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Résumé

La graine est une structure de dissémination et de résistance jouant un rôle clé dans la vie de la plante. L'arabette des dames (Arabidopsis thaliana) et le maïs (Zea Mays) sont deux espèces modèles étudiées pour le développement de la graine. Leurs graines possèdent deux compartiments filiaux : l'embryon (la future plante) et l'albumen (un compartiment de réserves). Le développement normal de la graine passe par une coordination entre ces deux compartiments qui implique des communications étroites (nutritionnelles, signalisations) à leur interface. L'interface embryon/albumen est constituée des couches cellulaires externes de l'embryon et de l'albumen ainsi que de structures apoplastiques les séparant telles que la cuticule et la gaine embryonnaire chez l'arabette. Dans une première partie, une analyse transcriptomique des tissus à l'interface embryon/albumen chez le maïs a permis d'identifier une nouvelle région se composant des couches d'albumen amylacé au contact de l'embryon.

En parallèle, nous avons utilisé la technologie CRISPR/Cas9 pour cibler des gènes candidats potentiellement impliqués dans la communication albumen/embryon. Dans une seconde partie, la fonction et les caractéristiques de la gaine embryonnaire, produite par l'albumen et déposée à la surface de l'embryon ont été étudiées chez l'arabette. Nous avons montré que cette structure se maintient sur la plantule après germination ce qui va à l'encontre de la vision classique considérant la cuticule comme la couche la plus externe de la jeune plantule. Une approche de microscopie à force atomique couplée à des caractérisations de mutants, a permis de montrer que cette gaine a de fortes propriétés antiadhésives aidant à la germination. Dans une dernière partie, la voie de signalisation permettant le contrôle de l'intégrité de la cuticule chez l'arabette a été complétée par la découverte d'un peptide, produit par l'embryon, clivé dans l'albumen et liant des récepteurs dans l'embryon déclenchant la fermeture des trous de la cuticule et la formation d'une structure continue et fonctionnelle.

Abstract

Angiosperm seeds comprise two zygotic compartments generated by double fertilization: the embryo, which will give the future plant, and the endosperm which surrounds and nourishes the embryo. Harmonious seed development requires the coordination and cooperation of these two compartments, implicating an intricate and sustained communication at their interface. The aim of this thesis was to characterize some of the important characteristics of this interface in the two model species Arabidopsis thaliana and maize (Zea Mays). The embryo/endosperm interface is formed by the external cell layers of the embryo and by the endosperm cells immediately adjacent to the embryo. These cell populations contribute to specific apoplastic structures such as the embryonic cuticle and the embryo sheath in Arabidopsis. However, little is known about this interface in maize. In a first part of this thesis, transcriptomic analysis of embryo/endosperm interface in maize coupled with in situ hybridization has led to the identification of a new endosperm domain composed of endosperm cell layers in immediate contact with the expanding embryo, and potentially involved in nutrient movement between the two tissues. A reverse genetics approach has been developed based on CRISPR/Cas9 technology to target candidate genes potentially involved in embryo/endosperm communication. In the second part of the thesis, the function and characteristics of the embryo sheath, produced by the endosperm and deposited on embryo surface, have been investigated in Arabidopsis. The maintenance of the sheath on seedlings post germination has been demonstrated, contradicting the classical view that the cuticle forms the most external structure on the seedling at germination. Atomic force microscopy and phenotypic characterization of mutants demonstrate the strong anti-adhesive properties of the sheath, which facilitate cotyledon escape during germination. In a last part of the thesis, the apoplastic signalling pathway controlling cuticle integrity in Arabidopsis has been completed by the identification of a peptide, produced by the embryo, and cleaved by an endosperm-specific protease, which binds to receptors at the embryo surface, leading to the closure of gaps in the cuticle and the generation of a continuous and functional structure. II) Investigation of sheath composition, its genetic control in Arabidopsis and its conservation in Petunia II-1) Further observations on the embryo sheath II-1-A) Deposition of endosperm-derived material at embryo/endosperm interface initiates prior to JIM12 epitope detection.

II-1-B)

The sheath is composed of two parts, a cohesive and a loose sheath II-2) Further observations regarding sheath composition II-2-A) The sheath is labelled only by certain anti-EXTENSIN antibodies II-2-B) EXTENSIN 3 is not involved in sheath formation and its KO is perfectly viable II-2-C) RRA1 is required for sheath antigenicity but is not apparently necessary for the anti-adhesive properties of the sheath. II-3) The transcriptomic control of KRS II-3-A) A 405 base pair promoter is sufficient for KRS expression in the endosperm II-3-B) A pseudo-G-box motif is not necessary for KRS expression II-4) Observations on the determinants of KRS peptide activity and on putative receptors II-4-A) The cysteine rich region of KRS is necessary and sufficient for KRS function II-4-B) The putative KRS receptors are still unknown II-5) KRS is conserved in Petunia but not the sheath II-6) Materials and methods III) Discussion on the embryo sheath of Arabidopsis III-1) New knowledge about endosperm-derived deposits on the embryo surface III-2) Biophysical studies demonstrate that the sheath acts as an anti-adhesive III-3) The sheath is likely composed of arabinosylated EXTENSINs III-4) Is the sheath production a reuse by the plant of an immunity mechanism? III-5) The case of extensin 3 mutant III-6) Conservation of the sheath in other species?

CHAPTER 3 -THE GENETIC CONTROL OF EMBRYONIC CUTICLE INTEGRITY IN ARABIDOPSIS THALIANA

Preamble I) TWS1 acts as the ligand of GSO1 and GSO2 during monitoring of cuticle integrity in Arabidopsis thaliana II) The link between sheath and cuticle and the possible role of ROS II-1) Embryo sheath deposition is impaired in cuticle integrity mutant. II-2) Is the sheath deposition phenotype observed in GSO pathway mutants caused by a problem in ROS production? II-3) ROS are produced at the surface of the embryo in an increasingly patchy pattern. II-4) Is ROS production compromised in mutants in the cuticle integrity pathway? II-5) Further perspective about ROS II-6) Materials and methods

CONCLUSION AND PERSPECTIVES

I) Cells adjacent to the interface: expand or die II) The embryo is dependant of the endosperm for its nutrition.

III) The surface of the emerging organs of the embryo IV) The scutellum surface, a particular case V) The embryo/endosperm dialog 

General preamble

This thesis is organized in 5 main parts and 3 annexes.

The first part is an introduction divided in two sections: the first one presents briefly

Arabidopsis and maize and their seed and the second focuses more specifically on the embryo/endosperm interface in these two species.

Then three chapters of results and discussion are presented, one on maize and two on Arabidopsis.

The last section is a general discussion making the parallel between the embryo/endosperm interfaces of the two studied species.

The annexes consist in two published articles for which I am co-author and a review written at the beginning of my thesis for which I am the first author. Human societies are strongly dependant on cultivated cereals because of their high nutritional quality. Today, worldwide, maize (Zea Mays) represents the most produced cereal in terms of tonnage (http://www.fao.org/faostat/en/#data/QC/visualize). Maize is a popular crop for several reasons. Maize cultivars have been produced that are tolerant to a wide range of climates and maize can therefore be produced on every continent, up to altitudes of 3000m, and between latitudes 50 degrees north and south of the equator. Maize plants are mainly cultivated for their nutritionally rich kernels, but the whole plant can be used as fodder. Maize is consequently used both for human alimentation and for livestock feeding. However, maize kernels are also increasingly used as a source of starch for bio-fuel production or the synthesis of chemical derivatives [START_REF] Heuzé | Maize silage. Feedipedia, a programme by INRA[END_REF][START_REF] Torres | Maize feedstocks with improved digestibility reduce the costs and environmental impacts of biomass pretreatment and saccharification[END_REF]. Hundreds of maize varieties with unique characteristics have been generated and are currently cultivated. They are commonly classified into 6 majors classes based on kernel traits: dent-, flint-, flour-, pod-, sweet-and pop-corn, although they belong to the same species Zea Mays [START_REF] Smith | The Oxford Companion to American Food and Drink[END_REF].

I-1-A-b) Domestication and origin of maize

In contrast to other cereal species, maize has no direct wild equivalent and is a pure product of agronomic selection. The identity of the plant at the source of this domestication event remained controversial for a long time, but is today accepted to be Teosinte (Zea mays ssp. parviglumis) based of several genetic studies [START_REF] Mangelsdorf | Domestication of Corn[END_REF][START_REF] Matsuoka | A single domestication for maize shown by multilocus microsatellite genotyping[END_REF][START_REF] Smith | Corn: Origin, History, Technology, and Production[END_REF]. Teosinte is a bushy plant with many stalks producing ears with only a few kernels that are easily lost from the ear. More than ten thousand years of agronomic selection has led to modern maize plants with only one stalk and very high yield. Plants generally produce 2-3 ears, each of which produces up to a thousand non dispersing kernels [START_REF] Benz | Archaeological evidence of teosinte domestication from Guilá Naquitz, Oaxaca[END_REF][START_REF] Matsuoka | A single domestication for maize shown by multilocus microsatellite genotyping[END_REF][START_REF] Piperno | The earliest archaeological maize (Zea mays L.) from highland Mexico: New accelerator mass spectrometry dates and their implications[END_REF]. These morphological differences are based on changes in gene expression, in particular in pathways associated with agronomic traits [START_REF] Dong | Understanding Grass Domestication through Maize Mutants[END_REF][START_REF] Shi | Patterns of genomic changes with crop domestication and breeding[END_REF][START_REF] Stitzer | Maize domestication and gene interaction[END_REF]. For example, the TEOSINTE BRANCHED 1 (TB1) and GRASSY TILLERS 1 (GT1) transcription factors were shown to respectively repress branching and tillering in maize [START_REF] Clark | A distant upstream enhancer at the maize domestication gene tb1 has pleiotropic effects on plant and inflorescent architecture[END_REF][START_REF] Whipple | grassy tillers1 promotes apical dominance in maize and responds to shade signals in the grasses[END_REF].

Although the origin of maize domestication is in Mexico, maize cultivation spread around the globe after Europeans discovered America.

I-1-A-c) Maize is a classical model for the study of genetics and developmental biology Due to its huge agronomic interest, maize has been extensively studied by plant scientists and has become a model of choice in genetics and in developmental biology. In genetics, the remarkable discovery of transposable elements was achieved in maize by Barbara Mc Clintock in the fifties, for which she was awarded the Nobel Prize in 1983 (Kass and Chomet, 2009).

Transposable element activity has been used as a natural mutagen, and several collections of mutants have been generated that have been useful for understanding developmental processes [START_REF] May | Maize-targeted mutagenesis: A knockout resource for maize[END_REF][START_REF] Sheridan | Defective Kernel Mutants of Maize II. Morphological and Embryo Culture Studies[END_REF]. In 2009, the whole genome sequencing and assembly of the B73 inbreed line provided an important tool for the maize scientific community (Schnable et al., 2009). In addition, a specialized maize database, maize GDB (https://www.maizegdb.org) has been developed and contains and exhaustive inventory of maize genetic resources. Today the scientific community studying maize is large and very diverse, and maize remains one of the most studied plant species.

I-1-B) Arabidopsis thaliana: a model species in plant biology

In biology, a model organism is a species that is extensively studied to uncover concepts that can be transposed to other species. Arabidopsis thaliana has been strongly studied as a model since the sixties and in the eighties it became the plant equivalent of Drosophila for the study of fundamental developmental processes [START_REF] Meyerowitz | Prehistory and History of Arabidopsis Research[END_REF]. Arabidopsis was selected as a plant model, despite its absence of agronomic or industrial interest, because of many characteristics that make it a very convenient species for basic researches. Arabidopsis is adapted to lab conditions because of its small size, its easy growth in culture chambers and its short life cycle. The huge quantity of seeds produced per plant, the spontaneous but controllable self-pollination and the small size of its genome make it a valuable tool in genetics. It is perhaps unsurprising then that the Arabidopsis genome was the first plant genome sequenced (The Arabidopsis Genome Initiative, 2000). As for maize, an online database centralizes information about Arabidopsis genetic resources (https://www.arabidopsis.org/). Furthermore, the Nottingham Arabidopsis Stock Centre (NASC) and the Arabidopsis Biological Resource Centre (ABRC, Ohio, US) store seed and plasmid stocks that are available to the whole scientific community [START_REF] Meinke | The Preservation of Plant Genetic Resources. Experiences with Arabidopsis[END_REF]. Because of the absence of agronomic interest in Arabidopsis, research is mainly public, facilitating the diffusion of knowledge. Today, the Arabidopsis scientific community is the most active in developmental biology and functional genetics in the plant sciences field. The monocotyledons form a monophyletic clade of more than 60 000 species characterized by the production of an embryo with a single cotyledon (although whether the "cotyledon" of the monocotyledons, the scutellum, is actually orthologous to the cotyledons of the embryos of eudicotyledons remains debatable). Among the monocotyledons, maize belongs to the Gramineae or Poaceae family, containing species commonly known as the grasses. Maize is a member of the genius Zea which comprises six species. In the Linnaean classification, its binomial name is Zea mays. However, to distinguish it from the three subspecies of teosinte, cultivated maize is now called Zea mays mays. In this thesis it will be called by its common name of maize from now on. Maize is also considered to be a cereal, a term which describes grass species cultivated for their grains, but which has no phylogenetic relevance.

I-1-C) Arabidopsis

I-1-C-c) Arabidopsis thaliana is a member of the Brassicaceae Arabidopsis thaliana belongs to the eudicotyledons, a clade that was recently recognized based on molecular phylogenies. The eudicotyledons encompass the large majority of the paraphyletic clade known as the dicotyledons, which was defined by the presence of embryos producing 2 cotyledons. Arabidopsis thaliana is a member of the rosid clade, and to the order Brassicaceae, previously named Cruciferae because of their characteristic four petalled cross-shaped flowers.

Arabidopsis thaliana is a member of the Arabidopsis genus, which contains 9 species, but will here be designated by its genus name for simplicity.

Because of their phylogenetic distance, Arabidopsis and maize are two models with extensive genetic and developmental differences. However, since both are angiosperms they also show some important similarities.

I-2) Seed development: generalities and focus on maize and Arabidopsis I-2-A) Seeds represent a key stage in the spermatophyte life cycle

The seed is a structure shared by all the spermaphytes, i.e. angiosperms and gymnosperms. In the seed, the future plant (embryo) is carried by the mother plant, which nourishes and protects it. Seeds are an innovation of the spermatophytes and have many advantages that contribute to explaining the evolutionary success of the spermatophytes since they arose more than 350 million years ago. Seeds are important for dissemination, allowing plants to disperse their offspring far from the mother plant. Seeds can be dispersed by several factors such as wind (e.g. maple samara, dandelion hairy achene) water (e.g. coconut, Nymphea alba seed), animal transport (e.g. Geum urbanum hooked achene, oak acorn by jays, Viscum album berries by

Turdus viscivorus) or mechanically (e.g. seeds of Impatiens glandulifera and Cardamine hirsuta) for which some specific adaptations have been selected. Dissemination allows the conquest of new environments, a crucial advantage for physically immobile plants. Moreover, many seeds have the capacity to remain dormant over long time periods before germinating under favourable conditions. Two extreme examples are a 30 000 year-old silene seed found in the Siberian permafrost and a 2000 years old date seed found in the Dead Sea desert that were both able to germinate and to give viable plants [START_REF] Sallon | Germination, genetics, and growth of an ancient date seed[END_REF][START_REF] Yashina | Regeneration of whole fertile plants from 30,000-y-old fruit tissue buried in Siberian permafrost[END_REF]. This longevity highlights the unique physiology and highly protective structure of many seeds, allowing the embryo to resist extreme environmental conditions. An amusing example of seed resistance is illustrated by experiments carried out in space showing a tolerance of tobacco, Arabidopsis and morning glory seeds to high levels of radiation [START_REF] Tepfer | Survival and DNA Damage in Plant Seeds Exposed for 558 and 682 Days outside the International Space Station[END_REF].

In addition to physiological adaptations allowing longevity and dormancy, seeds also have complex mechanisms that ensure optimal seedling survival at germination, including mechanisms that allow them to monitor environmental conditions and thus allow optimal timing of dormancy breaking. In addition, in order to allow the successful establishment of the young plant at germination, many seeds store large quantities of nutrients. These nutrients are derived from the mother plant and are stored in specialized tissues of the seed. All these factors contribute to the huge success of spermatophytes, which represent more than 350000 species and dominate most terrestrial biomes.

Among the spermaphytes, the angiosperms harbour three main synapomorphies for the seed:

two maternal ovule integuments that give rise to the seed coat, an ovary-derived fruit surrounding the seed, and a second filial compartment, the endosperm, generated by a second fertilization event.

I-2-B) Angiosperm seed: from the double fertilization to the germination I-2-B-a) In angiosperms, double fertilisation generates two filial compartments

The development of the two zygotic compartments is initiated by a double fertilization event that takes place in the ovule. The ovule is delimited by two integuments surrounding the nutritive nucellus and the female gametophyte, called the embryo sac. The embryo sac is composed of 4 kinds of cells derived from mitotic divisions of the haploid female gamete: the synergids, the antipodial cells, the haploid egg cell and the diploid central cell (Dumas and Rogowsky, 2008). The male gametophyte (the pollen grain) is produced in the anthers after meiosis which is followed by two mitotic divisions producing the two haploid sperm cells.

Pollen germinates on the stigma and is guided to the ovule by molecular cues [START_REF] Mizuta | Chemical signaling for pollen tube guidance at a glance[END_REF][START_REF] Zheng | The Long Journey of Pollen Tube in the Pistil[END_REF]. Double fertilization occurs when the pollen tube reaches the synergids, where it bursts, ejecting the sperm cells into the ovule. One sperm cell fertilizes the egg cell, which becomes the zygote, while the other fertilizes the diploid central cell, generating the triploid endosperm. Because they are generated by post meiotic mitoses, the two sperm cells are genetically identical, as are all the cells of the embryo sac (in most cases). As a result the embryo and endosperm contain the same genetic information, but with two maternal copies in the endosperm [START_REF] Dresselhaus | Fertilization Mechanisms in Flowering Plants[END_REF][START_REF] Zhou | Germline Development and Fertilization Mechanisms in Maize[END_REF]. Due to this difference in dosage, but also to differences in the epigenetic regulation of gene expression, and above all in the developmental identity of the maternal gametes prior to fertilization, the embryo and endosperm have very distinct growth patterns and fates during seed development.

I-2-B-b) Seed development and the fate of the seed compartments

During seed development, the embryo grows inside the endosperm which grows inside the surrounding nucellus, itself surrounded by the integuments. This "Russian doll-like"

organization requires a high level of coordination between the different compartments and represents a unique situation in which three genetically distinct compartments grow one inside another in angiosperms. During the process of seed development the two filial tissues increase in size and generate specific tissues and organs. This growth requires nutrients furnished by the mother. A proportion of these nutrients is ultimately stored in specialized tissues and used during the first stage of post embryonic development. Depending on the seed, this storage can occur in different compartments [START_REF] Mcclintock | Seed tissue and nutrient partitioning, a case for the nucellus[END_REF]. In perispermic seed, like quinoa seed, the main storage compartment is the nucellus. In endospermic seeds, such as maize, the storage occurs in the endosperm (endospermic seed), which is persistent until germination. Finally, non-endospermic seeds tend to store nutrients in the embryo, as in Arabidopsis. In these species the endosperm degenerates during seed development. After the filling phase, seed tissues dehydrate, preparing the seed for dormancy. Dissemination involves shedding of the seed from the mother plant, which can occur either by fruit dispersal or seed dispersal. Seeds will generally only germinate under favourable conditions, and the germination process necessitates an imbibition of the dehydrated seed tissues.

I-2-C) Maize and Arabidopsis seed development

Although, maize and Arabidopsis share the common angiosperm seed characteristics listed above, their phylogenetic distance and differing selection pressures have led to significant divergence in their seed development. In this thesis, seeds of these two species will be used as models to understand seed developmental processes. In this subsection, the main morphological characteristics, and their evolution during development will be described for both species.

I-2-C-a) Maternal seed tissues

In both species, the integuments enclose the nucellus and the zygotic tissues [START_REF] Bowman | Aradidopsis, an atlas of morphogeny and development[END_REF]Randolph, 1936). However, in maize, the outer integuments adheres to the surrounding pericarp. The integuments themselves degenerate early during maize kernel development. As a consequence, the maize "seed" is, in reality, a one seeded fruit called a caryopsis (Kiesselbach, 1949;Randolph, 1936). In Arabidopsis, the seeds are physically separated from the surrounding carpel, which forms the valves of the silique [START_REF] Bowman | Aradidopsis, an atlas of morphogeny and development[END_REF]. Another difference between maize and Arabidopsis is the presence, in maize, of a specialized structure dedicated to nutrient uploading from the mother, which is situated in the basal part of the kernel: the pedicel (Kiesselbach, 1949;Randolph, 1936). The pedicel is where phloem elements terminate and unload the nutrients necessary for kernel growth [START_REF] Thorne | Phloem Unloading of C and N Assimilates in Developing Seeds[END_REF]. In Arabidopsis, the equivalent is the chalazal seed coats, but it is less obviously specialized, probably due to the smaller size and the less dramatic nutritional needs of the seed [START_REF] Becker | Genomic dissection of the seed[END_REF].

Inside the integument lies the nucellus which is a transient structure in both species. In the mature maize ovule, the nucellus surround the female gametophyte, while in Arabidopsis the distal nucellus degenerates during ovule development leaving only a reduced tissue located at the proximal pole of the female gametophyte at fertilization [START_REF] Ingram | Dying to live: cell elimination as a developmental strategy in angiosperm seeds[END_REF][START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF]. During young seed stages, the nucellus of maize acts as a reservoir of nutrients for the filial tissues, before entering into programmed cell death (PCD) [START_REF] Singh | Histochemical studies on reserve substances and enzymes in female gametophyte of Zea mays[END_REF]) (Kladnik et al., 2004;[START_REF] Singh | Histochemical studies on reserve substances and enzymes in female gametophyte of Zea mays[END_REF] The function of the Arabidopsis nucellus is not very clear, although it probably acts to mediate or control nutrient transfer to the embryo sack during early seed development [START_REF] Mcclintock | Seed tissue and nutrient partitioning, a case for the nucellus[END_REF]. The residual synergids and the antipodal cells, the unfertilized cells of the female gametophyte, die in both species. In Arabidopsis, one synergid die when pollen tube discharge and the second fuses with the endosperm after its nucleus degenerates [START_REF] Maruyama | Rapid Elimination of the Persistent Synergid through a Cell Fusion Mechanism[END_REF]. The antipodial cells degenerate rapidly after fertilisation in Arabidopsis, while in maize, they multiply before ultimately dying [START_REF] Chettoor | Correlation between a loss of auxin signaling and a loss of proliferation in maize antipodal cells[END_REF][START_REF] Ingram | Dying to live: cell elimination as a developmental strategy in angiosperm seeds[END_REF]Randolph, 1936).

I-2-C-b) The endosperm

Endosperm development is characterized by a change in cell cycle dynamics in both Arabidopsis and maize (Figure 1). After fertilization, the endosperm develops coenocytically i.e. nuclei divide without cytokinesis. Nuclear divisions take place at the periphery of the endosperm, while the centre is occupied by a large central vacuole (Berger, 2003;Olsen, 2001).

In both species a poorly understood process of centripetal cellularization is then observed, which usually initiates around the embryo (Dumas and Rogowsky, 2008). In maize, cellularization finishes at around 4 days after pollination (DAP), meaning that the coenocytic phase of endosperm growth is very short, with more classical cytokinesis being observed during the rest of the expansion of the endosperm (Leroux et al., 2014). In Arabidopsis, cellularization of the coenocytic endosperm starts at the late globular stage at the micropylar pole, and progresses towards the chalazal region. Cellularization finishes at the late torpedo stage, with the exception of the chalazal cyst (Brown et al., 1999). No subsequent cytokinsis is observed in Arabidopsis. The multiplicative phase of endosperm growth is both accompanied and followed by cell differentiation (Figure 2A,B). In Arabidopsis, the central endosperm cells are rapidly degraded after cellularization as the embryo expands. The functional role played by these cells is unclear and difficult to study due to their transient nature.

In contrast the outermost external layer of the Arabidopsis endosperm, which is persistent at maturity, acquires distinct morphological traits. This layer is composed of cuboid cells and plays key roles in regulating dormancy and germination, as well as storing some reserves in the form of lipids [START_REF] Bethke | The Arabidopsis aleurone layer responds to nitric oxide, gibberellin, and abscisic acid and is sufficient and necessary for seed dormancy[END_REF][START_REF] Bryant | ACYL-ACYL CARRIER PROTEIN DESATURASE2 and 3 Are Responsible for Making Omega-7 Fatty Acids in the Arabidopsis Aleurone[END_REF][START_REF] Li | Oil content of Arabidopsis seeds: The influence of seed anatomy, light and plant-to-plant variation[END_REF][START_REF] Penfield | Reserve Mobilization in the Arabidopsis Endosperm Fuels Hypocotyl Elongation in the Dark, Is Independent of Abscisic Acid, and Requires PHOSPHOENOLPYRUVATE CARBOXYKINASE1[END_REF]. A similar cell layer is present in maize and called the aleurone layer. In maize, aleurone cells also have a role in protein and oil storage, and activate starch catabolism in the bulk endosperm during germination. The aleurone layer is often considered to be a kind of endosperm epidermis (Geisler- [START_REF] Geisler-Lee | Aleurone Cell Identity Is Suppressed following Connation in Maize Kernels[END_REF]Olsen, 2004;Sabelli and Larkins, 2009).

Nevertheless, in neither species does the aleurone form a continuous structure, because the proximal cells of the endosperm do not differentiate into aleurone. In Arabidopsis, these cells form the chalazal endosperm cyst which is adjacent to the residual nucellus and the phloem unloading zone of the maternal tissues.

In maize, the basal endosperm cells give rise to a highly specialized tissue called Basal Endosperm Transfer Layer (BETL). The BETL is the zygotic interface with the maternal pedicel (containing the phloem-unloading zone). BETL cells take up the nutrients unloaded by the phloem. This uptake is mediated by the production of membrane localized proteins involved in nutrient transport [START_REF] Lopato | Endosperm transfer cell-specific genes and proteins: structure, function and applications in biotechnology[END_REF]Sosso et al., 2015;[START_REF] Thorne | Phloem Unloading of C and N Assimilates in Developing Seeds[END_REF](see our review Doll et al., 2017 in annexe 1). BETL cells produce complex cell wall ingrowths which are thought to enhance nutrient exchange through an increase in membrane area. Mutants defective in BETL specification give small kernels, highlighting the central role of this zone in nutrient uptake by the endosperm (Costa et al., 2012;Kang et al., 2009;Lowe and Nelson, 1946;Miller and Chourey, 1992).

In maize nutrients transit thought the BETL and are then stored by specialized endosperm cells. Indeed, the bulk endosperm cells of maize are designed to store huge quantities of proteins (such as prolamins) and starch. These cells constitute a tissue called the starchy endosperm (Dumas and Rogowsky, 2008;Olsen, 2004). Starchy endosperm cells take up the vast majority of the volume of the endosperm. They become huge, and accumulate generating cells with up to 96 genomic copies. Endoreduplication has been proposed to induce an increase in nutrient storage capacity, but the precise biological function of this process still remains unclear (Sabelli, 2012;Sabelli and Larkins, 2009). At around 16 DAP, the centre and the crown of the starchy endosperm enter into rapid PCD. PCD propagates throughout the starchy endosperm, which is entirely dead at maturity. This process is thought to be important for the stability of stored nutrients. Degradation of the nutrients stored in the dead starchy endosperm cells is mediated by enzymes secreted by the aleurone during germination. This process is proposed to furnish the energy required for seedling growth (Sabelli, 2012;Young and Gallie, 2000a;Young et al., 1997).

A fourth major tissue type has been described in the maize endosperm, and is known as the Embryo Surrounding Region (ESR). This tissue is composed of small cells with large nuclei and a dense cytoplasm containing large amounts of endoplasmic reticulum (OpsahlFerstad et al., 1997). The ESR is only found in young kernels and its developmental dynamics as well as its putative roles will be described later.

At maturity, the endosperm of maize and Arabidopsis differ dramatically. In Arabidopsis, much of the space within the seed coat is taken up by the embryo and only a single layer of aleuronelike cells persists (Dumas and Rogowsky, 2008). In contrast, in maize, the endosperm is persistent and occupies the major part of the mature kernel. At maturity the endosperm is dead, with the exception of the aleurone. The maize endosperm therefore resembles a bag full of nutrients that is mobilized only during and after germination.

I-2-C-c) The embryo

The embryo develops from the unicellular zygotic cell by successive mitoses during a process called embryogenesis. Embryogenesis can be split in three main phases that partially overlap: a first phase of cell and tissue morphogenesis and specification, a second of organ growth and filling with storage compounds, and a last phase of dehydration that prepares the embryo for dormancy and long term survival (Figure 1) (Vernoud et al., 2005). Embryogenesis starts by the fertilisation of the polarized egg cell by a sperm cell. The young zygote is consequently inherently polarized, and the first cytokinesis is asymmetric, giving rise to a large basal and a small apical cell. The basal cell divides apparently randomly in maize. However in Arabidopsis it undergoes transverse divisions. In both cases the resulting structure is called the suspensor [START_REF] Bayer | Early plant embryogenesis-dark ages or dark matter?[END_REF][START_REF] Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF][START_REF] Jeong | Going mainstream: How is the body axis of plants first initiated in the embryo?[END_REF]Van Lammeren, 1987). The suspensor is a transitory organ thought to be involved both in taking up nutrients from the endosperm during embryo development, and in physically anchoring the embryo within the seed. (Kawashima and Goldberg, 2010;Randolph, 1936). In Arabidopsis, the suspensor also plays critical roles in transporting auxin to and from the apical part of the embryo, and thus in embryonic patterning (Friml et al., 2003;Robert et al., 2013) However, in maize, the function of the suspensor remains unclear.

The apical cell divides to give rise to the embryo proper. In the embryo proper the cells in contact with the surface of the embryo, called the protoderm give rise to the epidermis (Figure 2C). Subsequently, the inner tissues give rise to the precursors of vasculature and ground tissues. The three main plant cell types are thus determined in the early embryo proper [START_REF] Esau | Anatomy of the Seed Plants[END_REF][START_REF] Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF][START_REF] Jürgens | Pattern formation in the flowering plant embryo[END_REF]. In Arabidopsis, the upper cells of the ground tissue expressed the stem cell marker gene and will give rise to the shoot apical meristem (SAM), while the root apical meristem is determined from the upper cell of the suspensor (RAM) [START_REF] Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]. In both species, the overall radial symmetry of the embryo proper shifts to a bilateral symmetry during the transition stage [START_REF] Jürgens | Pattern formation in the flowering plant embryo[END_REF][START_REF] Jürgens | Genetic analysis of pattern formation in the Arabidopsis embryo[END_REF]Van Lammeren, 1987). From this stage onwards the embryogenesis of Arabidopsis and maize, appears to diverge. In Arabidopsis two cotyledons emerge at the apical pole of the embryo from each side of the SAM (Figure 2D) [START_REF] Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF][START_REF] Jürgens | Pattern formation in the flowering plant embryo[END_REF][START_REF] Lau | Early embryogenesis in flowering plants: setting up the basic body pattern[END_REF].

In maize, the embryo proper takes on a shield-like shaped. The precursors of the SAM are specified on the adaxial face of this structure, while the RAM precursors arise within the embryo (Zimmermann andWerr, 2005, 2007). Both the RAM and the SAM are then surrounded by protective organs, the coleorhiza and the coleoptile respectively. The abaxial face of the embryo differentiates into the scutellum, often considered as the single cotyledon of maize.

Unlike the situation in Arabidopsis where the SAM and RAM remain largely inactive before the germination, the maize SAM generates several embryonic leaves prior to seed maturity (Figure 2B) (Randolph, 1936).

The morphogenetic phase of embryogenesis require a huge network of genes involved in the specification of each territory [START_REF] Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]Palovaara et al., 2017). This phase is followed by a phase of growth and nutrient accumulation. The embryo grows at the expense of the surrounding endosperm. In Arabidopsis, the embryo replaces almost all of the endosperm and occupies, at maturity, most of the volume of the seed. The mature embryo consists of two large cotyledons and a hypocotyl [START_REF] Baud | An integrated overview of seed development in Arabidopsis thaliana ecotype WS[END_REF] (Figure 1A). In contrast the mature maize embryo occupies only around a third of the kernel (Figure 1B). In both species the mature embryo dehydrates and enters into slowed down long term life at the end of seed development.

Germination occurs only when favourable environmental conditions are encountered. However whereas during the germination of Arabidopsis all the embryonic tissues emerge from the seed, in maize, the scutellum remains inside the seed where it acts almost like a haustorium, absorbing nutrients from the hydrolysing endosperm.

I-2-D) The embryo and endosperm engage in extensive crosstalk during development

Endosperm is often considered as a reserve tissue for the embryo. This is, of course, true, particularly in the case of maize during germination when a significant flux of nutrients flows from the endosperm to the scutellum furnishing the energy for the growth of the young seedling.

The endosperm probably also provides huge quantities of nutrients to the embryo during seed development, although these processes are surprisingly under-studied. However the embryo and endosperm are also strongly interdependent for developmental processes. Many studies of mutants highlight this interdependence in both Arabidopsis and maize. One striking example is the study of genetic translocation, especially in maize. As the embryo and endosperm have the same genetic alleles, a mutation in one compartment is usually also present in the other.

However, translocations can produce seeds in which one compartment is genetically different to the other. For many mutants affecting maize kernel development, a mutation in one of the two compartments lead to a non-autonomous effect on the other [START_REF] Chang | Endosperm-embryo interaction in maize[END_REF]Mimura et al., 2018;Neuffer and Sheridan, 1980). For example the SHOHAI1 (SHAI1) putative transcription factor, involved in both embryo and endosperm patterning, has a reduced mutant phenotype in the embryo when SHAI1 is not mutated in the endosperm (Mimura et al., 2018). Mutants of genes expressed in only one compartment can also give indications about the inter-dependence of the compartments. In Arabidopsis, an excellent example of the effects of endosperm defects on the embryo is shown in the zhoupi (zou) mutant. ZOU encodes a transcription factor expressed specifically in the endosperm, but mutants show strong phenotypes for both endosperm and embryo. The endosperm is persistent due to a pleiotropic syndrome that includes a lack of cell wall modification leading to a lack of endosperm degradation. Consequently, the embryo remains very small and appears morphologically delayed, although it apparently matures normally at the metabolic and physiological level, as it undergoes desiccation and retains viability at germination. This demonstrates the strong effect of endosperm on embryo development (Fourquin et al., 2016;Kondou et al., 2008;Yang et al., 2008). Furthermore, the absence of the embryo affect significantly the dynamic and patterning of the endosperm, although it can start to develop quite normally [START_REF] Ohad | A mutation that allows endosperm development without fertilization[END_REF]. For example in maize, embryoless mutants do not develop a normal ESR, and in Arabidopsis when embryos die at early stages, endosperm degradation does not occur (Fourquin et al., 2016;[START_REF] Ogawa | ATML1 and PDF2 Play a Redundant and Essential Role in Arabidopsis Embryo Development[END_REF]OpsahlFerstad et al., 1997). These examples indicate that crosstalk between the embryo and the endosperm underlies the harmonious development of both tissues, and thus seed viability. Although relatively little is known about the molecular mechanisms underlying embryo-endosperm crosstalk, we can assume that much of it takes place at the interface between the two tissues (Widiez et al., 2017). Our current knowledge of this interface will be described in next section.

II) THE ARABIDOPSIS AND MAIZE EMBRYO/ENDOSPERM INTERFACE II-1) Definition of embryo/endosperm interface II-1-A) Delimitation in space

According to Oxford English dictionary, an interface is "a point where two systems, subjects, organizations, etc. meet and interact''. In both Arabidopsis and maize, there are no symplastic connections between embryo and endosperm and consequently, so the embryo and endosperm are symplastically separate compartments [START_REF] Schel | Interactions between embryo and endosperm during early developmental stages of maize caryopses (Zea mays)[END_REF]Stadler et al., 2005). As a consequence, the embryo/endosperm interface is composed of an apoplast separating both compartments. We also consider also that the layer of cells on either side of this apoplast are components of the interface, as well as the molecules crossing the interface.

II-1-B) Delimitation in time

The embryo and endosperm are generated by the double fertilization event, and the interface between the egg cell and the central cell will consequently not be addressed. In mature seeds, at least one layer of endosperm cells is maintained around the embryo, meaning that an intact embryo/endosperm interface remains present until germination. The embryo/endosperm interface should be lost at germination when the embryo germinates, at least in Arabidopsis.

However the post germination fate of the interface elements will also be discussed.

II-2) Structure of the interface II-2-A) Cells on both side

II-2-A-a)
The epidermis and the suspensor on the embryo side

During the first steps of embryogenesis all embryonic cells are in contact with the endosperm but cell divisions rapidly lead to the isolation of inner embryonic cells from the endosperm. The cells at the surface of the embryo proper, which remain in contact with the endosperm, form a specialized cell layer, the protoderm, which ultimately gives rise to the epidermis [START_REF] Jürgens | Pattern formation in the flowering plant embryo[END_REF]Randolph, 1936). Protodermal identity may be the "basal" cell fate of the embryo-proper, since epidermal markers are expressed from the two cell stage onwards, at least in Arabidopsis, although this may not be the case in maize [START_REF] Abe | Regulation of shoot epidermal cell differentiation by a pair of homeodomain proteins in Arabidopsis[END_REF]Ingram et al., 2000;[START_REF] Lu | Identification of a meristem L1 layerspecific gene in Arabidopsis that is expressed during embryonic pattern formation and defines a new class of homeobox genes[END_REF]. However, the protoderm is officially recognised as a cell layer at the 16 cell stage in Arabidopsis and in the 6 DAP embryo in maize [START_REF] Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]Javelle et al., 2011). From these stages onwards, protoderm cells divide predominantly anticlinally to give rise to other protoderm cells which form a single cell layer. One of the defining features of these cell is the formation of the embryonic cuticle, which will be described later (Delude et al., 2016). In Arabidopsis, two redundant transcription factors are considered as the master regulators of the epidermal cell fate, Arabidopsis thaliana MERISTEM LAYER1 (ATML1) and PROTODERMAL FACTOR2 (PDF2) [START_REF] Abe | Regulation of shoot epidermal cell differentiation by a pair of homeodomain proteins in Arabidopsis[END_REF]. Both are expressed before protoderm formation sensu stricto but their expression becomes restricted to this layer when internal cells appear [START_REF] Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]. The double mutant atml1 pdf2 is lethal because the embryo arrests at the globular stage, highlighting the key role of the epidermis in early development [START_REF] Ogawa | ATML1 and PDF2 Play a Redundant and Essential Role in Arabidopsis Embryo Development[END_REF]San-Bento et al., 2014). Other genes that are involved in embryo epidermis cell fate or maintenance include the receptor kinase encoding CRINKLY 4 (CR4) gene in maize, and its orthologue ACR4 in Arabidopsis, the PHYTOCALPAIN-encoding DEFECTIVE KERNEL1 (DEK1) gene in both species and the receptor kinase-encoding ABNORMAL LEAF SHAPE 2 (ALE2) gene in Arabidopsis [START_REF] Becraft | CRINKLY4: A TNFR-like receptor kinase involved in maize epidermal differentiation[END_REF][START_REF] Becraft | The maize dek1 gene functions in embryonic pattern formation and cell fate specification[END_REF][START_REF] Johnson | AtDEK1 is essential for specification of embryonic epidermal cell fate[END_REF][START_REF] Tanaka | Novel receptor-like kinase ALE2 controls shoot development by specifying epidermis in Arabidopsis[END_REF][START_REF] Watanabe | The ACR4 receptorlike kinase is required for surface formation of epidermis-related tissues in Arabidopsis thaliana[END_REF]. From early stages of embryo development to the germination, the epidermis constitutes a specialized single cell layer defining the interface of the embryo with the surrounding endosperm. The exception to this is the basal pole of the embryo, where the suspensor forms the interface.

The suspensor forms a different kind of interface. At the difference of the epidermis, cells neither adopt a pavement morphology nor are surrounded by cuticle. These differences suggest an alternative functionality of this interface that will be discussed later ( § II-3). Interestingly, not all the suspensor is in contact with the endosperm, as the most basal cell is in contact with the maternal tissues [START_REF] Bowman | Aradidopsis, an atlas of morphogeny and development[END_REF][START_REF] Robert | Maternal auxin supply contributes to early embryo patterning in Arabidopsis[END_REF]Van Lammeren, 1987). In Arabidopsis, the suspensor cell specification is under the control mitogen-activated protein (MAP) kinase kinase kinase gene YODA (YDA) which controls the suspensor identity via the regulation of several kinases and the WUSCHEL-RELATED HOMEOBOX 8 and 9 (WOX8 and WOX9) transcription factors [START_REF] Lukowitz | A MAPKK Kinase Gene Regulates Extra-Embryonic Cell Fate in Arabidopsis[END_REF][START_REF] Musielak | YODA signalling in the early Arabidopsis embryo[END_REF]. YDA is activated by the membrane associated kinase SHORT SUSPENSOR (SSP) and putatively by exogenous peptides that will be described later ( § II-3-A) [START_REF] Bayer | Early plant embryogenesis-dark ages or dark matter?[END_REF]Costa et al., 2014).

Suspensor patterning is also dependant of the plant hormone auxin [START_REF] Bayer | Early plant embryogenesis-dark ages or dark matter?[END_REF]Friml et al., 2003;[START_REF] Robert | Maternal auxin supply contributes to early embryo patterning in Arabidopsis[END_REF] Auxin comes first from the maternal tissues, before being produced by the scutellum and transported by PIN7 towards the embryo proper, where it influences cell patterning. At the early globular stage, a switch in the auxin flux appears at the is transported to the suspensor, where it is proposed to regulate suspensor development (Robert et al., 2013[START_REF] Robert | Maternal auxin supply contributes to early embryo patterning in Arabidopsis[END_REF]. The suspensor is thought to be mainly involved in early seed development because it undergoes cell death at later stages. In maize, suspensor degenerates from 14 DAP and in Arabidopsis at the bent-cotyledon stage [START_REF] Blanvillain | The Arabidopsis peptide kiss of death is an inducer of programmed cell death[END_REF]Giuliani et al., 2002). to be regulated by ZmZOU, the single ortholog of ZOU in maize (Grimault et al., 2015). In addition to their characteristic morphology, ESR cells are characterized by the expression of specific genes and thus appear to have their own transcriptional program (Li et al., 2014;OpsahlFerstad et al., 1997;Zhan et al., 2015). In Arabidopsis it is unclear whether a direct equivalent of ESR exists and the cell surrounding the embryo do not appear to have a particular morphology. Nonetheless the endosperm in contact with the embryo expresses a specific set of genes such as those encoding the ZOU transcription factor and the AtSUC5 sucrose transporter (Baud et al., 2005;Yang et al., 2008). Unlike the situation in maize, the transcriptionally defined zone surrounding the embryo moves as the embryo grows inside the endosperm and is therefore not restricted to a group cells. Endosperm cells in contact with the embryo degenerate progressively during seed development and are replaced by the growing embryo (Fourquin et al., 2016).

II-2-

In both Arabidopsis and maize the growth of the embryo leads to the appearance of new interfaces. In maize, after around 7 days, the embryo emerges from the ESR and makes contact with the starchy endosperm at the abaxial side and with the aleurone (a zone called the scutellar aleurone in barley), at the adaxial side (Figure 2B) (Jestin et al., 2008). Little is known about the endosperm cells that are adjacent to the scutellum, although cytological analyses have revealed some starchy endosperm characteristics (Van Lammeren, 1987). Cells were shown to collapse, leading to an accumulation of cell walls at the embryo interface, suggesting that cell death may occur and the embryo-endosperm interface penetrates into the endosperm as the embryo expands. However classical cytological studies (Evans blue staining studies) failed to reveal classical cell death characteristics, suggesting that cell death may be very localized to the interface with the embryo (Giuliani et al., 2002;Young andGallie, 2000a, 2000b;Young et al., 1997). At the adaxial side, the scutellar aleurone consists of a single cell layer separating the embryo from the pericarp. The relationship between the scutellar aleurone and the embryo remains largely undiscovered.

In the first chapter (section I-1) of this thesis the transcriptomic profile of these two interfaces will be characterized with a particular focus on the starchy endosperm cells adjacent to the scutellum.

As in maize, the aleurone-like layer of the Arabidopsis endosperm makes the interface with the embryo, albeit relatively late in development. At maturity, the embryo is surrounded by the single layer of aleurone-like cell (Brown et al., 1999).

II-2-B) Apoplastic components

II-2-B-a) The cell wall

The cell wall between the egg cell and the central cell is formed during embryo sac cellularization [START_REF] Russell | The Egg Cell: Development and Role in Fertilization and Early Embryogenesis[END_REF]. In maize, the egg cell shares a cell wall with central cell but also with the two synergids and is fused at one point with the embryo sac cell wall [START_REF] Russell | The Egg Cell: Development and Role in Fertilization and Early Embryogenesis[END_REF]Van Lammeren, 1987). Thus, after fertilization, the embryo is not entirely surrounded by endosperm and a connexion with the maternal tissues is maintained at the base of the suspensor.

The cell wall between the egg cell and the central cell is discontinuous and large area of plasma membranes remain free between the two cells [START_REF] Huang | Female germ unit: Organization, reconstruction and isolation[END_REF]. Following the double fertilisation, cell wall material is massively produced by the egg cell. Evidence for this comes from in vitro studies of the fertilisation of maize protoplasts. Around 30s after fusion of the sperm cell with the egg cell, cell wall components are secreted, probably from vesicles stored under the plasma membrane. These components are sensitive to cellulases but not to pectinase, suggesting the presence of cellulosic material. The rapid cell wall production has been proposed to be a mechanism to avoid polyspermy [START_REF] Kranz | Early cytological events after induction of cell division in egg cells and zygote development following in vitro fertilization with angiosperm gametes[END_REF]. As a result of this cell wall deposition, the cell wall of the young zygote becomes continuous, according to transmission electron microscopy (TEM) (Van Lammeren, 1987). The contribution of the endosperm post fertilisation is poorly documented, as is the composition of the embryo/endosperm cell wall.

The embryo and endosperm are symplastically separated, indicating that the cell wall is devoid of plasmodesmata [START_REF] Schel | Interactions between embryo and endosperm during early developmental stages of maize caryopses (Zea mays)[END_REF]. As the embryo and endosperm stick together at young stages, the cell wall is considered as classical with two primary cell walls on either side stuck together by a middle lamellae, although little if any evidence exists to support this supposition.

This putative middle lamella is supposed to be removed or remodelled during early development to be replaced by other apoplastic structures, although again no evidence for this has yet been reported. The situation in Arabidopsis is likely similar to that in maize, although very few ultrastructural studies of very early embryogenesis have been carried out in this species.

II-2-B-b) The embryonic cuticle

In the embryo/endosperm cell wall, TEM pictures reveal the appearance of an electron dense deposit during seed development. In Arabidopsis, this deposit appear at globular stage and forms a continuous layer by the early heart stage, while in maize a continuous layer is observed 9 DAP on the surface of the emerging scutellum (Creff et al., 2019;[START_REF] Schel | Interactions between embryo and endosperm during early developmental stages of maize caryopses (Zea mays)[END_REF].

This structure is called the embryonic cuticle. In Arabidopsis this cuticle is the precursor of that covering emerging organs post germination. In maize, little is known about embryonic cuticle establishment and its genetic control. A recent study showed that cuticle deposition on the coleoptile and first leaves is controlled by the MYC transcription factor FUSED LEAVES 1 (FDL1), but no study has been made of the scutellum cuticle (La Rocca et al., 2015).

Embryonic cuticle has been studied in more detail in Arabidopsis. From the heart stage onwards, the whole embryo surface is surrounded by a continuous layer of cuticle, including the root tip, but with the exception of the suspensor (Berhin et al., 2019;Creff et al., 2019;[START_REF] Szczuka | Cuticle fluorescence during embryogenesis of arabidopsis thaliana[END_REF]. The lipidic nature of the embryonic cuticle was showed by staining of the growing embryo surface with the lipophilic dye Auramine O [START_REF] Rodkiewicz | Chlorophyll and cutin in early embryogenesis in Capsella, Arabidopsis, and Stellaria investigated by fluorescence microscopy[END_REF][START_REF] Szczuka | A cutin fluorescence pattern in developing embryos of some angiosperms[END_REF][START_REF] Szczuka | Cuticle fluorescence during embryogenesis of arabidopsis thaliana[END_REF]. However it should be borne in mind that Auramine O also stains aromatic cell wall polymers [START_REF] Considine | Development and histochemistry of the cells, cell walls, and cuticle of the dermal system of fruit of the grape,Vitis vinifera[END_REF][START_REF] Nishikawa | Callose (beta-1,3 glucan) is essential for Arabidopsis pollen wall patterning, but not tube growth[END_REF][START_REF] Pesquet | Novel markers of xylogenesis in zinnia are differentially regulated by auxin and cytokinin[END_REF]. Cuticle components are thought to secreted by the epidermis of the embryo, as highlighted by the expression of cutin biosynthesis genes in the embryonic epidermis from early stages onwards, and by the active secretion of cutinsomes that cross the cell wall and fuse with the cuticle (Creff et al., 2019;[START_REF] Stępiński | Cutinsomes as building-blocks of Arabidopsis thaliana embryo cuticle[END_REF].

