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Beyond average/global growth response, the contribution of local heterogeneities in sepal shape Growth-induced cell heterogeneity is buffered to generate reproducible Arabidopsis sepal shapes

a key question in developmental biology: how does an organism reach its final size and shape? Most organs and organisms have remarkably consistent final shapes, yet at the cellular level, growth and shape can be highly variable. Surpacellular signals, e.g. morphogen gradients or force fields, may coordinate cell behavior, involving multiple feedback loops, to yield such reproducible shapes.

Because of the recent progress in live-imaging techniques, micromechanics and modeling, the relation between cellular noise, cell-cell communication and global shape is now amenable to quantitative analysis. We chose to work on the abaxial sepal, as it displays consistent shapes and is easily accessible for live imaging. We focus our analysis on cortical microtubules: they align along maximal tensile stress directions in plant tissues, and as they guide the deposition of cellulose microfibrils, the main load-bearing component in plant cell walls, they largely determine the mechanical anisotropy of cell walls, providing mechanical strength in the direction of maximal stress. We identified a supracellular alignment of microtubules at the tip of the sepal and we could match this pattern with predicted growth-derived tensile stress patterns. Using micromechanical approaches and mutants impaired in microtubule dynamics, we confirm that microtubules in the sepal can align along maximal tension directions, the final sepal shape depending on the strength of the feedback. We thus propose that this response triggers a wave of growth arrest from the tip of the sepal and thus restricts the expansion of the sepal. More locally, we also analyzed the contribution of mechanical conflicts between adjacent cells that grow at different rates, using the naturally occurring fast growing trichome cells as well as cre-lox induced artificial growth mosaics. Our results support a contribution of growth heterogeneity in final sepal shape, again via the microtubule response to mechanical forces. Altogether, this provides a scenario in which global and local mechanical feedback on microtubules channels the sepal final shape.

Résumé

Nous avons choisi de travailler sur le sépale abaxial chez Arabidopsis thaliana, car sa forme est reproductible et il est facilement accessible pour l'imagerie. Nous avons choisi de nous concentrer sur l'analyse des microtubules corticaux : ils s'alignent le long des tensions maximales dans les tissus et, en guidant le dépôt des microfibrilles de cellulose, ils renforcent l'anisotropie mécanique des parois dans la direction des contraintes maximales. Nous avons observé un alignement supracellulaire des microtubules à la pointe du sépale et nous avons pu corréler ce comportement à un patron de tensions causé par un différentiel de croissance dans le sépale. En utilisant des approches micromécaniques et des mutants affectés dans la dynamique des microtubules, nous avons confirmé que les microtubules étaient capables de s'aligner en fonction des contraintes mécaniques, la forme finale du sépale dépendant de la force du rétrocontrôle. Nous proposons donc que cette réponse déclenche un arrêt de croissance de la pointe du sépale jusqu'à sa base et limite ainsi l'expansion des sépales. Plus localement, nous avons également analysé la contribution des conflits mécaniques entre cellules voisines, soit en utilisant le différentiel de croissance naturel autour d'un trichome, soit en générant des mosaïques artificielles avec le système cre-lox. Nos résultats suggèrent une contribution de l'hétérogénéité de croissance dans la forme finale des sépales, encore une fois par l'intermédiaire de la réponse des microtubules aux contraintes mécaniques. Ces résultats nous permettent donc d'élaborer un scénario dans lequel une rétroaction mécanique, locale et gloable, sur les microtubules contrôle la forme finale du sépale. 

The control of organ size and shape

If we take a moment to observe the world around us we can easily see that living organisms display specific forms and, as recognized by taxonomist for centuries, most species can be recognized by their shape. Interestingly if we observe two individuals interacting together, we can very often observe that their shapes are somehow compatible. This can be observed between predator and prey, for instance if we look at the giant anteater (Myrmecophaga tridactyla), also known as the ant bear we can easily spot its elongated muzzle and long slender tongue (around 60cm). It feeds primarily on ants and termites, using its long and sticky tongue to collect them across the anthill. This complementary is also important for reproduction. In all species using coitus as reproduction mode, bodies of the two partners are morphologically complementary. In plants, certain structures aimed to attract one type of pollinator simultaneously prevent a different pollinator from accessing the pollen. For instance the tunnel through which an animal must access nectar can vary widely in length and diameter, which prevents the plant from being cross-pollinated with a different species.

This can be illustrated with the case of Manduca sexta, a moth of the family Sphingidae and flowers from Datura plants. The long proboscis of Manduca sexta allows it to collect the nectar present in a long, tube-like shape of the flower (Fig. 1) The central role of the morphology in the interaction between pollinator and flower can also be illustrated in orchids, either through nectar tube morphology (e.g. Angraecum) or mimicry (e.g. Ophrys).

In a evolutionary perspective, species have changed their morphology in order to adapt to their environment. Morphology, and its maintenance, thus reflects a fit to environmental conditions. Taxonomy, Ecology, physiology and evolution thus highlight the importance of maintaining shapes in biology: the control of size and shape of organs is a central mechanism in life. However the corresponding mechanisms are still largely unknown. In this context what is controlling the size and the shape of an organ and how organs know when they have reached the right size and shape is one of the major question in developmental biology.

Environmental cues

The size reached by a given organ or organism is the result of a complex integration of environmental and intrinsic/genetic cues. Even if it is true for plants and for animals it is maybe more relevant for plants because they are not able to move and they show a strong adaptability to their environment. Plants have to deal with a lot of environmental factors like temperature, moisture, biotic factors, soil properties and nutrients... in order to undergo a shape and size et al., 2006). Low light induces a shade avoidance phenotype (e.g. long petioles) as observed for instance in ground plants in a forest, while high light induces more compact plants, as observed in high altitude.

compatible with their reproduction and development. Because optimal growth conditions are rare (Fig. 2), plants calibrate their growth to environmental limitations, including competition with neighbors. For instance in dense forest, trees accelerate skyward growth (shade avoidance mechanism). Nevertheless even if environmental conditions strongly influences organ growth and final size, genetic information, and its impact on the effectors of growth, play an important, limiting, role in the control of size and shape. For instance even if one grows an Arabidopsis thaliana plant under optimal conditions at all developmental stages, it will never reach the size of Adansonia grandidieri (also called baobab). In this PhD, I only analyzed the contribution of some of these intrinsic regulators, leaving open the contribution of environmental cues. Nevertheless, the growth response to changing environmental conditions can reveal important intrinsic growth control mechanisms, like compensation.

The process of compensation

Environmental cues impact cell growth. Both cell number and cell area are affected by environmental cues [START_REF] Durand | Drought effects on cellular and spatial parameters of leaf growth in tall fescue[END_REF][START_REF] Kavanová | Phosphorus Deficiency Decreases Cell Division and Elongation in Grass Leaves[END_REF][START_REF] Kavanová | Nitrogen deficiency inhibits leaf blade growth in Lolium perenne by increasing cell cycle duration and decreasing mitotic and post-mitotic growth rates[END_REF]Taylor et al., 2003a). For instance leafs are very sensitive to their environment and a change of cell number or cell size due to environmental changes can affect the final size of the leaf; cold nights impairs leaf growth and cell cycle progression in Maize leading to a reduction in final leaf size [START_REF] Rymen | Cold nights impair leaf growth and cell cycle progression in maize through transcriptional changes of cell cycle genes[END_REF]. Water deficit occurring during rapid leaf expansion immediately reduces leaf expansion via a reduction of cell area, without affecting cell number per leaf revealing that change in leaf area can also be linked to cell size changes [START_REF] Lecoeur | Expansion of pea leaves subjected to short water deficit: cell number and cell size are sensitive to stress at different periods of leaf development[END_REF]. Interestingly, such modifications at cellular level may have no impact at the organ level [START_REF] Ferjani | Analysis of Leaf Development in fugu Mutants of Arabidopsis Reveals Three Compensation Modes That Modulate Cell Expansion in Determinate Organs[END_REF][START_REF] Horiguchi | Coordination of cell proliferation and cell expansion in the control of leaf size in Arabidopsis thaliana[END_REF]. This phenomena is called « compensation » (Fig. 3). For instance, cells would enlarge to compensate for a reduction of cell number leading to the production of almost normally sized organs [START_REF] Horiguchi | Organ size regulation in plants: insights from compensation[END_REF]. This has been well documented in Arabidopsis leaves and sepals [START_REF] Horiguchi | Organ size regulation in plants: insights from compensation[END_REF]Roeder et al., 2010). For example, plant leaves overexpressing a cyclin-dependent kinase inhibitor, KIP-RELATED PROTEIN2, have significantly reduced cell numbers but succeed to reach a normal size by increasing cell size [START_REF] De | Functional analysis of cyclin-dependent kinase inhibitors of Arabidopsis[END_REF][START_REF] Ferjani | Analysis of Leaf Development in fugu Mutants of Arabidopsis Reveals Three Compensation Modes That Modulate Cell Expansion in Determinate Organs[END_REF][START_REF] Kawade | Non-cell-autonomously coordinated organ size regulation in leaf development[END_REF]. This compensation is also found in animals. For instance during Drosophila imaginal disc development, slowing down the cell cycle by directed expression of the Drosophila homolog of the retinoblastoma family protein (Rbf) led to a decrease in cell number and an increase in cell size, but no change or final wing size [START_REF] Milán | Cell cycling and patterned cell proliferation in the wing primordium of Drosophila[END_REF][START_REF] Neufeld | Coordination of growth and cell division in the Drosophila wing[END_REF]. [START_REF] Ferjani | Analysis of Leaf Development in fugu Mutants of Arabidopsis Reveals Three Compensation Modes That Modulate Cell Expansion in Determinate Organs[END_REF].
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Compensation suggests that there is some overall organ size-sensing mechanism, and that cell behavior adjusts to provide the correct overall organ size. This hypothesis is also supported by classic experiments. For instance, a rat liver can strikingly regain its original size one week after losing several lobes [START_REF] Michalopoulos | Liver Regeneration[END_REF]. Simialrly, Twitty and Schwind showed in 1931 that grafting the limb bud from a large salamander onto a small salamander results in the growth of a large limb on a small salamander. Altogether these data provide evidence that organ size is controlled by intrinsic signals.

Morphogen gradients

The more widespread model explaining how organ reach their final shape and size involves morphogen gradients spanning the organ, providing cells with positional information [START_REF] Day | Genetic ablation of petal and stamen primordia to elucidate cell interactions during floral development[END_REF]Kuchen et al., 2012;Wartlick et al., 2011a[START_REF] Wartlick | Dynamics of Dpp signaling and proliferation control[END_REF]. This is classically illustrated by the French flag model proposed by Lewis Wolpert [START_REF] Wolpert | Positional information and the spatial pattern of cellular differentiation[END_REF] where a morphogen is synthesized at a specific location and diffuses within the tissue to induces distinct cell responses in function of its concentration, cells closer to the source differentiating into one type as a result of higher morphogen concentration and cells further from the source differentiating into other types (Fig. 4).

Not only this model explains how different domains of an organ or organism display reproducible growth properties and identities, it also provides a mechanism for growth arrest to calibrate organ size: cells would stop proliferating or growing as tissue expansion dilutes a growth promoting morphogen below a threshold concentration, thus linking geometry to growth in a negative feedback (Jaeger et al., 2008;Kuchen et al., 2012;Nelissen et al., 2012).

Nevertheless, the applicability of this model is debated. Let's take the example of Decapentaplegic (Dpp) in the Drosophila wing disc. Dpp concentration is high in the center of the wing disc and low at the edges of the disc. This concentration is fixed at the beginning, as the wing grows and cells proliferate; the disc extends the gradient and thus dilutes its concentration. Cells only grow when the local Dpp gradient is sufficiently high, thus the dilution of the gradient as the wing grows would stop cell proliferation because the Dpp concentration falls below a minimal threshold, in turn controlling the final size of the wing [START_REF] Day | Measuring dimensions: the regulation of size and shape[END_REF]. This model predicts that growth should not occur in a disc with homogeneous Dpp signaling because a Dpp slope is important for the dilution process. However growth has been observed in wing discs with homogeneous Dpp signaling [START_REF] Martín-Castellanos | A characterization of the effects of Dpp signaling on cell growth and proliferation in the Drosophila wing[END_REF][START_REF] Nellen | Direct and long-range action of a DPP morphogen gradient[END_REF]. More importantly, it was shown that the spatial distribution of Dpp in wing imaginal disc is independent of disc size A B [START_REF] Hufnagel | On the mechanism of wing size determination in fly development[END_REF]. Note that in other studies, Dpp concentration was shown to scale with tissue size during development. Yet, despite the graded distribution of the morphogen, growth was homogeneous in space [START_REF] Wartlick | Dynamics of Dpp signaling and proliferation control[END_REF]. These observations suggest that the control of organ size and shape should involve additional cues that are present in the organ. Potential candidates are mechanical forces.

Mechanical cues

In a tissue where cells adhere to each other, either via cellular junctions in the case of the wing disc of Drosophilia or via the cell wall that glue cells to each other in plants, local heterogeneity in growth rate between neighboring cells general mechanical stress. Recently mechanical forces generated by growing tissues have been proposed to play a role in the control of organ size. Notably because models including mechanical forces and mechanical feedback can explain how the size of the wing disc is controlled even under graded expression of morphogens and the observation that the pattern of cell proliferation is relatively uniform throughout the disc (Aegerter-Wilmsen et al., 2007;[START_REF] Hufnagel | On the mechanism of wing size determination in fly development[END_REF]Shraiman, 2005).

In theoretical models, it is proposed that faster growth in the wing disc edges compress the center of the disc, inhibiting growth in that domain. The compressive effect of growth in the central portion of the disc would even hinder additional proliferation that could be caused by increased morphogen levels. Conversely the stretching occurring at the peripheral edges could compensate a morphogen deficit by acting as a proliferative stimulus. This was further confirmed in experiments. In fact when the wing disc is stretched, significant increase in cell proliferation was found [START_REF] Schluck | Mechanical control of organ size in the development of the Drosophila wing disc[END_REF]. The compressive state of cell in the center and stretch state at the periphery were also confirmed experimentally by measuring the recoil velocity following the scission of actomyosin cables along cell edges in different regions of the wing disc [START_REF] Legoff | A global pattern of mechanical stress polarizes cell divisions and cell shape in the growing Drosophila wing disc[END_REF][START_REF] Mao | Differential proliferation rates generate patterns of mechanical tension that orient tissue growth[END_REF] (Fig. 5). Growth is terminated at the periphery after morphogen levels fall below a critical threshold and once the stimulatory effect of growth factors in the center of the disc can no longer overcome the inhibitory effect of mechanical compression causing a global arrest in cell proliferation (Fig. 6).

Nevertheless even if mechanical cues explain well some observations and experimental contradictions, there are still some other observations that are less easily explained. First most models show the wing disc as a relatively circular structure. But in reality the wing disc has a reproducibly irregular shape. Then expressing a Minute mutation slowing the growth in a particular compartment of the wing disc (anterior compartment A), whereas the other compartment (posterior Overlay of the junction before (red) and 11 s (green) after cut. (H) Initial (maximum) recoil velocity of the vertices after the cut. Represented as mean ± s.e.m. (adapted from [START_REF] Mao | Differential proliferation rates generate patterns of mechanical tension that orient tissue growth[END_REF].
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compartment P) growth normally lead to a development of a wing of considerably normal shape and size [START_REF] Martín | Compartments and the control of growth in the Drosophila wing imaginal disc[END_REF]. Current models fail to explain this. In fact we can imagine that the faster growing compartment will generate compressive forces, when it nearly reach its final size.

This compression should be transmitted to the slow-growing compartment and stop is development leading to a fast-growing compartment being larger than usual. This observation suggests that the wing disc can be viewed as two separate regions with their own size-control mechanism leading to a global control of the organ size and shape.

In plants, gradients of hormones, peptides and miRNA control many developmental events, following the positional information framework [START_REF] Alabadí | Instructive roles for hormones in plant development[END_REF][START_REF] Besnard | Organogenesis from stem cells in planta: multiple feedback loops integrating molecular and mechanical signals[END_REF].

Reproducibility in final morphologies likely involves the topology of the network (multiple interactions and redundancy between actors). Mechanical forces have also emerged as regulators of morphogenesis in recent years [START_REF] Fleming | Induction of Leaf Primordia by the Cell Wall Protein Expansin[END_REF]Hamant et al., 2008;Heisler et al., 2010a;Kierzkowski et al., 2012;Sampathkumar et al., 2014;Uyttewaal et al., 2012). However, their implication in the control of organ size and shape in still poorly understood. This is what we study here.

Plants present several advantages whens studying the reproducibility of organs size and shape.

First, plants produce many organs. For instance, each Arabidopsis thaliana individual plant produces around 60 roughly identical flowers. Such sample size provides numbers compatible with statistical analysis, more easily than for other organisms providing only one organ of each type per individual. This is also very useful if we want to compare reproducibility at the level of an individual or between individuals and check whether organs are sensitive to environment cues, as it is the case for plant leaves for example [START_REF] Bradley | Pathways for inflorescence and floral induction in Antirrhinum[END_REF][START_REF] Granier | Multi-scale phenotyping of leaf expansion in response to environmental changes: the whole is more than the sum of parts[END_REF].

Second, routine protocols are available to image plant cells and tissues during organ development [START_REF] Fernandez | Imaging plant growth in 4D: robust tissue reconstruction and lineaging at cell resolution[END_REF][START_REF] Komis | Super-resolution Microscopy in Plant Cell Imaging[END_REF][START_REF] Reddy | Live-imaging and image processing of shoot apical meristems of Arabidopsis thaliana[END_REF][START_REF] Sappl | Live-imaging of plant development: latest approaches[END_REF][START_REF] Shaw | Imaging the live plant cell[END_REF][START_REF] Sijacic | Novel Insights from Live-imaging in Shoot Meristem Development[END_REF].

Third, because plant cells cannot move and usually do not go through apoptosis in young tissues, growth of plant tissues can be more easily simulated in mechanical models. For each cell, growth can be modeled with only three parameters: division rate, growth direction and growth rate [START_REF] Boudon | A Computational Framework for 3D Mechanical Modeling of Plant Morphogenesis with Cellular Resolution[END_REF][START_REF] Coen | The genetics of geometry[END_REF]. To fully understand how mechanical cues may affect the control of organ size and shape in plants, the cellular bases of growth must be addressed. Initially growth occurs in the center where the concentration of the growth promoting factor DPP is high (GF in (A)). This growth causes the peripheral regions to stretch and the center to be compressed (B). The stretching in the peripheral regions induces growth there. Even though this growth reduces the stretching in the peripheral regions, some stretching remains. As a consequence, the center will still be compressed to some extent, inhibiting growth in the center.

The wider the peripheral regions, the larger the compression becomes. Finally, growth stops when the inhibiting effect exhibited by compression compensates for the growth promoting effect of growth factors in the center. (adapted from Aegerter-Wilmsen et al., 2007).
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The cellular bases of growth 1.2.1. A balance between turgor pressure and cell wall extensibility

Growth can be defined as an irreversible increase of volume. In Plants, growth is driven by turgor pressure. Cell growth can be described by two main parameters, growth rate, the rate at which cell volume changes, and growth anisotropy, the degree to which growth occurs preferentially in a given direction. Because turgor pressure is in essence isotropic and seems to be relatively stable and homogeneous in tissues, the main lever for local growth regulation resides in the cell wall: plant cells regulate their expansion by controlling how the cell wall yields to turgor pressure. For instance a soft cell wall will promote growth whereas a stiffer cell wall will restrain growth. Similarly, growth direction is mainly driven by the mechanical anisotropy of cell walls. The most prominent anisotropic component of plant cell wall is cellulose microfibrils, in the direction of which expansion is restricted (Fig. 7). The diversity of shapes found in plant tissues mainly relies on a balance between growth rate and growth direction [START_REF] Coen | The genetics of geometry[END_REF].

An example: the trichome

A nice illustration of how the balance between cell wall extensibility and turgor pressure controls cell shape is the development of trichomes. In A. thaliana, trichomes are single endoreduplicated cells that can be branched, composed of a portion called stalk at the base and one or three pikes in the apical portion. Whereas the genes involved in the development, the patterning and the polarised growth of trichomes are well documented in Arabidopsis thaliana [START_REF] Hülskamp | Plant trichomes: a model for cell differentiation[END_REF]; the relation between cell wall extensibility, turgor pressure and outgrowth of this cell has not been established in that species. Interestingly, this question has been studied in Cotton fibers, which are trichome cells in ovule epidermis. Each cotton fiber is an elongated single cell without branches derived from the epidermal cell layer. Some trichome-related gene homologs in cotton can complement the function of the corresponding A. thaliana mutants consistent with cotton fiber developing as trichomes. The rapid elongation of the cotton fiber was shown to be due to cell wall loosening by expansin during the early phase of elongation. In addition an increase of the expression of solute transporters (for sucrose and K + ions) predominately localized at the fiber base was observed. (Landrein et al., 2013).
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Added to the closure of plasmodesmata, those events lead to an elevation of turgor pressure in the cell driving the rapid phase of elongation (Ruan et al., 2001). Moreover expansin expression was shown to decrease over time, suggesting that cell wall loosening triggers fiber elongation and that the termination is due to an increase of cell wall rigidity and reduction of turgor pleasure due to the reopening of plasmodesmata (Fig. 8).

