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General introduction

What defines a seed

Seeds are unique biological systems that reveal an extraordinary complexity.

Compared to vascular plants dispersing spores, the evolution of the seed by spermaphytes (gymnosperms and angiosperms) marked the retention of the female gametophyte on the sporophyte and the dispersal of the zygotic embryo (Pettitt, 1970). Seeds have greatly contributed to the successful colonization of land by spermaphytes, especially angiosperms (producing protected seeds in fruits) that account for about 95% of the known land plants.

Compared to spores, seeds carry nutrients, rely less on water for germination, provide a higher degree of protection against physical stress, and can disperse in different ways. Such evolutionary advantages were, to a great extent, achieved through the evolution of the seed coat, which consists of cell layers that surround, protect, and facilitate the dispersal of the seed fertilization product(s).

Seeds originate from the ovules carried by female or hermaphrodite plants [START_REF] Dumas | Fertilization and early seed formation[END_REF][START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF][START_REF] Pires | Seed evolution: Parental conflicts in a multi-generational household[END_REF]. The fertilization of the ovule embryo sac (the female gametophyte) by the spermatic nuclei of the pollen grain marks the transition from the ovule to the seed [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF][START_REF] Dumas | Fertilization and early seed formation[END_REF][START_REF] Pires | Seed evolution: Parental conflicts in a multi-generational household[END_REF]. Seeds further develop and mature on their mother plant, to eventually dry and disperse. In gymnosperms, seeds are produced following the fertilization of the egg-cell, that gives rise to the embryo [START_REF] Dumas | Fertilization and early seed formation[END_REF][START_REF] Pires | Seed evolution: Parental conflicts in a multi-generational household[END_REF]. By contrast, angiosperm seeds are characterized by a double fertilization event of both the egg-cell and the central cell, that generate the embryo and the endosperm, respectively [START_REF] Dumas | Fertilization and early seed formation[END_REF][START_REF] Pires | Seed evolution: Parental conflicts in a multi-generational household[END_REF]. Most seeds are therefore composed of three genetically different compartments: a diploid embryo, a triploid endosperm in angiosperms or an haploid female gametophyte in in gymnosperms, and diploid maternal tissues [START_REF] Pires | Seed evolution: Parental conflicts in a multi-generational household[END_REF]. 

Diversity of seed types in Spermaphytes

The embryo constitutes the 'first draft' of the future plant. By contrast, the endosperm is an auxiliary tissue that can serve as a nutrient storage compartment, determine seed size and nutrient rallying during germination [START_REF] Yan | The functions of the endosperm during seed germination[END_REF]. The maternal tissues are generally composed of a nucellus (that encloses the female gametophyte in ovules), a chalaza, a funiculus and a seed coat [START_REF] Ingram | Family life at close quarters: communication and constraint in angiosperm seed development[END_REF]. In so called non-endospermic seeds, for instance in most leguminous plants, the endosperm disappears by the time the seed is mature, and the embryo is the unique nutrient storage tissue (Figure I-1;[START_REF] Smykal | The role of the testa during development and in establishment of dormancy of the legume seed[END_REF][START_REF] Lu | Seed tissue and nutrient partitioning, a case for the nucellus[END_REF]. Conversely, in perispermic seeds, for example in most pseudo-cereals, the nucellus (termed perisperm in that case) acts as the main nutrient storage tissue (Figure I-1;[START_REF] Lu | Seed tissue and nutrient partitioning, a case for the nucellus[END_REF]. Finally, endospermic seed plants, such as cereals, carry a sizeable endosperm that stores an important part of the seed resources (Figure I-1;[START_REF] Yan | The functions of the endosperm during seed germination[END_REF][START_REF] Lu | Seed tissue and nutrient partitioning, a case for the nucellus[END_REF].

Embryo, endosperm and nucellus often develop antagonistically in the course of seed development [START_REF] Fourquin | Mechanical stress mediated by both endosperm softening and embryo growth underlies endosperm elimination in Arabidopsis seeds[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF][START_REF] Ingram | Dying to live: Cell elimination as a developmental strategy in angiosperm seeds[END_REF]. For instance, in the model plant Arabidopsis thaliana, the nucellus degenerates in favor of endosperm expansion [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Later in development, the endosperm undergoes cell breakdown and the embryo fills the major part of the seed internal space [START_REF] Ingram | Dying to live: Cell elimination as a developmental strategy in angiosperm seeds[END_REF]. Eventually, the mature Arabidopsis seed is composed of a large embryo, a one-cell-layered endosperm, a protective seed coat (also called testa) and a minute nucellus.

Function and origin of the seed coat

The seed coat is a maternal sporophytic tissue that originates from the postfertilization differentiation of the ovule integuments [START_REF] Radchuk | Physical, metabolic and developmental functions of the seed coat[END_REF]. According to the species, the ovule may carry from none (very exceptional) to three integuments, each one consisting in collar-like structures that protect and surround the more internal tissues [START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF]. Each integument is composed of two epidermal cell layers, often separated by one or several subepidermal cell layer(s). In Arabidopsis, decades of genetic studies have unraveled a certain number of genes that tightly regulate integuments number and thickness. [START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF]. The seed coat protects mechanically the other tissues during seed development, maturation and dispersal [START_REF] Radchuk | Physical, metabolic and developmental functions of the seed coat[END_REF]. In many species, it also serves as a water-impermeable barrier, and provides a so-called physical dormancy, in addition to physiological dormancy [START_REF] Baskin | Seeds. Ecology, Biogeography, and Evolution of Dormancy and Germination[END_REF][START_REF] Radchuk | Physical, metabolic and developmental functions of the seed coat[END_REF]. Furthermore, nutrients from the mother plant have been shown to travel through the seed coat to reach the fertilization products during Arabidopsis seed development [START_REF] Chen | A Cascade of Sequentially Expressed Sucrose Transporters in the Seed Coat and Endosperm Provides Nutrition for the Arabidopsis Embryo[END_REF][START_REF] Radchuk | Physical, metabolic and developmental functions of the seed coat[END_REF]. The seed coat also accumulates various specialized metabolites that fulfill important roles during seed dispersion and germination. In particular, the seed coat of black soybean [START_REF] Ito | Characterisation of proanthocyanidins from black soybeans: Isolation and characterisation of proanthocyanidin oligomers from black soybean seed coats[END_REF], grape seed [START_REF] Köhler | Preparative isolation of procyanidins from grape seed extracts by high-speed counter-current chromatography[END_REF], rapeseed [START_REF] Auger | A detailed survey of seed coat flavonoids in developing seeds of brassica napus L[END_REF] and

Arabidopsis [START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF] accumulates proanthocyanidins (PAs), also called condensed tannins, a particular class of flavonoid compounds constituted of epicatechin monomers and polymers.

The endothelium is the production site of PAs in Arabidopsis seeds

In Arabidopsis, seed coat PAs and flavonols constitute the sole types of flavonoids present in mature seeds, each accounting for approximately half of the total seed flavonoid content [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF][START_REF] Routaboul | Flavonoid diversity and biosynthesis in seed of Arabidopsis thaliana[END_REF]. PAs are produced specifically in the innermost cell layer of the seed coat, called inner integument 1 (ii1), or endothelium [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. Epicatechin monomers are synthesized in the cytoplasm and subsequently transported into the vacuoles where they polymerize [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. PAs are transparent but become brown when oxidized, thus being responsible for the brown color of Arabidopsis mature seeds [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. Besides, PAs serve a number of physiological functions in seeds. First, they protect seeds against biotic stresses, such as bacterial and fungal attack or predation by herbivores, and abiotic stresses, such as light or ultraviolet rays [START_REF] Brunetti | Modulation of Phytohormone Signaling: A Primary Function of Flavonoids in Plant-Environment Interactions[END_REF][START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. They also provide a hermetic chemical barrier against water, dioxygen and reactive oxygen species (ROS), thus delaying dormancy breakdown [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF][START_REF] Brunetti | Modulation of Phytohormone Signaling: A Primary Function of Flavonoids in Plant-Environment Interactions[END_REF]. In line with these evidences, previous studies showed a positive role of PAs on both abscisic acid (ABA; a positive regulator or dormancy) biosynthesis and ROS scavenging [START_REF] Debeaujon | Influence of the Testa on Seed Dormancy, Germination, and Longevity in Arabidopsis[END_REF][START_REF] Jia | Proanthocyanidins Inhibit Seed Germination by Maintaining a High Level of Abscisic Acid in Arabidopsis thaliana F[END_REF][START_REF] Brunetti | Modulation of Phytohormone Signaling: A Primary Function of Flavonoids in Plant-Environment Interactions[END_REF]. In addition, like other polyphenolic compounds, PAs were shown to be beneficial to cardiovascular disease and cancer prevention [START_REF] Pallauf | A literature review of flavonoids and lifespan in model organisms[END_REF][START_REF] Ganesan | Polyphenol-rich lentils and their health promoting effects[END_REF]; Tohge and Fernie, 2017). Conversely, condensed tannins are detrimental to dispersal by some animals, but also to cattle diet. These complex molecules are therefore of physiological, medical, ecological and agronomical interest.

The endothelium originates from the epidermal adaxial cell layer of the inner integument, but finds itself enclosed inside the mature ovule and the seed [START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF]. Furthermore, it serves as interface between fertilization products and other integument cell layers, all genetically different seed compartments. Interestingly, several studies in Arabidopsis have mentioned the existence of a cuticle layer separating the endothelium from the endosperm [START_REF] Beeckman | Histological Study of Seed Coat Development in Arabidopsis thaliana[END_REF][START_REF] De Giorgi | An Endosperm-Associated Cuticle Is Required for Arabidopsis Seed Viability, Dormancy and Early Control of Germination[END_REF][START_REF] Ingram | The roles of the cuticle in plant development: Organ adhesions and beyond[END_REF]. These observations were corroborated by microscopy analyses in Arabidopsis and rapeseed [START_REF] Beeckman | Histological Study of Seed Coat Development in Arabidopsis thaliana[END_REF][START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF][START_REF] Deng | Transparent Testa16 Plays Multiple Roles in Plant Development and Is Involved in Lipid Synthesis and Embryo Development in Canola[END_REF][START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. A recent study showed that this cuticle is produced by maternal tissues [START_REF] Loubéry | A maternallydeposited endosperm cuticle contributes to the physiological defects of transparent testa seeds[END_REF], suggesting that PA biosynthesis and cuticle deposition are both specific features of endothelium development and cell fate. Nevertheless, the molecular mechanisms regulating its development remain largely unknown. For all these reasons, the study of the genetic mechanisms regulating endothelium development and differentiation is of special interest.

Integument developmental program from the ovule to the seed in Arabidopsis

The ovule: from the primordium to fertilization A typical spermaphyte ovule comprises four sporophytic tissues: [START_REF] Schneitz | integument initiation, is therefore deeply influenced by nucellus development. More than 25 years of genetic studies on Arabidopsis ovule development have revealed a handful of genes involved in ovule proximal-distal patterning. Mutations in the AINTEGUMENTA (ANT) gene, encoding for an APETALA2 domain transcription factor, lead to bare ovules with no or reduced integument primordia[END_REF] the funiculus, which transports nutrients from the placental tissue, (2) the chalaza, which forms one or more

(3) integuments, and (4) the nucellus, in which the megaspore mother cell undergoes meiosis to produce the female gametophyte . Ovule integuments grow as primordia from the chalaza. Arabidopsis plants display two integuments, termed outer (oi) and inner (ii)

integuments. The ii primordium initiates from epidermal chalazal cells as a ring-like structure, at the boundary with the nucellus . By contrast, the oi primordium grows adjacent to the proximal side of the ii and extends until the proximal extremity of the chalaza [START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF].

Throughout ovule development, ii and oi annular primordia grow progressively by anticlinal cell divisions to surround and shape the nucellus and the female gametophyte . Whilst the abaxial cell layer of the abaxial (outer) integument becomes the outermost cell layer of the ovule, the endothelium becomes an internal cell layer, adjacent to the nucellus and the embryo sac. In addition to their anticlinal division, endothelium cells divide periclinally, starting from the two or three most proximal cells, to give rise to a fifth integument cell layer, the subepidermal ii1' . Moreover, a fraction of ovules displays additional subepidermal cell strings in between the oi2 and the oi1, called oi', that originates from subepidermal chalazal tissues (ref). Over the past decades, a certain number of genes have been found to regulate the development of the integuments, during ovule development [START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF].

Epigenetic repression of autonomous transition from ovule to seed

At anthesis, the female gametophyte is mature and the ovule is ready to be fertilized . Nevertheless, the ovule continues to grow for a few days even without fertilization. The integument cells keep on dividing anticlinally and periclinally and the embryo sac expands further . However, the Arabidopsis wild type ovule does not develop autonomously into a seed and, without fertilization, eventually degenerates [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF][START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF].

The expression of a whole set of post-fertilization genes is in fact repressed by the Polycomb Repressive Complex 2 (PRC2). This repressive function is fulfilled through the PRC2 trimethyltransferase activity on the 27 th lysine of histone 3 (H3K27me3), a mark that silences chromatin [START_REF] Kim | Polycomb-Mediated Gene Silencing in Arabidopsis thaliana[END_REF][START_REF] Mozgova | Keeping the gate closed: functions of the polycomb repressive complex PRC2 in development[END_REF]. PRC2 acts in the gametophyte as in the sporophyte, and controls developmental phase transitioning such as flowering, fertilization, and germination [START_REF] Kim | Polycomb-Mediated Gene Silencing in Arabidopsis thaliana[END_REF][START_REF] Mozgova | Keeping the gate closed: functions of the polycomb repressive complex PRC2 in development[END_REF]. The PRC2 is composed of four subunits. One subunit is encoded by one of three Polycomb Group (PcG) proteins genes EMBRYONIC FLOWER 2 (EMF2), REDUCED VERNALIZATION RESPONSE 2 (VRN2) or ENDOSPERM (FIE) and MULTICOPY SUPPRESSOR OF IRA1 (MSI1), the two last subunits, are present in the sporophyte as in the gametophyte [START_REF] Mozgova | Keeping the gate closed: functions of the polycomb repressive complex PRC2 in development[END_REF].

Fertilization triggers the transition from ovule to seed

The distal extremity of the integuments forms the micropyle, a small opening through which the pollen tube penetrates [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF]. The pollen tube is guided by chemotactic responses toward the micropyle and subsequently toward the embryo sac (Figure I-6;[START_REF] Higashiyama | The Mechanism and Key Molecules Involved in Pollen Tube Guidance[END_REF]. Once penetrated inside, the pollen tube bursts and liberates its two male gametes, which then fertilize either the egg-cell or the central cell [START_REF] Dresselhaus | Fertilization mechanisms in flowering plants[END_REF][START_REF] Dumas | Fertilization and early seed formation[END_REF]. It has been shown that pollen tube burst is sufficient to trigger the very first steps of seed coat differentiation, independently of any fertilization [START_REF] Kasahara | Pollen tube contents initiate ovule enlargement and enhance seed coat development without fertilization[END_REF].

The fertilization of the central cell drives auxin accumulation in the endosperm [START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF]. Following auxin production, endosperm nuclei divide and form a syncitium. It has been suggested that auxin moves from the endosperm to the integuments to trigger the production of gibberellic acids (GAs), which in turn initiate seed coat growth and differentiation [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. Besides, ectopic biosynthesis of auxin in the ovule central cell was shown to drive ovary parthenocarpic growth without fertilization [START_REF] Dorcey | Fertilizationdependent auxin response in ovules triggers fruit development through the modulation of gibberellin metabolism in Arabidopsis[END_REF]. This suggests that auxin production in the endosperm triggers the development of both ovule and fruit sporophytic tissues, likely through the induction of GA biosynthesis.

Furthermore, auxin transport from the newly formed endosperm to the seed coat leads to a drastic drop of the sporophytic expression of PcG genes, such as MSI1, CLF and SWN. This reduction in PcG gene expression is associated with the relief of the transcriptional repression of post-fertilization-specific genes [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF].

Development of the seed from fertilization to maturation

After fertilization, the endosperm expands and the seed coat develops and The pollen tube, guided by chimiotactism toward the ovule embryo sac, contains two spermatic nuclei that fertilize both the egg-cell and the central cell.

Furthermore, we have previously shown that fertilization triggers nucellus degeneration [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF].

Seed coat differentiation is used as a hallmark of fertilization. In particular, the endothelium accumulates PAs in the vacuole and ii1' cells undergo dramatic cell expansion [START_REF] Beeckman | Histological Study of Seed Coat Development in Arabidopsis thaliana[END_REF][START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. PAs are first produced in the distal region of the endothelium and the ii2 within 1 or 2 days following fertilization. PA deposition then spreads all along the endothelium toward the chalaza, to eventually fill the whole endothelium cell layer by 5 or 6 days after fertilization. Later on, PA accumulation is visible in the pigment strand, a cell layer separating the nucellus from the rest of the chalaza [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF].

The seed coat and fertilization products develop side by side in a coordinated manner through an intricate cross talk [START_REF] Ingram | Family life at close quarters: communication and constraint in angiosperm seed development[END_REF]. While the very first steps of seed coat development, corresponding to the initial phase of endosperm growth, are characterized by cell division rather than cell elongation [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF], mitotic activity in the integuments stop after 4 Days After Pollination (DAP), leading to a phase where integument cell elongation is predominant [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF]. Integument cell elongation is in fact suggested to act as a limiting factor to endosperm turgor pressure, which greatly contributes to seed stiffness [START_REF] Beauzamy | Endosperm turgor pressure decreases during early Arabidopsis seed development[END_REF]. The adaxial layer of the outer seed coat layer (the oi1) was also shown to respond mechanically to endosperm pressure to limit seed size [START_REF] Creff | A mechanically sensitive cell layer regulates the physical properties of the Arabidopsis seed coat[END_REF]. By the time the seed is mature, all seed coat layers have undergone Programmed Cell Death (PCD) [START_REF] Ingram | Dying to live: Cell elimination as a developmental strategy in angiosperm seeds[END_REF]. The tannins accumulated in the endothelium have spread out of the vacuoles and have completely invaded the dying cells. δ-VPE, a Cys proteinase responsible for the maturation of vacuolar proteins, has been shown to be involved in the shrinkage and the PCD of the ii cell layers, especially ii1' and ii2 [START_REF] Nakaune | A Vacuolar Processing Enzyme , dVPE , Is Involved in Seed Coat Formation at the Early Stage of Seed Development[END_REF]. The seed coat of the mature seed consists eventually of a thin, compact layer, with its inner part embedded in tannins. 

Genetic determinisms governing endothelium differentiation

The TRANSPARENT TESTA genes Genetic screens have been carried out for mutant seeds deficient in PA accumulation.

This has led to the discovery of a number of loci involved at different levels in tannin deposition: in the biosynthesis pathway, in the transport of tannins to the vacuole, or even at the regulatory level [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. The genes subtending this phenotype were [START_REF] Appelhagen | Update on transparent testa mutants from Arabidopsis thaliana: characterisation of new alleles from an isogenic collection[END_REF][START_REF] Ichino | GFS9/TT9 contributes to intracellular membrane trafficking and Flavonoid accumulation in Arabidopsis thaliana[END_REF][START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF].

A distinction is made between early and late biosynthetic genes (EBGs and LBGs, respectively), that constitute two groups of co-regulated genes [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. The first category refers to the genes coding for enzymes situated before the branching between PAs and anthocyanins, another type of flavonoid compounds . By contrast, the term LBGs refers to BAN, TT19, TT12 and TT13/AHA10 . BAN encodes an anthocyanidin reductase (ANR), considered a key enzyme in the PA biosynthetic pathway. The seed coat of the ban mutant accumulates indeed anthocyanins instead of PAs [START_REF] Devic | The BANYULS gene encodes a DFR-like protein and is a marker of early seed coat development[END_REF]. BAN expression pattern was shown to be a specific marker of post-fertilization endothelium differentiation, as its promoter showed to be active specifically after fertilization and to follow the PA deposition pattern. However, BAN promoter activity was also detected in the most distal cells of the endothelium micropylar region, even before fertilization [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF].

TT2, TT8 and TTG1 transcription factors

The PA biosynthetic pathway is regulated at different levels by a handful of TT transcription factors. In particular, it is fine-tuned at the transcriptional level by TT2, TT8 and TTG1, which encode MYB R2R3, basic-Helix-Loop-Helix (bHLH) and WD40 repeats (WDR) transcription factors, respectively [START_REF] Walker | The TRANSPARENT TESTA GLABRA1 locus, which regulates trichome differentiation and anthocyanin biosynthesis in Arabidopsis, encodes a WD40 repeat protein[END_REF][START_REF] Nesi | The TT8 gene encodes a basic helix-loop-helix domain protein required for expression of DFR and BAN genes in Arabidopsis siliques[END_REF][START_REF] Nesi | The Arabidopsis TT2 gene encodes an R2R3 MYB domain protein that acts as a key determinant for proanthocyanidin accumulation in developing seed[END_REF][START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. In the seeds of strong tt2, tt8 and ttg1 alleles, no PAs can be detected. In addition to deficiency in PA accumulation, ttg1 mutants display pleiotropic phenotypes related to a compromised epidermal cell fate, such as absence of trichomes, as well as impaired anthocyanin accumulation. By contrast, no other strong phenotypes were reported in tt2 and tt8 mutants. The TT2 RNA was shown to be accumulated specifically in seeds, and a TT2 2kb promoter region displayed activity in the inner integument [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF][START_REF] Nesi | The Arabidopsis TT2 gene encodes an R2R3 MYB domain protein that acts as a key determinant for proanthocyanidin accumulation in developing seed[END_REF].

TT8 mRNAs were detected in seeds, flowers and seedlings [START_REF] Nesi | The TT8 gene encodes a basic helix-loop-helix domain protein required for expression of DFR and BAN genes in Arabidopsis siliques[END_REF]. More particularly, promoter-GUS analyses showed that the activity in seeds of TT8 promoters is specific to the endothelium and the pigment strand [START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF]. As for TTG1, it was found to be expressed in most Arabidopsis organs, highlighting its importance in various developmental programs [START_REF] Walker | The TRANSPARENT TESTA GLABRA1 locus, which regulates trichome differentiation and anthocyanin biosynthesis in Arabidopsis, encodes a WD40 repeat protein[END_REF].

Yeast one and two Hybrid analyses (Y1H and Y2H, respectively) have shown that TT2, TT8 and TTG1 form a ternary complex that is critical for the expression of LBGs, in particular BAN [START_REF] Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF]. The TT2-TT8-TTG1 complex is characterized by a modular composition, with its R2R3-MYB and bHLH subunits being interchangeable. This type of complex, termed MBW in reference to its three subunits, is present in a plethora of land plants, and controls several developmental and biosynthetic processes (typically those affected in ttg1 mutants), from epidermal differentiation, such as trichome formation, to root hair patterning, mucilage production as well as anthocyanin and PA deposition [START_REF] Xu | Transcriptional control of flavonoid biosynthesis by MYB-bHLH-WDR complexes[END_REF]. TT2 shows partial redundancy with its closest paralog MYB5. In addition, TT8 shares overlapping expression patterns and redundant functions with its two closest paralogs GLABRA3 (GL3) and ENHANCER OF GLABRA3 (EGL3) [START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF][START_REF] Xu | Transcriptional control of flavonoid biosynthesis by MYB-bHLH-WDR complexes[END_REF]. Whereas the TT2-TT8-TTG1 complex plays a major role in PA deposition in endothelial cells, the MYB5-TT8-TTG1 complex is also involved in the regulation of specific LBGs in the endothelium, and the TT2-GL3/EGL3-TTG1 complexes regulate some LBGs in the pigment strand [START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF][START_REF] Xu | Transcriptional control of flavonoid biosynthesis by MYB-bHLH-WDR complexes[END_REF].

In vegetative tissues, the protein complexes involving PRODUCTION OF ANTHOCYANIN PIGMENT (PAP) 1/PAP2/PAP3/PAP4, TT8/GL3/EGL3 and TTG1 regulate anthocyanin biosynthesis [START_REF] Xu | Transcriptional control of flavonoid biosynthesis by MYB-bHLH-WDR complexes[END_REF].

TT1, TT16 and TTG2 transcription factors regulate developmental programs

PA deposition was shown to be drastically affected in tt1, tt16 and ttg2 mutants, which also show developmental defects in endothelium cells [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. In tt16 seeds, vanillin staining is uniquely detected in the micropylar region of the endothelium as well as in the pigment strand [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. As for tt1 seeds, they exhibit the same vanillin staining pattern as tt16 seeds, albeit with slight, irregular additional staining in the rest of the endothelium [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Appelhagen | Weird fingers: Functional analysis of WIP domain proteins[END_REF][START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF]. Finally, ttg2 mutants are characterized by yellowish to gray seeds, still producing PAs in the endothelium but less than wild type seeds [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat Development Gene of Arabidopsis, Encodes a WRKY Transcription Factor[END_REF]. These different PA deposition pattern further indicate that different regulatory pathways control PA deposition [START_REF] Schneitz | integument initiation, is therefore deeply influenced by nucellus development. More than 25 years of genetic studies on Arabidopsis ovule development have revealed a handful of genes involved in ovule proximal-distal patterning. Mutations in the AINTEGUMENTA (ANT) gene, encoding for an APETALA2 domain transcription factor, lead to bare ovules with no or reduced integument primordia[END_REF] in the micropylar region of the endothelium, (2) in the pigment strand, and (3) in the endothelium curving zone and proximal region [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF].

TT16, also known as ARABIDOPSIS B-SISTER (ABS), encodes a MADS-Box protein belonging to the B-sister protein family [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF]. This monophyletic branch groups genes expressed mainly in female organs and is phylogenetically close to the B sub-group of MADS-Box genes. GORDITA (GOA), the closest TT16 paralog, was identified as the only other Arabidopsis B-sister gene [START_REF] Parenicová | Molecular and phylogenetic analyses of the complete MADS-box transcription factor family in Arabidopsis: new openings to the MADS world[END_REF]. The TT16 protein structure contains a highly conserved MADS domain and a keratin-like domain, acting as a coiled-coil segment and putatively involved in protein dimerization or interaction with other domains of this type ( [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF]. TT16 controls endothelium development and cell fate. In tt16, endothelial cells are indeed misshaped and a supernumerary cell layer is sometimes visible in the seed coat [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Furthermore, immunostaining experiments using JIM4 and JIM8 antibodies, targeting specific arabinogalactan proteins present in integument cell walls, revealed that differentiation of ii1' cells is impaired in tt16 [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. Besides, TT16 controls nucellus degeneration after fertilization and previous studies have shown its specific expression in the nucellus and in the inner integument during ovule and seed development [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Interestingly, orthologs of TT16 in other species have also been shown to control seed coat differentiation, like FLORAL BINDING PROTEIN (FBP) 24

in Petunia hybrida, or the TT16 family in Brassica napus [START_REF] De Folter | A B sister MADS-box gene involved in ovule and seed development in petunia and Arabidopsis[END_REF][START_REF] Deng | Transparent Testa16 Plays Multiple Roles in Plant Development and Is Involved in Lipid Synthesis and Embryo Development in Canola[END_REF].

TT1 encodes a C2H2 zinc-finger transcription factor of the WIP family (the name refers to the three first amino acids of the conserved domain) [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF]. Promoter-GUS analyses showed specific activity in the endothelium and tt1 mutant seeds exhibit altered endothelial cell morphology [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF]. Other members of the WIP family have been shown to be involved in crucial steps of plant development. Whereas WIP2/NO TRANSMITTING TRACT (NTT) controls the development of the silique channel conducting the pollen tube, NTT, WIP4 and WIP5 act redundantly in the developing embryo to regulate hypophysis cell fate and root initiation [START_REF] Crawford | The NTT Gene Is Required for Transmitting-Tract Development in Carpels of Arabidopsis thaliana[END_REF][START_REF] Marsch-Martínez | The NTT transcription factor promotes replum development in Arabidopsis fruits[END_REF][START_REF] Crawford | Genetic control of distal stem cell fate within root and embryonic meristems[END_REF]. Likewise, WIP6/DEFECTIVE ODD TRIBUTARIES (DOT) 5 is involved in leaf vein patterning [START_REF] Petricka | Vein patterning screens and the defectively organized tributaries mutants in Arabidopsis thaliana[END_REF]. Expression of TT1 WIP paralogs under the control of the TT1 promoter partially complemented the defects in PA deposition of tt1-1 seeds, demonstrating that all six WIP transcription factors share partially redundant functions [START_REF] Appelhagen | Weird fingers: Functional analysis of WIP domain proteins[END_REF]. Taken together, these data show that TT1 is involved in the development of the endothelium. Nevertheless, the precise TT1 function in seed coat development remains elusive [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF].

Several studies on TT1 and its orthologs have been carried out to date. The four zinc finger motifs contained in the TT1 protein were shown to be crucial for proper PA deposition in seeds [START_REF] Appelhagen | Weird fingers: Functional analysis of WIP domain proteins[END_REF]. Besides, both in vitro and in vivo experiments showed that TT1 can form homodimers and can interact with TT2. Mutations in the second and fourth zinc on finger domains of TT1 affects the proper localization of the TT1-TT2 heterodimer, and leads to impaired PA deposition [START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF]. Besides, in Brassica napus, silencing of the BnTT1 family impaired seed flavonoid biosynthesis as well as fatty acyl composition (Lian et al., 2017). Finally, in Cucurbis melo, the TT1 ortholog, CmWIP1, has been found to play a fundamental role in sex determination, as it regulates carpel abortion and development of unisexual male flowers [START_REF] Boualem | A cucurbit androecy gene reveals how unisexual flowers develop and dioecy emerges[END_REF]. Transposon-induced changes in the epigenetic state of its promoter can repress the expression of CmWIP1, a repression that promotes the expression of a key enzyme involved in ethylene biosynthesis and essential for the development of female flowers [START_REF] Martin | A transposon-induced epigenetic change leads to sex determination in melon[END_REF].

