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Our working hypothesis is that in clv3 mutant SAM, cells undergo a constant stop-start phenomenon, where they cycle between stemness and specification, resulting in cell-level morphometric changes that generate the characteristic clv3 phenotypes.

In summary, during my thesis, I have used novel techniques to re-examine the role of CLV3 in morphogenesis at the SAM, and thus the CLV-WUS model of stem cell homeostasis. I conclude that the existing view in the field is limited, and that mechanical parameters need to be considered for a fuller understanding of stem cells. cDNA Complementary deoxyribonucleic acid ChIP Chromatin immunoprecipitation CIK CLAVATA 3 INSENSITIVE RECEPTOR KINASE CK Cytokinin CKRC1 CYTOKININ INDUCED ROOT CURLING 1 (At1G70560) CKX3 CYTOKININ OXIDASE 3 (At5G56970) Cl2 Chlorine CLE CLAVATA3/

Summary

The shoot apical meristem (SAM) gives rise to above-ground organs throughout the life of the plant. The establishment and homeostasis of this tissue have been extensively studied over the years. While a vast genetic network ensures the robust regulation of the stem cell population, two genes, CLAVATA3 (CLV3) and WUSCHEL (WUS), stand out as key players.

CLV3 is expressed in stem cells and encodes a secreted peptide to signal via transmembrane receptors to downregulate WUS, which encodes a homeobox transcription factor in the underlying organizing centre. In turn, WUS directly activates the expression of CLV3 and the balance between the two molecules restrains the stem cell pool. The loss of CLV3 activity leads to an increase in SAM size, whereas the loss of WUS activity abolishes the SAM. The prevailing model in the field is that the vastly enlarged clv3 apex is composed of over-proliferating stem cells.

A few years ago, our group coupled atomic force microscopy (to measure cell rigidity) and confocal microscopy (to determine cell identity) to show that stem cell identity correlates both spatially and temporally with increased stiffness. In this thesis, I show that in addition to altered mechanics, enlarged clv3 SAM also display severe defects in cell organisation. I find that cells in clv3 SAM are soft, instead of being stiff, as we had predicted in light of the model regarding the clv3 phenotype. Our data instead suggest that clv3 SAM differ mechanically from stem cells. I further investigate this contradiction using an array of genetic markers for different domains of the SAM and show that clv3 SAM are in fact mosaic structures, made up of cells that simultaneously express genes that indicate an undifferentiated state and several that indicate multiple states of differentiation interspersed with patches of cells devoid of these markers.

Additionally, I show that the cellular makeup of mutant SAM is significantly altered from the wild type, with a misregulation of cell size in the outer cell layers. Furthermore, mutant SAM also display altered surface smoothness from wild-type SAM.

Résumé

Les organes aériens des plantes sont générés pendant toute la durée de leur vie par le méristème apical caulinaire (MAC), dont la mise en place et le maintien ont été largement étudiés depuis de nombreuses années. Alors qu'un vaste réseau de gènes assure une régulation robuste de la population de cellules souches, deux gènes clefs se distinguent ; CLAVATA3 (CLV3) et WUSCHEL (WUS). CLV3 s'exprime dans les cellules souches et code pour un peptide signal sécrété dont la liaison à des récepteurs transmembranaires mène à la sous-régulation de WUS. Ce dernier code pour un facteur de transcription à homéobox, dans le centre organisateur sous-jacent. En retour, WUS active directement l'expression de CLV3 et l'équilibre entre ces deux molécules est primordial pour la restriction de la population de cellules souches. La perte d'activité de CLV3 se traduit par une augmentation de la taille du MAC, tandis que la perte d'activité de WUS abolit le MAC. Selon le modèle actuel, l'apex élargi des mutants clv3 est composé de cellules souches en sur-prolifération.

Il y a quelques années, notre groupe a couplé la microscopie à force atomique (pour mesurer la rigidité cellulaire) à la microscopie confocale (pour déterminer l'identité cellulaire) et a montré que l'identité des cellules souches est corrélée à la fois dans l'espace et dans le temps à une rigidité plus élevée. Dans cette thèse, je montre que les MAC clv3 ont de sévères défauts d'organisation, en plus de leurs défauts mécaniques. Je montre que les cellules du MAC clv3 sont moins rigides que ce que prédit le modèle actuel à ce sujet. Nos données suggèrent plutôt que les MAC clv3 sont mécaniquement différents des cellules souches. J'examine cette contradiction en utilisant un ensemble de gènes exprimés dans différents domaines du MAC pour montrer que les MAC clv3 sont en réalité des mosaïques faites de cellules exprimant simultanément des gènes indiquant un état indifférencié et d'autres qui sont caractéristiques d'états de différenciation, entrecoupés de zones dépourvues de ces marqueurs. De plus, je montre que la composition cellulaire du MAC mutant est significativement différente du sauvage, et présente une dérégulation de la taille des cellules dans les couches cellulaires externes. En outre, la surface du MAC mutant est altérée par rapport au sauvage.

Notre hypothèse de travail est que, dans les MAC mutants clv3, les cellules subissent en permanence un phénomène de 'stop-start', au cours duquel leur identité oscille entre cellule souche et cellule différenciée, ayant pour conséquence des changements morphométriques à l'échelle cellulaire à l'origine des phénotypes clv3.
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Introduction

In 1665 the naturalist Robert Hooke coined the word cell (from the Latin cellula, the small rooms in which monks lived in monasteries) after he observed and described Drosophila eyes and a fragment of cork bark [START_REF] Hooke | Micrographia, or Some Physiological Descriptions of Minute Bodies Made by Magnifying Glasses[END_REF]. Later, in the mid 1800s, the botanist Matthias Jakob Schleiden and the histologist Theodor Schwann largely contributed to cell theory, describing cells as the basic units of structure and reproduction in all living organisms [START_REF] Schwann | Microscopical researches into the accordance in the structure and growth of animals and plants[END_REF]. Since then constant advances on many front, such as genetics, molecular biology, cell biology, genomics, imaging, etc. have contributed to vastly expanding our knowledge of cell organisation.

Multicellularity challenged the way organisms interact with their environment. Plants have evolved strategies to modify their architecture according to external cues, such as temperature fluctuation, light and nutrient availability, water scarcity and the presence of pathogens. Plant architecture is determined at localised growth zones located close to specific populations of cells that have the ability to self-renew and to constantly provide cells that undergo differentiation and take part in tissue and organ formation. These cells, known as stem cells, are located in niches, which are specific micro-environments that maintain stem cells in an undifferentiated state due to the release, by neighbouring cells, of signalling factors inhibiting their differentiation.

Contrary to animals, plants develop not only embryonically, but also post-embryonically. In this context, stem cells are necessarily maintained through their lives, and their continued activity is responsible for generating and maintaining the shoot and root systems.

Plant stem cells are located in tissues called meristems, a term derived from the Greek merizein, 'to divide' [START_REF] Nägeli | Beiträge zur wissenschaftlichen Botanik[END_REF]. The root meristem gives rise to the root system whereas the shoot apical meristem (SAM) and the inflorescence meristem (IM) are responsible for the initiation of all above ground organs. The vegetative SAM initiates leaves and, upon floral transition, it becomes the reproductive IM, which initiates flowers. In the literature, as in this manuscript, both the IM and SAM are often simply referred to as the SAM, because they are very similar with respect to structure and regulation.

In this introduction, I will first discuss what is known about the SAM -its structure and function, as well as the stem cells it hosts. I will then give an overview of how these stem cells are established and maintained through gene expression and hormone signalling. Lastly, I will comment on what has been discovered about the mechanical properties of stem cells over the past decade. I will then discuss the limits of the current dogma of stem cell regulation in the SAM, and the specific questions I have addressed during my Ph.D.

I. The shoot apical meristem and its stem cells

The SAM is a tissue located at the growing tip of the plant shoot. It is maintained throughout the lifespan of the plant and is an indeterminate structure, producing flower buds for as long as it is active. The flower buds themselves also host a meristem, called the flower meristem (FM), which is a determinate structure that produces a fixed number of organs. The FM is formed in flowers from the beginning of their development and is necessary for the formation of the various floral organs -sepals, petals, stamens and carpels. Once the correct number of floral organs are produced, the FM becomes inactive and the organs continue to develop inside the closed flower bud until the flower is mature.

I.1 Structural organisation of the shoot apical meristem

The structural organisation of the SAM was described in the 20 th century, when several labs focused their work on this topic and published cytohistological interpretations of sections from several land plants.

The Arabidopsis thaliana SAM is composed of distinct layers, including the outer tunica and the inner corpus. This concept of tunica-corpus was first proposed in 1924 [START_REF] Schmidt | Histologische Studien an phanerogamen Vegetationspunkten[END_REF], based on work on lower cryptogams, which are spore-producing plants. This concept arose from the observation that cells grow in intrinsically different ways depending on the layer they belong to. The tunica-corpus concept was further developed by classifying apical meristems into seven types, according to their cellular organisation [START_REF] Popham | Principal Types of Vegetative Shoot Apex Organization in Vascular Plants[END_REF]. The study of various Angiosperms showed that the number of layers constituting the tunica varies from one to five, but mostly equals two, as in Arabidopsis thaliana.

The tunica of Arabidopsis thaliana is composed of small cells that are nearly isodiametric and thin-walled, with a high nucleoplasmic ratio and inconspicuous vacuolation. The cells of the tunica always divide anticlinally (or occurring perpendicularly to the surface of the organ), which results in stratification. The Arabidopsis tunica is composed of two clonal cell layers, the epidermal L1 and the sub-epidermal L2. Below the tunica, the corpus displays random cell division planes and is sometimes called L3 (Figure 1). FM are similarly organised in terms of structure, but they have only one cell layer in the tunica.

Additionally, the study of the cytohistological zonation in Ginkgo biloba revealed that the apex has a radial organisation and that its centre hosts a population of larger and more highly vacuolate cells than those around them [START_REF] Foster | Structure and Growth of the Shoot Apex in Ginkgo Biloba[END_REF]. This population derives from both the tunica and the corpus and comprises slow-dividing cells with respect to their neighbours. In a number of other species, neither the tunica nor the corpus is composed of homogeneous cells in terms of size and division rate [START_REF] Philipson | Organization of the shoot apex in dicotyledons[END_REF].

From this work, it was unclear whether there is a correlation between the structural organisation of the SAM in distinct cell layers and the function of them as reflected by the identities of the cells within them.

I.2 Functional zonation of the shoot apical meristem

In 1952, Buvat [START_REF] Buvat | Structure, Evolution et Fonctionnement du Méristème Apical de quelques Dicotylédones[END_REF] spotted the fact that it is impossible to assign strict and accurate limits to the cytohistological territories that were often described at that time by looking at sections on fixed samples. Nevertheless, he did acknowledge that the terms tunica and corpus are useful descriptive traits that he qualified as an 'indisputable reality'. Based on his work on the Ranunculaceae Myosurus minimus, he proposed that those regions can only be distinguished on the basis of their function.

Over time, the improvement of sample preparation and visualization techniques added details to our knowledge of the SAM. By assessing the number of mitoses, the centre of the SAM was found to be devoid of mitotic activity with respect to the periphery [START_REF] Buvat | Structure, Evolution et Fonctionnement du Méristème Apical de quelques Dicotylédones[END_REF][START_REF] Lance | Sur la structure et le fonctionnement du point végétatif de Vici faba L[END_REF]. This was further confirmed in Arabidopsis thaliana upon the determination of cell size, spatial distribution of mitotic cells, and the mitotic index (the number of divisions divided by cell number) in a series of transverse and longitudinal optical sections made with a confocal laser scanning microscope [START_REF] Laufs | Cellular parameters of the shoot apical meristem in Arabidopsis[END_REF]. This study showed that the mitotic index was lowest in the central area, in a region four to six cells wide, and increased towards the periphery of the SAM. Additionally, cell size in the L1 is uniform (~ 5 µm), whereas in the L2, cell size is slightly bigger in the central part (~ 5.8 µm) with respect to the periphery (5 µm) [START_REF] Laufs | Cellular parameters of the shoot apical meristem in Arabidopsis[END_REF]. This nuances the nearly isodiametric properties that had been described prior to the more recent quantitative studies.

Today, the slow-dividing region is accepted as the central zone (CZ), which is the region containing undifferentiated stem cells. Upon division, cells are pushed out of the CZ into the surrounding peripheral zone (PZ), where they become competent for specification and organ formation. Lying below the stem cells of the CZ is the organising centre (OC), which activates and maintains stem cell fate and is necessary for meristem formation and maintenance [START_REF] Laux | The WUSCHEL gene is required for shoot and floral meristem integrity in Arabidopsis[END_REF] (Figure 2). A similar functional zonation is visible in FM.

I.3 The concept of stem cells in plants

Stem cells are commonly defined as cells that (1) have the ability to self-renew, which means that one daughter cell retains the stem cell fate, and that (2) have the capacity to commit themselves in any differentiated cell fate. This term stem cells is universally used in plants, however, it has only been used since the 1990s, by analogy with stem cells described in animals. Before that, the concept of so-called 'apical initials' arose in the 19 th century to name cells at the apex summit, from which all the tissues of an organ could be genetically derived [START_REF] Nägeli | Wachsthumsgeschichte der Laub-und Lebermoose[END_REF]. Apical initials were found in many vascular plants, regularly dividing, while retaining their identity, presumably due to their particular physiological state.

Later, Sussex and Steeves used the term promeristem to describe the apical initials and the cells that immediately derive from them, without having yet undergone any changes associated with differentiation [START_REF] Sussex | Apical initials and the concept of meristem[END_REF]. According to them, the physiological state of recent derivatives is similar to that of the initials, but the derivatives are not totipotent because of their position within the SAM. This way, there is no true histodifferentiation in the promeristem.

I.4 Floral meristems during early flower development

Since shoot and floral meristems have individual traits, I will also discuss a few notions that are relevant to properly understand certain results presented below.

The SAM sequentially produces leaves and, upon floral transition, flowers from its margin.

The precise arrangement of organs on the stem is called phyllotaxis. In Arabidopsis, there is an angle of about 137.5° between two consecutive organs along the stem and a new flower is always initiated immediately adjacent to the CZ, and in the space between two older flowers.

Such a sequence of organ initiation results in a spiral pattern of phyllotaxis and different species may have different order of organ initiation and may thus display different patterns of phyllotaxis.

This phenomenon has fascinated botanists for centuries and several mechanisms have been proposed in recent years for the establishment of such iterative organ production at the SAM [START_REF] Galvan-Ampudia | Phyllotaxis: from patterns of organogenesis at the meristem to shoot architecture: Organogenesis at the meristem and shoot architecture[END_REF].

The process of flower bud development was described morphologically almost three decades ago, based on the various landmarks that become visible as the flower matures [START_REF] Smyth | Early flower development in Arabidopsis[END_REF]. These 'floral stages' go from stage 1, at the very beginning of the formation of a new flower, up to stage 20, when seeds fall from the ripe fruit, while mature flowers open at stage 13.

At stage 1, flower buds are still fused to the SAM and are identifiable as slight bulges on the flanks of the SAM (Figure 3.). At stage 2, a clear boundary is visible between the SAM and the flower bud, which has increased in size since stage 1. Stage 3 is defined by the very beginning of sepal growth, which results in a deformation of the flower bud at its edges. These three first steps of flower development will be further used in the following chapters of this thesis.

II. Molecular insights into stem cell identity and maintenance

Stem cell populations within the SAM and FM were highlighted following the description of mutants having defects in stem morphogenesis. The identification of the corresponding genes was a first step in the description and characterisation of stem cells in plants.

The CLAVATA (CLV) gene family comprises three members, CLV1, CLV2 and CLV3, which are specifically expressed in overlapping domains at the centre of the SAM. Historically, clavata (clv) mutants were identified in Arabidopsis thaliana in the 1990s, via genetic screens for plants with abnormal meristems [START_REF] Koornneef | Linkage map of Arabidopsis thaliana[END_REF]Clark et al., 1995). The drastic enlargement of their SAM results in apices that are up to 1000 times bigger than the wild type. This abnormal growth of the meristem in an either band-or ring-like structure is called fasciation and has been studied for centuries, beginning with Linnaeus in 1751, and has been described in many Angiosperm species. It is still unclear if this phenotype results from the fusion of several SAM or from the enlargement of a single SAM [START_REF] Clark | CLAVATA1, a regulator of meristem and flower development in Arabidopsis[END_REF].

II.1 CLAVATA3, a gene expressed in stem cells

CLV3 is reported as being expressed in stem cells, which self-renew and provide daughter cells for further cell differentiation and organogenesis. However, it is not necessary for stem cell fate since clv3 mutants still produce flowers.

CLV3 was cloned in 1999 and was shown to be specifically expressed in the CZ [START_REF] Fletcher | Signaling of Cell Fate Decisions by CLAVATA3 in Arabidopsis Shoot Meristems[END_REF]. It is located on chromosome 2 and encodes a 96-amino acid polypeptide (Figure 4.).

CLV3 shares sequence similarity with the CLAVATA3/ENDOSPERM SURROUNDING REGION (CLE) family of genes, which comprises 32 genes in Arabidopsis thaliana and four in rice (Oryza sativa) with both a hydrophobic secretion motif at the N-terminus as well as a conserved so-called CLE domain located close to the C-terminal end of the gene sequence [START_REF] Cock | A Large Family of Genes That Share Homology withCLAVATA3[END_REF][START_REF] Wang | CLE Peptide Signaling and Crosstalk with Phytohormones and Environmental Stimuli[END_REF]. The precursor proteins of this family are cleaved to yield a diffusible 12-amino acid signalling peptide with functions in diverse contexts including SAM, root and vasculature development [START_REF] Cock | A Large Family of Genes That Share Homology withCLAVATA3[END_REF][START_REF] Oelkers | Bioinformatic analysis of the CLE signaling peptide family[END_REF][START_REF] Kucukoglu | CLE peptide signaling in plants -the power of moving around[END_REF][START_REF] Wang | CLE Peptide Signaling and Crosstalk with Phytohormones and Environmental Stimuli[END_REF].

The CLV3 CLE domain has the amino acid sequence RTVPSGPDPLHH, where underlined residues are either invariant or very highly conserved. The clv3-1 and clv3-5 alleles carry a point mutation in this domain, in both cases resulting in a G to A transition at position 6, suggesting that this domain is indeed important for CLV3 function [START_REF] Fletcher | Signaling of Cell Fate Decisions by CLAVATA3 in Arabidopsis Shoot Meristems[END_REF]. A recent analysis determined that the CLE domain is post-translationally modified, with two of the proline residues (P4 and P7) that are modified to hydroxyprolines in the active form of the CLV3 peptide [START_REF] Kondo | A Plant Peptide Encoded by CLV3 Identified by in Situ MALDI-TOF MS Analysis[END_REF]. A second in vivo peptide assay examined the contribution of individual CLE domain residues to CLV3 function and revealed that six residues (D8, H11, G6, P4, R1, and P9), arranged in an order of importance, are critical for its role in the modulation of SAM size, whereas others (T2, S5, P7, and L10) are not [START_REF] Song | Contributions of Individual Amino Acid Residues to the Endogenous CLV3 Function in Shoot Apical Meristem Maintenance in Arabidopsis[END_REF]. It is interesting to note that while P7 is post-translationally modified, it is not essential for CLV3 activity, indicating that this residue might be an important component of the CLE peptide backbone while not involved in conferring specificity. R1 might be involved in the cleavage of CLV3 since it has been found to be important in both in vitro root assays and in vivo shoot assays [START_REF] Kondo | A Plant Peptide Encoded by CLV3 Identified by in Situ MALDI-TOF MS Analysis[END_REF][START_REF] Song | Contributions of Individual Amino Acid Residues to the Endogenous CLV3 Function in Shoot Apical Meristem Maintenance in Arabidopsis[END_REF]. Finally, a second form of the secreted CLV3 peptide has also been reported. This 13amino acid peptide bears a tri-arabinoside chain on P7 and an extra H residue on position 13. It is reported to have an enhanced biological activity since it is able to fully rescue SAM size of clv3-2 seedlings [START_REF] Ohyama | A glycopeptide regulating stem cell fate in Arabidopsis thaliana[END_REF][START_REF] Shinohara | Reevaluation of the CLV3-receptor interaction in the shoot apical meristem: dissection of the CLV3 signaling pathway from a direct ligand-binding point of view[END_REF].

