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RESUME EN FRANCAIS

Les polysaccharides sont des composants majeurs des parois cellulaires ayant une structure dynamique et jouant un rôle essentiel dans la croissance des plantes. Les cellules épidermiques du tégument des graines d'Arabidopsis libèrent un halo de mucilage polysaccharidique lors de leur imbibition. Chez Arabidopsis, le mucilage se compose de deux couches, une plus interne étant très fortement adhérente à la graine, et une couche externe soluble et qui peut être extraite dans l'eau. Le mucilage externe se compose majoritairement du domaine pectique rhamnogalacturonane I (RGI) sous forme linéaire et composé d'un enchainement de dimères de rhamnose et d'acide galacturonique. La couche interne présente une organisation et une composition plus complexe. Son composant majoritaire est également le RGI mais qui peut être ramifié par des chaines d'arabinanes et de galactanes. Elle contient de la cellulose organisée en microfibrilles et qui agit comme un composant structural pour maintenir les RGI attachés à la graine. Enfin, la couche interne se compose également de domaines hémicellulosiques tels que les galactoglucomannanes et les xylanes. Le mucilage séminal s'est avéré être un excellent système modèle pour l'étude de la production, des propriétés des polysaccharides et de leurs interactions.

Le premier objectif de ma thèse était de valoriser la variabilité naturelle existant entre 301 accessions d'Arabidopsis pour identifier de nouveaux gènes contrôlant la production de mucilage. J'ai exploité les données de séquences publiées par le projet 1001 génomes d'Arabidopsis (http://signal.salk.edu/atg1001/3.0/gebrowser.php) et disponibles pour 199 de ces accessions, afin de réaliser une étude d'association pangénomique (GWAS). J'ai ainsi cherché à identifier des associations entre des polymorphismes nucléotidiques (SNP) et la variabilité associée à différents paramètres liés à la quantité de mucilage produit ou aux propriétés physico-chimiques des RGI de la couche externe. Cette étude a permis l'identification d'une amine oxidase (CUAOα1) et d'une glycosyltransferase putatives (MUCI70) dont j'ai confirmé l'implication dans la biosynthèse des pectines du mucilage. J'ai analysé les propriétés macromoléculaires des RGI du mucilage externe de mutants d'insertion pour ces deux candidats par chromatographie d'exclusion stérique couplée à un refractomètre et à un viscosimètre. Dans un deuxième temps, j'ai dosé les teneurs en oses neutres ou acides dans les extraits de mucilage par chromatographie gazeuse et colorimétrie, respectivement.

Ces expériences ont été réalisées en collaboration avec Marie-Christine Ralet de l'équipe « Biopolymères Interactions Assemblages » (INRA, Nantes). J'ai ainsi pu démontrer que des mutations dans le gène MUCI70 altèrent les propriétés physicochimiques des polymères de la couche externe du mucilage, ce qui est associé à une production d'un plus grand nombre de molécules de RGI, qui sont plus courtes, et présentent un niveau plus important de substitution des xylanes. D'autre part, le gène CUAOα1 est associé à la variabilité naturelle pour la quantité de RGI produits, et non leurs propriétés, de manière spécifique à la couche de mucilage externe.

L'étude de la production de mucilage externe dans une grande population d'accessions naturelles d'Arabidopsis a permis l'identification d'une accession Japonaise, nommée Yamagata, présentant des propriétés macromoléculaires atypiques de cette couche de mucilage. De plus, cette accession présente une perméabilité accrue de la couche interne au marqueur fluorescent FITC-Ficoll en comparaison avec l'accession de référence Col-0, suggérant une organisation particulière du réseau de polysaccharide constituant le mucilage interne. Le second objectif de ma thèse était d'identifier la ou les mutation(s) causale(s) impactant les propriétés du mucilage externe et interne chez Yamagata. J'ai ainsi exploité la diversité génétique existant au sein d'une population d'individus F2 issus du croisement entre Col-0 et Yamagata et montré que deux régions distinctes du génome modulent les propriétés physico-chimiques de chacune des deux couches de mucilage. L'une, nommée IMP1, contrôle les propriétés de la couche interne du mucilage. L'autre, nommée LIV1, est responsable de la faible viscosité des polysaccharides de la couche externe du mucilage chez l'accession Yamagata. J'ai ensuite réalisé la cartographie fine de ces deux régions afin de préciser la position des gènes impliqués. La cartographie fine a permis d'identifier des gènes candidats au locus IMP1 et j'ai associé une famille de protéines fortement glycosylées à la régulation des propriétés du mucilage interne. Ces protéines présentent de nombreuses similarités avec les protéines structurales et pourraient jouer un rôle dans les interactions entre polysaccharides. Afin de valider cette hypothèse, des mutants pour ces différentes protéines doivent encore être générés dans l'accession Yamagata. La cartographie du locus LIV1 n'a pas abouti à l'identification de candidats, c'est pourquoi j'ai utilisé une méthode d'analyse de ségrégation en mélange. J'ai ainsi identifié 13 gènes associés à une faible viscosité du mucilage et préférentiellement exprimés dans les téguments des graines, pour lesquels des mutants pourraient être générés.

De par ses propriétés d'hydrogel, le mucilage joue un rôle adaptatif et influence la physiologie de la graine. Il a été montré que le mucilage joue un rôle central dans la dispersion des graines par les animaux ou l'eau. De plus, il entraînerait la présence d'une plus grande communauté de microorganismes du sol, ce qui favoriserait la croissance de la jeune plantule.

Le mucilage permet la rétention d'eau autour de la graine et pourrait ainsi influencer sa longévité. Le deuxième objectif de ma thèse était d'utiliser des mutants impactés dans la production de mucilage pour déterminer si ce dernier influence la longévité des graines après un traitement d'hydratation contrôlée appelé 'priming'. Le priming est un traitement couramment employé dans l'industrie semencière consistant à imbiber la graine de manière à activer le métabolisme de la germination avant de la stocker à l'état sec. Un lot de graines primées germe plus rapidement et de manière plus homogène mais sa longévité est généralement diminuée. J'ai évalué la longévité des mutants, en comparaison avec un génotype sauvage, en déterminant la capacité de graines primées à germer après avoir été soumises à un vieillissement accéléré. Les phytohormones jouant un rôle majeur dans le maintien de la longévité, j'ai réalisé des dosages d'hormones dans les graines au cours du priming en partenariat avec l'équipe Japonaise « Dormancy and Adaptation » dirigée par Mitsunori Seo. J'ai pu montrer que les graines ne libérant pas de halo de mucilage à l'imbibition ont une meilleure longévité en lien avec une diminution réduite de l'hormone acide salicylique.

Une plus grande teneur en acide salicylique serait associée à une plus grande perméabilité des téguments de la graine et donc à une diminution de la longévité, les téguments jouant un rôle d'enveloppe protectrice pour l'embryon face à son environnement. L'impact direct de la teneur en acide salicylique sur la longévité des graines reste à démontrer en utilisant des mutants impactés dans la signalisation ou la biosynthèse de cette hormone. Par ailleurs, un séchage trop rapide des graines au cours du priming est une cause supposée de l'impact négatif du priming sur la longévité et la présence de mucilage pourrait impacter cette vitesse.

C'est pourquoi j'ai utilisé la tomographie à rayons-X pour imager et suivre la dynamique d'imbibition de graines sauvages et mutantes au cours du priming dans le sol, en collaboration avec la plateforme de tomographie de l'Université de Nottingham, dirigée par Craig Sturrock.

Ces résultats indiquent que la présence de mucilage ne diminue pas la vitesse de séchage des graines au cours du priming mais maintient les graines hydratées légèrement plus longtemps. Ces observations sont associées à une plus grande vitesse de germination des mutants de mucilage dans le sol. La couche de mucilage externe étant très soluble, sa libération en grande quantité pourrait impacter les propriétés rhéologiques du sol et être à l'origine des différences de vitesse germinative observées. L'utilisation de différents extraits de mucilage présentant des propriétés physico-chimiques distinctes pourrait être testée sur des échantillons de sol afin de valider cette hypothèse. L'ensemble des résultats obtenus au cours de ma thèse ont permis l'identification de facteurs génétiques qui impactent la quantité et la qualité des polysaccharides produits. Ils apportent également de nouvelles connaissances sur le rôle du mucilage dans le maintien de la longévité des graines. Table 1 : The female gametophyte, or embryo sac, develops within the carpel ovary whereas the male gametophyte, or pollen grain, develops within the anther. The macrospore and microspore mother cells undergo meiotic divisions giving rise to four tetraspores. A tetraspore goes through 3 mitotic divisions to form the embryo sac whereas two mitiotic divisions form the pollen grain. When the pollen grain reaches the style, the pollen tube grows and delivers two sperm cells inside the ovule through the micropyle. One sperm cell fuses with the egg cell giving the diploid zygote, while the second sperm cell fuses with the central cell containing two nuclei and develops into the triploid endosperm. Adapted from a image by Mariana Ruiz Villareal.
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INTRODUCTION 1.SEED DEVELOPMENT: FROM FERTILIZATION TO MUCILAGE SYNTHESIS

Double fertilization in angiosperms

Early in their evolution, plants acquired a life cycle that alternates between a haploid organism, the gametophyte, and a diploid organism, the sporophyte. Angiosperm female and male gametophytes develop within the sporophytic tissues that constitute the sexual organs of the flower. The sporophyte produces two types of spores, microspores and megaspores, that give rise to male gametophytes and female gametophytes, respectively (Figure 1).

The female gametophyte, also called embryo sac or megagametophyte develops inside the ovule, which is found within the carpel ovary. The embryo sac is formed through the meiotic division of the diploid mother cell into 4 haploid tetraspores. One tetraspore then goes through 3 mitotic divisions without formation of embryonic cell walls resulting in the creation of a syncytium containing eight nuclei: the embryo sac. The female gametophyte undergoes polar organization so that the haploid cell egg or oosphere is found at the micropylar (anterior) pole with two adjoining synergid cells. Three antipodal cells are located at the chalazal pole (posterior) while the central cell contains two attached nuclei that will fuse with a sperm cell during fertilization to form the endosperm. Synergid cells are essential for pollen tube attraction and sperm cell release, but the function of the antipodal cells remains unknown [START_REF] Drews | The Female Gametophyte[END_REF].

The male gametophyte, also referred to as the pollen grain or microgametophyte, develops within the stamen anther and is composed of two sperm cells within a vegetative cell. The microspore mother cell undergoes meiosis leading to the formation of four tetraspores. Each tetraspore goes through a first mitotic division making a generative cell encased within the cytoplasm of a larger vegetative cell. The generative cell undergoes a second mitotic division, giving rise to two sperm cells. This forms the male germ unit (MGU) that ensures the simultaneous delivery of both gametes to the ovule [START_REF] Hafidh | Male gametophyte development and function in angiosperms: a general concept[END_REF].

Pollen germination occurs when the grain touches the pistil. The vegetative cell then forms a tube and grows through the style. Pollen tubes are mechanically guided toward the ovule thanks to interactions with the style tissues [START_REF] Lausser | Sporophytic control of pollen tube growth and guidance[END_REF]. It enters through the micropyle, an opening formed during ovule development between the inner and nuclei and is at the origin of the endosperm (3n) (Figure 1) [START_REF] Bleckmann | The beginning of a seed: regulatory mechanisms of double fertilization[END_REF].

Embryo development in Arabidopsis

Embryo development corresponds to the establishment of the body axes and the basic body plan of the plants. A multicellular organism is formed from the zygote through successive divisions. An apical-basal axis is first laid down, followed by the setting up of the radial axis, and finally establishment of bilateral symmetry (Figure 2) [START_REF] Peris | Green beginnings -pattern formation in the early plant embryo[END_REF][START_REF] Lau | Early Embryogenesis in Flowering Plants: Setting Up the Basic Body Pattern[END_REF] After fertilization, the zygote elongates approximately three-fold along the future apicalbasal axis. It then undergoes an asymmetric division generating an elongated extraembryonic basal cell and a small embryonic apical cell. The apical cell undergoes three mitotic divisions to form the octant embryo and the basal cell divides horizontally (Figure 2).

The upper tier of the octant embryo will become the aerial tissues of the plant and the lower part will give rise to the root and hypocotyl. Further divisions of both cell lineages result in the dermatogen embryo with the former basal cell producing a filamentous suspensor 6-9 cells long. The suspensor attaches the embryo to the maternal tissues at the micropyle and supplies the nutrients. At the dermatogen stage, the future epidermis: the protoderm differentiates and will continue to divide anticlinally, thus maintaining the integrity of the outer layer. At the globular stage, the apico-basal axis of polarity is fully established [START_REF] Peris | Green beginnings -pattern formation in the early plant embryo[END_REF][START_REF] Lau | Early Embryogenesis in Flowering Plants: Setting Up the Basic Body Pattern[END_REF].

Embryogenesis continues with the formation of the different organs. The specification of the hypophysis initiates the root pole. Its asymmetric division leads to an upper cell that gives rise to the four cells of the quiescent centre of the root meristem, and a lower cell that generates the columella stem cell (Figure 2). Concurrently, shoot meristem and cotyledons formation occurs. At two localized poles of the apical region, the cotyledon cell progenitors divide faster resulting in the formation of a bilaterally symmetrical heart-stage embryo. At this stage, all major organs are already defined [START_REF] Peris | Green beginnings -pattern formation in the early plant embryo[END_REF][START_REF] Lau | Early Embryogenesis in Flowering Plants: Setting Up the Basic Body Pattern[END_REF].

Embryo morphogenesis continues to through late heart and then the torpedo stage by cell division, growth and differentiation (Figure 2). The suspensor degenerates at this time and the shoot apical meristem (SAM) and root apical meristem (RAM) are fully established. 
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The cotyledons continue to develop resulting in the bent-cotyledon stage marking the end of embryogenesis [START_REF] Peris | Green beginnings -pattern formation in the early plant embryo[END_REF][START_REF] Lau | Early Embryogenesis in Flowering Plants: Setting Up the Basic Body Pattern[END_REF]. The phytohormone auxin plays a major role in the control of embryo development. Its cell-to-cell transport generates an asymmetric auxin response that specifies the embryonic apical-basal axis. The directionality of auxin flow depends on the polarized subcellular localization of PIN auxin transporters. Moreover, the sites of cotyledon initiation correlate with auxin accumulation at subapical foci in the protoderm, as indicated by the auxin response reporter DR5 [START_REF] Friml | Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis[END_REF][START_REF] Adamowski | PIN-Dependent Auxin Transport: Action, Regulation, and Evolution[END_REF].

Endosperm development

The endosperm develops from the central cell of the embryo sac after fusion of the second sperm cell with the diploid central cell. The triploid endosperm is, therefore, genetically distinct from the diploid embryo produced in parallel.

In plants, three types of endosperm development exist: cellular, nuclear and helobial. In cellular development, repeated rounds of mitosis accompanied by cell wall formation or cytokinesis take place. In nuclear development, there is a first period of syncytial development in which nuclear divisions occur in one common cytoplasm leading to the endosperm coenocyte, which then undergoes cellularization (Figure 3). Helobial development is a mix of these two previous modes of development. In effect, the first division is accompanied by cytokinesis, but the two daughter cells then each have different modes of development, cellular for one and nuclear for the second. Of the three forms of endosperm in angiosperms, the nuclear type is prevalent in economically important species, including the cereals and the model plant Arabidopsis thaliana (Arabidopsis) [START_REF] Becraft | Endosperm development: Dynamic processes and cellular innovations underlying sibling altruism[END_REF]. As my thesis is focused on the latter species, only this type of endosperm development is described below.

After fertilization the triploid primary endosperm cell is formed and several rounds of mitosis occur without cytokinesis. The endosperm forms a syncytium called coenocyte composed of a layer of multinucleate cytoplasm surrounding a large central vacuole (Figure 3). The nuclei are not positioned randomly as they are regularly spaced from each other.

Radial microtubules systems that emanate from each nuclei envelope establish their spatial distribution and define nucleo-cytoplasmic domains (NCDs). Cell wall materials are deposited at the intersections of the NCDs and alveoli form around each nucleus [START_REF] Olsen | Endosperm Development: Cellularization and Cell Fate Specification[END_REF]. These structures are closed at each side, except at the inner face where cytoplasm is shared.

Mitotic periclinal divisions of nuclei within alveoli, followed by cell wall formation, lead to a Debeaujon et al., (2003;2007).
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1. INTRODUCTION cellular outer layer, and a new internal layer of alveoli. Repeated rounds of the same cycle of events lead to cell files that completely invade the central vacuole until the endosperm is ultimately cellularized.

In Arabidopsis, the central cell containing the endosperm coenocyte has three regions that become distinct as the seed grows: the embryo-surrounding region or micropylar endosperm (MCE), the peripheral endosperm (PEN) in the central chamber, and the chalazal endosperm (CZE). The cellularization follows an antero-posterior axis and starts as a wave in MCE, progressing through PEN and CZE at different rates. Cellularization in MCE occurs at the time of cotyledon establishment by the embryo. On the contrary, CZE remains as a coenocyte until late in seed maturation and a small region close to the chalazal cyst is never cellularized. As seed development progresses, the growing embryo supplants the endosperm, which almost completely disappears. Only one peripheral cell layer remains on the mature seed surrounding the embryo, sometimes called the aleurone by structural analogy with the crop aleurone layer [START_REF] Olsen | Nuclear Endosperm Development in Cereals and Arabidopsis thaliana[END_REF]. All the reserves stocked in the transient endosperm have been remobilized to the embryo.

Seed coat development from ovule integument

In seeds, the ovule consists of the embryo sac surrounded by the nucellus and integuments. The perisperm is derived from the nucellus and the seed coat from the integuments. In Arabidopsis, the ovule is made of two integuments that are both entirely of maternal origin and that completely enclose the mature embryo sac. The seed coat regroups the integuments and the chalazal tissues. At the beginning of development, the seed coat is composed of five cell layers in the curved zone. The inner integument is composed of three cell layers: ii1, ii1' and ii2 except at the micropyle and chalaza poles where the ii1' layer is absent. The outer integument consists of two cell layers, an inner (oi1) and an outer (oi2) epidermis (Figure 4A and 4B) [START_REF] Beeckman | Histological Study of Seed Coat Development in Arabidopsis thaliana[END_REF].

After fertilization periclinal and anticlinal cell division as well as cell expansion result in integument growth. The five cell layers then follow different fates [START_REF] Debeaujon | Seed Coat Development and Dormancy[END_REF].

The ii1 layer is called the endothelium and becomes vacuolated at the one-cell stage of the embryo. A lipidic cuticle covers the cell wall that is in contact with the embryo sac. From the two-cell stage, light yellow pigments called proanthocyanidins (PA) are accumulated in the central vacuole and cytoplasm of ii1 cells [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF]. The two other layers ii1`and ii2 do not differentiate further and are crushed by the surrounding cells as development proceeds. From the bent-cotyledon stage onwards, the growing embryo begins At the onset of embryogenesis, the two cell layers of the outer integument differentiate similarly. By the globular stage, they have expanded and accumulated starch in amyloplasts, their subsequent differentiation differs from this point onwards. The oi1 forms a palisade layer with secondary thickening of the innermost cell wall during heart to torpedo stage. This thickening has been hypothesized to act like a corset and constrain the growth of the embryo, thereby contributing to the regulation of final seed size [START_REF] Creff | A mechanically sensitive cell layer regulates the physical properties of the Arabidopsis seed coat[END_REF]. It also accumulates flavonols, which are colourless to pale yellow flavonoids. At the desiccation stage of seed development this layer is also collapsed, with only the secondary thickening still distinguishable. The cells of the oi2 layer accumulate polysaccharides that will be released on imbibition to form mucilage and undergo secondary thickening that generates a distinct reticulate aspect [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]. How these cells differentiate is the object of the following paragraph.

Differentiation of Arabidopsis seed coat epidermal cells

In Arabidopsis, the epidermal cells of the outer ovule integument accumulate polysaccharides during their differentiation which are secreted into the apoplasm or incorporated into reinforced cell walls (North et al., 2014;Francoz et al., 2015;Voiniciuc et al., 2015c). Cytological analysis of this cell layer allowed a detailed description of this differentiation process during seed development (Figure 5) [START_REF] Beeckman | Histological Study of Seed Coat Development in Arabidopsis thaliana[END_REF][START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF][START_REF] Windsor | Arabidopsis seed coat development: Morphological differentiation of the outer integument[END_REF][START_REF] Young | Analysis of the Golgi Apparatus in Arabidopsis Seed Coat Cells during Polarized Secretion of Pectin-Rich Mucilage[END_REF]. At the beginning of seed development, the mature ovule integument contains small cells that are composed of a large vacuole filling about half of the total space, a cytoplasm and a nucleus. Following pollination there is a 3,5-to 4-fold enlargement of cell size through primary cell wall expansion, which is accompanied by an increase in vacuole size and pushed to the cytoplasm to the cell periphery. This cell growth contributes to the increase in seed size during development. Furthermore, the epidermal cells shape as observed from above changes from being originally rectangular to their distinctive hexagonal shape in mature seeds.

At the pre-globular stage few amyloplasts are visible in the cytoplasm, but their number and size keep increasing until the heart stage. At this point, mucilage polysaccharides start to be deposited into the extracellular space between the outer primary cell wall and the cytoplasm by polarised secretion. The polysaccharides are synthesized in the Golgi 
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apparatus and transported to the apoplast in secretory vesicles through the trans-Golgi network (TGN) [START_REF] Mcfarlane | Cortical microtubules mark the mucilage secretion domain of the plasma membrane in Arabidopsis seed coat cells[END_REF][START_REF] Young | Analysis of the Golgi Apparatus in Arabidopsis Seed Coat Cells during Polarized Secretion of Pectin-Rich Mucilage[END_REF]. This continues through the torpedo stage, with the compacted polysaccharides gradually pushing the cytoplasm containing the starch granules into a central column above a reduced vacuole with the cytoplasm still in contact with the primary wall on the innermost surface, the tangential cell wall.

At the bent-cotyledon stage, secretion of mucilage polysaccharides stops and secondary cell wall material is deposited gradually replacing the cytoplasmic column and forming the columella. The starch granules are concurrently degraded and the cytoplasm resorbed so that the secondary cell wall fills the entire column at the mature cotyledon stage and extends along the bottom of the cells and partially up the radial cell walls. At the same time, the junction between this thickened wall and the primary radial cell wall undergoes localized modifications to facilitate the future fragmentation of the cell wall at this site (Kunieda et al., 2013).

Finally, the seed undergoes desiccation and the mucilage polysaccharides shrink as they dehydrate. When the seeds from the reference accession Col-0 are imbibed, the hydrophilic polysaccharides expand and rupture the primary cell wall. The released polysaccharides form a transparent hydrogel called mucilage around the seed within a few seconds. The role of the columella remains unclear, as it is absent in several species that produce mucilage (North et al., 2014). It is has been hypothesized to facilitate the rupture of the outer cell wall during mucilage extrusion or to be important to maintain the integrity of the seed coat after liberation [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF].

Mucilage is composed of pectin and structured in two layers

Mucilage can be observed as a pink-stained capsule when seeds are incubated with a solution of ruthenium red, which stains acidic polymers and particularly pectin [START_REF] Sterling | Crystal-Structure of Ruthenium Red and Stereochemistry of its Pectic Stain[END_REF]). Mucilage appears as two distinct layers in Arabidopsis [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF], the outer layer was described as "cloudy and diffuse" whereas the inner layer appeared as a "bright-pink halo" directly surrounding the seeds (Figure 6). The outer layer represents 69% of total mucilage extracts, it can be easily removed from the seeds when shaken in water and is also referred as the soluble layer (Macquet et al., 2007b). Consequently, the inner layer represents 31% of total mucilage polysaccharides, it remains tightly attached to the seeds by covalent bonds even after strong acid or alkali treatments and is also called the adherent layer. Light refracting rays are often visible in the inner layer stained with ruthenium red and 
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correspond to cellulose microfibrils that unwind from around the columella (Macquet et al., 2007b;[START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF]. Detailed biochemical and histochemical analysis of Arabidopsis mucilage revealed that the pectin rhamnogalacturonan I (RGI) is the major component of both mucilage layers and represents 96% of total mucilage [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]Willats et al., 2001b;Macquet et al., 2007b). RGI consists of a linear backbone composed of a repeating dimer of rhamnose (Rha) and galacturonic acid (GalA) (see section 1.2.1).

Labelling of mucilage with calcofluor or direct red 23 (DR23, also known as pontamine S4B)

enables the cellulose present in the inner mucilage layer to be more clearly visualised (Willats et al., 2001a;Harpaz-Saad et al., 2011). Other pectin domains such as homogalacturonan (HG), or RGI branched with neutral sugars are also present as minor components of the inner layer (see below section 1.1.2). Moreover, inner mucilage staining indicates the presence of two domains, with the inner being richer in cellulose microfibrils (Figure 7) (Willats et al., 2001b;Macquet et al., 2007b). All these polysaccharides are also components of cell walls and what is known about their synthesis and composition will be described in detail in the following section. Pectic polysaccharides are a complex and diverse family of polymers that are enriched in GalA and can be easily extracted using acid or chelators. They are present in all plant primary cell walls where they make an important contribution to cell wall flexibility, cell proliferation and plant growth [START_REF] Peaucelle | Cell wall mechanics and growth control in plants: the role of pectins revisited[END_REF]. Four major types of pectic polysaccharides have been found in the cell wall (Figure 8). The most abundant is HG that represents 65% of total pectin, RGI represents 20 to 30%, while rhamnogalacturonan II (RGII) and xylogalacturonan represent less than 10% of total pectin [START_REF] Mohnen | Pectin structure and biosynthesis[END_REF]. HG is a linear homopolymer chain of α-1,4-D-GalA that can be methylesterified in the C-6 carboxyl group or O-acetylated at C-3 or C-2 positions. Several pectin domains consist of substituted HG such as xylogalacturonan that is decorated with a xylose (Xyl) residue at C-3.

Apiogalacturonan can also be found in aquatic angiosperms and is decorated with a D- apiofuranose residue at C-2 or C-3. RGII is a substituted HG with complex side chains attached at C-2 or C-3 positions of the galacturonan backbone. There is some variation in RGII side chain composition between species [START_REF] Saffer | Expanding roles for pectins in plant development[END_REF]. Finally, RGI has a backbone of a repeating disaccharide made of α-1,4-D-GalA and α-1,2-L-Rha repeats. Rha residues can be substituted with β-1,4-galactan, α-1,5-arabinan and/or arabinogalactan side chains. In the cell wall, the different pectin domains can be linked through covalent or non-covalent bonds to form a cross-linked matrice.

Pectin is synthesized in the Golgi lumen by glycosyltransferases (GTs) that transfer glycosyl residues from nucleotide sugars to specific polysaccharide acceptors (Figure 9).

Most of the nucleotide sugars are synthesized in the cytosol and require transport into the lumen by nucleotide sugar transporters (NSTs) for use by GTs [START_REF] Lampugnani | Building a plant cell wall at a glance[END_REF].

The polysaccharides assembled in the Golgi are secreted into vesicles, progress through the TGN and fuse to the target membranes [START_REF] Kanazawa | Exocytic trafficking pathways in plants: why and how they are redirected[END_REF]. Some modifications of the glycosyl pectic residues occur during synthesis by at least 67 methyltransferases, acetyltransferases and feruloyltransferases. The substrates for these modifications appear to be S-adenosyl methionine (SAM), acetyl-CoA and feruloyl-CoA respectively [START_REF] Mohnen | Pectin structure and biosynthesis[END_REF].

A number of enzymes involved in the biosynthesis of pectin have been identified [START_REF] Anderson | We be jammin': An update on pectin biosynthesis, trafficking and dynamics[END_REF]. GAUT1 (GALACTURONOSYLTRANSFERASE 1) is able to synthetize polyGalA in vitro and is involved in the transfer of GalA residues to the non-reducing end of HG. It is a type II membrane protein with a single N-terminal transmembrane helix and a main globular domain inside the Golgi lumen. The N-terminus is cleaved during maturation and GAUT1 
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appears to be anchored to Golgi membrane by forming a complex with GAUT7, a close homologue of GAUT1, which has no proven galacturonosyltransferase activity [START_REF] Sterling | Functional identification of an Arabidopsis pectin biosynthetic homogalacturonan galacturonosyltransferase[END_REF][START_REF] Atmodjo | Galacturonosyltransferase (GAUT)1 and GAUT7 are the core of a plant cell wall pectin biosynthetic homogalacturonan:galacturonosyltransferase complex[END_REF]. Other related GAUT, GAUT-like (GATL) and GT proteins have been shown or proposed to be galacturonosyltransferases [START_REF] Biswal | Sugar release and growth of biofuel crops are improved by downregulation of pectin biosynthesis[END_REF][START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF].

Other GTs have been implicated in the synthesis of RGI arabinan and galactan side chains: ARAD1 (ARABINAN DEFICIENT 1) and ARAD2 encode proteins that can form homo or heterodimers and synthesize arabinan [START_REF] Harholt | ARAD proteins associated with pectic Arabinan biosynthesis form complexes when transiently overexpressed in planta[END_REF], while GALACTAN SYNTHASE 1 has proven galactan galactosyltransferase activity [START_REF] Liwanag | Pectin Biosynthesis: GALS1 in Arabidopsis thaliana Is a -1,4-Galactan -1,4-Galactosyltransferase[END_REF]. For RGII, proteins have been proposed for the transfer of Xyl residues or rare sugar side chains [START_REF] Egelund | Arabidopsis thaliana RGXT1 and RGXT2 Encode Golgi-Localized (1,3)--D-Xylosyltransferases Involved in the Synthesis of Pectic Rhamnogalacturonan-II[END_REF][START_REF] Egelund | Functional characterisation of a putative rhamnogalacturonan II specific xylosyltransferase[END_REF][START_REF] Dumont | The cell wall pectic polymer rhamnogalacturonan-II is required for proper pollen tube elongation: Implications of a putative sialyltransferase-like protein[END_REF]. Putative pectin acetyl or methyltransferases have also been identified such as Trichome Birefringence-Like (TBL) family members and QUASIMODO2 (QUA2) and QUA3 [START_REF] Mouille | Homogalacturonan synthesis in Arabidopsis thaliana requires a Golgilocalized protein with a putative methyltransferase domain[END_REF][START_REF] Bischoff | Involvement of TBL/DUF231 proteins into cell wall biology[END_REF][START_REF] Miao | QUASIMODO 3 (QUA3) is a putative homogalacturonan methyltransferase regulating cell wall biosynthesis in Arabidopsis suspensioncultured cells[END_REF]. Given the complexity of pectin domain structure, additional GTs involved in their synthesis remain to be identified.

Cellulose

Cellulose is the most abundant biopolymer on earth and is synthesized by various organisms such as bacteria, plants and even some animals. It is also the most abundant polysaccharide in cell walls and represents 15 to 30% of the dry mass of all primary cell walls and more in secondary cell walls [START_REF] Carpita | Biochemistry and Molecular Biology of Plants Chapter II -The Cell Wall[END_REF]. Cellulose is a homopolymer made of cellobiose repeats, a dimer of β-1,4-D-Glucose. The two glucose (Glc) molecules constituting cellobiose are inverted by 180° to each other and their iteration forms a linear cellulose polymer. Cellulose occurs as a paracrystalline microfibril composed of many glycan chains. The number of chains per microfibril is still debated and seems variable between different species [START_REF] Jarvis | Structure of native cellulose microfibrils, the starting point for nanocellulose manufacture[END_REF][START_REF] Turner | Cellulose synthase complex organization and cellulose microfibril structure[END_REF]. Free hydroxyl groups are involved in intra-and inter-molecular hydrogen bonds giving rise to various ordered crystalline arrangements [START_REF] Höfte | Biosynthesis of Cellulose[END_REF]. A microfibril is composed of well-organized crystalline cellulose at its centre and disorganized amorphous cellulose at its surface.

Cellulose is synthesized directly at the plasma membrane by cellulose synthase complexes (CSC) (Figure 10). The CSC appears to have a flower-shaped architecture called "rosette" consisting of 6 subunits [START_REF] Mueller | Evidence for an intramembrane component associated with a cellulose microfibril-synthesizing complex in higher plants[END_REF]. Each subunit contains multiple cellulose synthase catalytic isoforms (CESAs) that use UDP-Glc as a substrate for cellulose synthesis. CESAs belong to the GT-2 superfamilly containing 8 transmembrane 
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domains, highly conserved cytosolic residues and two large domains unique to plants. The current view is that the CSC contains 12 to 36 CESA isoforms [START_REF] Lampugnani | Building a plant cell wall at a glance[END_REF] with the model describing three CESA per subunit being well accepted [START_REF] Nixon | Comparative Structural and Computational Analysis Supports Eighteen Cellulose Synthases in the Plant Cellulose Synthesis Complex[END_REF]. The number of CESA family members varies between species but Arabidopsis has 10 isoforms grouped according to their role in primary or secondary cell wall formation (Figure 11). The current model is that CSCs of the primary and secondary cell wall contains 3 different CESA isoforms in equimolar stoichiometry [START_REF] Gonneau | Catalytic Subunit Stoichiometry within the Cellulose Synthase Complex[END_REF][START_REF] Hill | The Arabidopsis Cellulose Synthase Complex: A Proposed Hexamer of CESA Trimers in an Equimolar Stoichiometry[END_REF]. CSC of the primary cell wall contains CESA1, CESA3 and a CESA6-like (CESA2, CESA5, CESA6, CESA9). CESA1 and CESA3 are both essential for plant development as single knockout mutants are gametophytic lethal. Genetic redundancy between CESA6-like genes has, however, been demonstrated in hypocotyls and is in agreement with the proposed model.

CSC of the secondary cell wall contains CESA4, CESA7 and CESA8. The function of CESA10 in cellulose biosynthesis remains unclear, but its expression in seed coat epidermal cells at the time of mucilage biosynthesis has been demonstrated [START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF]. The protein localizes to the plasma membrane adjacent to the mucilage pocket, however, no mucilage defects were observed in cesa10 insertion mutants stained with ruthenium red [START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF][START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF]. A number of other proteins are associated with the CSC and contribute to cellulose biosynthesis [START_REF] Mcfarlane | The Cell Biology of Cellulose Synthesis[END_REF][START_REF] Griffiths | Sticking to cellulose: exploiting Arabidopsis seed coat mucilage to understand cellulose biosynthesis and cell wall polysaccharide interactions[END_REF]. They can influence the crystallinity of microfibrils, the degree of cellulose polymerisation or guide CSC movement at the plasma membrane by connecting them to cortical microtubules.

Unlike pectin or hemicellulose, cellulose is directly synthesized at the plasma membrane. Current evidence points to CSC assembly in the endomembrane system. CSCs have been detected in higher plant Golgi via freeze fracture experiments [START_REF] Haigler | Transport of rosettes from the golgi apparatus to the plasma membrane in isolated mesophyll cells of Zinnia elegans during differentiation to tracheary elements in suspension culture[END_REF]) and using fluorescent protein-tagged CESAs (FP-CESAs) [START_REF] Crowell | Pausing of Golgi Bodies on Microtubules Regulates Secretion of Cellulose Synthase Complexes in Arabidopsis[END_REF][START_REF] Mcfarlane | The Cell Biology of Cellulose Synthesis[END_REF] as well as in the endoplasmic reticulum (ER) of moss [START_REF] Rudolph | Occurrence of rosettes in the ER membrane of young Funaria hygrometrica protonemata[END_REF]. After its assembly, the CSC transits through the TGN and small post-Golgi compartments before reaching the plasma membrane [START_REF] Mcfarlane | The Cell Biology of Cellulose Synthesis[END_REF]. CSCs are mobile at the plasma membrane which is widely accepted to be due to the synthesis of the cellulose polymers being entangled in the extracellular matrix so that the catalytic activity of the complex drives movement [START_REF] Diotallevi | The cellulose synthase complex: A polymerization driven supramolecular motor[END_REF]. The speed and direction of its movements are influenced by various factors including cortical microtubule orientation, posttranslational modifications or the availability of the substrate UDP-Glc [START_REF] Paredez | Visualization of cellulose synthase demonstrates functional association with microtubules[END_REF][START_REF] Fujii | Sucrose synthase is an integral component of the cellulose synthesis machinery[END_REF][START_REF] Bischoff | Phytochrome regulation of cellulose synthesis in Arabidopsis[END_REF]. 
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Hemicellulose

Hemicellulose is a heterogeneous group of polymers comprising all polysaccharides that are not cellulose or pectin having β-1,4-linked backbones (Figure 12) [START_REF] Scheller | Hemicelluloses[END_REF]. This nomenclature excludes galactan, arabinan and arabinogalactan that represent pectin side chains rather than a backbone. It includes xyloglucan (XyG), xylan, mannan, glucomannan and β-1,3-/ β-1,4-glucan. XyG is the most abundant hemicellulose in the primary cell wall of Arabidopsis. It consists of a β-1,4-Glc backbone with α-1,6-xylosyl side chains that can be further decorated with side chains containing galactose (Gal), fucose (Fuc) and arabinose (Ara) in complex branching patterns. XyG is made of repetitive units and is often O-acetylated at C-6. Xylan is constituted of a β-1,4-Xyl backbone commonly substituted with glucuronic acid to form glucuronoxylan, especially in the secondary cell wall.

In the primary cell wall, xylans are often decorated with Ara residues and are known as arabinoxylan. Unlike XyG, xylan does not have a repetitive structure and can have many variants. Based on backbone composition and side chain substitutions heteromannans can be grouped into four distinct classes: mannan, glucomannan, galactomannan, and galactoglucomannan (GGM) [START_REF] Scheller | Hemicelluloses[END_REF]. Mannan and glucomannan are formed by a backbone of β-1,4-Man, whereas glucomannan and GGM contain both mannose (Man) and Glc in their backbone linked in the β-1,4 configuration. Mannan and glucomannan are abundant in early land plants and less present in spermatophytes. Mannan is widely studied for its role as a seed storage compound. Finally, mixed linkage glucans or β-1,3-/ β-1,4 linked glucans are found in many primitive taxa such as charophytes, red algae and poales, but not in dicotyledons.

Hemicelluloses have a range of biological functions, acting as seed cell wall storage polysaccharides, signal molecules as well as being important for primary and secondary cell wall architecture. XyG binds to cellulose microfibrils, strengthening the cell wall. It has been suggested that XyG and cellulose interactions are limited to distinct regions along the microfibrils that are particularly important for the stability of the cell wall [START_REF] Park | Xyloglucan and its interactions with other components of the growing cell wall[END_REF]. Moreover, XyG can be covalently linked to pectin indicating that hemicelluloses are likely to play an important role in cell wall architecture [START_REF] Popper | Widespread occurrence of a covalent linkage between xyloglucan and acidic polysaccharides in suspension-cultured angiosperm cells[END_REF]. Mannan polysaccharides have also been proposed to cross link with cellulose and other hemicelluloses via hydrogen bonds [START_REF] Whitney | Structural aspects of the interaction of mannanbased polysaccharides with bacterial cellulose[END_REF][START_REF] Scheller | Hemicelluloses[END_REF].

Hemicelluloses are synthesized at the Golgi apparatus membrane by GT using GDP-Glc, GDP-Man or UDP-Gal as a substrate [START_REF] Pauly | Hemicellulose biosynthesis[END_REF]. Hemicellulose synthesis involves members of the cellulose synthase-like family (CSL). Nine CSL sub-families are xylosyltransferase, galactosyltransferase and fucosyltransferase activity synthesizing the different side chains [START_REF] Lampugnani | Building a plant cell wall at a glance[END_REF]. The function of CSLB, CSLE, CSLG and CSLJ remains unknown, but they could work together with other CSL proteins.

Structural proteins

A large number of cell wall proteins do not show enzymatic functions, but can interact with polysaccharides to structure the cell wall. They are unusually rich in one or two amino acids, contain highly repetitive sequence domains. They include glycine-rich proteins (GRPs)

and Hydroxyproline-rich glycoproteins (HRGPs). The HRGPs family is separated into extensins (EXTs), proline-rich proteins (PRPs) and arabinogalactan proteins (AGPs). The degree of glycosylation of these proteins is variable, but critical for their respective functions [START_REF] Velasquez | O-glycosylated cell wall proteins are essential in root hair growth[END_REF][START_REF] Showalter | Glycosylation of arabinogalactan-proteins essential for development in Arabidopsis[END_REF]. HRGP synthesis starts in the ER and continues in the Golgi, where a large number of GTs are involved in their glycosylation such as galactosyltransferases, arabinosyltransferases, fucosyltransferases, rhamnosyltransferases, glucurono-syltransferases, and glucuronic acid methyltransferases [START_REF] Basu | Functional identification of a hydroxyproline-O-galactosyltransferase specific for arabinogalactan protein biosynthesis in arabidopsis[END_REF][START_REF] Knoch | Arabinogalactan proteins: focus on carbohydrate active enzymes[END_REF].

EXTs are particularly abundant in dicotyledon cell walls. The name extensin was coined based on their hypothetical role in cell expansion deduced from their structure and localization in the cell wall [START_REF] Lamport | Oxygen fixation into hydroxyproline of plant cell wall protein[END_REF]. They are particularly rich in Hydroxyproline (Hyp)

and serine (Ser), but also in valine (Val), tyrosine (Tyr), lysine (Lys) and histidine (His) [START_REF] Showalter | Structure and function of plant cell wall proteins[END_REF]. EXT are basic proteins, and most of the Hyp residues are glycosylated with arabinosyl residues. They play an important role in the rigidity of cell wall, confirmed by the discovery of the embryo lethal rsh mutant defective for the EXTENSIN 3 (EXT 3) gene [START_REF] Lamport | Role of the Extensin Superfamily in Primary Cell Wall Architecture[END_REF]. EXT can be linked to each other and this assembly is driven by alternating hydrophilic (Ser-Hyp 4 ) and hydrophobic (isodityrosine) motifs (Epstein and 1. INTRODUCTION Lamport, 1984;[START_REF] Velasquez | O-glycosylated cell wall proteins are essential in root hair growth[END_REF]. EXT peroxidases catalyse the H 2 O 2 -mediated oxidative cross-linking of EXTs in vitro that can be induced by a biotic stress to increase cell wall rigidity [START_REF] Lamport | Extensin Peroxidase Ties the Knots in the Extensin Network[END_REF][START_REF] Bradley | Elicitor-and wound-induced oxidative cross-linking of a proline-rich plant cell wall protein: A novel, rapid defense response[END_REF][START_REF] Price | A Biochemical and Molecular Characterization of LEP1, an Extensin Peroxidase from Lupin[END_REF][START_REF] Raggi | The Arabidopsis Class III Peroxidase AtPRX71 Negatively Regulates Growth under Physiological Conditions and in Response to Cell Wall Damage[END_REF]. It has also been demonstrated in vitro that EXT can also establish cross-links with pectin domains via ionic interactions between positively charged Lys or His residues and negatively charged uronic acids [START_REF] Cannon | Self-assembly of the plant cell wall requires an extensin scaffold[END_REF][START_REF] Valentin | Elaboration of Extensin-Pectin Thin Film Model of Primary Plant Cell Wall[END_REF].

AGPs are hyperglycosylated proteins containing up to 90% carbohydrates. They are involved in cell expansion, reproductive development, embryogenesis, signalling and defence [START_REF] Seifert | The Biology of Arabinogalactan Proteins[END_REF]. AGPs consist of a core protein containing X-Hyp repeats, in which X is often alanine (Ala) or Ser, with 1 or more arabinogalactan (AG) side chains. AG consists of galactan chains substituted with arabinosyl terminal residues. The AGP backbone can be very short, made of 10 to 13 amino acid residues and are designed as AG peptides. Longer proteins generally contain a N-terminal cleavable signal peptide, a central domain rich in proline (Pro), Ala, Ser and threonine (Thr) and a C-terminal glycosylphosphatidylinositol (GPI) anchor that attach AGPs to the plasma membrane [START_REF] Schultz | The classical arabinogalactan protein gene family of arabidopsis[END_REF]. Crosslinking between AGPs and pectin has been demonstrated, for instance, Rha residues on AG side chains can be attached to RGI [START_REF] Keegstra | The Structure of Plant Cell Walls. III. A model of the walls of suspension-cultured sycamore cells based on the interconnections of the macromolecular components[END_REF][START_REF] Hijazi | An update on post-translational modifications of hydroxyproline-rich glycoproteins: toward a model highlighting their contribution to plant cell wall architecture[END_REF]. Recently, the intermolecular interaction between glycomodules representing the glycosyl side chains of EXT and AGPs was demonstrated in the presence of cell wall ions calcium or boron [START_REF] Tan | Intermolecular interactions between glycomodules of plant cell wall arabinogalactan-proteins and extensins[END_REF].

PRPs are involved in various aspects of development such as germination, pod formation or nodulation [START_REF] Showalter | Structure and function of plant cell wall proteins[END_REF]. Little is known, however, about their precise function, structure and interactions with polysaccharides. PRPs appear to be weakly glycosylated, and are rich in Hyp, Pro, Val, Tyr and Lys, but lack Ser [START_REF] Cassab | PLANT CELL WALL PROTEINS[END_REF]. Their high tyrosine contents suggest that PRPs may be able to establish cross-links between each other or with EXT. Moreover, they may also be able to interact with the negatively-charged carboxyl groups of pectin thanks to their high lysine content [START_REF] Showalter | Structure and function of plant cell wall proteins[END_REF].

Finally, GRPs contain up to 70% glycine residues arranged in short glycine-X repeat units where X is glycine (Gly) in most cases but can also be Ala or Ser [START_REF] Cassab | PLANT CELL WALL PROTEINS[END_REF].

GRPs contain a N-terminal signal peptide and are expressed in response to various developmental biotic or abiotic stresses [START_REF] Czolpinska | Plant Glycine-Rich Proteins in Stress Response: An Emerging, Still Prospective Story[END_REF]. It remains unknown whether GRPs can establish cross-links with other structural proteins or cell wall polysaccharides. As indicated above (1.1.6), Arabidopsis seed mucilage is mainly composed of pectin and is structured in two layers [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]. Detailed analysis of the composition of both mucilage layers revealed that RGI is the principal component of Arabidopsis mucilage (Figure 14A) [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF][START_REF] Penfield | MYB61 Is Required for Mucilage Deposition and Extrusion in the Arabidopsis Seed Coat[END_REF]Macquet et al., 2007b). The predominance of RGI in the inner mucilage layer was confirmed using labelling experiments with anti pectin antibodies α-poly-GalA (PGA) / RGI (Western, 2004), CCRC-M36 (Young et al., 2008;Arsovski et al., 2009;[START_REF] Kong | GALACTURONOSYLTRANSFERASE-LIKE5 Is Involved in the Production of Arabidopsis Seed Coat Mucilage[END_REF][START_REF] Yu | CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed[END_REF], INRA-RU1 and INRA-RU2 specific to RGI backbones (Figure 14B) [START_REF] Ralet | Monoclonal antibodies to rhamnogalacturonan I backbone[END_REF][START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF]Voiniciuc et al., 2015b). Moreover, mutations in RHM2 (RHAMNOSE BIOSYNTHESIS II), RRT1 (RHAMNOSYLTRANSFERASE I), GATL5 (GALACTURONOSYLTRANSFERASE-LIKE5, genes encoding UDP-Rha synthase or glycosyl transferases, respectively, causes reduced amounts of mucilage to be produced for both layers of mucilage [START_REF] Usadel | RHM2 Is Involved in Mucilage Pectin Synthesis and Is Required for the Development of the Seed Coat in Arabidopsis[END_REF]Western et al., 2004;[START_REF] Kong | GALACTURONOSYLTRANSFERASE-LIKE5 Is Involved in the Production of Arabidopsis Seed Coat Mucilage[END_REF][START_REF] Takenaka | Pectin RG-I rhamnosyltransferases represent a novel plant-specific glycosyltransferase family[END_REF].

A detailed analysis of the composition and properties of the polysaccharide components of mucilage was undertaken using immunolabelling and chemical analysis of monosaccharide composition and macromolecules properties (Macquet et al., 2007b). The macromolecular properties of outer layer were investigated using High Pressure Size Exclusion Chromatography (HP-SEC) coupled with refractive index, multiple angle laser light scattering (MALLS) and viscosimetry detection. This method allows the determination of the number-average molar mass (M n ), the intrinsic viscosity (η), the radius of gyration (Rg), the hydrodynamic parameter (ν) and the polydispersity index (I) of polymers. The polymers in solution flow into a column containing pores. Larger molecules flow quickly through the column as they do not enter the pores and elute sooner. The molecules are separated according to their size and then pass through the detectors. In the refractometer, a laser passes through the polymer solution and light radiates in all directions. The intensity of the scattered light gives the Rg and is proportional to the molecular mass of the molecules. In the viscometer, the samples pass through a capillary tube and the pressure drop due to polymer size is measured to obtain the IV. IV represents the volume that the polymer occupies in solution. The Rh is calculated from the molar mass and IV, and also gives information on the volume of the polymer. Finally, the The HP-SEC elution profile for outer mucilage from the accession Col-0 highlighted two polymeric populations of polysaccharides (Table 1). Population 1 has a very high average molar mass represented around 9% of the mucilage extracts and showed moderate IV and Rg indicating highly aggregated or cross-linked molecules. This population could represent pectin coming from the denser inner mucilage layer. The second population was very homogenous as the polydispersity index was close to 1 and showed high average molecular mass. A hydrodynamic parameter (ν) of 0.77 was calculated from the Rg as a function of M n , which is characteristic of a slightly expanded random coil conformation (Macquet et al., 2007b) The monosaccharide composition of inner mucilage found a GalA/Rha ratio slightly higher than that of outer mucilage indicating the possibility of the presence of other pectin domains (Figure 14A; see section 1. 3.1.1). Other monosaccharides such as Glc, Gal and Ara were also detected as minor components. The presence of galactan side chains on RGI in the inner layer was suggested by immunolabelling with the LM5 antibody which recognises galactan epitopes [START_REF] Jones | Localization of Pectic Galactan in Tomato Cell Walls Using a Monoclonal Antibody Specific to (1[->]4)-[beta]-D-Galactan[END_REF]. Labelling with the LM6 antibody that labels arabinan epitopes [START_REF] Willats | Generation of a monoclonal antibody specific to (1 → 5)α-L-arabinan[END_REF] was restricted to the outer region of the inner mucilage layer (Figure 15) (Macquet et al., 2007b).

RGI domains contained in seed mucilage are mostly unbranched, but can be substituted with arabinan or galactan side chains (Macquet et al., 2007a;[START_REF] Huang | The Arabidopsis Transcription Factor LUH/MUM1 Is Required for Extrusion of Seed Coat Mucilage[END_REF][START_REF] Walker | The Transcriptional Regulator LEUNIG_HOMOLOG Regulates Mucilage Release from the Arabidopsis Testa[END_REF]. The study of a putative β-xylosidase/α-arabinofuranosidase (BXL1) and the βgalactosidase BGAL6/MUM2 confirmed the importance of removal of RGI side chains for correct mucilage swelling and release (Dean et al., 2007;Macquet et al., 2007a;Arsovski et al., 2009a). Linkage analysis of soluble polysaccharides highlighted that outer mucilage layer is not methylated or acetylated (Macquet et al., 2007b).

