Majerová | Chromatin features of plant telomeric sequences at terminal vs. internal positions[END_REF][START_REF] Vaquero-Sedas | Arabidopsis thaliana telomeres exhibit euchromatic features[END_REF], 2012;[START_REF] Vega-Vaquero | Novel features of telomere biology revealed by the absence of telomeric DNA methylation[END_REF]. The most recent studies using ChIP dot-blot concluded for a dominance of H3K9me2 and lower intensity signal of H3K27me3 in Arabidopsis, and an opposite ratio of H3K9me2 and H3K27me3 signals other plant species, with markedly lower contributions of H3K4me2 and H3K4me3 in both cases [START_REF] Adamusová | Two combinatorial patterns of telomere histone marks in plants with canonical and non-canonical telomere repeats[END_REF]. As stated above telomeres have been shown to have a significant H1 enrichment [START_REF] Bedoyan | Condensation of rat telomere-specific nucleosomal arrays containing unusually short DNA repeats and histone H1[END_REF], and analogously, we found elevated H1 levels over ATREP18s and more generally over TE Cluster 1 that mainly correspond to ITRs. Interestingly, (Ascenzi and Gantt, 1999) determined that Arabidopsis telomeres had nucleosome repeat length of 150bp, as compared to 189 bp detected around H1-rich TEs by [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. They further proposed that chromatin of Arabidopsis telomeres could be composed of two distinct states, one of them being characterized by DNA linker as small as 5bp, which may be incompatible with the ability of H1 to protect about 20 bp of DNA in vitro [START_REF] Simpson | Structure of the chromatosome, a chromatin particle containing 160 base pairs of DNA and all the histones[END_REF]. Hence, both ITR and telomere chromatin states might be specialized and subject to specific regulatory mechanisms, among which H1 appears to be important.

Arabidopsis telomeres are composed of tandem repeats and span about 2 to 5kb at end of each chromosome [START_REF] Fitzgerald | Disruption of the telomerase catalytic subunit gene from Arabidopsis inactivates telomerase and leads to a slow loss of telomeric DNA[END_REF][START_REF] Richards | Isolation of a higher eukaryotic telomere from Arabidopsis thaliana[END_REF]. Their total size is therefore well shorter than ITRs. Even though ITRs display lower density of telomeric motifs completed by more divergent ones (ITR1-R and ITR4-R contains 2,255 and 724 perfect teloboxes, respectively, representing 20.8 kb of telomeric motifs), we estimated that at least ~107kb of ITR strongly gain H3K27me3 in 2h1 plants, a longer piece of chromatin than all telomeres combined together. Hence, H1 distribution over ITRs might represent a safeguarding mechanism to avoid the formation of gigantic H3K27me3-rich domains in the peri-centromeres of chromosome 1 and 4, which could eventually result in titrating PRC2 protein complexes away from target genes and/or induce higher-order defects in chromosomal topology.

Links to nuclear organization

Linker histone H1s have intrinsic properties in chromatin compaction and are well-known contributors to the modulation of chromatin architecture in distinct genomic regions [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF]. Our cytogenetical analyses add to the recent identification that compaction of heterochromatin (mostly pericentromeric) within so-called chromocenters is impaired in 2h1 and 3h1 cotyledon nuclei [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]Rutowicz et al., 2019). They further showed that telomeres are subject to H3K27me3 enrichment but also to wide organizational changes in 2h1 nuclei. These defects included a decreased number of telomeric foci, possibly linked to lower telomere individualization, and a lower proportion of telomeric foci located nearby the nucleolus. The preferential positioning of telomeres around the nucleolus and of centromeres near to the nuclear periphery is an important organizational principle of the nuclear organization of chromosome territories [START_REF] Pontvianne | Three-dimensional nuclear organization in Arabidopsis thaliana[END_REF][START_REF] Santos | Tiding-up the plant nuclear space: domains, function and dynamics[END_REF]. Hi-C analysis of 2h1 seedling cotyledons further confirmed that chromosome topology is strongly affected by H1 depletion. Hence, H1 appears to be a crucial chromatin component of nuclear organization in Arabidopsis. Noteworthy, H1 depletion in ES pluripotent cells triggers higher-order topological changes, which are prominent on highly active (transcribed) compartments (Geeven et al., 2015). Proper investigation of both higher-order and local loops over gene-rich domains in Arabidopsis will therefore deserve further studies as we mainly focused our analyses on peri-centromeric regions.

In situ Hi-C analyses unveiled a reduction of long-range interactions within and among pericentromeres in 2h1 cotyledon nuclei, a feature that seems typical of Arabidopsis mutant plants affected in the formation of conspicuous heterochromatic foci termed chromocenters (Feng et al., 2014;Grob et al., 2014;[START_REF] Moissiard | MORC Family ATPases Required for Heterochromatin Condensation and Gene Silencing[END_REF], which is also observed upon heat-induced chromocenter decompaction (Sun et al., 2020). We further unveiled the presence of a domain of increased chromatin interactions, whose coordinates sharply coincide with ITR-1R, embedded in the pericentromeric region that loose long-range interactions. This sheds light on unexpected antagonisms between distinct chromosomal domains for H1-mediated regulation of chromosome topology. Enhancement of long-range chromatin interactions among ITR-1R loci might potentially be sequence-specific or relate to the strong gain of H3K27me3 spanning the whole block.

Either PRC2 marking or topological changes might also somehow be linked to the conservation of extremely lowly accessible chromatin on ITRs in 2h1 cotyledons, which were identified using ATAC-seq while other heterochromatic domains tend to become more accessible. Nevertheless, the observation that chromosome organization of most peri-centromeric regions and of ITRs is differentially affected in 2h1 plants demonstrates that H1-rich heterochromatic regions with distinct sequences do not necessarily undergo similar decondensation or relaxation events upon H1 loss of function. These nuances may have important consequences on nuclear reorganization events during somatic-to-reproductive transitions when the pool of histone H1 protein is evicted from chromatin. Natural depletion of H1 during female and male sporogenesis (He et al., 2019;She and Baroux, 2015;She et al., 2013) results in a transient decompaction of chromocenters associated with a reduction in bulk levels of various heterochromatic marks such as H3K9me2 in the MMC (She et al., 2013) and of H3K27me1 in the PMC (She and Baroux, 2015). Further studies may allow assessing whether developmentally controlled H1 depletion also differentially impacts distinct types of heterochromatic elements and the underlying mechanisms.

Methods

Plant lines and growth conditions

All Arabidopsis lines used in this study are in the Col-0 background. The h1.1 h1.2 (2h1) mutant line and the transgenic pH1.1::H1.2-GFP line were kindly provided by Kinga Rutowicz (Rutowicz et al., 2015). Seeds were surface-sterilized, plated on half strength Murashige and Skoog (MS) medium 0.9% agar with 0.5% sugar and cultivated under in long-day (16h/8h) at 23/19°C light/dark photoperiod (100 µmol.m -2 .s -1 ) for 5 days unless otherwise stated. Cotyledons were either manually dissected under a stereomicroscope (for ChIPseq and ATAC-seq) or crosslinked with formaldehyde before cotyledon dissection (Hi-C).

Immuno-FISH

After fixation in PFA 4% in 1XPME, 7 days old cotyledons were chopped directly in the enzyme cocktail mix (1% cellulase, 1% pectolyase, and 0.5% cytohelicase in 1XPME) and incubated 15 min at room temperature. Nuclei suspensions were then transferred to polyLys-coated slides. One volume of 1% lipsol in 1XPME was added to the mixture and spread on the slide. Then, 1 volume of 4% PFA in 1XPME was mixed, and slides were dried at room temperature. Immunodetection and FISH were conducted as described previously [START_REF] Charbonnel | The Linker Histone GH1-HMGA1 Is Involved in Telomere Stability and DNA Damage Repair[END_REF] using the following antibodies: rabbit H3K27me3 (#07-449 -Merck) at 1/200), Goat biotin anti Rabbit IgG (#65-6140 -ThermoFisher) at 1/500, mouse anti-digoxigenin (#11333062910 -ROCHE) at 1:125, rat anti-mouse FITC (#rmg101 -Invitrogen) at 1:500, goat Alexa 488 antirabbit IgG (#A11008 -Invitrogen) at 1:100, mouse Cy3 anti-biotin antibody (#C5585 -Sigma) at 1:1 000. Acquisitions were performed on a structured illumination (pseudo-confocal) imaging system (ApoTome AxioImager M2; Zeiss) and were deconvoluted using the deconvolution module (regularized inverse filter algorithm). The colocalization was analyzed via the colocalization module of the ZEN software using the uncollapsed Z-stack files. To test for signal colocalisation, the range of Pearson correlation coefficient of H3K27m3 vs telomeric FISH signals were calculated with the colocalization module of the ZEN software using Z-stack files. Foci with coefficients superior to 0.5 were considered as being colocalized.

ATAC-seq

For each sample, nuclei were isolated from 200 cotyledons and purified using a two-layer Percoll gradient at 3000g before staining with 0.5 µM DAPI and sorting by FANS according to their ploidy levels using a MoFlo Astrios EQ Cell Sorter (Beckman Culture). For each sample, 20,000 sorted 2C and 4C nuclei were collected separately in PBS buffer and centrifuged at 3000g at 4 °C for 5 min. The nuclei were resuspended in 20µl Tn5 transposase reaction buffer (Illumina). After tagmentation, DNA was purified using the MinElute PCR Purification Kit (Qiagen) and amplified with Nextera index oligos (Illumina). To collect library molecules longer than 150bp, a size selection was performed with AMPure® XP beads (Beckman Coulter). The purified libraries were pooled and sequenced by Beijing Genomics Institute (BGI Group, Hong-Kong) using the DNA Nanoballs (DNB™) DNBseq sequencing technology obtaining 65 bp pairedend reads. Raw ATAC-seq data were treated using the ASAP (ATAC-Seq data Analysis Pipeline; Amira Kramdi in the laboratory of Vincent Colot). In short, mapping was performed using Bowtie2 (Langmead and Salzberg, 2012) with parameters --very-sensitive -X 2000. Mapped reads were filtered for duplicates and filtered out for repetitive regions giving aberrant signals [START_REF] Quadrana | The Arabidopsis thaliana mobilome and its impact at the species level[END_REF]. Concordant reads were selected and shifted as previously described by 4 bp [START_REF] Schep | Structured nucleosome fingerprints enable high-resolution mapping of chromatin architecture within regulatory regions[END_REF]. Peak calling was performed using MACS2 [START_REF] Zhang | Model-based Analysis of ChIP-Seq (MACS)[END_REF] using broad mode. Heatmaps and metaplots were produced using the deeptools suite [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF].

In situ Hi C

All samples used for Hi-C were derived from 5-day-old seedlings. Hi-C was performed as in (Grob et al., 2014) with few modifications for low input material. Seedlings were crosslinked in freshly prepared MC buffer (10mM Potassium Phosphate pH 7.0, 50 mM Sodium Chloride, 0.1M sucrose) with a final concentration of 4% (v/v) of formaldehyde. Crosslinking was stopped by transferring seedling to a new tube and adding MC-0.15 M glycine buffer. After rinsing, crosslinked seedlings were manually dissected to obtain a total of 1,000 cotyledons per sample. Dissected samples were flash-frozen in liquid nitrogen and grinded using a Tissue Lyser (Qiagen). All sample were adjusted to 4 mL using NIB buffer (20mM Hepes pH7.8, 0.25M Sucrose, 1mM MgCl2, 0.5mM KCl, 40% v/v Glycerol,1% Triton X-100) and were homogenized on ice by using douncer homogenizer to increase yield. Nuclei were pelleted by centrifugation and resuspended in the DpnII digestion buffer (10 mM MgCl2, 1mM DTT, 100mM NaCl, 50mM Bis-Tris-HCl, pH 6.0). To each sample, SDS was added to a final concentration of 0.5% (v/v). SDS was quenched by adding Triton X-100 (2 %). A total of 200 units of DpnII was added to each sample for O/N digestion at 37 °C. dATP, dTTP and dGTP, biotinylated dCTP and 12 µl DNA Polymerase I, Large (Klenow) were added to each sample and incubated 45 min at 37 °C. 50 unit of T4 along with 7 µL of 2 0ng/µL of BSA (Biolabs) and 7 µL of 100 mM ATP. Following ligation, crosslink was reversed O/N and proteins digested with protease K (5 µL at 10 mg/µl). DNA was extracted by phenol/chloroform purification and ethanol precipitation and quantified by Qubit (Thermofisher). Next, biotin was removed from the unligated fragment end using T4 DNA polymerase was added to the purified DNA to take advantage of its exonuclease activity. After biotin removal, the samples were purified by using AMPure beads with a 1.6 ratio. DNA was fragmented using Covaris M220 (peak power 75W, Duty factor 20, Cycles per burst 200, Duration 150 sec). Hi-C library preparation was performed using KAPA LTP Library Preparation Kit (Roche) following manufacturer protocol with some modification (Grob et al., 2014). All samples were subjected to 12 amplification cycles. The PCR products were purified using AMPure beads (ratio 1.85). Library quality was checked by Qubit and by TAPE Station (Agilent) analysis before sequencing.

Sequencing was performed at Beijing Genomics Institute (BGI Group; Honk Kong) using Novaseq Illumina platform with Paired-End 150bp sequencing. Mapping of Hi-C reads was performed using HI-C Pro pipeline [START_REF] Servant | HiC-Pro: An optimized and flexible pipeline for Hi-C data processing[END_REF]. Bowtie2 was used with default pipeline parameter (--very-sensitive -L 30score-min L,-0.6,-0.2 -end-to-end -reorder). Frequency contacts maps were visualized using Juicebox toolsuite (2016). Each dataset was analyzed at a resolution of 10kb. Further analyses were performed using the Hi-C Boost pipeline [START_REF] Carron | Boost-HiC: Computational enhancement of longrange contacts in chromosomal contact maps[END_REF].

RNA-seq

Five-day-old seedlings grown in long days were fixed in 100% cold acetone under vacuum for 10 min. Cotyledons from 100 plants were dissected and grinded in Eppendorf tubes using a Tissue Lyser (Qiagen) for 1 min 30 sec at 30 Hz. RNA was extracted using the RNeasy micro kit (Qiagen). RNA were sequenced on the DNBseq platform of the the Beijing Genomics Institute (BGI Group) in a 100 bp paired-end mode. For raw data processing, sequencing adaptors were removed from raw reads with trim_galore! v2.10 (https://github.com/FelixKrueger/TrimGalore) and reads mapped onto combined TAIR10 Arabidopsis thaliana and Drosophila melanogaster (dm6) genomes using STAR version 2.7.3a [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF] with the following parameters "--alignIntronMin 20 --alignIntronMax 100000 --outFilterMultimapNmax 20 --outMultimapperOrder Random --outFilterMismatchNmax 8 --outSAMtype BAM SortedByCoordinate --outSAMmultNmax 1 --alignMatesGapMax 100000". Duplicate reads were removed. Raw counts to genes were scored with the tool htseq-count from HTSeq suite version 0.11.3 [START_REF] Anders | HTSeq-a Python framework to work with high-throughput sequencing data[END_REF] and converted to TPM (Transcripts per Million) by dividing the counts over each gene by its length and the total counts in the sample and multiplying for 10^6. We used the mean TPM value between the two biological replicates for subsequent analyses. To draw metagene plots, genes were grouped in expressed or not and expressed genes split in four quantiles of expression with the function ntile() of the R package dplyr (https://CRAN.R-project.org/package=dplyr).

ChIP-Rx analyses

H3K27me3 ChIP-Rx analysis of H3K27me3 (Millipore, #07-449) were conducted as previously described [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF] using two biological replicates of 8-day-old WT and 2h1 seedling. For each biological replicate, two technical replicate immunoprecipitations were carried out using 120µg of Arabidopsis chromatin mixed with 3% of Drosophila chromatin, as quantified based on protein content using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific). The DNA eluted and purified from the two technical replicates were pooled before library preparation (Illumina TruSeq ChIP) and sequencing (Illumin NextSeq 500, 1x50bp) of all input and IP samples by Fasteris (Geneva, Switzerland). Raw reads were pre-processed with Trimmomatic v0.36 [START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF] to remove Illumina sequencing adapters. 5′ and 3′ ends with a quality score below 5 (Phred+33) were trimmed and reads shorter than 20 bp after trimming were discarded. The command used is "trimmomatic-0.36.jar SE -phred33

INPUT.fastq TRIMMED_OUTPUT.fastq ILLUMINACLIP:TruSeq3-SE.fa:2:30:10 LEADING:5 TRAILING:5 MINLEN:20". We aligned the trimmed reads against combined TAIR10 Arabidopsis thaliana and Drosophila melanogaster (dm6) genomes with Bowtie2v.2.3.2 with "--very-sensitive" setting. Alignments with MAPQ < 10, duplicated reads and reads mapping on repetitive regions (as defined in [START_REF] Quadrana | The Arabidopsis thaliana mobilome and its impact at the species level[END_REF])) were discarded with sambamba v0.6.8. [START_REF] Tarasov | Sambamba: fast processing of NGS alignment formats[END_REF]. Peaks of H3K27me3 read density were determines using the software MACS2 [START_REF] Zhang | Model-based Analysis of ChIP-Seq (MACS)[END_REF] with the command "macs2 callpeak -f BAM --nomodel -q 0.01 -g 120e6 --bw 300 --verbose 3 --broad". Only peaks found in both biological replicates and overlapping for at least 10 % were retained for further analyses. We scored the number of H3K27me3 reads overlapping with marked genes either in the wild-type or 2h1 mutant plants with bedtools v2.29.2 multicov and analyzed them with the DESeq2 package [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF] in R statistical environment v3.6.2 to identify the genes H3K27me3-enriched or depleted of in h1 mutant plants (p-value < 0.01). To account for differences in sequencing depth we used the function sizeFactors in DESeq2 applying a scaling factor calculated as in [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF].

H1 and H3 ChIP-seq experiments

H1.2-GFP and parallel H3 profiling were conducted as in [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASSlike and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF] with slight modifications to facilitate cotyledon chromatin extraction and sonicate chromatin to reach mono/di-nucleosome fragment sizes. Fresh cotyledons manually dissected from 200 seedlings (WT Col-O or pH1.1::H1.2-GFP) were crosslinked for 15 min using 1% formaldehyde and grinded in Eppendorf tubes using a Tissue Lyser (Qiagen) for 1 min 30 sec at 30 Hz. After resuspension in 100 µL Nuclei Lysis Buffer, the samples were flash frozen in liquid nitrogen to help breaking the nuclei and chromatin was sheared using a S220 Focusedultrasonicator (Covaris) for 17 min at power 105 W to get fragment sizes between 75 and 300 bp. IPs were performed on 150µg of chromatin quatified using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) with 60 µL of Protein-A/G Dynabeads and 3.5 µL of anti-GFP (Thermo Fisher #A11122) for H1.2-GFP and mock (WT) sample or anti-H3 (Abcam #Ab1791) for H3 IPs. Immunoprecipitated DNA was used for library preparation using the TruSeq® ChIP Sample Preparation Kit (Illumina®), and sequenced on a NextSeq 500 system in a single-end 50 bp mode (Genewiz, USA). Raw reads were processed as detailed above for H3K27me3. We counted the reads of GFH1.2 over genes ant TEs with bedtools v2.29.2 multicov and converted them in median Counts per Million (CPM) dividing the counts over each gene or TE by its length and by the total counts in the sample and multiplying by 10^6. The mean value between biological replicates of IP was used in Figure 1, while the ratio between IP and Input was used for the violin-plot in Figure S7B.

ChIP bioinformatic analyses

Genes and transposable elements overlapping and not overlapping with peaks of histone marks H3K27me3, H3K4me3 and H2Bub were identified with bedtools v2.29.2 intersect. To include nucleosomes in close proximity of the TSS, for H3K27me3, TRB1 and H3K4me3 an upstream region of 250 bp was also considered for the overlap. Clusters of TES with different degree of enrichment of H3K27me3 in 2h1 mutant plants compared to wild-type were identified with Deeptools plotHeatmap using the --kmeans setting. For tracks visualization we used Integrative Genomics Viewer (IGV) version 2.8.0 [START_REF] Thorvaldsdóttir | Integrative Genomics Viewer (IGV): high-performance genomics data visualization and exploration[END_REF]. All scripts used will be made publicly available. Metagene plots and heatmaps were generated from depth-normalized read densities using Deeptools computeMatrix, plotHeatmap, and plotProfile. Violinplots, histograms and box-plots were drawn with the package ggplot2 v3.2.1 (https://cran.rproject.org/web/packages/ggplot2/) in R statistical environment.

TRB1 ChIP-qPCR

ChIPs were performed with chromatin extracted from 8day-old seedlings as described in [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASSlike and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF] slight modification to maximize immunoprecipitation yield. Two biological replicates of wild-type and 2h1 crosslinked seedlings were ground in liquid nitrogen, and 2 aliquots of 1g of tissue from each replicate were resuspended in 30mL EB1. Nuclei lysis buffer was added to 520µg of chromatin to reach 1µg/µL of proteins according to BCA assay. 20µL were kept as an input. 1.44mL of Dynabeads protein G slurry (ThermoFisher Scientific 10004D) was added to each sample and incubated 1h at 4°C with 6.5µL of Bridging Antibody for Mouse IgG (Active Motif 53017) on a rotating wheel. 60 µL of bridged beads were then added to each sample for pre-clearing and 200µL of anti-TRB1 5.2 antibody [START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF] were added to the remaining bridged beads for beads-antibody combining. After 3 hours at 4°C under rotation, 50 µL of beads-antibody preparations were added to the precleared chromatin samples and incubated for overnight at 4°C under rotation. Beads were washed and chromatin was eluted in 500µl of SDS elution buffer (1% SDS, 0.1 M NaHCO3) at 65°C before reverse crosslinking adding 20µL of 5M NaCl overnight at 65°C. After Proteinase K digestion at 45°C for 1h, DNA was purified by phenolchloroform extraction and ethanol precipitated. Pellets of both inputs and IPs were resuspended in 40 µl of TE, pH 8.0. H3K27me3 and H3 ChIPs and analyzed by quantitative PCR using a LightCycler 480 SYBR green I Master mix and a LightCycler 480 (Roche) using the primers sequences given in the Supplementary Methods.

ChIP analysis of telomeres

Anti-H3K27me3 (Millipore, #07-449 antibody) and anti-H3 (Abcam #Ab1791 antibody) were conducted as for ChIP-qPCR. Pellets of both inputs (20%) and immunoprecipitated DNA were resuspended in 40 µl of TE, pH 8.0 and analyzed through dot-blot hybridization using radioactively labeled telomeric oligonucleotides (CCCTAAA) 4 as detailed in [START_REF] Schrumpfová | Telomere repeat binding proteins are functional components of Arabidopsis telomeres and interact with telomerase[END_REF] 

Public genomic data

The Arabidopsis thaliana genome annotation used in this study is Araport11 are available at [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASSlike and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF]. Genomic coordinates of telobox motifs are available at https://gbrowse.mpipz.mpg.de/cgibin/gbrowse/arabidopsis10_turck_public/?label=telobox. Files with read densities of H3K9me2 and H3K27me1 (Supplemental Figure S8) were retrieved from NCBI GEO accession GSE111814. MNase-Seq data of wildtype and 2h1 plants were retrieved from NCBI GEO accession GSE96994. TRB1 ChIP-Seq data were obtained from NCBI GEO accession GSE69431 and processed like H3K27me3 to obtain bigwig files with read densities of Input and IP. Biological replicates were merged with bigWigMerge. TRB1 binding sites were obtained at https://ftp.ncbi.nlm.nih.gov/geo/series/GSE69nnn/GSE6 9431/suppl/GSE69431_TRB1_genomic_peaks.bed.gz. Mapped reads of H2Bub and H3K4me3 ChIP-seq and genes marked or nor marked by H2Bub or H3K4me3 were produced by our laboratory in previous studies [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASSlike and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF][START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF]. Counts per Million (CPM) for each mark and depth-normalized average values of read densities were obtained as described above for H3K27me3.

DNA sequence motif search

MEME version 5.1.1 [START_REF] Bailey | The MEME Suite[END_REF]was used to identify motifs enriched in the promoters (-500 bp to +250 bp after the TSS) of H3K27me3 hyper-marked genes and in the annotated units of the cluster 1 TEs. The following options were used for promoters: "-dnamod anr -revcomp -nmotifs 10 -minw 5 -maxw 9" and for TEs: "-dna -mod anr -nmotifs 10 -minw 5 -maxw 9objfun de -neg Araport11_AllTEs.fasta -revcomp -markov_order 0 -maxsites 10000" where Araport11_AllTEs.fasta correspond to the fasta sequence of all TEs annotated in Araport11.

Gene Ontology (GO) analysis

Gene ontology enrichments for H3K27me3 differentially marked genes were retrieved using the GO-TermFinder software [START_REF] Boyle | GO::TermFinder-open source software for accessing Gene Ontology information and finding significantly enriched Gene Ontology terms associated with a list of genes[END_REF] via the Princeton GO-TermFinder interface (http://go.princeton.edu/cgi-bin/GOTermFinder).

The REVIGO [START_REF] Supek | REVIGO Summarizes and Visualizes Long Lists of Gene Ontology Terms[END_REF]platform was utilized to reduce the number of GO terms and redundant terms were further manually filtered. The log10 p-values of these unique GO terms were then plotted with pheatmap (https://CRAN.R-project.org/package=pheatmap) with no clustering. . E-values were calculated against random sequences. The three first motifs could not be matched to any previously known motif while the 4th identified motif corresponds to the previously described telobox motif (AAACCCTA). 107 teloboxes were found distributed within 22 of the 144 promoters (15%). B. Gene annotation of the 22 hyper-H3K27me3 genes displaying 1 or more telobox motif in their promoter domain. In agreement with putative mutually exclusive binding of H1 and TRB1 over teloboxes, the set of teloboxes with a known TRB1 peak from ChIP-seq data (Schrumpfová Prochazkova et al., 2014) display significantly less H1 occupancy than other teloboxes. Statistical significances of differences between the mean levels were assessed using a Wilcoxon signed-rank test. 
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H3K27me3/H3 The sub-nuclear organization of chromatin is subject to profound changes during plant life cycles. More precisely, developmental transitions are mediated by genome expression reprogramming events that coincide with higher-order changes of the chromatin landscape at multiple levels, from local changes of the epigenome along regulated genes to its higher-order organization within the nuclear space. Consequently, nuclear reorganization is a theme frequently orchestrated coincidentally to several major developmental transitions, such as during seed maturation, germination, flowering and senescence [START_REF] Xiao | Cis and trans determinants of epigenetic silencing by Polycomb repressive complex 2 in Arabidopsis[END_REF] In this Chapter, I will focus on the genome and epigenome reprogramming events occurring during seedling development, most notably during the development of functional and photosynthetic primary leaves, the cotyledons. Cotyledon development initiates early during plant life as one of the first 3 embryo organs, with hypocotyl and primary root formation, altogether leading to seedling establishment (C. M. M. Gommers and Monte, 2018). Like all other developmental steps, cotyledon development is paused during the whole process of seed maturation, conservation and dormancy, which initiates upon dehydration [START_REF] Leprince | Late seed maturation: Drying without dying[END_REF]. The transition from dry seeds to fully developed, photosynthetic seedlings, is accompanied by a series of large-scale nuclear rearrangements, whose function has long remained enigmatic.

Dry seeds represent a transitional state between embryo and seedling characterized by dehydration and the accumulation of storage reserves. The process of seed development is associated with a decrease in nuclear size giving rise to "micro-nuclei" in which heterochromatin is highly compacted within a few chromocenters [START_REF] Van Zanten | Seed maturation in Arabidopsis thaliana is characterized by nuclear size reduction and increased chromatin condensation[END_REF]. These first variations in nuclear size and heterochromatin compaction have been proposed to be two independent processes after considering their respective temporal dynamics [START_REF] Van Zanten | Seed maturation in Arabidopsis thaliana is characterized by nuclear size reduction and increased chromatin condensation[END_REF]. In Arabidopsis, seed development takes approximately 20 days, the first 8-10 days after pollination (DAP) being required for embryo development and seed maturation. This first phase results in a moderate decompaction of the primary chromocenters. Then, between 10 and 20 DAP, heterochromatin subsequently undergoes a condensation process to reach a highly condensed status in dry seeds (Figure 3.1.A). In presence of water in the environment, seed imbibition triggers a rapid dispersion of heterochromatin distribution to reach a widely relaxed state from 24h to 72 h of germination [START_REF] Van Zanten | Seed maturation in Arabidopsis thaliana is characterized by nuclear size reduction and increased chromatin condensation[END_REF]. This first step is independent of light perception, if considering the similar nuclear dynamics observed by DAPI DNA staining and immunolabeling of DNA methylation after inducing germination under either dark or light conditions (Bourbousse et Three layers of information were merged including differentially expressed genes during de-etiolation (4,575) (Log2FC>1 at anytime (using [START_REF] Burko | Chimeric activators and repressors define HY5 activity and reveal a lightregulated feedback mechanism[END_REF], the 559 genes referenced in the Chromatin Database, and the 3894 genes targeted by HY5 in [START_REF] Lee | Analysis of transcription factor HY5 genomic binding sites revealed its hierarchical role in light regulation of development[END_REF]. Among the 18 genes matching this three criteria, the H1.3 gene appears to be the dramatically regulated during the process.

H1.3

A B 100 al., 2015). This suggests that, at the stage of germination, heterochromatin de-condensation is part of a programmed developmental process. At day 3 of germination, light is in contrast required to induce the formation of 8-to-10 conspicuous chromocenters in which repetitive, methylated regions of the genome are condensed. Dark-grown cotyledons of 4-5 and even older plants, on the other hand, are subject to extensive heterochromatin de-condensation with highly dispersed signals of methylated DNA (Figure 3.1.A).

This stepwise process illustrates how interplays between environmental (light) and developmental signals control chromatin dynamics during an essential plant developmental transition (Bourbousse et al., 2015).

Identification of the linker histone variant H1.3 as a major determinant heterochromatin dynamics during cotyledon photomorphogenesis

The availability of Arabidopsis mutant plants for blue (Cry1-2), red (PhyB) and far-red (PhyA) photoreceptors and the usage of corresponding monochromatic lights has allowed the host laboratory to identify the role played by blue light perception in the previously described heterochromatin dynamics associated to cotyledon photomorphogenesis (see Figure 1.10). Vice versa, experiments using dark-grown mutant plants for several central integrators of the light signalling pathways in plants allowed identifying DET1 and COP1 as a deterrent for the inhibition of chromocenter formation during skotomorphogenesis, by acting upstream of the light regulated transcription factor HY5 (Figure 3.1.B). HY5 protein is known to bind to light responsive elements, with a strong affinity for the so-called G-Box, possibly competing with other transcription factors such as the PIFs that also recognize this sequence motif [START_REF] Gangappa | The Multifaceted Roles of HY5 in Plant Growth and Development[END_REF]. Currently, the molecular mechanisms regulating heterochromatin organization during cell differentiation are unknown, and light signalling pathways allow for addressing this question in the context of cotyledon photomorphogenesis. Consequently, identification of HY5 and blue-light as determinants of heterochromatin dynamics during de-etiolation (Bourbousse et al., 2015), led the host laboratory to search for molecular actors driving directly such large-scale chromatin changes. The "casting" involved genes that combine three properties: 1) being a HY5 target gene (as determined by ChIP-chip data in (Lee, He, Stolc, Lee, Figueroa, Gao, Tongprasit, Zhao, [START_REF] Lee | Analysis of transcription factor HY5 genomic binding sites revealed its hierarchical role in light regulation of development[END_REF] and other more recent ChIP profiling), 2) being involved in chromatin-based processes (using the 560 genes of the Arabidopsis Chromatin Database as a first repertoire), and 3) being differentially expressed during cotyledon de-etiolation in an organ-specific manner (i.e., differently from hypocotyls using RNA-seq data from [START_REF] Burko | Chimeric activators and repressors define HY5 activity and reveal a lightregulated feedback mechanism[END_REF]) (Figure 3.2.A). Only 18 candidate genes fulfil these three different conditions (Figure 3.2.B). Among these candidates, the histone H1.3 gene, known to be a light stress responsive gene (Rutowicz et al., 2015) was selected as a putative regulator of chromatin condensation given the well-established role of linker histones in chromatin compaction (D. V. [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF]. 

Scientific aim

In this Chapter, I first document the regulation of H1.3 gene and protein during Arabidopsis cotyledon de-etiolation (section 3.2) before assessing in section 3.3 expression and influence of this histone variant on nuclear organization during plant adaptive responses to sub-optimal light, the Shade Avoidance Response (SAR). In a 3rd and 4th sections, I subsequently explore its influence on chromatin accessibility using the ATAC-seq methodology (section 3.5) and on chromosomal organization using Hi-C analyses (section 3.6) in the general context of Arabidopsis cotyledon photomorphogenesis.

Characterization of H1.3 expression during cotyledon photomorphogenesis

H1.3 gene expression dynamics in Arabidopsis cotyledons

Analysis of the DNA sequence upstream of the H1. 3.2) by performing cotyledons-specific RNA extraction followed by RT-qPCR during a de-etiolation time-course. We checked expression levels of all 3 histone H1 genes, H1.1, H1.2, H1.3 and of a light-responsive marker gene (CAB2) as positive control (Figure 3.4.B and C). By comparing our target genes expression with the housekeeping genes, we conclude that expression of H1.1 and H1.2 is indeed mostly stable in cotyledons during de-etiolation. Induction of the marker gene CAB2 illustrates the rapid de-etiolation response, during which H1.3 is very rapidly downregulated, its transcript levels dropping to 1/3 in a span of 24hours. These data recapitulate the rapid dynamics and large extent of H1.3 (~ 60 fold more expressed in dark than in light, Figure 3.4.B) differential expression in response to light in the previously described RNA-seq data. To uncover the role of H1.3 during de-etiolation, as a first layer of information I undertook the characterization of the spatial-temporal expression dynamics of this protein during de-etiolation. Having identified H1.3 as a putative actor the light signalling pathway responsible for heterochromatin dynamic during de-etiolation, we first tested whether the key light-signalling regulator DET1 was involved in the rapid cotyledons-specific expression dynamic. As shown Figure 3.4.B, molecular drivers of chromocenter formation were defined genetically to be positioned downstream of DET1 (Bourbousse et al., 2015). After performing RT-qPCR on dissected cotyledons of det1-1 cotyledons after growth in the two contrasting dark and light conditions, we could indeed observe that functional DET1 is necessary for H1.3 induction in darkness, as this mutant is drastically affected in the induction of this gene (Figure 3.4.D).

Collectively, these observations indicate that H1.3 gene expression is rapidly and specifically reduced in during cotyledon de-etiolation in a DET1 dependent manner, a regulation that is not observed for the two canonical linker histones H1.1 and H1.2.

H1.3 protein abundance in Arabidopsis cotyledons

As a second layer of information to investigate the potential role of H1.3 during de-etiolation, we investigated whether H1.3 protein level was matching the previously described expression behaviour. We initially wanted to target this question by two independent approaches: westernblot analysis of nuclear extracts and live imaging of fusion reporter's lines were each isoform of the three linker histones is tagged by a Green Fluorescent Protein (GFP). Western-blot analysis of linker histone H1 protein levels proved challenging, no isoform specific antibody being available. The only available H1 antibody (from the Baroux lab, Agrisera) showed several non-specific bands in both whole-cell and chromatin-enriched samples. Moreover, given the similar sizes of linker histones H1.1 and H1.2, it was difficult to separate specific bands and monitor isoform-specific patterns. We thus proceed with the spatio-temporal localization of H1 variants by live imaging of GFP-tagged lines under the control of their native promoter (pH1. {1,2,3}::H1.{1,2,3}-GFP), kindly provided by the laboratory of Dr Celia Baroux (University of Zurich, Switzerland) within the frame of a collaboration with Dr Fredy Barneche.