In vitro activity assays (of heterologously produced CLV3 by Escherichia coli) allowed the identification of two cleavage sites on CLV3, one before R4 and one before M-27 (27 amino acids upstream the CLE motif) [START_REF] Xu | The sequence flanking the N-terminus of the CLV3 peptide is critical for its cleavage and activity in stem cell regulation in Arabidopsis[END_REF]. L3 and the first five amino-acid residues of the CLE domain are critical for cleavage and for optimal peptide in vitro activity [START_REF] Xu | The sequence flanking the N-terminus of the CLV3 peptide is critical for its cleavage and activity in stem cell regulation in Arabidopsis[END_REF].

To determine where CLV3 localises, one group expressed an N-terminal fusion of fulllength CLV3 and a GFP/β-glucuronidase (GUS) chimera in a heterologous system (the leek epidermis), as well as in Arabidopsis roots [START_REF] Rojo | CLV3 Is Localized to the Extracellular Space, Where It Activates the Arabidopsis CLAVATA Stem Cell Signaling Pathway[END_REF]. This so-called CLV3-G fusion, which rescued the clv3 mutant, was detected between contiguous cells, whereas a version lacking the putative N-terminal 18-amino acid secretion signal was only detected in the cytoplasm [START_REF] Fletcher | Signaling of Cell Fate Decisions by CLAVATA3 in Arabidopsis Shoot Meristems[END_REF][START_REF] Rojo | CLV3 Is Localized to the Extracellular Space, Where It Activates the Arabidopsis CLAVATA Stem Cell Signaling Pathway[END_REF]. However, this suggests that only the secreted CLV3 pre-protein, but not the active peptide itself, can be detected using such methods, with cleavage likely occurring once the protein is outside the cell.

II.2 Receptors involved in CLAVATA3 signalling

In the extracellular space, CLV3 perception takes place via receptors whose extracellular domains bind CLV3, leading to downstream signalling, and, in fine, to the regulation of target genes.

Over the past twenty years, about ten such receptors have been shown to bind CLV3 or to be involved in CLV3 signalling. Most of them are transmembrane proteins belonging to the large group of receptor-like protein kinases (RLK), which have more than 600 members in Arabidopsis and share a common origin with animal receptor kinases [START_REF] Shiu | Receptor-like kinases from Arabidopsis form a monophyletic gene family related to animal receptor kinases[END_REF]. One major group of RLK is the leucine-rich repeat (LRR)-RLK, which is characterised by the presence of (i)

an extracellular domain for signal perception, (ii) a transmembrane domain for anchoring and (iii)

an intracellular kinase domain for signal transduction.

CLV1 is expressed in a central region overlapping both the CZ and the OC, but is excluded from the L1 [START_REF] Clark | The CLAVATA1 gene encodes a putative receptor kinase that controls shoot and floral meristem size in Arabidopsis[END_REF][START_REF] Bleckmann | Stem Cell Signaling in Arabidopsis Requires CRN to Localize CLV2 to the Plasma Membrane[END_REF]. In FM, CLV1 is expressed in the central region from stage two and is progressively down-regulated, from the periphery towards the centre, as floral organs are initiated [START_REF] Clark | The CLAVATA1 gene encodes a putative receptor kinase that controls shoot and floral meristem size in Arabidopsis[END_REF]. CLV1 is found in protein complexes of different sizes, both in the wild type and in clv mutants, indicating that it forms multimers either with itself or with other RLK [START_REF] Trotochaud | The CLAVATA1 receptor-like kinase requires CLAVATA3 for its assembly into a signaling complex that includes KAPP and a Rhorelated protein[END_REF]. The complexes that CLV1 forms are activated upon CLV3 binding and the recruitment of other proteins, including a protein phosphatase [START_REF] Trotochaud | The CLAVATA1 receptor-like kinase requires CLAVATA3 for its assembly into a signaling complex that includes KAPP and a Rhorelated protein[END_REF]. The homodimerisation of CLV1 was later confirmed in vivo by fluorescence resonance energy transfer (FRET) [START_REF] Bleckmann | Stem Cell Signaling in Arabidopsis Requires CRN to Localize CLV2 to the Plasma Membrane[END_REF]. In clv3 mutants, CLV1 is expressed throughout the upper cell layers of the fasciated SAM [START_REF] Trotochaud | The CLAVATA1 receptor-like kinase requires CLAVATA3 for its assembly into a signaling complex that includes KAPP and a Rhorelated protein[END_REF]. Fluorescent CLV1 reporters showed that CLV1 accumulates at the plasma membrane in the absence of CLV3, whereas CLV1 is mainly detected in the vacuole when CLV3 is present [START_REF] Nimchuk | Plant Stem Cell Signaling Involves Ligand-Dependent Trafficking of the CLAVATA1 Receptor Kinase[END_REF].

CLV2 RNA expression is detected in the SAM [START_REF] Jeong | The Arabidopsis CLAVATA2 Gene Encodes a Receptor-like Protein Required for the Stability of the CLAVATA1 Receptor-like Kinase[END_REF] but no in situ hybridization or in vivo fluorescent detection has been possible, probably due to low expression levels. clv2 mutants have enlarged SAM, similar to that observed in weak clv1 and clv3 mutants, and genetic analyses showed that CLV2 acts in the same pathway as CLV1-CLV3 [START_REF] Kayes | CLAVATA2, a regulator of meristem and organ development in Arabidopsis[END_REF]. CLV2 is not an LRR-RLK but a LRR receptor-like protein (RLP) that lacks a kinase domain [START_REF] Jeong | The Arabidopsis CLAVATA2 Gene Encodes a Receptor-like Protein Required for the Stability of the CLAVATA1 Receptor-like Kinase[END_REF] and forms heterodimers with CORYNE (CRN), which is a transmembrane pseudokinase [START_REF] Müller | The Receptor Kinase CORYNE of Arabidopsis Transmits the Stem Cell-Limiting Signal CLAVATA3 Independently of CLAVATA1[END_REF]. The interaction between CRN and CLV2 is detected in the endoplasmic reticulum (ER) and at the plasma membrane [START_REF] Bleckmann | Stem Cell Signaling in Arabidopsis Requires CRN to Localize CLV2 to the Plasma Membrane[END_REF]. The localisation of CRN at the plasma membrane depends on its transmembrane domain, and CRN is required for the plasma membrane localisation of CLV2 [START_REF] Bleckmann | Stem Cell Signaling in Arabidopsis Requires CRN to Localize CLV2 to the Plasma Membrane[END_REF]. Not much is known about how signalling occurs downstream of this CLV2-CRN heterodimeric complex and it seems that CLV3 does not bind directly to CLV2-CRN.

Besides CLV1, CLV2 and CRN, other LRR-RLK are involved in CLV3 signalling, including RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2), BARELY ANY MERISTEM1, 2 and 3 (BAM1, 2 and 3), and CLAVATA 3 INSENSITIVE RECEPTOR KINASES (CIK) (Figure 5). However, since those receptors have not formed an integral part of my research, I will only briefly describe them below.

The gene RPK2 is uniformly expressed throughout the SAM and encodes an LRR-RLK, RPK2, which is involved in a pathway that acts in parallel to CLV1 and CLV2-CRN [START_REF] Kinoshita | RPK2 is an essential receptor-like kinase that transmits the CLV3 signal in Arabidopsis[END_REF]. Moreover, RPK2 forms homo-oligomers independently of CLV3 peptide application in an heterologous system, such as Nicotiana benthamiana leaves. However, it is unknown if CLV3 can directly bind RPK2 dimers in vivo.

The BAM receptor kinases repress stem cell proliferation in the absence of CLV1 signalling [START_REF] Deyoung | The CLAVATA1related BAM1, BAM2 and BAM3 receptor kinase-like proteins are required for meristem function in Arabidopsis: BAM receptor kinases regulate meristem function[END_REF][START_REF] Nimchuk | Plant stem cell maintenance by transcriptional cross-regulation of related receptor kinases[END_REF]. BAM1 is highly expressed in the L1 but is repressed in the centre of the SAM by CLV3 signalling through CLV1 [START_REF] Nimchuk | Plant stem cell maintenance by transcriptional cross-regulation of related receptor kinases[END_REF], meaning that CLV1 and BAM1 expression domains do not overlap. BAM1 and BAM2 are able to directly bind the arabinosylated form of CLV3 [START_REF] Shinohara | Reevaluation of the CLV3-receptor interaction in the shoot apical meristem: dissection of the CLV3 signaling pathway from a direct ligand-binding point of view[END_REF].

CIK are phosphorylated in a CLV1-and BAM-dependent manner within ten minutes of exogenous CLV3 peptide application, suggesting CIK involvement in early CLV3 signal transduction. However, CIK are able to form heterodimers with CLV1 and RPK2 even in the absence of CLV3, thus contributing to the robustness of stem cell homeostasis regulation [START_REF] Hu | A group of receptor kinases are essential for CLAVATA signalling to maintain stem cell homeostasis[END_REF].

Finally, the ERECTA (ER) gene family comprises three members that encode LRR receptor kinases [START_REF] Torii | The Arabidopsis ERECTA gene encodes a putative receptor protein kinase with extracellular leucine-rich repeats[END_REF], whose ligand is unknown. It has been suggested that the ER pathway restricts lateral growth of the SAM while CLV3 restricts apico-basal growth [START_REF] Mandel | The ERECTA receptor kinase regulates Arabidopsis shoot apical meristem size, phyllotaxy and floral meristem identity[END_REF][START_REF] Mandel | Differential regulation of meristem size, morphology and organization by the ERECTA, CLAVATA and class III HD-ZIP pathways[END_REF]. Localised ER expression in the epidermis is thought to play a role in the modulation of the outputs from the CLV3 signalling pathway and in the communication between cell layers in the SAM [START_REF] Kimura | ERECTA-family genes coordinate stem cell functions between the epidermal and internal layers of the shoot apical meristem[END_REF].

Despite the accumulated knowledge regarding CLV3 and its receptors, downstream signalling actors are poorly known. One example of protein that could be involved in CLV signal transduction is an α-subunit (Gα) of a heterotrimeric GTP binding protein [START_REF] Bommert | The maize Gα gene COMPACT PLANT2 functions in CLAVATA signalling to control shoot meristem size[END_REF], which could then participate in the activation of downstream kinases upon phosphorylation.

II.3 WUSCHEL is a key regulator of CLAVATA

How CLV specific gene expression patterns are established and maintained rely on the gene WUSCHEL (WUS). WUS is required for shoot and floral meristem integrity in Arabidopsis, and was identified through ethyl methanesulfonate (EMS) mutant screens [START_REF] Laux | The WUSCHEL gene is required for shoot and floral meristem integrity in Arabidopsis[END_REF].

Most wus mutants initiate a few leaves and then show SAM arrest [START_REF] Laux | The WUSCHEL gene is required for shoot and floral meristem integrity in Arabidopsis[END_REF].

WUS is expressed in the OC and encodes a homeodomain transcription factor that directly binds to the promoter of CLV3 and activates its expression. The direct binding of WUS on CLV3

promoter was demonstrated by chromatin immunoprecipitation (ChIP) coupled to qPCR analysis and using WUS-specific antibodies [START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF]. This study showed that WUS binds one element upstream and two elements downstream of CLV3. These binding sites share a conserved TAAT sequence with other WUS binding sites, such as the locus of the key floral regulator AGAMOUS [START_REF] Lohmann | A Molecular Link between Stem Cell Regulation and Floral Patterning in Arabidopsis[END_REF]. In protoplasts, the TAAT element located at -1080 with respect to CLV3 translational start site, was shown to be necessary for WUS binding and for CLV3 activity, which is impaired if this site is mutated [START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF]. Five additional WUSbinding elements are clustered within the first 110 bp of the 3' region of CLV3, and WUS can activate or repress CLV3 expression in a dose-dependent manner, via the same regulatory elements, such that high WUS concentrations repress CLV3, whereas lower WUS levels activate CLV3 [START_REF] Perales | Threshold-dependent transcriptional discrimination underlies stem cell homeostasis[END_REF].

Independent studies have also revealed other WUS targets. One example is the CLV1 locus, where WUS binds an upstream motif [START_REF] Busch | Transcriptional Control of a Plant Stem Cell Niche[END_REF]. In clv3 mutant SAM, CLV1

mRNA is barely detectable by in situ hybridization, suggesting that CLV1 is downregulated by WUS, uncovering an autoregulatory mechanism for WUS to repress its main repressor [START_REF] Busch | Transcriptional Control of a Plant Stem Cell Niche[END_REF]. However, in the wild type, WUS and CLV1 expression domains overlap, which means that WUS is likely involved in the fine-tuning of CLV1 expression levels, rather than acting in as on/off switch [START_REF] Busch | Transcriptional Control of a Plant Stem Cell Niche[END_REF]. Computer simulations of the CLV3-WUS feedback loop suggested that CLV1 repression by WUS promotes the equilibrium of the feedback loop [START_REF] Busch | Transcriptional Control of a Plant Stem Cell Niche[END_REF].

While WUS mRNA is only observed in the small group of cells that make up the OC, the protein itself is found in a much larger domain, since it moves from cell to cell. In fact, WUS protein moves through plasmodesmata from the OC to the overlying cells, where it induces stem cell fate via the activation of hundreds of target genes [START_REF] Busch | Transcriptional Control of a Plant Stem Cell Niche[END_REF][START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF][START_REF] Daum | A mechanistic framework for noncell autonomous stem cell induction in Arabidopsis[END_REF]. Additionally, large chimeric forms of WUS fused to several copies of GFP failed to move from cell to cell and failed to rescue the SAM phenotype of wus-1 mutants, meaning that WUS movement is required for SAM function [START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF]. Similarly, forcibly blocking plasmodesmata in the CLV3 domain via the inducible overexpression of callose resulted in terminated SAM within five days of induction [START_REF] Daum | A mechanistic framework for noncell autonomous stem cell induction in Arabidopsis[END_REF]. This plasmodesmata closure was correlated with WUS sequestration in the OC, whereas, in the wild type, WUS spreads in V-shaped domain encompassing the OC and the CZ [START_REF] Daum | A mechanistic framework for noncell autonomous stem cell induction in Arabidopsis[END_REF].

Finally, the use of an inducible degradable version of WUS proved that not only WUS movement but also its activity in stem cells is required for meristem maintenance [START_REF] Daum | A mechanistic framework for noncell autonomous stem cell induction in Arabidopsis[END_REF].

Furthermore, computer simulations support the idea that the gradient of WUS protein from the OC to the CZ is important for maintaining stem cell number within the SAM [START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF].

Some of the WUS domains required to correctly regulate its own movement have been identified. A 63-amino acid domain at the C-terminus is sufficient for its correct spatial patterning, and to restrict its movement by homodimerisation [START_REF] Rodriguez | DNAdependent homodimerization, sub-cellular partitioning, and protein destabilization control WUSCHEL levels and spatial patterning[END_REF]. Moreover, WUS is destabilised when ectopically expressed, as revealed by the decrease in WUS levels when it is overexpressed in the CZ with respect to its overexpression under the control of it own promoter [START_REF] Perales | Threshold-dependent transcriptional discrimination underlies stem cell homeostasis[END_REF][START_REF] Rodriguez | DNAdependent homodimerization, sub-cellular partitioning, and protein destabilization control WUSCHEL levels and spatial patterning[END_REF]. A similar destabilisation of WUS is also observed when each of the conserved domains within the 63-amino-acid stretch (acidic domain, WUS box and EAR-like domain) are deleted, suggesting protein folding within this region is important for its stability [START_REF] Rodriguez | DNAdependent homodimerization, sub-cellular partitioning, and protein destabilization control WUSCHEL levels and spatial patterning[END_REF]. The expression of a minimal version of WUS, called MiniMe, generated by fusing its conserved domains to GFP and replacing non-conserved regions with linkers resulted in a broad expression pattern and SAM overgrowth, similar to a gain-of-function phenotype [START_REF] Daum | A mechanistic framework for noncell autonomous stem cell induction in Arabidopsis[END_REF]. Modifying MiniMe by reintroducing a single stretch of nonconserved sequence between the homeodomain and the WUS-box recapitulated WUS expression in the CZ and suppressed the over-proliferation phenotype, suggesting that WUS mobility relies on non-conserved regions. FRET assays shows how that such unstructured sequences are also important for WUS homodimerisation [START_REF] Daum | A mechanistic framework for noncell autonomous stem cell induction in Arabidopsis[END_REF]. WUS dimerisation could thus be a way to restrict its movement or alternatively, the non-conserved regions may be targeted by other interactors, in turn leading to a reduction in mobility.

Altogether, those experimental results highlight the complex role of WUS localisation and gradient of concentration between neighbouring cells of the SAM in the regulation of target gene expression.

It is particularly surprising fact that WUS directly activates CLV3 while also directly repressing the expression of its receptor CLV1. One possibility is that this reciprocal repression maintains a boundary between the CZ and the OC, by preventing stem cells from expressing WUS. This way, WUS expression is repressed where both CLV3 and CLV1 are present, i. e. in the L2 and L3 of the CZ. WUS forms a gradient from the OC to the CZ, and we can question if the CLV3 peptide also moves in the apoplastic space in an opposite gradient or if there is a gradient of its signal transduction. A recent study suggests that another gene, HAIRY MERISTEM (HAM), is involved in the correct patterning of CLV3 expression through the formation of a gradient of HAM protein, from the basis to the apex of the SAM [START_REF] Zhou | HAIRY MERISTEM with WUSCHEL confines CLAVATA3 expression to the outer apical meristem layers[END_REF]. Indeed, this study suggests that WUS is able to induce CLV3 mRNA production in apical stem cells, where HAM expression is absent, and, on the contrary, the presence of HAM in the basal part of the SAM suppresses WUS-mediated transcription of CLV3.

However, no reliable CLV3 antibody has been published and since the CLV3 polypeptide is cleaved during its maturation process, any attempts to build a fluorescent reporter for CLV3 peptide localisation in vivo has led either to the cleavage of the fluorescent reporter or to the impairment of the chimeric peptide activity.

The use of mutants is one way to predict CLV3 behaviour within the SAM. In fasciated SAM of clv3 mutants, WUS and CLV1 are both expressed in the same cell layers (Trotochaud et al., 1999;[START_REF] Brand | Dependence of Stem Cell Fate in Arabidopsis on a Feedback Loop Regulated by CLV3 Activity[END_REF], suggesting that in case of impaired CLV3 signal transduction, the expression domains of the key regulators of the stem cell population are disrupted.

II.4 The CLV-WUS model for stem cell regulation

The current model of stem cell maintenance in the SAM and in FM is that stem cells express the CLV3 peptide, which acts through its signal transduction pathway to restrict the expression of WUSCHEL (WUS) in the underlying OC. WUS protein then moves from the OC and directly activates CLV3 expression in the CZ (Figure 6). This minimal network consisting of a CLV3-WUS feedback loop was supported by computer simulations [START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF] but other molecular partners also likely act, either upstream, downstream or in parallel to CLV3 and WUS to fine-tune stem cell confinement into a localized and controlled pool.

II.5 Hormone regulation of stem cells

Maintenance of the stem cell pool over long periods of time relies not only on the feedback loop between CLV3 and WUS, but also on a diverse array of inputs [START_REF] Somssich | CLAVATA-WUSCHEL signaling in the shoot meristem[END_REF][START_REF] Pfeiffer | Beyond flexibility: controlling stem cells in an ever changing environment[END_REF]. One of the key inputs is from hormone signalling, including cytokinins (CK) and auxin.