Homogalacturonan (HG)

The presence of HG with varying degrees of methylesterification (DM) in the Arabidopsis inner mucilage layer was initially suggested using antibodies recognising HG with different DM (Western, 2004;Macquet et al., 2007b;[START_REF] Rautengarten | A subtilisinlike serine protease essential for mucilage release from Arabidopsis seed coats[END_REF]. No labelling was observed in the inner layer using PAM1 and 2F4, antibodies that are specific to de-esterified HG and calcium-crosslinked HG respectively (Willats et al., 2001b;[START_REF] Voiniciuc | FLYING SAUCER1 Is a Transmembrane RING E3 Ubiquitin Ligase That Regulates the Degree of Pectin Methylesterification in Arabidopsis Seed Mucilage[END_REF][START_REF] Yu | CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed[END_REF]. A strong JIM5 signal was observed at the rays originating from 
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the columella, indicating the presence of moderate methyl-esterified HG, while the labelling of highly methyl-esterified HG with JIM7 was restricted to the outer domain of inner mucilage layer (Figure 16) (Macquet et al., 2007b;[START_REF] Yu | CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed[END_REF]. Most of this labelling was, however, later shown to correspond to pieces of fragmented primary cell wall trapped in the mucilage [START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF]. A mutation in the GAUT11 (GALACTURONOSYLTRANSFERASE11) gene appeared initially to result in only small reductions in GalA present in mucilage, suggesting that GAUT11 acted in the production of HG in the adherent layer of mucilage [START_REF] Caffall | Arabidopsis thaliana T-DNA mutants implicate GAUT genes in the biosynthesis of pectin and xylan in cell walls and seed testa[END_REF][START_REF] Western | The sticky tale of seed coat mucilages: Production, genetics, and role in seed germination and dispersal[END_REF]. Recent analyses of knockout mutants for GAUT11 have shown that there is in fact a 30% reduction in Rha and GalA levels, and implicate the enzyme in RGI synthesis [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF].

HGs are synthesized and secreted in a highly methyl-esterified state. Their DM is regulated by pectin methyl esterases (PME) and their inhibitors, PMEI.

PMEI6 inhibits endogenous PME activity in the outer mucilage secretory cells resulting in the absence of methylesterified HG in pmei6 mutant [START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF]. There was a delay in the mucilage release of pmei6 mutant and mucilage partitioning was also impaired in favour of the inner mucilage layer. Removal of inner mucilage HG by polygalacturonase digestion resulted in a larger layer that appeared more diffuse (Macquet et al., 2007b). Similar effects on inner mucilage are also obtained by incubation of seeds in the cation chelator EDTA [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]. HG can form bridges with Ca 2+ ions that would be blocked by their chelation. These results suggest the importance of the HG domains and their DM in the adherence of mucilage RGI to the seed. A mutant in SBT1.7 (SUBTILISIN-LIKE SERINE PROTEASE 1.7) was similarly impaired in mucilage release due to altered HG methylesterification, but as pmei6 sbt1.7 mutants had an additive phenotype, it was proposed that they modulate the activity of different PMEs [START_REF] Rautengarten | A subtilisinlike serine protease essential for mucilage release from Arabidopsis seed coats[END_REF][START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF]. The study of fly-1 (flying saucer 1) mutant indicated that its mucilage has more unesterified HG than the wild type (WT) which was associated with the formation of a denser inner mucilage layer. Labelling with the 2F4 antibody was detected in both the primary cell wall and inner layer of mucilage released from seeds of the fly1 mutant, suggesting that its mucilage forms more pectin cross-links mediated by Ca2+ ions that would strengthen the pectin gel. FLY1 encodes a RING E3 ubiquitin ligase and might be targeting PMEs degradation by adding poly-ubiquitin chains [START_REF] Voiniciuc | FLYING SAUCER1 Is a Transmembrane RING E3 Ubiquitin Ligase That Regulates the Degree of Pectin Methylesterification in Arabidopsis Seed Mucilage[END_REF]. [START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF] based on the data set generated by [START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF] for RNA extracted from laser-capture microdissected seed tissues. Seed mucilage has proved to be a good model for studying cellulose biosynthesis and its interactions with other cell wall components such as pectin, hemicellulose and structural proteins [START_REF] Griffiths | Sticking to cellulose: exploiting Arabidopsis seed coat mucilage to understand cellulose biosynthesis and cell wall polysaccharide interactions[END_REF]. As mentioned above (Section 1.1.6), cellulose can be stained with S4B/DR23 and is observed in mucilage as rays originating from the above the columella as well as diffuse staining (Figure 17) [START_REF] Penfield | MYB61 is required for mucilage deposition and extrusion in the Arabidopsis seed coat[END_REF]Macquet et al., 2007b;Harpaz-Saad et al., 2011;Mendu et al., 2011;[START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF]Griffiths et al., 2014;[START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF]. The cellulose synthase 5 (CESA5) isoform plays a role in cellulose synthesis, ray formation and pectin adherence to the seed in inner mucilage layer (Figure 17) (Harpaz-Saad et al., 2011;Mendu et al., 2011;[START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF]. CESA5 is expressed in the epidermal cells of the seed coat at the time of mucilage polysaccharide accumulation during seed development. The detailed analysis of the mucilage composition of the cesa5 mutant highlighted that the amount of total polysaccharides is not impaired, but their partitioning is altered with redistribution from the inner to the outer layer [START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF].

Another cellulose synthase isoform, CESA3, is also involved in cellulose synthesis in the mucilage and appears to be the most highly expressed CESA in seeds (Figure 18) [START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF]. Knockout mutants in CESA3 are gametophytic lethal, but two different missense mutations, cesa3 ixr1-1 and cesa3 ixr1-2 (isoxaben resistant) caused altered inner mucilage staining with ruthenium red as well as cellulose organization and crystallinity (Figure 17) [START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF]. CESA3 and CESA5 can interact in vitro and the intermediate phenotype of the cesa3 irx1-1 cesa5-1 mutant indicates that they are partially redundant [START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF]. CESA2, CESA6 and CESA9 have no obvious role in mucilage biosynthesis, but CESA2 and CESA9 are expressed during late seed development and appear to mediate secondary cell wall synthesis and columella formation together with CESA5 (Figure 18) (Stork et al., 2010;Mendu et al., 2011). CESA1 and CESA10 are expressed during mucilage biosynthesis but neither cesa1 nor cesa10 mutants examined to date show mucilage phenotypes; as CESA1 knock-out mutants are gametophytic lethal this could be because the leaky mutants examined are too weakly affected or due to redundancy [START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF][START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF].

COBRA-LIKE2 (COBL2), a member of the GPI anchored COBRA-LIKE gene family in Arabidopsis, is also important for crystalline cellulose deposition in seed coat epidermal cells [START_REF] Ben-Tov | COBRA-LIKE2, a Member of the Glycosylphosphatidylinositol-Anchored COBRA-LIKE Family, Plays a Role in Cellulose Deposition in Arabidopsis Seed Coat Mucilage Secretory Cells[END_REF]. The mutant cobl2 is characterized by a redistribution of pectin polysaccharides from the inner to the outer layer, and shows a similar phenotype to cesa5. 

INTRODUCTION

Apart from the loss of mucilage adherence, cobl2 seeds have reduced cellulose crystallinity and reduced cellulose in the adherent mucilage layer. A double mutant cobl2 cesa5 had an additive phenotype for observed increases in Ara and Gal levels, but not for sugar partitioning between the inner and outer layers suggesting a complex interaction between these genes for the regulation of the mucilage polysaccharides network [START_REF] References Ben-Tov | The role of COBRA-LIKE 2 function, as part of the complex network of interacting pathways regulating Arabidopsis seed mucilage polysaccharide matrix organization[END_REF]. The elucidation of the relationship between the different actors affecting cellulose production in mucilage will give new insights about the regulation of its biosynthesis.

Hemicellulose

The presence of mannan containing polysaccharides in Arabidopsis seed mucilage was suggested by the presence of Man in inner mucilage extracts (Macquet et al., 2007a). The enzyme CSLA2 was shown to have a β-mannan/glucomannan synthase activity in vitro [START_REF] Liepman | Expression of cellulose synthase-like (Csl) genes in insect cells reveals that CslA family members encode mannan synthases[END_REF]. Mutants in CSLA2 gene have 30% less mannosyl and glucosyl contents than wild-type and produce a thinner halo of inner mucilage with more densely packed polymers [START_REF] Yu | CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed[END_REF]. MUCI10 was demonstrated to encode a putative α-1,6galactosyltransferase that decorates the glucomannan synthesized by CSLA2 (Voiniciuc et al., 2015b). The analysis of csla2 and muci10 mutants showed that they did not impact mucilage composition in polysaccharides others than glucomannan but altered cellulose organization [START_REF] Yu | CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed[END_REF]Voiniciuc et al., 2015b). Voiniciuc et al., showed that Arabidopsis mucilage contains highly branched GGM and that galactosylation was essential for GGM synthesis. GGM was shown to be important for structuring cellulose within mucilage.

The presence of Xyl has been consistently detected in Arabidopsis mucilage (Voiniciuc et al., 2015c). Linkage analysis indicated that highly branched xylans are present in mucilage [START_REF] Walker | The Transcriptional Regulator LEUNIG_HOMOLOG Regulates Mucilage Release from the Arabidopsis Testa[END_REF]Voiniciuc et al., 2015a;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF].

Furthermore, xylan was detected in the outer domain of inner mucilage layer using CCRC-M139 or from above the columella with AX1 antibodies labelling unbranched xylans (Voiniciuc et al., 2015a;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. The detailed characterization of inner layer is, however, difficult as until recently, the only way to detach it from the seed was through digestion with the RGase or hydrolysis with strong alkali, which may not release polymers that interact strongly with cellulose. When outer mucilage is extracted in water a minor part of the polysaccharides may, however, originate from the inner layer (Macquet et al., 2007b). The detailed analysis of outer layer monosaccharide contents revealed a clear proportionality between the Xyl and GalA/Rha contents with 1 Xyl unit for 16 Rha units, suggesting that xylan chains could be covalently linked to RGI backbone (Figure 19) [START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. The existence of a covalent link between xylan and RGI was already [START_REF] Tan | An Arabidopsis Cell Wall Proteoglycan Consists of Pectin and Arabinoxylan Covalently Linked to an Arabinogalactan Protein[END_REF]. The role of xylan as an intermediate linker between cellulose and RGI was demonstrated by the detailed analysis of mum5/muci21 mutants defective for a putative xylosyltransferase (Voiniciuc et al., 2015a;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. A redistribution of RGI from the inner to the outer layer was associated with a clear reduction in the proportion of Xyl and reduced AX1 immunolabelling in the mutant mum5 (Figure 20). In vitro binding assays demonstrated that RGI oligosaccharides lacking xylan could not bind to cellulose, whereas Xyl-branched RGI could, demonstrating that the affinity of these side chains for cellulose binds RGI and contributes to the formation of the adherent layer. MUM5 plays a role in the addition of the RGI xylan sidechains that mediate adsorption to cellulose microfibrils. This is in agreement with outer mucilage layer being composed of two different populations of polysaccharides with the most abundant corresponding to unbranched RGI (section 1.3.1.1; Table 1) (Macquet et al., 2007b). The small population of very high molecular weight was absent in mum5 mucilage and might correspond to Xyl-branched RGI released into the outer layer on imbibition, probably because it does not bind to cellulose microfibrils (Macquet et al., 2007b;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. Another glycosyl transferase IRX14 (IRREGULAR XYLEM 14) has also been implicated in the production of xylan, and irx14 mutants have almost no adherent mucilage (Voiniciuc et al., 2015a;Hu et al., 2016). The current model suggests that IRX14 participates in the extension of xylan from the Xyl branches on RG-I [START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. The identification of a novel link between RG-I and cellulose through Xyl branches provided a new perspective on how cell wall polysaccharides interact and assemble in the cell wall.

The presence of XyG in mucilage remains, however, unclear [START_REF] Arsovski | Seed coat mucilage cells of Arabidopsis thaliana as a model for plant cell wall research[END_REF]Voiniciuc et al., 2015c). XyG were detected throughout the mucilage as well as in the underlying columella by α-XG antibody but its cross-reactivity with other hemicellulose was not investigated [START_REF] Young | Analysis of the Golgi Apparatus in Arabidopsis Seed Coat Cells during Polarized Secretion of Pectin-Rich Mucilage[END_REF]. A small amount of Xyl was detected in the mum5 mutant suggesting heteroxylan or XyG could be present in mucilage. The mutant irx14 showed a more severe loss of inner mucilage to the outer mucilage layer, as well as a loss of cellulose staining when seeds are shaken in water (Voiniciuc et al., 2015a). This suggests that IRX14 synthesizes xylan in polymers other than RG-I branches and that their absence results in impaired anchoring of cellulose to the seeds. It cannot be excluded that XyG are also present in seed mucilage and participate in the structuration of the inner mucilage layer.

Proteins

Very small amounts of proteins have been detected in Arabidopsis mucilage which likely contains AGP (Macquet et al., 2007b). For instance, the AGP SALT-OVERLY SENSITIVE 5 TBA1p:GUS, TBA2p:GUS, TBA3p:GUS, TBALp:GUS, siliques and developing seeds at 4, 7, and 10 DPA stained for GUS activities. TBA2 and TBAL are both expressed at 7 DPA concomitant with mucilage biosynthesis whereas TBA1 and TBA3 expression peak at 10 DPA. Seed coats and embryos were dissected from 10-DPA seeds and stained separately. All TBAs and TBAL are specifically expressed in the seed coat. Bars = 500 µm (siliques) and 100 µm (dissected seed coats and embryos). 

INTRODUCTION

(SOS5) mediates mucilage adherence to the seeds (Harpaz-Saad et al., 2011;Griffiths et al., 2014). sos5 seeds have wild-type levels of cellulose, but exhibit a similarly reduced inner layer of mucilage to cesa5 and the double mutant cesa5 sos5 has an additive phenotype on mucilage adherence. SOS5 appears to mediate mucilage adherence through pectin rather than cellulose (Griffiths et al., 2014). As SOS5 is also required for cellulose to be observed in rays, it may play a role in establishing interactions between pectin and cellulose that establishs the ray-like structures. Moreover, the receptor-like kinase FEI2 is required for SOS5 function and both mediate mucilage adherence through a common pathway that is independent of cellulose (Harpaz-Saad et al., 2011;Griffiths et al., 2016).

Recently, the identification and characterization of proteins integral to Arabidopsis mucilage were carried out after a sequential extraction of inner and outer mucilage layers [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF]. Both layers were found to have similar protein profiles and of twenty-eight proteins identified, one was specific to the outer layer, while 15 were specifically found in the inner layer, and the remaining 12 proteins were found in both mucilage layers (Table 2). Most of the proteins identified had predicted functions in the cell wall and included carbohydrateactive enzymes, oxidoreductases, proteases, proteins involved in lipid metabolism, AGPs and proteins with unknown functions. Three unknown proteins were of a particular interest as they were consistently identified as the most abundant proteins of mucilage. The genes encoding these proteins are expressed at very high level in the seed coat (eFP Browser; http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi; [START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF] and were named TBA1

(TESTA ABUNDANT 1), TBA2 and TBA3. A fourth unknown protein was also detected in the inner mucilage with a score below the level of significance but that showed strong amino acid similarity to TBAs and was named TBAL (TESTA ABUNDANT-LIKE). Reverse transcription (RT)-PCR (Polymerase Chain Reaction) as well as transcriptional fusions with the β-GLUCURONIDASE (GUS) reporter gene under the control of TBAs and TBAL promoters showed that these genes are highly and specifically expressed in the seed coat of epidermal cells at the time of mucilage synthesis and deposition (Figure 21) [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF]. TBAs and TBAL were not expressed in nars1nars2 and ttg1 mutant lines, encoding for master regulators of mucilage biosynthesis. Moreover, TBAs and TBAL proteins were secreted to the mucilage pocket during seed differentiation. These proteins are characterized by the absence of functional domains, their high abundance and the presence of numerous predicted glycosylation sites, features that are consistent with that of structural proteins. The authors hypothesized that they may function in establishing cross-links with other cell wall polysaccharides, however, amiRNA transformants with reduced expression of all 3 TBAs and TBAL did not exhibit altered ruthenium red staining. The function of TBA proteins as structural proteins remains to be demonstrated. 

INTRODUCTION

Our current understanding of mucilage composition and structure can, therefore, be summarised as follows. The outer layer of mucilage is mainly composed of unbranched RGI.

The inner layer contains cellulose that is linked to RGI through xylan side chains. Branched GGM can also interact with cellulose and form hairy regions with gelling properties that participate in the structuration of the inner layer. HG with different degrees of DM, as well as branched RGI substituted with galactan chains can be found throughout the inner layer while RGI in the outermost region appear to be additionally decorated with arabinan side chains (Figure 22). Furthermore, proteins are present in both mucilage layers and are likely to be involved in mucilage structuration. Genetic studies using mutants with defects in mucilage production have proved to be valuable tools for improving our understanding of the synthesis and interactions of both mucilage and cell wall components. The following section describes in more detail transcription factors and enzymes involved in the production of mucilage polysaccharides that figure in the studies carried out during my thesis. A number of genes have been identified that are involved in the differentiation of seed coat epidermal cells and mucilage polysaccharide accumulation (North et al., 2014;Francoz et al., 2015;Voiniciuc et al., 2015c). At least twenty-one encode transcription factors whose roles have been characterised in detail (Francoz et al., 2015). Figure 23 (adapted from North et al., 2014) gives an overview of some of the master regulators involved in mucilage synthesis and their relationships. Genes involved in the synthesis and structuration of cellulose and hemicellulose are also presented, but will not be further discussed in this section (see section 1.3.2).

Several transcription factors impact the early differentiation of the integument during ovule formation. For instance, NAC-REGULATED SEED MORPHOLOGY (NARS1) and NARS2 transcription factors have redundant functions in the regulation of seed coat differentiation from ovule integuments [START_REF] Kunieda | NAC Family Proteins NARS1/NAC2 and NARS2/NAM in the Outer 5. REFERENCES Integument Regulate Embryogenesis in Arabidopsis[END_REF]. These two genes were shown to be positive regulators of PEROXIDASE36 (PER36). PER36 acts in the primary cell walls located above radial cell wall secondary thickening and enables fragmentation and normal mucilage release (Kunieda et al., 2013). APETALA2 (AP2) is another transcription factor expressed early in the differentiation of the outer teguments and initiates a regulatory cascade through the expression of GLABRA2 (GL2) and TRANSPARENT TESTA GLABRA2 (TTG2) transcription regulators [START_REF] Jofuku | Control of Arabidopsis Flower and Seed Development by the Homeotic Gene APETALA2[END_REF]Western, 2004). Both GL2 and TTG2 are positive regulators of GATL5, and GL2 also promotes the expression of RHM2 and PMEI6, all three encoding key enzymes in pectin synthesis (see section 1.3.1.1) or maturation (see section 1.3.1.2) (Western, 2004;[START_REF] Kong | GALACTURONOSYLTRANSFERASE-LIKE5 Is Involved in the Production of Arabidopsis Seed Coat Mucilage[END_REF][START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF]. TTG2 was also demonstrated to regulate secondary cell wall deposition in seed coat epidermal cells by controlling the expression of KNAT7 (KNOX family) and MYB75 (MYB family) transcription factors that form a complex in vivo [START_REF] Bhargava | The interacting MYB75 and KNAT7 transcription factors modulate secondary cell wall deposition both in stems and seed coat in Arabidopsis[END_REF]. Finally MUCILAGE MODIFIED 1/ LEUNIG HOMOLOG (MUM1/LUH) controls the expression of enzymes involved in the maturation of mucilage pectin domains through an independent pathway and positively regulates the expression of MUM2, BXL1 (see section 1.3.1.1), SBT1.7 and PMEI6 (see section 1.3.1.2) expression [START_REF] Huang | The Arabidopsis Transcription Factor LUH/MUM1 Is Required for Extrusion of Seed Coat Mucilage[END_REF][START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF]. The MYB family of proteins is very large in Arabidopsis and many members are transcription factors characterized by the presence of a highly conserved DNA binding domain (MYB domain) [START_REF] Dubos | MYB transcription factors in Arabidopsis[END_REF]. MYB5 is a member of the R2R3 MYB family, specific to plants [START_REF] Stracke | The R2R3-MYB gene family in Arabidopsis thaliana[END_REF] that is specifically expressed in seed coat epidermal cells (oi2) at the time of mucilage accumulation, and the endothelium (ii1) as shown using a MYB5 promoter:GUS construct [START_REF] Gonzalez | TTG1 complex MYBs, MYB5 and TT2, control outer seed coat differentiation[END_REF][START_REF] Li | The Arabidopsis MYB5 Transcription Factor Regulates Mucilage Synthesis, Seed Coat Development, and Trichome Morphogenesis[END_REF]. Ruthenium red staining and scanning electron microscopy (SEM) of myb5 knockout mutant seeds released little mucilage and had flattened columella [START_REF] Gonzalez | TTG1 complex MYBs, MYB5 and TT2, control outer seed coat differentiation[END_REF][START_REF] Li | The Arabidopsis MYB5 Transcription Factor Regulates Mucilage Synthesis, Seed Coat Development, and Trichome Morphogenesis[END_REF]. A detailed analysis of myb5 epidermal cell development was carried out using cross sections of mutant seed coats stained with toluidine blue and comparing to the WT (Figure 24). Secondary cell wall synthesis was initiated in the mutant but as a column of cytoplasm had not been formed, this resulted in the formation of flattened columellae and smaller amounts of mucilage polysaccharides were observed. The authors concluded that myb5 mutation affected later stages of mucilage polysaccharide synthesis [START_REF] Li | The Arabidopsis MYB5 Transcription Factor Regulates Mucilage Synthesis, Seed Coat Development, and Trichome Morphogenesis[END_REF].

In seed coats, MYB5 has been shown to function in a complex with the bHLH protein EGL3 and the WD40 repeat protein TTG1. This complex, termed MBW controls the differentiation of seed coat epidermal cells [START_REF] Gonzalez | TTG1 complex MYBs, MYB5 and TT2, control outer seed coat differentiation[END_REF]. MYB5 and EGL3 are partially functionally redundant with TT2 and TT8, respectively, that are important transcription factors for anthocyanin synthesis [START_REF] Zhang | A network of redundant bHLH proteins functions in all TTG1-dependent pathways of Arabidopsis[END_REF][START_REF] Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF][START_REF] Gonzalez | Regulation of the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings[END_REF][START_REF] Gonzalez | TTG1 complex MYBs, MYB5 and TT2, control outer seed coat differentiation[END_REF]. Indeed, more severe mucilage defects were observed in tt2 myb5 and egl3 tt8 double mutants compared to myb5 and egl3 single mutants while tt2 and tt8 produce mucilage normally [START_REF] Zhang | A network of redundant bHLH proteins functions in all TTG1-dependent pathways of Arabidopsis[END_REF][START_REF] Gonzalez | TTG1 complex MYBs, MYB5 and TT2, control outer seed coat differentiation[END_REF]. The complex regulates the expression of TTG2 and GL2 that, as described above, are necessary for RHM2, GATL5 and PMEI6 expression (Figure 23) [START_REF] Ishida | Arabidopsis TRANSPARENT TESTA GLABRA2 Is Directly Regulated by R2R3 MYB Transcription Factors and Is Involved in Regulation of GLABRA2 Transcription in Epidermal Differentiation[END_REF].

MUCI70, a putative novel glycosyltransferanse involved in mucilage pectin biosynthesis

Seven proteins have been identified to date that are directly involved in mucilage pectin biosynthesis (see sections 1.3.1). The Rha synthase RHM2/MUM4 catalyses the conversion of UDP-Glc to UDP-Rha, a substrate for RGI biosynthesis (Western, 2004;[START_REF] Oka | Functional analysis of Arabidopsis thaliana RHM2/MUM4, a multidomain protein involved in UDP-D-glucose to UDP-L-rhamnose Conversion[END_REF].

URGT2 is a bifunctional UDP-L-Rha/UDP-D-Gal transporter and UUAT1 an UDP-uronic acid (UDP-GlcA) transporter that are expressed in the seed coat [START_REF] Rautengarten | The Golgi localized bifunctional UDP-rhamnose/UDP-galactose transporter family of Arabidopsis[END_REF]. Analysis of urgt2 seeds revealed that production of mucilage polysaccharides is reduced, in accordance with the role of URGT2 transporting providing UDP-Rha into the Golgi for RGI biosynthesis. UDP-GlcA is converted into the UDP-GalA mucilage precursor in the Golgi, as well as UDP-Ara and UDP-Xyl. Mutants in UUAT1 had reduced production of outer mucilage production and may also be affected in the production of the inner layer and mucilage release [START_REF] Saez-Aguayo | UUAT1 Is a Golgi-Localized UDP-Uronic Acid Transporter That Modulates the Polysaccharide Composition of Arabidopsis Seed Mucilage[END_REF]. GATL5 participates in the elongation of the RGI backbone and gatl5 mutant seeds showed a moderate reduction in both the GalA and Rha contents of extracted mucilage [START_REF] Kong | GALACTURONOSYLTRANSFERASE-LIKE5 Is Involved in the Production of Arabidopsis Seed Coat Mucilage[END_REF]. Similar reductions in mucilage GalA and Rha contents were also observed for mutants affected in RRT1 a rhamnosyltransferase, which is involved in the transfer of Rha residue from UDP-Rha to RGI oligosaccharides [START_REF] Takenaka | Pectin RG-I rhamnosyltransferases represent a novel plant-specific glycosyltransferase family[END_REF] or GAUT11 [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. The latter was shown to function as a HG α-1,4 GalA transferase in vitro and has been proposed to synthesize the more minor pectin component of mucilage HG [START_REF] Caffall | Arabidopsis thaliana T-DNA mutants implicate GAUT genes in the biosynthesis of pectin and xylan in cell walls and seed testa[END_REF][START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF].

More recently, MUCI70, was shown to contribute to the formation of RGI domains in mucilage and was proposed to be a member of a novel GT family [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF].

MUCI70 contains a single transmembrane domain near its N-terminus as well as a DUF616

(Domain of Unknown Function). When the MUCI70 protein was produced with a YFP tag (Yellow Fluorescent Protein) it was localized to the Golgi apparatus, the site for pectin biosynthesis (see section 1.2.1). Two independent muci70 mutations induced a clear reduction in the mucilage halo released on imbibition and a reduction of absolute levels of Rha and GalA in total (inner and outer) mucilage extracts by more than 50% (Figure 25).

Mucilage from MUCI70 mutants also had increased Xyl contents and the structure of cellulose in the inner layer was altered. The decrease in RGI and increase in xylan contents were confirmed by immunolabelling with CCRC-M36 and CCRC-M139 antibodies respectively. Finally, muci70 had flatter columella consistent with reduced mucilage production [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF].

Seeds from muci70 gaut11 had even flatter columella and GalA and Rha contents were reduced further. The mutations, thus, had additive effects on GalA contents, while only partial overlap was observed for Rha contents. The authors hypothesized that GAUT11 is likely required for the synthesis of an HG region that is associated with RGI and essential for its elongation. The increased in xylan contents were further investigated in a muci70 irx14 mutant. IRX14 is involved in the elongation of xylan chains (Voiniciuc et al., 2015a;Hu et al., 2016) (see section 1.3.3). While irx14 does not impact Rha and GalA contents, the double mutant was more severely impaired in RGI production than muci70 suggesting that xylan is essential for the elongation of RGI in muci70. This study emphasized the particular The outer mucilage layer was extracted from seeds treated with acid-and alkali-treated to force mucilage release and the inner layer was extracted after enzymatic digestion with a rhamnogalacturonan hydrolase (RGase). There is only a slight reduction in the total amount of GalA in the mutant, but there was a clear redistribution of pectin from the outer to the inner layer. Data from Macquet et al., 2007a. 

MUM2 encodes the β-galactosidase BGAL6 required for RGI maturation

After their synthesis, mucilage polysaccharides are matured by enzymes that are secreted into the apoplast. Among them, PMEI6, SBT1.7 and FLY1 are involved in the regulation of the DM of HGs and are required for correct mucilage release [START_REF] Rautengarten | A subtilisinlike serine protease essential for mucilage release from Arabidopsis seed coats[END_REF][START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF][START_REF] Voiniciuc | FLYING SAUCER1 Is a Transmembrane RING E3 Ubiquitin Ligase That Regulates the Degree of Pectin Methylesterification in Arabidopsis Seed Mucilage[END_REF], see section 1.3.1.2). BXL1 is involved in the removal of arabinan side chains from RGI, which is also required for proper mucilage release (Arsovski et al., 2009a, see section 1. 3.1.1). Shahdara is a natural Arabidopsis accession that does not release mucilage on imbibition causing seeds to float on water. The underlying mutated locus was found to be allelic to that affected in the mum2 mutant previously identified in a screens for mutants defective in mucilage release [START_REF] Western | Isolation and characterization of mutants defective in seed coat mucilage secretory cell development in Arabidopsis[END_REF]Macquet et al., 2007a;[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF].

MUM2 encodes for a β-galactosidase, BGAL6, that is expressed in the developing seed coat (Dean et al., 2007;Macquet et al., 2007a). Ruthenium red staining of mum2 mutants confirmed that no mucilage is released on imbibition and that the seeds float (Figure 26A). MUM2-GFP protein fusions have shown that the MUM2 protein is trafficked through the ER-Golgi network before being secreted to the apoplast (Dean et al., 2007). The seed coat of mum2 mutants visualised by SEM exhibited the typical hexagonal shape of epidermal cells surrounded by a reinforced radial cell wall and a central volcano-shaped columella observed for WT seeds. The detailed analysis of seed sections during development confirmed that mucilage is accumulated and that the differentiation of epidermal cells occurs normally (Dean et al., 2007;Macquet et al., 2007a). When mucilage release was forced via chemically induced breakage of the primary cell wall, mucilage did not swell properly indicating that the hygroscopic properties of mucilage were altered in the mutant (Macquet et al., 2007a). Analysis of the mucilage polysacharide composition revealed that while the total RGI content was only slightly impacted, the mutation induced a redistribution of RGI from the outer to the inner layer as well as an increase in Gal content in the inner layer (Figure 26B) (Dean et al., 2007;Macquet et al., 2007a). Both linkage analysis and mass spectrometry indicated an increase of branched RGI in mum2. The authors concluded that MUM2 is required for the maturation of RGI in seed mucilage by the removal of galactan side chains, necessary for the correct swelling and release of mucilage (Dean et al., 2007;Macquet et al., 2007a).

INTRODUCTION

An increasing number of studies using seed coat mucilage as a model system to study the production and properties of polysaccharides found in cell walls have yielded important information concerning the genes involved and the interactions between polysaccharides.

Nevertheless, our knowledge remains incomplete. Natural variants affected in the modulation of polysaccharide properties have already contributed to these studies, notably variants in MUM2, PMEI6 and PER36 (Macquet et al., 2007a;[START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF][START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. The next section will discuss insight provided by seed mucilage as a model and how natural variability found within Arabidopsis accessions for mucilage production can be exploited to study the synthesis and interactions of mucilage and cell walls components.

INTRODUCTION 1.5. ARABIDOPSIS MUCILAGE AS A MODEL TO STUDY CELL WALL POLYSACCHARIDE SYNTHESIS AND INTERACTIONS

Mucilage mutants are a valuable tool to study cell wall assembly

As described in the sections above, Arabidopsis mucilage is composed of key cell wall components, pectin, cellulose, hemicellulose, and proteins (See section 1.3). The relative quantity of each polysaccharide is, however, different from that in cell walls as the main constituent is the pectin RGI. Nonetheless, mucilage has proved to be a powerful system for studying the interactions between cellulose and pectin through hemicellulose or structural proteins [START_REF] Arsovski | Seed coat mucilage cells of Arabidopsis thaliana as a model for plant cell wall research[END_REF][START_REF] Griffiths | Sticking to cellulose: exploiting Arabidopsis seed coat mucilage to understand cellulose biosynthesis and cell wall polysaccharide interactions[END_REF]. Mucilage has many advantages as it is synthesized from a single cell type in a short time and in large amounts. It can be easily extracted for detailed composition and linkage analysis, facilitating the study of the synthesis and interactions between its components (Macquet et al., 2007b). Furthermore, the ability of mucilage to expand and adhere to the seed represents important cell wall properties that are easy to observe and measure. Finally, mucilage is particularly suitable for genetic analyses as mutants are viable and able to germinate in the laboratory conditions. Staining seeds with ruthenium red can easily identify defects in mucilage production and genetic screens for mutants with altered mucilage have already identified a number of genes involved in cell wall biology [START_REF] Western | Isolation and characterization of mutants defective in seed coat mucilage secretory cell development in Arabidopsis[END_REF][START_REF] Arsovski | Seed coat mucilage cells of Arabidopsis thaliana as a model for plant cell wall research[END_REF][START_REF] Western | The sticky tale of seed coat mucilages: Production, genetics, and role in seed germination and dispersal[END_REF]North et al., 2014;[START_REF] Griffiths | Sticking to cellulose: exploiting Arabidopsis seed coat mucilage to understand cellulose biosynthesis and cell wall polysaccharide interactions[END_REF].

We have seen that mucilage mutants characterized by the redistribution of sugars from the inner to the outer layer can be divided into three classes defining different pathways for mucilage adherence. A first class of mutants directly impacts cellulose synthesis (CESA3, CESA5, COBL2) and is characterized by altered cellulose organisation and crystallinity leading to a redistribution of RGI from the inner to the outer layer (Harpaz-Saad et al., 2011;Mendu et al., 2011;[START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF][START_REF] Ben-Tov | COBRA-LIKE2, a Member of the Glycosylphosphatidylinositol-Anchored COBRA-LIKE Family, Plays a Role in Cellulose Deposition in Arabidopsis Seed Coat Mucilage Secretory Cells[END_REF][START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF][START_REF] References Ben-Tov | The role of COBRA-LIKE 2 function, as part of the complex network of interacting pathways regulating Arabidopsis seed mucilage polysaccharide matrix organization[END_REF]. A second class of mutants is characterized by altered synthesis and branching of the hemicelluloses glucomannan (CSLA2, MUCI10) and xylan (MUM5/MUCI21, IRX14) that act as linkers between RGI and cellulose to mediate mucilage adherence to the seeds [START_REF] Yu | CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed[END_REF]Voiniciuc et al., 2015b;Voiniciuc et al., 2015a;Hu et al., 2016;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. The last class is characterized by proteins maintaining mucilage adherence through unknown mechanisms (SOS5, FEI2) that depends on pectin organization and not cellulose (Harpaz-Saad et al., 2011;Griffiths et al., 2014;Griffiths et al., 2016). These recent results regarding mucilage properties, composition, and structuration are in agreement with current models of polysaccharide interactions in the cell wall. Such genetic studies using seed coat
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epidermal cells as a model make a valuable contribution to our understanding of cell wall assembly.

Natural variation in Arabidopsis seed mucilage production

The screening of Arabidopsis natural accessions has proved to be another successful way to identify proteins involved in mucilage production and modification. Eight natural accessions from central Asia and Scandinavia showed defects in mucilage release on imbibition and allowed the identification of 7 different causal mutations in MUM2 gene (Macquet et al., 2007a;[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. The Djarly accession from Kyrgyzstan also failed to release mucilage due to a mutation in PMEI6 and the Sk1-1 accession from Scandinavia contained a missense mutation in PER36 [START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF][START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. Four accessions that release mucilage but float in water due to an almost complete redistribution of RGI to the outer layer were named FLOATING MUCILAGE-RELEASING (FMR). The causal mutations and the underlying genes remain to be identified [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF].

Two hundred and eighty Arabidopsis accessions were screened for altered ruthenium red staining and 50 showed significantly different inner mucilage compared to the reference accession Col-0 [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF]. A subset of 25 variants that formed smaller inner mucilage halos was characterized further. Most of these accessions also had reduced amounts of crystalline cellulose and showed large differences in the amounts of Gal and Man. The accessions could be grouped into 5 clusters based on their monosaccharide composition, cellulose staining intensity and crystallinity suggesting that variation in several genes could explain differences in mucilage structure [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF]. A Genome Wide Association Study (GWAS) was conducted using a subset of 175 accessions to search for correlations between Single Nucleotide Polymorphisms (SNPs) and the size of the mucilage capsule observed by ruthenium red staining [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF]. The strongest association between SNP and phenotype was located in the region of chromosome II near to the MUCI10 gene, previously shown to be involved in the decoration of glucomannan (see section 1. 3.3;Voiniciuc et al., 2015b). The authors suggested that MUCI10 contributes to the natural variation in seed mucilage [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF]. Indeed, the expression of MUCI10 was greatly reduced in natural accessions that phenocopied the muci10 mutant. Moreover, a YFP-MUCI10 fusion protein restored the altered GGM contents of these accessions.

These studies open the way for the use of natural accessions as a resource for the identification of further genetic factors impacting mucilage structure. The availability of large 1. INTRODUCTION public collections of Arabidopsis natural accessions whose genome has been sequenced (http://1001genomes.org/index.html) is an important tool to explore further mucilage components and to identify cell wall-related genes. The production of seed mucilage is known as myxospermy and is not restricted to Arabidopsis, but is observed in a wide range of plant species (Appendix 1). The majority of plant families containing species that produce mucilage are eudicotyledons (79.1%), whereas only 18.2% are monocotyledons (Yang et al., 2012c). Studies of mucilage production in Artemisia and across the Nepetoideae (Lamiaceae) showed that mucilage is predominantly found in plant species growing in dry habitats [START_REF] Ryding | Myxocarpy in the Nepetoideae (Lamiaceae) with notes on mxyodiaspory in general[END_REF][START_REF] Kreitschitz | Mucilage formation in selected taxa of the genus Artemisia L. (Asteraceae, Anthemideae)[END_REF]. Nevertheless, species that produce mucilage are found in plant families that have broad geographical distributions, for example Poaceae and Asteraceae. Moreover, the myxospermic species cecropia originates from neotropical regions. The phylogeny of myxospermic plant families indicates that mucilage production is an advanced polyphyletic trait that has evolved independently on multiple occasions (Yang et al., 2012c;Phan and Burton, 2018).

There is a huge diversity in the structure of mucilage released on imbibition between myxospermic species, as revealed by ruthenium red staining of acidic polysaccharides in the mucilage of 7 plant species (Figure 27A). The main component of mucilage is often pectin and/or xylan, but a few species have cellulose-rich mucilage (Figure 27B) [START_REF] Western | The sticky tale of seed coat mucilages: Production, genetics, and role in seed germination and dispersal[END_REF]Phan and Burton, 2018). These differences in mucilage composition will influence how different components interact and can explain the variability observed in mucilage structures released on imbibition. Yellow mustard (Sinapis alba) contains high amounts of cellulose representing more than 50% of mucilage weight, but also RGI and HG [START_REF] Grant | Seed mucilages as examples of polysaccharide denaturation[END_REF][START_REF] Western | The sticky tale of seed coat mucilages: Production, genetics, and role in seed germination and dispersal[END_REF]. Cellulose has been hypothesized to play a role in providing a scaffold for the adherence of pectic and hemicellulosic components. Some seeds also produce cellulosic hairs projected from epidermal cells that may mediate the adherence of seeds to the soil surface upon imbibition (Phan and Burton, 2018).

The predominant classes of pectin in myxospermic species are RGI and HG; these are the major components of mucilage in most Brassicaceae species such as Arabidopsis. The mucilage of flax seeds (Linum usitatissimum) is structured in two layers like that of Arabidopsis with the difference that it contains hemicellulose rather than cellulose and produces almost equal amounts of xylan and pectin [START_REF] Naran | Novel Rhamnogalacturonan I and Arabinoxylan Polysaccharides of Flax Seed Mucilage[END_REF]. In contrast, the mucilage extruded from Plantago ovata contains small amounts of pectin and is predominantly composed of heteroxylans, leading to its use as a model to investigate xylan biosynthesis [START_REF] Jensen | The DUF579 domain containing proteins IRX15 and IRX15-L affect xylan synthesis in Arabidopsis[END_REF][START_REF] Phan | Differences in glycosyltransferase family 61 accompany variation in seed coat mucilage composition in Plantago spp[END_REF][START_REF] Tucker | Dissecting the Genetic Basis for Seed Coat Mucilage Heteroxylan Biosynthesis in Plantago ovata Using Gamma Irradiation and Infrared Spectroscopy[END_REF]. Some plant species also produce mucilage containing other polysaccharides than pectin, xylan and cellulose.

The major polysaccharide found in basil seeds (Ocimum basilicum) mucilage is, for instance, glucomannan with small amounts of xylan and cellulose [START_REF] Razavi | Optimisation study of gum extraction from Basil seeds (Ocimum basilicum L.)[END_REF]. Chia nutlet (Salvia hispanica) mucilage is composed of xylan and contains a galactosyl-sucrose trisaccharide called planteose [START_REF] Yudianti | Precise structure of acidic polysaccharide present in Salvia hydrogels[END_REF][START_REF] Xing | Isolation and structural elucidation by 2D NMR of planteose, a major oligosaccharide in the mucilage of chia (Salvia hispanica L.) seeds[END_REF]. Finally, garden cress (Lepidium sativum) mucilage contains large amounts of galactomannan, in addition to xylan and pectin [START_REF] Karazhiyan | Rheological properties of Lepidium sativum seed extract as a function of concentration, temperature and time[END_REF][START_REF] Karazhiyan | Physicochemical aspects of hydrocolloid extract from the seeds of Lepidium sativum[END_REF]. The heterogeneity of released mucilage composition and structure may reflect differences in their ecological functions.

Role of mucilage in seed dispersal

Mucilage is not a homogenous hydrogel and can be structured into layers, as described for Arabidopsis as well as flax seed [START_REF] Western | Isolation and characterization of mutants defective in seed coat mucilage secretory cell development in Arabidopsis[END_REF]Willats et al., 2001b;Macquet et al., 2007b;[START_REF] Naran | Novel Rhamnogalacturonan I and Arabinoxylan Polysaccharides of Flax Seed Mucilage[END_REF]North et al., 2014), and these are likely to have different functions. A summary of the possible roles proposed for seed coat mucilage is presented in Figure 28. The tight adhesion of the inner mucilage layer to the seed coat have led to the suggestion of possible roles in controlling seed dispersal via water (hydrochory) or animals (zoochory), or anchorage to soil particles (antitelechory) (Yang et al., 2012c).

Flotation allows the long-distance transport of seeds on water and mucilage release can impact seed flotation in several plant species (Yang et al., 2012c). Seeds from 14 Arabidopsis accessions, including Shahdara, do not release mucilage during imbibition and float on water (Macquet et al., 2007a;[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. These natural variants from Scandinavia and central Asia do not release mucilage or had an extremely reduced layer of adherent mucilage and consequently float. Four of the accessions, including Shahdara, were collected from sites close to a river suggesting that mutations causing natural Arabidopsis variants to float could be a local adaptation to improve seed dispersal [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. Moreover, the removal of mucilage increased the flotation time of Plantago coronopus seeds and Artemisia monosperma achenes [START_REF] Gutterman | Structure and function of the mucilaginous seed coats of plantago coronopus inhabiting the negev desert of Israel[END_REF][START_REF] Huang | Water absorption by mucilaginous achenes of artemisia monosperma: Floating and germination as affected by salt concentrations[END_REF].

Many animals feed on seeds or fruits that have mucilage, thereby providing efficient long-distance dissemination. Bats consume the fruits of Crecropia spp. and the mucilage provides lubrication for seed passage through the digestive tract [START_REF] Lobova | Cecropia as a food resource for bats in French Guiana and the significance of fruit structure in seed dispersal and longevity[END_REF]. When the seeds are released in the faeces, all the mucilage has been removed which prevents them sticking together and ensures more efficient seed dispersal. Moreover, mucilage
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reduced the time for seed transit through the digestive tract and increased seed survival.

Seed mucilage can also enhance epizoochory by increasing the adherence of seeds to animals. Mucilaginous seeds can stick to the feathers of birds and be transported to new habitats before being removed during preening [START_REF] Salisbury | Weeds and aliens[END_REF].

Adaptations that anchor seeds to prevent dispersal (antitelechory) are found widely among desert species, and the mucilage of Plantago coronopus seeds was shown to firmly anchor seeds to the soil around the mother plant where conditions are appropriate for growth [START_REF] Gutterman | Structure and function of the mucilaginous seed coats of plantago coronopus inhabiting the negev desert of Israel[END_REF]. The presence of mucilage can also prevent seed removal from slopes by rainfall erosion and thus contributes to the maintenance of plant species on semi-arid Mediterranean slopes [START_REF] García-Fayos | Seed removal susceptibility through soil erosion shapes vegetation composition[END_REF].

Role of mucilage in seed hydration and germination

Myxospermic species are predominantly found in dry habitats and seed mucilage has long been proposed to promote seed germination by facilitating water uptake by seeds.

Moreover, mucilage will increase a seeds contact surface with the soil and consequently improve water attraction and absorption (Yang et al., 2012c). Nevertheless, nuclear magnetic resonance analysis (NMR) of water mobility during seed imbibition in WT seeds compared to mum2 and myb5 mutants showed that mucilage does not improve water transfer to internal seed tissues [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF], therefore, the hydrophilic properties of mucilage polysaccharides in Arabidopsis may only serve to retain water around the seed.

A role for mucilage in seed hydration during germination was suggested from results obtained using Arabidopsis mucilage mutants [START_REF] Western | The sticky tale of seed coat mucilages: Production, genetics, and role in seed germination and dispersal[END_REF]Yang et al., 2012c). Seeds of ttg1 and myb61 mutants in the Landberg erecta and Col-0 backgrounds, respectively, germinate normally under standard laboratory conditions, but appeared more sensitive to osmotic stress, germinating less well than wild-type Col-0 on increasing concentrations of PEG (Polyethylene Glycol) [START_REF] Penfield | MYB61 Is Required for Mucilage Deposition and Extrusion in the Arabidopsis Seed Coat[END_REF]. Similar results were also reported for the sbt1.7 mutant, defective in mucilage [START_REF] Rautengarten | A subtilisinlike serine protease essential for mucilage release from Arabidopsis seed coats[END_REF]. Moreover, seeds of rhm2/mum4, bxl1 and mum1/luh impaired in mucilage synthesis or release had slower germination under standard conditions (Sitaraman et al., 2008;Arsovski et al., 2009a;Arsovski et al., 2009b).

These results suggest that the amount of mucilage released and its ability to expand on hydration are important for seed hydration and germination even if it does not increase water uptake by internal seed tissues. It must be considered, however, that many of these mutants induce pleiotropic effects on seed coat development such as defects in the accumulation of tannins, that may complicate the establishment of a link between mucilage and germination 1. INTRODUCTION (North et al., 2014). Furthermore, myb61 seed from three independently cultivated series of plants had better, the same or slower germination than wild-type on PEG, indicating that mother-plant growth conditions can have strong effects on this trait [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. Nevertheless, seed mucilage stimulated germination of Artemisia sphaerocephala in high osmotic and saline habitats suggesting a role for mucilage in seed germination in stressful environments (Yang et al., 2010b).

Seedling growth

Seedlings are a vulnerable stage in the plant life cycle and a rapid transition to an established plant is critical. The production of seed mucilage may play a role in regulating seedling development. Mucilage properties also appear to be modified over time, by hydrolases released from the seed itself or from soil microorganisms. In flax seeds, polysaccharide hydrolases are released with mucilage on imbibition and gradually modify its composition and properties [START_REF] Paynel | Polysaccharide hydrolases are released with mucilages after water hydration of flax seeds[END_REF]. In Artemisia sphaerocephala, mucilage was biodegraded to CO 2 and soluble sugars by soil microbial communities. This biodegradation promoted early seedling growth and was accompanied by a larger soil microbial biomass that could supply substances promoting seedling establishment (Yang et al., 2012b). It was unclear, however, whether the growth promoting effect was caused by the direct absorption of degradation products by the seedling, exudates of soil microbe metabolism or both. In contrast, the mucilage of Plantago species were shown to be particularly resistant to enzymatic degradation by microorganisms such as fungi and bacteria indicating its potential role in plant defence against pathogens [START_REF] Van Craeyveld | Extractability and chemical and enzymic degradation of psyllium (Plantago ovata Forsk) seed husk arabinoxylans[END_REF][START_REF] Phan | Differences in glycosyltransferase family 61 accompany variation in seed coat mucilage composition in Plantago spp[END_REF]. The ability of microorganisms to degrade mucilage may, therefore, be highly dependant on its composition. Indeed, the main component of Plantago mucilage is xylan whereas flax seed mucilage contains large amounts of pectin (Phan and Burton, 2018). The composition of Artemisia mucilage is very complex and contains at least eight sugars with a predominance of glucose (Yang et al., 2012b). Moreover, mucilage has been hypothesized to help seedling establishment by mediating the adherence of seeds to the soil and by lubricating the radicle during germination [START_REF] Lobova | Cecropia as a food resource for bats in French Guiana and the significance of fruit structure in seed dispersal and longevity[END_REF].

In situ seed bank maintenance

Seed banks are ecologically important components of population dynamics that affect the structure of ecosystems. In Artemisia sphaerocephala, the role of achene mucilage in seedling emergence in different precipitation regimes and sand burial conditions was investigated (Yang et al., 2012a). The presence of mucilage enhanced seedling emergence
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and reduced mortality when water availability was low. Mucilage also had a beneficial effect on seedling establishment in stressful habitats of the sandy desert that may be due to its high water-retaining capacity under limited water conditions.

Little is known about the role of mucilage in pre-germination processes. The role of mucilage in DNA repair for subsequent germination was investigated in Artemisia sphaerocephala. Intact or demucilaged achenes were γ-irradiated to induce DNA damage and then exposed to wet-dry cycles. Achenes were hydrated by dew deposition during the night and dried by the sun during the day in the Negev desert. Intact achenes stayed hydrated longer and DNA repair appeared higher than for demucilaged achenes. The presence of mucilage also increased the viability of irradiated achenes. Moreover, recovery of DNA integrity was faster in Artemisia sphaerocephala, where achenes release more mucilage than in Artemisia ordosica which produces a thinner layer of mucilage [START_REF] Huang | Possible role of pectin-containing mucilage and dew in repairing embryo DNA of seeds adapted to desert conditions[END_REF][START_REF] Yang | The achene mucilage hydrated in desert dew assists seed cells in maintaining DNA integrity: Adaptive strategy of desert plant Artemisia sphaerocephala[END_REF]. Mucilage could, therefore, slow the rate of achene drying in water limiting conditions to maintain viability and enhance seedling establishment.

The physiological roles of mucilage are diverse which may be explained by the presence of an adherent and a water-soluble layer. The inner layer, strongly adherent to the seed coat is more likely to play a role in seed dispersal, anchorage of seed to soil particles and/or the control of germination. The outer soluble layer may be necessary for mucilage release on imbibition and would be then leached from around the seeds into the soil and degraded by microorganisms to enhance the rhizosphere for seedling growth (Macquet et al., 2007b;Yang et al., 2012c) or to improve soil rheology by acting as a bioadhesive to bind soil particles, which could favour plant establishment [START_REF] Sechet | Emerging Functions for Cell Wall Polysaccharides Accumulated during Eudicot Seed Development[END_REF]. The ecological role of mucilage may also be dependent on seasonal variations in environmental conditions. In the Negev desert, mucilage may contribute to seed dispersal in the winter and to seed germination and seedling growth in the summer [START_REF] Gutterman | Mucilaginous seed coat structure of Carrichtera annua and 5. REFERENCES Anastatica hierochuntica from the Negev Desert highlands of Israel, and its adhesion to the soil crust[END_REF]Yang et al., 2012c). The environmental conditions might therefore exert a selective pressure on the amount or properties of mucilage released. 