TTG2 encodes a WRKY transcription factor involved, like TTG1, in epidermal cell fate determination [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat Development Gene of Arabidopsis, Encodes a WRKY Transcription Factor[END_REF]. ttg2 mutants display the same pleiotropic phenotypes as ttg1, such as impaired trichome formation and root hair patterning, as well as defects in mucilage and anthocyanin production. In particular, ttg2 seeds appear pale yellow to gray and PA deposition is visible in the whole endothelium and in the pigment strand, but to a much lesser extent than in wild type seeds. Besides, TTG2 promoter exhibits specific activity in the endothelium [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat Development Gene of Arabidopsis, Encodes a WRKY Transcription Factor[END_REF]. In Petunia, the TTG2 ortholog PH3, is also involved in anthocyanin accumulation in petals and in seed proper development and pigmentation.

Interestingly, overexpression of TTG2 complements the ph3 mutants, demonstrating that TTG2 and PH3 share homologous functions [START_REF] Verweij | Functionally Similar WRKY Proteins Regulate Vacuolar Acidification in Petunia and Hair Development in Arabidopsis[END_REF]. In addition, TTG2 can interact in vitro and in vivo with TTG1 and its Petunia ortholog [START_REF] Gonzalez | TTG2 controls the developmental regulation of seed coat tannins in Arabidopsis by regulating vacuolar transport steps in the proanthocyanidin pathway[END_REF][START_REF] Verweij | Functionally Similar WRKY Proteins Regulate Vacuolar Acidification in Petunia and Hair Development in Arabidopsis[END_REF], although other data indicate that TTG1 acts upstream of TTG2 [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat Development Gene of Arabidopsis, Encodes a WRKY Transcription Factor[END_REF]. Interestingly, TTG2 has a role in integument cell length which affects final seed size [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF]. Finally, quantitative trait locus analyses revealed that TTG2 controls lethality in interploidy crosses in Arabidopsis, demonstrating that TTG2 plays a crucial role in the cross talk between maternal sporophytic tissues and fertilization products [START_REF] Dilkes | The maternally expressed WRKY transcription factor TTG2 controls lethality in interploidy crosses of Arabidopsis[END_REF]. 

Gene networks fine-tuning PA deposition

In addition to a complex network of protein interactions, TT transcriptional regulation has been demonstrated to fine-tune PA deposition over the past twenty years. First of all, TT8 expression is tightly controlled through a regulatory loop involving TT8 itself and its close paralog EGL3 (Figure I-12A; [START_REF] Baudry | TT8 controls its own expression in a feedback regulation involving TTG1 and homologous MYB and bHLH factors, allowing a strong and cellspecific accumulation of flavonoids in Arabidopsis thaliana[END_REF][START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF]. TT8 promoter activity is indeed detected in the pigment strand of tt8 and ttg1 mutants, but no longer in tt8;egl3 double mutant [START_REF] Baudry | TT8 controls its own expression in a feedback regulation involving TTG1 and homologous MYB and bHLH factors, allowing a strong and cellspecific accumulation of flavonoids in Arabidopsis thaliana[END_REF][START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF]. Moreover, TT8 is not expressed anymore in a In addition, it has been shown that BAN expression is differentially affected in the mutants of these regulatory genes. Whilst tt2 and ttg1 mutants lose completely BAN promoter activity, tt8 retains its activity but solely in the pigment strand (Figure I-12B;[START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Nevertheless, BAN mRNA was shown to be undetectable in tt2, tt8 and ttg1 mutants (Figure I-13;[START_REF] Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF]. In addition, inducible lines based on the Glucocorticoid Receptor (GR) / Dexamethasone (DEX) system show a strong increase of BAN expression following induction of the activity of either TT2, TT8 or TTG1 (Figure I-13;[START_REF] Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF].

By contrast, although being affected in endothelium cell development, ttg2 displays the same BAN promoter activity as in wild type [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Likewise, RNA in situ hybridizations showed that the BAN mRNA is still accumulated in the endothelium of tt1 seeds, confirming ProBAN:GUS analyses in the tt1 mutant [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF][START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF]. However, co-transfection experiments in Arabidopsis protoplasts showed a substantial increase in ProBAN:GUS activity in the presence of TT1, TT2 and TT8 compared to the sole presence of TT2 and TT8 . This effect on BAN promoter activation was lost after mutation in the third zinc finger domain of TT1 [START_REF] Appelhagen | Weird fingers: Functional analysis of WIP domain proteins[END_REF]. Although being likely involved in endothelium speciation, TT1 might therefore act directly on BAN expression, perhaps through its interaction with TT2 (Figure I-12B). Finally, BAN promoter activity is restricted to the distal micropylar region and the pigment strand of tt16 seeds, in line with impaired PA deposition observed in the tt16 mutant (Figure I-13;[START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF].

Other genetic relationships were discovered between TT genes. Whereas the expressions of TT4, TT3, TT11 and TT12 are strongly affected in tt1 [START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF],

TTG2 is necessary for the expression of TT12 and TT13/AHA10 and can bind directly to the promoter of TT12 [START_REF] Gonzalez | TTG2 controls the developmental regulation of seed coat tannins in Arabidopsis by regulating vacuolar transport steps in the proanthocyanidin pathway[END_REF]. In line with this observation, overexpression of TT12 in ttg2 partially complements the PA accumulation defects of ttg2 seeds [START_REF] Gonzalez | TTG2 controls the developmental regulation of seed coat tannins in Arabidopsis by regulating vacuolar transport steps in the proanthocyanidin pathway[END_REF].

In tt16, the TT2 promoter activity is restricted to the micropyle region, while the promoter of TT15 exhibits the same activity pattern in tt16 as in wild type seeds (Figure I-12B; [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. Moreover, in tt15 seeds, PA content is similar to that in tt16 mutant, but PA deposition, despite being mostly restricted to the micropyle and the pigment strand as observed in tt16 seeds, is also visible in the rest of the endothelium. BAN expression is also severally affected in the tt15 mutant, showing that TT15 acts upstream of the PA biosynthetic pathway . However, the tt16;tt15 double mutant shows an additive effect and neither overexpression of TT16 in tt15 nor overexpression of TT15 in tt16 complement PA deposition defects in the endothelium, showing that TT16 and TT15 act in parallel pathways to control endothelium competency [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. By contrast, overexpression of TT2 in the whole plant is sufficient to drive ectopic BAN and TT8 expression in roots, showing that TT2 is a key regulator of PA cell-specific deposition (Figure I-12A and I-13;[START_REF] Nesi | The Arabidopsis TT2 gene encodes an R2R3 MYB domain protein that acts as a key determinant for proanthocyanidin accumulation in developing seed[END_REF][START_REF] Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF]. Interestingly, TT2 overexpression in either tt16 or tt15 seeds was sufficient to recover wild-type-like PA deposition in the endothelium, demonstrating that TT2 is epistatic to TT16 and TT15 [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. Last but not least, expression of TT16 under the control of a dual CaMV 35S promoter complemented the tt16 phenotype and drove ectopic PA accumulation in the ii2 cell layer, demonstrating that TT16 acts upstream of the whole PA biosynthetic pathway [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF].

Other MADS transcription factors possibly involved in endothelium development and differentiation

B-sister genes are present in both angiosperms and gymnosperms, indicating their crucial role in the evolution of land plant female reproductive organs [START_REF] Lovisetto | Gymnosperm B-sister genes may be involved in ovule/seed development and, in some species, in the growth of fleshy fruit-like structures[END_REF].

In Arabidopsis, whereas TT16 and GOA are both expressed in ovules and seeds, GOA is also expressed in siliques and leaves [START_REF] Erdmann | GORDITA (AGL63) is a young paralog of the Arabidopsis thaliana BsisterMADS box gene ABS (TT16) that has undergone neofunctionalization[END_REF]. GOA has been shown to prevent nucellus cell division, redundantly with TT16, and to control cell expansion in silique mesophyll cells. Furthermore, GOA has been suggested to affect cell size in the seed outer integument [START_REF] Prasad | The Arabidopsis B-sister MADS-box protein, GORDITA, represses fruit growth and contributes to integument development[END_REF].

SEEDSTICK (STK), SHATTERPROOF 1 (SHP1) and SHATTERPROOF 2 (SHP2) encode paralog MADS-Box transcription factors belonging to the same monophyletic group of AGAMOUS (AG) [START_REF] Parenicová | Molecular and phylogenetic analyses of the complete MADS-box transcription factor family in Arabidopsis: new openings to the MADS world[END_REF]. STK, SHP1 and SHP2 were shown to control carpel identity and to play redundant and major roles in integument development, as shown by the stk;shp1;shp2 triple mutant that fails to develop integuments almost completely [START_REF] Favaro | MADS-Box Protein Complexes Control Carpel and Ovule Development in Arabidopsis[END_REF]. stk mutants exhibit fruit developmental defects and over-lignification of the funiculus in the course of seed development, which impairs seed abscission. This negative regulation of lignin deposition in the funiculus is performed through the direct binding of STK on the promoter of the bHLH-encoding gene HECATE 3 [START_REF] Balanzà | Seed abscission and fruit dehiscence required for seed dispersal rely on similar genetic networks[END_REF]. By contrast, SHP1

and SHP2 act redundantly to control fruit dehiscence by regulating lignin deposition in valve margins, through positive regulation of INDEHISCENT, another gene encoding a bHLH transcription factor [START_REF] Liljegren | SHATTERPROOF MADS-box genes control seed dispersal in Arabidopsis[END_REF][START_REF] Balanzà | Seed abscission and fruit dehiscence required for seed dispersal rely on similar genetic networks[END_REF]. Finally, STK controls mucilage production and proper differentiation of the oi2 [START_REF] Ezquer | The Developmental Regulator SEEDSTICK Controls Structural and Mechanical Properties of the Arabidopsis Seed Coat[END_REF].

It has been shown that STK is expressed in the funiculus, in the chalaza and in the three outer integument cell layers, the ii2, the oi1 and the oi2 [START_REF] Mizzotti | SEEDSTICK is a Master Regulator of Development and Metabolism in the Arabidopsis Seed Coat[END_REF]. Moreover, SHP1

and SHP2 are highly expressed in the Arabidopsis seed coat [START_REF] Belmonte | Comprehensive developmental profiles of gene activity in regions and subregions of the Arabidopsis seed[END_REF], but their precise expression pattern in seeds remains to be elucidated. Interestingly, it has been demonstrated that STK, SHP1 and SHP2 share redundant functions in several aspects of plant development, the differences in the respective mutants being due to differences in expression patterns [START_REF] Balanzà | Seed abscission and fruit dehiscence required for seed dispersal rely on similar genetic networks[END_REF]. Besides, whereas STK, SHP1, SHP2 and AG do not show interaction in Y2H, a class-B MADS Box protein named SEPALLATA (SEP) 3 mediates the formation of ternary complexes involving these four proteins [START_REF] Favaro | MADS-Box Protein Complexes Control Carpel and Ovule Development in Arabidopsis[END_REF]. In addition, it has been demonstrated that TT16 is also able to form such complexes with SEP3 and either STK, SHP1 or SHP2 [START_REF] Kaufmann | Mutant analysis, protein-protein interactions and subcellular localization of the Arabidopsis Bsister (ABS) protein[END_REF] [START_REF] Mizzotti | SEEDSTICK is a Master Regulator of Development and Metabolism in the Arabidopsis Seed Coat[END_REF]. Besides, specific STK homologs, such as FBP7 and FBP11 in Petunia, have also been shown to regulate cell identity and competency in ovules and fruits [START_REF] Colombo | Downregulation of ovule-specific MADS box genes from petunia results in maternally controlled defects in seed development[END_REF]. Finally, it was demonstrated that SHELL, the STK homolog in oil palm, controls oil yield in the fruit and has been under strong selection pressure all along oil palm domestication [START_REF] Singh | The oil palm SHELL gene controls oil yield and encodes a homologue of SEEDSTICK[END_REF].

Scope of the thesis

Our purpose here is to find out which developmental determinants control PA deposition in Arabidopsis seeds. Because TT16 and TT1 have been shown to regulate cell shape in the endothelium, we hypothesize that these two transcription factors are responsible for endothelium cell fate upstream of PA deposition. Here we propose to investigate further their role in inner integument development, in a wider context, including not only PA deposition, but also additional specific features of inner integument, such as the development of the ii1' cell layer, or the deposition of an apoplatic cutin barrier separating endothelium and zygotic products. The roles of TTG2 and STK transcription factors will also be studied, as well as their genetic relationships with TT1 and TT16.

Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds (Coen et al., Development 2017)
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Introduction

In angiosperm plants, seed development starts with the double fertilization of the egg and central cell in the ovule that leads to the formation of embryo and endosperm, respectively. Proper seed formation is then achieved through tight spatial and temporal coordination of embryo, endosperm, and seed maternal tissues [START_REF] Ingram | Family life at close quarters: communication and constraint in angiosperm seed development[END_REF].

In Arabidopsis, ovule primordia are composed of three functional domains: the funiculus, which transports nutrients from the mother plant, the chalaza, which initiates two integuments, and the nucellus, which originates the female gametophyte. Both inner (ii) and outer (oi) integuments are composed of two epidermal cell layers (ii1, ii2, oi1, and oi2) which grow by anticlinal cell divisions to progressively surround the female gametophyte. At the end of ovule development, the ii1 undergoes periclinal cell divisions to give rise to a sub-epidermal integument cell layer, the so-called ii1' (Supplemental Figure II-1) [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF][START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. The fertilization-independent development of the ovule is repressed by a class of PcG proteins, named FIS. In particular, the FIE and MSI1 FIS PcG proteins act sporophytically to repress the differentiation of the integuments [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF].

After fertilization of the central cell, the endosperm initiates a signal, through the action of the MADS box transcription factor AGAMOUS-LIKE 62, that relieves the FIS mediated repression and leads to the differentiation of the ovule integuments into seed coat [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. Results by Figueiredo et al. indicate that auxin is the putative fertilization signal that coordinates endosperm and seed coat development [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF].

Nevertheless, exclusive fertilization of the egg cell by kokopelli (kpl) or cyclin dependent kinase A;1 mutant pollen triggers partial differentiation of the ovule integuments surrounding the female gametophyte (Ungru et al., 2008;[START_REF] Kasahara | Pollen tube contents initiate ovule enlargement and enhance seed coat development without fertilization[END_REF]. Partial differentiation of the ovule integuments is also initiated by the pollen tube content of the generative cell-specific 1 (gcs1) mutant, whose sperm cells fail to fertilize the female gametophyte [START_REF] Kasahara | Pollen tube contents initiate ovule enlargement and enhance seed coat development without fertilization[END_REF]. Furthermore, gcs1 pollen tube content induces full differentiation of the integuments of mea FIS PcG mutant ovules, which undergo fertilization-independent proliferation of the central cell. These data suggest that pollen tube rupture and not fertilization enables the central cell to initiate the signaling pathway that leads to the differentiation of the seed coat.

In response to the endosperm signal, the five seed coat cell layers undergo a rapid phase of cell division and expansion, and follow different cell fates (Haughn and Chaudhury, 2005). The MADS box protein TT16 works downstream of FIE and MSI1 to promote the production of PAs in the ii1, the innermost seed coat cell layer (also known as endothelium) [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF].

Finally, endosperm and seed coat coordinate their growth through a cross-talk signaling pathway [START_REF] Ingram | Family life at close quarters: communication and constraint in angiosperm seed development[END_REF] that was first identified in the study of the maternally acting TTG2 and zygotically acting HAIKU (IKU) genes. Both ttg2 and iku mutants show premature arrest of endosperm development and reduced seed size indicating that the developmental interaction between seed coat and endosperm orchestrates early seed growth with limited embryo contribution [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF].

To date, all seed integuments were thought to respond to the same signaling pathway initiated by endosperm growth. Here, we show that the sub-epidermal ii1' has a unique developmental program. We followed ii1' cell patterning from its inception in the ovule till its differentiation in the seed. We demonstrated that the ovule ii1' undergoes periclinal cell divisions to originate a sixth integument cell layer, previously unnoted. We characterized the redundant role of the MADS box transcription factors TT16 and STK in promoting ii1' formation in the ovule. Furthermore, we showed that TT16 regulates the proximal-distal patterning of the ii1' preventing its development in the micropylar zone. After fertilization, TT16 is implicated in cell orientation and differentiation of the ii1'. Our analyses indicate that ii1' growth does not respond to the FIE and MSI1 PcG repressive mechanism and to endosperm growth alone, which regulate the development of the epidermal integument cell layers. These data indicate that epidermal and non-epidermal integument cell layers respond to different fertilization signalling pathways. 

Results

The ii1' gives rise to a sixth integument cell layer

The last stage of Arabidopsis ovule development, stage 3-VI, is marked by the formation of the inner integument 1' (ii1') by periclinal cell divisions of the ii1, the innermost integument cell layer (Supplemental Figure II-1) [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF][START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF].

To thoroughly characterize the process of ii1' formation we analyzed central longitudinal [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF].

TT16 and STK regulate ii1'cellular patterning

The ovules of the Arabidopsis tt16;stk double mutant have been shown to carry only four integument cell layers and interpreted as missing the ii1 (Mizzotti et al., 2012). The progression of wild type integuments development argues against such interpretation as the ii1' is the last integument cell layer to appear [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF]. We therefore analyzed the development of the tt16;stk innermost integument cell layer by mPS-PI in ovules and seeds. We detected few periclinal cell divisions happening stochastically along the integument proximal-distal axis . These data strongly suggest that tt16;stk ovules are impaired in the periclinal cell divisions of the innermost integument cell layer that, in wild type ovules, give rise to the ii1'. 9,5% of tt16;stk seeds displayed a few ii1'' cells. Although the stk single mutant exhibited a pronounced ovule shape defect [START_REF] Mizzotti | SEEDSTICK is a Master Regulator of Development and Metabolism in the Arabidopsis Seed Coat[END_REF] and the persistence of the nucellus at the chalazal pole [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Embryo cell morphology and proliferation in the tt16 mutant appeared un-perturbed and comparable to wild-type (Figure II-2C to 2H). The maternal origin of the compressed embryo phenotype was confirmed by analyzing tt16 ovules fertilized with wild type pollen (Supplemental Figure II-3). This phenomenon could be partially responsible for the arrested seed phenotype that we observed in tt16 mutant siliques. Six week-old tt16 plants carried between 7 and 23% (Ws background) or 6 and 33% (Col background) arrested seeds per silique (n of siliques observed= 20), whereas control wild type plants exhibited a low rate (1.4 to 3.2% in Ws or 0 to 12% in Col) of seed arrest in the same growing conditions (n of siliques observed= 13 in Ws and n= 20 in Col). Embryo arrest in tt16 seeds might also be caused by defects in nutrient transport through the seed coat [START_REF] Chen | A Cascade of Sequentially Expressed Sucrose Transporters in the Seed Coat and Endosperm Provides Nutrition for the Arabidopsis Embryo[END_REF]. Altogether, these data indicate that STK and TT16 redundantly promote ovule ii1' formation whereas TT16 alone regulates the positioning of the ii1' along the ii1 proximal-distal axis.

To test if TT16 expression correlates with the development of the ovule ii1', we created a marker line carrying TT16 3.4 Kb promoter region and genomic sequences translationally fused to the green fluorescent protein (GFP). We have previously shown that this TT16 genomic region fully complements the tt16 mutant phenotypes in the nucellus and endothelium [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. We detected fluorescence in the nuclei of the proximal region Alternatively, TT16 might define the precise ii1' spatial window from beginning to end. To distinguish between these two hypotheses, we expressed TT16 under the control of the 1.6 Kb TT16 promoter, which marks the first two or three proximal cells of the ovule ii1 and the nucellus, in a tt16 mutant background (1.6ProTT16:gTT16;tt16) [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Three independent transgenic lines fully complemented the tt16 phenotype at the ii1' chalazal end . Nevertheless, they failed to complement the growth of the ii1' into the micropylar area and produced seeds that were completely covered by five seed coat cell layers (Figure . These data might highlight the limited extent of TT16 non-cell autonomous effect [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF] along the ii1 proximal-distal axis. Nevertheless, these same complementation lines fully restored the arrested production of proanthocyanidins (PAs) along the entire tt16 endothelium [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Therefore, our analyses strongly suggest that TT16 marks the end of the ii1 periclinal cell divisions in a cell autonomous fashion in contrast to the non-cell autonomous regulation of PA biosynthesis. In line with this hypothesis, early expression of TT16 in the ii1, with the exception of the micropylar zone, under the control of the TT1 promoter region (Supplemental (ProTT1:gTT16;tt16,. Embryos of 1.6ProTT16:gTT16;tt16 seeds, which displayed a wild type looking nucellus [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF] and a five cell layered seed coat at the micropylar zone, were never compressed by the surrounding seed coat (Supplemental Figure II-4) as observed in tt16 seeds (Figure . We could not analyze seeds carrying a wild type looking seed coat and persistent nucellus as the nucellus of ProTT1:gTT16;tt16 seeds degenerates due to TT16 non-cell autonomous effect [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. The negative effect of ii1' growth around the embryo combined with nucellus persistence might have driven the evolution of a tight regulatory mechanism that coordinates ii1' and nucellus development.

STK promoter region and genomic sequences drove GFP expression in the ovule outer integument (oi) and ii2 since integument formation in ovule primordia (Figure II-1H and 1I) [START_REF] Mizzotti | SEEDSTICK is a Master Regulator of Development and Metabolism in the Arabidopsis Seed Coat[END_REF]. The absence of STK expression in the ii1 suggests that STK affects ii1 periclinal cell divisions non-cell autonomously.

TT16 regulates ii1' cell architecture

In line with previous analyses [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF], longitudinal sections of tt16 seeds showed thinner and more elongated cells in the endothelium and ii1' when compared to wild type (Figure II-2F to 2H). To better characterize such morphological problems, we analyzed images of three-dimensionally reconstructed seeds using the mPS-PI technique. In the proximal half of the wild type seed coat, endothelium and ii1' cells tended to be tubular in Methods andAnnexe 1). The tt16 ii1' followed the same trend of cell elongation along the proximal-distal axis but showed cells strikingly more elongated than in the wild type . These analyses clearly suggest that TT16 regulates endothelium and ii1' cell architecture, probably responsible for the misshaped tt16 seed phenotype [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF]. TT16 might establish ii1 and ii1' cell orientation in the ovule but its mutant phenotype became evident in seeds after cell elongation. Such a phenotype accentuates the proximal-distal positional defect of the tt16 ovule ii1'described above.

The ii1' undergoes a drastic cell expansion in response to fertilization (Figure II-2C and3D) [START_REF] Beeckman | Histological Study of Seed Coat Development in Arabidopsis thaliana[END_REF]. Transmission Electron Microscopy (TEM) imaging revealed highly vacuolated ii1'cells (Figure II-3I) at the curving zone of wild type seeds. In tt16 seeds, these cells appeared more cytoplasmic suggesting that their cell expansion might be impaired . Similarly, tt16 seeds fail to correctly differentiate the endothelium as they do not produce PAs [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF]. Altogether, these data indicate that TT16 regulates cell orientation and differentiation of the endothelium and seed ii1'.

ii1' unique response to fertilization

Fertilization of the central cell has been shown to trigger the differentiation of seed maternal tissues [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. To test the effect on ii1' differentiation of each fertilization event independently, we examined the seed coat of the kpl mutant, which displays random single-fertilization events [START_REF] Ron | Proper regulation of a sperm-specific cis-nat-siRNA is essential for double fertilization in Arabidopsis[END_REF]. kpl seeds carrying only the embryo (kpl only-embryo seeds) have a small and partially differentiated seed coat [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF][START_REF] Kasahara | Pollen tube contents initiate ovule enlargement and enhance seed coat development without fertilization[END_REF]. By contrast, kpl seeds that develop only the endosperm (kpl only-endosperm seeds) produce a large seed coat with a fully differentiated endothelium, as suggested by PAs accumulation [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. In line with previous results, the ii1' of kpl only-embryo seeds resembled that of undifferentiated The FIE and MSI1 PcG genes are expressed in all ovule integument cell layers [START_REF] Köhler | Arabidopsis MSI1 is a component of the MEA/FIE Polycomb group complex and required for seed development[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF] and are thought to repress their fertilization-independent development [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. fie and msi1 mutations are haploinsufficient and unfertilized fie/+ and msi1/+ pistils carry a number of enlarged autonomous seeds. These seeds exhibit an apparently developed seed coat that accumulates PAs and a degenerated nucellus, both hallmarks of fertilization [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. However, we observed that fie/+ and msi1/+ enlarged autonomous seeds displayed an underdeveloped and discontinuous ii1' made of unexpanded cells and large empty spaces (Figure II-4E and4F compared to Figure II-4D and4M; see Materials andMethods andAnnexe 1). Furthermore, we found a higher number of ii1'cells in fie/+ and msi1/+ enlarged autonomous seeds compared to wild type seeds and ovules (Supplemental Figure . By contrast, ii1' development was unaffected in fie/+ and msi1/+ developing ovules and seeds (Supplemental To test if TT16 plays a role in the process, we looked at tt16;fie/+ and tt16;msi1/+ enlarged autonomous seeds. We focused our attention on the fraction of seeds that did not display a strong tt16 proximal-distal polarity defect in the ii1' to better compare the results to single PcG mutants. The ii1' of both double mutants resembled that of tt16 fertilized seeds but with less expanded cells . Since tt16 ii1' cells are oriented perpendicularly to wild type cell, we analyzed transverse sections of tt16;fie/+ and tt16;msi1/+ enlarged autonomous seeds. We observed that the ii1' did not expand correctly and showed large empty spaces when compared to tt16 fertilized seeds ( fie/+ and msi1/+ enlarged autonomous seeds showed cells of the ii1' physically disconnected from one another and from the ii2 (Figure II-4N). We tested if this is also the case in wild type seeds by gently squeezing them in between slide and coverslip. In all our attempts (n= 20), the ii1' was easily detached from the ii2 whereas it remained always anchored to the endothelium (Figure II-4O). The only other tissues that were occasionally separated during these experiments were the ii2 and oi1 which are separated by cutin-like material [START_REF] Creff | A mechanically sensitive cell layer regulates the physical properties of the Arabidopsis seed coat[END_REF] that allows tissue sliding (Tsuwamoto et al., 2008). These results indicate that the seed ii1' is loosely attached to the ii2 and suggest that it might develop unique cell wall properties.

Discussion

All Arabidopsis seed coat cell layers were thought to respond homogeneously to the fertilization of the central cell and grow in a coordinated fashion with the endosperm. Our genetic analyses reveal the unique developmental program of the sub-epidermal integument cell layer. The underdeveloped ii1'of kpl only-endosperm seeds and fie/+ and msi1/+ enlarged autonomous seeds contrast with the growth of the other seed coat tissues and suggest a role for the embryo in early seed coat development . Furthermore, these data indicate a lack of developmental cross-talking between epidermal and sub-epidermal integument cell layers. In one scenario, the embryo might be necessary to establish developmental coordination between the ii1' and the other integument cell layers. Alternatively, the ii1' might have evolved to grow independently of the other seed coat cell layers and arrest its development when compressed between the neighboring cell layers, solely under the constraints of mechanical forces. In line with the latter hypothesis, the seed coat of the tt16 and tt16;stk mutants grows regardless of the displaced or absent ii1'. Furthermore, the higher number of ii1' cell observed in fie/+ and msi1/+ enlarged autonomous seeds might be interpreted as a compensation for the lack of ii1' cell expansion driven by the absence of mechanical constraints. Compared to the epidermal integument cell layers, the ii1' originates by periclinal cell divisions. This process might underlie the unique properties of this tissue by leading to unequal partitioning of signaling components or a change in the epigenetic state.

The morphology of the ii1', highly vacuolated and free to expand on the ab-axial side, resembles that of the leaf parenchyma and suggests a role in cushioning seed coat development . We speculate that the ii1' fine-tunes seed growth by offsetting perturbations in its developmental program. For example, the ii1' might fill the empty space left by uneven growth of the seed inner and outer integuments or adjust seed coat development to the turgor pressure exerted by the endosperm [START_REF] Beauzamy | Endosperm turgor pressure decreases during early Arabidopsis seed development[END_REF]. This function might be better achieved through mechanical constraints than tight developmental control as it would provide a level of flexibility that is highly favorable to sessile organisms which have to adapt to environmental changes.

Materials and methods

Plant and genetic materials

Arabidopsis thaliana plants, ecotype Columbia (Col) or Wassilewskija (Ws), were used as wild-type controls when appropriate. kpl-1, tt16-2, and tt16-3 lines are in the Ws accession [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Ron | Proper regulation of a sperm-specific cis-nat-siRNA is essential for double fertilization in Arabidopsis[END_REF]. stk-2, stk-2;tt16-6, fie-12/+ and msi1-1/+, lines are in the Col accession (Roszak and Kohler, 2011;Mizzotti et al., 2012). The tt16-1 mutant was isolated in the Ws accession and then backcrossed to the Col accession more than three times [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Col and Ws tt16-1 mutants were used according to the experiment.

Unless noted, tt16 refers to tt16-1. tt16-1;fie-12/+ and tt16-1;msi1-1/+ lines were generated in the Col accession [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF].

Days after flowering (DAF) have been counted starting from the emergence of the pistil from closed flowers [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Both DAF and embryo development have been used to determine seed developmental stages.