In the SAM, CK are likely produced in the L1, where enzymes involved in the biogenesis of active CK are expressed [START_REF] Chickarmane | Cytokinin signaling as a positional cue for patterning the apical-basal axis of the growing Arabidopsis shoot meristem[END_REF]. In addition, CK signalling is active in the centre of the SAM, as estimated by the expression pattern of the CK receptor ARABIDOPSIS HISTIDINE KINASE4 (AHK4) [START_REF] Chickarmane | Cytokinin signaling as a positional cue for patterning the apical-basal axis of the growing Arabidopsis shoot meristem[END_REF]. The WUS expression domain is located in the upper half of the AHK4 domain and below the putative zone of CK production.

CK signal transduction leads to the expression of type-B ARABIDOPSIS RESPONSE REGULATORS (ARR), which are able to directly activate WUS expression in conjunction with members of the HD-ZIP transcription factor family [START_REF] Zhang | A Two-Step Model for de Novo Activation of WUSCHEL during Plant Shoot Regeneration[END_REF][START_REF] Wang | Cytokinin Signaling Activates WUSCHEL Expression during Axillary Meristem Initiation[END_REF][START_REF] Meng | Type-B ARABIDOPSIS RESPONSE REGULATORs Is Critical to the Specification of Shoot Stem Cell Niche by Dual Regulation of WUSCHEL[END_REF][START_REF] Zubo | Cytokinin induces genome-wide binding of the type-B response regulator ARR10 to regulate growth and development in Arabidopsis[END_REF]. WUS is in turn both necessary and sufficient to repress the expression of type-A ARR ARR5, which is a negative regulator of CK signalling [START_REF] Leibfried | WUSCHEL controls meristem function by direct regulation of cytokinin-inducible response regulators[END_REF]. As a consequence, ARR5 is excluded from the WUS expression domain but is expressed in an adjacent ring-like domain [START_REF] Gordon | Multiple feedback loops through cytokinin signaling control stem cell number within the Arabidopsis shoot meristem[END_REF]. Moreover, exogenous CK application prevents the destabilisation of ectopically expressed WUS, suggesting that CK signalling may act on WUS protein stability [START_REF] Snipes | Cytokinin stabilizes WUSCHEL by acting on the protein domains required for nuclear enrichment and transcription (T Ito[END_REF]. CK application on mutant versions of WUS showed that its sensitivity to CK relies on the WUS-box and the acidic domain, both located within the 63-amino acid stretch required for WUS spatial patterning [START_REF] Snipes | Cytokinin stabilizes WUSCHEL by acting on the protein domains required for nuclear enrichment and transcription (T Ito[END_REF].

CK signalling has been proposed as an essential underlying factor in computer models that had predicted a 'scaling' mechanism for the onset of WUS expression and stem cell emergence in floral primordia [START_REF] Gruel | An epidermis-driven mechanism positions and scales stem cell niches in plants[END_REF]. The model proposed that the L1 signals to

underlying cell layers to correctly position the stem cell niche [START_REF] Gruel | An epidermis-driven mechanism positions and scales stem cell niches in plants[END_REF]. One putative long-distance signal is the CK produced in the epidermis, which would influence WUS expression to different extents depending on the size of the floral meristem [START_REF] Gordon | Multiple feedback loops through cytokinin signaling control stem cell number within the Arabidopsis shoot meristem[END_REF][START_REF] Gruel | An epidermis-driven mechanism positions and scales stem cell niches in plants[END_REF]. Live imaging of the SAM supported this epidermis-driven mechanism by accounting for WUS and CLV3 expression domains in clv3 mutants for example [START_REF] Gruel | An epidermis-driven mechanism positions and scales stem cell niches in plants[END_REF].

In addition to their involvement in CK signalling, type-B ARR have also been shown to inhibit accumulation of another phytohormone, auxin, by repressing expression of the YUCCA genes, which encode enzymes involved in auxin biosynthesis [START_REF] Meng | Type-B ARABIDOPSIS RESPONSE REGULATORs Is Critical to the Specification of Shoot Stem Cell Niche by Dual Regulation of WUSCHEL[END_REF]. Thus, type-B ARR are at the intersection between CK and auxin signalling. The balance between auxin and CK is known to be important for cell fate decisions since a high auxin to CK ratio triggers callus formation whereas a high CK to auxin ratio induces shoot formation [START_REF] Atta | Pluripotency of Arabidopsis xylem pericycle underlies shoot regeneration from root and hypocotyl explants grown in vitro[END_REF].

The role of auxin at the shoot apex has been studied for many years. Briefly, auxin is polarly transported throughout the plant via specific efflux carriers, such as proteins of the PIN-FORMED (PIN) family [START_REF] Okada | Requirement of the Auxin Polar Transport System in Early Stages of Arabidopsis Floral Bud Formation[END_REF], which direct the flow of auxin from cell to cell and allow auxin to accumulate. In the SAM, auxin maxima position new flower buds far enough from pre-existing flowers [START_REF] Heisler | Patterns of Auxin Transport and Gene Expression during Primordium Development Revealed by Live Imaging of the Arabidopsis Inflorescence Meristem[END_REF]. Auxin transport or signalling mutants form naked pinshaped SAM that fail to initiate organs [START_REF] Reinhardt | Auxin Regulates the Initiation and Radial Position of Plant Lateral Organs[END_REF].

Furthermore, auxin is known to accumulate in stem cells [START_REF] De Reuille | Computer simulations reveal properties of the cell-cell signaling network at the shoot apex in Arabidopsis[END_REF], where auxin sensitivity is low due to the preferential distribution of auxin pathway components in the PZ [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. The transcription factor AUXIN RESPONSE FACTOR5 (ARF5), also known as MONOPTEROS (MP), is expressed in the PZ and mediates auxin-dependent organ initiation [START_REF] Hardtke | The Arabidopsis gene MONOPTEROS encodes a transcription factor mediating embryo axis formation and vascular development[END_REF] in part via the direct repression of DORNROSCHEN, which is expressed in the CZ and positively regulates CLV3 expression [START_REF] Luo | A Molecular Framework for Auxin-Controlled Homeostasis of Shoot Stem Cells in Arabidopsis[END_REF]. Interestingly, among the direct targets of WUS are the TOPLESS (TPL) and TOPLESS RELATED1 and 2 (TPR1 and 2) genes that encode transcriptional co-repressors involved in auxin signalling [START_REF] Busch | Transcriptional Control of a Plant Stem Cell Niche[END_REF]. While TPR1 and 2 are strongly repressed by WUS and are consequently expressed in the PZ, TPL is activated by WUS and expressed in WUS-expressing cells, at least in clv3 mutants [START_REF] Busch | Transcriptional Control of a Plant Stem Cell Niche[END_REF]. Furthermore, TPL is known to interact with WUS, thus further linking WUS to the modulation of auxin signalling [START_REF] Kieffer | Analysis of the Transcription Factor WUSCHEL and Its Functional Homologue in Antirrhinum Reveals a Potential Mechanism for Their Roles in Meristem Maintenance[END_REF].

II.6 Conservation of the CLV-WUS pathway in other species

The CLV pathway has its origins in the last common ancestor of land plants [START_REF] Whitewoods | CLAVATA Was a Genetic Novelty for the Morphological Innovation of 3D Growth in Land Plants[END_REF], but the WUS gene clade involved in stem cell control has derived more recently from WOX genes [START_REF] Dolzblasz | Stem Cell Regulation by Arabidopsis WOX Genes[END_REF]. In Physcomitrella, the CLV pathway participates in the growth transition from 2D to 3D by orienting cell division planes [START_REF] Whitewoods | CLAVATA Was a Genetic Novelty for the Morphological Innovation of 3D Growth in Land Plants[END_REF]. This is also the case in Arabidopsis roots, where clv1 bam1 bam2 bam3 quadruple mutants are affected by disordered division planes [START_REF] Whitewoods | CLAVATA Was a Genetic Novelty for the Morphological Innovation of 3D Growth in Land Plants[END_REF].

In monocots and dicots, such as in maize (Zea mays), rice (Oryza sativa) and tomato (Solanum lycopersicum), the CLV-WUS pathway is conserved and shares many orthologs with proteins described in Arabidopsis.

CLV1 and CLV2 orthologs in maize, THICK TASSEL DWARF1 (TD1) and FASCIATED EAR2 (FEA2), respectively, restrict SAM size [START_REF] Taguchi-Shiobara | The fasciated ear2 gene encodes a leucine-rich repeat receptor-like protein that regulates shoot meristem proliferation in maize[END_REF][START_REF] Bommert | The maize Gα gene COMPACT PLANT2 functions in CLAVATA signalling to control shoot meristem size[END_REF]. It has recently been shown that FEA2 responds to at least two CLE peptides, including the CLV3 ortholog ZmCLE7, via distinct downstream effectors, which provide insights on how the same receptor proteins can bind different peptides and transduce their signalling through different downstream effectors [START_REF] Je | The CLAVATA receptor FASCIATED EAR2 responds to distinct CLE peptides by signaling through two downstream effectors[END_REF]. Furthermore, two maize WUS orthologs have been predicted, though they have not been functionally characterised [START_REF] Nardmann | The Shoot Stem Cell Niche in Angiosperms: Expression Patterns of WUS Orthologues in Rice and Maize Imply Major Modifications in the Course of Mono-and Dicot Evolution[END_REF].

In rice, the CLV1 ortholog FLORAL ORGAN NUMBER1 (FON1) functions in a common pathway with FON2, the CLV3 ortholog, during flower development, but stem cell proliferation is also controlled by a second CLE peptide, FON2-LIKE CLE PROTEIN1 (FCP1), independently of FON1 [START_REF] Suzaki | The gene FLORAL ORGAN NUMBER1 regulates floral meristem size in rice and encodes a leucine-rich repeat receptor kinase orthologous to Arabidopsis CLAVATA1[END_REF][START_REF] Chu | The FLORAL ORGAN NUMBER4 Gene Encoding a Putative Ortholog of Arabidopsis CLAVATA3 Regulates Apical Meristem Size in Rice[END_REF][START_REF] Suzaki | Conservation and Diversification of Meristem Maintenance Mechanism in Oryza sativa : Function of the FLORAL ORGAN NUMBER2 Gene[END_REF][START_REF] Suzaki | Functional Diversification of CLAVATA3-Related CLE Proteins in Meristem Maintenance in Rice[END_REF][START_REF] Suzaki | FON2 SPARE1 Redundantly Regulates Floral Meristem Maintenance with FLORAL ORGAN NUMBER2 in Rice (GP Copenhaver[END_REF].

In tomato, RNAi lines showed that SlWUS plays a positive role in fruit size, through the control of locule number [START_REF] Li | Tomato Transcription Factor SlWUS Plays an Important Role in Tomato Flower and Locule Development[END_REF].

These data from different species harbouring CLV and WUS homologs are of potential interest for crop breeding. Indeed, more seeds or bigger fruit are traits that have been under manual selection by humans for thousands of years. If the genetic bases of such characteristics are truly conserved, they may be targets for procuring better crop yields in the future.

II.7 The limits of the CLV3-WUS model

To date, CLV3 is the only gene that has been shown to be expressed in the apical stem cells of Arabidopsis thaliana. Although a CLV3 transcriptional reporter has been extensively used as a (perhaps exclusive) marker of stem cell fate (Reddy & Meyerowitz, 2005;[START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF][START_REF] Yadav | WUSCHEL mediates stem cell homeostasis by regulating stem cell number and patterns of cell division and differentiation of stem cell progenitors[END_REF][START_REF] Fulcher | Hypersensitivity to DNA damage in plant stem cell niches[END_REF]Milani et al., 2014;[START_REF] Xu | SUPERMAN regulates floral whorl boundaries through control of auxin biosynthesis[END_REF], it is fair to question the accuracy of this readout. Indeed, the fasciated SAM of clv3 mutants are interpreted in the literature as the result of an over-proliferation of stem cells (Clark et al., 1995;[START_REF] Müller | The Receptor Kinase CORYNE of Arabidopsis Transmits the Stem Cell-Limiting Signal CLAVATA3 Independently of CLAVATA1[END_REF]. They are sometimes used in transcriptomics experiments, under the assumption that they are naturally enriched in stem cell populations, thus enabling the study of genes that are differentially expressed in those cells. However, how is it that a clv3 mutant is enriched in stem cells if it is actually mutant for the gene that is supposed to be a reporter of stem cell identity?

This would require that CLV3 is neither necessary nor sufficient for stem cell fate, and it would suggest that WUS alone is responsible for stem cell establishment. In this scenario, the function of CLV3 would be to downregulate WUS.

Furthermore, microarray experiments performed to identify differentially expressed genes associated with the functional zones of the SAM [START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF][START_REF] Yadav | A high-resolution gene expression map of the Arabidopsis shoot meristem stem cell niche[END_REF][START_REF] Schuster | A Regulatory Framework for Shoot Stem Cell Control Integrating Metabolic, Transcriptional, and Phytohormone Signals[END_REF] have yielded no other firm candidate genes to substitute for the use of the CLV3 transcriptional reporter. One candidate gene that was found to be enriched in CLV3-expressing cells is APUM10, which was further studied in wild-type and clv3-2 SAM, and showed a CLV3-like expression pattern in both contexts [START_REF] Aggarwal | Identification of novel markers for stem-cell niche of Arabidopsis shoot apex[END_REF]. However, APUM10 seems to be excluded from the L1, which does not fully recapitulate the expression domain of CLV3 or the presumed zone of WUS activity.

III. Unravelling mechanical properties at the shoot apex

The limits of the prevailing CLV3-WUS dogma discussed above suggest that other components also likely act for stem cell establishment and maintenance. Those other components may be either genetic, affecting stem cell fate by altering some unique aspect of behaviour; or of another kind such as mechanical, affecting cell wall composition or cell geometry.

In this final section of the introduction, I will briefly describe the key elements that are known to be involved in conferring mechanical properties to plant cells, with general information

and specific examples from the stem cell field.

III.1 Quiescence and mechanics

The mechanical properties of cells are critical to their interactions with the microenvironment, which generates molecular cues and ambient mechanical properties that impact the establishment and maintenance of cell fate. Several studies have shown that the mechanical properties of the microenvironment, including stiffness, regulate cell fate commitment [START_REF] Vogel | Local force and geometry sensing regulate cell functions[END_REF][START_REF] Chaudhuri | Extracellular matrix stiffness and composition jointly regulate the induction of malignant phenotypes in mammary epithelium[END_REF][START_REF] Wen | Interplay of matrix stiffness and protein tethering in stem cell differentiation[END_REF]. Just one illustration of this, amongst many, is a study showing that in in vitro human cell culture, merely stiffening the 3D matrix mimicking the niche leads human mesenchymal stem cells to switch from adipogenesis to osteogenesis [START_REF] Das | Stress-stiffening-mediated stem-cell commitment switch in soft responsive hydrogels[END_REF], suggesting that the modulation of differentiation pathways can occur through changes in mechanical properties.

In plants, it was shown that cells are stiffer towards the tip of the SAM (Milani et al., 2011), which is supported by organ emergence in fast-growing regions of the SAM, upon chemically induced changes in cell composition (Peaucelle et al., 2011), that is associated with lower stiffness compared to the rest of the tissue [START_REF] Kierzkowski | Elastic domains regulate growth and organogenesis in the plant shoot apical meristem[END_REF]. An other example is that the shape of pavement cells in leaves depends on mechanical stress heterogeneities [START_REF] Sampathkumar | Subcellular and supracellular mechanical stress prescribes cytoskeleton behavior in Arabidopsis cotyledon pavement cells[END_REF], suggesting that cell shape is a readout of mechanics.

Plant stem cells also have characteristic mechanical properties, as shown by recent work in the lab, which revealed the existence of a mechanical pattern at the SAM (Milani et al., 2014).

It has been shown that cells expressing CLV3 are stiffer than cells surrounding them, suggesting that cells could have different mechanical properties according to their fate, with stem cells being stiffer than differentiated cells. I will further elaborate on, and discuss, this finding in the following chapters of this manuscript since it is the starting point of my work.

III.2 Turgor pressure and cell wall underlie plant cell mechanics

The mechanical properties of plant cells are determined by both turgor pressure as well as the composition of the cell wall that envelopes plant cells. The cell wall, which is the equivalent of an extracellular matrix, confers rigidity to plant cells and prevents them from moving with respect to each other. Within this rigid, albeit flexible, lattice lies the plasma membrane and enclosed within that are all the cellular compartments and components, including the water that exerts a pressure on the cell wall. This inner pressure is called turgor and is estimated at about 1 MPa in Arabidopsis shoot apices (Beauzamy et al., 2015), i.e. 10 times atmospheric pressure.

Overall, growth in plants is restricted by the cell wall and driven by turgor pressure. Turgor pressure within a tissue depends on water movement through the plasma membrane, which is specifically permeable to certain molecules in order to alter the equilibrium between the inside and the outside of the cell.

The cell wall is composed of structural proteins and polysaccharides, including cellulose, pectins and hemicelluloses, which lie in an aqueous gel. Cellulose molecules are bundled in microfibrils that are crosslinked to each other via hemicellulose and pectins [START_REF] Nishiyama | Structure and properties of the cellulose microfibril[END_REF][START_REF] Wang | Pectin-cellulose interactions in the Arabidopsis primary cell wall from two-dimensional magic-angle-spinning solid-state nuclear magnetic resonance[END_REF], thus conferring stiffness to the cell wall. Pectins are diverse and complex polysaccharides [START_REF] Harholt | Biosynthesis of Pectin[END_REF] that have been shown to increase cell wall elasticity in the context of organ initiation (Peaucelle et al., 2011). Pectin synthesis mutants are defective in cell adhesion [START_REF] Verger | Cell adhesion in plants is under the control of putative O-fucosyltransferases[END_REF], suggesting a load-bearing role for cell wall components. In the SAM, the composition of the cell wall has been shown to be specific and to play a role in meristem maintenance [START_REF] Yang | Regulation of Meristem Morphogenesis by Cell Wall Synthases in Arabidopsis[END_REF]. In particular, a specific and limited subset of GLYCOSYLTRANSFERASE enzymes, which catalyse the elongation of carbohydrates polymers, is expressed in the SAM [START_REF] Yang | Regulation of Meristem Morphogenesis by Cell Wall Synthases in Arabidopsis[END_REF], thus suggesting that the composition of the cell wall is finely regulated in a tissue-specific manner.

The cell wall forms a continuum with the plasma membrane and cytoskeleton components, such as microtubules, thus ensuring the perception and transmission of signals from the external environment. Transmembrane RLK are involved in signal transduction from the outside to the inside of the cell [START_REF] Cheung | THESEUS 1, FERONIA and relatives: a family of cell wall-sensing receptor kinases?[END_REF], as is the case of FERONIA, which is required for proper root response to exterior mechanical stimuli [START_REF] Shih | The Receptor-like Kinase FERONIA Is Required for Mechanical Signal Transduction in Arabidopsis Seedlings[END_REF]. CELLULOSE SYNTHASES, the enzymes that synthesise cellulose, are known to be coupled to microtubules that behave like tracks for cellulose deposition [START_REF] Gutierrez | Arabidopsis cortical microtubules position cellulose synthase delivery to the plasma membrane and interact with cellulose synthase trafficking compartments[END_REF], thus linking the cell wall to the cytoskeleton. In the context of organ formation at the shoot apex, it has recently been shown that cell wall remodelling pairs with microtubule-driven growth isotropy, through the induction of a specific subset of genes [START_REF] Armezzani | Transcriptional induction of cell wall remodelling genes is coupled to microtubule-driven growth isotropy at the shoot apex in Arabidopsis[END_REF].

III.3 Microtubules as a proxy of mechanical forces

During my thesis, I used atomic force microscopy (AFM) to measure the mechanical properties of wild-type and clv3 SAM. This nanoindentation technique has been used in previous work from the lab (Milani et al., 2014) and is a direct way of assessing the mechanical properties of a sample. In complementary fashion, the use of fluorescently-labelled microtubule elements is an indirect way to estimate stress directions in plant tissues, since these cytoskeleton components have been shown to reflect the state of the tissue during morphogenesis.