B . s i t c h e n s i s B . n a p u s N . t a b a c u m L . u s i t a t i s s i

MOLECULAR MECHANISMS INVOLVED IN SEED LONGEVITY

Seed longevity can be defined as "the total time span during which a seed remains viable" [START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. There is a high variability in longevity between different plant species ranging from a couple to hundreds of years (Figure 29) [START_REF] Walters | Longevity of seeds stored in a genebank: species characteristics[END_REF]). The most striking example of long-lived seeds are sacred lotus (Nelumbo nucifera) and date palm (Phoenix dactylifera) where viable seed stocks have been estimated by radiocarbon dating at about 1300 and 2000 years old, respectively [START_REF] Shen-Miller | Sacred lotus, the long-living fruits of China Antique[END_REF][START_REF] Sallon | Germination, genetics, and growth of an ancient date seed[END_REF].

Furthermore, seed longevity can vary within plant species as demonstrated for Arabidopsis [START_REF] Bentsink | Genetic Analysis of Seed-Soluble Oligosaccharides in Relation to Seed Storability of Arabidopsis[END_REF]. Seed longevity is an important trait for ecology, agriculture and the economy as it impacts ex situ seed conservation, commercialisation of seed stocks as well as species survival in situ. A reduction in seed longevity is often linked to the oxidation of macromolecules targeted by reactive oxygen species (ROS) and seeds have developed different strategies to overcome this issue. To study the mechanisms of viability loss during ageing, a controlled deterioration treatment (CDT) is widely used that mimics the molecular events occurring during natural ageing (Rajjou et al., 2008).

Mechanisms protecting dry seed tissues

Seed development consists of two main phases, embryogenesis and maturation [START_REF] Bewley | Seeds, physiology of development, germination and dormancy[END_REF]. During embryogenesis, the body axes of the embryo are established and major plant organs are outlined. During early maturation, the seed acquires desiccation tolerance and accumulates storage compounds, including proteins, oils and carbohydrates [START_REF] Vertucci | Acquisition and loss of desiccation tolerance[END_REF]. During late maturation, seeds dry out and longevity increases gradually while major molecular and metabolic changes occur [START_REF] Angelovici | Seed desiccation: a bridge between maturation and germination[END_REF][START_REF] Chatelain | Temporal profiling of the heat-stable proteome during late maturation of Medicago truncatula seeds identifies a restricted subset of late embryogenesis abundant proteins associated with longevity[END_REF][START_REF] Verdier | A Regulatory Network-Based Approach Dissects Late Maturation Processes Related to the Acquisition of Desiccation Tolerance and Longevity of Medicago truncatula Seeds[END_REF]. Arabidopsis, like most crop species, produces desiccation tolerant seeds that can be stored for a long time and are termed "orthodox", whereas a significant number of wild species cannot survive desiccation and are termed "recalcitrant". The protective mechanisms involved in seed longevity are summarized in Figure 30. During desiccation, the cytoplasm of orthodox seeds increases in viscosity and non-reducing sugars are accumulated, transforming the latter into a glassy state. The mobility of cell components is reduced and has been correlated to seed longevity (Buitink et al., 2000b;[START_REF] Buitink | Intracellular glasses and seed survival in the dry state[END_REF]. Water is replaced by sucrose and raffinose family oligosaccharides (RFOs) that maintain membrane integrity by stabilising phospholipid bilayers, as well as the structure and function of labile proteins during desiccation [START_REF] Crowe | Stabilization of dry phospholipid bilayers and proteins by sugars[END_REF][START_REF] Nishizawa | Galactinol and Raffinose Constitute a Novel Function to Protect Plants from Oxidative Damage[END_REF]. RFOs are also important for ROS scavenging and the glassy cytoplasm is stabilized by the action of late embryogenesis abundant (LEA) proteins
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that are abundant hydrophobic proteins [START_REF] Nishizawa | Galactinol and Raffinose Constitute a Novel Function to Protect Plants from Oxidative Damage[END_REF][START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. A dehydrin LEA protein, named RAB18, was identified in a proteomic analysis and its accumulation progressively decreases during CDT, suggesting its potential involvement in the maintenance of seed viability during ageing (Rajjou et al., 2008). Furthermore, the reduction of gene expression for three dehydrins through RNA interference (RNAi) silencing also induced a reduction in seed longevity (Hundertmark et al., 2011). In addition to LEAs, the presence of heat-shock (HSPs) and seed storage proteins (SSPs) is associated with desiccation tolerance. For example, mutants in 12S globulin genes exhibited strongly altered longevity, suggesting a role for these SSPs in prolonging seed life expectancy [START_REF] Nguyen | A role for seed storage proteins in Arabidopsis seed longevity[END_REF]. Furthermore, transgenic Arabidopsis seeds that over-accumulate HSPs had improved resistance to CDT [START_REF] Prieto-Dapena | Improved Resistance to Controlled Deterioration in Transgenic Seeds[END_REF].

The oxidation of macromolecules during dry storage induces a progressive alteration of proteins, nucleic acids, sugars and lipids [START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. Seeds have developed passive non-enzymatic ROS scavenging systems and active enzymatic ROS detoxification [START_REF] Bailly | Active oxygen species and antioxidants in seed biology[END_REF]. Antioxidant enzymes involved in the detoxification mechanism that controls free radical-induced cellular damage include superoxide dismutases, catalases, glutathione and ascorbate peroxidases, monodehydroascorbate, dehydroascorbate and glutathione reductases [START_REF] Bailly | Active oxygen species and antioxidants in seed biology[END_REF]. Reduced glutathione (GSH) is very abundant and can donate electrons to detoxify free radicals, forming oxidized glutathione disulphide (GSSG) [START_REF] Seal | Glutathione half-cell reduction potential and α-tocopherol as viability markers during the prolonged storage of Suaeda maritima seeds[END_REF]. The redox state of glutathione is a robust marker of seed deterioration in barley (Hordeum vulgare) [START_REF] Nagel | Genome-wide association mapping and biochemical markers reveal that seed ageing and longevity are intricately affected by genetic background and developmental and environmental conditions in barley[END_REF]. Tocopherols (vitamin E) are very abundant antioxidants that prevent non-enzymatic lipid oxidation. Arabidopsis vte1 and vte2 mutants, involved in tocopherol biosynthesis, have decreased longevity after both long-term storage and CDT [START_REF] Sattler | Vitamin E Is Essential for Seed Longevity and for Preventing Lipid Peroxidation during Germination[END_REF]. Furthermore, tocopherols and lipocalins were demonstrated to act synergistically to prevent seed ageing as a double mutant affected in chloroplastic lipocalin and VTE1 showed higher lipid peroxidation compared with single mutants [START_REF] Boca | Arabidopsis lipocalins AtCHL and AtTIL have distinct but overlapping functions essential for lipid protection and seed longevity[END_REF].

These mechanisms to protect against oxidative damage of seed tissues are not sufficient to prevent all oxidation and damaged macromolecules gradually accumulate during long-term storage. Seeds have, however, developed the ability to repair damaged molecules when tissues are hydrated and germination initiated [START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. 

INTRODUCTION 1.7.2. Repair of oxidative damage during imbibition

Seed ageing has been associated with the accumulation of DNA lesions, such as DNA strand breaks, during desiccation and storage [START_REF] Cheah | DNA lesions occur with loss of viability in embryos of ageing rye seed[END_REF]. The accumulation of ROS can lead to the hydroxylation of guanine residues at the C-8 position to produce highly mutagenic 7,8-dihydro-8-oxoguanine (8-oxoG) [START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. The base excision repair (BER) system is involved in the removal of 8-oxoG. A DNA glycosylase recognizes the damaged base, cleaves the N-glycosyl-bound DNA to generate abasic or apurinic/apyrimidinic site (AP) sites corresponding to a DNA location that has neither a purine (A, G) or pyrimidine (C, T) base. An AP endonuclease cleaves the DNA backbone near the AP site and a polymerase adds the correct base before a DNA ligase completes the BER. In Arabidopsis, the overexpression of OGG1, encoding a DNA glycolase/AP lyase, led to a decrease in 8-oxoG contents and improved seed resistance to CDT indicating that BER plays an important role in longevity [START_REF] Chen | Overexpression of AtOGG1, a DNA glycosylase/AP lyase, enhances seed longevity and abiotic stress tolerance in Arabidopsis[END_REF]. Moreover, DNA ligases are involved in the repair of double strand breaks (DSBs) that are one of the most harmful types of DNA damage induced by ROS (Figure 31). In Arabidopsis, mutants in the DNA ligases IV (LIG4)

and VI (LIG6) exhibit a reduced resistance to CDT [START_REF] Waterworth | The importance of safeguarding genome integrity in germination and seed longevity[END_REF]. Furthermore, a quantitative trait locus (QTL) for seed longevity was identified in the genomic region of LIG4 [START_REF] Nguyen | Natural Variation for Seed Longevity and Seed Dormancy Are Negatively Correlated in Arabidopsis[END_REF].

Mature dry seeds of Arabidopsis and rice are able to germinate in the presence of transcription inhibitors, but not translation inhibitors [START_REF] Rajjou | The effect of alphaamanitin on the Arabidopsis seed proteome highlights the distinct roles of stored and neosynthesized mRNAs during germination[END_REF][START_REF] Sano | Proteomic analysis of embryonic proteins synthesized from long-lived mRNAs during germination of rice seeds[END_REF].

de novo protein synthesis from pre-existing mRNA is, therefore, necessary for subsequent seed germination. In pea (Pisum sativum) seeds, loss of germination ability was associated with reduced RNA contents and integrity [START_REF] Kranner | Inter-nucleosomal DNA fragmentation and loss of RNA integrity during seed ageing[END_REF]. RNA is particularly sensitive to oxidation and the loss of translational activity in imbibed seeds is correlated with reduced longevity (Rajjou et al., 2008). Nevertheless, the molecular mechanisms involved in the repair of oxidized RNA remain to be elucidated (Figure 31).

Proteins also become damaged by oxidation and protein carbonylation is a hallmark of damage from oxidative stress [START_REF] Fedorova | Protein carbonylation as a major hallmark of oxidative damage: Update of analytical strategies[END_REF]. ROS causes the oxidation of methionine to methionine sulfoxide, which can be reversed by reduction through the action of methionine sulfoxide reductases (MSRs). In Medicago truncatula and Arabidopsis, the activity of MSRs have been positively correlated to seed longevity [START_REF] Châtelain | Evidence for participation of the methionine sulfoxide reductase repair system in plant seed longevity[END_REF].

Moreover, the conversion of aspartyl or asparaginyl residues to abnormal isoaspartyl (isoAsp) residues by oxidative stress causes the loss of protein function [START_REF] Lowenson | Recognition of D-aspartyl residues in polypeptides by the erythrocyte L-isoaspartyl/D-aspartyl protein methyltransferase. Implications for the repair hypothesis[END_REF]. Both natural and accelerated ageing induced by CDT result in increased 1. INTRODUCTION levels of isoAsp residues and the reduced germination capacity of barley seeds [START_REF] Mudgett | Protein repair L-isoaspartyl methyltransferase in plants. Phylogenetic distribution and the accumulation of substrate proteins in aged barley seeds[END_REF]. L-isoaspartyl O-methyltransferases (PIMTs) can repair abnormal isoAsp residues and the long-lived seeds of sacred lotus produce very high amounts of this enzyme during germination (Figure 31) [START_REF] Shen-Miller | Sacred lotus, the long-living fruits of China Antique[END_REF]. The overexpression of PIMT1 in Arabidopsis reduced isoAsp accumulation and increased seed longevity, whereas its reduction led to high levels of isoAsp and low resistance to CDT [START_REF] Oge | Protein Repair L-Isoaspartyl Methyltransferase1 Is Involved in Both Seed Longevity and Germination Vigor in Arabidopsis[END_REF].

The contribution of phytohormones to seed ageing

When shed from the mother plant, seeds that do not germinate immediately enter the soil seed bank where they remain in an imbibed dormant state called dormancy for variable periods. Seed dormancy is a complex adaptive trait that contributes to seed survival and this property is controlled by environmental factors such as light, temperature and the length of seed dry storage, as well as by genetic factors. Physiological dormancy can be released by dry-storage (after-ripening) or by stratification, which in Arabidopsis corresponds to imbibition at 4°C in the dark. The phytohormone abscisic acid (ABA) is involved in the control of seed longevity and dormancy [START_REF] Ooms | Acquisition of Desiccation Tolerance and Longevity in Seeds of Arabidopsis thaliana (A Comparative Study Using Abscisic Acid-Insensitive abi3 Mutants)[END_REF][START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. In Arabidopsis, aba-insensitive3 (abi3) mutants, are not only insensitive to ABA, but exhibit reduced dormancy, desiccation intolerance and drastically reduced longevity after both long-term dry storage and CDT [START_REF] Clerkx | Analysis of natural allelic variation of Arabidopsis seed germination and seed longevity traits between the accessions Landsberg erecta and Shakdara, using a new recombinant inbred line population[END_REF][START_REF] Mao | Arabidopsis seed-specific vacuolar aquaporins are involved in maintaining seed longevity under the control of ABSCISIC ACID INSENSITIVE 3[END_REF]. Moreover, in the double mutant aba1-1 abi3-1, where moderate ABA insensitivity is combined with ABA deficiency, dormancy and longevity are strongly reduced [START_REF] Ooms | Acquisition of Desiccation Tolerance and Longevity in Seeds of Arabidopsis thaliana (A Comparative Study Using Abscisic Acid-Insensitive abi3 Mutants)[END_REF]. A QTL analysis undertaken to explore the relationships between seed dormancy and longevity highlighted a correlation between high dormancy and low storability and vice versa [START_REF] Nguyen | Natural Variation for Seed Longevity and Seed Dormancy Are Negatively Correlated in Arabidopsis[END_REF]. A similar correlation was observed following CDT of ABA-deficient and ABA accumulating mutants [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF].

It was hypothesized that dormancy and longevity are alternative mechanisms to extend seed life expectancy and have been selected accordingly to their respective contribution to plant fitness in a particular environment. ABA and gibberellins (GA) are known to control seed germination antagonistically, however, no reduction in seed longevity was observed in GAinsensitive (gai) or GA-deficient (ga1-3) mutants [START_REF] Clerkx | Analysis of natural allelic variation of Arabidopsis seed germination and seed longevity traits between the accessions Landsberg erecta and Shakdara, using a new recombinant inbred line population[END_REF]. On the contrary, exogenous GA treatments, or constitutive GA responses in the quintuple DELLA mutant,

were associated with increased resistance to CDT and a positive role of GA in longevity [START_REF] Bueso | ARABIDOPSIS THALIANA HOMEOBOX25 Uncovers a Role for Gibberellins in Seed Longevity[END_REF].

The seed-specific heat shock factor HSFA9 is expressed during late seed maturation, at the time when seed dormancy and desiccation tolerance are induced, and its expression is specifically controlled by ABI3 [START_REF] Kotak | A Novel Transcriptional Cascade Regulating Expression of Heat Stress Proteins during Seed Development of Arabidopsis[END_REF]. The constitutive expression of sunflower expression was shown to be repressed by the auxin/IAA (Aux/IAA) protein IAA27, and that it was proposed that auxin could act a positive regulator of seed longevity by alleviating this repression [START_REF] Carranco | Repression by an auxin/indole acetic acid protein connects auxin signaling with heat shock factor-mediated seed longevity[END_REF].

The phytohormone salicylic acid (SA) was demonstrated to improve seed vigour under salt stress conditions [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF][START_REF] Lee | Salicylic acid promotes seed germination under high salinity by modulating antioxidant activity in Arabidopsis[END_REF]. Arabidopsis seeds imbibed in exogenous SA accumulate superoxide dismutases and mobilize seed storage proteins faster during germination [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF]. SA was demonstrated to increase the antioxidant capacity and to stimulate peroxidase and catalase activities in seeds [START_REF] Lee | Salicylic acid promotes seed germination under high salinity by modulating antioxidant activity in Arabidopsis[END_REF].

Transgenic Arabidopsis plants expressing the bacterial NahG gene, encoding a bacterial SA hydroxylase, have low endogenous SA levels, are more sensitive to salt stress during germination, accumulate less storage proteins, but surprisingly show higher levels of tocopherols (vitamin E) and β-carotene (pro-vitamin A) than WT seeds (Rajjou et al., 2008;[START_REF] Abreu | Salicylic acid deficiency in NahG transgenic lines and sid2 mutants increases seed yield in the annual plant arabidopsis thaliana[END_REF]. While ABA levels decrease in leaves of SA deficient mutants NahG and sid2, the levels of this hormone were not altered by SA deficiency in mature seeds [START_REF] Abreu | Salicylic acid deficiency in NahG transgenic lines and sid2 mutants increases seed yield in the annual plant arabidopsis thaliana[END_REF]. Nevertheless, SA increased the de novo synthesis of proteins that are induced by ABA, such as LEA, HSPs and dehydrins, suggesting that SA may influence the endogenous concentration of ABA to some extent in seeds [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF]. While there is no evidence to date that SA modulates seed longevity, these results demonstrate that it can increase antioxidant capacity in Arabidopsis seeds either directly through enzymatic ROS scavenging or indirectly by ABA-induced nonenzymatic antioxidants, which would have a positive effect on longevity (Figure 32). Finally, the involvement of ethylene and jasmonic acid (JA) in seed longevity appears unlikely, as both ethylene-resistant and JA-resistant mutants etr1 and jar1-1 do not show any change to viability compared to WT after storage for 4 years [START_REF] Clerkx | Analysis of natural allelic variation of Arabidopsis seed germination and seed longevity traits between the accessions Landsberg erecta and Shakdara, using a new recombinant inbred line population[END_REF].

The role of the seed coat in longevity

The seed coat is a maternal tissue that differentiates from the ovule integuments and surrounds the embryo and nutritive tissues (Section 1.1.4). The innermost layer, or endothelium, accumulates colourless flavonoids, PA, during early development that become oxidized into brown pigments by the laccase-type polyphenol oxidase TRANSPARENT TESTA (TT) 10 during desiccation [START_REF] Pourcel | TRANSPARENT TESTA10 Encodes a Laccase-Like Enzyme Involved in Oxidative Polymerization of Flavonoids in Arabidopsis Seed Coat[END_REF][START_REF] Rajjou | Seed longevity: Survival and maintenance of high germination ability of dry seeds[END_REF]. There are several lines of evidence demonstrating the impact of polyphenols on seed longevity. tt mutants, including tt10, are characterized by a modified seed coat flavonoid composition and
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exhibit reduced longevity after both long-term storage and CDT [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF][START_REF] Clerkx | Analysis of natural allelic variation of Arabidopsis seed germination and seed longevity traits between the accessions Landsberg erecta and Shakdara, using a new recombinant inbred line population[END_REF]. Furthermore, yellow-seeded flax (Linum usitatissimum) and rapeseed (Brassica napus) are more sensitive to CDT than dark seeds [START_REF] Diederichsen | Accelerated aging tests with seeds of 11 flax (Linum usitatissimum) cultivars[END_REF][START_REF] Zhang | Physiological differences between yellow-seeded and black-seeded rapeseed (Brassica napus L.) with different testa characteristics during artificial ageing[END_REF] and flavonols accumulated in the seed coat of Brassica rapa protect the embryo from DNA damage by UV-B irradiation [START_REF] Harrington | Seed and pollen storage for conservation of plant gene resources[END_REF][START_REF] Griffen | UV-B affects within-seed biomass allocation and chemical provisioning[END_REF]. Furthermore, they may scavenge ROS and limit oxidative stress. The oxidation of flavonoids in the seed coat during desiccation leads to seed coat browning and increases impermeability to water [START_REF] Debeaujon | Seed Coat Development and Dormancy[END_REF][START_REF] Pourcel | Flavonoid oxidation in plants: from biochemical properties to physiological functions[END_REF][START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF].

Interestingly, ttg1 and gl2 mutants, affected in seed coat differentiation have reduced seed longevity in comparison to wild type seed lots after storage for 4 years at room temperature [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF]. Though the former are yellow-seeded, the latter are not, while both are defective for mucilage production, suggesting that it is the absence of mucilage that reduces seed longevity. The mechanical resistance of the seed coat is also important for seed longevity, as seeds with hard-coats often have long lifespans, whereas the removal of the seed coat or scarification reduces longevity [START_REF] Mohamed-Yasseen | The role of seed coats in seed viability[END_REF].

Furthermore, seeds of aberrant testa shape (ats), Arabidopsis mutants that lack two integument layers, are less resistant to natural and accelerated ageing [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF][START_REF] Clerkx | Analysis of natural allelic variation of Arabidopsis seed germination and seed longevity traits between the accessions Landsberg erecta and Shakdara, using a new recombinant inbred line population[END_REF].

Artemisia achene mucilage was demonstrated to trap water and act as a reserve that would slow down the rate of drying and potentially enable seed viability to be maintained [START_REF] Huang | Possible role of pectin-containing mucilage and dew in repairing embryo DNA of seeds adapted to desert conditions[END_REF][START_REF] Yang | The achene mucilage hydrated in desert dew assists seed cells in maintaining DNA integrity: Adaptive strategy of desert plant Artemisia sphaerocephala[END_REF]). Nevertheless, this potential role of mucilage in the maintenance of seed longevity remains to be clearly established. As mentioned above, mutants affected in seed coat differentiation indicate that mucilage could impact seed longevity. Tetrazolium staining of the gl2 mutant that lacks mucilage, indicated that the latter does not affect seed coat permeability, a trait linked to seed longevity [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF]. Other evidence for a link between mucilage production and longevity come from mutants in GA synthesis and signalling which exhibit defects in seed coat epidermal cell development and release reduced mucilage halos on imbibition [START_REF] Kim | Contribution of gibberellins to the formation of Arabidopsis seed coat through starch degradation[END_REF][START_REF] Iuchi | Multiple loss-of-function of Arabidopsis gibberellin receptor AtGID1s completely shuts down a gibberellin signal[END_REF]. The size of the mucilage halo was correlated with gibberellin contents and longevity, indicating that the positive regulation of longevity by this hormone is associated with changes in seed coat structure [START_REF] Bueso | ARABIDOPSIS THALIANA HOMEOBOX25 Uncovers a Role for Gibberellins in Seed Longevity[END_REF]. Moreover, the mutant aba1, deficient in ABA biosynthesis, was reported to have reduced mucilage production [START_REF] Karssen | Induction of dormancy during seed development by endogenous abscisic acid: studies on abscisic acid deficient genotypes of Arabidopsis thaliana (L.) Heynh[END_REF].

Taken together, while these results highlight roles for GA and ABA in seed coat development, the link between mucilage and longevity remains to be established.
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The loss of seed viability during dry storage is often associated with the harmful effects of ROS. Plants have evolved protective and repair mechanisms to prevent oxidation of macromolecules and to remove any damage they accumulate. If damage is kept below a critical level, the detoxification potential of seeds can be restored by priming treatments, based on the controlled hydration of seeds [START_REF] Lutts | Seed Priming : New Comprehensive Approaches for an Old Empirical Technique[END_REF]. The effect of different priming treatments on seed longevity is discussed in the following section. Seed hydration during germination involved three different steps: initially seed hydration is rapid through the passive imbibition of dry tissues (Phase I); hydration is then stationary while metabolic activity and repair processes are activated at the cellular level (Phase II); and the initiation of growth processes associated with renewed water uptake and cell elongation, which lead to radicle protrusion (Phase III). Different priming treatments and corresponding priming agents are represented in boxes. Adapted from [START_REF] Lutts | Seed Priming : New Comprehensive Approaches for an Old Empirical Technique[END_REF].
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Isabelle Fabrissin 1 , Naoto Sano 1,2 , Mitsunori Seo Seed priming is a technique widely used by seed companies to improve seed performance including vigour, uniformity, biotic or abiotic stress tolerance and viability after long-term seed storage. Germination of orthodox seeds commonly involves three distinct phases (Figure 33). The first phase entails rapid water uptake followed by an activation phase, where hydration levels are stationary and metabolic activities and repair processes are reactivated at the cellular level and a final phase where growing processes are initiated, associated with cell elongation and renewed water uptake which leads to radicle protrusion [START_REF] Lutts | Seed Priming : New Comprehensive Approaches for an Old Empirical Technique[END_REF]. Priming techniques use water-based seed imbibition under controlled conditions to trigger the metabolic processes that are normally activated during the second phase. Seeds are then dried back to their initial water content before the transition to cell elongation occurs and desiccation tolerance is lost so that they can be stored; when germination is subsequently re-initiated it is more rapid [START_REF] Varier | The subcellular basis of seed priming[END_REF][START_REF] Dekkers | Acquisition and loss of desiccation tolerance in seeds: from experimental model to biological relevance[END_REF][START_REF] Paparella | Seed priming: state of the art and new perspectives[END_REF]. Different priming treatments have been developed with advantages and disadvantages (Figure 33), and no universal technique has been developed that is equally effective or beneficial for all crops [START_REF] Ashraf | Pre-Sowing Seed Treatment-A Shotgun Approach to Improve Germination, Plant Growth, and Crop Yield Under Saline and Non-Saline Conditions[END_REF].

Overview of different priming techniques

Hydropriming is the simplest and most traditional type of priming, with seeds soaked in water under optimal temperature conditions (usually in a range from 5 to 20°C) for a set time period and then dried before sowing [START_REF] Paparella | Seed priming: state of the art and new perspectives[END_REF]. Hydropriming can be performed at low temperature, which has been referred to as thermopriming [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. This treatment is an environmentally safe technique as it does not use chemicals, however, noncontrolled water uptake sometimes causes uneven seed hydration, which results in nonuniform germination [START_REF] Pill | The effects of seed treatments on germination and establishment of Kentucky bluegrass (Poa pratensis L.)[END_REF]. Osmopriming (osmoconditioning or halopriming) [START_REF] Coolbear | Effects of temperature of presowing hydration treatment and subsequent drying rates on the germination performance of celery seed[END_REF][START_REF] Biddington | The prevention of dehydration injury in celery seeds by polyethylene glycol, abscisic acid, dark and high temperature[END_REF][START_REF] Dearman | Effects of osmotic priming and ageing on the germination and emergence of carrot and leek seed[END_REF][START_REF] Dearman | Effects of osmotic priming and ageing on the germination and emergence of carrot and leek seed[END_REF][START_REF] Dearman | Effects of osmotic priming and ageing on onion seed germination[END_REF][START_REF] Tarquis | Prehydration and priming treatments that advance germination also increase the rate of deterioration of lettuce seeds[END_REF][START_REF] Soeda | Gene expression programs during Brassica oleracea seed maturation, osmopriming, and germination are indicators of progression of the germination process and the stress tolerance level[END_REF][START_REF] Groot | Gene expression during loss and regaining of stress tolerance at seed priming and drying[END_REF][START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]Gurusinghe et al., Buitink et al., 2000[START_REF] Bruggink | Induction of longevity in primed seeds[END_REF]Schwember et al., Hill et al., 2007[START_REF] Schwember | Drying rates following priming affect temperature sensitivity of germination and longevity of lettuce seeds[END_REF] Gurusinghe et al., [START_REF] Kim | Germination of Primed[END_REF][START_REF] Butler | Priming and re-drying improve the survival of mature seeds of Digitalis purpurea during storage[END_REF][START_REF] Hay | Seed maturity and the effects of different drying conditions on desiccation tolerance and seed longevity in foxglove (digitalis purpurea l.)[END_REF]Georghiou et al., 1997 Apiaceae Celery
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is a widespread priming procedure that involves treatments with osmotic solutions, such as PEG or inorganic salts of sodium, potassium and magnesium (most commonly NaCl, NaNO 3 , MnSO 4 , MgCl 2 , K 3 PO 4 and KNO 3 ), at low water potential to facilitate controlled water uptake [START_REF] Farooq | Rice Seed Invigoration: A Review[END_REF][START_REF] Paparella | Seed priming: state of the art and new perspectives[END_REF]. Osmopriming treatments have been demonstrated to improve the germination of seeds from numerous vegetable species, especially under suboptimal conditions [START_REF] Heydecker | Invigoration of seeds[END_REF][START_REF] Brocklehurst | Effects of osmotic priming on seed germination and seedling growth in leek[END_REF][START_REF] Bradford | Manipulation of seed water relations via osmotic priming to improve germination under stress conditions[END_REF], nevertheless, this treatment needs large volumes of osmotic solution and expensive systems for the control of aeration and temperature. Solid matrix priming (matriconditioning) simulates the natural imbibition processes taking place in the soil [START_REF] Mcdonald | Seed Priming[END_REF]. This treatment involves the incubation of seeds in the presence of a solid, insoluble matrix with a limited amount of water, leading to controlled water uptake in a similar way to osmopriming, but at reduced costs [START_REF] Paparella | Seed priming: state of the art and new perspectives[END_REF]. Other priming treatments such as hormopriming (priming with plant growth regulators), biopriming (priming with bacterial strains), chemical priming (priming with natural and synthetic compounds) and nutripriming (priming with solutions containing a limiting nutrient) have been developed [START_REF] Lutts | Seed Priming : New Comprehensive Approaches for an Old Empirical Technique[END_REF].

The effect of priming treatments on seed longevity

Although the molecular aspects of pre-germinative metabolism induced by seed priming have been the subject of numerous studies [START_REF] Varier | The subcellular basis of seed priming[END_REF][START_REF] Wojtyla | Molecular processes induced in primed seeds-increasing the potential to stabilize crop yields under drought conditions[END_REF][START_REF] Macovei | Systems biology and genome-wide approaches to unveil the molecular players involved in the pre-germinative metabolism: implications on seed technology traits[END_REF], the relationships between priming and longevity remain largely misunderstood.

The effects of different priming treatments on seed longevity are summarized in Table 3.

Priming had a positive effect on the resistance of seeds to CDT for onion [START_REF] Dearman | Effects of osmotic priming and ageing on onion seed germination[END_REF], foxglove [START_REF] Hay | Seed maturity and the effects of different drying conditions on desiccation tolerance and seed longevity in foxglove (digitalis purpurea l.)[END_REF] and cursed buttercup [START_REF] Probert | The effects of priming on seed longevity in Ranunculus sceleratus L[END_REF][START_REF] Wechsberg | MUCILAGE-MODIFIED4 Encodes a Putative Pectin Biosynthetic Enzyme Developmentally Regulated by APETALA2, TRANSPARENT TESTA GLABRA1, and GLABRA2 in the Arabidopsis Seed Coat[END_REF] or on seed viability after long-term storage of sweet pepper [START_REF] Georghiou | Osmoconditioning as a Means of Counteracting the Ageing of Pepper Seeds during High-temperature Storage[END_REF] and foxglove [START_REF] Butler | Priming and re-drying improve the survival of mature seeds of Digitalis purpurea during storage[END_REF]. Nevertheless, priming has more often been reported to have a detrimental effect on seed longevity and for a wide range of plant species such as carrot and leek [START_REF] Dearman | Effects of osmotic priming and ageing on the germination and emergence of carrot and leek seed[END_REF], lettuce [START_REF] Tarquis | Prehydration and priming treatments that advance germination also increase the rate of deterioration of lettuce seeds[END_REF][START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF][START_REF] Schwember | Drying rates following priming affect temperature sensitivity of germination and longevity of lettuce seeds[END_REF]Hill et al., 2007;[START_REF] Schwember | Quantitative trait loci associated with longevity of lettuce seeds under conventional and controlled deterioration storage conditions[END_REF], impatiens [START_REF] Bruggink | Induction of longevity in primed seeds[END_REF]Buitink et al., 2000a;[START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF], Arabidopsis [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF], cabbage [START_REF] Groot | Gene expression during loss and regaining of stress tolerance at seed priming and drying[END_REF][START_REF] Soeda | Gene expression programs during Brassica oleracea seed maturation, osmopriming, and germination are indicators of progression of the germination process and the stress tolerance level[END_REF], tomato [START_REF] Argerich | The effects of priming and ageing on seed vigour in tomato[END_REF][START_REF] Lanteri | The effects of priming on nuclear replication activity and germination of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) seeds[END_REF]Buitink et al., 2000a;[START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF][START_REF] Gurusinghe | Enhanced Expression of BiP Is Associated with Treatments that Extend Storage Longevity of Primed Tomato Seeds[END_REF], sweet pepper [START_REF] Lanteri | The effects of priming on nuclear replication activity and germination of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) seeds[END_REF][START_REF] Saracco | Influence of priming-induced nuclear replication activity on storability of pepper ( Capsicum annuum L.) seed[END_REF][START_REF] Bruggink | Induction of longevity in primed seeds[END_REF]Buitink et al., 2000a), rice [START_REF] Hussain | Benefits of rice seed priming are offset permanently by prolonged storage and the storage conditions[END_REF], sweet corn [START_REF] Chiu | Effect of priming temperature on storability of primed sh-2 sweet corn seed[END_REF], mung bean [START_REF] Sun | Correlation of modified water sorption properties with the decline of storage stability of osmotically-primed seeds of Vigna radiata (L.) Wilczek[END_REF] and pansy [START_REF] Bruggink | Induction of longevity in primed seeds[END_REF]. In celery seeds, while pre-imbibition had a strong beneficial
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outcome on germination vigour, which was lost after subsequent drying [START_REF] Biddington | The prevention of dehydration injury in celery seeds by polyethylene glycol, abscisic acid, dark and high temperature[END_REF][START_REF] Coolbear | Effects of temperature of presowing hydration treatment and subsequent drying rates on the germination performance of celery seed[END_REF]. Osmopriming and to a lesser extent, hydropriming, are the most widely used priming methods (Table 3), however, no clear link can be established between the priming methodology used in these studies and the effect on longevity, and even with the same plant species contradictory effects have been reported [START_REF] Probert | The effects of priming on seed longevity in Ranunculus sceleratus L[END_REF][START_REF] Tarquis | Prehydration and priming treatments that advance germination also increase the rate of deterioration of lettuce seeds[END_REF][START_REF] Bruggink | Induction of longevity in primed seeds[END_REF][START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF][START_REF] Gurusinghe | Enhanced Expression of BiP Is Associated with Treatments that Extend Storage Longevity of Primed Tomato Seeds[END_REF][START_REF] Hussain | Benefits of rice seed priming are offset permanently by prolonged storage and the storage conditions[END_REF]. Nevertheless, a proteomic analysis in Arabidopsis seeds revealed that hydropriming specifically enhanced catalase activity, whereas osmopriming triggered the accumulation of low molecular weight HSPs, suggesting that these treatments induce different molecular mechanisms [START_REF] Gallardo | Proteomic analysis of Arabidopsis seed germination and priming[END_REF].

The effect of priming on lifespan has also been shown to be species dependent with increased seed longevity observed for cursed buttercup while no modification was observed for the related species meadow buttercup suggesting the impact of ecological factors [START_REF] Probert | The effects of priming on seed longevity in Ranunculus sceleratus L[END_REF]. Similarly, among the amaryllidaceae, osmopriming had a positive effect on onion longevity [START_REF] Dearman | Effects of osmotic priming and ageing on onion seed germination[END_REF] while leek seed lifespan was reduced by this treatment [START_REF] Dearman | Effects of osmotic priming and ageing on the germination and emergence of carrot and leek seed[END_REF]. In addition, contradictory effects of osmopriming on longevity have been reported for sweet pepper [START_REF] Georghiou | Osmoconditioning as a Means of Counteracting the Ageing of Pepper Seeds during High-temperature Storage[END_REF][START_REF] Lanteri | The effects of priming on nuclear replication activity and germination of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) seeds[END_REF][START_REF] Saracco | Influence of priming-induced nuclear replication activity on storability of pepper ( Capsicum annuum L.) seed[END_REF][START_REF] Bruggink | Induction of longevity in primed seeds[END_REF]Buitink et al., 2000a). Furthermore, the natural variability observed for seed longevity between Arabidopsis natural accessions has demonstrated that seed longevity after priming can even varies within a plant species and is a complex trait, controlled by several genetic factors [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF].

The impact of post-priming treatments and storage conditions on seed longevity

The desiccation of seed post-maturation during seed development requires the progressive acquisition of desiccation tolerance which is closely associated with seed longevity [START_REF] Hay | Seed maturity and the effects of different drying conditions on desiccation tolerance and seed longevity in foxglove (digitalis purpurea l.)[END_REF]. The mechanisms that play a role in desiccation tolerance, therefore, may be equally important for seed lifespan on dry storage. Several treatments that induce desiccation tolerance in seeds have been described, these vary with plant species, and use heat, dark or incubation in osmoticum [START_REF] Bruggink | Induction of desiccation tolerance in germinated seeds[END_REF]. Postpriming treatments similar to these have been used to induce desiccation tolerance with the aim of obtaining seeds with improved germination vigour and prolonged lifespan.

The rapid dehydration treatment commonly used at the end of priming has been hypothesized to be the cause of reduced longevity. Slower seed drying was tested as a post
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priming treatment to increase longevity of primed seeds. In tomato seeds, reducing drying speed after priming had no effect on longevity [START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF][START_REF] Gurusinghe | Enhanced Expression of BiP Is Associated with Treatments that Extend Storage Longevity of Primed Tomato Seeds[END_REF]. Furthermore, the result of slow drying depended on the seed cultivar used in lettuce, with either no or negative effects observed on longevity [START_REF] Tarquis | Prehydration and priming treatments that advance germination also increase the rate of deterioration of lettuce seeds[END_REF][START_REF] Schwember | Drying rates following priming affect temperature sensitivity of germination and longevity of lettuce seeds[END_REF]. A beneficial effect was observed for celery seeds, for which the loss of viability caused by priming was counteracted by slowing the rate of drying [START_REF] Biddington | Thermodormancy and the prevention of desiccation injury in celery seeds[END_REF][START_REF] Coolbear | Effects of temperature of presowing hydration treatment and subsequent drying rates on the germination performance of celery seed[END_REF]. Slow drying also improved longevity of impatiens, pansy, foxglove and cabbage seeds, but was usually not sufficient to provide complete resistance to ageing [START_REF] Hay | Seed maturity and the effects of different drying conditions on desiccation tolerance and seed longevity in foxglove (digitalis purpurea l.)[END_REF][START_REF] Bruggink | Induction of longevity in primed seeds[END_REF][START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF][START_REF] Groot | Gene expression during loss and regaining of stress tolerance at seed priming and drying[END_REF][START_REF] Soeda | Gene expression programs during Brassica oleracea seed maturation, osmopriming, and germination are indicators of progression of the germination process and the stress tolerance level[END_REF]. Establishment of desiccation tolerance is associated with the specific induction of LEA proteins (see section 1.7.1) that act as osmoprotectants or chaperones and are rapidly degraded upon imbibition. The progressive loss of germination performance for sugar beet seeds following prolonged osmopriming and hydropriming (more than 2 days) treatments, was closely associated with the degradation of LEA proteins [START_REF] Capron | Sugarbeet seed priming: effects of priming conditions on germination, solubilization of 11-S globulin and accumulation of LEA proteins[END_REF]. Seemingly, primed seeds are more sensitive to deterioration and it was hypothesized that re-synthesis of LEAs degraded during imbibition may not be possible during conventional fast-drying methods [START_REF] Tarquis | Prehydration and priming treatments that advance germination also increase the rate of deterioration of lettuce seeds[END_REF]. In contrast, slow dehydration might allow the re-induction of their synthesis and accumulation leaving the seeds more resistant to deterioration during ageing in the dry state.

Another drying alternative is moisture content reduction (MCR) before subsequent fast drying, which causes a mild water stress in seed tissues. For MCR, seeds are dried up to a set moisture content using conventional fast drying methods and then stored for a period of time at a relative humidity in equilibrium with this moisture content before final drying. As for slow drying, MCR had a general positive effect on the longevity of pansy, lettuce, tomato, impatiens and sweet pepper seeds, but the gains were often small. Nonetheless, when associated with high temperature MCR had a large beneficial effect on longevity [START_REF] Schipper | Process for prolonging the shelf life of primed nongerminated seeds[END_REF][START_REF] Bruggink | Induction of longevity in primed seeds[END_REF][START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF][START_REF] Gurusinghe | Enhanced Expression of BiP Is Associated with Treatments that Extend Storage Longevity of Primed Tomato Seeds[END_REF][START_REF] Schwember | Drying rates following priming affect temperature sensitivity of germination and longevity of lettuce seeds[END_REF]. [START_REF] Gurusinghe | Enhanced Expression of BiP Is Associated with Treatments that Extend Storage Longevity of Primed Tomato Seeds[END_REF] were able to recover even higher longevity in post-primed tomato and impatiens than in non-primed seeds. This post-priming treatment was hypothesized to induce HSPs that could contribute to maintaining seed longevity together with LEA. HSPs are known to be involved in protection against heat and water stress, facilitating protein folding as well as their degradation when damaged (see Al-Whaibi, 2011 for review). Also, immunoglobulin protein (BiP) may have a protective role as transcripts and proteins are accumulated during post-priming MCR plus heat treatment in tomato. BiP accumulation was associated with extended longevity in primed seeds treated
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with calcimycin after MCR [START_REF] Gurusinghe | Enhanced Expression of BiP Is Associated with Treatments that Extend Storage Longevity of Primed Tomato Seeds[END_REF]. In addition to MCR, water stress can be imposed using other methods: slow drying speed as mentioned above, as well as incubation in an osmoticum [START_REF] Schipper | Process for prolonging the shelf life of primed nongerminated seeds[END_REF]. In celery, incubation of seeds in PEG after hydropriming was shown to be the most efficient treatment to increase longevity [START_REF] Biddington | The prevention of dehydration injury in celery seeds by polyethylene glycol, abscisic acid, dark and high temperature[END_REF].

The effect of seed priming on longevity also appears to dependant on storage conditions. Several reports highlighted that storing primed seeds at low temperatures considerably restored longevity for tomato [START_REF] Argerich | The effects of priming and ageing on seed vigour in tomato[END_REF], rice [START_REF] Hussain | Benefits of rice seed priming are offset permanently by prolonged storage and the storage conditions[END_REF] and sweet corn [START_REF] Chiu | Effect of priming temperature on storability of primed sh-2 sweet corn seed[END_REF], while primed lettuce seeds were shown to have an increased sensitivity to higher moisture content when stored at high temperature [START_REF] Hill | Primed lettuce seeds exhibit increased sensitivity to moisture during aging[END_REF]. The reduced longevity of primed rice grains, following storage at 25°C, was related to decreased activity of starch metabolism enzymes [START_REF] Hussain | Benefits of rice seed priming are offset permanently by prolonged storage and the storage conditions[END_REF]. One hypothesis proposed for mung bean is that priming might redistribute water such that molecular mobility is increased in seed tissues leading to a decrease in seed storability at high temperatures [START_REF] Sun | Correlation of modified water sorption properties with the decline of storage stability of osmotically-primed seeds of Vigna radiata (L.) Wilczek[END_REF]. Reduced lifespan following priming was, however, shown to not be a result of increased molecular mobility in the cytoplasm of sweet pepper and impatiens seeds (Buitink et al., 2000a).

Most of the studies investigating the longevity of primed seeds during storage have been conducted under artificial ageing conditions, which usually employ high temperature and humidity. Considering that primed seeds are more susceptible to deteriorate in such conditions, CDT may lead to an overestimation of the physiological effects of priming on longevity. In lettuce, there was a poor correlation between effects on seed longevity following conventional storage and CDT [START_REF] Schwember | Quantitative trait loci associated with longevity of lettuce seeds under conventional and controlled deterioration storage conditions[END_REF]. Priming induced a reduction in lifespan for carrot and leek seeds after CDT, while it was not affected by a prolonged storage for 1 year at 10°C [START_REF] Dearman | Effects of osmotic priming and ageing on the germination and emergence of carrot and leek seed[END_REF]. Furthermore, the study of natural variability related to seed longevity in Arabidopsis led to the identification of additional QTLs for long-term-aged seeds, compared to those identified after CDT, indicating that this fast ageing treatment does not completely mimic natural aging [START_REF] Nguyen | Natural Variation for Seed Longevity and Seed Dormancy Are Negatively Correlated in Arabidopsis[END_REF].

Nevertheless, proteomic analysis of Arabidopsis seeds showed that CDT and natural seed ageing induce similar molecular events (Rajjou et al., 2008). Furthermore, reduced longevity after storage of primed pansy and cabbage seeds was similar to reduced survival after CDT [START_REF] Bruggink | Induction of longevity in primed seeds[END_REF][START_REF] Groot | Gene expression during loss and regaining of stress tolerance at seed priming and drying[END_REF]. Seed companies generally rely on this CDT for a rapid assessment of the germination potential of seeds [START_REF] Rajjou | Seed longevity: Survival and maintenance of high germination ability of dry seeds[END_REF], however, it should be associated with alternative ageing methods in studies intended to dissect the complex molecular mechanisms of seed ageing.
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The detrimental effect of priming on seed lifespan can be countered using post-priming treatments such as the reduction of seed moisture content or slow drying followed by a heat shock. Alternatively, primed seeds can be stored at low temperature without impacting longevity. Taken together, these results are consistent with the hypothesis that, similar to developing seeds, the mechanisms inducing desiccation tolerance in primed seeds are linked to longevity. Levels of dehydrins and other LEA, or HSPs are likely, therefore, to be good indicators of primed seed viability.

Molecular and hormonal factors controlling longevity after priming

Seed priming stimulates seed germination processes where a quiescent dry seed becomes a seedling. The physiological status of mature dry seeds means that they have to endure stressful conditions, and ensure that the embryo remains viable until conditions are appropriate for germination [START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. A key criterion that conditions the lifespan of primed seeds is the maintenance of the molecular mechanisms that protect tissues from ageing (see 1.7.1).

Overlap between the ageing processes that occur in non-primed and primed seeds was suggested in lettuce, where two QTLs detected for osmoprimed seed longevity, named SlgP1.1 and SlgP4.1, partially overlap with Slg1.1 and Slg4.1 QTLs, respectively, that had previously been associated with non-primed seed longevity [START_REF] Schwember | Quantitative trait loci associated with longevity of lettuce seeds under conventional and controlled deterioration storage conditions[END_REF]. This contrasts with the identification of three QTLs in Arabidopsis that are uniquely associated with primed seed longevity, as they were detected using the reduction in seed longevity caused by hydropriming compared to reduced longevity of non-primed seeds [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. This indicates that while some of the genetic factors impacting seed longevity of non-primed and primed seeds are the same, independent molecular mechanisms are also involved. Nevertheless, this study found that the initial lifespan of mature dry seeds influences seed longevity after priming to some extent.

At a certain point during imbibition, seeds completely lose the ability to tolerate fast drying, although they have a longer time window during which they tolerate desiccation if they are given a mild osmotic stress to re-induce desiccation tolerance [START_REF] Dekkers | Acquisition and loss of desiccation tolerance in seeds: from experimental model to biological relevance[END_REF]. ABA regulates plant growth and stress responses in addition to inducing seed desiccation tolerance, dormancy and longevity (see section 1.7. 3;[START_REF] Clerkx | Analysis of natural allelic variation of Arabidopsis seed germination and seed longevity traits between the accessions Landsberg erecta and Shakdara, using a new recombinant inbred line population[END_REF][START_REF] Maia | Abscisic acid (ABA) sensitivity regulates desiccation tolerance in germinated Arabidopsis seeds[END_REF][START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. In germinating seeds, re-induction of desiccation tolerance is dependent on ABA because the re-induction of desiccation tolerance was compromised in
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the ABA-deficient Arabidopsis mutant aba2-1 or when Medicago truncatula radicles were treated with the ABA biosynthesis inhibitor fluridone [START_REF] Buitink | The re-establishment of desiccation tolerance in germinated radicles of <I>Medicago truncatula</I> Gaertn. seeds[END_REF][START_REF] Maia | Abscisic acid (ABA) sensitivity regulates desiccation tolerance in germinated Arabidopsis seeds[END_REF].

Nevertheless, when hydropriming was performed on aba2-2 and an ABA over-accumulating mutant, cyp707a2-2, seed germination was enhanced in a similar manner. and no significant differences were observed in seed longevity [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. This indicated that ABA does not affect seed lifespan following priming. The relationship between ABA-mediated seed desiccation tolerance and longevity after imbibition in non-primed seeds remains to be elucidated. [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF], also revealed that seeds of Arabidopsis brassinosteroid (BR) deficient mutants cyp85a1/a2 and det2 had significantly longer lifespans than WT after hydropriming. It has been shown that BR promotes seed germination, because germination of det2 and the BR-insensitive mutant bri1 seeds is more strongly inhibited by ABA than WT [START_REF] Steber | A Role for Brassinosteroids in Germination in Arabidopsis[END_REF]. As BR will, therefore, mediate part of the germination process induced during priming, in BR-deficient mutants this will only be partially initiated and could explain why seed longevity is less affected compared to WT.

Seed priming has also been reported to enhance the loosening of the endosperm/testa in the region where radicle protrusion occurs facilitating germination at suboptimal temperatures in tomato, carrot and cucumber [START_REF] Mcdonald | Seed Priming[END_REF]. Increased seed coat permeability following priming has also been observed in Arabidopsis, where seed coats of BR deficient mutants were less permeable after priming than those of WT [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. This is in accord with the high seed coat permeability and reduced seed longevity exhibited by transparent testa mutants affected in the synthesis of the flavonoids anthocyanins and proanthocyanidins [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF]. The loss of seed longevity in primed seed could, therefore, be due to increased seed coat permeability, which is positively regulated, at least in part, via BR signalling.

DNA integrity relies on the efficient ligase-mediated repair of double strand breaks, which is a key component of pre-germinative metabolism upon imbibition (See section 1.7.2) [START_REF] Paparella | Seed priming: state of the art and new perspectives[END_REF]. Following DNA repair, the cells in embryo tissues can resume cell cycle progression and undergo DNA replication. Flow cytometric analysis of DNA in embryos of fully mature dry tomato seeds revealed the presence of large amounts of 2C DNA, indicating that most cells had arrested in the cell cycle at the presynthetic G1 phase of nuclear division [START_REF] Bino | Flow Cytometric Determination of Nuclear Replication Stages in Tomato Seeds during Priming and Germination[END_REF]. During priming, the advancement of radicle meristem cells into S and G2 phases of the cell cycle has been observed, with an increased percentage of nuclei having a 4C DNA content [START_REF] Bino | Flow Cytometric Determination of Nuclear Replication Stages in Tomato Seeds during Priming and Germination[END_REF][START_REF] Lanteri | The effects of priming on nuclear replication activity and germination of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) seeds[END_REF]. This advancement of DNA synthesis has been proposed as a measure of the efficiency of a priming treatment in accelerating subsequent germination [START_REF] Lanteri | The effects of priming on nuclear replication activity and germination of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) seeds[END_REF].
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Nevertheless, the increase in nuclear DNA content on priming was found to vary between seed lots, despite all lots exhibiting rapid germination, indicating that an increase in the percentage of 4C nuclei was not essential for germination advancement [START_REF] Gurusinghe | Cell cycle activity during seed priming is not essential for germination advancement in tomato[END_REF]. In sweet pepper, however, seed in which DNA replication was induced by priming were more sensitive to CDT than seeds in which priming did not induce nuclei to enter S phase, indicating that more advanced progress in DNA replication by priming reduce seed longevity [START_REF] Saracco | Influence of priming-induced nuclear replication activity on storability of pepper ( Capsicum annuum L.) seed[END_REF]. It has also been postulated that the desiccation tolerance of seeds coincides with structural changes in chromatin compaction and nuclear size reduction in seed maturation and germination [START_REF] Van Zanten | Seed maturation in Arabidopsis thaliana is characterized by nuclear size reduction and increased chromatin condensation[END_REF], although these nuclear changes after priming remains questionable.