Cloning

The TT16 3.4 Kb promoter and genomic sequence was PCR amplified without stop codon using the attB1-(5'-TCAATGGTAATTCATGAGGACGTTG-3') forward and attB2-(5'-ATCATTCTGGGCCGTTGGATCGTT-3') reverse primers. The PCR amplification was performed using the attB1 (5′-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3′) and attB2 (5′-GGGGACCACTTTGTACAAGAAAGCTGGGTC-3′) GATEWAY recombination sites at the 5′-ends of the forward and reverse primers, respectively. The PCR product was amplified by high-fidelity Phusion DNA polymerase (Thermo Fisher Scientific Inc.), recombined into the pDONR207 vector (BP Gateway reaction) according to the manufacturer's instructions (Thermo Fisher Scientific Inc.), and sequenced. The PCR product cloned into the DONR vector was then recombined into the pMDC107 binary vector (Curtis and Grossniklaus, 2003) (LR Gateway reaction) according to the manufacturer's instructions (Thermo Fisher Scientific Inc.). 1.6ProTT16:gTT16;ProTT1:gTT16;and ProSTK:gSTK-GFP lines were previously described [START_REF] Mizzotti | SEEDSTICK is a Master Regulator of Development and Metabolism in the Arabidopsis Seed Coat[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF] 

Transgenic Plants

The Agrobacterium tumefaciens strain C58C1 was used to stably transform Arabidopsis plants through the floral dip method (Clough and Bent, 1998). Transformants were selected by the appropriate resistance and then checked by PCR assays. More than 20 independent transgenic lines were tested for each construct transformed.

Pseudo-Schiff propidium iodide staining

This protocol allows the staining of cell walls of fixed plant material [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. More than 30 independent seeds or ovules were analyzed for each genotype and time point.

Microscopy

mPS-PI and GFP fluorescent imaging was conducted with a Leica TCS-SP5 spectral confocal laser scanning microscope (Leica Microsystems). Electron microscopy analyses were conducted as in [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF].

Quantitative morphological analyses

For further explanations, see Annexe 1.

The central longitudinal section of seeds at 4 DAF, imaged using the mPS-PI technique, was segmented into individual cells through the CellSeT software (Pound et al., 2012). The length of the entire endothelium tissue and individual ii1' cells along the proximal-distal axis were calculated using the Image J software (Schneider et al., 2012). Area and perimeter of the ii1' cells were calculated with the CellSeT software. Cell roundness was determined for each

ii1' cell as 𝑅 = 𝑃 2 4𝜋𝐴 -1 4 𝜋 -1
, where R, P and A represent roundness, perimeter and area of the cell, respectively. Length and distance from the first proximal endothelium cell were used to determine the position of each ii1' cell along the proximal-distal axis. Since seeds display a degree of variability in their length and cell number across individuals and genotypes, we arbitrarily sampled 201 points uniformly distributed along the proximal-distal axis of each seed coat analyzed. Point 0 was fixed at the proximal side of the first proximal endothelium cell, whereas point 201 was set at the distal side of the first endothelium cell reaching the embryo suspensor. For each point, we determined the area and roundness of the ii1' cell encompassing it. We then calculated the average ii1' cell roundness and area at each specific point. Due to variability in the ii1' position along the proximal-distal axis in each genotype, the extreme proximal and distal points are represented by less cells than the points at the curving zone. 

Supplemental

Deposition of a fertilization-responsive maternal cutin barrier separating seed coat and endosperm is controlled by two TRANSPARENT TESTA transcription factors (Coen et al., submitted)

[Attirez l'attention du lecteur avec une citation du document ou utilisez cet espace pour mettre en valeur un point clé. Pour placer cette zone de texte n'importe où sur la page, faites-la simplement glisser.]

Introduction

In the course of evolution, land plants have developed hydrophobic apoplastic interfaces to prevent water loss, gain protection against biotic and abiotic stresses, establish diffusion barriers and prevent organ fusion [START_REF] Yeats | The Formation and Function of Plant Cuticles[END_REF][START_REF] Nawrath | Apoplastic Diffusion Barriers in Arabidopsis[END_REF]. The most widespread of these barriers is cuticle, an external hydrophobic layer that covers epidermal cell walls of aerial organs. Cutin is the insoluble component of cuticles and is composed of an amorphous, cross-linked matrix of lipid polyesters bound to the cell wall [START_REF] Yeats | The Formation and Function of Plant Cuticles[END_REF][START_REF] Nawrath | Apoplastic Diffusion Barriers in Arabidopsis[END_REF]. Waxes, mainly composed of very-long-chain fatty acid (VLCFA) derivatives, are often embedded within this polyester matrix, or deposited onto its outer surface [START_REF] Yeats | The Formation and Function of Plant Cuticles[END_REF][START_REF] Nawrath | Apoplastic Diffusion Barriers in Arabidopsis[END_REF]. By contrast, suberin layers, the other known apoplastic interfaces, are deposited on the inner face of primary cell walls [START_REF] Vishwanath | Suberin: biosynthesis, regulation, and polymer assembly of a protective extracellular barrier[END_REF][START_REF] Nawrath | Apoplastic Diffusion Barriers in Arabidopsis[END_REF]. Suberin layers act as hydrophobic barriers in endodermal and peridermal cells, where they enable nutrient-selected uptake by forcing solutes to transit through symplastic connections [START_REF] Vishwanath | Suberin: biosynthesis, regulation, and polymer assembly of a protective extracellular barrier[END_REF]. The composition and ultrastructure of cutin and suberin vary considerably according to the species, organ and developmental stage [START_REF] Yeats | The Formation and Function of Plant Cuticles[END_REF][START_REF] Nawrath | Apoplastic Diffusion Barriers in Arabidopsis[END_REF]. Nevertheless, cutin and suberin found in seed plants are generally made in large part of C16 and C18 hydroxy alkanoic acids and their derivatives. In most species, hydroxy fatty acids are typically found in cutin, whereas dicarboxylic fatty acids (DCA) are considered specific to suberin [START_REF] Yeats | The Formation and Function of Plant Cuticles[END_REF][START_REF] Franke | Apoplastic polyesters in Arabidopsis surface tissues -A typical suberin and a particular cutin[END_REF][START_REF] Nawrath | Apoplastic Diffusion Barriers in Arabidopsis[END_REF]. Nonetheless, in Arabidospsis thaliana, stem and leaf cuticles were found to contain 52% to 60% of C18:2 DCA, which was not detected in root suberin [START_REF] Li-Beisson | Acyl-Lipid Metabolism[END_REF]. This compound is therefore considered a hallmark of cutin in Arabidopsis.

A number of genes have been discovered to be involved in cuticle deposition in Arabidopsis. Some of them encode key enzymes in cutin biosynthesis, such as ABERRANT

INDUCTION OF TYPE THREE 1 (ATT1), BODYGUARD (BDG), DEFECTIVE IN CUTICULAR RIDGES (DCR), LONG-CHAIN ACYL-COA SYNTHETASE 2 (LACS2), GLYCEROL-3-PHOSPHATE SN-2- ACYLTRANSFERASE 4/8 (GPAT4/8
) and FATTY ACYL-ACP THIOESTERASES B (FATB) [START_REF] Molina | Deposition and localization of lipid polyester in developing seeds of Brassica napus and Arabidopsis thaliana[END_REF][START_REF] Panikashvili | The Arabidopsis DCR Encoding a Soluble BAHD Acyltransferase Is Required for Cutin Polyester Formation and Seed Hydration Properties[END_REF][START_REF] Schnurr | The Acyl-CoA Synthetase Encoded by LACS2 Is Essential for Normal Cuticle Development in Arabidopsis[END_REF][START_REF] Li | Identification of acyltransferases required for cutin biosynthesis and production of cutin with suberin-like monomers[END_REF][START_REF] Kurdyukov | The Epidermis-Specific Extracellular BODYGUARD Controls Cuticle Development and Morphogenesis in Arabidopsis[END_REF].

Other genes, such as CER6 and 3-KETOACYL-COA SYNTHASE 1 (KCS1), are involved in VLCFA biosynthesis, while ECERIFERUM 1 (CER1) is required for waxes (i.e. alkanes) production [START_REF] Millar | CUT1, an Arabidopsis Gene Required for Cuticular Wax Biosynthesis and Pollen Fertility, Encodes a Very-Long-Chain Fatty Acid Condensing Enzyme[END_REF][START_REF] Todd | KCS1 encodes a fatty acid elongase 3ketoacyl-CoA synthase affecting wax biosynthesis in Arabidopsis thaliana[END_REF][START_REF] Bernard | Arabidopsis cuticular waxes: Advances in synthesis, export and regulation[END_REF]. Besides, WHITE-BROWN COMPLEX HOMOLOG PROTEIN 11 (WBC11) and CER5, encode ABC transporters that play a role in the apoplastic export of cutin and wax monomers, respectively [START_REF] Pighin | Plant cuticular lipid export requires an ABC transporter[END_REF][START_REF] Ukitsu | Cytological and biochemical analysis of COF1, an Arabidopsis mutant of an ABC transporter gene[END_REF]. Finally, a handful of transcription factors were shown to tightly regulate cutin and wax biosynthesis. For instance, among AP2/EREBP family members, WRINKLED (WRI) 1, 3 and 4, and SHINE (SHN)/WAX INDUCER (WIN) 1, 2 and 3 positively regulate cutin accumulation [START_REF] To | WRINKLED Transcription Factors Orchestrate Tissue-Speci fi c Regulation of Fatty Acid Biosynthesis in Arabidopsis[END_REF][START_REF] Kannangara | The Transcription Factor WIN1/SHN1 Regulates Cutin Biosynthesis in Arabidopsis thaliana[END_REF]Oshima et al., 2013), whilst DEWAX 1 and 2 repress wax biosynthesis [START_REF] Go | Arabidopsis Cuticular Wax Biosynthesis Is Negatively Regulated by the DEWAX Gene Encoding an AP2/ERF-Type Transcription Factor[END_REF][START_REF] Kim | DEWAX2 Transcription Factor Negatively Regulates Cuticular Wax Biosynthesis in Arabidopsis Leaves[END_REF]. Several MYB transcription factors, such as MYB16, MYB30, MYB94, MYB96 and MYB106, also play crucial roles in these processes [START_REF] Lee | MYB94 and MYB96 additively activate cuticular wax biosynthesis in Arabidopsis[END_REF]Oshima and Mitsuda, 2013;[START_REF] Raffaele | A MYB Transcription Factor Regulates Very-Long-Chain Fatty Acid Biosynthesis for Activation of the Hypersensitive Cell Death Response in Arabidopsis[END_REF]Oshima et al., 2013). In particular, MYB30 was shown to regulate genes involved in wax as well as cutin biosynthesis [START_REF] Raffaele | A MYB Transcription Factor Regulates Very-Long-Chain Fatty Acid Biosynthesis for Activation of the Hypersensitive Cell Death Response in Arabidopsis[END_REF].

Apoplastic barriers have been speculated to play a crucial role in seed development. In angiosperms, seeds are composed of three genetically distinct components: embryo, endosperm, maternal tissues (encompassing funiculus, chalaza, nucellus and seed coat) [START_REF] Ingram | Family life at close quarters: communication and constraint in angiosperm seed development[END_REF]. To achieve proper seed development, from fertilization to maturation, maternal tissues and fertilization products need to grow in a coordinated fashion by constantly communicating through molecular and mechanical signaling [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF][START_REF] Ingram | Family life at close quarters: communication and constraint in angiosperm seed development[END_REF][START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. The interfaces that separate these different seed components might therefore play a role in such delicate tissue cross-talk. The embryo cuticle resembles the one covering aerial tissues and acts as a first interface between embryo and endosperm, in addition to the embryo sheath [START_REF] Xing | ZHOUPI controls embryonic cuticle formation via a signalling pathway involving the subtilisin protease ABNORMAL LEAF-SHAPE1 and the receptor kinases GASSHO1 and GASSHO2[END_REF][START_REF] Moussu | ZHOUPI and KERBEROS Mediate Embryo/Endosperm Separation by Promoting the Formation of an Extra-Cuticular Sheath at the Embryo Surface[END_REF].

Moreover, other apoplastic barriers were reported in seed maternal tissues. Creff and coworkers showed a discontinuous electron-dense apoplastic layer in between inner and outer integuments in developing seeds [START_REF] Creff | A mechanically sensitive cell layer regulates the physical properties of the Arabidopsis seed coat[END_REF]. It was also shown that suberin seals the hilum of mature Arabidopsis seeds [START_REF] Beisson | The Acyltransferase GPAT5 Is Required for the Synthesis of Suberin in Seed Coat and Root of Arabidopsis[END_REF][START_REF] Debolt | Mutations in UDP-Glucose:Sterol Glucosyltransferase in Arabidopsis Cause Transparent Testa Phenotype and Suberization Defect in Seeds[END_REF]. Finally, several studies have reported an electron-dense lipid apoplastic barrier at the interface between the endosperm and the seed coat, in developing seeds as well as in mature seeds [START_REF] Beeckman | Histological Study of Seed Coat Development in Arabidopsis thaliana[END_REF][START_REF] Debolt | Mutations in UDP-Glucose:Sterol Glucosyltransferase in Arabidopsis Cause Transparent Testa Phenotype and Suberization Defect in Seeds[END_REF][START_REF] De Giorgi | An Endosperm-Associated Cuticle Is Required for Arabidopsis Seed Viability, Dormancy and Early Control of Germination[END_REF][START_REF] Loubéry | A maternallydeposited endosperm cuticle contributes to the physiological defects of transparent testa seeds[END_REF].

The role of the apoplastic barrier in between the seed coat and the endosperm is of special interest as both tissues drive seed growth after fertilization [START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF][START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF][START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. The Arabidopsis seed coat comprises an inner and an outer integument [START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF]. Integuments originate from the ovule chalazal tissue as primordia. Later on, both integuments grow by anticlinal cell divisions to progressively surround the nucellus. Interestingly, the adaxial cell layer of the inner integument, termed inner integument 1 (ii1) or endothelium, finds itself enclosed at the very inside of the ovule, in spite of being of dermal origin. After fertilization, the endosperm triggers integument growth and differentiation into the seed coat [START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF][START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. Genetic screens have been carried out for mutant seeds deficient in proanthocyanidin (PA) accumulation, a hallmark of endothelium differentiation [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF], and revealed TT16 and TT1, both expressed in the endothelium, as positive regulators of endothelium development and differentiation. TT16 encodes a MADS-Box transcription factor necessary for proper polar development and cell architecture of the endothelium and its adjacent parenchymatic cell layer, the ii1' [START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF][START_REF] Fiume | Growth of the Arabidopsis sub-epidermal integument cell layers might require an endosperm signal[END_REF][START_REF] Ehlers | The MADS box genes ABS, SHP1, and SHP2 are essential for the coordination of cell divisions in ovule and Seed coat development and for endosperm formation in Arabidopsis thaliana[END_REF][START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF]. Furthermore, TT16 promotes nucellus degeneration after fertilization [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. TT1, which encodes a WIP zinc-finger transcription factor, has also been shown to affect endothelium cell shape but its function in seed coat development remains elusive [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF]. Despite recent advances in the study of endothelium development, little is known on the composition, regulation and deposition pattern of the apoplastic barrier covering the endothelium.

Here, we present a thorough analysis of the maternal apoplastic barriers in Arabidopsis ovules and seeds. Our results indicate the presence of apoplastic lipid layers surrounding the integuments and the nucellus. We show that the apoplastic barrier in between the endothelium and the endosperm is mainly composed of cutin and that de novo cutin deposition occurs after fertilization under the control of the FIS Polycomb group repressive mechanism. Furthermore, we show that TT16 and TT1 act maternally to promote its deposition and regulate the expression of key genes involved in cuticle biosynthesis. Finally, our findings demonstrate that such an apoplastic barrier is of maternal origin and suggest a role in proper embryo development. 

Results

Deposition of apoplastic lipid barriers in wild type ovule and seed maternal tissues

Arabidopsis seeds displayed a birefringent layer in between the seed coat and the endosperm when analyzed using Differential Interference Contrast (DIC) microscopy 

De novo deposition of cutin in the IAB after fertilization

The sizeable increase in IAB surface following fertilization raises the question of de novo IAB deposition during seed development. To test this hypothesis, we compared the fatty acyl composition of wild type ovules at 0 DAF and seeds (4 DAF and 8 DAF) by Gas Chromatography-Mass Spectrometry (GC-MS). At 4 DAF, the embryo cuticle is not fully formed yet [START_REF] Ingram | The roles of the cuticle in plant development: Organ adhesions and beyond[END_REF], thus allowing us to test the lipid composition of the seed coat apoplastic barriers. We observed significant changes in the composition of several compounds (fatty acids, VLCFAs and 2-hydroxy acids of sphingolipids) associated with cell membranes (Figure III-2). Nonetheless, we did not detect VLCFA derivatives. The relative content of C18:2 DCA was increased by more than 2.6 folds from 0 to 4 DAF, and more than 3.7 folds from 0 to 8 DAF (Figure III-2A). Given that C18:2 DCA is considered a good marker of We then aimed at determining whether seed cutin deposition is associated with changes in gene expression. To this end, we chose a set of cutin-related genes, predicted to be expressed in the seed coat according to Belmonte and coworkers' microarray data [START_REF] Belmonte | Comprehensive developmental profiles of gene activity in regions and subregions of the Arabidopsis seed[END_REF], and compared their expression levels by RT-qPCR in ovules ( 0 [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. The expression of ATT1, GPAT4, BDG, LACS2, DCR and WBC11 cutin-related genes increased from 1.9 to 6.4 folds in fertilized seeds compared to unfertilized ovules.

The activity of the ATT1 promoter region in seed has been shown to be endotheliumspecific [START_REF] Molina | Deposition and localization of lipid polyester in developing seeds of Brassica napus and Arabidopsis thaliana[END_REF]. To better characterize ATT1 expression pattern and correlate it to our expression data, we thoroughly analyzed the activity of the ATT1 promoter region fused to YFP in ovules and seeds. In mature ovules, fluorescence was barely detectable in a small region of the endothelium near the micropyle . By contrast, a stronger signal was observed in the endothelium after fertilization, confirming our RT-qPCR expression analyses . Fluorescence was first localized in the distal region of the endothelium, and then expanded to the whole endothelium. The activity pattern of the ATT1 promoter region strongly suggests that the raise in C18:2 DCA observed after fertilization is the result of de novo cutin deposition in the IAB, likely occurring in a distal-proximal manner.

Since MYB30 is involved in both cutin and VLCFA deposition and is expressed in the seed coat [START_REF] Belmonte | Comprehensive developmental profiles of gene activity in regions and subregions of the Arabidopsis seed[END_REF], we characterized its expression pattern before and after fertilization. We created a marker line carrying MYB30 2.1kb promoter region and coding sequence, translationally fused to uidA (encoding the β-glucuronidase protein, GUS). Whereas 

TT1 is specifically expressed in sporophytic maternal tissues

We have previously shown TT16 specific expression in the endothelium, the ii1' cell layer and the nucellus using promoter-gene-uidA and GFP marker lines, as well as RNA in situ hybridization analyses [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]. To confirm that TT1 is also specifically expressed in seed maternal tissues, we transcriptionally fused the 1.1 kb TT1 promoter region to the NTF tag sequence, coding for a GFP-containing chimeric protein that binds to the nuclear membrane (ProTT1:NTF) (Figure III-6) [START_REF] Deal | The INTACT method for cell typeg-specific gene expression and chromatin profiling in Arabidopsis thaliana[END_REF]. 

TT16 cell and non-cell autonomous effects

We have previously shown that TT16 expression in the ii, under the control of the TT1 1.1 kb promoter region, complemented tt16 phenotypes in the nucellus and the ii1' cell layer [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]. By contrast, we observed partial complementation of the ii1' cell layer phenotype when TT16 was expressed in the nucellus and the first two or three most proximal cells of the endothelium under the control of its own 1.6 kb promoter region [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. These data indicate that TT16 works both cell and non-cell autonomously. To 

The fertilization of the central cell is sufficient for de novo IAB deposition

It has been shown that the fertilization of the central cell triggers endothelium growth and differentiation, with no apparent contribution of the embryo [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF].

To test whether de novo IAB deposition, as part of the development program of the endothelium, is also triggered by endosperm development, we analyzed kp) mutant seeds . The kpl mutant is affected in pollen spermatic cell development and characterized by a percentage of random single-fertilization events, thus producing seeds carrying either the endosperm or the embryo [START_REF] Ron | Proper regulation of a sperm-specific cis-nat-siRNA is essential for double fertilization in Arabidopsis[END_REF]. Whereas kpl embryo-only seeds fail to develop any further, endosperm-only seeds undergo cell expansion and produce PAs [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. Similarly, the IAB of kpl endosperm-only seeds was undistinguishable from that of wild type seeds after auramine O staining, suggesting that central cell fertilization is sufficient for correct IAB deposition ( An endosperm signal is thought to relieve the repressive mechanism mediated by FIS PcG proteins, which prevent the fertilization-independent development of ovules [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. Among FIS PcG proteins, FIE and MSI1 act sporophytically to repress integument differentiation in ovules [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. FIE and MSI1 are haploinsufficient and a fraction of fie/+ and msi1/+ ovules develop into large autonomous seeds without any fertilization. The endothelium of such autonomously-developed seeds undergoes cell expansion and produces PAs [START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF] 

Impaired IAB deposition affects embryo development in tt16 seeds

It was previously shown that defective embryo cuticle formation can lead to the adhesion of the embryo to the adjacent endosperm cells and impair its development [START_REF] Yang | The endosperm-specific ZHOUPI gene of Arabidopsis thaliana regulates endosperm breakdown and embryonic epidermal development[END_REF][START_REF] Xing | ZHOUPI controls embryonic cuticle formation via a signalling pathway involving the subtilisin protease ABNORMAL LEAF-SHAPE1 and the receptor kinases GASSHO1 and GASSHO2[END_REF][START_REF] Fiume | TWS1, a Novel Small Protein, Regulates Various Aspects of Seed and Plant Development[END_REF]. To test whether lack of IAB deposition can similarly affect the development of the fertilization products, we analyzed wild type and tt16 seeds at late torpedo and early bent cotyledon embryo stages using the modified pseudo-Schiff propidium iodide (mPS-PI) imaging technique (Figure III-10) [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. In all analyzed wild type seeds, embryos developed alongside the seed coat from the micropyle toward the chalaza ( [START_REF] Creff | A mechanically sensitive cell layer regulates the physical properties of the Arabidopsis seed coat[END_REF]. Furthermore, we investigated IAB composition by GC-MS, comparing wild type to mutants affected in IAB deposition. We did not detect VLCFA derivatives, typical of waxes, in our analysis (Figure III-2A and Figure III-4). An explanation could be that only a low amount of wax, below our threshold detection, is deposited. Alternatively, wax deposition might occur only after torpedo embryo stage of seed development. Wax might also be a unique feature of cuticles that are in direct contact with the outside environment, and be unnecessary or Finally, ATT1, a gene encoding a key enzyme in the biosynthetis of cutin and critical for C18:2 DCA deposition [START_REF] Molina | Deposition and localization of lipid polyester in developing seeds of Brassica napus and Arabidopsis thaliana[END_REF], exhibited an endothelium-specific expression in seeds (Figure . This result suggests that C18:2 DCA is specifically produced in the endothelium in the early steps of seed development. Besides, the IAB structure, as observed by TEM, resembled that of many cutin layers studied to date (Figure III-1K to 1P), exception made for the absence of an epicuticular wax layer, and differed from that of usual suberin layers [START_REF] Franke | Apoplastic polyesters in Arabidopsis surface tissues -A typical suberin and a particular cutin[END_REF][START_REF] Nawrath | Apoplastic Diffusion Barriers in Arabidopsis[END_REF]. Overall, these findings show that the seed IAB is an internal apoplastic barrier made of cutin, and with no or little intracuticular waxes. [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. Altogether, these data demonstrate that fertilization triggers de novo cutin deposition in the IAB.

De novo IAB deposition following fertilization

It has been previously demonstrated that central cell fertilization drives seed coat growth and differentiation [START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF][START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. In line with this study, kpl endosperm-only seeds displayed the same auramine O staining and ATT1 expression pattern 

TT16 and TT1 promote IAB deposition

TT16 and TT1 are regulators of integument development and promote PA accumulation in the endothelium [START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]. Our study revealed that TT16 and TT1 also play an essential role in IAB deposition [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]. We showed that TT16 and, to a lesser extent, TT1 promote IAB deposition already before fertilization. After fertilization, we observed differences in IAB deposition between tt16 and tt1 mutations along the seed proximal-distal axis. Importantly, both mutations showed a strong phenotype along the seed curving zone. This might be due to the stretching of the IAB in the seed region that undergoes the most dramatic cell elongation, concomitantly with a reduced or absent de novo IAB deposition in both mutant seeds. Furthermore, we observed a strong reduction in C18:2 DCA content in tt16 and tt1 seeds, compared to wild type. In line with these results, the expression of several genes involved in cutin biosynthesis was significantly reduced in both mutant lines. Overall, these data indicate that TT16 and TT1 positively regulate the deposition of cutin in the IAB .

IAB maternal origin

It has been previously suggested that the IAB of mature seeds is deposited by the endosperm [START_REF] De Giorgi | An Endosperm-Associated Cuticle Is Required for Arabidopsis Seed Viability, Dormancy and Early Control of Germination[END_REF]. However, a recent study challenged such interpretation and proposed its origin from maternal tissues [START_REF] Loubéry | A maternallydeposited endosperm cuticle contributes to the physiological defects of transparent testa seeds[END_REF]. Microarray analyses performed by Belmonte and coworkers support the latter conclusion [START_REF] Belmonte | Comprehensive developmental profiles of gene activity in regions and subregions of the Arabidopsis seed[END_REF] as they show that a large set of genes involved in cuticle deposition are more expressed in the seed coat than in the endosperm [START_REF] Belmonte | Comprehensive developmental profiles of gene activity in regions and subregions of the Arabidopsis seed[END_REF][START_REF] Ingram | The roles of the cuticle in plant development: Organ adhesions and beyond[END_REF]. We also gathered data in favor of the IAB maternal origin. First, we detected an IAB on ovule integuments and nucellus till fertilization. Besides, ATT1, a key gene in cutin biosynthesis, was specifically expressed in the endothelium. Finally, TT16 and TT1 were both expressed in maternal tissues and acted maternally to induce IAB deposition . Although some contribution from the endosperm cannot be excluded, these results demonstrate that the IAB is produced by the endothelium to a wide extent. 

Transcriptional regulation of IAB deposition

MYB30 and members of the WRINKLED transcription factor family act upstream of cutin-related genes [START_REF] Raffaele | A MYB Transcription Factor Regulates Very-Long-Chain Fatty Acid Biosynthesis for Activation of the Hypersensitive Cell Death Response in Arabidopsis[END_REF][START_REF] To | WRINKLED Transcription Factors Orchestrate Tissue-Speci fi c Regulation of Fatty Acid Biosynthesis in Arabidopsis[END_REF] and are strongly expressed in the Arabidopsis seed coat [START_REF] Belmonte | Comprehensive developmental profiles of gene activity in regions and subregions of the Arabidopsis seed[END_REF], thus being putative candidate regulators of IAB deposition. Nevertheless, IAB deposition was not affected by myb30 or wri1;wri3;wri4 mutations. On the other hand, WRI3 and WRI4 expression was depleted in both tt16 and tt1 seeds, as did the expression of MYB30 in tt16. In addition, we detected ProMYB30:gMYB30-uidA activity in the endothelium of wild type but not tt16 seeds. tt16 IAB phenotype could not be complemented by MYB30 overexpression, possibly due to the previously reported tight post-translational regulation of MYB30 [START_REF] Froidure | Expression of the Arabidopsis transcription factor AtMYB30 is post-transcriptionally regulated[END_REF][START_REF] Marino | Arabidopsis ubiquitin ligase MIEL1 mediates degradation of the transcription factor MYB30 weakening plant defence[END_REF] or to genetic redundancy. Taken together, these results strongly suggest that IAB deposition is controlled by multiple transcriptional regulators that act downstream of TT16 and TT1 (Figure .

IAB physiological function

De Giorgi and coworkers demonstrated that IAB deposition in mature seeds has an impact on seed permeability, water uptake, and testa rupture following imbibition [START_REF] De Giorgi | An Endosperm-Associated Cuticle Is Required for Arabidopsis Seed Viability, Dormancy and Early Control of Germination[END_REF]. Their model proposes that the IAB acts as a waterproof barrier, isolating the endosperm and the embryo from water and dioxygen. This would prevent production of reactive oxygen species, thus delaying dormancy breakdown and seed aging [START_REF] De Giorgi | An Endosperm-Associated Cuticle Is Required for Arabidopsis Seed Viability, Dormancy and Early Control of Germination[END_REF]. In line with this interpretation, we never detected gaps along the IAB, neither with auramine O staining nor in TEM. Nonetheless, further analyses on IAB permeability have to be conducted to better understand its role as diffusion barrier to nutrients, hormones and other solutes speculated to be exchanged between seed coat and nucellus or endosperm. Interestingly, we observed lack of auramine O staining in the distal micropylar region of wild type ovules and seeds (Figure III-1), as previously described in mature seeds [START_REF] Loubéry | A maternallydeposited endosperm cuticle contributes to the physiological defects of transparent testa seeds[END_REF]. The absence of IAB in the distal micropylar region suggests that this region might be adapted to signal exchange. One might indeed assume that the transfer of specific fertilization signals from the newly formed endosperm to the integuments occurs in this area. In line with this hypothesis, ATT1 and MYB30 promoters displayed activity patterns similar to that of BANYULS, a key gene in PA biosynthesis, starting in the distal region and then spreading to more proximal regions of the endothelium [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. One of the crucial functions of cuticles is to prevent the fusion of tissues developing side by side [START_REF] Ingram | The roles of the cuticle in plant development: Organ adhesions and beyond[END_REF]. A fraction of tt16 seeds displayed twisted embryos with the cotyledons apparently attached to the seed coat. Such a phenotype is reminiscent of mutants defective in embryo cuticle formation (Tsuwamoto et al., 2008[START_REF] Yang | The endosperm-specific ZHOUPI gene of Arabidopsis thaliana regulates endosperm breakdown and embryonic epidermal development[END_REF].

TT16 expression pattern and sporophytic maternal action strongly suggest that the tt16 embryo phenotype is due to defects in the seed coat and not zygotic developmental programs.