Indeed, the mechanical stress (force per unit area) that plant cells are subjected to, is invisible but can be predicted by computer models [START_REF] Hamant | Developmental Patterning by Mechanical Signals in Arabidopsis[END_REF]. Microtubules have been shown to align along the directions of predicted maximal stresses, such as in the case of

Objectives of the thesis

The objective of this thesis is to deepen our knowledge of Arabidopsis SAM stem cells through the investigation of their mechanical properties and morphometrical characteristics. Our main hypothesis is that a combination of such parameters may correlate with gene expression and improve our ability to identify stem cells within a tissue. To this purpose, I used the SAM of clv3-2, which is described as the result of cell proliferation and, thus, is a good model to question the definition of stem cells. Indeed, the study of this mutant allowed us to describe the functional consequences of CLV3 loss-of-function mutations, since this gene is, to date, the only reporter of stem cell fate.

In the first chapter, I describe the variability of the complex clv3-2 phenotype, which results in a high degree of disorganisation across the SAM. I quantify these defects by measuring cell volumes and tissue curvature. I also identify the two breakpoints in the clv3-2 allele, which comes from γ-ray mutagenesis, thus allowing for a better understanding of the clv3-2 phenotype.

In the second chapter, I investigate the use of mechanical properties as a stem cell marker in clv3-2 SAM, as suggested by a previous paper form our lab (Milani et al., 2014). To this aim, we developed a method to analyse AFM data from samples displaying large height differentials, such as the SAM. I find that clv3-2 SAM are soft and do not have stem cell-like mechanical properties.

In the last chapter, I further investigate this contradiction using genetic markers for different domains of the SAM and show that clv3 SAM are mosaic structures. Indeed, they are constituted of cells that simultaneously express genes indicating stemness and differentiation.

In summary, these experiments aim at re-examining the role of CLV3 in morphogenesis at the SAM, and thus the CLV-WUS dogma of stem cell homeostasis.
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Materials and Methods 

IV. Plant genotyping

IV.1 Genotyping of SALK_065297 = clv3-17

The line SALK_065297 (N565297) was ordered from NASC [START_REF] Alonso | Genome-Wide Insertional Mutagenesis of Arabidopsis thaliana[END_REF] as a putative insertion mutant in CLV3. I used the following primers to genotype leaves from 20-30-day-old plants: BP561, BP562, and LBb1.3. The BP561 -BP562 pair amplifies WT sequence whereas the LBb1.3 -BP562 amplifies the mutant sequence.

The T-DNA is inserted on chromosome 2, in the 3' region of CLV3.

I characterized this line and it was published in collaboration with another group of the laboratory in 2018 [START_REF] Stanislas | A phosphoinositide map at the shoot apical meristem in Arabidopsis thaliana[END_REF] under the name of clv3-17.

IV.2 Genotyping of clv3-2

The following primers were used as forward primers for nested PCR. BP1048, BP1049

and BP1050 in combination with BP1051, a 19-nucleotide fully degenerate primer.

The primers BP1054, BP1053 and BP855 were used to genotype clv3-2 segregants by amplifying across the breakpoint site located 1 Mb away from the CLV3 gene, with one primer positioned in the 3' region of CLV3. The BP1054 -BP1053 primer pair amplifies the WT sequence, and the BP1054 -BP855 primer pair amplifies the clv3-2 allele.

V. in vitro plant culture 

IX. RNA in situ hybridisations

RNA in situ hybridisations on sections were performed according to published protocols [START_REF] Long | A member of the KNOTTED class of homeodomain proteins encoded by the STM gene of Arabidopsis[END_REF]. Dissected meristems were fixed in FAA (formaldehyde 3.7

% [v/v], ethanol 50 % [v/v], acetic acid 5 % [v/v],
H2O to final volume), washed, dehydrated and embedded in paraffin wax. Embedded samples were cut (10 µm thick)

and attached to pre-coated glass slides (Superfrost Plus Gold, Fisher Scientific).

Antisense probes were made from PCR products using cDNA from inflorescences as a template. Those PCR products were transcribed into RNA and then labelled using digoxigenin (DIG)-UTP. All probes were filtered on columns (CHROMA SPIN-30 columns, Clontech) to remove remaining nucleotides. Immunodetection was performed using an anti-DIG antibody coupled to alkaline phosphatase (Anti-Digoxygenin-AP, Fab fragments, 11093274910, Roche), whose activity was detected by the chromogenic method using NBT/BCIP (11383213001, 11383221001, Roche). Sections were finally washed with water and observed under a Zeiss Imager M2 microscope equipped with an AxioCam Mrc camera. 10 X or 20 X objectives. DIC (differential interference contrast) mode.

The table below lists the probes that were used in this thesis. PCR products were obtained using the forward and reverse primers on cDNA from inflorescences, except for CLV3, which was amplified using genomic DNA. FM4-64 (T-3166, Invitrogen) was used to dye the plasma membrane. A 488 nm laser diode was used for its excitation and its emission light was collected by a Leica HyD hybrid detector at 600-640 nm.

A 488 nm laser diode was used for GFP excitation and its emission light was collected by a Leica HyD hybrid detector at 500-520 nm.

The VENUS fluorescent protein was excited by a 514 nm laser diode and its emission light was collected by a Leica HyD hybrid detector at 520-535 nm.

XII. Image analysis

Confocal images were analysed with the open-source image analysis software, ImageJ (ImageJ 1.52a) (Schindelin et al., 2012).

ImageJ was used to generate 2D projections from 3D confocal stacks (3D project function)

or to visualize them in 3D (3D viewer plugin) and generate orthogonal slices.

XIII.3D reconstruction of confocal images and computation of cell volumes

To reconstruct samples in 3D after confocal imaging, I used the published MARS pipeline developed in the group several years ago [START_REF] Fernandez | Imaging plant growth in 4D: robust tissue reconstruction and lineaging at cell resolution[END_REF]. For this, three to four images of the sample were first acquired, one from the top, and the others by means of a custom-made device to tilt and rotate the sample by a 15-20 degrees in different directions. These images were then fused by using MARS, which allows for the restitution of missing anticlinal cell walls and for the increased resolution, when compared to any of the individual images. Next the external contour of the sample within the image was detected using the level set method [START_REF] Kiss | Segmentation of 3D images of plant tissues at multiple scales using the level set method[END_REF], and the sample was then segmented in 3D with a watershed segmentation algorithm.

The segmented image may then be used to calculate different types of metrics for each cell in the sample, including cell volume.

XIV.AFM complementary materials

To test our slope-correction formula, we used a 150 µm-thick PDMS gel sample whose nominal modulus is 3.5 MPa (Bruker, PDMS-SOFT-2). 

XV. Hormone treatments

XVI. Molecular cloning

Primers were purchased at IDT DNA and custom gene synthesis was performed by Genecust.

To build the pAPUM10::3xVENUS-N7 fluorescent reporter, we PCR-amplified the 3.2 kb region upstream of the start codon, which corresponds to the putative promoter of APUM10. We used the primers BP857 and BP858 carrying attB1r and attB4 sites for Gateway cloning. We then cloned the PCR product into the vector pCR-BluntII-TOPO (Zero Blunt TOPO PCR cloning kit, K280002, Invitrogen). A BP recombination was then carried out with Gateway vector pGEMteasy5' (Promega) by (Gateway BP Clonase Enzyme Mix, Thermo Fisher Scientific), to yield the plasmid pAPUM10-pGEMteasy5', which was verified by sequenceing. Finally, we performed a triple LR recombination (Gateway LR Clonase II Enzyme Mix, 11791, Thermo

Fisher Scientific) between pAPUM10-pGEMteasy5' (BP145), pENTR-1Ad (BP31), and 3xVENUS-N7 in pENTR3'MCS (BP363) with binary vector pB7m34GW.

XVII.Reverse transcription-quantitativePCR

We extracted RNA from five independent samples that are biological replicates. Either inflorescences (one per sample) or siliques (three siliques almost mature but still green per sample) were collected and immediately put into liquid nitrogen and stored at -80°C until RNA extraction. Total RNA was extracted with the Spectrum plant total RNA kit (STRN250-1KT, Sigma) and assessed for concentration and quality with a DropSense96 (Trinean)

spectrophotometer. An equal amount of total RNA from each sample (1 µg) was reverse transcribed to obtain cDNAs, which were stored at -20°C. cDNA purity was checked by amplifying the housekeeping gene GAPDH (At3G04120, sub-unit C).

RT-qPCR primers were designed following several criteria: melting temperatures (Tm) equal or greater than 60°C; 40-70% GC bases; primer size of 18-27 bp (optimal being 20 bp)

and amplicon size of 60-200 bp. Primers were used with cDNA from Col-0 inflorescences (diluted 1:20), both to test their ability to amplify a sequence of interest and to obtain amplified PCR product. This PCR product was purified, diluted (to 0.20 ng/µL) and used to build a dilution range from 1:10 to 1:10 8 . We tested the efficiency of the primers by RT-qPCR on both the dilution range and the 1:20 dilution of Col-0 cDNA. If the efficiency of the primers was close to 2 (>1.80), they were suitable for use for RT-qPCR on the samples of interest.

We used the following primer pairs to amplify fragments within At1G02580, At3G26780

and At5G17430: BP1037 -BP1038; BP1033 -BP1034 and BP1029 -BP1030, respectively.

We performed RT-qCR on cDNA of each sample to detect the expression on each of the three tested embryo genes. For relative expression level calculations, we followed the reference method from [START_REF] Pfaffl | A new mathematical model for relative quantification in real-time RT-PCR[END_REF], and we used the tool BestKeeper [START_REF] Pfaffl | Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper-Excel-based tool using pair-wise correlations[END_REF] for determining the choice of GAPDH as housekeeping gene. The quantification formula computes the relative expression ratio of a target gene in a sample versus a control in comparison to the expression of a reference gene, as follows:

relative expression ratio R= (control-sample ) In this formula, CP stands for crossing point, which is defined for each transcript as the point at which the fluorescence rises unequivocally above the background fluorescence. E target is the efficiency of target gene transcript with RT-qPCR and E ref is that of reference gene transcript.

(E target ) Δ CP target (control-sample) (E ref ) Δ CP ref
Δ CP target represents the CP deviation of the target gene transcript between control and sample. Δ CP ref represents the CP deviation of the reference gene transcript between control and sample. We reasoned that it is not possible to compute such a ratio if the target gene is not expressed in the sample, as it is our case for embryo genes in the SAM. This is why we used not only a reference gene, GAPDH, but also a reference tissue. Our reference tissue was the young silique since our target genes are expressed in young embryos, which are enclosed in young siliques. To obtain CP (control), we averaged the five CP values of each control (Ler silique) to which we subtracted the CT value of the corresponding sample (either silique or SAM) in order to obtain Δ CP . In other words, we computed R for SAM with the sample being either the Ler SAM or the clv3-2 SAM and the control being the averaged silique (either Ler or clv3-2).

XVIII.

Transformation protocols XVIII.1 E. coli transformation

Either commercial One Shot® TOP10 (C4040-06, Invitrogen) or home-made DH5α

chemically competent E. coli cells were used in this thesis. Few micro litres of the vector of choice were added to 50 µL of competent cells and incubated on ice for 15 to 30 mn. Cells were then heat shocked for 45 to 60 s at 42°C in a water bath and immediately put back on ice. 250 µL of LB was added to the cells and they were incubated for 1 h at 37°C with agitation. Finally, cells were spread on selective LB plates and incubated overnight at 37°C.

XVIII.2 Agrobacterium transformation

The electrocompetent Agrobacterium strain C58pmp90 was used in this thesis.

Electroporation of competent cells was performed in 0.2 µm electroporation cuvettes with an electroporator set to 600 Ω, 2.5 µF, and 2.5 kV. Immediately after electroporation, 700 µL of LB was added to the cuvette and cells were grown for two hours at 28°C with agitation. Finally, cells were spread on selective LB medium and grown at 28°C for two days.

XVIII.3 Arabidopsis transformation

This protocol iss simplified from [START_REF] Logemann | An improved method for preparing Agrobacterium cells that simplifies the Arabidopsis transformation protocol[END_REF].

Arabidopsis plants were grown until they began to bolt and produce floral inflorescences.

DNA constructs were transformed into Agrobacterium strain C58pmp90. Transformed Agrobacterium were grown on LB plates containing the appropriate antibiotics at 28°C for two days. A few colonies were selected, resuspended into 50 µL H2O, and immediately plated on YEB (YEB medium: beef extract (5 g/L), yeast extract (1 g/L), peptone (5 g/L), sucrose (5 g/L), bactoagar (15 g/L), pH 7.2, autoclave) containing the appropriate antibiotics at 28°C for two days.

The densely grown bacteria were collected from the plates by scraping and they were resuspended into 30 mL of infiltration medium (MgCl2 10 mM, sucrose 5 % [w/v], with Silwet L-77 0.03 % [v/v] aded extemporaneously) in a Falcon tube. This bacteria solution was brought to a final volume between 100 to 200 mL additional infiltration medium. Inflorescences were dipped into the Agrobacterium solution for 10 to 30 seconds. Dipped plants were placed in a sealed plastic bag for 24 h and were then removed from the bag and transferred into the growth chamber. Bold letters: T7 RNA polymerase promoter sequence added to reverse in situ hybridization primers.

XIX. Primers used in this thesis

In this thesis, I have used the canonical clv3 mutant allele, clv3-2, which has a strong phenotype and has been used in many articles over the years (Clark et al., 1995[START_REF] Clark | The CLAVATA and SHOOT MERISTEMLESS loci competitively regulate meristem activity in Arabidopsis[END_REF][START_REF] Trotochaud | The CLAVATA1 receptor-like kinase requires CLAVATA3 for its assembly into a signaling complex that includes KAPP and a Rhorelated protein[END_REF][START_REF] Fletcher | Signaling of Cell Fate Decisions by CLAVATA3 in Arabidopsis Shoot Meristems[END_REF][START_REF] Szczesny | Influence of clavata3-2 mutation on early flower development in Arabidopsis thaliana: quantitative analysis of changing geometry[END_REF][START_REF] Nimchuk | Plant stem cell maintenance by transcriptional cross-regulation of related receptor kinases[END_REF][START_REF] Chou | The CLAVATA signaling pathway mediating stem cell fate in shoot meristems requires Ca 2+ as a secondary cytosolic messenger[END_REF][START_REF] Yang | Regulation of Meristem Morphogenesis by Cell Wall Synthases in Arabidopsis[END_REF][START_REF] Mandel | Differential regulation of meristem size, morphology and organization by the ERECTA, CLAVATA and class III HD-ZIP pathways[END_REF][START_REF] Lee | The mobile bypass Signal Arrests Shoot Growth by disrupting SAM Maintenance, Cytokinin Signaling, and WUS Expression[END_REF], to cite just a few. In this first chapter, I characterise this phenotype, first in terms of morphology, then by quantifying tissular defects, such as cell volumes and local curvature. Finally, I identify the yet unknown breakpoints of the clv3-2 allele, which is the result of γ-ray mutagenesis.

I. Phenotype of clv3-2 meristems

The clv3-2 loss-of-function phenotype was first described in 1995 (Clark et al., 1995). The primary defect usually consists of enlarged shoot apical and floral meristems, a phenomenon called fasciation (Figure 7.A, B, E). As described in the literature, the enlarged SAM in the clv3-2 allele, as in the clv3-1 allele, often presents as an elongation along one axis (Clark et al., 1995).

One aspect of the phenotype, consistently observed in our growth conditions, is the presence of large centrally-located outgrowths often without any particular shape, from which 'arms' of the SAM elongate linearly (Figure 7.B). These outgrowths are also visible in scanning electron microscopy (SEM) images of clv1 alleles (Figure 1E in [START_REF] Clark | CLAVATA1, a regulator of meristem and flower development in Arabidopsis[END_REF] and clv3 (Figure 1B-E in Clark et al., 1995) in the primary literature, though they were never clearly remarked upon. A more detailed analysis reveals that cellular organisation also varies between the central outgrowth, which is usually devoid of any discernible organisation, and the lateral arms, which are mostly composed of cell files (Figure 7.C, D). How this disorganised central outgrowth originates and how it differs in identity or function from the more organised lateral arms is unclear.

clv3-2 SAM vary in aspect with changes in culture conditions, particularly with respect to the presence or absence of the central outgrowth. Conditions associated with slower growth, such as short days and low temperatures, appear to promote its formation. Moreover, the light spectrum may also be important. Additionally, clv3 plants have short stems that are hooked towards the soil, making the dissection of SAM difficult.

Whereas wild-type SAM are reasonably dome-like structures with a height of 58 ± 8 µm (n = 15), clv3-2 SAM are much taller structures, with a height of 376 ± 132 µm in the outgrowth (n=9) and 207 ± 74 µm in the elongated zones (n= 14). Since flowers form only at the very base of the SAM, the much higher domes in clv3 mutants result in a much greater distance between the top of the SAM and newly initiated flowers, compared to the wild type (Figure 7.E-G).

Additionally, the fasciated meristem results in the production of flowers in dense clusters and in large numbers [START_REF] Clark | CLAVATA1, a regulator of meristem and flower development in Arabidopsis[END_REF][START_REF] Szczesny | Influence of clavata3-2 mutation on early flower development in Arabidopsis thaliana: quantitative analysis of changing geometry[END_REF], which then mature into the characteristic club-shaped siliques for which the gene is named. The number of seeds within these misshapen siliques is reduced in comparison to the wild type, but they remain viable.

Early studies of clv1 and clv3 mutants showed that in a clv3 mutant, CLV1 mRNA is broadly expressed throughout the SAM, and reciprocally in a clv1 mutant, CLV3 mRNA is broadly expressed [START_REF] Fletcher | Signaling of Cell Fate Decisions by CLAVATA3 in Arabidopsis Shoot Meristems[END_REF]. More recently, two transcriptional reporters of CLV3, CLV3::alcR alcA::GUS and pCLV3::GFPer, were shown to be expressed in the CZ of the wild type [START_REF] Deveaux | The ethanol switch: a tool for tissue-specific gene induction during plant development[END_REF]Reddy & Meyerowitz, 2005), (Figure 8.A, B). Like the CLV1 mRNA pattern mentioned above, pCLV3::GFPer becomes broadly expressed in the L1 of fasciated clv3-2 SAM (Figure 8.C-E, n = 11 samples observed), except within the central outgrowth, which is sometimes devoid of its expression. However, since it is known that WUS becomes broadly overexpressed in the clv3 SAM, and that WUS activates CLV3 expression by directly binding to its promoter [START_REF] Yadav | WUSCHEL protein movement mediates stem cell homeostasis in the Arabidopsis shoot apex[END_REF], pCLV3::GFPer in the clv3 L1 could simply be a reflection of WUS expression in the L2, rather than the identities of these cells. Thus, the relevance of using a CLV3 transcriptional reporter in a clv3 background is perhaps questionable. Furthermore, the visual difference between the outgrowth and the lateral elongations may be either reinforced by, or the result of, the different arrangement of cells in these SAM.

II. Shedding light on the clv3-2 mutation site

The strong clv3-2 allele was described decades ago as a recessive allele obtained upon γ-ray exposure of Ler seeds (Clark et al., 1995). As previously described, both the EMS-induced clv3-1 and clv3-2 exhibit extremely fasciated SAM, increased numbers of flowers and abnormal floral organ numbers. In the literature, this phenotype is depicted as a massive pool of stem cells, possibly impaired in the ability to transition from CZ to PZ fate [START_REF] Laufs | Cellular parameters of the shoot apical meristem in Arabidopsis[END_REF]. The clv3-2 allele has long been used as a tool to study stem cell homeostasis.

precise CRISPR-Cas9 mutants could contribute to a fuller understanding of the clv3 phenotype by helping determine the key sequences required for the maintenance of SAM integrity.