Much of the data obtained concerning the effect of priming on seed longevity appear conflicting, which probably reflects heterogeneity in the protocols applied and the species used. Few studies to date have exploited mutants affected in unique cellular or hormonal processes and results obtained using these have been particularly revealing. Their more widespread application promises to yield novel insight into a physiological process that impacts both plant fitness and commercial seed production. As outlined in this introduction, mucilage released from seed coat epidermal cells has become a model for the study of polysaccharide production, properties and interactions.

Although a number of genes have been characterized that are involved in seed mucilage polysaccharide accumulation, the identification of mucilage mutants through screens has not yet reached saturation, with mutants still being identified that are affected in novel genes [START_REF] Takenaka | Pectin RG-I rhamnosyltransferases represent a novel plant-specific glycosyltransferase family[END_REF][START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. The screening of Arabidopsis natural accessions has proved to be a useful alternative for the identification of genes involved in mucilage production and modification, and the use of this under-exploited resource in Arabidopsis is a hallmark of the PHYGERM group (Macquet et al., 2007a;[START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF]North et al., 2014;[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF][START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF].

The first objective of my thesis was to exploit natural variation between Arabidopsis accessions to identify genes controlling mucilage polysaccharide synthesis and interactions.

Before my PhD, a large population of accessions had been screened by the PHYGERM group for traits related to mucilage quantity and properties. The analysis of natural variability for outer mucilage traits between Arabidopsis accessions identified the Yamagata accession as an outlier with atypical characteristics for physicochemical properties. Furthermore, the properties of inner mucilage appeared distinctive for this accession when using the penetrance of fluorescently tagged dextrans or ficoll as an indicator of porosity. The second objective of my thesis was to identify the causal mutations that influence the properties of inner and outer mucilage layers in the Yamagata accession. A population of F2 plants from a cross between Col-0 and Yamagata had been generated before my PhD began and Chapter 3.1 describes how I mapped two independent loci impacting inner or outer mucilage properties on Arabidopsis chromosomes. In addition, the application of two different quantitative genetics methods, fine mapping and bulk segregant analysis, is presented and how this was used to establish a list of candidate genes that could influence mucilage polysaccharide interactions in one or other layers.

As detailed in the introduction, mucilage is an adaptive trait that may influence various aspects of seed physiology, such as seed dispersal, seed bank 

MATERIAL AND METHODS

The material and methods of chapters 3.2 and 3.3 are described below. The methods used in chapter 3.1 are detailed at the end of the manuscript in submission. and Sapporo-0 (N76596) accessions used to generate 1001 genome data were obtained from the Nottingham Arabidopsis Stock centre (http://arabidopsis.info).

PLANT MATERIAL AND GROWTH CONDITIONS

T-DNA insertion lines

The mutant lines used in this study and the primer used to select homozygous individuals are listed in Table 4.

2.1.1.3. F2 population from a cross between Col-0 and Yamagata A F2 mapping population was obtained from a cross using AV186 Col-0 as the mother plant and AV259 Yamagata as the pollen donor. Flower buds were harvested from an initial segregating population of 186 F2 individuals for linkage analysis before the beginning of the thesis. Leaves of 1996 additional F2s were harvested for genotyping for recombinants used to fine map LIV1 and IMP1 loci. Plant tissue was frozen immediately after harvest in liquid nitrogen and stored at -80°C until used.

Seed sterilization and growth conditions

The sterilization solution was prepared as follows: 1 tablet of BayroChlore was dissolved in 40 ml of deionized water and then diluted 10-fold in 95% ethanol. and the samples are incubated at 60°C for 30 min. Nucleic acids were separated from proteins and cell debris by adding 650 µl of chloroform/isoamyl alcohol (24/1; v/v), vortexing samples followed by centrifugation for 10 min (15,000g at room temperature) to separate organic and aqueous phases. The supernatant containing nucleic acids was recovered and DNA precipitated by adding an equal volume of isopropanol and 1/10 th volume of 3 M sodium acetate. The solution was mixed and centrifuged 10 minutes (15,000g at room temperature).

Supernatants were discarded and pellets rinsed with 500 µl of 70% (v/v) ethanol, centrifuged as previously and after discarding the supernatant dried by the airflow of the fume hood. The DNA pellet was re-suspended with 30 µl of sterile water and stored at -20°C. This stock was diluted 10 times for use in PCR.

DNA extraction using SDS Buffer

This extraction method was used for high-throughput genotyping using 96-well format plates. Two glass beads (Ø = 4 mm, VWR International) and a leaf from a young rosette of Samples were incubated 10 min at room temperature and then centrifuged 20 min (3,000g; room temperature). Supernatants were removed and pellets rinsed with 100 µl of 70%(v/v) ethanol and dried by the airflow of the fume hood. The DNA pellet was re-suspended with 100 µl of sterile water and stored at -20°C.

DNA extraction for whole genome sequencing

Two sets of 20 F2 progeny with high (5.39 to 6.34 dL/g) or low (3.12 to 4.15 dL/g) IV were selected. Fifteen F3 seedlings (5-day old) corresponding to each F2 were harvested and pooled as tissue for low and high IV bulk DNA preparation.

High quality DNA was extracted from the two bulks using a scaled up CTAB protocol, followed by purification with DNeasy kit (Qiagen). Samples were ground in liquid nitrogen with a mortar and pestle. DNA extraction was then carried out as described above except for reagents volumes. Samples were ground in 6 ml of pre-warmed (60°C) CTAB extraction buffer and then nucleic acids separated from proteins and cell debris with 6 ml of chloroform/isoamyl alcool (24/1; v/v). DNA in the aqueous supernatant was precipitated by adding 0.7 volumes of isopropanol. DNA pellets were rinsed with 1 ml ethanol 70%, dried by inverting the tubes onto paper towel for 15 min and re-suspended with 200 µl of Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) on ice for 30 min. The samples were incubated with 2 µl of RNase (10 mg/ml) for 20 min on ice to degrade coprecipitated RNA before purifying DNA using the DNeasy kit according to the manufacturer's protocol.

Polymerase chain reaction

The polymerase chain reaction is used to amplify copies of a specific DNA sequence.

The PCR reaction is carried out in a final volume of 20 µl and contains 0.8 µl of a mix of free deoxynucleotide triphosphates (dATP; dTTP; dGTP; dCTP at 5 mM), 0.8 µl of primers flanking the sequence to amplify (10 µM), 2 µl of 10X DreamTaq Buffer (which includes 20 mM MgCl 2 ), 5 µl of the template DNA, 0.2 µl of DreamTaq DNA polymerase (5U/µl, Thermo Fisher Scientific) and 11.2 µl of sterile water. In a PCR thermocycler (2720 Thermocycler, Applied Biosystems) DNA was denaturated at 94°C for 2 min, followed by 40 cycles each of 15 sec denaturation at 94°C, 30 sec of primer annealing at a temperature specific to each primer pair and an elongation at 72°C for a time depending on the size of the amplicon (30 sec per 500 bp). A final extension at 72°C for 2 min was carried out to allow fragments to be fully copied before cooling the reaction to 15°C for 10 minutes. The primers used for fine mapping and sequencing of natural accessions are listed in Table 5.

DNA electrophoresis

Prior SNPs present in the parent Yamagata with a ratio > 0.9 (confirmed by 90% of the reads) were retrieved from Yamagata genome analysis in 2.2.1.1. SNPs enriched at a rate of >70% in the low IV set were retained if also detected in the sequence of Yamagata or after filtering out those present in both low and high bulks. 2. MATERIAL AND METHODS

SNP detection in F2 individuals

Inner mucilage porosity

Seeds were imbibed in sterile water for 1 h on an orbital shaker to release mucilage and rinsed to remove outer mucilage polysaccharides. They were then incubated in a citratephosphate buffer pH 5.0 (100 mM citric acid, 200 mM Na 2 HPO 4 ) for 30 min. Seeds were transferred to an 8-well slide (Sticky slide 8 well, reference 80828, Ibidi) and buffer removed.

Seeds were stained in 1 mg/ml 40 kDa FITC (Fluorescein isothiocyanate)-CM-Dextran (reference FCMD40, TdBcons) in citrate-phosphate buffer 1 h in the dark with lateral shaking or 0.1 mg/ml 400 kDa FITC-CM-Ficoll (FCMP400, TdBcons) in water for 30 min in the dark.

FITC fluorescence was imaged on an inverted Leica SP5 II AOBS confocal microscope with a Tandem HyD detector (488 nm excitation and 500 to 550 nm emission).

Fluorescence recovery after photobleaching (FRAP)

Seeds were stained 0.1 mg/ml 400 kDa FITC-CM-Ficoll as described above and imaged on an inverted Leica SP5 II AOBS confocal microscope with a Tandem HyD detector (488 nm excitation and 500 to 550 nm emission) using a 20x optical zoom. A region of interest of 12 µm was selected between two columellas, at a distance of 30 µm from the seed coat. For bleaching, the 405nm, 458nm, 476nm and 488nm lines of the Argon laser were selected and set at an intensity of 100%. The time course constisted in 10 pre-bleach every 0,19s, 5 bleach, 200 post-bleach1 every 0,19s and 100 post-bleach2 every 0,5s. Easy-FRAP software was used for FRAP data processing and analysis [START_REF] Rapsomaniki | EasyFRAP: An interactive, easy-to-use tool for qualitative and quantitative analysis of FRAP data[END_REF]. A full scale normalization of the data was applied and an exponential fitting equation was used to obtain the mobile fraction and T 1/2 .

Ruthenium red staining of mucilage

Ruthenium red stains acidic polymers such as pectin, the major component of Arabidopsis seed mucilage. A 0.2 mg/ml ruthenium red solution was used for staining. Seeds were directly imbibed in the staining solution on a slide to visualize the outer mucilage layer.

For the inner mucilage layer, seeds were firstly imbibed in sterile water for 15 minutes, rinsed, transferred to a slide and staining solution pipetted onto seeds. Images were obtained after 5 min in staining solution with a microscope (Axioplan2, Zeiss).

Cytochemical staining 2.3. PHENOTYPING MUCILAGE TRAITS 2. MATERIAL AND METHODS

The SEM uses a focused beam of high-energy electrons that scans the surface of the sample, the interaction of the electrons with sample atoms results in the emission of a quantity of secondary electrons in a manner depending on the morphology and topography of the seed surface. Dry seeds were mounted onto a Peltier cooling stage with carbon conductive adhesive tape and observed with a Hirox SH-1500 tabletop scanning electron microscope (Hirox Europe, http://www.hirox-europe.com/index.html). The electron beam was set at a voltage of 15 kV. Whole seeds were observed at a magnification of 200x and the seed surface with a magnification of 700x.

Biochemical analysis of mucilage properties

Outer mucilage extraction

Outer mucilage was extracted from 13 to 25 mg of seed by shaking in one ml of distilled water using an orbital shaker at room temperature (24°C) for 3 h. The suspension was centrifuged (8,000g, 3 min) and supernatants were collected then filtered through a disposable glass microfiber filter (13 mm diameter, 2.7 µm pore size; Whatman). Two hundred µl of extract were diluted 5 times to a final volume of 1 ml for quantification of GalA and neutral sugars. Remaining extracts were stored at -20°C for subsequent HP-SEC analysis. Note that the extractions and analyses presented in Chapter 3.1 were carried out by our collaborators M-J Crépeau and M-C Ralet (INRA, Nantes).

High Pressure Size Exclusion Chromatography

The macromolecular properties of polysaccharides in the outer layer were investigated using HP-SEC coupled with refractive index, multiple angle laser light scattering and viscosimetry detection. The polymers in solution flow into a column containing pores. Larger molecules flow more quickly through the column as they do not enter the pores and so are eluted sooner. The molecules are, thus, separated according to their size and then pass through a capillary tube in the viscometer where the pressure drop due to polymer size is measured to obtain the IV.

Filtered outer mucilage layer extracts were boiled for 5 min, and filtered through a polyvinylidene difluoride filter (13 mm diameter, 0.45 µm pore size; Whatman). HP-SEC was 

PHYSIOLOGICAL TESTS

Priming treatment

For priming treatments, seeds were incubated in 200 µl of sterile water in 1.5 ml tubes and rinsed once to remove the outer mucilage layer. Seeds were centrifuged for 10 min at 5,000g to force floating seeds of mucilage mutants to be totally immersed. Samples were incubated at 4°C in the dark for 3 days and then at 22°C in the light for 10 h. Seeds were dried overnight on filter papers (Roundfilter paper circles, Ø 45mm, grade 597, Whatman) under the airflow of a laminar flow cabinet.

Germination assays

Germination assays were carried out using three replicates of 50 seeds. Seeds were imbibed with 500 µl of sterile water on a single filter paper sheet and incubated at 22°C in constant light in petri dishes (Ø 50mm). Germination was scored based on radicle emergence from the seed coat, while seed survival was scored for healthy seedlings with open, green cotyledons 7 days after imbibition.

Controlled deterioration treatment

Seeds were equilibrated for 3 days at 20°C and 80% relative humidity (RH) in an electronically controlled environment cabinet (van den Berg Klimaattechniek). The controlled deterioration of seeds was then carried out by incubating them for various times (0, 3, 4, 5, 6, 7 or 10 days) at 40°C and 80% RH. Seeds were then re-equilibrated (dried back) for 3 days at 20°C, 30 % RH and stored at -20°C. The column was washed, regenerated and equilibrated before the separation of the extracts. Weakly acidic fractions containing indole-3 acetic acid (IAA), abscisic acid (ABA) and jasmonate-isoleucine (JA-Ile) were eluted with 2 volumes of 80% (v/v) acetonitrile (MeCN) containing 1% (v/v) acetic acid (AcOH). Strongly acidic fraction containing salicylic acid (SA) were eluted with 2 volumes of 80%(v/v) MeCN containing 2% (v/v) formic acid. 

HORMONE ANALYSIS

These experiments were conducted in the Riken centre at Yokohama (Japan) in collaboration with Mitsunori Seo. The project was funded by the GDRI-IPB network (International Research Network on Integrative Plant Biology). Endogenous hormone measurement was adapted from a method developed in the host laboratory [START_REF] Seo | Profiling of Hormones and Related Metabolites in Seed Dormancy and Germination Studies[END_REF] To determine the evolution of endogenous hormone levels through priming, various priming treatments were applied and include: 1, 2 or 3 days at 4°C in the dark or 10 h at 22°C in the light or the dark. Hormone levels were measured from 20 mg of dry and primed seeds in 1 technical repeat of three different seed lots. Seeds were weighed, frozen in liquid nitrogen and stored at -80°C in 2 ml safe-lock tubes until use. One ml of extraction solution was added to each sample (80% (v/v) acetonitrile in water containing 1% (v/v acetic acid).

Internal standards were added and sample hormone contents were adjusted by comparing to the final levels of the target hormone: D 6 -ABA: 400 pg; D 2 -IAA: 400 pg; D 2 -JA: 400 pg; D 6 -SA: 4000 pg; 13 C 6 -(-) JA-Ile: 200 pg. Two zirconia beads (Ø 1mm) were added and seed samples were ground using a TissueLyser (Qiagen) at 25Hz for 3 min. Samples were incubated at 4°C for 1 h to extract hormones, centrifuged at 14,800 rpm for 10 min and supernatants transferred to glass tubes. One ml of extraction solution without internal standards was added to the seed pellet and a second extraction performed in similar manner except that seeds were only incubated for 10 min at 4°C after grinding. One ml of 1% (v/v) acetic acid (AcOH) was added to each glass tube and acetonitrile (MeCN) was evaporated using nitrogen (N 2 ) gas to obtain extracts in water containing acetic acid. Extracts were loaded onto a pre-equilibrated Oasis HLB Weak Anion Exchange (WAX) column cartridge (Figure 35). For equilibration, the column was washed with 1 volume of MeCN and then with methanol (MeOH), regenerated with 0.5 volume of 0.1 M potassium hydroxide (KOH) and equilibrated with 1 volume of 1% (v/v) AcOH. After the samples passed through the column, the cartridge is washed with 1 volume of 1% (v/v) AcOH and 1 volume of 100% MeCN.

Weakly acidic hormones (IAA, ABA, JA, JA-Ile) were eluted by adding 2 volumes of 80% (v/v) MeOH containing 1% (v/v) AcOH. Strongly acidic hormones were eluted by adding 2 volumes of 80% (v/v) MeCN containing 2% (v/v) formic acid. The eluents of both fractions were completely dried using N 2 gas before adding 0.2 volumes of 100% (v/v) MeOH. All extracts were transferred to a 96-well plate that was stored under vacuum at 4°C in the dark prior to injection. Endogenous hormone levels were analysed by Yuri Kanno using liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) as described by [START_REF] Seo | Profiling of Hormones and Related Metabolites in Seed Dormancy and Germination Studies[END_REF] Figure 36: Steps of microcosm preparation and imaging using X-ray microtomography A 9mm diameter polypropylene cylinder with a nylon mesh glued at its base was filled with soil. The cylinder was fixed on top of a cut glass pipette to allow its rotation during imaging. The base of the pipette was fixed inside the nanotom and the height of the cylinder ajdusted to allow the X-ray to pass through the samples. Thirty-four minute scans were acquired in FAST mode with a 360° rotation of samples. 2. MATERIAL AND METHODS

X-RAY MICROTOMOGRAPHY

These experiments were conducted in the Hounsfield facility of the University of Nottingham (England) in collaboration with Craig Sturrock. The project was funded by the EPPN2020 (European Plant Phenotyping Platform).

Soil microcosms were prepared from polypropylene cylinders cut to 9 mm diameter and 20 mm depth. Nylon mesh was glued to the cylinder to enable free drainage of water from its base. The cylinders were filled with air-dried and sieved (<0.5 mm) Newport series, loamy sand (sand 83.2%, silt 4.7%, and clay 12.1%; pH 6.35; organic matter 2.93%; FAO Brown Soil) from the University of Nottingham farm at Bunny, Nottinghamshire, UK (52° 51' 33.1632'' N, 1° 7' 41.2608'' W). The soil was saturated from the base of the cylinder and drained to notional field capacity by placing it on tissue paper for 5 min. Hydropriming for 18 h was started by sowing ten seeds of each genotype on the surface of the soil and was performed in triplicate microcosms. Cylinders were covered with parafilm (PARAFILM M), to prevent water loss by evaporation and placed in a growth cabinet under constant light at 22°C. Hydropriming was terminated by passive drying of the cylinders on the bench (20-24°C, 45-55% RH) for 24 hours after removal of the cover. A Phoenix Nanotom S 180kV Xray CT (Computed tomography) system (GE Measurement and Control Systems, Wunstorf, Germany) was used to image seeds at 5 µm resolution. The scans consisted of the acquisition of 2880 projection images over a 360° rotation of the sample, with an X-ray potential energy of 90 kV, current of 100 µA and a detector timing of 500 ms. Scans were made in 'FAST mode' where no image integration is used per project and the sample continuously rotates during the scan. Total scan time was 34 min per sample. A point of reference visible in CT scans was cut in the cylinders to allow multiple imaging of a same seed. A step-by-step description of the imaging system is represented in figure 36.

Projection images were reconstructed using Datos|x REC software (GE Measurement and Control Systems, Wunstorf, Germany). Image analyses were carried out using VGStudioMax software (Volume Graphics GmbH, Heidlberg, Germany). The 3D region grower tool in VGStudioMax was used to extract a region of interest (ROI) of each seed and checked in all CT slice views (XY, ZX, ZY) to obtain a measurement of seed volume and surface area.

Dynamics of seed imbibition and drying were followed by measuring changes to seed volume that occur with the swelling or shrinkage of seed tissues. Scans were carried out at 2. MATERIAL AND METHODS 30 min intervals over the first 2 h of imbibition. The rate of seed drying was monitored for 5 h at 1 h interval over the first 3 h and then after 2 h.

STATISTICAL ANALYSIS

Most of the statistical analyses were performed using RStudio® and Microsoft® Excel® software. Linkage analysis in Chapter 3. 

Abstract

On imbibition, Arabidopsis thaliana (Arabidopsis) seeds release polysaccharides from their epidermal cells that form a two-layered hydrogel termed mucilage. A publically available dataset of outer mucilage traits was analyzed and showed little natural variation in composition between over 300 accessions. As this was almost exclusively rhamnogalacturonan I (RGI) this highlighted the importance of this pectin for outer mucilage function. Variation in polymer amount and macromolecular properties were observed and in a genome-wide association study (GWAS) these were linked to a number of genome polymorphisms, indicating the complexity of their genetic regulation. Natural variants with high molar mass at peak maximum (Mp) were 3. RESULTS associated with a gene encoding a putative glycosyltransferase called MUCI70. muci70 insertion mutants were found to produce large amounts of short RGI polymers that were highly substituted with xylan, confirming that polymorphisms in this gene can affect RGI polymer length. A second gene encoding a putative copper amine oxidase, CUAOα1, was associated with natural variation in the amount of RGI present in the outer mucilage layer and cuaoα1 mutants validated the role for this enzyme in pectin production. As the mutant phenotype is unique, with RGI production only impaired for outer mucilage, this indicates that CUAOα1 contributes to a novel mechanism controlling mucilage synthesis.

Introduction

Myxospermous seeds accumulate polysaccharides in the epidermal cells of the seed coat during seed development and these are released on imbibition to form a sticky hydrogel that encapsulates the seed. This seed coat specialisation is found in a large number of plant families (Yang et al., 2012b) with mucilage composition varying between species [START_REF] Western | The sticky tale of seed coat mucilages: Production, genetics, and role in seed germination and dispersal[END_REF]Phan and Burton, 2018). The model plant Arabidopsis thaliana (Arabidopsis) is myxospermic, and the composition and structure of its mucilage is the best characterised to date, largely due to the facility of molecular genetic studies in this species. Moreover, seeds without mucilage are viable in glasshouse or laboratory conditions, and as diverse cell wall polysaccharides and structural proteins are found as constituents, it has proved to be an excellent system for studying the properties and interactions between plant cell wall polymers.

Arabidopsis mucilage consists of two layers: a water-extractable outer layer and an adherent inner layer [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]Macquet et al., 2007a). In the reference accession Col-0 the major constituent of both layers is the pectin domain rhamnogalacturonan I (RGI) (Macquet et al., 2007a), which is formed of a repeating

disaccharide, [→2)-α-L-Rha-(1→4)-α-D-GalA-(1→]n.
It should be noted that the outer mucilage layer is essentially pure, unbranched RGI, in contrast to a more complex composition and structure for the inner layer. This is also a remarkable feature when compared to cell wall pectin, which is a complex mixture of several different domain types whose relative amounts vary depending on the plant source. This makes it an excellent substrate for the study of structural modifications [START_REF] Deng | Selective chemical depolymerization of rhamnogalacturonans[END_REF].

Mutant studies have shown that these RGI domains are initially synthesized with a few galactan and arabinan side-chains that are then hydrolysed in the later stages of seed coat differentiation (Dean et al., 2007;Macquet et al., 2007b;Arsovski et al., 2009a). The removal 3. RESULTS of these side-chains increases the hydrophilic properties of RGI and contributes to mucilage release from the epidermal cells. More recently, it has been shown that mucilage RGI also has xylan substitutions that are present in a tight proportionality to the number of constituent disaccharides [START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. The inner mucilage layer contains cellulose, which is an essential structural component, providing a scaffold for RGI attachment (Harpaz-Saad et al., 2011;Mendu et al., 2011;[START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF]. The RGI polymers are fixed to this scaffold through the high binding affinity of the xylan side chains and cellulose [START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF].

Small amounts of the pectin domain homogalacturonan (HG) also appear to be present in the inner layer of mucilage as treatment with the calcium chelator EDTA, or polygalacturonase make it appear less compact [START_REF] Western | Isolation and characterization of mutants defective in seed coat mucilage secretory cell development in Arabidopsis[END_REF]Macquet et al., 2007a), which suggests that calcium crosslinks between HG contribute to increasing interactions between polymers.

Another minor mucilage component, galactoglucomannan, has also been shown to contribute to the configuration of inner mucilage as its absence results in more densely packed polymers [START_REF] Yu | CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed[END_REF]Voiniciuc et al., 2015b). Finally, a small amount of proteins is present in mucilage [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF] and the arabinogalactan protein SALT OVERLY SENSITIVE 5 (SOS5) has been shown to play a role in the adherence of RGI polymers to the seed (Harpaz-Saad et al., 2011;Griffiths et al., 2014;Griffiths et al., 2016).

The identification of mutants with altered mucilage characteristics has been essential to determining the contribution and interactions described above. Both induced and naturally-occurring mucilage mutants have been employed, and in addition to the identification of the genes containing causal mutations, the latter have provided important information about the genetic basis for natural variation (Macquet et al., 2007b;[START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF][START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF][START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF]. These functional studies have mainly involved large effect mutants, identified in forward genetic screens.

Quantitative traits are, however, often produced by the combined contribution of smalleffect genes, and the application of genome-wide association studies (GWAS) provides an alternative means of identifying such loci. This approach has previously been applied with inner mucilage phenotypes and, while no causal polymorphisms were identified, the reduced expression of a gene involved in galactoglucomannan synthesis was linked to more compact inner mucilage for a group of accessions [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF].

The production of mucilage polysaccharides depletes a significant amount of carbon fixed by the mother plant and, while mucilage is non-essential in the laboratory, it must make an important contribution to fitness in the natural environment. This role, however, remains equivocal, and no unifying function has yet been demonstrated (North et al., 2014). Diverse ecophysiological roles have been suggested, including that seed mucilage aids germination, dispersion, seedling growth or interaction with soil 3. RESULTS microorganisms (reviewed in Yang et al., 2012b). Furthermore, the reason for the two layers observed in Arabidopsis mucilage are unknown, although it has been postulated that they each have a particular function, due to their different composition and properties (Macquet et al., 2007a). In order to optimise growth and reproduction in varying and suboptimal environmental conditions, plants adapt and this is observed as natural variation within a species. As Arabidopsis is highly selfing, natural populations have little heterozygosity making this species particularly suitable for the study of natural variation [START_REF] Long | Massive genomic variation and strong selection in Arabidopsis thaliana lines from Sweden[END_REF]. Many natural variants have been collected for Arabidopsis and although a link has previously been observed between the non-release of mucilage in some of these Arabidopsis accessions and their site of collection [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF], why seeds of most Arabidopsis populations accumulate and release mucilage is unknown.

To address this, analysis of natural variability in seed mucilage structure, composition and amount in relation to habitat would be necessary. A study of inner mucilage in around 280 Arabidopsis accessions previously found variation in the composition and structure of this layer [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF]. No association was found, however, between this variation and the geolocalisation of their collection sites. Outer mucilage composition had only been analysed for a handful of Arabidopsis accessions used routinely in laboratories until recently, when advances in analytical techniques used for examining polysaccharide characteristics were exploited in a high-throughput analysis to generate a dataset for six outer mucilage characteristics (Poulain et al., unpublished ; Appendix 9). Here, we exploit this to obtain a first description of the variation in composition, amount and properties of polysaccharides in the outer mucilage layer. In addition to identifying accessions with atypical properties and geolocalising a group with similar properties to a mountain range in central Asia, the data was exploited in GWAS. The characterisation of two gene candidates identified confirmed their novel roles in modulating the properties or synthesis of mucilage RGI.

Results

Outer mucilage traits show significant variation between Arabidopsis accessions

To determine the extent of natural variation in outer mucilage characteristics, we used a dataset for six outer mucilage traits obtained for a panel of 306 accessions (Poulain et al. in preparation ; Appendix 9). These traits were GalA and neutral sugar (NS) contents, indicating the quantity and composition of outer mucilage polysaccharides, while the molar mass at Finally, the hydrodynamic parameter is calculated using IV and Rg values. Data for five accessions were excluded from analyses: these correspond to Shahdara, Neo-3, Neo-6 and Sus-1 where no values were obtained due to their defect in mucilage release (Macquet et al., 2007b;[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF] Each outer mucilage trait examined showed extensive variation between accessions, which only appeared to follow a normal distribution for GalA and Rg (Shapiro-Wilk normality test p > 0.05). While similar levels of variation were observed for the two traits related to mucilage quantity, the traits that exhibited the largest and smallest range of variability were both related to polymer size and conformation being Rh and IV, respectively (Fig. 37; Table 6). Outlier accessions were identified for each trait, notably sixty-two for neutral sugar content compared to only three for Rg (Fig. 37; Supplemental Table S1). Values for the reference accession Col-0 were within the interquartile range for mucilage amount, but were higher than the upper quartile for all the physicochemical parameters, even figuring among the outliers with high IV. This variability in outer mucilage traits suggests that the natural habitat in which the accessions grow shapes these characteristics and that they are adaptive.

The composition of Arabidopsis outer mucilage has been extensively characterised for a small number of accessions, including the reference Col-0, and found to be composed principally unbranched RGI [START_REF] Goto | Mucilage polysaccharide secreted from testa of Arabidopsis thaliana[END_REF][START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]Penfield et al., 2001a;[START_REF] Western | Isolation and characterization of mutants defective in seed coat mucilage secretory cell development in Arabidopsis[END_REF]Macquet et al., 2007a). RGI is made up of repeating GalA-Rha disaccharides, Country of origin is indicated by ISO 3166 code. Grey shading indicates reliability of coordinates: dark grey, reliable location; medium-grey, estimated location (generally based on nearby town/city); palegrey, no reliable location within country (corresponds to coordinates for capital city of country of origin). 3. RESULTS so to determine whether this was the case for the much larger panel of accessions studied here, the GalA contents for each accession were plotted against their NS contents (Fig. 38A).

As the latter includes Gal, Ara, Man, Xyl and Fuc, in addition to Rha, deviation of the composition from unbranched RGI would be expected to shift the proportion of GalA to NS from a 1:1 ratio. This proportionality appeared to be conserved for most accessions, with a highly significant Pearson correlation coefficient between these traits (p < 10 -9 ), and only one accession showed a clear shift towards more NS, Blh-1 (AV180). This indicates that the composition of outer mucilage over the range of Arabidopsis populations is relatively stable. Furthermore, among 24 high GalA outliers, 21 were common to high NS outliers, while 18 out of 23 low GalA outliers, were common to the low NS outliers (Supplemental Table S1). These common outliers were termed high outer mucilage (HOM) or low outer mucilage (LOM) accessions, respectively (Table 7; Table 8). While this large number of common accessions is in accord with the stable composition of outer mucilage, it should be noted that more NS outliers were identified than GalA with 12 and 9 specific to high or low NS, respectively. This suggests that while the major component is RGI, a small degree of variation might exist for outer mucilage composition, towards a limited amount of either RGI branching or HG domains. Very large differences in the quantity of outer mucilage were observed with nearly 3-fold differences in total polysaccharide sugars between the lowest and highest values (Table 6).

Variation in outer mucilage physicochemical properties is independent of the quantity of mucilage produced

To examine in more detail the variation and relationships between outer mucilage traits, principle component analysis (PCA) was carried out. The first two components described over 80% of the variance observed in outer mucilage traits (48.91% and 32.46%, respectively). Accessions were relatively evenly scattered over the central area of the PCA (Fig. 39A). The corresponding variables factor map showed that the four macromolecular characteristics correlated positively with factor loading for PC1, while the two sugar content traits loaded positively with PC2 (Fig. 39B). The orthogonal factor loadings for sugar contents with respect to macromolecular properties demonstrated that these characteristics were completely independent for outer mucilage. As previous studies have shown that RGI branches change its hydrophilic properties (Dean et al., 2007;Macquet et al., 2007b;Arsovski et al., 2009a) the independence of these traits is in agreement with outer mucilage being mainly unbranched RGI for the majority of Arabidopsis accessions and indicates that the properties of polymers is unrelated to the quantity of polymer produced. The relationships between accessions were examined using hierarchical clustering to class accessions into groups based on their outer mucilage traits. This indicated that accessions can be classified S2). The five groups contained similar numbers of accessions; 61, 66, 55, 77 and 42 accessions, respectively.

The relationship between outer mucilage macromolecular traits was investigated further in bivariate analyses. Highly significant Pearson correlation coefficients were observed between all four traits, although that for IV vs Rg was slightly lower (p < 10 -9 vs p < 9.259 x 10 -9 )(Supplemental Fig. S2). As Rh is calculated using the Mp and IV values, this linear correlation was expected. Furthermore, IV is indicative of the volume occupied by a polymer in solution and when a polymer varies uniquely in length, as would be the case for outer mucilage composed of unbranched RGI, a tight relationship is expected between the molar mass and intrinsic viscosity. Nevertheless, a group of accessions appeared to deviate from this linear correlation (Fig. 38B). These accessions comprised AV254 (Hiroshima), AV257 (Sakata), AV258 (Tokushima), AV259 (Yamagata) and AV549 (Qar8a).

The observed shift in the relationship between Mp and IV for these accessions suggests that their outer mucilage polymers are present in a more compact form, which could be due to either increased branching or other factors influencing polymer folding, such as structural proteins like AGPs, previously observed in Arabidopsis mucilage (Harpaz-Saad et al., 2011;Griffiths et al., 2014;Griffiths et al., 2016).

Chemotype grouping of accessions with known mutants indicates potential mechanisms underlying trait variation

The six outer mucilage traits had also been analysed for seeds of 6 control genotypes corresponding to four previously characterised induced mutants and their corresponding wild type backgrounds (Poulain et al., in preparation; Appendix 9). The mutants used, cesa5-1, cesa5 mum3-1 , mum5-1 and myb61, have modified outer mucilage properties and/or amounts (Penfield et al., 2001b;[START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF][START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. These data were projected on to the PCA to see whether the induced mutant outer mucilage phenotypes colocalised with those of accessions (Fig. 39A). The two wild-type (WT) controls, WT Col-0 and WT Col-2 were located in a similar region of the PCA, close to the AV186 Col-0 reference accession, confirming the reproducibility of the analyses for these six traits; Col-2 is closely related to Col-0 being a fifth generation single seed descent from Col-0 [START_REF] Voiniciuc | FLYING SAUCER1 Is a Transmembrane RING E3 Ubiquitin Ligase That Regulates the Degree of Pectin Methylesterification in Arabidopsis Seed Mucilage[END_REF].

Interestingly, all four mutant controls were localised on the edge of the PCA indicating that some of their outer mucilage traits had extreme properties compared to natural variants. The values obtained for each trait for the induced mutants would place them as an outlier for two or more traits, with more extreme values observed for cesa5-1, cesa5 mum3-1 and mum5-1 for the radius of gyration and myb61 for Mp and IV (Fig. 39A , 2014). This suggested that two other nearby accessions, Te-0 (AV68)

and Ga-0 (AV117) might have similar redistribution of inner mucilage polysaccharides to outer mucilage. The pectin and cellulose in the inner mucilage layer of these two accessions was examined using ruthenium red staining and Calcofluor, respectively. While Te-0 formed a large halo of mucilage, the Ga-0 inner mucilage layer appeared thinner than that of the Col-0 reference accession (Fig. 40 A to F). To determine if the Ga-0 accession was a natural mutant allele for the CESA5 or MUM5 genes, crosses were performed between Ga-0 and cesa5-2 and mum5-1, both recessive mutant alleles, and mucilage released from F1 seed coats on F2 seeds was examined. In both cases the inner mucilage layer appeared as wide as the reference Col-0 indicating that Ga-0 was not affected in these genes (Fig. 40 G and H).

Adaptation of outer mucilage traits to environmental conditions

The dataset used had been generated using seeds produced from two independent series of plants grown and harvested together; two seed lots from each series were used for subsequent analyses for accessions (Poulain et al., in preparation; Appendix 9).

Environmental variations could have occurred during seed production, despite the plants being grown in controlled light and temperature conditions, in addition to the use of a randomised planting scheme to vary plant neighbour. For example, shading by neighbouring plants, exposure to air currents or watering frequency might have varied. Analysis of the data for any effects associated with the series in which the plant was produced was carried out and found a shift in values between the first and second series for all 6 traits in a subset of accessions. Nonetheless, this did not concern identical subsets and for each trait >250 accessions were unaffected. This suggests that the influence of different environmental conditions on each trait and that genetic variation exist between accessions concerning their response to external factors, which might be related to adaptive responses in their natural habitats.

To go further towards linking genetic variation with adaptive responses we examined in more detail the geographic localisation of collection sites for outlier accessions classed as HOM or LOM. This attribution, based on two associated traits, involved a larger number of outliers than identified for the other outer mucilage traits (Table 7; Table 8). One of the HOM group of accessions corresponds to, AV347, which was previously characterised as an FMR, originating from close to Russian border with Kazakhstan [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF].

Interestingly, of the 18 HOM accessions having reliable or estimated coordinates for their point of collection, another 8 came from central Asia and were collected near to a mountainous region extending from the Altai in Russia, through the Tian Sian running through China and Kyrgyzstan down to Tadjakistan (Supplemental Figure S3). This contrasted with the LOM group of accessions where the two Russian accessions having relatively accurate coordinates were from sites close to Europe.

3.1.3.6. Genome wide association highlights distinct genetic factors influence different macromolecular properties for outer mucilage polysaccharides Data from a 250K SNP chip is available from the 1001 genome project for 199 of the 301 accessions studied above (Cao et al., 2011a;[START_REF] Gan | Multiple reference genomes and transcriptomes for Arabidopsis thaliana[END_REF][START_REF] Long | Massive genomic variation and strong selection in Arabidopsis thaliana lines from Sweden[END_REF]. This was used to perform a GWAS to identify genomic regions associated with mucilage quantity (GalA/NS) or measured values for macromolecular properties (IV/Mp/Rg). Traits related to mucilage quantity or properties were analysed independently and two sets of accessions were obtained after filtering to remove those with high variability between replicates (Supplemental Tables S3 andS4); the GalA/NS set comprised 194 accessions, and the IV/Mp/Rg set 193 accessions. GWAS was performed for all 5 traits after data filtering, using the GWA-portal (https://gwas.gmi.oeaw.ac.at/) and non-parametrical KW method. Manhattan plots were obtained after filtering for minor allele count (mac > 15, Fig. 41 and43, Supplemental Figure S4).

The GWAS analysis did not highlight SNPs significantly associated with the variation of any trait using the stringent threshold (-log 10(p-value) > 8) corrected for multiple testing by the Bonferroni method. This method is designed to minimize false-positive association, but true-positive associations that do not meet statistical significance can be missed, especially for complex traits influenced by many loci with small effects (Yang et al., 2010a;Vinkhuyzen et al., 2013). Consequently, an arbitrary and less stringent threshold corresponding to a -log(p-value) of 5 was used in order to identify regions of interest. The 55 SNPs that reached this threshold for traits related to mucilage macromolecular properties are listed in Table 9, of which 10 are associated with variations in IV, 27 with Mp, 17 with Rg. The presence of only one colocalised SNP, between Mp and Rg (Fig. 41A; Supplemental Figure S4) suggests that different genes modulate these traits, which was unexpected considering the strong correlations observed between all three traits (Fig. 38B; Supplemental Figure S2). 

A putative glycosyltransferase, MUCI70, modulates the macromolecular properties of rhamnogalacturonan I polymers

The gene regions in which the different SNPs associated with the variation in the natural accessions were examined in more detail (Table 9). A region of chromosome 1 contained six SNPs above the threshold of significance for association with outer mucilage polysaccharide molar mass at peak maximum (Fig. 41A) and five of these were adjacent to, or located within, MUCI70 sequence (Fig. 41B). This gene was recently shown to play a direct role in the synthesis of seed mucilage pectin [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. MUCI70 was shown to contribute to the formation of RGI domains in mucilage and was proposed to be a member of a novel glycosyltransferase (GT) family. In agreement with this study, two independent mutant lines muci70-1 and muci70-2 were found to produce less total mucilage sugars (Supplemental Fig. S5A; Supplemental Table S5). Moreover, this reduction was due to reduced production of RGI in both mucilage layers (Supplemental Fig. S5B), and while Rha contents were decreased in the outer layer of mucilage, Xyl contents increased (Supplemental Figure S5C).

The nucleotide sequence of MUCI70 was available for four of the outlier accessions having highest or lowest outer mucilage Mp values in the dataset (Supplemental Table S1).

These

were compared using the 1001 Genome Browser (http://signal.salk.edu/atg1001/3.0/gebrowser.php)(Fig. 41C) and among the SNPs observed within and near to MUCI70, four were only observed in seven other accessions for which sequence data were available; Bla-1, C24, Hs-0, Hi-0, Kil-0, Rsch-4 and Ts-1. Except for the Hi-0 accession, all of these had relatively high Mp values indicating linkage disequilibrium (LD) for their co-inheritance with the high Mp trait. These polymorphisms include a synonymous coding substitution and three SNPs located in introns. Although synonymous coding mutations are not expected to have a effect on protein function, it is now recognized that they can impact RNA processing, protein folding or translation [START_REF] Hurst | Molecular genetics: The sound of silence[END_REF]Plotkin and Kudla, 2011). Moreover, the MUCI70 protein contains a predicted transmembrane domain near its N-terminus as well as a Domain of Unknown Function (DUF) 616 and this synonymous coding mutation appears to be located within the latter.

In order to determine whether modified MUCI70 activity could be responsible for the observed modifications in the macromolecular characteristics of outer mucilage polysaccharides, water-extracted mucilage from muci70 seeds was analysed (Supplemental Table S6). Values for all three macromolecular parameters, Mp, IV and Rg, were significantly lower for outer mucilage polysaccharides from muci70 seeds than those of wild type. As The position of SNPs with an association above the log(p-value)= 5 threshold on Manhattan plots for intrinsic viscosity, molar mass at peak maximum or radius of gyration are indicated with their p-value scores. The effect of the SNP change compared to the Col-0 reference sequence is indicated, as well as the nearest gene, its annotation and putative function obtained from Araport (Krishnakumar et al. 2015). Expression in seed coat correspond to the maximum value in the seed coat dataset, obtained from the Bio-Array Resource eFP browser [START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF] MUCI70 expression is lower in these mutants [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF] this demonstrates that altering MUCI70 activity affects polymer physicochemical properties, in accordance with the observed polymorphisms being the cause of natural variation in these traits. As stated above, unbranched RGI is the major component of outer mucilage for the Col-0 reference accession, which allows the average number and length of RGI polymers to be estimated from their Mp (Saez Aguayo et al., in preparation). In this way, the number of RGI molecules produced in muci70 mutants was calculated from Mp values and found to be significantly higher than that of WT (Fig. 42A; Supplemental Table S6), despite total RGI production being reduced (Supplemental Figure S5; Supplemental Table S5; [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. This was because the length of RGI polymers, expressed as the number of Rha-GalA disaccharides was greatly reduced in mutants (Fig. 42B), and highlighted that a larger number of short RGI polymers were synthesized when MUCI70 expression was reduced. Moreover, the proportion of xylose molecules per RGI polymer was higher in mutants (Fig. 42C) and confirmed the increase in Xyl linkages previously observed in muci70 mutant lines [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. Taken together, these results indicate that RGI polymers in muci70 mutants are shorter and have more xylan substitutions.

3.1.3.8. Genome wide association implicates a copper amine oxidase family member in the production of mucilage pectin

In contrast to the macromolecular traits, many significant SNPs were co-localised in Manhattan plots for GalA (Fig. 43A) and NS (Fig. 43B) contents in agreement with RGI being the major component of outer mucilage. Furthermore, none of the significant SNPs were common to plots for mucilage properties, in agreement with the orthogonal relationship observed by PCA analysis (Fig. 39). The 48 SNPs associated with the variation of both GalA and NS contents above the threshold of significance were listed in Table 10.

The annotated functions and transcription profiles of genes located near the GWAS peaks were analysed. Two genes At1G13260 and At5G27490 were preferentially expressed in the seed coat and encode respectively for a transcription factor involved in leaf senescence and a Yip domain family proposed to function in ER to Golgi transport (Woo et al., 2010;Tanimoto et al., 2011).

The basis for GWAS, is that a particular phenotype shared by a subset of individuals will be highly linked to neighbouring genetic variations due to LD. In a study of natural variability in Arabidopsis seed mucilage structure, [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF], considered neighbouring genes found within 1 million bases of the GWAS peaks which represents 100 times the average LD decays found in Arabidopsis populations (Kim et al., 2007;[START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF]. Examination of neighbouring genes was, therefore carried out and a promising candidate, At1g31670, was identified on chromosome 1 near to the SNP at the position 11281107 (Table 10). This candidate gene was the only one with strong expression in the seed coat within 1 million bases of the chromosome 1 peak (Figure 43C and Supplemental Figure S8). Moreover, its expression in other plant tissues was extremely low, indicating that it was seed-specific, being highly expressed at the walking-stick stage of embryogenesis (Supplemental figure S8) when mucilage polysaccharide accumulation occurs. Furthermore, the protein is predicted to be secreted to the apoplast by the subcellular location database for Arabidopsis proteins (SUBA), in agreement with a role in mucilage metabolism. This gene is annotated as a member of the copper amine oxidase family that contains 10 members in Arabidopsis which are divided into three clades [START_REF] Tavladoraki | Copper-Containing Amine Oxidases and FAD-Dependent Polyamine Oxidases Are Key Players in Plant Tissue Differentiation and Organ Development[END_REF]. As a putative copper amine oxidase of clade 1a, it was named CuAOα1. This superfamily catabolizes plant polyamines that are involved in several physiological processes, such as cell proliferation, differentiation and defence responses (reviewed in [START_REF] Tavladoraki | Copper-Containing Amine Oxidases and FAD-Dependent Polyamine Oxidases Are Key Players in Plant Tissue Differentiation and Organ Development[END_REF]. As these enzymes are found at high levels in the cell walls of many species, and no function has yet been assigned to this family member, which is specifically and highly expressed in the seed coat when mucilage production is on-going, it was considered a promising candidate for further experiments.

CuAOα1 may contribute to natural variability in mucilage production

To examine further the potential role of CuAOα1 in mucilage production, the predicted amino acid substitutions occurring in the protein in different accessions were obtained using The 1001 Genome Browser tool. An Agglomerative Hierarchical Clustering (AHC) of the 194 accessions used for GWAS indicated they could be classed into 3 groups (Supplemental Table S7). The first one regroups 41 accessions with low mucilage contents (muci-), the second regroups 51 accessions with high mucilage contents (muci+) and 102 accessions have intermediate phenotypes (Fig. 44A). Sequence data was available on the 1001 genome browser for 68 accessions from muci-and muci+ groups and a number of amino acid substitutions were observed within their protein sequences. In order to determine whether any were enriched in either group, Chi-square tests of independence were carried out (Supplemental Table S8). Only one substitution, Pro-203 to Ser, appeared to have be preferentially associated with reduced mucilage pectin production, with a Chi-test p-value of 0.042 (Fig. 44B; Supplemental Table S8). While 65% of individuals in the muci-group had this substitution, 70% of individuals from the muci+ group have Pro-203. A schematic representation of CuAOα1 protein domains was obtained from the European Bioinformatics Institute (https://www.ebi.ac.uk/). This polymorphism affects the first amino acid of the N3- terminal structural domain (Fig. 44C) and is a substitution between amino acids with different chemical properties, notably Pro has unique properties, and often is associated with significant protein structural features such as folding [START_REF] Results Betts | Amino Acid Properties and Consequences of Substitutions[END_REF]. This amino acid polymorphism is likely, therefore, to have a strong effect on protein function. cuaoα1-1 and cuaoα1-2 have insertions in the 3rd exon or 3rd intron, respectively (Fig. 45A).

Outer and inner mucilage was extracted sequentially from mutant seeds and their WT Col-0, followed by GalA and NS quantification (Fig. 45B andC, Supplemental Table S5). A significant reduction of both GalA and Rha contents was observed in outer mucilage from seeds of both mutants lines compared to WT, confirming the involvement of CuAOα1 in RGI production. This difference was greater for Rha contents with a reduction of 24.5% and 40.7% for cuaoα1-1 and cuaoα1-2, respectively. For GalA contents, reductions were more modest, 16.4% and 17.7% for cuaoα1-1 and cuaoα1-2, respectively (Fig 45B). The lower reduction in GalA contents suggest that mutations in CUAOα1 gene may specifically impact RGI production without affecting other pectin domains such as HG. In contrast to muci70 mutants, RGI polymer length was not impacted with no differences observed for both mutant alleles (Supplemental Figure S6A). The number of RGI polymers was, however, consistently reduced in cuaoα1-1 and cuaoα1-2 and confirm the implication of this candidate gene in RGI production (Supplemental Figure S6B).

The effect of this enzyme on mucilage production appeared to be specific to the outer mucilage layer, as no consistent differences in inner mucilage sugar contents were observed with both mutant alleles, compared to WT (Fig. 45C). Furthermore, the inner mucilage of cuaoα1 mutants did not exhibit any obvious visual phenotype when stained with ruthenium red (Supplemental Figure S7). This indicated that the effect on the outer mucilage layer was not due to a redistribution of RGI to the inner layer. provide advantageous or neutral effects on survival in a given environment. In Arabidopsis a large number of natural accessions have been identified, and for many of these their site of location is known with a certain level of precision. Associating particularities of these environments with genetic polymorphisms and adaptive phenotypes can be carried out based on LD, and this is greatly facilitated in Arabidopsis through the availability of genomic data for 1001 accessions (Cao et al., 2011). Furthermore, this genomic data allows potential causal mutations to be identified and new functions to be assigned to genes.

In the study presented here, natural variation in polysaccharide traits has been described for polymers extracted from the outer layer of seed mucilage. For the majority of accessions, these polymers are mainly composed of the pectin domain RGI as the quantity of GalA and NS was proportional, in agreement with this polymer being a repeating disaccharide of [→2)-α-L-Rha-(1→4)-α-D-GalA-(1→]n (Fig. 38A). The polysaccharide composition of water-extractable mucilage varies in other species, such as flaxseed and psyllium which contain large proportions of heteroxylan (reviewed in Phan and Burton, 2018). This suggests that the properties of the RGI polymer are important for the biological function of outer mucilage in Arabidopsis. Nevertheless, all six characteristics examined for outer mucilage polymers showed extensive variation (Fig. 37; Table 6) so while the composition varied little, the amount produced could vary nearly 3-fold between accessions and average polymer length by around 2-fold. The lowest amounts observed were, however, still higher than reductions in outer mucilage obtained for certain induced mutants in transcription factors regulating the differentiation of seed coat epidermal cells, such as ttg1 (>17-fold) or gl2-9 (>5-fold) (Arsovski et al., 2009b;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF] indicating that the complete elimination of mucilage production would be disadvantageous. This is in agreement with the previous observation that all Arabidopsis accessions with floating seed phenotypes still produced mucilage [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF].