Tip growth vs. diffuse growth

Plant cell growth is classically separated into two categories: diffuse growth and tip growth. Tipgrowing cells, like root hairs or pollen tubes, have a restricted site of expansion at one edge of the cell, resulting in extreme polarization. Cells undergoing tip-growth show particular features. In particular, vesicle trafficking is concentrated at the tip of the cell, where new material is constantly incorporated into the cell wall, and the actin cytoskeleton has been shown to have a essential role in that process [START_REF] Geitmann | The cytoskeleton in plant and fungal cell tip growth[END_REF]. This type of growth can be extremely fast [START_REF] Geitmann | The cytoskeleton in plant and fungal cell tip growth[END_REF]. Such directional growth may have been selected for the pollen tube to allow it to withstand considerable external forces, while growing through the transmitting tissue of the style [START_REF] Geitmann | The cytoskeleton in plant and fungal cell tip growth[END_REF].

In contrast to this very polarized type of morphogenesis, diffuse growth applies to most plant cells, which grow through all their cell walls [START_REF] Mathur | Cell shape development in plants[END_REF]. Because we are interested in organ growth, the control of cell wall extensibility in diffuse growth will be the focus of this thesis (Fig. 9).

The molecular bases of wall extensibility

The cell wall is a composite material

Beyond its role in growth, the cell wall is essential for plant to resist harsh environmental conditions or to resist pathogen attacks. Furthermore, cell differentiation involves dramatic changes in wall composition, for instance through lignification. In particular xylem and fibers deep within plant tissues exhibit a secondary cell wall that is produced after the primary cell wall is complete and the cell has stopped expanding. This stiffer secondary cell wall actually accounts for most of the carbohydrate in biomass on the earth and has a major role in plant posture. It also has a major et al., 2011).

impact on human life, as it is a major component of wood and a source of nutrition for livestock.

Because we focus here on primary growth, I will only discuss the early step of wall synthesis and the composition of primary cell walls.

The structure of the plant cell wall has been studied all over the world over the past decades (For a detailed biochemical description of the different cell wall elements, see [START_REF] Caffall | The structure, function, and biosynthesis of plant cell wall pectic polysaccharides[END_REF][START_REF] Cosgrove | Growth of the plant cell wall[END_REF][START_REF] Harris | Chemistry and Molecular Organization of Plant Cell Walls[END_REF][START_REF] Mohnen | Pectin structure and biosynthesis[END_REF]. Briefly, the plant cell wall is composed of fibers embedded in a matrix and is sometimes represented as a fibreglass-like structure (Fig 10).

Cellulose microfibrils are thought to be the main load-bearing elements of the cell wall. This cellulose network is tethered by hemicellulose, pectins and structural proteins. Pectin also acts as a hydrated gel playing additional functions. One of these functions is to help the sideways slippage of microfibrils. This modulation of the microfibrils network is not only essential during cell growth but also after growth arrest in order to lock them in place. Pectins are also concentrated in the middle lamella that glues contiguous cell walls and thus play a key role in adhesion [START_REF] Daher | How to let go: pectin and plant cell adhesion[END_REF][START_REF] Iwai | A pectin glucuronyltransferase gene is essential for intercellular attachment in the plant meristem[END_REF]. This explains why, in contrast to cell migration that occurs in animals during development (for review [START_REF] Aman | Cell migration during morphogenesis[END_REF][START_REF] Friedl | Collective cell migration in morphogenesis, regeneration and cancer[END_REF], plant cells are unable to move.

In order to increase their volume, cells need to soften their cell wall. Such wall loosening is triggered by a wide array of regulators that are mostly acting on the properties of the wall matrix, notably through scission of crosslinks or by promoting the sliding of such a crosslink along a scaffold. Several molecular mechanisms of wall loosening have been identified [START_REF] Cosgrove | Growth of the plant cell wall[END_REF].

Here I will summarize the main structure-function relationships between these regulators and their targets to explain how cell shape can be modulated during growth.

Pectin (de) methyl esterification

Pectins are first polymerized in the Golgi apparatus in a methyl-esterified state and then are secreted to the cell wall. Homogalacturonans (HG), the most abundant pectins, are then selectively demethylesterified in the cell wall and potentially during delivery to the cell wall [START_REF] Wolf | Growth control by cell wall pectins[END_REF] [START_REF] Pelloux | New insights into pectin methylesterase structure and function[END_REF]. This large number of PME and PMEI isoforms in plants suggest that pectin state can be tightly regulated spatially and temporally, also implying that development relies on a complex orchestration of pectin chemistry in cell walls. For instance, a mutation in the QUARTET1 (QRT1) gene, a PME specifically expressed in Arabidopsis pollen and anthers, leads to impaired pollen tetrade separation during flower development [START_REF] Francis | Separation of Arabidopsis Pollen Tetrads Is Regulated by QUARTET1, a Pectin Methylesterase Gene[END_REF]. In the inflorescence meristem, PME activity was shown to play a central role in the emergence of flower primordia, the over expression of PECTIN METHYLESTERASE 5 (PME5oe) leading to decreased pectin methylesterification and ectopic primordia. In contrast, the overexpresssion of PECTIN METHYLESTERASE INHIBITOR 3 (PMEI3oe) leds to increased pectin methylesterification and the inhibition of organ formation leading to the formation of pin-like meristems [START_REF] Peaucelle | Arabidopsis Phyllotaxis Is Controlled by the Methyl-Esterification Status of Cell-Wall Pectins[END_REF]. These morphogenetic and chemical modifications were also correlated to cell wall stiffness: softer walls were notably associated with the promotion of organogenesis and increased PME activity [START_REF] Peaucelle | Pectin-Induced Changes in Cell Wall Mechanics Underlie Organ Initiation in Arabidopsis[END_REF].

The relation between pectin status and wall stiffness is in fact quite debated. Upon demethylesterification, the methyl carboxyl group (COO-CH3) becomes negatively charged (COO-

), and thus amenable to generate Ca2+ crosslinking [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]. This ability to form crosslink between pectins plays a central role in the stiffness of the pectin gel and thus the overall cell wall stiffness. Based on those observations, pectin demethyl esterification should be associated with reduced wall extensibility via Ca2+ mediated crosslinking and ultimately the cessation of growth.

Consistently, a low degree of pectin methyl-esterification in Arabidopsis hypocotyls leads to a reduction of its elongation [START_REF] Derbyshire | Restricted cell elongation in Arabidopsis hypocotyls is associated with a reduced average pectin esterification level[END_REF]. Moreover mutants impaired in PME activity showed a pendant stem phenotype and an increased deformation rate of the stem, consistent with a scenario in which the mechanical strength of the stem was impaired by this reduction of demethylesterification [START_REF] Hongo | Demethylesterification of the primary wall by PECTIN METHYLESTERASE35 provides mechanical support to the Arabidopsis stem[END_REF]. However, the demethylesterification of pectins is also a prerequisite for pectin degradation. This would instead trigger cell wall loosening [START_REF] Wolf | Growth control by cell wall pectins[END_REF]. This last scenario seems consistent with what is observed in the shoot apical meristem, where organ outgrowth is positively correlate with pectin demethylesterification [START_REF] Peaucelle | Arabidopsis Phyllotaxis Is Controlled by the Methyl-Esterification Status of Cell-Wall Pectins[END_REF][START_REF] Peaucelle | Pectin-Induced Changes in Cell Wall Mechanics Underlie Organ Initiation in Arabidopsis[END_REF].

Note that the hydrated gel composed of pectin is the main component of the cell wall (around 42% in the leave) [START_REF] Zablackis | Characterization of the cell-wall polysaccharides of Arabidopsis thaliana leaves[END_REF]. Nevertheless the role of water in wall extensibility remains relatively ill described. 

Xyloglucan endotrans-glucosylase/hydrolase (XTH)

The Arabidopsis XYLOGLUCAN ENDOTRANS-GLUCOSYLASE/HYDROLASE (XTH) gene family is composed of 33 members in Arabidopsis, based on the genome and cDNA sequence database [START_REF] Rose | The XTH Family of Enzymes Involved in Xyloglucan Endotransglucosylation and Endohydrolysis: Current Perspectives and a New Unifying Nomenclature[END_REF].

XTH enzymes are able to cut and paste together different hemicelluloses polymers and can therefore modulate the strength of the polysaccharide network in the wall (Fig. 11) [START_REF] Cosgrove | Growth of the plant cell wall[END_REF] and thus participate to cell wall loosening or stiffening. For instance, the overexpression of a fungus xyloglucanase promotes cell growth resulting in the formation of bigger plants in Populus Alba [START_REF] Park | Enhancement of growth and cellulose accumulation by overexpression of xyloglucanase in poplar[END_REF]. In Vivo localization of active Xyloglucan Endotransglycosylase (XET) revealed a characteristic distribution pattern in Arabidopsis and tobacco roots. XET fluorescence was found in the cell elongation zone of the root in both species suggesting a role in cell wall loosening and integration of newly synthesized xyloglucans. But genetic redundancy have been reported for XTH genes: XTH single mutant knockout or overexpressing lines of AtXTH31 and AtXTH32 displayed negligible growth phenotype whereas XTH hydrolytic activity was completely eliminated in the case of AtXTH31/AtXTH32 the double knockout [START_REF] Kaewthai | Group III-A XTH Genes of Arabidopsis Encode Predominant Xyloglucan Endohydrolases That Are Dispensable for Normal Growth[END_REF]. These enzymes have been shown to cut and paste together different hemicelluloses polymers and can therefore modulate the strength of the polysaccharide network in the wall. XTHs may also catalyze the integration of newly synthesized xyloglucans into the cell wall through XET activity.

Note that the exact contribution of hemicellulose in wall properties and growth is also debated. In particular, [START_REF] Cavalier | Disrupting Two Arabidopsis thaliana Xylosyltransferase Genes Results in Plants Deficient in Xyloglucan, a Major Primary Cell Wall Component[END_REF] found that a reduction of xyloglucan biosynthesis in the xxt1xxt2 mutant does not have major impact on phenotype, suggesting some compensation with other elements of the cell wall or a challenge to our knowledge regarding the contribution of hemicellulose and their remodelers [START_REF] Cavalier | Disrupting Two Arabidopsis thaliana Xylosyltransferase Genes Results in Plants Deficient in Xyloglucan, a Major Primary Cell Wall Component[END_REF]. Later on, an analysis of the xxt1xxt2 mutant revealed a slight decrease of growth in the presence of weaker walls [START_REF] Park | Changes in cell wall biomechanical properties in the xyloglucan-deficient xxt1/xxt2 mutant of Arabidopsis[END_REF]. This apparent paradox was related to the fact that in the absence of xyloglucans, pectins become more load-bearing [START_REF] Park | Changes in cell wall biomechanical properties in the xyloglucan-deficient xxt1/xxt2 mutant of Arabidopsis[END_REF].

Expansins

It is well known that plant cell walls elongate faster under acidic conditions. The «acid growth theory» states that the plant hormone auxin stimulates proton pumps and a decrease in apoplastic previously wall-bound chain (solid line) (from [START_REF] Rose | The XTH Family of Enzymes Involved in Xyloglucan Endotransglucosylation and Endohydrolysis: Current Perspectives and a New Unifying Nomenclature[END_REF].
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pH would then activate wall-loosening agents, like expansins [START_REF] Hager | Versuche und Hypothese zur Primärwirkung des Auxins beim Streckungswachstum[END_REF][START_REF] Kutschera | The epidermal-growth-control theory of stem elongation: an old and a new perspective[END_REF][START_REF] Rayle | The Acid Growth Theory of auxin-induced cell elongation is alive and well[END_REF]. Several environmental events can modify the cell wall pH, usually comprised between 4.5 and 6, such as light, water deficits, salt stress or fungal toxin [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]. Expansins form a family of 38 members in Arabidopsis [START_REF] Li | Expansins and cell growth[END_REF]. Biochemically, expansin are throught to disrupt hydrogen bonds, promoting wall polymers movement, and resulting in turgor-driven wall extension [START_REF] Sampedro | The expansin superfamily[END_REF] (Fig. 12C). Even if the biochemical mechanism is still not fully understood, their contribution to wall extension is relatively well established. For instance a local induction of expansin, with a tetracyclin inducible system, on the flank of a primordium leaf led to increased local growth and to altered final leaf shape [START_REF] Pien | Local expression of expansin induces the entire process of leaf development and modifies leaf shape[END_REF]) (Fig. 12A). Endogenous expansin-gene expression correlates with zone with faster cell growth [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]. Ectopic expression of expansin genes can stimulate plant growth, whereas suppression of expansins by gene silencing decreases plant growth, as observed for expansin 10 (Cho and Cosgrove, 2000) (Fig. 12B). In fact when AtEXP10 is endogenously expressed, plants have larger leaf blades, and larger cells than control plants, supporting a role of expansins as cell-wall-loosening remodeler and in the control of organ size and morphology [START_REF] Cho | Altered expression of expansin modulates leaf growth and pedicel abscission in Arabidopsis thaliana[END_REF].

Reactive Oxygen Species

Reactive oxygen species (ROS), e.g. superoxide or hydroxyl radicals, are highly reactive and toxic substances that are produced by the plant, notably in response to pathogens, but also for cellular processes such as programmed cell death [START_REF] Cosgrove | Growth of the plant cell wall[END_REF][START_REF] Kärkönen | Reactive oxygen species in cell wall metabolism and development in plants[END_REF]. ROS are produced in various cellular compartments, such as mitochondria, chloroplasts, peroxisomes as well as the apoplast [START_REF] Livanos | The interplay between ROS and tubulin cytoskeleton in plants[END_REF]. At lower concentrations, ROS function in signaling pathways that regulate plant development in response to physiological and environmental cues [START_REF] Pitzschke | Reactive oxygen species signaling in plants[END_REF]. ROS were also shown to play an important role in cell-cell communication by regulating plasmodesmata via the deposition of callose. In thioredoxin-m3 (TRX-m3) mutant, also called gfp arrested trafficking 1 (gat1), the diffusion of free GFP from one cell to another in the root phloem through plasmodesmata is reduced. This mutant exhibits high levels of ROS and higher levels of callose in their root tips, thus suggesting a link ROS and callose deposition at plasmodesmata [START_REF] Benitez-Alfonso | Redox homeostasis regulates plasmodesmal communication in Arabidopsis meristems[END_REF]. et al., 2005).
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Furthermore ROS affect MTs in multiple ways by regulating the organization of tubulin cytoskeleton and induce tubulin modifications [START_REF] Livanos | The interplay between ROS and tubulin cytoskeleton in plants[END_REF]. The regulation of ROS homeostasis is critical for proper completion of cell division due to their role in the organisation of MT arrays in dividing cells. Notably, many dividing root cells of the rhd2 Arabidopsis thaliana mutants, lacking the RHD2/AtRBOHC protein function, displayed aberrations comparable to those induced by low ROS levels [START_REF] Livanos | Plant cell division[END_REF]. This regulation was also shown in non dividing cells, treatments seedlings with ROS modulators revealed that the cortical MTs in developing epidermal cells of hypocotyls and cotyledons are also sensitive to alterations in ROS levels and lead to the disappearance of MTs and their replacement by stable and resistant atypical tubulin polymers either after ROS overproduction or elimination [START_REF] Livanos | The interplay between ROS and tubulin cytoskeleton in plants[END_REF].

In the cell wall, ROS is increasingly viewed as a central regulator of wall properties. However this role is still debated. Some studies claim that ROS may promote cell wall stiffening by facilitating the formation of cross-links between wall polysaccharides and glycoproteins [START_REF] Fry | Oxidative coupling of tyrosine and ferulic acid residues: Intra-and extraprotoplasmic occurrence, predominance of trimers and larger products, and possible role in interpolymeric cross-linking[END_REF][START_REF] Ralph | Peroxidase-dependent cross-linking reactions of p-hydroxycinnamates in plant cell walls[END_REF]. Whereas others showed that ROS can cleave wall polysaccharides leading to wall loosening [START_REF] Schopfer | Hydroxyl radical-induced cell-wall loosening in vitro and in vivo: implications for the control of elongation growth[END_REF][START_REF] Schweikert | Scission of polysaccharides by peroxidasegenerated hydroxyl radicals[END_REF].

A new view on the cell wall

From what is presented above, the cell wall appears as a complex and dynamic compartment, the stiffness of which depends on many parameters. In the past decade, two elements have added another layer of complexity:

First, structurally, the cell wall is not anymore seen as reinforced concrete, with fibers floating in a matrix. A model proposes that xyloglucan directly tethered cellulose microfibrils to form an interconnected network that was embedded in a viscous, gel-like pectin matrix [START_REF] Carpita | Structural models of primary cell walls in flowering plants: consistency of molecular structure with the physical properties of the walls during growth[END_REF]. This "tethered network" model puts xyloglucan as the major target of wall loosening (Fig. 13A-B). [START_REF] Park | Xyloglucan and its interactions with other components of the growing cell wall[END_REF]. Those spot are in close contact 
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between cellulose microfibrils and xyloglucan chains. This close contact between several components of the cell wall create inaccessible site for remodeling enzymes (Fig. 13C-D). Only enzyme with both cellulase and xyloglucanase activity is able to digest those sites. This interaction makes the cell wall even more stable at some site but the exact role and function are those 'biomechanical hotspot' still remain unknown.

Second, the cell wall appears to play a key role in signaling:

As seen previously the cell wall is constantly remodeled to control growth. Because it plays the role of an exoskeleton resisting turgor pressure, the cell wall also actively maintains its mechanical integrity. Wall remodeling thus addresses two challenges: growth control and mechanical resistance; both are of course largely interdependent. This implies that plant cells monitor the mechanical status of their walls. This type of pathway, called cell wall integrity (CWI), is well known in yeast. In plants the CWI pathway begins to be unraveled: cell wall signaling receptors have been identified and partly characterized (Fig. 14).

The transmembrane receptor THESEUS1 (THE1) has been isolated as a promising CWI sensor in Arabidopsis. THESEUS1 (THE1) was found in a suppressor screen of the cesa6 mutant allele procuste (prc). In the prc mutant, reduced cellulose synthesis has been associated with dwarfism.

THE1 do not show a growth defects. However it partially suppresses the growth defect of mutants with cell wall defects. For instance the dwarf phenotype of prc can be partly reversed in the the1 prc double mutant. The rationale would be that in prc, cells detect microcracks in their cell walls and slow down growth to avoid further damages. In a prc the1 double mutant, such perception would be impaired; growth would go on steady, leading to even more damages in the wall. Note that similar observations were made in wild-type seedlings treated with the cellulose synthesis inhibitor isoxaben, somewhat mimiciking a prc background [START_REF] Hamann | The plant cell wall integrity maintenance mechanism-concepts for organization and mode of action[END_REF].

In cellulose deficient mutants, THE1 was shown to induce a subset of genes involved in cell wall crosslinking and lignin deposition, and thus to reduce growth [START_REF] Hématy | A receptor-like kinase mediates the response of Arabidopsis cells to the inhibition of cellulose synthesis[END_REF]. THE1 is part of a plant-specific family called the Cr-RLKs (Catharanthus roseus RLKs).

Among the different members of this family, another protein, FERONIA (FER). FERONIA was first found to play a role in fertilization event by the control of pollen tube reception in a FERdependent signaling pathway by the female, and the release of sperm cells from the pollen tube upon arrival at the female gametophyte [START_REF] Escobar-Restrepo | The FERONIA receptor-like kinase mediates male-female interactions during pollen tube reception[END_REF]. Moreover FERONIA has been shown to act together with THE1 in CWI sensing by regulating brassinosteroid-induced cell elongation [START_REF] Guo | Three related receptor-like kinases are required for optimal cell elongation in Arabidopsis thaliana[END_REF]. The fer-4 mutant shows a chaotic growth pattern in the root during normal organ growth suggesting a role in supra-cellular growth coordination. This observation was supported using mechano-stimulation such as stretching of epidermal cells by bending a root. In the wild type, a biphasic response composed of Ca 2+ influx and the alkalinization of the apoplast was observed whereas a uniphasic response was observed in the fer-4 mutant, lacking the slower component of the response indicating the involvement of FER in the mechano-signaling response [START_REF] Shih | The receptor-like kinase FERONIA is required for mechanical signal transduction in Arabidopsis seedlings[END_REF].