The strong phenotype of the clv3-2 allele results from the altered CLV3 peptide sequence, since the highly conserved residues L10, H11 and H12 of the CLE motif are lost, and that furthermore, additional residues are present before stop codon, resulting in a longer protein that is potentially incorrectly processed. Early in vitro studies suggest that H11 is not important for CLV3 function [START_REF] Kondo | A Plant Peptide Encoded by CLV3 Identified by in Situ MALDI-TOF MS Analysis[END_REF], though more recent in vivo studies show that it is functionally critical [START_REF] Song | Contributions of Individual Amino Acid Residues to the Endogenous CLV3 Function in Shoot Apical Meristem Maintenance in Arabidopsis[END_REF]. Further in vitro assays substituting H11 with alanine showed a drop in peptide stability and its rapid degradation [START_REF] Song | Individual amino acid residues in CLV3 peptide contribute to its stability in vitro[END_REF]. A contributing factor to the clv3-2 phenotype could be that important WUS-binding regulatory sequences are disrupted, thus preventing the correct regulation of CLV3. In this context, while the essential TAAT WUS-binding element located at position -1080 in the CLV3 promoter and necessary for CLV3 expression, is conserved in clv3-2, two additional downstream elements are lost.

Transcription at the CLV3 locus in the clv3-2 mutant still appears to be active, as we detected by RT-qPCR. Transcript levels are very high in the mutant compared to the wild type (Figure 10.), though this is difficult to interpret. Indeed, although we used identical quantities of RNA from each sample for reverse transcription, the very different morphologies of wild-type and clv3-2 SAM imply that we cannot compare normalised transcript levels, and thus that our results

are not particularly illuminating. Especially, because clv3-2 has an altered CZ to PZ ratio compared to the wild type, it is not clear if expression levels in fact need to be normalised against a reference CZ gene, rather than a housekeeping gene. As an example, we could use WUS as a reference gene, since it is expressed in a domain equivalent to that of CLV3.

Altogether, these data shed light on the nature of the clv3-2 allele. However, further experiments are needed to fully characterise the impact of the clv3-2 mutation on CLV3 peptide production and functionality. Since we can detect CLV3 transcripts with qPCR, one simple experiment would consist of sequencing mutant transcripts to compare them with our predicted sequence.

III. Cell volumes reveal defects in cell layer organisation in clv3

As mentioned above, the height of the SAM is larger in clv3-2 than in the wild type. We wished to further characterise the morphological defects that they display by computing cell volumes in different subdomains of the SAM.

It has been shown that the mitotic index -the ratio of dividing (prophase) cells to total cell number -across the L1 of the entire SAM of clv3 mutants (2.8 ± 0.2 %) is lower than in the wild type (4.1 ± 0.3%), and that this value for clv3 mutants is comparable to that of the most central part of the wild-type SAM, suggesting that CLV3 signalling does not increase cell division rates, as previously thought [START_REF] Laufs | Cellular parameters of the shoot apical meristem in Arabidopsis[END_REF]. An alternate hypothesis proposed by the authors, is that CLV3 signalling is involved in promoting cell transition from the CZ to the PZ [START_REF] Laufs | Cellular parameters of the shoot apical meristem in Arabidopsis[END_REF]. Some years later, a study using conditional CLV3 silencing upon induction of double stranded RNA interference revealed that the increased CZ size in clv3 mutants results from the respecification of PZ cells to CZ cells, independently from growth (Reddy & Meyerowitz, 2005).

Thus, the balance between CZ and PZ cell seems to be lost in absence of CLV3.

To further explore this topic, we reasoned that cell morphologies may vary between the different regions of the SAM, and that it might be instructive to examine them in the clv3 mutant.

To this end, we generated 3D reconstructions of both wild-type and clv3-2 SAM using the MARS pipeline developed in a previous collaboration in the group [START_REF] Fernandez | Imaging plant growth in 4D: robust tissue reconstruction and lineaging at cell resolution[END_REF], to improve cell outlines and increase image resolution along with the quality of segmentation. Next, we used a custom-built algorithm to precisely identify the surface contour (hereafter called the LSM contour) of the sample [START_REF] Kiss | Segmentation of 3D images of plant tissues at multiple scales using the level set method[END_REF]. For clv3-2 samples, we selected a portion of the SAM located in the elongated part of the fasciated SAM. In the wild type, we identified a central group of about 10 cells as a putative CZ and assigned the other cells to a putative PZ. Finally, we computed cell volumes in the L1 and L2, either globally or specifically in the CZ. We find that in the wild type, the average cell volume is about 158.3 ± 57.3 µm 3 in both cell layers (n = 1215 cell), with the L1 overall at 161.1 ± 55.6 µm 3 (n = 591), the putative L1 CZ at 162.4 ± 54.5 µm 3

(n = 16), the L2 overall at 155.6 ± 58.8 µm 3 (n = 627) and the putative L2 CZ at 156.4 ± 56.1 µm 3

(n = 16). In the clv3-2 mutant, the L1 cells are slightly smaller (about 125 µm 3 ) than in the wild type (Figure 11.A, B), whereas the L2 cells are much larger (around 240 µm 3 ) than in the wild type (Figure 11.A, C). Since mutant L2 cells are about twice as big as L1 cells, we checked the segmentation to verify that no cell walls were missed between the two layers. Furthermore, a similarly large difference in cell volumes between the L1 and the L2 is observed in several individual samples.
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IV. Tissue curvature is affected in clv3 SAM Following our finding that tissue volumes are affected in clv3-2 SAM, we then wished to better characterise the surface of these SAM.

To this end, we imported the computer-reconstructed surface of the sample into the MorphographX software (Barbier de [START_REF] Barbier De Reuille | MorphoGraphX: A platform for quantifying morphogenesis in 4D[END_REF], generated a surface mesh, and used the built-in function to calculate the average or Gaussian curvature of the LSM contour.

Specifically, we analysed Gaussian curvature on both wild-type and clv3-2 SAM with a radius of 10 µm of each node in the mesh.

We observed that in the wild-type inflorescence, both the SAM and the early flowers are homogeneously smooth (albeit with different degrees of curvature), and are separated by boundary regions with large negative curvature (Figure 12.A, n = 1). We observe that these boundaries are shallow, though clearly detectable, at the beginning of floral primodium development, as they grow. These observations thus reveal that distinct regions of the wild-type inflorescence display stereotypical patterns of local curvature. We next generated a 3D reconstruction of a small region of a clv3-2 SAM, and observe that the surface has very heterogeneous curvature, with crests and troughs of various sizes distributed throughout the SAM (Figure 12.B, n = 1). Indeed, in this mutant, the more negatively curved areas are not restricted to the boundaries between the SAM and FM but are widespread across the surface of the SAM.

Together, these observations suggest that the pattern of local curvature is lost in clv3-2 mutants, participating in the severe fasciated phenotype.
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To conclude this first chapter, we quantified the severe morphometric defects of clv3 SAM by measuring cell volumes and tissue curvature. However, it remains unclear to us how these parameters can lead to the disorganisation that we observe in clv3-2 SAM. Cell arrangement within mutant SAM might generate forces on the surface and result into aberrant tissue curvature. In particular, we found a large difference of cell volume between the L1 and L2 in clv3 mutants, suggesting that the cell size is not buffered in absence of CLV3 and that this variability generates tissue buckling, which could be a way for the tissue to release stress. Finally, computer simulations could further test these hypotheses regarding the relationship between morphometry and tissue mechanics.

My project evolved from the work of a former post-doc in the group, Dr. Pascale Milani, who established a protocol for carrying out AFM on living plant apices in order to assess the mechanical properties of their cell walls (Milani et al., 2011). In the initial experiments, pin-formed1-6 (pin1-6) mutants were favoured over wild-type plants because their naked meristems, which do not produce lateral organs, while conserving the typical dome shape of the SAM, facilitate access to the tip of the AFM. Measurements on those pin1 SAM revealed that regions localised towards the tip of the stem are stiffer than regions located along the sides of the stem (Milani et al., 2011). Because the AFM was an older generation machine without an objective lens, it was not possible to visually ensure that the measured regions were indeed located where expected based on how the samples were positioned. However, these observation were sufficient to indicate that a difference in regional mechanical properties could be correlated with cellular gene expression patterns. To address this, the group thus developed a technique to correlate genetic data with mechanical measurements on a next-generation AFM with epifluorescence. Here living samples carrying a reporter gene were observed first under a confocal and then on the AFM. Because this AFM allowed the visualisation of the sample during the experiment, wild-type meristems were used.

In order to test the correlation discussed above, plants expressing the pCLV3::GFPer reporter were scanned as described. A clear stiffness pattern was observed within the dome of the wild-type SAM, with a significant overlap between the stiffest cells and cells expressing the CLV3 reporter (Milani et al., 2014). Time course experiments on growing flowers showed that the stiffness pattern emerges as CLV3 begins to be expressed. Together these observations suggest that stiffness and stemness are correlated both spatially and temporally. This in turn indicates that cell wall stiffness could serve as a novel marker of stem cell identity, and might potentially provide an independent alternative to the use of the CLV3 transcriptional reporter, particularly in the context of a clv3 mutant.
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In order to further explore the mechanisms underlying these correlations, I wished to measure stiffness in clv3 mutant SAM where, given the prevailing hypothesis that the phenotype is due to an overproliferation of stem cells, we predicted that the majority of cells would display increased stiffness, similar to wild-type stem cells. To this end, I adapted the previously-outlined methodology allowing for the measurement of mechanical properties in specific regions of interest. Especially, we implemented a correction formula to better assess the mechanical properties in samples with large height differences, such as in clv3 SAM.

I. Combining confocal imaging with AFM in uneven samples

We developed a method to combine confocal imaging with AFM on uneven samples, such as SAM, which is the subject of the paper draft that follows.

I.1 Paper draft -correcting AFM data for local height differences

INTRODUCTION

The study of mechanical properties in living samples has gained increasing attention over the past decade, especially in the field of developmental biology. Indeed, it is clear that developing organisms have differential mechanical properties [START_REF] Hernández-Hernández | Mechanical forces as information: an integrated approach to plant and animal development[END_REF][START_REF] Weaver | ) after the beginning of the 5-hour IAA treatment. Orthogonal views taken at the centre of the SAM in (A-D) are shown in (E-H), respectively. Pictures in (I, J, L, M) are two zones from a single fasciated clv3-2 SAM at t0 (I, J) and t30h (L, M). Orthogonal views of (J, M) are shown[END_REF][START_REF] Hamant | Life behind the wall: sensing mechanical cues in plants[END_REF], making it likely that both biochemical and biomechanical processes contribute to their final shape. Nanoindentation methods, particularly atomic force microscopy (AFM), are commonly used to measure both sample topography at high resolution and surface mechanical properties, such as cell stiffness.

AFM is based on physical interactions between a tip mounted on an elastic cantilever, and the surface of a sample. AFM generates so-called 'force-distance' curves for each measured spot. The tip is moved towards the sample surface by a piezoelectric element (also called piezo), while the deflection of the cantilever is recorded as the 'approach curve'. Once the deflection reaches a predefined trigger value, the piezo retracts, moving the tip away from the surface, generating the 'retraction curve'. Topographic maps can be built by recording the piezo position at the end of the approach curve for each measured point defined within the region of interest. Then, force curves are analysed using an appropriate contact model to calculate the Young's modulus, which is also called longitudinal elastic modulus and is correlated to the stiffness of the sample. In other words, the higher the Young's modulus, the stiffer.

The use of AFM on living biological samples provides a new perspective on the mechanisms underlying growth and development, such as organ initiation or growth symmetry breaking in plants (Peaucelle et al., 2011[START_REF] Peaucelle | The Control of Growth Symmetry Breaking in the Arabidopsis Hypocotyl[END_REF], mesenchymal stem cell differentiation [START_REF] Han | Differentiation Potential of Mesenchymal Stem Cells Is Related to Their Intrinsic Mechanical Properties[END_REF], or Drosophila eye and heart mechanics [START_REF] Viswanathan | A Drosophila melanogaster Model of Diastolic Dysfunction and Cardiomyopathy Based on Impaired Troponin-T Function[END_REF][START_REF] Devi | Quantitative characterization of adhesion and stiffness of corneal lens of Drosophila melanogaster using atomic force microscopy[END_REF].

Thus far, AFM has been a powerful tool in the study of flat surfaces, including living samples, but its use on whole tissues remains challenging, because of height differences of the order of the Z piezo range, proper and stable sample mounting [START_REF] Plodinec | The nanomechanical signature of breast cancer[END_REF] and data interpretation for multicellular organisms [START_REF] Milani | Shrinking the hammer: micromechanical approaches to morphogenesis[END_REF][START_REF] Staunton | Correlating confocal microscopy and atomic force indentation reveals metastatic cancer cells stiffen during invasion into collagen I matrices[END_REF]. Here, we describe a pipeline that we developed to analyse AFM data from uneven samples, such as the shoot apical meristem (SAM) of

Arabidopsis. The novelty of our approach is to consider the topography in the computation of mechanical properties. We also combine mechanical maps with confocal images showing the expression of a fluorescent reporter to extract pixel data from regions of interest. This way, we confirmed previously published data acquired with a different AFM (Milani et al., 2014), which showed the existence of a stiffness pattern at the shoot apex.

RESULTS

To measure the mechanical properties of uneven Arabidopsis SAM, which exhibit large height differentials, i.e. a high height gradient or slope, we operated the AFM in Quantitative Imaging (QI) mode, a force mapping modality optimised for reducing the acquisition time. The data were next used to calculate the Young's modulus at each experimental point by applying the Hertz model to fit the measured force curve. This way, the obtained Young's moduli were then represented as 2D maps of the measured surface Then, the elasticity maps need to be further processed before being used for extracting quantitative measurements of sample mechanical properties. Indeed, we observed two main artefacts, which are deformed force curves, often correlated with the presence of dust particles or other debris on the meristem surface, and a correlation between the topography and the calculated Young's modulus, tending to introduce a gradient into elasticity maps. For these reasons, a Python script has been developed to import analysis outputs from the JPK 'Data Processing' software, and to generate filtered and corrected maps used for calculating final average Young's moduli or for further analysis with the ImageJ software.

Removing aberrant measurements from AFM quantitative data

First, the analysis of elasticity maps from different samples revealed the presence of pixels with values that were very low when compared to the average of the map. Such points were often located where small particles of dust or other debris were visibly stuck to the surface of the sample, leading to the corruption of the corresponding force curves (Figure 13.A, B). Since these curves are not relevant or desirable for our analyses of tissular elasticity, we implemented a processing filter to discard such measurement errors. To this end, we assessed the quality of every fit by evaluating the root-meansquare (or RMS) of the difference between the Hertz fit curve and the experimental values. These values were automatically calculated by JPK 'Data Processing' during Hertz fitting and imported to our Python script along with Young's moduli for each sample. We tested three different filtering thresholds

(1,0 x 10 -07 , 0,5 x 10 -07 and 2,0 x 10 -07 ) and chose the one (1,0 x 10 -07 ) that eliminated only the obviously defective points and left the maximum of the other data points (Figure 13.C, D).

Young's modulus is affected by local slope

As discussed above, a visual comparison of Young's modulus maps and the corresponding topographical maps showed a strong correlation between regions with lower elastic moduli and the regions with higher local slope (Figure 14.A, B). This suggests a putative bias in the calculated Young's moduli due to the shape of the SAM, which is indeed a dome-shaped, rather than a flat, structure.

In order to remove or reduce the effect of the local slope in our calculations, we adapted a formula from the literature, which was originally used to correct elasticity data measured on onion epidermal cells [START_REF] Routier-Kierzkowska | Cellular Force Microscopy for in Vivo Measurements of Plant Tissue Mechanics[END_REF].

We then applied this correction to our data from living meristems. To analyse the effects of the correction, we generated a scatter plot of the Young's modulus against the local slope (Figure 14.D).

We observed that after the slope correction, the data points tend to lie on a horizontal line, showing that the effects of slope are minimised (Figure 14.D). Furthermore, the average elastic modulus of individual scans after application of the slope correction filter was increased, in comparison to the original uncorrected scans. These increased values were mostly found in areas where the local slope is higher, such as the edges of the measured samples, leading to maps showing almost no correlation with the topography (Figure 14.A, C). Taken together, these findings show that our method is able to compensate for Young's modulus underestimations created by local gradients on the sample surface. [START_REF] Braybrook | Measuring the elasticity of plant cells with atomic force microscopy[END_REF][START_REF] Puricelli | Nanomechanical and topographical imaging of living cells by atomic force microscopy with colloidal probes[END_REF][START_REF] Haase | Investigating cell mechanics with atomic force microscopy[END_REF]. However, some studies on plant tissues have used retract curves, rather than approach curves, to determine sample elasticity (Peaucelle et al., 2011[START_REF] Peaucelle | The Control of Growth Symmetry Breaking in the Arabidopsis Hypocotyl[END_REF]Milani et al., 2014). To understand whether these two approaches generate maps that substantially differ from each other, we next treated individual datasets analysing both approach and retract curves, and compared the results.

We observed that Young's modulus maps calculated from retract curves show weaker dependence on local slope (Figure 15.C compared to A), while they better correlate to the slopecorrected maps computed from approach curves (Figure 15.C compared to B and Figure 15.E).

Additionally, cell wall contours are better defined in maps generated using retract curve data, compared to both non-corrected and corrected approach maps (Figure 15.C compared to A and B).

Lastly, we note that the average absolute values of elastic modulus per map are higher for retract maps than for approach maps (Figure 15.E), showing that approach and retract curve data are not identical.

In the absence of further justification to better understand the behaviour of retract curves, we think that the most conservative approach is to use the approach curves to compute the slopecorrected elastic modulus.

From average Young's modulus to cellular data

In addition to generating tissue-wide maps of elastic modulus to compare different plant lines, one of our key underlying objectives is to delineate mechanical properties at a cellular level and correlate this with gene expression and/or cell morphometry. In this context, we observed samples with AFM and confocal microscopy in tandem, as previously described (Milani et al., 2014). We next By using this pipeline to analyse our datasets, we were able to reproduce previously described tissular pattern of elasticity modulus (Milani et al., 2014), with cells expressing the pCLV3::GFPer reporter showing increased stiffness (Figure 16.G).

Quantitative Imaging mode (QI). The experiments have been performed in distilled water at room temperature. We used a silica spherical tip (Special Development SD-sphere-NCH, Nanosensors) mounted on a silicon cantilever with a nominal force constant of 42 N/m, and a radius of 400 nm. Scan size was generally within 45 and 60 µm (even if in one case we went up to 80 µm) with pixel size of 468.75 nm (e.g. 96 x 96 pixels for 45 µm scan size). The applied force trigger was of 1 µN, a force corresponding to 100-150 nm indentation, in order to indent the cell wall only (Milani et al., 2011;[START_REF] Tvergaard | Effect of Properties and Turgor Pressure on the Indentation Response of Plant Cells[END_REF]. The ramp size was of 2 µm, approach speed was 10 µm/s and retraction speed of 100 µm/s. The higher retraction speed was set in order to reduce the acquisition time per map, already around 45 minutes for a scan size of 50 µm.