We first visually inspected the different seedling organs (cotyledons, hypocotyls and roots) to verify H1.3-GFP organ-specific pattern of expression in darkness. This approach is aimed at complement the observations by Rutowicz et al., (2015) made using low light (Figure 1.19 in the introduction) and to visually investigate whether rare cell types in the root or the hypocotyl could also express H1.3. For example, H1.3 is very robustly expressed in photomorphogenic cotyledon guard cells (Rutowicz et al., 2015) but the signal is logically diluted and undetectable in seedling/cotyledon RNA-seq analyses. By inspecting the three different organs of 5-day-old darkgrown seedlings using an epi-fluorescence stereoscope, I could confirm that H1.1 histone variant is ubiquitously abundant in all seedling organs' nuclei, while H1.3 protein is strongly detected in all cells of etiolated cotyledons as compared to the hypocotyl and root. Interestingly, cotyledon H1.3-GFP signal appears stronger in cells composing the vascular system (Figure 3.5). This might be reminiscent of the Eucalyptus (eucalyptus globulus) H1.3 linker histone variant homologue EgH1.3 that is specifically expressed during early development of xylem cells [START_REF] Soler | The Eucalyptus linker histone variant EgH1.3 cooperates with the transcription factor EgMYB1 to control lignin biosynthesis during wood formation[END_REF]. In addition, high H1.3-GFP signal is also observable in the shoot apical meristem (SAM), a growth organ containing the stem cell niche for plant aerial parts development, an interesting feature still unexplored. By comparing H1.3-GFP signals with those of H1.1 and H1.2-GFP, we can indeed visualize how cotyledons are a cell dense organ, with a specific enriched density at the level of shot apical meristem and at the level of vascular system, maybe resulting in the higher fluorescent signal observed in H1.3-GFP lines. Given the organ specific pattern of expression of H1.3 protein confirmed here by live imaging of the fluorescent tagged line, and the previous report of the organ-specificity of heterochromatin dynamics during Arabidopsis photomorphogenesis (Bourbousse et al., 2015), I focused further analyses on cotyledons.

H1.3 protein abundance during Arabidopsis cotyledon de-etiolation.

First of all, I investigated whether the rapid downregulation of H1.3 gene correlates with significant changes in the abundance of the H1.3 protein itself. To assess the spatial-temporal dynamic of H1.3 protein during de-etiolation, I grew the pH1. 1::H1.1-GFP, pH1.2::H1.2-GFP and pH1.3::H1.3-GFP plants in darkness for 5 days before exposing them to continuous white light before proceeding to cotyledon imaging every 3h to monitor H1s protein level during the first 24h of de-etiolation, a time frame sufficient for nuclei to form chromocenters (Bourbousse et al., 2015). Consistently with our gene expression analyses, I observed that the canonical linker histones variants H1.1 and H1.2 were homogeneously abundant in cotyledons throughout the first 24h of de-etiolation (Figure 3.6). H1.3 signal was roughly similar than H1.1/2 in dark-grown cotyledons but dropped 3-6h after plant exposure to light and only remained detectable in guard cells and in cells located at the tip of the cotyledons. ABA-dependent H1.3 expression in stomata cells is well established (Rutowicz, Puzio, Halibart-Puzio, et al., 2015) while the cotyledon tip signal is, in cotyledons, the location of the xylem-related hydathodes were H1.3 was already described being expressed in one its earliest report twenty years ago (Ascenzi and Gantt, 1999a). The rapid depletion dynamics of H1.3 signal in cotyledons cells during de-etiolation seems to be similarly fast as to H1.3 transcript levels observed by qPCR or RNA-seq, suggesting that light signalling might also influence H1.3 protein stability. Further analyses using proteasome inhibitor drugs or mutants for the proteasome degradation pathway will help untangling the transcriptomic response from the post translational regulation of H1.3. Overall these results unveil that H1.3 protein level is rapidly decreased from the vast majority of cotyledon cells during de-etiolation. 

H1.3 is required for the inhibition of chromocenter formation in etiolated cotyledons

After assessing H1.3 expression specificities during de-etiolation at the transcript and at the protein level, the host laboratory has questioned the influence of H1.3 on nuclear architecture. This was assessed by growing WT and h1.3 mutant plants in dark and light conditions to test for chromocenter formation. This analysis also included the 2h1 mutant line in which the two canonical histone H1s are knocked-out. After DAPI DNA staining, chromocenter number was quantified in cotyledon nuclei.

As previously described (Bourbousse et al., 2015), photomorphogenic cotyledon nuclei displayed an average of 8-10 chromocenter but heterochromatin appears largely decompacted in etiolated cotyledons. In the latter case, only 2-3 chromocenters per nucleus could be identified, mostly associated with the nucleolus and with a quasi-absence of peripheral chromocenters (Figure 3.7.A and B). On another note, as reported recently in Rutowicz et al. (2019) and [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF], the 2h1 mutant line displayed a strongly relaxed heterochromatin status, confirming the central roles played by linker histones in chromatin condensation. Photomorphogenic 2h1 cotyledons displayed only a few (usually 2) discrete chromocenters. Interestingly, the relaxed heterochromatin phenotype of 2h1 plants was exacerbated in etiolated cotyledons with almost any chromocenter as a "super-decondensed" status in which even nucleolar-related chromocenters are missing. This observation further suggests that darkness triggers an extra layer of chromatin decondensation than depletion of canonical linker histone (Figure 3.7.A and B).

As expected given the absence of H1.3 expression in this condition, the h1.3 mutant cotyledon nuclei did not show any significant morphological difference with WT nuclei in the light (Figure 3.7.A). In contrast, dark-grown h1.3 cotyledon nuclei displayed a significantly higher number of chromocenters as compared to etiolated WT plants. Heterochromatin compaction was not associated to defects in nuclear surface, WT and h1.3 lines both displaying small cotyledon nuclei in the dark as compared to the light condition (Figure 3.7.C). The striking differences in heterochromatin organization between WT and h1.3 etiolated cotyledon nuclei indicate that H1.3 is involved in the inhibition of chromocenter formation, a characteristic feature of Arabidopsis skotomorphogenesis.

Collectively these results illustrate the great influence of histones H1 in shaping nuclear organization. Intriguingly the additive effects of darkness and of the 2h1 mutations suggest that histone H1.1 and H1.2 are present and functionally incorporated in the chromatin in dark-grown seedlings but would not be able to condense chromocenters when the minor variant H1.3 is induced. My own analyses of H1.3 function suggests that induction of this linker histone variant in darkness might be at play to enhancement of heterochromatin decompaction. In the previous section, I investigated the impact of light on Arabidopsis cotyledon nuclear morphology after highlighting the specificity of light-driven nuclear dynamics in this organ as compared to hypocotyls. Nuclear and chromatin organization have not been specifically investigated during photoreceptor-mediated SAR but chromatin dynamics during this process may involve several of the commonly regulated light signalling components (reviewed in [START_REF] Perrella | The impact of light and temperature on chromatin organization and plant adaptation[END_REF]Martínez-García &[START_REF] Martínez-García | Shedding light on the chromatin changes that modulate shade responses[END_REF]. Exposure of Arabidopsis leaves to low light has long been known to trigger chromocenter decondensation, with a degree that depends on light intensity and time of deprivation and is maximized after 4 days (Tessadori, Van Zanten, et al., 2009). Interestingly, comparison of organ-specific transcriptomes of de-etiolating seedlings and seedlings exposed to low R:FR also identified a very high overlap of gene expression reprogramming in hypocotyls either undergoing either etiolated development (48-52h postgermination) or SAR, both situations being characterized by rapid cell elongation (Kohenen et al., 2016). It therefore seems likely that de-etiolation and SAR rely on similar heterochromatin dynamics, but the major difference that the first one involves chromocenter formation whereas the latter reciprocally engages a decompaction of heterochromatin.

As shown for de-etiolation, loss-of-function mutant plants for PhyB and Cry2 photoreceptors are affected in low-light induced nuclear reorganization(van Zanten, [START_REF] Van Zanten | Photoreceptors CRYTOCHROME2 and phytochrome B control chromatin compaction in Arabidopsis[END_REF]. This indicates that similar sensory pathways are involved in the two contexts. Interestingly, population genetics using QTL analysis of Arabidopsis natural accessions has identified PhyB as a positive regulator of heterochromatin compaction capacity (Tessadori, Van Zanten, et al., 2009). Even though this observation is not provided in the original publication, the phyB-containing QTL interval identified by Tessadori et al. (2009) also includes the H1.3 gene (AT2G18050). It has more recently been shown that H1.3 induction in low light is enhanced in cry2 or phyB mutant plants (Rutowicz et al., 2015). As preliminary analyses to explore a potential role of H1.3 in SAR nuclear dynamics, I looked at its transcript level in the public datasets of the study by Kohenen et al. (2016). This organ-specific transcriptomic analysis allowed unveiling that H1.3 is induced under low R:FR and does not follow a typical dynamic of SAR-associated genes: as shown in Figure 3.8.A H1.3 but not H1.1 (Figure 3.8.B) is upregulated in cotyledons but not in hypocotyls This information is only partial as the available data focus on the early response of seedlings with a good temporal resolution over the first 3 hours of light treatment and do not capture genes that might have longer expression dynamics. A different study by [START_REF] Pedmale | Cryptochromes Interact Directly with PIFs to Control Plant Growth in Limiting Blue Light[END_REF] focused specifically on cryptochrome low-blue light mediated shade avoidance, which also allowed me to observe that H1.3 is induced after 6h and still highly expressed after 24h (Figure 3.8.C).

These findings suggest that H1.3 could be linked directly or indirectly to chromatin adaptive responses during SAR and makes this gene a possible candidate for driving chromatin decondensation during the process. Considering the interesting possible antagonisms with nuclear dynamics during de-etiolation, and our findings that H1.3 is sufficient to trigger chromocenter relaxation upon artificial induction, in this section I explored whether H1.3 is involved in heterochromatin dynamics during Arabidopsis SAR. In a 2nd step, I will present a possible outcome of SAR-mediated H1.3 induction in the developmental control of axillary bud dormancy. 

Histone H1.3 accumulates during SAR

In order to monitor the expression of histone H1.3 during SAR independently from any photosynthetic deficiency, I used an illuminating system composed of separate white and far-red LEDs that allows modulating the R:FR ratio by maintaining a sufficient white light spectrum. Here, the R:FR ratio ranged from 2.06 under the control white light to 0.23 when supplementing with farred light. In order to avoid biases due to different developmental stages of the cotyledons, I transferred plants from control condition to SAR simulated condition at different time points in order to perform all analyses on 8-day-old, as illustrated in Figure 3.9.A First, to assess whether H1.3 gene is induced in our experimental conditions as in the one developed by Kohenen et al. (2016), I undertook RT-qPCR analyses of RNA extracted from dissected cotyledons exposed to 0, 3 or 24 hours of low R:FR light (Figure 3.9.B). While the SAR marker gene Phytochrome Rapidly Regulated-1 (PAR1) exhibited a rapid and strong induction, H1.3 was transiently ~2-fold upregulated after 3h of low R:FR. In contrast, H1.1 encoding a canonical linker histone did not displayed any change at this time point. More refined analyses will be needed to precisely document the behaviour of H1 genes during SAR, but I repeatedly documented a ~2-fold upregulation of H1.3 gene after 3h during SAR.

In a second step, to assess the spatio-temporal dynamics of histone H1.3 in living tissues, I took advantage of the pH1.3::H1.3-GFP transgenic line previously used to monitor H1.3 abundance in de-etiolating cotyledons (Figure 3.9.C). Again, seedlings were grown for 5 days in white light and shifted to low R:FR for different durations. As expected, the H1.3-GFP fluorescent signal was undetectable in cells of cotyledons grown under constant high R:FR, with the notable exception of guard cells in which H1.3 protein constitutively accumulates as described earlier (Rutowicz et al., 2015). Based on my preliminary analyses by RT-qPCR, I first monitored fluorescence every two hours after the switch to low R:FR light. However, I did not observe a detectable GFP signal during the first 24 hours. I thus proceeded with diurnal time points from 0 to 3 days after the switch to low R:FR light. As control, I include wild-type plants as a negative control as well as the transgenic line h1.1/pH1.1::H1.1-GFP that encodes the canonical H1.1 protein as a positive control. As expected, the H1.1-GFP signal was ubiquitously detectable in all cotyledon nuclei over the 3 days. As shown in Figure 3.9, H1.3-GFP fluorescent signal was robustly detected in most cotyledon nuclei after two days of simulated shade and the signal increased at day 3. Of note, H1.3-GFP was detected in cotyledons but not in other organs (data not shown), so I decided to focus our further characterization only on cotyledons. H1.3 protein accumulation seems to be relatively slow, and to follow a specific pattern matching the vasculature system and the cotyledon tip portion.

Collectively, these observations show that H1.3 is mildly, slowly but consistently induced during the shade avoidance response to low R:FR in cotyledon nuclei. Such a slow temporal induction is somehow unexpected as compared to most published shade-responsive genes, but appears to match my observations of slow kinetics of chromocenter relaxation during SAR. Quantification" (https://github.com/gschivre/iCRAQ). Among the different nuclear morphological phenotype, this found no differences in nuclear size among WT or h1.3 treated and non-treated plants (data not shown). In contrast, the number of chromocenters was significantly lower under low than high R:FR light in wild-type cotyledons nuclei, usually ranging from 9-12 chromocenters in the control condition to 7-9 under low R:FR (Figure 3.40 A and B). Expectedly, this difference in chromocenter number was associated to a reduction in the RHF of about 2-fold (Figure 3.10.B). These observations point out to a strong influence of far-red signalling in nuclear organization.

As shown in Figure 3.10 by analysis of h1.3 cotyledon nuclei grown in parallel, H1.3 expression is also necessary to drive chromocenter relaxation during SAR. Indeed, while low R:FR triggers a lower chromocenter number and a decreased RHF in wild-type plants, quantification of these traits in h1.3 cotyledons shows no significant difference in chromocenter number or RHF in treated and non-treated h1.3 plants. Heterochromatin decompaction dynamics seem therefore to be largely abolished in the absence of functional H1.3. Among the transcriptional network activated by the SAR, H1.3 might hypothetically be induced locally to regulate chromatin properties.

Collectively, this set of analysis provides a 2nd evidence for a role of H1.3 histone variant in chromatin dynamics controlled by light signalling during plant adaptive responses to changing light conditions. Interestingly, in the first case (de-etiolation) histone H1.3 protein is initially very abundant in most cotyledon nuclei and depleted upon perception of a light signal for rapid chromocenter formation (24h), while during SAR H1.3 protein slowly and stably accumulates for at least 3 several days and trigger slow chromatin rearrangements. In the previous sections I reported the identification that H1.3 transcripts and the encoded histone variant accumulate in cotyledon cells in response to light signals, a process that appears to be involved in heterochromatin dynamics during plant adaptive responses to light. Analyses performed using H1.3 loss-of-function plants allowed to unveil that H1.3 activity is required to inhibit chromocenter formation during cotyledon etiolated development and, as reported above, for chromocenter relaxation during SAR. Still, we lack evidence on the functional capacity of H1.3 induction in response to dark or to low R:FR to affect heterochromatin compaction. This is an important question, as canonical linker histones H1.1 and H1.2 have been shown to be essential for heterochromatin compaction, and an antagonistic role of H1.3 was unexpected. Aiming at testing a proper effect of H1.3 on chromocenter organization independently from other chromatin factors associated to light responses, I developed an H1.3 inducible system allowing to artificially express this histone variant under optimal light conditions. This was aimed at disentangling the molecular effects of H1.3 expression from other effects resulting from plant adaptation to light conditions. In the following section I describe the generation of such a genetic tool and its utilization to probe the influence of H1.3 on nuclear organization.

Generation of an H1.3 inducible system

The requirement of H1.3 expression on nuclear organization has been reported in the complex frame of skotomorphogenesis, a process that involves differential expression of thousands of genes [START_REF] Burko | Chimeric activators and repressors define HY5 activity and reveal a lightregulated feedback mechanism[END_REF]. Consequently, in addition to exploiting h1.3 loss-of-function plants to investigate H1.3 function, I undertook the analysis of H1.3 induction per se.

To tackle this question, I designed an inducible system to allow artificially inducing H1.3 expression under different conditions, including light. Aiming at assessing the impact of H1.3 native protein on chromatin and at visualizing its expression, I used both the H1.3 coding sequence in a native form or as a translational fusion with a C-terminal GFP coding sequence. To achieve this, I amplified each coding domain from Arabidopsis thaliana genomic DNA extracted from WT plant or from the pH1.3::H1.3-GFP line and cloned them in the destination vector pMDC7 (Curtis et la., 2003) kindly provided by Professor Ueli Grossniklaus (University of Zurich, Switzerland) to generate estradiol inducible forms of H1.3 and H1.3-GFP proteins (Figure 2.8.A). Each destination vector was used to generate Arabidopsis transgenic plants upon Agrobacterium tumefaciensmediated stable transformation of wild-type Col-0.

After selecting single locus insertion lines, I selected homozygous plants in the T3 generation and assessed the efficiency and potential leakiness of the estradiol inducible system. To achieve this, I defined an experimental set up using H1. and accumulated between 5 and 7 days (Ascenzi and Gantt 1999). During germination in darkness, H1.3 is first expressed at 3 days post-imbibition and further accumulates in the following days (host laboratory, unpublished data). Finally, under low light, H1.3-GFP accumulates with a peak after 3 days (Rutowicz et al., 2015). Based on this information, I set estradiol induction kinetic of H1.3 on a 2 days' time frame, which would allow H1.3 to be expressed and incorporated into chromatin. Using 5-day-old seedlings grown under light also allows for chromocenter formation to occur. Seedlings were treated with estradiol or DMSO as a mock control (time 0) and a second spray was applied after 24h to ensure a sufficient concentration of estradiol. Plants were sampled at time 0-24-48 hours for RNA expression. Based on RT-qPCR experiments of estradiol-treated plants, I selected 2 independent lines with different H1.3 induction levels, one displaying a similar H1.3 expression level than endogenous H1.3 in WT etiolated cotyledons, the other inducing H1.3 more strongly. As shown in Figure 3.11.B, the selected lines tested by RT-qPCR allow efficiently inducing the transgenes without leakiness. I also selected inducible lines H1.3 was tagged with GFP protein, as shown in Figure .8.C, analysis of living plants under epifluorescent microscope confirmed the efficient induction and stability of H1.3-GFP protein using this protocol. The punctate nuclear signal suggests that GFP is retained in the nucleus as a fusion protein with H1.3.

H1.3 induction triggers chromocenter decompaction

Having set an inducible system that allows synthesizing H1.3 protein in vivo, I tested the influence of H1.3 expression on nuclear organization under light conditions, thereby bypassing any other dark-specific signal. As for the prior experimental setup, plants were grown in light for 5 days, treated them with estradiol or DMSO and used for nuclei isolation and DAPI DNA to quantify chromocenter number. As illustrated in Figure 2.9.B and C, mock control cotyledon nuclei displayed a typical nuclear morphology of 5-day-old seedlings with 8-to-10 well-defined chromocenters. In contrast, I observed a sharp decrease of chromocenter number in estradiol-treated cotyledons, with an average of 2-3 conspicuous chromocenters per nucleus. Interestingly, the visible chromocenters were usually located nearby the nucleolus, a localization that resembles the localization of the 2-4 chromocenters that form in darkness.

Collectively, these results unravel that H1.3 induction is necessary and sufficient for triggering chromocenter decompaction cotyledon nuclei, thereby assigning to this histone variant a distinct function as compared to canonical H1s that mediate chromocenter compaction (Rutowicz et al., 2019;[START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. This is currently the first evidence of a variant-specific function of linker histones on chromatin in plants.

A case study on axillary buds: a role for SAR-mediated H1.3 induction in the developmental control of axillary bud dormancy?

Scientific context

In the previous section I reported that H1.3 is induced by light signals such as low R:FR. After different attempts, I have not been able to identify a robust phenotypic consequence of H1.3 mutation on hypocotyl growth or cotyledon size (data not shown) in response to low R:Fr. However, in addition to hypocotyl and cotyledon elongation that maximize light harvesting, SAR comprises a panel of phenotypic changes along the plant lifecycle. For example, repression seed germination and accelerated flowering are two other types of well-characterized shade adaptive responses [START_REF] Casal | Photoreceptor signaling networks in plant responses to shade[END_REF]. And other phenotypic changes are affected during SAR, as plants have a remarkable capacity to integrate environmental cues in their developmental strategies. In this context, I got interested by the control of branching architecture, another key aspect of plant photomorphogenesis. Not surprisingly, light perception regulates the total number of branches developing from a secondary axis (Leduc et al., 2014). This relies on light signalling capacity to modulating plant apical dominance through the control of axillary buds development. These small morphological units make part of shoot apical meristems (SAM) with other "phytomeres" in which cells actively divide to produce aerial plant organs. Axillary buds can immediately enter growth (sylleptic buds) or rather remain latent (proleptic buds), a strategy that allows the plant to develop parsimoniously, yet preserving the possibility of future branching. This plastic regulation of branching is tightly regulated by developmental processes but also by light cues [START_REF] Holalu | The ratio of red light to far red light alters Arabidopsis axillary bud growth and abscisic acid signalling before stem auxin changes[END_REF]. This phenomenon is important in agronomy and in dense wild communities in which optimal branching confers adaptation to different ecological conditions and contribute to plant fitness. Abscisic acid (ABA) is a key hormone responsible for light-driven regulation of axillary bud development. Bud transcriptomic responses to low R:FR point to ABA [START_REF] Gonzalez-Grandio | BRANCHED1 Promotes Axillary Bud Dormancy in Response to Shade in Arabidopsis[END_REF] and mutant plants for ABA biosynthesis display high rate of bud outgrowth in low R:FR [START_REF] Reddy | Abscisic Acid Regulates Axillary Bud Outgrowth Responses to the Ratio of Red to Far-Red Light[END_REF]. Local light perception might cause ABA production and initial response while local auxin production might later serve to sustain the initial response [START_REF] Holalu | PIF4 and PIF5 regulate axillary branching via bud abscisic acid and stem auxin signaling[END_REF]. The signalling pathways have long been elusive before the Cubas laboratory unveiled a clear connection between PhyB-mediated low R:FR and ABA signalling that involves the BRC1 transcription factor [START_REF] Gonzalez-Grandio | BRANCHED1 Promotes Axillary Bud Dormancy in Response to Shade in Arabidopsis[END_REF]. Generation of phyB-9 brc1-2 double mutant plants allowed a recapitulation of a signalling pathway in which PhyB negatively regulates BRC1 expression, an inhibition that is relieved upon its phytochrome inactivation by far-red enrichment. Interestingly, transcriptional profiling of axillary buds after low R:FR treatment allowed the identification of H1.3 among the set of genes regulated by BRC1, possibly through the G-box (CACGTG) motif located in its gene promoter (Figure 3.3). Hence, a SAR-related path might target H1.3 during bud dormancy.

Interestingly, this pathway could be conserved in crop species. Comparing eco-dormant (dormancy induced by environmental factors) with para-dormant buds (dormancy induced by intra-individual signals from other organs), transcriptomic data from Arabidopsis and other plants allowed defining 78 bud dormancy genes acting as 4 gene regulatory networks linked to ABA, catabolism and carbon starvation response, which include H1.3 [START_REF] Tarancón | A Conserved Carbon Starvation Response Underlies Bud Dormancy in Woody and Herbaceous Species[END_REF]. Expression of these bud dormancy genes in Vitis vinifera (grapevine) and Populus tremula x Populus alba (poplar) was conserved in these species, including the differential expression of H1.3 orthologs [START_REF] Tarancón | A Conserved Carbon Starvation Response Underlies Bud Dormancy in Woody and Herbaceous Species[END_REF]. In this study, H1.3 was further selected among three other early-induced marker genes in both in para-and eco-dormant buds [START_REF] Tarancón | A Conserved Carbon Starvation Response Underlies Bud Dormancy in Woody and Herbaceous Species[END_REF].

Scientific aim

Considering the possible mechanistic relationships between low R:FR mediated induction of H1.3 during bud dormancy and my observations on cotyledon etiolation or SAR, I initiated a collaborative work of my host team with the team of Prof. Pilar Cubas (CNB-CSIC, Madrid, Spain) to test whether and where this histone variant is present in dormant buds. I took advantage of our LED-based illumination system to monitor H1.3-GFP fluorescence in intact living axillary buds under different light conditions. These experiments were conducted by benefitting from the identification and expert capacity of axillary bud dissection by Aitor Munoz from the Cubas lab (Madrid, Spain), an ERASMUS+ student who I hosted at IBENS.

Light-mediated H1.3 protein abundance in Arabidopsis axillary buds

I grew pH1.3::H1.3-GFP plants along with pH1.2::H1.2-GFP plants and WT plants as positive and negative fluorescence controls until bolting under long-day conditions with standard light (100 µmol/m2/s). In long day condition, axillary meristems generate from the shoot apical meristem until flowering. After bolting, plants were divided into four groups. Three groups were maintained under the same white light with constant PAR, or exposed to a far-red supplement to reach a R:FR ratio of 0.3 (as in González-Grandio et al., 2013), or exposed to low-blue light (achieved by adding two yellow filters as in [START_REF] Pedmale | Cryptochromes Interact Directly with PIFs to Control Plant Growth in Limiting Blue Light[END_REF], a condition that triggers H1.3 induction in seedlings.

In addition, the fourth group was exposed to low white light (10 µmol/m2/s) to match the conditions used by Rutowicz et al., 2015 in which H1.3 is induced in all seedling organs. Using a simple low light intensity, we aimed at completing our assessment of whether H1.3 behave in axillary buds similarly as in the other organs and whether a low energy status diverges or converges to a similar response as compared to photoreceptor-mediated triggered by low R:FR or low-blue light. H1.3 being rather slow in my previous analyses of SAR and on the study by Rutowicz et al. (2015), the GFP fluorescence was examined 72h after transfer to each light condition. Buds at different developmental stages coexist on the same individual at the moment of bolting, a property that facilitates the comparison of different bud types. Here, we dissected and classified buds into early development (LP), vegetative state (V1-3) and differentiated state (R) (illustrated in Figure 3.13 A,B and C). We analysed GFP signal fluorescence under the described light condition and I will report here representative pictures. I first checked H1.3 presence in all axillary bud developmental stages in control condition. In agreement with the published bud specific RNA-seq data, in no case we observed GFP fluorescence under the control condition standard light. Under low light, we found not surprisingly a clear GFP signal at all the 3 developmental stages, with a stronger response in young tissues such as the buds at the LP stage and V stage (Figure 3.13.D). This concurs with H1.3 being induced in all the organs of Arabidopsis during low light response (Rutowicz, Puzio, Halibart-Puzio, et al., 2015) and with H1.3 being found part of the network related to carbon starvation in axillary buds [START_REF] Tarancón | A Conserved Carbon Starvation Response Underlies Bud Dormancy in Woody and Herbaceous Species[END_REF]. Interestingly, the GFP signal H1.3 was also strongly induced in response to specific changes of light spectra, both in low R:FR and under low-blue light. Young buds at the LP or V stage had a detectable GFP signal in these sub-optimal light contexts, but much less at the reproductive stage (R). Although quantitative analyses are necessary to validate these observations, low R:FR appeared to be the most efficient signal to induce H1.3-GFP expression.

Collectively these observations unveil a strong and localized accumulation of H1.3-GFP protein in axillary buds along different developmental stages in response to specific light signals.

Still, axillary buds already committed to entering the reproductive stage were found no or significantly less responsive to the 3 light conditions tested. Nevertheless, these observations unveil novel cell types that induce H1.3 in response to environmental signals, with a potential role in modulating cellular processes during bud dormancy, a process that may relate to cell growth inhibition during etiolated cotyledon development in darkness. The finding of H1.3 induction being capable to trigger chromocenter relaxation while H1.1 and H1.2 jointly have a more classical (antagonistic) effect opens important perspectives in the chromatin condensation capacity of the 3 H1 variants. A differential influence on chromatin accessibility may generally rely on their respective impact on chromatin function, including transcription. In other words, our results have allowed identifying a general role on heterochromatin compaction at the nanometre scale but these phenotypes may have diverse origins and it remains to assess whether H1.3 protein displays distinct chromatin properties as compared to canonical histones. Probing chromatin accessibility is a perfectly complementary approach to parallel ongoing work on the comparative analysis of H1.2 versus H1.3 genomic distributions developed in my host laboratory (see below) and also with our efforts to explore the influence of H1.3 on chromosome topology by Hi-C (Chapter 3.4 below).

Scientific aim

Using ATAC, my objective was not only to test the effect of H1.3 on chromatin accessibility but also to get novel genomic information on chromatin organization variations induced by light, in order to link them to cell differentiation during cotyledon photomorphogenesis. More precisely, I aimed at probing chromatin accessibility in cotyledons dissected from Arabidopsis seedlings grown in dark or light conditions, comparing wild-type with H1 mutant lines. Cotyledons are embryonic organs composed by 80% of mesophyll cells, a tissue that displays highly homogeneous heterochromatin dynamics during de-etiolation (Bourbousse et al., 2015). This property should ensure the generation of robust datasets with an elevated resolution.

Despite having provided robust information on chromatin accessibility in light-and darkgrown Arabidopsis plants, previously described DNase I methods reside on the use of large number of pure and intact nuclei. These factors are technically limiting for reaching the organ-specific resolution I was aiming for. I choose to adapt current protocols of the most recent ATAC technique that allows overcoming such technical limitations. ATAC-seq exploits the preferential integration of a bacterial transposon into nucleosome-free regions. Specifically, chromatin cleavage is performed by a modified Tn5 transposase, which introduces a DNA adaptor to the cleaved site before a highthroughput sequencing step. Mapping of the obtained reads can provide quantitative information on chromatin accessibility with a refined resolution (Figure 3 In the experimental setup, I therefore used cotyledons from dark-grown h1.3 seedlings to compare and contrast the effect on this histone on chromatin accessibility along the genome. One first layer of information to recover from these ATAC experiments was the relationship between the characterized cytological re-arrangements of heterochromatin during the dark-to-light transition and their differences in local chromatin accessibility. I aimed at interrogating cotyledon chromatin on two different scales, large domain condensation vs local accessibility properties, and test whether these two levels are related to each other. This objective was further envisaged in the context of integrated analyses of the same sample types by Hi-C to link variations in chromosomal topology with chromatin accessibility. Furthermore, by using the h1.3 mutant line I aimed at gathering information on possible atypical effects of incorporation of this histone linker variant on chromatin accessibility as compared to the canonical H1s.

3.6.3

Setting up a cotyledon-specific ATAC-seq methodology I first isolated cotyledons by manual dissection of living plantlets under a stereomicroscope, an approach that has already been established in the lab. Tissue fixation, for example using formaldehyde crosslinking, can be detrimental for the Tn5 insertion-step (so-called tagmentation) of the ATAC-seq protocol [START_REF] Buenrostro | ATAC-seq : A Method for Assaying Chromatin Accessibility Genome-Wide[END_REF]. We thus decided to perform cotyledon dissection and nuclei isolation from fresh material. The isolation of high-quality nuclei from etiolated cotyledons proved to be a challenging technical step because of the specific phenotypical features of this organ (small, thick and compact) as already described in literature [START_REF] Folta | Isolation of Arabidopsis nuclei and measurement of gene transcription rates using nuclear run-on assays[END_REF] and because of the small amount of starting cells. To set-up a robust protocol, I initially tried and compared 3 methodologies: 1. Firstly, I started out nuclei purification step by taking advantage of an in-house chromatin isolation protocol suited to ChIP-seq experiments on etiolated cotyledons. This protocol had proven to allow working on a small number of etiolated cotyledons (200 manually dissected cotyledons) to retrieve enough chromatin to perform ChIP-seq.

2. Secondly, I used a published ATAC-seq protocol [START_REF] Bajic | Identification of Open Chromatin Regions in Plant Genomes Using ATAC-Seq[END_REF]) by increasing the concentration of detergents, which has been proven to be useful for the elimination of chloroplasts in other studies whilst resulting in a reduction of Arabidopsis nuclei yield.

3. Last, I purified nuclei by stratification over a Percoll gradient. In order to evaluate and compare the purification quality of the extracted nuclei, I quantified the number of nuclei by DAPI staining, counted them using a Malassez chamber and extracted DNA to set a qPCR essay allowing to estimating the extent of organelles genome contamination. I selected a single-copy gene on the Arabidopsis plastid genome (RPS18) and a single-copy gene on the nuclear genome (GIGANTEA) and performed qPCR tests on dilution series of DNA [START_REF] Lutz | Isolation and analysis of high quality nuclear DNA with reduced organellar DNA for plant genome sequencing and resequencing[END_REF]. This approach allowed me to estimate the ratio between plastid and nuclear genome copies in each sample prior to library preparation and sequencing. As shown in Figure 3.14.B, comparison of the 3 methods described above indicated that a Percoll gradient-based purification is more efficient at minimizing plastid DNA contamination.

Given the small amount of starting material, I proceeded with a first assay of ATAC-seq using 300,000 nuclei extracted from dark or light-grown cotyledons. I also included a third sample 127

H1.3 influence on chromatin

Results -Section 3 of 50,000 nuclei from light grown cotyledons, using a standard Tn5 enzyme/digestion buffer ratio as in [START_REF] Hu | Plant lamin-like proteins mediate chromatin tethering at the nuclear periphery[END_REF] Following Tn5 tagmentation, library construction and paired-ends (PE) sequencing I mapped the ATAC-seq reads on the 3 Arabidopsis genomes and calculated the percentage of uniquely mapped reads mapping on mitochondrial, plastid and nuclear genomes. As shown by the bar-plot in Figure 3.14.C, despite the described Percoll gradient stratification the resulted libraries were heavily contaminated by plastidial DNA. This is likely due to preferential insertion of Tn5 in the more accessible (prokaryotic) plastidial DNA and a resulting set of shorter fragments that could be favoured during the PCR amplification step of the library generation. Nevertheless, preliminary analyses of the 30M reads mapping the nuclear genome showed that 1) reads are of good quality, 2) interesting differences are detectable between light and dark samples, and 3) 50.000 nuclei are sufficient to generate ATAC-seq libraries without increasing the number of cycles in the PCR amplification step. Still, the Percoll-based protocol needed to be improved to increase the proportion of nuclear-specific reads in serial experiments.

Fluorescent assisted nuclei isolation for cotyledon ATAC-seq

To further optimize the nuclei purification step of the ATAC protocol, we resorted to Fluorescent Assisted Nuclei Sorting (FANS), which has been described as an efficient method to isolate nuclei with little organelle contamination [START_REF] Lu | Combining ATAC-seq with nuclei sorting for discovery of cis-regulatory regions in plant genomes[END_REF]. Classical approaches for FANS rely on lines bearing a GFP-tagged protein expressed in certain tissue or cell type. As I was already working on organ-specific samples, we decided to sort nuclei using DAPI DNA staining. In collaboration with Mickael Bourge leading the Flux cytometry platform of the I2BC (https://www.i2bc.parissaclay.fr/spip.php?article1371) and thanks to his expertise in sorting plant nuclei, we set up a protocol for FANS of Percoll-isolated cotyledon nuclei. Taking advantage of the nuclei sorting, we could not only separate nuclei from organelles but also sort them by ploidy level (Figure 3.15). This allowed isolating a highly homogenous nuclei population in order to disentangle potential ploidyspecific effects from chromatin adaptations to the light with different ploidy levels [START_REF] Gendreau | Gibberellin and ethylene control endoreduplication levels in the Arabidopsis thaliana hypocotyl[END_REF]. In addition, this was envisaged as an interesting manner to test for the role of H1s in defining chromatin accessibility with relation to DNA ploidy. A potential role of H1.3 in ploidy has been suggested from early observations of its specific expression in guard cells in which ploidy is maintained to 2C (Ascenzi and Gantt, 1999b) while other somatic cell types usually reach 8C to 128C in Arabidopsis. FANS of Percoll-purified cotyledons nuclei allowed isolating about 20,000 each of 2C and 4C nuclei for all sample types, a number of nuclei that was sufficient to generate sequencing libraries as achieved in another recent ploidy-specific ATAC-seq analysis [START_REF] Hu | Plant lamin-like proteins mediate chromatin tethering at the nuclear periphery[END_REF]. Mapping of the resulted FANS Percoll-purified ATAC-seq libraries showed a sharp decrease of organelle contamination as compared to the former protocol using only a Percoll gradient purification approach (data not showed), which resulted in a much higher percentage of uniquely mapped reads on the Arabidopsis nuclear genome (from 57 to over 300M, Figure 3.16 A and B), a number largely sufficient to identify accessible regions in this specie (Lu et al., 2017) 

Quality check

As a first approach to test the relative variations over the 6 samples, I performed a Principal Component Analysis (PCA). Light and dark grown samples were mostly separated over the 1st component of the PCA while h1.3 mutant dark-grown samples are largely separated over the 2nd PCA component (Figure 3.17.A). Except for the WT-Light 2C and 4C samples, which are teased apart along the PCA 2nd component, the other samples displayed are similarly positioned irrespectively of the ploidy level. These results could indicate different effects on chromatin accessibility triggered by the dark/light conditions (PCA-1) than by the h1.3 mutation (PCA-2). Accordingly, as shown in (Figure 3.17.B), Pearson correlation analysis over 50kb regions further indicated that 2C and 4C samples highly correlate with each other, especially for WT samples, while it seems that mutation in histone H1.3 might slightly influence ploidy identity (Figure 3.17.C), an issue that will be tested in later stage. Overall, this showed that 2C and 4C datasets highly correlate with each other, indicating that, at least at this early stage of cotyledon development and for nuclei differing by one round of endoreduplication, chromatin accessibility does not globally differ. In both light and dark conditions 4C nuclei are the most abundant constituent of mesophyll cells (Bourbousse et al. 2015). I anyway performed further analyses on teach of the 2 classes of ploidy independently and found highly consistent results. For simplicity, only results on 4C nuclei will be shown here.