We therefore hypothesize that an essential function of the IAB is to ensure correct sliding of the developing embryo along the seed coat. Similarly, the MAB might allow independent growth of ii and oi during early ovule development. Its later disappearance might instead facilitate the fusion of both integuments in a more compact seed coat.

Materials and Methods

Plant Material

Arabidopsis thaliana plants of ecotype Columbia (Col-0) or Wassilewskija (Ws-2) were used as wild type controls as appropriate. The tt16-1 mutant was isolated in the Ws-2 accession and then backcrossed to the Col-0 accession more than three times [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF]Xu et al., 2016). tt1-3, ttg2-3, myb30-1, dewax, wri1-4;wri3-1;wri4-1, wri1-4;wri3-1;wri4-3, fie-12/+ and msi1-1/+ mutants are in the Col-0 accession [START_REF] Appelhagen | Weird fingers: Functional analysis of WIP domain proteins[END_REF][START_REF] To | WRINKLED Transcription Factors Orchestrate Tissue-Speci fi c Regulation of Fatty Acid Biosynthesis in Arabidopsis[END_REF][START_REF] Dilkes | The maternally expressed WRKY transcription factor TTG2 controls lethality in interploidy crosses of Arabidopsis[END_REF][START_REF] Go | Arabidopsis Cuticular Wax Biosynthesis Is Negatively Regulated by the DEWAX Gene Encoding an AP2/ERF-Type Transcription Factor[END_REF][START_REF] Roszak | Polycomb group proteins are required to couple seed coat initiation to fertilization[END_REF]. kpl-1, tt16-2 and tt1-4 mutants are in the Ws-2 accession [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Brunaud | T-DNA integration into the Arabidopsis genome depends on sequences of pre-insertion sites.pdf[END_REF][START_REF] Ron | Proper regulation of a sperm-specific cis-nat-siRNA is essential for double fertilization in Arabidopsis[END_REF]. The ttg1-1 mutant is in the Ler accession [START_REF] Baudry | TT8 controls its own expression in a feedback regulation involving TTG1 and homologous MYB and bHLH factors, allowing a strong and cellspecific accumulation of flavonoids in Arabidopsis thaliana[END_REF]. 1.1ProTT1:gTT16;tt16-1 and 1.6ProTT16:gTT16;tt16-1 lines are in the Ws-2 accession [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. 1.1ProTT1:NTF, Pro35S:cMYB30;tt16-1, ProMYB30:gMYB30-uidA and ProMYB30:gMYB30-uidA;tt16-1 are in the Col-0 accession. Pro35S:cDEWAX lines are in the Col-0 accession [START_REF] Go | Arabidopsis Cuticular Wax Biosynthesis Is Negatively Regulated by the DEWAX Gene Encoding an AP2/ERF-Type Transcription Factor[END_REF]. Unless noted, tt16 and tt1 refer to tt16-1 and tt1-3 respectively, and Col was used as wild type.

Days after flowering (DAF) were counted starting from the emergence of the pistil from closed flowers; 0 DAF equals stage 3-V of ovule development [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF].

Emasculation was performed at 0 DAF.

Cloning and Construction

The NTF sequence was PCR amplified from pMDC107-NTF [START_REF] Magnani | Profiling the onset of somatic embryogenesis in Arabidopsis[END_REF], cMYB30 was PCR amplified from cDNA of Col-0 siliques, whereas ProTT1 and ProMYB30:gMYB30 were PCR amplified from Col-0 genomic DNA. All PCR products were amplified by high-fidelity Phusion DNA polymerase (Thermo Fisher Scientific). PCR amplifications of NTF, cMYB30 and ProMYB30:gMYB30 were performed using the genespecific primers described in Supplemental Table 1, carrying the attB1 (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3') and attB2

(5'-GGGGACCACTTTGTACAAGAAAGCTGGGTC-3') Gateway recombination sites at the 5'-ends of the forward and reverse primers, respectively. The PCR products were recombined into the pDONR207 vector (BP Gateway recombination) according to the manufacturer's instructions (Thermo Fisher Scientific), and sequenced.

For the construction of the pGWB2-ProTT1 destination vector, Pro35S was removed from pGWB2 by digestion with HindIII High Fidelity and XbaI restriction enzymes (New England Biolabs). PCR amplification of ProTT1 was performed using the gene-specific primers described in Supplemental Table 1, carrying 15 bp tails at their 5'ends matching digested pGWB2 overhangs. The digested plasmid and the PCR product were spin-column purified after electrophoresis and extraction of the corresponding bands. ProTT1 was cloned into digested pGWB2 using InFusion HD Cloning Kit, according to the manufacturer's instructions (Clontech). Cloning of NTF into pGWB2-ProTT1, cMYB30 into pMDC32, and ProMYB30:gMYB30 into pGWB3 were performed by LR recombination according to the manufacturer's instructions (Thermo Fisher Scientific).

Transgenic Plants

The Agrobacterium tumefaciens strain C58C1 was used to stably transform Arabidopsis plants using the floral dip method (Clough and Bent, 1998). Transformants were selected on MS medium containing hygromycin (50 mg L -1 ) and subsequently transferred to soil for further characterization.

RNA extraction

Ovules and seeds used for total RNA extraction were frozen in liquid nitrogen immediately after harvest and stored at -80°C prior to extraction. Four independent biological samples were used for each analysis. Each replicate comprised the content in ovules/seeds of 10 to 15 pistil/siliques. Total RNA was extracted using the RNeasy Mini kit (Qiagen), including

RNase-Free DNase Set (Qiagen) treatment during washing, according to the manufacturer's instructions, and subsequently stored at -80°C.

Expression analysis

The Superscript Reverse Transcriptase II kit (Invitrogen) was used to generate cDNA from 1 µg of total RNA. Each cDNA sample was diluted 1:125 in water. Quantitative PCRs were performed with the SYBR Green kit (Bio-Rad) on a Bio-Rad CFX real-time PCR machine. For each reaction, 4.4 µL of diluted cDNA were added to 5 µl of SYBR Green and to 0.3 µl of each primer (10 µM) (Supplemental Table 1). Expression levels were first normalized by the geometrical mean of the expression levels of the 4 reference genes chosen (GAPDH, AT4G12590, AT4G02080 and AT3G25800; [START_REF] Dekkers | Identification of reference genes for RT-qPCR expression analysis in arabidopsis and tomato seeds[END_REF], and subsequently normalized by the expression level of the adequate control. Means and standard deviations were calculated from the values obtained for the 4 independent biological samples.

Biochemical analysis

Pistils were dissected and ovules and seeds were collected and placed in glass vials on ice. Samples were subsequently stored at -80°C for several days and lyophilized. Analysis of total seed lipid content was performed without delipidation. Following steps were performed as previously described [START_REF] Delude | Primary Fatty Alcohols Are Major Components of Suberized Root Tissues of Arabidopsis in the Form of Alkyl Hydroxycinnamates[END_REF]. Two independent biological samples were considered (three for wild type at 4 DAF), each one comprising the seed content of 10 to 15 pistils/siliques. Concerning the additional GC-MS analysis in Supplemental Figure III-7, samples were kept at -80°C without lyophilization and 6 independent biological samples were used for both wild type and tt16 seeds.

After polymerisation (48h at 56°C), the epon layer was removed from the slide.

Selected ovules and seeds were cut out and stuck on the top of Beem capsules (EMS) pre-filled with epon. Semi-thin sections (500 nm) were collected and colored with azure II/methylene blue to check tissue integrity before thin sections. Thin sections (70 nm) were collected onto either 125/200 mesh copper grids or slot grids and counter-stained with lead citrate.

RNA in situ hybridizations

TT1 and HIS4 antisense probes were PCR amplified by high-fidelity Phusion DNA polymerase (Thermo Fisher Scientific) using forward and reverse primers listed in Supplemental Table 1. Probe purification was performed as previously described [START_REF] Wu | RNA In Situ Hybridization in Arabidopsis[END_REF].

After harvest, septums were immediately immersed in a fresh fixative solution (solution n°3, Supplemental Table 1), vacuumed 4 times, immersed in a new fresh fixative solution (solution n°3, Supplemental Table 1) and incubated overnight at 4°C. Samples were then gradually dehydrated in ethanol series (10%, 30%, 50%, 70%, 96%) and incubated overnight in ethanol 96% with eosin (Sigma, 0.1%). They were immersed three times in ethanol 100% for 2h, subsequently treated with a ethanol/histoclear (National Diagnostics) series of 2:1, 1:1 and 1:2 (1h each time), transferred to three consecutive baths of pure histoclear (20min each), then to a mix of histoclear and paraffin 1:1 for 1h at 59°C, and followed by pure paraffin overnight at 59°C. Samples were transferred to a second paraffin medium for 3h at 59°C, to a third one at 59°C overnight, finally included in molds in fresh paraffin and stored at 4°C before cutting. 8 µm sections were performed using a carbon blade on a Leica RM2055 microtome and subsequently placed on slides, previously covered with water drops, at 37°C overnight to help loosening. After water evaporation, slides were stored at 4°C for.

Slides were immersed into two baths of pure histoclear (10 min and 15 min respectively), then in 100% ethanol (1 min), subsequently rehydrated in decreasing ethanol series (100%, 96%, 85% + 0.42% Nacl, 70% + 0.85% NaCl, 50% + 0.85% Nacl, 30% + 0.85% Nacl)

for 30 sec each, and finally immersed in 0.85% Nacl for 2 min. Samples were then consecutively transferred to PBS (2 min), to a proteinase K solution (solution n°4, Supplemental Table 1, 10 min at 37°C), to a glycine 0.2% solution in PBS (2 min), to an acetic anhydride/triethanolamine-HCL solution (solution n°5, Supplemental Table 1), and eventually to a new PBS solution (2 min). Drops of prehybrization buffer (solution n°6, Supplemental Table 1) were deposited on slides and incubation was performed at hybridization temperature for 1h30. The RNA probes were added to the hybridization buffer (solution n°7, Supplemental Excitation and signal reception were set as previously described [START_REF] Buda | Three-dimensional imaging of plant cuticle architecture using confocal scanning laser microscopy[END_REF][START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]. RNA in situ hybridization samples and ProMYB30:gMYB30-uidA lines were analyzed in DIC microscopy with an Axioplan 2 microscope (Zeiss). For TEM, samples were examined with Hitachi HT7700 electron microscope operated at 80 kV (Elexience -France), and images were acquired with a charge-coupled device camera (AMT). 

Supplemental

Supplemental Table 1: Primers used

Cloning 

pTT1 in pGWB2 pGWB2-pTT1-F TGATTACGCCAAGCTATACAGTATATTAGAAGTAATACTTG pGWB2-TT1bfATG-R TGTTGATAACTCTAGTGAATGTGGTGAATAGTTGTTGG NTF in pDONR207 B1-NTF-F GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGGATCATTCAGCGAAAACCACAC B2-NTF-R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGATCCACCAGTATCCTCATGC cMYB30 in pDONR207 B1-cMYB30-F GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGTGAGGCCTCCTTGTTGT B2-cMYB30-R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAGAAGAAATTAGTGTTTTCATCC pMYB30:gMYB30 in pDONR207 B2-pMYB30-F2 GGGGACCACTTTGTACAAGAAAGCTGGGTCGAAGAAATTAGTGTTTTCATCC B2- MYB30nostop-R GGGGACCACTTTGTACAAGAAAGCTGGGTCGAAGAAATTAGTGTTTTCATCCAATAG qRT-PCR Reference genes GAPDH-Q-F GGTACGACAACGAATGGGGT GAPDH-Q-R TGACTGCGCATGGAATCAGT AT3G25800-Q- F AATCGGTTGTGGAGAAGACG AT3G25800-Q- R GCGAAAAACCTGACATCAACAT AT4G02080-Q- F GCTGTGTTATTATTAAGCCGTAAG AT4G02080-Q- R AAAGCTAGGTACGGTTTAAGAC AT4G12590-Q- F GAGATGAAAATGCCATTGATGAC AT4G12590-Q- R GCACCCAGACTCTTTGATG Target genes ATT1-Q-F CGTGTTCCATGACTTCCTCG ATT1-Q-R AGAATTGGACAAAACCGGAGC BDG-Q-F GTTAAACACCCAGGAGCCATC BDG-Q-R GACTGACTGTGCGGCTAATG DCR-Q-F AGCCCAATCCATCTCGACTC DCR-Q-R CGCCAGATGTGTGATGTCAG GPAT4-Q-F TCATCTCCTTCGCCGGTATC GPAT4-Q-R CGCAGTCACCACTACTTTCC FATB-Q-F CGTTCTGACATGCTGGTGG FATB-Q-R AACCCATCTCCAAGCAATCC LACS2-Q-F GCAGCAATTTCGGTCCAGG LACS2-Q-R ACGCCAGTATCCAACAGAGG WBC11-Q-F GCAAGCAGACAACAAACCAC WBC11-Q-R CACCGTCAGATCTTGCCAC WRI1-Q-F2 ACAACAATGAGCTGGCTTGG WRI1-Q-R2 AAGAAGAAGAGGGTGGGCTC WRI3-Q-F2 GCCGTTATCTGAAACTCCCG WRI3-Q-R2 ACCTCCTCTGCCACTAAAGG WRI4-Q-F3 GGCAAAAGTCTCTGGGAGGA WRI4-Q-R3 CGTTGAAGAGGAGCGTTTCG CER1-Q-F GCTACCATTCCCACCACCAC CER1-Q-R AGTTGCAGTGTCCCATGTTG CER5-Q-F GACACCAGCTACATCAGATCC CER5-Q-R AGCTGCTTAAACCACGTCG CER6-Q-F CCCTCAAGGCAAACATCACC CER6-Q-R GGACGTGAGGAAGAGAAGTTG KCS1-Q-F GTTTTGACCCTCTACGTGGC KCS1-Q-R TTTGCTGGAACTGAACCGTG MYB30-Q-F4 CGCTCTCATCTTCACCATCG MYB30-Q-R4 TCAGCAGAGGAAGACGTTGT MYB96-Q-F2 CCACAACCACCACTACAAGC MYB96-Q-R2 TCCACCTTCTTCCGAGACTG DEWAX-Q-F CCGAAACTGGAACCTAGTTCA DEWAX-Q-R TTCTTTGCCGGATCTCGAATC RNA in situ hybridization AntiTT1-F ATGGAGTCACCACCACTATA T7- AntiTT1-R TGTAATACGACTCACTATAGGGCGCATA CATGGCAAGAAAAAT AntiHis4-F CATCTCAATCTCAATTAAATCTT T7- AntiHis4-R TGTAATACGACTCACTATAGGGCATACTA AACAAGCATCGAGAAACT

Supplemental Table 3: Student's test in GC-MS analyses

Introduction

Endothelium development and its genetic regulation are of special interest as they establish competence to PA deposition. Endothelium competence as a PA biosynthetic site was previously reported to be driven by fertilization and controlled by a handful of TT transcription factors [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF][START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. In particular, TT1, TT16 and TTG2 play important roles in inner integument development, as shown by the reported phenotypes in their respective mutant backgrounds [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat Development Gene of Arabidopsis, Encodes a WRKY Transcription Factor[END_REF]. The endothelium of tt16 and tt1 mutant seeds display impaired PA deposition and inner apoplastic barrier formation as well as abnormal cell shape. In the ii1' cell layer, TT16 has been shown to control not only cell shape and developmental patterning (Coen et al., 2017), but also deposition of arabinogalactan proteins in the cell wall, suggesting that TT16 controls ii1' cell identity as well [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. Finally, TTG2 regulates endothelium cell length [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF] and PA deposition.

The effect of TT16, TT1 and TTG2 on TT8 expression has already been thoroughly studied, through promoter activity experiments [START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF]. TT2 acts as another major player in PA cell-specific biosynthesis, since loss of function of TT2 suppresses BAN expression and overexpression of TT2 alone is sufficient to drive ectopic BAN expression [START_REF] Nesi | The Arabidopsis TT2 gene encodes an R2R3 MYB domain protein that acts as a key determinant for proanthocyanidin accumulation in developing seed[END_REF][START_REF] Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF]. However, although TT2 overexpression partially complements the tt16 phenotype, the genetic relationships between TT2 and developmental TT genes remains largely unknown. A better understanding of the role of TT16, TT1 and TTG2 on TT2 expression and the epistatic relationships among TT16, TT1 and TTG2 might shed some light on the genetic networks regulating developmental processes in the inner integument.

The TT16 locus encodes two transcript variants: a short one (TT16S) of 744 bp, and a longer one (TT16L) of 759 bp [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. Whereas expression of the whole TT16 genomic sequence (gTT16) under the control of a short TT16 promoter (~1,6 kb) complements defective PA deposition of tt16 seeds, expression of either TT16S or TT16L under the control of this same promoter does not lead to complementation [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF]. This shows that the gTT16 sequence is necessary for correct TT16 function or expression. experiments [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF].

Here, we aimed at better characterizing the developmental phenotypes in tt16, tt1 and ttg2 seeds. To this end, we used mPS-PI and Calcofluor staining to investigate cell shape modifications, and TEM analyses for changes in cell identity. Besides, we studied the effect of tt16, tt1 and ttg2 mutations on TT2, TT8 and TTG1 expression. Furthermore, we confirmed TT1, TT2 and TTG2 localization in the inner integument. Complementation tests were performed with various promoters, in order to examine whether TT16, TT1 and TTG2 are required before and/or after fertilization. Finally, additional experiments were conducted to shed some light on the genetic relationships between TT1, TT16 and TTG2. 

Results

Inner integument development and differentiation in wild type ovules and seeds

In order to study the inner integument cell patterning, we analyzed confocal microscopy images of wild type ovules and seeds stained with mPS-PI. We observed endothelium anticlinal cell division following fertilization (Figure IV-1). At 2 DAF, endothelium cells displayed drastically higher anticlinal than periclinal elongation (Figure IV-1B), which was not observed in ovules (Figure , suggesting than such cells undergo cell division rather than cell elongation, as previously observed in the Ler ecotype [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF]. At globular stage, endothelium cells appeared more squared, and sometimes more periclinaly elongated These results further demonstrate that the genes encoding subunits of MBW complexes do not follow the same expression patterns.

Since TT2 and BAN are both slightly expressed before fertilization and display a stronger expression after fertilization, we hypothesized that they might both share a similar expression pattern. To test this hypothesis, we created a marker line carrying the TT2 3kb promoter region and genomic sequence, translationally fused to GFP. Interestingly, TT2 expression pattern revealed to be drastically different from that of BAN (Figure IV-2F to 2K).

In ovules, TT2 was first localized in the chalazal region . At one-cellembryo stage, we could also detect faint and spotty fluorescence in the integument cell layers, which was also observed at later stages of seed development . The presence of TT2 in both the endothelium and oi2 is consistent with its role in regulating BAN expression in these two cell layers. However, its proximal-to-distal expression pattern indicates that it is not directly responsible for BAN polar expression.

TT1 and TT16 control endothelium cell development

Previous studies showed that tt1, tt16 and ttg2 mutant seeds are affected in cell shape and/or length [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Sagasser | A. thaliana TRANSPARENT TESTA 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF][START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF]. In order to further determine the precise role of each transcription factor in such a developmental process, we imaged tt1, tt16 and ttg2 developing seeds after mPS-PI staining (Figure IV-3). At 4 DAF, tt16 seeds displayed elongated and misshaped endothelium cells, in line with previous observations (Figure [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. At the same developmental stage, tt1 seeds exhibited enlarged and misshaped endothelium cells, compared to wild type . By contrast, although reduced seed size and altered cell elongation were previously reported in ttg2-1 seeds [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF], we could not detect any defect in endothelium cell shape and size in the ttg2-2 background at any stage analyzed (Figure IV-3F). At 6 DAF, the phenotypes observed in tt1 and tt16 seeds appeared even stronger. tt16 endothelium cells were longer than what observed at 4 DAF 3B,3G and 3H). In tt1 seeds, the endothelium cells surrounding the embryo were larger and exhibited a bulging shape, when compared to wild type . Conversely, endothelium cells in ttg2 seeds remained undistinguishable from those in wild type 3J and 3K). Overall, these results are also consistent with previous observations performed with ProBAN:GUS in the Ws and Ler ecotypes [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF].

In addition, we analyzed tt16, tt1 and ttg2 endothelium cells by TEM (Figure IV-5K to 5M). Cytoplasmic density of tt1, tt16 and ttg2 endothelium cells was comparable to wild type.

Very dense staining, likely due to PA deposition, was detected at the periphery of vacuoles in some tt1 endothelium cells (Figure IV-5M). This is consistent with the uneven PA deposition and BAN expression pattern observed in tt1 seeds. Interestingly, the IAB exhibited irregular width along ttg2 endothelium, which had not been observed with auramine O staining, suggesting that TTG2 has roles in both PA accumulation and proper IAB deposition (Supplemental Figure IV-5). Finally, no difference in starch granule accumulation in the seed coat was observed between wild type and tt16, tt1 and ttg2 seeds. 

TT2, TT8 and TTG1 expression is altered in tt1, tt16 and ttg2 seeds

Since PA deposition is impaired in tt16, tt1 and ttg2, we sought to examine to what extent TT16, TT1 and TTG2 regulate the expression of TT2, TT8 and TTG1, transcriptional regulators of this process. qRT-PCR analyses revealed down-regulation of TT2 and TT8 in tt16, Nevertheless, given the faint activity of ProTT2:gTT2-GFP in wild type or tt16 backgrounds and the fact that fluorescence in the inner integument is always partially masked by the surrounding outer integument, further experiments will be needed to confirm a putative role of TT16 on TT2 expression. Although expression of the TT2 cDNA under the control of the CaMV 35S promoter has shown complementation of tt16 for the seed color phenotype [START_REF] Xu | TRANSPARENT TESTA 16 and 15 act through different mechanisms to control proanthocyanidin accumulation in Arabidopsis testa[END_REF], the two independent ProTT2:gTT2-GFP;tt16 lines obtained yielded yellow seeds (Supplemental Figure IV-6). Nevertheless, we could not test functionality of the ProTT2:gTT2-GFP construct as none of the five independent ProTT2:gTT2-GFP;tt2 lines obtained showed fluorescence. 

TT1, TT16 and TTG2 function before and after fertilization

We previously showed that IAB integrity is slightly altered in tt1 and especially in tt16 ovules. Nevertheless, all other phenotypes reported to date in tt1, tt16 and ttg2 are related to seed but not ovule development. We therefore hypothesized that TT16, TT1 and TTG2 are mostly necessary after fertilization for proper inner integument development. To test this hypothesis, we performed complementation tests by expressing TT16, TT1 and TTG2 in their respective mutant backgrounds under the control of the same BAN promoter region studied above (Figure IV-2). Although the BAN promoter is active only in the micropyle and the chalaza of tt16 seeds, we hypothesized that the TT16 non-cell autonomous effect would compensate for the reduced expression pattern.

We stained ProBAN:gTT16;tt16 and ProBAN:gTT1;tt1 seeds with auramine O and calcofluor and observed them by confocal microscopy. In three independent ProBAN:gTT16;tt16 lines out of thirteen obtained, a fraction of seeds exhibited auramine O staining that was stronger and expanded to broader micropylar and chalazal regions than in tt16 seeds (Figure IV-8A to 8D). However, endothelium and ii1' cells displayed the same developmental defects as in tt16. Be that as it may, endothelium cells showed to recover a certain degree of competency, as all thirteen lines analyzed produced a fraction of seeds with browner coloration compared to tt16 (Supplemental These results suggest that TT16 is required mostly before fertilization, but that expression in micropylar and chalazal endothelium cells after fertilization can restore a wild type phenotype to a certain degree. However, we cannot exclude that the partial complementation observed might be due to the concomitant effect of the BAN promoter activity in the micropyle before fertilization and the TT16 non-cell autonomous action. On the other hand, these results indicate that TT1 is necessary before fertilization to fulfill its role in IAB deposition and inner integument development, whereas it is necessary after fertilization for PA deposition. Finally, TTG2 is required after fertilization for PA deposition.

Genetic relationships between TT1, TT16 and TTG2

In order to determine epistatic relationships between TT1, TT16 and TTG2, we obtained double mutants between tt1, tt16 and ttg2, both in Columbia and Wassilewskija accessions (except for tt16-1;tt1-3 in Col-0 that was just obtained at the moment of the writing). The progeny of these mutants was analyzed by confocal microscopy after calcofluor staining. The phenotype of tt16-1;tt1-4 seeds appeared additive, showing over-elongated endothelium cells periclinally elongated in the micropylar region (Supplemental Figure IV-8).

tt16;ttg2 and tt1;ttg2 double mutant seeds were undistinguishable from the respective tt16 and tt1 single mutant seeds (Supplemental Figure IV-8C, 8D, 8G and 8H). Furthermore tt16-1;tt1-4;ttg2-2 triple mutant seeds appeared undistinguishable from tt16-1;tt1-4 seeds (Supplemental Figure IV-8E). However, the strong defects in ii1' development in the tt16;tt1 double mutant made it difficult to investigate the effect of TTG2 loss of function in this mutant background.

In order to determine whether TT1, TT16 and TTG2 regulate each other's expression, we quantified TT1, TT16 and TTG2 mRNA levels in tt1, tt16 and ttg2 mutant backgrounds.

TTG2 was down-regulated in tt16 at 2 DAF and, reciprocally, TT16 was down-regulated in ttg2 at 4 DAF (Figure IV-9A). Moreover, TT1 showed down-regulation of more than 70% in tt16 at 2 and 4 DAF. To examine more thoroughly the role of TT16 in TT1 expression, we introgressed the ProTT1:NTF marker line in the tt16 mutant. In the wild type, we detected fluorescence in the whole endothelium, except for the distal micropylar region (Figure IV-9B and 9C). In the tt16 mutant, however, fluorescence was absent in the endothelium chalazal region as well . Overall, these results suggest that TT16 regulates TT1 and TTG2 expressions, and that TTG2 has also a role in TT16 expression.

Discussion

In this study, we examined the development and differentiation of the inner integument and the underlying regulatory gene network.

Inner integument development and differentiation in wild type seeds

Microscopy analyses revealed that endothelium cell shape changes in the course of seed development. After 2 DAF, endothelium cells exhibited progressive elongation in the periclinal directional, consistent with previous studies on integument mitotic activity after fertilization [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF]. By heart stage and especially by torpedo stage, all endothelium cells appeared flat on their inner side. We obtained at least ten images of seed longitudinal mid-planes at 2, 4, 6 and 8 DAF and will use these images to quantify cell area and circularity in wild type endothelium cells.

These preliminary observations suggest that endosperm turgor pressure has a role in shaping endothelium cells. Meanwhile, endothelium cells might limit endosperm growth, and ii1' cell enlargement could create additional resistance to such endosperm growth from the outer side of endothelium cells (see Chapter II). Nonetheless, further experiments are necessary to conclude about such a putative role of the endosperm in shaping endothelium cells. Besides, we observed progressive filling of vacuoles with PAs and starch granule accumulation in endothelium cells. Interestingly, whereas ii', ii2 and oi2 cell layers showed little starch granule accumulation at globular stage, both the endothelium and especially the oi1 cell layer appeared to be more densely starch-filled.

BAN expression pattern was shown to mimic that of PA accumulation after fertilization [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Surprisingly, we detected BAN promoter activity in the outermost cell layer of the integument, even though previous studies on BAN RNA localization did not report any accumulation in the oi2 [START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF][START_REF] Mizzotti | SEEDSTICK is a Master Regulator of Development and Metabolism in the Arabidopsis Seed Coat[END_REF] and although no PAs accumulation have been reported to date in this cell layer [START_REF] Lepiniec | Genetics and Biochemistry of Seed Flavonoids[END_REF]. In addition, promoter activity of AtBAN has been shown to be also specific to the endothelium in Brassica napus [START_REF] Nesi | The promoter of the Arabidopsis thaliana BAN gene is active in proanthocyanidin-accumulating cells of the Brassica napus seed coat[END_REF]. BAN expression in the oi2 should require the presence of a MBW complex in this cell layer. Our data suggest that TT2 protein accumulates in the outer integument. Furthermore, the involvement of TTG1 in mucilage extrusion suggests that the protein is present in this cell layer. However, TT8 promoters have never been reported to be active in the oi2 [START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF]. We therefore hypothesize that either TT8 protein is present in the oi2, or that BAN expression in the oi2 is rather mediated by a TT2-TTG1-GL3/EGL3 ternary complex. Besides, such BAN expression in the oi2 raises the question of its physiological significance, if any.

Our observations of TT2 localization in the wild type suggest that other regulators are responsible for BAN specific expression. The presence of TT2 in the chalazal region before fertilization suggests indeed that additional factors are required to trigger BAN expression in this very area after fertilization. Likewise, our lab is currently creating marker lines carrying promoter regions and whole genomic sequences for both TT8 and TTG1, in order to follow the localization of the proteins they code for. Our qRT-PCR experiments showed that TT8 and TTG1 are both substantially expressed in ovules, consistent with previous report [START_REF] Baudry | TT2, TT8, and TTG1 synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in Arabidopsis thaliana[END_REF][START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF]. Should TT2, TT8 and TTG1 all be detected before fertilization in chalaza, it would suggest that other genetic mechanisms are required to enable BAN expression, such as relief of chromatin repression, or post-translational modification of TT2, TT8 or TTG1.

TT16, TT1 and TTG2 control inner integument development and differentiation

We showed that inner integument development is impaired in tt1, tt16 and to a lesser extent in ttg2 seeds. Quantifications of cell circularity, and ratio between perimeter and periclinal length, revealed that TT1 is required in the micropylar region of the endothelium surrounding the embryo to repress anticlinal elongation. Moreover, TT1 controls ii1' cell enlargement in the chalazal region. In line with it, we plan on further quantifying differences of endothelium and ii1' cell morphology at 6 DAF, when differences seem more obvious, between wild type and tt1 seeds, as well as in tt16 seeds.