However, the fact that the embryonic cuticle is hidden inside the seed and is extremely thin makes investigation of its structure and composition extremely challenging. As a result cotyledon cuticles have been mainly used as a proxy. However this approach may be flawed as the cuticle is thought to be modified rapidly post germination, notably through the biosynthesis of cuticular waxes [START_REF] Bassel | Elucidating the Germination Transcriptional Program Using Small Molecules[END_REF]Todd et al., 1999;[START_REF] Winter | An "Electronic Fluorescent Pictograph" Browser for Exploring and Analyzing Large-Scale Biological Data Sets[END_REF].

Genetic studies of mutants with defective cotyledon cuticles have led to the identification of several genes involved in embryonic cuticle establishment. Globally these genes encode proteins that fall into three classes: Enzymes required for cuticle biosynthesis, proteins (transcription factors and Receptor-Like Kinases) involved in specifying epidermal cell fate, and proteins involved in cuticle integrity control (Figure 3A). The first category is well known for post germination plant cuticles but remains poorly documented in the case of the embryonic cuticle (Delude et al., 2016). A recent study by the host team show that gpat4gpat8 double mutant, which lacks two glycerol-3-phosphate acetyltransferases, involved in the biosynthesis of monoacylglycerol cutin precursor, lacks various cutin components in newly emerged cotyledons and has a thinner and slightly defective (permeable) cotyledon cuticle (Creff et al., 2019;[START_REF] Jayawardhane | Plant sn-Glycerol-3-Phosphate Acyltransferases: Biocatalysts Involved in the Biosynthesis of Intracellular and Extracellular Lipids[END_REF]Li et al., 2007). Loss of function of proteins involved in epidermal specification/differentiation such as ATML1, PDF2, ALE2 or ACR4 also show defects in the cuticle but these are likely linked to a problems in cell identity, and highlight the very tight link between epidermal cell identity and cuticle biosynthesis (San-Bento et al., 2014;[START_REF] Tanaka | Novel receptor-like kinase ALE2 controls shoot development by specifying epidermis in Arabidopsis[END_REF][START_REF] Watanabe | The ACR4 receptorlike kinase is required for surface formation of epidermis-related tissues in Arabidopsis thaliana[END_REF].

Genes of the third category do not appear to directly control epidermal identity or cuticle biosynthesis and their function appears only to be needed for embryonic cuticle formation, but not for the formation of the cuticle of post germination organs (Creff et al., 2019;San-Bento et al., 2014). The first mutant of this class to be described was abnormal leaf shape 1 (ale1), which is defective for a gene encoding a predicted apoplastic protease of the subtilase family. Ale1

mutants have a discontinuous cuticle layer during the young stages of embryo development (Creff et al., 2019;Tanaka et al., 2001). Surprisingly ALE1 is expressed in the embryo surrounding region of the endosperm and appears to have a non-cell autonomous effect on the embryo (Tanaka et al., 2001;Yang et al., 2008). Another endosperm-specific gene was also found to be involved in this process: that encoding the ZOU transcription factor. As described before ( § I-1-D), zou mutants have a strong phenotype, and the most striking defect is the persistence of the endosperm and consequently, the production of a dwarf embryo. However, the embryo surface of zou mutants is also strongly affected, especially the embryonic cuticle (Kondou et al., 2008;Yang et al., 2008). Interestingly, ZOU controls ALE1 expression in the endosperm (Yang et al., 2008). Loss of function of another transcription factor, INDUCER OF CBF EXPRESSION 1 (ICE1) leads to a similar seed mutant phenotype to that seen in zou mutants. ICE1 make heterodimers with ZOU and is necessary for ZOU activity in the endosperm (Denay et al., 2014). However, as the embryonic cuticle is secreted by the epidermis, all these three endosperm genes must have a non-cell autonomous effect on the embryo.

On the embryo side, loss of function of the two leucine rich repeat receptor like kinases (LRR-RKs), GASSHO1 and 2 (GSO 1 and 2), both expressed in the epidermis, leads to a double mutant phenotype with strong cuticle defects. GSO1 and GSO2 appear to act as two redundant paralogs since the two single mutants do not present any cuticle defects. (Creff et al., 2019;Tsuwamoto et al., 2008). The gso1 gso2 double mutant has a discontinuous cuticle but is not impaired in cutin biosynthesis or epidermal identity (Creff et al., 2019;San-Bento et al., 2014).

The Mitogen-Activated Protein Kinase MPK6 has been proposed to act downstream of GSO1 and GSO2, and is phosphorylated in developing seeds in a partially GSO1/GSO2 dependent manner (Creff et al., 2019). TWISTED SEED1 (TWS1), an unknown protein whose loss of function phenotype strongly resembles that of gso1 gso2 mutants, and which is expressed in the embryo, has also been proposed to play a role downstream of GSO1 GSO2 signalling (Fiume et al., 2016). GSO1 and GSO2 act in the same pathway as ZOU and ALE1 as demonstrated by epistasis analysis and the presence of overlapping transcriptomic changes in the respective mutants (Creff et al., 2019;Xing et al., 2013;Yang et al., 2008). The presence of a subtilase protease, a member of a protein family known to process apoplastic signalling peptides, in the endosperm, and of two LRR-RKs in the embryonic epidermis, suggests the presence of a molecular dialogue between the endosperm and the embryo. This dialogue presumably involves the production of a peptide, the identity of which was unknown at the start of my PhD. One plausible hypothesis is that this putative peptide is processed by ALE1 in the apoplast and then binds to the GSO receptors in the epidermis, triggering the closure of cuticle gaps (Figure 3B).

Interestingly, two recent studies showed that GSO1, also known as SCHENGEN 3 (SGN3), as involved in Casparian strip formation in the root endodermis. In this context GSO1 binds the CASPARIAN STRIP INTEGRITY FACTOR 1 and 2 (CIF1 and 2) peptides which are produced in the stele (Figure 4). (Doblas et al., 2017;Nakayama et al., 2017). Gso1 (sgn3)

and cif1 cif2 mutants have a patchy Casparian strip that is highly reminiscent of the patchy embryonic cuticle observed in the gso1 gso2 double mutant (Creff et al., 2019). Treatment of roots with active (processed) CIF1 and 2 peptides restores a continuous Casparian strip in cif1 cif2 but not in gso1 (sgn3) mutants, supporting the theory that perception of CIF1/2 peptides diffusing throughout the gaps of the Casparian strip by GSO1 mediates gap filling in the strip to form a continuous apoplastic structure (Doblas et al., 2017). Processed CIF peptides contain a sulphated tyrosine residue at the second position. Sulfation is catalysed by the TYROSYLPROTEIN SULFOTRANSFERASE (TPST), the unique tyrosine sulfotransferase encoded by the Arabidopsis genome (Komori et al., 2009). Tpst mutants also produce patchy Casparian strips, indicating that the sulfation is necessary for peptide efficiency (Doblas et al., 2017;Nakayama et al., 2017) (Figure 4). In addition to peptide sulfation, it is predicted that CIF1 and CIF2 propeptides are cleaved at the N-terminus of the active peptide (the active peptide being situated at the C-terminal extremity of the propeptide). However the peptidase involved has not yet been identified.

At this point it is important to note that there are many similarities between the Casparian strip and embryonic cuticle: both are apoplastic structures produced do novo during plant development, and which must be intact before being functionally deployed (for example at germination for the embryo cuticle). The GSO1 receptor is involved in ensuring the integrity of both barriers, and loss of function of GSO1 (root) or GSO1 and GSO2 (embryo) gives mutant phenotypes that are similar, with gaps in the barrier. Importantly, in each case, pathway components are expressed in spatially distinct patterns. So for example in the root the CIF1 and CIF2 peptides are produced specifically in the steel (on the inside of the barrier), whereas in the seed the subtilase ALE1 is produced only in the endosperm (on the outside of the barrier) (Doblas et al., 2017;Nakayama et al., 2017;Tanaka et al., 2001;Yang et al., 2008). In both cases the GSO receptors are localised just adjacent to the barrier (Creff et al., 2019;Pfister et al., 2014;Tsuwamoto et al., 2008). Nonetheless, it appears that the peptides involved are not the same, since cif1 cif2 mutants have not been reported to have an embryonic cuticle phenotype (Nakayama et al., 2017). We postulate that GSO signalling pathway has been reused to ensure the integrity of two distinct apoplastic barriers but that the peptides involved differ.

In chapter 3 of this thesis, the pathway controlling embryonic cuticle integrity will be investigated in Arabidopsis, with a focus first on TPST and then on the putative peptides binding the GSO receptors.

II-2-B-c) Apoplastic deposits from the endosperm

In both Arabidopsis and maize, an intense secretion activity from the endosperm to the embryo/endosperm interface has been shown (Moussu et al., 2017;Van Lammeren, 1987). In maize, these secretions of unknown material were revealed by TEM analyses, 9 DAP (Van Lammeren, 1987). Later in development, a layer of fibrous material is deposited at the surface of the scutellum (Corona-Carrillo et al., 2014;Enriquez-Arredondo et al., 2005). This layer contains neutral lipids, phenolic molecules and callose like carbohydrates (Corona-Carrillo et al., 2014). However, the endosperm origin of this layer is not well established and the fibrous layer is probably a mix of embryo-derived deposits such as the embryonic cuticle and endosperm-derived deposits (Van Lammeren, 1987). Interestingly some crushed cell walls have been found in this layer, suggesting at least a partial contribution of the endosperm (Bourdu and Bousser, 1991). In Arabidopsis, a recent study by the host team characterized the endosperm deposits at the embryo/endosperm interface (Moussu et al., 2017). An amorphous material that is recognised strongly and specifically by two anti-EXTENSIN antibodies is produced in the endosperm cells surrounding the embryo and then deposited at the embryo/endosperm interface as the endosperm starts to break down (at around the early torpedo stage) (Smallwood et al., 1994(Smallwood et al., , 1995)). This material forms a continuous layer of around 200nm in thickness, on the outer (endosperm) surface of the embryonic cuticle, and this structure has been named the embryo sheath. Due to its strong labelling by anti-EXTENSIN antibodies, the embryo sheath is thought to be strongly enriched in EXTENSINS. Some genes were shown to be necessary for embryo sheath formation and can be classified in two categories. The first are the GSO1 GSO2 and ALE1 genes involved in the previously described cuticle integrity pathway. In gso1 gso2 and ale1 mutants, the sheath material is produced in endosperm cells but is not deposited at the embryo/endosperm interface and accumulates in the endosperm. Thus the sheath is not formed.

The second class of genes appears to be involved in the production of sheath materials, and loss of function of these genes do not produce any materials in the endosperm that are recognised by anti-EXTENSIN antibodies. Two genes fall into this category: that encoding the transcription factor ZOU, which has many pleiotropic effects during seed development as previously described, and a gene encoding a cysteine rich peptide named KERBEROS (KRS).

The expression of KRS in seeds is specific to the endosperm immediately surrounding the embryo, and is entirely dependent upon ZOU. Interestingly however, krs mutants do not show the pleiotropic phenotypes seen in zou mutants and KRS therefore seems to a specific regulator of sheath production. However the mechanism via which KRS production leads to sheath production and deposition is still unknown. Sheath composition and structure remains poorly understood for the moment. Moreover, the fate of the sheath post germination has not been investigated.

In the second chapter of this thesis, I will specifically address these questions.

II-3) What are the functions of the embryo/endosperm interface? II-3-A) Embryo/endosperm communication

The interdependent developmental programmes of the embryo and endosperm suggest a strong coordination of the development of these two compartments during seed growth. This implies the emission of a signals from one compartment, propagating to the adjacent compartment to trigger a developmental response. The symplastic separation of the embryo from the endosperm limits the potential communication mechanisms to those involving the apoplast [START_REF] Schel | Interactions between embryo and endosperm during early developmental stages of maize caryopses (Zea mays)[END_REF]Stadler et al., 2005). Apoplastic communication can be split into two main types: mechanical and molecular. Mechanical communication is based on the detection of changes in mechanical forces (translated to strain), which can be caused by variations in turgor pressure or cell wall stiffness for example. Mechanical communication is thought to be particularly important for embryo/endosperm communication. Indeed, in Arabidopsis , when the embryo has a reduced growth, the expression of the classical cell death markers PLANT ASPARTIC PROTEASE A3 (PASPA3) and BIFUNCTIONAL NUCLEASE 1 (BFN1) in the endosperm is strongly retarded and the endosperm does not degrade, suggesting that pressure imposed on the endosperm by embryo growth is required for inducing endosperm cell death (Fourquin et al., 2016). However, the molecular basis for mechanical communication between the embryo and the endosperm, and in particular how mechanical cues in the endosperm are interpreted at the molecular level, remains largely unknown.

Chemical communication across the apoplast is traditionally classified as either peptide-based or hormone-based signalling, depending on the biochemical nature of the messenger. Hormones are small molecules of diverse chemical composition. They can be gases, amino acid derivates, nucleotide derivates, etc… The first plant hormone to be described was auxin, a hormone that has subsequently been shown to have an incredible range of physiological effects and to regulate a bewildering array of developmental processes [START_REF] Darwin | The Power of movement in plants[END_REF][START_REF] Tivendale | Analytical History of Auxin[END_REF]. Seed development, like most other developmental programmes in the plant, is strongly influenced by auxin [START_REF] Figueiredo | Auxin: a molecular trigger of seed development[END_REF][START_REF] Locascio | Current perspectives on the hormonal control of seed development in Arabidopsis and maize: a focus on auxin[END_REF]. In the embryo, auxin is required for the early stages of development as it plays a critical role in patterning the embryonic apical/basal axis (Friml et al., 2003;Robert et al., 2013). This role is the best documented in Arabidopsis (Friml et al., 2003;[START_REF] Jeong | Going mainstream: How is the body axis of plants first initiated in the embryo?[END_REF]Robert et al., 2013;[START_REF] Smit | The role of auxin signaling in early embryo pattern formation[END_REF]. Auxin is also massively produced in the endosperm immediately after fertilization, where it triggers endosperm proliferation and differentiation (see our review Doll et al., 2017 in annexe 1) [START_REF] Batista | Auxin regulates endosperm cellularization in Arabidopsis[END_REF]Chen et al., 2014;[START_REF] Figueiredo | Auxin: a molecular trigger of seed development[END_REF][START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF][START_REF] Liao | Reporters for sensitive and quantitative measurement of auxin response[END_REF]. In addition, auxin from the endosperm is thought to be transported to the seed coat just after fertilization where it triggers seed coat development, thus coordinating the development of the fertilized zygotic tissues with that of surrounding maternal tissues [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. In addition to auxin, many other hormones are involved in various processes during seed development, including gibberellins, abscisic acid, ethylene and brassinosteroids [START_REF] Locascio | Current perspectives on the hormonal control of seed development in Arabidopsis and maize: a focus on auxin[END_REF]. However, the role of these hormones in embryo/endosperm communication and growth coordination is poorly understood, partly because of the difficulty of separating their cell autonomous and non-cell autonomous effects.

In peptide signalling, the mobile molecule is a peptide, a small protein generally less than one hundred amino acids long. Signalling peptides are generally separated into two categories, small peptides and the cysteine rich peptides. Although signalling peptides are involved in many developmental process, only very few have been proposed to be involved in embryo-endosperm communication (Ingram and Gutierrez-Marcos, 2015;Matsubayashi, 2014). During early seed development in Arabidopsis, three cysteine-rich peptides named EMBRYO SURROUNDING FACTORS (ESF1.1-3) have been found to be mainly expressed in endosperm and have an effect on the development of the suspensor, by controlling suspensor patterning via the SSP and YODA pathway. Exogenous application of ESF1 peptides to developing seeds in vitro has a positive effect on suspensor elongation, showing their capacity to diffusion through seed tissues. In addition, inhibition of ESF1 production specifically in the embryo by RNAi does not lead to a suspensor phenotype, suggesting an non-cell autonomous effect of the peptides (Costa et al., 2014). However, this non-cell autonomous effect is still controversial since transcriptomic data show an expression of ESF1 in the embryo [START_REF] Bayer | Early plant embryogenesis-dark ages or dark matter?[END_REF]. A similar controversy surrounds CLAVATA3/ESR-RELATED 8 (CLE8). CLE8 is a small peptide of the CLE family and has a role in suspensor patterning, through the regulation of WOX8 expression.

CLE8 is not expressed in the suspensor suggesting a non-cell autonomous effect, but is expressed in both embryo proper and endosperm. A third case of putative embryo/endosperm peptide-mediated signalling pathway is the previously described GSO1 GSO2 pathway, involved in embryonic cuticle integrity, for which the peptide implicated is still unknown (Xing et al., 2013) (Figure 3B).

In maize, no signalling peptide with a confirmed role in embryo/endosperm communication has been described for the moment. However, many peptides are expressed in the tissues at the embryo/endosperm interface, and especially in the ESR (see our review Doll et al., 2017 in annexe ) (Zhan et al., 2015). ESR6, a peptide expressed in the ESR was described has having an anti-microbial activity and was proposed to play a role in protecting the embryo from pathogens (Balandín et al., 2005). Among the most strongly expressed genes in the ESR are three CLE peptides. These are amongst the first CLE discovered and are the source of the "E" in the family name "CLE" (Bonello et al., 2000;Cock and McCormick, 2001;OpsahlFerstad et al., 1997). These three secreted peptides have, for the moment, no known function. In the first chapter (section I-2) of this thesis, a particular emphasis will be put on signalling proteins expressed in the ESR cells of maize, using with a reverse genetic approach.

II-3-B) A chemical filter allowing controlled exchanges

II-3-B-a) The diffusion of signalling molecules

As discussed in the last subsection, embryo/endosperm communication is likely to require the diffusion of molecules across the embryo/endosperm interface. For example, during the early stages of maize kernel development, the auxin required by the embryo is thought to come from the endosperm and to diffuse into the tip of the embryo proper before being redistributed within the embryo (Chen et al., 2014;[START_REF] Forestan | The Role of PIN Auxin Efflux Carriers in Polar Auxin Transport and Accumulation and Their Effect on Shaping Maize Development[END_REF][START_REF] Forestan | ZmPIN1-Mediated Auxin Transport Is Related to Cellular Differentiation during Maize Embryogenesis and Endosperm Development[END_REF])(see our review Doll et al., 2017 annexe 1). In addition to signalling molecules, many other molecules must be taken up by the embryo during embryonic growth.

II-3-B-b) The diffusion of nutrients

The embryos of both maize and Arabidopsis not only develop new organs during seed development, but also store large amounts of energy in the form of carbohydrates, lipids and proteins. Embryos thus require various kind of organic and inorganic nutrients for their development and maturation, including diverse ions, sugars and amino acids, for which they are dependent on surrounding tissues. However, the embryo is symplastically isolated, meaning that the nutrient flow transits through the apoplast (Stadler et al., 2005;Van Lammeren, 1987).

Two pathways have been suggested to supply embryo needs (Figure 5). The first is via the suspensor, which is in contact with the maternal tissues at its base. Maternal nutrients could reach directly the embryo without crossing the endosperm. However, as the suspensor is mainly surrounded by endosperm, and expresses numerous genes encoding nutrient transporters it has been proposed to predominantly act as an organ that takes up nutrients from the endosperm (Kawashima and Goldberg, 2010). The suspensor is relatively large compared to the embryo proper during the first stages of embryogenesis, and has a much larger surface area. However as the embryo expands this relationship inverses and the suspensor degenerates [START_REF] Blanvillain | The Arabidopsis peptide kiss of death is an inducer of programmed cell death[END_REF]Giuliani et al., 2002). As a consequence of this degeneration, the suspensor pathway is probably replaced by a second pathway via which the embryo can take up nutrients from the endosperm although, surprisingly, almost nothing is known about this process (Figure 5) (Karmann et al., 2018;Lafon-Placette and Köhler, 2014). Apoplastic nutrient transport is facilitated by transmembrane transporters that export molecules from source tissues and import them in the sink tissue. Many transmembrane transporters have been shown to be expressed on both side of embryo/endosperm interface in Arabidopsis (Figure 5). The bidirectional sugar transporters SWEET 11 and 15, as well as the sugar and biotin transporter AtSUC5 are expressed in the endosperm cells surrounding the embryo and are involved in the embryo filling (Baud et al., 2005;Chen et al., 2015;[START_REF] Pommerrenig | SUCROSE TRANSPORTER 5 supplies Arabidopsis embryos with biotin and affects triacylglycerol accumulation[END_REF]. Some amino acid transporters are also expressed in the endosperm, but not specifically in the cells surrounding the embryo. These include AtCAT6, UMAMIT25 and 28. However, the role of these proteins in embryo filling has not yet been demonstrated (Besnard et al., 2018;[START_REF] Hammes | AtCAT6, a sink-tissue-localized transporter for essential amino acids in Arabidopsis[END_REF]Müller et al., 2015). At the embryo side, sugars could be taken up by AtSUC3 or SWEET12 which are expressed in the suspensor at early developmental stages (Chen et al., 2015;Stadler et al., 2005).

At later stages, AtSUC5 is expressed in the epidermis of the embryo proper, and the AMINO ACID TRANSPORTER (AAP1) gene is expressed in the whole embryo proper [START_REF] Pommerrenig | SUCROSE TRANSPORTER 5 supplies Arabidopsis embryos with biotin and affects triacylglycerol accumulation[END_REF][START_REF] Sanders | AAP1 regulates import of amino acids into developing Arabidopsis embryos[END_REF]. For AAP1, a role in amino acid uptake by the embryo has been demonstrated, strengthening the evidence for a second transport pathway from the endosperm [START_REF] Sanders | AAP1 regulates import of amino acids into developing Arabidopsis embryos[END_REF]. Other nutrients, such as iron, phosphate and nitrate are also transported to the embryo, although detailed studies of transporters localisation are globally lacking [START_REF] Curie | New routes for plant iron mining[END_REF][START_REF] Tsay | Nitrate transporters and peptide transporters[END_REF][START_REF] Vogiatzaki | PHO1 Exports Phosphate from the Chalazal Seed Coat to the Embryo in Developing Arabidopsis Seeds[END_REF].

In maize very little is known about the nutrient flow transiting through the endosperm/embryo interface or about the transporters expressed at the interface, despite the evident potential agronomic interest. Transporter-encoding genes expressed at the embryo/endosperm interface will be investigated further using transcriptomic approaches in the first chapter of this thesis.

II-3-B-c) The diffusion barrier, a filtering role?

Although nutrients and small molecules diffuse into the embryo from the endosperm, the permeability of the interface is thought to be controlled by apoplastic barriers. In maize the diffusion of small aqueous and ethanol dyes at the embryo/endosperm interface is reduced at maturity compared to the diffusion inside either the endosperm or the scutellum (Corona-Carrillo et al., 2014). In Arabidopsis, a diffusion barrier (the embryonic cuticle) is built up around the embryo proper during seed development (Creff et al., 2019). Consistent with this, the permeability of the embryo surface, revealed by the penetration of a small hydrophilic dye called toluidine blue, reduces during embryo development suggesting a decrease in barrier permeability (Creff et al., 2019) (Figure 6). Interestingly, permeability is retained at the root pole of the embryo, despite the presence of a cuticle like barrier, making it possible that nutrients could diffuse into the embryo in this zone (Berhin et al., 2019). Moreover, for the suspensor, which is devoid of cuticle, permeability is thought to be very high (Kawashima and Goldberg, 2010;[START_REF] Szczuka | Cuticle fluorescence during embryogenesis of arabidopsis thaliana[END_REF]. Mutants defective in cuticle integrity show higher embryonic permeability to toluidine blue, suggesting a key role of the cuticle in limiting the diffusion at the surface of the embryo proper (Creff et al., 2019;Delude et al., 2016;Moussu et al., 2013). As permeability to toluidine blue is only very weakly affected in krs, and likely only after germination, the contribution of the sheath to embryo impermeability to small hydrophilic molecules appears not to be very important. However, permeability was only assessed with toluidine blue and the permeability to other molecules could be different (Tanaka al., 2004). Diffusion to the embryo could be restricted by the retention of molecules in the apoplast, which could be particularly relevant for the embryo sheath since EXTENSINS are thought to be highly electronegative.

Limiting diffusion at the embryo surface would lead to the formation of chemically separated compartments. One hypothesis regarding the role of this isolation is that it could protect the embryo from cell wall degrading enzymes expressed in the endosperm, or, alternatively from molecules produced during endosperm cell death [START_REF] Moussu | A functional and genetic analysis of novel signaling molecules regulating embryo surface formation in Arabidopsis thaliana[END_REF]. More globally, these barriers could control the mobility of molecules diffusing into the embryo. Interestingly in maize, the diffusion barrier may not only be restricted to apoplastic structures but could involve an entire tissue. The maize ESR has been propose to limit auxin diffusion from the surrounding endosperm and to protect the embryo from high auxin concentrations by actively taking up and sequestering auxin (Chen et al., 2014)(see our review Doll et al., 2017 in annexe 1).

II-3-C) Physical separation of the embryo and endosperm

In both Arabidopsis and maize, the embryo adheres tightly to the endosperm at early developmental stages. During embryonic development, the embryo and endosperm physically separate. This is most easily demonstrated when dissecting embryos away from surrounding tissues, an activity that is extremely challenging at early developmental stages, but which becomes very easy as embryos advance through development. This physical separation is thought to involve a remodelling of the cell wall that is initially shared between the embryo and endosperm. Other structures have been proposed to be involved in embryo/endosperm separation. The embryonic cuticle is widely thought to limit organ adhesion. In Arabidopsis, gso1 gso2 seedlings have fused cotyledons and embryo sticks to the endosperm, while in maize, fdl-1 presents some organ fusion, but not fusion of the embryo to the endosperm (La Rocca et al., 2015;Moussu et al., 2013;Tsuwamoto et al., 2008). The embryonic cuticle likely has the same anti-adhesive properties as leaf cuticle and may contribute to avoiding embryonic adhesion to the endosperm (Burton and Bhushan, 2006). Interestingly however, in Arabidopsis, defects in embryonic cuticle biosynthesis have not been directly linked to adhesion of the embryo to the endosperm. In contrast, mutants defective in cuticle integrity show a strong adhesion phenotype that induces a problem in embryo bending, leading to the production of misshapen seeds. Interestingly, this embryo/endosperm stickiness, and misshapen seed formation are also found in the sheath defective mutant krs even in absence of obvious cuticle defects, suggesting that cuticle defects may not be a primary cause of this phenotype. In histological sections, it is clear that in krs mutants the embryo and endosperm are strongly adherent, over the entire embryo surface. Since mutants in the cuticle integrity pathway also show defects in sheath deposition, and since sheath deposition corresponds temporally with embryo/endosperm separation in wild type seeds, it has been proposed that the embryo sheath could in fact be the major factor controlling embryo/endosperm separation. This led to the hypothesis that the sheath acts as an anti-adhesive layer that physically separates the embryo and the endosperm, and could play the role of a lubricant during embryo growth, although biophysical proofs are lacking (Moussu et al., 2017). This hypothesis is coherent with studies of the mature seed of diverse species of brassicaceae, that describe an interspace between the embryo and endosperm called the hyaline layer (Vaughan and Whitehouse, 1971). Surprisingly, in mature maize seeds, the apoplastic structures at the embryo/endosperm interface, called the fibrous layer, are thought to increase embryo-endosperm adhesion at later stages in development (Bourdu and Bousser, 1991). However the underlying observations were made on dehydrated kernels, and apoplastic structures can have very different behaviours in aqueous and dry environments. Nonetheless it should be borne in mind that the maize scutellum does not need to emerge from the seed at germination, so adhesion between the scutellum and the endosperm of maize seeds could be a physiological advantage.

Finally, the intrinsic morphogenetic programmes of the tissue at the embryo/endosperm interface could play an important-role in the separation of the embryo from the endosperm. In maize, an embryonic cavity seems to be shaped by the endosperm cells adjacent to the scutellum. This idea comes from embryoless (emb) mutants, in which the embryo is vestigial and the embryonic cavity is maintained, even if the embryo does not exert a pressure on the surrounding endosperm, (Heckel et al., 1999;Sosso et al., 2012). This observation suggests that the endosperm has an endogenous developmental program that generates the cavity, independent of the presence of an embryo. In support of this idea, the putative transcription factor SHAI1 has been showed to be involved in embryonic cavity formation indicating regulation by specific transcriptomic program (Mimura et al., 2018). However, the embryonic cavity is remodelled by embryo growth, suggesting that contact, pressure on the endosperm, and/or chemical signalling, play an important role in cavity development.

II-3-D) Preparing a plant surface that allows seedling survival at germination

Germination represents a dramatic change for the plant embryo, as it is suddenly and brutally exposed to the external environment. Embryo development must prepare the future seedling to resists to external stresses that could be experienced upon germination. When the seedling emerges, the embryo surface forms the first barrier with the environment. A hermetic surface will allows the seedling to resist dehydration and other challenges. All the aerial organs of the plants are covered by a cuticle, consistent with the crucial role of this structure in tissue protection and plant survival [START_REF] Yeats | The formation and function of plant cuticles[END_REF]. Predictably, since the embryonic cuticle protects the seedling from dehydration, mutants defective in embryonic cuticle development are highly sensitive to dry conditions at germination, and are seedling lethal unless carefully nurtured until true leaves are established. In addition to preventing water loss, the cuticle also protects the young seedling from biotic and abiotic aggression including pathogen attack and abrasion. However, very little is known about the fate of the other structures at embryo/endosperm interface, especially endosperm-derived deposits. This question will be addressed for Arabidopsis in chapter 2 of this thesis.

III) AIM OF THE THESIS

In order to increase our knowledge about the embryo/endosperm interface in maize and Arabidopsis thaliana, this thesis will address several aspect of the embryo/endosperm interface in three main chapters. In a first chapter, the work carried out on developing maize seeds will be presented. This consists of the transcriptomic analysis of the embryo/endosperm interfaces and the development of CRISPR/Cas9 technology for targeting genes potentially involved in establishing the embryo/endosperm relationship, including signalling molecules and nutrient transporters. In the second chapter, the focus will be placed on the endosperm-derived apoplastic deposits that accumulate at the embryo/endosperm interface in Arabidopsis, and which form the embryo sheath. The fate of the embryo sheath post germination as well as its function will be addressed. The composition, genetic control and putative conservation of the sheath will be discussed. In a last chapter, identification and characterization of several new components of the endosperm/embryo signalling pathway involved in embryonic cuticle integrity control will be presented.

CHAPTER 1 ANALYSIS OF GENES EXPRESSED AT THE MAIZE EMBRYO/ENDOSPERM INTERFACE AND CHARACTERIZATION OF THEIR FUNCTION USING CRISPR/CAS9. Preamble

Compared to Arabidopsis, for which several genes have been identified as involved in embryo endosperm communication or nutrient transfer, less is known about the genetic basis of embryo/endosperm relationship in maize. Although classical B-A chromosome translocations have been used to illustrate embryo/endosperm interactions (Neuffer andSheridan, 1980, Genetics, Chang andNeuffer, 1994, Maydica), only a few genes, such as the ROUGH ENDOSPERM 3 gene involved in RNA splicing, or the gene encoding the putative SHAI1 transcription factor have been proposed to act in embryo/endosperm communication [START_REF] Fouquet | Maize Rough Endosperm3 Encodes an RNA Splicing Factor Required for Endosperm Cell Differentiation and Has a Nonautonomous Effect on Embryo Development[END_REF]Mimura et al., 2018). Thus the molecular framework underlying embryo/endosperm interactions remains elusive in maize. The goal of the work presented in this chapter is to identify genes that could be involved in embryo/endosperm communication in maize, and to investigate their functions (Figure 0). Two approaches were implemented. The first is an analysis of the transcriptomes of embryo/endosperm interfaces, with a particular focus on the cell layers of endosperm immediately adjacent to the scutellum. This work is presented in the first section (I-1), and is written in the form of an article which we hope to submit to the journal "Plant Cell". The second strategy involves a reverse genetic approach in order to knockout candidate genes using the CRISPR/Cas9 approach. The selected candidates and the mutants generated are presented in the second section (I-2). Lastly, since CRISPR/Cas9 technology is relatively new, work was necessary to develop gene editing by CRISPR/Cas9 in maize and build our own CRISPR vector system. The methodology developed and the analysis of 93 mutant alleles of 18 genes is described in the third section (I-3) of this chapter. This work was published in the journal Plant Cell Reports. I) The analysis of genes expressed at the maize embryo interface identifies a novel transcriptionally distinct endosperm sub-domain adjacent to the embryo scutellum (EAS).

Abstract

Seeds are highly complex biological systems in which three genetically distinct tissues (embryo, endosperm and maternal tissues) follow different developmental programs in a coordinated manner whilst physically nested one inside another. In the agronomical important crop-species maize, numerous transcriptomic analyses have been carried out to investigate the developmental program of either whole kernel or the embryo and endosperm tissues over time.

However, the complexity of the kernel makes it impossible to fully understand any process of interest without having access to spatially accurate information. Here we took advantage of the relatively large size of the maize kernel to characterize the genome-wide expression profiles of tissues at the embryo/endosperm interfaces in kernels 13 days after pollination (DAP). Our analysis identifies specific transcriptomic signatures for three of the interface tissues analysed compared to whole seed compartments. A new annotation of gene ontology shows that the two endosperm tissues at the interface with the embryo show enrichment for transcripts encoding transporters. This enrichment is particularly strong in the starchy endosperm (SE) cells in close contact with the embryo scutellum. We have named this new endosperm zone the EAS for Endosperm Adjacent to the Scutellum. In situ hybridization against EAS specific transcripts shows that this transcriptomic region is restricted to 1 to 3 cell layers in close contact with the scutellum. EAS marker genes identified in our study are expressed in these cell layers from 9-

Introduction

Cereal grains are not only essential for the propagation of the species, they are also high value products which represent an important source of calories for human nutrition and animal feed, as well as a coveted resource for bio-sourced industries. The accumulation of oil in the embryo and of starch and protein in the endosperm requires the development of adapted structures and a sophisticated regulation and distribution of the nutrient flow from the mother plant. The development of the embryo, which will form the future plant, and the endosperm which will nourish it during germination occurs in three main phases [START_REF] Berger | Endosperm development[END_REF]Dumas and Rogowsky, 2008;[START_REF] Lopes | Endosperm origin, development, and function[END_REF]. During the first two weeks of early maize seed development, embryo and endosperm cells differentiate into populations forming distinct tissues and organs (Leroux et al., 2014;Randolph, 1936), including two storage organs, the scutellum of the embryo and the starchy endosperm. These two zygotic compartments then start to accumulate large quantities of storage compounds during the following two to three weeks (the filling phase), while the surrounding maternal tissues provide the necessary nutrient supplies [START_REF] Porter | Assimilate Unloading from Maize (Zea mays L.) Pedicel Tissues : II. Effects of Chemical Agents on Sugar, Amino Acid, and C-Assimilate Unloading[END_REF]Sabelli and Larkins, 2009;[START_REF] Wu | Proteome balancing of the maize seed for higher nutritional value[END_REF]. During the final four weeks (the maturation phase), the kernel is dehydrated and enters into quiescence prior to dispersal (Sabelli and Larkins, 2009;[START_REF] Sreenivasulu | Seed-development programs: a systems biology-based comparison between dicots and monocots[END_REF]Vernoud et al., 2005). These three phases are determined by distinct genetic programs and characterized by distinct anatomical and cytological features. Spatially, the maize kernel is organized like Russian dolls, the embryo being enclosed within the endosperm, which is itself surrounded by the pericarp (Kiesselbach, 1949;Randolph, 1936).

A closer look at the highly differentiated structure displayed by the maize embryo shows that four days after pollination (DAP) two distinct parts can be distinguished: an apical embryo proper and a basal suspensor that will degenerate at the end of the early development (Giuliani et al., 2002). At around 8 DAP the embryo proper generates a shield-shaped organ, the abovementioned scutellum, at the abaxial side and the embryonic axis at the adaxial side. At the apical pole of the embryonic axis, the shoot apical meristem is specified and produces several embryonic leaves. The future root apical meristem differentiates within the embryo body at the basal pole of the embryonic axis. Shoot and root meristems are respectively surrounded by the protective coleoptile and coleorhiza [START_REF] Bommert | Gene expression patterns in the maize caryopsis: clues to decisions in embryo and endosperm development[END_REF]Randolph, 1936;Vernoud et al., 2005). The surrounding endosperm, which occupies 70% of the kernel volume at the end of the early development (Leroux et al., 2014;Sabelli and Larkins, 2009;[START_REF] Zhan | Endosperm development and cell specialization[END_REF], has been described as differentiating only four main cell types: the basal endosperm transfer layer (BETL) and the aleurone layer (AL) are two peripheral cell types in contact with maternal tissues. The embryo-surrounding region (ESR) is formed of small densely cytoplasmic cells encircling the young embryo. Lastly, the starchy endosperm (SE) corresponds to the central region of the endosperm, which subsequently accumulates huge amounts of storage compounds before undergoing progressive programmed cell death. The developing endosperm is surrounded by maternal tissues: the nutritive nucellus that degenerates as the endosperm expands, and the protective pericarp, which comprises the pedicel at the basal pole (Berger, 2003;Olsen, 2001;Sabelli and Larkins, 2009;[START_REF] Zhan | Endosperm development and cell specialization[END_REF].

The profound developmental changes and parallel growth of the three embedded kernel compartments highlight the need for constant coordination, which likely requires a complex inter-compartmental dialog (Ingram and Gutierrez-Marcos, 2015;[START_REF] Nowack | Reproductive crosstalk: seed development in flowering plants[END_REF]Widiez et al., 2017a). Since maternal tissues, endosperm and embryo are symplastically isolated, their apoplastic interfaces represent essential zones for this dialog [START_REF] Diboll | An electron microscopic study of the mature megagametophyte in Zea mays[END_REF]Van Lammeren, 1987). A good example to illustrate the importance and specialisation of interfaces is carbon transport. Sugars have to be transported from the maternal tissues to the embryo for growth and fatty acid accumulation, passing through the endosperm, which needs to retain part of the carbon for its own growth as well as starch and amino acid biosynthesis [START_REF] Chourey | The basal endosperm transfer layer (BETL): Gateway to the maize kernel[END_REF]Sabelli and Larkins, 2009). In maize, nutrients are unloaded from open ends of the phloem vessels into the placento-chalazal zone of the maternal pedicel [START_REF] Bezrutczyk | Impaired phloem loading in zmsweet13a,b,c sucrose transporter triple knock-out mutants in Zea mays[END_REF][START_REF] Porter | Assimilate Unloading from Maize (Zea mays L.) Pedicel Tissues : II. Effects of Chemical Agents on Sugar, Amino Acid, and C-Assimilate Unloading[END_REF]. At the base of the endosperm, the BETL cells at the interface form dramatic cell wall ingrowths, thus increasing the exchange surface [START_REF] Davis | A Light and Electron-Microscope Investigation of the Transfer Cell Region of Maize Caryopses[END_REF][START_REF] Kiesselbach | Structure of Certain Specialized Tissues in the Kernel of Corn[END_REF]. BETL cells express a specific set of genes including MINIATURE1, encoding a cell wall invertase, which cleaves sucrose in hexoses that are taken up by the sugar transporter SWEET4c, which has been demonstrated to be the key transporter of sugar at this pedicel/endosperm interface, since the defects in seed filling of the corresponding sweet4c mutant lead to a miniature kernel phenotype [START_REF] Cheng | The Miniature1 seed locus of maize encodes a cell wall invertase required for normal development of endosperm and maternal cells in the pedicel[END_REF]Kang et al., 2009;Lowe and Nelson, 1946;Miller and Chourey, 1992;Sosso et al., 2015). The remaining endosperm interface with maternal tissues (initially the nucellus and later on the pericarp) is the AL, which is not known to contribute to nutrient exchange during seed development [START_REF] Gontarek | Aleurone[END_REF]Kiesselbach, 1949;Olsen, 2004a;Randolph, 1936).

The interface between the endosperm and the embryo is developmentally dynamic. At 3-6 DAP, the embryo is totally surrounded by ESR-type cells. As the embryo expands, it emerges from the ESR, which consequently becomes restricted to the zone surrounding the basal part (suspensor) of the embryo and ultimately disappears together with the suspensor at the end of the early development phase (Giuliani et al., 2002;OpsahlFerstad et al., 1997). From 8-9 DAP, the upper part (embryo proper) forms two new interfaces: (1) At the adaxial side the embryo is enclosed by a single cell layer, which is called scutellar aleurone layer (SAL) in barley (Jestin et al., 2008). ( 2) At the abaxial side, the embryo is brought into direct contact with central starchy endosperm cells (Van Lammeren, 1987). This interface is constantly moving due to the growth of the scutellum inside the endosperm. On the embryo side of this interface, the epidermis of the scutellum has a distinct morphology and gene expression pattern [START_REF] Bommert | Gene expression patterns in the maize caryopsis: clues to decisions in embryo and endosperm development[END_REF]Ingram et al., 2000). The dynamics of the endosperm/embryo interface, and the processes that occur there, remain largely undescribed.

The cells at many inter-compartmental interfaces, such as the BETL, the ESR or the AL constitute readily identifiable tissues with distinctive and often striking cell morphologies, defined organisations and established functions (except for the ESR). In many cases specific sets of genes are expressed in these tissues, as revealed by the identification and characterisation of marker genes, for example of MATERNALLY EXPRESSED GENE 1 (MEG1), MYB-RELATED PROTEIN 1 (MRP1) and BETL1-4 [START_REF] Cai | Subcellular localisation of BETL-1, -2 and -4 in Zea mays L. endosperm[END_REF][START_REF] Gómez | Establishment of Cereal Endosperm Expression Domains Identification and Properties of a Maize Transfer Cell-Specific Transcription Factor, ZmMRP-1[END_REF][START_REF] Gutiérrez-Marcos | maternally expressed gene1 Is a Novel Maize Endosperm Transfer Cell-Specific Gene with a Maternal Parent-of-Origin Pattern of Expression[END_REF]Hueros et al., 1999aHueros et al., , 1999b) ) in the BETL , VIVIPARIOUS 1 (VP1) in the AL (Doll et al., 2017a;[START_REF] Suzuki | Viviparous1 alters global gene expression patterns through regulation of abscisic acid signaling[END_REF], or ESR1-2-3 in the ESR (OpsahlFerstad et al., 1997).

Genome-wide gene expression studies at numerous developmental stages of whole kernels and/or hand-dissected endosperm and embryo (Chen et al., 2014;[START_REF] Downs | A Developmental Transcriptional Network for Maize Defines Coexpression Modules[END_REF]Li et al., 2014;[START_REF] Lu | The Differential Transcription Network between Embryo and Endosperm in the Early Developing Maize Seed(1[C][W][OA])[END_REF][START_REF] Meng | Sequential gene activation and gene imprinting during early embryo development in maize[END_REF][START_REF] Qu | Transcriptome Dynamics during Maize Endosperm Development[END_REF], have been complemented by a recent transcriptomic analysis of laser-capture micro-dissected cell types and sub-compartments of 8

DAP kernels (Zhan et al., 2015). However, even the latter study did not address specifically the transcriptomic profiles of the embryo/endosperm interfaces and did not answer the question of whether the endosperm at this scutellum/endosperm interface is composed of cells with specific transcriptional identities.

In this study, we took advantage of the large size of maize kernel to characterize the genomewide expression profile at embryo/endosperm interfaces at 13 DAP. RNA-seq profiling revealed that endosperm cells in close contact with the embryo scutellum have a distinct transcriptional signature allowing us to define a new endosperm zone named the EAS for Endosperm Adjacent to the Scutellum, which is specialized in nutrient transport based on GO enrichment analysis.

Results

RNA-seq profiling of 13 DAP maize kernel compartments and embryo/endosperm interfaces.

To characterize the gene expression patterns of embryo/endosperm interfaces in maize kernels, six compartments/sub-compartments were selected for transcriptomic analysis (Figure 1A).

The three whole kernel compartments chosen were: (1) the maternal tissues with the exception of the pedicel, which we named pericarp (Per), ( 2) the whole endosperm (End), and (3) the whole embryo (Emb) (Figure 1A). Three sub-compartments corresponding to three distinct embryo/endosperm interfaces at this developmental stage were also hand-dissected: the single aleurone cell layer at the adaxial side of the embryo, called the Scutellar Aleurone (SAL), the embryo tip composed uniquely of scutellum tissues without the embryo axis, which we called the Apical Scutellum (AS), and a new region that we named Endosperm Adjacent to the Scutellum (EAS) corresponding to the layers of endosperm cells in close contact with the scutellum at the abaxial side of the embryo (Figure 1A). We selected 13 DAP old maize kernels (embryo size of about 2,5 mm) from B73 inbred line because of the feasibility of hand dissection of embryo/endosperm interfaces at this developmental stage. For each of the six samples, four biological replicates, each composed of a pool of dissected tissues coming from several plants were produced (Table S1). A total of 24 RNA-seq libraries were constructed and paired-end sequenced using the Illumina Hiseq2000 technology. The resulting reads (average of ~52 million reads per sample) were quality checked, cleaned and mapped to the 4 th version of the B73 maize genome (AGPv4). On average 95,8% (± 0.4%) of the reads were mapped (Figure 1B), and of these on average 78,3% (± 5,3%) corresponded to annotated genes. Reads that mapped to multiple genes (10.2% ± 5.3%) or to no gene (5.2% ± 1,1%), as well as ambiguous hits (1.5% ± 0,6%) were filtered (Figure1B). A gene was considered to be expressed if the number of reads per kilobase per million (RPKM) was equal or superior to 1. At least 25 000 genes were found to be expressed per replicate, with the largest number found in the SAL (~30 000 genes expressed) (Figure 1C). The results generated for each replicate are available in Sup Data Set 1.

In order to assess the relationship between the different samples, a principal component analysis (PCA) was performed (Figure 2A). As expected, biological replicates grouped together, indicating experimental reproducibility. PCA also reveals distinct sample populations corresponding to each compartment/sub-compartment with the exception of the AS and Emb samples, which were superimposed (Figure 2A). Interestingly, the two endosperm interfaces (SAL and EAS) formed groups that were distinct from the whole endosperm samples. The EAS was more similar to the whole endosperm compare to the SAL, indicating a closer transcriptomic landscape (Figure 2A). As an additional validation of our dataset, the expression profiles of previously described genes showing tissue-specific expression patterns were investigated (Figure 2B-C and Figure S1). LEC1 and ZmNAC124 (named ZmNAC6 by Zimmermann and Werr, 2005), two embryo specific genes, were specifically expressed in the whole embryo in our dataset. LEC1 was also found to be expressed in the AS (Shen et al., 2010).

Absence of ZmNAC124 expression in the AS is consistent with the strong in situ hybridisation signal for this gene in the basal part of the embryonic axis described by Zimmermann and Werr, 2005. The two endosperm specific genes ZmZOU (O11) and O2 were found to be strongly expressed in the endosperm and in the EAS in out samples, but a weak expression was also detected in the SAL and, surprisingly, the Per (Figure 2C) (Feng et al., 2018;Grimault et al., 2015;[START_REF] Schmidt | Maize regulatory gene opaque-2 encodes a protein with a "leucine-zipper" motif that binds to zein DNA[END_REF][START_REF] Zhang | Maize endosperm-specific transcription factors O2 and PBF network the regulation of protein and starch synthesis[END_REF]. In addition the aleurone specific gene VPP1

show also a weak expression in the pericarp suggesting a possible contamination of the pericarp by SAL, which will be discussed later.

Identification of preferentially expressed genes and biological processes associated with specific maize kernel compartments.

Differential expression analyses were performed between the 6 compartments/subcompartments (15 comparisons in total), by comparing expression differences two by two using a likelihood ratio test with p-values adjusted by the Benjamini-Hochberg procedure to control false discovery rates (see in Materials and Methods). Genes with both adjusted p-values lower than 0.05 and an expression difference of 4-fold or greater (log2(Fold Change) ≥ 2) were described as differentially expressed genes (DEGs). The full lists of DEG for the 15 inter-tissue comparisons performed are available in Sup. Data Set 2. To identify the biological processes associated with the DEGs, a gene ontology (GO) analysis was performed. Because of the few resources available on GO term annotation, a new annotation was carried out (see in materials and methods).

In order to identify GO terms enriched in the two zygotic compartments and to validate our new GO annotation, GO terms enriched in the DEGs upregulated in these compartments compared to the two other main compartments were identified. The DEGs upregulated in the embryo relative to both endosperm and pericarp, show an enrichment in GO terms related to the cell cycle, including "DNA replication", "nuclear division" or "cytoskeleton protein binding", as well as the GO term "developmental process", consistent with the extensive developmental and mitotic activity within the embryo at this stage (Table 1). In contrast GO terms enriched in the DEGs upregulated in the endosperm relative to both embryo and pericarp were linked to starch and carbohydrate biosynthesis, as well as nutrient reservoir function (Table 1). This enrichment is logical, as the endosperm is a nutrient storage compartment that synthesizes a huge amount of starch [START_REF] Nelson | Starch Synthesis in Maize Endosperms[END_REF][START_REF] Zheng | The cereal starch endosperm development and its relationship with other endosperm tissues and embryo[END_REF].