Cantilever calibration was performed following the standard thermal noise method. We measured the deflection sensitivity by doing a linear fit of the contact part of a force curve acquired on sapphire in distilled water. Then, we determined the spring constant by acquiring the thermal noise spectrum of the cantilever and fitting the first normal mode peak using a single harmonic oscillator model. The same tip was used for several experiments in different days as long as possible. In order to reduce the offsets in force that can be introduced by each new calibration, especially by the measurements of the deflection sensitivity, we followed the SNAP protocol [START_REF] Schillers | Standardized Nanomechanical Atomic Force Microscopy Procedure (SNAP) for Measuring Soft and Biological Samples[END_REF]. Since our cantilevers have not been independently calibrated by the producer, we consider the spring constant value found at the first calibration as the reference value. In the following calibrations, we correct the deflection sensitivity following SNAP, in order to obtain the same spring constant each time by thermal tune analysis. Then, the new deflection sensitivity and the reference spring constant will be set in the instrument software.

position). The force vs. tip-sample distance was then obtained calculating a new axis of distances as Height [m] -tip deflection Δz [m] (Figure 17.A). Young's modulus was obtained by fitting the entire force vs tip-sample distance curves with a Hertz model (so called in the JPK Data Processing software). The equation used for fitting has been derived as following [START_REF] Sneddon | The relation between load and penetration in the axisymmetric boussinesq problem for a punch of arbitrary profile[END_REF]:

δ= a 2 ln( R+ a R -a) (1) F=E( R 2 +a 2 2 ln ( R+a R-a )-a R) ( 2 
)
where R is the tip radius, δ and F the obtained indentation and the applied load, a the radius of the contact area and E the reduced modulus = E / (1 -v 2 ) (referred to as simply Young's modulus in this study). Note the typo in Eq. (6.15) [START_REF] Sneddon | The relation between load and penetration in the axisymmetric boussinesq problem for a punch of arbitrary profile[END_REF] for F -there is an extra factor 1/2 in front of the -aR term.

In order to express F as a function of δ, we can expand it in powers of δ/R finding:

F= 4 √ R 3 E δ 3 2 (1- 1 10 δ R - 1 840 δ 2 R 2 +
11 15120

δ 3 R 3 + 1357 6652800 δ 4 R 4 +...) (3) 
Generally, in AFM papers, what is called Hertz model is only the first term of this formula (not considering the term in the parenthesis), while it is referred to as Paraboloid in JPK Data Processing.

The difference between the results provided by the two models becomes important only when δ ≈ R, so in any case at the limit of the applicability of both formulae.

For our analysis, we used a tip radius R of 400 nm and a Poisson's ratio v of 0.5 (as it is conventionally set for biological materials), where the Young's modulus, the POC and an offset in force were kept as free parameters of the fit. The same analysis protocol was used on approach and retract curves.

slipping movements occur, either inducing a torsion of the cantilever (if the slope direction is perpendicular to the long axis of the cantilever, Figure 17.D) or a bending (if the slope direction is parallel to the long axis of the cantilever, Figure 17.E) are important, since torsion and bending spring constants are different, we should expect to have Young's modulus maps showing an axial symmetry along x or y axis (assuming the cantilever long axis is almost parallel to the y axis of the AFM).

We then verified this assumption by estimating the torsional (KΦ) and bending (Kθ) spring constants, based on the knowledge of the deflection spring constant K (calibrated by the thermal tune method), the nominal dimensions and mechanical properties of the cantilever provided by the manufacturer and evaluating the maximal lateral force acting on the tip due to a tilted contact. Based on two previous publications [START_REF] Sader | Susceptibility of atomic force microscope cantilevers to lateral forces: Experimental verification[END_REF][START_REF] Álvarez-Asencio | Note: Determination of torsional spring constant of atomic force microscopy cantilevers: Combining normal spring constant and classical beam theory[END_REF], we calculated the two unknown spring constants as follows (assuming that the tip is at the very end of the cantilever):

K ϕ = 4 L 2 KG 3 E (1- w tanh( L w √ (3(4-E G ))) L √ (3(4-E G )) ) -1 = T Δ Φ (6) 
K Θ = KL 2 3 = M Δ Θ (7) 
where E and G are, respectively, the Young's and the shear moduli of the cantilever, L its length and w its width (Figure 17.F), T and M the torques required for twisting or bending the cantilever of an angle ΔФ or Δθ, respectively (Figure 17.D, E). The torques can be expressed as F*h, where F is the force applied to the end of the tip in the xy plane and h the tip height (Figure 17.C). In the limit of small angles, the movement of the tip that is produced acting along the x or y direction is:

x=2 h sin( Δ Θ 2 )=2h sin ( F h 2 K Θ ) (8) y=2 h sin( Δ Φ 2 )=2h sin ( F h 2 K Φ ) (9) 
From [START_REF] Routier-Kierzkowska | Cellular Force Microscopy for in Vivo Measurements of Plant Tissue Mechanics[END_REF], we know that:

F=F z tan(α) (10) so, considering that the trigger force used during the experiments is 1μN and taking as an example a tilt angle α = 45°, we obtain x 2 nm and ≃ y 0.1 nm. For a typical measured indentation of 150 nm, ≃ at maximum the right term of equation ( 5) will be around 1.5 nm, so it can be safely neglected. Now, in order to correct the elastic moduli using the calculated gradient, we need to obtain a function of the local tilt angle α, f(α), such that:

E n =f (α) E z ( 11 
)
Since it is easier to obtain the local gradient p than the tilt angle α, knowing that the two are related by p = tan(α), we calculated local slope maps following two steps. First, in the JPK 'Data Processing' software, we ran a 2D Sobel filter on the raw topography map (Height Measured), whose output is directly proportional to the 2D gradient. Then the maps, exported as text matrices, were loaded into the Python script and multiplied by a proportionality factor, 1/(8*pixel size) for squared-pixel images, as suggested by JPK engineers. Finally, an approximation of the correction function f(p), has been obtained considering the first term of the fit formula (see equation ( 3)). Actually, a formula like equation (11), cannot be obtained considering all the terms of equation ( 3), since it is a polynomial equation of the indentation z. However, for a typical indentation of 150 nm, the second term is lower than 0.05 and we experimentally found a difference of a few percent between maps calculated including only the first term and all of them up to the 4 th power in indentation.

Finally, we can write the normal Young's modulus in function of the measured one as follows:

E n = 3 4 √R F n n 3/ 2 = 3 4 √ R F z δ 3 /2 1 cos (α) 5 /2 = E z cos (α ) 5 / 2 ( 12 
)
where R is the tip radius.

Equation ( 12), with cos (α)

2 = 1 1+tan (α) 2 = 1 1+ p 2 becomes: 111 E n =E z (1+ p 2 ) 5 /4 (13) 
It is worth underling that here we call the corrected Young's modulus En, referring to the direction normal to the surface. This should not be confused with a Young's modulus measured along a specific direction, since what we do here is just to retrieve the E that should have been measured if the tip was indenting the sample surface perpendicularly. The model used for data analysis considers the sample as isotropic.

Image treatment with Fiji

We used Fiji to extract Young's modulus from anticlinal walls and periclinal walls. To draw cell contours, we used the topology map (height map) drawn by the AFM and we first processed it with the JPK Nanowizard software. From the height map, the local curvature was computed, which revealed cell contours. Then, a low pass filter was applied to smooth the map and we exported the resulting image as a png file. Then, we loaded this png image into Fiji and detected cell contours with the 'Skeletonize' function. We ended up with 1 px-wide cell contours that we corrected by hand, when necessary.

Cell contours (1 px + x px) constituted a mask to put on the elastic modulus map in order to extract the data corresponding to each type of cell walls or category of interest.

Below are some additional experiments that I have not included in our analysis presented in the draft manuscript.

Firstly, in order to validate our slope-correction filter, we simulated a sample with a large height differential using a flat, homogeneous PDMS gel sample, positioned first horizontally and then tilted at an angle of approximately 8°, which is the maximum permitted in our configuration. As with our biological samples, we observed a notable correlation between elastic modulus and slope. We next implemented our slope correction filter on these data and found a decrease in, but not a complete eradication of, the difference between measurements done at 0° or 8° (data not shown), suggesting that this slope filter is indeed suitable for correcting our biological data. However, due to strong adhesion between the tip and the PDMS sample (which we do not observe when the sample is a living SAM), retract curves are distorted and a different model than the Hertz model is required to fit them.

Ideally, we would need to find a different synthetic material, without adhesion, to simulate the height differential of our experimental samples. One alternative to PDMS could be dental polymers, which have already been used in unrelated studies to make replicas of the SAM for electron microscopy [START_REF] Kwiatkowska | Flower primordium formation at the Arabidopsis shoot apex: quantitative analysis of surface geometry and growth[END_REF]). Yet, the polymer nonometric structure needs to be very homogeneous, which was not the case with the samples that we received for a preliminary test (replicas were a gift from Dr.

Kwiatkowska).

In addition to the SAM, we used our new analysis pipeline to compute the average Young's modulus of FM from both wild-type and clv3-2 inflorescences. Our aim was to recapitulate our previously published results showing that Young's modulus increases in FM at around the same developmental stage (mid stage 2) when CLV3 expression starts (Milani et al., 2014). To this end, we separated FM into two groups: one comprising early stage 2 FM that do not express CLV3, and the other comprising mid-to late-stage 2 and stage 3 FM that express CLV3. The expression of CLV3 was determined using the pCLV3::GFPer fluorescent reporter presented above.

Our analyses show that the average Young's modulus in wild-type GFP-negative FM is close to 15 MPa, which is above the value found for wild-type GFP-positive FM (about 11 MPa, Figure 18.).

Next based on their morphological traits, we measured stage 3-4 flowers from clv3-2 mutants that did not carry the fluorescent reporter. This permitted the most unbiased comparison with wild-type GFPpositive FM. We found that the average Young's modulus of these flowers is very close to that of wildtype GFP-positive FM (Figure 18.), which is in line with the fact that they are at about the same developmental stage.

An unexpected result was the large difference between the average Young's modulus of GFP-positive FM and that of GFP-negative FM because it shows the opposite trend to what was found in our group some years ago (Milani et al., 2014). One explanation for this is that in this study, I have averaged values across entire maps, whereas earlier, we compared Young's modulus between GFP-positive and GFP-negative cells. A second explanation for our finding is that early stage 2 FM are smaller than later during stage 2 and at stage 3, which could induce a greater height differential, and therefore erroneous in the younger FM. A third explanation is that since we show that large height differentials negatively impact Young's modulus, and since our maps are larger than the ones previously published, it is possible that the mean values that we calculate reflect the greater number of pixels located in such areas with large height differentials.

II. clv3-2 mutant apices are softer than expected

As presented above, we developed a method to compute Young's modulus from samples with large height differences, such as the SAM of Arabidopsis, in different regions of interest.

Given that in the wild type, CZ identity correlates with increased stiffness (Milani et al., 2014), we reasoned that this might be a good criterion to identify stem cells. To further test this hypothesis, I next 119 computed Young's modulus on SAM and FM of clv3-2 mutants and implemented our analysis method on those datasets.

Our initial measurements of clv3 SAM were carried out on the same AFM used in our previous study (Milani et al., 2014), hereafter referred to as the 'Bruker AFM'. The samples proved to be very unstable in this setup, which did not allow for proper measurements to be taken. To prevent instability, we were forced to reduce map size and to choose regions with little height difference. Despite these limitations, we successfully imaged 5 WT and 4 clv3-2 SAM, along with 12 WT and 3 clv3-2 FM. We processed the data following the previously published protocol for analysing Bruker AFM data (Milani et al., 2014), except that we first calculated only map-averaged rather than cell-averaged data. These analyses suggested that clv3-2 SAM had about the same average Young's modulus as wild-type SAM (about 16 MPa), though with a larger distribution of the data, notably carrying outliers with large values (Figure 19.A). Indeed, we frequently obtained very high values of Young's modulus (over 100 MPa compared to about 10 MPa in the wild type). Some regions in mutant meristems even displayed Young's modulus values of several hundred MPa, which we considered very likely to be artefactual.

We thus examined the results of data analysis at each step of the pipeline and discovered the very frequent occurrence of erroneous data. We ascribe these errors to the AFM tip slippery along the When we filtered and analysed our data, we found that Young's modulus in clv3 mutant SAM is on average lower (9.5 MPa) than in the wild type (11.4 MPa,Figure 20.). This difference between clv3 and wild type is about 16.5 %, which is more than the difference (15-25 %) between cells that express CLV3 in wild-type SAM and those that do not (Milani et al., 2014). Because clv3 SAM are thought to result from an overproliferation of stem cells, which are stiffer than their differentiated neighbours in the wild type, our results were unexpected, and suggest that apical cells in clv3-2 mutants do not display the same mechanical properties as wild-type stem cells. The prevailing dogma regarding the nature of the clv3 phenotype is based largely upon the expression of a pCLV3::GFPer transcriptional reporter in clv3 mutant SAM. However, as mentioned above, we assume that this broad expression results from the direct activation of the reporter by WUS, which is expressed throughout the L2. Additionally, the relevance of CLV3 as a stem cell marker is also questionable, given that it does not account for the situation found in clv3 loss-of-function mutants, which are described as having enlarged CZ due to stem cell overproliferation. For these reasons, we felt that CLV3 is not an optimal marker of stem cell fate and we wished to identify an independent genetic marker.

To find such a gene, we used published microarray datasets of gene expression in different SAM subdomains [START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF]. In this paper, the authors isolated protoplasts from four populations of cells based on their differing gene expression domains within the SAM.

Notably, cells from the CZ were isolated via the expression of the CLV3 reporter mentioned above, and OC cells via the expression of WUS. The third population was composed of cells in boundary regions between the SAM and FM, which express FILAMENTOUS FLOWERS, and the fourth category of cells was composed of cells that do not express CLV3. We thus looked for genes whose expression is specifically or predominantly enriched in the CLV3 domain, while also being excluded from (or reduced in) the other domains. Moreover, certain genes had been further validated by the authors in both wild-type and mutant backgrounds [START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF][START_REF] Aggarwal | Identification of novel markers for stem-cell niche of Arabidopsis shoot apex[END_REF]. We selected 12 candidate genes that fit our criteria ( In wild-type SAM, our in situ hybridisations confirm the previously published data [START_REF] Yadav | Gene expression map of the Arabidopsis shoot apical meristem stem cell niche[END_REF][START_REF] Aggarwal | Identification of novel markers for stem-cell niche of Arabidopsis shoot apex[END_REF]. The expression of CKRC1, At1G04880 and At5G06270 is restricted to the L1 of the central part of the SAM, and the expression level of CKRC1 is very low compared to that of the two others (Figure 21.A-C, n = 1). APUM10 is expressed in the centre of the SAM, mainly in the L2, in a domain which is about 8-cell wide, and in fewer L1 cells (Figure 21.D,n= 15). Finally, AIL6 expression domain is very broad when compared to other genes, and overlaps the CZ and the PZ, from the epidermis to internal layers of the L3 (Figure 21.E, n = 1). Since AIL6 expression is only absent from the boundaries between the SAM and flowers, and perhaps from the adaxial side of flower buds, it does not appear to be a specific CZ marker. Hence, we removed this gene from our list of candidates.

We then tested their expression in clv3-2 mutant SAM since we want to find a gene whose To describe the APUM10 expression pattern in greater detail and to determine its relevance as a CZ marker, we examined in situ hybridisations on serial sections from the wild type. We find that APUM10 is expressed in the CZ, mainly in the L2, and in a few cells of the L1 but is excluded from the L3 (Figure 22.D-H). It is expressed in a domain approximately 10 cells wide in diameter, which is slightly broader than that of CLV3. In addition, it seems that a very few cells located right above the putative zone of WUS expression have a higher expression of APUM10 (Figure 22.G, H). In young floral meristems, though CLV3 expression is detected from mid stage 2 onwards, very few (if no) APUM10 expression is observed (Figure 22.D, the FM on the left might slightly express APUM10). Thus, although APUM10 might not fully account for the CZ, we are confident that it is sufficiently reliable as an indicator of the CZ in the context of the SAM.

Not much is known about APUM10 function [START_REF] Tam | The Puf family of RNA-binding proteins in plants: phylogeny, structural modeling, activity and subcellular localization[END_REF]Abbasi et al., 2011). The encoded protein belongs to the Puf family whose conserved domain, the Pumilio homology domain, is implicated in RNA binding with sequence specificity [START_REF] Tam | The Puf family of RNA-binding proteins in plants: phylogeny, structural modeling, activity and subcellular localization[END_REF]. Thus, APUM10 could potentially be involved in post-transcriptional regulation in the CZ. Together, these results suggest that APUM10 has a similar behaviour to that of CLV3, since it is broadly expressed throughout the fasciated SAM. However, it is unexpected that MP, which is a PZ marker, is not restrained to the periphery since clv3-2 SAM have been described

as having an enlarged CZ.

Moreover, the expression patterns of all three genes share a common characteristic, which is that they are not continuous, but rather stop at some points and restart a few cells away. A similarly 'patchy' pattern is also visible, though it has remained unremarked, in mages from the literature, and seems to be a characteristic of number of genes in clv3 SAM. Thus in the literature not only WUS [START_REF] Brand | Dependence of Stem Cell Fate in Arabidopsis on a Feedback Loop Regulated by CLV3 Activity[END_REF][START_REF] Schuster | A Regulatory Framework for Shoot Stem Cell Control Integrating Metabolic, Transcriptional, and Phytohormone Signals[END_REF], but also CLV1 (Trotochaud et al., 1999) Furthermore, all three genes also display differences in signal intensity between and within cell layers, with groups of cells being more intensely marked than others. These patches of expression are not correlated in any obvious manner with any morphological features on the meristem, such as the top, troughs or crests.
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In order to further explore the finding that a PZ gene is expressed in the CZ of clv3 mutants, we performed in situ hybridisations with the UNUSUAL FLOWERING ORGAN (UFO) gene, which is also expressed predominately in the PZ (Figure 24.A). We obtained results that are less clear than that of MP, since it seems that UFO is mainly expressed towards the PZ, close to the sites of flower initiation, but is also expressed in regions that are apart from these sites (Figure 24.B).

One problem with in situ hybridisations carried out on sectioned tissues, especially with samples with highly variable phenotypes, is that it is difficult to draw firm conclusions on the relative expression domains of different genes. Thus, in order to better understand how Finally, to visualise the expression of APUM10, we built a transcriptional pAPUM10::3xVENUS-N7 reporter. However, in the wild type, the expression domain of this reporter is broader than the domain found with in situ hybridisations since it spreads into the PZ (data not shown). The observation of the expression pattern of this reporter has not been checked yet in clv3-2 mutant SAM, but this is ongoing. Thus, we need to further characterise the expression of our reporter in both wild-type and mutant SAM to determine if its expression domain is close to the domain found with in situ hybridisations.

To conclude, in vivo observations of pMP::3xGFP is consistent with our in situ hybridisation data and support the idea that clv3 SAM might have mixed identities, especially since the peripheral gene MP is expressed in the centre of mutant SAM.

II. Investigating the functionality of clv3 apical cells

Given our results showing the mixed identities of cells in clv3-2 SAM, we wondered what the functional consequences of this finding might be. We thus wished to further investigate the question of cell fate in these large tissues.

II.1 Embryo-specific gene expression in clv3 SAM Since clv3-2 SAM are very large, yet disorganised, we first wished to determine whether they contain some element of embryonic identity, triggered by the mixed identities and preventing tissue differentiation in the meristematic dome. This idea was based on the fact that clv3-2 SAM have shapes that could be reminiscent of a callus.

To test this, I used qPCR on clv3-2 SAM to examine the expression of several embryonic genes, which were selected from the literature [START_REF] Boutilier | Ectopic Expression of BABY BOOM Triggers a Conversion from Vegetative to Embryonic Growth[END_REF][START_REF] Tzafrir | Identification of Genes Required for Embryo Development in Arabidopsis[END_REF].

Because we wished to test cellular identity in the SAM, I used the Arabidopsis eFP Browser (http://bar.utoronto.ca) to selected the three genes with the least expression in the SAM, which are At1G02580, At3G26790 and BABY BOOM (BBM).

By comparing the normalised expression of these genes in embryos (extracted from young siliques) to normalised expression in the SAM, I found that none of these three genes is expressed in clv3-2 SAM (Figure 29.). Although we cannot formally exclude that other embryonically-expressed genes are also expressed in clv3-2 SAM, it is unlikely that this plays a key role in generating the clv phenotype.