Although reduced integument cell length have been previously reported in ttg2-1 [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF][START_REF] Dilkes | The maternally expressed WRKY transcription factor TTG2 controls lethality in interploidy crosses of Arabidopsis[END_REF], neither mPS-PI-stained ttg2-2 nor calcofluor-stained ttg2-3 (see Chapter III) seeds exhibited clear defects in integument cell morphology, and especially not in the endothelium. One could hypothesize that the phenotypes observed in ttg2-1 (Ler ecotype) are the consequence of the concomitant loss of function of TTG2 and ERECTA [START_REF] Garcia | Maternal control of integument cell elongation and zygotic control of endosperm growth are coordinated to determine seed size in Arabidopsis[END_REF]. By contrast, we observed in all 6 DAF ttg2-2 seeds analyzed an increase in gap number and length between micropylar ii1' cells, compared to the wild type.

Further quantifications will be necessary to be conclusive on this phenotype.

Endothelium differentiation is impaired in tt16, tt1 and ttg2 seeds, as shown by their defects in PA accumulation. Moreover, we showed above (see Chapter III) that IAB deposition, another feature of endothelium identity, is almost undetectable in tt16 and tt1 seeds at heart stage (Coen et al. submitted). On the other hand, confocal microscopy analyses of ttg2-3 seeds stained with auramine O showed IAB deposition comparable to that of wild type seeds.

Nevertheless, TEM analyses of ttg2-3 displayed uneven IAB deposition all long the endothelium. This suggests that TTG2 is involved in specifying endothelium cell identity and indirectly its differentiation.

Transcriptional regulation of PA biosynthesis by TT16, TT1 and TTG2

qRT-PCR analyses revealed that loss of function of TT1, TT16 or TTG2 leads to downregulation of TT2, TT8, and, to a lesser extent, of TTG1. However, TT2, TT8 and TTG1 are all necessary for BAN expression in the endothelium and in the chalaza (albeit TT8 acts redundantly with EGL3 in the chalaza). Since the activity of ProBAN:GFP-ER was restricted in tt16 mutant to micropylar endothelium cells and to the chalaza, we hypothesize that TT16 regulates the endothelium expression of at least one member of the TT2-TTG1-TT8 complex, or alternatively of one not yet identified partner, and that down-regulation of this gene in tt16 endothelium would lead to the subsequent absence of BAN expression. ProTT2:gTT2-GFP appeared still active, albeit weaker, in tt16 compared to the wild type. However, previous analyses showed that TT16 is necessary for proper TT8 promoter activity, except in micropylar endothelium cells and in the chalaza [START_REF] Xu | Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis[END_REF]. We therefore hypothesize that TT16 regulates BAN expression through TT8 expression. Investigating further such genetic network will necessitate to study new TT2, TT8 and TTG1 gene marker lines in wild type and to examine their pattern modifications in tt1, tt16 and ttg2 mutant background. To this end, we plan to introgress in tt1, tt16 and ttg2 mutants the TT8 and TTG1 marker lines in preparation, as well as the ProTT2:gTT2-GFP marker line in tt1 and ttg2 mutants.

TT1, TT16 and TTG2 display different expression patterns

We previously showed that TT16 is expressed in the nucellus as well as in the endothelium and the ii1' cell layer transiently across fertilization. Here, we investigated TT1 and TTG2 expression patterns by creating promoter-gene-GUS/GFP markers, in order to support previous observations [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat Development Gene of Arabidopsis, Encodes a WRKY Transcription Factor[END_REF][START_REF] Sagasser | A. thaliana Transparent testa 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF]; see Chapter III).

Despite TT1 presence in the chalaza, the protein localization was consistent with the previous characterization of TT1 promoter and RNA in situ hybridization experiments [START_REF] Sagasser | A. thaliana Transparent testa 1 is involved in seed coat development and defines the WIP subfamily of plant zinc finger proteins[END_REF]; see Chapter III). In addition, TTG2 was expressed in the endothelium, the oi2 cell layer and the chalaza solely after fertilization. These results show that TT16, TT1 and TTG2 follow different expression patterns, indicating that their expression is driven by different upstream mechanisms.

Interestingly, the expression of TTG2 in the endothelium displayed a distal-to-proximal pattern, very similar to that observed for BAN and ATT1. It suggests that other postfertilization genes involved in integument differentiation could be characterized by such expression pattern, and that a common upstream signal originating from fertilization drives de novo distal-to-proximal expression of these genes. Since auxin and gibberellins constitute the link between central cell fertilization and post-fertilization seed coat development and differentiation, we hypothesize that these hormones might trigger such expression. We have previously shown that the IAB is absent in the distal micropylar region of the endothelium in ovules, (see Chapter III). We therefore hypothesize that this zone of the endothelium could be a major gateway for signal exchanges between maternal tissues and fertilization products, causing such distal-to-proximal pattern of gene expression and PA biosynthesis.

Genetic relationships between TT1, TT16 and TTG2

qRT-PCR analyses showed that TT16 regulates TT1 expression. Such regulation was supported by the restriction of ProTT1:NTF activity domain to the micropylar side of the curving zone in tt16 seeds. In particular, we never detected ProTT1:NTF activity in the chalazal the forward and reverse primers, respectively. The ProTT1:gTT1 and ProTT2:gTT2 PCR products were recombined into the pDONR207 vector (BP Gateway recombination), whereas the ProTTG2:gTTG2 PCR product was inserted into the pENTR/D-TOPO vector (TOPO Gateway reaction), according to the manufacturer's instructions (Thermo Fisher Scientific), and sequenced. gTTG2 was previously described [START_REF] Verweij | Functionally Similar WRKY Proteins Regulate Vacuolar Acidification in Petunia and Hair Development in Arabidopsis[END_REF].

For the construction of the pGWB2-ProBAN destination vector, Pro35S was removed from pGWB2 by digestion with HindIII High Fidelity and XbaI restriction enzymes (New England Biolabs). PCR amplification of ProBAN was performed using the gene-specific primers described (see Table 1), carrying 15 bp tails at their 5'ends that were specific of overhangs left on pGWB2 after enzymatic digestion. The digested plasmid and the PCR product were spincolumn purified after electrophoresis and extraction of the corresponding bands. ProBAN was inserted into digested pGWB2 using InFusion HD Cloning Kit, according to the manufacturer's instructions (Clontech). Insertion of gTT1 and gTT2 into either pGWB2-ProTT1 or pGWB2-ProBAN, of ProTT1:gTT1 and ProTT2:gTT2 into pMDC107, and of ProTTG2:gTTG2 into pGWB3 were performed by LR recombination according to the manufacturer's instructions (Thermo Fisher Scientific).

Transgenic Plants

The Agrobacterium tumefaciens strain C58C1 was used to stably transform Arabidopsis plants using the floral dip method (Clough and Bent, 1998). Transformants were selected on MS medium containing hygromycin (50 mg L -1 ) and subsequently transferred to soil for further characterization.

RNA extraction

RNA extraction and RT-qPCR analyses were performed as described above (see Chapter III). Expression levels were first normalized by the geometrical mean of the expression levels of the 4 reference genes chosen (GAPDH, AT4G12590, AT4G02080 and AT3G25800; [START_REF] Dekkers | Identification of reference genes for RT-qPCR expression analysis in arabidopsis and tomato seeds[END_REF], and subsequently normalized by the expression level of the adequate control. Means and standard deviations were calculated from the values obtained for the 4 independent biological samples.

Sample preparation for microscopy

Prior to microscopy analyses, siliques were carefully dissected and septums (containing seeds) were harvested. Calcofluor and auramine O staining were performed as described above ((see Chapter III). Seeds of GFP reporter lines were analyzed 1h after mounting in a mixture of propidium iodide (100 µg mL -1 ) / sucrose (7%), as previously described [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. For analysis of GUS reporter lines, seeds were immersed in NaOH 0.2M / SDS 1% and subsequently in solution n°1 (Chapter III, Supplemental Table II). Samples were subsequently mounted on slides in a chloral hydrate 8M / glycerol 33% solution. mPS-PI samples were prepared as previously described [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. Samples analyzed in TEM were prepared as described above (see Chapter III).

Microscopy

mPS-PI stained samples were analyzed with a Leica TCS-SP5 spectral confocal laser scanning microscope (Leica Microsystems). Samples stained with auramine O and calcofluor, as well as GFP reporter lines were analyzed using a Leica TCS-SP8 spectral confocal laser scanning microscope, under sequential scanning (Leica Microsystems). Excitation and signal reception were set as previously described [START_REF] Buda | Three-dimensional imaging of plant cuticle architecture using confocal scanning laser microscopy[END_REF][START_REF] Figueiredo | Auxin production couples endosperm development to fertilization[END_REF]Coen et al., 2017). GUS reporter lines were analyzed in DIC microscopy with an Axioplan 2 microscope (Zeiss). For TEM, samples were examined with Hitachi HT7700 electron microscope operated at 80 kV (Elexience -France), and images were acquired with a charge-coupled device camera (AMT).

In confocal microscopy, pictures showing mid-plane longitudinal sections of seeds were captured when possible. Otherwise, three dimensional z-stacks were acquired, and the mid-plane longitudinal sections were obtained with the Volume Viewer plugin of the Image J software, sometimes occasioning cuts in the pictures.

Quantitative morphological analyses

For further explanations, see Annexe 1.

The central longitudinal section of seeds at octant stage, imaged using the mPS-PI technique, was segmented into individual cells through the CellSeT software (Pound et al., 2012). The length of the whole endothelium and periclinal length of individual endothelium / ii1' cells along the proximal-distal axis were calculated using the Image J software (Schneider et al., 2012). Area and perimeter of the ii1' cells were calculated with the CellSeT software. As described above (see Chapter II), cell roundness was determined for each ii1' cell as 𝑅 = 𝑃 2 4𝜋𝐴 -1 4 𝜋 -1

, where R, P and A represent roundness, perimeter and area of the cell, respectively.

Periclinal length and distance from the first proximal endothelium cell were used to determine the position of each endothelium / ii1' cell along the proximal-distal axis. Since seeds display a degree of variability in their length and cell number across individuals and genotypes, we arbitrarily sampled 201 points uniformly distributed along the proximal-distal axis of each seed coat analyzed. Point 0 was fixed at the proximal side of the first proximal endothelium cell, whereas point 201 was set at the distal side of the first endothelium cell reaching the embryo suspensor. For each point, we determined the area and roundness of the endothelium / ii1' cell encompassing it. We then calculated the average ii1' cell roundness and area at each specific point. Besides, we investigated directional growth by assimilating endothelium / ii1' cells to rectangles (in first approximation), and calculating their growth polarity (GP) as GP = 

Accession numbers

Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: TT16 (AT5G23260), TT1 (AT1G34790), TTG2 (AT2G37260), BAN (AT1G61720), TT2 (AT5G35550), TT8 (AT4G09820), TTG1 (AT5G24520).

Supplemental Figure IV-4. Average length of gaps between cells in tt1 ii1' chalazal region.

Total length of gaps between tt1 ii1' chalazal cells was calculated, starting from the ii1' cell situated in the middle of the curving zone and ending with the last ii1' chalazal cell. Total length of gaps was normalized with the length separating these two extremal cells. n=20. Ecotype Ws. 

Introduction

The plant sexual reproduction cycle -meiosis, sex differentiation, and fertilization -times the alternation of haploid and diploid generations (Bai, 2015). Mitosis intercalates the cycle phases and determines the predominance of one generation versus the other. Whereas most non-vascular plants display a predominant gametophytic phase, vascular plants tend to develop large sporophytes (Bai, 2015). Non-seed plants develop gametophytes physically separated from the sporophyte through the dispersal of spores. By contrast, the evolution of the seed habit in gymnosperms and angiosperms marked the retention of the female gametophyte on the sporophyte and the dispersal of the zygotic embryo (next sporophytic generation) (Pettitt, 1970). Seeds greatly contributed to the successful colonization of land by vascular plants. Compared to spores, seeds carry nutrients, rely less on water for germination, convey a higher degree of protection to physical stress, and can disperse in different ways. Such evolutionary advantages were, to a great degree, achieved through the evolution of the seed coat, cell layers that surround, protect, and facilitate the dispersal of the seed fertilization product(s) (Linkies et al., 2010).

The seed coat is a maternal sporophytic tissue that originates from the ovule integument(s). A typical ovule (the seed precursor) comprises four sporophytic tissues: (1) the funiculus, which transports nutrients from the placental tissue, (2) the chalaza, which forms one or more protective (3) integuments, and (4) the nucellus, whose megaspore mother-cell undergoes meiosis to originate the gametophyte (Figure V-1). Ovule integuments grow as primordia from the chalaza and are referred to as dermal, if initiated solely by chalazal dermal cells, or sub-dermal, if originated by chalazal dermal and sub-dermal tissue [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF]Johri et al., 2013). The developmental patterning of integuments has been thoroughly analyzed in Arabidopsis thaliana [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]Fiume et al., 2017b). Arabidopsis plants display an outer (oi) and inner (ii) integument that develop from the chalaza of a finger-like protruding ovule primordium . The ii primordium initiates as a ringlike structure from dermal chalazal cells (ii initials) at the boundary with the nucellus. ii initials become visible when they undergo a periclinal or oblique cell division followed by cell elongation. The oi primordium grows adjacent to the ii proximal side and extends to the proximal extremity of the chalaza. Whereas the distal part of the oi primordium is of dermal origin and follows ii ontogeny, the basal part is subtended by sub-dermal chalazal tissue undergoing periclinal cell divisions. ii and oi annular primordia grow by anticlinal cell divisions to surround and shape nucellus and female gametophyte. The distal extremity of the integuments forms the micropyle, a small opening through which the pollen tube penetrates. After fertilization, integument cell layers follow different pathways of cell differentiation (Haughn and Chaudhury, 2005) and grow in coordination with the fertilization product(s) [START_REF] Ingram | Family life at close quarters: communication and constraint in angiosperm seed development[END_REF]. Finally, the seed coat undergoes programmed cell death and establishes a protective barrier in between fertilization product(s) and surrounding environment (Ingram, 2016).

Seed coat structure and molecular composition deeply influence seed physiology and evolved to adapt to different environmental conditions (Johri et al., 2013). Natural diversity has been observed in the thickness of the seed coat, which affects seed germination, dormancy and mortality (Nooden et al., 1985;Kelly et al., 1992;Gardarin A. et al., 2010). Overall, seed coat thickness is determined by both integument number and cell thickness. Such a character changes along the seed polarity axes as well as among individuals and species. This review explores the evolutionary patterns of seed coat thickness development in angiosperms.

Natural diversity of seed coat thickness

Integument number

Fossil records of Paleozoic pre-ovules from the earliest seed plants, revealed the presence of only one integument (unitegmic, Figure V-2) (Smith, 1964;Gerrienne et al., 2004). The integument structure of such pre-ovules varied among species but it was typically lobed, vascular bundled and detached from the nucellus. Leaf-like structures, termed cupules, have been found to partially enclose the ovule and are commonly viewed by paleo-botanists as the precursor of a second integument.

Extant gymnosperm ovules are also unitegmic and the integument is probably homologous to that of ancestral seed plants. By contrast, angiosperms evolved two integuments (bitegmic), the so-called oi and ii (Figure V-2). Phylogenetic analyses suggest that bitegmy is the ancestral condition in angiosperms, nevertheless unitegmy arose several time during angiosperm evolution [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF].

The transition from bitegmic to unitegmic ovules happened several times during angiosperm evolution along two major ontogenic pathways: 1) developmental suppression or retardation of one integument, 2) congenital integument fusion. Morphological analyses in the Piperaceae family revealed that the single integument of Peperomia shows similarity to the ii of Piper, suggesting that the oi of the former has been lost (Warming, 1878). Similarly, early arrest of ii has been described in Populus (Tieghem, 1900). Congenital fusion of ii and oi probably arose through different mechanisms.

Genetic analyses in Arabidopsis (see below) suggest that integumentary fusion can be achieved through lack of boundary formation between oi and ii (Colombo et al., 2008;[START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF]. This interpretation is confirmed by the analysis of molecular markers of boundary formation in Prunus bitegmic and unitegmic ovules (Lora et al., 2015) and by morphological studies in Anacardiaceae and Balsaminaceae (Johri et al., 2013). By contrast, a mechanism of integumentary shifting has been proposed for the development of the single integument of a number of Ranuncolaceae (Bouman and Calis, 1977). According to Bouman and Calis, oi sub-dermal tissue subtending ii initials undergoes periclinal cell divisions and, in conjunction with oi, shifts the ii upward. An incision at the tip of the single integument reveals oi and ii remnants. According to the authors, this mechanism would create a bifid integument in between uni-and bitegmic and would only be possible in ovules carrying a subdermal oi and dermal ii (Figure V-2). The process of integumentary shifting has been also invoked to explain the development of the unitegmic Gentiana ovule, where no oi and ii remnants are visible (Bouman and Schier, 1979) (Figure V-2). According to this model the sequence and position of dermal and sub-dermal cell divisions might have led to a unitegmic ovule through integumentary shifting of a sub-dermal oi and dermal ii. Interestingly, species with bitegmic, bifid and unitegmic ovules are grouped in the Impatiens gender. Boesewinkel and Bouman have presented the development and evolution of Impatiens bifid and unitegmic ovules as integumentary shifting (Boesewinkel, 1991). More recently, Messmer McAbee and coworkers have revised this theory and described a change of subdermal growth from beneath the oi to the region beneath both oi and ii, without invoking an upward shift of the ii (McAbee et al., 2005). According to this hypothesis, unitegmy would be the result of ii-oi intercalary growth. All considered, we believe that available data on integument congenital fusion in angiosperms point to two non-exclusive mechanisms: 1) total or partial lack of boundary formation and 2) intercalary growth between ii and oi primordia, regardless of their dermal or sub-dermal origin.

Further ovule reduction has been observed in Santalales (Shamrov et al., 2001). Members of this clade do not develop any ovule integument (ategmy). Expression analyses revealed that integument molecular markers are expressed at the distal end of Santalales ategmic ovules (Brown et al., 2010). These data have been interpreted as the fusion of an integument remnant to the nucellus. By contrast, some angiosperms evolved a third cell sheath in addition to oi and ii. Annonaceae ovules develop a so-called third integument in between oi and ii (Christmann, 1989) whereas Myristicaceae and other groups initiate a third envelop, referred to as aril (not to be confused with arillodes), later on in development in a region proximal to the oi that has been interpreted as the funiculus (Endress, 1973;Povilus et al., 2015;Silveira et al., 2016). Interestingly, arils can also be found in gymnosperms, such as Taxus baccata [START_REF] Lovisetto | Gymnosperm B-sister genes may be involved in ovule/seed development and, in some species, in the growth of fleshy fruit-like structures[END_REF]. Arils either work as attractive organs that facilitate seed dispersal or are reduced to a tiny protuberance, as in a number of basal angiosperms (Igersheim and Endress, 1998).

Finally, the number of integument cell layers can change after ovule fertilization during early seed development. Rice ovules display two-cell layered oi and ii. Within 3 days after fertilization, oi and ii of most rice cultivars are absorbed by the pericarp leaving only the cuticle layer (Krishnan and Dayanandan, 2003).

Integument cell thickness

Two-cell layered dermal integuments originate from the chalazal dermal tissue, whereas threecell layered sub-dermal integuments display two dermal and one sub-dermal cell layer. Furthermore, integuments can develop more cell layers through periclinal cell-division of sub-dermal or dermal cell layers and are referred to as multiplicative (Johri et al., 2013). Integument cell thickness is considered a stable character worth using in macrosystematic analyses [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF]. Nevertheless, 3D morphological analyses of Arabidopsis ovules suggest the contrary. Arabidopsis ovules were thought to display a regular two-and three-cell layered oi and ii, respectively [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF]. The ii grows a third cell layer (ii1') by periclinal cell divisions of the innermost ii cell layer (ii1). Coen et al. have described the formation of a fourth cell layer (ii1'') by periclinal cell division of the ii1' in 70% and 35% of Wassilewskija and Columbia Arabidopsis ovules, respectively [START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]. Furthermore, the oi has been recently shown to initiate sub-dermal cell stripes (oi') in 10% of the Columbia Arabidopsis ovules tested (Fiume et al., 2017b). These data highlight the importance of 3D imaging for the analysis of integument cell patterning and suggest that cell thickness is a less stable character than previously thought.

Finally, integument thickness is affected by cell size. During ovule development cell size does not vary considerably among integument cell layers [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF]. Nevertheless, integument cell layers follow different fates and expand dishomogeneously after fertilization. In Arabidopsis, ii1' and ii1'' undergo a more dramatic cell expansion process compared to the other integument cell layers.

Coen et al. have revealed that ii1' and ii1'' growth is not tightly coordinated with the rest of the integument cell layers and have suggested a role in cushioning seed coat development and offsetting perturbations in its developmental program [START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF].

Integument thickness along the ovule polarity axes

Both integument number and cell thickness can vary considerably along the ovule polarity axes . Integument growth leads to the formation of a micropyle at the distal side of the ovule.

The majority of bitegmic ovules are amphistomic as both oi and ii contribute to micropyle formation.

More rarely, angiosperm ovules can be endostomic or exostomic if only the ii or the oi, respectively, generate the micropyle [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF]. Endostomic ovules show distal thickening of the ii at the micropyle where the ii is not covered by the oi, suggesting that oi limits ii growth (Igersheim and Endress, 1997). Thickening of the distal region of the integument might be instrumental to enclose the nucellus apex and form a micropylar pore. Proximal ii thickening is instead visible in Arabidopsis where ii1' and ii1'' do not develop all the way to the micropyle. Ectopic ii1' growth in the micropylar region interferes with embryo development by limiting its growth space and is repressed by a tight regulatory mechanism (see below) [START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF].

In several basal angiosperms, oi and/or ii radial patterning shows discontinuous growth and leads to lobation. Lobed iis have been considered remnants of ancestral integuments or a sign of atavism as paleozoic ovules displayed a lobbed integument (Umeda, 1994). Nevertheless, it has been argued that lobation might have evolved as a way to restrict the circumference of the integument and allow the formation of a micropyle, as an alternative mechanism to distal integument thickening (Igersheim and Endress, 1997).

Finally, integument number and cell thickness deeply affects ovule curvature along the adaxialabaxial polarity axis. The micropyle of anatropous (curved) ovules is placed side by side to the chalaza whereas orthotropous (non-curved) ovules develop micropyle and chalaza along a straight line.

Orthotropous ovules are either unitegmic or display a thin or partially developed oi suggesting that the oi plays a major role in ovule curvature [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF]. This hypothesis is supported by a number of Arabidopsis mutants that revert from anatropous to orthotropous when the oi is missing or partially developed (see below) (Colombo et al., 2008;[START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF]. Nevertheless, gymnosperm Podocarpaceae develop unitegmic anatropous ovules. In such ovules the function of the oi is taken over by the epimatium, an ovuliferous scale that resembles the oi and is involved in ovule curvature (Tomlinson, 1992). Angiosperm anatropous ovules have either annular or semi-annular oi primordia that grow into cup-shaped or hooded ois (Yamada et al., 2001). Ovules with a hooded oi display a difference in thickness along the ovule adaxial-abaxial polarity axis: the abaxial side shows a fully developed oi whereas the adaxial side misses partially or entirely the oi. The development of a hooded or cup-shaped oi morphology has been correlated to the speed of developmental curvature: pronounced semi-annular oi primordia tend to curve faster than annular primordia [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF].

Molecular regulation of seed coat thickness in Arabidopsis

Establishment of the ovule proximal-distal polarity axis

In Arabidopsis, the ovule proximal-distal polarity axis is morphologically evident at stage 2 of ovule development when the distal nucellus develops a megaspore mother cell, the central chalaza initiates integument primordia, and the proximal funiculus differentiates a vascular strand (Figure V-Whereas BEL1 and ANT work in a cell-autonomous fashion, the WUSCHEL (WUS) homeodomain transcription factor promotes integument initiation from the nucellus, non-cell autonomously (Gross-Hardt et al., 2002). wus ovules fail to develop integuments and show defects in megagametogenesis. WUS and ANT do not regulate each other's expression suggesting that they establish independent pathways from the nucellus and chalaza, respectively. These data indicate that ANT determines responsiveness of chalazal cells to a WUS-mediated signal from the nucellus that ultimately induces integument formation. WUS expression in the nucellus is tightly regulated by a plethora of transcription factors. Defects in integument development of bel1, sporocyteless/nozzle (spl/nzz, see below), stk;shp1;shp2, and phabulosa;phavoluta;corona (phb;phv;cna, see below) mutants have been linked to ectopic WUS mRNA accumulation in the chalaza (Sieber et al., 2004;[START_REF] Brambilla | Genetic and Molecular Interactions between BELL1 and MADS Box Factors Support Ovule Development in Arabidopsis[END_REF]Yamada et al., 2016). Furthermore, exogenous application of cytokinin on ovules leads to integument arrest and concomitant expression of WUS in the integuments (Bencivenga et al., 2012). Finally, the expression of WUS in the chalaza under the control of the ANT promoter region expands the chalazal domain and leads to the initiation of an ii and two or more proximal integuments, some of which express oi markers (Gross-Hardt et al., 2002;Sieber et al., 2004). Only the ii of proANT:WUS ovules grows around the nucellus whereas more proximal integuments fail to develop further.

The adaptor-like transcriptional repressor SPL/NZZ, another master regulator of the ovule proximal-distal polarity axis, is expressed throughout the ovule at stage 2 but more strongly in the dermal cells of the chalaza and in integument primordia (Schiefthaler et al., 1999;Yang et al., 1999;Balasubramanian and Schneitz, 2000;Wei et al., 2015). spl/nzz ovules display reduced nucellus and integuments growth as well as impaired sporogenesis, a phenotype that is partially suppressed by the bel1 mutation (Schiefthaler et al., 1999;Yang et al., 1999;Balasubramanian and Schneitz, 2000). SPL/NZZ negatively regulates the expression of ANT and BEL1 in the nucellus while positively regulating WUS expression (Balasubramanian and Schneitz, 2000;Sieber et al., 2004). By contrast, SPL/NZZ expression in the chalaza is activated by ANT and BEL1 and it is necessary for the establishment of the adaxial-abaxial polarity axis, thus working as a link between proximal-distal and adaxial-abaxial patterning (Balasubramanian and Schneitz, 2000Schneitz, , 2002)).

Establishment of ovule and integuments adaxial-abaxial polarity axes

In Arabidopsis, ovule primordia acquire adaxial-abaxial polarity and transition from radial to bilateral symmetry at stage 2-III (Figure V-1) [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF]. Whereas the ii primordium arises simultaneously on the adaxial and abaxial side of the ovule primordium, the oi primordium initiates on the abaxial face and its predominant abaxial growth is responsible for the Arabidopsis ovule curvature [START_REF] Endress | Evolutionary diversification of the flowers in angiosperms[END_REF]. Adaxial-abaxial patterning characterizes then the laminar growth of each integument (Figure V-1). Here again, genetic studies have helped better understand regulatory pathways underlying such processes. KANADI (KAN) and YABBY (YAB) transcription factors are known to promote abaxial identity in vegetative organs and ovules (Siegfried et al., 1999;Kerstetter et al., 2001). kan1;kan2 mutant ovules display reduced oi growth [START_REF] Mcconnell | _Nature_Role of PHABULOSA and PHAVOLUTA in determining radial patterning in shoots[END_REF]. Similarly, mutations in the YAB gene INNER NO OUTER (INO) lead to the development of an amorphous protuberance at the place of the oi (Villanueva et al., 1999). INO expression in the proximal-abaxial side of the chalaza (Stage 2-I) is tightly regulated in a spatial-temporal fashion. Whereas BEL1 is a pre-requisite for INO expression, ANT and SPL/NZZ act antagonistically to time the onset of INO expression which in turn establishes a positive autoregulatory loop and feedbacks on ANT expression (Balasubramanian and Schneitz, 2002;Meister et al., 2002). The SUPERMAN (SUP) zinc-finger protein interferes with INO positive regulatory loop in the adaxial domain of ovule primordia, promoting oi abaxial development and ovule bilateral symmetry (Gaiser et al., 1995;Villanueva et al., 1999;Meister et al., 2002). Similarly, WUS, SPL/NZZ, HLL, and KAN4/ABERANT TESTA SHAPE (ATS) work redundantly in delimitating INO expression to the abaxial side of the oi (Villanueva et al., 1999;Balasubramanian and Schneitz, 2002;Sieber et al., 2004). Finally, INO has been shown to directly interact with the co-repressors LEUNIG and SEUSS and the co-activator ADA2b/PROPORZ1 (PRZ1) to promote oi growth (Simon et al., 2017). Acquisition of ovule adaxial identity is instead promoted by the class III homeodomain-leucine zipper transcription factor PHB. PHB mRNA initially localizes in the adaxial side of ovule primordia (stage 1-I) (Sieber et al., 2004) and phb-1d/PHB gain-of-function mutants, insensitive to miRNA negative regulation, exhibit orthotropous ovules with reduced oi growth (McConnell and Barton, 1998;[START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF].