3.6.6

Newly generated ATAC seq dataset are consistent with publicly available accessibility data

As previously described chromatin accessibility during de-etiolation has already been probed using DNAse I on entire seedlings. In the study by [START_REF] Sullivan | Mapping and Dynamics of Regulatory DNA and Transcription Factor Networks in A. thaliana[END_REF], seedlings were grown in darkness for 7 days and exposed to light for an increasing number of hours over a 24h time window. Also, FANS has already been used for sorting nuclei of seedlings and perform ATAC-seq libraries [START_REF] Lu | Combining ATAC-seq with nuclei sorting for discovery of cis-regulatory regions in plant genomes[END_REF]. Aiming at assessing their validity in a first approximation, I compared my ATAC-seq profiles with publicly available chromatin accessibility, despite mine being obtained with a different illumination setting and, in an organ-specific manner. I first focused on the light-grow samples for which the growth conditions were similar. As shown in the representative Figure 3.18.A inspection of the FANS-ATAC-seq, the DNaseI tracks and Percoll-FANS cotyledons specific ATAC-seq, using the Integrative Genome Visualization too (IGV) indicated that profiles in the three compared datasets were highly similar. I subsequently performed a peak calling on my datasets and compared their coordinates with the available list of DNaseI-protected peaks from [START_REF] Sullivan | Mapping and Dynamics of Regulatory DNA and Transcription Factor Networks in A. thaliana[END_REF] datasets. For both dark and light samples, I found a highly degree of similarity with the public samples, with over 80% of overlapping peaks (Venn in figure 3.18.B). This indicates that my newly optimized protocol generates technically comparable results to other techniques, and that at the genome-wide scale, cotyledons have a large similar set of accessible chromatin regions with whole seedlings. Further analysis of the 20% of peaks specifically called in ATAC-seq will help defining the organ-specific pattern of chromatin accessibility and expression. At this preliminary stage of the analysis, we could observe that several shared peaks between DNAse I and ATAC-seq samples have a similar profile (Figure 3.18.A). ATAC samples appeared visually to generate more refined peaks or subpeaks and often display a drop of accessibility over few base pairs towards the middle of peaks, possibly corresponding to a higher resolution. Further analyses will help elucidating if such peak subdomains are protected by the association of specific chromatin components, by paused RNA polymerases or by transcription factors, as for example in promoter or nucleosome free regions (NFRs) giving rise to the major accessibility peaks.

3.6.7

Assessing the global accessibility changes on genes and TEs in dark and light-grown cotyledons.

As a first layer of information, I wondered whether the chromatin accessibility patterns were different between dark and light-grown cotyledons. I proceeded first with an un-biased approach to identify and broadly visualize the genomic locations bearing significant differences. These regions were identified by calculating the log2 ratio of the normalized read counts from the two libraries using 1Kb bins and plotting these values over the 5 chromosomes. In the resulting Figure 3.19, red dots highlight 1kb-regions with significant differences in chromatin accessibility (at least 2-fold).

Negative values of the ratio correspond to regions more accessible in darkness and vice versa. The global accessibility profiles show a specific pattern correlating with the position of pericentromeric regions (dashes line in figure 3.19 as described by Bernatavichute and colleagues [START_REF] Bernatavichute | Genome-wide association of histone H3 lysine nine methylation with CHG DNA methylation in Arabidopsis thaliana[END_REF]. Visually, the TE-rich pericentromeric regions are more accessible in dark than in light conditions. We could also observe a gradient of variation starting nearby the border between euchromatic arms and the pericentromeric regions, increasing towards the centromeres. On the remaining chromosomes domains, a more complex pattern of variations can be seen with multiple local differences spanning both directions. In a second step I integrated Arabidopsis genome annotation information with this global pattern of chromatin accessibility changes between dark and light. I started by comparing accessibility levels among annotated genes (Figure 3.20) and TEs (Figure 3.21). To highlight different behaviours among the different genes and TEs, I ranked the genes or TEs based on their accessibility in the light and clustered them in three groups to identify the main patterns.

Genes: As shown in Figure 3.20.A, arbitrarily splitting Arabidopsis in 3 clusters allow identifying a wide variability of chromatin accessibility profiles. About one third of the genes (n=11,279 genes) lies in Gene cluster n°3 characterized by very low accessibility over gene length with basically no Tn5 integration. These genes are also characterized by a low level of expression as from the meta-gene plot in figure 7B. At the other extreme, cluster 1 representing 4,676 genes displays a clear pattern of chromatin accessibility at different positions over gene length. Except for a few genes positioned here on top of the heatmap with elevated chromatin accessibility over the whole gene body, most genes display 2 major accessibility signals in the 5' and, to a lower extent, in 3' region. Interestingly, plotting the chromatin accessibility differences for all genes shows that all 3 clusters are subject to widespread variations between the two tested light conditions. Meta-gene plot analysis delineating chromatin accessibility over the whole gene repertoire points out to two major accessibility regions, one located just upstream of the transcription start site (TSS) presumably corresponding to the NFR of expressed genes, and a second one located just downstream of the transcription elongation stop (TES). At this global scale, both peaks are lower in darkness, a reduction that appears stronger over the 5' accessibility of genes while accessibility in 3' is appear moderately reduced. This pattern is also visible when plotting accessibility levels over all genes as an heatmap in the 3 different clusters. Genes in cluster 1 are the most accessible in the genome and appear here to be highly accessible both in the light and dark conditions, losing only moderately accessibility. On the other end, cluster 3 genes mostly appear not accessible both in light and dark conditions. Hence, most of the differences in gene accessibility between these 2 conditions appear to be driven by genes from the 2nd cluster, which is the biggest (n=12,541 genes) and displays a lower accessibility than Gene cluster 1, especially in 5'.

In addition to the transcriptional regulation of individual genes targeted through sequencespecific signals, the overall tendency for elevated accessibility of most 5' gene domains in lightgrown nuclei is compatible with a global effect of light on transcription. This might hint at previous findings that light-grown cotyledons display on average 2-to-2 fold more RNA PolII elongation activity than etiolated cotyledon nuclei (Bourbousse et al., 2015). As detailed below in the section 2.3.9, transcriptomic analysis of dark and light-grown cotyledons using a spike-in strategy indeed confirms a drastic reduction of transcript levels in the dark for all clusters, which is already visible in Figure 3.20.B. The dark/light difference in transcript levels is exacerbated for many genes in Gene cluster 1 corresponding to the genes with the highest RNA level in the light (see the Log2 FC RNA-Rx heatmap in Figure 3.20.A). Collectively, these observations could indicate that chromatin accessibility of gene sets such as those in cluster 1 is moderately changed between dark and light conditions but expression of an enormous set of genes from both clusters 1 and 2 is strongly dampened during cotyledon etiolated development.

Transposable elements: As shown in Figure 3.21.A, arbitrary clustering of TEs in 3 clusters allows identifying that a large majority of them basically displays very low chromatin accessibility (TE clusters 2 and 3,n=29,403 together). This was expected for repeated regions subjected to heterochromatinization or to DNA methylation dependent silencing. A few TEs in the small cluster 1 (n=1,821 TEs) display elevated chromatin accessibility. Accordingly, a meta-plot analysis performed independently on so-called heterochromatic (defined as being located in TErich regions of the peri-centromeres) and euchromatic (interspersed TEs usually located along the chromosomal arms) TEs allows disentangling 2 distinct patterns of chromatin accessibility, heterochromatic TEs being very poorly accessible [START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. Interestingly, chromatin of the internal domains of euchromatic TEs is on average more accessible than flanking regions, which may consist in intergenic regions, genes or other TEs (Figure 3.21.A).

When comparing dark and light conditions, the meta-plot comparisons indicate that TEs display on average a moderate but significant degree of changes in accessibility. This is probably due to their initially low accessibility level as compared to protein-coding genes (Figure 3.20.A). This average effect is the results of the contrasting effects of two different behaviours of the pericentromeric and euchromatic TEs. As highlighted by the meta-plot showing the dark/light profiles of the two classes (Figure 8.C and D), euchromatic TEs have on average high chromatin accessibility in the light (similar to those of protein-coding gene bodies), which is lower in darkness. In this respect, their sensibility to light and dark conditions shows a similar trend to genes. In contrast, pericentromeric TEs, characterized by very low chromatin accessibility, display on average a moderately higher accessibility in darkness.

In this analysis I therefore unveiled a global trend in which the two main classes of TEs tend to have a distinct response to the dark effect: while euchromatic TEs dispersed along the chromosomal arms tend to be less accessible in the dark than in the light like many genes, pericentromeric heterochromatin displays a contrasted behaviour with a tendency for higher accessibility. These observations, which are based on the chromosomal distribution of TEs rather than on then their specific chromatin features, is consistent with the global view of accessibility changes observed by plotting the genome-wide differences of accessibility over the 5 chromosomes (Figure 3.19). They also hint at recapitulating the cytological differences between dark and lightgrown cotyledon nuclei, etiolated cotyledons displaying relaxed heterochromatin corresponding to poorly condensed pericentromeric regions. Here, I further unveiled a complementary and contrasting effect on the TE population located away from the pericentromeres.

3.6.8

Local changes in accessibility between dark and light grown cotyledons.

After contrasting the global accessibility patterns between dark and light-grown cotyledon nuclei, I refined the analysis and searched for local differences in accessibility in order to determine their molecular implication. To that end, I first identified the accessibility peaks in each sample. Annotation of the peaks using their genomic coordinates identified that over 80% of them match to genes and only 15% correspond to TEs, while the genomic coverage of genes represents 57% and the genomic coverage of genes TEs is 21%. Peak calling further resulted in the identification of a strongly different number of peaks in the two samples, with over 25% more peaks in the light [START_REF] Hsieh | Arabidopsis male sexual lineage exhibits more robust maintenance of CG methylation than somatic tissues[END_REF]000) than in the dark [START_REF] Lu | Linker histone H1 is essential for Drosophila development, the establishment of pericentric heterochromatin, and a normal polytene chromosome structure[END_REF]111) (Figure 3.22 A and B). This large difference hints at the global difference in gene chromatin accessibility identified above, and will allow future studies on chromatin accessibility regulation by linker histones and other factors and their link with transcription. 3.6.9

Comparison of accessibility data with expression changes

The determination of DNase hypersensitive (DHS) footprints in photomorphogenic seedlings exposed to a prolonged light or darkness was shown to relate to multiple changes in transcription factor binding and to gene expression [START_REF] Sullivan | DNase I hypersensitivity mapping, genomic footprinting, and transcription factor networks in plants[END_REF]. Here, I aimed at investigating the functional interplays between chromatin accessibility and gene expression in cotyledon-specific datasets, which are further aimed at being integrated with a Hi-C analysis of chromatin conformation in the nucleus. To this aim, I took advantage of newly generated cotyledon specific RNA-seq obtained using a spike-in methodology in order to provide information on absolute variations in transcript levels (unpublished data).

As indicated above, previous reports from the host laboratory indicate that dark to light adaptations involve a general increase of RNA Pol II elongation (Bourbousse et al., 2015), a process that has been recently confirmed by genomic analyses [START_REF] Godoy Herz | Light Regulates Plant Alternative Splicing through the Control of Transcriptional Elongation[END_REF]. Such global changes are inherently difficult to identify and quantify using a traditional RNA-seq methodology, which relies on individual library-based normalization. Similarly, detection of global changes of chromatin marking has been challenging until the establishment of a ChIP-Rx protocol [START_REF] Orlando | Quantitative ChIP-Seq Normalization Reveals Global Modulation of the Epigenome[END_REF], which involves the spike-in of equal amounts of exogenous chromatin in all samples before the immunoprecipitation step to serve as an internal normalization. ChIP-Rx has been set in the host laboratory to quantitatively compare the profile of histone marks when their global abundance is strongly different [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF]and Chapter 2). Aiming at comparing light or darkadapted cells with different transcriptional regimes, a related approach has been recently set in the laboratory to normalize RNA-seq libraries. This so-called "RNA-Rx" experimental setup relies on the normalization of RNA-seq datasets through the spike-in of an equal number of Drosophila cells to a constant number of Arabidopsis cells prior to RNA extraction (Bourbousse et al., in prep). As shown by comparing dilution series of a given plant sample type, having this external control enables a quantitative comparison of RNA-seq profiles and thereby to perform differential analyses based on absolute variations between samples. Preliminary results showed a massive and global reduction in mRNA levels, transcript levels being on average ~8-fold lower in dark-versus light-grown cotyledons. This led to the identification of over 17,000 genes being differentially upregulated in cotyledons of light vs dark-grown seedlings (at least 2-fold with a false discovery rate lower than 0.01) and only 111 genes being down-regulated (data not shown). Here, I choose to take advantage of this recent RNA-Rx dataset to undertake my analyses.

In order to test for a correlation between expression and chromatin accessibility, we first ranked all genes analysed by RNA-Rx into 5 groups of transcript levels: Class 0 corresponds to nonexpressed genes (with 0 read) whereas classes 1 to 4 correspond to 4 quartiles of expression levels, ranging from the least (class 1) to the highest expressed ones (class 4). In Figure 3.23.A, ATAC signals were plotted over these 5 groups of genes. Expectedly, non-expressed genes display very low chromatin accessibility. While being weakly accessible along their gene body, chromatin of expressed genes displays 2 increasing peaks of accessibility in the 5' and 3' ends of the transcribed region. As suggested before, the 5' peak presumably correspond to NFRs a, consistent with the notion that 5' accessibility allows transcription. In other word, in our analyses the TSS-localized accessibility peaks appear to represent a good proxy of transcript levels.

Accessibility changes

In red more accessible in light

H1.2-GFP variation

In red more H1. Comparing dark and light-grown cotyledon, a similar behaviour can be seen for all 5 gene classes either using similar gene classes defined in the light sample (Figure 3.23.A) or using ad hoc expression classes defined in the dark sample (data not shown). In both cases, dark-grown cotyledon nuclei display an overall decrease of accessibility, which is marked over each gene class with a drop in the 5' accessibility peak. Noteworthy, comparison of the 2 meta-gene plots further unveils that even the most expressed genes (group 4) have a significantly less accessible chromatin in the dark. The heatmap representation of all individual genes in Figure 3.23.B highlights this general trend, with an overall low chromatin accessibility over most (if not all) genes in darkness. This observation that most expressed genes are also impacted by a general decrease of chromatin accessibility in darkness is again in agreement with a process of general transcriptional dampening in this condition. I subsequently compared directly all differentially expressed genes, by contrasting the 2 repertoires of genes having more than 2-fold differences in expression between the 2 conditions. In Figure 3.23.B and 3.23.C, variations in chromatin accessibility perfectly matches corresponding expression levels, with strong and precisely localized variations in their 5' region nearby the TSS. The heatmap analysis in Figure 3.23.B further unveils that global tendencies observed by meta-plot analysis underlies robust changes over most expressed genes. This correlation presumably hints at functional dependencies between chromatin accessibility and transcription. Having unveiled a clear correlation between chromatin accessibility variations and gene expression changes, I aimed at deciphering which other chromatin factors contribute to defining the global change of chromatin accessibility between dark and light-grown cotyledons, with a specific focus on histone H1s.

Investigating the interplays between chromatin accessibility, histone H1 and nucleosome occupancy

To assess the potential role of canonical histone H1 in light-driven chromatin dynamics, I took advantage of recently generated ChIP-seq data for the canonical linker histone H1.2, obtained from dissected cotyledons grown either under dark or light conditions. Using also the genome profile of histone H3 as a proxy of nucleosome occupancy, the aim is to test whether local changes in chromatin accessibility are linked with nucleosome density and histone H1s enrichment over linker DNA. In Figure 3.24.A I plotted the differences in chromatin accessibility for the 3 Gene clusters defined above in Figure 3.20 and their corresponding enrichment in H1.2 (each gene being ranked by chromatin accessibility in the light). This first showed that H1.2 enrichment over gene bodies, and around the TSS, increases from Gene cluster 1 to 3 in both dark and light conditions. Hence, in agreement with the established role of linker histones in chromatin compaction, H1.2 level correlates with decreased chromatin accessibility. Intriguingly, the genes showing most increased chromatin accessibility between dark and light samples appear to undergo reduced levels of H1.2 in darkness. This is specifically true for the Gene cluster 2 that displays on average a clear increase of H1.2 level and of the 5' accessibility peak between dark and light (Figure 3.24.B). In contrast, Gene cluster 3 that correspond to poorly expressed and accessible genes in both conditions, exhibits moderate changes in H1.2 abundance.

I subsequently plotted the changes in nucleosome occupancy over these same genes clustered and ranked in the same manner. Comparison of the H3 profiles unveiled weak variations Consequently, the reported changes in H1.2 enrichment do not seem to rely on significant changes in nucleosome occupancy. Collectively, these observations unveil that 1) chromatin accessibility is globally higher in photomorphogenic than skotomorphogenic cotyledon nuclei, 2) increased accessibility in photomorphogenic cotyledon nuclei usually correlates with decreased H1.2 enrichment, especially in 5' gene regions, and 3) the general trends in the 3 gene clusters further suggest that such variations presumably involve both a global-level and multiple gene-specific regulation. Surprisingly, these analyses unveil that overall weak chromatin accessibility in darkness is associated to a decrease of H1.2 level, specifically at 5' of most genes for Gene cluster 1 and 2. This is somehow counter-intuitive with the role of histone H1s in chromatin compaction. One unlikely possibility is that increased accessibility in the light relies directly on H1.2 enrichment. A second more plausible possibility is the influence of other intervening factors that may replace histone H1.2 and modify chromatin properties. One such factor might be H1.3, which is specifically induced in darkness and has a wide effect on chromatin compaction as seen earlier using cytogenetical analyses of heterochromatin. The effect of this light-regulated histone variant on chromatin accessibility is investigated below.

Global changes in accessibility patterns between WT dark grown and h1.3 dark grown cotyledons.

As described earlier for wild-type plants, I generated ATAC-seq information on h1.3 cotyledon nuclei upon growth in darkness. All plant samples have been grown simultaneously in the same growth chambers. Again, as a first layer of information, I identified and broadly plotted the chromosomal locations bearing significant differences over 1kb bins. Red dots highlight the regions with significant differences in chromatin accessibility (at least 2-fold), positive values corresponding to regions more accessible in WT than in h1.3 plants and vice versa. Figure 3.25 shows that, except for chromosome 2, pericentromeric regions of h1.3 cotyledon nuclei display a clear tendency to be more accessible than WT, with a majority of red dots corresponding to negative values. The distribution of red dots is more complex in the chromosomal arms, with a roughly equal number of positive and negative values.

In addition, this broad analysis pointed out a strong mapping issue on chromosome 2, on which a large genomic domain appears to be highly accessible in WT dark. This observation rose our suspicions to a possible genetic effect in cis possibly impacting this chromosomal interval specifically. Upon comparison of its coordinates, we further identified that the h1.3 mutated locus is located in this interval. Considering that h1.3 plants were generated by introgression of a Landsberg erecta H1.3 mutated gene through a cross with a Col-0 individual (Rutowicz et al., 2015), the local chromatin condensation deficiency overlapping that locus most likely results from a Ler residual chromosomal fragment. This region is presumably genetically linked to the h1.3 locus and would have persisted following the multiple backcrosses to Col-0 plants. 

3.6.12

Assessing the global accessibility changes on genes and TEs in h1.

etiolated cotyledons

Aiming at assessing potential chromatin accessibility defects in h1.3 cotyledon nuclei, I generated a series of heatmap, meta-gene and meta-TE plots shown in Figure 3.26.A. To enable simple comparisons with Figure 3.20, heatmaps in figure 3.26.A were ranked according to chromatin accessibility defined in the WT-Light sample, and accordingly the WT-dark heatmap in Figure 3.26.A is the same as in Figure 3.20.A Genes: Both the heatmaps and the meta-gene plots analysis of Arabidopsis genes unveil a general reduction of chromatin accessibility in h1.3 as compared to wild-type cotyledon nuclei (in Figure 3. 26.A and B). This defect is very strong for Gene cluster 1, which comprises genes with the highest chromatin accessibility in the WT light sample. Heatmap visualization of individual genes shows that a general trend of low accessible chromatin in the h1.3 mutant line is detectable for most, if not all, genes (Figure 3.26.A). Accordingly, the effect is detected also over genes up-or down-regulated in h1.3 cotyledons (as compared to WT cotyledons). This indicated that h1.3 triggers a general deficiency in chromatin accessibility that is to some extent to gene expression level. Further analysis of chromatin accessibility in gene classes with different ranges of expression levels (as formerly in Figure 3.21) confirms that h1.3-induced low chromatin accessibility is especially apparent on the more accessible 5' domain of expressed genes, whatever their expression level (Figure 3.29 A). In contrast, gene bodies initially weakly accessible in wild-type cotyledon nuclei remain mostly un-affected in h1.3 plants. Collectively, these observations suggest that H1.3 induction during cotyledon etiolation has a role in chromatin organization that generally favours chromatin accessibility over gene bodies, whose function and modality will be explored in the subsequent section and in future studies in the laboratory.

Transposable Elements: In contrast to genes, many TEs appeared to be generally more accessible over the genome in h1.3 as compared to wild-type cotyledon nuclei (Figure 3.27). Increased chromatin accessibility in h1.3 cotyledon nuclei was observed for euchromatic TEs and particularly pronounced for heterochromatic TEs (Figure 3.27.B). This observation is in good agreement with the profiles of chromatin accessibility ratios in Figure 3.25 in which pericentromeric regions of all chromosomes display numerous domains with negative values. More generally, it suggests that chromatin of peri-centromeric TEs tends to be less relaxed than in wildtype cotyledon nuclei, which themselves lack chromocenter-packed heterochromatin. This finding is seemingly in sharp contrast with our cytological observation that H1.3 induction in darkness or using an artificial inducible system triggers chromocenter decompaction (Figure 3.7 and 3.12). This discrepancy may indicate that local chromatin accessibility and its higher-order organization in the nucleus within chromocenters are two distinct properties. Furthermore, these two aspects of heterochromatin dynamics might relate on similar actors such as H1.3 but with different outputs depending on the level of observation (cytological vs accessibility to trans factors). Collectively, these global ATAC analyses suggest that H1.3 is required for enhancing chromatin accessibility over gene bodies while it would have a negative effect on chromatin accessibility over TEs, especially for peri-centromeric (heterochromatic) TEs. Investigating the interplays between chromatin accessibility, histone H1 and nucleosome occupancy: the influence of H1. 3The global pattern of decrease of accessibility observed in the h1.3 mutant nuclei over proteincoding genes prompted us to investigate whether this difference was linked to H1.3 distribution over the interested genomic regions. To this end, I took advantage of ChIP-seq data for the linker histone H1.3 recently obtained in the host laboratory on dissected cotyledons from dark-grown seedlings. I first profiled H1.2-GFP and H1.3-GFP enrichment over the 3 Gene clusters previously defined. This showed that H1.3 was enriched over the body of basically all genes without apparent gene-specific features. In this way, H1.3 profile is clearly distinct from H1.2, which is subject to strong depletions over the TSSs of expressed genes (Figure 3.30A and B). Furthermore, heatmap analysis of H1.2 vs H1.3 enrichment identified a specific profile of variation that nicely matches variations in chromatin accessibility between both light/dark or WT/h1.3 sample comparisons. This was visible for Gene clusters 1 and 2, but much less for the Gene cluster 3 largely composed of non-expressed genes, in which little variations in chromatin accessibility are observed and which appear to attract both histone H1. 2 and H1.3 (Figure 3.30A and B). Hence, as we suspected, this rough analysis allows identified a possible interplay between H1.2 and H1.3 occupancy, which might chromatin accessibility in cis. In other words, H1.3 expression in darkness might allow its incorporation over most genes and contribute to increase chromatin accessibility of expressed genes in cis, possibly by replacing canonical linker histones.

I subsequently explored possible variations in nucleosome induced by H1.3 loss-of-function on nucleosome occupancy by comparing histone H3 enrichment in etiolated cotyledons of WT and h1.3 seedlings. As shown in figure 3.30.C, only marginal variations in H3 enrichment were detected among the three Genes clusters, indicating that H1.3 incorporation does not much impact nucleosome occupancy.

Taken together these observations unveil some interesting patterns: 1) chromatin accessibility of most expressed genes is significantly lower in the h1.3 cotyledon nuclei, especially on 5' gene domains where H1.3 gets more enriched than H1.2 in darkness, 2) these deficiencies do not appear to be associated with variations in nucleosome occupancy, 3) H1.3 enrichment over protein-coding genes is a global mechanism (apparent over most expressed and non-expressed genes), which appears unrelated to chromatin accessibility peaks of gene 5' regions. In contrast, variations of H1.2 enrichment on 5' gene domains appear to be tightly linked to expression levels and to local chromatin accessibility.

A plausible mechanism underlying the influence of H1.3 on chromatin accessibility over expressed genes (Gene clusters 1 and 2) involves tight interplays between this H1 variant and the canonical linker histones H1.1 and H1.2. When induced in darkness, H1.3 might possibly replace canonical H1s and modulate chromatin properties while in the absence of H1.3 protein (i.e., in darkness), H1.2 could more easily occupy 5' gene domains and decrease chromatin accessibility in cis. Experiments probing H1.2 occupancy in dark-grown cotyledons lacking a functional H1.3 gene should help untangling the functional interplays between these two isoforms. Nevertheless, my observations suggest a competition mechanism between H1.3 and canonical H1s with wide effects on local chromatin properties.

Impact of light and H1.3 incorporation on 3D genome

organization. 

Scientific aim

After having acquired linear information on the impact of light on the establishment of specific chromatin states in cotyledons through ATAC-seq and RNA-seq, I wondered about the influence of chromatin dynamics at the higher-scale of 3D nuclear organization. Indeed, after the previous report of higher-order heterochromatin reorganization during cotyledon de-etiolation (Bourbousse et al., 2015), the exploration of the functional links between 2D (linear) and 3D-level chromatin dynamics emerges as a critical outstanding question. To tackle this issue, I conducted the analysis of chromatin interactions genome-wide by high throughput chromosome conformation capture (Hi-C; van Berkum et al., 2010)(Figure 3.31) using the two contrasting conditions of light-versus darkgrown cotyledons. As for the 2D experimental datasets of ChIP-seq, ATAC-seq and RNA-seq, we decided to perform organ-specific experiments using dissected cotyledons that are homogenous both in term of cell type¬ -80% of cell deriving from the mesophyll cell layers, and at the level of nuclear architecture -with the homogenous dispersion of heterochromatin in etiolated cotyledons (Bourbousse et al., 2015). This experimental system will first allow exploring how the differences of heterochromatin organization cytologically defined in dark-and light-grown cotyledons nuclei are translated in term of genome topology. Secondly, probing physical interaction between loci will allow establishing genome-wide correlations between the changes in 3D conformation and variations in the epigenomic landscape or in transcriptional status of individual genes. We previously defined histone H1.3 as a molecular actor of the light-driven chromatin reorganizations, both at the cytological level (Section 3.2.4 and 3.4.3), and at the epigenomic level (Section 3.5). The h1.3 mutant therefore constitutes an important tool to move the interpretation of the Hi-C datasets beyond correlations. Hence, aiming at exploring the functional dependencies between H1 genomic distribution and 3D chromosome conformation, I conducted the Hi-C analysis of h1.3 dark-grown cotyledons, in which most heterochromatin constitutively gathers into chromocenters.

Downscaling in situ Hi-C protocol for dissected cotyledons

Cotyledon-specific Hi-C libraries were generated in collaboration with Dr Stefan Grob (University of Zurich) in the context of a founded Short-Term Scientific Mission from the INDEPTH EU COST project. To generate organ-specific Hi-C datasets, I had to adapt the current protocol to a much lower input material, which involved so far the use of several grams of plant material (Grob et al., 2014[START_REF] Liu | Prominent topologically associated domains differentiate global chromatin packing in rice from Arabidopsis[END_REF]. Thanks to the experience gained on nuclear isolation during the optimization of the ATAC-seq protocol, I proceeded to adapt the protocol to the processing of dissected light-and dark-grown cotyledons. I started using the same number of dissected cotyledons as for the ATACseq and for ChIP seq experiments (200 cotyledons) but this resulted in a low yield that did not produce adequate Hi-C libraries. I subsequently increased the input material 5-fold dissecting 1,000 cotyledons, which resulted in a sufficient amount of material to perform Hi-C library preparation. For this first proof of concept experiment, I compared dark-and light-grown cotyledons digested with the 4-bp cutter DpnII. This frequent cutter increases the potential resolution of Hi-C datasets by reducing the library fragment sizes and increasing the number of sequenced reads [START_REF] Belaghzal | Hi-C 2.0: An optimized Hi-C procedure for highresolution genome-wide mapping of chromosome conformation[END_REF].

The sequencing results and quality check on these test libraries showed an anomalous increase of dangling ends fragments for the dark-grown cotyledon library. Dangling ends are aberrant 3C fragments (Figure 3.31.E), which have been associated with problems in the crosslinking and/or ligation step of Hi-C library preparation [START_REF] Belaghzal | Hi-C 2.0: An optimized Hi-C procedure for highresolution genome-wide mapping of chromosome conformation[END_REF]. Given the good amount of valid interactions derived from light-grown cotyledons libraries that were processed at the same time, the hypothesis of an inefficient crosslinking was favored over the one of an inefficient ligation. Indeed, the crosslinking that is applied in vivo could have been hampered in dark-grown cotyledons due to the inherent solid structure of this organ that resist to growth within the soil, a difference that is not relevant for the ligation step performed on isolated and permeabilized nuclei.

Adaptation of Hi-C protocol to etiolated cotyledons

Given our hypothesis of a crosslinking low efficiency in dark-grown cotyledons, I decided to modify the crosslinking protocol by adding a second crosslinking step after grinding, thus eliminating the possible formaldehyde penetration bias associated to the organ intrinsic thickness. I applied this newly defined protocol on dark-and light-grown cotyledons and, as control, I also undertook in parallel the original single crosslink protocol on a second light-grown cotyledon sample. At every key enzymatic steps of the Hi-C library preparation, I saved an aliquot for quality check analysis. First, DNA extracted from dissected cotyledons appeared as a single high molecular-weight without any visible smear confirming the integrity of the nuclei. Second, digestion with DpnII appeared homogenously efficient across samples, with no remaining bands of high molecular weight. Finally, after ligation with the T4 blunt-end ligase, I could observe a shift of the fragments smear towards higher molecular weights. The results on those three representative samples illustrated how neither the type of organ (etiolated or photomorphogenic cotyledons) nor the double-crosslink protocol influence the efficacy of the enzymatic steps of the Hi-C protocol (Figure 3.32).

With this new adapted protocol, I proceeded with the generation of Hi-C libraries from dark-grown wild-type cotyledons (WT dark), light-grown wild-type cotyledons (WT Light) and dark-grown h1.3 cotyledons (h1.3 dark). Hi-C data were analyzed by Leopold Carron with my scientific input in the frame of the ChromaLight ANR collaborative project between Fredy Barneche (IBENS) and Alessandra Carbone (University Sorbonne, Paris).

Quality check and comparison with published Hi-C datasets

After mapping and filtering out invalid read pairs, at least 200M of valid interactions were retrieved for each sample, a number comparable to a recent Hi-C paper [START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF] and higher than the benchmark Hi-C studies from Detlef Weigel laboratory [START_REF] Wang | Arabidopsis HIT4, a regulator involved in heat-triggered reorganization of chromatin and release of transcriptional gene silencing, relocates from chromocenters to the nucleolus in response to heat stress[END_REF], Liu et al., 2016;Figure 3.34.A). This index positively correlates with library quality for in situ Hi-C. C. Heatmap of similarity scores between the same datasets. Similarity scores were calculated using Hi-C Spector tool using 100kb bins. 
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We first assessed the library quality by calculating the ratio of cis (intrachromosomal) to total valid interactions, an index found associated with Hi-C quality (Figure 2.5.3B;[START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF]. We found our libraries ranking in an interval between 65% and 69%, in the same range of previously published Arabidopsis thaliana Hi-C datasets [START_REF] Liu | Genome-wide analysis of chromatin packing in Arabidopsis thaliana at single-gene resolution[END_REF][START_REF] Wang | Arabidopsis flower and embryo developmental genes are repressed in seedlings by different combinations of Polycomb group proteins in association with distinct sets of cis-regulatory elements[END_REF], indicating an overall homogenous and high quality of the newly generated cotyledons-specific datasets. To further assess the reliability of our Hi-C analysis, we tested the correlation between our WT light dataset and a previously published Hi-C datasets using the HiCspector toolbox (Yan et al., 2017). Such approach gives a measure of similarity between two contacts maps, producing and index of similarity ranging from 0 to 1 (Yardımcı et al., 2019). Biological replicates usually range between 0.6 and 0.9, while different sample types ranged from 0.1 to 0.5 (Yan et al., 2017). We found that our WT light sample display a similarity score around 0.6 with the public datasets obtained on light-grown whole seedlings (Figure 3.34), indicating a high correlation considering the tissue specificity of our dataset.

Dark-grown cotyledons show altered chromatin interactions of pericentromeric regions

As a first approach, I visually inspected the normalized interaction frequency maps of WT light, WT dark and h1.3 dark at a 25kb resolution (Figures 3.34 and 3.35). The interaction pattern is consistent with other previously published good quality Hi-C datasets (Grob et al., 2014a;Liu et al., 2016a;[START_REF] Wang | Arabidopsis HIT4, a regulator involved in heat-triggered reorganization of chromatin and release of transcriptional gene silencing, relocates from chromocenters to the nucleolus in response to heat stress[END_REF]. Each chromosome was found to form a domain of preferential interactions, recapitulating the cytologically described chromosomes territories [START_REF] Lysak | Chromosome painting in Arabidopsis thaliana[END_REF]. Among each chromosome, chromosomes arms and peri-centromeric regions also form distinct preferential interaction domains, consistent with the notion of peri-centromeric and centromeric regions acting as a large insulator-like domain that partition the chromosome [START_REF] Pontvianne | Three-dimensional nuclear organization in Arabidopsis thaliana[END_REF].

To be able to access the differences between samples, normalized interaction frequency maps were generated for chromosome 1 at the resolution of 50 kb and we mapped the Log2 fold change of interaction frequency between conditions (Figure 3.36). The normalized differential interaction frequency maps showed that the 3D interactome is overall conserved between the three samples.

Dark versus Light: Relative interaction maps display enhanced interactions within the peri-centromere in the light as compared to dark, observed as a blue square in the center of the map (Figure 3.36.D). The portion of chromosomal arms adjacent to the peri-centromeres appears to interact more with peri-centromeric regions in the dark, observed as a red cross-like pattern around the peri-centromeres (Figure 3.36.D). These observations probably relate to the dispersion of peri-centromeric heterochromatin away from chromocenters in darkness, which is mirrored by enhanced long-range interactions between the peri-centromere and chromosomal arms.

WT versus h1.3: Contrasting interaction frequencies in WT and h1.3 dark-grown cotyledons showed little differences between these two samples (Figure 3.36.E). Consistently, when comparing WT light and h1.3 dark, we identified a similar pattern of differences than the one observed between WT light and WT dark (Figure 3.35.F). This lack of drastic effect of H1.3 depletion on the "dark pattern" of 3D genome organization contrasts with its profound effect observed using cytology with chromocenter formation, suggesting that heterochromatin compaction in the form of chromocenters may in fact be underpinned in this case by different chromatin conformation modes. How the aggregation of heterochromatin in restricted areas of h1.3 dark nuclei, which allows its visualization by DNA staining, would not also induce an increase in physical interactions within it remains a puzzling question.

3.7.6

Chromosome arms display les frequent short-range contacts in darkness than in the light

The average mean contact count between any two regions of a chromosome decays in a power-law function as their genomic distance increases. This can be visualized by plotting mean contact count against genomic distance. Generating such plots for the whole chromosomes and separately on chromosomes arms and peri-centromeric regions (Figure 3.37 A, B & C) indicated that WT light shows higher interaction frequency within chromosome arms and peri-centromeres than WT dark and h1.3 dark, in agreement with the blue sectors observed in the relative interaction maps (blue squares and diagonals in Figure 3.

D & F).

To quantitatively assess chromatin organization differences among the three samples, we analysed the distance-dependent decay of interaction frequency, measured by the interaction decay exponents (IDEs) corresponding to the slope of the previous plots of interaction frequencies against genomic distance. IDEs have been used to characterize chromatin packaging, high IDEs being indicative of stronger long-range chromatin contacts (Grob et al., 2014a;Lieberman-Aiden et al., 2009;[START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF]. We computed IDEs in the three contexts (whole chromosomes, separate arms, and peri-centromeric regions) over the 5 chromosomes (Figure 3.37D, E & F). First, comparing the three genomic contexts, we observed that chromosomes arms display a higher IDE than peri-centromeric regions (~-1 instead of ~-1.1), consistent with a euchromatic decompacted state less prone to form long-range interactions. We can also observe a specific behaviour for the short arms of chromones 2 and 4 (outliers in boxplot E).