This plant-specific family of RLKs contains 17 members in Arabidopsis, other receptors as HERCULES1 or ANXUR1/2 were recently characterized (for a review see Wolf et al., 2012).

Because the main focus on my PhD was on the role of wall mechanical anisotropy and microtubules in growth, I will now discuss more thoroughly the role of cellulose synthesis, and its role in shaping cells and tissues.

Cellulose synthesis 1.4.1. The cellulose synthase complex

In contrast to other components of the plant cell wall, cellulose microfibrils are seen as the main load bearing components and act as a corset around the cell driving growth direction [START_REF] Green | Mechanism for Plant Cellular Morphogenesis[END_REF].

Microfibrils are 3 to 5 nm wide and several μm in length, able to surround the cell contour several times. These microfibrils appear as straight lines in the wall and are often aligned in parallel arrays, as seen in AFM or FESEM images [START_REF] Cosgrove | Re-constructing our models of cellulose and primary cell wall assembly[END_REF]. Each cellulose microfibril is formed from the spontaneous 'bundling' and crystallization of dozens of (1,4)-linked β-d-glucan chains, each made by a plant cellulose synthase protein (CESA). CESA protein were identified in the late 1990s through molecular and genetic studies Arabidopsis [START_REF] Arioli | Molecular analysis of cellulose biosynthesis in Arabidopsis[END_REF][START_REF] Fagard | PROCUSTE1 encodes a cellulose synthase required for normal cell elongation specifically in roots and dark-grown hypocotyls of Arabidopsis[END_REF] or in cotton (Gossypium hirsutum) and rice (Oryza sativa ) [START_REF] Pear | Higher plants contain homologs of the bacterial celA genes encoding the catalytic subunit of cellulose synthase[END_REF].

The Arabidopsis genome contains 10 CESAs genes [START_REF] Taylor | Cellulose biosynthesis and deposition in higher plants[END_REF]. CESA proteins contain a Nterminal region containing a zinc-finger domain implicated in protein dimerization. This domain allows CESAs protein to interact together and form large complexes called CSCs (CELLULOSE SYNTHASE COMPLEXES). Experimental evidence indicates that three different CESA genes The synthesis of cellulose microfibrils relies cellulose synthase complex that take the form of socalled rosettes (as observed on cryofractures images). Each rosette contains 6 CESA subunits, and each subunit contains 6 CESA proteins (Adapted from [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]. Although this model would predict the production of 36 cellulose chains per cellulose microfibril, the current consensus is closer to 18 chains (D. Cosgrove, pers. Com.).

proteins are normally required to make a functional cellulose-synthesizing complex [START_REF] Hill | The Arabidopsis Cellulose Synthase Complex: A Proposed Hexamer of CESA Trimers in an Equimolar Stoichiometry[END_REF]Taylor et al., 2003b). Moreover the different CESAs subunits are not ubiquitously expressed and sets of genes change depending on the localization on the plant and also regarding their implication in the formation of the primary or secondary cell walls [START_REF] Arioli | Molecular analysis of cellulose biosynthesis in Arabidopsis[END_REF]Taylor et al., 2003b). For instance, CSCs of the primary cell wall are thought to be mainly composed of CESA1, 3 and 6 when the secondary cell wall is believed to be synthesized by CSCs comprising CESA4, 7

and 8.

For a long time those complexes were thought to be composed of 6 hexamers of 6 CESA subunits based on their appearance during TEM observation [START_REF] Cosgrove | Growth of the plant cell wall[END_REF] (Fig. 15). But recent advances steadily decreased published estimates of microfibril size around 18-24 chains [START_REF] Fernandes | Nanostructure of cellulose microfibrils in spruce wood[END_REF][START_REF] Thomas | Structure of cellulose microfibrils in primary cell walls from collenchyma[END_REF]. A 18-chain microfibril mean that each particule composing the hexametric rosette is composed of only 3 CESAs, which is consistent with the fact that three different CESA genes are normally required to make a functional cellulose-synthesizing complex.

CESAs belong to a larger superfamily of genes called CELLULOSE SYNTHASE-LIKE (CSL which includes eight other gene families named CSLA to CSLH, in addition to the CESA genes). Based on the close similarity of CSL to CESA and different studies, those proteins are supposed to synthetize β-D-GLYCAN backbone of hemicelluloses such as xyloglucan, xylan, mannan and other β-Dglycans in the cell wall from the golgi. For instance heterologous expression A. thaliana CSLA genes in insect cells was shown to encode beta-mannan synthases. This suggests that CSLA synthesize the mannans and glucomannans of the growing cell wall in plants [START_REF] Liepman | Expression of cellulose synthase-like (Csl) genes in insect cells reveals that CslA family members encode mannan synthases[END_REF].

Until recently, the only proteins identified as integral to the CSC were CESAs [START_REF] Kimura | Immunogold labeling of rosette terminal cellulose-synthesizing complexes in the vascular plant vigna angularis[END_REF], but the membrane-bound cellulase KORRIGAN (KOR) has now been implicated as an integral component of the CSC using live imaging of KOR1 and CSCs, co-purifying of KOR1 and CSCs in a high molecular mass protein complex, and by showing direct interaction using split ubiquitin yeast two-hybrid [START_REF] Vain | The Cellulase KORRIGAN Is Part of the Cellulose Synthase Complex[END_REF]. Morevover the KOR endoglucanase is associated, perhaps transiently, with the CSC and influences its intracellular trafficking [START_REF] Vain | The Cellulase KORRIGAN Is Part of the Cellulose Synthase Complex[END_REF].

While the identification of the cellulose synthase complex components provides an important piece of knowledge to understand wall mechanics and cell growth, it does not provide a mechanism to explain how cellulose microfibrils become well aligned in cell walls. 

CSC guidance by microtubules

Microtubules were first discovered in plants [START_REF] Ledbetter | A "Microtubule" in Plant Cell Fine Structure[END_REF] and were soon found to align at the cell cortex parallel to cellulose fibrils in the wall [START_REF] Baskin | Regulation of Growth Anisotropy in Well-Watered and Water-Stressed Maize Roots. II. Role of Cortical Microtubules and Cellulose Microfibrils[END_REF][START_REF] Lloyd | A new spring for plant cell biology: microtubules as dynamic helices[END_REF]. In fact, their role in wall synthesis was predicted even before they were formally identified, as disruption of microtubules with the spindle depolymerizing drug Colchicine led to isotropic growth [START_REF] Green | Mechanism for Plant Cellular Morphogenesis[END_REF]. Further work using mutants with disorganized CMTs [START_REF] Buschmann | Arabidopsis mutants and the network of microtubuleassociated functions[END_REF] or other microtubule depolymerizing drugs like oryzalin (e.g. [START_REF] Corson | Turning a plant tissue into a living cell froth through isotropic growth[END_REF] further confirmed the role of MTs in controlling growth anisotropy. These effects were formally related to defects in cellulose microfibril orientation [START_REF] Giddings | Microtubule-mediated control of microfibril deposition: a reexamination of the hypothesis[END_REF]Baskin, 2001).

Those observations led to propose that CMTs have an important role in cellulose deposition by guiding cellulose synthase rosettes as they synthesize microfibrils in the cell wall [START_REF] Heath | A unified hypothesis for the role of membrane bound enzyme complexes and microtubules in plant cell wall synthesis[END_REF]. In an alternative scenario, aligned cortical microtubule arrays were proposed to form channels that confine the lateral movement of synthesizing complexes [START_REF] Giddings | Microtubule-mediated control of microfibril deposition: a reexamination of the hypothesis[END_REF].

The discovery of genes encoding members of the cellulose synthase catalytic subunit family was key to understand cellulose dynamics deposition during the process of cell wall creation. Indeed, a few years later, using tagged CESA and live imaging using spinning disk confocal microscopy, Paredez et al, showed that CESA complex trajectories in the plasma membrane are parallel to CMTs [START_REF] Paredez | Visualization of Cellulose Synthase Demonstrates Functional Association with Microtubules[END_REF]) (Fig. 16).

However inconsistencies between the orientation of CMTs and celluloses microfibrils alignment have been observed. Notably [START_REF] Himmelspach | Cellulose microfibril alignment recovers from DCB-induced disruption despite microtubule disorganization[END_REF] reported that transverse cellulose microfibrils deposition could occur in the absence of transverse microtubules in the thermosensitive mor1 mutant [START_REF] Himmelspach | Cellulose microfibril alignment recovers from DCB-induced disruption despite microtubule disorganization[END_REF]. While this suggests that the colinearity between cellulose deposition and microtubule alignment is not strict, recent evidence rather support a dominant role of microtubules in guiding cellulose synthase.

In particular, the relation between CESA complexes and CMTs was consolidated with the identification of the CELLULOSE SYNTHASE INTERACTIVE PROTEIN 1 (CSI1), which acts as a physical linker between CESA complexes and microtubules in Arabidopsis [START_REF] Bringmann | Cracking the elusive alignment hypothesis: the microtubule-cellulose synthase nexus unraveled[END_REF][START_REF] Li | Cellulose synthase interactive protein 1 (CSI1) links microtubules and cellulose synthase complexes[END_REF][START_REF] Mei | The Arabidopsis ARCP Protein, CSI1, Which Is Required for Microtubule Stability, Is Necessary for Root and Anther Development[END_REF]. This linker protein was found in yeast two-hybrid screen for CESA interactors (Gu and Somerville, 2010;Gu et al., 2010). Interaction with microtubules was found in a microtubule-binding assay performed in vitro [START_REF] Li | Cellulose synthase interactive protein 1 (CSI1) links microtubules and cellulose synthase complexes[END_REF]. The CSI1 protein contains a C-terminal C2 domain, which can bind to phospholipids in membranes. Interestingly the complementation of the csi1 mutant with a deletion variant of CSI1 in this domain did not complement the csi1 mutant phenotype and resulted in the localization of the CSI1 in the cytoplasm [START_REF] Bringmann | Cracking the elusive alignment hypothesis: the microtubule-cellulose synthase nexus unraveled[END_REF]. Hence this domain could target CSI1 to the plasma membrane. The existence of specialized CSC-containing lipid islands depending on the integrity of CSCs, CSI1, and cortical microtubules and forming a continuum was speculated [START_REF] Lei | Dissecting the molecular mechanism underlying the intimate relationship between cellulose microfibrils and cortical microtubules[END_REF]. In fact if one of these component is defective it causes the disruption of each of the other components of the continuum. For instance genetic disruption of CSI1 causes changes in both CSCs and cortical microtubule arrays [START_REF] Bringmann | Cracking the elusive alignment hypothesis: the microtubule-cellulose synthase nexus unraveled[END_REF][START_REF] Mei | The Arabidopsis ARCP Protein, CSI1, Which Is Required for Microtubule Stability, Is Necessary for Root and Anther Development[END_REF]. Moreover several models for the biochemical activity of CSI1 protein in cellulose synthesis were explored and are summarized in (Fig. 17). CSI1 could act as docking site for newly synthesized CESA complex from the golgi in order to incorporated it next to microtubules. Models also showed that CSI1 might actively contribute to the guidance of CESA complexes, by sliding or actively migrating along microtubules during cellulose synthesis by CESA complexes. Moreover a rotary model shown CSI1 may be important for the activity of CESA complexes. In this model several CSI1 protein would be attached to a CSC but only one or two would be attached to the neighboring microtubule. The synthesis of cellulose microfibril would push the complex forward and would break the interaction between microtubules and CSI1 protein allowing in turn the neighboring CSI1 present on the CESA complexes to interact with cortical microtubules.

As Cellulose microfibrils are thought to be the main determinant controlling growth anisotropy [START_REF] Green | Mechanism for Plant Cellular Morphogenesis[END_REF]. This interaction between CMT and CESA complexes leading to a correlation between CMTs and cellulose microfibrils orientation allow us to use CMTs as a proxy for studying growth direction. This is remarkable: whereas the control of growth direction in animals relies on many parameters, in plants, microtubules have a dominant role. Understanding microtubule dynamics is thus central to the characterization of plant morphogenesis and also offers a simple entry point for the experimental regulation of plant shapes.

Note that microtubules and cellulose were recently proposed to stabilize growth anisotropy, rather than triggering it. In particular, a mechanical polarity of cell walls was measured with AFM on hypocotyls, before anisotropic cell expansion and this was associated with pectin demetrylesterification instead [START_REF] Peaucelle | The Control of Growth Symmetry Breaking in the Arabidopsis Hypocotyl[END_REF]. Yet, the role of microtubules and cellulose orientation would play a dominant role later one, as cell starts to expand in a preferential direction. 

. Microtubule dynamics and self-organization

As with other eukaryotes, plant microtubules are composed of αand β-tubulins, which have the ability to self-assemble into 25-nm microtubules [START_REF] Goddard | Microtubule Components of the Plant Cell Cytoskeleton[END_REF]. Because of asymmetry of heterodimers of tubulin and ordered succession of these heterodimers in the protofilament, extremities of microtubules are structurally different: microtubules are polar. New heterodimers are added preferentially at the + end of the microtubule, where GTP molecules are exposed by β tubulins. The observation of individual cortical microtubules in living cells has revealed that these microtubules are highly dynamic and display periods of growth (polymer assembly) and shrinkage (polymer disassembly), interspersed by stochastic transitions between these two phases, [START_REF] Chan | EB1 reveals mobile microtubule nucleation sites in Arabidopsis[END_REF][START_REF] Dhonukshe | Alteration of Microtubule Dynamic Instability during Preprophase Band Formation Revealed by Yellow Fluorescent Protein-CLIP170 Microtubule Plus-End Labeling[END_REF][START_REF] Mathur | A novel localization pattern for an EB1-like protein links microtubule dynamics to endomembrane organization[END_REF][START_REF] Shaw | Sustained microtubule treadmilling in Arabidopsis cortical arrays[END_REF][START_REF] Vos | Microtubules become more dynamic but not shorter during preprophase band formation: a possible "search-and-capture" mechanism for microtubule translocation[END_REF].

In addition, cortical microtubules show a treadmilling-type behavior with the leading end (plus-end)

undergoing polymerization-biased dynamics and the lagging end (minus-end) undergoing slow depolymerization. This type of microtubule assembly dynamics results in apparent polymer displacement over time [START_REF] Shaw | Sustained microtubule treadmilling in Arabidopsis cortical arrays[END_REF][START_REF] Vos | Microtubules become more dynamic but not shorter during preprophase band formation: a possible "search-and-capture" mechanism for microtubule translocation[END_REF]) (Fig. 18A). This treadmilling movement is one of the features that mediate reorganization of the array.

It has been shown that microtubules are also able to agglomerate in bundles through selforganization processes, involving encounters between microtubules. The frequency of these encounters is itself modulated by the intrinsic microtubule-assembly dynamics. Microtubules interact with a variety of protein named microtubules-associated proteins (MAPs, around 200 in Arabidopsis). One of the roles of those proteins is to regulate CMTs dynamics notably by helping CMTs bundling or by facilitating the attachment of microtubules to the plasma membrane [START_REF] Lloyd | Interactions between the plasma membrane and the cytoskeleton in plants[END_REF]. This attachment restrains cortical microtubule to a thin shell that can be view in a twodimensional surface and is essential for a proper organization and function of the microtubule array.

The detachment of CMTs from the membrane causes a loss of growth anisotropy [START_REF] Ambrose | CLASP Interacts with Sorting Nexin 1 to Link Microtubules and Auxin Transport via PIN2 Recycling in Arabidopsis thaliana[END_REF][START_REF] Dhonukshe | Alteration of Microtubule Dynamic Instability during Preprophase Band Formation Revealed by Yellow Fluorescent Protein-CLIP170 Microtubule Plus-End Labeling[END_REF]. In this two-dimensional plane, dynamics microtubules can encounter preexisting cortical microtubules. This interaction with preexisting CMTs results in several outcomes depending of the angle of the collision. Typically a shallow-angled collision between a growing microtubule and a preexisting microtubule result in phenomena called zippering et al., 2006).
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in which the plus end of the microtubule grows parallel to the barrier microtubule to form bundles [START_REF] Dixit | Encounters between dynamic cortical microtubules promote ordering of the cortical array through angle-dependent modifications of microtubule behavior[END_REF]. This parallel attachment of microtubules is stabilized with MAPs proteins, like MAP65, that promotes bundling. On the other hand a steep angle results either in microtubule crossover, the growing microtubule continues to grow [START_REF] Wightman | Severing at sites of microtubule crossover contributes to microtubule alignment in cortical arrays[END_REF], across the barrier microtubule. However during this process microtubules plus ends could switch from a phase of growth to shrinkage after contact with another microtubule, this is termed as catastrophe.

As CMTs control the deposition of cellulose microfibrils that control directional growth occurring under isotropic turgor pressure, we can intuitively postulate that CMTs organization affect growth direction. In the absence of a central control mechanism, a self-organizational mechanism driven by the dynamics and interactions of CMTs has been proposed to play a major role in shaping CMT arrays [START_REF] Dixit | Encounters between dynamic cortical microtubules promote ordering of the cortical array through angle-dependent modifications of microtubule behavior[END_REF][START_REF] Ehrhardt | Microtubule dynamics and organization in the plant cortical array[END_REF][START_REF] Wasteneys | Microtubule organization in the green kingdom: chaos or self-order?[END_REF][START_REF] Wasteneys | Spatial organization of plant cortical microtubules: close encounters of the 2D kind[END_REF]. Different models have tried to understand which phenomenon are essential to have on organized CMTs array in order to drive anisotropic growth via the deposition of cellulose microfibril (Fig. 18B).

Whereas some model predicted a parallel orientation, by an increase of catastrophe event causing by steep-angle collision of MTs [START_REF] Dixit | Encounters between dynamic cortical microtubules promote ordering of the cortical array through angle-dependent modifications of microtubule behavior[END_REF] others claim that zippering event are essential [START_REF] Allard | Mechanisms of Self-Organization of Cortical Microtubules[END_REF]. Interestingly, in the simplest scenario, microtubule encounters can be limited to a 2D layer and the action of microtubule regulators can thus be related more simply to the behavior of such a network [START_REF] Wasteneys | Spatial organization of plant cortical microtubules: close encounters of the 2D kind[END_REF]. The main problem of those models lies in the fact that it only considers a limited set of parameters of CMTs dynamics, and cannot take into account all biological data (for the summary of assumptions in models of CMTs organization see [START_REF] Eren | Computer simulation and mathematical models of the noncentrosomal plant cortical microtubule cytoskeleton[END_REF]. Moreover, despite the preponderance of 2D geometry for cortical microtubule array organization, the 3D geometry of the cell may also be important (see e.g. [START_REF] Ambrose | A CLASP-modulated cell edge barrier mechanism drives cell-wide cortical microtubule organization in Arabidopsis[END_REF]. Last, the impact of neighboring cells on microtubules might be more important than usually pictured, notably through the impact of differential growth on contiguous cell walls. It is also essential to experimentally test the validity of the assumptions. This is already partially the case notably for the implication of severing event in CMTs organization (see next section).

A central role of microtubule severing

As seen previously microtubules are able to undergo different events, such as nucleation, polymerization, depolymerization, zippering, catastrophe events, in the absence of focused spr2-1 (from (Wightman et al., 2013). (E) Quantitative correlation between SPR2 accumulation and the presence of crossovers (Wightman et al., 2013). (F) In pavement cells, SPR2 accumulates at microtubule crossover sites, where it stabilizes these crossovers and prevents severing. In contrast, in the adjacent petiole cells, SPR2 is constantly moving along the microtubules, exposing crossover sites that become substrates for severing. Red arrows represent KATANIN (cleavage event) and blue dot represent SPR2 (from Wightman et al., 2013). Here I will focus on severing event because this process plays a central role for CMTs array organization. First of all, in plants CMTs are not stably attached to their nucleation sites. The minus ends of new microtubules are usually released from the sites of nucleation by a severing event [START_REF] Nakamura | Microtubule and katanin-dependent dynamics of microtubule nucleation complexes in the acentrosomal Arabidopsis cortical array[END_REF] and released microtubule fragments are transported through the cytoplasm by polymer treadmilling. The inability to release CMTs from nucleation site through reduced severing was shown experimentally [START_REF] Burk | A katanin-like protein regulates normal cell wall biosynthesis and cell elongation[END_REF], consistent with providing microtubule network organizations and with predictions from computer simulation [START_REF] Allard | Mechanisms of Self-Organization of Cortical Microtubules[END_REF]. Second, severing events also occur at sites of microtubule crossovers and were shown to generate ordered CMTs array [START_REF] Wightman | Severing at sites of microtubule crossover contributes to microtubule alignment in cortical arrays[END_REF][START_REF] Zhang | Microtubule Severing at Crossover Sites by Katanin Generates Ordered Cortical Microtubule Arrays in Arabidopsis[END_REF]. Altogether these observations highlight the role of severing event in the CMT array organization.