Abaxial-adaxial polarity appears also within integuments, with both oi and ii displaying an adaxial and abaxial side, necessary to establish the oi-ii boundary (Figure V-1). KAN4/ATS is expressed in the abaxial side of ii primordia and loss of KAN4/ATS function leads to the fusion of ii and oi into a single thicker integument (McAbee et al., 2006). KAN4/ATS is post-translationally repressed by the UNICORN (UCN) active AGC VIII kinase (Enugutti et al., 2012;Enugutti and Schneitz, 2013). In ucn mutants as in sk21-D, a kan4/ats dominant allele, integuments form protrusions that originate from periclinal or oblique divisions of dermal cells (Enugutti and Schneitz, 2013). Moreover, KAN4/ATS interacts with DELLA proteins, repressors of gibberellin-dependent pathways, to regulate the expression of genes involved in integument growth [START_REF] Sun | Transcriptional and hormonal signaling control of Arabidopsis seed development[END_REF][START_REF] Gomez | Gibberellins Regulate Ovule Integument Development by Interfering with the Transcription Factor ATS[END_REF]. In situ hybridization analyses of the class III homeodomain-leucine zipper transcription factors PHB, PHV and CNA have revealed their ii adaxial pattern of expression (Sieber et al., 2004;[START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF]. phb;phv;cna triple mutant displays a variety of phenotypes such as reduced ii or oi growth and the formation of amorphous integuments [START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF]. PHB expression in the ii is regulated by WUS, ANT, and SPLL/NZZ whereas it is independent of INO and KAN4/ATS (Sieber et al., 2004;[START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF]. Overall, these genetic analyses suggest that a balanced expression of adaxial and abaxial polarity determinants is necessary for both ii and oi growth, similar to what observed in leaves (McAbee et al., 2006;[START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF].

Regulation of multiplicative integuments

The growth of Arabidopsis sub-dermal integument cell layers has been found to be tightly regulated. The development of ii sub-dermal cell layers (ii1' and ii1'') by periclinal cell divisions of the ii1 is promoted by STK and TRANSPARENT TESTA 16 (TT16) MADS-Box transcription factors (Coen et al., 2017). tt16;stk ovules lack ii sub-dermal cell layers almost completely. Furthermore, TT16 is a master regulator of ii1' and ii1'' cell patterning [START_REF] Ehlers | The MADS box genes ABS, SHP1, and SHP2 are essential for the coordination of cell divisions in ovule and Seed coat development and for endosperm formation in Arabidopsis thaliana[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]. Wild type ii1' arrests before the micropylar region, thus creating a proximal-distal polarity in seed coat thickness.

tt16 ovules exhibit a distal shift of ii1' and ii1'' development thus creating a thicker micropylar and thinner chalazal region, compared to wild type. TT16 expression pattern in the ii1 marks in advance the development of the ii1′ and is responsible for the correct positioning and progression of ii1 periclinal cell divisions. In tt16 seeds, embryo development is impaired by the mechanical action of the seed ii1′ invading the micropylar pole, highlighting the importance of tightly regulating sub-dermal integument growth. Finally, TT16 has been involved in the formation of oi sub-dermal cell stripes (oi'), which arise by periclinal cell divisions of sub-dermal chalazal cells (Fiume et al., 2017b). The chalaza of tt16 ovules appears more extended along the proximal distal axis, compared to wild type, thus favoring the growth of sub-dermal cells in between oi1 and oi2.

After fertilization, ii1' and ii1'' undergo dramatic cell expansion, compared to all other integument cells, thus affecting considerably seed coat thickness. The differentiation of all integument cell layers was thought to be repressed by FERTILIZATION INDEPENDENT SEED (FIS) Polycomb group (PcG) proteins (see below) and induced by a signaling pathway initiated by the endosperm (Roszak and Kohler, 2011;[START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. Nevertheless, genetic analyses indicate that ii1' and ii1'' cell expansion is not repressed by FIS PcG proteins and requires a signal from both embryo and endosperm [START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF]Fiume et al., 2017a). ii1' and ii1'' sub-dermal position is not responsible for such a unique regulatory mechanism as oi' cell expansion responds to the same molecular pathways underlying the development of integument dermal cell layers (Fiume et al., 2017b). display reduced oi development probably due to SUB miss-targeting (Wang et al., 2016). A sublike ovule phenotype was observed in pfs2;ino and pfs2;nzz ovules and was compared to integument lobes of primitive ovules (Park et al., 2004). A forward genetic approach, aimed at finding mutations causing sub-like ovule phenotypes, allowed Fulton and coworkers to identify the quirky (qry), detorqueo and zerzaust mutants (Fulton et al., 2009). QKY encodes a predicted membrane-anchored C2-domain protein that co-localizes with SUB at plasmodesmata, thus raising the possibility that both proteins influence symplastic trafficking of molecules (Vaddepalli et al., 2014).

Finally, ARABIDOPSIS CRINKLY 4 encodes another RLK protein localized at the plasma membrane of L1 cell layers [START_REF] Gifford | The Arabidopsis ACR4 gene plays a role in cell layer organisation during ovule integument and sepal margin development[END_REF]. In acr4 mutants, ovule integuments display a wide range of phenotypes, including arrest of integument growth and lack of integument cell layer organization [START_REF] Gifford | The Arabidopsis ACR4 gene plays a role in cell layer organisation during ovule integument and sepal margin development[END_REF][START_REF] Gifford | ARABIDOPSIS CRINKLY4 Function, Internalization, and Turnover Are Dependent on the Extracellular Crinkly Repeat Domain[END_REF][START_REF] Watanabe | The ACR4 receptorlike kinase is required for surface formation of epidermis-related tissues in Arabidopsis thaliana[END_REF].

Epigenetic determinants

dsRNA processing and epigenetic control of transcriptional activation have been shown to regulate ovule integument development in Arabidopsis. Mutations in SHORT INTEGUMENTS 1 (SIN1) (also known as SUSPENSOR1 or CARPEL FACTORY), which encodes a Dicer protein, result in premature integument arrest (Golden et al., 2002). Nevertheless, the RNA targets of SIN1 are yet to be identified.

As mentioned above, PcG proteins have also been involved in integument development. Two FIS components of the Polycomb repressive complex 2, MULTICOPY SUPPRESOR OF IRA1 (MSI1) and FERTILIZATION INDEPENDENT ENDOSPERM (FIE), act sporophytically to repress integument cell expansion and differentiation before fertilization (Roszak and Kohler, 2011). The study of FIE and MSI1 is complicated by the seed lethal phenotype of loss of function mutants. Nevertheless, FIE and MSI1 are haploinsufficient and emasculated fie/+ and msi1/+ flowers produce both wild-type-looking ovules and enlarged autonomous seeds having a partially differentiated seed coat. Furthermore, Hennig and coworkers discovered a positive role for MSI1 in integument outgrowth [START_REF] Köhler | Arabidopsis MSI1 is a component of the MEA/FIE Polycomb group complex and required for seed development[END_REF]. MSI1 cosuppression lines exhibited orthotropous ovules with limited oi development, resembling ino mutants.

Conclusive remarks

Genetic analyses of Arabidopsis ovule development revealed a number of master regulators of integument number and cell thickness that might well be responsible for the natural diversity observed in seed coat thickness . Genes, such as ANT, ATS, BEL1, INO and ETT, have been used as markers to better understand the evolution of unitegmy and ategmy in angiosperms (McAbee et al., 2005;Brown et al., 2010;Lora et al., 2015). Furthermore, the expression pattern of AGL6-like genes suggests that the angiosperm ii is homologous to the gymnosperm single integument (Reinheimer and Kellogg, 2009). By contrast, the evolution of the oi remains more controversial. It has been hypothesized that cupules might be ancestral ois. In line with this model, the Arabidopsis oi expresses INO, member of a gene family implicated in leaf development (Villanueva et al., 1999). Moreover, Arabidopsis ap2;bel1 and stk;shp1;shp2;bel1 mutant ovules show a conversion of the oi into a leaf-like structure. Alternatively, the oi might have evolved de novo through the WUS or UCN pathway. Less attention has been given to arils while addressing the evolution of the oi. The study of gymnosperms B-sister MADS-box genes, orthologous to Arabidopsis TT16 and GORDITA, revealed their high expression in the integument of Ginkgo biloba ovules and low expression in integument and aril of Taxus baccata ovules [START_REF] Lovisetto | Gymnosperm B-sister genes may be involved in ovule/seed development and, in some species, in the growth of fleshy fruit-like structures[END_REF]. These data suggest, despite being interpreted differently by the authors of such study, that T. baccata arils express an integument molecular marker and might be seen as integuments. Expression analyses of other integument master regulator genes in angiosperms and gymnosperms arils would help better address nature and evolution of these integument-like structures.

Endothelium physiological functions

The endothelium is the biosynthesis site of PAs in Arabidopsis seeds and acts as one of the two interfaces, with the nucellus, between the fertilization products and the mother plant.

In the course of ovule and seed development, the endothelium gives rise to the ii1' cell layer, that might play a role in pressure absorption (see Chapter II), possibly together with the endothelium, during endosperm expansion. Moreover, our studies suggest that the endothelium accumulates starch during seed development, indicating that this cell layer is important for proper nutrient transport inside maternal tissues (see Chapter IV). A previous experiment has shown that targeted ablation of the endothelium after fertilization does not lead to seed abortion, showing that this cell layer is not indispensable for proper seed development [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Nonetheless, endothelium ablation might turn out to be more detrimental in ovules. Such hypothesis could be tested by expressing the cytotoxic gene BARNASE under the control of TT1 promoter.

We showed here that an apoplastic cutin barrier is deposited by the endothelium on its inner face. This barrier is present before fertilization but is characterized by a de novo deposition of cutin following fertilization. Previous studies have shown that impaired IAB deposition leads to increased seed permeability and reduced dormancy. As we suggested above, the IAB might additionally serve as a hermetic barrier to some molecules. Should this barrier be hermetic to hormones or nutrients, the transport of these specific molecules between maternal tissues and fertilization products would occur either at the nucellus / endosperm interface, or at the frontier between the endosperm and the distal micropylar region of the endothelium (where we observed faint or absent IAB). In line with it, signals originating from central cell fertilization could trigger integument development and differentiation in the micropylar region. This model is consistent with the distal-to-proximal expression (starting from the distal micropylar region) of several genes (BAN, ATT1, TTG2; see Chapter II and III) involved in endothelium differentiation. Further testing the physiological function(s) of the IAB would necessitate mutants or transgenic lines specifically impacted in its deposition.

CUTICLE DESTRUCTING FACTOR 1 (CDEF1) was shown to encode a putative cutinase expressed in pollen grains [START_REF] Takahashi | Ectopic expression of an esterase, which is a candidate for the unidentified plant cutinase, causes cuticular defects in arabidopsis thaliana[END_REF]. Overexpression of CDEF1 under the control of a 35S promoter leads to developmental defects very similar to that of cuticle mutants [START_REF] Takahashi | Ectopic expression of an esterase, which is a candidate for the unidentified plant cutinase, causes cuticular defects in arabidopsis thaliana[END_REF]. In order to obtain transgenic lines impaired in IAB deposition, we aimed to express CDEF1 ectopically in the endothelium, and therefore created constructs carrying the promoter region of either TT1 or BAN, transcriptionally fused to CDEF1. We analyzed by auramine O staining and confocal microscopy more than 10 independent T1 lines carrying the ProTT1:CDEF1 transgene. Only three displayed impaired IAB deposition (data not shown). Nonetheless, mature seeds of these very lines also exhibited a clearer color than wild type seeds, and the morphology of endothelium cells appeared impacted as well. The progeny of T2 plants showed segregation for the seed color phenotype, and we observed that the clearest seeds (resembling tt1 seeds) corresponded to lines homozygous for the transgene.

We therefore suspect that such phenotypes are due to TT1 co-suppression, rather than CDEF1 effect. By contrast, although more than 10 independent T1 lines carrying the ProBAN:CDEF1 transgene were analyzed, none displayed impaired staining of the IAB (data not shown). We suggest that the IAB is characterized by a different ultrastructure composition than other cutin layers in vegetative tissues. Alternatively, the content or structure of endothelium cells might be detrimental to CDEF1 function. However, we observed in TEM (see Chapter III) that the IAB is separated from endothelium cells by a thick cell wall at globular and torpedo stages, whereas we detected very little electron-dense material between the IAB and the syncytial endosperm. In order to promote access of CDEF1 to the IAB, we could therefore consider expressing CDEF1 in the endosperm rather than in the endothelium.

Besides, we observed in TEM an electron-dense apoplastic barrier between the seed coat and the nucellus (that serves as the nutrient storage compartment) in the perispermic species Amaranthus hypocondriacus. Such observation raises the question of the conservation of IAB deposition among spermatphyte species. It would therefore be interesting to perform a systematic test of IAB presence in distant seed plant species. Should the IAB be present in a relatively important amount of species, we could infer that such a barrier has a fundamental role in seed viability, or adaptation to the environment.

TT1, TT16 and TTG2 control inner integument development and differentiation

We evidenced changes in morphology, differentiation and developmental patterning of inner integument cells in tt16, tt1 and ttg2 seeds. More particularly, TT16 affects endothelium and ii1' cell shape as well as ii1' developmental patterning. In addition, we showed that TT1 is involved in the control of endothelium cell area, represses anticlinal elongation in micropylar cells surrounding the embryo, and promotes cell enlargement in the ii1' chalazal cells. Nevertheless, we could not detect defects in endothelium cell shape or developmental patterning in both ttg2 alleles analyzed, but we observed defects in IAB deposition in ttg2-3 as well as supernumerary gaps between micropylar ii1' cells in ttg2-2 seeds.

Moreover, TT1, TT16 and TTG2 are characterized by different localization patterns.

Pro3.4kbTT16:gTT16-GFP is expressed very early in the course of ovule development, in the nucellus, the endothelium and the ii1'. However, by late globular / heart stage, TT16 localization is restricted to the nucellus (see Chapter II; data not shown). As for Pro3kbTT1:gTT1-GFP, it is expressed in the endothelium from the first steps of ovule development onward, and at all seed stages analyzed (until late globular stage). We could also detect TT1, albeit faintly, in the ii1' cell layer and in a specific region of the chalaza. Finally, Pro2kbTTG2:gTTG2-uidA was expressed solely after fertilization, in the endothelium, the oi2 layer and in the chalaza. In the endothelium, it displayed a distal-to-proximal expression pattern. The same results were obtained with Pro3kbTTG2:gTTG2-uidA, carrying a supplementary gene in TTG2 promoter (data not shown).

Besides, TT16 appears to be mostly required before fertilization to fulfil its functions, although we were able to complement partially IAB deposition, inner integument development and PA accumulation when expressing TT16 in the micropyle and in the chalaza of tt16 seeds. In addition, TT1 is required before fertilization for inner integument development and IAB deposition, but expression of TT1 under the control of BAN promoter is sufficient to promote wild-type-like PA accumulation in tt1 seeds. Finally, TTG2 acts after fertilization to promote proper PA accumulation. Given the post-fertilization-specific expression pattern of TTG2, we suggest that TTG2 is required after fertilization for all its functions (including IAB deposition). Taken together, these results suggest that TT1, TT16 and TTG2 play roles in inner integument development through different mechanisms.

Role of MADS-Box proteins in the control of integument development

It was shown that TT16 can interact in vitro with the other MADS-Box proteins STK, SHP1 and SHP2 through SEP3 [START_REF] Kaufmann | Mutant analysis, protein-protein interactions and subcellular localization of the Arabidopsis Bsister (ABS) protein[END_REF]. The question here is whether these proteins interact in planta to promote proper seed development. Pro3.5kbSTK:gSTK-GFP was previously shown to be expressed in the funiculus, the chalaza, the ii2 and the outer integument [START_REF] Mizzotti | SEEDSTICK is a Master Regulator of Development and Metabolism in the Arabidopsis Seed Coat[END_REF][START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF], showing complementary expression pattern with that of TT16. Interestingly, TT16 was shown to be upregulated in stk. Given their opposite phenotypes in terms of PA accumulation, a reasonable hypothesis would be that they repress each other's expression in their respective expression domains, to control PA accumulation.

We therefore introgressed Pro3.4kbTT16:gTT16-GFP in a stk mutant background, and Pro3.5kbSTK:gSTK-GFP in a tt16 mutant background to test putative ectopic expression.

Although Pro3.4kbTT16:gTT16-GFP expression pattern was unchanged in stk compared to wild type, Pro3.5kbSTK:gSTK-GFP displayed ectopic expression in the three or four most distal endothelium cells in tt16 (data not shown), supporting our hypothesis. Besides, we created a marker line carrying the SHP2 3kb promoter region and genomic sequence, transcriptionally fused to GFP. We detected expression in all integument cell layers except the ii1' (data not shown), showing that TT16 and SHP2 are both present in the endothelium and might possibly interact. A similar experiment is currently conducted for SHP1. In addition, we plan to observe expression in ovules and seeds of Pro1.5kbSEP3:gSEP3-GFP [START_REF] Urbanus | In planta localisation patterns of MADS domain proteins during floral development in Arabidopsis Thaliana[END_REF]. With these experiments, we hope to shed light on putative regulation of integument development by a handful of MADS-Box transcription factors.

Putative upstream regulators of TT16 and TT1 in the endothelium

TT1 and TT16 are expressed very early during ovule development and specifically in the innermost cell layer of the integuments. Previous studies have shown that the HD-ZIP III genes PHB, PHV, CNA and REV are expressed very early in the course of ovule development [START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF][START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF]. RNA in situ hybridization experiments showed that PHB and PHV are specifically expressed in the innermost cell layer of the integuments during the very first steps of integument initiation [START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF]. Interestingly, HD-ZIP III transcription factors are polarity determinants that control very early steps of organ development and identity [START_REF] Emery | Radial patterning of Arabidopsis shoots by class III HD-ZIP and KANADI genes[END_REF]. In ovules, PHB and PHV positive dominant mutants exhibit similar phenotypes to those of strong ino mutants, with early arrest of outer integument development [START_REF] Mcconnell | _Nature_Role of PHABULOSA and PHAVOLUTA in determining radial patterning in shoots[END_REF][START_REF] Kelley | Roles of polarity determinants in ovule development[END_REF][START_REF] Coen | Seed coat thickness in the evolution of angiosperms[END_REF]. These data suggest that both of these HD-ZIP III genes might act upstream other determinants of endothelium identity, such as TT16 and TT1. In order to test such hypothesis, we created an inducible line carrying the LhGR system and a RNA-insensitive version of the PHB coding sequence. We obtained three functional independent lines at the homozygous state. In order to study the effect of ectopic adaxialization in ovule integuments on the expression of endothelium determinants, we now plan to introgress our TT1 and TT16 promoter marker lines in these inducible lines.

Conclusion

This study aimed to shed light on genetic networks determining endothelium development. We identified TT16 and TT1 as upstream regulators of endothelium cell identity and differentiation. In addition, we showed that TTG2 controls endothelium differentiation solely. The endothelium cell layer is likely to have essential roles during ovule development and it has undoubtedly crucial physiological functions affecting seed fitness and adaptation to the environment. Further experiments on such gene networks should improve our knowledge of PA-specific biosynthesis, notably in other species in which seeds accumulate such compounds. Moreover, they will help to better understand how maternal tissues and fertilization products communicate with each other in order to achieve proper seed development. In the table, the length between the distal ii1' end and the distal side of the last endothelium cell in contact with the embryo, as well as the length between the proximal ii1' end and the proximal side of the most proximal endothelium cell, are highlighted in red and blue, respectively. 

Annexes

Interpretation of formula used in Chapter II and Chapter IV

Calculation of cell roundness

Circles are the geometrical shapes for which the ratio 𝑃 2 𝐴 (where 𝑃 and 𝐴 represent the perimeter and the area of the cell, respectively), is minimal. However, concerning rectangles, the longer their length, the higher 𝑃 2

𝐴

. Therefore, we used this ratio to determine cell elongation in the endothelium and in the ii1' cell layer. This ratio was adjusted, in order to obtain 0 for perfectly circular cells and 1 for square-shaped cells.

Finally, cell roundness was determined as :

𝑅 = 𝑃 2 4𝜋𝐴 -1 4 𝜋 -1
For a circle : It therefore appears that, in the case of rectangle for which 𝐿 = 𝑛𝑙, we obtain a value for 𝑅 close to 𝑛. Such a function may therefore be easily interpreted.

Calculation of the ratio between anticlinal and periclinal lengths

tt1 mutant seeds exhibited a fraction of bulging endothelium cells. In such cells, the anticlinal length appeared higher than the periclinal length. To quantify such a phenotype, we assimilated endothelium cells to rectangles. If 𝑃, 𝐿 and 𝑙 represent the perimeter, the periclinal length and the anticlinal length of the cell, respectively, we obtain for a rectangle : Abstract: In Arabidopsis, seeds are composed of three main compartments: an embryo, an endosperm and maternal tissues. The latter comprise in particular a seed coat, involved in seed protection, nutrient transport and dormancy. The endothelium is the innermost cell layer of the seed coat, acting as the interface between seed coat and endosperm. Moreover, the endothelium is the production site of proanthocyanidins (PAs), a class of flavonoid compounds of physiological and agricultural interest that give their brown color to Arabidopsis seeds. To date, several genes involved in PA accumulation in the endothelium have been discovered and named TRANSPARENT TESTA (TT) or TRANSPARENT TESTA GLABRA (TTG), according to the yellow color of their respective mutant seeds. Contrary to other TT and TTG genes, rather involved in enzymatic processes or transcriptional regulation, TT16, TT1 and TTG2 are thought to be involved in developmental processes, which we propose here to thoroughly characterize.

In this study, we show that TT16 and TT1 control cell morphology and differentiation in the endothelium and in its adjacent cell layer, the so-called ii1', whereas TTG2 appears to play roles in endothelium differentiation solely. Our results also suggest that TT16, TT1 and TTG2 control different aspects of the ii1' developmental patterning. Furthermore, we shed light on genetic mechanisms controlling the deposition of an apoplastic cutin barrier separating endothelium and endosperm. In particular, our results indicate that such a deposition makes part of endothelium differentiation process and is controlled by TT16, TT1, and in a lesser extent TTG2. Finally, our data indicate that endothelium development and differentiation -including deposition of this apoplastic barrier -are controlled by the fertilization of the embryo sac central cell, whereas ii1' development also requires the fertilization of the egg-cell.
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 1 Figure I-1. Different examples of seed architecture.

Figure I- 2 .

 2 Figure I-2. Structure of an ovule primordium in Arabidopsis.

Figure I- 3 .

 3 Figure I-3. Structure of an Arabidopsis developing ovule.

FERTILIZATION

  Figure I-5. Structure of an Arabidopsis ovule not fertilized, 6 days after flowering.

  differentiates. Meanwhile, the embryo grows and marks the following stages of seed development: 1 cell, 2 cells (Figure I-7), 4 cells, octant (Figure I-8), globular, triangular, heart (Figure I-9), torpedo, bent cotyledons (Figure I-10), and mature green embryo stages.

Figure I- 6 .

 6 Figure I-6. The fertilization process in Arabidopsis.The pollen tube, guided by chimiotactism toward the ovule embryo sac, contains two spermatic nuclei that fertilize both the egg-cell and the central cell.

Figure I- 7 .

 7 Figure I-7. Structure of an Arabidopsis seed at 2-cell-embryo stage.

  subsequently named TRANSPARENT TESTA (TT). Two mutants were named transparent testa glabra as they showed lack of PA deposition in the endothelium and absence of trichomes in the vegetative tissues. Flavonoid compounds are synthesized from 4-coumaroyl-CoA and malonyl-CoA, which are products of the phenylpropanoid biosynthetic pathway. The chalcone synthase, encoded by TT4, catalyses the transformation of both of these products in tetrahydroxychalcone (Figure I-11). tt4 mutant seeds display a whitish color, due to the complete absence of flavonoids in the seed. The following reactions of the PA biosynthetic pathway are catalyzed by the enzymes encoded by TT5, TT6, TT7, TT3, TT11/TT17/TT18 and BANYULS (BAN) (Figure I-11). TT14/TT19, TT12 and TT13/AHA10, which encode respectively a glutathione Stransferase, a multidrug and toxic compound extrusion secondary transporter and a H+-ATPase, are then involved in the transport of PA monomers to the vacuole (Figure I-11). In addition to it, TT10 codes for an enzyme involved in PA oxidation, while TT15 and TT9 encode respectively an UDP-Glucose:Sterol Glucosyltransferase and a peripheral membrane protein localized in the Golgi apparatus (Figure I-11). The two latter genes are involved in the molecular trafficking leading to PA accumulation in the vacuole

Figure I- 8 .

 8 Figure I-8. Structure of an Arabidopsis seed at octant embryo stage.

Figure I- 9 .

 9 Figure I-9. Structure of an Arabidopsis seed at octant embryo stage.

Figure I- 10 .

 10 Figure I-10. Structure of an Arabidopsis seed at bent cotyledon stage.

Figure

  Figure I-11. The PA biosynthetic pathways in Arabidopsis (Appelhagen et al., 2014).

Figure I- 12 .

 12 Figure I-12. Genetic networks regulating the expression of MBW subunits. (A) Specific MBW complexes regulate TT8 expression. (B) TT1, TT16, STK and TT15 are essential for proper expression of genes encoding MBW subunits.

  tt2;myb5 background, showing that TT2, MYB5 and TTG1 are essential components of this transcriptional regulation (Figure I-12A; Xu et al., 2013). Besides, whereas activity of the TT8 promoter appears unchanged in ttg2, and slightly weaker than wild type in tt1, it is restricted to the micropylar region of the endothelium and the chalaza in tt16 seeds (Figure I-12B; Xu et al., 2013). Nevertheless, shorter TT8 promoters exhibit restricted or absent activity in tt1 and ttg2 seeds, showing that recognition of specific transcriptional boxes is impaired in these mutants (Figure I-12B; Xu et al., 2013).

Figure I- 13 .

 13 Figure I-13. Regulation of BAN expression by a group of transcription factors.

Figure II- 1 .

 1 Figure II-1. TT16 and STK promote ii1 periclinal cell divisions. (A to C) Central longitudinal sections of wild type ovules progressing (A to C) through stage 3-VI imaged using the mPS-PI technique. Ecotype Col. (D to G) Central longitudinal sections of wild type (D), stk (E), and stk;tt16 (F and G) ovules at stage 4-I imaged using the mPS-PI technique. Ecotype Col. (H to I) GFP fluorescence images superimposed on bright field images of ProSTK:gSTK-GFP ovules at stage 2-III (H) and 3-V (I). Integument cell layers are marked by white lines. Scale bars, 50 µm. ii1 and ii1' are highlighted in yellow and red, respectively.

  sections of Arabidopsis ovules at stage 3-VI, three dimensionally reconstructed using the modified pseudo-Schiff propidium iodide imaging technique (mPS-PI, see Materials and methods). Cells of the ii1 underwent periclinal cell divisions starting from the chalazal pole and progressed toward the micropyle region without interruptions (Figure II-1A to 1C, ii1 and ii1' are highlighted in yellow and red, respectively, throughout this manuscript). The first cell of the ii1, identified as the cell following the merging of the ii1 and ii2 in the chalazal pigment strand (Supplemental Figure II-1), did not undergo periclinal cell divisions (Figure II-1A to 1C). The ii1' arose from the second, third or fourth cell of the ii1 and developed toward the micropyle without ever reaching it (Figure II-1A to 1C). At the end of stage 3-VI/beginning of stage 4-I, we observed additional periclinal cell division in the ii1' that gave rise to a sixth integument cell layer, which we named ii1'' (Figure II-2B, the ii1'' is highlighted in green throughout this manuscript). The ii1'' was limited to the chalazal area, as fertilization followed rapidly and led to the differentiation of the integuments, but persisted after fertilization showing a developmental patterning similar to the ii1' (Figure II-2C). The ii1''phenotype was more penetrant in the Wassilewskija accession (70 % of the ovules) compared to Columbia (35% of the ovules). Both ii1' and ii1'' are sub-epidermal cell layers, compared to the other integument cell layers which are all L1 epidermal layers (Figure II-2B and 2C)

Figure II- 2 .

 2 Figure II-2. TT16 regulates ii1' proximal-distal developmental patterning . (A to C) Central longitudinal sections of wild type ovule at stage 3-VI (A) and seeds at 2 (B) and 4 (C) DAF imaged using the mPS-PI technique. Ecotype Ws. (D to H) Central longitudinal sections of tt16 ovule at stage 3-VI (D) and seeds at 2 (E) and 4 (F to H) DAF imaged using the mPS-PI technique. Ecotype Ws. (I) In blue, percentage of seeds (6 DAF) with the ii1' beginning in zone 1 (light blue) or zone 2 (dark blue). In red, percentage of seeds with the ii1' ending in zone 3 (dark red) or zone 4 (light red). Seed zones 1-4 are schematized and color coded on the right of the graph. Ecotype Ws. n=30 Scale bars, 50 µm. ii1, ii1', and ii1'' are highlighted in yellow, red, and green, respectively.

  Figure II-2) when compared to wild type (Figure II-1D and Supplemental Figure II-2). In 89% of the tt16;stk samples we observed a patchy pattern of periclinal cell divisions (Figure II-1G and Supplemental Figure II-2), a phenotype never observed in wild type (Figure II-1D and Supplemental Figure II-2)

  , it did not show any ii1' or ii1'' aberrant phenotype (Figure II-1E and Supplemental Figure II-2). On the other hand, 74% of tt16 ovules displayed a more distal ii1' and ii1'' (after the fourth ii1 chalazal cell) compared to wild type (Figure II-2D). 16% of tt16 ovules developed a long ii1'' that resulted in a true six-cell layered seed coat (Figure II-2G). In wild type seeds, the ii1' extended through the curving zone until approximately halfway towards the micropylar pole (Figure II-2C and 2I). As a consequence, transverse imaging of wild type seeds beyond their midline did not show the ii1' around the developing embryo (Figure II-3D). Inversely, in the majority of tt16 seeds, the ii1' was still present beyond the seed midline and entered the micropylar region (Figure II-2F to 2I). Transverse views of tt16 seeds beyond their midline strikingly showed a shift of the ii1' toward the side occupied by the developing embryo (Figure II-3E). Thus, tt16 developing embryos were often compressed by the concomitant mechanical action of the seed ii1' invading the micropylar pole (Figure II-2H)

Figure II- 3 .