Then, comparing the three samples, we observe that IDEs over the whole chromosomes showed that WT dark and h1.3 dark have similar chromatin organization, while WT light displays slightly lower IDEs (Figure 3.37.D). By analysing separately chromosome arms and pericentromeres, we can see that the differences at the chromosome level are mostly due to low IDEs on the chromosome arms of WT light as compared to the 2 dark samples (Figure 3.37.E). The differences of IDEs observed in chromosome arms suggest that they are more compact in the dark (stronger long-range contacts), possibly related to the low transcriptional activity in this organ (Bourbousse et al., 2015). On the other hand, peri-centromeric regions display more similar IDEs between samples (Figure 3.37.F), indicating that while there are overall more frequent interactions within the peri-centromeres than in the arms, the ratio between short-and long-range interactions remains stable (similar decay over distance). A slight increase in IDEs of peri-centromeres is visible for h1.3 dark, shedding light on a different chromatin conformation mode in this mutant.

Collectively these results indicate that light and dark grown cotyledons have distinct 3D organizations, mostly diverging at the level of pericentromeric regions. Further analysis on local 3D compartment organization will be undertaken in the next paragraph to investigate the feature of h1.3 nuclear organization and further characterize the specificity of light and dark grown nuclear organization.

3.7.7

Chromatin is weakly compartmentalized in etiolated cotyledons.

After having inspected how physical interactions distribute in the genome and how they differ between samples and chromosomal regions, I next wondered if these variations in interactions affect the genome compartmentalization. Two major compartments, Active (A) and inactive (B), can be defined by Principal component Analysis (Lieberman-Aiden et al., 2009). As mentioned in the introduction, they mostly correspond to euchromatin and heterochromatin (both constitutive and facultative), respectively (Grob et al., 2014b).

We first normalized the Hi-C contact maps with the observed-expected method to produce the corresponding difference matrices that better highlight genomic compartments (Figure 3.38.A). The three corresponding difference maps are showed with the same color scale to allow for visual comparison. A and B compartments were further identified by PCA, with A compartment and B compartment having a positive and negative eigenvalue for the eigenvector PC1, respectively. We can see that correlation matrixes display overall similar patterns, suggesting that the overall A/B compartmentalization is overall conserved among the three samples. Still, in line with our previous observations, the peri-centromeric region in WT light stands out for stronger internal interactions than in the dark samples, as evidenced by the strong red square and low Eigenvalues in this region (Figure 3.38A).

To explore further the A/B compartmentalization beyond its simple genomic distribution that seems overall conserved across samples, we compared the compartmentalization strength between A and B compartments. For this, the correlation maps were sorted by the eigenvalue of the first principal component (Figure 3.38.B). On these sorted maps, weakened intra-B interactions are observed in WT and h1.3 dark (lower red signal in the BB area) and the transition between B to A compartments displays fuzzier signals, indicating increased interactions between A and B regions in these samples. These observations suggest a weaker compartmentalization strength between A and B in etiolated cotyledons than in the WT Light sample.

We quantified the compartmentalization strength as in [START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF]. Specifically, the sum of each chromosomal contact within the same compartment against the sum between different compartments was calculated for each chromosome (Figure 3.38.C). Compartmentalization strength in WT light showed a similar score than previously published Hi-C datasets [START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF]. Both WT and h1.3 dark samples displayed lower A/B compartmentalization, confirming quantitatively the weak compartmentalization in etiolated cotyledons to a level comparable to what was observed upon chromatin decompaction by heat stress [START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF]. Hence, these analyses also detected similar A/B compartmentalization in the two dark samples (WT and h1.3) that differs from the WT Light sample, a feature seemingly in contradiction with the cytological observation of h1.3 suppressing chromocenter repression in darkness. 

Chromosomal domains with the most drastic interaction changes in etiolated cotyledons locate in pericentromeres

After observing the weak compartmentalization of etiolated cotyledons, I determined the genomic regions most drastically affected by this global trend. Such refinement of chromatin compartmentalization changes at a local scale notably allowed the identification of a subset of TEs that undergo changes in interaction patterns along with their reactivation in response to heat stress [START_REF] Sun | Heat stress-induced transposon activation correlates with 3D chromatin organization rearrangement in Arabidopsis[END_REF]. To compare the local changes in interactions at a 10kb resolution, we computed the differences in eigenvalues between the 3 samples (Figure 3 .39). Differences between the WT light and the two dark samples (WT or h1.3) range between -0.0035 and 0.0050 while differences between h1.3 and WT dark range between +/-0.0180. This is in line with our previous observations of substantial effect of the light condition but rather mild effect of the h1.3 mutation on the compartmentalization of chromatin.

For a preliminary analysis, I decided to focus on the top (green) and bottom (purple) 1% percentile of the changing regions and plotted these most diverging regions over the 5 chromosomes for visual analysis of the genomic distribution. We first contrasted WT light versus WT dark and observed that the purple regions (WT light -WT dark < 0; meaning those regions tend more towards B in light than in dark) are localized among the peri-centromeric regions of the five chromosomes (Figure 3.40). This indicates a decrease of intra peri-centromeric interaction in WT dark compared to WT light, in line with our previous observations. The green regions on the other hand (WT light -WT dark > 0; meaning those regions tend more towards A in light) are scattered among the arms, preferentially positioned close to an eigenvalue of 0 in WT dark. In other words, this suggests that, with regard to genome topology, these regions in the arms might locate at the interface between heterochromatin and euchromatin in the dark and shift towards euchromatin in the light. Identifying the genes underneath these regions of preferential changes of interaction pattern, along with changes in chromatin environment or expression will allow in the future to evaluate the relationships between conformational changes and transcriptional changes. Noteworthy, a very preliminary inspection of the genes contained in those changing regions revealed the presence of the CAB locus, which is greatly induced by light and that was shown to reposition towards the nuclear periphery upon activation by light (C. M. Feng, et al., 2014). Further analyses of this dataset should allow determining whether such analyses allow linking nuclear repositioning and chromatin interaction patterns.

On the contrary to what was observed in the light/dark analysis, the h1.3 dark -WT dark comparison identified a rather uniform genomic distribution of differences over the five chromosomes, with the exception of chromosome 2 (Figure 3.41). As for the ATAC-seq experiment, this corresponds to the region surrounding the H1.3 mutated locus, most likely containing a fragment of Ler origin, the ecotype of the original h1.3 mutant (Rutowicz et al., 2015). Further characterization of the many other regions displaying discrete variations in the peri-centromeres and over the chromosomal arms may shed light on the local influence of H1.3 genome topology. Hi-C WT dark vs WT light 3.7.9

Global interplay between light-controlled variations in genome topology, H1 distribution and chromatin accessibility

After having described how genome topology is influenced by light and by H1.3, I investigated the chromatin features that could underlie these changes. In section 2.3.13, while describing the influence of dark/light conditions and H1.3 over chromatin accessibility, I identified an interplay between H1 location and nucleosome occupancy (Section 3.5). Here, I wondered whether this pattern was matched by changes in 3D chromatin organization. To this end, I visually compared at the chromosomal scale different levels of information between dark and light samples: the 3D differences (as Log2 interaction frequency maps), the differential occupancy of H1.2 and H1.3 (as Log 2 ratio of ChIP signal) and the differential chromatin accessibility (Figure 3.42). Pericentromeric regions clearly stand out at these three levels. They notably display a peculiar organization in WT dark with less intra-peri-centromeric interactions, more chromatin accessibility, more H1.3 and less H1.2 occupancy. These preliminary observations hint at histone H1 being a contributor of light-controlled topological dynamics. Further explorations are required to determine the functional relationships between H1, chromatin accessibility and chromatin compaction and compartmentalization.

All together this set of analysis illustrate the great influence of light grown condition on 3D organization. Dark and light grown cotyledons, despite conserving the global 3D organization, displayed differentially organized pericentromeric regions. The identification of these regions as the most divergent agrees with the previously described cytological differences (Bourbousse et al., 2015). Having recapitulated this effect, Hi-C analysis allowed to underpin this 3D differences to change in compartmentalization strength, differences in long range interactions and interestingly identified local interaction changes, illustrating the potential of these approach to identify the specific regions driving the differences in 3D organization. The little differences observed in the h1.3 mutant and WT dark grown seedlings, contrasting with the cytologically described differences, could be indicative of an underneath different chromatin folding. Integration of 3D data with accessibility and RNA seq as well as further characterization of local 3D features such as presence/absence of TAD-like domain or chromatin and gene loops will further unveil the extent of influence of light and H1.3 on chromatin organization.
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General conclusion and perspectives

Linker histones H1s as part of distinct chromatin signature

Combinatorial analyses of epigenomic landscapes have found the complex network of histone posttranslational modification patterning into a discrete number of prevalent chromatin states or socalled signatures (4, 9 or even 36 in Y. [START_REF] Liu | PCSD: A plant chromatin state database[END_REF][START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF]Sequeira-Mendes et al., 2014). Despite including a growing number of histones marks with recently available information on chromatin accessibility [START_REF] Liu | PCSD: A plant chromatin state database[END_REF], the definition of chromatin state to date does not include the distribution of histone H1 and of its distinct variants. In a first chapter, I focused on the genomic localization of canonical histone H1s and the epigenomic implication of their depletion. By comparing the histone H1 landscape with representative histone marks and with the corresponding transcript levels, we found that H1 is present over most of the genomic regions and particularly enriched in heterochromatin, in accordance with previous reports (Rutowicz, Puzio, Halibart-puzio, et al., 2015;[START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF]. H1 was also found anti-corelated with epigenetic marks associated to transcriptional active regions H3K4me3 and H2Bub. Moreover, H1 distribution displayed a specific pattern over genes, with a depletion of H1 in the 5' end of highly-expressed genes, suggesting of general role of canonical H1s in compacting chromatin around the TTs and inhibiting sense transcription. These specific patterns of distribution and our finding on the influence of H1 on

H3K27me3 distribution indicate that H1 variants are determinant pieces of chromatin signatures and not a general ubiquitous chromatin component. Including linker histone H1 distribution in future definitions of chromatin states will probably lead to higher levels of detail on the chromatin states and an increased resolution on their functionality.

The divergent protein structure of H1.3 might underlie singular effects on chromatin

During my PhD work I contributed to unveil that H1.3 is necessary and sufficient to prevent chromocenter decompaction in cotyledon nuclei. This effect might appear in contrast with the established function of canonical linker histones in heterochromatin compaction that are illustrated by the chromocenter defects in H1-depleted nuclei, either artificially in 2h1 mutant plants (Rutowicz, Puzio, Halibart-puzio, et al., 2015;[START_REF] Choi | DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Transcripts[END_REF] or naturally during gametophytic development (She et al., 2013a;She and Baroux, 2015). This contrasting influence on chromatin might rely on the specific structure of the H1.3 protein. This variant, despite maintaining the classical tripartite structure of histone H1s, is much shorter and lacks a large portion of both Nterminal and C-terminal tails [START_REF] Kotliński | Histone H1 variants in Arabidopsis are subject to numerous posttranslational modifications, both conserved and previously unknown in histones, suggesting complex functions of H1 in plants[END_REF], the latter recently being reported as an important driver of chromatin compaction [START_REF] Bednar | Structure and dynamics of a 197 bp nucleosome in complex with linker histone H1[END_REF]. Further highlighting the importance of H1 C-terminal tail, changes in a single amino-acid in the C-terminal tail of mouse H1 subtypes were shown to greatly influence their binding dynamics and affinity to chromatin in FRAP experiments [START_REF] Flanagan | Photobleaching studies reveal that a single amino acid polymorphism is responsible for the differential binding affinities of linker histone subtypes H1[END_REF]. Also, a domain swap approach has been tested on a human H1 variant that illustrated the synergistic influence of the C-terminal and GH1 domains in its binding to the nucleosome (Jordana B. [START_REF] Hutchinson | Interaction of chromatin with a histone H1 containing swapped N-and C-terminal domains[END_REF]. Accordingly, the binding dynamics of Arabidopsis H1.3 to chromatin assessed by FRAP experiments was found to be faster than canonical H1.1 and H1.2 (Rutowicz, Puzio, Halibart-puzio, et al., 2015). Domain swap experiments of the C-terminal or N-terminal tail between canonical H1s and H1.3 as well as targeted mutagenesis of residues subject to specific post-translational modifications or part of DNA binding motifs could help determining the structural features of H1.3 and underpinning its singular function.

Three linker histone H1s: genomic mates or rivals?

The atypical function of H1.3 in chromocenter decompaction identified by its artificial (estradiol)

and natural (darkness and shade avoidance) induction might therefore be achieved by its intrinsic yeast transcription factors [START_REF] Lickwar | Genome-wide measurement of protein-DNA binding dynamics using competition ChIP[END_REF] but not yet in plants to my knowledge.

Interplays between light signalling and H1s in defining chromatin accessibility

In line with the heterochromatin disorganization observed by cytological approaches in etiolated cotyledons, my ATAC-seq analyses unveiled that chromatin of etiolated cotyledons was found to be highly accessible at peri-centromeres. This global trend was mirrored over most genes that showed a lower accessibility level in etiolated cotyledons than in photomorphogenic cotyledons. These differences in chromatin accessibility over genes specifically locate towards the 5' end of genes. We can hypothesize that they can impact the binding of transcription factors and machineries. Vice versa, low chromatin accessibility on 5' gene domains in etiolated cotyledons could therefore participate to the establishment of a globally low transcriptional regime.

Considering the H1.3 enrichment towards the 5' end of genes independently of their level of expression, we could expect that H1.3 binding participates to the restriction of chromatin accessibility at these locations (i.e., almost all genes). However, when probing chromatin accessibility in etiolated cotyledons from h1.3 mutant plants, I found an even reduced accessibility over most genes showing that, on the contrary, H1.3 in that context prevents further chromatin decompaction. Also, surprisingly, peri-centromeric regions were found more accessible in h1.3 etiolated cotyledon nuclei despite the presence of conspicuous chromocenters in this mutant. This set of observations suggests that not only single variant distribution, but more likely a balance between the different H1 isoforms might determine local chromatin properties. These observations led me to hypothesize that, in the absence of H1.3, canonical H1s would integrate more over the 5'

ends of genes, due to a property of chromatin in the absence to light that remains to be identified.

Exploring H1.2 and H1.1 distribution in etiolated H1.3-depleted cotyledons should further help unveiling the competition or cooperative dynamics of these isoforms.

Integrating epigenomic data with 3D genomic organization

Improvements of the Hi-C methodology [START_REF] Belaghzal | Hi-C 2.0: An optimized Hi-C procedure for highresolution genome-wide mapping of chromosome conformation[END_REF] and sequencing depth recently allowed to reach the single gene resolution in plants (Liu et al., 2016b;Sun et al., 2020b). Upon protocol optimization, I could produce high-quality cotyledon-specific Hi-C datasets, with a sufficient genomic coverage to reach a single gene resolution. My first set of analysis illustrated that etiolated cotyledons diverge from photomorphogenic cotyledons on pericentromeric regions, consistently with the cytological observations on chromocenters. The Hi-C

analyses also unveiled a decrease in short-range contacts over chromosomes arms. Further analyses are needed to understand the detailed characteristics and the functional implications of such changes. Similar organ-specific RNA-seq data are now available in the laboratory and will be integrated with this newly generated 3D information along with epigenomic data of the different chromatin states, accessibility data (ATAC-seq) generated in the frame of this thesis. This should help to generate an unprecedented atlas of the chromatin processes defining cotyledons photomorphogenesis allowing for the exploration of the functional links between these different layers of organization.

On the other hand, we found little effects of H1.3 on the 3D genome organization. These results contrast with its profound effect on preventing chromocenter formation, suggesting that heterochromatin aggregation within chromocenters that is observed by cytology in light-grown WT and in dark-grown h1.3 cotyledons may in fact be underpinned by different chromatin conformation modes. How the aggregation of peri-centromeric regions in h1.3 plants visualized by cytology would not also translate into an increase in physical interactions within them remains a puzzling question. Further exploration of the h1.3 epigenome would help solving this apparent paradox.

Possible roles for H1.3 in adaptation to suboptimal light qualities

Given the role of H1.3 in heterochromatin dynamics during de-etiolation, I thought to explore whether this variant was involved in other photomorphogenic processes. I found that cotyledon nuclear organization is also modified during the shade avoidance response. I also found H1.3 to be specifically induced in cotyledons during SAR and, reminiscent of etiolated growth, the h1.3 mutant was less responsive to shade in term of chromatin decompaction. Common signaling pathways and hormonal responses contribute to SAR and de-etiolation, both in cotyledons and hypocotyls [START_REF] Kohnen | Neighbor detection induces organ-specific transcriptomes, revealing patterns underlying hypocotyl-specific growth[END_REF]. During SAR, both organs have a similar short-term transcriptomic response but tend to diverge at later time points, probably because of different hormonal organ specific pathways [START_REF] Kohnen | Neighbor detection induces organ-specific transcriptomes, revealing patterns underlying hypocotyl-specific growth[END_REF]. Notably, genes related to water deprivation, drought response, ABA and ethylene responsive genes were found enriched in cotyledons, with a mirrored downregulation of these gene in the hypocotyls (Kohenen et al 2016). The differences at the level of organ-specific hormonal and transcriptional responses have not only been identified in young seedlings but also in the context of leaf specific response to SAR in adult plants [START_REF] Pantazopoulou | Neighbor detection at the leaf tip adaptively regulates upward leaf movement through spatial auxin dynamics[END_REF] and tissue specific response SAR such as axillary buds [START_REF] Holalu | PIF4 and PIF5 regulate axillary branching via bud abscisic acid and stem auxin signaling[END_REF].

In line with a role of H1.3 in response to shade, I showed that H1.3 is expressed in axillary buds during SAR. Data mining also unveiled that H1.3 makes part of a set of co-regulated genes expressed in axillary buds, along with genes related to hormone signaling (specifically ABA, stress signaling, catabolism and carbon starvation response [START_REF] Tarancón | A Conserved Carbon Starvation Response Underlies Bud Dormancy in Woody and Herbaceous Species[END_REF]. Also, in this system, H1.3 expression was restricted to a specific tissue, and to a certain developmental stage of the axillary bud, suggesting that H1.3 expression could be modulated in response to light only during specific developmental windows. Further kinetic studies of H1.3 expression during shade avoidance responses, in cotyledons, leaves and axillary buds should unveil the extent of the involvement of this protein in this complex set of responses.

Could H1.3 have a cell-specific role in guard cells?

Intriguingly, the H1.3 protein pool is not completely depleted from cotyledons during de-etiolation, but H1.3 is specifically retained in guard cells where it stably remains abundant later during plant life. It has been proposed that accumulation of H1.3 in stomata may rely on an autonomous ABA biosynthesis pathway in guard cells [START_REF] Bauer | The stomatal response to reduced relative humidity requires guard cell-autonomous ABA synthesis[END_REF]. Guard cells are rather peculiar cells, whose development is light-regulated. Stomata development is arrested in darkness and their development is mediated by the COP1-SPA complex (Wei et al., 1994). Furthermore, complete differentiation is only achieved in expanding cotyledons via light signaling, specifically driven by PIF4 (Caisson et al., 2009). At the nuclear organization level, guard cells have on average a smaller nuclear volume and a lower number of chromocenters than other epidermal cells such as pavement cells [START_REF] Poulet | The LINC complex contributes to heterochromatin organisation and transcriptional gene silencing in plants[END_REF]. Given the specific H1.3 expression pattern in this cell type and the role of H1.3 in preventing heterochromatin compaction, it would be interesting to test whether this difference in nuclear organization relies on H1.3 expression, by observing h1.3 guard cell nuclei.

At the gene expression level, transcriptomic analysis of cell-type specific guard cell precursors indicated that H1.3 is only induced in mature guard cells that have established their cell identity [START_REF] Adrian | Transcriptome dynamics of the stomatal lineage: Birth, amplification, and termination of a self-renewing population[END_REF]. Cell-specific epigenomic analysis on guard cells have identified how guard cell fate is associated and maintained thanks to a specific patterning of H3K27me3 deposition [START_REF] Lee | Cell-type-specific transcriptome and histone modification dynamics during cellular reprogramming in the Arabidopsis stomatal lineage[END_REF]. Given the global influence of canonical H1s in defining H3K27me3 distribution, it would be interesting to test whether the specific pattern of H3K27me3 observed in guard cells depends on an H1-dependent regulation. In line with this hypothesis, a phenotypic analysis identified an altered stoma patterning in mutant plants lacking canonical H1s (Rutowicz et al., 2019). We could envision that competitive DNA binding of H1.3 could determine a specific pattern of canonical H1s in this specific cell type, which in turn would modulate H3K27me3 landscape. A role of H1.3 in stomata definition has moreover been suggested by phenotypic analysis of h1.3 mutants showing a reduced expression of gene regulating stomatal development and a reduced stomata density (Rutowicz, Puzio, Halibart-puzio, et al., 2015).

General conclusion and perspectives

Collectively the presented results indicated that H1s have a large influence of plant chromatin organization and properties. We described that canonical linker histones regulate H3K27me3 deposition over a large set of genes, and also restrict PRC2 activity over telomeric repeats, both terminal and interspersed, likely by competing with the GH1 bearing proteins TRBs. Binding interplay of linker histone H1s variants is also a theme orchestrated by light during de-etiolation, via the light regulated induction of the divergent H1.3 histone. H1.3 expression during photomorphogenesis is necessary for chromocenter de-compaction and also sufficient when ectopically induced. Probing chromatin accessibility and 3D organization in cotyledons grown under two distinct light conditions has proven that light as major impact chromatin organization.

Chromatin accessibility profiling in h1.3 mutant further unveiled that dark to light chromatin accessibility changes are associated to an interplay with the canonical H1.1 and H1.2 over a large set of differentially expressed genes. Further integration of the 3D information and the accessibility data with ChIP seq of histones H1 and other marks along with RNA-seq will provide an atlas of the chromatin processes defining cotyledons photomorphogenesis, allowing the functional exploration of the link between environmental changes and their integration over the chromatin platform.

These results open novel perspectives for studies aimed at characterizing the role played by chromatinbased mechanisms in linking transcriptional regime, metabolism and cell differentiation.
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Materials and methods

Plant material and growth conditions

All Arabidopsis lines used in this study were produced in the Col-0 background, except for the h1.3 null mutant that was obtained by backcrossing four times to Col-0 the line GT18298 from the Cold Spring Harbor seed collection that is in the Ler background (Rutowicz, Puzio, Halibart-Puzio, et al., 2015). The mutants h1.1 (SALK_N628430), h1. seeds were surface sterilized using a solution of ethanol at 70% and SDS at 0.05% for 5 minutes and then rinsed into 90% ethanol solution. Sterilized seeds were plated on ½ MS medium containing 0.9% agar and stratified for 3 days at 4°C before transfer to growth chambers set on long-day photoperiods. The same sterilization protocol and the same light condition and photoperiod were adopted for growing plants on soil.

Generation of H1.3 transgenic lines

Plasmid construction

The genomic sequence of H1. 

Arabidopsis transformation with Agrobacterium tumefaciens.

Col-0 plants were cultivated in a growth chamber for about 3 weeks to obtain an optimal number of flowers per plants. Agrobacterium (GV3101) competent cells were transformed adding 1 µg of plasmid (pMDC7-H1.3 or pMDC7-H1.3:GFP). After 5 min on ice, aliquots were frozen in liquid nitrogen for 5 minutes and then butted in a warm bath at 37°C until thawed. 1 mL of YEP was added on the cells and incubated for 2 hr at 28 °C. Each transformation was then centrifuged for 1 min at 3000g. After discarding the supernatant, the pellet was resuspended in 100 µL of YEP and plated on YEP + spectinomycin 100µg/mL, rifampicin 75µg/mL and gentamicin 25µg/mL and incubated for 2-3 days at 28 °C. Resistant colonies were screened by colony PCR and selected for amplification in liquid YEP culture with the same antibiotics. A 5 mL starter culture was prepared and incubated at 28 °C over-night to reach saturation. The starter culture was transferred into a flask containing 250 mL of YEP and incubated at 28°C to reach an optimal optical density (OD) of 1-2 at 600 nm. The suspension was centrifuged 20 min at 3,000 g and the pellet was resuspended in 250 mL of infiltration medium. Flowers and shoots were dipped for 10 sec and plants were transferred into the growing chamber before harvesting of T1 seeds.

Selection of transgenic lines

T1 seeds were sowed on MS plates supplemented with hygromycin at 50 μg/mL for plants transformed with the pDMC7. At least 10 T2 primary transformant were selected for propagation and selection of homozygous T3 plants.

Here a table of the plant material used in this study.

Gene expression analyses

RNA extraction

Total RNA was extracted using the Quick-RNA Plant Miniprep Kit (Zymo, R2024) following the manufacturer instructions, including a DNase treatment on column. RNA concentration was measured using Nanodrop. To exclude any contamination of the samples by genomic DNA, PCR was also performed using primers flanking an intron of ACTIN2 and the size of the amplicons was checked on agarose gels.

RT-qPCR

Reverse transcription was performed on 1 μg of total RNA with random hexamers using the Highcapacity cDNA synthesis kit (Applied Biosystems) following manufacturer instructions. Quantitative PCR was performed using a LightCycler 480 and LightCycler 480 SYBR green I Master mix (Roche). Data were normalized relatively to At2g36060 and At5g13440 genes with invariant expression over dozens of publicly available transcriptome analyses [START_REF] Teixeira | A Role for RNAi in the Selective Correction of DNA Methylation Defects[END_REF]. For ChIP experiments, 5-day-old entire seedlings were crosslinked using a 1% formaldehyde (v/v) solution in H2O, infiltrated for 15 min at RT using a vacuum chamber. Dark-grown seedlings were harvested and crosslinked in a dark room using a safe green lamp as unique source of light. Crosslinking was stopped by adding glycine to reach a final concentration of 125mM. At this stage plants are either rinsed in water, dried and fresh frozen in liquid N2 for grinding or rinsed and cotyledons are manually dissected for cotyledons-specific ChIP experiments before flash freezing and grinding by adding 0.4 mm glass beads and grounded using TissueLyser (Qiagen) 1min at 30Hz.

Mutant

Chromatin extraction

Entire seedlings or dissected cotyledons were reduced to powder in liquid N2. For entire seedlings 1g of powder was used for chromatin extraction. 30mL of EB1 were added to the powder and homogenized using a Douncer homogenizer before filtering the lysate through two layers of Miracloth (Millipore, average porosity 25 µm). Samples were centrifugated at 4,000 rpm for 20 min and pellets were resuspended in 1 mL of EB2. This step was repeated until the total removal of chloroplasts. The washed pellet was then resuspended in the dense EB3 buffer (1,7 M sucrose) and loaded carefully onto a cushion of equivalent volume of EB3. Nuclei were pelleted by centrifugation, 1h at 13200 rpm. Nuclei pellets were resuspended in NLB to break the nuclei membrane and free chromatin.

Chromatin immunoprecipitation (ChIP-Rx)

The purified chromatin was sheared by sonication (Bioruptor, Diagenode) to obtain fragments of 300bp on average. Chromatin sonication was checked on 10 µL of chromatin by reversing the crosslink with NaCl (200mM) and overnight incubation at 65°C before extracting the DNA through Phenol Chloroform purification followed by ethanol precipitation. DNA was migrated on a 1.5% agarose gel after having digested the RNA with RNaseA for 15 min at 37°C.

After removing the debris by centrifugation, protein concentration in the supernatant was determine by using the Pierce BCA Protein Assay Kit (Thermo Scientific Ref. 23227). For each sample 100µg / IP was used for chromatin immunoprecipitation. At this stage 5%, of drosophila sonicated chromatin was added as an external spike-in to samples, before taking 20 µL of the mixed chromatins as input. To perform the immunoprecipitation, magnetic beads coupled with A and G proteins (Pierce™ ChIP-grade Protein A/G Magnetic Beads, Thermo Fisher Scientific) were used in equal proportion. A total of 50 µL of beads were used for each IP, and mixed with 5 ug of antibody (H3K27me3, Millipore #07-449, H3 REF) to allow antibody binding to the magnetic beads for 3h at 4°C. To avoid immunoprecipitation of a-specific chromatin fragments, sonicated chromatin was pre-cleared by incubation with 20 µL of magnetic beads for 3h at 4°C. After pre-clearing, chromatin was incubated O/N at 4°C with the antibody-coupled magnetic beads. In the morning, beads were recovered by using a magnetic rack and washed twice with different buffers at increase salinity (buffers LSW, HSW, LiCLW) to remove aspecifically-bound fragments, before a final wash with TE. DNA was then eluted twice in 250 µL Elution Buffer (EB) at 65°C for 15 min with &,000 rpm agitation using a Thermomixer (Eppendorf).

Inputs samples were retrieved and adjusted to the IP volume using EB in order to proceed for O/N reverse-crosslinking for all samples (with NaCl (200mM) at 65°C). Chromatin proteins were then digested with proteinase K (NEB) and DNA was extracted by phenol/chloroform purification followed by ethanol/Na Acetate precipitation and resuspended in 40 µL of 0.1X TE buffer. DNA was quantified with a Qubit fluorometer using the High-sensitivity quantification kit (Thermofisher) and used for qPCR and/or library preparation.

5.5 DNA staining with DAPI.

Preparation of plant material

5-day-old dark-grown or light-grown seedlings were fixed (under appropriate light condition) in a solution of 4% (v/v) formaldehyde + nonyl phenoxypolyethoxylethanol (NP40) 0.2% in PEM 1X.

Seedlings were incubated in the digestion solution for 1.5 h with gentle shaking (20 rpm) at RT.

Activation of the slides

Microscopy slides were treated with 2% APTES solution in acetone for 30seconds. After being rinsed in water, the slides were activated using 2.5% glutaraldehyde solution in PBS 1X for 30 minutes and then rinsed and dried.

Preparation of the slides

After 4 washes of 15 minutes in PEM 1X, digested cotyledons were dissected using a scalpel and laid down on activated slides. The tissues were disrupted by covering cotyledons with a glass coverslip and squashing them through 1 or 2 shots applying a soft pressure on the coverslip. Each slide was subsequently frozen upside-down in liquid nitrogen, and the coverslip was removed with a scalpel.

Slides were dried 30-60 min at RT. Samples were permeabilized with 400 µl of PEMSB for 30 min at RT in a humid chamber. After rinsing with PEM, 5 µL of Vectashield with 2 µg/mL DAPI were added directly on the sample. A new coverslip was added and sealed using nail polish

Imaging of DAPI stained nuclei

Acquisition was performed using a confocal microscope SP5 or SP8-R (Leica Microsystems, Germany) equipped with a 63x lens and a 405 nm laser. Each image is the results of several pictures (stack) taken on the Z-axis. The Z-step size was set at 0.34 µm for all images. A fixed zoom factor of 4.8X

was used for all images. The resolution was set to 16 bits and the dimension of each picture to 1024x1024 pixels.

modification (Grob, Schmid and Grossniklaus, 2014a). Sonicated fragments were first treated with the End repair enzyme mix and biotinylated fragments were pulled-down by using Streptavidin beads.

Beads were prepared and washed in TWB and BB buffer, before adding the end-repaired Hi-C DNA.

Magnetic beads were retrieved with the help of a magnetic stand and washed in BB buffer before proceeding to A-tailing. From this point the following library steps were performed on beads-bound DNA fragments. Hi-C bound beads were first treated for A-tailing reaction and then adaptors were ligated. After adapter ligation beads were washed twice in TRB buffer and BB buffer before proceeding to final amplification. KAPA HiFi hot start (Roche) was used to amplify bead bound Hi-C template. All samples were subjected to the 12 amplification cycles. The PCR products in the supernatant were retrieved with the help of a magnetic stand and purified using AMPure beads (ratio 1.85). Library quality was checked by Qubit and by TAPE Station analysis before sequencing.

Sequencing was performed at Beijing Genomics Institute (BGI Group) using Novaseq Illumina platform with Pair-End 150bp sequencing.

Bioinformatic analyses

Mapping of Hi-C reads was performed using HI-C Pro pipeline [START_REF] Servant | HiC-Pro: An optimized and flexible pipeline for Hi-C data processing[END_REF], Bowtie2 was used with default pipeline parameter (--very-sensitive -L 30 -score-min L,-0.6,-0.2 -end-to-endreorder). Frequency contacts maps were visualized using Juicebox toolsuite [START_REF] Durand | Juicebox Provides a Visualization System for Hi-C Contact Maps with Unlimited Zoom[END_REF]. Each dataset was analyzed at a resolution of 10kb. Further analysis were performed by Carron Leopold using the Hi-C Boost pipeline [START_REF] Carron | Boost-HiC: Computational enhancement of longrange contacts in chromosomal contact maps[END_REF].

ATAC seq

Nuclei extraction

5-day-old dark-or light-grown seedlings were collected in liquid MS/2 and cotyledons were dissected under appropriate light conditions. For each sample, a total of 300 cotyledons were collected in 2 mL Eppendorf tube. Two 0.4mm glass beads were added before flash-freezing in liquid nitrogen and grinding in fine powder with Tissye Lyser (30Hz for 60 s).

Percoll isolation and FANS

Cotyledons powder was resuspended in Extraction Buffer 1 (EB1) and resuspended on ice before homogenization using a Douncer homogenizer. Sample were then filter through a 60 µm pre-wet nylon mesh filter (Partec). Triton X-100 was added to a final concentration of 1% and sample were incubated on ice for 20min to allow nuclei isolation and chloroplast lysis. Nuclei were than pelleted and after discarding supernatant were resuspended in Extraction Buffer 2 (EB2), before loading onto 2 layers (80% and 35%) Percoll gradient. To allow for an easier visualization of nuclei pellet at the interface between the two-layer Percoll gradient, the two layers were stained with Bromophenol blue and red Cresol, respectively. After carefully loading nuclei onto the gradient, samples were centrifugated for 30min at 4°C in a swinging rotor centrifuge at 3000g. Purified nuclei at the 2 layers interface were retrieved and washed with EB2 buffer. DAPI staining was added to the purified nuclei in order to proceed for Fluorescence Activated Nuclei Sorting using a MoFlo Astrios EQ Cell Sorter (Beckman Culture).

Transposition reaction and purification

After nuclei sorting, 20,000 nuclei were spinned down at 1,000 g for 10 min at 4°C and immediately resuspended in 20 µL of transposition mix. Samples were incubated at 37°C for 30 min, with gentle agitation to increase fragment yield. Immediately following transposition, 20 µL of NLB were added and the samples were incubated at RT for 5 min before adding 110 µL of H2O and flash freezing in liquid N2

to help breaking the nuclear membrane. DNA was recovered by phenol/chloroform/IAA extraction, and further purify by using the MinElute PCR Purification (PB buffer) Kit (QIAGEN). Transposed DNA was eluted in 10 μL of the kit elution buffer.

PCR amplification and ATAC library generation

To amplify transposed DNA fragments, we used 25μL of NEBNext High-Fidelity 2× PCR Master Mix (Roche) and followed manufacturer instruction using Custom PCR Primer 1 and a sample-specific Custom Barcoded PCR Primer 2. Primers and PCR conditions are optimized for amplifying high molecular weight fragments from low-input material: (1cycle, 5 min 72°C-30 sec 98°C, 5cycles +Estimated cylces: 10 sec 98°C,30 sec 63°C,1 min 72°C). PCR amplification was divided in two steps, a first round of 5 PCR rounds to allow pre-amplification and estimate the optimal number of additional PCR cycles required to get enough yield without decreasing the complexity of the original library of DNA fragments (due to PCR duplicates). Specifically, 1/10 of the previously amplified DNA is used to estimante the number of optimal amplification cycles by qPCR. Overall samples were subject to a total of 10-12 PCR cycles. Amplified libraries were purified using Qiagen MinElute PCR Purification Kit and the library quality was assessed by Qubit quantification and by using a Bioanalyzer High-Sensitivity DNA Analysis kit (Agilent). The ATAC-seq libraries where sequenced by Beijing Genomics Institute (BGI Group) using the DNA Nanoballs (DNB™) DNBseq sequencing technology obtaining 65 bp paired-end reads.