The endosperm tissues at the embryo interface specifically express genes encoding putative transporters

We next turned our attention to the three sub-compartments (SAL, AS and EAS) at the embryo/endosperm interface. DEGs between sub-compartments and their whole compartments of origin were identified (Table 2). 682 genes were found to be differentially expressed between the Emb and the AS according to our criteria. Among them, 82 are more strongly expressed and 600 are more weakly expressed in the AS compared to the Emb samples (Table 2). Amongst the genes showing reduced expression, we expected to find genes specifically expressed in other parts of the embryo, as it is the case for ZmNAC124, which is expressed in the coleorhiza (Figure 2B and Figure 3C,D) (Zimmermann and Werr, 2005). Amongst the more strongly expressed DEGs, only a few GO terms were enriched, probably because of the low number of DEGs involved. GO terms linked to transcriptional regulation were nonetheless found to be enriched (Table 3).

2 975 genes were found to be differentially expressed between the SAL and the End, 1995 correspond to genes more strongly expressed in the SAL, and 980 to genes with lower expression levels in the SAL (Table 2). Interestingly, in the strongly expressed genes, an enrichment in GO terms related to transport is found, especially concerning ion and drug transport, suggesting a specific expression of transporters in this region (Table 3).

Finally, the comparison between the EAS and the End revealed 1 498 DEGs with 485 genes showing stronger expression in the EAS than the End and 1 013 genes with the inverse profile (Table 2). Amongst the genes more strongly expressed in the EAS, GO analyses again revealed a significant enrichment in GO terms linked to transport (Table 3). Among them, we found the same GO term "metal ion transport" as in the SAL, but the enrichment of other GO terms, such as those relating to anion and amino acid transport, suggests the expression of a specific pool of transporters in the EAS.

AS vs Emb

EAS vs End SAL vs End

To push our analysis further, we investigated the rice and Arabidopsis orthologs for the DEGs enriched in both the EAS and the SAL. Because of the huge list of DEGs we focussed first on genes that were at least 8 times more strongly expressed in this tissue compared to End samples. 8,45 % (45/532) of the genes enriched in the SAL and 16,04 % (34/212) of the genes enriched in the EAS have at least one orthologue in rice or in Arabidopsis that encodes a putative transporter (Table 4). In the SAL, transcripts from many genes potentially encoding MATE transporters and ion transporters was found to be strongly enriched, consistent with our GO analysis. In the EAS, genes encoding transporters from various families were identified including several UMAMIT-and SWEET-encoding genes. A particularly large number of genes encoding putative amino acid transporters were found to show strong expression in the EAS in accordance with our GO analysis, although genes encoding transporters for various other molecules including phosphate, nucleotides, sugars and ions also showed strong expression. Extension of our analysis to all the DEGs showing stronger expression in the EAS confirms this specific enrichment in transcripts from transporter-encoding genes, although the level of enrichment lower 11.96% (58/485). Taken together, these data support the idea that both SAL and EAS cells specifically express putative transporter-encoding genes, suggesting the these cells are characterised by an elevated transmembrane transport of various molecules, and potentially mediate nutrient repartitioning around the embryo. However, each tissue expresses specific classes of genes, with those encoding proteins potentially involved in amino acid or sugar transport more likely to be expressed in the EAS.

In-situ hybridization shows that the EAS is restricted to one to three endosperm cell layers adjacent to the scutellum.

The SAL has both cellular and biochemical characteristics of the aleurone making it inherently different from the other endosperm tissues [START_REF] Gontarek | Aleurone[END_REF]Zheng and Wang, 2014). In contrast, EAS cells appear morphologically undistinguishable from SE cells, which compose the majority of the volume of the endosperm (Sabelli, 2012;Van Lammeren, 1987).

However, our transcriptomic analysis suggest that these cells have a specific genetic program.

In order to (1) confirm EAS expression specificity and to (2) provide a finer spatial resolution to better define and characterize the new EAS region, in situ hybridizations were performed Table 4: Number of genes encoding putative transporters in the DEGs upregulated in the SAL and the EAS compared to the End per family and per molecules transported: (1) in the genes 8 times more expressed in the SAL than in the End, (2) in the genes 8 times more expressed in the EAS than in the End (3) in the genes 4 times more expressed in the EAS than in the End (=DEGs).

against a set of genes specifically expressed in the EAS. Three putative transporter-encoding genes were selected: two encode putative sugar transporters of the SWEET family, SWEET14a

(Zm00001d007365) and SWEET15a (Zm00001d050577) and one encodes a putative amino acid transporter, we called UMAMIT_EAS1 (Zm00001d009063), belonging to the UMAMIT family (Müller et al., 2015a;Sosso et al., 2015). Three other EAS specific genes were also selected:

PHOSPHATIDYLETHANOLAMINE-BINDING PROTEIN 11 (PEBP11, Zm00001d037439), SERINE CARBOXYPEPTIDASE-LIKE 49 (SCL49, Zm00001d014983
) and a gene with no name and unknown function, which we called EAS1 (Table S2). The negative control chosen for in situ hybridization, was an antisense probe generated against a GFP-encoding ORF. The positive control was ZmNAC124 (Zm00001d046126), which is specifically expressed in the Emb compartment in our transcriptome (Figure 2B and Table S2) and which has previously been shown by in situ hybridization, to be expressed in specific embryonic tissues (Zimmermann and Werr, 2005). In situ hybridizations were performed on 13 DAP kernels, at the same stage as for the transcriptome analysis. 4 probes, against SWEET15a (Figure 3G,H), 3M,N) and SCL49 (Figure 3O,P) gave a strong signal restricted to a few layers of endosperm cells immediately adjacent to the scutellum, with little or no expression detected elsewhere in the kernel. For the probe against SWEET14a the signal was also strong in the EAS, but was present, albeit more weakly in other kernel tissues as well, especially in the embryo (Figure 3E,F). The probe against UMAMIT-EAS1 gave a weaker signal restricted to the apical part of the EAS region, consistent with the lower expression levels of this gene in our transcriptome data (Table S2). However the signal for UMAMIT-EAS1 remained specific to the EAS cells (Figure 3I,J). These results confirm that EAS cells have a specific transcriptional program and that this programme (and thus the EAS) is restricted to 1 to 3 layers of endosperm cells adjacent to the scutellum.

PEPB11 (Figure 3K,L), EAS1 (Figure

EAS is a dynamic region defined just after emergence of the embryo from ESR (9 DAP) and persisting until around at least 17DAP.

To evaluate the dynamics of the expression of EAS specific genes during kernel development, in situ hybridizations were carried out on kernels at different developmental stages (9, 11, 14, 17 and 20 DAP) (Figure 4 and Figure S2). The four probes giving a strong and EAS-specific signal at 13DAP (SWEET15a, PEPB11, EAS1, SCL49) were used (Figure 4). In 9 DAP kernels, the two probes against PEPB11 and EAS1 showed no signal, whereas the two others, against EAS1 and SWEET15a, gave a strong signal in the endosperm cells adjacent to the apical part of the embryo (Figure 4 and Figure S2). This signal was restricted to the few layers of cells in the vicinity of the future scutellum. At this stage, the basal part of the embryo is still surrounded by ESR cells but no signal was detected within this region. At 11 DAP, all the 4 probes tested give a very strong signal in the layers of endosperm cells adjacent to the scutellum. At 14 DAP and 17 DAP, the 4 probes gave same kind of signal, always restricted to one or two cell layers in close contact with the embryo (Figure 4 and Figure S2). Finally, at 20 DAP the signal decrease for the 4 probes with a total disappearance for SWEET15a. Together, these results reveal that the EAS transcriptomic region exists over a relatively large time window: early marker genes are already expressed at 9 DAP, when the embryo tip emerges from its previous endosperm interface, the ESR, while the expression of the marker genes tested stopped or decreased at 20 DAP.

EAS cells originate from the starchy endosperm (SE), and undergo cell death.

Despite the specific expression of EAS marker genes, and consistent with their SE-like morphology, EAS cells also show some transcriptomic characteristics of the SE such as a strong expression of genes encoding ZEIN storage proteins (Figure S3). We hypothesize that EAS cells are actually SE cells that are forced into juxtaposition with the scutellum because of the growth of the embryo into the SE during kernel development (Figure 4, Figure S1). We therefore hypothesise that the EAS program may not be fixed to static group of cells but that EAS cell identity is acquired as SE cells enter into contact with the scutellum.

To address the question of EAS cells fate in proximity to the scutellum, longitudinal and sagittal sections of EAS/scutellum interface were both hybridized with two EAS specific probes (against SWEET15a and SWEET14a) and stained by calcofluor to reveal cell walls (Figure 5A,C). Accumulation of cell wall material occurs at the interface with the scutellum, which may correspond to the compaction of crushed endosperm cells. Interestingly, in situ hybridization signal for the EAS marker genes is found in the first un-crushed cell layer (Figure 5B,D). Terminal deoxynucleotidyl transferase dUTP Nick End Labelling (TUNEL) assays were performed on 15 DAP kernels to visualized DNA degradation as an indicator of the presence of dying cells [START_REF] Labat-Moleur | TUNEL Apoptotic Cell Detection in Tissue Sections: Critical Evaluation and Improvement[END_REF]. In addition to the PC and coleoptile regions both known to undergo cell death (Giuliani et al., 2002;Kladnik et al., 2004), a clear TUNEL positive nucleus signal is also found in some EAS cells in close contact with the scutellum (Figure 5C and D). This result suggests that a form of cell death occurs at this interface. To clarify whether transcriptional activation of EAS specific genes precedes or succeeds this cell death, the et al., 2017;[START_REF] Fagundes | Caspases in plants: metacaspase gene family in plant stress responses[END_REF]. Surprisingly none of the cell-death associated genes was found to be particularly up regulated in the EAS compared to the End. In addition, no enrichment of GO terms associated with cell death in the DEGs strongly expressed in the EAS relative to the End samples was found.

Embryoless mutants show impaired expression of some EAS marker genes.

To test to what extent the proximity of the embryo/scutellum is required for EAS gene expression, the embryoless mutant emb8522 in the Rcsm2 genetic background was used. The recessive emb8522 mutant produces vestigial embryos composed of a small heap of cells. The endosperm generates a cavity around the aborting embryo that is far from being occupied by the embryo contrary to wild type (Heckel et al., 1999;Sosso et al., 2012). Self-fertilization of heterozygote plants carrying the emb8522 mutation were performed, and in situ hybridizations were carried out on 13 DAP sibling kernels with either phenotypically wild-type or with vestigial embryos to visualize the transcripts of 4 EAS marker genes (Figure 6). Similar EAS specific expression patterns were found for all genes tested in Rcsm2 kernels with embryos (Figure 6) compared to B73 kernels (Figure4), indicating a conservation of EAS cell identity in this genetic background. In embryoless kernels, the probes against EAS1 and SWEET15a still showed a signal in the EAS region but with an altered distribution (Figure 6). Indeed, EAS1

expression was found to be restricted to the apical part of the embryo cavity and SWEET15a expression expanded to the SAL, suggesting an inhibitory role of the normal embryo on SWEET15a expression in this tissue. Interestingly the two other EAS marker genes tested showed either only very weak expression (SCL49) or no expression (PEPB11) in embryoless kernels, indicating a strong effect of the normal embryo on the expression of these two genes (Figure 6). The 15 different comparisons are presented on different sheets. The genes with a stastistical difference supported by a FDR < 0.05 are listed. Among them, the DEGs (i.e. genes with a log2(fold change) ≥ 2) are highlighted in yellow. The Sup. Data Set 2 is available at https://filesender.ens-lyon.fr/?vid=3fd3ee02-8891-d809-5ac0-000018fdd8a4

Supplemental

Discussion

Transcriptomes at embryo/endosperm interfaces

Previously published analyses aiming to characterise gene expression patterns during maize kernel development were performed either on whole kernels or whole compartments (embryo, endosperm). In some cases various kernel developmental stages were also included in analyses (Chen et al., 2014;[START_REF] Downs | A Developmental Transcriptional Network for Maize Defines Coexpression Modules[END_REF]Li et al., 2014;[START_REF] Lu | The Differential Transcription Network between Embryo and Endosperm in the Early Developing Maize Seed(1[C][W][OA])[END_REF][START_REF] Meng | Sequential gene activation and gene imprinting during early embryo development in maize[END_REF][START_REF] Qu | Transcriptome Dynamics during Maize Endosperm Development[END_REF]. Recently a transcriptome analysis giving high temporal resolution allowed unprecedented access to information regarding the genetic control of early kernel developmental stages [START_REF] Yi | High-temporal-resolution Transcriptome Landscape of Early Maize Seed Development[END_REF]. However, to our knowledge, efforts to provide spatially resolved transcriptomes within maize kernel sub-compartments are relatively scarce. Only the analysis of Zhan et al, 2015, has provided transcriptome analysis for kernel sub-compartments.

This analysis was carried out at 8 DAP, and used Laser-Capture Microdissection (LCM) (Zhan et al., 2015). This detailed analysis revealed the expression of specific populations of genes in the maternal tissues, the embryo and the main endosperm cell types (ESR, BETL, AL and SE (divided in CSE and CZ)). This study, although providing an extremely valuable resource, did not address the specific question of whether transcriptional domains exist at the embryoendosperm interface. Both the endosperm and embryo are complex compartments with several morphologically and functionally distinct domains (Olsen, 2004b;Sabelli and Larkins, 2009).

Because they undergo complex and coordinated developmental programmes, the interfaces between the embryo and the endosperm represent important, and constantly changing zones of exchange, both in term of nutrition and communication (Ingram and Gutierrez-Marcos, 2015;[START_REF] Nowack | Reproductive crosstalk: seed development in flowering plants[END_REF]Widiez et al., 2017a). In order to understand these interactions, we have specifically focussed our analysis on the embryo/endosperm interfaces. We took advantage of relatively large size of maize kernel compartments, and chose 13 DAP old kernels because at this stage the embryo has emerged from the ESR and is establishing new interactions with endosperm. From a practical point of view, using kernels at 13 DAP allows hand dissection of the sub-compartments and interfaces. 

Rcsm2 +emb

In Arabidopsis, an extremely valuable resource generated by LCM is available [START_REF] Belmonte | Comprehensive developmental profiles of gene activity in regions and subregions of the Arabidopsis seed[END_REF]Le et al., 2010;Palovaara et al., 2017). Although globally very reliable, a recent study has revealed some inter-compartment contamination, which has caused problems for investigation of the parental contributions to the transcriptomes of early embryos and endosperm [START_REF] Schon | Widespread Contamination of Arabidopsis Embryo and Endosperm Transcriptome Data Sets[END_REF]. In our study, precautions were taken to limit inter-tissue contamination by (i) washed each sample before RNA extraction (see in materials and methods) and (ii) generating four biological replicates for each tissue. However, we cannot completely rule out the possibility of contamination during our dissections. This is especially true for contamination of the pericarp by the AL, since these tissue are difficult to separate. Indeed in our data the presence of some contamination is suggested by the apparent expression of both the VPP1 aleurone marker gene and the endosperm marker genes ZOU and O2 in the pericarp sample Does the EAS regulate carbon and nitrogen fluxes from the endosperm to the embryo?

Transcriptomic profiling of the two endosperm interfaces with the embryo (SAL and EAS) revealed specific transcriptional signatures. GO analysis revealed an enrichment in the expression of transporter-encoding genes for both tissues. Interestingly however genes associated with amino acid transport were preferentially expressed in the EAS, whilst those associated with ion and drug transport tended to show elevated expression in the SAL. Many

UMAMITs and SWEETs, supposed to transport amino acid or auxin and sugars respectively were found enriched in the EAS. Interestingly UMAMITs and SWEETs are thought to be bidirectional transporters, although they tend to act as exporters when located at the plasma membrane, exporting nutrients down concentration gradients generated by sinks in adjacent tissues [START_REF] Chen | Sucrose efflux mediated by SWEET proteins as a key step for phloem transport[END_REF]Müller et al., 2015a). Two non-exclusive hypotheses could explain the elevated expression of transporter-encoding genes in the EAS: either these cells could actively take up and then export nutrients into the apoplastic space surrounding the growing embryo, or they are simply involved in recycling nutrients out of endosperm cells that are about to die.

Very little is known about the mechanisms involved in nutrient transfer from the developing endosperm to the embryo. Naively on might expect the expression of genes encoding nutrient importers at the surface of the scutellum in order to take up these apoplastic molecules. In our scutellum transcriptome (AS), we were not able to detect, differentially expressed importer-encoding genes. This could suggest that the regulation of importer activity does not occur at the transcriptional level. However it seems more likely that our transcriptomic, comparison AS vs Emb is not well designed for the identification of such genes, since the whole embryo is mainly composed of scutellum tissues.

In the future a more detailed comparison of the gene expression profiles of the EAS and the BETL region could be informative. The BETL in an interface specialized in nutrient transfer from the mother to the endosperm [START_REF] Chourey | The basal endosperm transfer layer (BETL): Gateway to the maize kernel[END_REF]. The hexose transporter SWEET4c is preferentially expressed in the BETL, and loss of function of SWEET4c results in the production of a shrivelled endosperm, illustrating the critical importance of hexoses transport in the BETL for normal endosperm growth (Sosso et al., 2015). Interestingly, SWEET4c is also found in the DEGs showing strong expression in the EAS compared to the endosperm as a whole, suggesting commonalities between BETL and EAS function. EASspecific knock-down of SWEET4c might be one strategy to test this hypothesis. Nonetheless, notable differences exist between the EAS and the BETL. Firstly BETL cells have structural features including dramatic cell wall ingrowths that make them unique in the endosperm [START_REF] Chourey | The basal endosperm transfer layer (BETL): Gateway to the maize kernel[END_REF]Leroux et al., 2014). In contrast EAS cells cannot be morphologically differentiated from the SE (Sabelli, 2012;Van Lammeren, 1987). Secondly, the BETL represents a static interface, contrary to EAS which is displaced as the embryo scutellum expands. This is particularly true between 9 and 14 DAP, which corresponds to the most rapid growth-phase of the embryo (Chen et al., 2014).

The EAS is a developmentally dynamic interface

The time point used for our tissue sampling (13 DAP) is during the most rapid growth phase of the embryo (Chen et al., 2014). The detection of DNA fragmentation characteristic of cell death in EAS cells (Figure 5E,F), reinforced by an aggregation of cell wall material in this zone (Figure 5A,C), highlights the fact that endosperm cells are eliminated as the embryo grows. An important question is whether this involves a genetically controlled cell-autonomous death or a more atypical and passive cell death process associated with embryo growth. In the Arabidopsis seed, most of the endosperm degenerates during seed development. The expression of developmental cell death marker genes such as PLANT ASPARTIC PROTEASE A3 (PASPA3)

or BIFUNCTIONAL NUCLEASE 1 (BFN1) has been detected at the embryo interface (Fourquin et al., 2016;Olvera-Carrillo et al., 2015). Although less is known about molecular actors involved in developmental cell death in maize, our examination of the expression of putative cell death marker genes did not reveal any transcriptional activation in EAS cells, and no cell death-associated genes were found in the DEGs strongly expressed in the EAS compared to the End. Cell death in the EAS could be triggered by the activation of unknown cell deathassociated genes but another explanation for our observations could be a dilution of the transcriptional signal in the EAS transcriptome, making it undetectable. This is supported by TUNEL staining, which reveals a very localised signal in a few cells at the immediate interface with the embryo. In addition, previous cell death staining with Evans blue, does not reveal any massive cell death in the EAS, supporting the hypothesis of very localized cell death events (Young and Gallie, 2000a). Cell death in the EAS differs from the cell death that occurs later in the SE. In the SE, a massive cell death is initiated at 16DAP in the centre and crown and expands to the whole SE until 40DAP (Sabelli, 2012;Young and Gallie, 2000a;Young et al., 1997). This cell death is positively regulated by ethylene, and negatively regulated by RBR1

and by the abscisic acid, probably via the inhibition of ethylene production [START_REF] Sabelli | Control of cell proliferation, endoreduplication, cell size, and cell death by the retinoblastoma-related pathway in maize endosperm[END_REF]Young and Gallie, 2000b;Young et al., 1997). Interestingly, SE massive cell death is likely enhanced by the sugar concentration, as the shrunken2 mutant, defective in starch synthesis accumulates more free sugars and has an earlier cell death (Sabelli, 2012;Young et al., 1997).

The increase of sugar content is thought to activate ethylene production (Young et al., 1997).

As EAS cells strongly expressed sugar transporters, a similar process could trigger cell death.

However, no enrichment in the GO terms linked to ethylene response has been found in the DEGs enriched in the EAS compared to the End.

The link between cell death and transporter expression remains still unclear but the expression of transporters might allow the recycling of nutrients from the cells before they die. As these cells are SE in origin, they could already have initiated nutrient storage at 13 DAP, as illustrated by the strong expression of ZEIN-encoding genes. Nutrient recycling could be an advantageous way for the plant to reuse the nutrients stored. Interestingly, in Arabidopsis the STP13 sugar transporter is upregulated in cell death contexts although its role in nutrient recycling has not yet been demonstrated [START_REF] Norholm | Expression of the Arabidopsis high-affinity hexose transporter STP13 correlates with programmed cell death[END_REF].

The importance of the embryo for the expression of EAS marker genes

Since the EAS is a mobile interface, forming adjacent to the expanding scutellum, we asked how the presence of the embryo influences the activation of EAS marker genes (Figure 6). To answer this question, we exploited the emb8522 mutant, which produces only a residual embryo (Heckel et al., 1999;Sosso et al., 2012). Since emb8522 mutants can have variable phenotypes depending on their genetic backgrounds (Sosso et al., 2012), we used the Rcsm2 background which gives the most severe embryo abortion phenotype for emb8522. In this background, the homozygous emb8522 embryo is reduced to a small ball of cells at 13DAP. Interestingly however, the endosperm still generate a vacant embryo cavity (Sosso et al., 2012). The mechanisms involved in embryo cavity formation remain elusive, although a recent study shown that the SHOHAI1 protein is required in the endosperm for the formation of the embryo cavity (Mimura et al., 2018). Interestingly, we found that the absence of normal sized embryo in the emb8522 mutant impaired the expression of different EAS marker genes in different ways. The SWEET15A gene is still expressed in EAS cells, but remarkably becomes strongly expressed in the opposing embryo/endosperm interface: the SAL. In the BETL the SWEET4c transporter is induced by sugar (Sosso et al., 2015). A similar induction of SWEET15a could occur if the absence of a normal embryo led to a build-up of sucrose in the embryo cavity of emb8522 mutants. However this hypothesis remains to be tested. In contrast, the expression domain of the EAS1 marker genes is reduced in emb8522 mutants, with expression becoming restricted only in the apical part of EAS region. Finally, the expression of PEPB11 and SCL49 dramatically reduced expression in emb8522 mutants compared to phenotypically wild-type kernels. These results suggest that EAS-specific gene expression can be a result of several independent factors, some of which could originate from the endosperm, and others from the embryo.

Interestingly the expression of both PEPB11 and SCL49 initiates relatively late in the EAS. In contrast the expression of SWEET15a and EAS1 initiates before 9 DAP. This suggest the presence of at least two transcriptional programs in the EAS: one initiating early and weakly influenced by the embryo and a second activated later, and more strongly embryo-dependent.

More in depth analysis of our transcriptomes, and the generation of comparably transcriptomes at earlier developmental stages, could help us identify the key signals activating gene expression in the EAS, and potentially pinpoint transcription factors regulating gene expression in this tissue.

Materials and Methods

Plant materials, plant growth conditions A188 and B73 inbreed lines were cultivated in green house under similar conditions as described previously [START_REF] Rousseau | Fast virtual histology using X-ray in-line phase tomography: application to the 3D anatomy of maize developing seeds[END_REF]. The emb8522 mutants in Rcsm-2 background (Sosso et al., 2012) together with the B73 plants used for in-situ hybridization were cultivated in a field located at the ENS de Lyon, France.

Isolation of maize kernel compartments

Kernel compartments/sub-compartments of the B73 inbreed line were hand dissected and quickly washed with HyClone Dulbecco's Phosphate-Buffered Saline solution (ref.

SH30378.02), before freezing them in liquid nitrogen. For each compartments/subcompartments, four independent biological replicates were produced (Sub Table 2). For each biological replicate, the material comes from two independent 13 days-old maize ears, and a total of 8 different ears were used. In addition, for each biological replicate of the compartments/sub-compartments were obtained by pooling tissues from 4 to 84 kernels depending on the considered compartments/sub-compartments (Table S2).

RNA extraction and RNA-seq

Total RNAs were extracted using TRIzol extraction followed by a DNase treatment using the Qiagen "RNase-Free DNase Set", and purified using the Qiagen RNEasy column according to the suppliers' instructions. The sequencing technology used was an Illumina Hiseq2000 (thanks to IG-CNS (Institut de Génomique-Centre National de Séquençage, that give us a privileged access to perform sequencing). RNA-seq libraries were performed by the "TruSeq_RNA_SamplePrep_v2_Guide_15026495_C" protocol (Illumina®, California, USA).

The RNA-seq samples have been sequenced in paired-end (PE) with a sizing of 260bp and a read length of 2×100 bases. Six samples were pooled on each lane of a Hiseq2000 sequencer (Illumina), tagged with individual bar-coded adapters, giving approximately 40 millions of paired-end (PE) reads per sample. All steps of the experiment, from growth conditions to bioinformatic analyses, were managed in CATdb database [START_REF] Gagnot | CATdb: a public access to Arabidopsis transcriptome data from the URGV-CATMA platform[END_REF] http://tools.ips2.u-psud.fr/CATdb/) in project ID "NGS2014_21_SeedCom" according to the MINSEQE (minimum information about a high-throughput sequencing experiment).

RNA-seq read processing and gene expression analysis

RNA-Seq reads from all samples were processed using the same pipeline from trimming to count of transcripts abundance as follows. Read quality control was performed using the FastQC version (S. Andrew, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The raw data (fastq files) were trimmed by FASTX Toolkit version 0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/) for Phred Quality Score > 20, read length > 30 bases, and the ribosomal sequences were removed with the sortMeRNA tool [START_REF] Kopylova | SortMeRNA: Fast and accurate filtering of ribosomal RNAs in metatranscriptomic data[END_REF].

The genomic mapper TopHat2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF] was used to align read pairs against the Zea mays B73 genome sequence (AGP v4, [START_REF] Jiao | Improved maize reference genome with single-molecule technologies[END_REF]), with the gene annotation version 4.32 provided as a GFF file [START_REF] Wang | Unveiling the complexity of the maize transcriptome by single-molecule long-read sequencing[END_REF]. The abundance of each isoform was calculated with the tool HTSeq-count [START_REF] Anders | HTSeq--a Python framework to work with high-throughput sequencing data[END_REF] that counts only pairedend reads for which PE reads map unambiguously one gene, removing so multi-hits (default option union). The genome sequence and annotation file used was retrieved from the Gramene database (http://www.gramene.org/ [START_REF] Gupta | Gramene Database: Navigating Plant Comparative Genomics Resources[END_REF], release 51 on September 2016). RNA-Seq raw data were deposited in the international repository GEO (Gene Expression Omnibus, [START_REF] Edgar | Gene Expression Omnibus: NCBI gene expression and hybridization array data repository[END_REF], http://www.ncbi.nlm.nih.gov/geo) under projet ID GSE110060.

Choices for the differential analysis were made based on the publication of [START_REF] Rigaill | Synthetic data sets for the identification of key ingredients for RNA-seq differential analysis[END_REF] To increase the detection power by limiting the number of statistical tests [START_REF] Bourgon | Independent filtering increases detection power for high-throughput experiments[END_REF] we performed an independent filtering by discarding genes which did not have at least 1 read after a count per million (CPM) in at least one half of the samples. Library size was normalized using the method trimmed mean of M-values (TMM) and count distribution was modeled with a negative binomial generalized linear. Dispersion was estimated by the edgeR package (version 1.12.0, [START_REF] Mccarthy | Differential expression analysis of multifactor RNA-Seq experiments with respect to biological variation[END_REF] in the statistical software 'R' (version 2.15.0, R Development Core Team, 2005). Pairwise expression differences were compared using likelihood ratio test and p-values were adjusted by the Benjamini-Hochberg [START_REF] Benjamini | Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing[END_REF] procedure to control FDR. A gene was declared to have a differential expression if its adjusted p-value is lower than 0.05.

Functional annotation of Zea mays transcriptome, GO term enrichment analysis

The Zea mays B73 genome sequence v4 [START_REF] Jiao | Improved maize reference genome with single-molecule technologies[END_REF] and the gene annotation v4.40

were used to predict transcript sequences using gffread script from the Cufflinks package v2.2.1 [START_REF] Trapnell | Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks[END_REF]. In each isoform sequence, the putative ORFs were identified using TransDecoder ( [START_REF] Haas | De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and analysis[END_REF] [START_REF] Altschul | Basic local alignment search tool[END_REF] with parameters "W=3 Q=7 R=2 matrix=BLOSUM80 B=200 V=200 E=1e-6 hitdist=60 hspsepqmax=30 hspsepsmax=30 sump postsw". Blast output was filtered using custom Perl scripts to keep only matches with log10(evalue) no lower than 75% of the best log10(e-value). GeneOntology terms [START_REF] Ashburner | Gene Ontology: tool for the unification of biology[END_REF] associated to matched proteins were retrieved from AmiGO [START_REF] Carbon | AmiGO: online access to ontology and annotation data[END_REF] with all their ancestors in the GO graph, using the SQL interface. For each Zea mays protein, we kept the GO terms associated to all its matched proteins or at least to 5 matched proteins. For each Zea mays gene, we merged the GO terms of all its isoforms.

For subsets of genes selected based on their expression pattern, we used our GO annotation to perform an enrichment analysis. The enrichment of a gene subset in a specific GO term is defined as:

𝑅𝑅 = (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑎𝑎𝐺𝐺𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺𝑎𝑎 𝑤𝑤𝑤𝑤𝑎𝑎ℎ 𝑎𝑎ℎ𝐺𝐺 𝐺𝐺𝐺𝐺 𝑎𝑎𝐺𝐺𝑡𝑡𝑡𝑡 𝑤𝑤𝐺𝐺 𝑎𝑎ℎ𝐺𝐺 𝐺𝐺𝑠𝑠𝑠𝑠𝐺𝐺𝐺𝐺𝑎𝑎) (𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑇𝑇 𝑔𝑔𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑤𝑤𝐺𝐺 𝑎𝑎ℎ𝐺𝐺 𝐺𝐺𝑠𝑠𝑠𝑠𝐺𝐺𝐺𝐺𝑎𝑎) ⁄ (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑎𝑎𝐺𝐺𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺𝑎𝑎 𝑤𝑤𝑤𝑤𝑎𝑎ℎ 𝑎𝑎ℎ𝐺𝐺 𝐺𝐺𝐺𝐺 𝑎𝑎𝐺𝐺𝑡𝑡𝑡𝑡 𝑤𝑤𝐺𝐺 𝑎𝑎ℎ𝐺𝐺 𝑔𝑔𝐺𝐺𝐺𝐺𝑎𝑎𝑡𝑡𝐺𝐺) (𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑇𝑇 𝑔𝑔𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑤𝑤𝐺𝐺 𝑎𝑎ℎ𝐺𝐺 𝑔𝑔𝐺𝐺𝐺𝐺𝑎𝑎𝑡𝑡𝐺𝐺) ⁄
A hypergeometric test (R version 3.2.3; R Development Core Team ( 2005)) was applied to assess the significance of enrichment/depletion of each subset [START_REF] Falcon | Using GOstats to test gene lists for GO term association[END_REF][START_REF] Pavlidis | Using the gene ontology for microarray data mining: a comparison of methods and application to age effects in human prefrontal cortex[END_REF]. Custom Perl scripts using GraphViz ( [START_REF] Ellson | Graphviz -open source graph drawing tools[END_REF] https://graphviz.gitlab.io/) were used to browse the GeneOntology graph and identify enrichments or depletions that were both statistically significant and biologically relevant.

Analysis of gene categories and orthology

Analysis of orthology in rice and Arabidopsis in Table 4, were based on Maize GDB annotations (https://www.maizegdb.org/, [START_REF] Andorf | MaizeGDB update: new tools, data and interface for the maize model organism database[END_REF]) ZEIN genes were selected based on previous gene list identified (Chen et al., 2014[START_REF] Chen | Dek35 Encodes a PPR Protein that Affects cis-Splicing of Mitochondrial nad4 Intron 1 and Seed Development in Maize[END_REF] and on gramene database annotations (http://www.gramene.org/ , [START_REF] Gupta | Gramene Database: Navigating Plant Comparative Genomics Resources[END_REF]). The list of cell death associated genes were based on previous published lists [START_REF] Arora | RNAseq revealed the important gene pathways controlling adaptive mechanisms under waterlogged stress in maize[END_REF][START_REF] Fagundes | Caspases in plants: metacaspase gene family in plant stress responses[END_REF]. Heat maps were drawn on the online Heatmapper (http://www2.heatmapper.ca/, [START_REF] Babicki | Heatmapper: web-enabled heat mapping for all[END_REF] Kernel fixation and In situ hybridization Kernels were fixated in 4% of paraformaldehyde (pH=7 adjusted with H2SO4) during 2h under vacuum. For increasing the fixation efficiency, the two top corners of the kernels were cut and vacuum was broken every 15 min. Kernels were dehydrated and included with Paraplast according to the protocol described by [START_REF] Jackson | In-situ hybridization in plants[END_REF]. Sections of 10-15µm were cut with a HM355S microtome and attached on Adhesion Slides Superfrost Ultra plus TM (ThermoFisher Scientific). RNA probes were amplified from genomic or cDNA (Table S2) and labelled by digoxigenin (DIG) using the T7 reverse transcriptase kit of Promega, according to company instructions. RNA probes were then hydrolysed in carbonate buffer (120 mM Na2CO3, 80 mM NaHCO3) at 60°C for various times depending on the probe length (Table S2) in order to obtain RNA fragments between 200 and 300 nucleotides [START_REF] Jackson | In-situ hybridization in plants[END_REF].

For the pre-hybridization of the sections, the protocol described by Jackson in 1991 was followed with some slight changes: the pronase enzyme is replaced by the proteinase K (1 µg/mL, ThermoFisher Scientific) in its buffer (100 mM Tris, 50 mM EDTA, pH=8) and formaldehyde is replaced by paraformaldehyde as described above. For each slide, 1 µL of RNA probes were diluted in 74 µL of DIG easy Hyb buffer (Roche), denatured 3 minutes at 80°C and dropped on a section that is immediately covered by a coverslip. Hybridization was carried out overnight at 50°C, in a hermetic box. Post hybridization treatment started by a succession of baths under gentle shaking. The first was performed at 50°C in 0.1X SSC buffer (from stock solution 20X SSC (3M NaCl, 300mM trisodium citrate, adjusted to pH=7,0 with HCl)) and 0.5% SDS during 30 min to remove the coverslips. Then, two baths of 1h30 in 2X SSC buffer mixed with 50% of formamide were carried out at 50°C and followed by 5 min of washing in TBS buffer (400 mM NaCl, 0.1 mM Tris/HCl, pH7.5) at room temperature. Slides were then incubated in 0.5% of blocking reagent solution (Roche) followed by 30 min in TBS buffer with 1% BSA and 0.3% triton X100. Probes immunodetection was carried out in a wet chamber with 500µL per slide of 0.225 U/mL anti-DIG antibodies (Anti-Digoxigenin-AP, Fab fragments, Sigma-Aldrich) diluted in TBS with 1% BSA and 0.3% triton X100. After 1h30 of incubation, slides were washed 3 times 20min in TBS buffer 1% BSA, 0.3% triton and equilibrated in buffer 5 (100 mM Tris/HCl pH 9.5, 100 mM NaCl, 50 mM MgCl2). Revelation was performed overnight in darkness in a buffer with 0.5 g.L -1 of nitroblue tetrazolium (NBT) and 0.2 g.L -1 of 5-Bromo-4-chloro-3-indolyl phosphate (BCIP). Slides were finally washed 4 times in water to stop the reaction and were optionally stained with calcofluor (fluorescent brightener 28, Sigma-Aldrich) and mounted in entellan (VWR). Pictures were taken either with VHX900F digital microscope (Keyence) or for magnification with Axio Imager 2 microscope (Zeiss).

TUNEL staining

A188 15DAP kernels were fixated, included in Paraplast and sections were cut as described above. Paralplast was removed from section by successive bath in xylene (2X 5min), ethanol 100% (5min), ethanol 95% (3min), ethanol 70% (3min), ethanol 50% (3min), NaCl 0.85% in water (5min), Dulbecco's Phosphate-Buffered Saline solution (PBS) (5min). Sections were fixed in PFA as described above, permeabilized by proteinase K (1 µg/mL, ThermoFisher Scientific) during 10min at 37°C and fixed again in PFA. Sections were washed in PBS and TUNEL staining was carried out with the ApoAlert DNA Fragmentation Assay Kit (Takara)

according to manufacturer's instructions. Sections were then counter-stained with propidium iodide (1µg/ml in PBS) during 15min in darkness before being washed three times 5min in water. Slides were mounted in Anti-fade Vectashield (Vector Laboratories). The fluorescein-dUTP incorporated at the free 3'-hydroxyl ends of fragmented DNA was excited at 520nm and propidium iodide at 620nm. Images were taken on a spinning disk microscope, with a CSU22 confocal head (Yokogawa) and an Ixon897 EMCCD camera (Andor) on a DMI4000 microscope (Leica).

II) Selection of candidate genes potentially involved in

embryo/endosperm relationship and their knock-out with the CRISPR/Cas9 technology.

In this section I will describe the selection of candidate genes that were then subjected to CRISPR/Cas9 gene editing in order to generate knock-out mutations. These candidates were mainly chosen because of ( 1) their strong and specific expression profiles and ( 2) their potential roles in mediating either communication between endosperm and embryo, or nutritional exchanges. Particular attention was given to genes expressed in two zones, the EAS region (see I-1), and the ESR, which is suspected to be exchange area between the embryo and endosperm at early developmental stages (Doll et al., 2017;Widiez et al., 2017).

II-1) Selection of putative signalling genes expressed in the ESR

Morphogenesis of the maize embryo takes place during the first two weeks of kernel development (Vernoud et al., 2005). The embryo is first surrounded by a coenocytic endosperm before the ESR differentiates around it during and after cellularisation. At first, the ESR surrounds first the whole embryo, but as the embryo elongates the ESR becomes restricted to the base of the embryo before degenerating at the end of early development. Due to its location at young stages, the ESR is thought to play a very specific role in endosperm/embryo communication (See review in annexe 1, Doll et al., 2017). To characterise new genes potentially involved in this communication, a focus was placed on genes encoding putative signalling components, and specifically expressed in the ESR. Among them, the first described were the genes ESR1, 2 and 3, which are amongst the most highly expressed genes in the ESR (Figure 1A). ESR1, 2 and 3 encode small proteins secreted to the apoplast, and constitute key founding members of the CLE peptide family (Bonello et al., 2000[START_REF] Bonello | Esr proteins are secreted by the cells of the embryo surrounding region[END_REF]Cock and McCormick, 2001;OpsahlFerstad et al., 1997). CLE peptides belong to a family of small peptides involved in many developmental processes, such as shoot and root growth, seed development and legume nodule formation [START_REF] Kucukoglu | CLE peptide signaling in plants -the power of moving around[END_REF]Matsubayashi, 2014;[START_REF] Yamaguchi | CLE peptides and their signaling pathways in plant development[END_REF]. Although the ESR genes were the first CLE genes identified more than 20 years ago (OpsahlFerstad et al., 1997) their function remains unknown due to a lack of available mutants. Since ESR1, 2 and 3 have similar expression patterns and encode Other ESR specific genes were then identified based on the transcriptomic data from laser micro-dissected tissues of 8 DAP kernel (Figure 1A) (Zhan et al., 2015). Among them, we pinpointed two members of the MATERNALLY EXPRESSED GENES (MEG) family: MEG14

and a new MEG member we called MEG15. The MEGs encode secreted cysteine rich peptides and the first member identified, MEG1 is specifically expressed from the maternal genome in the endosperm, explaining their name. MEG1 is strongly expressed in the BETL and has an important role in its differentiation (See review in annexe 1, Doll et al., 2017) (Costa et al., 2012;[START_REF] Gutiérrez-Marcos | maternally expressed gene1 Is a Novel Maize Endosperm Transfer Cell-Specific Gene with a Maternal Parent-of-Origin Pattern of Expression[END_REF]. The peptide motif shared by the MEG peptides is CX( 6)CX( 4)CYCCX( 14)CX(3)C and 13 distinct MEG-encoding genes were identified in a small 0.8 MB region of chromosome 7. They were named MEG1 to 14 in the B73 inbred line because MEG5, identified in several other inbred lines, is not present in the B73 genome [START_REF] Xiong | Adaptive expansion of the maize maternally expressed gene (Meg) family involves changes in expression patterns and protein secondary structures of its members[END_REF]. Among the MEG-encoding genes previously identified, only MEG14 is specifically expressed in the ESR at 8 DAP (Zhan et al., 2015). Previous in-situ hybridizations performed in the team confirmed the strong ESR-specific expression of MEG14 (Figure 1B). However, another sequence with the conserved peptide-encoding motif of the MEG family was found to be specifically expressed in the ESR as well (Figure 1A). In the third version of the B73 genome (AGP v3), this sequence is predicted to be a gene with only low confidence, explaining why it was not annotated as a MEG by Xiong and colleagues [START_REF] Xiong | Adaptive expansion of the maize maternally expressed gene (Meg) family involves changes in expression patterns and protein secondary structures of its members[END_REF].

In the fourth genome version (AGP v4), this gene is annotated as a predicted gene with high confidence (Zm00001d019032) and is actually a fusion of the GRMZM2G573952 and GRMZM2G573956 gene annotations from the previous AGPv3 genome version. We decided to name this gene MEG15 because it clearly belongs to the MEG family. Both MEG14 and MEG15 are strongly and specifically expressed in the ESR, at the difference of the other MEG members, and we supposed a potential role in embryo/endosperm communication. However, as for ESR1-3, MEG14 and 15 are close paralogs, expressed in the same tissue and probably act redundantly. They are genetically linked, separated by only 52kb, and the multi-guide CRISPR approach was also particularly relevant for easily generating a double mutant (see § I-2-3).

Finally, ESR-specific subtilase-encoding genes were identified, based on the transcriptomic data of Zhan and colleagues (Zhan et al., 2015). Subtilases are serine peptidases, involved in a multitude of developmental processes in plants but also in other organisms. Many have been shown to process and activate signalling peptides in the apoplast (Schaller et al., 2012(Schaller et al., , 2018)).

For example, in Arabidopsis seeds, the ALE1 subtilase is involved in embryonic cuticle formation (See chapter III) (Tanaka et al., 2001;Xing et al., 2013;Yang et al., 2008).

Interestingly, the closest ortholog of ALE1 in maize, is also expressed in the ESR and we have named it ZmALE1. 3 other subtilases were found to be specifically expressed in the ESR and we named these, SubESR1, SubESR2 and SubESR3 (Figure 1A). As no insertion mutants were available in public databases for these four genes, a CRISPR/Cas9 approach was carried out to produce loss of function mutants (see § I-2-3).

II-2) Selection of UMAMIT-encoding genes expressed at EAS interface and embryo.

In order to investigate the putative role of EAS in nutrition, genes highly expressed in the EAS and potentially involved in nutrient transport were chosen based on our transcriptomic data described in section (I-1). Since, many transporter genes were found to be strongly and specifically expressed in the EAS, we focused on only one gene family for reverse genetic approaches, the UMAMIT family. UMAMITs are a family of non-directional amino acid and auxin transporters that act as efflux or influx transporters depending on the concentration gradient. The UMAMIT family was only recently described and is increasingly studied (Karmann et al., 2018). The two first UMAMITs described in Arabidopsis were WALLS ARE THIN1 (WAT1), a vacuolar transporter of auxin involved in secondary cell wall formation, and SILIQUES ARE RED1 (SIAR1) involved in amino acid homeostasis in siliques [START_REF] Ladwig | Siliques are Red1 from Arabidopsis acts as a bidirectional amino acid transporter that is crucial for the amino acid homeostasis of siliques[END_REF][START_REF] Ranocha | Walls are thin 1 (WAT1), an Arabidopsis homolog of Medicago truncatula NODULIN21, is a tonoplast-localized protein required for secondary wall formation in fibers[END_REF][START_REF] Ranocha | Arabidopsis WAT1 is a vacuolar auxin transport facilitator required for auxin homoeostasis[END_REF]. More recently, several other UMAMITs were described in Arabidopsis, with roles in unloading amino acids from the phloem and in transport of amino acids between different seed compartments [START_REF] Besnard | UMAMIT14 is an amino acid exporter involved in phloem unloading in Arabidopsis roots[END_REF](Besnard et al., , 2018;;Müller et al., 2015b).

Several UMAMIT mutants were shown to have small seeds, highlighting their central role in amino acid fluxes in seeds (Müller et al., 2015b). Interestingly, the plasma membrane-localized UMAMIT25 is expressed in endosperm cells, and umamit25 knockout lines show a decrease in seed amino acid content during embryogenesis compared with the wild type (Besnard et al., 2018;Müller et al., 2015b). In total, 49 UMAMIT-encoding genes were identified in the Arabidopsis genome, but only 12 have been identified in maize [START_REF] Denancé | Emerging Functions of Nodulin-Like Proteins in Non-Nodulating Plant Species[END_REF]Müller et al., 2015b). This difference might be the result of a poor annotation of UMAMIT-encoding genes in maize. Consequently, a BLAST search based on the protein sequence of several maize members of the UMAMIT family was carried out. After verification by manual orthology checking with annotated UMAMITs from rice and Arabidopsis, 45 maize UMAMIT-encoding genes were identified in the maize genome. A phylogenetic tree was built using protein sequence alignments of the 45 maize and 49 Arabidopsis UMAMIT sequences (Figure 2).

Interestingly, the 6 main classes of UMAMITs already identified appear in the tree but also others that were not found in the original phylogeny based on several Arabidopsis and rice UMAMITs [START_REF] Ladwig | Siliques are Red1 from Arabidopsis acts as a bidirectional amino acid transporter that is crucial for the amino acid homeostasis of siliques[END_REF]. Among the UMAMIT genes identified, we focused on those having a tissue specific expression in our transcriptome. 6 were found to be specifically expressed in the EAS: the two close paralogous couple ZmUMAMIT1a, 1b and ZmUMAMIT2a, 2b, as well as ZmUMAMIT28 and ZmUMAMIT38 (Figure 3). Interestingly ZmUMAMIT1a and 1b are the closest orthologs of the Arabidopsis UMAMIT25 gene, which is also expressed in the endosperm and involved in the seed filling (Besnard et al., 2018). ZmUMAMIT1b was called UMAMIT_EAS in the previous section of this thesis. The two close paralogous couples ZmUMAMIT1a, 1b and ZmUMAMIT2a and 2b were chosen as targets for generating CRISPR/Cas9-mediated loss of function alleles (see § I-2-3). Two other close UMAMIT paralogs, called ZmUMAMIT3a and 3b, were found to be strongly and specifically expressed in whole embryo samples, but not in apical scutellum samples (Figure 3). These two genes are close related to WAT1 (which is involved in vacuolar auxin transport) and could therefore be involved in the redistribution of auxin coming from the endosperm into the embryo (See review in annexe 1, Doll et al., 2017) [START_REF] Ranocha | Walls are thin 1 (WAT1), an Arabidopsis homolog of Medicago truncatula NODULIN21, is a tonoplast-localized protein required for secondary wall formation in fibers[END_REF][START_REF] Ranocha | Arabidopsis WAT1 is a vacuolar auxin transport facilitator required for auxin homoeostasis[END_REF]. ZmUMAMIT3a and 3b were consequently also selected for generation of loss of function alleles using CRISPR/Cas9 (see § I-2-3).

II-3) Alleles generated by CRISPR/Cas9 gene editing

Selected genes were targeted using the CRISPR/Cas9 technology. The adaptation of this technology to maize and detailed analysis of 93 mutant alleles in 18 genes mutations obtained is presented in the next section I-3 of this chapter. Here, only the homozygous alleles generated for our genes of interest are presented. For the putative signalling genes expressed in the ESR, at least one mutant allele was found for each gene in the T0 transgenic plants (Figure 4A). The alleles generated are often small deletions or insertions near to the cutting site (see section I-3 for more detail). Mutations leading to a shift of the protein open reading frame (ORF) were kept. For each allele selected, the predicted mutant protein loses the main domain(s) necessary for its function (Figure 5). One exception is the meg15-1 allele, for which the predicted mutant protein still retains part of the cysteine rich domain, but loses many conserved residues at the C terminal end, leading very probably to a loss of function (Figure 5). Homozygous plants were generated for the single mutants meg14, subesr1, subesr2, subesr3, the double mutant meg14 meg15 and the triple mutant esr1 esr2 esr3 (Figure 4B). For UMAMIT-encoding genes, maize embryos were transformed and screening of the CRISPR-induced mutations is currently in progress.

II-4) First screening for developmental phenotypes and perspectives

Initially the homozygous mutants generated were visually screened to find obvious developmental phenotypes, before undergoing more detailed analyses. A particular attention applied to embryo morphology at specific developmental stages. Unfortunately, no obvious developmental phenotypes were observed for any of the single and multiple mutants generated.