 3 Figure II-3. TT16 regulates ii1' cell orientation and differentiation. (A to C) GFP fluorescence images superimposed on bright field images of 3.4ProTT16:gTT16-GFP ovules, at stage 3-V (A) and 3-VI (B), and seed at 2 DAF (C). Integument cell layers are marked by white lines. N, nucellus. (D and E) Three-dimensional transverse sections of wild type (D) and tt16 (E) seeds at 4 DAF imaged using the mPS-PI technique. Embryos are highlighted in blue. Ecotype Ws. (F and G) Three-dimensional transverse and longitudinal sections of wild type (F) and tt16 (G) seeds at 4 DAF imaged using the mPS-PI technique. Ecotype Ws. Scale bars, 50 µm (A to G) and 10 µm (I and J). Endothelium, ii1', and ii1'' are highlighted in yellow, red, and green, respectively.

  of the ovule ii1 at stage 3-V (Figure II-3A) and in the developing ii1' (Figure II-3B) at stage 3-VI. GFP expression extended to more distal cells of the endothelium and ii1' in seeds at 2 Days After Flowering (DAF, see materials and methods) but never reached the micropyle (Figure II-3C). TT16 expression pattern in the ovule ii1 marks in advance the development of the ii1' and might be therefore responsible for the correct positioning and progressing of the ii1 periclinal cell divisions. In one possible scenario, TT16 might define only the position of the first ii1' cell, whereas the following periclinal cell divisions continue by default till ovule maturity.

Figure

  Figure fully complemented the tt16 ii1' phenotype at the chalazal and micropylar regions

  shape and oriented perpendicularly to the longitudinal axis of the seed (Figure II-3F). Thus, they appeared round in longitudinal sections (Figure II-2C) and elongated in transverse sections (Figure II-3D). In the tt16 mutant, endothelium and ii1' cells appeared equally tubular but aligned along the proximal-distal axis of the seed, thus perpendicular to wild type cells (Figure II-3G). We noticed that the orientation of these cells changed along the proximal-distal axis in both wild type and tt16 seeds. Longitudinal sections of the wild type ii1' displayed cells more elongated in the chalazal and micropylar zones compared to the curving zone (Figure II-3H and Supplemental Figure II-5; see Materials and

  ovules (Figure II-4C compared to Supplemental Figure II-6). In kpl only-endosperm seeds, the ii1' cells did not expand in coordination with the development of the other integument cell layers creating empty spaces (Figure II-4B compared to Figure II-4A). The development of the ii1' was not affected in kpl mutant ovules (Supplemental Figure II-6). These data suggest that ii1'differentiation requires the fertilization of both the egg and central cell.

Figure

  Figure II-5. ii1' unique response to fertilization. (A to C) Central longitudinal sections of wild type (A), kpl only-endosperm (B), and kpl only-embryo (C) seeds at 6 DAF imaged using the mPS-PI technique. Ecotype Ws. (D to F) Central longitudinal sections of wild type (D), fie/+ enlarged autonomous (E), and msi1/+ enlarged autonomous (F) seeds at 6 DAF imaged using the mPS-PI technique. Ecotype Col. (G to I) Central longitudinal sections of tt16 (G), tt16;fie/+ enlarged autonomous (H), and tt16;msi1/+ enlarged autonomous (I) seeds at 6 DAF imaged using the mPS-PI technique. Ecotype Col. (J to L) Transverse sections of tt16 (J), tt16;fie/+ enlarged autonomous (K), and tt16;msi1/+ enlarged autonomous (L) seeds at 6 DAF imaged using the mPS-PI technique. Ecotype Col. (M) Average ii1' cell area (see Materials and methods and Annexe 1) along the seed coat proximal-distal axis (arbitrarily divided in 201 points) as observed in central longitudinal sections of wild type seeds (blue), and fie/+ (orange) and msi1/+ (green) enlarged autonomous seeds at 6 DAF. Lines on top of the graph indicate statistical difference between wild type and fie/+ (purple), wild type and msi1/+ (blue), and fie/+ and msi1/+ (orange) (Two-tailed student's t test, P < 0.05). Error bars: standard deviations. n >12. Ecotype Col. (N) Three-dimensional longitudinal section of a fie/+ enlarged autonomous seed at 6 DAF imaged using the mPS-PI technique. Only one ii1' cell is highlighted in red. The inset shows the central longitudinal section of the chalazal side of the same seed imaged using the mPS-PI technique. Ecotype Col. (O) Central longitudinal section of the curving zone of a wild type seed at 6 DAF, gently squeezed between slide and coverslip, imaged using the mPS-PI technique. Ecotype Col. (P) Model for the development of the seed ii1'. Black and red arrows indicate functional relationships and mechanical forces, respectively. The purple line indicate strong cell-cell adhesion. Scale bars, 50 µm. Endothelium, ii1', ii1'', and ii2 are highlighted in yellow, red, green, and light blue, respectively.

Figure

  Figure. We speculate that the differentiation of the ovule ii1' is not solely repressed by FIE and MSI1 and might require the action of other FIS PcG proteins or a different molecular mechanism. Alternatively, it might lack any repressive mechanism and respond to the positive stimulus of double fertilization. Altogether, these results demonstrate that epidermal and non-epidermal integument cell layers are regulated by different fertilization signaling pathways.

  Figure II-4K and 4L compared to Figure II-4J), a phenotype similar to the one observed in fie/+ and msi1/+ seed longitudinal sections (Figure II-4E and 4F). These results suggest that TT16 does not affect ii1' responsiveness to the fertilization signals and to the growth of the neighboring integument cell layers.

  Figure II-5. ii1' cell roundness along the proximal-distal axis. Average ii1' cell roundness (see Materials and methods) in the chalazal zone (green), curving zone (red) and micropylar zone (light blue) as observed in central longitudinal sections of wild type seeds at 4 DAF. Lines on top of the graph indicate regions of statistically significant difference between zones (Two tailed student's t test , P < 0.05). n=12. Error bars: standard deviations. Ecotype Ws.

Figure III- 1 .

 1 Figure III-1. Deposition pattern of apoplastic barriers in ovule and seed integuments. (A) to (E) Fluorescence images of longitudinal sections of wild type ovules at stages (A) 2-I, (B) 2-IV, (C) 2-IV, (D) 3-IV and (E) 3-VI (Schneitz et al., 1995), stained with auramine O (yellow). (F) to (J) Fluorescence images of longitudinal sections of wild type seeds at different developmental stages stained with auramine O (yellow). Seed cell walls are counterstained with calcofluor (cyan).

(

  Figure III-1. (continued) (K) to (Q) Transmission electron micrographs showing the IAB of wild type ovules and seeds. (K) Mature ovule (stage 3-VI). (L) Close-up image of (K). (M) and (N) Embryo globular stage seed. (O) and (P) Embryo torpedo stage seed.(Q) Mature ovule (stage 3-VI). Black arrows indicate the IAB. Yellow arrows indicate the presence of the IAB between endothelium and nucellus/female gametophyte, whereas red arrows its absence. en, endothelium; nu, nucellus; es, endosperm; fg, female gametophyte. Ecotype Col. Scale bars: (A) 10µm, (B) and (C) 20µm, (D) and (E) 30µm, (F) to (J) 50µm, (K) and (M) 1µm, (O) 2µm, (L), (N) and (P) 0.25µm, (Q) 10µm.

Figure

  Figure III-2. IAB de novo cutin deposition after fertilization. (A) Analyses of ovule (0 DAF) and seed (4 and 8 DAF) fatty acyl composition by GC-MS. Values are relative to all detected fatty acyl chains. WT, wild type. The complete statistical analysis is in supplemental table 3. (B) qRT-PCR analyses of genes involved in cutin deposition in wild type seeds at 2 and 4 DAF. Values are relative to wild type ovules at 0 DAF. WT, wild type. Error bars represent standard deviations. Asterisks indicate statistical difference between different time points (Student's t test, *: P<0.05; **: P<0.01; ***: P<0.001). All statistical differences for compounds shown in (A) are listed in supplemental table 3.

  DAF) and seeds (2 and 4 DAF). ATT1, BDG, GPAT4, LACS2, WBC11 and WRI4 showed a significant upregulation after fertilization (Figure III-2B). In particular, the expression of ATT1, a gene directly involved in C18:2 DCA deposition, raised by 5 folds at 2 DAF and 20 folds at 4 DAF (Figure III-2B), compared to 0 DAF. Likewise, fertilization marked the change in expression of a set of genes involved in VLCFA (Supplemental Figure III-5). Overall, these data are in line with the microarray data of Figueiredo and coworkers's, which compare the transcriptomes of unfertilized ovules 4 DAE, and fertilized seeds 2 DAP

Figure

  Figure III-2. (continued) (C) to (E) YFP (yellow) and auto-fluorescence (purple) images of ProATT1:YFP ovules (stage 3-VI) (C) and seeds at 2 cells embryo (D) and late globular (E) stages. (F) and (G) GUS activity in cleared whole mounts of a ProMYB30:gMYB30-uidA ovule (stage 3-VI) (F) and seed right after fertilization (G). WT, wild type. Error bars represent standard deviations. Asterisks indicate statistical difference between different time points (Student's t test, *: P<0.05; **: P<0.01; ***: P<0.001). The complete statistical analysis of (A) is in supplemental table 3. Ecotype Col. Scale bars: (C), (D), (F) and (G) 30µm, (E) 50µm.

Figure

  Figure III-3. TT16 and TT1 promote IAB deposition. (A) to (M) Fluorescence images of longitudinal sections of representative tt16 (A to F), tt1 (G to L) and wild type (M) ovules and seeds stained with auramine O (yellow). Seed cell walls are counterstained with calcofluor (cyan).

Figure

  Figure III-3. (continued) (N) Relative position of detectable auramine O signal in wild type, tt16 and tt1 seeds along the distal-proximal (micropyle-chalaza) axis. The micropyle-chalaza axis was assimilated to a [0;1] segment (see methods). Error bars represent standard deviations, n > 10. (O) to (V) Transmission electron micrographs showing the IAB of tt16 and tt1 ovules (stage 3-VI) and seeds at embryo globular stage. Black arrows indicate the interface between endothelium and nucellus/endosperm. en, endothelium; nu, nucellus; es, endosperm. Ecotype Col. Scale bars: (A), (B), (G) and (H) 30µm, (C) to (F) and (I) to (M) 50µm, (S) 1µm, (P), (S), (T), (U) and (V) 0,25µm, (Q) and (R) 0,5µm.

  Figure III-4. tt16 and tt1 seeds display an altered C18:2 DCA composition. Analyses of fatty acyl composition in wild type, tt16 and tt1 seeds at 4 DAF by GC-MS. Values are relative to all detected fatty acyl chains. Error bars represent standard deviations. Asterisks indicate statistical difference between different genotypes (Student's t test, *: P<0.05; **: P<0.01; ***: P<0.001). Ecotype Col. The complete statistical analysis is in supplemental table 3.

  assess the mechanism of action of TT16 in IAB deposition, we analyzed tt16 lines carrying either a 1.6ProTT16:gTT16 or a 1.1ProTT1:gTT16 construct (Figure III-7). Three independent 1.6ProTT16:gTT16;tt16 lines displayed heterogeneous complementation of the tt16 IAB defects, ranging from faint auramine O staining in the proximal region to a wild type-looking phenotype (Figure III-7C to 7F). By contrast, three independent 1.1ProTT1:gTT16;tt16 lines produced seeds fully complemented in IAB deposition (Figure III-7G to 7I). Two of the latter lines contained a fraction of seeds displaying strong auramine O staining in some parts of the MAB, a phenotype never observed in wild type and mutant seeds (Figure III-7G and 7H). This phenotype might be due to TT16 ectopic expression in the ii2 under the control of the TT1 promoter (Figure III-7J). Altogether, these data demonstrate that TT16 can regulate IAB deposition non-cell autonomously along the proximal-distal axis and accentuate MAB deposition in a cell-autonomous fashion. Sporophytic maternal action of TT16 and TT1 TT16 and TT1 expression and function in integument development suggest their sporophytic maternal action on IAB deposition. To gain further insights, we crossed tt16 and tt1 plants with wild type pollen and analyzed their progeny seeds by auramine O staining (Figure III-8). All seeds analyzed (which carried tt16/-or tt1/-mutant maternal tissues and tt16/+ or tt1/+ heterozygous fertilization products) were undistinguishable from their

Figure III- 5 .

 5 Figure III-5. Expression of cutin-related genes in tt16 and tt1 seeds. (A) and (B) qRT-PCR analyses of a set of genes involved in cutin deposition in tt16 ovules (0 DAF) and seeds (2 and 4 DAF) (A) and tt1seeds (4 DAF) (B). Values are relative to wild type. Error bars represent standard deviations. Asterisks indicate statistical difference between mutant and wild type at the same time point (Student's t test, *: P<0.05; **: P<0.01; ***: P<0.001). (C) and (D) GUS activity in cleared whole mounts of ProMYB30:gMYB30-uidA (C) and ProMYB30:gMYB30-uidA;tt16 (D) seeds at two-cell embryo stage. Ecotype Col. Scale bars: 30µm.

  Figure III-9A to 9D). To test whether kpl endosperm-only seeds undergo de novo cutin deposition in the IAB, we fertilized ProATT1:YFP transgenic plants with kpl pollen and analyzed the progeny. A strong ATT1 promoter activity was detected in the endothelium of all analyzed ProATT1:YFP;kpl endosperm-only seeds 4 DAP (Figure III-9F), whereas unfertilized ovules at 4 DAE exhibited the same faint fluorescence near the micropyle as ovules at anthesis (Figure III-9E). These data indicate that the fertilization of the central cell is sufficient to trigger de novo cutin deposition in the IAB.

Figure III- 6 .

 6 Figure III-6. TT1 expression in the integuments. (A) to (F) Fluorescence images of ProTT1:NTF ovules (A to C) and seeds (D to F). Green, NTF fluorescence; magenta, (A) to (E) propidium iodide, (F) auto-fluorescence. Ecotype Col. (G) to (N) RNA in situ hybridization analyses with TT1 and HIS4 antisense probes in wild type and tt1-4 mutant ovules and seeds. (G) and (H) Wild type ovules at 0 DAF. (I) and (J) tt1-4 ovules at 0 DAF. (K) to (M) Wild type seeds at 1 DAF. (N) tt1-4 seed at 1 DAF. Ecotype Ws. Scale bars: (A) and (B) 20µm, (C) and (D) 30µm, (E) to (N) 50µm.

  . To test whether FIE and MSI also repress de novo cutin deposition in the IAB, we analyzed fie/+ and msi1/+ autonomously-developed seeds at 6 DAE. After staining with auramine O, the IAB of fie/+ and msi1/+ large autonomously-developed seeds appeared undistinguishable from that of wild type fertilized seeds (Supplemental Figure III-10A and 10B). Moreover, tt16;fie/+, tt1;fie/+and tt1;msi/+ large autonomously-developed seeds exhibited the same auramine O staining pattern as their respective tt16 and tt1 single mutants, thus that TT16 and TT1 are epistatic to FIE and MSI (Supplemental Figure III-10C to 10E). Altogether, these data indicate that IAB deposition and PA biosynthesis are regulated by the same signaling pathway.

  Figure III-10A to 10C). By contrast, a fraction of tt16 seeds displayed embryos apparently attached to the inner cell wall of the seed coat and incorrectly twisted, a phenotype reminiscent of cuticle-less embryo mutants (Figure III-10D to 10G). Furthermore, in some tt16 seeds, the developing radicle was displaced from the micropylar to the chalazal region (Figure III-10E). These phenotypes might be due to abnormal physical tensions resulting from both embryo growth and cotyledon adhesion to the endothelium, thus suggesting that lack of IAB deposition can impair embryo development.

Figure III- 7 .

 7 Figure III-7. TT16 non-cell autonomous effect on IAB deposition. (A) to (I) Fluorescence images of longitudinal sections of embryo globular stage seeds stained with auramine O (yellow) and counterstained with calcofluor (cyan). (A) Wild type. Ecotype Col. (B) tt16. Ecotype Col. (C) to (F) Representative sections of 1.6ProTT16:gTT16;tt16 seeds. Ecotype Ws. (G) to (I) Representative sections of ProTT1:gTT16;tt16 seeds. Ecotype Ws. (J) Fluorescence image of a ProTT1:NTF seed coat. The orange arrow indicates a nucleus expressing GFP in the ii2 cell layer. Ecotype Col. Scale bars: (A) to (I) 50µm, (J) 20µm.

  Figure III-8. The IAB is of maternal origin. (A) to (G) Fluorescence images of longitudinal sections of embryo globular stage seeds stained with auramine O (yellow) and counterstained with calcofluor (cyan). (A) Wild type seed at 6 DAF. (B) tt16 seed at 6 DAF. (C) tt1 seed at 6 DAF. (D) Progeny seed at 6 DAP from a tt16/-x wild type (WT) cross. (E) Progeny seed at 6 DAP from a tt1/-x WT cross. (F) Progeny seed at 6 DAP from a tt16/+ x tt16/-cross. (G) Progeny seed at 6 DAP from a tt1/+ x tt1/-cross. Ecotype Col. Scale bars: 50µm.

  GC-MS analyses showed a de novo C18:2 DCA accumulation following fertilization (Figure III-2A). Furthermore, RT-qPCR analyses revealed an important rise in the expression of genes involved in cutin deposition, such as ATT1, BDG, GPAT4, LACS2, WBC11 and WRI4, after fertilization (Figure III-2B). In particular, ATT1 expression increased by 20 folds from 0 DAF to 4 DAF and its promoter showed a much stronger endothelium activity after fertilization (Figure III-2C to 2E), which was never observed in ovules at 4 DAE (Figure III-9E). Finally, the fertilization-dependent activation of such cutin-related genes is further demonstrated by previous transcriptomic data comparing ovules of emasculated pistils to fertilized seeds

  as wild type seeds B and D). These results suggest that a signal originating from the fertilization of the central cell is sufficient to trigger de novo cutin deposition in the IAB. Nevertheless, a role of the embryo in the IAB composition after fertilization cannot be excluded.

Figure III- 9 .

 9 Figure III-9. De novo cutin deposition in the IAB is triggered by central cell fertilization. (A) to (D) Fluorescence images of longitudinal sections of seeds and emasculated ovules, stained with auramine O (yellow) and counterstained with calcofluor (cyan). (A) and (B) Wild type seeds. Ecotype Ws. (C) and (D) kpl endosperm-only seeds. The orange arrow indicates the unfertilized, expanded egg-cell. Ecotype Ws. (E) Fluorescence image of a ProATT1:YFP ovule at 4 DAE. Yellow, YFP; red, propidium iodide. Ecotype Col. (F) Fluorescence image of a progeny endosperm-only seed at 4 DAP from a ProATT1:YFP (Col) x kpl (Ws) cross. Yellow, YFP; red, propidium iodide. Scale bars: (A) to (D) and (F) 50µm, (E) 30µm.

Figure

  Figure III-10. Impaired IAB deposition in tt16 affects embryo development. (A) to (G) Fluorescence images of wild type and tt16 seeds longitudinal sections imaged using the mPS-PI technique. WT, wild type. Ecotype Ws. Scale bars: 50µm.

Figure

  Figure III-11. A model for IAB deposition. (A) A schematic of IAB deposition from the ovule to the seed. Purple, nucellus; turquoise, female gametophyte; brown, endothelium; blue, endosperm; green, embryo. The yellow line represents the IAB deposited during ovule development, whereas the red line marks the newly deposited IAB after fertilization. (B) Genetic mechanisms regulating IAB deposition. Black and red arrows indicate functional and transcriptional relationships, respectively. Solid and dashed arrows indicate direct and unknown regulations, respectively.

  Figure III-9. IAB deposition in mutant and over-expression lines of genes involved in cutin and wax deposition. (A) to (H) Fluorescence images of longitudinal sections of seeds stained with auramine O (yellow) and counterstained with calcofluor (cyan). (A) myb30 mutant seed. (B) and (C) Seeds from two independent Pro35S:cMYB30;tt16 lines. (D) wri1-4;wri3-1;wri4-1 triple mutant seed. (E) wri1-4;wri3-1;wri4-3 triple mutant seed. (F) and (G) Seeds from two independent Pro35S:cDEWAX lines. (H) tt16;dewax double mutant seed. Ecotype Col. Scale bars: 50µm.
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Figure IV- 1 .

 1 Figure IV-1. Time-course development of the inner integument in wild type seeds. (A) to (I) Longitudinal sections of wild type ovule and seeds stained with mPS-PI. (A) Ovule at anthesis (0 DAF). (B) Seed at 2 DAF. (C) and (D) Seeds at 4 DAF. (E) and (F) Seeds at 6 DAF. (G) to (I) Seeds at 8 DAF. The endothelium, the ii1' and the ii2 are highlighted in blue, red and yellow, respectively. Ecotype Ws. (J) to (M) Transmission electron micrographs of endothelium and ii1' cells. (J) Mature ovule (stage 3-VI), ecotype Col. (K) and (L) Seeds at globular stage, ecotype (K) Col and (L) Ws. (M) Seed at torpedo stage, ecotype Col. Red arrows indicate electron-dense PAs. en, endothelium; nu, nucellus; es, endosperm. Scale bars: (A) to (I) 50µm, (J) and (L) 5µm, (K) 1µm, (M) 2µm.

(

  Figure IV-1C and 1D). At heart stage, seeds exhibited endothelium cells even more rectangular (Figure IV-1E and 1F). Moreover, in some seeds, endothelium cells appeared flat, probably due to endosperm turgor pressure (Figure IV-1F). This trend continued at torpedo and bent cotyledon stages (Figure IV-1G, 1H and 1I). By contrast, ii1' cells increased in size from globular to heart stage, and started to shrink from torpedo stage onward, consistent with previous studies (Figure IV-1C to 1I) (Nakaune et al., 2005). The ii2 cell layer was sometimes difficult to analyze by mPS-PI staining, and therefore we could not properly quantify and compare cell shape in wild type and mutant backgrounds in this cell layer. Moreover, we aimed at characterizing the evolution of inner integument differentiation. To this end, we analyzed wild type mature ovules and seeds at embryo globular and torpedo stages by TEM (Figure IV-1J to 1M). In ovules, all inner integument cells exhibit the same appearance, strongly cytoplasmic and little vacuolized (Figure IV-1J). Whereas the oi1 showed dense cytoplasmic cells similar to inner integument cells, oi2 cells appeared more vacuolized (Figure IV-1J and Supplemental Figure IV-1A). At embryo globular stage of seed development, however, integument cells exhibited strong differences in cell content, in both Col and Ws accessions (Figure IV-1K andL, and Supplemental Figure IV-1B and 1C). Whereas endothelium cells still appeared densely cytoplasmic and little vacuolized, all other integument cell layers, and especially ii1' and ii2, appeared more vacuolized (Supplemental Figure IV-1B to 1D). Interestingly, endothelium cells started to accumulate PAs at the periphery of vacuoles, as well as starch granules in the cytoplasm (Figure IV-1K and 1L,

Figure 2 .

 2 Figure 2. Time-course expression of crucial genes for PA biosynthesis. (A) to (D) Fluorescence images of ProBAN:GFP-ER in (A) ovule and (B to D) in seeds. Green, GFP fluorescence; magenta, propidium iodide. (E) qRT-PCR analyses of TT2, TT8 and TTG1 in wild type seeds at 2 and 4 DAF. Values are relative to wild type ovules at 0 DAF. WT, wild type. Error bars represent standard deviations. Asterisks indicate statistical difference between different time points (Student's t test, *: P<0.05; **: P<0.01; ***: P<0.001). (F) to (K) Fluorescence images of ProTT2:gTT2-GFP in ovules (F and G) and seeds (H to K). Green, GFP fluorescence; magenta, propidium iodide. Ecotype Col. Scale bars: 50µm.

Figure

  Figure IV-3. TT16 and TT1 promote endothelium development. (A) to (K) Longitudinal sections of seeds stained with mPS-PI at (A to F) 4 DAF and (G to K) 6 DAF. (A and G) Wild type. (B and H) tt16 seeds. (C, D, E and I) tt1 seeds. (F, J and K) ttg2 seeds. The endothelium is highlighted in blue. Ecotype Ws. Scale bars: 50µm. (I) Average endothelium cell roundness (see Materials and Methods) along the seed coat proximal-distal axis (arbitrarily divided in 201 points) as observed in central longitudinal sections of tt1 (blue) and wild-type (yellow) seeds at octant stage of seed development. The shapes on the left of the graph exemplify how cell shape changes along the y-axis. (J) Average endothelium perimeter: periclinal length ratio (see Materials and Methods and Annexe 1) along the seed coat proximal-distal axis (arbitrarily divided in 201 points) as observed in central longitudinal sections of tt1 (blue) and wild-type (yellow) seeds at octant stage of seed development. In (I and J) lines at the top of the graph indicate regions of statistically significant difference between wild type and tt1 (two-tailed Student's t-test. Green line: P<0.05; orange line: P<0.001; red line: P<0.00001). Error bars indicate standard deviation. n=33 for wild type and 20 for tt1. Ecotype Ws.

Figure

  Figure IV-4. TT1 and TTG2 control proper ii1' development. (A) to (H) Close-ups of longitudinal sections of seeds stained with mPS-PI at (A to D) 4 DAF and (E to H) 6 DAF. (A, E and G) Wild type. (B, C, D and F) tt1 seeds. (H) ttg2 seed. (A to F) Close-ups of the chalazal region. (G and H) Close-ups of the micropylar region. The ii1' and the ii2 are highlighted in red and yellow, respectively. Ecotype Ws. Scale bars: 50µm. (I) Average ii1' cell roundness (see Materials and Methods and Annexe 1) along the seed coat proximal-distal axis (arbitrarily divided in 201 points) as observed in central longitudinal sections of tt1 (blue) and wild-type (yellow) seeds at octant stage of seed development. The shapes on the left of the graph exemplify how cell shape changes along the y-axis. Lines at the top of the graph indicate regions of statistically significant difference between wild type and tt1 (two-tailed Student's t-test. Green line: P<0.05; orange line: P<0.001; red line: P<0.00001). Error bars indicate standard deviation. n=35 for wild type and 20 for tt1. Ecotype Ws.

Figure IV- 5 .

 5 Figure IV-5. Proper endothelium differentiation is impaired in tt16 and tt1 seeds. (A) to (H) Fluorescence images of ProBAN:GFP-ER in (A) wild type, (B to D) tt16, (E to G) tt1 and (H) ttg2 . (B) Ovule at anthesis. (A) and (C) to (H) seeds. GFP fluorescence; magenta, propidium iodide. Ecotype Col. Scale bars: 50µm. (I) to (N) Transmission electron micrographs showing the integuments of (I) and (N) tt16, (J) and (M) tt1 and (K) and (N) ttg2 seeds at globular stage. (I to K) Close-ups on the endothelium. en, endothelium; nu, nucellus; es, endosperm. Scale bars: (I) to (K) 5µm, (L) and (M) 10m, (N) 20µm.

Figure IV- 6 .

 6 Figure IV-6. Expression of TT2, TT8 and TTG1 is impaired in tt16, tt1 and ttg2 seeds. (A) qRT-PCR analyses of TT2, TT8 and TTG1 in tt16 ovules (0 DAF) and seeds (2 and 4 DAF), tt1 seeds at 4 DAF and ttg2 seeds at 4 DAF. Values are relative to the corresponding wild type. Error bars represent standard deviations. Asterisks indicate statistical difference between mutant an d wild type at the same time point (Student's t test, *: P<0.05; **: P<0.01; ***: P<0.001). (B) to (E) Fluorescence images of ProTT2:gTT2-GFP in (A and B) wild type, (C and D) tt16 seeds. GFP fluorescence; magenta, propidium iodide. Ecotype Col. Scale bars: 50µm.

  tt1 and ttg2 seeds (Figure IV-6A). As for TTG1, however, we observed down-regulation in tt16 and ttg2 seeds but a slight up-regulation in tt1 seeds (Figure IV-6A). These results show that loss of function of either TT16, TT1 or TTG2 influence the expression of transcriptional regulators of PA biosynthesis. Since we detected a decrease of approximately one third of TT2 expression level in tt16 seeds, we hypothesized that this would correspond to a drop of TT2 expression in the inner integument. To test this hypothesis, we introgressed the ProTT2:gTT2-GFP marker line in the tt16 background and detected the same fluorescence pattern as in wild type (Figure IV-6B to 6E). However, from globular stage onward, GFP fluorescence appeared weaker in the inner integument of tt16 seeds compared to wild type (Figure IV-6B to 6E). This suggests that TT16 is involved in the regulation of TT2 expression level in the inner integument.

Figure IV- 7 .

 7 Figure IV-7. TT1 and TTG2 display different endothelium expression patterns. (A) to (F) Fluorescence images of ProTT1:gTT1-GFP in (A and B) ovules, (C to F) seeds. GFP fluorescence; purple, propidium iodide. Ecotype Col. Scale bars: 50µm. (G) to (J) GUS activity in cleared whole mounts of ProTTG2:gTTG2-uidA seeds. Ecotype Col. Scale bars: 50µm.

Figure 8 .

 8 Figure 8. TT16 and TT1 are required before fertilization for proper endothelium development and IAB deposition. (A) to (F) Fluorescence images of longitudinal sections of embryo globular / heart stage seeds stained with auramine O (yellow) and counterstained with calcofluor (cyan). (A) Wild type. (B) tt16. (C) Representative sections of tt16;ProBAN:gTT16 seeds. (D) tt1. (E) Representative sections of tt1;ProBAN:gTT1 seeds. (F) Representative section of tt1;ProTT1:gTT1 seeds. Ecotype Col. Scale bars: 50µm.

  Figure IV-6). Conversely, eight out of nine ProBAN:gTT1;tt1 lines analyzed appeared fully complemented for seed color whereas one displayed complementation solely in a fraction of seeds (Supplemental Figure IV-6). The progeny of three lines showing full complementation for seed color were analyzed by confocal microscopy after auramine O and calcofluor staining. None displayed complementation for endothelium or ii' cell shape nor for IAB deposition (Figure IV-8E and 8F). By contrast, three independent ProTT1:gTT1;tt1 lines yielded seeds fully complemented for IAB deposition, inner integument cell morphology as well as seed color (Figure IV-8). However, ProTT1:gTT1;tt1 lines appeared less complemented for the seed color phenotype than ProBAN:gTT1;tt1 (Supplemental Figure IV-6). Finally, ProBAN:gTTG2;ttg2 lines produced brown seeds comparable to wild type, in line with the post-fertilization distal-to-proximal expression pattern of TTG2 reported above (Supplemental Figure IV-6).