Bioinformatic analyses

ATAC-seq analyses was performed using the ASAP (ATAC-Seq data Analysis Pipeline; developed by Amira Kramdi in the laboratory of Vincent Colot). In short, mapping was performed using Bowtie2 (Langmead and Salzberg, 2012) with parameters --very-sensitive -X 2000. Mapped reads were filtered for duplicates and filtered for repetitive regions [START_REF] Quadrana | The Arabidopsis thaliana mobilome and its impact at the species level[END_REF]. Concordant reads were selected and shifted as previously described by 4 bp [START_REF] Schep | Structured nucleosome fingerprints enable high-resolution mapping of chromatin architecture within regulatory regions[END_REF]. Peak calling was performed using MACS2 [START_REF] Zhang | Model-based Analysis of ChIP-Seq (MACS)[END_REF] using broad model. Heatmaps and metaplots were produced using the deeptools suite [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF].
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Background Linker histones (H1) belong to the major constituents of plant and animal chromatin besides the core nucleosomal histones. H1 variants (collectively referred to as H1 thereafter) appeared early during evolution as lysinerich, proto-linker histones found in the ancestral eukaryotes such as protists but not Archaea [START_REF] Kasinsky | Origin of H1 linker histones[END_REF]. In contrast to core nucleosomal constituents, H1 form a highly divergent class of histones [START_REF] Kasinsky | Origin of H1 linker histones[END_REF]. H1 typically possesses a tripartite structure conserved across all eukaryotes: it consists of a short and flexible N-terminal tail, a structured globular domain (GH1) which interacts with a nucleosome dyad, and a structurally disordered, lysine-rich (highly basic) C-terminal tail. The C-terminal tail of H1 variants varies in length and composition among isotypes and organisms, conferring their various chromatin compaction potential by interacting with internucleosomal DNA and drawing adjacent nucleosomes together [START_REF] Bednar | Structure and dynamics of a 197 bp nucleosome in complex with linker histone H1[END_REF][START_REF] Zhou | Structural insights into the histone H1-nucleosome complex[END_REF]. In animals, several H1 isotypes can coexist in the same cell type playing both redundant and specific roles in chromatin organization [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF]. H1 proteins constitute a highly mobile fraction of the animal chromatin; their apparent constitutive presence results from a steady-state level of dynamic binding [START_REF] Bustin | The dynamics of histone H1 function in chromatin[END_REF]. H1-mediated higher-order chromatin organization influences RNA polymerase II accessibility, hence gene expression, DNA replication, chromosome segregation, and DNA repair [START_REF] Fyodorov | Emerging roles of linker histones in regulating chromatin structure and function[END_REF][START_REF] Almeida | Chromatin conformation regulates the coordination between DNA replication and transcription[END_REF][START_REF] Christophorou | Citrullination regulates pluripotency and histone H1 binding to chromatin[END_REF][START_REF] Hergeth | The H1 linker histones: multifunctional proteins beyond the nucleosomal core particle[END_REF][START_REF] Ricci | Chromatin fibers are formed by heterogeneous groups of nucleosomes in vivo[END_REF]. In Drosophila, Neurospora crassa, and mammalian cells, H1 deposition is part of a crosstalk with the epigenetic landscape, notably DNA methylation [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF][START_REF] Seymour | Histone H1 limits DNA methylation in Neurospora crassa[END_REF][START_REF] Yang | H1 linker histone promotes epigenetic silencing by regulating both DNA methylation and histone H3 methylation[END_REF] and histone H3 methylation [START_REF] Yang | H1 linker histone promotes epigenetic silencing by regulating both DNA methylation and histone H3 methylation[END_REF][START_REF] Geeven | Local compartment changes and regulatory landscape alterations in histone H1-depleted cells[END_REF][START_REF] Lu | Drosophila H1 regulates the genetic activity of heterochromatin by recruitment of Su (var)3-9[END_REF]. Given the profound impact of H1 proteins on chromatin organization, it is surprising that H1 depletion is tolerated in some organisms: this is the case of Tetrahymena, yeast, fungi, worms [START_REF] Ausio | Are linker histones (histone H1) dispensable for survival?[END_REF][START_REF] Jedrusik | A single histone H1 isoform (H1.1) is essential for chromatin silencing and germline development in Caenorhabditis elegans[END_REF][START_REF] Patterton | The biochemical and phenotypic characterization of Hho1p, the putative linker histone H1 of Saccharomyces cerevisiae[END_REF][START_REF] Shen | Linker histones are not essential and affect chromatin condensation in vivo[END_REF][START_REF] Ushinsky | Histone H1 in Saccharomyces cerevisiae[END_REF]. However, in mouse and Drosophila, it impairs viability [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF][START_REF] Lu | Linker histone H1 is essential for Drosophila development, the establishment of pericentric heterochromatin, and a normal polytene chromosome structure[END_REF]. The intrinsic role of H1 in chromatin organization and yet the variable impact of its depletion create an apparent paradox which is difficult to address given the high functional redundancy between variants, particularly in mammalian genomes.

In the plant kingdom, H1 gene variants can be traced back to the earliest land plants [START_REF] Kotlinski | Phylogeny-based systematization of Arabidopsis proteins with histone H1 globular domain[END_REF]. The flowering plant Arabidopsis thaliana possesses only three canonical H1 variants, and the reduced number of isotypes makes it suitable for analyzing H1 functions [START_REF] Kotlinski | Phylogeny-based systematization of Arabidopsis proteins with histone H1 globular domain[END_REF][START_REF] Wierzbicki | Suppression of histone H1 genes in Arabidopsis results in heritable developmental defects and stochastic changes in DNA methylation[END_REF]. Two of them, H1.1 and H1.2, are ubiquitous in differentiated shoot and root tissues and are expressed throughout vegetative development. Whether they play distinct or similar roles on chromatin organization is not known. Despite their apparent ubiquitous expression, both variants are evicted at the somatic-to-reproductive cell fate transition and undetectable in the reproductive lineage [START_REF] Ingouff | Live-cell analysis of DNA methylation during sexual reproduction in Arabidopsis reveals context and sex-specific dynamics controlled by noncanonical RdDM[END_REF][START_REF] She | Chromatin dynamics in pollen mother cells underpin a common scenario at the somatic-to-reproductive fate transition of both the male and female lineages in Arabidopsis[END_REF][START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF]. Unlike in animals where germline-specific H1 variants have been described [START_REF] Perez-Montero | Germline-specific H1 variants: the "sexy" linker histones[END_REF], no gametophyte-specific variants have yet been characterized in plants. H1.1 protein abundance is nevertheless restored in male gametes (Baroux,unpublished and [27]) where it could thus play a sperm cell-specific function, yet to be determined. H1.3, by contrast, is not a routine variant but is specifically incorporated in response to abiotic stresses: this stress-inducible variant is thought to act as a pioneer factor priming transcriptional reprogramming that leads to physiological adaptations [START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF]. The genomic distribution of H1 variants is widely present along the Arabidopsis genome, spanning both heterochromatin and euchromatin chromosomal domains [START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF][START_REF] Wollmann | The histone H3 variant H3.3 regulates gene body DNA methylation in Arabidopsis thaliana[END_REF]. Specifically, H1.1 and H1.2 are enriched at the 3′ and 5′ ends of transposable elements (TEs) and over gene bodies where its profile is anti-correlated to the transcription and H3K4me3 levels [START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF]. They are subjected to numerous post-translational modifications with undescribed functions [START_REF] Kotlinski | Histone H1 variants in Arabidopsis are subject to numerous post-translational modifications, both conserved and previously unknown in histones, suggesting complex functions of H1 in plants[END_REF]. H1 variants further influence DNA methylation patterns in Arabidopsis, primarily but not exclusively, in heterochromatin and in all sequence contexts (i.e., CG, CHG, CHH) [START_REF] Wierzbicki | Suppression of histone H1 genes in Arabidopsis results in heritable developmental defects and stochastic changes in DNA methylation[END_REF][START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF][START_REF] Rea | Histone H1 affects gene imprinting and DNA methylation in Arabidopsis[END_REF][START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF]. H1-containing nucleosomes are thought to create a barrier to DNA methyltransferases, a structural conflict that can be resolved by the activity of SWI/SNF types of chromatin remodelers [START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF][START_REF] Lyons | DDM1 and Lsh remodelers allow methylation of DNA wrapped in nucleosomes[END_REF].

Overall, however, the functional influence of H1 on chromatin organization and function in plants remains elusive, and our understanding of H1 function on cell specification and development is limited. Whereas H1 downregulation by RNAi knockdown in Arabidopsis produced pleiotropic phenotypes [START_REF] Wierzbicki | Suppression of histone H1 genes in Arabidopsis results in heritable developmental defects and stochastic changes in DNA methylation[END_REF], where possible off-target effects on H1-related proteins cannot be excluded [START_REF] Kotlinski | Phylogeny-based systematization of Arabidopsis proteins with histone H1 globular domain[END_REF], double and triple knockout lines are viable and provide a unique opportunity to investigate the role of H1 during development [START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF][START_REF] Rea | Histone H1 affects gene imprinting and DNA methylation in Arabidopsis[END_REF].

Here, we report that H1 has a profound role not only in heterochromatin but also in euchromatin in Arabidopsis, which was so far overlooked. It regulates chromatin compaction and organization at the nuclear level, being required for heterochromatin formation and influencing on the spatial distribution of nanoscale, compact domains in euchromatin. Mutant analyses reveal that H1 restricts nucleosome mobility and influences H3K9 acetylation, H3K27, and H3K4 methylation levels. We also show that H1 regulates nucleosome distribution and provides distinct nucleosome density over expressed genes correlating with their expression levels. Interestingly, these nucleosomal states and large-scale chromatin structures mediated by H1 are not epistatic to transcriptional regulation for a vast majority of loci. A small fraction of genes and TEs is, however, H1-sensitive suggesting that chromatin level regulation primes over other transcriptional controls for these loci. Finally, the analysis of mutant and complemented mutant lines unveils a new role of H1-mediated organization during development.

Results

H1-deficient Arabidopsis lines show deregulation of several developmental transitions

T-DNA insertion mutant alleles for the three H1 genes were previously introgressed producing double and triple mutants which are viable [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF][START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF][START_REF] Rea | Histone H1 affects gene imprinting and DNA methylation in Arabidopsis[END_REF][START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF]. This is in contrast to RNAi lines inducing pleiotropic aberrations [START_REF] Wierzbicki | Suppression of histone H1 genes in Arabidopsis results in heritable developmental defects and stochastic changes in DNA methylation[END_REF], where possible off-target effects on H1-related genes [START_REF] Kotlinski | Phylogeny-based systematization of Arabidopsis proteins with histone H1 globular domain[END_REF] cannot be excluded. H1 triple (T-DNA) mutant plants, thereafter called 3h1, were previously characterized at the molecular level and do not show detectable levels of H1 transcripts nor H1 proteins [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF]. 3h1 appeared at first normal with regular shoot and root apparatus indicating that organogenesis coordinated by the apical meristems are not affected. We investigated the development of 3h1-mutant plants in further details and noticed subtle phenotypes at developmental transitions. We noticed for example that a large fraction of 3h1 seeds underwent a prolonged dormancy after harvest (Fig. 1a). In addition, 3h1 plants showed precocious induction of flowering (Fig. 1b, Additional file 1: Figure S1), a phenotype which was rescued by the introduction of tagged H1 variants in 3h1 plants (Additional file 1: Figure S1C). We then rationalized that H1 might be implicated in other developmental transitions. To test this hypothesis, we analyzed the formation of lateral roots, root hairs, and epidermal stomata as traits reflecting the cell identity establishment concurrent to organogenesis. In Arabidopsis, the specification of lateral root primordia from pericycle founder cells and the differentiation of root hairs from epidermal cells follow a regular pattern modulated by developmental and environmental cues and subjected to epigenetic regulation [START_REF] Salazar-Henao | The regulation and plasticity of root hair patterning and morphogenesis[END_REF][START_REF] Van Norman | To branch or not to branch: the role of pre-patterning in lateral root formation[END_REF]. Firstly, compared to wild type, 3h1 seedlings produced a higher number of lateral roots per root length unit (Fig. 1c) and a higher density of root hairs (Fig. 1d). Again, both defects were rescued upon complementation with H1.1 and H1.2 transgenes (Fig. 1c,d; Additional file 1: Figure S2A). These observations suggest that H1 is required for proper spatial and temporal control of lateral root and root hair lineage initiation. In addition, the unicellular fate of root hairs was occasionally compromised in 3h1 but not in wild-type plants, with the appearance of multiple nuclei and cell boundaries (Fig. 1e, Additional file 1: Figure S2B). Interestingly, this trait was previously correlated with an unstable epigenetic root hair cell fate in mutants impaired in Polycomb-group Repressive Com-plex2 (PRC2)-based chromatin regulation [START_REF] Ikeuchi | PRC2 represses dedifferentiation of mature somatic cells in Arabidopsis[END_REF].

Secondly, we noticed that stomata patterning in the epidermis of cotyledons was altered in 3h1 with a higher occurrence of high-degree (tertiary and quaternary) clusters, associated with complex arrangements, collated stomata, or atypical division patterns in early stages. These features were not found in the wild type and were restored upon the introduction of H1.1 and H1.2 transgenes (Fig. 1f, Additional file 1: Figure S2C). These observations suggest a loose control by H1 of stomatal spacing presumably involving occasional re-initiation events [START_REF] Lau | Stomatal development: a plant's perspective on cell polarity, cell fate transitions and intercellular communication[END_REF]. Finally, we also tested how 3h1 tissues respond to reprogramming in in vitro culture. We measured a decreased efficiency in callus development compared to the wild type (Fig. 1g), a feature mostly attributed to H1.3 in our complementation experiments (Additional file 1: Figure S3). It was shown before that for efficient leaf-to-callus transition, genome-wide reprogramming of H3K27me3 is a critical step, and in PRC2mutants callus, development is defective [START_REF] He | Reprogramming of H3K27me3 is critical for acquisition of pluripotency from cultured Arabidopsis tissues[END_REF].

In summary, we identified defects in seed dormancy control, flowering time control, lateral root initiation, and the fate of root hair as well as guard cells which were previously overlooked in H1-depleted plants. This collectively indicates that linker histones are required for a tight control of developmental and cellular transitions.

H1 variants are necessary to form compact heterochromatin domains but are dispensable for TE silencing and peripheral positioning of chromocenters H1.1 and H1.2 variants are largely ubiquitously expressed in plant tissues except in the reproductive lineage [START_REF] She | Chromatin dynamics in pollen mother cells underpin a common scenario at the somatic-to-reproductive fate transition of both the male and female lineages in Arabidopsis[END_REF][START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF], while H1.3 is usually not expressed in most cell types [START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF]. Transient depletion of H1 proteins at the somatic-to-reproductive transition precedes, and probably causes, drastic chromatin changes at the nuclear level [START_REF] She | Chromatin dynamics in pollen mother cells underpin a common scenario at the somatic-to-reproductive fate transition of both the male and female lineages in Arabidopsis[END_REF][START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF]. In order to analyze the consequence of H1 depletion on chromatin organization at the cytological scale, we quantified the following parameters in isolated leaf nuclei from 3h1 and compared them to that in wild-type nuclei: number of chromocenters, the relative heterochromatin fraction (RHF) measuring the fraction of chromatin condensed in conspicuous foci or domains [START_REF] Fransz | Interphase chromosomes in Arabidopsis are organized as well defined chromocenters from which euchromatin loops emanate[END_REF], and nuclear size informing on the global compaction level of chromatin. These analyses showed that 3h1 nuclei have a stark reduction in heterochromatin content with a RHF of less than 5%, were significantly larger than the wild type and failed to form the typical 6-8 heterochromatic chromocenters (CCs) normally seen in most wild-type somatic nuclei (Fig. 2a,b; Additional file 2: Table S1).

Arabidopsis CCs are largely composed of centromeric and pericentromeric transposable element (TE) repeats of the five chromosome pairs, and a subset of two to four CCs comprising ribosomal (rDNA) repeats is associated with the nucleolus [START_REF] Fransz | Interphase chromosomes in Arabidopsis are organized as well defined chromocenters from which euchromatin loops emanate[END_REF][START_REF] Soppe | DNA methylation controls histone H3 lysine 9 methylation and heterochromatin assembly in Arabidopsis[END_REF]. To understand where these repeats were located in the 3h1 nuclei in the absence of conspicuous chromocenters, we carried out 3D fluorescence in situ hybridization (FISH) on intact nuclei embedded in acrylamide gel pads [START_REF] Ashenafi | Automated 3D gene position analysis using a customized Imaris plugin: XTFISHInsideNucleus[END_REF]. Centromeric repeats were remarkably dispersed in 3h1-mutant nuclei, while rDNA repeats were localized in the remaining compact CCs, as in the wild-type nuclei (Fig. 2c). H1 is thus essential for maintaining the structural, compact domains at the (peri-) centromere regions but is dispensable for the heterochromatinization of rDNA repeat loci. Interestingly, the decondensed centromeric repeats in the 3h1 nuclei remain located at the periphery as described in the wild-type nuclei [START_REF] Andrey | Statistical analysis of 3D images detects regular spatial distributions of centromeres and chromocenters in animal and plant nuclei[END_REF] (Fig. 2d). Thus, H1mediated CC compaction occurs downstream of the spatial positioning of the centromeric regions. In addition, high-resolution imaging indicated the presence of nanoscopic bodies of condensed chromatin in the 3h1 nuclei (Fig. 2e). These were not detected in the wild-type nuclei and therefore could correspond to dispersed heterochromatin regions that were not assembled into chromocenter structures.

The three Arabidopsis H1 variants vary in protein structure and expression pattern and may not equally contribute to heterochromatin organization [START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF]. We quantified heterochromatin content in whole-mount roots and cotyledons in wild-type, mutant, and complemented mutant seedlings. We found an intermediate reduction in heterochromatin content in the double h1.1h1.2 mutant compared to that in the triple mutant in roots, an effect restored by tagged H1.1 or H1.2 variants (Additional file 1: Figure S4A,B). We explain this by a possible compensatory expression of H1.3 when H1.1 and H1.2 are depleted, as inferred from reporter analysis in 3h1 roots showing ectopic H1.3-GFP levels (Additional file 1: Figure S4D). However, in cotyledons, which are leaf structures of embryonic origin, CC formation and compaction of centromeric and pericentromeric repeats seem controlled by the H1.1 and H1.2 variants only (Additional file 1: Figure S4C). In wild-type plants, the relative levels of H1.1 and H1.2 variants change along the meristematic-elongation differentiation transition in roots (Additional file 1: Figure S5) suggesting a specialization of these variants, however with a tissue-dependent, functional redundancy revealed in our mutant complementation analyses.

To investigate whether heterochromatin dispersion in 3h1 correlates with looser chromatin organization at the molecular level, we generated chromatin accessibility profiles using micrococcal nuclease sequencing (MNaseseq). We focused the analysis on nucleosomal coverage and distribution in the regions characteristic for heterochromatin and indexed as chromatin states CS8 and CS9 in the established nomenclature [START_REF] Sequeira-Mendes | The functional topography of the Arabidopsis genome is organized in a reduced number of linear motifs of chromatin states[END_REF][START_REF] Vergara | Emerging roles of chromatin in the maintenance of genome organization and function in plants[END_REF]. In Arabidopsis, CS8 and CS9 are enriched in DNA methylation, H3.1 histone variant, and H3K27me1 and H3K9me2 modifications. In our analyses, the typical CS8 and CS9 regions have a consistent 12-15% reduction in nucleosomal density in the 3h1 nuclei (Fig. 2f, Additional file 1: Figure S6). In addition, nucleosome distribution is more variable in 3h1 heterochromatin as shown by the broader distribution of MNase-protected regions compared to wild type: notably, we found a higher frequency of both short (< 150 nt) and unusually long (> 300 nt) fragments, while the average nucleosome repeat length (NRL) was globally shorter by 10 nt in the 3h1 mutant (Fig. 2g). We concluded from these analyses that H1 constrains nucleosomal spacing and enhances regularity in nucleosome distribution along the heterochromatin regions in Arabidopsis. Variability in nucleosomal spacing and distribution in heterochromatic regions might be responsible for the unstable chromocenters in the 3h1 nuclei. Interestingly, the absence of microscopically visible chromocenters does not seem to impair the deposition of their corresponding epigenetic silencing marks which remain abundant and widely redistributed (Fig. 2h-i) most likely following the dispersion of cognate heterochromatin regions.

We then asked whether this structural and spatial dispersion of heterochromatin in 3h1 is associated with reduced silencing of transposable elements (TEs) which are typically confined to chromocenters. Strikingly, RNA-seq profiling of wild-type and 3h1 seedlings did not show changes for the vast majority of TE transcript levels. This demonstrates that H1mediated heterochromatin condensation into larger compact CCs is dispensable for silencing of the majority of heterochromatic TEs (Additional file 3: Table S2 and Additional file 4: Table S3). Nevertheless, a moderate number of 450 elements (p value < 0.05 and fold change > 2) representing about 1.5% of TAIR10-annotated TEs were significantly reactivated in 3h1 plants. A third of them corresponded to LTR/ gypsy elements that are mainly distributed within the pericentromeric regions (Additional file 1: Figure S7, Additional file 3: Table S2, Additional file 4: Table S3).

Collectively, our observations indicate that linker histones contribute to regular nucleosomal distribution and density over heterochromatin regions and are absolutely required for the formation and/or maintenance of conspicuous chromocenter domains. As shown by genome-wide profiling, Arabidopsis H1 variants are abundant throughout the genome and, besides heterochromatin, are present in the euchromatin regions [START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF][START_REF] Wollmann | The histone H3 variant H3.3 regulates gene body DNA methylation in Arabidopsis thaliana[END_REF]. Immunolocalization with an antibody specifically targeting plant H1 variants allowed visualizing the native distribution of H1 in situ, revealing discrete regions in euchromatin and encompassing heterochromatic CCs (Fig. 3a). Furthermore, H1.1-GFP was found to be distributed homogenously in euchromatin with, however, the occurrence of enrichment foci relative to nucleosome distribution visualized with an RFPtagged H2B variant (Fig. 3b). We thus asked whether H1 depletion also impacts the structural organization of euchromatin regions. To resolve nanoscale level of organization, we measured chromatin density patterns on ultrathin transmission electron microscopy (TEM) preparations (Fig. 3c). For this, we used a spatial pattern analysis approach that was previously validated to capture relevant structural features of chromatin organization in cancerogenous animal cells [START_REF] Cherkezyan | Nanoscale changes in chromatin organization represent the initial steps of tumorigenesis: a transmission electron microscopy study[END_REF] and that we adapted for images of the Arabidopsis nuclei [START_REF] Fabrice | Transmission electron microscopy imaging to analyse chromatin density distribution at the nanoscale level[END_REF]. In brief, a spatial autocorrelation function (ACF) of chromatin staining spatial distribution is calculated inside multiple regions of interests (ROIs, Fig. 3d, Additional file 1: Figure S8A) within the euchromatin region of each nucleus and is used to infer the distribution of structured signal intensities at given length scales (Fig. 3e). In wild-type nuclei, the spatial autocorrelation fit (ACF) is shallow, indicating high autocorrelation (i.e., highly regular arrangements) of nanodomains within length scales of ~40 nm. By contrast, the exponential decrease of the ACF fit of 3h1 euchromatin was dampen compared to the wild-type nuclei, particularly within 30-60 nm length scales (gray range, graph Fig. 3e). This means that chromatin densities also distribute over large length scales in the mutant. This characteristic is also quantified by measuring the shape of the density ACF (D value in box plot Fig. 3e). This showed a higher dispersion of length scales in 3h1 compared to the wildtype nuclei (Fig. 3g). In other words, 3h1 euchromatin shows a significant loss of spatial homogeneity with chromatin nanodomains (high-density patches) spatially distributed along variable intervals (length scales) compared to a highly regular distribution in wild-type chromatin. This trend was reversed in mutants complemented by a tagged H1.1 variant (Additional file 1: Figure S8B) and confirmed in an independent quantification made on fluorescently immunolabeled nucleosomes captured by super resolution microscopy (Additional file 1: Figure S8C). We then investigated the euchromatin structure at the molecular level and analyzed both nucleosome occupancy profiles and density in our MNase-seq experiments along with defined genomic elements. Interestingly, in 3h1, the shape of nucleosome occupancy profiles over the most prevalent chromatin state (CS) [START_REF] Sequeira-Mendes | The functional topography of the Arabidopsis genome is organized in a reduced number of linear motifs of chromatin states[END_REF] is comparable to that of the wild-type samples (Additional file 1: Figure S6). However, nucleosomal density is clearly affected in 3h1 chromatin. Comparative density profiles for each chromatin state showed enhanced or diminished average density levels relative to the element boundaries, as for instance, the CS1-and H3K27me3-marked CS4 states, respectively (Fig. 3g, Additional file 1: Figure S6). This is interpreted as a partial loss of structural differentiation of the chromatin states in the absence of H1. As a comparison, we analyzed the impact of the loss-of-function of the CAF-1 histone chaperone contributing nucleosome assembly on nucleosome density distribution across these CS as done for [START_REF] Munoz-Viana | Arabidopsis chromatin assembly factor 1 is required for occupancy and position of a subset of nucleosomes[END_REF]. The analysis showed some alteration in global levels for some but not all CS states but without modifying the profile amplitudes as H1 depletion does (Additional file 1: Figure S6).

Modular alterations in nucleosome density profiles in 3h1 may possibly arise from decreased structural constraints facilitating nucleosome redistribution compared to in wild type. To address the question of whether nucleosome turnover is increased in the absence of linker histone, we carried out fluorescence recovery after photobleaching (FRAP) analyses on the root epidermal nuclei expressing an RFP-tagged H2B reporter [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF] in a wild-type or 3h1 background. The analysis showed a ~2.5 times (See figure on previous page.) Fig. 2 Loss of H1 variants leads to global chromatin decondensation but is dispensable for heterochromatin identity. Cytogenetic (a-e, h-i) and nucleosome profile (f, g) analyses of chromatin organization in 3h1 triple mutant and wild-type segregant (wt) seedlings. a H1 depletion induces a significant reduction of the relative heterochromatin fraction (RHF) and in the number of chromocenters (CCs) as well as an increase in nuclear size (area). ***two-sided t test, p < 0.001; error bars, standard error to the mean (SEM). Cytological analyses on isolated, spread leaf nuclei: b Typical wt and 3h1 nuclei as used in a, stained with DAPI. Scale bar, 2 μm. c H1 depletion induces a spatial dispersion of the centromeric repeats (CEN, purple) but not of the 45S rDNA, nucleolar organization region repeats (NOR, green) as shown by fluorescence in situ hybridization (FISH). d 3D image segmentation of the CEN signals shows that the preferentially peripheral localization of CEN repeats is unaffected in 3h1 nuclei despite their lack of condensation. e High-resolution imaging and deconvolution-based reconstruction of 3h1 and wt nuclei. Nanoscopic bodies of condensed chromatin are dispersed throughout the nucleus in 3h1 instead of conspicuous chromocenters as in wt. f Nucleosome occupancy is lower in 3h1 heterochromatin, as defined by the chromatin states (CS) 8 and 9 [START_REF] Sequeira-Mendes | The functional topography of the Arabidopsis genome is organized in a reduced number of linear motifs of chromatin states[END_REF]. g Distribution of nucleosomal repeat lengths (NRLs) in wt and 3h1, chi-square test, ***p < 0.0001. h, i The heterochromatic marks H3K9me1 and H3K27me1 are not reduced but redistributed in 3h1 nuclei. Scale bar, 2 μm. Isolated leaf nuclei were flow-sorted according to their 2C DNA content (a-e, h, i) faster recovery in H1-depleted chromatin compared to in the wild-type nuclei (Fig. 3h). Specifically, while the diffusional component of the recovery curve (until ~10s) appeared similar in both wild-type and mutant chromatins, H2B-RFP recovery rapidly reaches the slow phase characteristic of limited binding-unbinding events in wildtype chromatin [START_REF] Carrero | Quantification of protein-protein and protein-DNA interactions in vivo, using fluorescence recovery after photobleaching[END_REF]. The steep and continuous recovery in 3h1 indicates that H1 depletion unleashed constraints in chromatin organization permitting rapid turnover of H2B-RFP. Furthermore, this chromatin property Antagonist effects are seen for regions of chromatin states CS1, 3, and 7 (CS1 only is shown here) and CS4 (CS according to [START_REF] Sequeira-Mendes | The functional topography of the Arabidopsis genome is organized in a reduced number of linear motifs of chromatin states[END_REF]), see also Additional file 1: Figure S6 for nucleosome occupancy in 3h1 and wt over regions from all chromatin states. h H2B-RFP fluorescence recovery is ~2.5-fold faster in 3h1 compared to in wild-type as measured in FRAP experiments, see the "Methods" section. i Histone acetylation levels are lower in the 3h1 leaf nuclei compared to wt; t test, p < 0.001, see also Additional file 2: Table S1. Scale bar, 2 μm measured in 3h1-mutant differentiated root cells resembled that of the property of wild-type chromatin in meristematic cells (pluripotent and undifferentiated) cells (Additional file 1: Figure S9). This increased mobility did not, however, coincide with higher levels of histone acetylation as found in meristematic cells [START_REF] Rosa | Cell differentiation and development in Arabidopsis are associated with changes in histone dynamics at the single-cell level[END_REF]. By contrast, a moderate decrease was measured in immunostaining (Fig. 3i, Additional file 2: Table S1) which was further confirmed by immunoblotting on whole seedling chromatin extracts (Additional file 1: Figure S16A,B). We concluded that H1-depleted cells harbor a relaxed and highly mobile chromatin with a low degree of structural differentiation between chromatin states. These analyses thus uncover a role for Arabidopsis H1 in euchromatin which has not been described previously.

H1 loss-of-function allows identifying both H1-sensitive and H1-independent genes Next, we asked whether euchromatin relaxation induced by H1 depletion was reflected at the molecular level. Combined analysis of MNase-seq and RNA-seq profiles allowed us to infer correlations between nucleosome occupancy and relative transcription level grouped into quantiles in wild-type and 3h1 seedlings. As previously reported [START_REF] Li | ISWI proteins participate in the genome-wide nucleosome distribution in Arabidopsis[END_REF], nucleosomal coverage inversely correlates with gene expression levels in wild-type tissues (Fig. 4a). Low nucleosomal density over highly expressed genes is commonly interpreted as a result of, if not a requirement for, high RNA polymerase accessibility linked with high transcriptional rates. In 3h1, we observed a notable reduction of the structural differentiation among transcription levels with a general tendency for higher nucleosomal density, specifically downstream of the transcriptional start sites (TSS) (Fig. 4a).

Surprisingly though, this higher nucleosomal occupancy over genes was not correlated with a massive deregulation of transcription. Indeed, comparison of 3h1 transcriptomes determined that about 701 genes are misregulated as compared to wild-type plants (p value < 0.05 and fold change > 2, Fig. 4b, S4). Taken together, these observations have two important implications: (i) H1-mediated nucleosome occupancy is a structural signature correlating with gene expression levels and (ii) for a minor group of ~700 H1-sensitive genes, H1-mediated nucleosome occupancy is epistatic to transcriptional regulation. This invites revisiting the idea that nucleosome density influences transcription.

The class of H1-sensitive genes is characterized by 43 down-and 658 upregulated loci in 3h1 seedlings (Fig. 4b, Additional file 5: Table S4, Additional file 1: Figure S10). Analyzing functional categories represented among downregulated genes clearly showed a collective role in light-related metabolism (Additional file 4: Table S5, Additional file 5: Table S4). The group of upregulated genes, however, did not show any specific enrichment in GO terms (not shown) nor a dramatic overrepresentation of specific chromatin states (Additional file 1: Figure S11). Nevertheless, it is noteworthy that they displayed a high periodicity in nucleosome positioning within 800 bp downstream the transcriptional start site (TSS) indicating a strong phasing for this class of genes (Fig. 4c). Highly phased nucleosomes profiles are thought to be a feature of highly expressed genes [START_REF] Pass | Genome-wide chromatin mapping with size resolution reveals a dynamic sub-nucleosomal landscape in Arabidopsis[END_REF], whereas, intriguingly, this class of H1-sensitive genes is weakly expressed in wild-type plants (Additional file 1: Figure S12).

Collectively, our data indicate that H1 variants provide structural attributes defined by nucleosome density over gene bodies that differentiate transcriptional states with distinct expression levels. In a counterintuitive manner, H1 depletion only affects the expression of a relatively small set of (701) expressed genes. This observation poses questions particularly when considering the strong, genome-wide alterations in nucleosome occupancy and euchromatin mobility in the 3h1 mutant.

H1 depletion impairs the distribution of H3K27me3 and to a lesser extent of H3K4me3

We previously described that natural eviction of H1 in spore mother cells (SMC) precedes a breadth of global chromatin changes at the structural and epigenetic levels during the somatic-to-reproductive transition [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF]. These include heterochromatin decondensation, histone hyperacetylation, elevation of H3K4me3, and decrease of H3K27me3 levels [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF]. These changes are further associated with a transient decrease of DNA methylation levels in the CHH but not the CG sequence context [START_REF] Ingouff | Live-cell analysis of DNA methylation during sexual reproduction in Arabidopsis reveals context and sex-specific dynamics controlled by noncanonical RdDM[END_REF]. To assess whether H1 depletion is functionally linked to such chromatin changes, we introgressed the mCG and mCHH DynaMET reporters [START_REF] Ingouff | Live-cell analysis of DNA methylation during sexual reproduction in Arabidopsis reveals context and sex-specific dynamics controlled by noncanonical RdDM[END_REF] into the triple 3h1 mutant to analyze the cytological distribution and abundance of DNA methylation. Albeit cytological imaging would not capture locus-specific alterations as those described previously in H1-depleted tissues by molecular profiling [START_REF] Wierzbicki | Suppression of histone H1 genes in Arabidopsis results in heritable developmental defects and stochastic changes in DNA methylation[END_REF][START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF], the global levels and distribution patterns of methylated DNA in 3h1-mutant root nuclei were similar to that in wild-type nuclei (Additional file 1: Figure S13). We then performed quantitative immunostaining for the canonical marks H3K4me3 and H3K27me3 previously found to be dynamically redistributed in H1-depleted SMCs [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF]. We found that H3K4me3 levels were moderately but reproducibly lower in the 3h1 nuclei compared to in the wild-type nuclei (Fig. 4d, Additional file 2: Table S1, Additional file 1: Figure S14). More dramatically, H3K27me3 levels were considerably lowered in H1-depleted nuclei compared to in wild-type nuclei (Fig. 4e, Additional file 2: Table S1) while H3K27me2 was visibly unaffected (Additional file 1: Figure S14). A two-fold reduction of H3K27me3 and H3K4me3 global levels were further confirmed by immunoblotting on whole seedling chromatin extracts (Fig. 4g, Additional file 1: Figure S15 and Figure S16C,D). Of note, expression of genes encoding PRC2 subunits were not significantly altered in 3h1 plants (Additional file 4: Table S6). Consequently, our observations indicate that linker histones are required for targeting, maintenance, or both, of H3K27me3. This raised the possibility that gene upregulation in 3h1 may indirectly result from downstream consequences of a modified epigenome landscape. Yet only 10% of the upregulated genes overlapped with known H3K27me3 genomic targets. Among those, a small share (4%) corresponds to genes misregulated in the PRC2 mutant clf (curlyleaf ), compromised in histone H3-Lys27 methyltransferase activity [START_REF] Wang | Arabidopsis flower and embryo developmental genes are repressed in seedlings by different combinations of Polycomb group proteins in association with distinct sets of cis-regulatory elements[END_REF] (Fig. 4f ). Thus, loss of H3K27me3 does not appear to represent a major cause of gene upregulation in 3h1 seedlings. This indicates that altered H3K4me3 and H3K27me3 landscapes may rather be a consequence of altered chromatin structure affecting targeting or spreading of histone modifications, or both.

Discussion

H1, due to its inherent properties in promoting a higher order of chromatin folding, has long been considered a typical structural chromatin protein [START_REF] Jerzmanowski | SWI/SNF chromatin remodeling and linker histones in plants[END_REF]. Accordingly in plants, H1 was shown to induce ectopic heterochromatinization when expressed in a heterologous system [START_REF] Prymakowska-Bosak | Histone H1 overexpressed to high level in tobacco affects certain developmental programs but has limited effect on basal cellular functions[END_REF].

In addition, like in animals, plant H1 variants interplay with the DNA methylation machinery, particularly affecting TEs. H1 also affects DNA methylation at the genic regions, although only a few have been experimentally interrogated so far [START_REF] Wierzbicki | Suppression of histone H1 genes in Arabidopsis results in heritable developmental defects and stochastic changes in DNA methylation[END_REF][START_REF] Rea | Histone H1 affects gene imprinting and DNA methylation in Arabidopsis[END_REF][START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF][START_REF] Lyons | DDM1 and Lsh remodelers allow methylation of DNA wrapped in nucleosomes[END_REF]. Despite their expected fundamental role in chromatin accessibility, very little was known about the specific impact of H1 at the structural, epigenetic, and gene expression level in plants. In this study, we unveiled distinct effects of H1 function on nucleosome occupancy and transcriptional activity over heterochromatin and protein-coding genes, respectively (model presented in Fig. 5). We further unveiled that H1 is strictly required for heterochromatin formation but not for the establishment of heterochromatic hallmarks, that H1 provides spatial regularity in nanodomain chromatin compaction and distribution which coincides with a role in the maintenance of H3K27me3 in euchromatin, and that in fine H1-mediated chromatin organization secures a proper control of specific developmental transitions.