However, subtle phenotypes such as a delay in tissue differentiation or remodelling cannot necessarily be detected by eye. As a result fixation and embedding of kernels was performed, and these kernels, together with wild-type controls, will be analysed in the near future for a more precise phenotypic characterization. The absence of strong phenotypes may be explained by several factors. Firstly, redundancy with other family members could explain the absence of phenotypes. Indeed, genetic redundancy is particularly common in the subtilase family (Schaller et al., 2018;[START_REF] Schardon | Precursor processing for plant peptide hormone maturation by subtilisin-like serine proteinases[END_REF]. Making multiple mutants for genes encoding ESRexpressed subtilases could be a solution to overcoming putative redundancy. Another strategy, which has been initiated, is to express a subtilase inhibitor in the ESR. This inhibitor was used for characterising the roles of subtilases involved in the cleavage of the INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) peptide during flower abscission in Arabidopsis, for which 4 redundant subtilases are required [START_REF] Schardon | Precursor processing for plant peptide hormone maturation by subtilisin-like serine proteinases[END_REF]. This inhibitor is genetically encoded and will be expressed under the ESR2 promoter to try to inhibit all the subtilase activity present within the ESR [START_REF] Bonello | Esr proteins are secreted by the cells of the embryo surrounding region[END_REF]. Another explanation of the absence of obvious phenotypes is the possible absence of gene function in the tissue considered. For example ZmALE1 is only very weakly expressed and its expression might not be required for a precise function in the ESR but instead could be a vestigial expression that does not reflect a biological function. Finally these genes could be involved in non-developmental processes, and their mutant phenotypes might not be detectable under our experimental condition. For example in the ESR, the cysteine rich peptide ESR6 has been proposed to have an antimicrobial function, and is thought to play a role in embryo protection (Balandín et al., 2005). A similar role could be proposed for the cysteine rich peptides MEG14 and 15. That could be tested by challenging seed with pathogen. Although CRISPR/Cas9 technology is a powerful tool for generating loss of function allele, reverse genetics does not appear to be a reliable strategy for finding developmental phenotypes.

II-5) Materials and methods

Plant growth

See section I-1

CRISPR, guides, plasmids used, Agrobacterium transformation

See section I-3

Primer sequence

For the putative signalling-associated genes expressed in the ESR, see section I-3. Primers for UMAMIT CRISPR guides are shown below. The cloning steps into vectors for transformation are described in section I-3.

Identification of the UMAMIT family in maize

To investigate the entire UMAMIT family in maize, several BLAST searches were performed with gramene (http://ensembl.gramene.org/Tools/Blast?db=core) based on previously annotated UMAMIT proteins. 54 proteins were found to have a domain similar to that conserved in the UMAMITs. For these proteins the closest orthologs in Arabidopsis and rice were manually compared based on gramene and maize GDB annotation (http://www.gramene.org/ [START_REF] Gupta | Gramene Database: Navigating Plant Comparative Genomics Resources[END_REF], https://www.maizegdb.org/, [START_REF] Andorf | MaizeGDB update: new tools, data and interface for the maize model organism database[END_REF]) and only the genes encoding proteins with a confirmed UMAMIT ortholog were taken into account. Following this process a total of 45 maize UMAMITs were validated. Table S1: primers used for the cloning of guides targeting UMAMIT genes.

UMAMIT Phylogeny

The sequences of the 45 maize and 49 Arabidopsis UMAMIT proteins were aligned with the SeaView software, using MUSCLE [START_REF] Gouy | SeaView Version 4: A Multiplatform Graphical User Interface for Sequence Alignment and Phylogenetic Tree Building[END_REF]. Conserved sites were selected using G-BLOCKS with all the three options available to minimize the stringency. The AT2G16660 protein, a member of a sister group of transporters, was chosen as an outgroup member. The Phylogeny was build using PhyML, based on the amino acid alignment, as described in Arnault 

Introduction

Maize has a dual role, being a major crop species and a model species in genetics. Genome-edited waxy maize characterized by modified starch composed entirely of amylopectin was one of the first crops edited using CRISPR-Cas9 technology that obtained clearance to be cultivated and sold without GM-type oversight by the US Department of Agriculture [START_REF] Waltz | CRISPR-edited crops free to enter market, skip regulation[END_REF]. This example illustrates the intense interest in the potential of CRISPR-Cas9 technology for both applied and fundamental research studies. The starch industry has appreciated waxy maize for decades, because the absence of amylose makes starch easier to process. Although the waxy trait is not novel, CRISPR-Cas9 technology allowed the direct creation of waxy deletions in elite lines over one or two generations, avoiding time-consuming backcrosses and genetic drag experienced with conventional introgression [START_REF] Cigan | =FD5F3 728AF 195B3 CFB0B B3F50 8AE9A 20.wapp2 nB;jsess ionid =E08E1 6F010 D7105 717AC 3CA92 2D46B 1A.wapp2 nB?docId =WO201 71322 39%26rec Num=150%26[END_REF].

In fundamental research, understanding the contribution of genes to phenotypic traits in maize has been a challenge for many decades. By comparing a standard (wild type) to a mutant, the contribution of a genetic sequence to a biological process can be assessed. Although a large number of natural maize mutants exist, increasing their diversity through mutagenesis has been a long-term goal [START_REF] Candela | The art and design of genetic screens: maize[END_REF]. For example, the original waxy mutation discovered in 1909 [START_REF] Collins | A new type of Indian corn from China[END_REF] has been joined over time by hundreds of additional alleles reflecting emerging mutagenesis tools. In the 60s, mutagenesis induced by the chemical agent ethyl methanesulfonate (EMS) was popular and allowed the generation of an allelic series at the Waxy locus with different levels of residual amylose [START_REF] Briggs | Genetic recombination with ethyl-methanesulphonate-induced waxy mutants in-maize[END_REF]. A few years later irradiation mutagenesis, which preferentially creates deletions rather than point mutations, helped to generate true loss-of-function mutants that are more informative for functional genetics [START_REF] Amano | Comparison of ethyl methanesulfonate-and radiationinduced waxy mutants in maize[END_REF]). With the advent of molecular biology, transposon mutagenesis was developed, since transposon insertions could be easily localized in the genome. The cloning of the Waxy gene by transposon tagging was a prime example for the success of this strategy [START_REF] Shure | Molecular identification and isolation of the Waxy locus in maize[END_REF]. Lately, over the past few years CRISPR-Cas9 technology has emerged as an appreciated alternative to sequenced indexed mutant collections [START_REF] Settles | Sequence-indexed mutations in maize using the UniformMu transposontagging population[END_REF][START_REF] Vollbrecht | Genome-wide distribution of transposed dissociation elements in maize[END_REF], mainly because these collections do not saturate the maize genome, and because CRISPR-Cas9 technology can be targeted.

In contrast to random mutagenesis tools, which require the molecular screening of large mutagenized populations to find a mutation in a given gene, targeted mutagenesis of a gene gives ready access to a specific mutant and its phenotype, but has been a major challenge. It has been made possible by the development of techniques inducing double-strand breaks (DSBs) of genomic DNA at a predetermined site [START_REF] Puchta | Synthetic nucleases for genome engineering in plants: prospects for a bright future[END_REF]. DSBs are then repaired by one of several cellular repair mechanisms that can be non-conservative and can, therefore, lead to mutations at the desired location. The most frequent repair process in plants is non-homologous end joining (NHEJ), during which a DNA ligase joins the damaged strands, and which can be classified as either classical NHEJ or alternative NHEJ, also known as microhomology-mediated end joining (MMEJ) [START_REF] Lieber | The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining pathway[END_REF]. Classical NHEJ primarily induces the insertion or deletion of a low number of nucleotides, whereas MMEJ generally leads to larger deletions [START_REF] Mcvey | MMEJ repair of double-strand breaks (director's cut): deleted sequences and alternative endings[END_REF][START_REF] Puchta | Synthetic nucleases for genome engineering in plants: prospects for a bright future[END_REF]. DSBs can also be repaired by homologous recombination (HR), which can also be classified into two classes: conservative and non-conservative. Non-conservative HR, called single-strand annealing, occurs if a repeated sequence of more than 30 nucleotides is present upstream and downstream of the DSB (McVey and [START_REF] Mcvey | MMEJ repair of double-strand breaks (director's cut): deleted sequences and alternative endings[END_REF]. The presence of these repeated sequences renders single-strand annealing very efficient for mutagenesis, as it repairs up to 1/3 of the DSBs and can generate large deletions [START_REF] Siebert | Efficient repair of genomic double-strand breaks by homologous recombination between directly repeated sequences in the plant genome[END_REF][START_REF] Steinert | Homology-based double-strand break-induced genome engineering in plants[END_REF]). Conservative HR is of particular interest because it can be used for the replacement or the insertion of a sequence of interest, present on an extra chromosome, at the desired genomic locus. However, although the presence of DSBs increases the efficiency of conservative HR, this remains two orders of magnitude lower than that of NHEJ [START_REF] Steinert | Homology-based double-strand break-induced genome engineering in plants[END_REF].

Inducing a DSB at a predetermined site in the genome requires both the recognition of the target sequence and the cleavage of the DNA, hitherto achieved using endonucleases. Several technologies have been developed to direct endonucleases to sequences of interest, either by engineering the DNA binding domains of naturally occurring meganucleases [START_REF] Choulika | The yeast I-SceI meganuclease induces site-directed chromosomal recombination in mammalian cells[END_REF] or by linking modular DNA-binding domains such as zinc finger [START_REF] Bibikova | Enhancing gene targeting with designed zinc finger nucleases[END_REF][START_REF] Porteus | Gene targeting using zinc finger nucleases[END_REF][START_REF] Shukla | Precise genome modification in the crop species Zea mays using zinc-finger nucleases[END_REF] or transcription activator-like effector (TALE) domains [START_REF] Christian | Targeting DNA double-strand breaks with TAL effector nucleases[END_REF] to endonuclease domains such as FokI. All three technologies have been successfully implemented in maize [START_REF] Bibikova | Enhancing gene targeting with designed zinc finger nucleases[END_REF][START_REF] Porteus | Gene targeting using zinc finger nucleases[END_REF][START_REF] Shukla | Precise genome modification in the crop species Zea mays using zinc-finger nucleases[END_REF][START_REF] Gao | Heritable targeted mutagenesis in maize using a designed endonuclease[END_REF][START_REF] Liang | Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system[END_REF][START_REF] Char | Heritable sitespecific mutagenesis using TALENs in maize[END_REF]. In 2013, the adaptation of the bacterial immune system CRISPR-Cas9 of Streptococcus pyogenes offered a novel type of technology in which the recognition of the DNA was not due to a protein domain but to a short guide RNA (sgRNA) that forms an active complex with the Cas9 protein [START_REF] Jinek | A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity[END_REF][START_REF] Cong | Multiplex genome engineering using CRISPR/Cas systems[END_REF][START_REF] Nekrasov | Targeted mutagenesis in the model plant Nicotiana benthamiana using Cas9 RNAguided endonuclease[END_REF][START_REF] Shan | Targeted genome modification of crop plants using a CRISPR-Cas system[END_REF]). The sgRNA is composed of 20 nucleotides which are homologous to the genomic region targeted, followed by a short hairpin RNA (shRNA), also referred to as scaffold RNA. Within the genome the 20 targeted nucleotides should be followed by a protospacer adjacent motif (PAM) composed of the nucleotides NGG. DSBs induced by Cas9 are generally located 3 bp upstream of the PAM site. The ease of design and low cost explain the rapid success of this user-friendly and efficient technology in a wide range of organisms including plants.

In the last 5 years, CRISPR-Cas9 technology has been successfully adapted to maize. For the introduction of the CRISPR-Cas9 machinery, direct DNA transfer to protoplasts [START_REF] Liang | Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system[END_REF][START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF], particle bombardment of immature embryos [START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF][START_REF] Svitashev | Targeted mutagenesis, precise gene editing, and site-specific gene insertion in maize using Cas9 and guide RNA[END_REF][START_REF] Feng | Efficient targeted genome modification in maize using CRISPR/Cas9 system[END_REF][START_REF] Zhu | Efficiency and inheritance of targeted mutagenesis in maize using CRISPR-Cas9[END_REF]) and Agrobacterium-mediated transformation of immature embryos [START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF][START_REF] Svitashev | Targeted mutagenesis, precise gene editing, and site-specific gene insertion in maize using Cas9 and guide RNA[END_REF][START_REF] Feng | Efficient targeted genome modification in maize using CRISPR/Cas9 system[END_REF][START_REF] Zhu | Efficiency and inheritance of targeted mutagenesis in maize using CRISPR-Cas9[END_REF][START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF]) have been used. Protoplast experiments serve mainly for the evaluation of the efficiency of different sgRNA designs, since there is presently no protocol for the regeneration of maize plants from protoplasts. Biolistics avoid the use of Agrobacterium, which is regulated in certain countries since it is a plant pathogen. Agrobacterium-based stable transformation with subsequent elimination of the CRISPR-Cas9 cassette by backcross nonetheless remains the most widely used method. The transfer is almost exclusively based on DNA molecules encoding Cas9 and the sgRNA but the bombardment of Cas9-expressing plants with sgRNA [START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF][START_REF] Svitashev | Targeted mutagenesis, precise gene editing, and site-specific gene insertion in maize using Cas9 and guide RNA[END_REF][START_REF] Feng | Efficient targeted genome modification in maize using CRISPR/Cas9 system[END_REF][START_REF] Zhu | Efficiency and inheritance of targeted mutagenesis in maize using CRISPR-Cas9[END_REF]) and of wild-type plants with pre-assembled Cas9-sgRNA ribonucleoproteins (RNP) has also been reported [START_REF] Svitashev | Genome editing in maize directed by CRISPR-Cas9 ribonucleoprotein complexes[END_REF]. Multiplexing with more than one guide RNA in a single construct is of particular interest in maize due to the lengthy and not very efficient transformation protocol. Two techniques have been developed: one based on a multi-guide RNA activated by a single promoter and processed by tRNA motif-mediated self-cleavage into several sgRNAs, and another based on tandem repeats of different U3 and U6 promoters each controlling one guide RNA [START_REF] Qi | High-efficiency CRISPR/Cas9 multiplex gene editing using the glycine tRNA-processing systembased strategy in maize[END_REF][START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF]. As expected, the mutations resulting from targeted mutagenesis are mainly deletions or insertions of a few nucleotides probably due to classical NHEJ. Larger deletions of more than ten bases, potentially resulting from an MMEJ repair, have also been reported but are less frequent [START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF][START_REF] Svitashev | Targeted mutagenesis, precise gene editing, and site-specific gene insertion in maize using Cas9 and guide RNA[END_REF][START_REF] Feng | Efficient targeted genome modification in maize using CRISPR/Cas9 system[END_REF][START_REF] Zhu | Efficiency and inheritance of targeted mutagenesis in maize using CRISPR-Cas9[END_REF]. Furthermore, true genome editing, i.e. the predetermined modification of an allele based on a repair matrix carrying the desired mutation by HR [START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF][START_REF] Svitashev | Targeted mutagenesis, precise gene editing, and site-specific gene insertion in maize using Cas9 and guide RNA[END_REF][START_REF] Feng | Efficient targeted genome modification in maize using CRISPR/Cas9 system[END_REF][START_REF] Zhu | Efficiency and inheritance of targeted mutagenesis in maize using CRISPR-Cas9[END_REF], as well as HRmediated promoter swap have also been achieved in maize [START_REF] Svitashev | Targeted mutagenesis, precise gene editing, and site-specific gene insertion in maize using Cas9 and guide RNA[END_REF][START_REF] Shi | ARGOS8 variants generated by CRISPR-Cas9 improve maize grain yield under field drought stress conditions[END_REF].

Here, we describe the CRISPR-Cas9-based mutagenesis of 20 maize genes selected for their putative implication in maize kernel development. The mutagenesis efficiency, the type of mutations obtained, the simultaneous knockout of genetically tightly linked genes and the rate of transmission to the next generation will be addressed.

Materials and methods

Plant material and growth conditions

The maize (Zea mays) inbred line A188 [START_REF] Gerdes | Pedigree diversity within the Lancaster Surecrop heterotic group of maize[END_REF] and derived transgenic or edited plants were grown in growth chambers that fulfill the French S2 safety standards for the culture of transgenic plants. In the 15 m 2 growth chambers, the plants were illuminated by a mixture of 10 LED spots of 500 W (Neptune LED, Ste Anne sur Gervonde) set at 60% intensity and eight high-pressure sodium lamps of 400 W, resulting in the spectrum presented in Online Resource 5 and a photosynthetic photon flux density (PPF) of about 300-400 µmol s -1 at plant height. The photoperiod consisted of 16 h light and 8 h darkness in a 24 h diurnal cycle. Temperature was set to 24 °C/17 °C (day/night) during the first 84 days after sowing (DAS) and then to 26 °C/28 °C for the remaining 30 days of the life cycle. The relative humidity was controlled at 55% (day) and 65% (night). Seeds were germinated in 0.2 L of Favorit MP Godets substrate (Eriterre, Saint-André-de-Corcy) and were transferred between 12 and 20 DAS to 8 L of Favorit Argile TM + 20% perlite substrate (Eriterre, Saint-Andréde-Corcy) supplemented with 50 mL of Osmocote Exact Hi.End 5-6M (15-9-12 + 2MgO + TE) fertilizer (Scotts, Écully). All plants were propagated by hand pollination.

Vector cloning

The integrative plasmid L1609 (Fig. 1) is based on the backbone of pSB11 [START_REF] Ishida | High efficiency transformation of maize (Zea mays L.) mediated by Agrobacterium tumefaciens[END_REF], from which a SapI site was removed. It contains between the T-DNA borders a rice codon-optimized Cas9 [START_REF] Miao | Targeted mutagenesis in rice using CRISPR-Cas system[END_REF] driven by a synthetic maize ubiquitin promoter lacking several restriction sites, a rice U3 promoter separated from a shRNA [START_REF] Shan | Targeted genome modification of crop plants using a CRISPR-Cas system[END_REF]) by two adjacent but otherwise unique SapI sites, unique EcoRV and I-CeuI sites, and a Basta ® resistance cassette. The small plasmid L1611 (Fig. 1) contains a wheat U6 promoter followed by two adjacent SapI sites and a shRNA [START_REF] Shan | Targeted genome modification of crop plants using a CRISPR-Cas system[END_REF], the entire cassette being flanked by unique EcoRV and I-CeuI sites. Annealed oligonucleotides with SapI-compatible overhangs and corresponding to 20 nt-targeted sequences containing at their 5′ end an A in the case of the U3 promoter or a G in the case of the U6 promoter were cloned in L1609 and L1611, respectively. The U6-driven target cassette present in L1611 was subsequently excised with EcoRV and I-CeuI, and cloned into the L1609 derivative downstream of the U3-driven target cassette. The resulting plasmid was transferred to Agrobacterium tumefaciens strain LBA4404 (pSB1) and used for maize transformation. Alternatively, Gateway-compatible assemblies of two to four cassettes consisting each of a long or short maize U6 promoter, followed by a 20-nt target site starting with a G and a shRNA [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF] were entirely synthesized (GENEWIZ, New Jersey) and recombined into plasmid pGW-Cas9 [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF]) containing between T-DNA borders a maize codon-optimized Cas9 driven by maize ubiquitin promoter and a Basta ® resistance cassette conferring glufosinate-ammonium herbicide resistance.

20-nt target sequence choice

For the design of sgRNAs targeting specifically a single gene in the maize genome, the online tools CRISPR-P (http://crisp r.hzau.edu.cn/CRISP R/) [START_REF] Lei | CRISPR-P: a web tool for synthetic single-guide RNA design of CRISPR-system in plants[END_REF]) and CRISPOR (http://crisp or.tefor .net/) [START_REF] Haeussler | Evaluation of off-target and on-target scoring algorithms and integration into the guide RNA selection tool CRISPOR[END_REF] were interrogated and targets at convenient positions with high scores in both tools were chosen. Since these tools are not readily suited to target several members of a gene family with a sgRNA, we wrote custom Perl scripts to design sgRNAs directed against up to ten genes each. All candidate CRISPR-Cas9 targets were identified in the B73 maize reference genome sequence v3.26 (Schnable et al. 2009) using the following criteria: 23-mers ending with NGG, not containing more than 4 Ts in a row, and with no variant of the last 12 nt ending in NAG existing in the genome. Using Jellyfish v2.2.0 (Marçais and Kingsford 2011), we counted the number of occurrences in the genome of the last 15 nt of each candidate (excluding NGG), and kept only those occurring at most ten times. The resulting database (Online Resource 1 and https ://flowe r.ens-lyon.fr/maize /crisp r/) contained 15,715,633 23-nt sequences, targeting 19,024,477 loci. We queried it to identify targets in the genes we wanted to edit. In both cases, the design was only retained, if the sequence of the reference genome of genotype B73 v3.26 (Schnable et al. 2009) available in the design tools did not show any polymorphism in the 20-nt target sequence and the PAM with the sequence of genotype A188 used for transformation.

Identification of off-target loci

To identify potential off-target loci in the maize genome, the 23-nt sequence of each sgRNA was used as query in a WU-Blast search of the B73 maize reference genome sequence v3.26 with the very relaxed parameters "W = 1 M = 4 N = -5 Q = 8 R = 7 gapX = 100 E = 1e7 V = 50 B = 1e6 filter = none kap pingpong". Alignments were subsequently filtered with ad hoc scripts to keep those covering the whole sgRNA length, with at most three mismatches in the last 15 nt, if the NGG had a perfect match; in case the NGG was not conserved, we kept only alignments with a perfect match on the last 15 nt. Alignments were sorted by decreasing match quality, favoring those with the longest match on the 3′ region of the sgRNA, and manually examined (Online Resource 4 and https ://flowe r.ens-lyon.fr/maize /crisp r/). For experimental validation, off-target-specific PCR primers were designed (Online Resource 3) and used for PCR amplification and Sanger sequencing.

Maize transformation and screen for Cas9-free edited plants

Immature embryos of maize inbred line A188 were transformed with A. tumefaciens strain LBA4404 harboring pSB1 and the construct of interest according to a standard protocol [START_REF] Ishida | High efficiency transformation of maize (Zea mays L.) mediated by Agrobacterium tumefaciens[END_REF][START_REF] Ishida | Agrobacterium-mediated transformation of maize[END_REF]. T-DNA integrity was checked as described elsewhere [START_REF] Gilles | Loss of pollenspecific phospholipase NOT LIKE DAD triggers gynogenesis in maize[END_REF]. Genome editing was evaluated on leaves of T0 

Results

Multi-sgRNA plasmids for single and multiple gene editing

To carry out single-or multiple-gene mutagenesis using CRISPR-Cas9 technology in maize, two types of vectors were used. The first type was designed in-house and will be named Reproduction et Development des Plantes (RDP) vectors hereafter (Fig. 1). The final construct typically contains two guide RNAs and is built by combining derivatives of the initial plasmids L1609 and L1611 (Fig. 1) by restriction and ligation. L1609 is a binary vector containing a T-DNA suitable for Agrobacterium-mediated maize transformation, which encompasses a plant selection marker conferring resistance to the Basta ® herbicide and a Cas9coding sequence driven by the maize ubiquitin promoter, which is active in most plant tissues [START_REF] Christensen | Ubiquitin promoter-based vectors for high-level expression of selectable and/or screenable marker genes in monocotyledonous plants[END_REF]. The specific 20-nt sequence that will hybridize with the target site in the genome and thus guide the Cas9 complex to the gene(s) of interest is inserted between the Oryza sativa U3 (OsU3) promoter and the shRNA (Fig. 1). The other initial plasmid L1611 allows the cloning of a second 20-nt targeting sequence between the TaU6 (Triticum aestivum U6) promoter and a shRNA. The sub-cloning of this TaU6::sgRNA cassette into the modified L1609 plasmid leads to the generation of the final RDP vector with two sgRNAs (Fig. 1). The second type of CRISPR-Cas9 vector used was derived from the Gateway ® compatible plasmid pGW-CAS9 developed by Iowa State University [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF] and will be referred to as Iowa vectors hereafter. Two to four sgRNA cassettes flanked by attL sites were entirely synthetized prior to recombination into pGW-CAS9.

Both the RDP and Iowa vectors used in this study contain multi-guide RNAs, allowing the targeting of several genes with a single construct. We also created a database of all multi-target 20-nt sequences, targeting up to ten loci in the genome with one sgRNA, allowing, for example, to target paralogous genes (Online Resource 1). In our functional genetics approaches, we targeted the coding sequence to increase the likelihood of generating loss-of-function mutations. Four main strategies for sgRNA design were employed to achieve different types of gene knockout(s) (KO) (Fig. 2; Table 2): (1) targeting two unique, non-related genes with a single guide RNA each, (2) targeting a unique gene with two guide RNAs, (3) targeting paralogs with a single or multiple guide RNAs and ( 4) targeting a unique gene with four guide RNAs.

Different types of mutations are created using multi-guide RNAs strategies

A total of 20 genes were targeted with different RDP or Iowa vectors (Table 1). After stable transformation of maize immature embryos, DNA was extracted from young leaves of transgenic T0 plants to assess the type and frequency of the mutations generated. Based on PCR amplification of the target site, and subsequent Sanger sequencing, at least one mutant allele was obtained for 18 of the 20 genes. All edited alleles are summarized in Table 1.

For genes targeted by a single guide RNA (strategies 1 and 3 in Fig. 2), a total of 56 mutations were generated in 13 genes (top section of Table 1). With the exception of one of the two guide RNA targeting GRMZM2G352274, all other guide RNAs gave rise to new alleles, ranging from 1 to 12 different alleles (in the case of GRMZM2G089517).

In this context, it should be noted that the number of alleles does not reflect mutation efficiency, since transformation rates varied over time and not all transformation events were carried to the plantlet stage, and also because identical mutations were generated independently in different plants. The mutations generated were predominantly (82%, 46/56) small indels, defined as short (< 10 bp) insertions or deletions or mixtures of both (Table 1). As expected the vast majority of these indels occurred 3 bp upstream of the PAM sequence, the position where the Cas9 nuclease cleaves double-stranded DNA [START_REF] Zuo | Cas9-catalyzed DNA cleavage generates staggered ends: evidence from molecular dynamics simulations[END_REF]. Less frequently (14%, 8/56), larger deletions (> 10 bp) were observed, the largest one observed reaching 136 bp (Table 1). Interestingly, the majority of these larger deletions concerned a single gene, GRMZM2G089517, in which six of the eight larger deletions were found. In addition, two substantial insertions (10 bp and 11 bp) of unrelated DNA occurred in this gene, both accompanied by the deletion of a few nucleotides, as well as three classical indels (Table 1). This atypical example suggests that a specific gene context may influence the type of mutations generated, possibly by favouring a particular repair mechanism. However, in the case of GRMZM2G089517 it was not possible to implicate a specific mechanism with certainty, since the start and end points were not shared between the large deletions and since a search for repeated nucleotides did not detect obvious micro-homologies in proximity to the cutting site. Last, two other types of mutations were observed only once. The first, which again concerns the atypical GRMZM2G089517 gene, consists of a substitution of two nucleotides on either side of the PAM site, for which it is difficult to provide a mechanistic explanation (Table 1). The second atypical mutation was found in GRMZM2G046086, in which 35 bp next to the putative cutting site were substituted by an insertion of 62 bp (Fig. 3; Table 1). This insertion comprises an adenine nucleotide plus 61 nucleotides corresponding to a stretch of intergenic DNA region found 602 bp downstream of the putative cutting site (Fig. 3). Interestingly, this 61-bp intergenic sequence is still present at the original location in the two alleles of the T0 plant, indicating that it was duplicated to create this atypical mutation.

We next analysed the six genes that had been targeted by two guide RNAs concomitantly (strategy 2 in Fig. 2). The rationale behind this strategy was to increase the probability of success with a single construct, since a mutation at either target site would be sufficient for loss-of-function. In the ideal case, the two guide RNAs, spaced between 40 bp and 100 bp apart, would induce deletions of a predictable size that could be easily detected by simple PCR in agarose gels and avoid the Sanger sequencing step to detect and follow the mutant allele. A total of 27 mutations were generated in four of the six genes, whereas neither deletions between the two cleavage sites nor other mutations were obtained for GRMZM2G040095 and GRMZM2G035701. There were no obvious reasons for the two failures, since the sgRNA design followed the same rules as for the four successful constructs. More intriguingly, the two sgRNAs for GRMZM2G035701 (failure) were actually present on the same construct and in the same plants as the two sgRNAs for GRMZM2G149940 (success). The large majority of the mutations identified (78%, 21/27) did not involve a deletion between the two guide RNA targets, but were caused by indels or larger deletions at one (74%, 20/27) or both target sites (4%, 1/27) (Table 1). Clear preferences for one of the two target sites were noted in all four cases and likely reflect differences in mutation efficiency or target site accessibility. Only 22% (6/27) of mutations harboured deletions of the region located between the two target sites (Table 1). In only one case (GRMZM2G049141), the 100-bp deletion corresponded exactly to the zone between the two putative cleavage sites. Regarding the other five deletions, small indels at one or both target sites either caused deletions that were slightly smaller (GRMZM2G039538 and GRMZM2G363552) or slightly larger (GRMZM2G049141) than the expected size (Table 1). In summary, it was possible to generate deletions in regions between two guide RNAs. However, the exact size of the deletion was variable and deletions between two target sites were less frequent than indels generated by the action of an individual guide RNA. Last, a vector with four guide RNAs was designed to target a unique gene (strategy 4 in Fig. 2). Three guide RNAs gave rise to mutations in GRMZM2G471240, which were all of the indel type (Table 1). No deletions between the four target sites were observed.

c GRMZM2G157313 WT A188 GACCGGAACGCGACATG-GTACGGAGCACA ins G GACCGGAACGCGACATGGGTACGGAGCACA 0 X 2 GRMZM2G014499 WT A188 ACAGGTCTACATAGTGT-ACCTGGGCGAGC del TGTACCT ACAGGTCTACATAG--------GGGCGAGC -3 ins T ACAGGTCTACATAGTGTTACCTGGGCGAGC 0 X 2 GRMZM2G059165 WT A188 AGCATTCTGCACCAGGGTATCGGACCCAT del T AGCATTCTGCACCAGGG-ATCGGACCCAT 1 GRMZM2G120085 WT A188 CGCACTCCTCGC-AAGCCCCTCGCTTCCCC del CTCCTCGCAAG CGCA------------CCCCTCGCTTCCCC -8 del AA CGCACTCCTCGC---GCCCCTCGCTTCCCC 0 del A CGCACTCCTCGC--AGCCCCTCGCTTCCCC 0 X 2 ins A CGCACTCCTCGCAAAGCCCCTCGCTTCCCC 0 GRMZM2G145466 WT A188 GGAGAAGCACACAAAGC-GCGTGGACGCAC del CG GGAGAAGCACACAAAG---CGTGGACGCAC 0 or 1 ins A GGAGAAGCACACAAAGCAGCGTGGACGCAC 0 GRMZM2G573952 WT A188 AAAAGGTGCTACTGCTG-CGTTGGGGGTAG ins A AAAAGGTGCTACTGCTGACGTTGGGGGTAG 0 ins G AAAAGGTGCTACTGCTGGCGTTGGGGGTAG 0 GRMZM2G046086 WT A188 TATTGGCCATCG--TCCAAGACTTGCATCTT del 35pb ins 62pb s ee Figure 3 -6 del TCCA ins G TATTGGCCATCG-G----AGACTTGCATCTT 0 del CG ins A TATTGGCCAT---ATCCAAGACTTGCATCTT -2 ins C TATTGGCCATCG-CTCCAAGACTTGCATCTT 0 ins A TATTGGCCATCG-ATCCAAGACTTGCATCTT 0 ins TT TATTGGCCATCGTTTCCAAGACTTGCATCTT 0 GRMZM2G140302 WT A188 TATTGGCCATCG-TCCAAGACTTGCATCTT del TCCAAG TATTGGCCATCG-------ACTTGCATCTT 0 del T TATTGGCCATCG--CCAAGACTTGCATCTT 0 x 2 ins C TATTGGCCATCGCTCCAAGACTTGCATCTT 0 ins A TATTGGCCATCGATCCAAGACTTGCATCTT 0 GRMZM2G315601 WT A188 AAAAGACCTGTG-CCTAGCGGGCCAGACCC del CCT AAAAGACCTGTG----AGCGGGCCAGACCC 0 del C AAAAGACCTGTG--CTAGCGGGCCAGACCC 0 X 3 ins T AAAAGACCTGTGTCCTAGCGGGCCAGACCC 0 ins A AAAAGACCTGTGACCTAGCGGGCCAGACCC 0 GRMZM2G134341 WT A188 TCCTCCCCAGGT-TGCCGGGTGCGACCTGT del CCGGG TCCTCCCCAGGT-TG-----TGCGACCTGT 2 del TG TCCTCCCCAGGT---CCGGGTGCGACCTGT 0 ins A TCCTCCCCAGGTATGCCGGGTGCGACCTGT 0 AC208201.3_FG003 W T A188 GCAGACGTGCGACCTGT-ACCGGGGCAGCT ins T GCAGACGTGCGACCTGTTACCGGGGCAGCT 0 X 2 del ACCGGG GCAGACGTGCGACCTGT-------GCAGCT 0 del A GCAGACGTGCGACCTGT--CCGGGGCAGCT 1 del GT GCAGACGTGCGACCT---ACCGGGGCAGCT -2 ins A GCAGACGTGCGACCTGTAACCGGGGCAGCT 0 X 2 GRMZM2G089517 WT A188 CTTGAAGTGAGGACTGCAAGAA----GGCCGGCTCTCGCCGACATCTCTG del 136pb CTTGAAG------------------------------------------- -15 del 43pb ----------------------------------------------TCTG -31 del 32pb ----------------------------CCGGCTCTCGCCGACATCTCTG -30 del 17pb CTTGAAGTGAGGACTGCAA---------------------GACATCTCTG -3 del 8pb CTTGAAGTGAGGACTGCAAGAA------------CTCGCCGACATCTCTG 0 del 28pb, ins GT ------------------------------GTCTCTCGCCGACATCTCTG -21 del 16pb, ins 10pb CTTGAAGTGAGGACT----------ACCAGAGATGTCGCCGACATCTCTG -7 del 7pb ins 11pb CTTGAAGTGAGGACTGCAAGATGCTCTTTGGTCTCTCGCCGACATCTCTG -1 del AAG CTTGAAGTGAGGACTGCAAG-------GCCGGCTCTCGCCGACATCTCTG -2 ins T CTTGAAGTGAGGACTGCAAGAAT---GGCCGGCTCTCGCCGACATCTCTG 0 ins A CTTGAAGTGAGGACTGCAAGAAA---GGCCGGCTCTCGCCGACATCTCTG 0 2 mutaƟons CTTGAAGTGAGGACTGCAAGAA----GGTCGGATCTCGCCGACATCTCTG 3 
c GRMZM2G039538 WT A188 CCTCTTCCACTC-GGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC del 45pb CCTCTTCCACTC----------------------------------------------T-GCACGGCTTCGC 0 and -1 del 44pb CCTCTTCCACTC-G--------------------------------------------T-GCACGGCTTCGC 1 and -1 del GGGCG ins C ; ins T CCTCTTCCACTC-C----GCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCATTGCACGGCTTCGC 0 and 0 del GGGC CCTCTTCCACTC-----GGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 del G CCTCTTCCACTC--GGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 x del CTCGGGC ins T CCTCTTCCA----T---GGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC -3 ins T CCTCTTCCACTCTGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 X GRMZM2G363552 WT A188 CCTCTTCCACTC-GGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC del 44pb CCTCTTCCACTC-G--------------------------------------------T-GCACGGCTTCGC 1 and -1 X2 del GGG ins TT CCTCTTCCACTC-TT-CGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 del GG CCTCTTCCACTC---GCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 del G CCTCTTCCACTC--GGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 ins G CCTCTTCCACTCGGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 ins T CCTCTTCCACTCTGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 ins A CCTCTTCCACTCAGGGCGGCGAGCTCCAGCAGCATCCTGTACACCTACGACACCGTCAT-GCACGGCTTCGC 0 GRMZM2G049141 WT A188 ACAGTGCCGACGATGGCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT del 100pb ACAGTGCCGACG--------------------------(60nt)----------------CCCTGAATCTTCATCAT 0 and 0 del 102pb ACAGTGCCGACG--------------------------(60nt)------------------CTGAATCTTCATCAT 0 and 2 del TGCCGACG ACAG--------ATGGCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT -8 del ATG ACAGTGCCGACG---GCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT 0 del 17 pb A-----------------GTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT -11 del 15 pb A---------------CAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAACCCTGAATCTTCATCAT -11 del CCTG ACAGTGCCGACGATGGCAGTATATCGTCCAGGCCAGC-(60nt)-GGCCCCAGCCCCGAAC----AATCTTCATCAT 1 GRMZM2G040095 WT A188 CGAGCGCCCTGCTCAAGTACCGGGAGGACGAGCTCGGCG-(40nt)-GCCGTGGGACCGCGTGTACGACTACGCGCTGT GRMZM2G149940 WT A188 CTTCCACCAATA-CCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGTGTCGTCACAGACGTCTCC del 54pb CTTCCACCAATA-CCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGT------------------ -1 del G CTTCCACCAATA-CCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGT-TCGTCACAGACGTCTCC -1 ins A CTTCCACCAATAACCCCGCCGGCTTGATCCCAGCGCCGGTGGCACTGCCGGTTCACGCACCGGTGTCGTCACAGACGTCTCC 0 GRMZM2G035701 WT A188 GAATACAGCTGCTCTTGATCCGGATCATT-(30nt)-GGAGCTCCGAAATAGCGATGTAAGCCAGC GRMZM2G471240 WT A188 GCAATACCTGTAGCACGAAGGCGATGGCC GRMZM2G471240 WT A188 GCGGCCTCTCTACGCTG-CCAAGGACATCA del G GCGGCCTCTCTACGCT--CCAAGGACATCA 0 ins G GCGGCCTCTCTACGCTGGCCAAGGACATCA 0 ins T GCGGCCTCTCTACGCTGTCCAAGGACATCA 0 GRMZM2G471240 WT A188 GAGGGTGTCCAGGGTCAACGTGGAGACAG del CAA GAGGGTGTCCAGGGT---CGTGGAGACAG -2 del A GAGGGTGTCCAGGGTC-ACGTGGAGACAG 0 GRMZM2G471240 WT A188 GGAGACAGGGAGGTACG-AACCGGTGACTG del GA GGAGACAGGGAGGTAC---ACCGGTGACTG 0 del GA ins C GGAGACAGGGAGGTAC-C-ACCGGTGACTG 0 del G GGAGACAGGGAGGTAC--AACCGGTGACTG 0 

Mutation efficiency

In total, 28 guide RNAs were expressed in plants, 20 using RDP vectors, and 8 using Iowa vectors. Three guides targeted two genes in conserved regions. Among them, 22 resulted in at least one mutation and 6 did not induce any sequence change in the analysed plants (Table 2). For RDP vectors, 17 guide RNAs induced at least one mutation and three did not generate a mutation. For Iowa vectors, the proportion of unsuccessful guides was higher (3/8) but this result should be interpreted with caution because considerably fewer transformation events were obtained when using 

ACAGCGCGTAGTCGTACACGCGG GRMZM2G040095 Strategy 1 8 0 0 % 0 OsU3 2 - GTCCTCCCGGTACTTGAGCAGGG G RMZM2G040095 0 0% 0 T aU6 2 - Iowa vectors GAATACAGCTGCTCTTGATCCGG GRMZM2G035701 Strategy 4 2 0 0 % 0 ZmU6 8 + GCTGGCTTACATCGCTATTTCGG GRMZM2G035701 0 0% 0 Z mU6 4 8 - GGATCAAGCCGGCGGGGTATTGG GRMZM2G149940 1 50% 0 ZmU6 2 - GGAGACGTCTGTGACGACACCGG GRMZM2G149940 2 100% 2 Z mU6 6 2 - GGCCATCGCCTTCGTGCTACAGG G RMZM2G471240 Strategy 4 2 0 0 % 0 ZmU6 1 - GCGGCCTCTCTACGCTGCCAAGG G RMZM2G471240 2 100% 0 Z mU6 7 1 + GAGGGTGTCCAGGGTCAACGTGG GRMZM2G471240 2 100% 0 Z mU6 6 1 + GGAGACAGGGAGGTACGAACCGG GRMZM2G471240 2 100% 1 Z mU6 6 1 +
a Refers to strategies described in Fig. 2 b Mutation efficiency is defined as percentage of transformation events leading to at least one mutation within the targeted gene(s)

c Chromosome carrying the targeted gene d DNA strand targeted by sgRNA, relative to gene orientation. "-" refers to the non-coding strand and "+" to the coding strand 1 3

Iowa vectors in our conditions. This was certainly due to the non-optimal combination of our Agrobacterium strain LBA4404 (pSB1) and the binary vector, and more precisely an incompatibility between the origins of replication of pSB1 and pGW-Cas9 [START_REF] Char | An Agrobacterium-delivered CRISPR/Cas9 system for high-frequency targeted mutagenesis in maize[END_REF]. Bi-allelic mutations, meaning that alleles on both the maternal and paternal chromosomes carried mutations, were detected in 19% (16/83) of the mutated plants, and more precisely in 18% (13/74) of the mutants obtained with RDP vectors and in 33% (3/9) of the mutants generated with Iowa vectors (Table 2).

Mutation efficiency was calculated as the number of transformation events harbouring at least one mutation as a proportion of all transformation events obtained for a given guide RNA (Table 2). Although this number may be somewhat influenced by differences in the accessibility of certain targets, for example, due to chromatin differences between centromeric and telomeric chromosome regions, or by competition between guide RNAs in the plants that produced more than one guide, it was clear that mutation efficiency was very variable despite similar rules for guide RNA design (Table 2). Concerning the promoter used to drive guide RNA expression in the RDP vectors, mutations were obtained using both the OsU3 and the TaU6 promoters. Averaging the percentages for each promoter, a higher overall mutation efficiency was observed with the TaU6 promoter (65%) compared to the OsU3 promoter (39%) (Table 2). Using the same approach, a slightly higher efficiency was noted when the 20-nt target and the NGG were chosen on the coding (+) strand (58%) compared to the non-coding (-) strand (48%) (Table 2). Finally, the mutation efficiency was not strongly correlated to the overall GC content of the 20-nt targeted sequence (r = 0.31, Table 2).

Although the sample number (three cases) in which one guide RNA was used to target two paralogous genes precluded a quantitative analysis, the mutation efficiency seemed to be in the same range for both target genes with 63%/88% for the first (GRMZM2G039538/GRMZM2G363552), 25%/25% for the second (GRMZM2G039538/ GRMZM2G363552) and 75%/50% for the third guide RNA (GRMZM2G140302/GRMZM2G046086) (Table 2). Our results on the first two cases suggest that the difference in mutagenesis efficiency between two guide RNAs targeting the same gene was more important than the difference between the mutagenesis efficiency for a single guide RNA targeted the two paralogs.

Transmission of edited genes to the next generation

Mutations must be present in germinal cells to be passed on to the next generation. We, therefore, tested whether mutations detected in leaf material of T0 plants fulfill this criterion. During the detection by PCR amplification and Sanger sequencing of leaf material of T0 transformation events, two categories of chromatograms indicative of editing were observed (Online Resource 2): (1) the first and most common category (85%) was characterised by a switch from a homogenous chromatogram to two overlapping sequences with similar peak height (Online Resource 2a), indicating two alleles present in approximately the same proportion in the extracted DNA; (2) the second, less frequent category (15%) presented a main signal and a very weak overlapping signal in the chromatograms (Online Resource 2b), suggesting that the proportion of mutated DNA is very low compared to wild-type DNA. Without any exception, all mutations of the first category were systematically detected in the next generation. Transmission from the T0 to the T1 generation generally followed Mendelian segregation rules, suggesting that the edited alleles had been fixed and been present in all leaf cells and that the mutations had probably occurred early in the maize transformation process, likely during the callus formation step. It should be noted that all alleles presented in Table 1, including the alleles with multiple edits, were of this type. With regard to the second category, we never observed any transmission of the mutations to the next generation suggesting that the mutations were present only in few leaf cells and that the mutations had probably occurred during leaf development. These data indicate that, although chimeras may exist in maize, fully edited T0 plants are predominant and that the distinction between chimeric and fully edited T0 plants can be made on the basis of the Sanger chromatograms.

Limitation of off-target effects

During targeted mutagenesis of a gene of interest, the presence of additional mutations elsewhere in the genome should ideally be minimised. To reduce unintended off-target effects at sites with no homology to the target site, primary transformants were backcrossed to the parent line A188 and only Cas9-free mutant T1 plants, in which the T-DNA had been segregated away based on a negative PCR assay for the BAR gene (Online Resource 3), were used for subsequent molecular or phenotypic characterisations. Furthermore, the use of at least two independent mutations (transformation events) and of several plants per mutation will allow to establish a clear link between the mutated gene and observed phenotypes.

To minimize off-target effects at sites with substantial homology to the target, a rigorous design of the 20-nt recognition sequence was put in place (see "Material and methods"). Since the objective of obtaining knockouts left a lot of freedom to the exact position of the targets in the coding sequence, targets with high similarities to sites elsewhere in the genome (less than three mismatches) were excluded from the design whenever possible. In fact, early works on the specificity of CRISPR-Cas9 had established that cleavage at target sites with more than two mismatches to the sgRNA were generally extremely rare (< 0.01%), although exceptions existed [START_REF] Mali | CAS9 transcriptional activators for target specificity screening and paired nickases for cooperative genome engineering[END_REF][START_REF] Pattanayak | High-throughput profiling of off-target DNA cleavage reveals RNA-programmed Cas9 nuclease specificity[END_REF]. While the design of the present study did not consider bulges [START_REF] Lin | CRISPR/Cas9 systems have off-target activity with insertions or deletions between target DNA and guide RNA sequences[END_REF], targets with similarity to other sites followed by NAG rather than NGG PAM sites were also excluded. In the case of strategy 3 (Fig. 2) targeting two or more paralogous genes with a sgRNA, these rules were not applied to the paralog(s) but maintained for the rest of the genome. As a quality control of the selected 20-nt recognition sequences used in this study, a customized BLAST search was performed (see "Material and methods" section). For each of the 28 targets the most likely off-target was selected based on the BLAST score and the position of the mismatches relative to the 7-12-bp seed sequence close to the PAM (Online Resource 4). Three of the putative off-target sites with three mismatches were chosen for experimental analysis of offtarget mutations by specific PCR amplification followed by Sanger sequencing on T0 plants (Online Resource 3). No editing was detected at any of the three sites.

Creation of multiple mutants

One of the advantages of the CRISPR-Cas9 technology is that it allows the creation of multiple mutants in a single step, thereby avoiding time-consuming crosses and/or backcrosses. With regard to unlinked genes located on different chromosomes, three double mutants were produced in the T0 generation using a construct with two guide RNAs, one for each gene (strategy 1 in Fig. 2). They concerned members of the same gene family in the case of GRMZM2G157313/ GRMZM2G014499 (two double mutants in four transformation events, Table 2) and GRMZM2G059165/ GRMZM2G120085 (1/3), and true paralogs in the case of GRMZM2G039538/GRMZM2G363552 (5/8). More importantly, multiple mutants were also obtained in genes that were tightly linked on the same chromosome, and for which the production of a double knockout mutants would have been difficult to achieve. Double mutants were identified for GRMZM2G089517/GRMZM2G352274 [separated by 75 kb on chromosome 5 (one mutant found out of 14 transformation evens)] and GRMZM2G145466/GRMZM2G573952 [located within 53 kb on chromosome 7 (1 out of 2)]. Finally, we successfully managed to knock out three small (< 600 bp) paralogous genes that are situated in the same region of chromosome 1. These genetically strongly linked genes are ZmEsr1, ZmEsr2 and ZmEsr3 (GRMZM2G046086, GRMZM2G315601, GRMZM2G140302) [START_REF] Opsahl-Ferstad | ZmEsr, a novel endosperm-specific gene expressed in a restricted region around the maize embryo[END_REF]. Since ZmEsr2 and ZmEsr1 are separated by only 29 kb, and ZmEsr1 and ZmEsr3 by only 13 kb, the production of triple knockout mutants underlines the power of CRISPR-Cas9 technology. Using the CRISPR-Cas9 strategy 3 illustrated in Fig. 2, a plant with a frame-shift mutation in each of the three ZmEsr genes was obtained. By a simple self-pollination, we have been able to generate T1 plants homozygous for the three mutated ZmEsr genes that are now available for functional analysis. However, no large deletions between the cleavage sites in the linked genes were found, despite specific PCR reactions designed to detect them.

Discussion

The present study examined CRISPR-Cas9-mediated targeted mutagenesis in maize aimed at routine use for functional genetics studies. Analysing mutations in 20 genes in genome-edited maize plants, it was conducted at a larger scale than previous studies in maize, which either simply demonstrated the feasibility for a single gene or addressed a maximum of five genes [START_REF] Liang | Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system[END_REF][START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF]). It also focused on regenerated plants rather than protoplasts or calli, systematically analysed offspring and is the first study to use the inbred line A188. The results indicate that CRISPR-Cas9 is a robust technology for gene knockout in maize, and can be used to generate various types of mutations with a high frequency of success. Furthermore, it allows the production of double and triple mutants in tightly linked genes.