II.2 Flower-specific gene expression in clv3 SAM

Since we were unable to detect the expression of embryonically important genes in clv3-2 SAM, we next explored the idea that the fasciated phenotype could be the result of the fusion of flower buds to the stem, as has been proposed in the past [START_REF] Clark | CLAVATA1, a regulator of meristem and flower development in Arabidopsis[END_REF]. In this scenario, flower primordia might be initiated on the SAM but, for an unknown reason, would fail to develop and/or separate from the main stem.

To investigate this hypothesis, I used the master regulatory gene for floral identity, LEAFY (LFY), as a reporter for early floral primordia [START_REF] Weigel | LEAFY controls floral meristem identity in Arabidopsis[END_REF]. In the wild type, LFY is known to be expressed along the flanks of the SAM, in incipient floral primordia prior to the formation of detectable morphological boundaries between the SAM and the flower (Figure 30.A). In clv3-2, it seems that LFY expression not only takes place at the periphery of the SAM, where young floral primordia are visible, but also throughout the enlarged dome (Figure 30.B-D). Although the staining in this central dome is milder than in young flowers, it is still clearly distinguishable from background noise. When serial slices are analysed, it is even possible to observe small patches of stronger LFY expression where the intensity is comparable to that of flower primordia in the wild type (Figure 30.D, arrows). While this observation supports the idea that the clv3-2 phenotype might result from the fusion of flower primordia to the main stem, further experiments, such as testing for additional primordial markers, will be necessary to confirm this hypothesis.

To this end, I am currently using a reporter for one such marker -the ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN6 (AHP6) gene, which is expressed even earlier than LFY during primordial initiation (Besnard et al., 2014b).

In this final part, I address the identity of cells in clv3 SAM by looking at their ability to respond to hormone stimuli.

It has been shown in wild-type SAM that although CZ cells display high auxin concentration [START_REF] De Reuille | Computer simulations reveal properties of the cell-cell signaling network at the shoot apex in Arabidopsis[END_REF], they are unable to respond to it, even with exogenous auxin application [START_REF] De Reuille | Computer simulations reveal properties of the cell-cell signaling network at the shoot apex in Arabidopsis[END_REF]. Since my results have cast doubt on the identities of cells in the clv3 mutant, I wanted to use auxin response as another means to explore the question.

III.1 Auxin signalling in clv3 shoot apical meristems Several synthetic reporters have been built to monitor auxin concentration and pathway activity throughout the SAM. One of them, DII-VENUS, was built to assay the input of the auxin pathway and visualise auxin distribution [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. This biosensor comprises an auxin-binding domain from the Aux/IAA proteins fused to VENUS. Because auxin binding to the DII domain causes ubiquitylation and proteasome-mediated proteolysis, DII-VENUS effectively reports the presence or absence of auxin in a concentration-dependent manner. In addition, two reporters of auxin signalling were used in the past, which are the synthetic DR5rev::GFPer [START_REF] Friml | Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis[END_REF] and DR5::3xVENUS-N7 [START_REF] Heisler | Patterns of Auxin Transport and Gene Expression during Primordium Development Revealed by Live Imaging of the Arabidopsis Inflorescence Meristem[END_REF], measuring the transcriptional output of auxin signalling.

As has been previously reported (Besnard et al., 2014a), in wild-type SAM, I observe that DII is expressed between the sites of organ initiation. In clv3-2 SAM, DII expression is detected throughout the SAM (data not shown), suggesting that auxin is either absent or present in very low levels.

As has been extensively shown in wild-type SAM, DR5rev::GFPer is expressed in patches of cells that correspond to initiating lateral organ primordia (Figure 31.A). In clv3-2 mutants, I observe that the reporter is expressed in regions near the periphery, where flower initiation occurs, as previously reported [START_REF] De Reuille | Computer simulations reveal properties of the cell-cell signaling network at the shoot apex in Arabidopsis[END_REF], as well as in few cells within the fasciated SAM (Figure 31.B). This suggests that some cells in the mutant SAM are responding to auxin accumulation, even if only in a transient manner. However, when using the 3xVENUS-N7 version of DR5, no fluorescence was detected in the central dome of clv3-2 SAM (data not shown). One possible explanation for the difference in the two reporters could be that

GFPer is more stable and perdures longer than the 3xVENUS-N7 multimer.

III.2 Cell response to auxin treatment in the shoot apical meristem

Since our observations indicated that some cells in mutant SAM might be responding to auxin, but that auxin might be present only at very low levels, I next asked whether these cells were functionally able to respond to exogenous auxin. To this end, we treated wild-type and mutant SAM for 5 hours with the synthetic auxin IAA and observed the samples approximately 8, 12 and 30 hours from the beginning of the treatment. In the wild type, we observed that the 30 hour time point is the one at which the response is the strongest (Figure 32.A-D), as previously reported in the literature [START_REF] De Reuille | Computer simulations reveal properties of the cell-cell signaling network at the shoot apex in Arabidopsis[END_REF] and from our colleagues (personal communication from Dr. Teva Vernoux and Dr. Carlos Galvàn Ampudia for the optimised protocol of auxin treatment).

In the wild type, I observe a massive overexpression of DR5rev::GFPer in the PZ after IAA treatment (Figure 32. A-H). Specifically, the localisation of DR5rev::GFPer is altered, as well as its levels. However, expression is not homogeneous, with milder expression at the floral boundaries than in the rest of the PZ, notably at 12 hours post treatment (Figure 32.G). 30 hours after treatment, expression in the PZ is more uniform and much increased compared to at 12 hours, and the CZ displays milder DR5 expression compared to the PZ, a difference that is even more prominent in the FM than in the SAM ( Taken together, our exogenous IAA treatments suggest that clv3-2 SAM are responsive to changes in auxin level. In particular, the fact that the central dome of clv3-2 SAM does not contain any region that is devoid of DR5 expression and is insensitive to auxin, suggests that it is more similar to the wild-type PZ than to the wild-type CZ.

In this thesis, I suggest that Arabidopsis shoot apical stem cells would be better defined by taking into account gene expression in combination with their morphometry and mechanical

properties, together with their ability to respond to hormone stimuli. Indeed, it seems that these characteristics together give insights into the biological behaviour of stem cells and that gene expression alone is not sufficient. In other words, cell fate is more than the result of gene expression but rather results from the combination of several cues (genetic, mechanical, structural, etc.).

I. CLV3 function remains unclear

One question that remains open is whether the function of CLV3 is to regulate stem cell identity or to downregulate WUS, suggesting that WUS is the key inducer of stem cell fate.

Indeed, despite our extensive analysis, it is not completely clear what mechanism leads to the enrichment of stem cells in clv3 mutant SAM, when in fact CLV3 positively regulates stem cell identity. An argument that goes against this idea is that CLV3 would then not be required for stem cell fate. However, this is inconsistent with its unique loss-of-function phenotypes. An argument in favour of this idea is that WUS alone would be the key player in inducing stem cell fate, via the activation of stem cell specific factors, in addition to CLV3. In this latter scenario, CLV3 would thus simply be a marker of stem cell identity whose primary, or even sole, function would be to negatively regulate WUS. Additionally, if increased cell stiffness is used as a CZ marker, the broad expression of WUS throughout clv3 SAM should cause cells to be more, and not less, rigid. However, my data show that cells are softer in clv3 SAM than in the wild type, which suggests that CLV3 not only downregulates WUS expression but also has a more direct role in regulating stem cell properties.

II. From cell morphometry to tissue curvature

The phenotype of clv3 SAM is striking in its large size and irregular surface, harbouring a central outgrowth. In this work, I showed that cell volumes are highly enlarged in the mutant L2 compared to the L1, which differs from the wild type whose cells in these layers are equivalent in volumes. In clv3, this mismatch between bigger subepidermal and smaller epidermal cells might result in tissular fragility where buckling can be seen as a compensation mechanism to release tension.

These defects in cell layer organisation could reveal, or be coupled to, a disruption in signalling between tissue layers, as proposed in a recent paper suggesting that receptor kinases belonging to the ER-family ensure the coordination of stem cells between layers, in order to make them behave as a single entity [START_REF] Kimura | ERECTA-family genes coordinate stem cell functions between the epidermal and internal layers of the shoot apical meristem[END_REF]. Thus, the tissue-level disorganisation might be coupled to signalling disorders.

III. Patchiness of gene expression

One surprising characteristic that I have discovered in clv3-2 SAM is the apparent heterogeneity or 'patchiness' of gene expression. I have observed this patchiness for markers (APUM10, WUS and MP) of different domains, however, it is unclear whether this is the case only for the clv3-2 allele, or whether it also applies to ather clv3 alleles, or indeed to all mutants with enlarged SAM.

To investigate this question, I first used a different allele of clv3, which I named clv3-17 [START_REF] Stanislas | A phosphoinositide map at the shoot apical meristem in Arabidopsis thaliana[END_REF] that displays SAM enlargement but no line-fasciation, for in situ hybridisation experiments with an MP probe. In these enlarged clv3-17 SAM, MP is strongly detected at the base of the SAM and, to a lesser extent, in the central part (Figure 33.A, B). A closer examination of the central MP signal reveals slight variations in intensity between neighbouring cells, but no clearly identifiable 'patchy' expression, suggesting that there is no clear CZ-like domain in clv3-17 SAM compared to the wild type. Next, I examined MP expression in clv1-11 mutant SAM, which are mildly fasciated but harbour a central pin-like structure in our growth conditions. In these meristems, MP is strongly expressed at the periphery, and expression in the centre is often very weak, suggesting that this allele has a larger CZ than the wild type (Figure 33.A, C). Together, these results suggest that the gene expression patchiness observed in clv3-2 is typical of both tested clv3 alleles, but not of all clv mutants. Support for this is also found in the literature, even though it has remained undescribed by the authors, such as with WUS expression in the fasciated SAM of clv3-8 pub4-1 double mutants (see Figure 2.L in [START_REF] Kinoshita | Mystery in genetics: PUB4 gives a clue to the complex mechanism of CLV signaling pathway in the shoot apical meristem[END_REF]). The only article that clearly describes WUS expression pattern as 'patchy' (see supplementary figure S2 in (Reddy & Meyerowitz, 2005))

involved an inducible regulatory perturbation and interpreted the observation as differential expression levels (presumably of the induced gene) between cells. Taken together, these observations suggest a correlation between patchy gene expression and fasciation, although it is not clear whether fasciation induces patchiness or whether it is a result of it.

It is also unknown whether local heterogeneity of expression in enlarged SAM is restricted to a subset of genes or whether it is a general characteristic of all SAM-specific genes. The fact that WUS expression in cik123 and cik1234 mutants result is patchy [START_REF] Hu | A group of receptor kinases are essential for CLAVATA signalling to maintain stem cell homeostasis[END_REF] suggests that non-clv mutants also can have patchy gene expression, although CIK are LRR-RLK putatively acting as co-receptors of CLV3 and involved in its signal perception and transduction.

One other question that remains to be explored is whether this phenomenon is also visible in flowers. From my in situ hybridisation data, no comparable patchiness is observed in clv3-2 flowers at stage 2-5, perhaps due to the small size of FM in comparison to the SAM. However, I frequently observe large differences in signal intensity between neighbouring cells, similar to clv3-17 SAM.
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Finally, the precise mechanism that generates the patchiness is also unknown. One possibility is that, since developmental programs require sequential gene activation, if one gene is expressed in a patchy manner, the subsequently expressed genes might be induced in a similarly patchy manner. In this scenario, since WUS is one of the earliest genes to be induced during the establishment of the stem cell domain, patchy WUS expression would lead to the patchy expression of certain downstream genes. This hypothesis could be tested in clv3 SAM by overexpressing WUS in a specific subdomain, such as the L2, and observe the subsequent effect on APUM10 or MP expression, which might be restored to continuous patterns. This, however, would mean that the expression of these genes is not buffered against fluctuations in levels of regulator proteins, which seems is perhaps unlikely. Nonetheless, it is possible that this phenomenon only manifests in a dramatically different context from the wild type. An alternative is that expression in a clv mutant is 'stop-start', so that the entire network fluctuates unpredictably.

IV. clv3 mutant SAM are mosaic

In the chapters of this thesis, I have demonstrated in several different ways suggesting that the wild-type zonation of the SAM is not conserved in the absence of functional CLV3, such that clv3 SAM are mosaic, rather than homogeneous, structures. In these mutants, the concomitant expression of both centrally-and peripherally-expressed genes reveals that cell identity is mixed. It is likely that clv3 SAM are enriched in stem cells, but multiple lines of evidence suggest that they are not exclusively made of stem cells, or at least not stem cells as they are defined in the wild type. Stem cells in the clv3 mutant are seemingly in a different state than wild-type stem cells since their gene expression is mixed between CZ and PZ-identities.

In our 'alternating' in situ hybridisation experiments, I never observed regions showing expression of APUM10, but not MP (Table 6.), which indicates the absence of regions with a wild-type CZ-like gene expression pattern. Similarly, I never observed zones displaying expression of WUS, but not of APUM10 (Table 6.), indicating the absence of regions with a wildtype OC-like gene expression pattern as well. If these two contexts are used as indicators, the SAM of clv3-2 mutants could be the result of a developmental program switch. It is also perfectly possible that these SAM reflect an indeterminate state, in between stemness and differentiation.

VI. Summary

Taken together, our data show that clv3 SAM have altered gene expression domains accompanied with patchiness, resulting in mosaic identities. These mutant SAM are still able to respond to auxin, and show large differences in cell size between cell layers, together with aberrant tissue curvature. To integrate all these results, an attractive hypothesis is that the clv3 phenotype might be the consequence of a stop-start process, where transient and alternating bursts of meristematic activity and differentiation phases throw up a vast structure with cells unable to fully escape into a differentiation state.
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Figure 24 .

 24 Figure 24. RNA in situ hybridisation of UFO on clv3-2 SAM.

Figure 25 .

 25 Figure 25. Alternating sections of a single SAM hybridised with APUM10 and MP.Figure 26. Alternating sections of a single SAM hybridised with APUM10 and WUS.
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Forward(

  Fwd) and reverse (Rev) primers are named together with PCR programs, amplicon size (bp) and hydrolysis time (mn). DNA polymerases are mentioned in the column 'PCR program'. Q5 pol: Q5 Hot Start High-Fidelity DNA polymerase, M0493L, New England Biolabs; Phusion: Phusion Hot Start II High-Fidelity DNA polymerase, F-549L, Thermo Scientific; PrimeSTAR: PrimeSTAR Max DNA polymerase, R045A, Takara; GoTaq: GoTaq G2 DNA polymerase, M7845, Promega.X. Plant dissection and preparation for confocal microscopyShoot apical meristems were dissected by removing flower buds until stage 3[START_REF] Smyth | Early flower development in Arabidopsis[END_REF], except for clv mutant plants, where this was partially possible, due to the vastly increased numbers and clustering of flowering. They were placed in apex culture medium (ACM, and kept in a growth cabinet (long-day conditions) until confocal observation. ACM: MS medium 0.5X, sucrose 1 % [w/v], adjust pH to 5.8 with KOH 1M, add agarose 0.8 % [w/v], autoclave. Add vitamins 1X (1000X stock: 5 g myo-inositol, 0.05 g nicotinic acid, 64 0.05 g pyridoxine hydrochloride (B6), 0.5 g thiamine hydrochloride (B1), 0.1 g glycine, H2O to 50 mL, filter before aliquoting) and cytokinins (BAP; 175 nM final) just before pouring, when the medium has cooled down.XI. Confocal imagingI used a Leica TCS SP8 (DM6000 CS) upright confocal laser scanning microscope equipped with a 25x water dipping lens (Leica HC FLUOTAR L 25x/0.95 W VISIR).

  Auxin treatments were made by immersing dissected SAM into IAA 1mM solution (I2886 Sigma, stock IAA 0.2 M extemporaneously diluted 1:200 in H2O). The treatment started before 7.30 a.m. due to the circadian rhythm (Dr. Carlos Galvan Ampudia, personal communication) and lasted for five hours. The immersion IAA 1mM solution was changed midway. Samples were then imaged under confocal microscope five hours, 12 hours and 30 hours post-treatment to follow DR5 reporter expression dynamics.

  created a novel pipeline to process AFM data using the open-source image analysis software ImageJ (Schindelin et al., 2012) (Figure 16.A). Within this pipeline, we first automatically segment the topographical map ('height measured'), rather than the elastic modulus map, in order to avoid to introduce a bias (Figure 16.B, C). Next, we detect cell edges within the segmented image, and assign every pixel to either a periclinal wall or an anticlinal wall, and then compute the mean Young's modulus of each cell wall category (Figure 16.D). Further defining regions of interest, such as by assigning cells to different gene expression domains based on confocal data, adds to a finer analysis of tissular subcategories (Figure 16.E, F).
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 18 Figure 18. Average Young's modulus in wild-type and clv3-2 floral meristems.

  sides of the very steep clv3 samples. Removing these data resulted in the large numbers of the measured points being removed from the data set and the absence of data along the upper edges of the sample (Figure19.C compared to B). The errors were also visible in the form of abnormally elongated cell shapes (Figure19.D compared to B). However, no stiffness pattern was obviously visible on Young's modulus maps (Figure19.B), suggesting that the average Young's modulus value of those cells should be computed and compared to that of GFP-negative cells. An additional problem I encountered was in calibrating the cantilever prior to each experiment, which was not completed due to the specificities of the 'QNM' scanning mode I used, rendering it even more likely that the measured Young's moduli were flawed. large height differentials displayed in clv3 SAM. In addition, this allowed us to test our findings of stiffness patterns in the SAM ith a different experimental configuration. Unlike with the Bruker AFM, the JPK AFM did not display problems of sample stability and furthermore, allowed us to image large zones of the mutant SAM (usually between 45 and 60 µm large, occasionally up to 80 µm).

  Instead, our results suggest that the loss of CLV3 function correlates with a decrease in stem cell mechanics, though further experiments are needed to test the causal relationship between the expression of CLV3 and the presence of a stiffness pattern in the wild type. One example of a direct way to test this correlation would be to treat clv3-2 SAM with the synthesised CLV3 peptide and then measure the impact of such treatment on stiffness. An alternative strategy is to use a temporally inducible system to express WUS in specific subdomains of the SAM. Specifically, ectopically inducing WUS in the L2 should lead to CLV3 expression in the overlying L1, and thus induce an increase in stiffness. If this prediction is experimentally validated, it would support our hypothesis of CLV3 expression being involved in stem cell stiffening. Otherwise, CLV3 would not be the direct link between stiffness and cell fate, but rather a readout of another cell-stiffening factor, such as WUS. In young FM however, WUS is present well before CLV3, yet without any stiffness pattern being already visible (from what we observed in our published data). Chapter 3: Gene expression patterns are unexpected in clv3 apical cells Contributions: Virginie Battu, Guerric Gilbert, Zofia Haftek-Terreau, Aurélie Chauvet, Pradeep Das I have shown above that the low values of elastic modulus that we observe in clv3-2 SAM do not fit with the model that the clv3 mutant phenotype results from the overproliferation of stem cells, since in the wild-type context stem cells are stiffer than their neighbours. Given that this apparent contradiction between cell stiffness and cell identity principally results from an analysis of WUS mRNA localisation and of pCLV3 transcriptional activity, I decided to compare other gene expression patterns in the wild type and clv3-2 SAM. Indeed, it is reasonable to suppose that the observed defects in mechanics and morphometry are reflected in changes in the underlying gene expression patterns. This investigation of gene expression domains in clv3-2 SAM was also necessary to determine the functional organisation (CZ, PZ) within these large and morphologically heterogeneous mutant tissues. I. Investigating cell identity in clv3 shoot apical meristems I.1 Identifying a stem cell marker as an alternative to CLV3

  expression is independent from the CLV-WUS regulation loop. CKRC1, At1G04880 and AIL6 are expressed in the L1 and L2 in broad domains, encompassing the entire dome of the SAM (Figure 21.F, G and J, n = 1). While At5G06270 and APUM10 also have broad expression domains, we additionally observe patches of cells without expression, or with very low expression (Figure 21.H, I, n = 1 and 16, respectively). At5G06270 is expressed only in the L1 while APUM10 is mainly expressed in the L2. For future experiments, we chose to discard CKRC1 and At1G04880, as they are too weakly expressed in both wild-type and mutant SAM (Figure 21.F, G). APUM10 is expressed in several cell layers of the CZ of the wild type (Figure 21.I) and, in clv3-2, it is mainly expressed in the L2 and there is weak or no expression in the L1. Finally, At5G06270 (Figure 21.C, H) shows a strong signal both in the wild type and in clv3-2. Together, these observations point out APUM10 and At5G06270 as the tested genes whose expression patterns are the closest to that of a CZ marker. Nevertheless, we used APUM10 for further experiments, with the idea to use At5G06270 for future experiments in an attempt to confirm the data obtained with APUM10. 129 I.2 APUM10 expression pattern in wild-type shoot apical meristems

I. 3

 3 Identities are mixed in clv3 shoot apical meristems To delineate functional zones within clv3-2 SAM, we next used APUM10 as a marker for the CZ, in conjunction with WUS for the OC and MP for the PZ. As previously shown, WUS is broadly expressed in the L2 throughout the SAM (Brand et al., 2000) (Figure 23.B). Strikingly, I observe that both APUM10 and MP are also expressed in a similarly broad pattern. Indeed, APUM10 is detectable in the L2, in the same layer as WUS (Figure 23.A). Although MP is mainly expressed in the L2, is also expressed in the L1 and can sometimes be observed at low levels in the first cell layer of the L3 (Figure 23.C).

  are expressed in this patchy manner in the clv3 mutant. I observe two types of patchiness in my data. For APUM10 and MP, this consists of groups of cells that are clearly devoid of expression, suggesting that certain regions of the SAM show localised interruptions in the signal (Figure 23.A, C). For WUS, the interruptions in gene expression are more subtleusually just isolated, single cells without signal, surrounded by cells with signal (Figure 23.B).