H1 as a heterochromatin architect largely uncoupled from transcriptional silencing

We showed that H1 plays an unexpected role in heterochromatin regulation in Arabidopsis. This function is largely but not entirely uncoupled from transcriptional silencing, as shown by massive relaxation of peripheral heterochromatin and minimal reactivation of TE expression in plants lacking H1. H1-dependent chromocenter formation also appears to occur downstream the epigenetic marking of heterochromatin, notably DNA, H3K9, and H3K27 methylation, which remain abundant in 3h1 nuclei. Consistently, heterochromatin dispersion despite strong H3K9me2 marking was also reported in 2h1 leaf nuclei (i.e., lacking H1.1 and H1.2 variants) in a study published during our manuscript revision [START_REF] He | Natural depletion of H1 in sex cells causes DNA demethylation, heterochromatin decondensation and transposon activation[END_REF]. In the same study, the absence of H1 in the vegetative cell of pollen grains correlates with the activation of about, and only, hundred TEs [START_REF] He | Natural depletion of H1 in sex cells causes DNA demethylation, heterochromatin decondensation and transposon activation[END_REF]. Collectively, these observations argue against the common view that heterochromatin compaction in chromocenter domains is directly responsible for the general transcriptional repression of TEs.

Transposable elements upregulated in 3h1 define a functional category of loci where H1-mediated chromatin organization primes over other controls of transcriptional silencing. Those TEs are mostly pericentromeric and enriched in LINE, gypsy, and copia elements. DNA methylation at pericentromeric TEs is independent of the RNA-dependent DNA methylation (RdDM) pathway but requires the DNA methyltransferase CHROMO-METHYLTRANSFERASE2 (CMT2) and the chromatin SWI/SNF remodeler DECREASE in DNA METHYLA-TION1 (DDM1) [START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF]. At pericentromeric TE loci, H1 is thought to modulate (but not hinder) DNA methylation in the CHG context by reducing access to CMT2, a configuration resolved by DDM1 [START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF]. This explains the global gain of pericentromeric TE CHG methylation in the absence of H1 [START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF]. This global effect does not explain the derepression of H1-sensitive TEs. The observation that H1 can interact with CMT3 [START_REF] Du | Dual binding of chromomethylase domains to H3K9me2containing nucleosomes directs DNA methylation in plants[END_REF] suggests also a scenario in which H1-bound nucleosomes are favored for CMT3-mediated DNA methylation, thereby reinforcing silencing at these TE loci. Thus in Arabidopsis, H1 may play a dual role in restricting methylation through antagonizing DDM1 function [START_REF] Zemach | The Arabidopsis nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochromatin[END_REF] but also reinforcing methylation in a CMT3-dependent manner. Such a model, however, remains to be experimentally validated. Alternatively, and possibly not exclusively to other mechanisms, the absence of H1 may expose additional TEs to the DNA demethylase DEMETER; this was suggested for TE loci activated in the vegetative cells of pollen grains where the main H1 variants are naturally depleted [START_REF] He | Natural depletion of H1 in sex cells causes DNA demethylation, heterochromatin decondensation and transposon activation[END_REF]. In animals, interestingly, H1 depletion also leads to partial TE reactivation but following distinct mechanisms: independently of common epigenetic silencing marks in mammalian stem cells [START_REF] Cao | Highresolution mapping of h1 linker histone variants in embryonic stem cells[END_REF] or through an H3K9me2-dependant manner in Drosophila [START_REF] Lu | Drosophila H1 regulates the genetic activity of heterochromatin by recruitment of Su (var)3-9[END_REF][START_REF] Iwasaki | Piwi modulates chromatin accessibility by regulating multiple factors including histone H1 to repress transposons[END_REF]. Chromocenters containing ribosomal DNA repeats are not affected by the loss of H1 variants in Arabidopsis, further indicating the existence of an H1-independent control of such heterochromatic structures. It would be interesting to investigate whether other structural proteins such as H1-related, GH1-containing proteins [START_REF] Kotlinski | Phylogeny-based systematization of Arabidopsis proteins with histone H1 globular domain[END_REF] contribute NOR condensation or if hypoacetylation of the NOR nucleosomes by HDA6 [START_REF] Probst | Arabidopsis histone deacetylase HDA6 is required for maintenance of transcriptional gene silencing and determines nuclear organization of rDNA repeats[END_REF] is self-sufficient.

In addition, dispersed heterochromatin regions still locate peripherally in the 3h1 nuclei indicating that not only structural compaction but also peripheral location is uncoupled from heterochromatin silencing in Arabidopsis. Interestingly, this role in chromocenter formation is not a shared, inherent feature of linker histones among eukaryotes. Indeed, depletion of the H1c and H1d mammalian variants in mouse embryonic stem cells leads to chromocenter clustering but not decondensation [START_REF] Cao | Highresolution mapping of h1 linker histone variants in embryonic stem cells[END_REF]. In Drosophila, H1 also promotes the condensation of pericentromeric heterochromatin, but this observation is specific to salivary gland cells which are singular due to their polytenic chromosomes [START_REF] Lu | Linker histone H1 is essential for Drosophila development, the establishment of pericentric heterochromatin, and a normal polytene chromosome structure[END_REF]. In both Drosophila and mouse somatic cells, chromocenter condensation seems instead to be controlled by the D1 and HMGA1 multiAT hook proteins, respectively [START_REF] Jagannathan | A conserved function for pericentromeric satellite DNA[END_REF]. Therefore, our study uncovers an influence of H1 in chromocenter condensation which may differ from the animal system.

H1 as a fine-scale architect of euchromatin organization from nucleosomes to nanodomains

We have shown that global chromatin decondensation in H1-depleted nuclei correlates with a greater heterogeneity in the spatial distribution of chromatin domains in the nucleoplasm. Yet, compact nanodomains as those visualized by high-and ultrastructural microscopy imaging still form in the absence of H1. This is consistent with the intrinsic Fig. 5 Model for H1 function in heterochromatin and euchromatin organization at the topological and molecular level. Graphical representation of H1 roles on chromatin organization at the cytological (spatial) and molecular level based on analyses reported in this study. Heterochromatin: H1 is dispensable for silencing and peripheral positioning of the vast majority of heterochromatic repeats but necessary for their condensation into compact chromocenter domains; yet a subset of transposable elements is directly affected by H1 and become derepressed in its absence (yellow box, -H1). This indicates both H1-independant and H1-dependent TE silencing controls. Euchromatin: top right panel, H1 is necessary to provide homogeneity in chromatin topology and spatial organization of chromatin domains. H1 depletion results in both larger gaps between nanodomains, possibly enabling increased accessibility, and irregular, high local compaction; this chromatin heterogeneity is reminiscent of H1depleted pluripotent cells [START_REF] Ricci | Chromatin fibers are formed by heterogeneous groups of nucleosomes in vivo[END_REF], cells with a loss of a SWI/SNF chromatin remodel function or undergoing tumorigenic reprogramming [START_REF] Almassalha | The global relationship between chromatin physical topology, fractal structure, and gene expression[END_REF]. Concomitantly, H1-depleted chromatin displays increased mobility and poor maintenance of histone H3 lysine 4 (green) and more strongly lysine 27 (red) methylation. At the molecular level (lower panel), H1 provides distinct structural signatures (nucleosome coverage) at loci marked by distinct expression rates but is not epistatic to transcriptional control for a majority of them (H1-independent regulation); a subset of genes (ca 600 under a stringent cutoff), however, displays an H1-dependent control possibly involving transcriptional regulators directly influenced by H1 property of chromatin fibers to fold along various configurations even in the absence of linker histones: in vitro assembly assays have shown that nucleosomal arrays can be formed in the absence of H1, yet with a lesser degree of molecular organization, forming "ladder" or "puddle" type of arrangements [START_REF] Beshnova | Regulation of the nucleosome repeat length in vivo by the DNA sequence, protein concentrations and longrange interactions[END_REF]. Thus, our observations in vivo might relate to this intrinsic property of H1. Furthermore, the increased spatial dispersion of compact nanoscopic domains free of H1 in 3h1 nuclei is highly reminiscent of euchromatin organization in tumorigenic nuclei losing fractal property of organization [START_REF] Cherkezyan | Nanoscale changes in chromatin organization represent the initial steps of tumorigenesis: a transmission electron microscopy study[END_REF].

At the molecular level, we observed that Arabidopsis H1 influences nucleosomal spacing, resulting in deregulated density over defined genomic regions. Notably, H1 depletion affects the structural differentiation, in terms of nucleosomal density, of chromatin states. This effect is distinct from that of a loss-of-function of a general chromatin factor regulating nucleosome assembly such as the histone chaperone CAF-1 (Additional file 1: Figure S6). In addition and strikingly, besides a shift of NRL distribution peak from 170-180 to 160-170 bp similar to the situation in animals [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF], 3h1 chromatin harbors a higher fraction of both short NRLs (< 160 bp) or unexpectedly long (> 200 bp). This indicates a relaxed control of nucleosome distribution, with a more permissive (i.e. less constraint) nucleosome positioning [START_REF] Beshnova | Regulation of the nucleosome repeat length in vivo by the DNA sequence, protein concentrations and longrange interactions[END_REF]. H1 incorporation is thought to reduce the sterical occupation of linker DNA and to favor a compact zig-zag chromatin folding [START_REF] Woodcock | Chromatin higher-order structure and dynamics[END_REF]. The question arises, how NRL longer than 197 bp can be achieved. One possibility is that such NRL corresponds to the MNase inaccessible regions spanning two closely associated nucleosomes; another possibility is suggested by the occurrence of the so-called stretched nucleosomes where DNA-histone contacts are lost in the absence of H1 [START_REF] Usachenko | Alterations in nucleosome core structure in linker histone-depleted chromatin[END_REF]. Ultimately, variations in NRL and associated linker DNA length can contribute to chromatin fiber polymorphisms with in turn an influence on the formation of chromatin domains [START_REF] Boule | The polymorphisms of the chromatin fiber[END_REF][START_REF] Correll | Short nucleosome repeats impose rotational modulations on chromatin fibre folding[END_REF][START_REF] Routh | Nucleosome repeat length and linker histone stoichiometry determine chromatin fiber structure[END_REF]. The relaxed NRL distribution hence variable nucleosome positioning landscape seen in 3h1 is thus likely responsible for the observed local variations in chromatin compaction and spatial heterogeneity.

How this fine-scale topology connects with chromatin function, notably gene expression, requires a biophysical appraisal of chromatin organization. Emerging models linking molecular-to-spatial (macromolecular) levels of chromatin dynamics are very attractive to explain the emergence of transcriptional dynamics during cellular differentiation [START_REF] Golkaram | The role of chromatin density in cell population heterogeneity during stem cell differentiation[END_REF]. Notably, local nucleosomal arrays appear to connect with molecular crowding, a dynamic property directly influencing the access and residence of the transcription machinery to chromosomal regions [START_REF] Almassalha | The global relationship between chromatin physical topology, fractal structure, and gene expression[END_REF][START_REF] Golkaram | The role of chromatin density in cell population heterogeneity during stem cell differentiation[END_REF]. In such a model, spatial heterogeneity of chromatin nanodomains seems to favor the occurrence of transcriptional bursts such as those observed in an animal model of cellular differentiation [START_REF] Almassalha | The global relationship between chromatin physical topology, fractal structure, and gene expression[END_REF][START_REF] Golkaram | The role of chromatin density in cell population heterogeneity during stem cell differentiation[END_REF]. In addition, specific disturbances in spatial chromatin organization in cancerogenous cells have been correlated with transcriptional heterogeneity linked to the paired effect of increased accessibility and increased local compaction [START_REF] Almassalha | The global relationship between chromatin physical topology, fractal structure, and gene expression[END_REF]. It is tempting to link these biophysical, molecular models of the nanoscale level of chromatin organization with the role of linker histones. Consistent with it, pluripotent mammalian cells in which H1 levels are low display highly dispersed, small nucleosome clutches favoring RNA PolII redistribution [START_REF] Ricci | Chromatin fibers are formed by heterogeneous groups of nucleosomes in vivo[END_REF]. Collectively, in light of these models and observations, we propose that the molecular and spatial distribution heterogeneity of H1-depleted chromatin in Arabidopsis resembles that of animal un-/de-differentiated cells. This proposal invites future studies on the role of Arabidopsis H1 variants in regulating transcriptional dynamics notably during cellular differentiation or in response to environmental cues.

H1 defines a dual causality between chromatin organization and gene expression

Our cytological analyses clearly showed a profound impact of H1 on hetero-and euchromatin organizations at the molecular and spatial distribution level. But the daunting question remains whether this influences chromatin function and notably gene expression. Our study uncovers an unexpected, complex relationship between chromatin organization, probed by nucleosomal coverage, and gene expression. For instance, we found a lower nucleosome coverage in 3h1 along a large fraction of genes (excluding heterochromatic regions, discussed earlier), yet this reduced nucleosome occupancy did not trigger a significant upregulation in 3h1 plants. This was true for the genomic regions associated with H3K27me3 (e.g., chromatin state CS4, [START_REF] Sequeira-Mendes | The functional topography of the Arabidopsis genome is organized in a reduced number of linear motifs of chromatin states[END_REF]), hence PRC2-target loci. By contrast, the genomic regions normally associated with transcriptional competence (e.g., CS1 enriched in H3K4me3 and H3.3) gained nucleosomal coverage in 3h1, still without detectable consequences on most transcript levels. Thus, for a large fraction of the genome, both in eu-and heterochromatin contexts, H1-mediated chromatin organization appears to act downstream of the transcriptional controls. The observation that the structural differentiation of loci relative to the gene expression strength is blurred in 3h1 reinforces the conclusion that gene body nucleosome density is not epistatic to transcription.

These findings challenge a common view that transcription is influenced by nucleosome density, coming from the observation that nucleosome occupancy is inversely correlated to gene expression level ([51] and this study). Whether H1-mediated chromatin organization serves another purpose, for instance, facilitating the rewiring of transcriptional programs when cells are environmentally challenged or securing transcriptional robustness is an exciting possibility to be investigated. If they hold true, these concepts would provide an explanation for the developmental phenotypes in 3h1 plants with an apparent relaxed control of several developmental transitions. These deficiencies can be interpreted as instable transcriptional states releasing seed dormancy, flowering, lateral root organ initiation, root hair, and stomatal cell fate earlier than in the wild-type counterparts, although the severity of such developmental phenotypes might be attenuated by the buffering capacity of developmental processes inherent to plants [START_REF] Lempe | Molecular mechanisms of robustness in plants[END_REF].

The dual role of H1 is unveiled by the several hundred of H1-sensitive loci for which chromatin organization has a prime contribution with respect to transcriptional control. Gene upregulation in 3h1 correlated with a notable nucleosome enrichment in the gene body but not at the upstream elements. Yet, whether this average increased coverage effectively associates with high transcriptional rates or whether it is contributed by a fraction of cells harboring silent loci cannot be resolved in bulk tissue profiling. Possibly for these loci, increased nucleosome mobility provides a chromatin template favorable for transcription and/or unfavorable to propagate repressive epigenetic marks, as suggested by compromised H3K27me3 maintenance in 3h1.

A new connection between H1 and epigenetic reprogramming

To a certain extent, chromatin organization and properties in Arabidopsis 3h1 mutant nuclei are reminiscent of a pluripotent chromatin state described in different plant cell types and studies: (i) chromatin decondensation and reduced H3K27me3 abundance resemble the chromatin status of H1-depleted spore mother cells (SMC) at the somatic-to-reproductive fate transition [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF][START_REF] She | Chromatin dynamics during plant sexual reproduction[END_REF]; (ii) heterochromatin decondensation and redistribution of epigenetic marks such as those observed in H1-depleted nuclei are hallmarks of in vitro de-differentiated cells and at flowering transition [START_REF] Tessadori | Large-scale dissociation and sequential reassembly of pericentric heterochromatin in dedifferentiated Arabidopsis cells[END_REF][START_REF] Tessadori | Light-regulated large-scale reorganization of chromatin during the floral transition in Arabidopsis[END_REF]; and (iii) high chromatin mobility in H1-depleted chromatin is reminiscent of the chromatin state in meristematic cells [START_REF] Rosa | Cell differentiation and development in Arabidopsis are associated with changes in histone dynamics at the single-cell level[END_REF].

These collective observations allow to propose the hypothesis that H1 depletion contributes to reprogramming of the chromatin landscape at the structural and epigenetic level in plants cells undergoing fate reorientation as in the cases mentioned above. In support of this hypothesis, which of course calls for further investigations, the stark decrease in H3K27me3 levels in H1-depleted chromatin such as in 3h1 plant cells or in wildtype SMC [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF][START_REF] She | Chromatin dynamics during plant sexual reproduction[END_REF]. H3K27me3 is notoriously associated with the memory of epigenetic states and contributes gene expression reprogramming during cell pluripotency acquisition and differentiation in animal and plants [START_REF] He | Reprogramming of H3K27me3 is critical for acquisition of pluripotency from cultured Arabidopsis tissues[END_REF][START_REF] Lafos | Dynamic regulation of H3K27 trimethylation during Arabidopsis differentiation[END_REF][START_REF] Liu | Regulation of histone methylation and reprogramming of gene expression in the rice inflorescence meristem[END_REF][START_REF] Mozgova | Keeping the gate closed: functions of the polycomb repressive complex PRC2 in development[END_REF][START_REF] You | Temporal dynamics of gene expression and histone marks at the Arabidopsis shoot meristem during flowering[END_REF]. Interestingly, H1 depletion in mammalian cells, while moderately affecting global transcriptome patterns as here in Arabidopsis, affects more particularly pluripotency genes [START_REF] Zhang | Histone h1 depletion impairs embryonic stem cell differentiation[END_REF].

In addition, and consistently with our proposal, the developmental phenotypes observed in 3h1-including delayed release of seed dormancy, precocious flowering, deregulated lateral root and root hair initiations, and the control in stomatal spacing-are reminiscent of phenotypes arising in PRC2 loss-of-function mutants with altered H3K27me3 levels [START_REF] He | Reprogramming of H3K27me3 is critical for acquisition of pluripotency from cultured Arabidopsis tissues[END_REF][START_REF] Bouyer | Polycomb repressive complex 2 controls the embryo-to-seedling phase transition[END_REF][START_REF] Gu | A histone H3 lysine-27 methyltransferase complex represses lateral root formation in Arabidopsis thaliana[END_REF][START_REF] Lee | Arabidopsis guard cell integrity involves the epigenetic stabilization of the FLP and FAMA transcription factor genes[END_REF][START_REF] Molitor | Arabidopsis AL PHD-PRC1 complexes promote seed germination through H3K4me3-to-H3K27me3 chromatin state switch in repression of seed developmental genes[END_REF][START_REF] Wood | The Arabidopsis thaliana vernalization response requires a polycomb-like protein complex that also includes VERNALIZATION INSENSITIVE 3[END_REF][START_REF] Zhu | Nuclear organization changes and the epigenetic silencing of FLC during vernalization[END_REF].

The influence of H1-mediated chromatin structure on H3K27me3 levels is a conserved feature in plants (as shown by our study) and in animals [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF] although this may be cell type-dependent [START_REF] Geeven | Local compartment changes and regulatory landscape alterations in histone H1-depleted cells[END_REF]. An explanation for this may be a substrate preference of the PRC2 complex to H1-containing nucleosomes as shown for the animal EZH2 subunit in vitro [START_REF] Martin | Substrate preferences of the EZH2 histone methyltransferase complex[END_REF] leading presumably to a more efficient propagation of H3K27me3 in chromatin states structured by H1 in vivo. Conversely, H1-depleted cells may inefficiently propagate H3K27me3 landscapes, which over numerous divisions may lead to drastic loss, as measured in (terminally differentiated) plant tissues (this study) and in mouse tissues [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF]. Involving H1 in H3K27me3 maintenance rather than the establishment is a hypothesis supported by the observation that H1-depleted plants are not impaired in basic growth, nor organogenesis or body patterning processes, but, instead, show altered controls of developmental and cellular transitions normally modulated by PRC2.

Conclusions

This work explored for the first time the functional relationship between fine-scale chromatin organization at the molecular and spatial levels, transcriptional control (Fig. 5), and phenotypic impact in Arabidopsis. Our analyses of the impact of H1 depletion in Arabidopsis unveil a remarkable evolutionary convergence of H1 function in plant and animal kingdoms despite a diversification of the H1 variants family [START_REF] Jerzmanowski | Linker histones and HMG1 proteins of higher plants[END_REF]. In Drosophila and mammalian cells, H1 depletion generates large-scale chromatin alteration including blurring of topological domains, relaxation of nucleosome distribution periodicity, and impaired propagation of the epigenetic marks [START_REF] Fan | Histone H1 depletion in mammals alters global chromatin structure but causes specific changes in gene regulation[END_REF][START_REF] Hellauer | Decreased expression of specific genes in yeast cells lacking histone H1[END_REF][START_REF] Sancho | Depletion of human histone H1 variants uncovers specific roles in gene expression and cell growth[END_REF][START_REF] Shen | Linker histone H1 regulates specific gene expression but not global transcription in vivo[END_REF]. In Arabidopsis, the misregulation of a small proportion of genes in the absence of H1 is intringuing when considering the massive structural chromatin alterations. While it suggests conserved functional principles for H1, it also unveils a dual, causal relationship between transcriptional controls and H1-mediated chromatin organisation. Our findings prompt revisiting the common view that chromatin compaction and nucleosome density influence gene expression in a major way. This idea may only hold true for a subset of H1-sensitive genes and TEs. But generally, transcriptional regulation remains epistatic to H1-mediated chromatin organization for a majority of heterochromatin and euchromatin loci. Based on these findings, we propose that chromatin organization in the absence of H1 loses versatility and is less prone to rapid reprogramming at the structural, epigenetic and transcriptional level. This property is not challenged under controlled growth conditions hence requires testing in modular and variable environments. We suggest a working model, in which linker histones act as fine-scale chromatin architects with a dual function in (i) the facilitation of transcriptional reprogramming (in development or under environmental cues) and (ii) securing stable transcriptional landscapes buffering against variability. Our findings echo with recent models in mammalian cells implicating higher-order folding chromatin topology as an independent route influencing transcriptional dynamics [START_REF] Almassalha | The global relationship between chromatin physical topology, fractal structure, and gene expression[END_REF] and in facilitating transcriptional robustness in differentiation [START_REF] Golkaram | The role of chromatin density in cell population heterogeneity during stem cell differentiation[END_REF].

Methods

Plant materials and growth conditions

The Arabidopsis thaliana plants used in all experiments were in the Col-0 background unless it is specified otherwise. The h1.1h1.2h1.3 (3h1) mutant was described before [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF][START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF]. The snapshots from RNAseq reads of H1 variant expressions in 3h1 and wt are presented in Additional file 1: Figure S17. The mutant showed no detectable levels of H1 in immunostaining experiments [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF] and in Western blot (www.agrisera.com/en/artiklar/ h1-histone-h1.html). Complemented mutant lines were generated by transforming 3h1 via floral dip method [START_REF] Clough | Floral dip: a simplified method for Agrobacteriummediated transformation of Arabidopsis thaliana[END_REF] with H1-tagged variants (prom. H1.1::H1.1-RFP, prom. H1.2::H1.1-(G/C) FP, prom. H1.3::H1.3-GFP) described previously [START_REF] She | Chromatin reprogramming during the somaticto-reproductive cell fate transition in plants[END_REF][START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF]. The 3h1 was complemented with either two main (H1.1, H1.2) or all three H1 variants to generate the following lines: 3h1-comp 1,2 = h1.1h1.2h1.3;H1.1-RFP;H1.2-GFP (line #KR276), 3h1comp 1,2,3 = h1.1h1.2h1.3;prom. H1.1::H1.1-RFP;prom. H1.2::H1.2-CFP;prom. H1.3::H1.3-GFP (lines #KR264 and #KR265). For FRAP experiments, the UBQ10::H2B-RFP [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF] was crossed with 3h1, and in the subsequent generations, by genotyping the 3h1/UBQ10::H2B-RFP and wt segregants were identified.

Seeds were surface sterilized and rinsed in sterile water before transferring onto germination medium (0.5× MS medium, 0.8% agar). They were placed on the medium using toothpicks to ensure a uniform distribution, stratified 2-4 days at 4 °C, and transferred into a plant growth incubator (Percival, Germany) with long-day photoperiod (16 h, 22 °C day/8 h, 18 °C night) and light flux around 120 μM s -1 m -2 for routine experiments. Growth of calli and scoring of lateral root production were tested under continuous light (light flux around 100 μM s -1 m -2 , Aralab FitoClima 1200). When the flowering stage was necessary, the 10-day-old seedlings were transferred into the soil and grown at 19-21 °C with a 16-h day/8-h night photoperiod.

Chromatin analyses and immunostaining

The nuclei area, heterochromatin (RHF, CCs), and immunostaining analyses were carried out essentially as described [START_REF] Pavlova | Immunocytological analysis of chromatin in isolated nuclei[END_REF] with minor modifications. The nuclei were isolated from rosette leaves of 3-4-week-old seedlings; per extraction, five leaves were fixed during 20 min under vacuum in a fresh 4% formaldehyde solution prior to isolation and resuspension of the nuclei in a final volume of 1 mL nuclei isolation buffer (NIB). DAPI was added at a concentration of 0.1 mg/mL for flow sorting according to DNA content. Diploid (2C) nuclei have been flow-sorted using a BD FACSAria IIIu flow cytometer with a 450/50-nm filter (405 nm laser), equipped with a 100-μm nozzle and 25 Psi pressure. The nuclei were collected in 200 μL of NIB before spreading on Superfrost plus slides (1000 nuclei per slide) and stored at 4 °C until use. Mutant and wild-type plants were grown and processed for nuclei isolation and immunostaining in parallel.

For heterochromatin analysis, the slides were rinsed in SSC2X then PBS before staining with DAPI 1 μg/mL in Vectashield (Vector Laboratory). For immunostaining, the protocol essentially followed previously described steps [START_REF] Pavlova | Immunocytological analysis of chromatin in isolated nuclei[END_REF]. As primary antibodies, rabbit anti-Histone H3 (Abcam; ab1791), anti-Histone H1 (Agrisera; as111801), anti-H3K27me3 (Active Motif; 39155), anti-H3K27me1 (Abcam; ab113671), antiH3K4me3 (Abcam; ab8580), anti-H3K9ac (Abcam; ab10812), and anti-H3K9me1 (Abcam8896) were used at a dilution of 1:200 and incubated at 37 °C for 1 h. As secondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular Probes; A-11008) was used at a dilution of 1: 1000 and incubated for 2 h at 37 °C. The nuclei were counterstained for DNA with propidium iodide (PI).

Sixteen-bit images were acquired using a Leica TCS SP5 confocal laser scanning microscope (CLSM) (Leica Microsystems, GmBH, Germany) using a × 63 GLY lens (NA 1.4) for heterochromatin and immunostaining analyses. Exposure times, illumination intensities, zoom factor, scanning speed, and pinhole were kept identical for the image series in an experiment. For RHF measurements, signal intensities were recorded in manually drawn ROIs capturing chromocenters and normalized over the whole nucleus intensity using Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. For immunostaining, the signal intensities for antibodies were normalized against PI levels. Graphs were plotted in Excel, and the data were statistically assessed using a Student t test (unpaired, unequal variance) for comparing wild-type and mutant samples.

Fluorescence in situ hybridization and 3D image processing FISH analysis of leaf nuclei

The nuclei were isolated from leaves of 35-day-old rosettes grown under a 16-h/8-h photoperiod. Nuclei extraction and embedding in acrylamide gel pads on the slide were done as described [START_REF] Ashenafi | Automated 3D gene position analysis using a customized Imaris plugin: XTFISHInsideNucleus[END_REF]. Centromeric and 45S rDNA repeats were detected by FISH using pAL1 and pTA9 to generate DNA probes, respectively [START_REF] Fransz | Interphase chromosomes in Arabidopsis are organized as well defined chromocenters from which euchromatin loops emanate[END_REF]. FISH was done as described [START_REF] Ashenafi | Automated 3D gene position analysis using a customized Imaris plugin: XTFISHInsideNucleus[END_REF] with the following labeling kits and fluorescent immunolabeling reagents: DIG-Nick (Sigma Aldrich, 11745816910), mouse IgG anti-DIG (1: 250, Sigma Aldrich, 11333062910), goat IgG anti-mouse IgG~Alexa 488 (1:200, Life Technologies, A11001); Biotin-Nick translation kit (Sigma Aldrich, 11745824910), Biotinylated Anti-Avidin D (1:250, Vector Labs, BA-0300), and Texas Red Avidin D (1:1000, Vector Labs, A-2006). The nuclei were counterstained for DNA with DAPI in Vectashield (Vector Laboratory). FISH signals in 3D nuclei were imaged using Stimulated emission depletion (STED) microscopy (Leica SP8R WL 3xSTED, Leica microsystems, Germany).

FISH analysis of cotyledon nuclei

The nuclei were isolated from dissected cotyledons of 5day-old seedlings grown under a 16-h/8-h photoperiod. Nuclei extraction, fixation, and hybridization with pAL1derived and F28D6-derived (180-bprepeats) probes [START_REF] Fransz | Interphase chromosomes in Arabidopsis are organized as well defined chromocenters from which euchromatin loops emanate[END_REF] were performed as previously described [94]. The slides were washed and mounted in Vectashield with 2 μg/μL DAPI, and image acquisition was performed as in [94].

Nuclei isolation for MNase-seq

The nuclei were isolated from 3-week-old seedlings frozen in liquid nitrogen as previously described [START_REF] Chodavarapu | Relationship between nucleosome positioning and DNA methylation[END_REF] with the following modifications: after resuspending in HBB, the nuclei were applied to a layer of HBB with 40% Percoll (GE Healthcare); centrifuged at 1000g, 6 min; resuspended in HBB; applied to 40/75% Percoll gradient; centrifuged at 400g, 40 min; collected; and washed three times with HBC. The integrity of the extracted nuclei was monitored using DAPI staining and fluorescence microscopy. The quantity of nuclei was measured by qPCR with primers targeting nuclear DNA.

Digestion was performed by incubating the nuclei suspended in DB buffer (16 mM Tris-HCl pH = 7.6, 50 mM NaCl, 2.5 mM CaCl 2 , 0.01 mM PMSF, 1× Complete EDTA-free Protease Inhibitors (Roche)) with 1.5 μL (final concentration 0.3 U/μL) of micrococcal nuclease (Thermo Fisher), and 2 μL (final concentration 0.2 U/μL) of RNase A (Thermo Fisher) at 8 °C for 90 min with gentle mixing. The reaction was stopped by adding an equal volume of 2× Lysis buffer with EDTA (100 mM Tris-HCl pH = 8, 200 mM NaCl, 50 mM EDTA, 1% SDS). The samples were lysed by incubation at 37 °C for 60 min with shaking (1000 rpm). DNA was purified using phenol-chloroform extraction, precipitated with isopropanol and sodium acetate, and resuspended in water.

DNA was size selected by electrophoresis on 2% agarose gel with 1× TAE buffer with SYBR Gold (Invitrogen) stain. The mononucleosomal band was excised, frozen, and squeezed by 3 cycles of spinning and rehydration on centrifuge column. DNA was purified and concentrated using Agencourt AMPure XP beads (Beckman Coulter). Barcoded libraries were synthesized from 100 ng of mononucleosomal DNA using Ion Xpress™ Plus gDNA Fragment Library Preparation Kit and Ion Xpress™ Barcode Adapters. DNA was end-repaired prior to adapter ligation and size selection, and amplification steps were omitted. The resulting libraries were quantified with Ion Library Quantitation Kit, pooled, and used to prepare the template by clonal PCR with Ion PI™ Template OT2 200 Kit v3 on Ion OneTouch™ 2 System. Sequencing was performed on Ion PI™ chip v2 and Ion Proton™ sequencer using Ion PI™ Sequencing 200 Kit v2 (all Ion Torrent kits and software are trademarks of Thermo Fisher).

FRAP imaging and data analyses

A promUBQ10::H2B-RFP marker [START_REF] Maizel | High-resolution live imaging of plant growth in near physiological bright conditions using light sheet fluorescence microscopy[END_REF] was introgressed in 3h1-mutant plants by crossing. Both wild-type and triple-mutant segregants were analyzed. Measurements were done on the root tips of 2-week-old seedlings grown as previously described. One sample was prepared at a time: the root was excised and delicately mounted (i.e., without squashing) in 0.5× MS between the slide and coverslip (precleaned with EtOH), sealed with transparent nail polish, and let to equilibrate upside down for 10 min on the microscope platform before measurements. The imaging chamber was set at a constant temperature of 20 °C (higher/fluctuating temperatures induce nuclei juggling). Bleaching and imaging were done using an APO PL × 40 oil immersion objective, NA 1.3, over a single plane capturing an optical section of ~2 μm encompassing a single nucleus (pinhole opening to 5 AU) with a 256 × 256 pixels image format, threefold zoom factor. Bleaching was performed in euchromatin within ROI of 1 μm diameter using five or more pulses until near-total bleach was obtained (Argon laser at 80% power, 100% transmission in 488 nm), and post-bleach images were recorded using 5-7% laser transmission for excitation, in a series of 10 time points, 1-s interval, followed by 10 time points, 60-s interval. For analyzing the fluorescence recovery, images were first corrected for nuclear drifts occurring during acquisition, using a rigid registration approach in Fiji ( [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF], plugin/registration/stack reg/rigid transformation). When a single image captured several nuclei, single nuclei were cropped for registration and analysis. Fluorescence measurements were done on the bleach ROI, a control ROI near and outside the nucleus, and over the whole nucleus. Calculation of fluorescence recovery was done as described in [START_REF] Rosa | Cell differentiation and development in Arabidopsis are associated with changes in histone dynamics at the single-cell level[END_REF][START_REF] Phair | Measurement of dynamic protein binding to chromatin in vivo, using photobleaching microscopy[END_REF] whereby the initial intensity was normalized at 1 for each image before average calculation.

TEM sample preparation, imaging, and image analysis

Seventy-nanometer tissue sections were prepared from 2-week-old seedling roots, using a high-pressure freezing/freeze substitution and uranyl acetate staining approach as described in details previously [START_REF] Fabrice | Transmission electron microscopy imaging to analyse chromatin density distribution at the nanoscale level[END_REF]. The sections from the elongation zone were selected for the analysis (i.e., meristematic zone was avoided), and nuclei pictures were consistently recorded from the epidermal layer at the 24,500-fold magnification yielding a resolution of 1 pixel = 2 nm in our setup. For the analysis, the square regions of interests (ROIs) of similar size (ca 800 × 800 ± 200 pixels) were captured in the euchromatin regions (i.e., excluding strongly staining chromocenters) for the analysis. We used a spatial pattern analysis approach that was previously validated to capture relevant structural features of chromatin organization in cancerogenous animal cells [START_REF] Cherkezyan | Nanoscale changes in chromatin organization represent the initial steps of tumorigenesis: a transmission electron microscopy study[END_REF]. Spatial autocorrelation analysis delivers a mathematical model of chromatin density distribution for each ROI with respect to the physical length scales within which signal patterns (i.e., local objects of similar intensities) are repeated in a regular pattern (periodicity) [START_REF] Cherkezyan | Nanoscale changes in chromatin organization represent the initial steps of tumorigenesis: a transmission electron microscopy study[END_REF]. We used a user-friendly graphical interface developed in Matlab for batch processing of multiple ROIs available at https://github.com/barouxlab/ChromDensity-Nano and described in details previously [START_REF] Fabrice | Transmission electron microscopy imaging to analyse chromatin density distribution at the nanoscale level[END_REF].

Analysis of developmental transitions Flowering time

Plants for flowering experiments were grown in the greenhouse or growth chamber under the long daylight regime. To avoid positional effect, different genotypes were always randomly arranged over the growth area. The number of rosette leaves was counted when the inflorescence was about 0.5 cm long. Three replicate experiments were conducted: replicate 1 was based on 40 to 50 plants depending on genotype as detailed in Additional file 1: Figure S1A; replicates 2 and 3 were based on 10 and 12 plants per genotype, respectively, as detailed in Additional file 1: Figure S1C,D.

Root length and lateral root scoring

Seedlings were grown vertically on square Petri dishes under a continuous light regime. The plates were scanned 8 days after germination to score for the number of lateral roots. Root (main and lateral) lengths were scored using manual vector tracing in Fiji, reported at scale [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. For microscopic observations of lateral root primordia, 5-day-old seedlings grown under continuous light were fixed in 70% ethanol, rinsed once in sterile water, and mounted in water on microscope slides (five roots aligned/slide covered with 40 × 22 mm coverglass). Primordia were scored according to published developmental scale [START_REF] Malamy | Organization and cell differentiation in lateral roots of Arabidopsis thaliana[END_REF]. Graphs were plotted in R.