Figure IV- 9 .

 9 Figure IV-9. TT1 expression is controlled by TT16. (A) qRT-PCR analyses of TT1, TT16 and TTG2 in tt16 ovules (0 DAF) and seeds (2 and 4 DAF), tt1 seeds at 4 DAF and ttg2 seeds at 4 DAF. Values are relative to the corresponding wild type. Error bars represent standard deviations. Asterisks indicate statistical difference between mutant and wild type at the same time point (Student's t test, *: P<0.05; **: P<0.01; ***: P<0.001). (B) to (E) Fluorescence images of ProTT1:NTF in (B and C) wild type, (D and E) tt16 seeds. NTF fluorescence; magenta, propidium iodide. Ecotype Col. Scale bars: 50µm.

  where P and L represent perimeter and periclinal length of the cell, respectively. In the case of a perfect rectangle, GP represents the ratio between anticlinal and periclinal lengths. Due to variability in the ii1' position along the proximal-distal axis in each genotype, the extreme proximal and distal points are represented by less cells than the points at the curving zone.

Figure

  Figure IV-S8. Effect of concomitant loss of functions of TT1, TT16 and TTG2 on inner integument development. (A) to (H) Fluorescence images of longitudinal sections of embryo globular / early heart stage seeds stained with calcofluor (cyan). (A and F) Wild type. (B) tt16-1. (C) tt16-1;ttg2-2. (D) tt1-4;ttg2-2. (E) tt16-1;tt1-4;ttg2-2. (G) tt1-;ttg2-3. (H) tt16-1;ttg2-3. (A to E) Ecotype Ws. (F to H) Ecotype Col. Scale bars: 50µm.

Figure V- 1 .

 1 Figure V-1. Arabidopsis ovule primordium at stage 2-V stained with Calcofluor M2R White. F, funiculus (violet); C, chalaza (red); N, nucellus (orange); oi, outer integument (blue); ii, inner integument (green). Scale bar : 20 µm.

Figure V- 2 .

 2 Figure V-2. Scheme of a bitegmic, unitegmic, and bifid ovules. Outer integument (blue); inner integument (green); tissue of unclear origin (yellow).

Figure V- 3 .

 3 Figure V-3. List of Arabidopsis genes and hormones known to regulate seed coat thickness.
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Figure

  Figure VI-1. (continued) (C) The lengths of the ii1' cells of the seed shown in (A) are determined with the ImageJ software.In the table, the length between the distal ii1' end and the distal side of the last endothelium cell in contact with the embryo, as well as the length between the proximal ii1' end and the proximal side of the most proximal endothelium cell, are highlighted in red and blue, respectively. (D) Longitudinal mid-planes are segmented with the Cellset software. Perimeter and area are obtained for each cell selected. (E) and (F) Schematic drawings showing the assimilation of the ii1' cell layer to the [0;1] segment. (G) The ii1' cell layers from different seeds are all assimilated to the same [0;1] segment. Area and / or perimeter are determined for each seed and for each sample (n/e, where e represents the total number of samples). Averages and standard deviations are then calculated for each one of these samples. Scale bars : 50µm.

  Figure VI-1. (continued) (C) The lengths of the ii1' cells of the seed shown in (A) are determined with the ImageJ software.In the table, the length between the distal ii1' end and the distal side of the last endothelium cell in contact with the embryo, as well as the length between the proximal ii1' end and the proximal side of the most proximal endothelium cell, are highlighted in red and blue, respectively. (D) Longitudinal mid-planes are segmented with the Cellset software. Perimeter and area are obtained for each cell selected. (E) and (F) Schematic drawings showing the assimilation of the ii1' cell layer to the [0;1] segment. (G) The ii1' cell layers from different seeds are all assimilated to the same [0;1] segment. Area and / or perimeter are determined for each seed and for each sample (n/e, where e represents the total number of samples). Averages and standard deviations are then calculated for each one of these samples. Scale bars : 50µm.

where

  𝐿 and 𝑙 represent the length and the width of the rectangle, respectively.In the case of a little elongated rectangle (𝐿 = 2𝑙):

  maturité de la graine et l'embryon constitue l'unique tissu de stockage des nutriments. Inversement, dans les graines périspermiques, par exemple dans la plupart des pseudo-céréales, le nucelle (appelé ici perisperme) constitue le principal tissu de stockage des nutriments. Enfin, les plantes à graines albuminées, telles que les céréales, portent un albumen important qui stocke une partie importante des ressources en semences. L'embryon, l'albumen et le nucelle se développent souvent de manière antagoniste au cours du développement de la graine. Par exemple, dans la plante modèle Arabidopsis thaliana, le nucelle dégénère en faveur de l'expansion de l'albumen. Plus tard au cours du développement, l'albumen se décompose et l'embryon remplit la majeure partie de l'espace interne de la graine. Finalement, la graine mature d'Arabidopsis se compose d'un embryon volumineux, d'un albumen réduit à une couche cellulaire, d'un tégument protecteur (également appelé testa) et d'un nucelle minuscule. Les graines d'Arabidopsis sont constituées de trois principaux compartiments : l'embryon, l'albumen et les tissus maternels. Ces derniers sont composés en particulier d'une enveloppe, impliquée dans la protection de la graine, sa dormance, ainsi que dans le transport de nutriments. L'endothélium est la couche cellulaire la plus interne de l'enveloppe, et tient lieu d'interface entre l'albumen et le reste de l'enveloppe. C'est aussi le site de production dans la graine des proanthocyanidines (PAs), un type particulier de flavonoïdes, d'intérêt à la fois physiologique et agronomique, et responsables de la couleur marron des graines d'Arabidopsis. À ce jour, une vingtaine de gènes impliqués dans l'accumulation de PAs ont été découverts et nommés TRANSPARENT TESTA (TT) ou TRANSPARENT TESTA GLABRA (TTG), en référence à la couleur jaune des graines mutantes correspondantes. Contrairement à d'autres gènes TT ou TTG, montrés être impliqués dans des processus enzymatiques ou de régulation transcriptionnelle, on suspecte que TT16, TT1 et TTG2 sont plutôt impliqués dans des mécanismes développementaux, ce que nous nous proposons d'étudier ici en détail. Dans cette étude, nous montrons que TT16 et TT1 contrôlent la morphologie et la différentiation des cellules de l'endothélium et de sa couche cellulaire adjacente, l'« ii1' », tandis que TTG2 apparaît ne contrôler que la différentiation de l'endothélium. Nos résultats suggèrent aussi que TT16, TT1 and TTG2 contrôlent différents aspects du profil développemental de l'ii1'. Par ailleurs, nous étudions les mécanismes moléculaires impliqués dans la déposition d'une barrière de cutine apoplastique séparant albumen et endothélium. Nos résultats indiquent en particulier que cette déposition fait partie du processus de différentiation de l'endothélium et qu'elle est contrôlée par TT16, TT1, et dans une moindre mesure TTG2. Finalement, nos données indiquent que le développement et la différentiation de l'endothélium -incluant la déposition de cette barrière apoplastique -sont contrôlés par la fécondation de la cellule centrale du sac embryonnaire, tandis que le développement de l'ii1' requiert aussi la fécondation de la cellule-oeuf. e Titre : Contrôle développemental de la biosynthèse des flavonoïdes de la graine d'Arabidopsis thaliana Mots clés : graine, flavonoïde, développement, facteur de transcription, tégument Résumé : Les graines d'Arabidopsis sont constituées de trois principaux compartiments : l'embryon, l'albumen et les tissus maternels. Ces derniers sont composés en particulier d'une enveloppe, impliquée dans la protection de la graine, sa dormance, ainsi que dans le transport de nutriments. L'endothélium est la couche cellulaire la plus interne de l'enveloppe, et tient lieu d'interface entre l'albumen et le reste de l'enveloppe. C'est aussi le site de production dans la graine des proanthocyanidines (PAs), un type particulier de flavonoïdes, d'intérêt à la fois physiologique et agronomique, et responsables de la couleur marron des graines d'Arabidopsis. À ce jour, une vingtaine de gènes impliqués dans l'accumulation de PAs ont été découverts et nommés TRANSPARENT TESTA (TT) ou TRANSPARENT TESTA GLABRA (TTG), en référence à la couleur jaune des graines mutantes correspondantes. Contrairement à d'autres gènes TT ou TTG, montrés être impliqués dans des processus enzymatiques ou de régulation transcriptionnelle, on suspecte que TT16, TT1 et TTG2 sont plutôt impliqués dans des mécanismes développementaux, ce que nous nous proposons d'étudier ici en détail. Dans cette étude, nous montrons que TT16 et TT1 contrôlent la morphologie et la différentiation des cellules de l'endothélium et de sa couche cellulaire adjacente, l'« ii1' », tandis que TTG2 apparaît ne contrôler que la différentiation de l'endothélium. Nos résultats suggèrent aussi que TT16, TT1 and TTG2 contrôlent différents aspects du profil développemental de l'ii1'. Par ailleurs, nous étudions les mécanismes moléculaires impliqués dans la déposition d'une barrière de cutine apoplastique séparant albumen et endothélium. Nos résultats indiquent en particulier que cette déposition fait partie du processus de différentiation de l'endothélium et qu'elle est contrôlée par TT16, TT1, et dans une moindre mesure TTG2. Finalement, nos données indiquent que le développement et la différentiation de l'endothéliumincluant la déposition de cette barrière apoplastique -sont contrôlés par la fécondation de la cellule centrale du sac embryonnaire, tandis que le développement de l'ii1' requiert aussi la fécondation de la cellule-oeuf. Title: Developmental control of flavonoid biosynthesis in the seeds of Arabidopsis thaliana Keywords: seed, flavonoid, development, transcription factor, integument

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 

	) and, following denaturation (2 min at 80°C), drops of this solution were pipetted on
	slides. A second slide was placed onto the first one, and samples were incubated overnight at
	hybridization temperature in a damp box containing a formamide 50%/10X SSC solution.
	Slides were then consecutively washed in 0.1X SSC/0.5% SDS (30 min, 56°C), in 2X SSC/50%
	formamide (2h, 56°C), in NTE (5 min, 56°C), in a RNAse solution (solution n°8, Supplemental
	Table 1, 30 min, 37°C), in NTE again (5 min, 56°C), in formamide 50%/2X SSC (1h, 56°C), in 0.1X
	SSC (2 min, 56°C) and finally in PBS overnight at room temperature. Immunological detection
	was performed by transferring slides to solution n°9 (Supplemental Table 1, 1h, room
	Microscopy
	mPS-PI stained samples were analyzed with a Leica TCS-SP5 spectral confocal laser
	scanning microscope (Leica Microsystems). Samples stained with auramine O and calcofluor,
	as well as ProTT1:NTF and ProATT1:YFP lines were analyzed using a Leica TCS-SP8 spectral
	confocal laser scanning microscope, under sequential scanning (Leica Microsystems).

temperature), then to solution n°10 (Supplemental Table

1

, 1h, room temperature), and finally by pipetting drops of digoxygenin-targetting antibody solution on slides (solution n°11, Supplemental Table

1

, incubation 1h, room temperature). Slides were then consecutively washed at room temperature in solution n°10 (Supplemental Table

1

, 2 times for 20 min), in a Tris pH 7.5 (100 mM)/NaCl (150 mM) solution (15 min), and in solution n°12 (Supplemental Table

1

, 15 min). Staining reaction was performed by dipping slides in solution n°13 (Supplemental Table

1

) for 24h, and subsequently stopped by incubation in TE at pH 7.5 for 20 min. Slides were rinsed with permuted water, mounted in Citifluor AF1 and stored at 4°C.

01 Figure 4 WT vs tt16 WT vs tt1 C16:0

  

		1,62E-01	7,37E-04	7,72E-03
	2OH-C25:0	1,07E-01	1,95E-01	4,53E-01
	2OH-C26:0	1,45E-01	9,60E-01	7,49E-01
	Unknowns	4,39E-01 1,60E-4,70E-01 1,38E-03 8,96E-01
	C16:1	3,50E-01	4,02E-01	
	C16:3	9,34E-01	7,99E-01	

graine, a permis d'obtenir ces avantages évolutifs dans une large mesure. Les graines proviennent d'ovules portés par des plantes femelles ou hermaphrodites. La fécondation du sac embryonnaire de l'ovule (le gamétophyte femelle) par les noyaux spermatiques du grain de pollen marque le passage de l'ovule à la graine. Les graines se développent et mûrissent ensuite sur leur plante mère pour sécher et se disperser. Chez les gymnospermes, les graines sont produites suite à la fécondation de la cellule oeuf, ce qui donne naissance à l'embryon.En revanche, les semences d'angiospermes sont caractérisées par un double événement de fécondation de la cellule oeuf et de la cellule centrale, qui génèrent respectivement l'embryon et l'albumen. La plupart des graines sont donc composées de trois compartiments génétiquement différents : un embryon diploïde, un albumen triploïde dans les angiospermes ou un gamétophyte femelle haploïde dans les gymnospermes, et des tissus maternels diploïdes.L'embryon constitue la « première ébauche » de la future plante. En revanche, l'albumen est un tissu auxiliaire qui peut servir de compartiment de stockage des éléments nutritifs, déterminer la taille de la graine et rassembler les éléments nutritifs au cours de la germination. Les tissus maternels sont généralement composés d'un nucelle (qui entoure le gamétophyte femelle dans des ovules), d'une chalaze, d'un funicule et d'un tégument. Dans les semences dites non albuminées, par exemple dans la plupart des légumineuses, l'albumen
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Annexe 2 -Résumé en français

Les graines sont des systèmes biologiques uniques qui révèlent une complexité extraordinaire. Par rapport aux plantes vasculaires dispersant les spores, l'évolution de la graine par les spermaphytes (gymnospermes et angiospermes) a marqué la rétention du gamétophyte femelle sur le sporophyte et la dispersion de l'embryon zygotique. Les semences ont largement contribué au succès de la colonisation des terres par les spermaphytes, en particulier les angiospermes (production de semences protégées dans les fruits) qui représentent environ 95% des plantes terrestres connues. Par rapport aux spores, les graines contiennent des éléments nutritifs, dépendent moins de l'eau pour germer, offrent un degré de protection supérieur contre le stress physique et peuvent se disperser de différentes manières. L'évolution de l'enveloppe de la graine, constituée de couches de cellules qui entourent, protègent et facilitent la dispersion du ou des produits de la fécondation de la

We conclude from these observations that TT16 and TT1 are both essential for correct IAB deposition in seeds, although they fulfill different functions along the proximal-distal axis.

TT16 and TT1 regulate cuticle biosynthetic pathways

To characterize tt16 and tt1 phenotypes at the biochemical level, we analyzed and compared the fatty acyl composition of wild type, tt16 and tt1 seeds by GC-MS. Whereas cell wall compounds did not display striking differences, the C18:2 DCA content was significantly lower in tt16 and in tt1 seeds compared to wild type (Figure III-4, biological replica in Supplemental Figure III-7). These data indicate that the defects in IAB deposition observed in tt16 and tt1 seeds are both associated with a strong reduction in C18:2 DCA.

We investigated whether this drastic decrease in C18:2 DCA correlates with changes in the expression of genes responsible for cutin deposition. To this end, we tested the same set 

Sample preparation for microscopy

Prior to microscopy analyses, siliques were carefully dissected and septums (containing seeds) were harvested.

For staining with auramine O (Sigma Aldrich) and calcofluor M2R white (fluorescent brightener 28; Sigma Aldrich), harvested septums were first immersed in a NaOH (0.2M), SDS (1%) solution at 37°C for 3h for seeds and 2h for ovules. Samples were washed three times in water, and then transferred to a fresh bleach solution (2%) for 10min to remove precipitated tannins in seeds (this step was skipped for ovules). Samples were washed at least five times to remove traces of bleach (which interferes with auramine O staining). Finally, they were immersed in a staining solution containing auramine O (10 µg mL -1 ) and calcofluor M2R white (10 µg mL -1 ) at 4°C overnight and mounted in water before analysis. Stock solutions (100 µg mL -1 ) of Auramine O and Calcofluor M2R White were stored at -20°C for up to 6 months.

Seeds of ProTT1:NTF and ProATT1:YFP lines were analyzed 1h after mounting in a Propidium iodide (100 µg mL -1 ), sucrose (7%) solution, as previously described [START_REF] Figueiredo | Auxin production in the endosperm drives seed coat development in Arabidopsis[END_REF]. For analysis of ProMYB30:gMYB30-uidA lines, seeds were immersed in solution n°1 (Supplemental Table 2). Samples were subsequently mounted on slides in a chloral hydrate 8M, glycerol 33% solution. mPS-PI samples were prepared as previously described [START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF].

For transmission electron microscopy (TEM), septums with seeds were immersed immediately after harvest in a fresh fixative solution (solution n°2, Supplemental Table 1).

Fixation was performed for 4h at room temperature and 1 week at 4°C. Samples were subsequently contrasted with Oolong Tea Extract (OTE) (Delta Microscopies -France) 0.5% in cacodylate buffer 0.1M pH 7.4 for 1h, post-fixed with 1% osmium tetroxide containing 1.5% potassium cyanoferrate for 2h, gradually dehydrated in ethanol series (10% to 90%, 1h for each bath), and dehydrated twice for 1h in ethanol 100%. Samples were then gradually treated with mixtures of ethanol-epon (ratios of 1:2, 1:1 and 2:1, for 2h time) and finally transferred to pure epon (Delta Microscopie) overnight under vacuum. For embedding, ovules/seeds were spread on silanized glass slides. One drop of epon was added before overlaying with a second glass slide.

For confocal microscopy, pictures showing mid-plane longitudinal sections of seeds were captured when possible. Otherwise, three dimensional z-stacks were acquired, and the mid-plane longitudinal sections were obtained with the Volume Viewer plugin of the Image J software.

Analysis of auramine O staining pattern in mutant seeds

Staining patterns in wild type, tt16 and tt1 were quantified with the Image J software.

The length of both distal and proximal areas showing auramine O staining were measured and divided by the total length of the endothelium (starting from the last endothelium cell in contact with the embryo and finishing at the first endothelium proximal cell). In Figure III-3-O, early embryo stage comprises stages from 2 cells embryo to octant. Late embryo stage comprises older stages until emergence of the young cotyledons. When the embryo shoot apical meristem was at a lower position than the cotyledon tips, we considered it as embryo heart stage.

Accession numbers

Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: TT16 (AT5G23260), TT1 (AT1G34790), ATT1 (AT4G00360), 

Supplemental Figures Supplemental

Supplemental Table : Composition of additional solutions

GUS staining

0.052g of X-Gluc in 500 µL of dimethylformamide, diluted in 50 mL of NaH2 PO4 28 mM, Na2HPO4 72 mM, EDTA 10mM pH 7,5, Triton 0.1X

TEM preparation

Solution n°2 (Fixation) Glutaraldehyde (Sigma, 2%), fresh formaldehyde (Sigma, 0.5%) in cacodylate buffer 0.1 M at pH 7

RNA in situ hybridization

Solution n°3 (Fixation) Fresh formaldehyde (Sigma, 4%), Triton (1%) in PBS 1X buffer Solution n°4 (Proteinase K solution) Proteinase K (Sigma, 1 mg L -1 ) in Tris (100 mM, pH 7,5) EDTA (50 mM) buffer Solution n°5 (Acetic anhydride / triethanolamine-HCl) Triethanolamine (1.5%) in water (pH adjusted at 8 with HCl), 0.5% acetic anhydride

Solution n°6 (Prehybridization buffer)

De-ionised formamide (50%), 5X SSC, heparin (50 µg mL -1 ), tRNA (Roche, 100 µg mL -1 ), Tween (0.02%) Solution n°7 (Hybridization buffer) TT1 RNA probe (0.4 ng µL -1 ), de-ionised formamide (50%), Dextran Sulfate (Sigma, 20%), tRNA (Roche, 1 mg mL -1 ), Tween (0.15%), Ficoll (0.05%), PVP (0.05%), BSA (0.05%), NACL (0. 

TT2 and BAN exhibit different expression patterns

Whereas TT2, TT8 and TTG1 transcription factors tightly regulate PA biosynthesis at the transcriptional level, BAN encodes a key enzyme for PA deposition. BAN expression was previously studied by Debeaujon and coworkers [START_REF] Debeaujon | Proanthocyanidin-accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed development[END_REF]. Before fertilization, BAN expression is specific to the distal micropylar endothelium cells. After fertilization, strong BAN expression is detected in endothelium cells and spreads following a distal-to-proximal pattern, as well as in distal micropylar ii2 cells (Figure IV-2A toD). Our analyses of a ProBAN:GFP-ER line confirmed these results. However, we also detected BAN promoter activity in oi2 cells starting from the globular stage of seed development, which had never been reported.

Previous experiments did not detect TT2 in flower buds [START_REF] Nesi | The Arabidopsis TT2 gene encodes an R2R3 MYB domain protein that acts as a key determinant for proanthocyanidin accumulation in developing seed[END_REF]. We aimed at challenging these previous results by more sensitive qRT-PCR. Strikingly, we could detect TT2 expression before fertilization, although expression increased drastically after fertilization (Figure IV-2E). Likewise, we observed a little increase in TT8 expression after fertilization.

Nonetheless, TTG1 expression decreased by more than half after fertilization (Figure IV-2E).

To thoroughly characterize the effect of the tt1 mutation on endothelium cell shape, we quantified cell area and circularity along the endothelium in wild type and tt1 seeds at embryo octant stage of seed development, as previously described (see Chapter II, Materials and Methods and Annexe 1). Overall, tt1 endothelium cells exhibited increased cell area compared to wild type (Supplemental Figure IV-3). Moreover, they appeared more elongated in the chalazal region and more squared in the micropylar region than wild type .

In order to examine endothelium cell growth polarity, we calculated the ratio between cell perimeter and cell anticlinal length in wild type and tt1 endothelium cells. By assimilating endothelium cells to rectangles, in first approximation, we could compare anticlinal and periclinal cell lengths (see Materials and Methods). Interestingly, whereas periclinal cell length was on average greater than anticlinal cell length all along wild type endothelium, tt1 seeds exhibited anticlinally elongated cells in a specific region of the micropyle (Figure IV-3J).

TT1 and TTG2 control cell elongation and cell-cell connection in the ii1'

In addition to defects in endothelium cell shape, tt1 seeds displayed misshaped ii1' cells . Quantifications on longitudinal mid-planes at octant stage revealed that chalazal ii1' cells were significantly more elongated in tt1 than in wild type, although high variability was observed between tt1 seeds. Moreover, tt1 ii1' chalazal cells appeared sometimes disconnected from each other, a phenotype never observed in wild type seeds (Supplemental Figure IV-4) but similar, albeit weaker, to that previously observed in fie/+ and msi1/+ autonomously developed seeds and kpl-1 endosperm-only seeds [START_REF] Coen | Developmental patterning of the sub-epidermal integument cell layer in Arabidopsis seeds[END_REF].

To quantify this phenotype, we analyzed longitudinal mid-planes of tt1 octant stage seeds, and determined the ratio of total gap length to total length in the chalazal region. Although high variability was observed, tt1 ii1' chalazal region contained on average 4% of gaps (Supplemental Figure IV-4). At heart stage, tt1 seeds still exhibited clear gaps in between ii1' cells, whereas all wild type seeds analyzed showed a continuous ii1' cell layer in the chalazal region.

In contrast to what was observed in the ii1' chalazal region, wild type seeds at heart stage sometimes exhibited gaps in between ii1' cells in the micropylar region. Although endothelium cells in ttg2 appeared wild-type-like, micropylar ii1' cells appeared even more region of the tt16 endothelium. Since PA and IAB are absent in the tt16 curving zone, remaining TT1 expression is probably not sufficient to promote this processes. We think therefore that TT16 regulates the expression of other genes independent of TT1. In addition, TT16 and TTG2 appeared to affect each other's expression, suggesting the existence of regulatory loops in endothelium developmental processes. By contrast, TT1 did not have a role in TT16 and TTG2 expression.

Materials and Methods

Plant Material

Arabidopsis thaliana plants of ecotype Columbia (Col-0) or Wassilewskija (Ws-2) were used as wild type controls as appropriate. The tt16-1 mutant was isolated in the Ws-2 accession and then backcrossed to the Col-0 accession more than three times [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF][START_REF] Xu | Endosperm and Nucellus Develop Antagonistically in Arabidopsis Seeds[END_REF]. tt1-3 [START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF]), ttg2-3 (Dilkes et al., 2008) and tt2-5 [START_REF] Appelhagen | Update on transparent testa mutants from Arabidopsis thaliana: characterisation of new alleles from an isogenic collection[END_REF] mutants are in the Col-0 accession. tt16-2 [START_REF] Nesi | The TRANSPARENT TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper development and pigmentation of the seed coat[END_REF], tt1-4 [START_REF] Appelhagen | TRANSPARENT TESTA1 interacts with R2R3-MYB factors and affects early and late steps of flavonoid biosynthesis in the endothelium of Arabidopsis thaliana seeds[END_REF] and ttg2-2 [START_REF] Johnson | TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat Development Gene of Arabidopsis, Encodes a WRKY Transcription Factor[END_REF] mutants are in the Ws-2 accession.

ProTT1:NTF, ProTT1:gTT1-GFP, ProTT2:gTT2-GFP, ProTTG2:gTTG2-uidA lines are in the Col-0 accession. Unless noted, tt16, tt1 and ttg2 refer to tt16-1, tt1-3 and ttg2-3 respectively, and Col-0 was used as wild type.

Days after flowering (DAF) were counted starting from the emergence of the pistil from closed flowers; 0 DAF equals stage 3-V of ovule development [START_REF] Schneitz | Wild-type ovule development in Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue[END_REF].

Cloning and Construction

Construction of ProTT1:NTF was previously described (see Chapter III). ProTT1:gTT1, ProTT2:gTT2, ProTTG2:gTTG2 were amplified from F11O6, MOK9 and F3G5 BAC clones, respectively. ProBAN and gTT1 were PCR amplified from Col-0 DNA as template. All PCR products were amplified by high-fidelity Phusion DNA polymerase (Thermo Fisher Scientific).

PCR amplifications of ProTT1:gTT1, ProTT2:gTT2, ProTTG2:gTTG2 and gTT1 were performed using the gene-specific primers described (see Supplemental Table 1) carrying the attB1 (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3') and attB2

(5'-GGGGACCACTTTGTACAAGAAAGCTGGGTC-3') Gateway recombination sites at the 5'-ends of 

Supplemental Figures Supplemental

Supplemental Table 1 : Primers used

Cloning

Hormonal signaling

As described above, cytokinins and gibberellins regulate ovule proximal-distal (Bencivenga et al., 2012) and adaxial/abaxial patterning [START_REF] Gomez | Gibberellins Regulate Ovule Integument Development by Interfering with the Transcription Factor ATS[END_REF], respectively. Brassinosteroids induce ANT and HLL while repressing AP2 expression during early ovule development (Huang et al., 2013).

Finally, auxin has been shown to play a fundamental role in Arabidopsis integument initiation.

Mutations in the auxin efflux facilitator PIN-FORMED 1 (PIN1) as well as treatments with the auxin flux inhibitor NPA lead to finger-like ovule structures (Bencivenga et al., 2012). SPL/NZZ and BEL1 regulate PIN1 expression by acting through the cytokinin signaling pathway (Bencivenga et al., 2012). Furthermore, SPL/NZZ has a role in auxin homeostasis by repressing the expression of YUCCA genes, which are involved in the biosynthesis of auxin (Li et al., 2008). Likewise, NAC family transcription factors CUP-SHAPED COTYLEDON 1 (CUC1) and 2 promote integument formation by modulating auxin flux through a PIN1-dependent mechanism (Ishida et al., 2000). Auxin affects not only ovule proximaldistal but also adaxial-abaxial patterning. KAN4/ATS interacts with ETTIN (ETT), also known as AUXIN RESPONSIVE FACTOR 3 (ARF3), on the abaxial side of the ii (Kelley et al., 2012). KAN4/ATS-ETT/ARF3 protein complex promotes ii laminar growth and oi-ii separation by regulating PIN1 expression (Kelley et al., 2012). Finally, microRNA167 has been shown to promote integument growth by preventing ARF6 and ARF8 expression in the ovule (Wu et al., 2006).

Kinase signaling

In addition to UCN (see above), a number of other Arabidopsis kinase proteins, acting in different signaling pathways, have been involved in ovule integument outgrowth.

The ERECTA (ER) gene family, encoding for LRR-receptor-like kinases (LRR-RLKs), is expressed in the ovule integuments and is important for proper integument growth (Pillitteri et al., 2007). When the expression level of ER and ER-like genes was dramatically reduced, the integuments failed to completely surround the nucellus. The ER gene family genetically interacts with the PRETTY FEW SEEDS 2 (PFS2) homeo-box gene, which is also promoting integument outgrowth (Park et al., 2005;Pillitteri et al., 2007). Similarly, mutations in the MITOGEN-ACTIVATED PROTEIN KINASES 3 (MPK3) and 6 (MPK6) lead to premature arrest of ii and oi growth and have been speculated to work downstream of the ERECTA pathway (Wang et al., 2008).

The LRR-RLK strubbelig (sub) mutant leads to incomplete and irregular growth of the oi (Chevalier et al., 2005). SUB trafficking is mediated by HAPLESS13 (HAP13), the μ subunit of adaptor protein 1, that regulates protein sorting at the trans-Golgi network/early endosome. hap13 ovules 

Additional results, discussion and prospects