The protein complex involved in most of the severing processes is a heterodimeric protein, composed of a regulatory subunit of 80kDa and a catalytic subunit of 60kDa requiring ATP hydrolysis to sever microtubules, named KATANIN (McNally and Vale, 1993).

This protein is conserved in all eukaryotes and was originally purified in extracts from sea urchin eggs. Initially katanin activity was only associated with centrosomal microtubules, and no evidence were found that is also play a role on non-centrosomal microtubules as it is the case in plants for instance. Nevertheless its role on non-centrosomal microtubules starts to be highlighted notably thanks to work done on plants, but also in animals. For instance katanin activity was proposed to play a role in axonal growth [START_REF] Qiang | Basic fibroblast growth factor elicits formation of interstitial axonal branches via enhanced severing of microtubules[END_REF] and cell migration [START_REF] Zhang | Drosophila katanin is a microtubule depolymerase that regulates cortical-microtubule plus-end interactions and cell migration[END_REF].

KATANIN is the best-characterized and dominant plant microtubule-severing protein. The gene coding for the catalytic subunit in Arabidopsis thaliana was identified by different team during the same years using a screen approaches (Bichet et al., 2001a;[START_REF] Burk | A katanin-like protein regulates normal cell wall biosynthesis and cell elongation[END_REF][START_REF] Mcclinton | cDNA isolation, characterization, and protein intracellular localization of a katanin-like p60 subunit from Arabidopsis thaliana[END_REF]. This gene was named BOTERO1 (BOT1), FAT ROOT (FTR), FRAGILE FIBERS (FRA2) or

AtKSS. In the mutant background authors reported defects in CMTs orientation (Bichet et al., 2001b;[START_REF] Burk | Alteration of Oriented Deposition of Cellulose Microfibrils by Mutation of a Katanin-Like Microtubule-Severing Protein[END_REF] leading to an alteration of oriented deposition of cellulose Microfibrils [START_REF] Burk | Alteration of Oriented Deposition of Cellulose Microfibrils by Mutation of a Katanin-Like Microtubule-Severing Protein[END_REF] required for anisotropic cell expansion leading to morphological defects (Fig. 19A).

A few regulators of KATANIN activity are known. Auxin was shown to activate KATANIN through the ROP6-RIC1 signaling pathway controlling interdigitated pavement cell growth [START_REF] Lin | Rho GTPase Signaling Activates Microtubule Severing to Promote Microtubule Ordering in Arabidopsis[END_REF][START_REF] Xu | Cell Surface-and Rho GTPase-Based Auxin Signaling Controls Cellular Interdigitation in Arabidopsis[END_REF]. Blue light was also shown to stimulate katanin activity at site of 
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crossover sites leading to a reorientation of the CMTs array along the longitudinal axe of the cell in hypocotyl [START_REF] Lindeboom | A Mechanism for Reorientation of Cortical Microtubule Arrays Driven by Microtubule Severing[END_REF] (Fig. 19B). The microtubule response to subcellular and supracellular mechanical stresses depends on katanin-based severing activity (Sampathkumar et al., 2014;Uyttewaal et al., 2012). Moreover severing at sites of microtubules crossover by KATANIN was shown to be a key player to generate ordered cortical microtubule array [START_REF] Wightman | Severing at sites of microtubule crossover contributes to microtubule alignment in cortical arrays[END_REF][START_REF] Zhang | Microtubule Severing at Crossover Sites by Katanin Generates Ordered Cortical Microtubule Arrays in Arabidopsis[END_REF] (Fig. 19 C-F).

The spr2-1 mutant is defective in directional cell elongation and exhibits right-handed helical growth in longitudinally expanding organs such as root, hypocotyl, stem, petiole, and petal (Fig. 20 A-C). Moreover this mutant is more sensitive to microtubule-interacting drugs than WT plants (Shoji et al., 2004), and the localization of SPR2-fused with a green fluorescent protein was observed to correlate with CMTs. Those observation, in addition to other experiments (see Shoji et al., 2004) suggest that SPIRAL2 (SPR2)/ TORTIFOLIA1 (TOR1), is a microtubule-associated protein (MAP). SPR2 being allelic to TORTIFOLIA1 [START_REF] Furutani | The SPIRAL genes are required for directional control of cell elongation in Aarabidopsis thaliana[END_REF] we refer to this locus as SPR2 thereafter. The SPR2 gene encodes a plant-specific 94-kD protein containing HEAT-repeat motifs mostly at the N-terminus that are implicated in protein-protein interaction (Buschmann et al., 2004;Shoji et al., 2004). The effect of SPR2 in CMT array was proposed after the observation of the orientation of MTs in tor1/spr2 hypocotyls by immunofluorescence and a correlation between a complex reorientation of cortical microtubules and the twists in a right-handed manner observed in growing hypocotyl of the mutant (Buschmann et al., 2004). Later, SPR2 has been proposed to inhibit katanin-based MT severing, specifically at crossover sites (Wightman et al., 2013;[START_REF] Zhang | Microtubule Severing at Crossover Sites by Katanin Generates Ordered Cortical Microtubule Arrays in Arabidopsis[END_REF] (Fig. 20D-E).

Interestingly, this inhibition of the katanin activity suggests that network topology, i.e. the number of crossovers, plays a regulatory role in microtubule dynamics, and thus in the final microtubule network in a feedback loop. Consistently, in contrast to bot1.7 (Katanin loss of function mutant allele) where the microtubule network is isotropic, CMTs array in spr2-1 are highly anisotropic, thanks to an increase in severing activity (Wightman et al., 2013) (Fig20F).

A relation between mechanical stress and microtubules

As seen previously, there is an interaction between CMTs and CESA complexes leading to a correlation between CMTs and cellulose microfibrils orientation and controlling growth anisotropy.

But what is controlling CMT orientation? For a long time, it was proposed that mechanical stress can orient the fibrillar structure of the cell wall [START_REF] Castle | Membrane tension and orientation of structure in the plant cell wall[END_REF]. Then the relationship between microtubules and strain was also analyzed [START_REF] Green | Mechanism for Plant Cellular Morphogenesis[END_REF][START_REF] Wasteneys | Microtubule organization in the green kingdom: chaos or self-order?[END_REF]Williamson, 1987, 1989) and it was proposed that stress can control the orientation of microtubule array [START_REF] Green | A Mechanism for the Origin of Specifically Oriented Textures in Development with Special Reference to Nitella Wall Texture[END_REF][START_REF] Williamson | Alignment of Cortical Microtubules by Anisotropic Wall Stresses[END_REF] and in turn control the deposition of cellulose microfibrils. But at this stage this relation was mostly theoretical and experimental test were required in order to validate this theory.

This theory was first tested by two different approaches using protoplasts (Protoplasts are wall-less plant cells). A reorientation of microtubules parallel to the centrifugal force vector was observed after centrifuging protoplasts and lead to growth perpendicular to this axis in recovered protoplast, corresponding to the stage when the cell was is re-synthesized [START_REF] Wymer | Plant cell growth responds to external forces and the response requires intact microtubules[END_REF]. Similarly the stretching of protoplasm lead to a reorientation of microtubule arrays [START_REF] Fisher | Mechanical forces in plant growth and development[END_REF].

At this stage the existence of mechanical stress direction was only shown for single cell systems, even if it was postulated that the outer cell layers of plant tissues might mechanically restrict the growth of the inner tissues, which would put the outer cell layers under tension and the inner tissues under compression (Hofmeister, 1859 ;[START_REF] Peters | The history of tissue tension[END_REF]. This can be shown experimentally by peeling the outer teguments (OTs) of etiolated sunflower hypocotyls. After peeling, the outer teguments retracted instantly whereas the inner tissues (ITs) expanded [START_REF] Kutschera | The epidermal-growth-control theory of stem elongation: an old and a new perspective[END_REF]) (Fig. 21A). This simple experiment supports the fact that the epidermis in plants is under tension and surround internal tissues that are under compression and suggests that the epidermis restricts and thus channels growth. This is also consistent with the observation that epidermal cells usually have thicker outer cell wall than cells of inner tissues (Fig. 21B).

Based on those three assumption:(i) The tissue is elastic (ii) the outer wall of the epidermal layer supports the turgor pressure and acts as a limiting factor for growth, and (iii) the outer wall of the epidermal layer is under a uniform pressure from the inside allow us to see plants as pressure vessel.

Therefore the stress pattern becomes highly dependent on the shape of the tissue.

The next step was to verify if microtubules orientation also depend on the mechanical stress pattern at the tissue level. In order to answer this question, the shoot apical meristem (SAM) of

Arabidodopsis thaliana was used because of it particular geometry and because it undergoes complex shape transformations during development [START_REF] Vernoux | Auxin at the shoot apical meristem[END_REF]. The mechanical stress pattern modeled based on the geometry of the tissue, was correlated with CMTs orientation. In fact in the apical dome, represented as a spherical dome where tensile stress is supposed to be isotropic, an absence of preferential direction for CMTs is observed. In contrast, the geometry of the boundary between the meristem and a young primordium leads to strongly anisotropic tensile stresses. Anisotropic CMT arrays were found in the boundary, and they align along the axis of the boundary, matching maximal tensile stress direction. Altogether, this suggests that microtubules may orient along maximal stress orientation in the meristem (Hamant et al., 2008). This hypothesis was further consolidated using 2D stress-feedback model on cells extracted from the confocal data.

CMTs in each cell depend on the local stress pattern. Finally this was confirmed experimentally and using modeling by making small ablation in the tissues by killing one or few cells in order to change the stress pattern at the tissue level. While the model predicts the existence of circumferential stresses around the dead cell, one can observe a circumferential reorientation of CMTs around the ablation during experiment on the SAM (Hamant et al., 2008) (Fig. 22). This confirms a reorientation of CMTs in the presence of a mechanical stress.

Altogether these data suggest the existence of a mechanical feedback loop where microtubules orient the deposition of cellulose leading to the control of growth direction, affecting in the end morphogenesis. In turn, the shape of the tissue prescribes global mechanical stress pattern orienting CMTs (Fig. 23).

This mechanical feedback loop was also observed at the cellular level. In fact a good correlation was found between CMTs and mechanical stress pattern in Arabidopsis cotyledon pavement cells, this was proposed to regulate pavement cell shape (Sampathkumar et al., 2014). One interesting observations that cell-shape derived stresses could be overridden by imposed tissue level stresses, showing competition between subcellular and supracellular cues to control CMT orientation.

Beyond microtubules, there is evidence that plants are able to sense mechanical signals to control their growth.

Mechanical signal and plant behavior

Contrary to animals, plants are not able to move. Thus, during their life, they are constantly challenged by a wide spectrum of environmental stresses. A part of those perturbations contain mechanical signals, such as wind, heavy rains, touch or attacks by herbivores. In order to survive in this environment, plants need to adapt their behavior to these physical cues through a process called thigmomorphogenesis.

Although this may appear rather anecdotical, thigmomorphogenesis can have a dominant impact on architecture. For instance, Leonardo da Vinci observed that "all the branches of a tree at every stage 
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of its height when put together are equal in thickness to the trunk". This very simple observation was then proposed to be the best design for a tree to resist wind-induced fracture [START_REF] Eloy | Leonardo's Rule, Self-Similarity, and Wind-Induced Stresses in Trees[END_REF].

The response to mechanical stimuli is composed of two-step. First, plants need to sense mechanical cues. For instance intracellular pressure could be altered in response to a mechano-stimulus leading to the translocation of subcellular organelles and generating downstream cascade [START_REF] Chehab | Thigmomorphogenesis: a complex plant response to mechano-stimulation[END_REF]. The stretching and relaxation of the cell membrane in response to mechanical stimulation of the cell wall may also be recorded, notably through stretch-activated channels consistent with the observation that mechanical stimuli are often associated with a burst of intracellular Ca2+ [START_REF] Ding | Mechanosensory calcium-selective cation channels in epidermal cells[END_REF][START_REF] Edwards | Detection and transduction of physical stimuli in plants[END_REF][START_REF] Ward | Calcium-Activated K+ Channels and Calcium-Induced Calcium Release by Slow Vacuolar Ion Channels in Guard Cell Vacuoles Implicated in the Control of Stomatal Closure[END_REF]. Hormones like auxin, jasmonate, ethylene or reactive oxygen species are also involved in the signaling pathway leading to major physiological but also morphological changes [START_REF] Chehab | Thigmomorphogenesis: a complex plant response to mechano-stimulation[END_REF].

The response to mechanical perturbations can be very rapid in some case. In fact some plants own specialized cells within the tissues. For instance if one touches a leaf of Mimosa podia, the leaf folds within 1 sec. The same time range of response can be observe in Venus' Fly Trap leaf closure after the disturbing of a trigger hairs by an insect [START_REF] Braam | In touch: plant responses to mechanical stimuli[END_REF] (Fig. 24A). Mechanosensitive responses can also be use in order perpetuate a species. One fascinating example is the behavior of the dimorphic flowers of Catasetum. Male flowers are able to fire pollen sacs on a pollinator after mechanical contact between antennae and the center of the flower [START_REF] Braam | In touch: plant responses to mechanical stimuli[END_REF][START_REF] Simons | The Action Plant[END_REF]). It works as the trigger of a gun that released the bullet once it is touched. Moreover this event might be so traumatic that the bee would only choose female flower in the future, allowing fertilization and propagation of the species [START_REF] Romero | Sexual dimorphism in catasetum orchids: forcible pollen emplacement and male flower competition[END_REF].

Thigmomorphogevesis includes other rapid events such as the rapid induction of TCH gene expression. TCH genes were found in a differential cDNA library screen for rapidly up-regulated genes following touch and other forms of mechano-stimulation [START_REF] Braam | Rain-, wind-, and touch-induced expression of calmodulin and calmodulin-related genes in Arabidopsis[END_REF]. Most of those genes are Ca 2+ binding protein and notably calmodulin-like proteins (CaML) able to trigger downstream signal [START_REF] Lee | Genome-wide identification of touch-and darkness-regulated Arabidopsis genes: a focus on calmodulin-like and XTH genes[END_REF]. Interestingly another of gene family that is well represented are cell wall-associated protein genes and particularly xyloglucan endotransglucosylase/hydrolase (XTH) genes. For instance nearly half of the 33 XTH genes in Arabidopsis are induced by touch [START_REF] Lee | Genome-wide identification of touch-and darkness-regulated Arabidopsis genes: a focus on calmodulin-like and XTH genes[END_REF]. Alteration of those genes, involved in the remodeling of the cell wall, is consistent with morphological changes occurring during thigmomorphogenesis. Other genes were also upregulated during mechanical perturbation, for instance the expression level of the transcription factor PtaZFP2 correlates to the amount of bending in poplar stems [START_REF] Coutand | Strain Mechanosensing Quantitatively Controls Diameter Growth and PtaZFP2 Gene Expression in Poplar[END_REF]. However, so far, most mutants in TCH genes have very little impact on morphogenesis, thus questioning their exact role in the long-term response associated with thigmomorphogenesis.

Indeed, thigmomorphogenesis cannot be reduced to a short-term molecular response; it is actually mainly describing a long-term growth response. For instance touching 2 or 3 times for few minutes every-day lead to a delay and an inhibition of inflorescence elongation in Arabidopsis leading to dwarf phenotypes [START_REF] Braam | In touch: plant responses to mechanical stimuli[END_REF] (Fig. 24B). This shows that plants are able to record multiple mechanical signals and translate it into growth. The microtubule response to tension also shows that plant cells are able to sense continuous stress over several hours.

Mechanical signal generated by the growth of the embryo against the endosperm in developing seed of Arabidopsis were shown to trigger the activation of the ELA1 gene in a specific cell layer after several hours [START_REF] Creff | A mechanically sensitive cell layer regulates the physical properties of the Arabidopsis seed coat[END_REF]. A last example is the expression of the homeobox gene SHOOT MERISTEMLESS (STM) with quantitatively correlated to curvature in the saddle-shaped boundary domain of the shoot apical meristem in Arabidopsis [START_REF] Landrein | Mechanical stress contributes to the expression of the STM homeobox gene in Arabidopsis shoot meristems[END_REF]. As this boundary reflects the presence of a highly anisotropic mechanical stress [START_REF] Burian | A correlative microscopy approach relates microtubule behaviour, local organ geometry, and cell growth at the Arabidopsis shoot apical meristem[END_REF]Hamant et al., 2008), STM was proposed to be induced by mechanical stress and this was further shown through mechanical perturbations. More generally this shows that plants are able to sense external and internal mechanical stress, both in short term and long term responses, to control their morphogenesis.

Altogether, we reach a rather detailed picture of the molecular bases of wall extensibility and its molecular and mechanical control; the relation between these molecular actors and growth would remain correlative if the effects were not integrated into a quantitative framework. Several quantitative methods have been developed in recent years to attempt to establish causal links between this biochemistry, biomechanics and growth. In the following, I will detail these approaches and explain how they also provided new questions.

1.7. Quantitative approaches to relate the molecular bases of growth to shape changes 1.7.1. Quantifying microtubule behavior

In order to quantify microtubule behavior, specific image analysis tools have been developed. For instance customized softwares, like MicroFilament Analyzer (MFA), are available for the quantification of the orientation of filamentous structures on digital images. The main advantage of such tools is their automation, allowing high-throughput screens [START_REF] Jacques | MicroFilament Analyzer identifies actin network organizations in epidermal cells of Arabidopsis thaliana roots[END_REF]. However, they often involve an image pre-processing stage that may bias the output. They also involve specific software, which are not always accessible to all (for review on those methods [START_REF] Sander | Comparison of 2D fiber network orientation measurement methods[END_REF].

A method based on the concept of nematic tensor analysis (NTA), called FibrilTool, which can provide a quantitative description of the anisotropy of fiber arrays and their average orientation in cells, directly from raw images obtained by any form of microscopy was developed (Boudaoud et al., 2014). This method was for instance used in a study to quantitatively monitor the average orientation and anisotropy of CMT arrays in meristematic cells in different genetic backgrounds (Uyttewaal et al., 2012). It was also used in order to quantify microtubules reorientation and increase anisotropy induced by mechanical stress in cotyledons (Sampathkumar et al., 2014).

Unfortunately like all methods it has its limitations and this is why, in collaboration with our partners in Sapporo, Japan, we developed a new protocol. My contribution to this work was to provide data to test the tool and assess the results. The method is presented in the annex 1 of this thesis. Here I only quote the main rationale for the development of this method: « despite the attractive features of NTA, the full power of NTA is impeded by several limitations of the current form of the method. Specifically, the ROIs used to evaluate the fibrillar orientation and anisotropy are usually chosen a priori, e.g., the cell region bound by the anticlinal cell wall is the most common choice of ROI to evaluate the overall CMT orientation of whole cells. This causes problems when applied to cells with larger sizes, such as hypocotyl cells, giant cells in the Arabidopsis sepal, and pavement cells with abnormal cell shapes that resemble jigsaw puzzles, in which the heterogeneity of fibrillar alignments within the cell is expected to be crucial to understand the local variation of growth and mechanical properties at the subcellular level. Furthermore, a systematic error estimation of the evaluated fibrillar orientation and anisotropy is absent in NTA, which may also 
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cause problems if the calculated orientation and anisotropy are subject to further statistical analyses that require the information of error rates to make quantitative statements of the system, e.g., when

evaluating orientation correlations at the sub-and intracellular levels. In this study, we focus on the estimation of error in the NTA associated with the sampling error from a finite number of intensity gradient vectors in the ROI, which should be distinct from the dispersion from the mean orientation. » In order to resolve those problems our collaborators developed a new method that give rise to the following article where I was second author. « Extracting Subcellular Fibrillar Alignment with Error Estimation: Application to Microtubules » (See annex 1).

Quantifying growth

Development and morphogenesis of multicellular organisms can easily be viewed at the wholeorganism level. But this global evolution is the result of local shape changes at the level of each cell. In order to test the relation between the effector of growth and growth itself, these shape changes must be quantified. This is notably a key step to formulate realistic hypotheses, and also feed mathematical models. In the past decades, progress has been made on two fronts.

First, image acquisition has become faster and more resolutive. This is for instance illustrated with the development of spinning disc confocal microscopy and resonant scanner confocal microscopy.