Three types of mutations were observed in the 93 mutant maize plants analysed: indels, larger deletions and local chromosome rearrangements. The occurrence of larger chromosome rearrangements, such as those reported recently for mouse embryonic stem cells [START_REF] Kosicki | Repair of double-strand breaks induced by CRISPR-Cas9 leads to large deletions and complex rearrangements[END_REF], cannot be excluded but would not be detected with our method. Indeed the detection method, based on PCR amplification and subsequent Sanger sequencing, can only detect mutations in which the two primer-binding sites on either side of the putative cleavage site are conserved in head to head orientation and remain at a distance allowing standard PCR amplification. Small indels as produced in the case of classical NHEJ repair [START_REF] Ma | CRISPR/Cas9 platforms for genome editing in plants: developments and applications[END_REF][START_REF] Bortesi | Patterns of CRISPR/ Cas9 activity in plants, animals and microbes[END_REF] were, as expected, the most frequent outcome (80%, 74/93) and were documented for each of the 18 genes that were successfully mutagenized. They were generally located at, or close to, the putative cleavage site 3 bp upstream of the PAM. Larger deletions (> 10 bp) ranging from 11 to 136 bp were considerably less frequent (11%, 10/93) and concerned only 4/18 genes. Thought to be generated by the MMEJ repair mechanism, short (2 bp to 4 bp) microhomologies were indeed present on both sides of the putative cleavage site in the wild-type sequence of GRMZM2G120085 (GC), GRMZM2G149940 (CCG) and GRMZM2G049141 (GACT) and the large deletions tended to correspond more or less precisely to recombination products between these direct repeats. In contrast, for GRMZM2G089517 larger deletions were more frequent than indels, the start and end points of the deletions were not conserved between events, and two other atypical mutations were obtained: a combination of a 7-bp deletion with an 11-bp insertion, and two point mutations flanking the PAM. The mechanism generating these atypical mutations remains unclear, although it is known that strand resection and random DNA synthesis can lead to unpredictable outcomes during MMEJ repair [START_REF] Wang | Microhomology-mediated end joining: new players join the team[END_REF][START_REF] Sinha | Microhomology-mediated end joining induces hypermutagenesis at breakpoint junctions[END_REF]).

An unexpected allele was also detected for GRMZM2G046086 alongside five other classical indels. This allele consists of a 35-bp deletion accompanied by the insertion of a 61-bp DNA fragment copied from the intergenic region downstream of the gene (Fig. 3).

Importantly, defined deletions (6%, 6/93) of predetermined size and position were successfully provoked by the simultaneous action of two guide RNAs on target sites separated between 44 and 102 bp in a given gene. The precision of these deletion events was not perfect, since only one deletion was precisely of the expected size, whereas the other five contained indels of 1 bp or 2 bp at least at one end of the deletion. In addition, this approach worked only for 3/7 targeted genes and in the three successful cases indels at only one of the target sites were more frequent than the deletion. Since variations in target accessibility over such short distances in coding regions are unlikely, this suggests that very similar efficiency of the two guide RNAs is crucial for the successful generation of defined deletions. Differences between guide RNA efficiency may also partially explain why larger deletions involving target sites distant between 13 and 75 kb in genetically linked paralogs were not detected, despite the fact that CRISPR-Cas9-mediated deletions of up to 120 kb have been documented in plants [START_REF] Gantner | Peripheral infrastructure vectors and an extended set of plant parts for the modular cloning system[END_REF].

The overall mutation efficiency (averaging the percentages for each guide RNA) of 53% was in the global range (2-100%) of previous reports on targeted mutagenesis in maize, as was the 19% rate of biallelic mutations obtained [START_REF] Liang | Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system[END_REF][START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF]Lee et al. 2018). Since higher rates have been achieved in maize with the same basic elements (maize ubiquitin promoter, codon optimized Cas9, cereal U3 or U6 promoters), the specific choices made during vector design, such as the choice of different versions of the ZmUbi promoter, the choice of the terminator, the position of promoter-Cas9 and Cas9-terminator junctions, as well as the presence of an NLS domain, of tags for immunodetection or of introns in the Cas9-coding sequence, are possible parameters for optimisation. However, this suboptimal rate of biallelic mutations also has advantages in the context of functional genetics studies of genes involved in maize kernel development, since mutations could be lethal for the embryo and/or seedling in the homozygous state (Neuffer and Sheridan 1980;Doll et al. 2017). It is, therefore, preferable to generate heterozygous plants and to assess the (lethal) phenotype after self-pollination in segregating ears.

More importantly, the mutation efficiency was very variable at different levels. First, 2 of the 20 genes could not be mutated at all, despite the use of two guide RNAs per gene and the generation of eight and two transformation events, respectively. Second, among the 18 genes successfully mutated, not all transformation events caused mutations. For example, in the case of GRMZM2G352274 only 1 of the 16 transformation events yielded a mutation. Third, in transformation events carrying novel mutations, not all guide RNAs present in the same plant induced mutations. The reasons for failure are likely linked either to the intrinsic quality of the sgRNA design or to the accessibility of the target sequence. Although the design of all sgRNAs followed the same rationale, the online and in house tools used only ensure a relatively high minimum quality standard, but they do not exclude quality differences between the possible designs. The GC content of the binding site [START_REF] Ren | Enhanced specificity and efficiency of the CRISPR/Cas9 system with optimized sgRNA parameters in Drosophila[END_REF][START_REF] Labuhn | Refined sgRNA efficacy prediction improves large-and small-scale CRISPR-Cas9 applications[END_REF], the secondary structure of the sgRNA, and its capacity not only to guide but also to activate the nuclease activity of Cas9 are known to be important parameters [START_REF] Liu | Sequence features associated with the cleavage efficiency of CRISPR/Cas9 system[END_REF]. In this context, it is noteworthy that the GC content of both target sites in GRMZM2G035701 (failure) was relatively low (45%), whereas the GC content of the two sites in GRMZM2G149940 (targeted with success by the same construct in the same plants) was considerably higher (60% and 65%). The criteria for target site accessibility are less clear. Although Cas9 cleavage activity is not thought to be strongly affected by DNA CpG methylation [START_REF] Hsu | DNA targeting specificity of RNA-guided Cas9 nucleases[END_REF], it is generally accepted that the chromatin status of the target region influences the efficiency of CRISPR-Cas9 approaches, that DNase I hypersensitivity (DHS) is a good indicator for Cas9 binding (Wu et al. 2014) and that heterochromatin may be less accessible [START_REF] Jensen | Chromatin accessibility and guide sequence secondary structure affect CRISPR-Cas9 gene editing efficiency[END_REF]). On the other hand, the accessibility of genes located in globally heterochromatic, centromeric regions of maize chromosomes to Cas9-mediated targeted mutagenesis has been demonstrated in protoplasts [START_REF] Feng | Efficient targeted genome modification in maize using CRISPR/Cas9 system[END_REF]). In our study, the two recalcitrant genes GRMZM2G035701 and GRMZM2G040095 are located in gene-rich regions on the long arm of chromosome 8 and close to the end of chromosome 2, respectively. These regions do not present any obvious features explaining failure.

Differences in mutation efficiency between transformation events are expected, since the genomic environment is known to influence the expression level of transgenes, in the present case of the Cas9 and sgRNA genes. However, very low success rates, such as the single edit for GRMZM2G352274 in 16 transformation events, are difficult to explain by insufficient expression, in particular since the second guide RNA present in the same plants caused mutations in 14/16 events. In this as in other cases, the competition of guide RNAs of unequal quality, or differences in target gene accessibility, are more likely explanations for differences in successful mutagenesis than positional effects on transgene expression. Our study suggests that other parameters with a minor impact on mutation efficiency were the choice of the type III promoter with a preference for the TaU6 over the OsU3 promoter, and the choice of the DNA strand with mutagenesis improved by binding of the sgRNA to the template rather than non-template strand. This last observation is likely caused by a quicker release of the Cas9 from the template strand due to displacement by RNA polymerase II and faster repair of the DSB by the cellular machinery [START_REF] Clarke | Enhanced bacterial immunity and mammalian genome editing via RNA-polymerase-mediated dislodging of Cas9 from double-strand DNA breaks[END_REF]. Overall, these results can be translated into five recommendations for gene knockout in maize: (1) the use of at least two guide RNAs per gene, (2) the generation of at least five transformation events, (3) the retargeting of recalcitrant genes with constructs targeting a single gene, (4) the use of maize or wheat U6 promoters, (5) the preferential use of target sequences on the coding strand.

Chimerism is an important issue in CRISPR-Cas9mediated mutagenesis, since in stably transformed plants constitutively expressing Cas9 and sgRNA genes, genome editing can occur at any time and in any number of cells during the life cycle of the plant, raising the question of whether the mutations detected in the leaves or other organs of primary transformants will be present in germinal cells and thus transmitted to the offspring. Our results indicate that chimerism does occur, but that the majority of events detected in leaf material are fully edited and that sequencing chromatograms with overlapping sequencing peaks of equal height are predictive for transmission to the next generation. This is in agreement with earlier reports in maize [START_REF] Liang | Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system[END_REF][START_REF] Xing | A CRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF]) and seems to indicate that the majority of editing events occur very early on during the transformation of immature maize embryos, likely at the callus stage.

The ease of multiplexing is frequently cited as one of the major advantages of CRISPR-Cas9 technology over the use of other site-directed nucleases such as meganucleases, zinc finger nucleases or TALENs, and CRISPR-Cas9 constructs harbouring as many as 14 guide RNAs have been used successfully in Arabidopsis [START_REF] Peterson | Genome-wide assessment of efficiency and specificity in CRISPR/Cas9 mediated multiple site targeting in Arabidopsis[END_REF]. Three double mutants in gene family members residing on different chromosomes, two double mutants in paralogs separated by 53 kb or 75 kb, and a triple mutant in paralogs separated by 13 kb or 29 kb were generated in our study. These examples underline the power of CRISPR-Cas9 technology since the production of double or triple knockout mutants in tightly linked genes would have been nearly impossible to achieve by crossing of single mutants, and would have required the analysis of thousands of recombinants. Multiplexing is of particular interest in maize, which is an ancient tetraploid known to contain numerous functionally redundant paralogs, hampering functional analysis. As a result the production of multiple mutants by CRISPR-Cas9 will almost certainly become a prime tool for functional genomics studies in this species.

Author contribution statement NMD, PMR and TW conceived and designed research; NMD, LMG, MFG, CR, YF, VMG, GG, and TW conducted experiments. MFG, CR and GG performed maize transformation. NMD prepared tables and figures. JJ performed bioinformatics analyses to produce Online Resource 1 and Online Resource 4. NMD, GI, PMR and TW wrote the manuscript. PMR and TW were involved in project management and obtained funding.

Preamble

At maturity Brassicaceae seeds have a translucent "space" between embryo and the remaining endosperm single cell layer of aleurone, which was historically named hyaline layer due to its transparent appearance on sections, although its nature and function were essentially unknown [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF]Vaughan and Whitehouse, 1971). More recently, the identification of a strong anti-EXTENSIN immunolabelling around mature Arabidopsis embryo was described, suggesting the presence of EXTENSINs in the hyaline layer [START_REF] Lee | Distinct Cell Wall Architectures in Seed Endosperms in Representatives of the Brassicaceae and Solanaceae[END_REF]. Understanding of the origin and function of this structure was significantly advanced in by recent study of the team in which I am co-author (Moussu et al., 2017). In growing seeds, two anti-EXTENSINs antibodies, JIM12 and LM1, label epitopes that are produced by the endosperm and accumulate at the embryo surface, outside the embryonic cuticle. TEM pictures revealed a thick layer of around 200nm adjacent to the embryonic cuticle on the endosperm side. JIM12 immunogold labelling demonstrated that this structure is specifically recognized by this antibody. Due to its location in the endosperm surrounding the embryo, and to its amorphous appearance, this structure was named the embryo sheath. JIM12 epitope production and deposition starts at the late heart stage in the embryo surrounding cells, soon after cellularization (Moussu et al., 2017).

In mature seeds, the sheath covers the whole embryo. Given its location and amorphous structure it seems likely that the embryo sheath is the structure previously named the hyaline layer. The role of the sheath was investigated by the identification of two mutants defective in JIM12 epitope production. The first one is ZOU, a transcription factor involved in endosperm degradation and embryonic cuticle formation (presented in introduction, ( §I-2-D and §II-2-Bb)) (Kondou et al., 2008;Yang et al., 2008). However, because of the pleiotropic effects of loss of ZOU function (defective endosperm breakdown, embryo cuticle formation, and loss of sheath function), zou mutants are not good tools to analyse the specific function of the sheath.

The second mutant identified does not have these strong pleiotropic effects. The endosperm breaks down normally and the embryonic cuticle is not strongly affected, even though a slight increase in permeability was observed compared to the wild type. This mutant was consequently selected for analysing the function of the sheath. At the genetic level, this mutant is defective in a gene encoding a cysteine rich peptide of the STIG1 family, named KERBEROS (KRS), with reference to the three headed dog that guards the passage between the world of the living (the embryo) and the world of the dead (the endosperm) in the Greek mythology (Moussu et al., 2017). As seen in introduction ( §II-3-C), in krs mutants the embryo and endosperm appear to be stuck together, and seeds lack the "space" normally occupied by the sheath. This stickiness leads to problem in embryo expansion through the endosperm, as cotyledons often stick to the endosperm and cannot bend towards the chalazal pole of the seed as they would normally. As a consequence, around 4% of krs seeds are misshapen at maturity. The sheath was consequently proposed to act as an anti-adhesive layer that mediates the separation between embryo and endosperm. However nothing was known about its biophysical properties and its structure, and little was known regarding the genes required for its establishment and its fate during germination.

In a first section of this chapter, presented as an article we will submit to "Nature Plant", we show that the sheath is maintained at the cotyledon surface during and after germination, before being fragmented by cotyledon expansion. The state of the embryo sheath and the cuticle in several mutant backgrounds is discussed. We show that the sheath is involved in the escape of the cotyledons from extra-embryonic seed tissues after radicle emergence. AFM-based measurements of adhesiveness of the cotyledon surface clearly demonstrate the anti-adhesive properties of the sheath.

In a second section, new observations regarding the sheath are reported. The question of sheath composition is addressed in more detail by immunolabelling of the sheath and the study of some EXTENSIN related mutants. Subsequently the genetic network required for sheath production and deposition is investigated in more detail. Finally the conservation of the sheath is tested in petunia, for which a mutant in the KRS ortholog is available.

The third section of this chapter contains a discussion of the discoveries about the embryo sheath described in this thesis and describes potential future research perspectives. *To whom correspondence should be addressed endosperm-derived structure rich in glycoproteins that is deposited on the embryo surface during seed development. We show that the sheath is maintained as a continuous layer at the seedling surface during germination and cotyledon emergence, and then becomes fragmented as cotyledons expand. Biophysical analyses reveal that the surfaces of wild-type cotyledons show little or no adhesion to silica beads in an aqueous environment immediately after cotyledon emergence, but that adhesion increases as cotyledons expand. In contrast the cotyledons of kerberos (krs) mutants, which lack the embryo sheath, show uniform adhesion throughout their post-germination development, while mutants with specific defects in cuticle biosynthesis show a similar adhesion profile to wild-type seedlings at early stages. The absence of the sheath in krs mutants does not affect radicle emergence at germination but retards cotyledon emergence, a defect that is again not observed in seedlings with specific defects in cuticle biosynthesis. We propose that presence of the sheath significantly reduces the adhesiveness of the cotyledon surface lubricating the emerging cotyledons under the humid conditions necessary for seed germination, and thus promoting seed coat shedding and rapid seedling establishment.

I) The endosperm-derived embryo sheath is an anti

Results and discussion

The embryo sheath, and not the cuticle, forms the primary interface with the environment upon cotyledon and hypocotyl emergence.

Arabidopsis seed development, like that of most Angiosperms, is triggered by a double fertilization event that leads to the production of two tissues; the embryo (from the fertilized egg cell) and the endosperm (from the fertilized central cell of the female gametophyte). The coordinated development of these two tissues is critical for the production of fully viable seeds.

The embryo sheath is composed of material rich in EXTENSIN epitopes, which is produced in the endosperm surrounding the developing embryo during seed development and deposited at the embryo surface, outside the embryonic cuticle (Moussu et al., 2017). Sheath deposition correlates with an apparent reduction in the adhesion of the embryo to the endosperm during seed development both temporally and in a variety of backgrounds defective in sheath deposition, and is important for the invasive growth of the embryo through the endosperm in developing seeds.

We tested whether the sheath remains within the seed at germination or whether it adheres to the seedling surface upon emergence. Immunolocalisations of resin sections with the anti-EXTENSIN JIM12 antibody (Smallwood et al., 1994) revealed that the newly emerged embryoderived surfaces of wild-type seedlings at 2 Days After Stratification (DAS) are covered with a continuous sheath (Figure 1A). Consistent with the previously reported absence of sheath production by the endosperm of developing kerberos (krs) mutant seeds, sheath material is absent at the surface of krs mutant seedlings (Figure 1D). This result was confirmed by wholemount immunolocalisations with JIM12. These show a strong and continuous signal on all aerial part of wild type seedlings at 2 DAS, but no signal in the krs background (Figure 1G,J).

Consistent with the observation that the sheath is strictly seed-derived (Moussu et al., 2017), and therefore does not continue to be synthesised post germination at the embryo surface, JIM12 signal on the surface of wild-type seedlings was progressively fragmented as seedlings expanded. At 4 DAS, the sheath on the wild type cotyledons is discontinuous (Figure 1B), and at 7 DAS, only a few patches remain on the cotyledon surface (Figure 1C). These results were confirmed by whole mount immunolabelling in which the JIM12 signal decreased strongly in intensity during cotyledon expansion (Figure 1H,I). As expected, JIM12 signal was found to be absent on post embryonic structures such as leaf primordia. In the primary root, occasional patches of sheath-like material were observed, which may be derived from the embryonic root apex (Figure 1A, Figure S1).

These results show that the assumption that the Arabidopsis seedling cuticle forms the primary interface between the seedling and the environment upon germination is false, and that this interface is, in fact, formed by the embryo sheath; an endosperm derived structure. More generally, they contradict the dogma that the cuticle forms the outermost structure on all aerial organs of plants [START_REF] Aharoni | The SHINE Clade of AP2 Domain Transcription Factors Activates Wax Biosynthesis, Alters Cuticle Properties, and Confers Drought Tolerance when Overexpressed in Arabidopsis[END_REF][START_REF] Jenks | Cuticular Waxes of Arabidopsis[END_REF][START_REF] Para | The Dehydratase ADT3 Affects ROS Homeostasis and Cotyledon Development[END_REF][START_REF] Suh | Cuticular Lipid Composition, Surface Structure, and Gene Expression in Arabidopsis Stem Epidermis[END_REF]Tanaka et al., 2001;Todd et al., 1999) .

Sheath deposition and embryonic cuticle formation are genetically separable processes.

Our previous work showed that mutants in a signalling pathway necessary for embryonic cuticle integrity, and in particular double mutants lacking the receptor kinases GASSHO1/SHENGEN3 (GSO1) and GASSHO2 (GSO2), show defects in sheath deposition. Unlike krs mutants, where no sheath material is produced, gso1 gso2 mutant seeds accumulate sheath material, visualised by the presence of the JIM12 epitope, in the endosperm, but this fails to be deposited at the embryo surface. Both krs and gso1 gso2 mutant embryos show an apparent increase in adhesion to surrounding endosperm tissues during seed development. (Moussu et al., 2017). Consistent with the seed phenotype of gso1 gso2 mutants, we found that newly emerged seedlings lacked a coherent sheath at the seedling surface, even if the JIM12 epitope is present in what remains of the seed (Figure S2). GSO1 and GSO2 are necessary for the formation of a continuous embryonic cuticle but not for the regulation of cutin biosynthesis (Tsuwamoto et al., 2008;Xing et al., 2013) (Creff et al., in press). These results raised the question of whether sheath deposition and cuticle establishment are inter-dependent.

To investigate this question in more detail, and to identify backgrounds that would allow us to discriminate between the specific functions of these structures, we analysed cuticle integrity in krs mutants which lack the embryo sheath. In addition we investigated sheath production in a mutant reported to have a defect specifically in cuticle biosynthesis, the glycerol-3-phosphate acyltransferase 4 and 8 (gpat4 gpat8) double mutant (Li et al., 2007) (Creff et al., in press).

Staining with the lipophilic dye auramine O showed that krs mutants have a continuous and apparently normal cuticle after germination (Figure 2C,D). No endosperm debris was observed on the surface of krs seedlings during staining, indicating that this cuticle does allows a clean separation of the embryo from surrounding endosperm tissues. The krs cuticle was also found to be indistinguishable from that of wild-type seedlings later in cotyledon development (Figure S3). We conclude that krs is only deficient for sheath deposition but not for cuticle establishment. In contrast the cuticle of gpat4 gpat8 mutants stains only very weakly at 2 and 4 DAS, consistent with its role in cutin biosynthesis (Figure 2E,F, Figure S3) (Creff et al., in press). Sheath production and deposition is not affected in gpat4 gpat8 and the sheath is maintained on the cotyledon surface post germination (Figure 2G,H). Consistent with this, embryo-endosperm separation occurs normally in gpat4 gpat8 mutants. Our results suggest that this genetic background shows defects only in cuticle biosynthesis, but not in sheath deposition (Figure 2G,H). Thus embryo sheath deposition can be functionally separated from cuticle formation. The gpat4 gpat8 and krs mutants therefore represent valuable tools to separate the function of the embryonic cuticle from that of the embryo sheath. 

Changes in the adhesive properties of the cotyledon surface correlate with the presence of an intact sheath.

The fact that the sheath is maintained on the surface of young seedlings provides an excellent opportunity to measure the biophysical properties of surfaces with and without a sheath, and notably to assess the adhesive properties of these surfaces. To assess this parameter we used atomic force microscopy (AFM) with a spherical silica tip. Initial scans were carried out to acquire the topography of the sample and to identify cells (Figure 3A). Smaller areas (10 x 10 µm²) were then selected for the generation of 8 x 8 grids of force curves for adhesion measurements (Figure 3B)(see materials and methods). Under our conditions little, if any, adhesion was measured at the surface of wild-type cotyledons at 2 DAS, whereas at 5 DAS, higher levels of adhesion were observed. krs cotyledons showed similar values of adhesion at 2 DAS and 5 DAS, and these values were similar to those observed in wild-type cotyledons at 5 DAS. As previously observed in cuticle staining experiments, AFM scans showed the absence of endosperm debris at the cotyledon surface of krs mutants. These observations were confirmed using scanning electron microscopy (Figure S4). Thus, the presence of an intact sheath correlates with reduced adhesion both temporally in wild-type seedlings, and in the krs mutant. (Figure 3C,D) (Figure S5). These results indicate that the sheath is less adhesive under aqueous conditions than the cuticle, which is considered to be a non-adhesive structure (Burton and Bhushan, 2006).

Consistent with the fact that gpat4 gpat8 mutants produce a normal sheath, their properties were identical to those of wild-type seedlings at 2 DAS. Interestingly however, at 5 DAS, the surface of gpat4 gpat 8 mutant cotyledons tended to be less adhesive than that of wild-type and krs seedlings (Figure 3D). This could reflect changes in cuticle composition caused by, or compensating for, the loss of the products of the GPAT4 and GPAT8 enzymes at this developmental stage, and merits further investigation. To assess the role of the anti-adhesive properties of the sheath post seed development, the germination of krs, gpat4 gpat8 and WT seeds was observed. We found that 48h after stratification, krs plantlets have a higher frequency of retention of the cotyledons within the extra embryonic tissues of the seed than either WT or gpat4 gpat8 mutants (Figure 4A,B).

Kinetic analysis showed a significant delay in cotyledon escape (Figure 4C). However, radicle emergence was not delayed, showing that germination stricto sensu is not affected in krs mutants (Figure 4D). The fact that gpat4 gpat8 plantlets do not present defects in cotyledon escape, indicates that this phenotype is specifically caused by the absence of the embryo sheath.

Cotyledon escape was also assessed in etiolated seedlings in which cotyledons do not expand dramatically. 5 DAS, cotyledons frequently remain inside the extra-embryonic tissues in krs seedlings but very rarely in WT (Figure 4E,F). Quantification at 5 DAS highlighted the significantly increased occurrence of this phenotype in krs compared to the wild type and gpat4 gpat8 seedlings (Figure 4G). These results suggest that the sheath promotes cotyledon escape from the seed even in absence of significant cotyledon expansion, reinforcing the hypothesis that the sheath is involved in reducing adhesion of cotyledons to surrounding tissues, and in lubrication during seed coat shedding.

In conclusion, our work reveals that, contrary to the situation at other aerial plant surfaces, the primary interface of the newly emerged Arabidopsis embryo with its environment is not the cuticle, but the extra-cuticular endosperm-derived embryo sheath. We demonstrate that the sheath renders the embryo surface less adhesive under humid conditions, which likely explains its role in permitting the growth of the embryo through the endosperm during seed development, and in facilitating cotyledon escape from the seed coat. Our results highlight a previously unsuspected role for endosperm-derived apoplastic components in the emergence of seedlings during germination, and also have potentially important implications for understanding the interactions of germinated seedlings with their environment. Our results are pertinent for understanding a widespread phenomenon in horticulture commonly known as "helmet head" syndrome, in which cotyledons remain "stuck" within seed coats, leading to reduced viability.

The finding that seedling adhesion to the seed coat is conditioned by a structure rich in glycoproteins (and thus likely extremely hydrophilic) rather than the typically hydrophobic cuticle, provide significant insights into the mechanistic basis for this phenomenon. AFM experiments were performed on a stand-alone Nanowizard III microscope (JPK, Bruker), driven by JPK Nanowizard software 6.0. The experiments were performed in filtered MS media (without sucrose) that was used to flood the petri dish as soon as possible after cotyledon immobilisation and 15' to 2 hours before the beginning of the measurements. We used a silica spherical tip (Special Development SD-sphere-NCH, Nanosensors) mounted on a silicon cantilever with a nominal force constant of 42 N/m, and a radius of 400 nm. Cantilevers were cleaned before each experiment in a Hellmanex III (VWR, Ref. 634-0666)/water solution (2% v/v) for 10', then rinsed in water for 10' and finally in ethanol (either pure or 70% solution), in order to remove organic contaminants. This procedure was sometimes repeated during the experiments if there was any suspicion of tip contamination.

Cantilever calibration was performed following the standard thermal noise method. We measured the deflection sensitivity by doing a linear fit of the contact part of a force curve acquired on a sapphire sample in MQ water. Then, we determined the spring constant by acquiring the thermal noise spectrum of the cantilever and by fitting the first normal mode peak using a single harmonic oscillator model. Usually, the same tip was used over several days of experiment, or for as long as possible, in order to minimize possible adhesion offsets coming from tip apex differences. In order to reduce the offsets in force that can be introduced by each new calibration, we followed the SNAP protocol developed by [START_REF] Schillers | Standardized Nanomechanical Atomic Force Microscopy Procedure (SNAP) for Measuring Soft and Biological Samples[END_REF]. Since the cantilevers used for this study were not independently calibrated by the manufacturer, we considered the spring constant value found at the first calibration as the reference value. In the following calibrations, we corrected the deflection sensitivity following SNAP, in order to obtain the same spring constant each time by thermal tune analysis. Then, the new deflection sensitivity and the reference spring constant were set in the instrument's software.

The acquisitions were performed as follows: a first acquisition in Quantitative Imaging (QI) modality at low force (75 nN) and over large areas (90 x 90 µm² or 100 x 100 µm²) gave a first topographic scan for selecting the regions of interest. The first topographic scan was also used to verify that the areas selected were free from contaminants and as flat as possible to minimise tilting of tip-sample contacts. 3 to 4 smaller maps (10 x 10 µm², with 8 x 8 force curves) were then acquired in Force Mapping mode, each restricted to 1 single cell. Force curves were acquired with a 4 µm ramp size (2048 data points per curve), with approach and retract speed of 20 µm/s and a force setpoint of 100 nN: This setpoint is rather small (giving indentations around 50 nm), but high enough to ensure a stable contact for each force curve. Between approach and retract curve, a 2 second pause segment at constant force (100 nN) was imposed, in order to have a controlled contact time at each point.

Data analysis

Data analysis was carried out using JPK Data Processing software 6.0. Adhesion force is measured as the minimum value of force found on the retract segment of the force curve: a minimum is found on every curve, even without any detectable adhesion well. In order to filter out spurious adhesion events, we adopted the following strategy: an RMS value is calculated on a portion of the baseline, then curves are separated into 2 groups depending on whether adhesion passes a threshold value defined as 5 * RMS. This coefficient was selected by visually verifying the correct separation into the 2 groups for several samples. Using a Python routine, an adhesion of 0 nN was assigned to all adhesion events below the previously defined threshold.

Statistical analysis was performed in GraphPad Prism 7.05. For each cotyledon, we calculated the average of adhesions measured on all the regions of interest defined on it. Data were then grouped per genotype and represented as scatter plots, where means +/-SEMs are displayed.

T-tests were run if only 2 genotypes were present, for the rest of the comparisons we used oneway ANOVA, comparing each genotype with every other genotype.

Immunolabelling on sections.

Seeds or seedlings were fixed in PEM buffer (15.2g.L-1 PIPES, 1.6g.L-1 EGTA, 1.2g.L-1

MgSO4 (7H2O), pH 6.9, in water) containing 4% (W/V) paraformaldehyde for 1 hour under vacuum, on ice and then overnight at 4°C. Samples were washed 2 times in PEM buffer and dehydrated by incubation in increasing concentrations of ethanol, (50%, 70%, 80%, 90% and three times 100%). Incubations were performed on ice, for one hour and under vacuum.

Samples were then infiltrated with increasing concentrations of LR white resin in absolute ethanol, (30%, 50%, 70% and three times 100%), for 1 hour on ice under vacuum followed by an overnight incubation at 4°C for each bath. Samples were then transferred to small Beam capsules (Electron Microscopy Sciences) and incubated overnight at 60°C for polymerisation.

Seed and seedling sections of 1µm were cut on a Leica RM6626 microtome and fixed onto superfrost gold slide (Thermoscientific). For immunolabelling, sections were first incubated 45 minutes in PBS containing 2% (W/V) of bovine serum albumin (BSA). They were then incubated with a 10 fold dilution of the primary antibody in PBS containing 0.1% (W/V) BSA overnight at 4°C followed by one hour at room temperature. Sections are then washed three times in successively PBS for 5 minutes, PBS and 0.1% of tween 20 (W/V) for 10 minutes and PBS for 5 minutes. Incubation with a 1000-fold dilution of anti-rat secondary antibody (Alexa Fluor 488 conjugate, Invitogen) in PBS with 0.1% BSA for 1 hour in darkness, in a wet chamber was performed. The sections were washed three times as described after the primary antibody.

Sections were counter stained with a solution of 0.25 ng.L-1 of calcofluor (Fluorescent Brighter 28 (Sigma Aldrich)) in PBS for 5 minutes. Section were washed rapidly three times in PBS and mounted in VECTASHIELD solution (Eurobio). Observations were made using an Axio Imager 2 microscope (Zeiss).

Whole mount immunolabelling.

Seedlings were first fixed as described above, then washed two times 5 minutes in PBS under rotation (30rpm) in 5ml tubes. Immunolabeling was immediately performed using the same protocol as describe above, but with the differences listed below. The containers used were different: for the washes, seedlings were put in 5mL capacity tubes under a rotation of 30 rpm.

For the incubation with the primary and the secondary antibodies, the seedlings were carefully transferred to 0.25ml small PCR tubes and incubated in 200µL of antibody solution. The counter staining was not performed and the seedlings were mounted in water between slide and coverslip. Observations were made using an Imager M2 (Zeiss) microscope.

II) Investigation of sheath composition, its genetic control in

Arabidopsis and its conservation in Petunia

Author contributions: 

In

II-1) Further observations on the embryo sheath II-1-A) Deposition of endosperm-derived material at embryo/endosperm interface initiates prior to JIM12 epitope detection.

The presence of a JIM12 epitope in sheath materials initiates at the late heart stage, and corresponds to the moment at which embryo-endosperm separation occurs in wild-type seeds (Moussu et al., 2017). To investigate what happens prior this developmental time point, TEM pictures of seed at the globular stage was carried out. At this stage, an electron-translucent deposit is already present at the endosperm side of the embryo/endosperm interface.

Interestingly, these images suggest that an active secretion of material from the coenocytic endosperm contributes to this deposit, which accumulates to form a thicker and less organised structure than that associated with classical cell walls (Figure 1A,B). This endosperm secretion at the embryo/endosperm interface indicates the formation a pre-sheath deposit of unknown material at the globular stage.

II-1-B)

The sheath is composed of two parts, a cohesive and a loose sheath

Since the heart stage, the embryo sheath is strongly labelled by the JIM12 antibody. Epitope distribution in seeds allow us to follow and understand sheath production and deposition (Figure1,C,D,E). In embryo surrounding cells, JIM12 epitopes are first targeted to the cell periphery. Subsequently, in cells adjacent to the growing embryo, JIM12 epitopes appear to be released into the spaces relinquished by the dying cell. Degradation of the remaining cell walls leads to a release of the epitope into the embryo/endosperm interface. Ultimately a proportion of epitope-containing material adheres to the embryo surface (Figure1, C,D,E). In sections of fixed seeds, the apoplastic space observed between the embry and endosperm is mainly artefactual, due to endosperm tissue retraction, and the embryo and endosperm are probably in close contact in living seeds (Moussu et al., 2017). However this space reveals that the sheath represents a point of mechanical weakness in the seed tissues and thus that the embryo and endosperm adhere very weakly compared to other cell junction in the seed. In addition it appears that the sheath comprises two distinct zones: a zone that adheres strongly to the embryo surface, and that we have named the coherent sheath, and a part that appears less structured, named the loose sheath. During germination, the coherent sheath is maintained on the surface of germinated seedlings while the loose sheath is distributed between the seedlings and the extraembryonic tissues of the seed (Figure 1 G-I). Interestingly, the loose sheath appears to be "scraped" from extra-embryonic tissues as cotyledons move within them, suggesting that the zone of separation that allows sliding between the embryo and extra-embryonic tissues appears within the loose sheath during germination, as the coherent sheath remains continuous at the seedling surface even where friction should be strong (Figure 1 G-I). These observations demonstrate an apparent duality in the sheath structure, which is composed of a coherent sheath stuck to embryo surface and moving with it and a loose sheath which is scraped and dispersed during germination and where the sliding between embryo and the endosperm probably occurs. 

II-2) Further observations regarding sheath composition II-2-A) The sheath is labelled only by certain anti-EXTENSIN antibodies

Little is known about the composition of the sheath. Two anti-EXTENSINs antibodies, JIM12 and LM1 had previously been shown to specifically and strongly label the sheath (Moussu et al., 2017). These antibodies were described as EXTENSIN specific (Smallwood et al., 1994(Smallwood et al., , 1995)). Consequently, the sheath is expected to have a high EXTENSIN content. Moreover, previous studies of cell wall composition by immunostaining in seeds show little, if any signal in the sheath for antibodies against pectins, cellulose or arabinans (Fourquin et al., 2016;[START_REF] Lee | Distinct Cell Wall Architectures in Seed Endosperms in Representatives of the Brassicaceae and Solanaceae[END_REF]. An alternative set of antibodies against different cell wall components was tested on seed sections at the late torpedo to bent stages. First, three other anti-EXTENSINs antibodies were tested: JIM11, JIM9 and JIM20 (Figure1, B,C,D) [START_REF] Knox | Identification of novel cell surface epitopes using a leaf epidermal-strip assay system[END_REF]. Only JIM19 was found to label the sheath, giving a signal resembling that of JIM12 (Figure 1A,C). Thus the sheath is not detected by all available anti-EXTENSIN antibodies. Antibodies against other cell wall components were tested: an anti-xylogalacturonan (LM8), two anti-arabinogalactans (JIM4 and LM2), two anti-homogalacturonans (JIM7 and JIM19) and one anti-xyloglucan (LM25). No strong signal was detected in the sheath (Figure 2E-J). In particular, antiarabinogalactan (AGP) antibodies do not stain the sheath, although AGPs are the members of the same superfamily of glycoproteins as EXTENSINs, the Hydroxy-Proline Rich Glycoprotein (HPRG) superfamily (Figure 2F,G). The recognition of the sheath only by some anti-EXTENSIN antibodies as well as the very strong and specific signal produced by these antibodies, suggests a very strong enrichment in a particular type of EXTENSINs in the embryo sheath.

II-2-B) EXTENSIN 3 is not involved in sheath formation and its KO is perfectly viable

To go further with sheath characterization, I focused on EXTENSIN-encoding genes that are expressed in the endosperm surrounding the embryo and misregulated in the sheath lacking zou mutant. Two interesting genes were selected as strongly downregulated in the microarray transcriptome of zou mutant, EXTENSIN 3 (EXT3), also named ROOT-SHOOT-HYPOCOTYL- DEFECTIVE (RSH) and RESIDUAL ARABINOSE 1 (RRA1) which is involved in EXTENSIN arabinosylation [START_REF] Egelund | Molecular characterization of two Arabidopsis thaliana glycosyltransferase mutants, rra1 and rra2, which have a reduced residual arabinose content in a polymer tightly associated with the cellulosic wall residue[END_REF]Fourquin et al., 2016;[START_REF] Hall | The cell wall hydroxyproline-rich glycoprotein RSH is essential for normal embryo development in Arabidopsis[END_REF]Waters et al., 2013). RSH/EXT3 is strongly expressed in the embryo-surrounding endosperm [START_REF] Francoz | Complementarity of medium-throughput in situ RNA hybridization and tissue-specific transcriptomics: case study of Arabidopsis seed development kinetics[END_REF]. The rsh/ext3 mutant has been reported to be embryo lethal, presenting strong defects in cell plate establishment during early embryogenesis. The rsh mutation was identified in the Landsberg erecta genetic background and is caused by an insertion in the EXT3 promoter leading to a strong reduction in gene expression. [START_REF] Hall | The cell wall hydroxyproline-rich glycoprotein RSH is essential for normal embryo development in Arabidopsis[END_REF][START_REF] Saha | Self-rescue of an EXTENSIN mutant reveals alternative gene expression programs and candidate proteins for new cell wall assembly in Arabidopsis[END_REF].

To generate a complete loss of function allele in Col-0 background, a CRISPR based approach was deployed by targeting the 5' end of EXT3 with two guides. Several mutations were generated and 4 independent homozygous lines were generated (Figure 3A). In all the 4 lines, the EXTENSIN3 protein is predicted to be either truncated soon after the mutation, or to differ in amino acid composition due to a frame shift in the open reading frame (ORF) (Figure 3B).

No putative translational start in the correct ORF is found downstream of any of the mutations and no EXTENSIN domains remain in any of the mutated proteins indicating that the EXT3 protein is not functional. Surprisingly, the homozygous plants from the 4 lines were all viable and had normal seed shapes, suggesting no sheath phenotype. Immunolabelling performed on ext3-1 seed showed the presence of a normal sheath (Figure 3C). The lack of lethal or seed phenotypes in ext3 CRISPR lines and the pertinence of the t-DNA line already published will be discussed in the next section (III-5).

II-2-C)

RRA1 is required for sheath antigenicity but is not apparently necessary for the anti-adhesive properties of the sheath.

RRA1, the second gene selected, encodes an enzyme catalysing the addition of a second arabinose residue on the tyrosine of EXTENSINs and is important for EXTENSIN polymerization (Chen et al., 2015a;[START_REF] Egelund | Molecular characterization of two Arabidopsis thaliana glycosyltransferase mutants, rra1 and rra2, which have a reduced residual arabinose content in a polymer tightly associated with the cellulosic wall residue[END_REF]. Interestingly, in rra1, sheath immunolabelling is lost in both seeds and in 2 DAS cotyledon (Figure 4A-C). Surprisingly, no misshapen seeds were observed in rra1 (Table1) and no delay in cotyledon escape from the seed was detected (Figure 4E). These results suggest that the function of the sheath as an antiadhesive layer is not significantly affected in rra1. However, the loss of anti-EXTENSIN labelling in rra1 suggests modifications in the sheath composition, probably due to a lack of arabinosylation that causes a loss of antigenicity to these antibodies. Consistent with these data, although the epitope of anti-EXTENSIN antibodies is not known, it had been suggested that it requires a glycosylation of the EXTENSIN backbone [START_REF] Castilleux | Cell wall extensins in root-microbe interactions and root secretions[END_REF]. In summary, our observations suggest that the EXTENSINs detected in the sheath are arabinosylated and that defects in the arabinosylation usually mediated by RRA1 do not induce a detectable loss of sheath anti-adhesive phenotype. However, since no biophysical measurement have been carried

out on rra1 mutants we cannot exclude the possibility of subtle defects.

II-3) The transcriptomic control of KRS

II-3-A) A 405 base pair promoter is sufficient for KRS expression in the endosperm

To investigate the genetic network that controls sheath formation, the focus was put on KRS, which appears to be a master regulator of sheath establishment. Interestingly, KRS expression starts at the heart stage and is closely correlated with the production of the anti-EXTENSIN epitopes of the sheath (Moussu et al., 2017). Little is known about KRS regulation except that KRS expression is completely lost in zou mutant seeds, with no detectable vestigial expression, suggesting a direct regulation of KRS expression by the transcription factor ZOU (Moussu et al., 2017;[START_REF] Waters | What we've got here is failure to communicate": zou mutants and endosperm cell death in seed development[END_REF]. Consistent with this, KRS is expressed in the embryo surrounding cells where ZOU is present. Although the ZOU promoter is active immediately after the double fertilisation, much earlier than that of KRS, ZOU protein only becomes detectable in the endosperm at the heart stage, again consistent with the idea that ZOU could regulate KRS expression (Yang et al., 2008). To investigate the transcriptional regulation of KRS, the KRS promoter was studied. Two promoters of 4000pb and 1600pb were already characterized and drove the same strong expression in the endosperm (Moussu et al., 2017). 5' deletions of KRS promoter fused to the mCITRINE fluorescent tag with a nuclear localisation signal (NLS) were generated from pKRS 1600 and transformed in plants (Figure 5A). Promoter activity was analysed in T2 seeds for at least 4 independent transformation events. As the promoter strength cannot be correlated with fluorescent strength because of possible multiple insertions, differences between homozygotes and heterozygotes or differences coming from insertion sites, only the absence or presence of the fluorescence was considered. For all the promoters bigger exending furher than 405pb from the translation start site, a strong fluorescence signal was observed in the endosperm surrounding the embryo, while no fluorescence at all was observed for the 181pb (Figure 5B-H). The shift between active and inactive promoters thus happens between the positions -405 and -181 from the translational start site. Identification of ciselement with the PlantCARE software show the remarkable presence of many light responsive elements in this promoter region (Figure 5I)

II-3-B) A pseudo-G-box motif is not necessary for KRS expression

Interestingly, a G-box-like motif is annotated between positions -283 and -276 (Figure 5I). Gboxes are known to be bound by bHLH and bZIP transcription factors and ZOU has a bHLH domain (Kondou et al., 2008;Yang et al., 2008). However, compared to canonical G-boxes identified in plants, this G-box has a change of one nucleotide and is consequently called pseudo-G-box thereafter [START_REF] Ezer | The G-Box Transcriptional Regulatory Code in Arabidopsis[END_REF]. To know more about the requirement for this pseudo-G-box in KRS promoter activation, a new set of fusion promoters were designed. One corresponds to the 405pb promoter with a mutation of 3 nucleotides in the pseudo-G-box. Two others are 5' promoter deletion with or without the pseudo-G-box (Figure 6A). Surprisingly, the promoter with a mutation in the pseudo-G-box was still active (Figure 6D). Both the 290pb and 277pb promoters, with and without the pseudo-G-box respectively, were are inactive for at least 4 independent transforming plants. These results suggest that the pseudo-G-box is not necessary for KRS promoter activation and that the portion of genome between the position -290 and -405 contains key cis-elements necessary for promoter activation. In this portion of genome, two light responsive cis-elements as well as a P-box involved in gibberellin response and a MYC-binding cis element are present (Figure 5I). Further analysis should be performed to find which elements are necessary for KRS promoter activation in the endosperm.

II-4) Observations on the determinants of KRS peptide activity and on putative receptors II-4-A) The cysteine rich region of KRS is necessary and sufficient for KRS function

Understanding how KRS regulates sheath deposition depends on characterising the the KRS signalling pathway. The first step is to identify the active part of KRS peptide. KRS is composed of four main domains: a signal peptide that is predicted to direct the protein to the apoplast, a non-conserved region, a cysteine rich region and a proline rich region that is unique to KRS (Moussu et al., 2017). In another member of the Arabidopsis STIG1 family GRIM REAPER, which is involved in cell death, the active domain is situated in the non-conserved region, while for the STIG1 peptides, involved in stigma exudate production, it corresponds to the cysteine rich domain [START_REF] Goldman | Female sterile tobacco plants are produced by stigma-specific cell ablation[END_REF][START_REF] Verhoeven | STIG1 controls exudate secretion in the pistil of petunia and tobacco[END_REF][START_REF] Wrzaczek | GRIM REAPER peptide binds to receptor kinase PRK5 to trigger cell death in Arabidopsis[END_REF].

Complementation of the knock-out krs-3 mutant with synthetic genes encoding various combinations of the domains were performed. The signal peptide was universally present to top ensure the targeting of the resulting proteins to the apoplast (Figure 7A). Analysis of the seed phenotype caused by sheath absence, as well as analysis of the presence of both the JIM12 epitope and a space between the embryo and endosperm in 2 independent lines per transformation demonstrates clearly that the cysteine rich domain is necessary and sufficient for sheath phenotype complementation, independent of the presence of the other domains (Figure 7B-T). Interestingly, when 4 of the 15 cysteines in this domain are mutated to alanine, no complementation was observed, highlighting the crucial role of these conserved cysteines, which are probably involved in the formation of disulphide bridges necessary for the 3D structure of the active peptide. In conclusion, the cysteine rich region of KRS is necessary and sufficient for KRS function and sheath establishment, with a key role for the cysteines in these functions.

II-4-B) The putative KRS receptors are still unknown

The KRS cysteine rich domain is homologous to the STIG1 active domain, which is known to bind the lePRK2 (Pollen Receptor Kinase2) receptor in tomato. [START_REF] Huang | Tomato Pistil Factor STIG1 Promotes in Vivo Pollen Tube Growth by Binding to Phosphatidylinositol 3-Phosphate and the Extracellular Domain of the Pollen Receptor Kinase LePRK2[END_REF]. By analogy with STIG1, we looked at Arabidopsis prk mutants to try to identify putative seed phenotypes caused by a problem in sheath formation. Single mutants for PRK1, PRK2, PRK4, PRK5 and PRK7 were analysed as well as two multiple mutants (prk2 prk4 prk5 and prk1 prk2 prk4 prk5) in case of redundancy. No seed phenotype was observed in any of the genotypes (Table 1). However the specific amino acids required for STIG1 binding to the LePRK2 receptor are not conserved in KRS, suggesting that KRS may be perceived by a different kind of receptor, if indeed it acts as a classical LRK ligand (Figure 8). KRS constructs with an HA tag fused to the cysteine rich region were generated and transformed into plants with the aim of In krs-3 carrying out immunoprecipitation experiments but so far this strategy has proven unsuccessful, as the HA tag is not detected in transformed plants.
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II-5) KRS is conserved in Petunia but not the sheath

To investigate if the sheath is specific to Arabidopsis or is present in other species, immunolabelling of maize embryos using anti-EXTENSIN antibodies was performed in the host team but no signal was detected. We therefore looked into phylogenetically less distant species. Interestingly, a collaboration with M. Vandenbussche led to the discovery that in Petunia (petunia hybrid) a mutant line from a transposon insertion library is available for the single KRS ortholog gene [START_REF] Gerats | Molecular characterization of a nonautonomous transposable element (dTph1) of petunia[END_REF]. We named the associated gene was called

PhKRS and the mutant associated phkrs-1 (Figure 9B). The predicted protein sequence of protein sequence of PhKRS contains the four same domains as AtKRS (Figure 9A). The cysteine rich domain is the most conserved with notably 14 of the 15 cysteines present in AtKRS conserved. The proline tail is much longer, containing 181 amino acids compared to the 36 amino acids present in AtKRS. We found that, like AtKRS, PhKRS is strongly expressed in developing seeds, in particular in 14 DAP seeds, corresponding to the torpedo stage.

However seed development in Petunia, as in other members of the Solanaceae seed structure is rather different compared to Arabidopsis. Notably endosperm breakdown in partial and a significant body of endosperm is present in mature seeds (Johri et al., 1984). Sheath conservation was assessed by looking at JIM12 and JIM19 labelling on the surface of young cotyledons (Figure 9D-G). However, no signal was detected in either WT or phkrs seedlings and no defect in cotyledon escape was observed. Nonetheless we cannot rule out subtle defects because germination bioassays are difficult due to the fact that Petunia seed germination cannot be synchronised by stratification. Moreover no JIM12 labelling was observed in developing seeds (Figure 9H-K). Thus although KRS is conserved and expressed in developing Petunia seeds the sheath, as defined by JIM12 labelling is not detectable. Nonetheless, embryoendosperm separation occurs, and our results with the rra1 mutant suggest that a functional sheath can be made in the absence of JIM12 antigenicity, so the lack of a detectable sheath in Antibody signal is in green and calcofluor in blue. Scale bar

= 100µm D) JIM12 in WT E) JIM19 in WT, F) JIM19 in phkrs-1, G) JIM12 in phkrs-1. H) JIM12 in 11DAP WT seed I) JIM12 in 11DAP phkrs-1 seed. K) JIM12 in 14DAP phkrs-1 seed, K) JIM12 in 14DAP WT seed. Emb = embryo, end = endosperm.

Mutant name

Precision on lines Gene impacted Reference 

Rra1-1 SAIL 878 F04 RRA1 (Egelund et al., 2007) Ext3-1 CRISPR EXT3/RSH Ext3-2 CRISPR EXT3/RSH Ext3-3 CRISPR EXT3/RSH Ext3-4 CRISPR EXT3/RSH Prk5-2 SALK_101260 PRK5 (Takeuchi

Materials and methods

Plant growth

For Arabidopsis plants see section I Petunia plants were grown directly on Argile 10 compost at 16°C in the night and 22°C in the day, with 16h of light per day.