  Figure26.C-F). We also find zones where no gene expression is visible(Figure 25.F, G) or where only one gene is expressed while the other is not(Figure 25.F,. No stereotypical pattern can be readily ascribed to these gene expression domains since they are not always found at the same place. The outgrowth in the centre of clv3-2 SAM is usually devoid of the expression of these three genes or they are expressed there at very low levels (data not shown). In some situations, the MP domain is complementary to that of APUM10 (see arrowheads in Figure25.D, E) and reminiscent of the pattern observed in wild-type SAM or in flowers. The most common situation is the one where the two gene pairs (APUM10 -MP or APUM10 -WUS) are expressed in the same cells, suggesting that clv3-2 SAM simultaneously express genes from distinct functional zones (Figure27.). We conclude that the functional zonation is strongly disorganised in clv3-2 SAM, and that they have mosaic identities.

  Figure 32.D, H). Additionally, whereas the reporter is only expressed in the L1 before treatment, it is expressed in an increased number of cell layers of the SAM, (Figure 32.A, E compare with D, H). In clv3-2 SAM, although no expression of the DR5 reporter is detected prior to treatment (Figure 32.I-K), I observe a dramatic response 30 hours after treatment (Figure 32.L-N). Notably, both the disorganised central outgrowth (Figure 32.L) and the lateral fasciated regions (Figure 32.M, N) respond very strongly to IAA application. Our protocol requires further optimisation for clv mutants, which tend to retain water and become contaminated much more quickly than wild-type meristems, because of the increased density of flowers in the mutant. Thus, with the caveat that these are preliminary results, they indicate that clv3 mutant SAM are auxin-responsive, comparably to a wild-type PZ.I next performed the same IAA treatment on WT and clv3-2 SAM expressing the pMP::3xGFP reporter, but observed no obvious change in MP signal distribution within the SAM in either case (data not shown). This result suggests that MP expression is not influenced by auxin levels in the SAM, and that MP expression is buffered at the molecular level to prevent dose-dependence on auxin treatment.
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 1 

	Lineage name	Accession	Resistance	Reference
	pCLV3::GFPer	Ler	Basta	(Reddy & Meyerowitz, 2005)
	pMP::3xGFP	Col-0	Kan	(Rademacher et al., 2011)
	p35S::Lti6b-GFP	Col-0	Basta	(Cutler et al., 2000)
	clv3-2	Ler	N/A	(Clark et al., 1995)
	clv3-17	Col-0	Kan	(Alonso et al., 2003; Stanislas et al.,
	(SALK_065297)			2018)
	clv1-11	Ler	Kan	(Dievart, 2003)
	DR5::3xVENUS-N7	Col-0	Basta	(Vernoux et al., 2011)
	DR5rev::GFPer	Col-0	Sul	(Friml et al., 2003)
	DII-VENUS	Col-0	Hygro	(Vernoux et al., 2011)

I. Plant culture

Seeds were sown on soil (Favorit Argile 10, composed of 70% blonde peat, 30% brown peat, clay (60 kg/m 3 ), CaCO3, pH 5.8-6.2, Eriterre) in pots (7 x 7 x 6 cm; Pöpleman), and placed in short-day conditions (8 hrs light, 20°C, 50-60% humidity and 16 hrs dark, 16°C, 50-60% humidity) for ten days. Seedlings were then transplanted into individual pots and placed back into the short-day conditions growth chamber. One month after transplantation, plants were transferred from short-day to long-day conditions (16 hrs light period, 20°C, 60% humidity and 8 hrs dark period, 19°C, 60% humidity) until flowering. The light sources were LED fixtures (Valoya, C75, spectrum NS12), with an intensity of 150 µmol/m 2 /s. Plants were watered with tap water supplemented with fertilizer (Peters Excel 18-10-18 + 2MgO + MO, 1g/L).

II. Phytosanitary monitoring

The following products were used to treat plants against pests. Most are part of a nonchemical, predator-based control strategy. Entonem (Steinernema feltiae, Koppert) contains nematodes and is used against fly larvae and thrips pupae. Thripex (Neoseiulus cucumeris, Koppert) contains predatory mites and is used to prevent the development of several mite species. VectoBac WG (Thuringiensis israelensis) contains a bacillus used to kill mosquito larvae into the soil. Fertilizers were used in the irrigation water.

59 III. Plant lines used in this work

Accession name, antibiotic resistance and literature references are mentioned. Kan: Kanamycin, Sul: Sulfadiazin, Hygro: Hygromycin, Basta: Glufosinate.

Table 2 . List of antibiotics used for plant selection.

 2 Eppendorf tubes and exposed to the vapour in a tightly-sealed container for approximately two hours. The Eppendorf tubes were then removed from the container and left open in a flow hood to remove as much of the chlorine vapours as possible prior to plating.

	VI. Antibiotics			
			Working concentration (µg / mL)	
	Antibiotic name	E. coli	A. tumefaciens	A. thaliana
	Ampicillin	50	N/A	N/A
	Gentamicin	N/A	20	N/A
	Glufosinate	N/A	N/A	10
	Hygromycin	N/A	N/A	30
	Kanamycin	50	N/A	50
	Rifampicin	N/A	50	N/A
	Spectinomycin	100	250	N/A
	Sulfadiazin	N/A	N/A	75
	Working concentration (µg / mL) in MS medium are indicated for different organisms.

For plant selection, Murashige & Skoog (MS) basal medium was prepared without vitamins and without sugar, as follows: 4.30 g MS basal (M0221-50, Duchefa), 0.8 % [w/v] plant agar (P1001-1, Duchefa), KOH 1 M to adjust pH at 5.7, water to 1000 mL.

Table 3 . List of RNA probes made for this thesis.

 3 

Table 4 . List of primers used in this thesis.

 4 

Table .

 . 

			5),
	successfully generated RNA probes for eight of them, and then performed in situ hybridisation
	on both wild-type and clv3-2 SAM. Of the eight probes, five yielded data of sufficient quality to
	allow a reasonably clear interpretation.	
	AGI code	Gene name	In situ performed
	At1G04880 -	yes
	At1G35750 APUMILIO 10 (APUM10)	yes
	At1G37140 MEI2 C-TERMINAL RRM ONLY LIKE 1 (MCT1)	no
	At1G67770 TERMINAL EAR1-LIKE 2 (TEL2)	no
	At1G70560 CYTOKININ INDUCED ROOT CURLING 1 (CKRC1)	yes
	At3G26120 TERMINAL EAR1-LIKE 1 (TEL1)	no
	At4G17710 HOMEODOMAIN GLABROUS 4 (HDG4)	no
	At5G06270 -	yes
	At5G06300 LONELY GUY 7 (LOG7)	no
	At5G07930 MEI2 C-TERMINAL RRM ONLY LIKE 2 (MCT2)	no
	At5G10510 AINTEGUMENTA-LIKE 6 (AIL6)	yes
	At5G65510 AINTEGUMENTA-LIKE 7 (AIL7)	no

Table 5 . List of candidate genes expressed in the CZ.

 5 

Table 6 . Relative occurrence of gene expression combinations in clv3-2 SAM.

 6 In ascending order: 'never observed', 'rare' (observed once), '+++', and 'common'. Relative quantification from our alternate in situ hybridisation experiments. n = 4 samples for each gene combination of alternate in situ hybridisation.

				MP	WUS	
			+	-	+	-
	APUM10	+ -	common +++	never observed +	common rare	+++ +++
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Data analysis

Data analysis was done using JPK Data Processing software 6.0. Force vs height curves were first flattened by removing the result of a linear fit done over a portion of the non-contact part, in order to set this part to 0 force. A first estimation of the point of contact (POC), was obtained considering the first point crossing the 0 of forces, starting from the end of the approach curve (i.e. trigger force

cell ablation where microtubules reorient circumferentially to the wound [START_REF] Hamant | Developmental Patterning by Mechanical Signals in Arabidopsis[END_REF]. Thus, microtubules have become a common tool to study the mechanical pattern within plant tissues [START_REF] Hamant | Developmental Patterning by Mechanical Signals in Arabidopsis[END_REF][START_REF] Heisler | Alignment between PIN1 Polarity and Microtubule Orientation in the Shoot Apical Meristem Reveals a Tight Coupling between Morphogenesis and Auxin Transport[END_REF][START_REF] Sampathkumar | Subcellular and supracellular mechanical stress prescribes cytoskeleton behavior in Arabidopsis cotyledon pavement cells[END_REF][START_REF] Verger | Cell adhesion in plants is under the control of putative O-fucosyltransferases[END_REF][START_REF] Stanislas | A phosphoinositide map at the shoot apical meristem in Arabidopsis thaliana[END_REF], as a proxy of invisible stresses exerted on plant tissues.
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Despite the intensive use of the clv3-2 allele over the past 23 years, the precise nature of the mutation has never been reported. It was only known, by Southern blot analysis, that the mutation is located towards the 3' end of the coding sequence, somewhere between the last exon and the 3'UTR [START_REF] Fletcher | Signaling of Cell Fate Decisions by CLAVATA3 in Arabidopsis Shoot Meristems[END_REF].

γ-ray mutagenesis can lead to a wide range of defects, from point mutations to large chromosomal inversions, making it difficult to locate the precise mutation in those alleles. To identify the mutation in the clv3-2 allele, we tested a direct and simple strategy based on the amplification of DNA fragments with known borders via nested, degenerate PCR. We designed three non-overlapping forward primers located at the 3' end of the third and last exon of CLV3 (BP1048, BP1049 and BP1050; see Table 4.), and used them in combination with a 19nucleotide fully degenerate primer (BP1051; see Table 4.). The product from the first round PCR, performed using the most external primer set (BP1048 and BP1051), served as the template for the second round PCR, performed with the middle primer set (BP1049 and BP1051), which in turn served as the template for the final nested PCR, performed with the innermost primer set (BP1050 and BP1051). After the last round, we obtained a single amplicon, which we then purified and sequenced. We identified a 1 Mb inversion between positions 10421313 to position 11665241 on chromosome two (Figure 9.A), which results in a breakpoint within the coding sequence of CLV3, at position +504 bp (position 122 from the start of the third exon), 55 bp from the stop codon. This causes a replacement of the CLV3 protein from residue 78 onwards and the introduction of 34 additional residues from an unrelated protein (Figure 9.B). Thus, the last four residues of the key 14 residue CLV3 peptide are lost (Figure 9.B).

The second breakpoint that defines the inversion lies within the predicted promoter region of the At2G24530 locus (Figure 9.A), which encodes a putative subunit of a SAGA histone acetyl-transferase complex. The breakpoint is located in the promoter region of this gene, about 1kb upstream to the ATG, and is unlikely to affect its expression. However, we cannot formally exclude the possibility that it might contribute to the clv3-2 phenotype. Future experiments using 

DISCUSSION

In this paper, we have successfully validated earlier findings showing that higher cell stiffness correlates with the expression of CLV3 in the Arabidopsis SAM (Milani et al., 2014). This was carried out using a different AFM (from JPK) and very different parameters than in our previous study (Milani et al., 2014). This step was rendered necessary because measuring certain Arabidopsis stem cell mutants is impossible with the previous AFM (Bruker), where the Z range is a limiting factor. Indeed, the JPK AFM used in this study has an almost ten-fold greater amplitude in the Z axis than the Bruker Catalyst (100 µm against 15 µm), which is particularly important for scanning large regions or samples with a large height gradient.

We show that Young's modulus computed from approach curves is correlated to sample topography, which we have shown how to correct given the geometry of the contact between the tip and the sample. The literature provides one example of the use of slope correction to extract apparent stiffness, but this study did not employ a classical nanoindentation technique (Routier-Kierzkowska et al., 2012). One reason why such a correlation between sample elasticity and slope might not have been taken into account in other AFM studies is that it is not always obvious or detectable, for example when using retract curves or smaller scan sizes, as was the case in our previous work (Milani et al., 2014).

However to the best of our knowledge, the reasons for this weak elasticity-slope correlation in retract maps is unclear and unexplained in the literature. Furthermore, the application of our slopecorrection procedure to retract maps usually leads to over-corrected maps, where the regions with higher slopes show very high Young's moduli compared to the average modulus of the map. One plausible explanation for the difference between approach and retract curves is that there is hysteresis 105 n = 8 individual samples. The boxes extend from the first quartile to the third quartile and the whiskers from 10% to 90% of the dataset. The average Young's modulus for each dataset are superimposed as dots.

Scale bars are 10 µm in (B-D, F), and 30 µm in (E).

between the two, which means that they do not superimpose. Theoretically, hysteresis is related to the visco-plastic behaviour of the sample [START_REF] Bolshakov | An explanation for the shape of nanoindentation unloading curves based on finite element simulation[END_REF][START_REF] Nawaz | Cell Visco-Elasticity Measured with AFM and Optical Trapping at Sub-Micrometer Deformations[END_REF]Beauzamy et al., 2015;[START_REF] Efremov | Application of the Johnson-Kendall-Roberts model in AFM-based mechanical measurements on cells and gel[END_REF], since this behaviour leads to energy dissipation. Other sources state that hysteresis may be, at least partially, due to instrumental errors ( (Peaucelle et al., 2011), Supplementary Figure S1) that affect the shape of retract curves.

Taken together, our experiments suggest that height differences are to be taken into account when measuring the mechanical properties of large and uneven samples, though further theoretical work is needed to better understand the difference between approach and retract curves.

MATERIALS AND METHODS

Biological materials

We used the the previously described lines of Arabidopsis thaliana: pCLV3::GFPer (Reddy & Meyerowitz, 2005) and clv3-2 (Clark et al., 1995), both in the Ler accession.

Sample preparation

The day before the experiment, the SAM was dissected to remove all flower buds older than stage 3 that hindered access to the meristem. The samples were placed into 50 mm plastic Petri dishes filled with an agar-based medium complemented with vitamins and cytokinin to allow them to grow.

Samples were grown overnight in a growth cabinet with long-day conditions. SAM were stained with FM4-64 and imaged with a Leica TCS SP8 (DM600 CS) upright confocal laser scanning microscope to collect cell contours and GFP signal.

AFM measurements

AFM experiments were performed on a stand-alone JPK Nanowizard III microscope equipped with a CellHesion module driven by a JPK Nanowizard software 6.0. The CellHesion module allowed for the use of a 100µm-range Z piezo, located into the microscope stage, increasing the available Z range by several times compared to the head Z piezo (around 15 µm). The acquisitions were done in

Correction formula used in zones of high local slope

In order to remove or reduce the effect of the local slope in our calculations, we adapted a formula from the literature that was originally used to correct elasticity data measured on onion epidermal cells by cellular force microscopy [START_REF] Routier-Kierzkowska | Cellular Force Microscopy for in Vivo Measurements of Plant Tissue Mechanics[END_REF]. In this paper, the authors use an axially-symmetric and spherically-ended stylus to indent the samples. They consider that if the angle between the normal to the surface and the loading direction (corresponding to the indenter main symmetry axis) is different from 0, then the measured stiffness (not the Young's modulus in this case) won't correspond to the real (normal) stiffness, since the force and the indentation will both be decomposed along the normal and the tangential directions. Furthermore, they consider an additional correction of the measured indentation to obtain the normal one, assuming that the indenter-sample contact is frictionless, meaning that the tip can laterally slip, as experimentally observed [START_REF] Routier-Kierzkowska | Cellular Force Microscopy for in Vivo Measurements of Plant Tissue Mechanics[END_REF]. In our case, we aim to correct the Young's modulus and not the stiffness, so the correction formula needs to be adapted. From this paper (Routier-Kierzkowska et al., 2012), we obtained the following expressions for the normal force and the normal indentation:

where Fz is the applied force and α is the angle between the normal to the surface and the z direction, n is the normal, δ is the indentation measured on the force curve, and s is the lateral movement of the tip induced by slipping (Figure 17.B, C). The second formula can be simplified in our case, by considering that the lateral movement of the tip is very small compared to the indentation. We first based this assumption comparing the symmetry of Young's modulus and topography maps. Since wild-type meristems are dome-shaped and the maps are generally acquired setting the highest point to the centre of the map, AFM topographies show a radial symmetry. The same kind of symmetry can be found on Young's modulus maps, which led us to wonder about a correlation between the two. If
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Discussion and perspectives

Additionally, clv3-2 SAM also broadly misexpress the LFY gene, the so-called master regulator of flower identity, which supports the hypothesis that the fasciation in the SAM is, at least in part, the result of flower bud fusion to the main stem. However, given I also observe certain groups of cells within the clv3 SAM that express LFY at much higher levels than in the rest of the enlarged dome, and might correspond to 'real' primordia that failed to develop, it is possible that LFY simply represents yet another example of the mosaic nature of the mutant.

A final hypothesis regarding the mixed identities observed in clv3-2 SAM is that it could be representative of a transient state or reflect pluripotency. Indeed, despite the fact that the CZ in this mutant is not a classical CZ, its component cells apparently remain undifferentiated, which suggests that they do behave as true stem cells.

V. Mixed gene expression patterns during plant development

As described above, clv3-2 mutants reveal mixed gene expression patterns. Similar examples in the literature are scarce.

One recent example of mixed gene identities has been reported during shoot regeneration from root explants [START_REF] Rosspopoff | Direct conversion of root primordium into shoot meristem relies on timing of stem cell niche development[END_REF]. During this process, when lateral roots are converted into shoots by transfer from an auxin-rich to a cytokinin-rich medium, CLV3, WUS and STM are found to be expressed in overlapping domains. However, this phenomenon happens precisely when the developmental program switches from root-specific to shoot-specific and is thus merely a transient state between two distinct developmental programs.

A second example of mixed identities was observed during axillary shoot meristem formation [START_REF] Xin | Dynamic expression reveals a two-step patterning of WUS and CLV3 during axillary shoot meristem formation in Arabidopsis[END_REF]. Here, when axillary meristems form on shoots, certain genes (WUS, followed by CLV3) are progressively expressed in an overlapping domain, before finally leading to the CLV3 domain being positioned in the apical part of the axillary SAM, and the WUS domain in the centre.