In that respect, most of the images presented in my thesis were acquired with SP8 Leica microscope with a resonant scanner, facilitating the acquisition of large stacks without too much photobleaching. Light sheet microscopy is also becoming more and more widespread (e.g. [START_REF] Keller | Reconstruction of Zebrafish Early Embryonic Development by Scanned Light Sheet Microscopy[END_REF][START_REF] Maizel | Highresolution live imaging of plant growth in near physiological bright conditions using light sheet fluorescence microscopy[END_REF], but is not adaptable to all samples, and notable thick and opaque plant samples.

Second, image analysis has become more and more resolutive and integrative. Some methods are based on the growth of the full organ [START_REF] De | Molecular control and function of endoreplication in development and physiology[END_REF] or some region (Kuchen et al., 2012;[START_REF] Remmler | Computational Method for Quantifying Growth Patterns at the Adaxial Leaf Surface in Three Dimensions[END_REF]. Those methods do not take into account the behavior of individual cells. Others methods allow quantification at the cellular level and also the tracking of cell lineages through time in 3D [START_REF] Fernandez | Imaging plant growth in 4D: robust tissue reconstruction and lineaging at cell resolution[END_REF][START_REF] Serrano-Mislata | Active Control of Cell Size Generates Spatial Detail during Plant Organogenesis[END_REF]. Note however that 3D quantification is computationally expensive and technically challenging. In order to allow faster analysis, quantification can also be done on 2D image projections [START_REF] Butler | Cell shape changes indicate a role for extrinsic tensile forces in Drosophila germ-band extension[END_REF][START_REF] Chickarmane | Computational Morphodynamics: A modeling framework to understand plant growth[END_REF]Kuchen et al., 2012). This works well, except for curved tissues for which geometrical artifacts are introduced. The distortions due to the projection quickly become too large as the angle between the surface of the sample and the projection plane increases. During my thesis I used software called MorphoGraphX (Barbier de Reuille et al.). This software developed by our partners in Cologne, Germany, bridges the gap between 3D and 2D quantification by working directly with curved surface images extracted from 3D data. Briefly, from an image stack, MGX detects the edges of the object, and then creates a mesh on this surface. Then fluorescence below the surface is projected onto the surface, providing signal on a surface in 3D (Fig. 25). This is perfectly suited when focusing on growth in the epidermis. For example it was used to analyze time-lapse images of leaflet growth [START_REF] Vlad | Leaf Shape Evolution Through Duplication, Regulatory Diversification, and Loss of a Homeobox Gene[END_REF] or monitor growth in tomato vegetative shoot apices in order to study organogenesis (Kierzkowski et al., 2012). In our team, it was used to correlate curvature in the shoot apical meristem boundary and the expression of the homeobox gene STM [START_REF] Landrein | Mechanical stress contributes to the expression of the STM homeobox gene in Arabidopsis shoot meristems[END_REF].

Mechanical models of growth

Beyond the imaging and quantification of growth and cell effectors, it remains to know whether hypotheses that emanates from this work are plausible. By providing a mathematical proof that an hypothesis is plausible or not, modeling is becoming more and more important in developmental biology, notably when dealing with the complexity of multicellularity. Modeling is also essential when studying mechanical signals, simply because forces are in essence invisible and thus absolutely require such an indirect tool to be represented in tissues.

Shape changes involve changes in structure, and thus the laws of physics. In other words, growth is a mechanical process and in order to understand morphogenesis of multicellular plants one need to model mechanical interactions between cells and their feedbacks. Two types of modeling approaches are currently being used. The first one is based on 2D surface composed of vertices connected by springs (mass spring models). Growth of each region vertices is implemented by changing the resting lengths of the springs until equilibrium. This translates by inserting extra lengths of material into the springs [START_REF] Coen | The genetics of geometry[END_REF]). The second one, and probably the most commonly used today, is based on the finite elements method (FEM). In this method, instead of using springs between vertices, the continuum is tiled by a finite number of elastic elementary components (usually triangles). This method is particularly adapted to model growth in three dimensions [START_REF] Coen | The genetics of geometry[END_REF]. Moreover 3D meshes extracted from segmented images can be used as template for FEM modeling allowing to test model as close as possible from biological data [START_REF] Bassel | Quantifying morphogenesis in plants in 4D[END_REF]Bassel et al., 2014;[START_REF] Boudon | A Computational Framework for 3D Mechanical Modeling of Plant Morphogenesis with Cellular Resolution[END_REF].

Over the past decade a lot of tools was developed in order to monitor and quantify developmental events (for a review see [START_REF] Oates | Quantitative approaches in developmental biology[END_REF]. Improvement of microscopy methods, image analysis software coupling with the development of new fluorescent tools, allow scientists to make quantitative measurement of the dynamics of developmental processes at the molecular, cellular and tissue level. Not only this accelerated our understanding of morphogenesis, but it also generated new questions that were not amenable to analysis before. In particular, the question of stochasticity became more prominent, as it appeared to be more than just «white noise » [START_REF] Johnston | Stochastic mechanisms of cell fate specification that yield random or robust outcomes[END_REF][START_REF] Raser | Noise in Gene Expression: Origins, Consequences, and Control[END_REF].

Stochasticity during development

If we think at the easier way to give rise to robust organisms, in term of size and shape, that undergo a lot of processes during development like growth, division and differentiation, one could intuitively think that a tight regulation of many parameters would yield highly reproducible outcomes. In that scenario, random processes would be unimportant and would even disturb stereotypic development and lead to abnormal individuals in the population. However, recent evidence suggests that stochasticity is widespread in cellular and molecular mechanisms, and this has instead been related to the generation of robustness (Meyer and Roeder, 2014).

This variability can be viewed at the level of the organism. For instance it was shown in E.Coli that stochasticity in gene expression could be due to biochemical process of gene expression (intrinsic noise) and fluctuations in other cellular components (extrinsic noise) (Elowitz et al., 2002) (Fig. 26A-B). The origin of intrinsic noise is probably the main novelty here: when factors, like proteins, are in low copy number, then, any fluctuation in their number may have huge impact on the cell. In other words, the classic picture of a signaling cascade implies that each factor is in sufficiently high concentration to always pass on the information to the next factor in line, whether it is activation or an inhibition. Knowing now that many factors are in fact rare (in absolute number per cell), this view must be completely reframed, and fluctuations must have an important role in development. This question is only emerging but several cases can already illustrate this role. For instance, it was shown that dorsal closure in Drosophila embryogenesis is not the result of a well 
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choreographed and synchronized cell contraction, but instead is the result of stochastic contractions [START_REF] Martin | mRNA localization: gene expression in the spatial dimension[END_REF]. In plants this variability is also observed. Interestingly it was proposed that plastic plant phenotypes that vary between environments or variable phenotypes that vary stochastically within an environment might be advantageous in some cases. In other words, stochasticity occurs during development and can have a significant impact on promoting phenotypic diversity and survival in some environmental conditions at the scale of the individual [START_REF] Abley | Developmental mechanisms underlying variable, invariant and plastic phenotypes[END_REF] (Fig. 26C).

Stochastic cell behaviors in organs: Observations

During their lifespan, plants continuously grow and at the same time are exposed to changes in their environmental conditions. Nevertheless at the organ level, organ size is often controlled and reproducible. But if one changes scale and looks at the cellular scale carefully, a high degree of variability can be detected. This variability can be easily observed phenotypically. For instance leaf epidermis is composed of three different cell types: pavement cells, guard cells (two guard cells form a stomata) and trichomes [START_REF] Melaragno | Relationship between Endopolyploidy and Cell Size in Epidermal Tissue of Arabidopsis[END_REF]. The formation and patterning of trichome on leaf was studied in biological experiments and models. In wild type plants, two trichomes are almost never found next to each other. This would be the case if they were randomly distributed.

Nevertheless computational models show that this type of pattern is due to stochastic fluctuation from individual cells that gain higher levels of a promoting factor and produce more of a suppressing factor. In turn this production of the suppressing factor in this given cell will inhibit the neighboring cells more strongly [START_REF] Meinhardt | Applications of a Theory of Biological Pattern Formation Based on Lateral Inhibition[END_REF]) (Fig. 27A). This pattern is similar to that observed for trichomes and allowing a specific pattern at the level of the organ with an average distance of about three cells between developing trichomes, in wild type plants. Genes corresponding to promoting factor and suppressing factors are well described in the context of trichome formation and patterning (Summarized in Fig. 27B). This lateral inhibition is very similar of the Notch-Delta signaling pathway in animal [START_REF] Kubu | Developmental changes in Notch1 and numb expression mediated by local cell-cell interactions underlie progressively increasing delta sensitivity in neural crest stem cells[END_REF][START_REF] Morrison | Transient Notch Activation Initiates an Irreversible Switch from Neurogenesis to Gliogenesis by Neural Crest Stem Cells[END_REF][START_REF] Wakamatsu | Fate determination of neural crest cells by NOTCH-mediated lateral inhibition and asymmetrical cell division during gangliogenesis[END_REF]. Even if the patterning of trichome is well controlled spatially, it retains an element of stochasticity at its origin but also in the final output: if one takes two leaves, even from the same plants, and superimposes them, the position of trichomes would not be the same from one leaf to the other. This is notably because the initiation of the first trichome is stochastic. This stochasticity of the first event of the trichome patterning plays an important role in the stochasticity of cell type at the organ level. Using live imaging, Roeder et al., (2010) showed that cell size variability in the sepal epidermis is due to stochasticity in the time at which cells stop dividing and 
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enter the specialized endoreduplication cell cycle (Roeder et al., 2010). The same observation was made in stem epidermis and leaf epidermis, revealing a direct proportionality between nuclear DNA level and cell size [START_REF] Melaragno | Relationship between Endopolyploidy and Cell Size in Epidermal Tissue of Arabidopsis[END_REF].

Cell division also displays an element of stochasticity, with potential implication for growth and morphogenesis. For instance, the transcription factor JAGGED is required for growth of initiating floral organs in Arabidopsis by decoupling cell cycle from cell growth during organ emergence [START_REF] Schiessl | JAGGED controls growth anisotropyand coordination between cell sizeand cell cycle during plant organogenesis[END_REF]. In the meristem cell cycle and cell volume are linked where a certain cell volume must be attained to initiate entry into S phase of the cell cycle. Whereas is sepal primordia, where JAGGED is expressed, no correlation was found between S phase and cell volume (Fig. 28A). But more interestingly, petals and sepals of jagged-1 mutants are shorter and narrower than in wild type plants suggesting the intriguing possibility that cell heterogeneity may be important for proper organ growth and morphology.

As seen previously quantification of growth during development has made great progress and quantification of growth at cellular level showed considerable variability in the growth rate of individual cells in Arabidopsis. For instance cell of the leaf epidermis of Arabidopsis thaliana exhibit dramatically different growth rates (Elsner et al., 2012) (Fig. 28B). Moreover one given cell growing very fast at a given time can completely change its behavior and grow very slowly afterwards. In addition no clear correlation between growth rate and cell size, nuclear size, or anisotropy has been established, suggesting that plant cell growth is also largely stochastic.

Interestingly this variability was also found in other organs such the tomato vegetative shoot apices (Kierzkowski et al., 2012) or the shoot meristem of Arabidopsis (Uyttewaal et al., 2012). The differences between cell growth rates may induce mechanical conflicts. This would lead to local microtubule reorganizations and thus further restricts growth. Interestingly, using modeling and experiments, it was shown that this response does not promote growth homogeneity, but instead fuels growth heterogeneity. For instance local variability of growth rates is decreased in the atktn1 mutant, which exhibits a decreased response to stress, when compared to the wild type. The maintenance of growth heterogeneity through such mechanical feedback (and probably other pathways too) may prime cells for differential growth and thus potentiate organogenesis (Uyttewaal et al., 2012). 

Stochastic perturbation: methods

In order to understand the role of stochasticity during development one needs to be able to modulate it experimentally. To do so different tools are available. The first approach is to use mutants. For instance, as seen previously the atktn1 mutant, KATANIN protein is involved in the mechanical feedback leading to heterogenous growth rate between neighboring cells in the shot apical meristem (Fig. 29B). The removal of this protein lead to a more homogenous growth at the shoot apical meristem contributing in the end to morphological defects (Uyttewaal et al., 2012). A modulation of cell identity is also possible to affect cell heterogeneity in tissues. For instance a mutation in positive trichome-patterning genes regulators as GLABRA3 (GL3) and ENHANCER OF GL3 (EGL3) lead to leaf without trichomes. In contrast, a mutation negative trichome-patterning genes regulators as TRIPTYCHON (TRY) or CAPRICE (CPC) gene results in trichome clusters and an increased number of trichomes [START_REF] Kirik | The ENHANCER OF TRY AND CPC1 gene acts redundantly with TRIPTYCHON and CAPRICE in trichome and root hair cell patterning in Arabidopsis[END_REF]) (Fig. 29B).

Another approach is to express growth-controlling genes only in specific cell types or in specific regions using specific promoters in order to modify spatially or even temporally, if the expression of those promoters occurs at a given time during development, the normal pattern [START_REF] Cartolano | Enhanced AGAMOUS[END_REF][START_REF] Gruel | An epidermis-driven mechanism positions and scales stem cell niches in plants[END_REF].

Another possibility is to use a CRE-Lox system. This system was originally developed to activate gene expression in mammalian cell lines [START_REF] Sauer | Inducible Gene Targeting in Mice Using the Cre/loxSystem[END_REF]. This technique is based on recombination of specific sequences used to carry out, insertions, translocations and inversions at specific sites in the DNA (Fig. 30A). The system consists of a single enzyme, Cre recombinase, which recombines a pair of short target sequences called the Lox sequences. Based on the genetic background of the individual and the gene placed between two lox sequences, one can express or repress a given gene in random region of the organ or organism. In addition the expression of the Cre can be driven by an inducible promoter in order to control the timing of the system. This system was used in the Brainbow system to visualize synaptic circuits by creating a stochastic choice of expression between three or more fluorescent proteins leading to distinguish adjacent neurons and visualize other cellular interactions [START_REF] Livet | Transgenic strategies for combinatorial expression of fluorescent proteins in the nervous system[END_REF](Fig. 30B-C). Unfortunately this system also has its limitations. For instance a majority of cre strains exhibit some degree of unreported recombinase activity in mice. The cre can also be toxic. Mosaicism effect was also reported due to variability in cre activity [START_REF] Heffner | Supporting conditional mouse mutagenesis with a comprehensive cre characterization resource[END_REF]. Nevertheless this last aspect can be an advantage in some cases.

For instance if one wants to activate only few cells in a tissue in order to increase heterogeneity. test [START_REF] Livet | Transgenic strategies for combinatorial expression of fluorescent proteins in the nervous system[END_REF].

A B C

In mice, cre lox system are used a lot and database are available (see e.g. " International Knockout Mouse Consortium"). An embryonic stem cell library of targeted mutations of nearly all genes in the mouse genome, the majority of which are conditionally targeted using cre-loxP technology was created and is available for the community [START_REF] Gondo | Trends in large-scale mouse mutagenesis: from genetics to functional genomics[END_REF]. Unfortunately such a choice is not available for plants even if this system is used more and more, notably for plant biotechnology [START_REF] Gilbertson | Cre-lox recombination: Cre-ative tools for plant biotechnology[END_REF]. Nevertheless some labs succeed to use this system in order to express specific gene at a given location using specific promoter. For instance RETINOBLASTOMA-RELATED (RBR) was expressed under the control of WOX5, a promoter expressed in quiescent center cells within the root stem cell niche, showing a distinct cell-autonomous functions of RETINOBLASTOMA-RELATED depending of the tissue where it was activated [START_REF] Wachsman | Distinct cell-autonomous functions of RETINOBLASTOMA-RELATED in Arabidopsis stem cells revealed by the Brother of Brainbow clonal analysis system[END_REF]. The role of the transcription factors SCARECROW (SCR) and its cell-autonomous control of asymmetric cell division within the ground tissue was also shown using this technique [START_REF] Heidstra | Mosaic analyses using marked activation and deletion clones dissect Arabidopsis SCARECROW action in asymmetric cell division[END_REF]. The tracking of cell division in cell where SCR was endogenously activated avec Heat shock shows periclinal cell division as it the case in scr-2 mutant (Fig. 31). Here again problems were reported like the fact that the Cre, even tagged with a glucocorticoid receptor (GR), supposed to restricted it to the nucleus, may diffuse between cells though plasmodesmata [START_REF] Wachsman | Distinct cell-autonomous functions of RETINOBLASTOMA-RELATED in Arabidopsis stem cells revealed by the Brother of Brainbow clonal analysis system[END_REF]. Despite those problems, but as every technique, cre-lox system may be a powerful tool to perturb natural cell behavior in time or/and in space, and address the relation between cell heterogeneity, cell stochasticity and final organ shape.

Abaxial sepal as a model

Arabidopsis floral organs allow robustness in organogenesis to be assessed within a single plant.

Sepals being most accessible and relatively flat, they appear as systems of choice for that question.

Each flower has four sepals, approximately, of the same size and an individual plant produces more than 60 flowers, allowing a statistical assessment of organ size variability within an individual organism, which generally cannot be done in animals, or between individuals. We have chosen the abaxial sepal, which is the outermost leaf-like floral organ, for its accessibility for imaging and micromanipulation; the abaxial sepal is the farthest from the stem axis. The whole process of organogenesis from a primordium to the mature organ can be observed with a confocal microscope (Roeder et al., 2010). The sepals open at maturity when the flower blooms. Sepals protect the developing reproductive organs of the flower, and their growth is tightly regulated to form an effective barrier. The abaxial sepal is largely insensitive to environmental fluctuations (unlike Sepals exhibit substantial variability at the cell level (Roeder et al., 2010), having a wide range of cell sizes on the abaxial epidermis. The abaxial epidermis of the sepal is composed of 4 different cell types: one or several unbranched trichomes (hair cells) can be observed; in addition the epidermis also contains guard cells, which constitute around 29% of the cells in the outer sepal epidermis; finally, small and giant cells composed the epidermis. Giant cells can stretch one fifth the length of the sepal (360 µm) whereas small cells usually stretch one hundredth the length of the sepal (10 µm) (Roeder et al., 2010) (Fig. 31B-C).

The variety of cell sizes is in part explained by variability in the timing of cell division (Roeder et al., 2010). In fact giant cells form very early in the development of the sepal by entering endoreduplication, a cell cycle in which the cell grows and replicates its DNA, but fails to divide [START_REF] Traas | Endoreduplication and development: rule without dividing?[END_REF]. Using flow cytometry to measure nuclear DNA content in mature sepals, it was

shown that giant cells could undergo as many as three endocycles (16C). Moreover DNA content correlates with giant cell size (Roeder et al., 2010). On the other hand, small cells continue to divide keeping their DNA to 2C or 4C corresponding to non-endoreduplicated nuclei. It was also shown that cell cycle regulators such as cyclins and cyclin-dependent kinases (CDKs) regulate this pattern influencing the probability with which cells enter endoreduplication early and become giant. This pattern can be modified by genetical modulation. For instance, overexpression of the CDK inhibitor KRP1 in the epidermis results in increased endoreduplication and causes numerous giant cells form in the sepals (Fig. 32D-E). Conversely, mutations in the SIAMESE family CDK inhibitor loss of giant cells from organs (lgo) cause an absence of giant cells due to a delay in the entry into endoreduplication (Roeder et al., 2010) (Fig. 32F-G).

Nevertheless it was also shown that giant cells are not only endoreduplicated cells, but have their own genetic identity [START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF] (Fig. 32H-M). Moreover endoreduplication is insufficient to induce giant cell identity. Genes members of the epidermal specification pathway, DEFECTIVE KERNEL1 (DEK1), MERISTEM LAYER1 (ATML1), Arabidopsis CRINKLY4 (ACR4) and HOMEODOMAIN GLABROUS11 (HDG11) regulates giant cell formation and identity acting upstream of endoreduplication [START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF]. For instance in the dek1-4 mutant, the expression of a giant cell enhancer, allowing the visualization of cells expressing giant cell identity, is strongly reduced even when KRP1 (more endoreduplication) is expressed. Conversely, endoreduplication represses small cell identity [START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF] (Fig. 32N). and HDG11 promote giant cell identity specification, which acts upstream of endoreduplication promoted by LGO to form a giant cell. Endoreduplication in turn directly or indirectly inhibits small cell identity (from Roeder et al., 2010 and[START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF].

Within the flower, sepals are unique in containing such a pattern of diverse cell sizes and consequently giant cells have been used as a marker for sepal organ identity [START_REF] Bowman | Genes directing flower development in Arabidopsis[END_REF].

Outside the flower, giant cells can also be found in the Arabidopsis leaf epidermis [START_REF] Melaragno | Relationship between Endopolyploidy and Cell Size in Epidermal Tissue of Arabidopsis[END_REF].