Germination tests, immunolabelling on sections.

See section I

Seed counting

Percentages of misshapen seeds were counted on pictures taken with the Leica MZ12 light microscope, using the cell counter option of the ImageJ software. For each complementation, seeds from 4 distinct mother plants on 2 transforming events were analysed, with at least 400 seeds per mother plant.

Cloning

For krs-3 complementation, the different protein variant-encoding domains to be tested were synthetized with the attB1-B2 gateway border and cloned in pDONR221. PKRS1600 with the gateway borders attP4-P1R, the protein encoding domain in pENTR221 and a mock plasmid in pENTR_3' were recombined using an LR reaction into a pK7m34GW destination vector (Moussu et al., 2017) using the LR clonase II.

For 5' KRS promoter deletion, promoters of several sizes were amplified from pKRS1600 using primers with the Gateway extensions attB4-B1R and cloned into pDONR221 (Table 1). The reverse primer used for all promoters was R pkrs and the forward primers were 6_FW_pkrs_1350, 5_FW_pkrs_950, 4_FW_pkrs_650, 3_FW_pkrs_400, pkrs-Gbox_AVEC, pkrs-Gbox_SANS, 2_FW_pkrs_180, 1_FW_pkrs_50 for KRS promoters of 1351, 955, 602, 405, 290, 277, 181, 54bp respectively . KRS promoter deletions, an mCitrine-coding sequence with attP1-P2 borders and an NLS-mCitrine-coding sequence with attP2-P3 borders were then cloned by triple LR into a pK7m34GW destination vector. Plasmids with mutation in the pseudo-Gbox were generated by site-directed mutagenesis with the pkrs-mutboxF and pkrs-mutboxR primers.

For CRISPR, cloning followed the method described in Wang et al., 2015 for double guide assembly. The primers nd5_DT1-BsF and nd5_DT1-F0 were used for the first guide and nd5_DT2-R0 and nd5_DT2-BsR for the second guide.

Plant transformation

Plasmids generated for plant transformation were first transformed in C58PMP90 Agrobacteria by an electroporation at 2,2kV in a 1ml cuvette (Eurogenetec). Agrobacteria were then grown for 2h at 28°C in LB media without antibiotics and then spread on Petri dishes containing YEB solid media with Rifampicin (50 µg.L-1), gentamicin (20 µg.L-1) for strain selection and spectinomycin (250 µg.L-1) for transgene selection. All plants were transformed with the dipfloral method [START_REF] Logemann | An improved method for preparing Agrobacterium cells that simplifies the Arabidopsis transformation protocol[END_REF]. CRISPR constructs and promoter deletions were transformed into wild type Columbia-0 and KRS complementation constructs were transformed into krs-3 homozygous mutant plants (Moussu et al., 2017). Kanamycin (50 µg.L-1) was used for transformant selection of both promoter deletions and KRS complementation, while hygromycin (30 µg.L-1) was used for EXT3 CRISPR lines. The CRISPR cassette was eliminated in T2 plants by selecting hygromycin sensitive seedlings.

QRT-PCR on petunia

The different plant tissues were frozen in liquid nitrogen in 2ml tubes with two small Tissue Lyser II beads (Qiagen). RNAs were immediately extracted with the Spectrum Plant Total RNA Kit (Sigma). Samples were then treated with turboDNAse I (Ambion) and reverse transcripted with SuperScript VILO cDNA Synthesis Kit 567 (Invitrogen), according to manufacturer's 

Confocal microscopy

For confocal observation for promoter fusions, seeds were dissected from siliques and put under slide and coverslip. Observation were carried out on a Zeiss LSM710 microscope with a 40X EC Plan Neofluar oil objective. mCitrine was excited at 514 nm and acquisition was between 520 and 558 nm for the protein fluorescence and between 635 and 760 nm for the autofluorescence.

Cis-motif analysis

The plantCARE softeware was used to predict cis-elements in the KRS promoter (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [START_REF] Lescot | PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences[END_REF]. Here, the temporal window for the deposition and maintenance of endosperm material at the embryo/endosperm interface has been enlarged. Material from the endosperm is deposited at the embryo endosperm interface before the appearance of the JIM12 marker. The nature of the material is unknown but the possibility that this material is composed of un-glycosylated EXTENSIN cannot be discounted based on the fact that sheath components cannot be detected by JIM12 antibodies in the rra1 mutant. Interestingly this deposition initiates before endosperm cellularization, suggesting that the endosperm constructs the embryo/endosperm interface independently of other cell walls (Brown et al., 1999;Olsen, 2001Olsen, , 2004)). Identification of sheath components will be key to understand this process further (see below)

At the other end of embryo development, we have shown that after germination, the embryo sheath is maintained on young seedling before being fragmented by cell expansion. This observation breaks the dogma that the embryonic cuticle is the outermost structure present on all aerial organs [START_REF] Aharoni | The SHINE Clade of AP2 Domain Transcription Factors Activates Wax Biosynthesis, Alters Cuticle Properties, and Confers Drought Tolerance when Overexpressed in Arabidopsis[END_REF][START_REF] Jenks | Cuticular Waxes of Arabidopsis[END_REF][START_REF] Para | The Dehydratase ADT3 Affects ROS Homeostasis and Cotyledon Development[END_REF][START_REF] Suh | Cuticular Lipid Composition, Surface Structure, and Gene Expression in Arabidopsis Stem Epidermis[END_REF]Tanaka et al., 2001;Todd et al., 1999) and gives the first example of an endosperm derived structure maintained on young seedlings.

Observations both during seed development and germination, show that the sheath has two different zones: a coherent zone, which is firmly stuck onto the embryo surface and a loose zone. After germination, only the coherent sheath apparently remains on the seedlings while the loose sheath may remain within the discarded seed coat. This dual behaviour may be caused by differences in structure (for example the degree of crosslinking of components) rather than in composition, as the same antibodies label the two parts. Our observations suggest that the zone of least friction that allows embryo sliding may be at the junction between these two zones, and thus within the sheath. However, we cannot conclude if these behaviours are caused by the presence of two distinct layers or by a gradient of physical properties within in the sheath.

III-2) Biophysical studies demonstrate that the sheath acts as an anti-adhesive

In a previous study, the sheath was shown to promote the physical separation between embryo and endosperm (Moussu et al., 2017). Our results regarding cotyledon escape in the absence or presence of sheath are coherent with these results and support an the anti-adhesive function of the sheath during germination, as well. Biophysical measurements using AFM showed that the sheath is less sticky than the cuticle, which replaces it during seedling expansion. The cuticle itself is generally considered as an anti-adhesive surface (Burton and Bhushan, 2006). In addition to a role in the separation with the surrounding tissues, this low adhesion could also be an advantage for the young seedlings to limit dust deposition on its surface. In this context however, it is important to remember that the cuticle is generally hydrophobic, whereas the sheath is likely to be extremely hydrophilic. We have measured embryo surface properties under fully hydrated conditions (which recapitulate conditions present during seed development and germination). However adhesive properties could be dramatically different as the sheath dries out.

To go further and fully demonstrates the role of the sheath as a lubricant during germination, friction measurements could be performed. Compared to adhesion, which is a static measurement, friction is dynamic and more representative of the sliding that occurs during germination. As adhesion and friction are interdependent, we might expect more friction in the absence of sheath. Friction could be assessed by AFM, with a horizontal displacement of the tip at the cotyledon surface. AFM based friction measurements have already been developed

for various biological objects with low adhesion properties such as plant leaves or high adhesion like the toe pads of tree frogs or geckos [START_REF] Autumn | Evidence for van der Waals adhesion in gecko setae[END_REF]Burton and Bhushan, 2006;[START_REF] Kappl | Nanoscale friction and adhesion of tree frog toe pads[END_REF]. Among the systems analysed one low friction structure presents some striking similarities with the embryo sheath: the cartilage of animals [START_REF] Chan | Dependence of nanoscale friction and adhesion properties of articular cartilage on contact load[END_REF][START_REF] Desrochers | Microscale surface friction of articular cartilage in early osteoarthritis[END_REF][START_REF] Park | Microscale frictional response of bovine articular cartilage from atomic force microscopy[END_REF]. Like the sheath, cartilage is composed of an assemblage of proteins and carbohydrates, can also have a hyaline aspect and is submitted to intense friction especially within the joints where it participates in lubrication [START_REF] Becerra | Articular cartilage: structure and regeneration[END_REF][START_REF] Jahn | Lubrication of Articular Cartilage[END_REF][START_REF] Morgese | Molecularly Engineered Biolubricants for Articular Cartilage[END_REF]. Increasing knowledge of sheath surface properties by more in depth biophysical analysis could open the door to various potential applications. Indeed, materials with very low adhesion or friction are of particular interest in industry or in medical sciences.

A detailed comprehension of both the structure and the composition of the sheath is therefore of critical importance for future research.

III-3)

The sheath is likely composed of arabinosylated EXTENSINs.

Immunostaining of cell wall component by antibodies in the seed was performed in previous studies on mature seed and on the developing seed of zou and WT plants (Fourquin et al., 2016;[START_REF] Lee | Distinct Cell Wall Architectures in Seed Endosperms in Representatives of the Brassicaceae and Solanaceae[END_REF]. Here, new antibodies against other cell wall components were tested on developing seeds. Interestingly in all these studies, only 3 antibodies were found to strongly label the sheath: the anti-EXTENSINs LM1, JIM12 and JIM19 antibodies (Paul [START_REF] Knox | Identification of novel cell surface epitopes using a leaf epidermal-strip assay system[END_REF]Smallwood et al., 1994Smallwood et al., , 1995)). Antibodies against pectins, cellulose, xyloglucans, homogalacturanans, arabinans, arabinogalactans or, xylogalacturonans do not label the sheath.

Due to its specific recognition by several anti-EXTENSIN antibodies, the sheath is probably mainly composed of EXTENSINs.

EXTENSINs are proteins containing repetitive domains highly enriched in tyrosines and hydroxyprolines that build the primary scaffold of plant cell walls (for review see [START_REF] Lamport | Role of the Extensin Superfamily in Primary Cell Wall Architecture1[END_REF] and [START_REF] Marzol | Filling the Gaps to Solve the Extensin Puzzle[END_REF]). EXTENSINs are able to form both intra and intermolecular crosslinks via modified tyrosines, called isodityrosine, and thus form complex polymers [START_REF] Epstein | An intramolecular linkage involving isodityrosine in extensin[END_REF][START_REF] Everdeen | Enzymic cross-linkage of monomeric extensin precursors in vitro[END_REF][START_REF] Fry | Isodityrosine, a new cross-linking amino acid from plant cell-wall glycoprotein[END_REF][START_REF] Held | Di-isodityrosine is the intermolecular cross-link of isodityrosine-rich extensin analogs cross-linked in vitro[END_REF]. A beautiful in vitro visualisation of EXTENSIN polymerisation by AFM demonstrated a selfassembly in a dendritic shape network [START_REF] Cannon | Self-assembly of the plant cell wall requires an extensin scaffold[END_REF]. In addition to the crosslinks between themselves, EXTENSINS can also bind other cell wall components, and in particular pectins, to form a complex 3D scaffold [START_REF] Chormova | Boron bridging of rhamnogalacturonan-II is promoted in vitro by cationic chaperones, including polyhistidine and wall glycoproteins[END_REF][START_REF] Macdougall | The effect of peptide-pectin interactions on the gelation behaviour of a plant cell wall pectin[END_REF][START_REF] Nuñez | Identification of extensin protein associated with sugar beet pectin[END_REF][START_REF] Qi | Solubilization and partial characterization of extensin fragments from cell walls of cotton suspension cultures. Evidence for a covalent cross-link between extensin and pectin[END_REF][START_REF] Valentin | Elaboration of extensin-pectin thin film model of primary plant cell wall[END_REF]. In the sheath, a complex EXTENSIN 3D scaffold is likely to be present although the presence of pectins, which cannot be detected in the sheath by immunolabeling, is questionable [START_REF] Lee | Distinct Cell Wall Architectures in Seed Endosperms in Representatives of the Brassicaceae and Solanaceae[END_REF]. The strong adhesion of the cohesive sheath to the embryo surface suggests a high degree of crosslinking, while in the loose sheath, the weak cohesion suggests a lower degree of crosslinking. Crosslinkings between EXTENSINS can be oxidative and catalysed by specific peroxidases. Peroxidases putatively implicated in sheath EXTENSIN polymerisation will be screened in the future. However many such enzymes are encoded by the Arabidopsis genome and relatively little knowledge exists regarding peroxidase action on EXTENSISNS in vivo, which will probably make this task difficult [START_REF] Brownleader | Purification and Partial Characterization of Tomato Extensin Peroxidase[END_REF][START_REF] Everdeen | Enzymic cross-linkage of monomeric extensin precursors in vitro[END_REF][START_REF] Price | A Biochemical and Molecular Characterization of LEP1, an Extensin Peroxidase from Lupin[END_REF][START_REF] Schnabelrauch | Isolation of pl 4.6 extensin peroxidase from tomato cell suspension cultures and identification of Val-Tyr-Lys as putative intermolecular cross-link site[END_REF].

Another essential element for EXTENSIN crosslinking is the arabinosylation on hydroxyprolines. The addition of arabinose groups on hydroxyproline residues is under the control of several enzymes such as RRA1, which catalyses the addition of the second arabinose group [START_REF] Egelund | Molecular characterization of two Arabidopsis thaliana glycosyltransferase mutants, rra1 and rra2, which have a reduced residual arabinose content in a polymer tightly associated with the cellulosic wall residue[END_REF][START_REF] Showalter | Extensin and Arabinogalactan-Protein Biosynthesis: Glycosyltransferases, Research Challenges, and Biosensors[END_REF]. The loss of anti-EXTENSIN immunolabelling in the rra1 mutant suggests that the EXTENSINs of the sheath are arabinosylated. However, the change in arabinosylation does not visibly affect the germination phenotype, suggesting that the anti-adhesive property of the sheath are not significantly affected. However, several other proteins are involved in EXTENSIN arabinosylation, and only a slight reduction in global EXTENSIN arabinosylation has been measured in the rra1 shoot.

It is therefore possible that in the rra1 mutant the EXTENSINs of the sheath are still partially arabinosylated even if they are no longer detectable by specific antibodies [START_REF] Egelund | Molecular characterization of two Arabidopsis thaliana glycosyltransferase mutants, rra1 and rra2, which have a reduced residual arabinose content in a polymer tightly associated with the cellulosic wall residue[END_REF].

The link between arabinosylated EXTENSINs and the function of the sheath as an anti-adhesive layer remains unclear. However, the sheath is probably significantly more hydrophilic than the cuticle, due to the chemical properties of the glycosylated EXTENSINs, which harbour many hydrophilic groups [START_REF] Ishiwata | Synthesis of the highly glycosylated hydrophilic motif of extensins[END_REF][START_REF] Lamport | Role of the Extensin Superfamily in Primary Cell Wall Architecture1[END_REF][START_REF] Marzol | Filling the Gaps to Solve the Extensin Puzzle[END_REF]. As a consequence sheath possibly retains water in a similar way to other glycoprotein assemblages found in plants, such as mucilages and in animals such as cartilage and mucus [START_REF] Becerra | Articular cartilage: structure and regeneration[END_REF][START_REF] Castilleux | Cell wall extensins in root-microbe interactions and root secretions[END_REF][START_REF] Jégo | Les gangues ovulaires des Amphibiens (protéines sécrétées par l'oviducte) et leurs rôles dans la fécondation[END_REF][START_REF] Naveed | Surface tension, rheology and hydrophobicity of rhizodeposits and seed mucilage influence soil water retention and hysteresis[END_REF]. Water retention at the seedling surface be involved in protection against dehydration, making the sheath a kind of post-germinative protection capsule. Some dehydration experiments were performed to test this possibility, but are for the moment technically challenging. From a physical point of view, hydrophilicity can be tested by looking at the angle of contact between a droplet and a surface.

These experiments

were not yet successful because of the small size of the seedling. However, similar experiments might be performed using AFM and could be set up in the future [START_REF] Deng | The contact angle of water on feldspar in a reservoir rock[END_REF][START_REF] Yang | Imaging surface nanobubbles at graphite-water interfaces with different atomic force microscopy modes[END_REF][START_REF] Zhang | The effect of hydrophobicity of micro/nanostructured-surfaces on behaviours of water spreading[END_REF] III-4) Is the sheath production a reuse by the plant of an immunity mechanism?

In addition to their role in cell wall building, EXTENSINs play a role in immunity. Indeed, in many angiosperms, pathogen detection is followed by an upregulation of EXTENSIN production, inducing an increased resistance of the plant (for review see [START_REF] Castilleux | Cell wall extensins in root-microbe interactions and root secretions[END_REF].

Interestingly, EXTENSINs are also overexpressed in response to wounding, for instance EXTENSIN1 in Arabidopsis [START_REF] Ahn | Expression of a Soybean Hydroxyproline-Rich Glycoprotein Gene Is Correlated with Maturation of Roots[END_REF][START_REF] Merkouropoulos | The unusual Arabidopsis extensin gene atExt1 is expressed throughout plant development and is induced by a variety of biotic and abiotic stresses[END_REF][START_REF] Merkouropoulos | The Arabidopsis extensin gene is developmentally regulated, is induced by wounding, methyl jasmonate, abscisic and salicylic acid, and codes for a protein with unusual motifs[END_REF][START_REF] Neubauer | Wounding coordinately induces cell wall protein, cell cycle and pectin methyl esterase genes involved in tuber closing layer and wound periderm development[END_REF][START_REF] Wu | Expression and distribution of extensins and AGPs in susceptible and resistant banana cultivars in response to wounding and Fusarium oxysporum[END_REF]. In plants the embryo grows invasively into the endosperm like an invading parasite, and this growth leads to endosperm breakdown. Indeed, embryo growth induces cell death via the activation of cell death genes such as PASP3 or BFN1 in the embryo surrounding endosperm cells (Fourquin et al., 2016). Although cell death is not sufficient to induce sheath production, it could be implicated in inducing the production EXTENSINs. Consistent with this idea, EXTENSINS are not detected in the endosperm of zou mutants where cell death does not occur in the endosperm (Moussu et al., 2017).

EXTENSINs are also produced during symbiotic interactions, for instance in Pisum sativum nodules. Interestingly, the structure at the interface between the plant and the microbe, called the infection threads matrix, has the same amorphous aspect in TEM as the embryo sheath and is strongly labelled by anti-EXTENSIN antibodies [START_REF] Rae | Structure and growth of infection threads in the legume symbiosis with Rhizobium leguminosarum[END_REF][START_REF] Rathbun | Identification of a family of extensin-like glycoproteins in the lumen of rhizobium-induced infection threads in pea root nodules[END_REF][START_REF] Sujkowska-Rybkowska | Accumulation and localization of extensin protein in apoplast of pea root nodule under aluminum stress[END_REF][START_REF] Vandenbosch | Common components of the infection thread matrix and the intercellular space identified by immunocytochemical analysis of pea nodules and uninfected roots[END_REF]. The function of the infection thread matrix is still largely unknown, even though it is clearly important in the development of plant symbiont association [START_REF] Reguera | Borate promotes the formation of a complex between legume AGP-extensin and Rhamnogalacturonan II and enhances production of Rhizobium capsular polysaccharide during infection thread development in Pisum sativum symbiotic root nodules[END_REF][START_REF] Sujkowska-Rybkowska | Accumulation and localization of extensin protein in apoplast of pea root nodule under aluminum stress[END_REF]. Due to the similarity between infection threads matrix and embryo sheath, we propose that sheath production could be a reuse of this kind of mechanism, although Arabidopsis root does not produce nodules. One possibility is that the EXTENSIN matrix promotes or filters the movement of soluble molecules between adjacent compartments.

III-5) The case of extensin 3 mutant

To investigate which EXTENSINs are produced by the endosperm, the analysis of the candidate gene EXT3 was performed. In the literature, EXT3 has the strongest mutant phenotype of all EXTENSIN described. [START_REF] Choudhary | EXTENSIN18 is required for full male fertility as well as normal vegetative growth in Arabidopsis[END_REF][START_REF] Hall | The cell wall hydroxyproline-rich glycoprotein RSH is essential for normal embryo development in Arabidopsis[END_REF][START_REF] Velasquez | O-Glycosylated Cell Wall Proteins Are Essential in Root Hair Growth[END_REF]. For EXT3, a unique mutant line, in which a t-DNA is inserted in the promoter of EXT3

was described. This insertion leads to a strongly decreased EXT3 expression. The mutant phenotype associated, called rsh, is lethal with strong defects in cell plates formation and consequently in embryo and young seedling development. Seedlings die 3 weeks after germination. In the first article published on EXT3 in 2002, the authors claim that the t-DNA insertion is unique and that the mutant phenotype segregated in a 1:3 mendelian ratio from heterozygous plants, suggesting a unique locus [START_REF] Hall | The cell wall hydroxyproline-rich glycoprotein RSH is essential for normal embryo development in Arabidopsis[END_REF]. In addition the mutant phenotype was complemented with the reintroduction of EXT3 gene. However, in a subsequent article, revertant phenotypes were described for this line: 10% of the wild type plants coming from self-pollinated ext3/rsh heterozygotes were "revertant" and showed a completely wild type phenotype [START_REF] Saha | Self-rescue of an EXTENSIN mutant reveals alternative gene expression programs and candidate proteins for new cell wall assembly in Arabidopsis[END_REF]. The authors explained the revertant phenotype by a compensation mechanism involving the regulation of other EXTENSIN-encoding genes, which were shown to be differentially expressed in the revertants compared to the wild type.

Surprisingly, no ext3/rsh lethal phenotype appears in the next generation for the revertant lines and no intermediate phenotype, between the wild type and lethal phenotype, was reported.

Worryingly, these "revertants" were not taken into account in the first characterization of the line, and no details were given about the possibility that complemented lines were actually revertant, making the complementation analysis meaningless [START_REF] Hall | The cell wall hydroxyproline-rich glycoprotein RSH is essential for normal embryo development in Arabidopsis[END_REF]. Here, the 4 independent CRISPR lines generated were all viable with no obvious developmental phenotype, which contradicts the strong phenotype described for the t-DNA line. Our results

suggest that the absence of EXTENSIN3 is compensated by other EXTENSINs in the plant, at least in the Col-0 background

III-6) Conservation of the sheath in other species?

The question of a sheath conservation was investigated in Petunia and previously in the team in maize. In both species, no anti-EXTENSIN staining was observed, indicating no conservation of the sheath, or at least its antigenicity. However, in maize, some vesicles have been reported to be secreted by the endosperm towards the embryo surface at young stages indicating an endosperm deposit at the embryo/endosperm interface. In addition in maize, as in other cereal kernels, a layer called the fibrous layer and composed (in maize) of phenolic molecules, 1,3-β-glucans, neutral lipids, and of crushed cell walls, surrounds the scutellum at maturity (Corona-Carrillo et al., 2014;Enriquez-Arredondo et al., 2005). Unlike the embryo sheath however, this fibrous layer remains in the seed (as does the scutellum), where its role is to control apoplastic diffusion (Corona-Carrillo et al., 2014).

In eudicots, endosperm deposits have been described in detail in the black nightshade (solanum nigrum) seed. In the young endosperm, an intense activity of secretion to the embryo/endosperm interface was reported from specialized cells adjacent to the embryo [START_REF] Briggs | Endosperm Development in Solanum nigrum L. Formation of the Zone of Separation and Secretion[END_REF]. A thick deposit appears at the endosperm side of the interface. Its appearance in TEM differs slightly from Arabidopsis sheath as it contains fibrils of unknown material, although this could be due to differences in fixation and/or staining methods. Like the embryo sheath, this fibrous layer seems to be involved in embryo/endosperm separation (Briggs, 1996).

This suggests a conservation in the function but not in the composition of the sheath, consistent with our studies in Petunia hybrida. Furthermore, in Tobacco (Nicotiana tabacum) and in Lepidum (Lepidium sativum), no JIM12 labelling was observed between embryo and endosperm. [START_REF] Lee | Distinct Cell Wall Architectures in Seed Endosperms in Representatives of the Brassicaceae and Solanaceae[END_REF]. The conservation of the hyaline layer and antigenicity to anti-EXTENSIN antibodies in Brassicaceae should be investigated in the future (Vaughan and Whitehouse, 1971). More generally, the question of a putative conservation of the non-adhesive properties of endosperm derived deposits in other species, as well as the involvement in seedling escape would be interesting to address in the future for both fundamental and agronomic interest.

Preamble

As seen in introduction, embryonic cuticle establishment in Arabidopsis is under the control of several classes of genes. The main players seem to be genes involved in cuticle biosynthesis, genes involved in specifying epidermal identity and genes involved in ensuring cuticle integrity.

Previous studies in the team, including one in which I am co-author (see Creff et al., 2019 in annexe 3) showed that genes involved in cuticle integrity act in an independent pathway from those regulating epidermal cell fate, and do not control cuticle biosynthesis (Creff et al., 2019;San-Bento et al., 2014). Several genes were shown to be involved in the cuticle integrity pathway. The first identified was ALE1 which encodes a subtilisin protease and is expressed exclusively in the endosperm (Tanaka et al., 2001). Subsequently, the transcription factor ZOU was shown to control ALE1 expression in the endosperm (Yang et al., 2008). At the same time, two LRR-RKs, the GSO1 and GSO2 receptors, were shown to be involved in this process, but are expressed in the embryonic epidermis (Creff et al., 2019;Tsuwamoto et al., 2008). Both analysis of genetic interactions, and a similarities in the transcriptomic changes observed in their mutants, support the idea that these genes all act in the same signalling pathway (Creff et al., 2019;Xing et al., 2013). The expression of pathway components in both embryo and endosperm suggested that an inter-compartmental dialogue was necessary for the control of embryonic cuticle integrity. Since ALE1 belongs to the family of subtilases, known to be involved in peptide cleavage, and GSO1 GSO2 are two receptors suggested to bind signalling peptides (Schaller et al., 2012(Schaller et al., , 2018)), we hypothesized that an endosperm-localized peptide, matured by ALE1 in the endosperm, could bind the GSO receptors in the epidermis and thus inform the embryo of the presence of gaps in its cuticle. The first candidate peptide identified by the team was KERBEROS (KRS), as KRS expression is controlled by ZOU in the endosperm and krs mutants share phenotypic characteristics with ale1 and gso1 gso2 double mutants. However KRS, despite the presence of some surface defects in loss of function mutants, is not involved in cuticle formation as seen in the last chapter, but rather in the formation of the embryo sheath (Moussu et al., 2017).

GSO1 (=SGN3), in addition to being involved in maintaining cuticle integrity in the embryo, is also involved in establishing and maintaining the integrity of the Caspaian strip in the root endodermis. The recent identification of the CIF1 and CIF2 as ligands of GSO1 in the root, highlighted the involvement of the TPST sulphotransferase in GSO1 ligand processing, and opened up new perspectives for the identification of novel candidate ligands in the seed (Doblas et al., 2017;Nakayama et al., 2017).

The first section of this chapter involves a study identifying the ligand of GSO1 (and likely GSO2) in the embryo, and is written as an article, although some final validations are required before submission. In this section we show that TPST is involved in embryonic cuticle formation, suggesting the role of a sulphated peptide. Surprisingly, complementation of TPST indicate that the putative sulphated peptide comes from the embryo, and not, as previously hypothesized, directly from the endosperm. The TWS1 genes, recently described as being involved in embryonic cuticle formation, has the conserved site of sulphation and shares some similarities with CIF peptides (Fiume et al., 2016). In collaboration with Niko Geldner's group (University of Lausanne) we show that the TWS1 peptide has the same kind of activity as the CIF peptides in roots. In collaboration with Michael Hothorn's group (University of Geneva)

we show that the active TWS1 peptide is able to bind physically to the extracellular domain of the GSO1 receptor. I show that TWS1 is specifically expressed in the embryo consistent with TPST complementation assays. In addition genetic analyses confirm the activity of TPST and TWS in the same genetic pathway as ALE1 and GSO1 and GSO2. Finally we show, in collaboration with Andreas Schaller's group (University of Hohenheim) that TWS1 is cleaved by ALE1 in vivo. In addition, I demonstrate that expression of the ALE1 subtilase in the embryo induces severe phenotypes in a TWS1-dependant manner. Our data suggest that TWS1 is produced and sulphated in the embryo, cleaved in the embryo/endosperm interface by ALE1, and binds to the GSO receptors at the surface of the embryo, thereby ensuring embryonic cuticle integrity In a second section of this chapter, the possible links between mechanisms involved in sheath deposition and cuticle integrity maintenance are discussed, with a particular emphasis on the potential role of Reactive Oxygen Species (ROS). This role remains very hypothetical and is presented more as a future direction for the project rather than an established theory.

I) TWS1 acts as the ligand of GSO1 and GSO2 during monitoring of cuticle integrity in Arabidopsis thaliana

Introduction

Plants have successfully colonised large portions of the terrestrial surface of our planet. The migration of photo-synthetic organisms from their original, aqueous environment and their transition to the fully dry-land adapted life cycles required major physiological innovations.

Among these, was the development of effective, tissue-spanning diffusion barriers that prevent loss of water and allow maintenance of steep concentration gradients between the organism and its environment. The epidermal cuticle of aerial tissues and the Casparian strip and suberin lamellae of the root endodermis are excellent examples of such barriers. In both cases even small defects can lead to strong physiological defects resulting in chronic water or nutrient loss, or the entry of pathogens.

In plants the cuticle is secreted onto the plant surface by epidermal cells. Although the cuticle is continuously extended during plant growth, it is rarely, if ever, deposited de novo on noncuticle-bearing cells during post-embryonic development (a potential, recently described exception being at excision zones (Lee et al., 2018), although in this case the nature of the barrier formed remains unclear). de novo cuticle deposition occurs during early embryogenesis within developing seeds (Creff et al., 2019;Delude et al., 2016;Javelle et al., 2011;Moussu et al., 2013). Upon double fertilization of the ovule, one fertilisation product forms the embryo, while the other gives rise to the triploid endosperm, a nutritive tissue that surrounds the embryo.

During embryogenesis, the embryo, which is initially devoid of cuticle, forms a continuous functional cuticle that is critically important for embryo viability upon germination, when it protects the seed leaves (cotyledons) and stem cells (apical meristem) from dehydration and environmental aggression [START_REF] Fich | The Plant Polyester Cutin: Biosynthesis, Structure, and Biological Roles[END_REF]. Indeed, post-germination, cuticle composition and properties are strongly affected by environmental stimuli, such as low humidity [START_REF] Bernard | Arabidopsis cuticular waxes: advances in synthesis, export and regulation[END_REF][START_REF] Kosma | The Impact of Water Deficiency on Leaf Cuticle Lipids of Arabidopsis[END_REF]. This raises the question of how the plant achieves deposition of an intact and functional cuticle prior to deployment.

Recent work has implicated the Receptor-Like Kinases (RLKs) GASSHO1/SHENGEN3 (GSO1/SGN3) and GSO 2 in this process by demonstrating that double mutants have severe defects in cuticle integrity (Tsuwamoto et al., 2008). In this mutant background cutin is deposited at the embryo surface, but holes can be detected in the cuticle both before and after germination (Creff et al., 2019), leading to strongly enhanced seedling permeability and reduced seedling viability. GSO1 and GSO2, which are expressed in the embryonic epidermis, act in the same pathway as the endosperm-specific subtilisin serine protease ABNORMAL LEAF-SHAPE1 (ALE1) (Creff et al., 2019;Tanaka et al., 2001;Xing et al., 2013), and ale1

mutants have similar, but weaker cuticle phenotypes than those of gso1gso2 mutants.

Transcriptome analyses of both mutant backgrounds suggests that the signalling pathway containing ALE1 and GSO1/GSO2 leads to the activation of responses usually associated with stress in developing seeds (Creff et al., 2019). However, to date the ligand acting in this pathway, and the molecular mechanisms underlying "gap filling" in the embryonic cuticle, have yet to be identified.

Studies of Arabidopsis mutants with impaired endodermal diffusion barrier have defined the outlines of a signalling pathway whose role allows diffusion barrier surveillance during Casparian strip formation. Intriguingly, a central component of this pathway is GSO1/SGN3.

Recent research has identified a first set of ligands for GSO1/SGN3 in the root, the CASPARIAN STRIP INTEGRITY FACTOR 1 and 2 (CIF1 and CIF2) peptides (Doblas et al., 2017;Nakayama et al., 2017). CIF1 and 2 are produced in the vascular tissue of the root (internal to the Casparian strip), but GSO1/SGN3 signalling requires a receptor-like cytoplasmic kinase (SGN1), located specifically on the cortical side of endodermal cells (external to the Casparian strip) [START_REF] Alassimone | Polarly localized kinase SGN1 is required for Casparian strip integrity and positioning[END_REF]. These findings suggest a model in which SGN3 activation by CIFs can occur only if the apoplastic barrier of the Casparian strip

is not yet formed or displays defects. Therefore, in plant roots, the role of vasculature-produced CIF peptides would be to monitor Casparian strip integrity and induce cellular responses that will ensure sealing of the "leaks" (detected by movement of CIF peptides through gaps in the Casparian strip) through polymerisation of lignin and suberin at these sites. CIF 1 and 2 are sulphated peptides, and consistent with this, loss of function of the Tyrosine Sulfotransferase TPST (SGN2) also leads to defects in Casparian strip formation (Doblas et al., 2017). In agreement with the suggested model for Casparian strip monitoring, TPST expression, which is ubiquitous, is only required in the stele (where CIF peptides are produced) to ensure Casparian strip integrity (Doblas et al., 2017). The CIF1 and 2 pro-peptides present canonical Subtilisin protease cleavage sites at the N-terminus of the cleaved peptide, suggesting that production of mature CIFs may involve a protease from this family, although the subtilase responsible has not yet been identified.

Here we demonstrate that embryonic cuticle integrity is monitored by a signalling pathway showing both similarities and significant divergences from that involved in Casparian strip integrity monitoring. Like Casparian strip establishment, normal embryonic cuticle establishment requires TPST, suggesting that a sulphated peptide is involved. We show that this peptide is TWISTED SEED (TWS1), a sulphated peptide produced from an RNA transcribed uniquely in the embryo during cuticle formation. Unlike the C-terminally located CIF1 and CIF2 peptides, production of the mature TWS1 peptide from proTWS1 requires proteolysis at both the N-and C-terminus. Processed, sulphated TWS1 can bind directly to the extracellular domain of GSO1 and indeed, can trigger GSO1-dependent barrier maintenance in the root. Furthermore TWS1 is enzymatically cleaved by the subtilase ALE1, the gene encoding which is expressed specifically in the endosperm. Expression of the subtilase ALE1 in the embryo induces strong TWS1-dependent seed phenotypes. Our results indicate that, as in the Casparian strip, localised peptide production is critical for barrier monitoring in the seed.

However, unlike in the endodermis, where precise subcellular localisation of a GSO1containing complex is critical for the interpretation of spatial information, in the seed system spatial definition is provided by the localised production of the subtilase ALE1. Our work illustrates how novel components can be recruited to a core signalling module to monitor the integrity of divergent apoplastic barriers.

Results

TPST is necessary for the formation of a functional embryonic cuticle in Arabidopsis thaliana.

The ligands of SGN3/GSO1 in the root are known to be sulphated. We therefore tested the importance of TPST for embryonic cuticle formation. Two alleles of TPST were analysed (tpst-1, a null allele (Komori et al., 2009), and sgn2-1, a weak allele (Doblas et al., 2017)). In both cases a significant proportion (7,3 ± 1,2 and Y 4,2 ± 1,7) respectively of seeds showed the characteristic seed twisting phenotype seen in ale1 and gso1 gso2 mutants, which is caused by abnormal adhesion of the embryo to surrounding tissues (Figure 1A-D). Toluidine blue staining of these mutants revealed a moderate increase in cuticle permeability in both alleles (Figure 1E-H) Multiple mutant combinations were generated between tpst-1 and components of the proposed cuticle integrity signalling pathway. Consistent with the idea that TPST acts in the same pathway as GSO1 and GSO2, triple tpst-1 gso1-1 gso2-1 mutants showed an identical phenotype to double gso1-1 gso2-1 mutants (Figure 2A). In contrast, tpst-1 ale1-4 double mutants showed an apparently synergistic phenotype reminiscent of that of double gso1-1 gso2-1 mutants (Figure 2B-G) (Figure S1). This result supports the hypothesis that TPST and ALE1 act in parallel regarding their roles in embryonic cuticle formation, consistent with the idea that they could make separate modifications to a common substrate. Due to its localisation in the Golgi, TPST acts cell autonomously (Doblas et al., 2017;Komori et al., 2009). We therefore used reciprocal crosses to determine whether cuticle defects in tpst-1 mutants are maternal or zygotic in origin. Defects were observed in homozygous mutant seed, but not when homozygous mutants were pollinated with wild-type pollen, confirming that defects are zygotic in origin (Figure 2H-J).

TPST function is required in the embryo but not the endosperm to ensure cuticle integrity.

To understand where TPST activity is required in the seed to ensure cuticle integrity, the TPST open reading frame was expressed under the RPS5A promoter (expressed ubiquitously in the seed [START_REF] Weijers | An Arabidopsis Minute-like phenotype caused by a semi-dominant mutation in a RIBOSOMAL PROTEIN S5 gene[END_REF], the RGP3 promoter expressed specifically in the developing endosperm (Denay et al., 2014) and the PIN1 promoter which shows strong expression in the embryo, but not in other tissues during seed development (Figure S2). We found that although expressing TPST under either the PIN1 or RPS5A promoter led to a complementation of cuticle defects, this was not the case for expression under the endosperm specific RGP3 promoter, indicating that TPST activity is required specifically in the embryo to ensure cuticle integrity (Figure 2H) (Figure S3). In silico data suggest that the TPST gene is expressed in all seed tissue (Figure S4A) [START_REF] Klepikova | A high resolution map of the Arabidopsis thaliana developmental transcriptome based on RNA-seq profiling[END_REF]Le et al., 2010). To confirm expression in the embryo a TPST promoter that has previously been shown to complement root phenotypes associated with loss of TPST expression (Doblas et al., 2017) was fused to a nuclear-localised reporter (pTPST::mCitrine::NLS-mCitrine). Strong signal was detected in the embryo at the midglobular stage before becoming restricted to the root tip at later stages (Figure S4). TWISTED SEED1 encodes a potentially sulphated peptide and acts in the same genetic pathway as GSO1, GSO2.

Our results suggest that the ligand of GSO1 and GSO2 in the developing seed is, like CIF1 and CIF2, likely to be sulphated. However neither CIF1 nor CIF2 are expressed in the seed.

Moreover although proteomic analyses have shown that the SGN3/GSO1 ligands related to CIF1 and CIF2 can move through the xylem [START_REF] Okamoto | A comprehensive strategy for identifying long-distance mobile peptides in xylem sap[END_REF], our reciprocal crosses and complementation of the tpst-1 mutant suggest that the ligands for SGN3/GSO1 and GSO2 in the seed are likely to be produced and processed within the zygotic compartment, and more specifically the embryo. CIF3 and CIF4, two other potential ligands of GSO1 (M. Hothorn, personal communication) have been identified. Although in silico results suggest that the CIF4encoding gene is not expressed in the developing seed, the CIF3-encoding gene shows expression in the young embryo, at the globular stage (Results not included for reasons of confidentiality). However, the quadruple mutant cif1-4 does not show obvious seed phenotypes or cuticle defects, suggesting that another ligand is involved in the seed (Sup Figure 5).

Further investigation of peptide families previously identified in Arabidopsis [START_REF] Ghorbani | Expanding the repertoire of secretory peptides controlling root development with comparative genome analysis and functional assays[END_REF] revealed a fifth potential CIF-related candidate, which we named CIF5. CIF5 diverges at its C-terminal end with respect to CIF1-4, but nonetheless contains the canonical DYG motif present in other CIFs at its predicted N-terminus. In silico data suggest that. CIF5 is strongly expressed in the developing endosperm at early stages of seed development (Le et al., 2010).

Although two null alleles of CIF5 were obtained from T-DNA insertion collections, phenotypic analysis revealed no seed phenotype for either allele, consistent with the fact that our data suggest that the active peptide should be expressed in the embryo (Sup Figure 5).

One further candidate peptide was identified based on literature searches and sequence homology. The TWISTED SEED1 (TWS1) (Fiume et al., 2016) protein has been reported to play roles both in seed development and post embryonic development. The phenotype caused by loss of TWS1 function is strikingly similar to that of gso1 gso2 double mutants, and includes the typical seed-twisting syndrome observed in this background, and a disruption of the embryonic cuticle. An inspection of the TWS1 protein sequence revealed that it encompasses a potential peptide showing some similarities to CIF peptides (including a DY motif, the minimal requirement for tyrosine sulfation [START_REF] Hanai | Existence of a plant tyrosylprotein sulfotransferase: novel plant enzyme catalyzing tyrosine O-sulfation of preprophytosulfokine variants in vitro[END_REF]) (Figure 3A). Because existing ---------------------------------------------------------------------------------tws1-4 MKTSSFVFLLVVIILSLLTTSFFF--------------------------------------------------------- -----------------------------tws1-9 MKTSSFVFLLVVIILSFSLLASSSEMKWRITIFSGSNSDDKSFDKTRSY---------------------------------tws1-10 MKTSSFVFLLVVIILSFSLLASSSEMKVGNKGFRRQKLR------------------------------------------ --------------------------------------------------------------------------- ---------------------------------------------------------- TWISTED SEED1 is expressed in the embryo throughout seed development.

- tws1-5 MKTSSFVFLLVVIILSFSLLASSSEMKVGFWRITIFAVDPTPTTKASIKPGPIEHGTPLNPYIPKPPSPSSSPPPQQSQDGG tws1-6 MKTSSFVFLLVVIILSFSLLASSSEMKVGLED-------PTPTTKASIKPGPIEHGTPLNPYIPKPPSPSSSPPPQQSQDGG tws1-7 MKTSSFVFLLVVIILSFSLLASSSE--------------------ASIKPGPIEHGTPLNPYIPKPPSPSSSPPPQQSQDGG tws1-8 MKTSSFVFLLVVIILSFSLLASSSEMKVGFGGLQFSSGSNSDDKSFDKTRSY-
-CTTC tws1-4 ttcctcctcttcctcaatctctagagaagaagATGAAGACGTCAAGCTTTGTCTTCCTTTTGGTTGTAATAATCCTAAGCCTTC WT acacagAAATGAAAGTGGGGTT--GGAGGATTACAATTTTC-CAGTGGATCCAACTCCGACGACAAAAG tws1-5 acacagAAATGAAAGTGGGGTTTTGGAGGATTACAATTTTCGCAGTGGATCCAACTCCGACGACAAAAG tws1-6 acacagAAATGAAAGTGGGGTT--GGAG-------------------GATCCAACTCCGACGACAAAAG tws1-7 acacag-
-AAG tws1-8 acacagAAATGAAAGTGGGGTTT-GGAGGATTACAATTTTC-CAGTGGATCCAACTCCGACGACAAAAG tws1-9 acacagAAATGAAA-------T--GGAGGATTACAATTTTC--AGTGGATCCAACTCCGACGACAAAAG tws1-10 acacagAAATGAAAGTGGGG-------AACAAAGGCTTC------------------CGACGACAAAAG A B N O P Q R S T U V W gso1 
In order to clarify the spatial distribution of signalling pathway components, a TWS1 transcriptional reporter was generated. From the globular stage of embryogenesis onwards, pTWS1 drives a strong expression in the developing embryo (Figure S9). Expression appeared to be uniform within the embryo, and although present in the epidermis, was not restricted to this tissue. We were unable to detect expression in the endosperm at any point during seed development. These results are consistent with those published by Fiume et al., (Fiume et al., 2016) and suggest that the expression of TWS1, GSO1 and GSO2 overlap in the embryo epidermis (Creff et al., 2019). Given the fact that GSO1 and GSO2 are localised throughout the epidermal cell membrane in developing embryos (Figures S10 andS11) (Creff et al., 2019), in the seed system, the pro-peptide of TWS1 and it receptors are likely to co-localise around the the entire periphery of all epidermal cells.

ALE1 cleaves the TWS1 peptide.

Because the TWS1 pro-peptide and its receptors are likely to co-localise, we decided to investigate further the role of the ALE1 which, due to its expression in the endosperm, could contribute spatial information to the signalling pathway. To analyse if TWS1 is processed by ALE1, co-expressions of ALE1:GFP and TWS1:GFP fusion proteins were performed in tobacco leaves. The ALE1-dependent appearance of a TWS1 cleavage product, supports the hypothesis that TWS1 is a likely ALE1 substrate in planta (Figure 5A). To further investigate the interdependence of ALE1 and TWS1 functions in seeds, ALE1 was ectopically expressed in the embryo, under the control of the TWS1 promoter. Transformants were only obtained when the construction was transformed in tws1-4 background, suggesting a TWS1 dependant lethality in wild-type seeds. To investigate this phenomenon further, wild type pollen was applied to the pistils of T1 tws1-4 plants carrying the pTWS1:ALE1 transgene and the shapes of mature seeds shape were analysed. For all the crosses, a severe phenotype is observed in the majority of seeds, suggesting strong defects in the embryo (Figure 5B-J). Based on this observation and on the previous genetic analysis, we postulate that cleavage by ALE1 in the endosperm is required for the activation of the TWS1 peptide. Co-expression of these two pathway components presumably causes a constitutive activation of the GSO1 GSO2 signalling pathway which appears to be detrimental for embryo development.

Further characterisation will be performed to assess the phenotype caused by ectopic ALE1 expression in the embryo of developing seeds.

Conclusions

Previous work has supported the idea that an inter-compartment peptide-mediated integrity monitoring pathway similar to that elucidated during Casparian strip formation (Doblas et al., 2017;Nakayama et al., 2017) and dependent upon the GSO1 and GSO2 receptors is required for gap closure during embryonic cuticle formation (Creff et al., 2019). Here we confirm that this is indeed the case, but that both pathway components, and their spatial organisation differ markedly between the two systems, suggesting a potentially independent recruitment of the GSO receptors to different integrity monitoring functions within the plant. Firstly, in terms of the receptors, we show that GSO1 and GSO2 act fully redundantly in the seed pathway, whereas this is not the case in the root, where single gso1 mutants show a strong Casparian strip integrity phenotype. Expression analysis of GSO1 and GSO2 in the embryo has shown that both are strongly expressed in the embryonic epidermis. However, in stark contrast to the situation in the root endodermis, where the GSO1 protein is localised to specific domains on either side of the nascent Casparian strip (Pfister et al., 2014), GSO1 and GSO2 proteins localise to the entire plasma-membrane of embryonic epidermal cells. Understanding the mechanisms underlying these different localisation patterns could be very informative in understanding the regulation of GSO1 activity in the two different contexts.

Our phenotypic, genetic and biochemical analysis data converge to support the idea that the TWS1 peptide is the ligand of GSO1 (and thus, by extension, of GSO2) in the seed system.

Unfortunately, the extracellular domain of GSO2 cannot currently be successfully expressed in insect cells, precluding direct binding assays. However, we show conclusively that a processed, sulphated version of TWS1 not only binds directly to the GSO1 extracellular domain, but also that it is capable of inducing ectopic lignification in the root endodermis in a GSO1-dependent manner. Furthermore, application of the processed TWS1 peptide to cif1 cif2 mutants, leads to a rescue of their Casparian strip phenotype, suggesting that post-processing, TWS1 can activate the Casparian strip monitoring pathway almost as efficiently as CIF1 or CIF2. Non-sulfated TWS1 weakly complements the Casparian strip defects of cif1 cif2 suggesting that this peptide could retain some activity. Similar observations have been made for CIF2 in the root, and could underlie the relatively weak phenotypes observed in the Casparian strips and embryonic cuticle of tpst mutants compared to receptor and/or peptide mutants (Doblas et al., 2017).

In the root, the expression domain of CIF1 and CIF2 is spatially separated from the location of the active receptor complex (thought to contain both GSO1 and SGN1) by the Casparian strip.

This supports an elegant model in which "leakage" of active CIF peptide through gaps in the Casparian strip can trigger highly localised gap-filling responses. In this model sulphation of the CIF peptide and presumably N-terminal cleavage, should occur in the stele. The spatial requirement for sulphation by TPST has already been demonstrated (Doblas et al., 2017).

Importantly proCIF1 and proCIF2 have no C-terminal extension and thus do not require Cterminal cleavage for activation. In contrast, in the seed system, TWS1, GSO1 and GSO2 are all expressed in the embryo, with GSO1 and GSO2 proteins being expressed in, and localising apparently uniformly to the membranes of epidermal cells, while TWS1 is expressed apparently uniformly in all embryonic cells. Furthermore, and consistent with the expression pattern of TWS1, we show a spatial requirement for TPST activity in the embryo but not in the endosperm.