Variations were observed in the macromolecular properties of the polymers (Table 6), which might suggest that conservation of polymer properties per se is not an important criterion for outer mucilage function. As outer mucilage is mainly unbranched RGI, then the observed variations in properties are principally related to changes in polymer length, and the

Table 10: List of SNPs associated with outer mucilage quantity in and the nearest annotated gene

The position of SNPs with an association above the log(p-value)= 5 threshold on Manhattan plots for both galacturonic acid and neutral sugar contents are indicated with their p-value scores. The effect of the SNP change compared to the Col-0 reference sequence is indicated, as well as the nearest gene, its annotation and putative function obtained from Araport 2015 (Krishnakumar et al. 2015) Expression in seed coat correspond to the maximum value in the seed coat dataset, obtained from the Bio-Array Resource eFP browser [START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF] strong proportionality observed between Mp and the three other characteristics determined is in agreement with this (Fig. 38B; Supplemental Fig. S2). Together, the analyses of outer mucilage variation indicates that its function requires a conserved composition while polymer length and amount may be adapted to particular environments.

3.1.4.2. Arabidopsis accessions with distinctive outer mucilage traits might have common geographic origins Following its release, it is likely that outer mucilage would be gradually leached into the surrounding media, as is not attached to the seed. In this context, among diverse functions proposed for mucilage in other species, two might be coherent for Arabidopsis outer mucilage. It may enhance plant growth through improved soil rheology, similar to Chia mucilage whose adhesive properties can aggregate soil particles and thereby change soil water retention and airflow (Di [START_REF] Marsico | Mucilage from seeds of chia (Salvia hispanica L.) used as soil conditioner; effects on the sorption-desorption of four herbicides in three different soils[END_REF]. Alternatively, it could benefit seedling establishment, as observed for Artemisia sphaerocephala mucilage that can act as a carbon source, promoting seedling and soil microbiome growth (Yang et al., 2012a). The properties of RGI polymers might provide a particular advantage to Arabidopsis seeds for one or both of these functions, but while the adaptation of outer mucilage quantity could control the extent of microbiome growth, differences in polymer length are unlikely to have an impact. The modulation of polymer size might, however, have an impact on soil rheology, and this could be tested using outer mucilage extracts from outlier accessions.

A group of five accessions produced outer mucilage that did not respect the linear relationship between outer mucilage macromolecular properties, due to a shift to lower IV (Fig. 38B; Supplemental Fig. S2C). This means that the outer mucilage polymers in these accessions are folded differently and occupy a smaller volume. As four of these accessions were from Japan this might represent a local adaptation, which could be studied further to gain clues concerning the role of RGI polymer conformation with function. Studying the effect of mucilage from these accessions on soil rheology and microbial growth might also provide pointers. Interestingly, the sites of collection for a group of HOM accessions were geolocalised to a mountainous region of central Asia (Table 7; Supplemental Fig. S3), contrasting with the absence of LOM accessions from this area. Although this region includes that where FMR accessions originate, with one FMR figuring among the LOM accessions, the HOM phenotype would not appear to be linked to seed flotation, as four LOM had previously been found to have seeds that sink [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. Overall, accessions could be classed into five groups, based on their outer mucilage characteristics (Supplemental Fig. S1; Supplemental Table S2). Accessions with atypical inner mucilage traits have previously also been classed into five groups [START_REF] Voiniciuc | Extensive Natural Variation in Arabidopsis Seed Mucilage Structure[END_REF], but there was no link between accessions attributed to these with any of the outer mucilage groups. This suggests that the inner mucilage phenotypes examined are controlled by independent genetic factors and reinforces the proposal that the two mucilage layers have different functions in natural habitats.

Elongation of RGI by MUCI70 influences polymer length and xylan substitution

A large number of genes have been catalogued that contribute to mucilage production (Francoz et al., 2015), but only seven appear to be directly involved in RGI polymer synthesis, despite it being the main component of mucilage. Notably, a RGI rhamnosyltransferase (RRT1) was recently identified and shown to participate in mucilage production [START_REF] Takenaka | Pectin RG-I rhamnosyltransferases represent a novel plant-specific glycosyltransferase family[END_REF]. As outer mucilage is almost exclusively RGI, then exploiting natural variation for the identification of genes is more likely to find direct contributors in its production. Accessions with atypical phenotypes for mucilage release have previously proved to be useful tools for the identification of genes involved in mucilage production (Macquet et al., 2007b;[START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF][START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF] and the outliers uncovered here will be important tools for the discovery of further loci. These however involve mapping strategies requiring the generation of progeny from crosses between accessions. An alternative, more rapid strategy is to use GWA, to provide a list of candidates and this approach was successfully used here to demonstrate that two genes, MUCI70 and CUAOα1 are involved in the modulation of outer mucilage macromolecular properties, and/or synthesis, respectively. This showed that our GWAS represented biologically relevant associations rather than noise, even when applying a lower significance threshold than that commonly calculated with the Bonferroni method.

MUCI70 was recently identified as a putative GT from a previously unclassified CAZy family and was shown to participate in RGI synthesis together with the galacturonosyl transferase GAUT11, with muci70 gaut11 mutants being more strongly impaired in RGI production than each single mutant [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. Here, GWAS identified MUCI70 as a locus that modulates the natural variation in RGI macromolecular properties (Fig. 41).

We found that in addition to defects in RGI synthesis, muci70 mutants produce a larger number of short polymers and that these have more xylan substitutions, compared to WT (Fig. 42; Supplemental Table S6). Recently two other enzymes, MUM5/MUCI21 and IRX14, were implicated as the GTs involved in adding and elongating RGI xylan side chains (Voiniciuc et al., 2015;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. As irx14 muci70 mutants were more severely impaired in RGI production, [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF] proposed that xylan is essential for the elongation of RGI and could act as a primer for RGI synthesis, which would also explain the increased xylose contents in muci70. Nevertheless, total Rha and GalA contents are not affected in either irx14 or mum5 mutants (Voiniciuc et al., 2015a;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF], showing that RGI synthesis can be initiated when xylan side chains production is limited, and we show here that many short RGI polymers are synthesized in muci70.

Pectin is synthesized in the Golgi lumen by GTs that transfer glycosyl residues from nucleotide sugars to specific polysaccharide acceptors, and accordingly MUCI70 is localised to the Golgi [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. It has been proposed that pectin synthesis involves multi-GT enzyme complexes that produce different pectin domains and side chains [START_REF] Atmodjo | Evolving Views of Pectin Biosynthesis[END_REF]. Mucilage RGI production is likely, therefore, to involve a complex with at least three GTs; a rhamnosyltransferase, a galacturonsyl transferase and a xylosyltransferase. The production of RGI is reduced in muci70, but not completely impaired, suggesting that another GT can act as a less efficient substitute. A slower RG backbone elongation rate could allow more xylan side chains to be added explaining the higher number of substitutions observed.

As more and shorter polymers were produced in muci70 mutants this indicates that synthesis is terminated earlier, perhaps due to the high level of substitutions. Interestingly, outer mucilage extracts of the mum4/rhm2 mutant, defective for the production of the UDP-Rha substrate for RGI synthesis, also contained a greater number of small polymers [START_REF] Usadel | RHM2 Is Involved in Mucilage Pectin Synthesis and Is Required for the Development of the Seed Coat in Arabidopsis[END_REF]. The properties of muci70 mucilage are, therefore, coherent with the production of mucilage RGI by a multi-GT complex, as previously observed for HG synthesis with GAUT1/GAUT7 [START_REF] Sterling | Functional identification of an Arabidopsis pectin biosynthetic homogalacturonan galacturonosyltransferase[END_REF][START_REF] Atmodjo | Galacturonosyltransferase (GAUT)1 and GAUT7 are the core of a plant cell wall pectin biosynthetic homogalacturonan:galacturonosyltransferase complex[END_REF]. Furthermore, a putative glucuronoarabinoxylan synthase complex from wheat was found to have xylosyltransferase, arabinosyltransferase and galacturonosyltransferase activities (Zeng et al., 2010). To confirm this hypothesis further genetic and biochemical studies will be required using the GTs already identified as potential components of this complex: MUCI70, GAUT11, IRX14, MUM5 and RRT1. Interestingly, while MUCI70 was identified as associated with natural variation in macromolecular properties, it was not linked to differences in mucilage amount, or other macromolecular properties, despite insertion mutants having dramatic decreases in RGI production for both mucilage layers and modified IV and Rg (Supplemental Fig. S5; Supplemental Table S6). This suggests that the polymorphisms identified can specifically increase Mp that, considering the expected link between macromolecular parameters if outer

Supplemental figure S1 : Classification of Arabidopsis accessions into 5 groups based on their outer mucilage traits

A, Histogram of mean squared error for clusters based on PC1 and PC2 in Figure 3 showing that that five clusters are sufficient to explain the variation between traits. B, Cluster dendrogram with the suggested five clusters, termed group 1 to 5, are separated by coloured lines. The accessions in each group are listed in Supplemental Table S2 Our GWAS linked an amino acid substitution in CUAOα1 to natural variation in outer mucilage amount (Fig. 43; Fig. 44). This polymorphism of either Pro or Ser at amino acid 203 is predicted to have a major effect on protein conformation at the beginning of the N3 structural domain (Fig. 44). As insertion mutants in CUAOα1 produced lower amounts of RGI and the muci-group of accessions were preferentially associated with Ser-203, this indicates that this protein form would be less active (Fig. 44C; Fig. 50B). In Arabidopsis, among eight genes considered to encode for putative functional CuAOs, only five have, to date, been

shown to be catalytically active (Moller and McPherson, 1998;Planas-Portell et al., 2013;[START_REF] Groß | Copper amine oxidase 8 regulates arginine-dependent nitric oxide production in Arabidopsis thaliana[END_REF]. These homodimeric enzymes control polyamine metabolism by catabolising the oxidation of primary amino groups of polyamines with the simultaneous reduction of oxygen to hydrogen peroxide. These enzymes can also be involved in the production of another reactive oxygen species, nitric oxide [START_REF] Groß | Copper amine oxidase 8 regulates arginine-dependent nitric oxide production in Arabidopsis thaliana[END_REF]. Different family members have different cellular and tissue localisations and have been proposed to have distinct biological roles (Planas-Portell et al., 2013). CUAOα1 is predicted to be localised to the apoplast, and apoplastic CUAO have previously been shown to contribute to cell wall loosening [START_REF] Tavladoraki | Copper-Containing Amine Oxidases and FAD-Dependent Polyamine Oxidases Are Key Players in Plant Tissue Differentiation and Organ Development[END_REF]. Cell wall peroxidases are also involved in apoplastic ROS production, and PEROXIDASE (PER) 36 was previously shown to play a role in seed coat epidermal cells (Kunieda et al., 2013). Although this enzyme was shown to influence mucilage release, this was through the fragmentation of the outer primary cell wall

and not a direct effect on mucilage constituents. No delay or absence of mucilage release was observed in cuao mutants (Supplemental Fig S8), so CUAOα1 must have different targets. ROS can induce oxidation of polysaccharides and proteins, so it is possible that CUAOα1 could act either directly to modify polysaccharides or indirectly on a protein that influences polysaccharide production. Identification of the CUAOα1 is likely to be challenging, as relatively small polysaccharide modifications can have strong effects, as previously observed for RGI branching (Dean et al., 2007;Macquet et al., 2007b;Arsovski et al., 2009a). Interestingly CUAOδ (At4g12290) and CUAOε2 (At4g12280) also show strong seed coat expression, and the possibility that the reduction in RGI production in cuao is tempered by functional redundancy could be tested using double or triple mutants. The phenotype of cuao is, however, remarkable as the first example of a modification to outer mucilage production without a concomitant change in inner mucilage amounts.

Conclusion

Natural variation in Arabidopsis outer mucilage has been studied here and has emphasized the importance of RGI as its major component. The characteristics of this polymer show natural variation for the amount and length of polymer produced, and two groups of accessions appear to have specific mucilage properties that may be linked to their natural habitats. Using the LD for the inheritance of outer mucilage traits in an association study, MUCI70 and CUAOα1 were shown to contribute to the natural variation observed in the amount and/or length of RGI polymer produced. For both sets of outer mucilage traits analysed using GWA a number of moderately significant peaks were identified, indicating a complex genetic regulation underlies mucilage RGI synthesis and macromolecular traits.

Identification of the causal polymorphisms behind these peaks, and those responsible for the phenotypes of outlier accessions, should lead to the identification of further genes affecting outer mucilage production. Together, our results demonstrate the value of natural variation as a resource for decrypting the underlying genetic basis for traits and their biological context.

Material and methods

Plant material and growth conditions

The cuaoα1-1 (Salk_012213), cuaoα1-2 (Salk_114803), muci70-1 (Salk_129524) and 

Mucilage extraction and analysis

A sequential extraction of outer followed by inner mucilage was performed and analysed for monosaccharide composition, essentially as previously described [START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF].

Firstly, 150 mg of intact seeds were mixed head-over-tail in 3 mL of distilled water for 3 h at room temperature (24°C). The suspension was centrifuged (8,000g, 3 min) and supernatants filtered through a disposable glass microfiber filter (13 mm diameter, 2.7 µm pore size; Whatman; http://whatman.com/index/aspx) were analysed as outer mucilage extracts. Seeds were then rinsed twice in 5 mL of water and once with in 5 mL of 50 mM sodium acetate buffer, pH 4.5 for 5 min each, before adding rhamnogalacturonan hydrolase (0.1 nkat) (Swiss-Prot Q00018) provided by Novozymes (http://www.novozymes.com/) in 3 mL of 50 mM sodium acetate buffer, pH 4.5 and incubating for 1.5 h at 40°C. Samples were centrifuged (8000g, 3 min), and the supernatants were collected and filtered as above and analysed as inner mucilage extracts. A control reaction without seeds was also carried out.

The uronic acid and neutral sugars contents were determined by the automated mhydroxybiphenyl and orcinol methods respectively (Thibault, 1979;Tollier and Robin, 1979).

Mucilage extracts were hydrolysed with 2 M trifluoroacetic acid at 121°C for 2.5 h, then individual neutral sugars derivatized to alditol acetates [START_REF] Blakeney | A simple and rapid preparation of alditol acetates for monosaccharide analysis[END_REF]) and analysed by gas-liquid chromatography (Perkin Elmer Gas chromatograph).

For high-pressure exclusion size chromatography (HP-SEC), the outer mucilage extracts were boiled for 5 min, and filtered through a polyvinylidene difluoride filter (13 mm diameter, 0.45 µm pore size; Whatman). HP-SEC was performed at room temperature on a system comprising a Shodex OH SB-G precolumn followed by a Shodex OH-Pack SB-805 HQ column (http://www.shodex.de/). Polymers were eluted out with 50 mM sodium nitrate buffer at a constant flow rate of 60 mL h -1 . Measurements were performed using a differential 3.1.6.4. Genome wide association study Sequence data was available from the 1001 genome project (Cao et al., 2011;Horton et al., 2012) 

Genome

Browser (http://signal.salk.edu/atg1001/3.0/gebrowser.php). Amino acid substitutions were only used for subsequent analysis when the sequence quality indicated they were reliable. The association of these substitutions with their corresponding phenotype was tested using a Chi-square test of independence at a threshold of 5%.

3.1.6.6. Cytochemical staining of adherent mucilage Seeds were stained with 200 µg mL -1 ruthenium red or 25 µg mL -1 Calcofluor as previously described (Macquet et al., 2007a). Stained seeds were observed with a light microscope (Axioplan2; Zeiss) for ruthenium red or optical sections obtained using a Leica TCS-SP2-AOBS confocal microscope using a 405 nm UV diode to excite Calcofluor and detecting fluorescence emission between 440 and 490 nm.

Sequence data from this article can be found in The Arabidopsis Information Resource (http://www.arabidopsis.org) database using the loci identifiers At1g28240 (MUCI70) and At1g31670 (CuAOα1). A, Expression profiles in different plant tissues. B, Profiles in different seed tissues. Data were obtained from the Bio-Analytic Resource for Plant biology Arabidopsis eFP browser presentation of ATH1 microarray data [START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF]. Values in (B) are based on the data set generated by {Formatting Citation} using RNA extracted from laser-capture microdissected seed tissues. 

RESULTS

Supplemental Table S4: List of accessions and corresponding outer mucilage molecular property values used for GWAS analysis

Accession retained after filtering for the coefficient of variation. The accession ID and values for intrinsic vicsosity, molar mass at peak maximum or radius of gyration sugar were used as input data in the GWA-portal. The phenotypic values correspond to adjusted means for the culture effect calculated with the lsmeans package in R software. IV, intrinsic viscosity; Mp, Molar mass at peak maximum; Rg, Radius of gyration. 
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Supplemental Table S7: Arabidopsis natural accessions can be classed into 3 groups based on hierarchical clustering analysis of their outer mucilage GalA and NS contents

Accessions whose sequences can be visualised in 1001 genome viewer are highlighted in grey.

Group I (muci-)

Group II (muci+) Cyr Ran

Supplemental Table S8 

DETERMINING THE GENETIC BASIS FOR THE ATYPICAL PROPERTIES OF OUTER AND INNER MUCILAGE POLYSACCHARIDES IN A JAPANESE ACCESSION, YAMAGATA.

The outlier accession Yamagata has atypical macromolecular properties for both mucilage layers

The study of natural variability for outer mucilage between Arabidopsis accessions identified a number of outliers with atypical characteristics for the amount or the macromolecular properties of mucilage (Supplemental Table S1; section 3.1.3.1). More than twenty genes have previously been shown to influence the amount of outer mucilage, including transcription factors affecting absolute levels of polymer production, or mutants affected in polysaccharide attachment to the seed. Relatively few mutants have, however, been described with modified outer mucilage physicochemical properties, notably gatl5 affected in a putative galacturonosyl transferase, and mutants with defective attachment of RGI to cellulose (cesa5-1, mum5-1, fei2, sos5, irx7 and irx14) (Section 1.3.; [START_REF] Sullivan | CESA5 Is Required for the Synthesis of Cellulose with a Role in Structuring the Adherent 5. REFERENCES Mucilage of Arabidopsis Seeds[END_REF]Hu et al., 2016a;Hu et al., 2016b;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF][START_REF] Griffiths | Sticking to cellulose: exploiting Arabidopsis seed coat mucilage to understand cellulose biosynthesis and cell wall polysaccharide interactions[END_REF]. The analysis of outliers for physicochemical properties had, therefore, a greater potential for identifying novel genes affecting mucilage properties. Of the four characteristics studied, the analysis of outer mucilage intrinsic IV is the less affected by environmental conditions (Ralet et al., unpublished). Furthermore, the reference accession Col-0 is among the outliers for high outer mucilage IV (Supplemental Table S1) For this reason, we focussed on outliers with low outer mucilage IV. Of the four Japanese accessions with very low IV, (figure 46A) seed were already available from a cross between Col-0 and Yamagata. Variability in IV values reflects differences in polymer length and/or folding. As the composition of the outer layer of mucilage in Yamagata appeared to vary little from the expected 1:1 ratio of Rha and GalA previously observed in the reference accession Col-0 for linear unbranched RGI (see section 3.1.3.2) (Macquet et al., 2007), this suggested that reduced IV was caused by RGI polymers being shorter in Yamagata. Nevertheless, Yamagata was an outlier from the linear relationship between IV and mass (see section 3.1.3.3) indicating that this difference in IV was due to a further factor that was specific to the group of outlier Japanese accessions.

The seed coat is of maternal origin and to determine the inheritance of the IV trait F1 plants derived from the cross between Col-0 and Yamagata were allowed to self-fertilize and mucilage produced by the F1 seed coat on the F2 seeds was analysed and compared to that of parental seeds produced in parallel. HP-SEC coupled with a viscosimeter was employed to determine the macromolecular properties of mucilage polysaccharides (See section 1.3.1.1). The IV of outer mucilage was 3.57 dL/g for Yamagata and 5.88 dL/g for Col-0 96
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(Figure 46A), similar to values obtained previously (Appendix 9). The IV of mucilage from F1 seed coats was 4.61 dL/g for F1 individuals, intermediate between values for the two parents, indicating that if a single gene is responsible for the IV phenotype then Col-0 and Yamagata alleles of this gene exhibit incomplete dominance.

The porosity of the inner mucilage layer has previously been investigated using different sizes of dextran molecules labelled with a fluorescent molecule, FITC (Willats et al., 2001b;Voiniciuc et al., 2015b). As the porosity of the polysaccharide matrix is likely to be influenced by the macromolecular properties of the polymers, the porosity of Yamagata inner mucilage was examined using both FITC-dextran and FITC-(O-carboxymethyl)-polysucrose (FITC-CM-Polysucrose) commercialised as FITC-(CM)-ficoll. The latter consists of a carboxymethylpolysucrose with approximately 5% of carboxyl groups substituted with FITC labels and as it yielded more homogeneous labelling of mucilage than dextran, it was used to confirm all key phenotypes. FITC-ficoll 400kDa was excluded from the inner mucilage of Col-0, but not from that of Yamagata, which fluoresced brightly (Figure 46B). Interestingly, the inner mucilage released from F1 seed coats of Col-0 x Yamagata F2 progeny also showed intense fluorescence. This indicated that the Yamagata allele of the locus modulating inner mucilage porosity was dominant over the Col-0 allele.

At least 3 distinct genomic regions contain causal mutations that modify mucilage viscosity or FITC-ficoll porosity

In order to localise the causal mutations that influence the properties of mucilage in Yamagata, a population of F2 plants had been self-fertilized and F3 seed lots produced from each for phenotyping of mucilage from the F2 seed coat. This had been carried out by Christine Sallé, technician in the team, before the beginning of the thesis. A F2 mapping population represents a patchwork of parental genomes and each individual is unique. The main advantage is that it is quickly and easily obtained, but replication of its individuals is not possible, so available seed samples for an individual are limited to the original F3 seed lot.

One hundred and nine F2 progeny produced sufficient seed for measurements of outer mucilage intrinsic viscosity (carried out by Marie-Christine Ralet and Marie-Jeanne Crépeau, INRA, Nantes). More F2 individuals, one hundred and eighty-six, were phenotyped for inner mucilage porosity using FITC-CM-Dextran 40kDa as this required less seed; these analyses had been carried out by two former intern students and Adeline Berger, scientific assistant, before I joined the team. As thirty-seven F2 individuals showed a [Col-0] phenotype, representing 20% of the overall population, this indicated that the Yamagata allele was dominant over that of Col-0. 

RESULTS

Genotyping of genomic DNA extracted from each F2 progeny was carried out using a set of ten molecular markers. These corresponded to simple sequence length polymorphism (SSLP) markers that amplified DNA fragments of different lengths in each parent that allow the parental origin of the genomic region amplified to be assigned. As shown on Figure 47, a marker was selected for each chromosome arm of the Arabidopsis genome. Linkage analysis is based on the increased co-inheritance of a marker and phenotype if they are localised close to one another on the genome, also termed linkage disequilibrium.

Consequently, an enrichment of individuals genotyped as Col-0 homozygotes is expected for markers close to the causal mutation in the F2 progeny exhibiting a [Col-0] phenotype.

Twenty-two or thirty-seven F2 progeny showed a [Col-0] phenotype for IV or inner mucilage properties, respectively, and were genotyped for the 10 SSLP markers. Pearson's

Chi-squared test of independence was used to compare the segregation of genotypes at each marker. For IV, the observed distribution of genotypes differed from the normal segregation observed for a Mendelian trait at the marker K9I9 on the southern arm of chromosome V with an enrichment of homozygous Col-0 genotypes (p-value: 1.39 x 10 -5 ) (Table 11). A significant enrichment of Col-0 genotypes was also observed on the southern arm of chromosome IV (p-value: 4.68 x 10 -3 ). The stronger disequilibrium observed for the chromosome V marker was privileged for further analyses to establish a confidence interval and the underlying locus was named LIV1 for Low Intrinsic Viscosity 1.

Analysis of the F2 progeny with inner mucilage fluorescence equivalent to Col-0 identified an enrichment for Col-0 genotypes at the marker nga111 on the southern arm of chromosome I (Table 12; p-value: 2.90 x 10 -6 ). A weak disequilibrium was also observed for marker msat2.18 (p-value: 2.26 x 10 -3 ) but in this case the enrichment was for Yamagata genotypes, which was not coherent with the observed phenotype. The locus on chromosome I was chosen for further mapping and named IMP1 for Inner Mucilage Properties 1.

As distinct chromosome regions were significantly associated with differences in outer or inner mucilage properties, this indicated that these are regulated independently, at least for the accessions and traits examined here. A common locus might exist, however, as linkage was also detected on the southern arm of chromosome IV for inner mucilage properties, although this had a low level of significance. The latter was not pursued further in the present work. 

Fine-mapping of two loci: LIV1 and IMP1

Following the localisation of LIV1 and IMP1 loci that influence outer and inner mucilage properties, respectively, my objective was to establish a confidence interval (CI) for both. The CI provides a genomic region in which to focus fine-mapping of the gene of interest. The genome of the Yamagata accession had been re-sequenced prior to starting my thesis using Illumina technology. Reads obtained had been treated on the pipeline mutDetect and fileMatch, developed by the IJPB bioinformatics team, and mapped onto the Col-0 reference sequence (TAIR version 10) to detect SNPs as well as insertions and deletions existing between Yamagata and Col-0 sequences. These insertions and deletions were used to identify polymorphic regions on the southern arms of chromosome I and V for additional SSLP markers. Specific primers were designed accordingly, and used to genotype the F2 progeny. The closer a marker is located to the causal polymorphism, the higher the significance value obtained in a Chi-square test of independence. Conversely, a marker that is further from the causal polymorphism will be lower or even non-significant. Consequently, the outer limits of the CI were established based on the p-values obtained. An initial confidence interval was established for LIV1 between markers CIW9 and K9I9 and covered a 9,870kb region from 17,061 kb to 26,921 kb on chromosome V. For IMP1, the CI was located between markers nga280 and nga111 and covered a 6,833kb, region from 20,523 kb to 27,356 kb on chromosome I (Appendix 2 and 3).

Fine-mapping was then carried out to progressively reduce the CI using recombinant F2 individuals. Among the F2 progeny already genotyped, only a few were recombinant in the CI. In order to identify additional recombinants, two molecular markers bordering the CI were used to genotype a large number of F2 individuals and identify those harbouring a recombination event inside the CI. Additional molecular markers within the CI were then used to localize more precisely where DNA recombination occurred in the interval for each individual. Mucilage phenotypes were then determined for recombinants in the CI using HP-SEC or FITC-CM-Ficoll 400 kDa, as appropriate for LIV1 or IMP1, respectively, confirming the latter when necessary with FITC-Dextran 40 kDa. Linking the phenotype and genotype of each F2 recombinant enabled the CI containing the locus of interest to be gradually reduced.

For IMP1, 2182 F2 progeny were screened and 113 recombinants identified and genotyped further with 24 molecular markers within the CI on chromosome I. The genotypes of 7 progeny that contained recombination events within a reduced CI are represented on Figure 48A as well as their phenotypes. IMP1 was inherited as a simple Mendelian locus meaning that individuals homozygous for Col-0 alleles had a [Col-0] phenotype and those

Table 13: List of genes contained in the 136kb mapping interval

For each gene is represented its AGI code, polymorphisms found within Yamagata sequence compared to Col-0, its annotation when available and putative function. SC: synonymous coding, NSC: non-synonymous coding, U3: 3'-UTR, U5: 5'-UTR, StaG: start gained, StoG: stop gained. Genes preferentially expressed in the seed coat appear in red. 89 kb mapping interval is also highlighted in light blue and extends from genes At1g62040 and At1g62300. For LIV1, 965 F2 progeny were screened and the 98 recombinants identified were genotyped further with 13 molecular markers within the CI on chromosome V. The genotypes of 6 recombinants are represented on Figure 48B. As the inheritance of Col-0 and Yam alleles exhibits incomplete dominance, linkage analysis to phenotypes was more challenging and could only be carried out using progeny with clearly distinguishable phenotypes.

Assignment of phenotypes was defined as follows: [Yam]: IV<4dL/g; [Het]: 4<IV<5 dL/g; [Col-0]: IV>5dL/g. A new CI was established in the same manner as describe above for IMP1 and localized between markers CIW9 and IND1.22322 covering a 5261kb region on chromosome V. It was not possible to reduce this further as new recombinants within this interval were incoherent indicating opposing genotype to phenotype linkages. We first hypothesized that there could be an epistatic effect from the second locus on the southern arm of chromosome IV which also has an impact on IV. To confirm this hypothesis, all 98 recombinants were also genotyped using 4 molecular markers on the southern arm of chromosome IV. Fine-mapping was then tested using 29 individuals whose genotype was fixed as homozygous for either Col-0 or Yam in this region, but this did not produce coherent genotype to phenotype links for the CI on chromosome V. The presence of more that one locus in this region is also possible, as remaining recombinants yield conflicting results. The genetic regulation of this trait appears, therefore, complicated and an alternative approach to fine-mapping called bulk segregant analysis (BSA) was employed (discussed below 3.2.7).

Small highly abundant proteins in seed mucilage may modify inner mucilage polysaccharide properties

In order to short-list candidate genes for the IMP1 locus annotated genes in the 136 kb CI were listed in Table 13. The name, putative function and presence of polymorphisms in the Yamagata genomic sequence compared to Col-0 were examined for the 46 genes. [START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF] based on the data set generated by [START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF] for RNA extracted from laser-capture microdissected seed tissues. Values with a standard deviation greater than half their expression value were masked and appear in grey (C) Close-up view of the chromosome I region containing the 7 candidate genes and their positions. 
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Among these, 34 genes contain at least 1 polymorphism and 25 contain mutations inducing amino acid substitutions or which should generate truncated proteins. The expression levels of each candidate gene in the developing seed coat were obtained using eFP Browser when available (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi, [START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF] corresponding to the data set of [START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF]. Ten genes were identified which are preferentially expressed in the seed coat (in red). The expression profiles for 6 of these were particularly interesting as they are seed coat specific and expressed at extremely high levels (Figure 49A). Four of these are annotated as encoding Testa Abundant proteins that were identified in a mucilage proteome as the most abundant proteins in both layers (Section 1. 3.4.;[START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF]. The AGI codes for the six genes are At1g62000 (TBA1), At1g62060 (TBA2), At1g62070, At1g62080 (TBA3), At1g62210 and At1g62220 (TBAL). The profiles and levels of TBAs and TBAL expression on eFP Browser were identical throughout embryo and seed development, indicating that the probe used was not able to distinguish them and that levels correspond to combined values for the four genes. Their expression is detected in the seed coat from the late globular embryo stage onwards and increases to a maximum at the end of embryogenesis (Figure 49B). The genes At1g62070 and At1g62210 have not yet been characterized or identified in the mucilage proteome and show slightly different expression patterns. At1g62070 expression is higher earlier during seed coat development and peaks when the embryo is at the heart to torpedo stage, whereas At1g62210 has a smaller peak of expression when the embryo is at the walking stick stage. Expression data from Transcription Variation Analysis (TRAVA; http://travadb.org/) highlighted a seventh gene At1g62225 that is also very highly expressed in the seed. Data were not available for this gene in the [START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF] data set for laser-dissected seed tissues, but its expression can be visualized using the seed coat eFP Browser which uses data from RNA extracts of seed coats that had been separated manually from developing embryos [START_REF] Dean | Analysis of gene expression patterns during seed coat development in arabidopsis[END_REF]. This confirmed that the latter gene is also highly expressed in the seed coat and is another promising candidate gene (Appendix 4).

All seven candidate genes are very small, contain only 1 exon and none of them have any known functional domain. TBA1 falls outside the 89 kb CI and therefore is not the top candidate. TBA2, At1g62070 and TBA3 are grouped closely together and At1g62210, TBAL and At1g62225 form a second cluster of genes. (Figure 49C). All these genes are located within a small region on chromosome I, indicating that they could originate from duplication events. Co-expression analysis from microarray and RNAseq data are available from ATTED-II website (http://atted.jp/; [START_REF] Obayashi | ATTED-II in 2018: A Plant 5. REFERENCES Coexpression Database Based on Investigation of the Statistical Property of the Mutual Rank Index[END_REF] for At1g62070 and At1g62210.

At1g62070 is co-expressed with TBAs and TBAL genes as well as an extensin (At5g05020) and the pectin acetylesterase1 (PAE1; At1g09550). At1g62210 is also co-expressed with 3. RESULTS TBAs as well as At1g62225, a seed coat specific extensin (At5g59170) and CuAOα1 (Copper amine oxidase α1; At1g31670) identified in my GWA study and shown to affect mucilage RGI biosynthesis (see section 3.1.3.8). Taken together, expression and coexpression analysis give a good indication that these proteins could contribute to mucilage metabolism.

In their analysis of the mucilage proteome, [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF] went further in the analysis of TBAs and TBAL genes. TBAs were consistently identified in the proteome of their different samples as the most abundant proteins (see section 1.3.4). Detection of the fourth protein was below the statistical significance cut-off as only one peptide was detected and was consequently named TBAL for TBA-like. Seed coat expression was confirmed by RT-PCR analysis and using a translational fusion with the citrine yellow fluorescent reporter protein and their endogenous promoters. The expression level of TBA2 was much higher than that of the other three genes and peaked at the time of mucilage biosynthesis, whereas expression of TBA1, TBA3 and TBAL peaked later, at the time when secondary thickening begins.

Moreover, their expression required master regulator genes for seed coat differentiation NARS1/NARS2 and TTG1 and the proteins were shown to be secreted to the mucilage pocket. Nevertheless, artificial microRNA transgenic lines for TBAs and TBAL did not show any phenotype when stained with ruthenium red, despite modifications to RNA expression levels. The function of TBAs remained, therefore, to be demonstrated.

In the present case of the IMP1 locus, the Col-0 accession is the recessive allele indicating that it is already defective for the action of IMP1, so it would be necessary to generate knockout mutant lines in the Yamagata genetic background through gene editing with the CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein) system (reviewed in [START_REF] Liu | Advances and perspectives on the use of CRISPR/Cas9 systems in plant genomics research[END_REF]. Alternatively, the Yamagata haplotype could be copied in Col-0 using other versions of this gene editing tools such as CRISPR/nCas9-cytidine deaminase and the gain of function selected through increased inner mucilage fluorescence when stained with FITC-CM-Ficoll. Although the level of fluorescence observed for the Col-0 inner mucilage layer was already very low when stained with this probe, the use of smaller FITC-CM-Ficoll molecules might allow phenotypes to be observed in genotypes whose adherent mucilage was even less porous. T-DNA insertion lines in the Col-0 background were, therefore, ordered for the different candidate genes and selected homozygous individuals observed using various FITC-CM-Ficoll sizes ranging from 20 to 400 kDa, but no difference in fluorescence was observed between mutants and WT controls (Appendix 5). As it is possible that the phenotype observed in Yamagata results from a combination of polymorphisms in two or more of the candidate genes, knock-out lines could be generated through stacking of RNA guides DNA and amino acid sequence alignments were generated using the Multalin Server (http://multalin.toulouse.inra.fr/multalin). Alignments are shown for TBA1, TBA2, TBA3, TBAL, At1g62070, At1g62210 and At1G62225. (A) Phylogenetic tree built from DNA coding sequence using ClustalX and visualized in FigTree v1.4.3 as an unrooted tree. (B) Amino acid alignment: amino acid residues that are identical for all proteins are highlighted with dark grey shading, and amino acid residues that are conserved in TBA and TBAL proteins are highlighted with light grey shading. Underlined residues denote signal peptides predicted by SignalP (http://www.cbs.dtu.dk/services/SignalP/). Boldface S and T residues are predicted by NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/) to be O-glycosylated. -------------------------------At1g62210 GEATLATNNTGKPSVSVMGVGTNVQSEVLFTTKNFETRFVINAKVSEDGSNGGSGAKPX At1g62070 PWPX-------------------------------------------------------A B 102

TBA1 MN-ATKFVVLLVIGILCAIVTA-RQVKDLSTETKLGASLPKTTTKGIGAQLSATGTTYST TBA3 MN-ATKFVVLLVIGILCAIVTA-RQVKDLSTETKLGASLPKTTTKGIGAQLSATGSTFSS TBA2 MN-ATKFVVLLVIGILCAIVTA-RQVEEVSKETKLGTSLPKSTNKGIGAQLSAAGLTYSG TBAL MN-ATKFVVLLVISVLCAIVTA-RHVEEVSKETKLGTSLPKSTTKGIGAQLSAAGITSSS At1g62225 MN-AIKFVVLLLIGVVCVNVGAIRQLEKRSKETELSVSLPKAT-KGVGAEFTVTVYTQSI At1g62210 MN-IIKLLVVVFIAALSGNVGA-RKIGGMANNTKLMNKKQPIGNSTNNVTGGATNGTKAP At1g62070 MNLAIKFHVMVLLLIVIGDVCANVGARPLEEVSKELMDKKAVSIPKTPLPLPPPLPTLPP TBA1 SSVVSYANG-FNNPKGPGANSFESAN-TFTSGQVTAKGRKARVSSTSASAAEGDAAAAVT TBA3 SSVVSYANG-FNNPKGPGANAFESGS-TFTSGQVTAKGRKARVSSASASTATGEAAAAVT TBA2 SSVSSSASA-FNNPKGPGASASESGY-TSTIGQVIAKGRKARVSSASASAATGEAAAAVT TBAL SDVYSSATG-FNNPKGPDANAYENGY-TSTSGQVIAKGRKARVSSASASTAKGDAKAAVT At1g62225 GDGNGFGDAKIKGRKGSSSNAIGSGS-GITSGYVIAKGPNATAFSRSIAFGLGQANAVAG At1g62210 LSGGIRGVAPSHVTEGGSTNGTKTPVIGVIVGVSPIKESGATIGTKAPLNGVLRPAPLRE At1g62070 AQLPGLPTPP--KMSNGDTGGVDANADGRLPKDAPAGSHGATARGYRSGGGRSDASGSTD TBA1 RKAAAARANGKVASASRVKGSSEKKK---G--KGKKDX--------------------- TBA3 RKAAAARAKGKVASASRVKGSSEKKK---KDRKGKKDX--------------------- TBA2 RKAAAARAKGKVASASRVKGSSEKKK---KDHKGKKDX--------------------- TBAL RKAAAARANGKVASASRVKGSSEKKKGKGKKGKGKKDX--------------------- At1g62225 RKGATAKGNGFGRGITTAFGSTGPKPX-
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targeted against each different gene in combinations or even for all 7 genes. This gene stacking approach has, however, only recently been developed and would require the selection and sequencing of numerous transformants in targeted genes. An approach using association genetics was, therefore, employed to try to eliminate or confirm candidate genes, using genomic sequence data for other Arabidopsis accessions.

Analysis of polymorphisms in the Yamagata genome for candidate gene sequences

All 7 candidate genes identified above are seed coat-specific, encode small proteins with no introns and while they contain no predicted functional domains, they have many conserved Ser and Thr residues [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF]. To determine whether At1g62070, At1g62210 and At1g62225 could also be members of the TBA uncharacterised protein family (UPF) 0540, their genomic coding sequence in Col-0 were obtained from the 1001 Genome Browser (http://signal.salk.edu/atg1001/3.0/gebrowser.php), aligned using the Multalin Server (http://multalin.toulouse.inra.fr/multalin) and a phylogenetic tree was built using ClustalX software and visualized in FigTree v1.4.3 (Figure 50A). This phylogenetic analysis showed that they form 3 groups. The first one is composed of the three TBA genes with TBA1 and TBA3 forming a subgroup. TBAL is alone, but is more closely related to TBAs than to other candidates. The last group is composed of At1g62210 and At1g62070 constituting a subgroup plus At1g62225, however, there is a high dissimilarity among the sequences of these 3 genes and also compared to TBAs and TBAL. Amino acid (aa) sequences were also aligned using the Multalin Server (Figure 50B).

The results corroborate those of the phylogenetic analysis, but show that the first 20 or 21 amino acids are more conserved between all seven candidates. This sequence corresponds to a signal peptide as determined by SignalP (http://www.cbs.dtu.dk/services/SignalP/) probably driving the secretion of these proteins to the extracellular space. TBAs and TBAL encode short proteins containing approximately 150 (+/-5) amino acids whereas At1g62070 and At1g62225 encode shorter proteins of 122 and 144 amino acids, respectively. In with polysaccharides in mucilage [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF]. The lack of predicted glycosylation sites for At1g62225 suggests that it may have a different function to the other proteins.

At the IMP1 locus, the Yamagata allele is dominant with respect to that of Col-0 suggesting that the polymorphism found in Yamagata accession leads to a gain-of-function and confers a new or enhanced protein activity. The causal polymorphism could be either a SNP or a structural variation in genomic sequence. The latter include partial or entire insertion of a gene, duplication, deletion or inversion. The re-sequencing of Yamagata genome was carried out by the sequencing of a large number of small DNA fragments to generate reads that were then aligned to the reference genome, Col-0, by bioinformatics tools. The coverage defines the number of times a given region has been sequenced by independent reads. The reads generated from sequencing are used to generate BAM files containing sequence alignment data and these are useful tools to investigate structural variations. BAM files can be visualized using the Integrative Genome Viewer (IGV) and show the coverage of aligned reads as well as SNPs. Gene deletion is the easiest structural variation to detect as it results in a loss of coverage and reads split as they are aligned either side of the deletion. Gene deletion is not, however, coherent with a gain of function in Yamagata unlike gene duplication. Following its duplication, a new gene copy will accumulate polymorphisms compared to the original copy. Consequently, an ancient event of duplication can be detected by two different populations of reads aligned to the reference as well as an increase in coverage.

The BAM file obtained from the re-sequencing of genomic DNA from the Yamagata accession was aligned to the reference Col-0. In addition, the BAM file was also obtained for the accession Sakata (corresponding to AV257), another Japanese accession that was an outlier with low IV (see section) and exhibits high inner mucilage fluorescence when stained with FITC-CM-dextran or -ficoll (see below Chapter 3.2.6). The Sakata genome has been sequenced in the 1001 genome project [START_REF] Wechsberg | MUCILAGE-MODIFIED4 Encodes a Putative Pectin Biosynthetic Enzyme Developmentally Regulated by APETALA2, TRANSPARENT TESTA GLABRA1, and GLABRA2 in the Arabidopsis Seed Coat[END_REF], and the file can be downloaded from the database (http://1001genomes.org/data-center.html). Comparison of read alignments identified a potential duplication of the TBA1 gene in both Yamagata and Sakata genomes (Figure 51A). First, there is an increase of coverage in the genome region encompassing TBA1. Second, at two different positions a change of nucleotide from an adenine to a guanine is supported by half of the reads in both Yamagata and Sakata accessions. This indicates that there could be a second copy of this gene that contains two nucleotide polymorphisms in its sequence compared to the copy equivalent to that found in Col-0. Even if TBA1 is excluded from the 89 kb interval, it is possible that a duplication event occurred and that the second copy is located inside the CI. The two gene copies could 3. RESULTS

A lot of polymorphisms were present between amino acid sequences encoded by

At1g62070 in the eleven accessions, but only a substitution from a glycine to an arginine was consistently and specifically found in [Yam-like] accessions at position 110 (Appendix 7C).

Two other substitutions are common to four of the five [Yam-like] accessions, but these are not conserved in Sakata. The good coverage of the Sakata genome sequence in the region of At1g62070 indicates that the sequencing quality is good making it unlikely that SNPs are the causal mutations for the phenotype (Appendix 6B). Most of the polymorphisms observed were only for the accessions sequenced in this study, and not in those from the 1001 genome data, and repeat experiments are planned to verify the data as they demonstrate that this gene is not associated with the IMP1 phenotype and allow it to be removed from the candidate list. Finally, attempts to sequence the TBA2 gene in the Japanese accessions yielded results that aligned poorly with DNA or protein sequences of Col-0. When the DNA sequence of each Japanese accession was blasted using BLASTN on NCBI (https://blast.ncbi.nlm.nih.gov/), the sequence matched the TBA1 gene better than TBA2. As the coding sequences of TBA genes share 91% homology, it may be more challenging to specifically amplify one of them. One way to overcome this issue is to design primers in the coding sequence of the closely situated neighbouring genes, which may be more specific, to amplify a fragment containing TBA2, and then to generate sequence with the existing TBA2 primers.

Taken together, the analyses of the genomic sequence for the 7 candidate genes indicate that the structure of the CI might be complex and that diverse structural variations may exist in Japanese accessions. The best candidates from current analyses are TBA1 which seems duplicated in Yamagata and At1g62210 that has accumulated many amino acid substitutions in its sequence that are specific to the [Yam-like] accessions. At1g62225 is not predicted to be O-glycosylated, which makes it less likely to act as a structural protein in mucilage. TBA2, At1g62070 and TBAL need further analyses of the polymorphisms present in Japanese accessions before conclusions can be drawn. These analyses have enabled TBA3 to be eliminated from the candidate list as it is deleted in Yamagata, thus reducing the number of candidates to six genes.

Bulk segregant analysis identifies at least two genomic regions containing causal mutations affecting outer mucilage intrinsic viscosity

Bulk segregant analysis is an alternative method for the analysis of QTL that allows the localisation of the loci that contribute to a given trait (Figure 54A). Similar to standard QTL analysis, BSA is based on the analysis of progeny from a cross between two parental 107
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genotypes with contrasted phenotypes for a trait of interest. Plants from the segregating population with the most extreme low or high phenotypes are grouped, respectively, and DNA is extracted from these two bulks. High coverage sequencing of the two bulks allows the identification for SNPs between the two parental alleles and their relative frequencies. In regions linked to the phenotype of interest, the frequency of alleles from one parent will be enriched, while for the other it will be diminished. BSA is a powerful mapping tool and, with a high density of reads, allows the precise localisation of a locus of interest more rapidly than when using standard QTL mapping. BSA was employed using F2 progeny from the LIV1 mapping population with the aim of establishing a list of candidate genes linked to IV, notably for the chromosome V CI previously established (section 3.2.3).

Mucilage of seed lots from F2 individuals of the LIV1 mapping population had already been phenotyped and two sets of 20 F2 progeny with extreme high or low IV were chosen. The IV of individuals for the low IV bulk ranged from 3.12 to 4.15 dL/g. Those for the high IV bulk ranged from 5.39 to 6.34 dL/g. DNA was extracted from each set and sequenced by Illumina HiSeq3000 with a 125-fold coverage. The analysis of DNA sequences was performed with the help of Nadia Bessoltane from the IJPB bioinformatics team. First, reads were filtered using a base quality score and aligned on the Col-0 reference genome. Genetic variations between Col-0 and each pool of individuals were detected, including SNPs. The density of SNPs was very low on the upper arm of chromosome I and the southern arm of chromosome V in the high IV sets indicating an enrichment of Col-0 DNA (Figure 54B). These results indicated genetic linkage between the two gene regions and mucilage IV. The region on chromosome V covers the CI for the LIV1 locus previously established by linkage analysis using molecular markers (section 3.2.2; Figure 48).

Identification of candidate genes that could modulate the intrinisic viscosity of Yamagata outer mucilage using two BSA analysis methods

At least two genomic regions on chromosome I and V seemed to be linked to the phenotype of intrinsic viscosity of outer mucilage layer. My objective was to generate a list of candidate genes that could affect outer mucilage IV, with a particular focus on those within the CI established for LIV1 fine mapping. A ratio of SNP enrichment was calculated, which corresponds to the percentage of reads that confirm the variation. As IV is a complex trait controlled by several loci, causal polymorphisms will not be common to the genomes of all the F2 progeny within a bulk and a certain level of SNP heterozygosity can be tolerated.

Consequently, a cut-off at 70% enrichment was considered for the following analysis. A first approach used polymorphisms identified using sequencing data generated with the parent 
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Yamagata genomic DNA. When projected onto the graphs of SNP density in the two F2 bulks, it highlighted regions enriched for polymorphisms present in the original parent accession (Figure 55A). With a cut-off above 70%, many SNPs found in the Yamagata genome were enriched in the low IV set throughout the genome. With a more stringent cutoff above 90%, Yamagata SNPs were enriched in regions of the north and south arms of chromosome I and the south arm of chromosome V in agreement with previous findings. A second method consisted of a pairwise comparison of high IV vs low IV sequencing data, to identify polymorphisms that are only enriched in the low IV set (Figure 55B). This method highlighted similar regions as the first, despite the two approaches asking different questions:

1) among the SNPs present in F2 individuals and the parent Yamagata, which ones are enriched in the low IV set and 2) from all the SNPs present in the F2, which are specifically enriched in the low IV set.

SNPs enriched in the low IV set were listed in tables for both the pairwise comparison and Yam enrichment methods with a cut-off of 70%. The huge number of potential causal mutations identified, over 200,000, required further filtering to short list the most likely candidates. Firstly, only mutations predicted to have a strong effect on protein function were retained, non-synonymous codon change, start gained, stop gained, as well as mutations in the untranslated 3' and 5' regions and splice sites. Following this first filter several thousand mutations still remained for both approaches. A list of candidate genes containing mutations enriched in the low IV set was, therefore, established with a cut-off above 90% (Table 14).

SNPs that were significantly enriched in both pairwise comparisons and filtering for Yamagata enrichment are indicated in the table, meaning that these mutations are from the parent Yamagata and are specifically enriched in low IV F2s.

Thirteen of these candidate genes are localised within the CI established by LIV1 finemapping. Furthermore, three are preferentially expressed in the seed coat, At5g42620, At5g50400 and At5g52710 that encode, respectively, an endopeptidase, a phosphatase and a copper transporter. Only At5g50400 was consistently highlighted in both approaches and contains two mutations in the 5'UTR (untranslated region) enriched in low IV sets. This gene is annotated as PAP27 encoding Purple Acid Phosphatase 27 and is highly expressed in the seed coat at the heart stage of embryogenesis (eFP Browser), which would be coherent with a role in regulating mucilage properties in epidermal cells. While the protein is predicted to be secreted to the extracellular space by the SUBA database, the protein is annotated in UniProtKB (https://www.uniprot.org/uniprot/) as probably inactive as it lacks a conserved histidine residue essential for phosphatase activity. Nevertheless, a purple acid phosphatase has previously been shown to dephosphorylate enzymes in the apoplast that are involved in Filtered list of candidates where polymorphisms were enriched in above 90% of reads for the low IV bulk of progeny in both pairwise comparison and Yamagata parent SNP enrichment approaches. Only mutations predicted to have strong effects on protein function are listed; those producing synonymous codons or in introns and intergenic regions have been excluded. Method: BSA method of identification, annotation: protein symbol when available, NSC: non-synonymous coding, U3: 3'-UTR, U5: 5'-UTR, StaG: start gained, SSR: splice site region. Genes preferentially expressed in the seed coat are indicated in red. Genes contained in the LIV1 mapping confidence interval are shaded in light blue and range from gene At5g42620 to At5g53592. 
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the remodelling of cell wall polysaccharides, notably an α-xylosidase and a β-glucosidase [START_REF] Kaida | Potential Role for Purple Acid Phosphatase in the Dephosphorylation of Wall Proteins in Tobacco Cells[END_REF]. Interestingly, the purple acid phosphatase 29 protein was identified in the inner mucilage proteome (Table 2) [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF], suggesting that several of these proteins could play a role in modulating mucilage properties. Insertion mutants in this candidate gene are available in publically accessible collections and the characterisation of the outer mucilage from homozygous mutant seeds could confirm its involvement in modulating the IV of mucilage polymers.