Like leaves, sepals exhibit robustness in organ size despite heterogeneity in cell numbers, size and shape [START_REF] Gonzalez | Leaf size control: complex coordination of cell division and expansion[END_REF][START_REF] Horiguchi | Organ size regulation in plants: insights from compensation[END_REF][START_REF] Johnson | Genetic control of plant organ growth[END_REF]. For example, although overexpression of KRP1 in the sepal epidermis reduces cell number by ~40%, the size of the sepal is only reduced by ~15% (Roeder et al., 2010). But mechanisms behind this 'compensation' remain unknown.

Objectives of the thesis

Biologists have often observed the confounding phenomenon that when cell division is inhibited during organogenesis, the remaining cells expand more to compensate so that the overall size of the organ remains nearly normal [START_REF] Day | Measuring dimensions: the regulation of size and shape[END_REF]. Likewise promoting cell division can result in increased numbers of small cells filling a normal sized organ. These observations have led to the hypothesis that there is a mechanism for sensing organ size and that cell division and growth can be somewhat uncoupled. However, it is difficult to draw a global picture from these data, and the mechanisms associated with compensation responses remain unknown. Mutants in organ shape and size have been identified [START_REF] Horiguchi | Organ size regulation in plants: insights from compensation[END_REF][START_REF] Narita | Overexpression of a novel small peptide ROTUNDIFOLIA4 decreases cell proliferation and alters leaf shape in Arabidopsis thaliana[END_REF][START_REF] Szécsi | BIGPETALp, a bHLH transcription factor is involved in the control of Arabidopsis petal size[END_REF], however, the corresponding conclusions rather position a network of master regulators upstream of the effectors of growth and cell division, but do not always specifically address the question of compensation specifically, or more generally the mechanism of final organ size control.

Organ-scale signals, i.e. morphogen gradients or force fields, can coordinate cell behavior, involving multiple feedback loops. Since growth remains locally heterogeneous, this also leads to the counterintuitive proposition that coordinating mechanisms may maintain and even enhance local heterogeneity; these mechanisms would also 'synchronize' cell stochasticity so as to yield consistent organs. Because of the recent progress in live-imaging techniques, micromechanics and modeling, the relation between cellular noise, cell-cell communication and global shape is now amenable to analysis.

Sepals exhibit substantial variability at the cell level (Roeder et al., 2010), having a wide range of cell sizes on the abaxial epidermis. Here we also want to address how this stochasticity at the cellular level can yield a uniform size for organs. The rationale is that if growth were homogeneous, neighboring cells would experience little residual mechanical stress and this may then hinder their ability to coordinate their growth, and thus control the final size of the sepal.

In previous work, the team showed that, in the shoot apex, cells are able to sense mechanical forces, and resist to them by orienting cortical microtubules, and thus cellulose deposition, along the maximal stress directions. This in turn contributes to shape changes (Hamant et al., 2008). The team also showed that the microtubule response to stress could enhance local growth heterogeneity in the shoot apex (Uyttewaal et al., 2012). In this thesis, we propose to focus on how these mechanical feedbacks, which notably emerge locally from differential growth between neighboring cells, contribute to the final sepal shape

This thesis is composed of 3 mains axis

Chapter 1: A role of mechanical signals in shaping sepal

The first aim of the thesis is to test whether the microtubule response to growth-induced stress contributes to sepal shapes in a feedback loop. To do so, we conducted an exhaustive analysis cells growth and cortical microtubules behavior in the growing sepal. As cortical microtubules guide cellulose deposition, the main load bearing component in plant cell walls, we are able to infer the mechanical anisotropy of cell walls in the sepal, and relate this information to the growth and final shape of sepals. Furthermore, as cortical microtubules align along maximal mechanical tensile stress direction, the analysis of microtubule behavior provides a readout for the local mechanical stress map in the sepal. The presence of a stereotypical behavior of microtubules during sepal growth was particularly informative, as differential growth within the sepal prescribes regional residual stress. Once quantified, this information have been used in computer models (developed in the team) and in experiments to investigate how mechanical forces may serve as signals controlling organ growth and shape.

Chapter 2: Beyond average/global growth response, the contribution of local heterogeneities in sepal shape

Building on the regional analysis of microtubule and growth in the Arabidopsis sepal, the second aim of the thesis is to investigate whether local growth heterogeneities between adjacent cells, and the associated mechanical conflict, either alter or contribute to the robustness of final sepal shapes.

To address this question we focused on trichomes, which are known to grow much faster than their neighboring cells before emergence, and tested whether a local perturbation of the stress pattern is filtered out or instead actively contribute to shape changes in the sepal using models, quantitative morphometric analysis and mutants impaired in microtubule dynamics.

Chapter 3: Investigating compensation mechanisms with growth mosaics

To go beyond the case of the trichome, the third aim of the thesis is to investigate whether the conclusions from chapter 2 can be generalized, i.e. explore whether any local perturbations in growth are propagated in the sepal and test whether these modifications are filtered out or instead actively contribute to shape changes in the sepal. To address this question we used genetic tools in order to modify growth rate of certain cells or cell clusters in growing sepals. To do so, we expressed genes encoding cell wall remodelers specifically in giant cells. To induce similar modifications in random cells and at specific stages of development, we used a heat shock inducible cre-lox system. Monitoring the development of the sepal, or the meristem, after local perturbations in growth and the impact of the final shape of the organ should help us better understand the process of compensation and its contribution to final organ size and shapes.

Chapter 1:

A 

INTRODUCTION

Recent evidence suggests that stochasticity is widespread in cellular and molecular mechanisms (Meyer and Roeder, 2014). This variability can be viewed at the level of the organism. For instance it was shown in E.Coli that stochasticity in gene expression emerges from the biochemistry of gene expression (intrinsic noise) and fluctuations in other cellular components (extrinsic noise) (Elowitz et al., 2002). Furthermore, in developing tissues, each cell exhibits it own behavior. For instance in plants, growth is not uniform in most tissues and neighboring cells can grow at highly different rates (Elsner et al., 2012;Hervieux et al., 2016;Kierzkowski et al., 2012;[START_REF] Tauriello | Variability and constancy in cellular growth of Arabidopsis sepals[END_REF]Uyttewaal et al., 2012). This observation raises the question of how variability and stochasticity observed at the level of each cell composing a tissue can lead to reproducible organ size and shape.

In theory, morphogen gradients may provide a supracellular synchronizing cue within a given region, leading in the end to reproducible shapes (Jaeger et al., 2008;Kuchen et al., 2012;Nelissen et al., 2012). However, even within such regions, adjacent cells can still display high level of growth heterogeneity (Hervieux et al., 2016;[START_REF] Martin | mRNA localization: gene expression in the spatial dimension[END_REF]Uyttewaal et al., 2012). Thus reproducible shapes in the presence of growth heterogeneity could emerge from the combination of many, partially overlapping, supracellular gradients. While there is evidence that indeed multiple morphogen gradients contribute to morphogenesis, it remains to be shown that such combination would be sufficient to generate heterogeneity within each individual cell. More pragmatically, because patterns of cell growth are not identical between individuals, growth heterogeneity cannot only be the result of a well-choreographed genetic regulation.

Mechanical signals were proposed to play a central role in the control of organ size and shape. For instance in organs where cells adhere to each other, differential growth generates mechanical conflicts between neighboring cells and the accumulation of mechanical stresses was proposed to trigger growth arrest at the level of the whole organ. This is the case in the wing imaginal disc in Drosophila, where faster growth in the outer part of the disc compresses internal cells, provoking an arrest in cell division (Aegerter-Wilmsen et al., 2007;Shraiman, 2005). In plants, a mechanical conflict emerges between the fast growing base and slow growing tip of the sepal; the resulting transverse tensile stresses at the tip was proposed to channel sepal shape, through an impact of stress on microtubule and cellulose deposition (Hervieux et al., 2016). While these studies show that mechanical stress can act as supracellular signals, they do not address the link between growth heterogeneity at the cell level and organ size and shape.

In theory, mechanical conflicts between adjacent cells should add noise to morphogen-derived growth patterns. In that scenario, such random processes would disturb stereotypic development and lead to abnormal individuals in the population. Because organ size and shapes are reproducible, while displaying heterogeneity at the cell level, this suggests instead that either noise is very low or that it is fully buffered.

On the one hand, it was proposed that a spatiotemporal averaging of cellular growth variability in sepal of Arabidopsis leads to precise organ shape. Such averaging mechanism involves the production of ROS, and in the simplest scenario does not involve a mechanical feedback (Hong et al., 2016). On the other hand, mechanical feedback from growth onto microtubule behavior has been proposed to amplify differences in growth rate between neighboring cells in the shoot apical meristem of Arabidopsis (Uyttewaal et al., 2012). Mechanical feedback would thus not act as buffering mechanism, but would instead increase noise. Reproducibility of organ size and shape thus results from these different noise-reducing and noise-amplifying mechanisms.

Here we investigate this question using the Arabidopsis sepal as a model system, for its variability in cell type (Roeder et al., 2010) and in cell growth rate (Hervieux et al., 2016;Hong et al., 2016;[START_REF] Tauriello | Variability and constancy in cellular growth of Arabidopsis sepals[END_REF]. More specifically, we show that a growth-induced stress around emerging trichomes impacts the behavior of cortical microtubules in adjacent cells, and that the strength of the response modulates the robustness of organ shape, while being optimally buffered in the WT.

RESULTS AND DISCUSSION

Fast growing cell lead to local modification of the stress pattern

A local modification of the maximal stress directions in a tissue under tension, by abating a cell, lead to a circumferential rearrangement of this principal stress directions around the ablation (Hamant et al., 2008;Sampathkumar et al., 2014). At the level of the tissue each cell grows at its own rate and it was proposed that a mechanical feedback allows cells to respond efficiently to mechanical forces generated by differential growth (Uyttewaal et al., 2012).

Here we test the impact of a fast growing cell on the pattern of stress in its neighbors. Although this is a model, we get inspiration from data on trichome development. To investigate the impact of local heterogeneity in the stress pattern between neighboring cells, we implemented a mechanical model of a tissue of 3D pressurized cells using the finite element method (FEM). The model construction follows Bassel et al. (2014) and consists of a single layer of 3D cells arranged as a staggered grid of rectangular boxes (Figure 1A). The cell wall was discretized into triangular membrane elements, with shared nodes on the walls connecting adjacent cells (Fig-

ure 1B

). We used an isotropic, linearly hyperelastic material model, with a Young's modulus of 300MPa, and a Poisson's ratio of 0.3. In the initial step of the simulation, cells were pressurized with a turgor pressure of 0.5MPa. The stress patterns created in the cells from the turgor pressure are shown in Figure 1C. Since all the cells are the same size and shape, the patterns are the same in all cells, except for minor differences at the edges due to boundary conditions. We next explored the impact of the fast growing trichome cells on the stress pattern in adjacent cells. One hypothesis is that the trichome develops increased turgor pressure (Ruan et al., 2001). To simulate this possibility, we increased the pressure in the central cell of our model to 1.0MPa and observed the effect on the stress in neighboring cells. A radial pattern of stress was observed (Figure 1D). A higher pressure in the trichome would also provide an explanation for its increased growth rate, since growth depends on both cell wall relaxation and turgor pressure [START_REF] Cosgrove | Plant cell wall extensibility: connecting plant cell growth with cell wall structure, mechanics, and the action of wall-modifying enzymes[END_REF][START_REF] Lockhart | An analysis of irreversible plant cell elongation[END_REF]Ruan et al., 2001). Using the growth model described in Bassel et al. 2014, we then grew the tissue by expanding the elements' resting shape. The growth rate was given as a parameter, however the actual expansion of the individual cells in the model depends on both the growth rate and the amount of stress in the cell wall. This caused the trichome to grow more quickly than surrounding cells since it has higher pressure.

Previously published simulations models have shown that when there is tissue tension, the load borne by an ablated cell is transferred to its neighbors, producing a radial pattern of tensile stress about the ablation (Hamant et al., 2008;Sampathkumar et al., 2014). We reasoned that an increased growth rate in the trichome could also have a similar effect. As the trichome grows, tissue tension would be transferred to its neighbors. We then simulated this scenario by applying tension to the boundary and an increased growth rate to the central cell. As in the previous simulation, a radial pattern of stresses emerged around the growing trichome, without requiring a difference in turgor pressure (Figure 1E). If the growth rate of the trichome is later reduced in the model, the radial pattern of stress disappears (data not shown). Altogether, these simulations suggest that a fast growing cell, like a trichome, can prescribe a local stress pattern.

Growth heterogeneity around a growing trichome leads to a stress-induced microtubule reorientation

We next tested this prediction experimentally. We use the abaxial sepal, which is the farthest of the fourth sepals from the stem axis. Sepals exhibit substantial variability at the cell level (Roeder, 2010), having a wide range of cell sizes and cell identities on the abaxial epidermis. Trichome is one of the cell types present in the abaxial epidermis of the sepal. Interestingly, and in contrast to e.g. leaves, trichomes emerge relatively late in sepal development, easing the analysis of its formation in time.

First, we confirmed that trichomes grow faster than their neighboring cells in sepals. To do so, we performed time-lapse imaging of emerging trichome on the abaxial sepal expressing a fluorescent plasma membrane marker. We used MorphoGraphX (Barbier de Reuille et al., 2015)to segment cells in the epidermis for each time point and analyze their growth properties. As hypothesized we can observe that a trichome cell is growing twice faster than its neighbors before its bulges out (Figure 2A-B). Although the number of time points once the trichome starts to elongate along the Z axis is low, growth in the XY plane seemed to decrease rapidly at that point, at least qualitatively.

We next investigated whether this local heterogeneity of growth rate leads to a mechanical conflict and a reorientation of principal stress directions as suggested in our model. Cortical microtubules (CMTs) align with maximal tensile stress at the tissue scale in the sepal (Hervieux et al., 2016), as well as in shoot meristems (Hamant et al., 2008)and pavement cells (Sampathkumar et al., 2014).

We thus used a microtubule marker (GFP-MBD) under the control of the CaMV35S promoter to visualize CMTs as a readout of principal stress directions. The sub-cellular alignment of CMTs was then analyzed from 2.5D extracted cell surfaces (Barbier de Reuille et al.; [START_REF] Tsugawa | Extracting Subcellular Fibrillar Alignment with Error Estimation: Application to Microtubules[END_REF].

Qualitatively, we observed that CMTs became circumferential at the base of the trichome during the period of fast trichome growth (Figure 2C). This circumferential CMTs pattern was then lost as the trichome start to budge out (Figure 2C). To quantify this behavior, we used a subcellular nematic tensor-based tool [START_REF] Tsugawa | Extracting Subcellular Fibrillar Alignment with Error Estimation: Application to Microtubules[END_REF] and quantified the CMT response in cells surrounding a growing trichome (Figure 2D). First we detected the center of the trichome cell using coordinates of junction points with neighboring cells.

We used a local circle of radius =1 m to generate anisotropy vectors in order to detect supra cellular CMTs orientation. Then we calculated the angle between the CMT array (as detected by our tool) and the center of the growing trichome (Figure 2E). Finally we defined three circles, with its center corresponding to the center of the trichome cell, with a radius of 10, 20 and 30 m and we calculated the mean orientation of all anisotropy vectors between two consecutive circles (Fig-

ure 2F

). Note that we use a weighted mean, to account for the array anisotropy: highly anisotropic arrays provide a higher degree of confidence in the orientation.

As expected from our qualitative observation and as predicted in our model, we measured a significant bias towards circumferential orientations for CMTs in the first ring around the growing trichome, i.e. between 10 and 20 m around the center of the trichome before it budged out (Figure 2G). Note that this response was less obvious in the outer ring, between 20 and 30 m, around the center of the trichome (Figure 2H). Using this method, we could also demonstrate that this circumferential organization disappeared once the trichome budged out, as predicted in our model.

The CMT response to growth-induced stress can be modulated genetically

To further test this response, we next used two mutants impaired in microtubule dynamics to investigate whether the circumferential CMT alignment around growing trichomes can be modulated, consistent with a modified response to stress. First we used the bot1-7, katanin allele (in WS-4 ecotype), in which CMTs response to stress is slower due to an impaired katanin-driven microtubulesevering activity (Hervieux et al., 2016;Sampathkumar et al., 2014;Uyttewaal et al., 2012). We first tested if mechanical stress generated by the differential growth between a growing trichome and neighboring cell affect CMTs organization. As expected, CMTs around a growing trichome was not as clear-cut as in the WT, at least qualitatively. We next quantified the CMT behavior as shown above. Although CMTs also became circumferential around a growing trichome in bot1-7, the response was slower and weaker during the growing phase of the trichome, when compared to the WT (Figure 2G-H). Also consistent with a slower CMT dynamics, a bias towards a circumferential organization was still detected in bot1-7 even after the trichome bulged out (Figure 2G-H).

We also tested the CMT response in the spr2-2 mutant. SPIRAL2/TORTIFOLIA is present at the site of microtubule cross-overs and has been proposed to prevent microtubule severing at those sites (Buschmann et al., 2004;Shoji et al., 2004;Wightman et al., 2013). In a spr2 mutant, severing is thus dramatically increased and microtubule can self-organize more rapidly. Consistently, the spr2 mutation has recently been shown to promote the CMT response to mechanical perturbations both in shoot meristems and sepals (Hervieux et al., 2016;[START_REF] Louveaux | The impact of mechanical compression on cortical microtubules in Arabidopsis: a quantitative pipeline[END_REF]. We thus reasoned that in a spr2 mutant background, the CMT alignment around growing trichomes should be enhanced.

In spr2-2 (in Col-0 ecotype), we observed circumferential CMTs around a growing trichome as expected. Nonetheless, our quantifications did not detect a significant difference between Col-0 and spr2-2 in the 10-20 m ring (Figure 2G). However, when analyzing the more distant cells from the trichome center (20-30 m ring), a bias towards circumferential CMTS was present in spr2-2, whereas this could not be detected in the WT (Figure 2H). The CMT circumferential alignment was also more stable in time in spr2-2 than in the WT, as it was still observed even after the trichome cell budged out, both in the 10-20 m and 20-30 m rings from the trichome center (Figure 2G-H).

Taken together these data suggest that the transient reorganization of CMTs around a growing trichome is largely due to a modification of mechanical stress pattern and the ability of CMTs to respond to this perturbation. Furthermore, a tight regulation of CMT dynamics mediated by katanin activity is needed to allow this transient response to occur, as observed in other tissues.

Reproducible organ shape depends on the strength of the mechanical response to growth heterogeneity Because regional mechanical stress generated by differential growth at the organ scale restricts sepal growth and shape in Arabidopsis (Hervieux et al., 2016), we next investigated whether more local conflicts, such as the one around a growing trichome, could have an impact on final sepal shape and size. To do so we performed a morphometric analysis of mature sepal and attempted to detect correlations with the number of trichomes in WT sepals and mutants with different responses to mechanical stress. Knowing that growth direction is biased towards the long axis of the sepal at the stage of development when trichomes appear, and that microtubules affect the mechanical anisotropy of cells wall through cellulose deposition guidance, we reasoned that growth anisotropy should be reduced in regions where the number of trichomes is high.

In the wild-type (both Col-0 and WS-4 ecotypes), we observed a correlation between the number of trichomes and sepal width (Figure 3A, n= 189 Col-0 sepals and 197 WS-4 sepals). Although the trend is weak, this observation seems consistent with an impact of trichomes on the growth pattern of the sepal, the circumferential microtubule alignments reducing the bias towards growth along the longitudinal axis of the sepal. Interestingly, this correlation was much stronger in spr2-2 (in Col-0 ecotype, N = 367 spr2-2 sepals) (Figure 3A). Note that bot1-7 is not represented here because of some technical issues at the time of the writing of the thesis: as sepals in bot1-7 are almost round and as width is sometime larger than length, our automatic analysis pipeline can make errors.

To go beyond width, we also are currently analyzing sepal contour with a pipeline developed by our collaborator, as shown in Hong et al., 2016. These results will be included when they become available, and may provide other interesting variables, such as contour roughness or variability in perimeter (Figure 3B-C).

Pending the last analysis discussed above, our data so far demonstrate that local growth heterogeneity and mechanical conflict can in principle affect final sepal shape, when the CMT response to stress is promoted (spr2 context). Conversely, since weak effect is observed in the WT, we propose the existence of buffering mechanisms to compensate these mechanical conflicts, arguably using such mechanical conflicts to produce reproducible size and shape in the end. The mechanisms behind such buffering remain to be identified and the CMT response to trichome growth offers a framework to explore this question with molecular and quantitative imaging tools. Superimposed outlines of mature stage 14 sepals were normalized by size to reveal differences in shape. The variation is the difference between the median outline (back) and that of the individual sepals (colored). Colors scale bar represents the number of trichomes for each sepal contour.