Root hair observations

Increased root hair number was visible under growth conditions as described above for lateral root scoring. The phenotype was however increased using MS medium supplemented with 5% sucrose, and this medium was used to take the micrographs in Fig. 1.

Stomata patterning

Fresh epidermal peals of 14-day-old cotyledons were mounted in water. Images of the adaxial surface were recorded with DIC microscopy, and stomatal clusters were scored following as described [START_REF] Kutter | MicroRNA-mediated regulation of stomatal development in Arabidopsis[END_REF].

Seed dormancy

The experiment was designed as described previously [100] with minor modifications. Plants were grown in a growth chamber under long daylight regime with controlled humidity. Freshly harvested seeds were collected and stored under constant conditions. Around 180 seeds per plant were placed on a wet filter paper in a Petri dish and incubated in the growth incubator at 22 °C under long day light regime. After 3 days, the number of emerging radicles was counted. For the time point "day 1," the seeds were used 1 day after harvesting. For the time point "3 weeks," the seeds from the same batch were used 3 weeks after harvesting.

Callus induction

Cotyledons from 7-day-old seedlings grown under a 16h/8-h photoperiod were excised, transferred onto callus induction medium (CIM, Gamborg B5, 0.05% MES, 2% glucose, 0.1 mg/L kinetin, 0.5 mg/L 2,4-D), and let to develop for 5 weeks under a 16-h/8-h photoperiod. Callus size (area) was determined from images using manually drawn contours in Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Graphs were plotted in R.

Immunoblot analyses

Seeds were surface sterilized in 70% ethanol 0.05% SDS for 3 min and rinsed with 90% ethanol before drying and plating on MS medium supplemented with 0.5% sucrose and 0.9% agar. Eight-day-old seedlings were used for chromatin extraction protocol as described previously [101]. Forty micrograms of protein samples, as estimated by by Pierce BCA Protein Assay Kit (Thermo Scientific), was loaded on 14% LiDs Tris-Tricine gels and blotted onto Immobilon-P membranes (Millipore) before immunodetection using antibodies recognizing either unmodified histone H4 (Millipore #05-858) or H3K27me3 (Millipore #07-449), H3K4me3 (Millipore #07-745R), and H3K9ac (Millipore 06-942, lot: 31636). Chemiluminescent signals were detected and quantified using a LAS4000 luminescence imager (Fuji) in three biological replicates.

RNA-seq and differential gene expression analyses

RNA was isolated using modified TRIzol method [102] in three biological replicates for wt and 3h1 from 3week-old seedlings pooled and frozen in liquid nitrogen. Ribosomal RNA was removed using RiboMinus Plant Kit (Thermo Fisher), and ERCC RNA Spike-In Mix 1 (Thermo Fisher) was added. Libraries were prepared with Ion Total RNA-Seq Kit v2 and Ion Xpress RNA-Seq Barcode 1-16 Kit according to the user guide. Sequencing template was generated with Ion PI™ Template OT2 200 Kit v3 on Ion OneTouch™ 2 System. Sequencing was performed on Ion PI™ chip v2 and Ion Proton™ sequencer using Ion PI™ Sequencing 200 Kit v2 (all Ion Torrent kits and software are trademarks of Thermo Fisher).

Base calling and adapter trimming were performed automatically by Torrent Suite software. Residual rRNA and ERCC reads were identified and filtered out using bbsplit and filterbyname scripts from BBTools suite [103]. Reads were aligned to TAIR10 genome using TMAP 5.0.13. with soft clipping from both ends and returning all the mappings with the best score. Other settings were set according to Torrent Suite defaults. Unaligned reads were aligned with BBMap (Brian Bushnell).

Quantitation to ARAPORT11 transcripts was performed in Partek Flow (Partek Inc.) using Partek E/M (expectation-maximization) algorithm. This allows inclusion of multi-mapping reads into quantitation. The algorithm quantitates unique alignments first and then iteratively divides the value of each multi-mapping read between possible loci based on the quantitation value in their close vicinity. The quantitation was performed on gene level (one value per gene). The read counts were normalized by the trimmed mean of M values (TMM) method [104] followed by the UQ (upper quartile) method [105]. Differential expression analysis was performed with the Partek gene-specific analysis (GSA) algorithm. It is a sophisticated version of global linear model, fitting model of variables, and theoretical distribution of expression values to each gene independently. The model was allowed to use normal and log-normal distributions to fit to the data. For log-normal distribution, the "shrinkage" method was allowed. This method, published as limma Voom [106] is specifically designed for read-based quantitative studies with low replication. It works by calculating the average trend of gene values' standard errors in relation to average gene expression levels. Next, the errors observed for each gene are normalized towards the trend. This approach was developed to reduce the occurrence of false-positive and false-negative rate of differentially expressed gene calls, especially in low replication studies and genes with low expression, where high or low dispersion of quantitated values can result from sampling effects. Pearson correlation between replicate samples is shown in Additional file 1: Figure S10B.

To divide Arabidopsis genes into quintiles of expression, the quantified values from Partek E/M algorithm (described above) were normalized using reads per kilobase of million (RPKM) mapped reads method [107]. The expression values were averaged across replicates. The genes with zero values of expression in each genotype were sorted into a separate group. The remaining genes were divided into quintiles based on the expression levels separately for wt and 3h1 datasets.

Boxplots were generated with tables of RPKM values using the "boxplot" function in R language.

To calculate the distribution of genes upregulated in 3h1 versus all genes in Arabidopsis thaliana genome across chromatin states, genomic coordinates for chromatin state (CS) locations across the genome were downloaded from published data [START_REF] Sequeira-Mendes | The functional topography of the Arabidopsis genome is organized in a reduced number of linear motifs of chromatin states[END_REF]. The genomic coordinates for genes upregulated in 3h1 were taken from TAIR 9 to be consistent with CS coordinates. Then, for each gene, the percentage of overlapped chromatin states was calculated, and for the final graph, the summary of all analyzed genes was presented.

MNase-seq data analysis

Base calling and adapter trimming were performed automatically by Torrent Suite software. Reads were aligned with TMAP 5.0.13. Soft clipping was turned off, end repair was allowed, and all alignments for multi-mapping reads were reported. Other settings were set according to the Torrent Suite defaults. Multi-mapping read positions were resolved using MMR [108] with default settings.

Peak calling was performed on reads reaching terminal adapter with length range between 147 and 220 nt using a set of custom-made Python scripts. First read centers were piled up, and then the highest coverage positions were selected using greedy algorithm. Ends of the longest read used to define a position were used as peak boundaries. A peak was called only if its boundaries were not overlapping those of the neighboring peak. NRLs were defined by calculating peak-to-peak distances from peak calling results. The frequency of distances was calculated as a percentage of all measurements and binned into three groups. Histograms were plotted in Microsoft Excel.

Quantile-normalized wiggle occupancy files were generated with DANPOS2 [109] using the dpos function with default settings. To avoid shifting of read positions (automatic procedure for single-end reads), the program was fed with "fake 75-nt paired-end" bed files, generated from both ends of alignments of fully sequenced reads. To create fake fragments, the genomic interval of each mapped read (single-end) was divided into two 75-nt intervals on opposite strands that were used to feed the Danpos algorithm as if those were paired-end data. This did not changed the informative, real read data content but enabled to circumvent a limitation of Danpos imposing read shifting for single-end reads, which is not appropriate for single-end sequencing of full fragments after MNase digestion. Using these "fake fragments," we could thus switch off the read shifting function in Danpos for further data processing.

Wig files were converted to BigWig format using UCSC wigToBigWig [110] and used in deepTools [111] for plotting.

Nucleosome occupancy was calculated as the number of reads, adjusted to a length of 80 nt summed over bins of 10 nt, smoothed by 20-nt running window, and quintile normalized.

Filtering out Ler residual sequences

Despite series of five backcrosses after introduction of h1.3-mutant allele from Ler background into our h1.1h1.2h1.3 (Col-0) line, some residual Ler sequences were still present, mainly neighboring the H1.3 gene. To avoid interference from those sequences in our analyses, we identified their precise genomic coordinates using SNP and coverage analyses by comparing to sequenced genome of parent Ler h1.3 line. We used those coordinates to generate bed files and filter out all reads overlapping residual Ler sequences using bedtools intersect [112]. Being capable of rapid phenotypic adaptations in response to environmental cues, plants are characterized by a remarkable developmental plasticity. Specifically, plants have the ability to sense light conditions by multiple photosensory receptors and to use this crucial information to adapt their morphology and physiology to a changing environment. For example, the first perception of light by young plantlets emerging from the soil induces deep changes in gene expression that launch growth and photosynthetic activity. During this transition, genome expression reprogramming is accompanied by massive rearrangements of chromatin subnuclear organization. In the Arabidopsis thaliana plant species, a large part of heterochromatin containing silent and condensed repeated elements is scattered within multiple foci in the nucleoplasm of most cotyledon cells when grown in darkness. Upon exposure to light, cotyledon de-etiolation triggers the rapid condensation of heterochromatic domains into 8-to-10 large chromocenters that form around centromeres. This phenomenology has led us to the identification of histone H1 variants as key molecular players in triggering chromocenter dynamics. These inter-nucleosomal linker histones are conserved structural components of eukaryotic chromatin that contribute to both local and higher-order chromatin organization and condensation, notably restricting DNA accessibility to multiple factors such as RNA polymerases. In this thesis cytological and genomic approaches were used to investigate the influence of the three Arabidopsis thaliana H1 variants in the definition of the genome and the 3D chromatin structure in cotyledon cells. The combination of Assay for Transposase-Accessible Chromatin (ATAC) and Chromosome Conformation Capture (Hi-C) allowed dissecting how H1 histones impact genome topology and the adaptation of the chromatin landscape for a new transcriptional program. The analysis of histone marks abundance and their genome-wide profiling using quantitative chromatin immunoprecipitation (ChIP-Rx) further enhances current knowledge. We uncovered the functional impact of histones H1 in defining chromatin repressive landscape on many genes and repeated elements, potentially by restricting access to transcription factors on specific sequence motifs. Collectively, this work has allowed deciphering the specific and redundant functional implications of histone H1 variants as key molecular regulators of the chromatin landscape in plants.
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 11 Figure 1.1: Schematic representation of DNA folding into higher order structures A. Two different representations are contraposed, the classical perspective on the genome folding to achieve the highly compacted mitotic chromosomes. During interphase chromatin is partially decondensed and organized in functional compartments, occupying specific regions in the nuclear space in a non-random manner. After Schalch et al., 2017. B. Structure of the chromatosome, adapted from HistoneDB 2.0 (Draizen et al., 2016).
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 12 Figure 1.2: Schematic representation of most commonly used accessibility assays. A. Bar diagrams represent data signal obtained from an idealized accessibility experiment using the three different assays (MNase, DNase or ATAC). MNase digests DNA unbound by nucleosomes and resulting fragments overlap nucleosomes positioning. DNAse digestion being highly dependent on concentration and time, it is thus possible to optimize assays to identify DNase hypersensitivity sites and transcription factor (TF) footprints. Tn5 transposase used in ATAC preferentially inserts (tags) in nucleosome free regions (NFRs). Pile up of insertion sites maps over linker DNA between nucleosomes, allowing both nucleosome positioning and TF foot printing at the level of NFRs. Adapted from Tsompana et al., 2014. B. Heatmap of the relative accessibility level of the 734 light-responsive DNase hyper-sensitive sites identified by Sullivan and colleagues during seedlings de-etiolation allowed the identification of region subclasses undergoing dynamic changes in accessibility including key light-regulated TFs. Modified from Sullivan et al., 2015.
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 13 Figure 1.3: Hi-C technique allows retrieving information on the genomic 3D organization at different scales. Several 3D chromatin features such as chromosome territories (A), genomic A/B compartments typically reflecting euchromatin vs heterochromatin (B), local topologically associated domains (TADs) (C), while Cis or trans-acting promoter-enhancer contacts can be identified by Hi-C analysis or by 4C (possibly virtual 4C if Hi-C data are available) (D). Adapted from Kempfer and Pombo, 2019
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 15 Figure 1.5: Several developmental transitions of Arabidopsis are associated to changes in nuclear architecture. During the plant development, from the dry seeds to bolting, cotyledons and leaf nuclei undergo several dynamic changes in nuclear organization. Cotyledons in dy seeds have small nuclei with heterochromatin compacted in a few visible chromocenters, which transiently decondensate 3 days post seed imbibition (dpi) to reform chromocenters at 5dpi (After van Zanten et al., 2011 and Bourbousse et al., 2015). During bolting, adult plants undergo a transient reorganization of heterochromatin(Tessadori, Schulkes et al., 2007). Manipulation of plant cells to induce protoplasting (de-differenciation) also triggers high levels of chromocenter decompaction, which can be re-established once cells are re-differenciate[START_REF] Tessadori | Large-scale dissociation and sequential reassembly of pericentric heterochromatin in dedifferentiated Arabidopsis cells[END_REF].
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 17 Figure 1.7: Light influences plant development via a set of photoreceptors. A. Phenotypic features of dark-grown and photomorphogenic Arabidopsis seedlings. Etiolated seedlings display pale yellowish closed cotyledons that form an apical hook. Hypocotyls rapidly elongate, while root growth is inhibited. Light-grown seedlings display fully open and developed green cotyledons, short green hypocotyl and a developed root. B. Schematic representation of the main molecular actors involved in photomorphogenesis signaling from perception to transcription regulation. The left panel illustrates the situation in darkness: photoreceptors are mostly located in the cytoplasm and inactive, the CUL4 DDB1COP1-SPA1 E3 ligase complex ubiquitinates and induces the degradation HY5 and other transcription factors via the 26s proteasome. In light the active forms of photoreceptors migrate to the nucleus and repress COP1 activity, thus favoring the accumulation of HY5 while at the same time reducing the activity of PIF transcription factors. From Mazzella et al., 2014
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 18 Figure 1.8: Leaves absorb a specific portion of the solar radiation resulting in a decreased red-to-far red ratio under a canopy. A. Schematic representation of the effect of light absorbance from a leaf and the resulting far-red enriched spectrum. B. Schematic representation of different shade or shade-mimicking conditions (proximal shade or canopy shade) that trigger distinct red-to-far-red ratio (R:FR) variations. A and B are modified from Fiorucci et al. (2017). C. Contrasting influence of shade response on hypocotyls and cotyledons. In exposed conditions high R:FR and blue light destabilize PIF4/5/7 activity, while in shaded environments LBL and low R:FR mediates auxin accumulation triggering hypocotyl and petiole elongation via the PIFs activity while cotyledon growth is paused. After Ma and Gang Li 2019

  through auxin), while themselves pausing development[START_REF] Procko | Cotyledon-Generated Auxin Is Required for Shade-Induced Hypocotyl Growth in Brassica rapa 1 [ C[END_REF](Figure
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 19 Figure 1.9: schematic representation of the molecular actors involved in the chromatin modification of light regulated genes. A. In light, gene expression fine tuning is achieved by the regulation of histone acetylation in the promoter of lightresponsive genes, as exemplified by the key histone acetyltransfterase GCN5 and possible link to HY5 activity. Transcriptional elongation is favored by histone H2b monoubiquitnation (H2Bub). B. In darkness, the repressed light-responsive genes are repressed by HDA12/HD1. (C) Global H2B level is regulated by DET1 acting as part of the CDDD (COP10-DDA1-DET1-DDB1) complex through ubiquitin-mediated control of the DUBm stability. After[START_REF] Barneche | The impact of chromatin dynamics on plant light responses and circadian clock function[END_REF][START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF] 
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 110 Figure 1.10: De-etiolation is associated to nuclear dynamics in most cotyledon cells. (A) Etiolated seedlings have a characteristic apical hook, elongated hypocotyls and pale and closed cotyledons that rapidly open and develop upon light exposure. Nuclei from dark and light-grown hypocotyls display similar nuclear architecture while cotyledons display drastically different conformations. Chromocenter formation is inhibited in darkness and rapidly established during cotyledon de-etiolation in a 24h time window. (B) DNA FISH experiments targeting 180-bp centromeric repeats (pAL1 probe) or peri-centromeric regions (F28D6 probe) as well as immunolabeling of methylated DNA (5-meC) illustrate how the heterochromatin dynamics observed by DAPI staining in de-etiolated cotyledons are driven by de-condensation of pericentromeric domains. After Bourbousse et al., 2015
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 113 Figure 1.13: Schematic representation of DNA packing into chromatin with histone H1. (A).Nucleosomes and linker DNA are bound be histone H1,which dynamically incorporate into chromatin through a short amino-terminal tail, a central globular H1 domain and a longer carboxy-terminal tail. Binding of linker DNA forms the "chromatosomes" a tightly compacted structure (B)After Öztürk, et al., 2020 

Figure 1 . 14 :

 114 Figure 1.14: Arabidopsis encode for three different linker histone H1 with different properties. A. Schematic representation of the three proteins encoding linker histones in Arabidopsis. H1.1 and H1.2 have similar length and both bear 3 DNA binding motifs, while the H1.3 variant is shorter and does not have a (S/T)PxK motif. B. The three linker histones H1s display different chromatin binding dynamics as illustrated by the recovery curve of FRAP experiments.Linker histones appear to be more mobile than core nucleosome histone H2B (brown) and among the three variant, H1.3 is the most highly dynamic. C. Maximum-likelihood phylogenetic tree of the 15 GH1-containing proteins encoded in the Arabidopsis genome H1s. AfterRutowicz et al., 2015 and Kotlinksy et al., 2017 
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 116 Figure 1.16: H1 binding influence nucleosome compaction with possibly different patterns in different genomic regions A. Proposed models of H1-mediated chromatin folding. Binding On and Off the dyads could result in different chromatin compaction states, indication of a possible role of H1 mode of binding in mediating chromatin condensation and accessibility.B. Nucleosome packing is not homogenous among the genome, especifically for highly repetitive regions such as telomeric repeats that display a different MNase patterning of nuclesomes, arising the hypothesis that telomeric nuclesomes have peculiar folding structure and a different stochiometry ratio of H1s (after[START_REF] Öztürk | Chromatosome Structure and Dynamics from Molecular Simulations[END_REF] Fajkus and Trifonov, 2001) 
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 117 Figure 1.17: H1 depletion has a strong impact of the distribution of H3K4me3 and H3K27me3 marks. A. Subnuclear patterning and global abundance of H3K4me3 and H3K27me3 are drastically different in triple h1.1 h1.2 h1.3 (3h1) mutant plants. Reduced levels of these histone marks is observable both via immunolabeling followed by quantification and B. by immuno-blot analysis of the marks .After Rutowicz et al., 2019. C.Table of published mutant lines bearing a similar phenotype to the canonical linker histone depletion in Arabidopsis described inRutowicz et al., 2019. 

Figure 1 . 18 :

 118 Figure 1.18: The bulk of H1 is depleted during sporogenesis and gametogenesis in a cell-specific manner. Schematic representation of Arabidopsis sporogenesis (A) and gametogenesis (B). Both H1.1 and H1.2 are depleted during the formation of male (C) and reproductive tissues, possibly contributing to pluripotency establishment or to the preparation for meiosis. During gametogenesis immature pollen, H1.1 and H.1.2 are specifically depleted from the vegetative cell (VN) while it is still visible in sperm cells (SN).Yeast-two hybrid analysis of H1s unveiled its direct interaction with DEMETER that influence gene imprinting. Modified from Kawashima and Berger 2014,She et al., 2013 and 2015 Hseih et al., 2019. 

Figure 1 . 19 :

 119 Figure 1.19: Low light signaling induce H1.3 in all the organs. A. Organ-specific distribution of the three Arabidopsis H1 variants in GFP-tagged lines exposed to a control condition or to low light. The canonical histones H1.1 and H1.2 appear to be expressed at high level in the three organs, H1.2 being slightly more abundant. H1.3 variant is only visible in guard cells in control condition, while low light induces its accumulation in all the organs. Modified from Rutowicz et al., 2015 B.Table of the published phenotypes associated to a H1 variant in different plant species.

Figure 1 .

 1 Figure 1. Distinct chromatin profiles of H1.2 and chromatin accessibility along Polycomb-repressed and transcribed genes. A. Median enrichment of H1.2-GFP (mean IP/Input signal) over genes marked by different histone modifications characteristic of PRC2based repression (H3K27me3; n=7542), of transcription initiation (H3K4me3; n=18735), transcription elongation (H2Bub; n=11357) or according to gene expression. Genes with no detectable reads in our RNA-seq analyses of wild-type cotyledons were considered as not expressed genes (n=5894) as compared to other genes (n=22103). Data represent the mean value of two biological replicates. B. Same analysis than A. for histone H3 profiles used as a proxy of nucleosome occupancy. C. Same analysis than A. for ATAC read coverage (reads per million) used as a proxy of nucleosome accessibility.Last, considering H1 and H3 differential enrichment on H3K27me3-marked and non-marked genes, we assessed chromatin accessibility over these 2

Figure 2 .

 2 Figure 2. A majority of genes display reduced H3K27me3 in 2h1 mutant plants. A. Comparison of the gene repertoire bearing a H3K27me3 domain in WT and 2h1 plants. B. Median H3K27me3 level the set of genes acquiring (2h1-speific) or losing (WTspecific) H3K27me3 marking in 2h1 plants as compared to wild-type plants. Fene sets are defined in A. C. Genome-browser view of representative genes in each category identified in A., showing a tendency of genes marked in both genotypes (shared) to have reduced H3K27me3 enrichment in 2h1 plants. D. Heatmap analysis of H3K27me3 enrichment along all genes marked by H3K27me3 in wild-type or 2h1 plants. Genes are clustered according to spike-in normalized DEseq2 analysis of H3K27me3 differential enrichment in the ChIP-Rx analysis. In each cluster genes were ranked according to mean H3K27me3 level. E. MAplot (left) and metagene-plot (right) analysis of differentially marked genes upon spike-in normalized DEseq2 analysis of H3K27me3 differential enrichment. F. Variations in transcript levels of the gene sets identified by spike-in normalized DEseq2 analysis. The values represent log2 fold-changes of relative read density over genes (TPM). G. ATAC-seq analysis of chromatin accessibility in wild-type and 2h1 plants. ATAC read coverage (reads per million) used as a proxy of nucleosome accessibility. Data correspond to mean levels in two independent biological replicates.

Figure 3 .

 3 Figure 3. A specific set of repeated elements acquires elevated H3K27me3 levels in plants lacking histones H1.1 and H1.2. A Cluster analysis of H3K27me3 variations over TEs in 2h1 mutant plants. B TE clusters 1 and 2 display distinct TE family composition, with a strong over-representation of so-called "DNA/Others" elements in TE cluster 1. The bar chart represents the TE superfamily composition of H3K27me3-enriched TEs in 2h1 mutant plants and other indicated sub-groups as compared to all TEs annotated in Araport11. C A group of ATREP18 elements is visible as an outlier group of repeated elements with strong H3K27me3 enrichment in 2h1 plants. The scatter-plot represents all TE elements associated to a H3K27me3 peak distributed according to H1.2-GFP read count along TE length in the y axis and H3K27me3 variations in read count in 2h1 over TE length (Log 2 FC). D ATREP18 elements display a moderate H1 enrichment as compared to other unrelated TEs. The metagene-plot represents mean H1.2-GFP IP/Input signal over the indicated repertoire of TEs and repeats. E. Low chromatin accessibility of ATREP18s and more generally of TE cluster 1 elements is conserved in 2h1 isolated nuclei. ATAC read coverage (reads per million) is used as a proxy of nucleosome accessibility. The metagene-plot represents mean ATAC-seq coverage over the indicated repertoire of TEs and repeats.

Figure 4 .

 4 Figure 4. Two peri-centromeric blocks of interstitial telomeric repeats, altogether spanning more than 100kb of the genome, are subject to massive H3K27me3 enrichment. A. Select motifs enriched in TE cluster 1 (E-value < 1e-220). E-values were calculated against all Araport11 TE sequences. The top identified motif corresponds to the previously described telobox motif (AAACCCTA). 7,328 teloboxes were found distributed within 195 of the 216 TE cluster 1 (90%). Similar motif search was performed on the 391 ATREP18s sequences annotated in Araport11 and 10,806 teloboxes were found within 310 (79%) of them. B. ATREP18 elements display higher-order density and a distinct pattern of telomeric motifs as compared to other Arabidopsis TEs. The plot represents the density of perfect telobox sequence motifs over all ATREP18s and other TEs over 50bp bins around telobox motifs. Note the different scales of each TE set. C. Genome browser visualization of the distribution and H3K27me3 enrichment of the analyzed TEs and repeats over all chromosomes. The magnification over chromosome 1 allows visualizing a sharp correlation between 2h1-specific H3K27me3 enrichment on the telobox-rich ITR-1R. Complementary magnifications over ITR-4R and over several examples of dispersed elements of TE cluster 2 are shown in Figure S11.

Figure 5 .

 5 Figure 5. TRB1 and H1 may competitively bind over telobox-rich domains. A. Antagonistic chromatin profiles of H1 and TRB1over teloboxes in TE cluster 1 elements. The meta-plot allows comparing the relative distribution and occupancy of TRB1 and H1 as compared to telobox positions. This unveiled that TRB1 peak summit is elevated and perfectly positioned over teloboxes when considering genes. In contrast to H1, TRB1 is lowly associated on teloboxes of TE cluster 1 elements. H1 and TRB1 display antagonistic profiles in TE cluster 1 elements, while appears related to a telobox periodic pattern. B. Comparison of H1 and H3 landscapes over all TRB1 peaks unveils a clear depletion of these two histones that precisely correlate to TRB1 average peak summits. C. Both H1, TRB1 and telobox motifs tend to be distributed over DNA linker regions. The genome profiles of H1, TRB1 and telobox sequence motifs were plotted over the coordinates of all Arabidopsis well-positioned nucleosomes defined by MNase-seq inLyons et al (2017). Analysis of the MNase profile shows the expected linker DNA profile of H1.2-GFP, but also TRB1 enrichment in inter-nucleosomal regions. Unexpectedly, telobox sequence motifs also display a strong overrepresentation in linker DNA D. Working model of possible competitive binding of TRB1 with H1 on linker DNA-localized telobox motifs. E. Ectopic enrichment of endogenous TRB1 over ITR-1R and other elements of TE cluster 2 in 2h1 plants. Anti-TRB1 ChIP was performed in wild-type and 2h1 plants before analysis by qPCR using known TRB1 associated genes (AT4G15258 and AT2G1840) as positive control, and two genes with no TRB1 signal (AT5G09810 and AT5G13440) as negative control. Five other loci displaying a clear H3K27me3 enrichment over telobox motifs in TE cluster1-2 were also tested for potential redistribution of endogenous TRB1 such loci. Error bars represent standard deviation from two independent biological replicates. See text for details.

Out TE cluster 1 Figure 6 .

 16 Figure 6. Increased H3K27me3 enrichment and altered sub-nuclear organization of telomeres in 2h1 plants. A. ChIP analysis of H3K27me3 enrichment over 2h1 plant telomeres in relation to histone H3 occupancy. H3K27me3 is marginally enriched in wildtype telomeres but enhanced in 2h1 plants as compared to nucleosome occupancy. Anti-H3K27me3 ChIPs were followed by dot-blot hybridization with radioactively labeled telomeric oligonucleotides (CCCTAAA) 4 in two biologically and technically replicated experiments (Prochazkova et al, Plant J 2014). A second biological replicate is given in Figure S14. B. GFP immunostaining and telomeric DNA FISH labeling of wild-type and 2h1 cotyledon nuclei. Nuclei were stained with DAPI (blue), FISH signals are colored in green, and H3K27me3 is colored in red.Images are collapsed Z-stack projections. Bars = 2 µm. The estimated number of telomeric foci was calculated on 20 nuclei for each sample type in 2 independent biological replicates. This detected 116 telomeric foci in WT nuclei (from 24 nuclei) and 97 in 2h1 (from 32 nuclei) from 2 independent biological replicates. C. Proposed working model of H1mediated interplay with TRB1 to regulate H3K27me3 homeostasis between distinct chromosomal regions with highly divergent telobox densities. High H1 level over ITRs might represent a safeguarding mechanism to avoid the formation of gigantic H3K27me3-rich domains in the peri-centromeres of chromosome 1 and 4 and on all telomeres. Upon H1 depletion, pericentromeric and telomeric blocks might titrate PRC2 protein complexes away from target genes located along the chromosomal arms. Alternatively, they could induce higher-order disorders in chromosomal topology. The dependency of H3K27me3 enrichment over telomeric repeats on a possible TRB-mediated PRC2 recruitment remains to be tested.

  fais 2 manips différentes qui m'ont permis de faire des comptages pour le Col0 et le 2h1. Seulement 1 seule fois avec le clf29 et le double clf29/2h1 : pas assez de noyaux et manip pas très belles. Si on veut des résultats, je dois refaire.On voit clairement moins de foci télomérique dans le mutant comparé au WT : comptage sur 10 noyaux de chaque manip.Il semble aussi que la répartition soit différente: moins autour du nucléole dans le mutant, mais ce n'est pas vrai à 100%, certains noyaux dans le mutant montrent des focis autour du nucléole également. Je ne pense pas qu'en l'état actuel et avec notre niveau de résolution on puisse appuyer trop sur cet aspect.Telomeres (n) WT 2h1Pour le comptage des collocs, j'ai choisi de ne considérer que les focis télomérique les plus intenses, pour être sur de choisir des télomères et parce que c'est vraiment des focis très intenses qui ressortent dans le mutant. J'ai ensuite utilisé le module de co-localisation du logiciel ZEN de ZEISS pour le calcul du coefficient de Pearson en utilisant les valeurs d'intensité du canal telomérique et du canal K27me3. Cela donne une valeur entre -1 et 1 pour chaque foci. A partir d'une valeur de 0,75, on considère qu'il y a co-localisation.

Figure 7 .

 7 Figure 7. General reduction of intra-pericentromeric interactions in the 2h1 mutant is contrasted by increased long-range interactions within a large H3K27me3-enriched ITR domain. The top panel shows a genome browser view of the whole chromosome 1, illustrating the location of the magnified peri-centromeric region. The 2h1 mutant plants display a loosening of chromatin interactions in the nearcentromeric TE rich regions (illustrated by a large blue square in panel. A. This effect is locally contrasted by a newly topologically associating region corresponding to the telobox-rich ITR-1R. B. Further magnification allows visualizing a sharp overlap between H3K27me3-enriched borders and topological changes in 2h1 plants. Hi-C data are showed as Log 2 of differentially interaction frequencies (2h1/WT) with 25kb bins.
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 S1 Figure S1. Chromatin profiles of H1.2 and chromatin accessibility along distinct chromatin states.
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 S2 Figure S2. Same analysis as Figure2Bshowing the consistency of the two independent biological replicates.
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 S3 Figure S3. Detailed analysis of H3K27me3 ChIP-Rx differential analyses.
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 S4 Figure S4. General overview of chromatin features characterized in this study on H3K27me3 differentiallymarked genes.

Figure S5 .

 S5 Figure S5. Gene ontology analysis of H3K27me3 differentially-marked genes (n= 4317 hypomarked genes; 496 hyper-marked genes).
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 S6 Figure S6. Hyper-marked genes.
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 S7 Figure S7. TE cluster 1 and ATREP18 elements gaining H3K27me3 in 2h1 plants tend to be longer than average TEs and to keep low chromatin accessibility in 2h1 plants.

Figure S8 .

 S8 Figure S8. Representative histone marks profiling over TE clusters 1-2 and on ATREP18 elements.

Figure S9 .

 S9 Figure S9. ATREP18 elements in TE cluster 1 display a particular pattern, with a periodic distribution of short telobox clusters.
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 S10 Figure S10. Characterization of TE cluster 1 and 2 elements.
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 S11 Figure S11. Genome-browser visualization of H3K27me3-enriched repeats as part of TE clusters 1-2 and of the ATREP18 repeat family.

Figure S12 .

 S12 Figure S12. TRB family members display an aminoterminal Myb domain and a central H1 globular domain that may explain their association to telobox-containing linker DNA. A.

Figure S13 .

 S13 Figure S13. TE cluster 1 displays elevated H1 level as compared to the set of Arabidopsis TEs and to other telobox-containing regions.

Figure S14 .

 S14 Figure S14. Independent biological replicate of H3K27me3 and H3 ChIP-hybridization to telomeric probes shown in Figure 6A.
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 S15 Figure S15: Mapping results of Hi-C and similarity index are consistent with previously published Hi-C datasets.
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 S16 Figure S16. Normalized interaction frequency maps of WT and 2h1 plants.
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 S17 Figure S17. Differential interaction frequencies between WT and 2h1 plants.
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 S6 Figure S6. Hyper-marked genes.
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 S7 Figure S7. TE cluster 1 and ATREP18 elements gaining H3K27me3 in 2h1 plants tend to be longer than average TEs and to keep low chromatin accessibility in 2h1 plants.

Figure S8 .

 S8 Figure S8. Representative histone marks profiling over TE clusters 1-2 and on ATREP18 elements.
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 S9 Figure S9. ATREP18 elements in TE cluster 1 display a particular pattern, with a periodic distribution of short telobox clusters.
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 S10 Figure S10. Characterization of TE cluster 1 and 2 elements.
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 S11 Figure S11. Genome-browser visualization of H3K27me3-enriched repeats as part of TE clusters 1-2 and of the ATREP18 repeat family.

Figure S12 .

 S12 Figure S12. TRB family members display an amino-terminal Myb domain and a central H1 globular domain that may explain their association to telobox-containing linker DNA. A.

Figure S13 .

 S13 Figure S13. TE cluster 1 displays elevated H1 level as compared to the set of Arabidopsis TEs and to other teloboxcontaining regions.
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 S14 Figure S14. Independent biological replicate of H3K27me3 and H3 ChIP-hybridization to telomeric probes shown in Figure 6A.
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 S15 Figure S15: Mapping results of Hi-C and similarity index are consistent with previously published Hi-C datasets.

Figure S16 .

 S16 Figure S16. Normalized interaction frequency maps of WT and 2h1 plants.

Figure S17 .

 S17 Figure S17. Differential interaction frequencies between WT and 2h1 plants.

Figure S1 .

 S1 Figure S1. Chromatin profiles of H1.2 and chromatin accessibility along distinct chromatin states. A. Median enrichment of H3K27me3 and H1.2-GFP over different genomic compartments. H3K27me3-marked genes were defined as in Figure 1 according to our ChIP-Rx analysis. Heterochromatic TEs were defined according to Bernatavichute et al (2008). B. Median enrichment of H1.2-GFP (mean IP/Input signal) over genes bearing different levels of histone modifications characteristic of PRC2-based repression (H3K27me3), of transcription initiation (H3K4me3), transcription elongation (H2Bub) or according to transcript level. Relative levels of divided as 4 quartiles . Gene annotations with no detectable reads in our RNA-seq analyses of wild-type seedlings were considered as being not expressed. Data represent the mean value of two biological replicates.

Figure S2 .

 S2 Figure S2. Same analysis as Figure 2B showing the consistency of the two independent biological replicates.
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 S3S4822S5 Figure S3. Detailed analysis of H3K27me3 ChIP-Rx differential analyses. A. Same analysis than Figure 2E showing different DEseq2 results using either a spike-in normalization factor as in Nassrallah et al. (2018) or filtering out the drosophila reads for a traditional DEseq2 normalization. B. Variability of H3K27me3 profiles on differentially-marked genes among the two independent biological replicates. C. Detailed analysis of data presented in Figure 2D. In each cluster genes were ranked according to mean H3K27me3 level.

Figure S6 .

 S6 Figure S6. Hyper-marked genes. A. All motifs found enriched within the promoters of the genes hyper-marked by H3K27me3 in 2h1 plants (Log2 FC > 1; FDR <0.01 = 144/496 genes). E-values were calculated against random sequences. The three first motifs could not be matched to any previously known motif while the 4th identified motif corresponds to the previously described telobox motif (AAACCCTA). 107 teloboxes were found distributed within 22 of the 144 promoters (15%). B. Gene annotation of the 22 hyper-H3K27me3 genes displaying 1 or more telobox motif in their promoter domain.
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 S7S8S9 Figure S7. TE cluster 1 and ATREP18 elements gaining H3K27me3 in 2h1 plants tend to be longer than average TEs and to keep low chromatin accessibility in 2h1 plants. A. Size distribution among the repertoire of TEs and repeats analyzed in Figure 3. B. ATAC-seq read coverage along the repertoire of TEs and repeats analyzed in A.
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 S10S11S12 Figure S10. Characterization of TE cluster 1 and 2 elements. A. Frequency of TE genes. Interspersed, mildly H3K27me3-enriched TEs in 2h1 mutant (TE cluster 2) contain genes more frequently than the average genomic TE set (All Araport TEs), while clustered and heavily-enriched TEs (TE cluster 1) rarely contain genes, reflecting the overwhelming presence of ATREP18 in this group. B. Strand distribution. TE Cluster 1, consisting mainly of ATREP18 elements, is strongly enriched on one strand. This may suggest a "copy and paste" transposition or recombination mechanism for this group. C. Distribution of different groups of TEs in three classes of distances: nested (0 base pairs), clustered (under 100-bp) or closely located (under 1-kb). Compared to the ensemble of All Araport TEs, TE cluster 2 elements tend to be more dispersed across the genome. Conversely, TE cluster 1 elements tend to be clustered in close proximity. This peculiar distribution is largely due to ATREP18 repeats that are the predominant TE family of this group, about 87% (189 among 216) of its annotated TEs.
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Figure S13 .