Another promising candidate gene that could contribute to modulating IV with LIV1 is localized on chromosome I and is also preferentially expressed in the seed coat. At1g01430 is annotated as TBL25 for TRICHOME BIREFRINGENCE-LIKE 25 and is part of a gene family containing 46 members in Arabidopsis that have been proposed to encode cell wall polysaccharide specific O-acetyltransferases. TBL25 contains a TBL Domain and a DUF231 and was recently shown to acetylate mannans [START_REF] Zhong | Members of the DUF231 family are O-acetyltransferases catalyzing 2-O-and 3-O-acetylation of mannan[END_REF]. One of the domains could be involved in polysaccharide binding while the other may facilitate the transfer of the acetate group to the polymer. A non-synonymous coding mutation present in the Yamagata accession is enriched in the low IV set of F2 progeny. This results in the substitution of a positively charged arginine by a neutral glutamine, which could impact function as the amino acid change occurs at position 141, inside the TBL domain [START_REF] Zhong | Members of the DUF231 family are O-acetyltransferases catalyzing 2-O-and 3-O-acetylation of mannan[END_REF]. Insertion mutants are also available in this candidate gene and outer mucilage from homozygous mutant seed will be analysed for modified IV.

Three different quantitative genetic techniques have been successfully employed to identify novel gene candidates that contribute to the natural variability of mucilage composition and macromolecular properties in Arabidopsis. In the previous section 3.1.3.8, a GWA study identified a gene encoding a copper amine oxidase that was confirmed to contribute to the synthesis of mucilage RGI using insertion mutants and a second gene for a novel glycosyltransferase that impacts both mucilage production and properties. In this section, I have found that a family of small genes highly abundant in the seed coat, whose function has yet to be determined, are likely to modulate the properties of inner mucilage polymers, perhaps acting as spacers to increase porosity. Further studies are required to validate that these are indeed responsible for the phenotypes observed in Yamagata and four other Japanese accessions, by targeted mutation of these genes in the Yamagata genome. Finally, bulk segregant analysis has yielded a list of candidate genes that may impact the IV of polysaccharides in the outer mucilage layer of the Yamagata accession. Together, these approaches demonstrate that natural variants are important genetic tools for the identification of genes with novel functions in the production Many plant species form a mucilage hydrogel around their seeds after imbibition in water. Various ecological roles have been proposed for this mucilage with many involving seed dispersal in diverse environments (See section 1.6) (Yang et al., 2012d;North et al., 2014). In the desert species Artemisia sphaerocephala, mucilage was shown to facilitate seed germination in stressful conditions (Yang et al., 2010b). Achenes with intact mucilage retained water for longer following dew deposition, compared to those where mucilage had been removed by peeling with a scalpel following hydration, and this was associated with improved DNA repair [START_REF] Huang | Possible role of pectin-containing mucilage and dew in repairing embryo DNA of seeds adapted to desert conditions[END_REF][START_REF] Yang | The achene mucilage hydrated in desert dew assists seed cells in maintaining DNA integrity: Adaptive strategy of desert plant Artemisia sphaerocephala[END_REF]. Consequently, achenes with mucilage appeared to have increased viability and germinated better in the desert habitat.

Nevertheless, little is known about the role of mucilage in pre-germination processes. In Arabidopsis, mutants have been identified that show altered mucilage synthesis or properties and these are important tools for further investigation of the role of mucilage in pregermination events as seeds can be compared directly without prior manipulation. In the present study, two previously characterized mutants were selected: myb5-1 and mum2-11 and compared to their WT Col-0.

The MYB family of proteins is very large in Arabidopsis and many members are transcription factors characterized by the presence of a highly conserved DNA binding domain (MYB domain) [START_REF] Dubos | MYB transcription factors in Arabidopsis[END_REF]. In seed coats, MYB5 has been shown to function in a complex with bHLH and WD40 repeat proteins, termed MBW, to control the differentiation of seed coat epidermal cells (Section 1.4.2) [START_REF] Gonzalez | TTG1 complex MYBs, MYB5 and TT2, control outer seed coat differentiation[END_REF][START_REF] Li | The Arabidopsis MYB5 Transcription Factor Regulates Mucilage Synthesis, Seed Coat Development, and Trichome Morphogenesis[END_REF]. As a result, seeds of myb5 mutants accumulate and release relatively little mucilage compared to seeds of mature WT as observed when they are stained with a solution of 0.02% (w/v) ruthenium red with or without shaking; while WT seeds release a large halo of diffuse, water extractable mucilage or adherent mucilage, only a thin layer of mucilage is observed surrounding myb5 seeds (Figure 56A and 56B) (Gonzalez et al., 2009b;[START_REF] Li | The Arabidopsis MYB5 Transcription Factor Regulates Mucilage Synthesis, Seed Coat Development, and Trichome Morphogenesis[END_REF]. Furthermore, while WT seeds show the characteristic hexagonal shaped epidermal cells surrounded by a reinforced radial cell wall and a central volcano-shaped columella on images obtained by scanning electron microscopy myb5 cells had irregular shapes and The resistance of WT and mutant seeds to a controlled deterioration treatment (CDT) was used to evaluate longevity in seeds from three independently grown series of plants, lot 1 (A) lot 2 (B) and lot 3 (C), respectively. Survival rate corresponds to the ability of seeds to establish healthy seedlings with green cotyledons when sown on filter papers and incubated for 7 days at 22 °C. This was evaluated after 7 to 10 days of CDT, depending on the seed lot. Error bars represent standard deviation (n=3). Mean values for each genotype are indicated in the table below each graph and appear in red when they are statistically significant (p<0.001) as determined by a non-parametric comparison of mutant means to the WT reference (Dunnett test). No genotype was consistently more resistant to CDT for all 3 independently produced seed lots. 
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WT 56C and 56D), [START_REF] Gonzalez | TTG1 complex MYBs, MYB5 and TT2, control outer seed coat differentiation[END_REF][START_REF] Li | The Arabidopsis MYB5 Transcription Factor Regulates Mucilage Synthesis, Seed Coat Development, and Trichome Morphogenesis[END_REF] confirming the role of this transcription factor in epidermal cell differentiation.

The MUM2 gene is a member of the glycosyl hydrolase gene superfamily and encodes the β-galactosidase BGAL6 (Section 1.4.4; Dean et al., 2007;Macquet et al., 2007a).Seeds of mum2 mutants have a complete absence of mucilage when stained with ruthenium red with of without agitation (Figure 56A and 56B). Furthermore, no morphological defects are observed for seed coat epidermal cells in scanning electron micrographs (Figure 56C and 56D) (Dean et al., 2007;Macquet et al., 2007a). The absence of mucilage is due to defective maturation of RGI polymers which modifies their hydrophilic properties, preventing mucilage release on imbibition (Dean et al., 2007;Macquet et al., 2007). These two mutants were selected to study the role of mucilage in seed physiology, as in one mucilage synthesis is dramatically reduced, whereas in the other mucilage is still present in seed coat epidermal cells, but is not released. Comparison of their germination characteristics to those of WT should, therefore, address the question of the importance of mucilage polysaccharide presence through normal deposition and accumulation in epidermal cells and/or their release to form a hydrogel around the seed.

Defects in mucilage production do not impact Arabidopsis seed longevity

My first objective was to determine whether mucilage production affects seed longevity.

Seeds of WT, myb5 and mum2 were produced from plants cultivated simultaneously in three independent cultures named lot 1, lot 2 and lot 3, respectively. The longevity of WT and mutant seeds was compared between seeds from the same lots. Longevity was evaluated using seeds subjected to a CDT consisting of incubation at 40°C and 80% RH for up to 10 days. This CDT had previously been used in a proteomic analysis of Arabidopsis seeds and shown to induce similar molecular and biochemical events to those occurring during natural seed aging (Rajjou et al., 2008). In WT, this CDT leads to a rapid decline in seed survival rate determined as the ability of seeds to establish healthy seedlings with green cotyledons after 7 days at 22°C (Figure 57A, B and C) [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. A high level of variability was observed in the effect of CDT between seed lots produced at different times. In effect, WT seed survival rate after 5 days of CDT had declined to 41.9% in lot 1, 32% in lot 2, but only 89.1% in lot 3. As the latter was particularly resistant to CDT the treatment was extended to 10 days. These results demonstrate that environmental conditions during seed production can have a major impact on seed longevity [START_REF] He | Interaction between parental environment and genotype affects plant and seed performance in Arabidopsis[END_REF][START_REF] Macgregor | Seed production temperature regulation of primary dormancy occurs through control of seed coat phenylpropanoid metabolism[END_REF][START_REF] Penfield | Effects of environmental variation during seed production on seed dormancy and germination[END_REF]. No consistent differences in survival rate following CDT were observed between seeds of mucilage mutants compared to WT. Although mum2 seeds exhibited a higher survival rate than WT in lot 1 the opposite was observed for lot 3 (Figure 57B and 57C). Similarly, seeds of myb5 appeared more resistance to CDT than WT in seed lot 2 and 3 (Figure 57A and 57C), but for lot 1 observed differences were very small and not significant. As CDT is applied to dry seeds mucilage is not released before subsequent seed imbibition and germination. The latter could indicate that a reduced production of mucilage polysaccharides in epidermal cells improves the longevity of dry seeds, but further tests with additional seed lots from independent cultures are required. In addition, the longevity of another mutant with similar defects in mucilage synthesis could be tested to validate this effect. Although several mutants have been identified with defective mucilage polysaccharide production, many of these are also impaired in the biosynthesis of seed coat flavonoids, which have also been

shown to effect longevity [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF]. Consequently, the mutant chosen for the investigation of longevity should have dramatically reduced mucilage synthesis without repercussions on seed coat pigmentation, such as glabra2 [START_REF] Rerie | The GLABRA2 gene encodes a homeo domain protein required for normal trichome development in Arabidopsis[END_REF].

Seed longevity post-priming is maintained better in Arabidopsis mucilage mutants

As modifications to mucilage production or release did not appear to impact the longevity of dry seeds the effect of released mucilage following imbibition was investigated.

Controlled seed hydration to release mucilage from seed coat epidermal cells is equivalent to priming; therefore seeds were subjected to a priming treatment before CDT. Priming, where seeds are imbibed in water for a specified time and temperature with subsequent drying, is known to increase seed vigour (Section 1.8.1) [START_REF] Varier | The subcellular basis of seed priming[END_REF][START_REF] Paparella | Seed priming: state of the art and new perspectives[END_REF][START_REF] Lutts | Seed Priming : New Comprehensive Approaches for an Old Empirical Technique[END_REF] but can have detrimental effects on longevity. The experimental protocol for priming established by [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF] enhances Arabidopsis germination capacity and can be used to determine the impact on longevity. It is initiated by 3 days of imbibition in water in the dark at 4°C and stratifies seeds to remove any dormancy and synchronize seed germination. Hydrated seeds are then transferred to 22°C in the light for 10h to initiate the metabolic events of germination. These two hydration phases can be considered as sequential thermopriming and hydropriming [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. Seeds are then dried to a quiescent state and maintain their ability to germinate. The complete priming treatment used here, therefore, corresponds to thermopriming followed by hydropriming and seed drying (Figure 58A adapted from [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. During priming, seeds are completely immersed in water in an Eppendorf tube. Seeds are then dried to a quiescent state and maintain their ability to germinate (Figure 58A adapted from [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. Resistance to 3. RESULTS

ageing was determine by subjecting primed and non-primed seeds to 4 days CDT, with survival rate determined by germination on filter papers in petri dishes after 7 days at 22°C.

As described above for non-primed seeds, survival rates of primed seeds differed between the three independently produced seed lots (Figure 58B, 58C and 58D). Results for control non-primed seeds again indicated for seed production 2 and 3 that myb5 might be more resistant to CDT than WT seeds. After priming, both myb5 and mum2 mutants maintained higher levels of viable seed than WT for all seed lots (Figure 58B, 58C and 58D).

Survival rate for myb5 seeds was 18.1 to 22.2% higher than WT, while mum2 seeds were 23.8 to 24.4% higher. These results indicate that the presence of a large mucilage halo around the seeds after imbibition reduces the longevity of Arabidopsis seeds. A regression line was drawn between non-primed or primed seed survival rate and the correlation coefficient (R 2 ) extracted. The survival rate of primed seeds after 4 days CDT is unrelated to that of non-primed seeds as indicated by the very low correlation (R 2 = 0.01) between them (Figure 58E). These result suggest that the molecular mechanisms involved in longevity of primed and non-primed seeds are different as suggested by [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. The authors demonstrated that the dormancy status of Col-0, the ABA biosynthesis deficient mutant aba2, and the ABA over-accumulating cyp707a2 mutant is negatively correlated to nonprimed seeds longevity. None of these mutations, however, had an impact on primed seeds longevity.

It is also interesting to note that seed priming was not systematically associated with a reduction in longevity in WT as is often described in the literature [START_REF] Dearman | Effects of osmotic priming and ageing on onion seed germination[END_REF][START_REF] Georghiou | Osmoconditioning as a Means of Counteracting the Ageing of Pepper Seeds during High-temperature Storage[END_REF][START_REF] Wechsberg | MUCILAGE-MODIFIED4 Encodes a Putative Pectin Biosynthetic Enzyme Developmentally Regulated by APETALA2, TRANSPARENT TESTA GLABRA1, and GLABRA2 in the Arabidopsis Seed Coat[END_REF][START_REF] Hay | Seed maturity and the effects of different drying conditions on desiccation tolerance and seed longevity in foxglove (digitalis purpurea l.)[END_REF][START_REF] Butler | Priming and re-drying improve the survival of mature seeds of Digitalis purpurea during storage[END_REF].

Resistance to CDT was similar for primed and non-primed WT seeds of lot 1 and 2, and was only lower in primed seeds of lot 3. Furthermore, longevity after priming was increased in mutant seeds from production 1 and 2 compared to non-primed seeds. Therefore, removing mucilage from seeds could be a promising approach not only to maintain, but also to improve the storability of primed Arabidopsis seeds. As the longevity phenotype observed in mucilage mutants after priming was clear and reproducible, the rest of the study was focussed on deciphering the molecular mechanisms associated with this particular phenotype.

Priming causes a drop in acidic hormone levels in wild-type Arabidopsis seeds

Phytohormones regulate diverse cellular processes throughout the plant life cycle.

Notably, they are key regulators of seed metabolism and can influence longevity (Section seed longevity could be determined. This would be expected to repress the maintenance of longevity in mucilage mutant seeds following priming and they should age like WT seeds.

The endogenous SA levels could also be modified using synthesis or signalling mutants such as sid2 and NahG [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF][START_REF] Abreu | Salicylic acid deficiency in NahG transgenic lines and sid2 mutants increases seed yield in the annual plant arabidopsis thaliana[END_REF][START_REF] Lee | Salicylic acid promotes seed germination under high salinity by modulating antioxidant activity in Arabidopsis[END_REF] 3.3.6. The contribution of mucilage to the hydration dynamics of Arabidopsis

seeds during priming

Several studies have reported that a slow rate of seed drying could counter the detrimental effects of priming on longevity (see section 1.8.3;[START_REF] Hay | Seed maturity and the effects of different drying conditions on desiccation tolerance and seed longevity in foxglove (digitalis purpurea l.)[END_REF][START_REF] Bruggink | Induction of longevity in primed seeds[END_REF][START_REF] Gurusinghe | Galactosyl-sucrose oligosaccharides and potential longevity of primed seeds[END_REF][START_REF] Groot | Gene expression during loss and regaining of stress tolerance at seed priming and drying[END_REF][START_REF] Soeda | Gene expression programs during Brassica oleracea seed maturation, osmopriming, and germination are indicators of progression of the germination process and the stress tolerance level[END_REF]. In Arabidopsis, low-field NMR analysis has previously shown that released mucilage traps water and slows down the rate of water uptake by internal seed tissues [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. Similarly, in Artemisia sphaerocephala mucilage has been proposed to trap water and slow the rate of achene drying during the day in the Negev desert [START_REF] Huang | Possible role of pectin-containing mucilage and dew in repairing embryo DNA of seeds adapted to desert conditions[END_REF]Yang et al., 2012a), which would maintain the hydration of internal seed tissues for longer. Nothing is known, however, about the role of mucilage on seed drying rates in Arabidopsis or seed hydration and dehydration during priming. Low-field NMR cannot be used to monitor seed drying, as water cannot be removed from the system during data acquisition. For this reason, I used X-ray micro-CT to follow the level of seed hydration by imaging WT and mutant seeds during priming. Due to the limited time of access to the Hounsfield micro-CT facility, seeds were only examined for a single biological repeat (lot 3).

The rate of hydration and drying were determined by measuring seed volume, which increases and decreases, respectively, due to swelling and shrinkage of seed tissues. Thirty seeds of each genotype were sown onto the soil surface and hydroprimed (18h hydration at 22°C in the light and 24h drying). Soil was hydrated and drained to field capacity, and then allowed to dry passively (20-24°C, 45-55% RH). Scans were carried out every 30 min for the first 2h of imbibition and every hour during the first 5 hours of drying. Seeds can be easily distinguished from soil particles in the micro-CT scan images obtained by X-ray radiography (Figure 61A). Seed volumes were measured from images obtained at 0 h, 0.5 h, 1 h and 2 h of imbibition and 0 h, 1 h, 2 h and 5 h of drying corresponding to 18 h, 19 h, 20 h and 23 h of priming treatment (Figure 61B).

Immediately after sowing, the volume of WT seeds in tomography images was almost two-fold that of myb5-1 and mum2-11 mutant seeds, despite their dry seed size being equivalent [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. This is because the volume for WT includes both the seed and inner and outer mucilage layers, which cannot be distinguished by tomography, and together will be referred to as seed volume. For all genotypes, seed volume increased significantly during imbibition demonstrating the swelling of seed tissues (Figure 61B). To take into account the difference in initial volume, the imbibition rate of each genotype was calculated as the percentage of initial seed volume at time 0h (Figure 61C). Water uptake was similar in all genotypes over the first 2 h of imbibition. Seed volume increased by 5 to 6% after 30 min and by 14.5 to 16.8% after 2 h. The dynamics of water uptake in WT and mutant seeds was, therefore, similar when determined by this method.

Drying speed was followed in a similar manner and seed volumes significantly decreased during this step of the priming protocol for all genotypes demonstrating the shrinkage of these tissues (Figure 61B). Interestingly, between 2 and 18 hours after imbibition, there was a significant increase in myb5 and mum2 seed volumes indicating that water uptake continued. This contrasted with a dramatic decrease in WT seed volume by 24.7%, which could correspond to the leaching of outer mucilage from around the seeds down into the soil or its degradation by microorganisms. WT seed volume was 11.8% and 14.3% greater than myb5 and mum2, respectively, at the beginning of drying (Figure 61D).

After 1 h of drying, however, seed volumes of all genotypes were similar and continued to decrease at a similar rate. The initial difference in volume observed for WT is likely to be caused by the rapid drying and shrinking of the inner mucilage layer, which is not present on mutant seeds. As seed volumes became equivalent after only 1 h of drying this suggests that the mucilage became fully dried in WT and no longer contributed to maintaining seeds hydration. These results indicate that the presence of mucilage can only impact hydration dynamics for a relatively short time during priming imbibition or subsequent drying in Arabidopsis. This is in agreement with previous results from low-field NMR where the delay in hydration of internal tissues of WT seeds was only 120 min slower than that of mucilage mutants [START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF].

Mucilage mutants germinate faster following priming in soil

Priming is a treatment used to achieve faster and more synchronous seed germination.

WT seeds were primed as described in section 3.3.6 (Figure 62A) and the rate of germination compared to that of non-primed seeds by sowing seeds on water-soaked filter paper in Petri-dishes (Figure 62A). Radicle protrusion was faster in primed compared to nonprimed seeds, confirming that this priming treatment successfully enhanced germination performance [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. In order to determine whether mucilage had an impact on germination vigour after priming, mucilage mutants were primed and their germination rate compared to the WT in the same manner (Figure 62B). Seeds of all genotypes started to 3. RESULTS germinate 24h after priming and germination was complete after 48h. This indicated that the absence of mucilage had no impact on the germination vigour of primed seeds.

Although the absence of mucilage had relatively small effects on hydration dynamics during priming in soil, it was possible that these could be sufficient to affect germination.

Germination speed was determined for seeds primed in soil, using a priming protocol equivalent to that used during X-ray micro-CT (section 3.3.6) where seeds were hydroprimed for 18 h in the soil, dried for 24 h and then imbibed for germination. Ten seeds of each of the 3 genotypes were sown in the same pot of soil so that they were subjected to identical hydration and drying rates and the experiment was repeated 3 times in a single biological repeat (lot 3). Germination was determined after 26 h, 48 h or 120 h of imbibition (Figure 62C). After 26 h, while seed coats of most WT seeds were ruptured, radicle protrusion was only observed for myb5 and mum2 seeds. After 48 h, WT seeds had begun to germinate and emerging radicles were visible. Seeds of the two mutants had by this time already developed green cotyledons. After 120 h, all the seeds of the three genotypes had germinated and developed into established seedlings. Similar results were observed in the three independent pots although the time course showed small shifts, probably due to variations in soil hydration. This demonstrated that mutant seeds without a mucilage hydrogel around them exhibit increased germination vigour when primed in soil following the hydropriming protocol indicated here. As this is different from that used for seeds sown on filter paper (Figure 62C), it will be important to test the 'in-vitro' system with the same hydropriming protocol to determine whether difference result from the media used or from the different imbibition and drying times. Furthermore, the germination rates of non-primed seeds of WT and mutant in soil need to be compared to confirm that the observed changes are indeed priming-induced.

Nevertheless, the minor changes observed in hydration dynamics between WT and mutant seeds appear to affect germination characteristics. Observed variations in mucilage traits between natural accessions (sections 3.1.3.1 and 3.2.6) could, therefore, alter seedling establishment by seeds undergoing wet/dry cycling in the soil bank, and this is likely to affect fitness and population structure (discussed further in section 4).

The study of mutants impaired in mucilage biosynthesis or release upon imbibition has

given a new perspective to our understanding of how mucilage impacts pre-germination processes in Arabidopsis. Firstly, the presence of mucilage appears to be detrimental for longevity. Mutant seeds that do not form a halo of mucilage upon imbibition retained longevity better than those of WT after priming. While priming reduced the levels of three major phytohormones found in seeds of WT and mutants, the decrease in SA contents was greater in WT, mainly due to existing differences in SA levels in non-primed seeds, and SA 3. RESULTS contents were negatively correlated to longevity. Although the hydration dynamics of seeds during the priming process was not greatly modified by the presence of mucilage small differences were observed and these appear to be sufficient to reduce germination vigour of primed seeds. A clear improvement in vigour due to the absence of mucilage release was observed when seeds were primed in soil. These results provide a solid basis for additional experiments to characterise the mechanisms underlying how mucilage affects longevity and vigour. As these are key seed traits, it is expected that this study will contribute to our understanding of an important aspect of seed physiology.

DIS CUSSION AND PERSPECTIVES

only a limited view of the functional diversity present within natural populations. Secondly, the frequency of recombination during the creation of the F2 population is a major limitation on mapping resolution [START_REF] Korte | The advantages and limitations of trait analysis with GWAS: A review[END_REF]. Nonetheless, I was able to QTL map the IMP1 locus, impacting inner mucilage properties, and identified potential causal SNPs in a group of six small proteins that are highly abundant in the seed coat. Using the 1001 Genome Viewer tool, I was able to compare the segregation of allelic diversity for these different SNPs between other accessions and in particular three that also originating from Japan and exhibit the same phenotype. This tool provides new perspectives for enlarging our understanding of the functional diversity of a candidate gene ascertained by QTL analysis, within larger populations. Moreover, when BSA identified nonsynonymous mutations in the Yamagata genomic sequence for two candidate genes, PAP27 and TBL25, the Genome viewer tool was used to validate whether these mutations are also present in other accessions identified as outliers for outer mucilage low IV and absent in outliers for high IV (Supplemental Table S1) providing additional arguments to reinforce the choice of these candidates and polymorphisms to target for mutagenesis by genome editing.

GWAS was successfully employed during my thesis to demonstrate the role of two genes, MUCI70 and CUAOα1, in the modulation of outer mucilage macromolecular properties, and/or synthesis, respectively. GWAS has the advantage of using a large range of genetic diversity and can provide insights into the genetic architecture of a trait [START_REF] Korte | The advantages and limitations of trait analysis with GWAS: A review[END_REF]. Furthermore, it is unbiased as no assumptions are made concerning the genes or mechanisms underlying the trait studied [START_REF] Fordyce | Combining Digital Imaging and Genome Wide Association Mapping to Dissect Uncharacterized Traits in Plant/Pathogen Interactions[END_REF].

This method can, however, introduce genetic heterogeneity weakening the correlation between the phenotype and any specific SNP. Genetic heterogeneity is defined by the fact that different allelic variations at one locus or more may underlie a trait in samples collected from different locations and reduce the statistical power of the analysis.

Arabidopsis populations are also highly structured in sub-populations due to their genetic relatedness. This population structure can induce false positive associations and a mutation can be in perfect correlation while having no effect on a trait. Mixed models have been applied to GWAS and can reduce the number of false positive associations [START_REF] Zhang | Mixed linear model approach adapted for genome-wide association studies[END_REF]. When I applied the accelerated mixed model (AMM) to highlight genetic factors that influence macromolecular properties or quantity of outer mucilage polysaccharides, it resulted in a greatly reduced inflation of p-values as compared with non-parametric KW method. As my objective was to identify a list of candidate loci for further validation using mutant lines, I chose to use the most robust method to limit the number of false negative associations [START_REF] Filiault | A genome-wide association study identifies variants underlying the arabidopsis thaliana shade avoidance response[END_REF]. Nevertheless, the genetic architecture of all the traits studied appeared very complex and a lot 123
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of small peaks that did not reach the threshold of significance were highlighted. A local population that shows phenotypic diversity could also have been used instead of a world population to minimize genetic heterogeneity, however, its main disadvantage is that it increases population structure further. Although I had to reduce the significance threshold, I was able to identify a rare variant in the MUCI70 sequence, which was linked to the macromolecular properties of outer mucilage (see section 3.1.3.7). This variant corresponds to the substitution of a C to a T in 20 of the 193 accessions studied and induces a synonymous codon change. This variant would probably not have been observed if a local population had been used, or on the contrary carried by a higher proportion of the population so that the association would have been much stronger.

This is why the choice of appropriate GWAS method and population depends on the genetic architecture of the trait, but also on the aim of the study. Worldwide populations and less stringent methods (linear or non parametrical models) are considered more suitable for investigating the genetic architecture of a trait, while local populations and more stringent methods (mixed models) should be used for the identification of a few candidate loci [START_REF] Korte | The advantages and limitations of trait analysis with GWAS: A review[END_REF].

GWAS is often complementary to QTL mapping and can serve as an initial analysis to provide insights into the genetic architecture of the trait, allowing an informed choice of parents for subsequent QTL analysis, and indicating candidate polymorphims for mutagenesis [START_REF] Brachi | Linkage and association mapping of Arabidopsis thaliana flowering time in nature[END_REF][START_REF] He | GWAS, QTL mapping and gene expression analyses in Brassica napus reveal genetic control of branching morphogenesis[END_REF]. For instance, our study of natural variation within Arabidopsis populations identified an outlier accession, Yamagata, which was used during my thesis for QTL mapping and BSA. The two candidates highlighted by BSA were not identified in GWAS suggesting that if their impact on macromolecular properties of RGI is confirmed, the causative alleles might be found at low frequency and missed by GWAS [START_REF] Asimit | Rare Variant Association Analysis Methods for Complex Traits[END_REF][START_REF] Gibson | Rare and common variants: Twenty arguments[END_REF]. QTL mapping or BSA can overcome this difficulty as the frequency of rare variants is increased between related progeny.

MUCI70 might be a galacturonosyltransferase that acts in a multi-GT complex with, a rhamnosyltransferase and a xylosyltransferase to promote

RGI elongation

Arabidopsis seed mucilage appears as an outer soluble layer and an inner adherent layer when stained with ruthenium red [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]. Detailed biochemical and histochemical analysis of Arabidopsis mucilage revealed that the pectin RGI is the major component of both mucilage layers [START_REF] Western | Differentiation of mucilage secretory cells of the Arabidopsis seed coat[END_REF]Willats et al., 2001b;Macquet et al., 2007b). It has been proposed that pectin synthesis involves multi-GT enzyme complexes that produce different pectin domains and side chains [START_REF] Atmodjo | Evolving Views of Pectin Biosynthesis[END_REF]. In this model, oligosaccharide primers are elongated by GT enzymes, to generate pectic glycan domains 
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such as HG and RGI. The domains are then transferred en bloc onto a growing polysaccharide. In agreement with this model, Voiniciuc et al., suggested that the galacturonosyl transferase GAUT11 is required for the synthesis of an HG region important for RGI elongation [START_REF] Voiniciuc | Identification of Key Enzymes for Pectin Synthesis in Arabidopsis Seed Mucilage[END_REF]. The GWAS performed during my thesis linked MUCI70 to natural variation in RGI macromolecular properties. muci70 mutants also produced a larger number of short polymers, which had more xylan substitutions, compared to WT. We hypothesized that RGI production is likely to involve a complex with at least three GTs; a rhamnosyltransferase, a galacturonsyl transferase and a xylosyltransferase. A slower RG backbone elongation rate in muci70 mutants could allow a higher frequency of xylan side chain addition, explaining the higher number of substitutions observed (Figure 63). It would be interesting to confirm whether the variations identified in the MUCI70 sequence are responsable for the variation in outer mucilage properties observed in natural variants. This could be determined by transformation of muci70 mutants with the different allelic forms of MUCI70 found in natural accessions.

The major challenge when analysing in detail the composition of the inner layer of mucilage is that after removal of the outer mucilage layer, a RGI-hydrolysing enzyme is required. This only solubilises the RGI, and not polymers such as xylan that interact strongly with cellulose [START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. In our analyses of muci70 inner mucilage, therefore, cellulose-derived glucose and xylose are not quantified. Recently, ultrasonic treatments have been shown

to efficiently extract most of the inner mucilage layer from the Arabidopsis seed coat [START_REF] Zhao | Effective extraction of Arabidopsis adherent seed mucilage by ultrasonic treatment[END_REF]. With this extraction method, even cellulose contents can now be determined. In the future it would be interesting to carry out a sequential extraction where following the water-extraction of outer mucilage the inner mucilage of muci70 seed mutants is obtained by sonication so that cellulose and xylose contents could be precisely quantified. This technique will still not allow the study of the macromolecular properties of inner mucilage RGI, as sonication is unlikely to preserve polymer structure. Additional GTs involved in mucilage RGI production have been identified, such as the rhamnosyltransferase RRT1 [START_REF] Takenaka | Pectin RG-I rhamnosyltransferases represent a novel plant-specific glycosyltransferase family[END_REF], and the xylosyltransferases MUM5/ MUCI21 and IRX14 involved in the elongation of xylan side chains (Voiniciuc et al., 2015a;[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF]. As mucilage RGI production is not completely impaired in muci70

(see section 3.1.3.7), this suggests functional redundancy with another galactosyltransferase, such as GAUT11, which might act as a less efficient replacement such that in the absence of MUCI70 the rate of RGI polymer elongation is reduced. We, therefore, suggest that MUCI70, GAUT11, IRX14, MUM5 and RRT1 could be components of a complex involved in RGI elongation. To confirm this hypothesis, seeds of double to quintuple mutants could be produced and the macromolecular properties of outer mucilage polysaccharides analysed to validate if they have additive effects on RGI length. In vitro assays could also performed using combinations of recombinant GTs. 64). In contrast, the fluorescent molecules did not move freely in the Yamagata mucilage and appeared trapped, the T 1/2 was high and the mobile fraction was low. Similar results were obtained using FITC-CM-Ficoll 20 kDa and suggest that the inner mucilage layer of Yamagata is denser. These results contrast with the presence of more fluorescent molecules in the inner mucilage of Yamagata compared to Col-0 (Figure 46). These observations seem to indicate that the inner mucilage layer of Yamagata is a more heterogeneous network of polymers, with regions where polymers are more densely packed polymers others where they interact more loosely, in agreement with its organization in two different domains. Therefore, it would be interesting to perform FRAP on ROI located in rather the inner and outer domains of both Yamagata and Col-0 mucilage to confirm whether these domains are associated with different molecules mobility. It should be noted that the FITC-CM-Ficoll molecule is uncharged and is not likely to interact with the negatively charged pectin domains.

DIS CUSSION AND PERSPECTIVES

FITC-CM-Dextran molecules were also shown to move slower in the mucilage of Yamagata (Berger et al., Unpublished) the overall mobility of this molecule was higher than that of FITC-CM-Ficoll. Dextran has a flexible random-coil structure whereas Ficoll has a globular structure. The linearity of dextran molecules allows it movement in a snake-like manner by creep through the tight polymer network that is in agreement with our proposed model.

TBA were proposed to act as structural proteins in mucilage [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF]. In the cell wall, it has been demonstrated that EXT can establish cross-links in vitro to form protein networks, but can also establish cross-links with pectin domains via ionic interactions [START_REF] Epstein | An intramolecular linkage involving isodityrosine in extensin[END_REF][START_REF] Cannon | Self-assembly of the plant cell wall requires an extensin scaffold[END_REF][START_REF] Valentin | Elaboration of Extensin-Pectin Thin Film Model of Primary Plant Cell Wall[END_REF][START_REF] Velasquez | O-glycosylated cell wall proteins are essential in root hair growth[END_REF]. TBA are so abundant that they could establish cross-links between each other to form a tight protein network within that formed by the polysaccharides, and this could be more densely packed in the mucilage of Yamagata, reducing the mobility of molecules.

Otherwise, as they are highly glycosylated they might interact with pectin domains in mucilage to form a dense pectin-protein gel. As TBA were originally identified in a proteome analysis of seed mucilage, it would be interesting examine the proteomic of Yamagata mucilage to see whether one or several isoforms are enriched compared to Col-0. This was initiated during my thesis, but was unable to solubilize and separate the proteins on two dimension gels. As the protocol used differed from that employed by Tsai et al., this could be repeated using their method. Alternatively, the expression of the different TBA genes could be compared by qPCR between developing Col-0 and Yamagata seeds at the time of mucilage biosynthesis (end of torpedo stage), this would be particularly pertinent for TBA1 where an increase in read coverage was observed indicating potential gene duplication, although amino acid substitutions can sometimes affect transcript expression and so the expression of the other genes could also be confirmed in parallel.

It is known that H 2 O 2 mediated oxidative cross-linking of EXT is mediated by cell wall peroxidases. It can be hypothesized, therefore, that CUAOα1, like other amine oxidases catalyses the production of ROS in seed mucilage [START_REF] Tavladoraki | Copper-Containing Amine Oxidases and FAD-Dependent Polyamine Oxidases Are Key Players in Plant Tissue Differentiation and Organ Development[END_REF]. Moreover, this gene was coexpressed with At1G62210, one of the top candidates identified in the IMP1 CI.

Nevertheless, CUAOα1 was linked to the variation of seed mucilage quantity in the outer layer and not to mucilage properties. Furthermore, it is likely that the mechanisms involved in the regulation of outer mucilage polysaccharide IV and inner mucilage staining with FITC-CM-Ficoll are different, otherwise mapping of LIV1 and IMP1 would have found the same CI. It would, nevertheless, be interesting to stain cuaoα1 mutants generated in Yamagata background with this fluorescent dye.
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In their analysis of the natural variability for primed seed longevity, Sano et al., highlighted that the loss of seed longevity is associated with an increase in seed coat permeability, which is positively and partially regulated via BR signalling [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. As BR are present at very low levels in seeds, they are difficult to measure and I did not quantity BR contents from non-primed and primed seeds. It would be interesting to carry out "hormopriming" of seeds with exogenous BR or SA to see whether the longevity of mum2 and myb5 mutants becomes closer to that of WT. Moreover, seed coat permeability of hydroprimed, hormoprimed and non-primed WT and mutant seeds could also be compared using tetrazolium staining.

The rheological properties of seed mucilage may influence the establishment of seeds in the soil.

When the germination vigour of primed seeds was examined in Petri-dishes, I found that the absence of mucilage had no impact, whereas it increased germination speed for seeds primed in soil (Section 3.3.7). Moreover, the absence of mucilage had relatively small effects on hydration dynamics during priming in soil, as determined by changes to seed volume (Section 3.3.6). This was in agreement with the delayed germination observed in mucilageproducing seeds of the cactus species Leptocereus scopulophilus compared with seeds where mucilage had been removed [START_REF] Barrios | The role of mucilage in the germination of Leptocereus scopulophilus (Cactaceae) seeds from Pan de Matanzas, Cuba[END_REF]. In Chia seeds, the removal of mucilage was, however, associated with slower germination in Petri dishes or soil samples [START_REF] Geneve | Stress Influences Seed Germination in Mucilage-Producing Chia[END_REF]. In addition, when seeds were exposed to wet-dry cycles, corresponding to repeated priming treatments, seed hydration was greater and the seeddrying rate was considerably slower for seeds with intact mucilage and they germinated faster than seeds without mucilage [START_REF] Geneve | Stress Influences Seed Germination in Mucilage-Producing Chia[END_REF] The macromolecular properties of the outer mucilage layer might also influence the establishment of seeds in the soil. The study of the rheological properties of seed mucilage from shepherd's purse revealed that the high viscosity of seed mucilage could aid the formation of soil aggregates, thereby enhancing seed-soil contact which attracts and holds
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greater volumes of water [START_REF] Deng | The rheological properties of the seed coat mucilage of Capsella bursa-pastoris L. Medik. (shepherd's purse)[END_REF]. They showed that the shepherd's purse seed mucilage is more viscous than that from other plant parts such as fruit and roots and the high number of seeds dispersed by the mother plant may affect soil quality. Given the high similarity between shepherd's purse and Arabidopsis seed mucilage, it might be interesting to check the germination vigour and longevity of mutants impacted in mucilage polysaccharide macromolecular properties such as muci70 after priming in the soil.

Furthermore, outer mucilage was observed by X-ray micro CT to be leached from around WT Col-0 seeds some time between 2 and 18 h after imbibition and the effect on soil rheology could vary depending on its macromolecular characteristics. Outer mucilage extracts from natural variants with a range of properties could be tested for the effect on soil rheology and the germination vigour and longevity of myb5 and mum2 mutants.

In Résumé : Les polysaccharides sont des composants majeurs des parois cellulaires ayant une structure dynamique et jouant un rôle essentiel dans la croissance des plantes. Les cellules épidermiques du tégument des graines d'Arabidopsis libèrent un halo de mucilage polysaccharidique lors de leur imbibition. Le mucilage séminal s'est avéré être un excellent système modèle pour l'étude de la production, des propriétés des polysaccharides et de leurs interactions. Le premier objectif de ma thèse était de valoriser la variabilité naturelle existant entre accessions d'Arabidopsis pour identifier de nouveaux gènes contrôlant la production de mucilage.

Chromosome I T27K12 nga280 ATHGENEA F5114 F1019B nga111 H C C C C C Y H H H H Y ND C ND ND C H H C C C C ND Y Y H H H H H C ND C H C C C C C C H Y C C C C C H H H C C C H C C C H H H C C C C C H C C C C C C C C C C C ND ND C ND H H H H H H H H C C C C C C C C C C C C H C C C C C H C C C C Y H C C C H Y Y C C C C C H C C C H C H H C C C C H C C C C H C C C C C H H C C C C H C C C C C H C C C C C C ND C C C C C H C C C C C Y C C C C C ND ND
Une analyse de génétique d'association a permis l'identification d'une amine oxidase et d'une glycosyltransferase putatives dont j'ai confirmé l'implication dans la biosynthèse des pectines du mucilage. J'ai également associé une famille de protéines aux interactions entre polysaccharides. De part ses propriétés d'hydrogel, le mucilage joue un rôle adaptatif et influence la physiologie de la graine. Il permet la rétention d'eau autour de celle-ci et pourrait ainsi influencer sa longévité. Le deuxième objectif de ma thèse était d'utiliser des mutants impactés dans la production de mucilage pour déterminer si ce dernier influence la longévité des graines après un traitement d'hydratation contrôlée appelé 'priming'. Les graines ne libérant pas de halo de mucilage à l'imbibition ont une meilleure longévité en lien avec une diminution réduite d'acide salicylique. Mes résultats participent à une compréhension intégrée de la production de mucilage à plusieurs niveaux : écologiques, génétiques et physicochimiques. Title : Study of mucilage production in Arabidopsis natural populations and its contribution to seed lifespan Keywords : Mucilage, longevity, polysaccharides, natural variation, seed Abstract: Polysaccharides are the major component of cell walls that are dynamic structures playing a fundamental role in plant growth. On imbibition, the epidermal cells of the Arabidopsis seed coat release a mucilage hydrogel formed of polysaccharides. This has proved to be an excellent model system for the study of cell wall polysaccharide production, properties and interactions. The first objective of my thesis was to exploit natural variation between Arabidopsis accessions to identify genes controlling mucilage polysaccharide production. A genome wide association study identified genes encoding proteins with putative functions as either an amine oxidase or glycosyltransferase and these were confirmed to contribute to the synthesis of mucilage pectin. I also found that a family of small proteins, whose function is undetermined, are likely to modulate the interaction of mucilage polymers. Mucilage is also an adaptive trait that may influence various aspects of seed physiology. Recent results indicate that this hydrogel plays a role in the retention of water around the seed and could influence their lifespan. A second objective of my thesis was to use mutants showing altered mucilage production to determine its contribution to seed lifespan after a controlled hydration treatment called 'priming'. Seeds that do not release mucilage on imbibition retained longevity better after priming. I highlighted that the steady state levels of salicylic acid in primed seeds were influenced by mucilage and correlated negatively with their longevity. My results contribute to our genetic, physicochemical and ecophysiological understanding of mucilage production by seeds.
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Figure 1 :

 1 Figure 1: Angiosperm life cycle

Figure 2 :

 2 Figure 2: Arabidopsis embryo development Longitudinal cross-sections of a developing Arabidopsis embryo. Cells are coloured according to their lineage. The zygote first elongates, and then undergoes asymmetric divisions giving rise to the dermatogen embryo. The tissues differentiate further at the globular stage. The embryo starts forming its different organs at the heart stage and the shoot apical meristem (SAM) and root apical meristem (RAM) become fully established at the torpedo stage. The mature embryo exhibits fully developed cotyledons that occupy most of the seed space. Adapted from Ten Hove (2015)

Figure 3 :

 3 Figure 3: Coenocytic development and early cellularization of the endosperm in Arabdiopsis seeds After fertilization, a period of cytokinesis free nuclear division results in a coenocytic endosperm. Radial arrays of microtubules define nucleo-cytoplasmic domains (NCDs). Cell wall material is deposited at the intersections of NCDs and form alveoli. Mitotic periclinal divisions then produce a cellular outer layer, and a new internal layer of alveoli. Figure from Becraft and Gutierrez-Marcos, 2012.

Figure 4 :

 4 Figure 4: Seed coat structure in Arabidopsis (A) Longitudinal section of Arabidopsis seed at the heart stage of embryo development. (B) Cross section of the mature seed coat. c: chalaza; cl: columella; cpt: chalazal proliferating tissue; ct: cuticule; cv: central vacuole; cw: cell wall; em: embryo; ii: inner integument; m: micropyle; mu: mucilage; nu: nucellus; oi: outer integument; pc: placentochalaza; pe: peripheral endosperm (aleurone layer); ps: pigment strand; s: suspensor. Scale bar = 40 µm (A) and 7 µm (B). Adapted fromDebeaujon et al., (2003; 2007).

Figure 5 :

 5 Figure 5: Schematic illustration of differentiation of epidermal cells of the seed coat in Arabidopsis.At the beginning of development post-fertilization cells are small and contain a large vacuole. Cells then increase in size and starch granules start to accumulate. At the heart stage mucilage polysaccharides are deposited in the extracellular space. When the embryo is at the torpedo stage, the polarised secretion of mucilage into the upper corners of the cell pushes the cytoplasm into a column in the centre of the cell. At the bent-cotyledon stage secondary cell wall material starts to be deposited gradually filling the cytoplasmic column thus forming the columella. This leads to cell death when the embryo is undergoing maturation so that when seeds enter desiccation a mucilage polysaccharides dry down around the columella, underneath the primary cell wall. When the seeds are imbibed, the polysaccharides expand and rupture the primary cell wall. Adapted fromNorth et al., 2014 

Figure 6 :

 6 Figure 6: Arabidopsis mucilage stained with ruthenium red appears as two distinct layers Visualization of mucilage released on imbibition from the epidermal cells of mature Arabidopsis seeds by direct staining in 0.02% (w/v) ruthenium red. Scale bar = 150 µm. From Macquet et al., 2007b.

Figure 7 :

 7 Figure 7: Inner and outer mucilage layers have different polysaccharide compositionsRhamnogalacturonan I (RGI) is the major component of both mucilage layers. The inner layer also contains minor amounts of homogalacturonan (HG) and cellulose. Adapted from Susana Saez-Aguayo (thesis, 2012)Macquet et al., 2007b. 

Figure 8 :

 8 Figure 8: Structure of common cell wall pectin domainsAll pectin domains contain the acidic sugar galacturonic acid (GalA). This is forms the backbone of homogalacturonan (HG), rhamnogalacturonan II (RGII) and xylogalacturonan. Rhamnogalacturonan I (RGI) consists in a backbone of a repeating disaccharide of rhamnose (Rha) and GalA. The backbones can be decorated with other sugar residues, acetylated or methylated. Gal: galactose; Ara: arabinose; Ace: aceric acid; Fuc: fucose; Apio: apiose; GlcA; acide glucuronique; Xyl: xylose. Adapted from[START_REF] Lampugnani | Building a plant cell wall at a glance[END_REF] 

Figure 9 :

 9 Figure 9: Schematic representation of pectin synthesis in the Golgi apparatus Nucleotide sugars are transported into the Golgi lumen by nucleotide sugar transporters.Glycosyltransferases located in the Golgi membrane catalyse the transfer of glycosyl residues from nucleotide sugars present in either the lumen or the cytosol to the elongating polysaccharide. NST: Nucleotide sugar transporter; NDP: nucleoside diphosphate; NMP: nucleotide monophosphate; GT: glycosyltransferase. Adapted from[START_REF] Lampugnani | Building a plant cell wall at a glance[END_REF] 

Figure 10 :

 10 Figure 10: Schematic representation of cellulose synthesis at the plasma membraneCellulose is synthesized at the plasma membrane by the cellulose synthase complex, composed of six subunits and assembled into microfibrils. Each subunit contains 3 cellulose synthase isoforms consisting of CESA1, CESA3 and a CESA6-like (CESA2/5/6/9) for primary cell wall and CESA4, CESA7 and CESA8 for secondary cell wall synthesis. The movement of cellulose synthase complexes is guided by cortical microtubules. CSC: cellulose synthase complex; CESA: cellulose synthase catalytic subunit isoform. Adapted from[START_REF] Mcfarlane | The Cell Biology of Cellulose Synthesis[END_REF] 

Figure 11 :

 11 Figure 11: Phylogenetic relationship between CESA family isoforms in ArabidopsisThe Arabidopsis genome contains genes encoding 10 isoforms. CESA6-like proteins (CESA2/5/6/9) show high similarity in their amino acid sequences. Cellulose synthase isoforms involved in primary cell wall synthesis (CESA1, CESA3 and a CESA6-like) are grouped together whereas CESA7 and CESA8, involved in secondary cell wall synthesis, form a subgroup. The phylogenetic tree was built from protein sequences using ClustalX and visualized in FigTree v1.4.3. This tree is based on the data fromFagard et al., 2000. 

Figure 12 :

 12 Figure 12: Hemicelluloses are characterized by β-1,4-linked backbonesHemicellluloses are a heterogenous group of polysaccharides whose backbones present structural similarities. Glucan, xylan and mannan backbones are formed by β-1,4-glucose, β-1,4-xylose and β-1,4-mannose linked residues, respectively. Glucomannan consists of an alternation of β-1,4-linked glucose and mannose residues. Adapted from[START_REF] Scheller | Hemicelluloses[END_REF] 

Figure 13 :

 13 Figure 13: Schematic illustration of the phylogeny of CESA and CSL superfamiliesCellulose synthase like (CSL) A and CSLD families are present in all plant genomes analysed so far and are involved in glucomannan biosynthesis. CSLC is involved in xyloglucan biosynthesis and is conserved in all plant families. CSLF and CSLH are only found in grasses and are involved in mixed linkage glucan biosynthesis. CSLB and CSLG are only present in dicotyledons, and their functions are currently unknown, whereas CSLE is specific to angiosperms and CSLJ is present in some angiosperms, dicotyledons and grasses, but not in Arabidopsis. Adapted from Scheller and Ulvskov, 2010

Figure 14 :

 14 Figure 14: RGI is the main component of mucilage (A) Composition of Col-0 outer mucilage layer extracted with water. The predominance of GalA and Rha demonstrate that RGI is the main component of outer mucilage and represent 90% of total sugars. Values represent mean ± SD ; n=4. GalA : galacturonic acid ; Rha : rhamnose ; Xyl ; xylose ; Ara ; arabinose ; Man : Mannose ; Gal : galactose ; Glc : non-cellulosic glucose. Data from Macquet et al., 2007. (B) INRA-RU1 labelled rhamnogalacturonan I (RGI) confirms that the Col-0 inner layer contains RGI. Each image shows an optical section through a whole seed (green = antibody and magenta = seed intrinsic fluorescence). Asterisks indicate columellae. Bars = 200 µm (whole seed) and 50 µm (magnification). Images from Voiniciuc et al., 2015.

Figure 15 :

 15 Figure 15: Immunolabelling of the inner mucilage layer released from Col-0 seeds shows that RGI is decorated with arabinan and galactan chainsWhole imbibed Col-0 seeds were labelled with LM5 and LM6 antibodies that specifically recognize galactan and arabinan epitopes, respectively. Confocal microscopy was used to obtain optical sections passing through the seed. LM5 labeling is weak, but is observed throughout the inner layer whereas LM6 labeling is restricted to an outer domain of inner mucilage layer. Scale bars: 150 µm (whole seed) and 50 µm (magnification). Images fromMacquet et al., 2007b 

Figure 16 :

 16 Figure 16: The inner mucilage layer of the Col-0 accession contains methylesterified HG Double labelling of methyl-esterified pectin epitopes and cellulose in the inner mucilage layer of Col-0 accession HGs appear to be present as two populations with different degrees of methylesterification in Arabidopsis mucilage.. JIM5 and JIM7 antibodies label moderate and highly methyl-esterified HG respectively. A strong JIM5 signal is observed and colocalizes with calcofluor labelling. The JIM7 signal is weaker and restricted to the outer domain of inner mucilage layer. Scale bars: 150 µm. Images from Macquet et al., 2007b.