DISCUSSION

Our study on sepal trichomes suggests that differential growth between adjacent cells generates a mechanical conflict with neighboring cells, which in turn locally and transiently impact CMT orientations. Differential growth was already proposed to generate mechanical conflicts between different regions of a growing sepal (Hervieux et al 2016). A global level of growth heterogeneity between adjacent cells had also been proposed to self-maintain though a mechanical feedback on microtubules in shoots apical meristems (Uyttewaal et al., 2012). However in both of these studies, the local response of cells to differential growth had not been investigated or quantified. The novelty of the present study resides in such local analysis: we demonstrate in silico and in experiments that two adjacent cells growing at different speed can indeed respond to each other via a mechanical feedback.

Averaging variation in cellular growth over space and time is essential to achieve reproducible shape (Hong 2016). Nevertheless how this spatiotemporal averaging occurs is still unknown. Our results suggest that mechanical feedback could be a mechanism essential for this spatiotemporal averaging. In fact we could argue that the first response of CMTs around a fast growing cell occurs in order to restrain the propagation of the mechanical stress: reinforcing the cell wall with oriented cellulose deposition (Paredez 2016) is a way to resist to mechanical stress. In a second step this circumferential orientation disappears because of the bulging of the trichome, which corresponds to a time when growth-derived stress is much lower. Interestingly, we show that when this response is less reversible / more stable, the local heterogeneity can impact the final shape of the sepal: If CMT orientations are stable during time the direction of maximal stiffness in cell wall would be reinforced, in turn changing growth rate and direction. (Baskin 2005, Landrein 2013).

Note that we only consider the implication of mechanical feedback. Is it possible that other factors as hormones or small chemical species like ROS could be generated by the emerging trichome and lead to the reorganization of CMTs. For instance, auxin [START_REF] Sassi | An Auxin-Mediated Shift toward Growth Isotropy Promotes Organ Formation at the Shoot Meristem in Arabidopsis[END_REF] and ROS [START_REF] Livanos | The interplay between ROS and tubulin cytoskeleton in plants[END_REF] were shown to affect CMT organization. Nonetheless, our data are consistent with a scenario in which growth-derived mechanical stress is buffered thought the optimal response of CMTs leading to the robustness of organ shape. Further work is required to understand how mechanistically forces are transduced to the microtubules on the one hand, and how the optimal response of CMTs to stress is calibrated.

EXPERIMENTAL PROCEDURES Plant Material and Growth Conditions

Plants were grown on soil in a phytotron under short-day conditions (8 hr/16 hr light/dark period)

for 4 weeks and then transferred to long-day conditions (16 hr/8 hr light/dark period). The microtubule reporter line p35S::GFP-MBD (WS-4) and the membrane reporter line pUQ10::Lti6b-2xmCherry (Col-0) were described previously (Hervieux et al., 2016) (Hervieux 2016). The bo-tero1-7 katanin mutant and spiral2-2 mutant allele was previously described (Hervieux et al., 2016).

Live Imaging of the Growing Abaxial Sepal

One-to 2-cm-long main inflorescence stems were cut from the plant. To access young buds, the first 10-15 flowers were dissected out and the stem was then kept in an apex culture medium [START_REF] Hamant | Time-lapse imaging of developing meristems using confocal laser scanning microscope[END_REF] supplemented with 6-benzyla-minopurine (900 mg/L). Twenty-four hours after dissection, the young buds were imaged with an SP8 laser-scanning confocal microscope (Leica) using long-distance 253 (NA 0.95) water-dipping objectives.

Image Analysis

Images were processed with MorphoGraphX 3D image analysis software (Barbier de Reuille et al.).

Cortical microtubules orientation was analyzed as described in [START_REF] Tsugawa | Extracting Subcellular Fibrillar Alignment with Error Estimation: Application to Microtubules[END_REF].

Sepal area measurements

Sepals dissected from stage 14 flowers were flattened between two slides and photographed on a black background using a dissecting microscope mounted with a camera. Custom Python programs (Data File S1) were used to extract each sepal's contour from the sepal photos and to measure sepal's area. Briefly, images were segmented using the watershed method. Contours were extracted and aligned along their longest axis determined by a principal component analysis of the contour points. Images and contours were smoothed on a scale of diameter 25 m. The data were sorted, analyzed and plotted in Microsoft Excel

Chapter 3:

Investigating compensation mechanisms with growth mosaics

Abstract

Final organ shapes are very reproducible, despite growth heterogeneity at the cell level. This phenomenon may involve compensation, e.g. the local adjustment of cell expansion in response to a perception of a larger geometrical cue. Here we describe tools that allow us to modify growth heterogeneity artificially, and test the contribution of compensation in final organ shapes. The expression of cell wall modifiers under the control of giant cell specific promoters in sepals did not seem to affect final sepal shapes, but may have a small effect on cell shape. A cre-lox system was then used to generate random mosaics and its impact on growth was recorded, revealing temporal averaging events in the sepal. Interestingly, such compensation was not observed in rapidly growing primordia cells at the shoot apical meristem, suggesting that compensation depends on tissue identity and differentiation.

Introduction

To investigate the contribution of growth heterogeneity in final organ shape, our analysis of the growing trichome represents an extreme case because difference in growth rates are high between the growing trichome and the surrounding cells. A generalization of the conclusions from this study to all differentially growing cells is however debatable, notably because trichomes are specialized cell with a very unique growth mode. To test whether local mechanical conflicts contribute to final organ shape and size, we thus design a different approach, using sepals exhibiting growth mosaics.

To do so, we generated genetic tools to modify growth properties in certain cells or cell clusters in sepals. Although some results are presented in this chapter, further tests are required to reach a conclusion; as it stands, this chapter should thus be considered as the description of a technological pipeline, amenable to address the question of the link between growth heterogeneity and organ shapes in the future.

To modify growth properties in cells, we used four known well-known regulators. First, to modify CMTs organization and thus the wall mechanical anisotropy, we used an artificial microRNA (amiRNA) against the TONNEAU2/FASS (TON2) gene. Defective TON2 expression leads to major alterations in microtubule nucleation and cortical array organization, resulting in a strong reduction of growth anisotropy (Traas 1995, Kirik 2012, Camilleri 2002). We concentrated our Young plants plant expressing an amiRNA against TON2 (image from Benoit Landrein).

A B C D E F

efforts on TON2, because in comparison to other regulators of microtubules, TON2 (like its partner TON1) seems to have the strongest effect on growth direction. Furthermore, the amiRNA had previously been tested in the team using the 35S cauliflower mosaic virus (CaMV) promoter (p35S) allowing an ubiquitous expression in Arabidopsis. Plants containing this construct were dwarf and displayed thicker stems and leaves similar to weak ton2 mutant alleles (Traas 1995, Camilleri 2002, Torres-Ruiz 1994), reveling the efficiency of the amiRNA (Fig. 33C andD)

Second, we used an amiRNA against the CESA genes (cellulose synthase). An amiRNA targeting the 10 members of the CESA family had previously been designed in the team. Under a 35S

promoter, plants containing this construct exhibited a dwarf phenotype at the rosette level and at the whole plant level, reminiscent of cesa mutant phenotype (Fig. 33A-C) (see e.g. cesa1 mutant any1

in [START_REF] Fujita | The anisotropy1 D604N Mutation in the Arabidopsis Cellulose Synthase1 Catalytic Domain Reduces Cell Wall Crystallinity and the Velocity of Cellulose Synthase Complexes[END_REF].

Finally we used expansin overexpression in order to increase cell wall extensibility. Expansin family is divided into two major families, αand β-expansins [START_REF] Cosgrove | Enzymes and other agents that enhance cell wall extensibility[END_REF], in addition to expansin-related genes (expansin-like A and B) for which no biochemical function is currently known. Some expansins, like β-expansin AtEXP5, were shown to be up regulated in mutants with larger organs and cells, like med25-2 (Mediator complex subunit 25, MED25; also known as PFT1, [START_REF] Xu | Control of final organ size by Mediator complex subunit 25 in Arabidopsis thaliana[END_REF]. Conversely, the Atexp5-1 mutant exhibits smaller leaves than the wild type (Park 2010). Furthermore, the expression of antisense sequences of α-expansin AtEXP10 gives rise to smaller rosettes because of shorter petioles and leaf blades, whereas the overexpression of AtEXP10 leads to longer petioles, larger leaf blades, and larger cells than wild type plants [START_REF] Cho | Altered expression of expansin modulates leaf growth and pedicel abscission in Arabidopsis thaliana[END_REF]. These results are consistent with a role of AtEXP10 and AtEXP5 as a cell-wall-loosening agent. As previously shown in the team, transient overexpression of these genes in tobacco leaves led to local outgrowth events; therefore these two expansin genes were also selected to modify cell growth in sepals.

Results and discussion

Altering giant cell growth does not have a major impact on final sepal shape and size

To increase growth heterogeneity artificially, our first strategy was to use cell-specific promoters to modulate wall properties in specific cell type. The sepal epidermis contains giant cells, i.e. very large cells undergoing endoreduplication, interspersed between smaller cells. A WT abaxial sepal only display around 14 giant cells on average. In principle, giant cell identity is thus ideal to modify growth only in a few cells. To express the growth regulators listed above in giant cells, we used a giant cell enhancer called pART211 (Fig. 34) [START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF]. Using a pART211:: 3XVenus-N7 construct, The pART211 promoter was indeed previously shown to be strongly expressed in sepal giant cells, in the enlarged cells at the sepal margins and in some of the smaller cells particularly towards the tip of the sepal. Those observations were confirmed using flow cytometry in order to quantify DNA content of cells expressing the giant cell marker. Cells of high ploidy (8C, 16C and 32C), mostly corresponding to giant cells expressed the marker, and some cells with 2C and 4C

were also detected, probably corresponding to small cells observed at the tip of the sepal expressing the marker [START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF]. Note that pART211 is not active in all highly endoreduplicated cells; in particular, no expression could be detected in trichomes. The pART211 promoter is also active relatively early during giant cell development [START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF].

To Overall, no major effect on final sepal shape was visible. Weak alterations in cell shapes could be detected in a few cases. In particular, giant cells seemed shorter and wider than in wild type sepal in 4 lines (Fig 35 A-I). Quantifications are required, at final stage and during sepal development, to go beyond these qualitative impressions.

Beyond the quantifications that are required to reach a conclusion, and the increase in sample size (both within and among independent lines), our strategy also displays one shortcoming: despite the fact that the efficiency of those constructs was already shown in the team and that the expression pattern of the pART211 promoter was already described [START_REF] Roeder | Cell cycle regulates cell type in the Arabidopsis sepal[END_REF], we have no reporter of expression or activity in our lines and thus we are not sure that constructs are effectively functional. In principle, expansins could be tagged with a fluorescent reporter (preferably resistant to the low wall pH, like mCitrine). However, GFP -tagged versions of AtEXP7 and AtEXP18 were previously shown to be incorrectly targeted to other cell compartments [START_REF] Cho | Regulation of root hair initiation and expansin gene expression in Arabidopsis[END_REF]. A two-component system would address this issue, and would also allow the indirect visualization of amiRNA expression pattern. Note that the small number of cells also hinders the analysis of the expression of our constructs by RT-qPCR.

Nonetheless, despite these limitations and weak phenotypes, these lines may still be useful to address our question. In particular, it would be interesting to see whether variability in final sepal shape increases when growth of giant cells is affected. The quantification of width and length of giant cells for each line in addition to a quantitative analysis of mature sepal size using our contour analysis method (see chapter 2) should allow us to test that hypothesis. Conversely, because differences in final sepal shapes are at best subtle, these initial observations suggests that compensation may occur at the organ level, in response to the modified growth of giant cells. Last, the observation of wider or longer giant cells in our lines could also be related to giant cell localization in the sepal. It could be interesting to quantify if larger giant cell are always located in the same area and if this localization is correlated to the gradient of maturation occurring from tip to bottom in the sepal (Hervieux et al., 2016;Hong et al., 2016) To test the hypothesis of compensation, a better approach might be to perform live imaging from young developmental stages, in which giant cells are not yet distinguishable morphologically. In this case we could maybe detect a faster growth in precursors of giant cells at early time point and maybe a reduction of growth rate in neighboring cells. In following time points, if compensation occurred, an opposite behavior might be detected. Such compensation would explain the apparent lack of phenotypical defect in mature sepals.

A cre-lox based protocol reveals that compensation may arise from temporal averaging in the sepal

Using cell specific promoters means that the timing of induction, as well as the type and number of cells cannot be controlled externally. It is also possible that giant cells are not the best candidates to study compensation or generate growth heterogeneity because they have a specific identity (albeit less extreme than trichomes). To address these points, we next used a cre-lox-based strategy.

More specifically, we adapted an unpublished cre-lox system inducible by heat shock originally generated by Ondřej Smetana in Ari Pekka Mähönen's lab (University of Helsinki). The system is composed of three different elements. The first part is composed by pHS::dBox-CRE-3AT, allowing the expression of the CRE recombinase after heat shock. One of the limitations of the cre-lox systems is that, upon induction, the Cre recombinase diffuses to neighboring cells, thus hindering induction in specific locations.

The addition of a D-Box is a major improvement to address that shortcoming: The D-Box sequence is found in proteins targeted to degradation and was originally described in cell cycle proteins exhibiting rapid turnover, like cyclins [START_REF] Glotzer | Cyclin is degraded by the ubiquitin pathway[END_REF][START_REF] Holloway | Anaphase is initiated by proteolysis rather than by the inactivation of maturation-promoting factor[END_REF]. The addition of the dBox makes the Cre recombinase very unstable, preventing its diffusion to adjacent cells after induction.

The second part is composed by the clonal vector pCB1 [START_REF] Heidstra | Mosaic analyses using marked activation and deletion clones dissect Arabidopsis SCARECROW action in asymmetric cell division[END_REF] The third component is a construct containing a pUAS promoter upstream of our gene of interest, that is transformed in lines expressing components 1 and 2. In that configuration the GAL4-VP16 thus drives the expression of both our gene of interest and GFP ER in the same cell.

Several tests were performed using the lines containing component 1 and 2 only, in order to set up the best heat shock induction protocol. As expected, I observed that if induction is too long, all cells are activated, whereas if induction is too short, very few organs exhibit activated clones. In my hands, the following protocol provided the best compromise: dissected apices were kept in an apex culture medium and placed at 37° for 55 min and then transferred to a growth chamber (long days, 21°C). Twenty-for hours after induction, the young buds were imaged with a laser-scanning confocal microscope as described in chapter 1 and 2. To analyze cellular growth, I performed timelapse imaging of the abaxial sepal every 24h, and cells were segmented using MorphoGraphX.

To modify growth properties, as for giant cell specific promoter lines, I generated cre-lox lines for amiRNA TON2 (6 independent lines), AtEXP5 (6 independent lines) and AtEXP10 (11 independent lines). However I decided to focus mainly on AtExp10, because of time limitations and also because it is one of the best characterized expansin gene, and its effect was previously well described [START_REF] Cho | Altered expression of expansin modulates leaf growth and pedicel abscission in Arabidopsis thaliana[END_REF]. In the following this line is called "cre-lox EXP10".

I observed that the growth rate of the patch of activated cells in the cre-lox EXP10 line behaved differently than others cell.

Because the number of sepals expressing a small number of activated cells is still very low in these conditions (only 1 out of 10 displays activated cells), I decided to start the observations at t=24 hrs on sepals with activated cells. Moreover, because no membrane marker is introgressed in these lines, cell segmentation relies on Propidium Iodide (PI) wall staining and I wanted to reduce the number of time point because of the toxicity of this dye. Crosses with membrane reporter marker lines were done and are currently under selection to circumvent this issue. Despite these constraints, this preliminary analysis provided interesting results.

I observed that the growth rate of the patch of activated cells in the cre-lox EXP10 line behaved differently than others cells. For instance activated cells seem to be bigger than normal cells 24h after activation (Fig37). Although growth could not be quantified (no image at t=0h as explained above), this qualitative observation is promising as it would be consistent with the proposed activity of AtEXP10. Surprisingly, between 24h and 48h after heat shock induction, activated cells then almost stopped growing (areal extension between 0 and 40%) whereas neighboring, inactivated, cells kept on growing at a normal rate (areal extension between 50 and more than 100%) (Fig37).

At this particular stage of development we thus clearly see a negative correlation between cell expressing AtExp10 and growth rate. Later on, no clear difference could be detected anymore and the stereotypical pattern of growth in the wild type sepal (Hervieux et al., 2016;Hong et al., 2016) was observed. These results thus provide a scenario in which cells are able to average their growth rate in time during development depending on the behavior of their neighbors in order to lead to reproducible organ shape and size after development.

Again, this set of results is preliminary and does not allow us to fully understand what is happening due to the lack of time points, notably between the heat shock induction and the first time point (24h). In order to test this first conclusion, we need to perform more live imaging time-lapse, starting immediately after the heat shock induction. 

Comparing compensation in sepals and at the shoot apical meristem

In previous study, [START_REF] Fleming | Induction of Leaf Primordia by the Cell Wall Protein Expansin[END_REF] were able to induce local outgrowth at the shoot apical meristem of tomato by putting beads loaded with purified expansin. Some of these bulges were able to produce leaf-like structures [START_REF] Fleming | Induction of Leaf Primordia by the Cell Wall Protein Expansin[END_REF]. However in those conditions, it is difficult to know whether the emergence of a bump was already initiated before treatment or is truly due to added expansin. Nonetheless, it provides an alternative context to test our cre-lox system and analyze its impact on growth and compensation in a different tissue. Here again, I only tested the impact of cre-lox EXP10 activation. I dissected shoot apices apical meristem (SAM) of Arabidopsis thaliana and proceeded as described previously.

First, I observed some meristematic cells expressing GFP, thus validating our cre-lox system as a good tool to generate mosaics in the SAM. Second, I observed a relatively good correlation between cell expressing GFP and growth rate, activated cells growing faster than non-activated cells (difference in areal expansion around 20 and 30% between activated and non activated cells).

Consistent with the results from [START_REF] Fleming | Induction of Leaf Primordia by the Cell Wall Protein Expansin[END_REF] local outgrowth were initiated in GFP positive cells (Fig38). Importantly, bulging cells were only located where primordia are normally initiated. We can speculate that those cells behave differently than other cells of the meristem because they will undergo faster growth and many division cycles in order to generate a flower bud. This competence for fast growth might be required for expansion to have a significant impact on growth, upon activation.

Interestingly, when analyzing growth later on, compensation could not be detected (Fig38.).

Conversely, the activation of cells located in the central zone of the SAM did not lead to abnormal morphology, either because these cells (and cell walls) were not responding to expansin activation or because compensation occurs leading to constant cell shape and size (Fig39).

Taken together, our preliminary results in shoot meristems and sepals provide contradictory conclusions, suggesting that local perturbations in growth can lead to compensation or not depending on the tissue identity (meristem vs. sepal, CZ vs. PZ in the SAM). Our preliminary results are also consistent with those reported in [START_REF] Fleming | Induction of Leaf Primordia by the Cell Wall Protein Expansin[END_REF].

Based on these new results in the SAM, it would be interesting to test how compensation occurs in sepals at different stages. In particular, young sepals (stage 3 and 4) display cells with high expansion rate and low division rate. Here several scenarios could be tested. A cre-lox induced growth perturbation in a developing tissue undergoing cell divisions or important morphological changes may have very little effect on final shape, highlighting a buffering role of those processes in the control of final organ shape later on during development. Compensation may also not occur if the activation is triggered in the very late stages of sepal development. In fact the reduction of cell division and the maturation on the sepal from tip to bottom could lead to a reduction of compensation, and abnormal final shape and size. It is also possible that compensation mechanisms are simply not active in very young primordia.

In addition to live imaging experiments, we could also induce small and large activated zones and then perform our contour analysis in mature sepal in order to detect variation in shape and size.

Then we would correlate the number of activated cells or the size of the clonal region to the variation in final size and shape. We can imagine that a very big region of cell expressing AtExp10 will lead to abnormal final shape and that the compensation event is only possible at a small scale, comparable to growth variability observed in WT sepals.

A possible limitation of this system is that we also activate cells in inner layers of the plant. So the morphological change we can observe can be due to activated epidermis cells but also to inner cells.

One way to remove this limitation is to modify the system using a promoter specific to the epidermis (e.g. pPDF1) instead of the 35S promoter present in the current system.

We have generated a powerful tool amenable to address key questions relating to growth coordination within a developing organ. Several crosses were realized in order to be able to visualize the plasma membrane, CMTs, nucleus shape and position, auxin response in order to relate growth to cell regulators. This new library will be very useful in the future. It will be interesting for instance to quantify CMTs orientations around fast growing cells, as performed around a growing trichome (see chapter 2). We can also imagine using this system to analyze the role of heterogeneity at the cell wall level. For instance, one could express the katanin protein only in some cells to generate hybrid contiguous walls with disorganized cellulose microfibrils on one side and well-ordered cellulose microfibrils on the other side.