 S13 Figure S13. TE cluster 1 displays elevated H1 level as compared to the set of Arabidopsis TEs and to other telobox-containing regions. In agreement with putative mutually exclusive binding of H1 and TRB1 over teloboxes, the set of teloboxes with a known TRB1 peak from ChIP-seq data(Schrumpfová Prochazkova et al., 2014) display significantly less H1 occupancy than other teloboxes. Statistical significances of differences between the mean levels were assessed using a Wilcoxon signed-rank test.

Figure S14 .

 S14 Figure S14. Independent biological replicate of H3K27me3 and H3 ChIP-hybridization to telomeric probes shown in Figure 6A.

Figure S16 .Figure S17 .Figure 3 . 1 .

 S16S1731 Figure S16. Normalized interaction frequency maps of WT (A) and 2h1 (B). Interaction frequency map of the five chromosomes at a 25 kb resolution. The top track shows the positions of centromeres (black) and pericentromeric (gray).

Figure 3 . 2 .

 32 Figure 3.2. Identification of molecular actors involved in chromocenter formation during de-etiolation.Three layers of information were merged including differentially expressed genes during de-etiolation (4,575) (Log2FC>1 at anytime (using[START_REF] Burko | Chimeric activators and repressors define HY5 activity and reveal a lightregulated feedback mechanism[END_REF], the 559 genes referenced in the Chromatin Database, and the 3894 genes targeted by HY5 in[START_REF] Lee | Analysis of transcription factor HY5 genomic binding sites revealed its hierarchical role in light regulation of development[END_REF]. Among the 18 genes matching this three criteria, the H1.3 gene appears to be the dramatically regulated during the process.

Figure 3 . 3 :Figure 3 . 4 :

 3334 Figure 3.3: Linker histone H1.3 has 2 putative splicing variant, but H1.3.2 has not been identified in transcriptomic data A. IGV screen of long reads mapping over the H1.3 genomic locus. H1.3.1 isoform profile is matched by ONP while H1.3.2 annotation did not match sequenced reads from nanopore or other illumine derived RNA-seq (data not shown). B. Sequence of the locus H1.3 on the genome, overplayed with the different part of the H1.3.1 and H1.3.2 ( 5' (in green) and 3' (in red) untranslated regions (UTR), coding sequence (CDS) in blue. Surprisingly H1.3.2 first exon match a 6bp G-box (CACGTG), likely influencing H1.3.1 expression.

Figure 3 . 5 .

 35 Figure 3.5. Organ specific localization of H1.3-GFP protein in 5-day-old dark-grown seedlings. Seedlings of pH1.1::H1.1-GFP and pH1.3::H1.3-GFP (Rutowicz et al., 2015) were visually inspected under a stereomicrospe with UV illumination in the indicated organs. Left panels: fluorescence imaging. Right panels: bright field.

Figure 3 . 6 .

 36 Figure 3.6. H1.3 but not H1.1 and H1.2 is depleted in cotyledons during de-etiolation. The panels illustrate live fluorescence imaging kinetics of linker histone GFP-tagged H1 variants during cotyledon de-etiolation from pH1.1::H1.1-GFP, pH1.2::H1.2-GFP and pH1.3::H1.3-GFP lines, respectively. Cotyledons of dark)grown 5-day-old seedlings were exposed to light and cotyledons were imaged under UV illumination at the indicated time points. Scale bar is 0.2 mm

Figure 3 . 7 .

 37 Figure 3.7. Histone H1.3 is required to prevent chromocenter formation during cotyledon skotomorphogenesis. A. Representative Z-stack projection of DAPI stained cotyledons nuclei's. Nuclear phenotypes of light and dark-grown cotyledon cells for WT, h1.3 and h1.1h1.2 double mutant seedlings. B. Chromocenter number was quantified in cotyledon nuclei after growth in light (L) or dark (D) conditions (n>50). C. Quantification of the nuclear surface of WT and h1.3 light and dark grown cotyledons. Data from Imen Mestiri.
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Figure 3 . 9 :

 39 Figure 3.9: Low red-to-far-red light induces H1.3 expression in cotyledons nuclei. A. Schematic representation of the light set up used to monitor H1.3 expression dynamics in response to low R:FR light. B. RT-qPCR analysis of H1.1 and H1.3 expression in dissected cotyledons exposed to low R:Fr for 0, 3 or 24h.As control for low R:Fr response we included the SAR responsive genes PAR1. C. Live imaging of pH1.3::H1.3-GFP fluorescent signal in cotyledons exposed for a different duration to low R:FR light as schematized in A. Scale bar 0.2 mm.

Figure 3 . 10 :

 310 Figure 3.10: Low R:FR induced chromocenter relaxation requires H1.3 function. A. Representative Z-stack projection of DAPI stained cotyledons nuclei's. Nuclear phenotypes of WT and h1.3 cotyledons grown either control condition or low R:FR light for 3 days. B. Quantification of the effects in A. Quantification of chromocenters number and of relative heterochromatin Fraction (RHF) over several nuclei (n>50), using iCRAQ (analysis by Geoffrey Schivre).

Figure 3 . 11 .

 311 Figure 3.11. Generation of an histone H1.3 inducible system. A. Schematic representation of the Gateway technology cloning strategy adopted to generate the plasmid constructs: after cloning H1.3 and H1.3-GFP genomic sequences, they were introduced into a Gateway compatible Entry vector (pDNOR207) that was used for recombination with the destination vector pMDC7 to obtain pMDC7::H1.3-GFP. Correct assembly was confirmed by sequencing. B. RT-qPCR analysis of H1.3 expression in pMDC7::H1.3 (no tag) estradiol treated and untreated cotyledons (mock). RNAs were extracted from the indicated sample types. Transcript levels are given relative to 3 house-keeping genes. C. Representative images of H1.3-GFP fluorescent detection in cotyledons of pMDC7::H1.3-GFP upon treatment with estradiol. Scale bar is 0.2 mm.

3 -Figure 3 . 12 :

 3312 Figure 3.12: H1.3 ectopic expression disorganizes heterochromatin organization. A. Representative Z-stack projection of DAPI stained cotyledons nuclei's. Nuclear phenotypes of of estradiol treated or mock treated H1.3 inducible plants. 5 old seedlings were treated with estradiol or mock and chromocenter number was quantified over several nuclei (n>50), results of quantification were plotted in a violin plot (B).

Figure 3 .

 3 Figure 3.13: H1.3 is induced by changes in light quality in non-reproductive axillary buds. A, B and C. Scanning electron microscopy images of different developmental stages of axillary buds. Classification is based of morphological development: Axillary Meristem (AM): meristem with no visible leaf primordia. Leaf Primordium (LP) : incipient first two leaf primordia. Vegetative state (VI-II-III): buds with 2 or more leaf primordia formed, no trichomes (VI) , differentiating trichome (VII) or expanding branched trichomes (VIII). Reproductive (R) : reproductive flower meristems visible within the bud. (adapted from Aguilar-Martinez et al., 2007) D. Brightfield (BiC, left panel) and fluorescence (right panel) live imaging of axillary buds of pH1.3::H1.3-GFP plants of different developmental stages after 3 days of exposure to different light conditions. Scale bar 0.2mm.
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 33 Setting up a cotyledon-specific ATAC-seq methodology 3.6.4 Fluorescent assisted nuclei isolation for cotyledon ATAC-seq 3.6.5 Quality check 3.6.6 Newly generated ATAC seq dataset are consistent with publicly available accessibility data 3.6.7 Assessing the global accessibility changes on genes and TEs in dark and light-grown cotyledons.3.6.8 Local changes in accessibility between dark and light grown cotyledons. 3.6.9 Comparison of accessibility data with expression changes 3.6.10 Investigating the interplays between chromatin accessibility, histone H1 and nucleosome occupancy 3.6.11 Global changes in accessibility patterns between WT dark grown and h1.3 dark grown cotyledons. 3.6.12 Assessing the global accessibility changes on genes and TEs in h1.3 etiolated cotyledons 3.6.13 Investigating the interplays between chromatin accessibility, histone H1 and nucleosome occupancy: the influence of H1.

Figure 3 . 14 :

 314 Figure 3.14: Setting up of cotyledon specific ATAC-seq experiments. A. Schematic representation of ATAC-seq technique. Adapters bearing Tn5 transposase differentially target open and closed chromatin, resulting in different abudance of amplifiable fragments derived from these two context (Modified from Buenrostro et al., 2015). B. Number of Chloroplast DNA copy for every genomic DNA in cotyledons isolated nuclei using different protocol. Number of cpDNA copies and copies of genomic DNA is estimated by qPCR. C. Percentage of ATACseq reads mapping over the three different genomes. D Visual comparison of ATAC seq profile with previously published accessibility dataset by visual inspection on Integrated Genomic visualizer (IGV). ATAC-seq Percoll nuclei have a consistent peak pattern with shared peaks between dark and light grown shared peaks (identified by[START_REF] Sullivan | DNase I hypersensitivity mapping, genomic footprinting, and transcription factor networks in plants[END_REF], the low number of mapping reads resulted in consistent but noisy tracks.

Figure 3 . 17 :

 317 Figure 3.17: Quality check of ATAC-seq libraries shows high correlation of nuclei with 2C and 4C ploidy. A. Principal component analysis of ATAC-seq libraries by 50kb windows over the genome. B. Heatmap of Spearman correlation over 50kb bins among all the samples. Results indicate an overall similarity of the different processed samples, with 2C and 4C highly correlating within each other. C. Scatterplots of 50kb bins comparing Pearson correlation between 2C and 4C samples ranked as the highest correlating samples.

Figure 3 . 18 :

 318 Figure 3.18: Cotyledons derived Percoll+FANS ATAC-seq libraries are highly comparable with publicly available accessibility data. A. IGV genome browser view of representative ATAC peaks over genes for ATAC WT Light 2C and 4C samples as well as FANS-ATAC seq libraries of WT light grown cotyledons DNaseI track from WT dark-grown seedlings (Sullivan et al., 2014). The presented gene were selected from Sullivan et al., 2014 and we included the H1.3 gene (AT2G18050). B. Venn diagram displaying the number of overlapping peaks between Percoll+FANS ATAC-seq data and DHS from DNAse I dataset in Sullivan et al (2014).

Figure 3 . 19 :

 319 Figure 3.19: Large-scale variations in ATAC signal between light and dark-grown samples have specific locations over chromosomes. Visualization of differentially accessible regions over the 5 Arabidopsis chromosomes. The log 2 ratio of normalized reads count for WT light and WT dark-grown samples was calculated over 1kb windows. Regions were the log 2 ratio was either lower than -1 or higher than +1 are spotted in red. Pericentromeric regions defined in Bernatavichute et al. (2009) are highlighted in in yellow .

Figure 3 . 20 :

 320 Figure 3.20: Variations of ATAC signal between light and dark-grown plants are linked to gene expression changes. A. Metagene plot and Heatmap of ATAC signal over all TAIR10 genes (n=28775) ranked by accessibility in the WT Light sample and divided in 3classes. ATAC values were plotted both for WT light and for WT dark, as well as the log 2 ratio of the accessibility (in red regions more accessible in the WT light samples and vice versa). B Heatmap of the expression differenchies between dark and light grown cotyleonds: log 2 RNA-Rx seq signal of WTL vs WTD (in red more induced genes (17.000) C. The 3 clusters display very different average level of gene expression in light-grown cotyledons. The metageneplots display transcript levels in RNA-seq data of the WT light (green) and WT dark (blue) samples for each of the 3 gene clusters defined by chromatin accessibility. D. Metaplot of atac accessibility over all TAIR10 genes illustrate how on average the differencies in accessibility between light and dark cotyledons are localized at the 5' of genes.

Figure 3 . 21 :

 321 Figure 3.21: Light-driven variations in chromatin accessibility over Transposable Elements are dependent on the genomic context. A. Metagene plot and Heatmap of ATAC seq insertion signal over all TAIR10 TEs (n=31189) ranked by accessibility in light and divided in three classes. ATAC signal was plotted for WT light and for WT dark, as well as the log 2 ratio of chromatin accessibility. In red regions more accessible in the WT light samples. B. Metagene plot over all TAIR10 TEs (31224) displaying average chromatin accessibility level over WT light (green) or WT dark (blue), this average is the results of two contrasting effects, signal is plotted from the TE Start (TES) to the TE End (TEE) and +1kb upstream and downstram. C. Same analysis than B disentangling pericentromeric TEs (n=17,369) defined as heterochromatic and euchromatic TEs located along the chromosomal arms (n=13,855). Euchromatic or heterochromatic TEs are defined according to their genomic location: pericentromeric regions were defined based on Bernatavichute et al. (2009).

Figure 3 . 22 :Figure 3 . 23 :

 322323 Figure 3.22: Dark-grown cotyledon nuclei display globally less ATAC peaks but more in intergenic regions. A.Local differences in light vs dark-grown cotyledons accessibility: shared and specific peaks (false discovery rate 0.01). B Histogram of the genomic locations of all ATAC peaks annotated to either intergenic, genes or TEs.

Figure 3 . 24 :

 324 Figure 3.24: Interplays between dark to light accessibility changes and histone occupancy. A. Genes were ranked by accessibility in WT light and divided in three classes based on different level of accessibility. In the first heatmap the log 2 fold change between WT light and WT dark ATAC seq was plotted, the positive values (red) indicate a global higher level of accessibility in light grown cotyledons. By using ChIP seq data of linker histone H1.2 and core histone H3 (Bourbousse et al., in prep) over light and dark grown cotyledons we compared the differentially occupancy of H1.2 and H3 in different light condition, both by heatmap (A) and by metagene plot (B) over the three accessibility defined clusters.

4 6Figure 3 . 25 :

 4325 Figure 3.25: h1.3 cotyledon nuclei display differently altered patterns of chromatin accessibility in different genomic contexts. Visualization of differentially accessible regions over the 5 Arabidopsis chromosomes. The log 2 ratio of normalized reads count for WT light and WT dark-grown samples was calculated over 1kb windows. Regions were the log 2 ratio was either lower than -1 or higher than +1 are spotted in red. Pericentromeric regions defined in Bernatavichute et al. (2009) are highlighted in in yellow

Figure 3 . 26 :

 326 Figure 3.26: H1.3 has a contrasted effect on the chromatin accessibility of genes and TEs. A. Heatmap of ATAC seq insertion signal over all TAIR10 genes (28775) for WT dark and h1.3 dark samples, ranked and divided in three classes as in figure 7 to allow comparison. ATAC signal was plotted as the log 2 ratio of chromatin accessibility. Red profiles correspond to regions more accessible in the wild-type than in h1.3 samples. B. Metagene plot of ATAC signal over all TAIR10 genes shows the general trend of low accessibility over the 5' of genes in h1.3 cotyledon nuclei.

Figure 3 . 27 :

 327 Figure 3.27: Light-driven variations in chromatin accessibility over Transposable Elements are dependent on the genomic context. A. Metagene plot and Heatmap of ATAC seq insertion signal over all TAIR10 TEs (n=31189) ranked by accessibility in light and divided in three classes. ATAC signal was plotted for WT light and for WT dark, as well as the log 2 ratio of chromatin accessibility. In red regions more accessible in the WT light samples. B. Metagene plot over all TAIR10 genes (31224) displaying average chromatin accessibility level over WT light (green) or WT dark (blue), this average is the results of two contrasting effects. C. Same analysis than B disentangling pericentromeric TEs (n=17,369) defined as heterochromatic and euchromatic TEs located along the chromosomal arms (n=13,855). Euchromatic or heterochromatic TEs are defined according to their genomic location: pericentromeric regions were defined based on Bernatavichute et al. (2009).

Figure 3 . 29 :

 329 Figure 3.29 : Interplay between expression level and chromatin accessibility in h1.3 cotyledon nuclei. A. Metagene plot of all TAIR10 genes ranked by expression in WT light and divided in 4 quartiles (0 for genes that are not expressed in the dark). Accessibility level was plotted for WT light and WT dark over the same 5 gene groups. B. Heatmap and metagene plot of differentially expressed genes (lfc ±1 and fdr >0.01) between cotyledons of WT light and WT dark-grown seedlings. Differentially expressed genes were ranked by accessibility level in WT light sample. C. Metagene plot of differentially expressed genes corelates with accessibility level.

Figure 3 . 30 .

 330 Figure 3.30. Global of interplays between chromatin accessibility, histone H1 and nucleosome occupancy A. ATAC-seq of cotyledons from dark-grown seedlings unveil a global decrease of accessibility on genes in h1.3 plants that correspond to regions enriched in H1.3 relative to H1.2. H1.2 eviction or its replacement by H1.3 may therefore increase chromatin accessibility. ChIP-seq profiling of H1.2-GFP and H1.3-GFP etiolate cotyledons shows that H1.3 goes all over gene bodies and is enriched in all the 3 clusters but in a more pronounced way over the 5' regions that loose H1.2, suggesting that H1.3 may replace H1.2 in the dark. C. Accessibility changes are not associated with variations in H3 occupancy between WT and h1.3 etiolated cotyledons. Besides, the regions differentially accessible largely match the genes being differentially expressed between darks and light conditions upon normalization using our RNA spike-in strategy.

Figure 3 . 31 :

 331 Figure 3.31: Schematic overview of the Hi-C technique and the obtained 3C fragments. A. The complex network of DNA-DNA and protein-DNA interactions in the nucleus is captured by formaldehyde fixation in vivo before isolation of nuclei. B. DNA is digested inside the nucleus by the frequent cutter restriction enzyme DpnII. C. Overhang fragments are filled thanks to the Klenow fragment with dNTPs and biotin-14-dATP modified nucleotide. The T4 ligase allows the ligation of blunted ends and creates a new hybrid sequence (3C fragment). D. After ligation, the crosslink is reversed, the proteins are digested and biotin are removed from un-ligated fragments. E. Biotinylated fragments are pulldown using streptavidin beads. Different products are usually observed: 1. valid interactions, 2. partial digests, 3. dangling ends and 4. self-circles. Adapted from Belaghzal et al., 2017.

Figure 3 . 32 :

 332 Figure 3.32: Quality check of different Hi-C samples showed no influence of different crosslink protocols or conditions on library preparation. Agarose gel of DNA extracted from three representative samples at different stages of Hi-C library preparation. Before digestion (Unidg.), DNA appears as a single band of high-molecular weight, with no degradation smear. After digestion with DpnII (dig.), DNA is fragmented and no high molecular weight molecules remains, indicating a good digestion. After ligation (lig.), a 2X shift of the fragment size is expected, which is visible in the overall higher distribution of the DNA smear.

Figure 3 . 34 :

 334 Figure 3.34: Normalized interaction frequency maps of WT light (A) and WT dark (B). The maps were generated for the five chromosomes at a 25 kb resolution. The top track shows the positions of centromeres (black) and peri-centromeric regions (gray).

Figure 3 . 35 :

 335 Figure 3.35: Normalized interaction frequency maps of h1.3 dark. The map waw generated for the five chromosomes at a 25 kb resolution. The top track shows the positions of centromeres (black) and pericentromeric regions (gray).

Figure 3 . 33 :

 333 Figure 3.33: Mapping outputs are consistent with previously published Hi-C datasets. A. Mapping results of our Hi-C samples and comparison with re-processed publicly available Hi-C datasets processed with the same DpnII enzyme. B. Ratio of intrachromosomic reads over valid interactions in our Hi-C samples and publicly available data.This index positively correlates with library quality for in situ Hi-C. C. Heatmap of similarity scores between the same datasets. Similarity scores were calculated using Hi-C Spector tool using 100kb bins.

Figure 3 . 36 :

 336 Figure 3.36: Contrasts of interaction frequencies between samples. A-C. Log 2 scaled interaction frequency maps f chromosome 1 at a 50 kb resolution. D-F. Log 2 ratio of normalized contact frequencies between the indicated samples.

Figure 3 .

 3 Figure 3.37: Distance-dependent decay of interaction frequency. A-C. Plot of the interaction frequencies over genomic distance over the whole chromosome 1 (A), chromosomes 1 arms (B) and peri-centromeric regions (C). The interaction frequency decays with the genomic distance in a power-law function. D-F. Boxplot of the values of the fitting power-law function exponent (slope of the curves in A-C), or interaction decay exponents (IDEs), over the whole 5 chromosomes (D), the 10 chromosomes arms (E) and the 5 peri-centromeric regions (F).

Figure 3 .Figure 3 . 39 :Figure 3 . 40 :

 3339340 Figure 3.38: A/B compartmentalization strength. A. Hi-C contact matrices were normalized by the observed-expected method to obtain correlation matrices. Correlation maps of chromosome 1 at a 10 kb scale for the three samples are shown with the associated eigenvalues at the bottom. B. Saddle plots of chromatin compartmentalization for chromosome 1. The plots are ordered by the eigenvalues from each sample. Interactions within the A compartment are in the bottom right (AA), and within the B compartment are in the top left (BB). The transition between A and B (change of sign of the eigenvalue) is highlighted by a black dashed line. C. Boxplots of the quantification of compartment strength for the five chromosomes.

Figure 3 . 41 .Figure 3 . 42 .

 341342 Figure 3.41. Genomic distribution of the 2% regions that interact most differently between h1.3 dark and WT dark. Plot over the 5 chromosomes of the bottom (purple dots) and top (green dots) changing region for eigenvalue differences between h1.3 dark and WT dark. Eigenvalue of WT dark is plotted as a grey line for reference.

  properties to impact chromatin structure. It remains to determine whether its chromatin incorporation necessitates the eviction/degradation of canonical H1s or occurs passively through dynamic exchanges. H1 variant-specific ChIPs in etiolated cotyledon have begun to shed light on this dynamic interplay. The estradiol inducible system that I generated should further help testing the competition and preferential binding of H1s. Ectopically inducing H1.3 could allow testing a competition hypothesis in a "neutral", constant, setting, where no other chromatin dynamics is affected by light signaling or other stresses. During my PhD, I have introduced the H1.3 inducible transgene into GFP-tagged H1.1 or H1.2 lines for the purpose of testing H1.3 influence on canonical H1s subnuclear localization at the cytological scale, monitoring GFP signals in vivo, and at the genomic scale by ChIP-seq. Such "competition ChIP" have been previously technically described for

  3 and H1.3-GFP were amplified by PCR using the Platinum® Pfx DNA Polymerase (Thermo Scientific Ref. 11708013) using primers (ATG_H1.3_B1 and STOP_H1.3_B2 or EGFP_B2 respectively). After confirming the correct PCR product size on an agarose gel, DNA bands were cut, purified using the NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel Ref. 740609). The PCR products were then recombined into the entry vector pDONR207 (Invitrogen) using the Gateway® BP Clonase® II kit (Thermo Scientific Ref. 11789020). The BP reaction was used to transform competent cells of E. coli. Transformations were plated on Luria-Bertani (LB) medium containing 25 µg/mL of gentamicin. The resistant colonies were screened by colony PCR using a primer on the vector backbone (pDONR_FW) and one primer on the inserted H1.3 gene (157_AW_RV). For each transformation, four of the positive colonies were used to extract plasmidic DNA using NucleoSpin® Plasmid kit (Macherey-Nagel Ref. 740588) and were sent to sequencing using primer on the vector flanking the recombination site (pDONR_FW and pDONR_RV). After checking the sequence accuracy, pDONR207-H1.3 and pDNOR207-H1.3:GFP vectors were recombined with the destination vector pMDC7[START_REF] Curtis | A Gateway cloning vector set for high-hhroughput hunctional hnalysis of henes in planta[END_REF] using the Gateway™ LR Clonase™ II(Thermo Scientific Ref. 11791). The LR reaction was used to transform competent cells of E. coli. Transformations were plated on LB medium containing 75 µg/mL of spectinomycin. Plasmidic DNA of the positive colonies was verified by sequencing using primer annealing in the insert (156_AW_FW and 157_AW_RV) to verify both the accuracy in the insert sequence and at the recombination site.
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 1 Fig. 1 (See legend on next page.)
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Fig. 3

 3 Fig. 3 H1 depletion has a strong impact on euchromatin organization with increased dispersion of nanoscopic domains, altered distribution of nucleosome coverage, and increased mobility. a, b H1 is abundant in euchromatin distributed as discrete foci partially colocalizing with H2B. a H1 immunostaining and propidium iodide (PI) counterstaining as in Fig. 1 (fixed, spread nuclei; scale bar, 2 μm). b Representative distribution of GFP-and RFP-tagged H1.1 and H2B imaging in the nuclei from fresh root tissue (epidermis, single plane, confocal laser scanning microscopy). The inset shows a close up (1 × 1 μm) in euchromatin displaying H1-enriched regions (dominant green signals) at the nanoscale, but below optical resolution. Scale bar, 1 μm. c-f Ultrastructural analysis of euchromatin organization in wt vs 3h1. c Typical TEM image of the nuclei stained with uranylacetate on 7-nm cryosection (root epidermis, see the "Methods" section). Scale bar, 1 μm. d Representative region of interest (ROI) in euchromatin of wt and 3h1 nuclei used for spatial autocorrelation function (ACF) analyses. Scale bar, 500 nm. e, f Spatial chromatin density analyses show decreased regularity in the spatial chromatin distribution pattern in 3h1 revealed by a less shallow ACF curve within length scales of 20-60 nm (gray zone, graph, e) and higher dispersion of length scales as shown by a bigger range of the estimate D characterizing the spatial autocorrelation fit (f). These differences in 3h1 are restored upon complementation with an H1.1 expressing construct. ***Unpaired t test, p < 0.001, see also Additional file 1: Figure S8. g Nucleosome coverage but not qualitative distribution is altered in H1-depleted euchromatin.Antagonist effects are seen for regions of chromatin states CS1, 3, and 7 (CS1 only is shown here) and CS4 (CS according to[START_REF] Sequeira-Mendes | The functional topography of the Arabidopsis genome is organized in a reduced number of linear motifs of chromatin states[END_REF]), see also Additional file 1: FigureS6for nucleosome occupancy in 3h1 and wt over regions from all chromatin states. h H2B-RFP fluorescence recovery is ~2.5-fold faster in 3h1 compared to in wild-type as measured in FRAP experiments, see the "Methods" section. i Histone acetylation levels are lower in the 3h1 leaf nuclei compared to wt; t test, p < 0.001, see also Additional file 2: TableS1. Scale bar, 2 μm

  Additional file 1: Figure S10, Additional file 5: Table

Fig. 4

 4 Fig.4H1 is necessary to secure transcriptional state-specific nucleosomal and epigenetic profiles yet influence only a moderate gene fraction. a Nucleosome distribution profiles clearly define distinct gene classes according to expression levels in wild type but no longer in 3h1. Quintiles 5 to 1 represent categories of genes with expression levels ranked from the highest to the lowest level, respectively, as previously described[START_REF] Rutowicz | A specialized histone H1 variant is required for adaptive responses to complex abiotic stress and related DNA methylation in Arabidopsis[END_REF]. b H1 depletion induces moderate changes in the transcriptional profile, yet a subset of 701 genes (p < 0.05 and fold change > 2) is misregulated. The volcano plot was cropped around the denser part of the dataset. The full plot is presented in Additional file 1: FigureS10. c Upregulated loci show a characteristic nucleosome occupancy with high periodicity and a higher coverage in 3h1 downstream the TSS. TSS, transcription start site. d, e Decreased abundance of H3K27 and H3K4 trimethylation (green, immunosignals (Ab); red, propidium iodide (PI) counterstaining) in 3h1 measured by quantitative immunostaining on isolated leaf nuclei. The graphs shows the relative abundance of these respective histone modifications (Ab/PI ratio relative to wt). Scale bar, 2 μm. f Genes which are upregulated (p < 0.05) in 3h1 share a significant overlap with H3K27me3 targets defined by[START_REF] Zhang | Whole-genome analysis of histone H3 lysine 27 trimethylation in Arabidopsis[END_REF] (p = 0.0007, Fisher exact test) but remain distinct from those affected by the clf-29 mutation[START_REF] Wang | Arabidopsis flower and embryo developmental genes are repressed in seedlings by different combinations of Polycomb group proteins in association with distinct sets of cis-regulatory elements[END_REF]. g A twofold reduction of H3K27me3 levels upon H1 depletion is detected by Western blot on chromatin extracts from seedlings yet is less dramatic than in a loss of PRC2 function mutant, clf-29. Left panel: the blots show H3K27me3 and total histone H4 levels (loading control) detected on the same membrane. A dilution series of wild-type samples, together with the absence of signal saturation in luminescence imaging, allows showing proportionality of detection signals with protein amounts. The two original gel blots are presented in Additional file 1: Figure S15. Right panel: the histogram shows mean H3K27me3 relative to H4 signals from three individual biological replicates. The wild-type level has been arbitrarily set to 1. 3h1, triple H1 mutant; 2h1, h1.1h1.2 double mutant

  "Forschungskredit" of the University of Zurich and the COFUND Program PLANT FELLOWS (2010-267243) of the European Union's 7th Framework Program to KR, support from the Polish National Science Centre to ML (2011/01/N/NZ2/04849), a grant of the Ministry of Sciences and Higher Education to AJ (MNiSW/PO4A/03928), the "Investissements d'Avenir" program launched by the French government and implemented by the "Agence Nationale de la Recherche (ANR)" to FB (ANR-10-LABX-54 MEMOLIFE, ANR-10-IDEX-0001-02 PSL*Research University, ANR-18-CE13-0004-01 Chromalight), support to FB lab by the EPIPLANT Groupement de Recherche, a PhD fellowship from the Université Paris-Sud Doctoral School in Plant Sciences to GT, and COST Action CA16212 INDEPTH. Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Interactions fonctionnelles entre les variantes de l'histone de liaison H1 et le paysage chromatinien chez Arabidopsis thaliana Mots clés : Arabidopsis, chromatine, lumière, histone H1Les plantes sont caractérisées par une remarquable plasticité développementale. En vertu de leur mode de vie sessile, elles sont capables d'adaptations phénotypiques rapides en réponse à des signaux environnementaux. En particulier, les plantes ont la capacité de détecter les conditions de lumière par de multiples photorécepteurs et utilisent cette information pour adapter leur morphologie et leur physiologie à un environnement changeant. Par exemple, la première perception de la lumière par des jeunes plantules, émergeant du sol, induit des changements profonds dans l'expression des gènes qui lancent la croissance et l'activité photosynthétique. Au cours de cette transition, la reprogrammation de l'expression du génome s'accompagne de réorganisations massives de l'organisation de la chromatine dans la grande majorité des cellules des feuilles embryonnaires, les cotylédons. Ainsi, chez la plante Arabidopsis thaliana, le dé-étiolement des cotylédons est associé à une condensation rapide des principaux domaines hétérochromatiniens en 8 à 10 "chromocentres" qui se forment autour des centromères. L'étude des voies de signalisation contrôlant ce processus nous a conduit à l'identification d'un acteur moléculaire clé pour la dynamique d'organisation des chromocentres en réponse à la lumière, les histones H1. Ces histones de liaison inter-nucléosomiques sont des composants structurels conservés qui contribuent à réguler l'organisation et la condensation locale et a grande échelle de la chromatine en limitant l'accessibilité à l'ADN pour de nombreux facteurs telles que les ARN polymérases. Cette thèse porte sur la caractérisation des réarrangements chromatiniens médiés par des variants d'histone H1. Des approches cytologiques et génomiques ont permis d'appréhender l'influence des trois différents variants H1 d'Arabidopsis thaliana dans la définition des structures 3D du génome et de la chromatine des cellules de cotylédons. La combinaison de tests d'accessibilité à la transposase Tn5 (ATAC) et de capture de conformation chromosomique (Hi-C) permet également de disséquer comment les histone H1 impactent la topologie du génome et l'adaptation du paysage chromatinien pour un nouveau programme de transcription. L'analyse de l'abondance et le profilage par immuno-précipitation quantitative de marques d'histones (ChIP-Rx) a également permis d'identifier le rôle joué par les histones H1 sur le paysage chromatinien répressif ainsi que son impact fonctionnel sur de nombreux gènes et éléments répétés du génome, potentiellement en restreignant l'accès à des facteurs de transcription sur des motifs de séquence spécifiques. Collectivement, ce travail a permis de disséquer les spécificités et les redondances fonctionnelles des variants d'histones de liaison en tant que régulateurs moléculaires du paysage chromatinien chez les plantes.Title : Functional interplays between linker histone H1 variants and chromatin landscape in Arabidopsis thalianaKeywords : Arabidopsis, chromatin, light, histone H1
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Figure S5

. Gene ontology analysis of H3K27me3 differentially-marked genes (n= 4317 hypomarked genes; 496 hyper-marked genes). 

Live imaging of GFP

Transgenic GFP-tagged lines were grown in vitro for 5 days and transferred to low R:FR (shade) light or kept in high R:FR control (white) light conditions. For each time point, the GFP signal was checked in several seedlings from independent lines. Each seedling was transferred on a slide and 5µl of anti-fading medium (Vectashield) was added to reduce GFP photobleaching. The images were taken using an macrozoom Zeiss Olympus camera the 20X objective with a resolution of 16 bits and 1024X1024 pixels.

5.7

In situ Hi C from dissected cotyledons.

Sample preparation

Hi-C was performed as in (Grob et al., 2014) with few modifications. All samples used for Hi-C were derived from 5-day-old seedlings grown either in light or dark conditions. Seedlings were crosslinked in freshly prepared MC buffer with a final concentration of 4% (v/v) of formaldehyde. Crosslinking was stopped by transferring seedling to a new tube and adding MC-0.15M glycine buffer. After rinsing, crosslinked seedlings were manually dissected to obtain a total of 1,000 cotyledons for each sample.

Dissected samples were fresh frozen in liquid nitrogen and reduced to powder by adding 0.4 mm glass beads and grounded using TissueLyser (Qiagen) 1min at 30Hz. For double-crosslink samples, cotyledon powder was resuspended in NIB + 4% fresh formaldehyde and incubated at RT rotating for 10min at 6rpm, crosslinking was stopped by adding glycine to reach 150mM concentration.

All sample were adjusted to 4 mL using NIB buffer and were homogenized on ice by using douncer homogenizer. Samples were then filter thought pre-wet Miracloth (Calbiochem, average porosity 25 µm), and extra 5mL of NIB were used to wash homogenizer and Miracloth to increase yield.

Nuclei were pelleted and washed in NIB until the nuclei pellet was completely white. NIB buffer was removed by centrifugation and nuclei were resuspended in the DpnII digestion buffer. To each sample, SDS was added to a final concentration of 0.5% (v/v) to allow membrane permeabilization, critical step for in situ Hi-C. After membrane permeabilization SDS was quenched by adding Triton X-100 (2%). An aliquot of DNA was taken at this point to check the integrity of the sample before digestion. A total of 200 units of DpnII were added to each sample, and nuclei were left incubating O/N. After taking another aliquot to check for digestion efficiency, the fill-in reaction was undertaken. Biotinylated dCTP along with other nucleotide dATP, dTTP and dGTP were added to each sample to fill in the sticky ends left by DnpII after digestion using DNA Polymerase I, Large (Klenow) Fragment Filled-in samples were then ligated by adding a total of 50 unit of T4 ligase for blunt end fragments. After O/N reverse-crosslink and protease K digestion of the chromatin, DNA was extracted by phenol/chloroform purification and ethanol precipitation and quantified by Qubit. Next, biotin was removed from the unlighted fragment end. T4 DNA polymerase was added to the purified DNA to take advantage of its exonuclease activity.After biotin removal, we purified the samples by using AMPure beads with a 1.6 ratio. We then proceeded to sonication using Covaris M220 (peak power 75W, Duty factor 20, Cycles per burst 200, Duration 150sec) to obtain fragments having an average length of 500bp. Hi-C library preparation was performed using KAPA LTP Library Preparation Kit (Roche) following manufacturer protocol with some Additional file 4: Table S3, Table S5, Table S6. Classes of TEs upregulated in 3h1; Gene Ontology (GO) analysis of genes which are misregulated in 3h1 mutant; Expression of histone modifying enzymes in 3h1. (PDF 903 kb)
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Annexe 3

Composition of the buffers used in this study 

ATAC