Indeed, the only element in the embryo cuticle integrity signalling pathway that has not, to date, been shown to be expressed/required in the embryo is the protease ALE1, which is expressed specifically in the endosperm. These observations suggest a model in which a sulphated but as yet inactive version of proTWS1 leaks out from the embryo through gaps in the cuticle, is activated in the endosperm by ALE1 cleavage, and only then can leak back to the embryo to trigger cuticle gap filling in a GSO1 GSO2 dependent manner

The above model suggests that ALE1 activity should be an absolute prerequisite for the activation of the signalling pathway. We have shown that ALE1 is able to cleave TWS1 in an in vivo system. Moreover ALE1 expression in the embryo leads to embryo defects in a TWS dependent manner. In these lines, we propose that an active version of TWS1 is constitutively produced in the embryo through cleavage by ALE1, leading to a constitutive and inappropriate activation of GSO1/GSO2-mediated signalling. In this model the key activating factor that provides spatial localisation of the signal is the ALE1 subtilase. However, ale1 mutants have a relatively weak mutant phenotype. One explanation of this observation is that ALE1 acts redundantly with another, as yet unidentified endosperm-localised subtilase. This possibility that is supported by the apparently synergistic phenotypes of ale1 and tpst mutants, which could be explained by an incomplete loss of peptide cleavage in the ale1 mutant combined with an incomplete loss of peptide functionality in the tpst mutant. We propose a model in which TWS1 peptide is sulphated in the embryo, secreted to the embryo/endosperm apoplast where it is cleaved and activated by ALE1 (and potentially othe subtilases). Activated TWS1 peptide then leaks goes through the gaps of the cuticle and bind the GSO receptor to activate the local repair of gaps in the embryonic cuticle (Figure 6A). When cuticle is intact enough to retain proTWS1 peptides in the embryo, the peptide and inactive peptide the endosperm subtilases are separated and the signalling system in the embryo remains inactive (Figure 6B).

Proteins resembling proTWS1 can be unambiguously identified throughout, but not outwith the Angiosperm lineage, and all show a C-terminal extension. Double fertilization in Angiosperms constrains the embryo to develop concomitantly with the endosperm (which can be considered as a fertilization dependent version of the female-gametophye-derived nutritive tissues found in gymnosperms and clubmosses). We propose that apoplastic continuity between these two concomitantly developing structures generates developmental constraints for the embryo.

Notably our previous work showing synergistic interactions between mutants affected in epidermal specification, and ale1 or gso1 gso2 mutants led us to suggest that one possible role for ALE1 and GSO1/GSO2 in the early embryo is to prevent the diffusion of signalling molecules (such as signalling peptides) from the embryonic apoplast to the apoplast of the surrounding endosperm (San-Bento et al., 2014). Our current work underlines this role of GSO1, GSO2 and ALE1 in regulating the movement of signalling molecules across the surface of the embryo. Nonetheless the molecular mechanisms acting downstream of this signalling pathway in the seed, and leading to gap closure in the cuticle, remain to be elucidated.

Furthermore, whether other pathway components identified as being required for Casparian strip integrity, such as SGN1 (or related proteins), are involved in embryonic cuticle formation remains to be elucidated.

Materials and methods

Plant materials and lines used.

Seeds were gas sterilized with chlorine (3Ml HCl (33%) in 150mL bleach) for 2 hours and then sown on Murashige and Skoog (MS) medium with 0,5% sucrose in sterile condition, stratified for 2 days at 4°C and grown for 7 days in long-day conditions (16h light, 21°C). Seedlings were then transferred to compost (Argile 10 (favorit)) and grown under long day conditions (16h light, 21°C). For staging the seeds, young flowers were marked every day for one week with cotton thread.

The previously published mutant and transgenic lines used this study were as follows: For loss of function of GSO1 the gso1-1 (Tsuwamoto et al., 2008) allele was used for all the experiments except for peptide activity assays on roots, for which the sgn3-3 allele was used (Pfister et al., 2014). For loss of function of TPST the tpst-1 (Komori et al., 2009) knock out allele was used, alongside the weaker sgn2-1 allele (Doblas et al., 2017). For loss of function of GSO1 and ALE1

the alleles used were gso2-1 (Tsuwamoto et al., 2008) and ale1-4 (Xing et al., 2013). For initial characterisation of loss of function of TWS1 we initially obtained the tws1-1 and tws1-2 alleles (Fiume et al., 2016). However since these are in the Wassilewskija (Ws) background we used newly generated CRISPR alleles in the Col-0 background for experiments (see below). The transgenic lines pGSO1::GSO1::VN (Pfister et al., 2014) and pPIN1::GFP (Friml et al., 2003) were also used in this study.

Toluidine blue permeability test

For assessing cuticle integrity, toluidine blue tests were performed, as described in Tanaka et al., 2004For pictures of etiolated cotyledons, seedlings were stratified in the dark, exposed to a 4-6h light flash and then grown for 4 days in darkness before being stained for 2min in toluidine blue solution (0.05% w/v) with tween 20 (0.1% v/v) and washed profusely in tap water. Pictures were taken either with a Leica MZ12 light microscope or with a VHX900F digital microscope (Keyence).

For toluidine blue quantification, 7 days old seedlings were stained in the same way. The aerial parts of ten seedlings were excised and placed in tubes containing 1mL of ethanol 80%, for at least 2 hours in darkness, until all the toluidine blue and the chlorophyll had been extracted.

Toluidine blue absorbance of the resulting solution was quantified by measuring the absorbance at 626nm on a spectrophotometer and was normalized by the chlorophyll absorbance at 430nm, a wavelength not absorbed by toluidine blue. 6 repetitions were performed per condition.

Seed shape analysis

Percentages of misshapen seeds were counted on pictures taken with the Leica MZ12 light microscope, using the cell counter option of the ImageJ software. For each genotype, seeds from 4 distinct mother plants were analysed, with at least 400 seeds per mother plant.

Peptide activity in roots

These experiments were carried out by our collaborators from the Geldner group (University of Lausanne) as described in Doblas et al., 2017.

ITC assays between TWS1 and the GSO1 extracellular domain

These experiments were carried out by our collaborators from the Hothorn group (University of Geneva). For peptide activity on roots and iTC experiments, TWS1 (non-sulphated) (DYNFPVDPTPTTKASIKPGPIEH) and TWS1 (sulphated)

(DY(sulphated)NFPVDPTPTTKASIKPGPIEH) peptides were synthetized by the Peptide Specialty Laboratories GmbH in Heidelberg.

. expression constructs in pART27, and C58C1 containing the p19 suppressor of silencing were grown for two days on LB plates with appropriate antibiotics (rifampicin, tetracyclin and spectinomycin for C58C1/pART27; kanamycin instead of spectinomycin for C58C1/p19).

Co-expression of ALE1 and TWS1 in tobacco

Bacterial colonies were washed off the plates in 3 ml infiltration buffer (10 mM MES pH 5.6, 10 mM MgCl2, 0,15 mM acetosyringone). Bacteria were pelleted by centrifugation, the supernatant discarded and the pellet resuspended in 3 ml infiltration buffer. Bacteria were mixed at an OD600 ratio of 0.35 (C58C1/pART27) : 0.5 (C58C1/p19). A blunt syringe was used to infiltrate the bacterial suspension into leaves of six-week-old N. benthamiana plants. Three to five days after agro-infiltration, 12 leaf discs of 7 mm diameter were excised with a cork borer and flash frozen in in liquid nitrogen. A Tissue Lyser LT (Qiagen; Hilden, Germany) was used to shred the frozen leaf material to a fine powder. Total leaf protein was extracted with 250 µl ice cold extraction buffer (100 mM NaCl, 50 mM Tris/HCl pH 7.5, 0.5 % (v/v) Triton X-100, 10 mM β-mercaptoethanol and 10 µl/ml Protease-Inhibitor-Cocktail (Sigma-Aldrich;

Steinheim, Germany), and the cell debris were removed by centrifugation (15000 x g, 4°C, 5 min). Protein concentration of the supernatant/total protein extract was determined using the Bradford assay with bovine serum albumin as the reference protein (BioRad).

33 µg total leaf protein was analysed by SDS-PAGE (15 %) followed by western blot using anti-(His)6 IgG (Dianova) (1:5000, overnight) as the primary, and rabbit-anti-mouse IgG conjugated to sp peroxidase (2h, 1:10.000; Calbiochem) as the secondary antibodies (blocking solution: 1xTBS, 0,1% Tween, 1% BSA). Blots were developed using the SuperSignal® West Duran Extended Duration Substrate kit (Pierce/Thermo Fisher Scientific) and a Li-COR Odyssee imager (Li-COR; Bad Homburg, Germany) for chemiluminescence detection.

Cloning

For tpst complementation, the cDNA of TPST was amplified using the attB1_TPST_F and attB2_TPST_R primers with the Gateway extensions attB1-B2 and cloned by BP reaction into a pDONR221 vector. Promoters pRGP3 (Denay et al., 2014), pPIN1 and pRPS5a [START_REF] Johnson | Defective decapentaplegic signaling results in heart overgrowth and reduced cardiac output in Drosophila[END_REF] in pDONR_P4_P1R entry vectors were used. Triple LR reactions were performed with TPST, each of the three promoters, and a mock sequence with attP2-3 borders in a pK7m34GW plasmid using LR clonase II (Invitrogen).

The pTWS1 promoter described in Fiume et al., 2016, was amplified with the primers ptws1F and ptws1R with attB4-B1R extensions and cloned by BP reaction in a pDONR_P4_P1R vector. 

CRISPR on TWS1

For CRISPR, cloning followed the method described by Wang et al., 2015 for double guide assembly. 2 vectors were generated, one for targeting the 5' end of the gene with 2 guides and the second for targeting the active (peptide encoding) domain with 2 guides. For targeting the 5' end of the gene, the primers nd1_DT1-BsF and nd1_DT1-F0 were used for the first guide and nd1_DT2-R0 and nd1_DT2-BsR for the second guide. For targeting the active domain, the primers nd2_DT1-BsF and nd2_DT1-F0 were used for the first guide and nd2_DT2-R0 and nd2_DT2-BsR for the second guide.

A. Bacterium Transformation and generation of transgenic lines.

For plant transformation we used the dip floral method as described in chapter 2, section II. T1 selections were performed with Kanamycin (50 µg.L -1 ) for pTWS1::ALE1, pTWS1::mCitrine::NLS-mCitrine, pRGP3::TPST, pRGP5a::TPST and pPIN1::TPST lines, hygromycin (30 µg.L -1 ) for the TWS1 CRISPR lines and glufosinate (10 µg.L -1 ) for the pGSO2::GSO2::VN line.

Confocal imaging

For observations by confocal microscopy, seeds were dissected from siliques and embryos from seeds with fine tweezers. Observations were carried out using a Zeiss LSM710 microscope with a 40X EC Plan Neofluor oil objective. Fluorescent proteins were excited at 514 nm and acquisition was performed between 520 and 558 nm and between 635 and 760 nm for the tissue autofluorescence. In the cuticle integrity mutants ale1 and gso1gso2, embryo sheath deposition at the embryo surface is affected, but not the production of sheath materials in the endosperm (see chapter 2, section I) (Moussu et al., 2017). The sheath of 3 other mutants in the cuticle integrity pathway has been characterized in developing seeds (Figure 1A-C). For tws1 and tpst ale1 mutants, both of which have a strong cuticle phenotype reminiscent of that of gso1 gso2 mutants, sheath material is produced but not deposited at the surface of the embryo, as seen in gso1 gso2 mutants (Figure 1A,C). Interestingly, sheath materials accumulate in endosperm cells, a phenotype that is not observed in wild type seeds (Figure 1C, D). In tpst mutants, which has only mild cuticle defects, the sheath seems only weakly affected and a coherent sheath is present in continuous zones around the embryo (Figure 1B). This phenotype is similar to, but weaker than, that observed in ale1 mutants. These results suggest that coherent sheath deposition is negatively correlated with the defects in cuticle integrity. We first hypothesized that cuticle biogenesis and sheath establishment are linked. However, in the previous section, the study of gpat4 gpat8 double mutant showed that cuticle biosynthesis and sheath formation are two independent processes. As all the mutant of the cuticle integrity pathway are affected for sheath deposition, we propose that sheath deposition is triggered by an effector downstream of the GSO signalling pathway. All the evidence we have assembled supports the idea that the sheath is composed of EXTENSINs. In the last chapter, we hypothesized that the coherent sheath deposited at the embryo surface is composed of cross-linked EXTENSINs. EXTENSIN cross-linking is mediated by peroxidases that use H2O2, a reactive oxygen species (ROS) as a substrate [START_REF] Brownleader | Purification and Partial Characterization of Tomato Extensin Peroxidase[END_REF]Dong et al., 2015;[START_REF] Price | A Biochemical and Molecular Characterization of LEP1, an Extensin Peroxidase from Lupin[END_REF][START_REF] Schnabelrauch | Isolation of pl 4.6 extensin peroxidase from tomato cell suspension cultures and identification of Val-Tyr-Lys as putative intermolecular cross-link site[END_REF].

attB1_TPST_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGCAAATGAACTCTGTTTGGAAGC attB2_TPST_R GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAAATCTTAACTTTGGAGGTTCTTC ptws1F GGGGACAACTTTGTATAGAAAAGTTGTTTGAATGAAAGTTGTGTTTTGACAAA ptws1R GGGGACTGCTTTTTTGTACAAACTTGTCTTCTTCTCTAGAGATTGAGGAAGAGG GSO2_B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGCAGCAAAACTCTGTTCTTCTT GSO2_B2 GGGGACCACTTTGTACAAGAAAGCTGGGTTTTTATCGGTATCAGTTTGCATCTC ALE1_F_attB GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGAAACCAATCCAAGAAAACTAAG ALE1stop_R_attB GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAAATGGTTTTAACTGACAACGGTA attB1R_tws_R GGGGACCACTTTGTACAAGAAAGCTGGGTTTCCACCGTCTTGGGATGGCTG attB4_tws_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTATATGAAGACGTCAAGCTTTGTCTTCC nd1_DT1-BsF ATATATGGTCTCGATTGTCAAGCTTTGTCTTCCTTTGTT nd1_DT1-F0 TGTCAAGCTTTGTCTTCCTTTGTTTTAGAGCTAGAAATAGC nd1_DT2-R0 AACAAGCTTCTCACTACTAGCTTAATCTCTTAGTCGACTCTAC nd1_DT2-BsR ATTATTGGTCTCGAAACAAGCTTCTCACTACTAGCTTAA nd2_DT1-BsF ATATATGGTCTCGATTGGAGGATTACAATTTTCCAGGTT nd2_DT1-F0 TGGAGGATTACAATTTTCCAGGTTTTAGAGCTAGAAATAGC nd2_DT2-R0 AACCCAACCCCACTTTCATTTCTAATCTCTTAGTCGACTCTAC nd2_DT2-BsR ATTATTGGTCTCGAAACCCAACCCCACTTTCATTTCTAA TWS1-Xho1F AGGAAACTCGAGATGAAGACGTCAAGCTTTGTCTTCCT TWS1 
ROS are a family of dioxygen derivatives that include hydrogen peroxide (H2O2), superoxide (O2 .-), the hydroxyl radical (OH . ) and singlet oxygen ( 1 O2). ROS production is generally initiated by the production of the superoxide radical from dioxygen (Torres and Dangl, 2005).

Superoxide is then converted into other ROS by a cascade of spontaneous reactions that can be enhanced by enzymes such as the superoxide dismutases (SODs). ROS play a role in a huge range of biological processes such as biotic and abiotic stress responses and development (Baxter et al., 2014;Singh et al., 2016;Swanson and Gilroy, 2010). Among these functions, ROS have been shown to be involved in the Casparian strip formation in the endodermis, where they trigger the polymerisation of monoligniols into lignin. During this process superoxide radicals are produced in the apoplast by the RESPIRATORY BURST OXIDASE HOMOLOG F (RBOHF) enzyme. Then, superoxide is converted into hydrogen peroxide by SODs that is used by specific peroxidases, catalysing lignin polymerisation (Lee et al., 2013). RBOHF is likely to act downstream of the GSO1 signalling during this process, although the molecular links have not yet been published.

RBOHF belongs to the RBOH family of plasma membrane-localised NADH oxidases, which catalyse the formation of superoxide. RBOHs are currently viewed as the main source of apoplastic ROS and ten genes encoding RBOH isoforms have been identified in Arabidopsis (Keller et al., 1998;Marino et al., 2012;Torres and Dangl, 2005). In the anthers, RBOHE and C are involved in the pollen coat formation, highlighting the key role played by ROS in the formation of apoplastic structures [START_REF] Chen | Dynamic Transcriptome Landscape of Maize Embryo and Endosperm Development[END_REF].

We hypothesize that, similar to the situation in the root endodermis, ROS are produced downstream of GSO1/GSO2 signalling and could be involved in both the formation of a coherent sheath (through the polymerisation of EXTENSINs) and in plugging the gaps in the embryonic cuticle. Based on this hypothesis we would expect that ROS are produced at the embryo surface and used by apoplastic peroxidases to cross-link EXTENSINs. However, unlike EXTENSINs, aliphatic cuticle components do not need ROS for their polymerisation (Delude et al., 2016). However, the composition of the embryonic cuticle remains largely unclear and we propose that the presence of aromatic molecules within the early cuticle of the embryo could underlie the need for ROS in the initial establishment, and then the maintenance, of cuticle integrity. This hypothesis is not as far-fetched as it seems. In physcomitrella patens, the cuticle of the gametophyte contains substantial amounts of phenolic molecules, the production of which during early phyllid development is critical role in the organised deposition and polymerisation of aliphatic components (Rautengarten et al., 2012;Renault et al., 2017;Resemann et al., 2019;Riley and Kolattukudy, 1975). We propose that a similar process might occur during early embryonic cuticle formation, which is unique in occurring de novo withion the developing seed. A matrix or "scaffold" of phenolic molecules, or of a polymer incorporating both phenolic and aliphatic elements, could be established around the developing embryo, the integrity of which depends upon ROS production. Subsequently this scaffold could serve to guide further cuticle deposition and polymerisation. Interestingly, the formation of a de novo cuticle covering the emerging lateral root is correlated with an intense secretion of ROS (Berhin et al., 2019;Orman-Ligeza et al., 2016). We therefore propose that de novo cuticle formation may systematically require the formation of a phenolic network mediated by ROS, potentially produced downstream of the GSO pathway.

To test this hypothesis further, we first investigated whether RBOHs are involved in embryonic cuticle formation by looking for seed phenotypes in single mutants. The single mutants Rboh a to g, kindly shared by Anja Krieger-Liszkay (Institut de Biologie Intégrative de la Cellule in Gif-sur-Yvette) were analysed. For each, the seed shape at maturity was observed, as a proxy for cuticle or sheath defects. However, no phenotype were detected, suggesting a possible redundancy, or the involvement of other RBOHs or other ROS sources. To uncover redundant roles for RBOHs in cuticle and sheath formation, a multi-guide CRISPR approach is envisaged.

II-3) ROS are produced at the surface of the embryo in an increasingly patchy pattern.

To test the spatial distribution of ROS production on embryo surface, we incubated dissected embryos with nitroblue tetrazolium (NBT). NBT reacts with ROS, especially the superoxide molecule, to give a dark-blue deposit (Jambunathan, 2010;Kaur et al., 2016). Previous work have already tested NBT treatment on embryos and had demonstrated that superoxide production is specifically detected by NBT, validating this approach (Leymarie et al., 2012;Müller et al., 2009;Sun et al., 2018).

To have a view of ROS production throughout embryogenesis, wild type embryos at several stages were incubated for 20 minutes in NBT (Figure 2, A-F). At the heart and torpedo stages, the NBT staining is strong all around the embryo, indicating that ROS are strongly produced by the embryo (Figure 2A-C). Later in development, only a few area are stained with NBT: the root apex generally stains strongly, while some patches are observed at the surface of the hypocotyl and of the two cotyledons. When a zone is damaged, a stronger NBT staining is observed suggesting a stress related production of ROS (Figure 2F).

To show if the patches observed at the surface of wild type cotyledon are caused by a local increase in cuticle permeability to NBT or to a localised ROS production, the embryos were incubated for longer times (Figure 3). After 45 and 75min, the patches are still visible at the embryo surface and the vasculature starts to be stained (Figure 3B,C). These results suggest that the NBT has diffused inside the embryo and that the patches are not caused by a localised increase of permeability but by a localised production of ROS. In further support of this interpretation, it should be noted that toluidine blue staining never gives this type of patchy profile at later stages of embryogenesis.

Overall, these data suggest that during embryogenesis, ROS production decreases as cuticle integrity increases. The patches staining pattern at later stages might be caused by local defects in cuticle, inducing a localised GSO pathway activation and ROS production and could be required for the maintenance of a coherent sheath during the later stage of embryo growth.

However, these observations remain correlative, and it is important to know if ROS are really produced downstream of the GSO pathway. To assess if ROS production is altered in embryonic cuticle integrity mutants, we dissected and stained gso1 gso2 embryos with NBT. The NBT staining of gso1 gso2 embryos is strong and homogenous all around the embryo, suggesting a higher ROS production than in wild type (Figure 2G). However, the dissection of gso1 gso2 embryos is very hard as they strongly stick to the endosperm. It is possible that rather than indicating a higher endogenous ROS production, the increased NBT staining in dissected embryos is simply caused by embryo wounding during dissection (Figure 2F). ROS are known to be strongly produced during both abiotic and biotic stresses (Baxter et al., 2014). Due to the differences in ease of dissection we therefore cannot compare gso1 gso2 and WT embryos. Staining without embryo dissection would be appropriated, but preliminary tests suggest that NBT does not penetrate easily inside intact seeds.

In order to address this technical challenge we therefore applied another approach. This involves measuring, the quantity of (apoplastic) ROS produced by the intact seed via spin trapping electron paramagnetic resonance (EPR) spectroscopy. In this experiment, heart stage seeds were dissected from the replum and incubated in POBN FeEDTA solution. ROS react with POBN in the presence of iron, and the quantity of POBN that had reacted were measured by EPR in collaboration with Anja Krieger-Liszkay (Institut de Biologie Intégrative de la Cellule in Gif-sur-Yvette). Seeds were incubated either under artificial light or in darkness, to assess the contribution of the photosynthesis to ROS production, as embryos are photosynthetic and ROS are known to be produced during photosynthesis. In the wild type, no strong differences were measured between dark and light conditions suggesting a minor contribution of photosynthesis to ROS production (Figure 4). 3 mutants defective for sheath, cuticle or both were tested. In the zou mutant, defective for both cuticle formation and sheath production, the ROS level is not strongly affected but it should be borne in mind that the seed context is very different in this mutant, which has many pleiotropic defects. In krs, in which the sheath is absent, the ROS level consistently appear lower than in the wild type in both light and dark conditions, although statistical tests do not confirm the significance of these differences. In gso1 gso2 mutants, ROS levels is also appear lower than in the wild type under light conditions, consistent with our hypothesis. However this effect is not observed after incubation in darkness and moreover statistical tests again do not confirm significant differences.

Further experiments need to be performed, with more repetitions, to draw conclusion as to a possible decrease in ROS production in krs and gso1 gso2 mutants. In addition, this experiment contains several biases. Firstly the seeds are detached from the replum, which can induce important stress and consequently a strong variability in ROS production. Secondly, the whole seed is incubated in the solution and compartments other than the embryo could be involved in ROS production. Thirdly ROS should diffuse throughout the seed to be caught by the acceptor but the question of how ROS diffuse in the seed is unclear.

II-5) Further perspective about ROS.

The experiments described here remain very preliminary and we cannot conclude as to the validity of our hypotheses. During embryogenesis, ROS appear to be produced at the embryo surface, and their production is negatively correlated with cuticle permeability. However, a new bioassay to compare ROS production between mutants and wild type seeds should be developed. This would involves optimising the quality of the quantitative and qualitative techniques for ROS detection. For the qualitative experiments, cerium chloride staining is generally used to detect ROS production, and staining is revealed with TEM imaging. This approach could be performed in the future, although the main technical challenge will be to ensure the diffusion of the reagent into the seed. Delivery of cerium chloride to the seed could potentially be achieved by incubating the shoot in the solution and allowing transport to the seed via the xylem. The advantage of this technique would be that the seed remains intact and that the results are not biased by the dissection. However whether the reagent would arrive in sufficient quantities remain an open question. Concerning the quantitative experiments, EPR measurement with more replicates and more seeds will be performed to confirm or refute the results obtained.

II-6) Materials and methods

Plant growth, JIM12 immunolabelling

See chapter 2, section I

In this thesis we were interested on the embryo/endosperm interface of the two model species Arabidopsis thaliana and Zea Mays. However, we remain aware of the fact that the seed context is very different in both species. For example, in Arabidopsis, the seed is separated from the pericarp while in maize, seed and pericarp become fused during development. In addition the two zygotic compartments, the embryo and the endosperm develop very differently in the two species. The endosperm of Arabidopsis only differentiates a few specific cell types and is transitory, as in mature seeds only one cell layer remains around the embryo. In contrast in maize, the endosperm is persistent until germination and differentiates into multiple morphologically distinct zones, or tissues. Furthermore, the mature embryo of Arabidopsis is morphologically very simple, being basically composed of two cotyledons and a hypocotyl, while in maize, the mature embryo is a more complex structure. The more complex morphology seen in the maize embryo is shared by most cereals (Johri et al., 1984), which produce a scutellum and an embryonic axis containing a coleoptile protecting several embryonic leaves and a coleorhiza protecting the radicle. Although the mature embryos of maize and Arabidopsis are very different, the first steps of embryo and endosperm development appear to be roughly comparable. The embryo produces an embryo proper and suspensor, and the developing endosperm goes through a coenocytic phase. This situation is similar to that in animals where the major stages of early development appear conserved, at least superficially, whereas later stages diverge. However, despite the apparently globally conserved organization of early seed development in plants, many subtle differences in the patterning of the young embryos of Arabidopsis and maize exist. For instance, the suspensor of Arabidopsis is only composed of one cell layer, whereas in maize, it is composed of several cell layers. In addition, the symmetry of the embryos is very different, and some important mechanisms controlling patterning and the specification of cell fate do not appear to be shared. For instance, auxin signalling is crucial for early embryo patterning in Arabidopsis [START_REF] Cheng | Auxin Synthesized by the YUCCA Flavin Monooxygenases Is Essential for Embryogenesis and Leaf Formation in Arabidopsis[END_REF]Friml et al., 2003;[START_REF] Hamann | The Arabidopsis BODENLOS gene encodes an auxin response protein inhibiting MONOPTEROS-mediated embryo patterning[END_REF]Robert et al., 2013;[START_REF] Wabnik | Modeling framework for the establishment of the apical-basal embryonic axis in plants[END_REF], while in maize, the young embryo is apparently devoid of auxin response (at least based on expression of the auxin-response reporter DR5), suggesting reduced role, if any, of auxin during the early stages of embryogenesis which may therefore be controlled by other factors (Chen et al., 2014). In the endosperm, although a coenocytic phase is conserved in both spaces, it is very reduced in maize compared to Arabidopsis, with much of the increase in endosperm volume during early seed development being generated by more classical cell divisions.

Likewise, despite the apparent similarities in the embryo/endosperm interfaces of Arabidopsis and maize pointed out in the introduction to this thesis, my work, and that of others shows that considerable differences in these interfaces also exist. I will discuss and update the comparison between the embryo/endosperm interfaces of Arabidopsis and maize in this conclusion, and attempt, in so doing, to generate a broader perspective on my work.

I) Cells adjacent to the interface: expand or die

In the embryos of both maize and Arabidopsis, two distinct tissues rapidly define the embryo interface with the endosperm: the suspensor in the basal part and the epidermis in the upper part. The suspensor is considered to be required for both the nutrition and the physical positioning of the early embryo in both Arabidopsis and maize, but is only a transitory structure (Kawashima and Goldberg, 2010). The nature of the interface around the suspensor remains poorly studied and clearly needs to be investigated further. This could help understanding of how nutrients enter the embryo via the suspensor which, despite the identification in Arabidopsis of some suspensor-specific transporter-encoding genes remains somewhat enigmatic (Chen et al., 2015;Stadler et al., 2005). Contrary to the suspensor, the Arabidopsis embryonic epidermis produces cuticle material (Creff et al., 2019). During all seed development, the epidermis grow by anticlinal divisions and expands inside the surrounding endosperm (Javelle et al., 2011).

On the endosperm side, the cell layers in contact with the embryo also appear to differ to some extent between Arabidopsis and maize. In maize, the ESR surrounds the embryo following cellularisation and has no apparent equivalent in Arabidopsis (OpsahlFerstad et al., 1997).

However, at later stages, the endosperm cells at the interface with the embryo have some similarities in maize and Arabidopsis. In chapter 1 (section I) of this thesis, a new endosperm domain, defined by transcriptomic analysis, was identified in the starchy endosperm adjacent to the scutellum. In Arabidopsis, an equivalent region, confusingly sometimes called the ESR, despite the absence of the morphological traits characteristic of the maize ESR, surrounds the embryo. This zone also expresses a specific set of genes, including genes such as ZOU, ALE1, KRS and AtSUC5 (Baud et al., 2005;Moussu et al., 2017;Yang et al., 2008). In both species, this region encompasses cells destinated to be eliminated during embryo growth. In Arabidopsis, key developmental cell death marker genes are expressed in these cells, although in maize, the expression of no classical cell death marker genes has been found to be upregulated (Fourquin et al., 2016;Olvera-Carrillo et al., 2015). Is should however be borne in mind that an exhaustive analysis of cell death markers in maize has not yet been performed. In Arabidopsis, how the expression of cell death marker genes is triggered, and linked to subsequent cell death events needs to be investigated further. Although the ZOU protein has been clearly shown to be required for activating cell death, this action appears very indirect and is probably mediated by cell wall softening, facilitating the expansion of the embryo (Fourquin et al., 2016). The direct signals triggering cell death remain to be deciphered. In both Arabidipsis and maize, cell death is likely triggered by the embryo expansion, suggesting that molecular and/or mechanical signals emitted by the embryo could triggers cell death.

Cell death is not only an elimination of the endosperm cells to leave room for the growing embryo. The expression of nutrient transporters in the embryo-surrounding endosperm suggests that an active recycling and export of the contents of dying cells occurs. The nutrients released could be taken up by either by neighbouring endosperm or embryo cells and contribute to their nutrition. Furthermore, cell death contributes to the building of the embryo/endosperm interface. In Arabidopsis, cell death appears to involve the release of glycosylated EXTENSINs at this interface (Moussu et al., 2017). This material accumulates at the embryo surface and forms the embryo sheath, which is involved in both embryo/endosperm separation and seedling sliding, as showed in chapter 2. In maize, crushed cell walls accumulate at the embryo/endosperm interface, as seen in chapter 1 (section I), and constitute a part of the structure called the fibrous layer surrounding the mature scutellum, although the exact contribution of these crushed cell walls to the properties of this fibrous layer remains unknown (Bourdu and Bousser, 1991;Corona-Carrillo et al., 2014;Enriquez-Arredondo et al., 2005).

II) The embryo is dependant of the endosperm for its nutrition.

Seeds ensure the transfer of nutrients from the mother plant to the next generation, both during development and during germination. Embryo development requires large quantities of various nutrients. These nutrients come from the maternal tissues and transit through the endosperm which acts both as a conduit, and as a transitory storage compartment for nutrients. In Arabidopsis, two nutrients pathways have been identified, one involving uptake at the suspensor surface, and the other, later in development, potentially through the epidermis (Karmann et al., 2018;Lafon-Placette and Köhler, 2014). In maize, our discovery that the EAS region expresses diverse nutrient transporters supports the presence of the second pathway, although analyses of a nutrient flow to the embryo are still missing. Reverse genetics-based experiments using CRISPR/Cas9 and started during this thesis could perhaps contribute to such analyses.

Modifying embryo/endosperm nutrient transport might change the ratio of nutrient storage between the two compartments. As the maize embryo mainly stores oil, while the endosperm stores starch and proteins, this could significantly impact the nutritive qualities of the maize kernel (Olsen, 2004;Shen et al., 2010). Consequently, advances in knowledge of the mechanisms underlying nutrient flow through embryo/endosperm interface not only in maize but, also in other crop species cultivated for their seeds, could be of real agronomic interest.

Nutrients transfer from the endosperm continues both during and after germination in both Arabidopsis and maize. In Arabidopsis this is likely a relatively minor process involving remobilization of lipids stored in the residual endosperm [START_REF] Troncoso-Ponce | Transcriptional Activation of Two Delta-9 Palmitoyl-ACP Desaturase Genes by MYB115 and MYB118 Is Critical for Biosynthesis of Omega-7 Monounsaturated Fatty Acids in the Endosperm of Arabidopsis Seeds[END_REF].

However in maize this involves major metabolic changes during which the aleurone layer activates starch degradation in the endosperm, which subsequently furnishes soluble nutrients that can transit through endosperm/scutellum interface and have been proposed to fuel seedling growth (Olsen, 2004;Zheng and Wang, 2014). In Arabidopsis, the absence of large amounts of persistent endosperm implies that the embryo is largely dependent on its own reserves for the germination. Surprisingly in maize, the embryo also appears to have enough reserves to germinate and thrive without the endosperm, since embryos with vestigial endosperm are able to germinate and to form normal plant (Sosso et al., 2015). The quantity of nutrients stored in the scutellum thus appears to be enough to allow the establishment of autotrophic growth under laboratory conditions. It should nevertheless be borne in mind that maize is a crop strongly selected for over-accumulating nutrients in the endosperm and embryo, and the apparent nutritional autonomy of the embryo could have been acquired during selection. It nonetheless highlights the fact that huge volumes of nutrients are accumulated in the embryo during its development.

III) The surface of the emerging organs of the embryo

The formation of the embryo surface is of key importance for preparing the seedling for postgermination development. Indeed the young seedling passes from the protective inner environment of the seed to a stressful external environment, in which seedlings must survive various biotic and abiotic aggressions. In epigeal plants, such as Arabidopsis, all the embryonic parts of the seedling emerge from the seed. In contrast, in hypogeal species, some embryonic structures remain inside the seed during germination, including the scutellum of maize. The surfaces of emerging and non-emerging organs of the embryo are submitted to different environments post seed development that have led to the selection of some very specific features.

In maize, the emergent embryonic organs are the coleorhiza that grows into the soil, and the coleoptile that grows into the aerial environment. As a consequence, the coleoptile surface is designed to avoid dehydration during embryonic development through the production of a thick cuticle (La Rocca et al., 2015). In Arabidopsis, the equivalent organs, in terms of fate, are the cotyledons and the hypocotyl, ie the majority of the embryo. An impermeable cuticle is thus established on the surface of these organs (Delude et al., 2016;Moussu et al., 2013). In Arabidopsis, many genes have been shown to be involved in cuticle establishment, including cutin biosynthetic genes, epidermal cell fate genes and the cuticle integrity-associated genes of the GSO pathway, as described in chapter 3. Maintaining cuticle integrity is of key importance for embryo viability at germination. Interestingly, components of this pathway are involved in establishing another apoplastic barrier, the Casparian strip, suggesting that the plant has used the same genetic pathway to check the integrity of very divergent barriers (Doblas et al., 2017;Nakayama et al., 2017). In maize, the FDL transcription factor has been shown to be involved in cuticle biosynthesis (La Rocca et al., 2015), but genes involved in embryonic cuticle integrity

have not yet been characterized. To address how the integrity-checking pathway is conserved and uncover similarities and differences between the establishment of the embryonic cuticle of Arabidopsis and maize coleoptile, the analysis of genes involved in the GSO pathway could be investigated. In maize, the GSO receptor-encoding genes have three orthologs (Zm00001d021535, Zm00001d006420 and Zm00001d037666) and TWS1 has one relatively clear ortholog (Zm00001d028072) that encodes a peptide having the conserved sites shared by embryo/endosperm interspace called the hyaline layer (Vaughan and Whitehouse, 1971). In other clades, other structures with similar properties could also have appeared, especially in solanaceae, in which a thick endosperm-derived deposit is present at the embryo surface but does not have exactly the same appearance as the sheath and is not labelled by sheath marker antibodies (Chapter 2, II-5 ) (Briggs, 1996).

In Arabidopsis, all the embryonic organs emerge and the embryo/endosperm interface is consequently quite homogenous with a continuous embryo sheath and a continuous cuticle. In maize, however, the coleoptile and the scutellum have a very distinct fate and a distinct surface, although very little is known about it.

IV) The scutellum surface, a particular case

As seen in the last section, the coleoptile surface of maize can be compared in some respects, to the surface of the Arabidopsis embryo, probably because of their common fate (emergence from the grain into the aerial environment). However, the scutellum remains inside the seed and is therefore not exposed to the same constraints as the germinating organs. Firstly the scutellum is not submitted to friction during germination, thus modifications of its structure to limit friction are not necessary. Secondly, the scutellum surface is never in contact with the stressful external environment that could require the presence of a thick cuticle. The nature of the scutellum surface is, however, poorly documented during development. In the mature kernel, a layer of neutral lipids, phenolic molecules, 1,3-β-glucans and crushed cell wall surrounds the scutellum and is called the fibrous layer. Gland-like structures have been reported to appear on the abaxial side of the scutellum and may secrete material to the embryo/endosperm interface, prior to germination, which could contribute to the composition of the fibrous layer [START_REF] Sargant | The Anatomy of the Scutellum in Zea Maïs[END_REF]. The fibrous layer seems to be an assembly of different structures and the presence of an embryonic cuticle cannot be excluded. Indeed, in 8 DAP kernels, TEM pictures show an electron dense deposit surrounding the developing scutellum surface. This deposit was called cuticle based on its appearance, despite a lack of chemical characterisation (Van Lammeren, 1987). A role of this putative cuticle as a lubricant during germination or as a postgermination protective structure, as in Arabidopsis, is not relevant. However, embryonic cuticles may also play roles in partitioning molecules between the embryo and the endosperm.

For instance in Arabidopsis, the embryonic cuticle limits the diffusion of signalling molecules, as seen in chapter 3, and potentially also of enzymes, nutrients and other diverse molecules coming from the endosperm. Interestingly, the diffusion of aqueous and ethanolic dyes throughout the maize kernel has revealed that embryo/endosperm interface acts as a diffusion barrier, suggesting a conserved function of this interface during seed development (Corona-Carrillo et al., 2014). However, the scutellum surface is probably modified during germination to facilitate nutrient flow. Although these changes are largely unknown they could involve a partial remodelling of the putative cuticle.

In conclusion, the scutellum surface could reduce diffusion during embryonic development.

However, the fate of the scutellum is very different to that of the other embryonic surfaces considered in this discussion after germination, and its surface therefore differs dramatically at maturity.

V) The embryo/endosperm dialog

In both Arabidopsis and maize, the growth of the embryo inside the endosperm requires a complex dialogue that coordinates their development. However, the molecular components mediating this dialog are poorly characterised. One of the best documented examples involves the ESF peptides produced by the endosperm that regulate suspensor differentiation in Arabidopsis (Costa et al., 2014). In the chapter 3, another example of a molecular embryo/endosperm dialogue has been elucidated in the control of embryonic cuticle integrity.

Our work supports a model in which the inactive TWS1 peptide is produced and sulphated by TPST in the embryo, cleaved by the ALE1 subtilase in the endosperm and then binds the GSO receptors in the epidermis. This signalling pathway induces the blocking of the cuticle gaps by a still unknown mechanism that could involve ROS (see chapter 3, section II). In this model, the presence of the surrounding endosperm is necessary for the activation of TWS1 and severe TWS dependent phenotypes induced by the expression of ALE1 in the embryo highlight the importance of embryo/endosperm separation in this signalling pathway and more globally during seed development.

In maize, molecular players involved in embryo/endosperm dialogs remain poorly documented, despite efforts to find potential signalling peptides or subtilases expressed in the ESR and acting on the embryo, as presented in chapter 1 (section II). A more global approach could be performed in the future by eliminating the entire ESR tissue, via the expression of a barnase
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 1 Figure 1: Scheme representing the different stages of Arabidopsis seed (A) and maize kernel (B) development. Maternal tissues are in blue, endosperm in yellow and embryo in green. The main phases of endosperm (in yellow) and embryo (in green) development are labelled. PCD = programmed cell death, DAP = day after pollination

Figure 2 :

 2 Figure 2: Scheme of (A) 8 DAP maize kernel, (B) 15 DAP maize kernel with a zoom on embryo region, (C) embryo region at globular stage in Arabidopsis (D), embryo region at torpedo stage in Arabidopsis. RAM = root apical meristem, SAM = shoot apical meristem, ESR = embryo surrounding region, BETL = basal endosperm transfer layer

  A-b) The endosperm cells at the embryo interface In contrast with the situation in the embryo, the endosperm cells at the interface show extremely dynamic behaviour during seed development. The endosperm surrounding the embryo consists first of the coenocyte. In maize, following cellularization, the endosperm cells near to the embryo differentiate into ESR cells. As mentioned above ( § I-1-C-b), ESR cells are small with a big nucleus and a dense cytoplasm rich in endoplasmic reticulum (OpsahlFerstad et al., 1997). The ESR is a transient tissue, from which the embryo emerges by elongation and which, as a result, becomes restricted to the basal pole of the embryo before degenerating and disappearing at around 15 DAP (Figure 2A,B). Unlike for other endosperm tissues in maize the genetic control of ESR specification, differentiation is still unclear. However ESR degradation appears
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 3 Figure 3: (A) Scheme of the three genetic pathways controlling embryonic cuticle establishment. (B) Scheme of the signalling pathways controlling embryonic cuticle integrity and sheath production and deposition.
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 4 Figure 4: Casparian strip formation in the endodermis under the control of the SGSO1/SGN3 pathway. Upper panel represents the situation before the establishment of the apoplastic barrier and lower panel after.

Figure 5 :

 5 Figure 5: Genes encoding sugar and amino acid transporters expressed on either side of the embryo/endosperm interface in Arabidopsis. The arrows represent the putative main pathways for nutrient loading to the embryo. In purple via the suspensor and in red via the epidermis.
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 6 Figure 6: A) Toluidine blue penetration in dissected embryos at different developmental stages compared to unstained embryos (bottom line). (Taken from Creff et al., 2019, figure made by the candidate). Scale bars = 100µm. B) Scheme representing the toluidine blue staining assay used for revealing defects in the cuticle.
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 7 Figure 7: Proposed progression of the formation of the embryo/endosperm interface based on observations from maize and Arabidopsis. In red the middle lamella, in green the primary cell wall, in blue the embryonic cuticle, in pink the endosperm-derived deposits (in Arabidopsis = the embryo sheath).

  Figure 0: Overview of the maize embryo/endosperm project
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 1 Figure 1: A) Scheme representing the six compartments/sub-compartments dissected for transcriptomic analysis. Ad =adaxial, Ab = abaxial. B) Proportion of reads mapped and filtered per sample. C) Number of genes expressed for every sample (RPKM≥1).
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 2 Figure 2: A) Principal component analysis. B) Expression (RPKM) of the LEC1 and ZmNAC124 embryo-specific genes in the different samples. C) Expression (RPKM) of the O2 and ZmZOU (O11) endosperm specific genes in the different samples.

Figure S1 :

 S1 Figure S1: Expression level (RPKM) of the aleurone specific gene VPP1

  one main compartment compared to the two others. Emb = embryo, End =endosperm, Per = pericarp (1) Position of the GO term in the GO tree. P (biological process), F (molecular function) and C (cellular component). (2) Number of genes associated with the GO term in the DEGs list / Number of GO term annotated in the maize genome. (3) The enrichment is defined in the Materials and Methods.

  sub-compartment compared to its compartment of origin. Emb = embryo, End =endosperm, Per = pericarp (1) Position of the GO term in the GO tree. P (biological process), F (molecular function) and C (cellular component). (2) Number of genes associated with the GO term in the DEGs list / Number of GO term annotated in the maize genome. (3) The enrichment is defined in the Materials and Methods.
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 34S2 Figure 3: In situ hybridization on 13DAP maize kernels with probes against GFP (negative control) (A,B), ZmNAC124 (positive control) (C,D), SWEET14a (E,F), SWEET15a (G,H), UMAMIT_EAS1 (I,J), PEPB11 (K,L), EAS1 (M,N), SCL49 (O,P). Scale bars correspond to 500µm in A,C,E,G,I,J,K,M,O and 1000µm in B,D,F,H,L,N,P. Arrows indicate signal. emb = embryo, end = endosperm, per = pericarp, ped = pedicel
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 S35 Figure S3: Heat map of ZEIN precursor gene expression. For the sub-compartments/compartments, the logarithm (base 10) of the RPKM average between the 4 replicates has been taken. An arbitrary value of -1 is given when the gene is not expressed in a sub-compartment/compartment

Data Set 1 :Supplemental Data Set 2 :

 12 number of reads per kilobase per million (RPKM) per gene annotated in the AGP v4 version of the B73 maize genome. The Sup. Data Set 1 is available at https://filesender.ens-lyon.fr/?vid=1cbbc282-f586-ba48-5b6a-00003ca43f36 Pairwise comparison of gene expression levels between the tissues.
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 S46 Figure S4: Heat maps for genes potentially involved in programmed cell death. For the subcompartments/compartments, the logarithm (base 10) of the RPKM average between the 4 replicates has been taken. An arbitrary value of -1 is given when the gene is not expressed in a subcompartment/compartment.
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 1 Figure 1: Expression of ESR-expressed candidate genes selected to be knocked-out using a CRISPR/Cas9 strategy. A. Subtilase-encoding genes are shown in the upper line, and peptide-encoding genes are in lower line. Colours represent the gene expression levels in the different compartments at 8 DAP according to transcriptomic data from Zhan et al, 2015. The expression at different stages of kernel development is based on transcriptomic data from Li et al, 2014. Emb = embryo, ESR = embryo surrounding region, Nu = nucellus, AL = aleurone, CSE = central starchy endosperm, CZ = conductive zone, PC = placenta-chalazal cells, BETL = basal endosperm transfer layer, Ped = pedicel, Per = pericarp B) In situ hybridization using an antisense probe against MEG14 (GRMZM2G145466) on 8 DAP old kernel confirms its ESR-specific expression (experiment carried out by Peter Rogowsky). Scale bar corresponds to 100µm. Emb = embryo, End = endosperm, ESR = embryo surrounding region, Nu = nucellus, Per = pericarp.
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 2 Figure 2: Phylogenic tree of the UMAMIT family using maize and Arabidopsis proteins. The six classes of UMAMITs described in Ladwig et al, 2012 are indicated.

Figure 3 : 1 BFigure 4 :

 314 Figure 3: Expression of genes encoding UMAMIT transporter selected to be knocked-out using a CRISPR/Cas9 strategy. Colours represent the gene expression levels in the different compartments, at 8DAP (upper line) and 13DAP (lower line) according to transcriptomic data from Zhan et al, 2015 and to our own transcriptomic data which is presented in the previous section of this thesis, respectively. Emb = embryo, ESR = embryo surrounding region, Nu = Nucellus, AL = aleurone, CSE = central starchy endosperm, CZ = conductive zone, PC = placentachalazal cells, BETL = basal endosperm transfer layer, Ped = pedicel, Per = pericarp. SA
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 5 Figure 5: Scheme comparing WT protein domains with mutated versions generated by CRISPR_Cas9.For each gene, the wild-type protein is represented with Pfam domain(s). Below each WT protein, the mutated protein is represented . Grey rectangles correspond to protein sequences that are encoded by predicted frame-shifted cDNAs. Positions of the residues from the first methionine are indicated.

  This section describes the development of the CRISPR/Cas9 technology in maize, using our own vectors. Details of this technological development and results were published in "Plant Cell Reports" under the DOI: https://doi.org/10.1007/s00299-019-02378-1. The constructs designed, their efficiency in transformed plants, as well as the alleles generated are presented.I generated the CRISPR constructs targeting 11 genes, 9 described in previous section (II) and two subtilases strongly expressed in the placenta-chalazal region. The remaining CRISPR constructs targeting 7 other genes were realized by Laurine M. Gilles, Marie-France Gérentes, Christelle Richard, Virginia M. G. Borrelli and Ghislaine Gendrot. I analysed and summarized the mutations obtained in plant as well as the guide efficiency. Jeremy Just did the bioinformatics analysis and Yannick Fierlej tested the putative off targets. Peter Rogowsky, Thomas Widiez and I wrote the article with inputs of Gwyneth Ingram.

Fig. 1

 1 Fig.1CRISPR-Cas9 cloning vectors. Cloning strategy for RDP vectors. The final RDP vectors contain two small guide RNAs (sgRNA1 and sgRNA2) and are generated by assembly of the two initial plasmids L1609 and L1611. First the 20 nt corresponding to the recognition sequences are synthesized as oligonucleotides with SapI-compatible ends and inserted between the U3 or U6 promoter and the scaffold RNA (shRNA) after SapI digestion in both plasmids, forming sgRNA1 and sgRNA2. Then the TaU6::sgRNA2 cassette is trans-

Fig. 2

 2 Fig. 2 Different approaches to generate single and multiple gene knockouts in maize. The first strategy consists of targeting two distinct genes with specific guide RNAs for each gene, the second of tar-

  Fig. 3 Scheme of an atypical mutant allele of ZmEsr1 (GRMZM2G046086). The intronless ZmEsr1 gene is represented by a square box with the open reading frame in blue and the UTRs in red. Numbering starts at the first nucleotide of the ATG start codon.

  .Doll, A. Gaiti, S. Bovio, A-C. Marsollier, S. Moussu, T. Widiez, G. Ingram*. Laboratoire Reproduction et Développement des Plantes, University of Lyon, ENS de Lyon, UCB Lyon 1, CNRS, INRA, F-69342, Lyon, France.