Figure 17 :Figure 18 :

 1718 Figure 17: CESA3 and CESA5 are required for pectin adherence and cellulose structure in Arabidopsis mucilage Ruthenium red staining of WT Col-0, cesa3ixr1-1 and cesa5-1 mutants show that CESA3 or CESA5 genes are important for pectin adherence in the inner mucilage layer. Pontamine Fast Scarlet (S4B) staining of cellulose highlights that the ray-like structure or diffuse cellulose in mucilage is altered in the mutants. Scale bars = 100 µm (upper images) and 15 µm (lower images). Images from[START_REF] Griffiths | Unidirectional Movement of Cellulose Synthase Complexes in Arabidopsis Seed Coat Epidermal Cells Deposit Cellulose Involved in Mucilage Extrusion, Adherence, and Ray Formation[END_REF] 

Figure 19 :

 19 Figure 19: Outer mucilage sugar contents reveal a tight proportionality between Rha and Xyl contentsThe outer layer of mucilage was extracted with HCl-NaOH. Xyl and Rha contents were determined and show a tight proportionality in all genotypes examined except for the mum5 mutant. White circle: Wild-type Ws; black circles: gl2, mum1, mum2, and sbt1.7 mutants (Ws accession); white square: wild-type Col-0; black square: cesa5-2 (Col-0 accession); white triangle: wild-type Col-2; black triangle: mum5-1 (Col-2 accession). Rha: rhamnose; Xyl: xylose. Values are means ± SD, n=2. Figure from[START_REF] Ralet | Xylans Provide the Structural Driving Force for Mucilage Adhesion to the Arabidopsis Seed Coat[END_REF] 

Figure 20 :

 20 Figure 20: MUM5 adds xylan chains to the RGI backbone that mediate pectin adherence Ruthenium red staining shows a reduced inner mucilage layer in mum5-1 mutant compared to WT Col-2. Confocal microscopy optical sections show adherent mucilage after double-labelling of xylan epitopes with AX1 antibody (green) and staining of cellulose with Pontamine Fast Scarlet 4B (magenta). Arrows indicate zones in adherent mucilage that are not labelled with AX1. Scale bars = 200 µm (ruthenium red staining), 100 µm (AX1 labelling, whole seed) and 20 µm (magnification of mucilage). Images from Ralet et al., 2016.

Table 2 :Figure 21 :

 221 Figure 21: TBAs and TBAL promoters are active in the seed coat at the time of mucilage synthesis

Figure 23 :

 23 Figure 23: Schematic representation of the roles and interactions between genes involved in seed coat epidermal cell differentiation and mucilage biosynthesis in ArabidopsisBlack arrows indicate the developmental stage at which a protein, or group of proteins, is implicated. Adapted fromNorth et al., 2014 

Figure 24 :

 24 Figure 24: Comparison of seed coat differentiation between wild-type and myb5-1 seedsWild-type Col-0 and myb5-1 seed coat sections (2 µm) stained with 0.05% toluidine blue. At the torpedo stage, the arrowhead indicates the cytoplasm undergoing rearrangement. In mature seeds, the arrow points to the secondary cell wall and the arrowheads to the columellae. Pink-staining acidic polysaccharides are visible from the end of torpedo stage suggesting that initial production of mucilage is similar for both genotypes as well as cytoplasm rearrangement. At the bent-cotyledons stage, the columella fails to form in the mutant and only a small amount of mucilage polysaccharides are accumulated in the mature seeds.

Figure 25 :

 25 Figure 25: The putative glycosyl transferase encoded by MUCI70 is important for the synthesis of seed mucilage RGI

Figure 26 :

 26 Figure 26: The MUM2/BGAL6 β-galactosidase is important for mucilage partitioning and release upon imbibition (A) Ruthenium red staining of WT Col-2 and mum2-1 mutants highlight that no mucilage is extruded in the mutant when the seeds are imbibed in water. Scale bar = 100 µm. Images from Dean et al., 2007. (B) GalA partitioning between outer and inner mucilage layers in WT Col-0 and mum2-11 mutants.The outer mucilage layer was extracted from seeds treated with acid-and alkali-treated to force mucilage release and the inner layer was extracted after enzymatic digestion with a rhamnogalacturonan hydrolase (RGase). There is only a slight reduction in the total amount of GalA in the mutant, but there was a clear redistribution of pectin from the outer to the inner layer. Data fromMacquet et al., 2007a. 

  importance of xylan chains for mucilage production, however, it did not give additional clues about the underlying mechanisms.

Figure 27 :

 27 Figure 27: Diverse mucilage composition and staining patterns are observed between and within species (A) Mucilage released from mature seeds or nutlets of different myxospermic plant species. Seeds were stained with 0.01% (w/v) ruthenium red (B) Schematic representation of the mucilage polysaccharide composition of the same species as in A. Note that xylan and pectin types can vary as well as amounts. Adapted from Phan and Burton, 2018.

Figure

  Figure 28: Schematic model representing diagram summarizing the proposed ecological roles for seed coat mucilage

FigureFigure 30 :

 30 Figure 29: Natural variability in seed longevity Storage performance of seeds in the USDA National Plant Germplasm System (NPGS) collection. Data for most species reflect storage for 24 to 26 years at -18°C.The p50 was calculated from the germination time course during storage and represents the time for germination to decrease from the initial value to 50%. B. sitchensis and T. campestre represent the plant species with the lowest and highest longevity, respectively, in this study. The data are from[START_REF] Walters | Longevity of seeds stored in a genebank: species characteristics[END_REF] 

Figure 31 :

 31 Figure 31: Overview of known DNA, RNA and protein repair systems involved in seed longevityThe accumulation of reactive oxygen species (ROS) leads to the oxidation of guanine to form 8-oxoG that is repaired upon imbibition by the base excision repair (BER) system. Double strand breaks (DSB) in the DNA molecule are repaired via the action of ligases. The actors of oxidized RNA repair remain unknown whereas oxidized proteins are repaired via the action of MSR and PIMT enzymes. 8-oxoG, 7,8-dihydro-8-oxoguanine; Met, methionine; MetO, methionine sulfoxide; Asp, L-aspartyl; isoAsp, Lisoaspartyl. Adapted from[START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF] 

Figure 32 :(

 32 Figure32: A model for the role of salicylic acid in seed longevity and germination Salicylic acid stimulates peroxidase and catalase activities, superoxide dismutase accumulation and improves the antioxidant capacity of seeds. SA may also be a positive regulator of abscisic acid, leading to the accumulation of seed storage proteins, HSPs and LEA. The SA-mediated increase in seed antioxidant capacity can promote germination under high salinity and may improve longevity. SA, salicylic acid; ABA, abscisic acid; HSPs, heat shock proteins; LEA, late embryogenesis abundant. The dashed arrow indicates a hypothetical regulation of ABA endogenous levels by SA. Based on data in[START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF][START_REF] Abreu | Salicylic acid deficiency in NahG transgenic lines and sid2 mutants increases seed yield in the annual plant arabidopsis thaliana[END_REF][START_REF] Abreu | Salicylic acid deficiency in NahG transgenic lines and sid2 mutants increases seed yield in the annual plant arabidopsis thaliana[END_REF][START_REF] Lee | Salicylic acid promotes seed germination under high salinity by modulating antioxidant activity in Arabidopsis[END_REF] 

Figure 33 :

 33 Figure 33: Schematic representation of different priming treatments and model for seed hydration curves in non-primed and primed seeds

  My PhD was financed as part of a French national agency (ANR) funded project: Consequences of environmental modifications on Arabidopsis seed mucilage properties, diversity and ecophysiological function (CEMMU). The primary objectives of this project are (1) to describe the natural variation in the inner mucilage layer,[START_REF] Bhargava | The interacting MYB75 and KNAT7 transcription factors modulate secondary cell wall deposition both in stems and seed coat in Arabidopsis[END_REF] to determine the effect of temperature constraints on mucilage synthesis, (3) to analyse the role of mucilage in seed viability and how this is affected by environmental conditions during seed set and (4) to identify and functionally characterise three loci that influence mucilage diversity. Helen North is coordinator of this project and my PhD work was carried out under her supervision in the Germination Physiology (PHYGERM) group. Research carried out by the group aims to understand the molecular mechanisms underlying the factors pre-or post-harvest that influence germination quality and seedling vigour.

  maintenance and germination. A previous project in the team revealed that mucilage plays a role in the retention of water around the seed and slows the hydration of internal seed tissues[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF]. My third objective was to use mutants showing altered mucilage synthesis or properties to determine if mucilage contributes to seed longevity through the prolongation of the imbibed state after a controlled hydration treatment called priming. The resistance of primed seeds to CDT was examined in two mutants myb5 (producing little mucilage) and mum2 (releasing no mucilage on imbibition) and their WT Col-0. I analysed the effect of both priming and mucilage synthesis on hormone levels in seeds during two study visits in the team "Dormancy and adaptation" (RIKEN Centre for Sustainable Resource Sciences, Yokohama, Japan) in collaboration with Mitsunori Seo (two months in my second year, three weeks in my third year financed by the GDRI programme, France-Japan for Integrative Plant Biology). I used X-ray tomography to follow seed hydration dynamics by imaging WT and mutant seeds during priming. This was carried out thanks to funds from EPPN2020 , for experiments at the Centre for Plant Integrative Biology, University of Nottingham, UK, during a 3-week visit to the Hounsfield facility. The project MIDLIFE: determining the effect of mucilage on seed hydration dynamics during priming and its impact on embryo life expectancy in Arabidopsis, was carried out in collaboration with Craig Sturrock and Malcolm Bennett. Access to the expertise and equipment of these collaborators enabled me to obtain results, presented in Chapter 3.3, concerning the impact of mucilage 1. INTRODUCTION on seed lifespan after priming and the potential role of a phytohormone in the ageing of seed tissues post-priming. These results provide a basis for further characterisation of the mechanisms underlying how mucilage affects longevity and vigour. The three objectives of my PhD contribute to two CEMMU project work-packages and address genetic, physicochemical and ecophysiological questions concerning the production of mucilage by seeds.

55 2 .

 2 MATERIAL AND METHODSeach plant to be genotyped was placed into each tube of the plate. Samples were ground using a ball mill (Qiagen, MM300) for 3 minutes at 30Hz. The plates were centrifuged for 5 min (1,610g; 4°C) and 200 µl of SDS (sodium dodecyl sulfate) extraction buffer were added (200 mM Tris HCl pH 7.5; 250 mM NaCl; 25 mM EDTA; 0.5% (w/v) SDS). The plates were centrifuged again for 10 min (3,000g; at room temperature) and 100 µl of supernatant were transferred to a new plate containing 100 µl of isopropanol to precipitate nucleic acids.

Figure 34 :

 34 Figure 34: Steps of the bioinformatics worflow used for bulk segregant analysisDNA bulks for F2 progeny with low and high intrinsic viscosity were sequenced. The MutDetect pipeline was used to filter reads based on their quality score and to align them against the genome reference of Col-0. SNPs in F2 individuals were detected and their density across the genome calculated. Yamagata SNPs were retrieved from the Yamagata genomic sequence carried out for LIV1 mapping and were projected onto the graphs of F2 bulk SNP density to detect regions enriched with SNPs of the low IV parent Yamagata. In a second method, pairwise comparison of SNPs in high and low bulks was undertaken to identify those specifically enriched in the low bulk sequence.

  Polymorphisms such as insertions, deletions and SNPs in the Yamagata genome sequence compared to Col-0 were identified and used to design molecular markers for fine mapping. 2.2.5.2. Bulk segregant analysis 2.2.5.2.1. DNA quantificationThe Invitrogen Qubit 4 Fluorometer (ThermoFischer Scientific) was used to quantify purified DNA from each sample. The Qubit Fluorometer uses fluorescent dyes that specifically bind to the target molecule and is more accurate than UV absorbance. DNA quantification was done using the Qubit DSDNA BR Assay Kit according to the manufacturer's protocol. Next-generation sequencing of bulked DNA samples was performed by the GENOTOUL platform (https://get.genotoul.fr/) using HiSeq3000 technology and a 125x coverage (2 x 150bp pair-ended reads). Samples were sent according to the platform recommendations (>4 µg at > 40ng/µl).2.2.5.2.2. Sequence analysisDNA sequence of F2 low and high bulks were analysed in collaboration with Nadia Bessoltane from the bioinformatics team. The steps of the bioinformatics workflow are presented in Figure34. F2 DNA sequence reads were filtered using a base quality score calculated during Illumina sequencing giving the probability that a base is called incorrectly. Inaccurate bases were removed when the quality score was lower than 20 (Base accuracy of 99%) and reads were consequently shortened. Reads with a size ranging from 20 to 150 bp were aligned on the reference genome using the MutDetect pipeline.MutDetect plotted the SNPs present in the F2 bulks compared to Col-0 and their calculated density across chromosomes (binwidth = 200000). The density is high in regions enriched for DNA from the parent Yamagata and low in regions similar to the parent Col-0.

2. 3

 3 .1.4. Scanning electron microscopy (SEM) 2. MATERIAL AND METHODS performed at room temperature on a system comprising a Shodex OH SB-G precolumn followed by a Shodex OH-Pack SB-805 HQ column (http://www.shodex.de/). Elution was carried out with 50 mM sodium nitrate buffer at a constant flow rate of 60 mL h -1.Measurements were performed using a differential refractometer (VE 3580 RI Detector) and a Viscotek 270 Dual Detector (dual laser light scattering, λ = 670 nm, 90° and 7°, combined with a differential pressure viscometer; Malvern Instruments; http:// www.malvern.com/). All detectors were calibrated with a pullulan standard having narrow molecular mass distribution (Mw = 145,618 D, Mn = 139,180 D, [η] = 54.0 mL g -1 at 30°C in 0.1 M sodium nitrate, dn/dc = 0.147 mL g -1 ; Malvern Instruments). Samples were injected automatically through a 50 µL loop. Data analyses were performed using OmniSec version 4.5 software (Malvern Instruments).

Figure 35 :

 35 Figure 35: Steps of hormone extraction using weak anion exchange column (WAX)

  2.2 was used to compare the segregation of genotypes at each marker and carried out using Pearson's Chi-squared test of independence at a threshold of 5% with Excel® software. The comparison of longevity and hormone contents between genotypes in Chapter 3.3 was performed using non-parametric comparison of means to a reference (Dunnett test) or multiple comparisons of means (Tukey test) with in RStudio® using 'nparcomp' package. The comparisons of changes in seed volume that occur during priming in Chapter 3.3.6 was performed with Excel® software, using unpaired-t-tests for the comparisons of means of two independent samples. A twotailed test was used to test whether mean difference between the samples is different to zero.
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Figure 37 :Figure 38 :

 3738 Figure 37: Natural variation observed between 301 Arabidopsis accessions for seed outer mucilage traitsValues have been transformed to mean-centred values to enable comparison of variation for each trait displayed as violin plots overlaid with the corresponding boxplot where outliers are indicated as circles. Filled turquoise circles indicate the position of values for the reference accession Col-0. GalA, galacturonic acid contents; NS, neutral sugar contents; Mp, molar mass at peak maximum; IV, intrinsic viscosity; Rh, hydrodynamic radius; Rg, radius of gyration.

  and Dja-5, which has the same haplotype as Dja-1(Simon et al., 2012), which shows delayed and incomplete mucilage release in water[START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF]. The low values observed for Dja-5 for GalA and neutral sugar contents(Poulain et al., in preparation; Appendix 9) indicate that it shares the same mucilage phenotype so that values were likely to be unrepresentative.

Figure 39 :A,

 39 Figure 39 : Principal component analysis of six outer mucilage traits for 301 Arabidopsis accessions. A, Plot of principal components 1 and 2 (PC1; PC2). Numbers correspond to Versailles accession numbers. The positions of control genotypes in red were projected onto the plot based on values obtained for the same six traits. The position of the reference accession Col-0 is indicated by the red arrow. B, Variables factor map showing loadings for each trait contributing to PC1 and PC2.

  ; Poulain et al., in preparation; Appendix 9).

Figure 40 :

 40 Figure 40 : Comparison of inner mucilage released from imbibed seeds of Te-0 and Ga-0 accessions to that of the Col-0 reference Ruthenium red staining of pectin (A, C, E, G and H) and Calcofluor staining of cellulose (B, D and F). A and B, Col-0. C and D, Te-0. E and F, Ga-0. G, Ga-0 x cesa5-2 F2 seeds. H, Ga-0 x mum5-1 F2 seeds. Bars = 100 µm.

Figure 41 :

 41 Figure 41: Genome-wide association study of Arabidopsis seed outer mucilage links MUCI70 to variations in polysaccharide molar mass A, Manhattan plot showing the single SNPs associated with the outer mucilage polysaccharide trait molar mass at peak maximum (Mp) using a panel of 193 natural accessions. The log-transformed p values from the test of association are plotted as a function of chromosomal position. Genome-wide significance threshold, purple dashed line, corrected for multiple testings by the Bonferroni method. Black dashed line represents the "-log(p-value) = 5" threshold for significance used in this study. Blue arrow indicates the peak on chromosome 1 presented in the close-up in B. Manhattan plots were obtained from GWA-Portal (https://gwas.gmi.oeaw.ac.at/). B, Close-up view of the significant peak on chromosome 1. The most significant SNPs, indicated with green outlines, are found inside the MUCI70 (At1g28240) sequence (mac >15). Triangles indicate non-synonymous or squares synonymous coding polymorphisms and dots indicate SNPs located in introns or intergenic regions. C, Polymorphisms relative to Col-0 found within MUCI70 DNA sequence from the Arabidopsis 1001 Genome Browser (http://http://signal.salk.edu/atg1001/3.0/gebrowser.php) in outlier accessions for high Mp (red) or low Mp (green). In blue are represented the SNPs found in both low and high Mp accessions whereas those highlighted in orange are more specific to the low outliers. Dashed line represents an insertion of one base. MUCI70: MUCILAGE RELATED 70; A: adenine; T: thymine; C: cytosine, G: guanine.

Figure 43 :

 43 Figure 43: Genome-wide association study of Arabidopsis seed outer mucilage links a copper amine oxidase family member to mucilage quantity Manhattan plots showing the single SNPs associated with the outer mucilage polysaccharide traits: A, galacturonic acid content and B, neutral sugar contents using a panel of 194 natural accessions. The log-transformed p values from the test of association are plotted as a function of chromosomal position. Genome-wide significance threshold, purple dashed line, corrected for multiple testing by the Bonferroni method. Black dashed line represents the "-log(p-value) = 5" threshold for significance used in this study. Red arrows indicate a colocalised SNP peak on chromosome 1 that is presented in the close-up in C. Manhattan plots were obtained from GWA-Portal (https://gwas.gmi.oeaw.ac.at/). C, Close-up view of the significant peak on chromosome 1 for GalA content. CuAOα1 (At1g31670) is located near to the highest SNPs (mac >15) highlighted by green outlines. Triangles indicate nonsynonymous or squares synonymous coding polymorphisms and dots indicate SNPs located in introns or intergenic regions. CuAOα1, gene encoding copper amine oxidase (clade 1a).

3. 1

 1 .3.10. CuAOα1 is required for the synthesis of outer mucilage rhamnogalacturonan I To confirm the role of CuAOα1 gene in mucilage polysaccharide metabolism, two T-DNA insertion lines were ordered and homozygous individuals obtained. The mutant lines

  4.1. Rhamnogalacturonan I is central to the ecophysiological function of Arabidopsis outer mucilage Natural variation occurs spontaneously and is maintained if polymorphisms acquired

Figure 44 :

 44 Figure 44: An amino acid substitution in the N3-terminal domain of CuAOα1 protein is associated with reductions in the amount of outer mucilageA, Hierarchical clustering of natural accessions for galacturonic acid and neutral sugar contents identified three clusters. Individuals producing less mucilage (muci-) are presented in magenta and those producing a high amount of mucilage (muci+) in green. B, A higher proportion of accessions has the Pro-203 to Ser substitution in the muci-group. The observed proportion of both alleles between muci+ and muci-groups differed from a random distribution as determined by a Χ 2-test (p-value = 0.042). C, Schematic representation of CuAOα1 protein and location of functional domains annotated by the European Bioinformatics Institute (https://www.ebi.ac.uk/). A change in amino acid sequence that is likely to have an effect on mucilage production is indicated. GalA, galacturonic acid, NS, neutral sugars.

Figure 45 :

 45 Figure 45: Mutants in the CuAOα1 gene have reduced outer mucilage rhamnogalacturonan I contents compared to wild-type A, Schematic representation of the structure of CuAOα1 as annotated by The Arabiodpsis information Resource (http://www.arabidopsis.org/). The positions and orientations of cuaoα1 T-DNA insertion are indicated. B, Galacturonic acid contents of water extracted outer mucilage. C, Galacturonic acid contents of RGase hydrolysates or inner mucilage. Values are means and error bars are SE of 2 < n < 3 biological replicates. Dunnett pairwise comparison to wild-type, P < 0.001, ***. GalA, galacturonic acid; Rha, rhamnose; WT, wild-type.

  Supplemental figure S2: Relationships between different macromolecular characteristics of seed outer mucilage polysaccharides for 301 Arabidopsis accessionsMp, Mass at peak maximum; Rh, hydrodynamic radius; Rg, radius of gyration; IV, intrinsic viscosity. Values are means of four biological repeats ± SE.

muci70- 2 (

 2 Salk_145602) T-DNA insertion mutants in the Col-0 background were identified in the SIGnAL database(Alonso et al., 2003; http://signal.salk.edu) and obtained from the Nottingham Arabidopsis Stock Centre (http://arabidopsis.info). Homozygous lines were identified by PCR using the primers listed in Supplemental TableS9. Seed production was performed in a glasshouse (18°C-28°C) with a minimum photoperiod of 13 h provided by supplementary lighting from plants grown in non-enriched compost (Stender Substrates). In both growth chambers and the glasshouse, plants were watered with Plan-Prod nutritive solution (Fertil; http://www.plantprodsolutions.com/).Supplemental figure S3: Location of eight high outer mucilage amount accessions in central AsiaImage generated with Google Earth©. Red drop indicators show the site of collection for each accession with their corresponding Versailles accession number.Supplemental figure S4: Manhattan plots showing the SNPs associated with variations in outer mucilage macromolecular propertiesPlots show the log-transformed p-values from the test of association as a function of the chromosomal position of SNPS. A, for intrinsic viscosity. B, for the radius of gyration Data was analyzed for a panel of 193 natural accessions. Genome-wide significance threshold, purple dashed line, corrected for multiple testing by the Bonferroni method. Black dashed line represents the "-log(p-value) = 5" threshold for significance used in this study. Manhattan plots were obtained from GWA-Portal (https://gwas.gmi.oeaw.ac.at/).

  refractometer (VE 3580 RI Detector) and a Viscotek 270 Dual Detector (dual laser light scattering, λ = 670 nm, 90° and 7°, combined with a differential pressure viscometer; Malvern Instruments; http://www.malvern.com/). All detectors were calibrated with a pullulan standard having narrow molecular mass distribution(Mw = 145,618 D, M n = 139,180 D, [η] = 54.0 mL g -1 at 30°C in 0.1 M sodium nitrate, dn/dc = 0.147 mL g -1 ; Malvern Instruments). Samples were injected automatically through a 50 µL loop. Data analyses were carried out using OmniSec version 4.5 software (Malvern Instruments).The length of RGI polymers was obtained by dividing the average molar mass at peak maximum by the mass of 1 Rha-GalA disaccharide (322 Da). The number of RGI or Xyl Supplemental figure S5: Two mutant alleles of MUCI70 produce seed mucilage with less pectin which has a higher level of substitution with xylose A, Schematic representation of the structure of MUCI70 as annotated by The Arabidopsis information Resource (http://www.arabidopsis.org/). The positions and orientations of muci70 T-DNA insertion are indicated. B, Partitioning of GalA between outer and inner mucilage layers in two T-DNA insertion mutant alleles, muci70-1 and muci70-2, compared to wild-type. C, Rhamnose and xylose contents of outer water-extracted mucilage. Values are means and error bars are SE of 2 < n < 3 biological replicates. Dunnett pairwise comparison to wild-type, P < 0.001, ***. Rha, rhamnose; Xyl, xylose; WT, wild-type. was estimated as follow: N = (m/M) * Na; with m the quantity of uronic acids or xylose in mg.g -1 seeds, M the molar mass of one galacturonic acid (176) or xylose (132) in g.mol -1 and Na the Avogadro constant (6.022140857 × 10 23 ) in mol -1 . 3.1.6.3. Statistical analyses Data analysis and graphic production was performed using R version 3.5.1 (R Core Team; https://www.R-project.org/). Contrasting global means was performed with the least squares means (lsmeans) package, version 2.30.0 (Lenth, 2016). Normality of trait distributions among accessions was tested using the Shapiro-Wilk method in the stats package, version 3.5.1. Principal component analyses were fit with FactoMineR, version 1.41 and plotted with the factoextra package, version 1.0.5. The violin plot with overlaid boxplot was generated using the ggplot2 R packages, version 3.0.0. For correlations analysis, the basic cor function from stats package was used and the associated p-values were calculated with the rcorr function from Hmisc, version 4.1.1.

  for 199 of the Arabidopsis accessions analysed for outer mucilage traits by Poulain et al., (unpublished) (Appendix 9). Data for mucilage macromolecular properties (IV/Mp/Rg) or quantity (GalA/NS) were analysed separately. The coefficient of variation (CV) was calculated as follow: CV = s x x 100 with s: the standard deviation of the sample and x: the mean of the sample. Accessions showing a CV > 25% for a given trait were removed from the analysis of that trait, resulting in a set of 193 accessions for IV/Mp/Rg and 194 for GalA/NS. The lsmeans package on R software was used to calculate adjusted means for culture effect from linear models for each trait. GWA was then performed using the GWAportal (Seren, 2018; https://gwas.gmi.oeaw.ac.at/) and the imputed full sequence dataset, applying a Box-Cox transformation for all traits and using the nonparametric Wilcoxon rank sum test (KW) GWA method. 3.1.6.5. Clustering of accessions and analysis of genomic sequences An Agglomerative Hierarchical Clustering (AHC) of the 194 accessions was performed on GalA and NS contents applying Ward's method for agglomeration using the Euclidean distances on XLSTAT software [Addinsoft 2017. XLSTAT 2017: Data Analysis and Statistical Software for Microsoft Excel. Paris, France (2017)]. Available CuAOα1 amino acid Rhamnogalacturonan I polymer length, expressed as the total number of repeating rhamnose and galacturonic acid disaccharides, is higher from cuaoα1 mutant seeds. B, The total number of rhamnogalacturonan I polymers contained in the outer mucilage extracts is reduced-type, P < 0.001, ***. WT, wild-type. Supplemental figure S7: Ruthenium red staining of inner mucilage layer released from seeds of cuaoα1-1 mutant compared to wild-type A,B wild-type and C,D cuaoα1-1. WT, wild-type. Bars = 150 µm.sequences for accessions used for GWAS were exported from the Arabidopsis 1001

  al (2003) Genome-wide insertional mutagenesis of Arabidopsis thaliana. Science (80-) 301: 653-657 Arsovski AA, Popma TM, Haughn GW, Carpita NC, McCann MC, Western TL (2009a) AtBXL1 Encodes a Bifunctional -D-Xylosidase/ -L-Arabinofuranosidase Required for Pectic Arabinan Modification in Arabidopsis Mucilage Secretory Cells. Plant Physiol 150: 1219-1234 Arsovski AA, Villota MM, Rowland O, Subramaniam R, Western TL (2009b) MUM Enhancers are important for seed coat mucilage production and mucilage secretory cell differentiation in Arabidopsis thaliana. J Exp Bot 60: 2601D (2011) Galacturonosyltransferase (GAUT)1 and GAUT7 are the core of a plant cell wall pectin biosynthetic homogalacturonan:galacturonosyltransferase complex. Proc Natl Acad Sci 108: 20225-20230 Supplemental figure S8 : CUAOα-1 and MUCI70 are highly expressed in the seed coat during seed development.
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Figure 46 :

 46 Figure 46: The macromolecular characteristics of mucilage from the Yamagata accession contrast with those of the Col-0 reference (A) The intrinsic viscosity (IV) of polysaccharides in extracts of the outer layer of seed mucilage. Error bars represent standard deviation 3<n<6. (B) Comparison of the fluorescence of the inner mucilage layer when stained with FITC-CM-Ficoll (MW 400 kDa). Scale bar= 100µm. Yam, Yamagata; F1, indicates extracts from the F1 seed coat of F2 seeds from a cross between Col-0 and Yamagata accessions. M: mucilage; S: seeds.

Figure

  Figure 47: Schematic diagram of the five Arabidopsis chromosomes indicating the localisation of the molecular markers used to establish confidence intervals

Figure 48 :

 48 Figure 48: Fine-mapping of IMP1 and LIV1 loci Genotypes and phenotypes of recombinant F2 individuals from of a cross between Col-0 and Yamagata used to establish the final confidence interval (CI) for the Inner Mucilage Properties (IMP1) locus (A) or Low Intrinsic Viscosity (LIV1) locus (B) on chromosome I and chromosome V, respectively. Blue bars represent chromosome regions with heterozygous genotypes and orange bars represent chromosome regions with homozygous Col-0 genotypes. The CI for IMP1 is supported by at least 3 recombinants on each side and is bordered by markers IND1.22893 (22,893 kb) and IND1.23018 (23,018 kb) on chromosome I. Similarly, the CI for LIV1 is bordered by markers CIW9 (17,061 kb) and IND5.22322 (22,322 kb) on chromosome V.

  3. RESULTS carrying at least one Yam allele had a [Yam] phenotype. IMP1 must, therefore, be localised to the region genotyped as homozygous for Col-0 for the 4 recombinants having a [Col-0] phenotype. Using the same logic, IMP1 must be in the region genotyped as heterozygous for the 3 other recombinants having a [Yam] phenotype. The final CI defined for IMP1 was between markers IND1.22893 and IND1.23030 covering a 186 kb region on chromosome I. This CI was flanked by at least 3 recombinants on each side to ensure the reliability of the assigned region. The interval could be reduced to 89 kb, between markers IND1.22929 and IND1.23030, based on the genotypes of two recombinants, but a single error in genotyping or phenotyping would false this result, making it unreliable.

Figure 49 :

 49 Figure49: Genes in the IMP1 confidence interval that are highly expressed in the seed coat At1g62000 (TBA1), At1g62060 (TBA2), At1g62080 (TBA3), At1g62220 (TBAL), At1g62070 and At1g62210 expression in different seed tissues during development (A) and whole seed development (B) reveals their specificity to seed coat at various stages of embryogenesis. Data were obtained from the Bio-Array Resource eFP browser[START_REF] Winter | An "electronic fluorescent pictograph" Browser for exploring and analyzing large-scale biological data sets[END_REF] based on the data set generated by[START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF] for RNA extracted from laser-capture microdissected seed tissues. Values with a standard deviation greater than half their expression value were masked and appear in grey (C) Close-up view of the chromosome I region containing the 7 candidate genes and their positions.

Figure 50 :

 50 Figure 50: Analysis of candidate gene sequences for phylogenetic relationships and conserved domains

Figure 51 :

 51 Figure 51: There seem to be structural variation in candidate genes between Col-0 and Yamagata BAM files (.bam) containing sequence alignment data were obtained for Col-0 and Yamagata accessions from our own resequencing data or for Sakata downloaded from the 1001 genome data center (http://1001genomes.org/data-center.html). The Integrative Genome Viewer (IGV) was used to visualize aligned reads. Reads are depicted as light grey arrows; highlighted bases indicate mismatches to the reference: green, A; orange, G. A histogram of read coverage per base is shown above the reads in dark grey. Dashed squares indicate where two populations of reads are aligned to the reference sequence, indicating a potential gene duplication for TBA1 (A). Absence of reads and low coverage indicates a potential gene deletion of TBA3 (B)

Figure 55 :

 55 Figure 55: Analysis of bulk segregant analysis data using two different methods to identify causal SNPs Graphs showing SNP density in reads mapped onto the reference Col-0 genome after whole-genome sequencing of DNA extracted from pooled plants for two sets of 20 F2 progeny with either high or low IV from a cross between Col-0 and Yamagata accessions. (A) Identification of regions enriched for polymorphisms found in the Yamagata parent in above 70% (blue dots) or 90% (black dots) of reads. (B) Pairwise comparison of SNPs enriched in the low IV data set at a level above 70% (red dots) or 90% (black dots) of reads. Chromosome numbers are indicated above corresponding graphs.

Figure 56 :

 56 Figure 56: mum2 and myb5 mutants exhibit defective mucilage release Outer (A) and inner (B) mucilage layer of mature seeds stained with a solution of 0.02% (w/v) ruthenium red. An outer soluble and an inner intensely stained layer are visible around WT seeds. Seeds of myb5-1 mutant release very little mucilage. No mucilage polysaccharides are released from mum2-11 seeds. Scanning electron micrographs showing whole seeds (C) and magnified images of the surface of the seed coat (D) of WT and mutant seeds. Hexagonal epidermal cells with thickened radial walls and a central columella are visible in WT seeds. myb5-1 seeds show flattened columella whereas mum2-11 seeds cannot be distinguished from the WT. Scale bars represent 100µm (A, B) 50µm (C) and 20µm (D)

Figure 57 :

 57 Figure 57: Modification of mucilage production in Arabidopsis does not affect seed longevity

Figure

  Figure 58: Arabidopsis mutants defective for mucilage production or release maintain longevity after priming better than WT (A) Simplified scheme for the priming treatment used in this study, adapted from Sano et al., (2017). Resistance of primed and non-primed seeds after 4 days of CDT in seeds from 3 independently grown series of plants, lot 1 (B), lot 2 (C) and lot 3 (D), respectively. (E) Resistance of primed seeds as a function of non-primed seeds survival rate after 4 days of CDT Error bars are standard deviations (n=3). Non-parametric comparison of means to a reference (Dunnett test) was used to compare WT and mutant longevity; *** p<0.001. Mucilage mutants were more resistant to CDT than WT after priming in all seed lots.

Figure 59 :

 59 Figure 59: The contents of all major phytohormones found in Arabidopsis seeds decrease during priming in wild-type (A) Time course showing the evolution of different hormone contents during priming, without taking into account different temperature and light conditions used. Samples at 10h had been incubated in the light at 22°C while 24 to 72h priming treatments had been incubated in the dark at 4°C. Results presented correspond to a single biological replicate for WT. (B) Reductions in hormone contents during priming expressed as the percentage of non-primed seeds. (C) WT seeds were hydroprimed for 10h in the dark or in the light at 22°C before drying.. (D) Decreases in jasmonate-isoleucine contents in seeds hydroprimed in the dark. Samples at 10h had been incubated at 22°C while 24 to 72h priming treatments had been incubated at 4°C. Error bars in (B), (C) and (D) are standard deviations of values from three biological replicates; *** p<0.001. IAA, indole-3-acetic acid; ABA, abscisic acid; JA-ile, jasmonate-isoleucine; SA, salicylic acid.

Figure 62 :

 62 Figure 62: Arabidopsis mutants without seed mucilage germinate faster than WT when primed in soil (A) Germination speed of non-primed and primed WT seeds without CDT determined as the radicle emergence. Primed seeds germinate faster. (B) Germination speed of WT, myb5 and mum2 mutants after priming.. In (A) and (B), germination was performed on water-soaked filter papers in Petri-dishes. Error bars represent standard deviation of three biological replicates. (C) Germination of WT, myb5 and mum2 primed in the soil (18h imbibition, 24h drying) 26 h, 48 h and 120 h after priming. Scale bar represents 1 mm.

Figure 63 :

 63 Figure 63 : Proposed model for the synthesis of seed mucilage rhamnogalacturonan I by a multi-GT complexIn the wild type, MUCI70, GAUT11 and RRT1 could elongate the RGI backbone through their galacturonosyl transferase and rhamnosyl transferase activities, respectively, while IRX14 elongates xylan side chains initiated on the RGI backbone by MUM5. When MUCI70 is mutated, RGI elongation is slower due to less efficient galacturonosyl transfer by GAUT11 and more xylan chains are added resulting in the high number of substitutions observed in muci70 mutants.

Figure 64 :

 64 Figure 64: Comparison of the mobility of FITC-CM-Ficoll molecules within the inner layer of seed mucilage of Col-0 and Yamagata accessions Comparison of the mobile fraction representing the fraction of molecules that can diffuse freely (A) and the T 1/2 representing the time to recover half of the maximal intensity of fluorescence (B) by fluorescence recovery after photobleaching (FRAP) in the inner mucilage layer of Col-0 and Yamagata stained with FITC-CM-Ficoll (MW 400 kDa). Yam: Yamagata.

  . Nevertheless, as Geneve et al., measured seed imbibition and drying based on fresh weight changes over time, these may not reflect the hydration and dehydration of internal seed tissues, but rather the expansion and shrinkage of the mucilage layer. Indeed, in Arabidopsis, mucilage was shown to keep water trapped and to slow down the rate of water uptake by internal seed tissues (Saez-Aguayo et al., 2014). The different composition and properties of Chia and Arabidopsis seed mucilage may also represent different strategies to promote seedling establishment in the soil.

  conclusion, the work I have carried out during my thesis has led to the identification of a number of potential loci that could explain the natural variation observed in outer and inner mucilage layer properties and production. Two of these have been validated and potential causal polymorphisms identified. Data concerning the effects of the impaired function of a putative galacturonosyl transferase on RGI macromolecular properties have been integrated into a model for a multi-GT complex. Results obtained from the association of genetic variation with the geographical origin of accessions together with tests of germination characteristics and hydration dynamics will provide a strong base for further studies into the ecophysiological function of outer and inner layers of seed mucilage. Observed genotypes at 8 molecular markers differed from the expected Mendelian segregation as determined by the Chi-square test of independence. The confidence of interval was established between markers CIW9 and K9I9 *** p<0.001. C: homozygous Col-0; Y: homozygous Yamagata; H:

  Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Etude de la production du mucilage séminal dans des populations naturelles d'Arabidopsis et sa contribution à la longévité des graines Mots clés : Graine, mucilage, longévité, polysaccharides, variabilité naturelle
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Figure 22: A summary of Arabidopsis mucilage composition

  

			RGI	
			RGI	
		RGI		
		HG		
	Seed	Seed	HG	
		Cellulose		
		GGM		
			GGM	
	Cellulose	Galacturonic acid	Rhamnose	Methyl ester
	Glucose (β1-4 linked)	Galactose	Mannose	Arabinose
	Adherent layer inner domain	Adherent layer outer domain	Outer layer	Xylose
	The outer mucilage layer is composed of unbranched RGI. The inner layer can be separated into two
	domains. The innermost domain contains cellulose microfibrils that mediate the adsorption of RGI to
	the seeds through xylan side chains. RGI is also decorated with galactan side chains in the inner layer
	and arabinan side chains are restricted to its outer domain. The inner layer also contains
	methylesterified HG and GGM that can interact with cellulose and form hairy regions with gelling
	properties important for inner layer structure. HG: homogalacturonan; GGM: galactoglucomannan;
	RGI: rhamnogalacturonan I. Adapted from Susana Saez-Aguayo (thesis, 2012) and Macquet et al.,
	2007b.			

  2, , Helen M. North 1 . Institut Jean-Pierre Bourgin, INRA, AgroParisTech, CNRS, Universite Paris-Saclay, RD10, 78026 Versailles Cedex, France 2 RIKEN Center for Sustainable Resource Science, Yokohama, Kanagawa, 230-0045 Japan

1

Table 3 : List of priming and post-priming methods used on seeds from different plant families and species and their effects on seed longevity
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	Family	Common names	Priming method	Effect longevity	Post-priming	Effect longevity
		Onion Allium Cepa	Osmopriming	Increased after CDT	No	/
		Leek Allium porrum	Osmopriming	Decreased after CDT	Storage conditions	Positive storage 10°C
		Carrot Daucus carota	Osmopriming	Decreased after CDT	Storage conditions	Positive storage 10°C
			Hydropriming	Decreased seed viability Heat, PEG, ABA, dark	Positive PEG
			Hydropriming	Decreased seed viability	Slow drying	Postive
			Hydropriming			
			Osmopriming	Decreased after CDT	Slow drying	No effect or negative
			Hormopriming (ABA)			
			Primed by private companies	No effect conventional storage	No	/
			Hydropriming Osmopriming	Decreased after CDT	No	/
			Osmopriming	Decreased after CDT	Slow drying, MCR Heat stress	Positive for MCR + heat stress
			Osmopriming	Decreased after CDT	Storage conditions	Positive low moisture
			Osmopriming	Decreased after CDT	Storage conditions	Positive conventional storage
			Hydropriming Osmopriming	Decreased after CDT	Slow drying, MCR Heat stress	Positive slow drying Positive heat + MCR
			Osmopriming	Decreased after CDT	No	
			Hydropriming Osmopriming	Decreased after CDT	Slow drying Temperature stress	Positive slow drying Positive heat + MCR
		Arabidopsis				
		Arabidopsis	Hydropriming	Decreased after CDT	No	/
		thaliana				
			Osmopriming	Decreased after CDT and conventional storage	Slow drying Storage conditions	Positive
			Osmopriming	Decreased after CDT	Slow drying	Positive
	Fabaceae	Mung bean Vigna radiata	Osmopriming	Decreased after CDT	No	/
			Osmopriming	No effect after CDT	No	/
			Osmopriming	Decreased after CDT	No	/
			Osmopriming	Decreased after CDT	No	/
			Osmopriming	Increased after conventional storage	No	/
			Hydropriming Osmopriming	Decreased after CDT	Slow drying, MCR Storage conditions Heat stress	Positive heat + MCR
			Osmopriming	Decreased after CDT	No	/
			Osmopriming	Decreased after CDT	Storage conditions	Positive storage 4°C
			Osmopriming	Decreased after CDT	No	/
			Osmopriming	Decreased after CDT	No	/
			Hydropriming Osmopriming	Decreased after CDT	Slow drying Heat stress	No effect slow drying Positive heat + MCR
			Hydropriming Osmopriming	Decreased after CDT	Slow drying, MCR Heat stress	No effect slow drying Positive heat + MCR
			Post harvest drying	Increased after CDT	Slow drying	Positive
			Osmopriming	Increased after conventional storage	No	/
		Sweet corn Zea mays	Solid maxtrix priming	Decreased after conventional storage	Storage conditions	Positive storage 10 and -80°C
		Rice Oryza sativa	Hydropriming Osmopriming Spermidine priming	Decreased after conventional storage	Storage conditions	Positive storage 4°C
		Meadow Buttercup Ranonculus acris	Hydropriming Osmopriming	No effect after CDT	No	/
			Hydropriming Osmopriming	Increased after CDT	No	/
			Osmopriming	Increased after CDT	No	/
	Violaceae	Pansy Viola X wittrockiana	Hydropriming Osmopriming	Decreased after CDT	Slow drying, MCR Heat stress Storage conditions	Positive slow drying Positive heat + MCR

Table 4 : List of single mutants analyzed in this study and primer sequences used for genotyping
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	Line	Mutant	Locus,	WT	Sequence,(5'43')	Reference
	WiscDs4LB				TCCTCGAGTTTCTCCATAATAATGT	
	Riken_341a Riken_541a		Border,primers		GGTTCCCGTCCGATTTCGACT ACGGGATCCCGGTGAAACGGT	T4DNA,Primer,Design:, signal.salk.edu/
	SALK%LBb(1.3				ATTTTGCCGATTTCGGAAC	
	GABI_175h114RP	62210(1	AT1G62210	Col40	TTCGCTTTGTACGTTGGTACC	
	GABI_175h114LP	62210(1	AT1G62210	Col40	AATGCATTAAAGACCATCCCC	
	WiscLox319E104RP 62070(1	AT1G62070	Col40	ATCGATCAGTCAGACGGACAC	
	WiscLox319E104LP 62070(1	AT1G62070	Col40	CACACGGGATCAAGTGAGAAG	
	GABI_55E074RP	tba2(1	AT1G62060	Col40	CGGAAGCTACCTTACCCTTTG	
	GABI_55E074LP	tba2(1	AT1G62060	Col40	TGTTTTAATGGCTTTGCCTTG	
	GK_569C014RP GK_569C014LP	tba1(1 tba1(1	AT1G62000 AT1G62000	Col40 Col40	GTTTGATCTTGGCAAGAGGTG CGTGCATACGAAGATGAAGAAG	New,allele
	RATM13408014B	tbal(1	AT1G62220	No40,Ds13	CTCCCGCTCAATTCTTGTTC	
	RATM13408014A	tbal(1	AT1G62220	No40,Ds13	GACCCTTGGCAATGACTTGT	
	RATM12438434B	62210(2	AT1G62210	No40,Ds412	TTCATTGCAGCTTTGAGTGG	
	RATM12438434A	62210(2	AT1G62210	No40,Ds412	CATGTGGTTCTTGGTGCATT	
	RATM12423934B	62070(2	AT1G62070	No40,Ds412	TGTTACCGTTCGCACCAATA	
	RATM12423934A	62070(2	AT1G62070	No40,Ds412	TCGATCGGTCACCATGATT	
	Salk_030942-LP	myb5(1	At3g13540	Col40	AACGTTAGCACTTAGCTAGCCTG	
	Salk_030942-RP	myb5(1	At3g13540	Col40	GGTTCTGATTTTAGCTTGATCCC	Saez4aguayo,
	Salk_110461-LP	mum2(11	At5g63800	Col40	ACCATTCACCCAAATTTCTCC	et,al.,,2014
	Salk_110461-RP	mum2(11	At5g63800	Col40	GTTCAAGTGTTCAACGTTCCC	
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  min in the sterilization solution and then rinsed once with 100% ethanol. Seeds were allowed to dry overnight in a laminar flow cabinet. For in vitro culture, sterilized seeds

	were sown	onto	Gamborg	(B5)	growth	medium	pH	6.8	(Duchefa,
									4°C in the
	dark) seeds were germinated in a growth chamber for 7 days (16h photoperiod, 65%
	relative humidity, 18°C). Seedlings were transplanted to non-enriched compost
	(Stender	AG,	https://www.stender.de/en-gb/professional-substrates)	and
	transferred	to	the glasshouse (18°C-28°C, minimum photoperiod of 13h provided
	by supplementary lighting) and watered with Plan-Prod nutritive solution (Fertil; http://
	www.plantprodsolutions.com/).						
	2.2. DNA ANALYSIS							

Seeds were incubated 54 2.

https://www.duchefa-biochemie.com/) supplemented with 29 mM sucrose, 0.16 % (w/v) bromocresol blue and 0.7% (w/v) agar. Following stratification for 3 days (

2.2.1. DNA extraction

2.2.1.1. DNA extraction using CTAB Buffer

This extraction method was used to obtain good quality DNA from a limited number of samples. A rosette leaf or a bulk of approximately X 7-day old seedlings were harvested, frozen and ground in liquid nitrogen. Seven hundred and fifty µl of pre-warmed (60°C) CTAB (Cetyltrimethylammonium-bromide) extraction buffer were added to each sample (2% (w/v) CTAB; 1.4 M NaCl; 20 mM EDTA; 100 mM Tris-HCl pH8; 0.2% (v/v) β-mercaptoethanol)

Table 5 :List of primers used in this study
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	IND1.23072*R	Chr/I	GCTTTAATGGCTCCAATC	
	IND1.23129*F	Chr/I	ATGAAGAGAATCAGCGAG	
	IND1.23129*R	Chr/I	AAGTTTTCGCTTAGACGC	
	IND1.23201*F	Chr/I	GAAGTTATGAAACGTCGTAC	
	IND1.23201*R	Chr/I	CTGAAATGCTGAGATAGTGG	
	IND1.23207*F	Chr/I	TATCCGCGCCACCAATAG	
	IND1.23207*R	Chr/I	CCCGATAGGAGATTCTGG	
	IND1.23284*F	Chr/I	CAAGAGTCGCTTGTATGC	
	IND1.23284*R	Chr/I	GTACTTGGCTCCTTTAGG	
	IND1.23369*F	Chr/I	CTTTGTGGCTCCGAGATTC	
	IND1.23369*R	Chr/I	CCTACGGAACCATCATACAC	
	IND1.22575*F	Chr/I	GCGGAACCGGGTTAGATG	
	IND1.22575*R	Chr/I	CATCACTGTCTATGCCTG	
	IND1.22811*F	Chr/I	CGGGATTCTCTCACTATG	
	IND1.22811*R	Chr/I	CTACGTTTCTTGAGATGC	
	IND1.23395*F	Chr/I	TAATACGACCTAACTACGCG	
	IND1.23395*R	Chr/I	GTCCATATTACACGTCCAC	
	IND1.23725*F	Chr/I	GGGTTGACAGCCATTGAGAG	
	IND1.23725*R	Chr/I	TTCAACCCCGACGAAATATC	
	IND1.23918*F	Chr/I	CATTTATCTCCCTGGTCCAC	
	IND1.23918*R	Chr/I	GCTTGGAAACTCTATCAGAAC	
	IND1.22473*F	Chr/I	ATTTTCGAGTCTCTGGTACG	
	IND1.22473*R IND1.23134*F	Chr/I Chr/I	CGCACTTTTGAACTATGGTC GCACATAGATTCTACAGTTCC	IMP1/mapping
	IND1.23134*R	Chr/I	CTATATGGAGCCCGTGAAC	
	IND1.23513*F	Chr/I	GGGACCCTAATGTTTGAC	
	IND1.23513*R	Chr/I	GGTACGATGTAGCAATTG	
	IND1.22071*F	Chr/I	GAAATTTCTCCCCTCTCCCG	
	IND1.22071*R	Chr/I	GGATTCACGACCAGGATTC	
	IND1.24162*F	Chr/I	GGCAGCCAAAACAACCTAAC	
	IND1.24162*R	Chr/I	GTCAGTCTTCTTCACGTTTG	
	IND1.24574*F	Chr/I	CGTGCGTTTGGATAATCAG	
	IND1.24574*R	Chr/I	GGTAACAGAAAGTTCCGGGAG	
	IND1.21157*F	Chr/I	GCATCTCATAACGTACATG	
	IND1.21157*R	Chr/I	GCGTTATTGTTCGGTTCG	
	IND1.20523*F	Chr/I	CCGTCTTTCCCCTAAAGGTTC	
	IND1.20523*R	Chr/I	CGTGAAATTAACGTGGCC	
	IND1.20638*F	Chr/I	CTGTGAGACCTAGGTTTCC	
	IND1.20638*R	Chr/I	CCTCTTCGGTAGCAGCAAAG	
	IND1.20958*F	Chr/I	CAGTTGTAATTTCGCCGTGAG	
	IND1.20958*R	Chr/I	GTTGTAGTCTCTAGTGTCTTGCG	
	IND1.20617*F	Chr/I	TCTGCAACCAATCGTGACCC	
	IND1.20617*R	Chr/I	AGAGCCTGAGATTTGTTTGGG	
	IND1.20873*F	Chr/I	GGTGTTGGAGAAGAAGAGAGAAG	
	IND1.20873*R	Chr/I	AACCCGATACGACTCTCTGA	
	IND1.20949*F	Chr/I	CAACTTTGCCTCCACCATGC	
	IND1.20949*R	Chr/I	TCTCCTGTTTCATGGCAGCC	
	seqAt1g62055*F	Chr/I	GGCAAATGGAATCACGTCGT	
	seqAt1g62075*R	Chr/I	CCGCGCGTACTAAACACATT	
	seqAt1g62225c*R Chr/I	AAATGGTTTTGGACGTGGCA	
	seqAt1g62220C*R Chr/I	TCACCTCACGCTCAATCCTT	
	seqAt1g62070B*F Chr/I	AGGGAACACAAAACACACCA	
	seqAt1g62220C*F Chr/I	TTGTTGTGCTTCTCGTGATTAG	
	seqAt1g62070B*R Chr/I	AAGGCCAAGGGTCAGTGCT	
	seqAt1g62070C*F Chr/I	TCTCGCCATAAAGTTTCATGTGA	
	seqAt1g62220D*R Chr/I	GGTTTGAGGAATTCGCATGC	
	seqAt1g62220D*F Chr/I	CACAACTCACCACAAACATACA	
	seqAt1g62225B*R Chr/I	GGAACACATCATAACACACTTGA	
	seqAt1g62060A*F Chr/I	ACCAGACAACAAAACCTCTGT	
	seqAt1g62060A*R Chr/I	ACGTGTGCATAGAGTTTGTGT	
	seqAt1g62060B*R Chr/I	ACACAACACAACTCACCTCA	
	seqAt1g62070A*F Chr/I	GCTTGACTGACTGATTTATCCGA	Sequencing/TBAs/in/
	seqAt1g62070A*R Chr/I	TGAACATCATCACCTCACGC	Japanese/accessions
	seqAt1g62225A*F Chr/I	GACATCACACAAAGAGTAGCACT	
	seqAt1g62225A*R Chr/I	ATAGAGGCTGCGATGTGGG	
	seqAt1g62225B*F Chr/I	GTGCAACGGACGATTTTATGT	
	seqAt1g62220A*F Chr/I	TGTGCATCGAGTTTGTGTGT	
	seqAt1g62060B*F Chr/I	CGCATGCATGAGAATATGAGATG	
	seqAt1g62220B*R Chr/I	ACACAGTAGGCTAGACGACA	
	seqAt1g62220B*F Chr/I	AGCACACAACACAACTCACC	
	seqAt1g62220A*R Chr/I	CGGGAAACATAACACGGATAAGG	
	seqAt1g62210c*R Chr/I	CCACCGTTGCTACCATCTTC	
	seqAt1g62210c*F Chr/I	TGTGGTGGTATTCATTGCAGC	
	seqAt1g62210b*R Chr/I	CTTTGCACCACTCCCACC	
	seqAt1g62210b*F Chr/I	AAGTTACTTGTGGTGGTATTC	
	seqAt1g62210*R	Chr/I	CGCTTTATAATGTTTCAAGGC	
	seqAt1g62210*F	Chr/I	GGAACACAATCTCAAAGCTAC	

. MATERIAL AND METHODS

  

  to electrophoresis, a 1/10 volume of loading buffer (BlueJuice™ Gel Loading

	2.2.5. Whole genome sequence analysis	
	2.2.5.1. Yamagata genome analysis	
	Whole Genome sequencing of Yamagata accessions had been performed by The
	Genome Analysis Centre (now known as Genome Enterprise Limited, Earlham Institute)
	(https://www.norwichresearchpark.com/organisation/genome-enterprise-limited)	using

Buffer, Invitrogen) was added to each PCR reaction. Samples were then loaded onto a 3 to 4% (w/v) agarose (Sigma-Aldrich) gel prepared with 0.5X TBE buffer (50 mM Tris-HCl, 45 mM boric acid, 0.5 mM EDTA pH 8.3) to separate small DNA fragments. For resolution of large DNA fragments, 1% (w/v) agarose gels were prepared with 0.5X TAE buffer (20 mM Tris-HCl, 10 mM sodium acetate, 0.5 mM EDTA pH 8.3). Ethidium bromide was added to melted agarose at a final concentration of 100 ng/ml. This binds to the DNA and allows it to be visualized after migration with UV light. A 1 kb molecular weight ladder (1 kb Plus DNA ladder, Invitrogen) was loaded and migrated next to samples to facilitate the estimation of DNA fragment sizes. Electrophoresis was carried out at 135V for 30 min.