Figure 1 :

 1 Figure 1: The sheath is maintained on the seedling surface at germination before being fragmented by tissue expansion. A-F) JIM12 immunolabelling on sections of seedlings. JIM12 labelling is shown in green and cell walls stained with fluorescent brightener 28 in blue. A) Section of 2 DAS wild type seedling. B) Section of 4 DAS WT cotyledon. C) Section of 7 DAS WT cotyledon. D) Section of 2 DAS krs-3 seedling. E) Section of 4 DAS krs-3 cotyledon. F) section of 7 DAS krs-3 cotyledon. G-L) JIM12 whole mount immunolabelling. G) 2 DAS WT seedlings. H) 4 DAS WT cotyledon. I) 7 DAS WT cotyledon. J) 2 DAS krs-3 seedlings. K) 4 DAS krs-3 cotyledon. L) 7 DAS krs-3 cotyledon. cot = cotyledon, hyp = hypocotyl, fl = first leaf, eet = extraembryonic tissues of the seed. Scale bars = 100µm for A-F and = 200µm for G-L
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 2S2 Figure 2: Sheath formation and cuticle biosynthesis are genetically separable processes. A-F) Auramine O staining of the cotyledon cuticle 2 DAS. Arrows indicate the cuticle A) in Col0, B) magnification of A, C) in krs-3, D) magnification of C, E) in gpat4 gpat8, F) magnification of E. G-H) JIM12 immunolabelling on section in the gpat4 gpat8 mutant. JIM12 signal is in green and cell walls are stained with fluorescent brightner 28 (in blue). G) Developing seed H) 2 DAS seedling. cot = cotyledon, sc = seed coat, emb = embryo, end = endosperm. Scale bars = 20µm in A,C,E, 2µm in B,D,F and 50µm in G and H.
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 3S4 Figure 3: The sheath has anti-adhesive properties. Large scale topographical maps were acquired in QI mode A) (scan size 90x90 or 100x100 µm) in order to identify cells and define regions for adhesion measurements. 4 smaller (10x10 µm) regions of interest were then selected for extracting force curves. B) In each region of interest 64 curves were performed and then analysed to measure the adhesion force. The approach curve is shown in blue and the retract curve in red. Adhesion corresponds to the difference between the minimum of the retract curve and the base line. C) Average adhesion scatter plot. Each dot corresponds to the average adhesion measured for 1 cotyledon. Average +/-SEM is indicated on each scatter plot. One-way ANOVA tests were performed for between-dataset comparisons, with an a-value of 0.05. *** indicates p-value ≤ 0.001, **** indicates p-value ≤ 0.0001, ns indicates p-value > 0.05.

Figure 4 :

 4 Figure 4: Absence of the sheath leads to defective cotyledon emergence at germination. A) 2 DAS Col-0 seedling, B) 2 DAS krs seedling with the two cotyledons inside the seed coat. C) Percentage of seedlings with escaped cotyledons at four different times after stratification for Col-0, krs-3 and gpat4 gpat8 lines. N = 3 (repetitions from independent mother plants), 100 seedlings per repetition. D) Percentage radicle emergence in the same experiment as that shown in C. E) 5 DAS etiolated Col-0 seedlings. F) 5 DAS etiolated krs-3 seedlings with the two cotyledons inside the seed. G) Percentage of seedlings with two cotyledons inside the seed coat for 5 DAS etiolated seedlings (N=6, 100 seedlings per repetition). ** and * represent statistically significant differences (p-value < 0.01 and p-value < 0.05 respectively) obtained after One-way ANOVA and subsequent Tukey HSD tests. ns = non-significant. Scale bars = 500µm in A and B, = 200µm in E and F.

  Force vs Height Measured curves were first flattened by removing the result of a linear fit done over a portion of the non-contact part (baseline) of the curve, in order to set this part to a force of 0 N. A first estimation of the point of contact (POC) was obtained considering it as the first point crossing the 0 of the force, moving backward along the approach curve, starting from its last point (i.e. force setpoint position). The force vs. tip-sample distance curves were then obtained calculating a new axis of distances as Height Measured [m] -cantilever deflection [m].

  this section, I did or contribute to all the experiments presented at the exception of the TEM pictures presented in § II-1-A which were carried out by Lysiane Brocard (Plant Imaging Plateform Bordeaux), Steven Moussu and Audrey Creff. The experiments for which other persons were involved are listed below. The design, cloning and transformation in plants for the complementation analysis of krs were performed by Steven Moussu ( § II-4-A) and I generated the homozygous transgenic lines and did the complementation test. The experiments on rra1 ( § II-2-C), KRS promoter deletion ( §II-3), and the immunolabelling of seed sections with several antibodies ( §II-2), were performed by Angelo Gaiti, the master 2 student I supervised and I. The investigation of sheath conservation in petunia ( § II-5) has been performed by Angelo Gaiti and I in collaboration with Michiel Vandenbussche and Patrice Morel (Evo Devo team, RDP, ENS de Lyon) who generated the mutant line used.
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 11 Figure 1: See legends next page
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 2 Figure 2: Analysis of cell wall composition by immunolocalization with several different antibodies on seeds at the late torpedo to walking stick stage. Antibody signal is in green and calcofluor signal in blue. A,B,C,D) Anti EXTENSIN antibodies, respectively JIM12, JIM19, JIM11, JIM20. E) anti xylogalacturonan antibody LM8. F,G) anti arabinogalactan antibodies, respectively JIM4 and LM2. H,I) anti-homogalacturonan antibodies, respectively JIM7 and LM19. J) anti xyloglucan antibody LM25. Scale bars = 50µm
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 34 Figure 3: ext3 CRISPR mutants do not have a sheath phenotype A) DNA sequence of the EXTENSIN3/RSH (AT1G21310) gene between position +78 and +142 from the start of transcription. CRISPR/Cas9 alleles generated are represented below and named ext3-1 to -4. The PAM sequences of the 2 guides used are underlined. Mutations are in red. B) Predicted consequence of the mutations on the EXT3 protein. In the WT, the 3 Pfam predicted EXTENSIN-2 domains are represented as well as the position of the 2 guides used and the amino acid position from the start codon. For the mutant proteins, sequences that differ from the WT due to a shift in the ORF are represented in gray. C) JIM12 immunolabeling in an ext3-1 mutant seed at the late torpedo stage. JIM12 signal in green, calcofluor staining in blue. Scale bar = 50µm

  Figure 5: 5' deletions of the KRS promoter. A) Versions of KRS promoter studied with the length in base pairs (bp) indicated before the ATG. Promoters (in blue) are fused with ORFs encoding two mCitrines (in yellow) with an NLS tag (in grey). Scale bars represent 50µm. B-H) confocal images of transgenic plants expressing the constructions presented in A. Photos are representative of at least 4 independent transformation events. mCitrine signal is in yellow, autofluorescence in red. B) 1600bp promoter, C) 1351bp promoter, D), 955bp promoter, E) 602bp promoter, F) 405bp promoter, G) 181bp promoter, H) 54bp promoter. I) Cis elements between position -405 and -181 identified with the PlantCARE software.

Figure 7 :

 7 Figure 7: Krs-3 complementation using different synthetic versions of KRS. A) Constructions used for the complementation. pKRS 1600 = 1600bp KRS promoter, SP = signal peptide, CRR = cysteine rich region, PRR = proline rich region ; FL C A = full length version with mutation of 4 cysteine residues to alanine residues. B) Percentage of misshapen seeds in krs-3 mutants complemented with the constructions described in A. C-T) JIM12 immunolabeling (in green) of seed sections. Calcofluor stained cell walls are in blue. For each complementation 2 independant lines have been studied. Scale bars represent 100µm. C) krs-3, D) Col-0, E),F) FL in krs-3, G),H), NCR
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 8 Figure 8: Protein sequence alignment between KRS and LeSTIG1. According to Huang et al, 2014, the amino acids involved in membrane binding via PI3P are highlighted in green and via PI4P in blue. The amino acids involved in binding to LePRK2 are highlighted in yellow.

Figure 9 :

 9 Figure 9: Identification of an KRS ortholog in Petunia hybrida. A) Predicted protein comparison between AtKRS and its homologue in Petunia hybrida PhKRS, the signal peptide is underlined in yellow, non-conserved region in grey, cysteine rich region in green and the proline rich region in red. Conserved cysteines are underlined in purple. B) Scheme of PhKRS and the dTph1 transposon insertion identified in the phkrs-1 mutant line. Nucleotide positions from the translational start are indicated. SP = Signal Peptide, CRR = Cysteine Rich Region, PRR = Proline Rich Region C) Normalized level of PhKRS expression in different tissues by qRT-PCR. N=3. D-K) Immunolabelling on young emerging aerial parts (D-F) and growing seed of Petunia seedlings.

  instructions. QPCRs were performed in the QuantStudio 6 Flex System (Applied Biosystem) in 384-well plates. 1:20 cDNA dilutions were used and SYBR Green Master (Roche) was used for optical detection. The program used for qPCR was as follows: 10min at 95°C, 40 cycles of 10s at 95°C and 30s at 60°C. The QuantStudio 6 Flex Real-Time PCR System Software (Applied Biosystems) was used for data analysis. PCR efficiency (E) is estimated by the equation E=10-1/slope with the slope corresponding to the standard curve amplification for each primer. Expression levels are normalized for each samples with the mean of the expression for three housekeeping genes ACTIN, RAN, GAPDH and presented as exp(Ct(mean(GADH,RAN,ACTIN))-Ct(phKRS)). Primers sequences for each gene are indicated in Table1

Figure 1 :

 1 Figure 1: TPST is involved in embryonic cuticle formation. A-C) Photos of seeds at maturity. A) Col-0, B) tpst-1, C) sgn2. Ref stars indicate abnormal seeds. D) Percentage of misshapen seeds in sgn2, tpst-1 and wild-type. N=4 (from independent mother plants). At least 300 seeds were counted per repetition. E-F) Toluidine blue test on etiolated cotyledons. E) Col-0, F) tpst-1, G) sgn2. H) Quantification of toluidine blue uptake into the aerial parts of young seedlings, normalized to chlorophyll content. N=6, ten seedlings per repetition. a, b, c = statistical differences with one-way ANOVA followed by a post-hoc Scheffé multiple comparison test (P < 0,01) in D and H.

Figure 2 :

 2 Figure 2: TPST acts in the GSO pathway and its expression in the embryo is necessary for embryonic cuticle formation. A, B, K) Quantification of toluidine blue uptake into the aerial parts of young seedlings, normalized to chlorophyll content. N=6, ten seedlings per repetition. C-F, H-J) Toluidine blue test on etiolated cotyledons. Scale bars = 200µm A) gso1 gso2 tpst compared to gso1 gso2, tpst and Col-0. One-way ANOVA tests do not show significant differences. B) tpst ale1 compared to the single mutants and to Col-0. C) Col-0, D) tpst, E) ale1, F) ale1 tpst. G) Percentage of phenotypically wild-type seed in tpst ale1 compared to single mutants and Col-0. N=4 from independent mother plants. At least 400 seeds were counted per repetition. H) F1 seedlings from Col-0 x tpst cross. I) F1 seedlings from tpst x Col-0 cross. J) F1 seedlings from tpst x tpst control cross. K) Complementation of tpst mutant with endosperm-specific expression of TPST (pRGP3::TPST), embryo-specific expression of TPST (pPIN1:TPST) and ubiquitous expression of TPST (pRPS5a::TPST) compared to tpst and Col-0. 3 independent lines were analysed. a, b, c = statistical differences with one-way ANOVA followed by a post-hoc Scheffé multiple comparison test (P < 0,01).

Figure S1 :

 S1 Figure S1: Mature seeds of tpst ale1 compared to the single mutants and to Col-0. Scale bar = 400µm.

Figure S2 :Figure S3 :Figure S4 :

 S2S3S4 Figure S2: Expression driven by pPIN1. Z projection of confocal images of pPIN1::GFP reporter line, signal in green, autofluorescence in red. A) Whole seed at globular stage, B) embryo at heart stage, C) Embryo at torpedo stage. Scale bar = 50µm

Figure 3 .

 3 Figure 3. The TWS peptide activates GSO1/SGN3 responses in the root. A) The predicted TWS active peptide sequence and comparison with the other known GSO ligands (CIF1 and CIF2). The site of predicted sulphation is indicated with a red asterisk. B) Root over-lignification following treatment with the active CIF2 or TWS peptide in Col-0 and in the gso1 background. Lignin is stained in purple and CASP-GFP fusion protein, marking the Casparian strip domain, in green. Arrows indicate the ectopic lignification caused by peptide treatment. Scale bar = 20µm C) Complementation of cif1 cif2 Casparian strip integrity phenotype by peptide treatments. Number of holes in CASP-GFP counted after treatment with CIF2 sulphated peptide, TWS sulphated peptide, TWS non-sulphated peptide. N=10. a, b, and c correspond to a statistically supported classes supported by one-way ANOVA analysis followed by Tukey tests (P < 0,05).

Figure S5 :

 S5 Figure S5: cif1-4, and cif5 do not have defects in embryonic cuticle. A) Schematic representation of CIF5 (AT5G21316) with the two t-DNA insertion lines SALK-093776 (cif5-1) and SAIL_809_E08 (cif5-2). B-E) photo of mature seeds B) Col-0 C) cif1-4 quadruple mutant D) cif5-1 E) cif5-2. F-I). Toluidine blue test on etiolated cotyledons. F) Col-0 G) cif1-4 quadruple mutant H) cif5-1 I) cif5-2. Scale bars in B-E = 200µm, in F-I = 400µm

Figure S6 :

 S6 Figure S6: CRISPR alleles of TWS1 A-B) DNA sequences of CRISPR alleles of TWS1. Mutations are labelled in red. C) Predicted protein sequences of the CRISPR alleles shown in A-B. TWS active domain is highlighted in yellow D-M) Photographs of mature seeds. D) Col-0, E) gso1 gso2, F) tws1-3, G) tws1-4, H) tws1-5, I) tws1-6, J) tws1-7, K) tws1-8, L) tws1-9, M) tws1-10. N-W) Toluidine blue test on etiolated cotyledons. N) Col-0, O) gso1 gso2, P) tws1-3, Q) tws1-4, R) tws1-5, S) tws1-6, T) tws1-7, U) tws1-8, V) tws1-9, W) tws1-10. Scale bars = 400µm in D-M and 200µm in N-W.

Figure S9 :Figure S10 :Figure

 S9S10 Figure S9: Expression of pTWS1 in seeds. Z projection of confocal images of pTWS1::mCitrine::NLS::mCitrine reporter lines, signal in yellow, autofluorescence in red. A-G) in developing seeds A) pre-globular stage, B) early globular stage, C) late globular stage, D) heart stage, E) linear cotyledon stage F) bent-cotyledon stage, G) mature seed, H) dissected embryo at torpedo stage Scale bars = 50µm

  These experiments were performed by our collaborators from Schaller group (University of Hohenheim). The TWS1 ORF was amplified by PCR using oligonucleotide primers TWS1-Xho1F and TWS1-Cla1R. The primers included XhoI and ClaI restriction sites (underlined) to facilitate cloning of the PCR product in frame with the sfGFP-(His)6 tag into pART7. The entire expression cassette comprising the CaMV 35S promoter, the TWS-sfGFP-(His)6 construct and the OCS terminator, was excised with NotI and inserted into the binary plant transformation vector pART27 {Gleave, 1992 #2328}. The 3'end of the ALE1 cDNA in pDONR221 was amplified by PCR to include six terminal His codons. The 3'-end of the original ALE1 cDNA was substituted with the PCR product to introduce the terminal (His)6-tag. The construct was cloned into pART7 to result in ALE1-(His)6-pART7. As ALE1-(His)6 was poorly expressed in N. benthamiana, we substituted the predicted N-terminal membrane anchor of ALE1 with the signal peptide of SBT4.13 {Schardon, 2016 #6275}. To this end, the 5'-end of SBT4.13 ORF including part of the upstream pART7 vector sequence, and the N-terminal part of ALE1 (lacking the signal peptide) were amplified by PCR. The two PCR products were joined by overlap PCR and cloned into ALE1-(His)6-pART7 using an internal restriction site of ALE1 (AflII), and a second site that is located in the upstream vector sequence (KpnI), resulting in SP48-ALE1-(His)6-pART7. The expression cassette including the SP48-ALE1-(His)6 construct was then mobilized with NotI and cloned into pART27. All constructs were confirmed by Sanger sequencing (Macrogen; Amsterdam, The Netherlands). The expression constructs were transfected into A. tumefaciens C58C1 for transient expression in N. benthamiana. C58C1 strains containing the SP48-ALE1-(His)6 or TWS-sfGFP-(His)6

For

  promoter reporter line, the pTWS1 promoter, a mCITRINE-coding sequence with attP1-P2 borders and an NLS-mCITRINE-coding sequence with attP2-P3 borders were then cloned by triple LR reaction into a pK7m34GW destination vector. For expression of ALE1 in the embryo, a triple LR reaction was performed with entry vectors containing the pTWS1 promoter, the cDNA of ALE1, and a mock sequence with attP2-3 borders.The GSO2 open reading frame was amplified from genomic DNA with the primer GSO2_B1 and GSO2_B2 and cloned by BP reaction into pDONR221. For translational reporter lines, GSO2, pGSO2 with pDONR_P4_P1R (kindly provided by Satoshi Fujita from the Geldner group (University of Lausanne), and a VENUS (yellow fluorescent protein) with attP2-3 borders were cloned in pB7m34GW vector by triple LR reaction.For co-expression of ALE1 and TWS1 in tobacco, the ALE1 cDNA was amplified with the primers ALE1_F_attB and ALE1stop_R_attB and the TWS1 cDNA with the primers attB1R_tws_R and attB4_tws_F. The resulting products were cloned into pDONR221 by BP reaction and sent to the Schaller lab (University of Hohenheim) for co-expression experiments in tobacco.

II- 1 )

 1 -Cla1R CCTTTATCGATTCCACCGTCTTGGGATTGCTGT Sup Table1: list of the primers used II) The link between sheath and cuticle and the possible role of ROS Embryo sheath deposition is impaired in cuticle integrity mutant.

Figure 1 :

 1 Figure 1: JIM12 Immunolabelling on seed sections at the linear-cotyledon stage from mutants defective in embryonic cuticle integrity. JIM12 labelling is in green, cell wall staining by calcofluor (fluorescent brightner 28) in blue A) tws B) tpst C) tpst ale1 D) Calcofluor signal from C. The asterisk indicates the region of the cellularized endosperm in which the JIM12 epitope accumulates. Scale bar = 100µm

Figure 2 :

 2 Figure 2: ROS detection after 10 min of NBT treatment on dissected embryos. Dark blue/brown colour corresponds to NBT deposit after reaction with 02-. A-F) Col-0 embryos A) heart stage, B) Torpedo stage, C) Linear-cotyledon stage D) Bent-cotyledon stage, E) mature embryo F) mature wounded embryo. Arrows indicate wounding, G) gso1 gso2 mature embryo. Scale bar = 100µm

Figure 3 :Figure 4 :

 34 Figure 3: ROS detection using NBT treatment on mature Col-0 dissected embryos. A) after 10min, B) after 45min, C) after 75min. Scale bar = 100µm

  

  

  

ANNEXE 1 -SIGNALING IN EARLY MAIZE KERNEL DEVELOPMENT ANNEXE 2 -ZHOUPI AND KERBEROS MEDIATE EMBRYO/ENDOSPERM SEPARATION BY PROMOTING THE FORMATION OF AN EXTRACUTICULAR SHEATH AT THE EMBRYO SURFACE ANNEXE 3 -A STRESS-RESPONSE-RELATED INTERCOMPARTMENTAL SIGNALLING PATHWAY REGULATES EMBRYONIC CUTICLE INTEGRITY IN ARABIDOPSIS

  

	RAM Abbreviations ROOT APICAL MERISTEM ROS REACTIVE OXYGEN SPECIES
	RPKM	READS PER KILOBASE PER MILLION
	RRA1	RESIDUAL ARABINOSE 1
	AAP1 RSH	AMINO ACID TRANSPORTER1 ROOT-SHOOT-HYPOCOTYL-DEFECTIVE (=EXT3)
	ACR4 SAL	ARABIDOPSIS CRINKLY 4 SCUTELLAR ALEURONE
	AFM SAM	ATOMIC FORCE MICROSCOPE SHOOT APICAL MERISTEM
	AL SCL49	ALEURONE LAYER SERINE CARBOXYPEPTIDASE-LIKE 49
	ALE1 SE	ABNORMAL LEAF SHAPE 1 STARCHY ENDOSPERM
	ALE2 SGN3	ABNORMAL LEAF SHAPE 2 SCHENGEN 3 (=GSO1)
	AS SHAI1	APICAL SCUTELLUM SHOHAI1
	ATML1 SIAR1	ARABIDOPSIS THALIANA MERISTEM LAYER1 SILIQUES ARE RED1
	BETL SSP	BASAL ENDOSPERM TRANSFER LAYER SHORT SUSPENSOR
	BFN1 STIG1	BIFUNCTIONAL NUCLEASE 1 STIGMA-SPECIFIC PROTEIN 1
	CIF TB1	CASPARIAN STRIP INTEGRITY FACTOR TEOSINTE BRANCHED 1
	CLE TEM	CLAVATA3/ESR-RELATED TRANSMISSION ELECTRON MICROSCOPY
	CR4 TEM	CRINKLY 4 TRANSMISSION ELECTION MICROSCOPE
	CRISPR TPST	CLUSTERED REGULARLY INTERSPACED SHORT PALINDROMIC REPEATS TYROSYLPROTEIN SULFOTRANSFERASE
	DAP TUNEL	DAYS AFTER POLLINATION TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE DUTP NICK END
	DAS	DAYS AFTER STRATIFICATION LABELLING
	DEG TWS1	DIFFERENTIALLY EXPRESSED GENES TWISTED SEED1
	DEK1 VP1	DEFECTIVE KERNEL1 VIVIPARIOUS
	EAS WAT1	ENDOSPERM ADJACENT TO THE SCUTELLUM WALLS ARE THIN1
	EMB WOX	EMBRYOLESS WUSCHEL-RELATED HOMEOBOX
	EMB YDA	EMBRYO YODA
	END ZOU	ENDOSPERM ZHOUPI
	ESF1	EMBRYO SURROUNDING FACTORS 1
	ESR	EMBRYO SURROUNDING REGION
	EXT3	EXTENSIN 3
	FDL1	FUSED LEAVES 1
	FDL1	FUSED LEAVES 1
	GO	GENE ONTHOLOGY
	GPAT	GLYCEROL-3-PHOSPHATE ACETYLTRANSFERASES 4
	GSO	GASSHO
	GT1	GRASSY TILLERS 1
	ICE1	INDUCER OF CBF EXPRESSION 1
	IDA	THE INFLORESCENCE DEFICIENT IN ABSCISSION
	KRS	KERBEROS
	LRR-RK	LEUCINE RICH RECEPTOR LIKE KINASE
	LRR-RK	LEUCINE-RICH REPEAT RECEPTOR LIKE KINASE
	MAP	MITOGEN-ACTIVATED PROTEINS
	MAPK	MITOGEN-ACTIVATED PROTEIN KINASE
	MEG	MATERNALLY EXPRESSED GENE
	MRP1	MYB-RELATED PROTEIN 1
	PASPA3	PLANT ASPARTIC PROTEASE A3
	PCA	PRINCIPAL COMPONENT ANALYSIS
	PCD	PROGRAMMED CELL DEATH
	PDF2	PROTODERMAL FACTOR2
	PEP11	PHOSPHATIDYLETHANOLAMINE-BINDING PROTEIN 11
	PER	PERICARP
	PRK	POLLEN RECEPTOR KINASE

Table S1 :

 S1 Number

		Embryo (Emb)	Endosperm (End)	Pericarp (Per)	Scutellar Aleurone Layer (SAL)	Apical Scutellum (AS)	Endosperm Adjacent to Scutellum (EAS)
	Rep-1	60	4	4	21	50	14
	Rep-2	50	4	4	15	72	15
	Rep-3	50	4	4	22	84	15
	Rep-4	50	4	4	19	66	16

of compartments and sub-compartments used for each of the four biological replicates. For each replicate, the material comes from two independent 13 days-old maize ears (in total 8 different ears were used).

Table 1 :

 1 Selection of GO terms enriched in the differentially expressed genes (DEGs) upregulated in

	GO term	Dept (1)	DEGs/ total (2)	Enrichment (3)	p-value
	DEGs Emb vs (End and Per): 1601 on 33568 genes	
	GO:0008092 cytoskeletal protein binding	(F4)	42/386	2,28	2,54E-07
	GO:0006260 DNA replication	(P6)	24/189	2,66	4,04E-06
	GO:0000280 nuclear division	(P6)	12/96	2,62	0,00063497
	GO:0010564 regulation of cell cycle process	(P4)	7/71	2,06	0,0195348
	GO:0032502 developmental process	(P2)	71/1206	1,23	0,03021921
	DEGs End vs (Emb and Per): 818 on 33568 genes	
	GO:0045735 nutrient reservoir activity	(F2)	11/59	7,65	1,59E-08
	GO:0019252 starch biosynthetic process	(P8)	7/29	9,91	3,28E-07
	GO:0009082 branched-chain amino acid biosynthetic process	(P6)	5/30	6,84	7,40E-05
	GO:0016051 carbohydrate biosynthetic process	(P5)	15/290	2,12	0,002194533

Table 2 :

 2 Number

	GO term	Dept	DEGs/ total	Enrichment	pvalue
	DEGs EAS vs End: 485 on 33568 genes	
	GO:0006865 amino acid transport	(P6)	4/21	13,18	1,04E-05
	GO:0015849 organic acid transport	(P6)	5/67	5,17	0,00041788
	GO:0015711 organic anion transport	(P6)	5/115	3,01	0,00661175
	GO:0030001 metal ion transport	(P7)	10/348	1,99	0,01308079
	GO:0055085 transmembrane transport	(P5)	30/1420	1,46	0,01558535
	DEGs SAL vs End: 1995 on 33568 genes	
	GO:0055085 transmembrane transport	(P5)	114/1420	1,35	0,00047109
	GO:0030001 metal ion transport	(P7)	36/348	1,74	0,00047177
	GO:0005215 transporter activity	(F2)	104/1347	1,30	0,00276982
	GO:0015893 drug transport	(P5)	13/104	2,10	0,0034062
	GO:0006812 cation transport	(P6)	46/558	1,39	0,01060124
	GO:0006811 ion transport	(P5)	62/824	1,27	0,02488556
	DEGs AS vs Emb: 82 on 33568 genes	
	GO:0003700 DNA binding transcription factor activity	(F3)	8/821	3,99	0,00017847
	GO:0006355 regulation of transcription, DNA-templated	(P7)	9/2063	1,79	0,0285375

of genes differentially expressed between a sub compartment and its compartment of origin. FDR = false discovery rate, DEGs = differentially expressed genes, AS = apical scutellum, Emb = embryo, End = endosperm, SAL = scutellar aleurone, EAS = endosperm adjacent to scutellum.

Table 3 :

 3 Selection

of GO terms enriched in the differentially expressed genes (DEGs) upregulated in a

Table S2

 S2 

	Name	Gene id (AGPv4)	Mean	Mean	Mean	Mean	Mean	Mean
				SAL	Emb	End	EAS	Per	AS
	SWEET14a	Zm00001d007365	562	50	666	10876	22	36
	SWEET15a	Zm00001d050577	3105	21	1935	31147	200	10
	UMAMIT_EAS1	Zm00001d009063	3,25	0,5	45,5	467	3	0
	PEPB11	Zm00001d037439	4586	24	3023	41507	265	13
	EAS1	Zm00001d017285	668	3	468	7271	85	2
	SCL49	Zm00001d014983	692	449	2327	39382	4587	361
	ZmNAC124	Zm00001d046126	0	482	0	0	0	0,5
	Name	Probe size (bases)	Time of hydrolysis	Templ ate	Primer F name	Primer F sequence
	SWEET14a	2157	47'45''	gDNA	HIS_Sweet14a-F	ATGGCTGGCCTGTCTCTA CAG
	SWEET15a	1343	45'15''	gDNA	HIS_Sweet15-F	ATGGCTTTCCTCAACATG GAG
	UMAMIT_EAS 1	1241	45'40''	cDNA	His_MtN21-1b_F4	CAACGCTGAACCAGGTGC TGTTCGT
	PEPB11	863	42'30''	cDNA	His_ZCN11_F	ATGCCTCTCATCGTCCTTC CACTATC
	EAS1	685	35'30''	cDNA	His_SSE2_F	AAAGCAACAATCCCTACA TTCAAAAC
	SCL49	1024	41'50''	cDNA	His_SCL_F	ATGGCAAAAATGGCGAT GGCGTCCT
	ZmNAC124	1488	45'50''	gDNA	His_NAC_TF_Emb_F	ATGCATCCAGGTGTTGGA CCA
	Name	Primer R name			Primer R sequence	
	SWEET14a	HIS_Sweet14a-R3	TGTAATACGACTCACTATAGGGCTCATCCCTTTCGTATATAGCAG
	SWEET15a	HIS_Sweet15-R3	TGTAATACGACTCACTATAGGGCCTACGCCTCCGCCGCAATGAC
	UMAMIT_EAS1	His_MtN21-1b_R4	TGTAATACGACTCACTATAGGGCGGAGGAACCAAATCAGATCATTCAAG
	PEPB11	His_ZCN11_R	TGTAATACGACTCACTATAGGGCTGTAAGGCAAGTGACTTGATGACAC
	EAS1	His_SSE2_R	TGTAATACGACTCACTATAGGGCAACTCATTTTGAACCAAGCCATACAAC
	SCL49	His_SCL_R	TGTAATACGACTCACTATAGGGCTTCTTTGTCCCGACAAGCTTCATGATG
	ZmNAC124	His_NAC_TF_Emb_R3	TGTAATACGACTCACTATAGGGCTTACTTGGGGAACCTGAGGAGA

(split into 3 parts): Mean expression values of the genes selected for in situ hybridization, RNA probe characteristics and primers used.

  https://github.com/TransDecoder/TransDecoder/wiki), and the amino acid sequence was predicted. From 46,272 genes, 138,270 transcripts were predicted, leading to 149,699 amino acid sequences.

	The predicted protein sequences were annotated for functional domains with InterProScan
	v5.27-66.0 ((Jones et al., 2014) using databases Pfam v31.0 ((Punta et al., 2012) and Panther
	12.0 (Mi et al., 2013)) They were also compared to UniprotKB protein database version
	2017_12 (2019). The complete Swiss-Prot database of curated proteins was used, containing in
	41,689 plant sequences and 514,699 non-plant sequences, but only the plant subset of the non-
	curated database TrEMBL, containing 5,979,810 sequences). The comparison was done using
	WU-BlastP v2.0MP

  plants, individually for each targeted gene by specific PCR amplification of the targeted region (see Online Resource 3 for primer sequences) followed by Sanger sequencing. Segregation of T-DNA in T1 plants was evaluated by PCR amplification of the Bar gene, checking the presence and quality of genomic DNA by PCR amplification of the GRMZM2G136559 control gene (see Online Resource 3 for primer sequences).

Table 1

 1 CRISPR-Cas9 alleles generated in 20 maize genes

	Gene targeted (ID Maize Genome V3)	Allele	Sequence a	PosiƟon from the site b putaƟve cuƫng	Occurrence

Table 1 (

 1 continued)

	and 7

Table 2

 2 Guide RNAs used and relationship with plant transformation events

	20nt target (including PAM site NGG)	Gene targeted (ID Maize Genome V3)	Strategy used a	Number of transfor -maƟon events	Number of events with at least one mutaƟon	Mutat -ion efficie -ncy b	Number of mutaƟon transformaƟ -on events with bi-allelic	Promot-er driving the sgRNA	%GC wiƟn the 20nt targeted	Chromos-ome c	DNA strand d
	RDP vectors										
	GCTGGAGCTCGCCGCCCGAGTGG	GRMZM2G039538 GRMZM2G363552 GRMZM2G039538	Strategy 2 applied twice to two	8	5 7 2	6 3% 88% 25%	0 0 0	T aU6 TaU6 OsU3		2 7 2	--+
	ACCTACGACACCGTCATGCACGG		paralogous								
		GRMZM2G363552	genes		2	25%	0	OsU3		7	+
	GACCGGAACGCGACATGGTACGG	GRMZM2G157313	Strategy 1	4	3	7 5%	0	T aU6		10	+
	ACAGGTCTACATAGTGTACCTGG	GRMZM2G014499			2	50%	0	OsU3		3	+
	AGCATTCTGCACCAGGGTATCGG	G RMZM2G059165	Strategy 1	3	1	3 3%	0	O sU3		7	+
	GGGGAAGCGAGGGGCTTGCGAGG	GRMZM2G120085			3	100%	1	T aU6		1	-
	GGAGAAGCACACAAAGCGCGTGG	GRMZM2G145466	Strategy 1	2	2	1 00%	0	TaU6		7	+
	AAAAGGTGCTACTGCTGCGTTGG	G RMZM2G573952			1	50%	0	OsU3		7	+
	ACAGGTCGCACCCGGCAACCTGG	GRMZM2G134341	Strategy 1	3	1	3 3%	1	O sU3		7	-
	GCAGACGTGCGACCTGTACCGGG	AC208201.3_FG003			2	67%	2	TaU6		1	+
	AGTGAGGACTGCAAGAAGGCCGG	GRMZM2G089517	Strategy 1	1 6	14	88%	0	OsU3		5	+
	GTGAAGAATCTTCATTCGATTGG	G RMZM2G352274			1	6%	0	T aU6		5	-
	GAATGGTGCTGTCAAGCGGCCGG	GRMZM2G089517	Strategy 1	5	3	6 0%	0	T aU6		5	+
	AACGGACTGCTCCTTGCAGGTGG	G RMZM2G352274			0	0%	0	O sU3		5	+
	ATGATGAAGATTCAGGGTTCGGG	GRMZM2G049141	Strategy 1	7	3	4 3%	1	O sU3		2	-
	GGACGATATACTGCCATCGTCGG	G RMZM2G049141			6	86%	1	TaU6		2	-
	AAGATGCAAGTCTTGGACGATGG	GRMZM2G140302 GRMZM2G046086	Strategy 3	8	6 4	7 5% 50%	2 3	O sU3 OsU3		1 1	--
	GGGTCTGGCCCGCTAGGCACAGG	GRMZM2G315601			6	75%	2	TaU6		1	-

Table 1 :

 1 Arabidopsis mutants analysed presenting no obvious developmental seed phenotype

Table 1 :

 1 list of the primers used

	Primer name	Primer sequence	project
	6_FW_pkrs_1350	GGGGACAACTTTGTATAGAAAAGTTGTTCATTTGTCTGGTTC	pKRS deletion
		ATTCACAACCA	
	5_FW_pkrs_950	GGGGACAACTTTGTATAGAAAAGTTGTTCTTTTCCATGAGCC	pKRS deletion
		ATTCACTTGATG	
	4_FW_pkrs_650	GGGGACAACTTTGTATAGAAAAGTTGTTATGATAACATAGC	pKRS deletion
		AAGATTAGGTCGA	
	3_FW_pkrs_400	GGGGACAACTTTGTATAGAAAAGTTGTTAGAAAAAAAGAAA	pKRS deletion
		TGTAATCCCAAT	
	2_FW_pkrs_180	GGGGACAACTTTGTATAGAAAAGTTGTTGTCATATTAATGAA	pKRS deletion
		TAATAAGATGAAC	
	1_FW_pkrs_50	GGGGACAACTTTGTATAGAAAAGTTGTTGACATCTCAATCAA	pKRS deletion
		TGATCTAAATA	
	R pkrs	GGGGACTGCTTTTTTGTACAAACTTGTTGAGATGACTTTGTG	pKRS deletion
		ATGATGATGTTA	
	pkrs-mutboxR	TGAAGAAAAGAAAAGAAAAAGGGTATCATCAGGCAATG	pKRS deletion
	pkrs-mutboxF	GTTCTTCCAACTACATTGCCTGATGATACCCTTTTC	pKRS deletion
	pkrs-Gbox_SANS	GGGGACAACTTTGTATAGAAAAGTTGTTGATACCCTTTTCTT	pKRS deletion
		TTCTTTTCTTCAC	
	pkrs-Gbox_AVEC	GGGGACAACTTTGTATAGAAAAGTTGTTACATTGCCATGTGA	pKRS deletion
		TGATACCCTTTTCTTTTC	
	CER1 petunia	GAAGCTGAGTTTCCTCCAAG	PhKRS
	CER2 RC petunia	CTTATCCCGCAAAGGCCAC	PhKRS
	qPCR KRS petunia R	TCCATGGCCTATTCCAACAC	PhKRS
	qPCR KRS petunia F	GCACGTCCAACTCTTCTACTT	PhKRS
	Ph ACTIN F	GTTGGACTCTGGTGATGGTGTG	PhKRS
	Ph ACTIN R	CCGTTCAGCAGTGGTGGTG	PhKRS
	Ph GAPDH F	ACTTTGTTGGTGACAGCAGGT	PhKRS
	Ph GAPDH R	TCATACCATGACACAACTTTCACA	PhKRS
	Ph RAN1 F	AAGCTCCCACCTGTCTGGAAA	PhKRS
	Ph RAN1 R	AACAGATTGCCGGAAGCCA	PhKRS
	nd5_DT1-BsF	ATATATGGTCTCGATTGGAAGAATAGAAATAGTTAGGTT	EXT3 CRISPR
	nd5_DT1-F0	TGGAAGAATAGAAATAGTTAGGTTTTAGAGCTAGAAATAGC	EXT3 CRISPR
	nd5_DT2-R0	AACGTGGTGGAGGAGAAGAATACAATCTCTTAGTCGACTCT	EXT3 CRISPR
		AC	
	nd5_DT2-BsR	ATTATTGGTCTCGAAACGTGGTGGAGGAGAAGAATACAA	EXT3 CRISPR
	ext-F3	GTGAAGGGAAGGCACTAAATCAC	EXT3 CRISPR
	ext3-R1	GTAAACGTAGTGCTTCTTTGGTGG	EXT3 CRISPR

III) Discussion on the embryo sheath of Arabidopsis III-1) New knowledge about endosperm-derived deposits on the embryo surface

  

DAP until 17-20 DAP depending on the gene. We detected cell death in EAS cells in immediate contact with the embryo scutellum, suggesting that the EAS is a dynamic zone that progresses within the endosperm as the embryo grows. The use of emb mutants, in which embryo development is strongly defective, reveals that the presence of the embryo affects the expression pattern of different EAS marker genes in distinct ways.
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Summary

The germination of Arabidopsis thaliana (Arabidopsis) involves the rupture of the seed coat and endosperm by the emerging seedling root (germination sensu stricto). Subsequently the cotyledons emerge rapidly from the extraembryonic tissues of the seed, allowing the initiation of photosynthesis and the autotrophic establishment of the seedling. Seedling survival at germination depends upon the presence of an intact seedling cuticle, which prevents dehydration of the cotyledons and hypocotyl, and which has hitherto been thought to form the interface between the newly germinated seedling and its external environment. Here we show that in Arabidopsis this is not, in fact, the case, and that the primary interface between the emerging seedling and its environment is formed by the embryo sheath, an extra-cuticular Breakdown of adhesion distribution in multiple cotyledons of Col-0, krs and gpat4 gpat8 at 2 DAS. Each dot corresponds to the average adhesion measured for an adhesion map of 64 measurements . Average +/-SEM is indicated on each scatter plot.

Materials and methods

Plant growth

Arabidopsis seedlings were sown on Murashige and Skoog (MS) medium with 0,5% sucrose in sterile conditions and stratified for 48-72 before being transferred to a to a long day (16h light per day) growth cabinet for 7 days. Plants were then transferred to compost (Argile 10 (favorit)), and grown under long day conditions (16h light) at 21°C.

Plant materials

All plant materials used in this work have been described previously: krs-3 (Moussu et al., 2017); gpat4 gpat8 (Li et al., 2007): gso1 gso2 (Tsuwamoto et al., 2008).

Germination tests

For the observation of germination and cotyledon escape phenotypes, seeds of different genotypes were gas-sterilized with chlorine (100mL bleach, 3mL HCl) in a hermetic box for 2h. Seeds were sown in lines on MS media with 0.4% Phytagel (Sigma-Aldrich) and 0,5% sucrose. Seeds were stratified for 2 days at 4°C. Plates were then transferred to a long day (16h light per day) growth chamber at 21°C. For germination in the light, seeds showing radicle emergence through the testa (germination) and seedlings with two cotyledons outside of the seed (cotyledon escape) were noted at different times. For etiolated seedlings, plates were wrapped in aluminium foil during stratification and then exposed to a 6h period in the light before being re-wrapped and placed in the growth chamber. Seedlings were observed after 120 hours in darkness and the percentage of seedlings with two cotyledons remaining inside the seed-coat was noted. Pictures of seedlings were taken with a Leica MZ12 light microscope or a cryo-scanning electron microscope Hiros 3000.

Cuticle staining

2 DAS and 4 DAS seedlings were stained with 0.5% solution of Auramine O (Sigma-Aldrich)

in ClearSee as described by Ursache et al., 2018. After 12-16 hours of incubation in the dark, seedlings were washed in ClearSee once rapidly, then for 30min and then again for at least 1h before being placed between slide and coverslip with ClearSee solution as mounting solution.

Confocal imaging was performed using a Zeiss LSM700 with a Plan-Apochromat 63x/1,4 oil 

CHAPTER 3 THE GENETIC CONTROL OF EMBRYONIC CUTICLE INTEGRITY IN

ARABIDOPSIS THALIANA

Author contributions

In this article, TWS1 activity was tested on root (overlignification assay and complementation of cif1 cif2) by our collaborator Satoshi Fujita from Geldner group (University of Lausanne).

The binding of TWS1 

Abstract

Plants in the terrestrial environment can be exposed to very dry conditions, making limitation of water loss an important prerequisite for life on land. In plants, the protection of aerial tissues by a hydrophobic cuticle, is a key adaptation limiting water-loss. Thus, in epigeal angiosperms, such as the model plant Arabidopsis thaliana the first organs to emerge upon germination, the cotyledons, are already protected by a functional cuticle, which is produced by the embryo within the seed. Embryonic cuticle establishment is controlled by multiple proteins including the subtilisin protease ABNORMAL LEAF SHAPE1 (ALE1), expressed in the endosperm, and the receptor-like kinases, GASSHO1/SCHENGEN3 (GSO1/SGN3) and GASSHO2 (GSO2), expressed in the embryonic epidermis. Recent studies have shown that GSO1/SGN3 is involved in the formation of another hydrophobic barrier, the Casparian strip, where it acts by binding sulphated peptides (CIFs) that come into contact with GSO1/SGN3 when barrier closure is incomplete or defective. Here we show that the unique tyrosine sulfatase in plants, TPST is also involved in embryonic cuticle formation. Consistent with this, a unique, CIF-related sulphated peptide, TWISTED SEED1 (TWS1), is necessary for embryonic cuticle formation. The active TWS1 peptide can recapitulate CIF-activity in roots in a GSO1 dependent manner, and, physically binds the extra-cellular domain of GSO1. However, contrary to the situation at the Casparian strip, TWS1, GSO1 and GSO2 are expressed in the same seed compartment, the embryo. We demonstrate that the spatial specificity of signalling in the seed system is provide by the endosperm protease ALE1, which cleaves TWS1 in vivo. This cleavage likely activates alleles of TWS1 are in the WS background (Fiume et al., 2016), new CRISP-R alleles were generated, and the seed twisting phenotypes of the resulting mutants were confirmed (Figure S6). Interestingly, the deletion of 6 amino acids in the putative peptide-encoding domain of TWS1 in the tws1-6 allele, or the switch of 7 to 8 amino acids in the peptide-encoding region of the tws1-5 allele both caused an apparent total loss of function of the protein.

The TWISTED SEED1 peptide can behave as a potential GSO1 ligand during Casparian strip formation.

To test the biological activity of TWS1, a synthetic tyrosine-sulphated peptide was synthesized based on knowledge of the sequences of known GSO1 ligands. It is important to note that the production of this peptide would require cleavage at both the N and C-terminus. The effects of the application of the TWS1 peptide to wild-type, gso1 gso2 and cif1 cif2 mutants was ascertained. Application of TWS1 to wild-type roots induced the production of ectopic lignification, as previously observed for the application of the CIF1 and CIF2 peptides (Doblas et al., 2017). This effect was not observed in gso1 mutant roots, suggesting that processed TWS1 peptide can replace CIF1 and CIF2 as a ligand for GSO1 during Casparian strip formation (Figure 3B) (Figure S7). Furthermore, application of TWS1 peptide complemented the phenotype of cif1 cif2 mutants suggesting that the receptor complex responsible for CIF perception in roots is similar to that responsible for TWS1 perception (Figure 3C, Figure S8).

The TWS1 peptide is, however, slightly less efficient in its ability to complement cif1 cif2, compared to the CIF2 peptide. Interestingly, as for CIF2 (Doblas et al., 2017) a non-sulfated version of TWS1 can also weakly complement the Casparian strip defects of cif1 cif2 mutants.

TWISTED SEED1 can physically bind the GSO1 receptor.

Genetic analysis and analysis of the effects of processed TWS1 on Casparian strip formation support the idea that TWS1 can act as a ligand of the GSO1 receptor. This was tested directly using isothermal titration calorimetry experiments. TWS1 was found to bind the extracellular domain of GSO1 with nanomolar affinity (Kd = 421nM +/-83), roughly 4 times lower affinity than the binding previously shown for the CIF2 peptide (Kd = 97nM) (Figure 4). This result is consistent with lower efficiency of TWS1 in complementing the phenotype of the cif1 cif2 double mutant in the root. However, this experiment needs to be repeated, due to a problem in assessing the precise concentration of TWS1 peptides used. Experiments testing the binding 

NBT treatment

Embryo were dissected under a binocular, put in a cell strainer and incubated in a solution of 0,5mM NBT in citrate buffer (10mM, pH=6 adjusted with HCl). Embryos were then washed twice in water and pictures were taken with a Leica MZ12 light microscope.

EPR measurement

Seeds from several genotypes were dissected, separated from their replum and incubated for one hour in 150µL of a solution of α-(4-Pyridyl N oxide)-N-tert butylnitrone (POBN, SIGMA ALDRICH) 50mM, FeEDTA 50µM and 4% pure ethanol in phosphate buffer (50mM, pH = 6).

An average of 40 seeds were used for each repetition. Incubations were performed either under artificial neon light or in darkness, for which the tubes were covered with aluminium foil. EPR measurements were carried out in collaboration with Anja Krieger-Liszkay in Institut de Biologie Intégrative de la Cellule in Gif-sur-Yvette, using 120µL of the solution. For every condition, a control without FeEDTA was performed. The EPR values obtained were normalised for each genotype by the number of seeds. Statistical analysis were performed by a one-way ANOVA followed by a post hoc Scheffé multiple comparison test.

CONCLUSION AND PERSPECTIVES

CIF peptides and TWS1. Transposon mutants are not available for all of these genes. However, the development of the CRISPR/Cas9 technology presented in the first chapter of this thesis will allow us to generate loss of function alleles of these genes [START_REF] Doll | Single and multiple gene knockouts by CRISPR-Cas9 in maize[END_REF]. A loss of function allele of the ALE1 ortholog, ZmALE1, has already been generated, but shows no obvious phenotype, suggesting either another mechanism or the contribution of other subtilases.

Interestingly in both maize and Arabidopsis, the ZOU transcription factor is conserved and expressed in the endosperm (see in annexe 1) (Grimault et al., 2015;Yang et al., 2008). The most convincing piece of evidence for the conservation of the cuticle integrity pathway in cereals comes from the cuticular defects reported in the coleoptile of Oszou knock-down lines in rice [START_REF] Dou | Identification of ZHOUPI Orthologs in Rice Involved in Endosperm Development and Cuticle Formation[END_REF]. In maize, transgenic plants with RNAi against ZmZOU were generated in the team but no particular cuticle phenotypes were observed (Grimault et al., 2015).

However, the recent publication of a knock-out allele of ZmZOU, opaque11, will allow us to address this question soon (Feng et al., 2018).

In addition to protecting young seedling during germination, the embryonic cuticle may also be required to limit cell adhesion, in particular during sliding of the embryo through the endosperm. Cuticle deposited on secondary roots has been shown to facilitate their emergence and sliding from surrounding tissues (Berhin et al., 2019). In seeds, defects in cuticle result in organ fusion in both Arabidopsis and maize (La Rocca et al., 2015;Tanaka et al., 2001;Tsuwamoto et al., 2008). However, an additional anti-adhesive layer is present around Arabidopsis embryo: the embryo sheath. The sheath facilitates the sliding of the seedling during germination, as showed in the chapter 2 and reduces adhesion between the embryo and the endosperm during seed development (Moussu et al., 2017). The phenotype of the absence of sheath is however weak and appears that the sheath is a supplemental anti-adhesive structure of which the lack can be partially compensated by the presence of an intact embryonic cuticle.

Indeed, as seen in the chapter 2 (section I) and 3 (section II-A), mutants in the GSO pathway, which have both sheath and cuticle defects, have much stronger seed phenotypes than krs, which has only sheath defects, supporting the partial rescue of sheath defects by the cuticle.

Cotyledon escape is facilitated by the presence of the sheath, but not radicle emergence, which is mediated by organ growth. The passive escape of the Arabidopsis cotyledons has no direct equivalent in maize. Both coleoptile and coleorhiza emerge by organ growth, in the same way as Arabidopsis radicle, while the scutellum remains inside the kernel. How the sheath is conserved among angiosperms is still poorly known and needs to be investigated in the future.

It is possible that the sheath is an innovation of brassicaceae, all of which show an