2.2.4. Sequencing of PCR fragments

PCR fragments were purified and Sanger sequencing performed by GATC biotech (https://www.mygatc.com/fr/). Samples were prepared and sent according to company recommendations. HiSeq2000 technology before the beginning of my thesis. Yamagata sequence was aligned to the reference accession Col-0 using the MutDetect pipeline developed by IJPBbioinformatics (unpublished) with the help of Fabienne Granier from the bioinformatics team.

Oasis WAX 2. MATERIAL AND METHODS

  

	Extracts			
	Wash: 1V MeCN			
	Wash: 1V MeOH			
	Regenerate: 0.5V 0.1M KOH			
	Equilibrate: 1V Water/1% AcOH			
	1V Water 1% AcOH	1V MeCN	2V 80% MeCN 1% AcOH	2V 80% MeCN 2% Formic acid
	Waste	Waste	Weakly acidic	Strongly acidic

Table 7 : Site and country from which high outer mucilage (HOM) accessions were collected..

 7 Country of origin is indicated by ISO 3166 code. Grey shading indicates reliability of coordinates: dark grey, reliable location; medium-grey, estimated location (often based on nearby town/city); pale-grey, no reliable location within country (corresponds to coordinates for capital city of country of origin).

	3.1.3.2. Rhamnogalacturonan I is the major component of outer mucilage in
	Arabidopsis thaliana

Table 8 : Site and country from which low outer mucilage (LOM) accessions were collected.

 8 

Table 9 : List of SNPs associated with outer mucilage physicochemical properties and their nearest annotated gene.
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  based on the data set generated by[START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF] for RNA extracted from laser-capture microdissected seed tissues. Genes preferentially expressed in the seed coat are shaded in grey. GalA, Galacturonic acid; NS, neutral sugars

	Chromosome Position	Score	Effect	Gene/Closest gene	Gene annotation	Expression in seed coat
		GalA 5.23				
		NS 5.56				
		GalA: 5.91				
		NS: 6.44				
		GalA 6.39				
		NS 5.63				
		GalA 5.92				
		NS 6.05				
		GalA 5.69				
		NS 6.30				
		GalA 5.89				
		NS 5.82				
		GalA 5.89				
		NS 5.82				
		GalA 5.89				
		NS 5.82 GalA 6.4				71.2 (28.0)
		NS 6.37				
		GalA: 8.18				
		NS: 7.23				
		GalA 5.02				
		NS 5.69				
		GalA 5.73 NS 5.75			Transmembrane protein	
		GalA 5.83				
		NS 7.14				
		GalA 5.83				
		NS 7.14				
		GalA 5.97				
		NS 6.92				
		GalA 5.97				
		NS 6.92 GalA 5.21				50.1 (1.9)
		NS 5.99				
		GalA 5.21				
		NS 5.99				
		GalA 5.21				
		NS 5.99				
		GalA 5.21				
		NS 5.99				
		GalA: 5.75				
		NS: 5.79				

  .

	3. RESULTS			
	A			
		1.2		
	ering	0.8		
	the RGI synthesis module.	0.4		
	1.2 3.1.4.4. Copper amine oxidase, a novel player in rhamnogalacturonan I 0.0
	production	Hierarchical clustering inertia gain	0.4 0.8
	B		Cluster Dendrogram		0.0
	1.5				inertia gain
	1.0			
	Height Height			
	0.5			
	Group 1		Group 2 Group 3	Group 4	Group 5
	0.0			
	117 336 350 346 344 211 133 351 14 255 68 180 298 330 339 547 163 139 142 244 296 25 552 222 45 67 102 92 40 58 23 110 387 232 388 21 223 194 365 227 169 218 1 42 137 94 182 191 152 398 553 347 235 359 384 355 356 164 536 445 114 141 262 5 56 28 204 53 44 210 43 122 15 176 367 20 389 273 30 528 161 8 103 146 202 392 121 18 294 231 138 69 177 200 525 278 160 213 209 135 62 394 38 134 82 17 41 63 55 52 215 214 254 301 166 35 171 95 48 153 168 131 132 39 541 253 285 233 172 140 77 261 174 266 178 167 149 162 456 75 99 118 36 150 89 242 136 183 395 201 7 26 81 116 363 158 60 403 186 106 472 517 386 353 76 489 268 331 206 354 515 513 190 203 537 532 333 328 335 474 291 550 391 275 473 100 71 295 199 159 521 91 441 109 408 115 252 112 548 113 228 101 551 542 304 72 9 469 366 108 175 70 246 111 88 143 51 383 50 34 125 126 360 31 104 229 230 343 342 260 19 205 120 185 4 396 501 105 97 84 390 234 22 263 299 264 406 312 37 151 216 284 526 269 54 399 224 545 544 470 11 87 256 549 287 257 259 258 10 145 65 265 128 397 13 148 144 220 47 130 297 323 322 251 29 123 49 147 402 195 393 154 64 83 324 90 241 197 129 32 326
	474 291 550 391 275 473 100 71 295 199 159 521 91 441 109 408 115 252 112 548 113 228 101 551 542 304 72 9 469 366 108 175 70 246 111 88 143 51 383 50 34 125 126 360 31 104 229 230 343 342 260 19 205 120 185 4 396 501 105 97 84 390 234 22 263 299 264 406 312 37 151 216 284 526 269 54 399 224 545 544 470 11 87 256 549 287 257 259 258 10 145 65 265 128 397 13 148 144 220 47 130 297 323 322 251 29 123 49 147 402 195 393 154 64 83 324 90 241 197 129 32 326			

mucilage is unbranched RGI, suggests subtle changes in composition. The four SNPs associated with natural accessions having relatively high Mp cause either a synonymous codon substitution, or are located in introns. Such changes could affect the level of protein expression, for example through codon bias or via regulatory sequences within introns, but understanding how this would impact polymer mass requires further information concerning

Supplemental Table S2: Classification of Arabidopsis accessions into five groups based on hierarchical clustering using outer mucilage traits.

  Country of origin is indicated by ISO 3166 code. The reference accession Col-0 (186) is indicated in red text and FMR accessions shaded in green.

	Versailles identification number (AV)	Accession name	Country of origin	Versailles identification number (AV)	Accession name	Country of origin	Versailles identification number (AV)	Accession name	Country of origin	Versailles identification number (AV)	Accession name	Country of origin	Versailles identification number (AV)	Accession name	Country of origin
	1	Cro-2	FRA	14	Rom-5	FRA	8	Pyl-1	FRA	4	All1-4	FRA	7	Cla-7	FRA
	5	Cur-2	FRA	21	Ran	FRA	10	Par-9	FRA	9	Vou-6	FRA	26	Dam1	FRA
	15	Mar1-4	FRA	23	Wha1	UK	11	Ldv-5	FRA	19	Lac-7	FRA	36	Sh-0	GER
	17	Fet-10	FRA	25	Jea	FRA	13	Hag-2	FRA	22	Bui	FRA	60	Br-0	CZE
	20	Cle-3	FRA	40	Pi-0	AUT	18	Con-1	FRA	31	Lm-2	FRA	75	Se-0	ESP
	28	Cyr	FRA	45	Je-0	GER	29	Nog	FRA	34	Go-0	GER	76	Bla-1	ESP
	30	Pon	FRA	67	Wa-1	POL	32	Aa-0	GER	37	Bch-1	GER	77	Bla-2	ESP
	35	Wc-1	GER	68	Te-0	FIN	47	Ste-0	GER	42	Bl-1	ITA	81	Ll-0	ESP
	38	Gd-1	GER	92	Stw-0	RUS	49	No-0	GER	50	Pa-1	ITA	89	Chi-0	RUS
	39	Pt-0	GER	94	Mt-0	LBY	54	Lu-1	SWE	51	Dr-0	GER	99	Ang-0	BEL

adjusted!means) Supplemental Table S5: Monosaccharide composition of inner and outer mucilage from seeds of muci70 or cuaoα1 mutants compared to wild5 type Supplemental Table S6: Macromolecular characteristics of polymers in outer mucilage extracts from seeds of muci70 or cuaoα1 mutants compared to wild5 type Genotype IV (x 10 3 mL/g) Mp (kDa) Rg (nm) Rha-GalA disaccharide N RGI (x 10 13 ) N Xyl (x 10 15 ) N Xyl / N RGI

  

	Accession name Gre_0 Gu_0 Gy_0 H55 Ha_0 Hag_2 Hau_0 Hi_0 Hn_0 Hodja_Obi_Ga HR_10 HR_5 Hs_0 In_0 Is_0 Je_0 Je54 Jl_3 Jm_0 Ka_0 Kas_1 Kb_0 Kil_0 Kin_0 Kl_0 Kn_0 Kondara Kr_0 Kro_0 Ksk_1 Kyoto Mucilage)properties!(WT-1 IV (x 10 3 mL/g) Mp (kDa) Rg (nm) 504.0 589.0 78.3 604.0 615.8 92.8 432.8 583.8 81.5 602.3 721.8 94.5 500.0 515.0 77.8 653.5 712.5 82.0 514.5 501.8 73.5 488.0 530.0 77.8 466.8 470.3 85.0 568.5 586.3 83.0 526.5 622.5 83.0 468.0 511.8 81.0 525.3 613.8 87.0 516.5 502.3 71.3 490.5 533.5 88.3 499.5 470.8 79.5 543.8 517.5 72.3 524.0 554.0 77.0 517.3 590.3 85.0 484.3 426.8 64.5 501.0 545.8 83.5 643.8 612.5 87.0 524.3 589.8 90.5 427.8 434.0 68.3 572.8 647.0 95.0 479.0 541.3 87.5 551.5 571.3 83.3 475.8 499.5 83.0 488.0 511.0 58.3 508.8 500.0 72.8 465.8 606.5 91.8 6.4 617.5 77.5 1917.7 (144.9) ID 7514 8374 7323 Rubezhnoe_1 Accession name RRS_7 Rsch_4 7472 S96 7340 Sav_0 6961 Se_0 7333 Sei_0 7344 Sg_1 7331 Sh_0 7337 Si_0 7343 Sp_0 6967 Sq_8 7346 St_0 8387 Ste_0 8388 Stw_0 7342 Su_0 8389 Ta_0 7356 Tol_0 6970 Ts_1 6971 Ts_5 7373 Tsu_0 8395 Tu_0 7351 Ty_0 7378 Uk_1 6973 Ull2_3 6975 Uod_1 6977 Van_0 7386 Vi_0 7394 Wa_1 7404 Wc_1 6979 Wei_0 3.2 (0.4)	IV (x 10 3 mL/g) 511.3 518.0 518.0 523.3 523.3 604.5 508.3 495.0 572.8 518.3 517.3 553.0 419.0 510.5 448.8 414.0 529.0 518.3 523.0 583.5 503.3 473.5 548.3 491.0 541.0 474.3 488.3 565.8 450.8 419.8 627.3 3.4 (0.6)	Mp (kDa) 542.8 565.5 527.8 533.8 553.5 673.0 519.5 616.3 624.8 497.0 470.0 829.3 559.8 383.5 444.5 425.8 485.0 532.8 649.8 794.0 583.0 587.0 569.3 595.3 537.8 575.3 549.3 668.3 473.3 435.8 619.0 106.9 (14.2) Rg (nm) 78.5 82.5 77.5 71.0 76.3 81.8 64.0 87.3 86.3 82.0 74.0 87.8 76.3 90.5 75.8 73.3 71.3 69.8 86.0 110.0 83.8 83.8 84.0 83.0 82.5 81.3 78.0 88.8 78.0 64.5 82.3
	muci70-1	Kz_1 1.6	533.0 165.8	600.5 63,.0	82.0 514.9 (6.34) 100000	Wil_1 4.3 (0.2)	473.8 7.4 (1.6)	546.0 173.9 (30.0) 81.5
	muci70-2	Kz_9 La_0 1.6	567.5 434.5 135.5	624.3 472.0 ND	91.8 77.3 420.7	7411 7397	Wl_0 Ws	559.5 498.0	635.8 465.8	79.0 80.0
		Lan_0	543.0	503.3	72.0	6980	Ws_0	522.5	552.5	83.3
		Lc_0	450.5	424.3	65.8	7406	Wt_1	439.0	535.3	88.8
		Le_0	526.0	543.5	81.0	7415	Wu_0	434.0	478.5	89.0
		Ler_1	442.8	410.0	70.3					

(21.74) 5.5 (0.1) 8.0 (0.3) 145.7 (8.1)

  GalA disaccharides estimates RGI polymer length and is calculated from the average Mp of mucilage polysaccharide extracts. The number of RGI and Xyl molecules and their ratio were calculated from the averaged Mp and the GalA and Xyl contents for the outer mucilage layer. Values represent means (±SD); 2<n<3. Statistically significant differences in a Dunnett pairwise comparison to wild-type are highlighted in bold. IV, intrinsic viscosity; Mp, molar mass at peak maximum; Rg, radius of gyration; Rha, rhamnose; GalA, galacturonic acid; Xyl, xylose, WT, wild-type. ND, not determined.

		Genotype	GalA	Rha	Xyl	Gal	Glc	Man	Ara
		WT-1	12.57 (1.09) 11.38 (1.08) 0.53 (0.10) 0.26 (0.07) 0.46 (0.26) 0.16 (0.04) 0.10 (0.05)
		muci70-1	4.49 (0.16) 3.76 (0.78) 1.14 (0.25) 0.20 (0.03) 0.26 (0.04) 0.16 (0.04) 0.09 (0.00)
	Outer	muci70-2	4.73 (0.16) 4.08 (0.16) 1.23 (0.05) 0.26 (0.04) 0.29 (0.03) 0.17 (0.01) 0.09 (0.01)
	mucilage	cuaoα1-1	10.50 (0.37) 8.57 (0.90) 0.41 (0.02) 0.18 (0.04) 0.21 (0.04) 0.12 (0.04) 0.10 (0.00)
		WT-2	13.60 (1.20) 13.31 (1.36) 0.65 (0.10) 0.25 (0.03) 0.32 (0.01) 0.15 (0.05) 0.12 (0.02)
		cuaoα1-2	11.19 (1.18) 7.91 (1.34) 0.48 (0.13) 0.23 (0.04) 0.30 (0.07) 0.22 (0.04) 0.39 (0.46)
		WT-1	4.85 (0.22) 3.75 (1.61)	ND	0.30 (0.28) 1.39 (1.31)	ND	0.03 (0.02)
		muci70-1	2.07 (0.25) 1.88 (0.39) 0.04 (0.04) 0.94 (0.53) 4.77 (2.69) 0.07 (0.02) 0.06 (0.02)
	Inner	muci70-2	2.25 (0.12) 2.06 (0.34) 0.04 (0.00) 1.25 (0.26) 5.99 (1.19) 0.08 (0.01) 0.07 (0.01)
	mucilage	cuaoα1-1	5.30 (0.30) 4.11 (0.57)	ND	0.60 (0.05) 3.03 (0.38)	ND	0.05 (0.01)
		WT-2	5.69 (0.11) 6.23 (1.70)	ND	0.37 (0.36) 1.85 (1.88)	ND	0.04 (0.03)
		cuaoα1-2	6.88 (1.22) 7.49 (1.14)	ND	0.81 (0.46) 5.07 (3.54)	ND	0.07 (0.02)
	cuaoα1-1	6.8	705.8	83.2	2184.3 (49.4)	2.3 (0.1)	2.7 (0.1)	114.8 (1.9)
	WT-2	6.3	622.2	77.5	1960.5 (50.7)	3.4 (0.4)	4.2 (0.6)	123.7 (4.3)
	cuaoα1-2	6.5	624.7	75.5	1940.1 (189.2)	2.8 (0.2)	3.1 (0.8)	112.7 (37.0)
	All mutants are in the Col-0 background. Seeds for wild-type-1/muci70-1/muci70-2/cuaoα1-1 or wild-
	type-2/cuaoα1-2 were produced from plants grown simultaneously, respectively. The number of repeating
	Rha-							

All mutants are in the Col-0 background. Seeds for wild-type-1/muci70-1/muci70-2/cuaoα1-1 or wildtype-2/cuaoα1-2 were produced from plants grown simultaneously, respectively. Values represent mean (±SD); 2<n<3. Statistically significant differences in a Dunnett pairwise comparison to wild-type are highlighted in bold. GalA, galacturonic acid; Rha, rhamnose; Xyl, xylose; Gal, galactose; Glc, glucose; Man, mannose; Ara, arabinose; WT, wild-type; ND, not detected.

: Amino acid substitutions found in Arabidopsis accessions for the CUAOα1 protein

  

	AHC group	name Accession	seeds) (mg/g GalA	seeds) (mg/g NS	119	132	203	224	366	390 Amino acid position 500	507	521	534	576	621
		Aa_0	8.1	7.7	I	P	S	C	S	T	E	I	E	H	T	Q
		Abd_0	8.7	7.8	I	P	S	C	S	P	E	I	E	H	T	Q
		Bik_1	8.0	8.3	I	P	S	C	S	P	E	I	E	H	T	Q
		CIBC_17	7.5	7.4	I	P	S	C	S	P	E	I	E	H	T	Q
		Cvi_0	7.5	8.0	L	P	P	R	S	P	K	I	E	H	A	Q
		Cyr	9.9	8.4	I	L	S	C	S	P	E	I	E	H	T	Q
		Db_1	8.9	8.1	I	P	S	C	S	P	E	I	E	H	T	Q
		Ema_1	8.9	7.5	I	P	S	C	S	P	E	I	E	H	T	Q
		Gy_0	6.2	6.1	I	P	P	C	S	P	E	I	E	H	T	Q
		Hag_2	7.3	6.2	L	L	P	R	F	P	K	M	K	H	T	P
		Hi_0	8.5	7.4	L	L	P	R	S	P	K	I	K	H	T	P
		Hn_0	6.9	6.2	L	L	P	R	S	P	K	I	K	H	T	P
		HR_10	8.6	7.8	I	P	S	C	S	P	E	I	E	H	T	Q
		HR_5	9.0	8.2	I	P	P	C	S	P	E	I	E	H	T	Q
		Hs_0	8.4	7.6	I	P	S	C	S	T	E	I	E	H	T	Q
	Muci-	Kyoto	7.4	7.8	I	P	S	C	S	T	E	I	E	H	T	Q
		Lu_1	9.1	7.4	I	P	S	C	S	P	E	I	E	H	T	Q
		Mnz_0	8.5	7.2	I	P	S	C	S	T	E	I	E	H	T	Q
		Np_0	9.0	8.0	L	L	P	R	F	P	K	I	K	H	T	P
		Ove_0	8.2	7.8	I	P	S	C	S	P	E	I	E	H	T	Q
		Oy_0	8.2	7.5	I	P	S	C	S	T	E	I	E	H	T	Q
		Pt_0	7.5	8.2	I	P	S	C	S	P	E	I	E	H	T	Q
		Qar_8a	7.5	7.5	L	P	P	R	S	P	K	M	E	Y	A	P
		Rsch_4	7.5	6.7	I	P	S	C	S	P	E	I	E	H	T	Q
		Rubezhnoe_1	8.3	7.4	L	L	P	R	F	P	K	M	K	H	T	P
		Sq_8	6.0	5.6	I	P	S	C	S	P	E	I	E	H	T	Q
		Ste_0	9.3	7.6	I	P	S	C	S	P	E	I	E	H	T	Q
		Ta_0	8.9	7.8	L	L	P	R	F	P	K	M	K	H	T	P
		Ty_0	7.9	7.8	L	L	P	R	F	P	K	I	K	H	T	P
		Wc_1	6.1	6.8	I	P	S	C	S	T	E	I	E	H	T	Q
		Zu_0	8.2	7.9	I	P	S	C	S	P	E	I	E	H	T	Q
		Bch_1	11.9	10.8	I	P	S	C	S	P	K	M	K	H	T	P
		Bla_1	12.6	10.8	I	P	S	C	S	T	E	I	E	H	T	Q
		Bor_1	12.7	11.1	I	P	P	C	S	P	K	M	K	H	T	P
		Bor_4	12.0	10.2	L	P	P	R	S	P	K	M	E	Y	A	P
		Bs_1	11.8	10.2	I	P	P	C	S	T	E	I	E	H	T	Q
		Bu_0	13.1	11.8	L	L	P	R	S	P	K	I	K	H	T	P
		Can_0	12.3	13.0	L	L	P	R	F	P	K	M	K	H	T	P
		CIBC_5	12.3	11.0	I	P	S	C	S	P	E	I	E	H	T	Q
		Da1_12	12.6	11.3	L	P	P	R	F	P	K	M	K	H	T	P
		Ei_2	12.7	11.1	I	P	S	C	S	P	E	I	E	H	T	Q
		Fi_0	12.1	11.1	L	P	P	R	S	P	K	M	E	Y	A	P
		Ga_0	13.0	11.0	I	P	S	C	S	P	E	I	E	H	T	Q
		Ha_0	12.6	11.2	L	L	P	R	F	P	K	M	K	H	T	P
		Is_0	13.5	12.3	I	P	P	R	S	P	E	I	E	H	T	Q
		Je_0	12.8	11.2	I	P	P	C	S	P	E	I	E	H	T	Q
		Kondara	13.3	13.4	L	L	P	R	F	P	K	M	K	H	T	P
		La_0	11.6	10.7	I	P	S	C	S	T	E	I	E	H	T	Q
		Lan_0	11.3	10.6	L	L	P	R	F	P	K	M	K	H	T	P
	Muci+	Mt_0	13.0	11.0	L	L	P	R	F	P	K	M	K	H	T	P
		N13	10.8	11.5	I	P	S	C	S	P	E	I	E	H	T	Q
		Nc_1	11.9	10.3	L	L	P	R	F	P	K	M	K	H	T	P
		NFA_8	11.7	10.3	I	P	S	C	S	P	E	I	E	H	T	Q
		Ob_0	12.7	11.4	I	P	P	C	S	P	E	I	E	H	T	Q
		Or_0	12.0	10.9	L	P	P	R	S	P	K	M	E	Y	A	P
		Per_1	12.1	11.3	L	L	P	R	F	P	K	M	E	H	T	P
		Pi_0	12.2	11.7	I	P	P	C	S	P	E	I	K	H	T	Q
		Pro_0	13.0	10.8	L	L	P	R	F	P	K	M	K	H	T	P
		Pu2_7	11.9	10.7	L	P	P	R	S	P	K	M	E	Y	A	P
		Rd_0	12.2	10.4	I	P	P	C	S	T	E	I	E	H	T	Q
		Rmx_A180	12.2	11.2	I	P	S	C	S	P	E	I	E	H	T	Q
		Rou_0	11.5	10.3	L	L	P	R	F	P	K	M	K	H	T	P
		Stw_0	12.9	11.1	I	P	P	C	S	T	E	I	E	H	T	Q
		Ts_1	15.7	13.2	I	P	S	C	S	P	E	I	E	H	T	Q
		Ts_5	15.3	14.1	I	P	S	C	S	T	E	I	E	H	T	Q
		Wa_1	12.9	11.6	I	P	P	C	S	P	E	I	E	H	T	Q
		Zal_1	12.3	11.1	L	L	P	R	F	P	K	I	K	H	T	P
		Zdr_1	13.2	11.7	L	P	P	R	S	T	E	I	E	H	T	Q
		Allele A			L	L	P	R	S	P	K	I	K	H	T	P
		Allele B			I	P	S	C	F	T	E	M	E	Y	A	Q
			Allele AHC group					Number of individuals				
			Allele A	muci-	9	8	11	9	26	25	9	27	7	30	29	8
	Observed	Allele A Allele B	muci+ muci-	17 22	11 23	26 20	18 22	26 5	30 6	18 22	21 4	14 24	33 1	33 2	18 23
			Allele B	muci+	20	26	11	19	11	7	19	16	23	4	4	19
			Allele A	muci-	11.9	8.7	16.9	12.3	23.7	25.1	12.3	21.9	9.6	28.7	28.3	11.9
	Theoritical	Allele A Allele B	muci+ muci-	14.1 19.1	10.3 22.3	20.1 14.1	14.7 18.7	28.3 7.3	29.9 5.9	14.7 18.7	26.1 9.1	11.4 21.4	34.3 2.3	33.7 2.7	14.1 19.1
			Allele B	muci+	22.9	26.7	16.9	22.3	8.7	7.1	22.3	10.9	25.6	2.7	3.3	22.9
	Chi2 p-value			0.563 0.988 0.042 0.438 0.629 1.000 0.438 0.058 0.606 0.700 0.941 0.293

Accessions were classed into Muci+ and Muci-- groups based on ascendant hierarchical clustering (AHC) and the association of substitutions with each group was analysed using Chii square tests in the lower table. A significantly enrichment in the mucii group of accessions is indicated by the number in red. GalA, galacturonic acid; NS, neutral sugars

Table 14 : List of candidate genes identified by bulk segregant analysis that contain polymorphisms in the Yamagata accession and/or in the low intrinsic viscosity bulk
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Solanum lycopersicumGurusinghe et al.,Gurusinghe et al., Buitink et al., 2000[START_REF] Lanteri | The effects of priming on nuclear replication activity and germination of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) seeds[END_REF][START_REF] Argerich | The effects of priming and ageing on seed vigour in tomato[END_REF] Demir et al., 1992[START_REF] Lanteri | The effects of priming on nuclear replication activity and germination of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) seeds[END_REF][START_REF] Saracco | Influence of priming-induced nuclear replication activity on storability of pepper ( Capsicum annuum L.) seed[END_REF][START_REF] Bruggink | Induction of longevity in primed seeds[END_REF] 

3. RESULTS Yang J, Benyamin B, McEvoy BP, Gordon S, Henders AK, Nyholt DR, Madden PA, Heath AC, Martin NG, Montgomery GW, et al (2010) Common SNPs explain a large proportion of the heritability for human height. Nat Genet 42: 565-569 Yang X, Baskin CC, Baskin JM, Zhang W, Huang Z (2012a) Degradation of seed mucilage by soil microflora promotes early seedling growth of a desert sand dune plant. Plant, Cell Environ 35: 872-883 Yang X, Baskin JM, Baskin CC, Huang Z (2012b) More than just a coating: Ecological importance, taxonomic occurrence and phylogenetic relationships of seed coat mucilage. Perspect Plant Ecol Evol Syst 14: 434-442 Yu L, Shi D, Li J, Kong Y, Yu Y, Chai G, Hu R, Wang J, Hahn MG, Zhou G (2014) CELLULOSE SYNTHASE-LIKE A2, a Glucomannan Synthase, Is Involved in Maintaining Adherent Mucilage Structure in Arabidopsis Seed. Plant Physiol 164: 1842-1856 Zeng W, Jiang N, Nadella R, Killen TL, Nadella V, Faik A (2010) A Glucurono(arabino)xylan Synthase Complex from Wheat Contains Members of the GT43, GT47,

AGI$code

LIST OF APPENDICES

Appendix 1 : Angiosperm orders with species that produce mucilage within their seeds ... 145 Appendix 2: Linkage analysis for 9 molecular markers on chromosome V in F2 progeny of a cross between Col-0 and Yamagata whose F2 seed coats yielded outer mucilage with an intrinsic viscosity similar to the Col-0 parent .. 

LIST OF SUPPLEMENTAL TABLES

Supplemental Table S1 : List of outlier accessions for each outer mucilage trait examined determined by significant difference from global mean absolute value………………………..87 Supplemental Table S2: 

Supplemental Table S4: List of accessions and corresponding outer mucilage molecular property values used for GWAS analysis…………………………………………………………92

Supplemental Table S5: Monosaccharide composition of inner and outer mucilage from seeds of muci70 or cuaoα1 mutants compared to wild-type……………………………………93 Supplemental Table S6: Macromolecular characteristics of polymers in outer mucilage extracts from seeds of muci70 or cuaoα1 mutants compared to wild-type……………………93 Supplemental Table S7: Arabidopsis natural accessions can be classed into 3 groups based on hierarchical clustering analysis of their outer mucilage GalA and NS contents……………………………………………………………………………………………….93 Supplemental Table S8: Amino acid substitutions found in Arabidopsis accessions for the CUAOα1 protein……………………………………………………………………………………..94 Supplemental Table S9: 

RESULTS

potentially double protein expression and enhance its function in the Japanese accessions, which could explain the observed phenotype.

Another structural variation that appears to exist between Yamagata and Col-0 genomes is the deletion of the TBA3 gene (Figure 51B). There is a complete loss of coverage in the region of TBA3 in Yamagata and Sakata; however, coverage is also very low in the control Col-0 indicating that sequencing quality is poor in this region. Nevertheless, the deletion was confirmed using other sequence data from the 1001 genome project visualized in the Arabidopsis 1001 Genome Browser (http://signal.salk.edu/atg1001/3.0/gebrowser.php), a large gap was also found in the sequences of two other Japanese accessions, Kyoto and Gifu-2. Neither of these accessions, however, have fluorescent inner mucilage when stained with FITC-CM-Ficoll (see below 3.2.6). Furthermore, deletion of TBA3 in Yamagata is not in agreement with the dominant character of the IMP1 allele in this accession, and excluded this gene from the candidate list. Comparison of read alignments did not indicate structural variations in TBA2, At1g62070, At1g62210, At1g62225 or TBAL (Appendix 6)

Using natural variability between Japanese populations to prioritize causal mutations in candidate genes

Natural variability for TBA expression had previously been documented in Arabidopsis accessions as TBA2 transcripts were not detected in Landsberg erecta [START_REF] Tsai | Identification and Characterization of Arabidopsis Seed Coat Mucilage Proteins[END_REF]. I thus studied the natural variability for inner mucilage properties in Japanese populations and associated these with polymorphims in candidate gene sequences. Seeds lots from the Japanese accessions studied for their variability in outer mucilage properties (see section 3.1.3.3) were available, these corresponded to accessions named Akita, Hiroshima, Ishikawa, Kyoto, Niigata, Sakata, Tokushima and Tsu-0, corresponding to AV252, AV254, AV253, AV256, AV255, AV257, AV258 and AV91, respectively. Seeds from Gifu-2 and Sapporo-0 accessions sequenced in the 1001 genome project were obtained from the Nottingham Arabidopsis Stock Centre (NASC; http://arabidopsis.info/).

Seeds from the ten accessions together with Yamagata were stained with FITC-CM-Ficoll 400kDa (Figure 52A). Four accessions showed a similar inner mucilage phenotype to that observed for Yamagata with a bright halo of fluorescence visible around the seed. These accessions were Hiroshima, Ishikawa, Sakata and Tokushima and together with Yamagata will be referred as [Yam-like]. Other accessions exhibited weak or no fluorescence in their inner mucilage (Figure 52A). Their estimated GPS locations were used to see whether there could be a link between their geographic distribution and the observed inner mucilage phenotype (Figure 52B). [Yam-like] accessions were widely Amino acid sequence alignments were generated using the Multalin server (http://multalin.toulouse.inra.fr/multalin). Dark grey blocks highlight amino acid substitutions compared to Col-0. Boldface residues indicate amino acid substitutions common to accessions sharing high inner mucilage fluorescence when stained with FITC-CM-Ficoll. Shorter proteins are incomplete sequences. distributed all over Japan and do not seem to be found in specific habitats such as coastal or mountainous sites. Sakata, Tsu-0 and Kyoto already had available sequences in the 1001 Genome viewer, and to associate potential polymorphisms as causal mutations the sequence of the remaining candidates, TBA2, At1g62070, At1g62210, TBAL and At1g62225 was required for the other eight Japanese accessions. Primers were designed that were specific to sequences either side of the gene coding regions and were used to amplify DNA fragments from genomic DNA of these eight accessions, with the reference accession Col-0 as a control. The DNA sequences obtained were translated in silico and the resulting amino acid alignment for the At1g62210 protein is presented in Figure 53. Amino acid substitutions at ten different positions were found in Japanese accessions. Five of them are common to [Yam-like] accessions only and might be linked to the phenotype. Three others are common to four of the five [Yam-like] accessions; these are not conserved in Sakata. There is low read coverage for the Sakata sequence obtained from the genome viewer in the region of At1g62210, therefore, it cannot be excluded that some polymorphisms are missing (Appendix 6C). The presence of these other polymorphisms could be confirmed by sequencing At1g62210 in Sakata. The substitution of an alanine to a threonine at amino acid position 110 leads to an additional O-glycosylation site in [Yam-like] accessions. This change also has an impact on the non-substituted threonine residue at amino acid position 114, which then becomes predicted to be glycosylated in these accessions only. These two additional glycosylation sites may impact protein function and interactions with polysaccharides.

Only one amino acid substitution was observed in the sequence of At1g62225 (Appendix 7A) that was specific to [Yam-like] accessions and corresponds to the replacement of an isoleucine with a phenylalanine. This substitution of an aliphatic amino acid for an aromatic amino acid might have only moderate effects, based on the Taylor classification (Taylor, 1986), as both are hydrophobic, but the volume of the phenylalanine aromatic group could affect conformation and this polymorphism could be causal. For TBAL, although two amino acid substitutions were found in Ishikawa, Hiroshima, Yamagata and Sakata proteins, these were not in Tokushima. The replacement of valine by the smaller amino acid alanine and the substitution of hydrophobic alanine to a polar non-glycosylated threonine could affect protein conformation. It will be important to re-sequence this gene in Tokushima to confirm the absence of these two polymorphisms, which could potentially eliminate TBAL as a candidate (Appendix 7B). (A) Schematic diagram of the principle of bulk segregant analysis (BSA) for mapping regions linked to intrinsic viscosity (IV) in the LIV1 mapping population. A single chromosome pair is indicated for each of the parents used in the cross, Col-0 in orange or Yamagata (Yam) in blue. This chromosome is heterozygous in the F1 and then becomes a mix of DNA from both parents in F2 individuals, which depends on recombination events between the two pairs of chromosome. Regions linked to the low IV locus (red circle) will originate predominantly from the Yamagata parent and be enriched in a bulk of F2 progeny selected for their low IV phenotype. This enrichment is detected when a bulk of DNA from these progeny is sequenced. (B) Density of SNPs detected when comparing reads to the reference Col-0 genome after whole-genome sequencing of DNA extracted from pooled plants for two sets of 20 F2 progeny with either high or low IV. Arrows indicate two regions, on chromosomes 1 and 5, where the SNP density is low in the high IV set, but not affected in the low IV set. This indicates that these regions are genetically linked to the IV phenotype. Chromosome numbers are indicated above corresponding graphs. .7.3;[START_REF] Sano | Staying alive: Molecular aspects of seed longevity[END_REF]. To our knowledge, no study to date has addressed the effect of priming on endogenous hormone levels in Arabidopsis so my first objective was to determine how major plant hormones evolve during priming in WT seeds. A comparison of their evolution in mucilage mutants was then carried out to establish any potential links between phytohormones and seed longevity. The four most abundant hormones in seeds were quantified; indole-3-acetic acid (IAA) the major auxin, abscisic acid, jasmonate isoleucine (JA-Ile) the bioactive form of jasmonic acid and salicylic acid. The effect of different steps in the priming treatment was determined using seeds that had been subjected to hydropriming alone (22°C, light for 10h) and thermopriming alone (4°C, dark) for 24h, 48h, or 72h.

B A 3. RESULTS

1

Hormone levels measured in lot 1 are represented in Figure 59A; similar profiles were observed for the seed lots 2 and 3, although steady-state hormone levels varied due to seeds being produced at different times. Hormone levels were first expressed with regard to imbibition time, without taking into account light and temperature differences. All hormone contents declined during priming with the greatest effect being observed over the first 10 h of treatment followed by relatively modest changes or no further evolution of levels with increasing imbibition time.

As absolute values for seed hormone contents varied between biological repeats produced at different times, normalisation of values was required in order to combine results for the three seed lots. This was carried out by expressing values as the percentage of values for non-primed seeds (Figure 59B). IAA and ABA levels evolved similarly with reductions of 81.3% and 60.4%, respectively after 10 h of priming, which did not change significantly with increased priming time. Following the initial large 42% decrease, SA contents continued to decrease regularly with increasing priming time to 61.6% after 72 h. In contrast, while JA-Ile contents showed progressive decreases from 24 h to 72 h, from 26.6% to 42.2% of non-primed seed, they were reduced by 48% after 10 h. This could be explained by differences in other parameters during the priming of this time point, as the 10 h treatment corresponded to hydropriming performed in the light at 22°C, compared to the 24 to 72 h samples which were thermoprimed in the dark at 4°C. This indicates that light and/or higher temperatures could promote reductions in JA-Ile levels during priming. The other hormones quantified here appeared to be insensitive to temperature and light conditions during priming.

To determine whether the reduction in JA-Ile contents during priming was due to light or temperature, WT seeds were hydroprimed in the dark at 22°C for 10h before drying. The reduction in JA-Ile contents was only 11.6% of non-primed seeds in the dark, compared to 47.2% in the light (Figure 59C). This result demonstrated that light promotes the reduction in JA-Ile levels during hydropriming. Furthermore, when reductions in JA-Ile contents were plotted using values only from seeds primed in the dark (Figure 59D) the decreases in contents observed over time were similar to those for SA (Figure 59B). Although phytochrome-mediated regulation of JA-Ile biosynthesis and signalling by light has been reported in vegetative tissues (reviewed in [START_REF] Svyatyna | Light-dependent regulation of the jasmonate pathway[END_REF], the effect of light on JA-Ile turnover in seeds has not previously been reported and opens up the way for further studies examining the effect of red and far-red light treatments on JA-Ile contents in imbibing seeds and the expression of genes involved in JA metabolism.

Reduction of SA levels by priming may affect Arabidopsis seed longevity

As priming was shown to decrease the levels of abundant phytohormones in seeds in WT Col-0, I examined the effect of mucilage release and production on the contents and reduction profiles for these hormones. IAA, ABA, JA-Ile and SA were quantified in nonprimed and primed seeds of myb5-1 and mum2-11 mutants using three independently produced seed lots for each genotype and the protocol shown in Figure 58A based on that used by [START_REF] Sano | RNA-Seq using bulked recombinant inbred line populations uncovers the importance of brassinosteroid for seed longevity after priming treatments[END_REF]. SA contents decreased in non-primed and primed seeds of all genotypes (Figure 60A). While SA contents in non-primed seeds were significantly higher in the WT compared to the mutants, they decreased to similar levels following priming in all genotypes. In WT, the reduction by 61.6%, was, therefore, higher than that observed for the mucilage mutants myb5 and mum2 (52.8% and 53.6%, respectively). In contrast, reductions in IAA, ABA and JA-Ile contents were similar in mutants and WT (Appendix 8).

To examine further whether longevity and SA contents could be linked, survival rates of non-primed and primed WT, myb5 and mum2 seeds after 4 days of CDT were plotted against SA levels using data from all three biological repeats (Figure 60B). A regression line was drawn between non-primed or primed seed values and the correlation coefficient (R 2 ) extracted. For non-primed seeds, a scattered cloud of points with a low R 2 of 0.26 indicated that there is no relationship between the two variables whereas primed seed survival rate was negatively associated with SA contents with a R 2 of 0.66. Although primed seeds of all genotypes had similar amounts of SA, when the SA content of each seed lot was plotted individually, those having the highest longevity had lower SA contents after priming. For instance, primed seeds from all the lot 3 stocks were more resistant to CDT than the other seed lots (see section 3. numerous examples in the literature. This is for several reasons, firstly, it is a wild species with worldwide populations meaning that a high genetic diversity exists. This broad geographic distribution is representative of a high diversity in growth environments, and phenotypic variation among accessions is expected to reflect the genetic variation that is important for adaptation to specific conditions (Alonso-Blanco and Koornneef, 2000)

Moreover, most of the variation between accessions is of a quantitative nature because of the combined effects of different alleles at several loci and environment, which determines a continuous phenotypic variation of a given trait in segregating populations. Secondly, because Arabidopsis is a naturally selfing species, most collected accessions represent inbred lines that are practically homozygous and it is also easy to construct and maintain recombinant inbred lines (RIL) in the laboratory. The size of Arabidopsis plants allows relatively large populations to be grown in a small area, under controlled environments.

Finally, its high recombination rate provides higher mapping resolution and Arabidopsis is easy to transform for the generation of mutants for QTL validation [START_REF] Borevitz | The Impact of Genomics on the Study of Natural Variation in Arabidopsis[END_REF].

This variation can be successfully exploited at the molecular level by two complementary approaches: QTL mapping and GWAS

Three main strategies were employed during my thesis for identifying loci responsible for variation in complex traits in Arabidopsis: QTL mapping, BSA and GWAS and all have advantages and limitations. A complex trait that is controlled by many rare variants with each having a large effect on the phenotype is the most suitable for quantitative genetics studies.

Nevertheless, the production of the outer layer of seed mucilage appeared to be controlled by a number of genes with relatively small phenotypic effects (see sections 3.1.3.6 and 3.1.3.8) and the study of the genetic architecture of such traits is more challenging.

QTL mapping and BSA are hampered by two main limitations; only the allelic diversity that segregates between the two parents in the progeny can be assayed and so they offer

DIS CUSSION AND PERSPECTIVES

PROPOSED ECOPHYSIOLGICAL ROLE OF MUCILAGE IN SEED LONGEVITY AND GERMINATION

Seed longevity might be impacted by a SA-mediated reduction in seed coat permeability

To investigate the ecophysiological role of inner mucilage in water retention, I used previously characterised mutants defective for mucilage production or release. Firstly, I

showed that the presence of mucilage did not influence Arabidopsis seed longevity as no consistent differences in survival rate following CDT were observed between seeds of mucilage mutants compared to WT (Section 3.3.2). This is in agreement with previous studies with the Brassicaceae shepherd's purse (Capsella bursa-pastoris) in which no significant difference in germination was observed between mucilage and non-mucilageproducing seeds following relatively severe CDT treatment [START_REF] Toorop | Coadaptation of seed dormancy and flowering time in the arable weed Capsella bursa-pastoris (shepherds purse)[END_REF].

Nevertheless, Chia nutlets (referred to as seeds below) exposed to accelerated ageing treatments showed significantly reduced germination when mucilage was removed prior to the ageing treatment [START_REF] Geneve | Stress Influences Seed Germination in Mucilage-Producing Chia[END_REF]. As for Arabidopsis the mucilage of shepherd's purse is structured as two different layers, and mainly composed of pectin with the inner layer containing cellulose and being tightly attached to the seed [START_REF] Deng | The rheological properties of the seed coat mucilage of Capsella bursa-pastoris L. Medik. (shepherd's purse)[END_REF]. The similar structure and composition of mucilage between Arabidopsis and shepherd's purse suggests that mucilage could play similar ecological roles in these species, whereas the mucilage of Chia seeds is mainly composed of xylan and the trisaccharide planteose [START_REF] Yudianti | Precise structure of acidic polysaccharide present in Salvia hydrogels[END_REF][START_REF] Xing | Isolation and structural elucidation by 2D NMR of planteose, a major oligosaccharide in the mucilage of chia (Salvia hispanica L.) seeds[END_REF].

My results showed that the presence of mucilage was detrimental to the longevity of primed seeds. Moreover, SA levels in primed seeds were negatively correlated with their longevity. SA is a major hormone involved in plant defence against pathogens and is involved in the regulation of rosette leaf longevity. Plants treated with SA show an increased expression of genes related to plant defence pathways such as WRKY53 [START_REF] Dong | Expression profiles of the Arabidopsis WRKY gene superfamily during plant defense response[END_REF] and the loss of function mutant wrky53 exhibits a stay-green phenotype indicative of the increased longevity of its rosette leaves [START_REF] Miao | Targets of the WRKY53 transcription factor and its role during leaf senescence in Arabidopsis[END_REF]. A gain of function mutant in ACD6 (ACCELERATED CELL DEATH 6) induces the constitutive accumulation of SA and induction of the defence gene PR1 (PATHOGENESIS RELATED 1) expression, which are associated with a reduced longevity of the rosette [START_REF] Rate | The gain-of-function Arabidopsis acd6 mutant reveals novel regulation and function of the salicylic acid signaling pathway in controlling cell death, defenses, and cell growth[END_REF][START_REF] Todesco | Natural allelic variation underlying a major fitness trade-off in Arabidopsis thaliana[END_REF].

These results confirm that SA inhibits rosette leaf longevity and could be in favour of the proposed negative role of this hormone in the regulation of seed longevity. The relationship between the production of mucilage and SA contents, however, requires further investigation. 

F2 Porosity

Appendix 4: TBAs, TBAL, At1g62210 and At1G62225 are all highly expressed in the seed coat At1g62000 (TBA1), At1g62060 (TBA2), At1g62080 (TBA3), At1g62220 (TBAL), At1g62210 and At1g62225 expression in the seed coat during development. Data were obtained from the Bio-Array Resource seed coat eFP Browser which uses data from RNA extracts of seed coats that had been separated manually from developing embryos [START_REF] Dean | Analysis of gene expression patterns during seed coat development in arabidopsis[END_REF]. Genetic separation of epidermis and endothelium cell layers was achieved using the ap2-7 and tt16-1 mutants respectively. Values with a standard deviation greater than half their expression value were masked and appear in grey. 

(C) At1g62070

Col corresponding to seed lots from series a or b, respectively. Two seed lots from each series were used for subsequent analyses for accessions. Control genotypes cesa5-1 (SALK_125535), myb61, (SALK_106556) in Col-0 background and cesa5mum3-1 and mum5-1 in the Col-2 background were obtained in previous studies [START_REF] Western | Isolation and characterization of mutants defective in seed coat mucilage secretory cell development in Arabidopsis[END_REF]Desprez et al., 2007;[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF], four seed lots were obtained from independent plants grown as described above; data is colour-coded in green. Data for accessions previously shown to be affected in mucilage release, Shahdara, Neo-3, Neo-6

and Sus-1 (Macquet et al., 2007;[START_REF] Saez-Aguayo | Local Evolution of Seed Flotation in Arabidopsis[END_REF] or for Dja-5, which has the same haplotype as Dja-1, which shows delayed and incomplete mucilage release in water (Simon et al., 2012;[START_REF] Saez-Aguayo | PECTIN METHYLESTERASE INHIBITOR6 Promotes Arabidopsis Mucilage Release by Limiting Methylesterification of Homogalacturonan in Seed Coat Epidermal Cells[END_REF] are colour-coded in red. Mucilage was extracted from 100 mg of seed with 2 mL of water by head-to tail mixing for 3 h at 20°C. Extracts were then centrifuged at 8000 g for 3 minutes and filtered through a disposable glass microfiber filter (13 mm diameter, 2.7 µm pore size). A 200 µL aliquot was diluted 10-fold in water and analysed (San-System, Skalar) by the automated m-hydroxybiphenyl method and the APPENDICES automated orcinol method to determine uronic acid and neutral sugar contents, respectively (Thibault, 1979;Tollier and Robin, 1979). The remaining extract was heated to 100°C for 5

minutes and stored at -20°C. Just prior to HPSEC analysis, this extract was thawed, heated again to 100°C and filtered through a disposable PVDF filter (13 mm diameter, 0.45 µm pore size). HPSEC analysis was performed at room temperature with a Shodex OH Pak SB-G-6B