Finally it was shown that the heat shock promoter can be activated with a localized infrared (IR) laser in single cell, medaka larvae and zebrafish [START_REF] Deguchi | Infrared laser-mediated local gene induction in medaka, zebrafish and Arabidopsis thaliana[END_REF][START_REF] Kamei | Infrared laser-mediated gene induction in targeted single cells in vivo[END_REF][START_REF] Venero Galanternik | Localized Gene Induction by Infrared-Mediated Heat Shock[END_REF] and also in the root of Arabidpsis thaliana [START_REF] Deguchi | Infrared laser-mediated local gene induction in medaka, zebrafish and Arabidopsis thaliana[END_REF]. It will be interesting to test if we can manage to induced our system using that strategy in the sepal in order to be even more precise in our induction by controlling very precisely the number and the localization of activated cells.

Material and methods

Constructs

In order to express cell wall remodeler under the expression of the a giant cell enhancer called pART211, we placed either the atEXPB5, atEXP10 gene or the amiRNACESAs upstream of the pARTT211 in a pDONR221 vector using the Gateway system and transformed either in Col-0 ecotype or a p35S: Lti6b-GFP line in WS-4 ecotype. For the cre-lox system pART211, we placed either the atEXPB5, atEXP10 gene or the amiRNATON2 in a pENTR41R-6xUAS2 and a pENTR3'-MCS vectors in a pDONR22 and transformed plants containing the pHS::dBox-CRE-3AT and the pCB1 fragment.

Plant Material and Growth Conditions

Plants were grown on soil in a phytotron under short-day conditions (8 hr/16 hr light/dark period) for 4 weeks and then transferred to long-day conditions (16 hr/8 hr light/dark period).

SEM observation

Scanning Electron Microscopy images of sepals dissected from stage 14 flowers were acquired using a Hirox mini SEM 3000

Live Imaging of the Growing Abaxial Sepal and Shot apical meristem

One-to 2-cm-long main inflorescence stems were cut from the plant. To access young buds or the shot apical meristem, the first 10-15 flowers were dissected out and the stem was then kept in an apex culture medium [START_REF] Hamant | Time-lapse imaging of developing meristems using confocal laser scanning microscope[END_REF] supplemented with 6-benzyla-minopurine (900 mg/L).

After dissection the dissected inflorescence where placed at 37° during 55min. Inflorescence were then put back in a controlled growth chamber in long days, 21°C.

Twenty-four hours after dissection, the young buds were imaged with an SP8 laser-scanning confocal microscope (Leica) using long-distance 253 (NA 0.95) water-dipping objectives.

Image Analysis

Images were processed with MorphoGraphX 3D image analysis software (Barbier de Reuille et al., 2015).

Conclusion and perspectives

Developmental biology is focused on the mechanisms that lead to shape changes or patterns.

Beyond these, an equally important question in this field is to understand the mechanisms leading to reproducibility in shapes.

Reproducibility in part arises from the topology of molecular networks, in which redundancies and sequential interactions constrain the final output. This is however not sufficient to explain how reproducible shapes arise, if the network does not include parameters relating to tissue geometry.

Typically, the concentration of a given factor depends on the volume in which it is diluted, and growth will de facto increase the dilution factor, and thus reduce the activity of such factors.

Because changes in geometry imply changes in mechanical properties (changing shape means changing structure), these networks also need to include tissue mechanics to code gene activity in terms of their physico-chemical impact on cells. Although it is challenging, this strategy is increasingly implemented in the frame of systems biology (e.g. [START_REF] Boudon | A Computational Framework for 3D Mechanical Modeling of Plant Morphogenesis with Cellular Resolution[END_REF]. Last, reproducibility does not only arise from a complex molecular network and its impact on cell mechanics, shape changes also trigger feedback mechanisms that further channel morphogenesis.

Beyond the geometrical feedback on the dilution of biochemical factors mentioned above, cells also constantly remodel themselves to resist mechanical stress, in a mechanical feedback. In this thesis, we explored how such feedback may affect the reproducibility of shapes, focusing on the Arabidopsis sepal as a model system.

Building up on the microtubule response to mechanical stress, we propose that mechanical signals can contribute, at different scales, to the formation of organs with consistent and reproducible shape and size. This reproducibility can be impaired when microtubule dynamics, and thus response to mechanical stress, is altered. A tight regulation of the microtubule response to stress is therefore essential in this process. This opens the path for the study of mechanical buffering of growth and raises the question of its contribution to natural stochasticity and variability observed at the cellular level of developing organs. If this response is weaker or stronger than the optimal response it can affect the shape of the sepal tip and the overall shape and size robustness. At the moment we do not know what happens during development in mutants with altered response to mechanical signals. It will be interesting to analyze cellular growth in those mutants in the context of natural development or in the context of local mechanical perturbations using our cre-lox system or by the modulation of cell wall properties in giant cells. For this purpose, crosses with different membrane marker lines and our cre-lox system where realized. Live imaging sequence were generated and analyzed as in our previous study for botero1.7 (3 sequences analyzed) and spiral2-2 (3 sequences generated). The integration of our cre-lox system in those mutants, and others like candidate mechanosensors, will help us to understand the role of growth heterogeneity in development and how mechanical conflicts are controlled or buffered at different scales and finally how CMTs dynamic contributes to shape reproducibility.

To further explore the role of mechanical feedback on shapes, the following projects may be envisioned: First it will be very interesting to explore the putative role of the other sepals (adaxial and laterals) in shaping the abaxial sepal. All sepals are in contact with one another and the abaxial sepal is the most external one, as it is the first one to appear, the other sepals appearing on the adaxial side. In this situation the abaxial sepal partially covers the other three sepals and it is possible that other sepals, and most notably the opposing adaxial sepal, imposes a steric constraint on the abaxial sepal.

Although this may seem far-fetched, the contact between two opposite organs has been shown to play a role in shaping folded leaves. This happens in the context of leaves filling the bud of deciduous tree leaves, and in which leaves grow in a 3D constrained environment. As the young leaves fill the space inside the bud, they fold and stop their growth when reaching the edges of the bud. When the bud opens, the leaves unfold and exhibit lobes that are the direct consequences of the steric constraint within the bud [START_REF] Couturier | A global regulation inducing the shape of growing folded leaves[END_REF]. Experimentally, the ablation of one leaf inside a bud induces growth and curving of the opposite leaf in Acer pseudoplatanus, confirming that growing leaves inside the bud indeed "push" each other via their growth to fill the bud space [START_REF] Couturier | Abaxial growth and steric constraints guide leaf folding and shape in Acer pseudoplatanus[END_REF]. Very recently another study highlighted the role of the interaction of trichomes acting like «velcro» between petals compositing the flower bud in order to control flower bud shape in cotton Gossypium hirsutum [START_REF] Tan | Trichomes control flower bud shape by linking together young petals[END_REF]. This interaction is occurring because petals are folded around each other in the young bud and the inhibition of trichome development leads petals to slide past one another as they expanded inside the bud causing the bud to twist and expose the young anthers and stigma to the air. This tight interaction between petals is essential, notably to preserve the fertility of the flower. In addition internal organs in Arabidopsis probably push on sepals during flower development before the opening of the flower allowing the release of internal organs. To test this hypothesis, I performed preliminary experiments and results are encouraging: the growth pattern observed of the abaxial sepal is affected when the adaxial sepal is removed. Nevertheless this experiment is challenging because the removal of a sepal by mechanical ablation leads to contamination after several days caused by the injury performed. Thus it becomes difficult to observe the impact on the final shape of the abaxial sepal. Moreover this large-scale ablation of an entire organ inevitably causes other major changes in term of hormone signaling pathway and secondary metabolites levels at short but also probably long range. The ablation of internal organ such as petals, stamens and stigma is another possibly in order to understand the possible implication of other floral organs in shaping the abaxial sepal. A transgenic line expressing the diphteria toxin (DTA) under the control of APETALA3 (AP3) promoter blocks the initiation of stamen and petal primordia leading to flowers without stamen and petal [START_REF] Day | Genetic ablation of petal and stamen primordia to elucidate cell interactions during floral development[END_REF]. It will be interesting to compare cellular growth of the abaxial sepal in this context with the wild type.

Alternatively, mutants in whom internal organs are homeotically converted to other identities could be used.

An accumulation of reactive oxygen species (ROS) in ftsh4 mutant was shown to increase variability in sepal size and shape (Hong et al., 2016). This increased shape variability is associated with a decrease of growth variability at the cell level. It was thus proposed that reproducible organ shape results from spatiotemporal averaging of cellular variability, i.e. compensation between fast and slow growing regions of the sepal. Although the mechanism remains unknown, ROS forms a gradient in wild-type sepals that parallels the wave of cellular maturation from the tip to the base of sepals. There is thus a good correlation between supracellular alignments of CMTs at the tip and appearance of ROS and cell maturation leading to growth arrest. Nevertheless, the link between ROS and CMTs behavior is still unclear. Because ROS were shown to promote cell wall stiffening [START_REF] Fry | Oxidative coupling of tyrosine and ferulic acid residues: Intra-and extraprotoplasmic occurrence, predominance of trimers and larger products, and possible role in interpolymeric cross-linking[END_REF][START_REF] Ralph | Peroxidase-dependent cross-linking reactions of p-hydroxycinnamates in plant cell walls[END_REF], and based on our results, we could propose that differential growth at the sepal tip generates mechanical stress, and first induces CMT-mediated growth restriction at the organ tip and second ROS production to induce growth arrest, further amplifying the differential growth pattern and stabilizing the CMT alignment. It is also possible that ROS affect microtubules directly. Microtubule organization defects and tubulin modifications by ROS have been reported [START_REF] Livanos | The interplay between ROS and tubulin cytoskeleton in plants[END_REF]. As CMTs guide the deposition of cellulose microfibrils, which are the loadbearing constituent of the cell wall, a reorganization induced by ROS could affect growth rate and growth anisotropy. Taken together these results may explain how ROS contribute to termination of organogenesis.

In order to understand the potential implication of mechanical stress in ROS production several strategies can be considered. For instance we may perform mechanical perturbations such as ablation or compression and monitor the presence of ROS. An alternative would be to observe ROS pattern in mutants impaired in microtubule dynamics and ability of cells to respond to mechanical stress and compare this pattern during development with wild-type sepals. Finally ROS expression could be observed in our cre-lox EXP10 line in order to reveal whether local growth heterogeneity and local mechanical perturbation can trigger ROS production and if we can correlate this induction of ROS with CMT behavior. This experiment could also be performed in the ftsh4 mutant and in a line overexpressing a catalase gene (CAT2), which catalyzes the decomposition of hydrogen peroxide (H 2 O 2) , decreasing ROS content and leading to the rescue of the irregular sepal size and shape phenotype of the fsth4 mutant. Interestingly the overexpression of CAT2 leads to bigger sepal, consistent with the proposed role of ROS in stiffening cell walls and arresting growth (Hong et al., 2016). This line will be very informative in order to understand the potential role of ROS in CMTs behavior and to understand if the pattern of ROS production observed in the wild-type sepal is due to mechanical stress and/or if this gradient of ROS leads to growth arrest and in turn increases mechanical stress levels.

In addition to the potential role of ROS in microtubule orientation, the concentration of H 2 O 2 was shown to fit with the activity of hormones and growth zones composed of proliferating, expanding or mature cells within the maize leaf [START_REF] Avramova | The Maize Leaf: Another Perspective on Growth Regulation[END_REF]. Interestingly, whereas H 2 O 2 is present in the expanding zone and superoxide (O 2 -) is accumulating in the proliferation zone of the maize leaf, the opposite is observed the Arabidopsis root [START_REF] Avramova | The Maize Leaf: Another Perspective on Growth Regulation[END_REF]. These results thus suggest the presence of an organ-specific regulation. The sepal seems to exhibit a third type of regulation. In fact Superoxide (O 2 -) accumulate in the tip of the sepal corresponding of the maturation zone and no H 2 O 2 was detected (Hong et al., 2016). In the ftsh4 mutant H 2 O 2 was detected along the whole sepal. But it does not seem to increase expansion, as it is the case in maize leaf as the sepal is on average smaller than the wild type. Those contradictory results indicate that the exact contribution of ROS is still major question in developmental biology as similar ROS can have different effects in different organs. Moreover the idea of a simple gradient of ROS in the sepal, as discussed previously, likely is over simplistic.

Beyond microtubules and ROS, growth-derived mechanical stress may affect other important developmental pathways. In the SAM, differential growth and curvature at the boundary between organ and meristem was shown to generate mechanical stress, which in turn induces the expression of the homeobox gene STM [START_REF] Landrein | Mechanical stress contributes to the expression of the STM homeobox gene in Arabidopsis shoot meristems[END_REF]. In principle, gene expression may also be affected by growth-derived stress in the sepal. In the leaf, several regulators of shape and size have been identified and were shown to regulate, the balance between two essential processes, cell proliferation and cell expansion, during leaf development [START_REF] Egea-Cortines | Control of Plant Organ Size[END_REF][START_REF] Gonzalez | Leaf size control: complex coordination of cell division and expansion[END_REF]Kalve et al., 2014a;[START_REF] Powell | Control of organ size in plants[END_REF]. For instance ARGOS promotes expression of AINTEGUMENTA (ANT), a size-regulatory gene which maintains the expression of the D-type cyclin CYCD3;1. Together those genes promote the cell proliferation phase of growth and inhibit cell expansion [START_REF] Powell | Control of organ size in plants[END_REF]. It will be important in the future to relate these factors with microtubules, cellulose, ROS and mechanical stress to obtain an integrated picture of organ development.

Another key regulator in leaf development, and more generally plant development, is the hormone auxin. Auxin is polarly transported between cells thanks to a plasma membrane efflux carrier called PIN-FORMED 1 (PIN1). Interestingly PIN1 is usually localized on the most tensed membranes at the SAM [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] Nakayama | Mechanical Regulation of Auxin-Mediated Growth[END_REF]. In the SAM, auxin was shown to promote growth rate (by softening cell walls (e.g. [START_REF] Braybrook | Mechano-chemical aspects of organ formation in Arabidopsis thaliana: the relationship between auxin and pectin[END_REF]) and growth isotropy (by regulating cortical microtubule dynamics leading to an isotropic array [START_REF] Sassi | An Auxin-Mediated Shift toward Growth Isotropy Promotes Organ Formation at the Shoot Meristem in Arabidopsis[END_REF]. These modulations finally promote organ formation at the SAM [START_REF] Sassi | An Auxin-Mediated Shift toward Growth Isotropy Promotes Organ Formation at the Shoot Meristem in Arabidopsis[END_REF]. Interestingly we found that isotropic growth in the center of the sepal correlates with isotropic CMT array orientations at stage 9 while CMTs are more aligned at the tip, following the supracellular stress pattern. In this context it would be interesting to observe if stress affects auxin transport in the sepal and if auxin plays a role in the shift of growth direction in the sepal. Moreover a gradient of auxin may be observed along the proximo-distal axis of the sepal and if this gradient may be antagonist to the ROS gradient leading to sepal maturation. This idea somehow echoes the polarizer concept formulated by the team of E. Coen, and in which growth orientation is specified through tissue polarity (Kuchen et al., 2012) . Here we could investigate whether mechanical stress is involved in this polarity notably through the orientation of PIN1 reinforcing auxin gradients and contributing to the control of growth rate and direction. Live imaging of PIN1 and auxin activity (e.g. with DR5 or R2D2 sensors) during sepal development will be helpful in order to understand this aspect.

The sepal is approximately five cell-layers thick, but we only focused on the outermost layer, the epidermis, since it is thought to play a dominant role of organ growth, at least initially. Nevertheless the putative role of internal layers should be explored in the future. It was shown that mesophyll layers, composing inner layers, behave differently than epidermis during leaf development (Kalve et al., 2014b). Whether this difference is also observed in the sepal is unknown. Internal layers may also exhibit a stereotypical growth pattern, as it is the case for the abaxial epidermis during sepal development. As 3D segmentation is still very challenging, one may perform cross section at different developmental stages as it was done by Kalve et al for their analysis of leaf development.

3D segmentation of the abaxial epidermis could nevertheless provide very interesting results, notably in order to understand if giant cells exhibit a specific behavior in volume compared to small cells. This segmentation coupled with modeling could also provide essential information regarding cellular stress pattern. In fact 3D meshes extracted from biological data can be used as template for FEM modeling (Bassel et al., 2014;[START_REF] Boudon | A Computational Framework for 3D Mechanical Modeling of Plant Morphogenesis with Cellular Resolution[END_REF].

Finally we have preliminary data indicating that compensation may occur by temporal averaging, but the relevant mechanism remains obscure. Before going into the mechanism, it might actually be useful to quantify the strength of the buffering, and then, based on this, design a genetic screen to identify the effectors of this buffering. The sepal is able to reach reproducible size and shape albeit being composed of cells exhibiting dramatically different growth rates. Despite the results presented in this thesis and elsewhere (see [START_REF] Horiguchi | Organ size regulation in plants: insights from compensation[END_REF], we are far from understanding how spatial variability is reduced from small to large scales and how different mechanisms cooperate to provide robustness in morphogenesis. Different scenario can be envisioned. First we can propose that growth is in part coordinated by mechanosensors perceiving differences in growth and adjusting growth. For instance a plasma-membrane-bound receptor-like kinase called THESEUS1 (THE1) was proposed to act in a cell wall integrity pathway sensing excess of growth by wall damage cues and imposing slower growth [START_REF] Hématy | A receptor-like kinase mediates the response of Arabidopsis cells to the inhibition of cellulose synthesis[END_REF]. Interestingly THESEUS1 is expressed in elongated cells like in the elongated zone of leaf. Because its expression is not characterized in sepal, one might detect correlation between the pattern of expression of THESEUS1 in the sepal and cell growth rate or direction. Conversely, the alignment of microtubules at the sepal tip may be impaired in a the1 mutant, if THE1 is a major player in the perception of growth-derived stress in the sepal. Moreover the quantification of cell growth in the context of the the1 mutant may provide further clues on the role of cell wall integrity in compensation.

THE1 function is not unique and as often in (plant) biology, THE1 actually belongs to a multigenic family called the Cr-RLKs (Catharanthus roseus RLKs) that contains 17 members in Arabidopsis.

Interestingly different members of this family were shown to act together in growth regulation. For instance FERONIA acts together with THE1 to regulate cell elongation [START_REF] Guo | Three related receptor-like kinases are required for optimal cell elongation in Arabidopsis thaliana[END_REF]. The quantification of shape and size of mature sepal in order to detect differences in plants lacking those receptors, or in plant overexpressing them, will allow us to understand if these receptors are involved in the control of sepal size and shape during development and will maybe lead to discover new interactions. Finally if mechanosensors prove to be good candidates we could generate amiRNA lines in order to reduce or abolish their expression in some cells of the sepal using our Cre-Lox system. In that scenario, we would generate sepals in which certain cells would become unable to sense cell wall damage potentially generated by growth-derived mechanical stress during organ development and monitor how final shape is affected.

Beyond the cell wall, turgor pressure, being probably homogeneous within a region, may buffer differences between individual cells. A correlative analysis of cell growth and CMTs behavior at In this thesis, we focused on the intrinsic control of growth and development. Environmental conditions also play a very important role during other organs development, for instance, to shape leaves. For instance cell elongation correlates with water content and evaporation demand during leaf development. This variation can notably be seen during diurnal circadian clock. In fact leaf elongation decreases rapidly when evaporative demand increase in the morning [START_REF] Tardieu | Water deficit and growth. Co-ordinating processes without an orchestrator?[END_REF]. This response was shown to occur via xylem water potential and very interestingly this response to environmental conditions was observed in vegetative and reproductive tissues in maize, highlighting a conserved response to environment conditions in different organs [START_REF] Turc | The growth of vegetative and reproductive structures (leaves and silks) respond similarly to hydraulic cues in maize[END_REF].

Light is one of the most important environmental factors for growth condition, quantitatively. For instance the reduction of light intensity and modification of its spectrum leads to the shade avoidance syndrome (e.g. longer stems and petioles, smaller leaf blades, modified physiology…)

and has many environmental implications, for instance to understand how competition in a forest arises. Light conditions also affect the architecture of leaf blades by modulating the number of layers of palisade cells as well as shape of cells composing this layer [START_REF] Kozuka | The different growth responses of the Arabidopsis thaliana leaf blade and the petiole during shade avoidance are regulated by photoreceptors and sugar[END_REF].

Although environmental cues may appear separate from the intrinsic control of growth, there are many interactions. Let's take the case of proprioception which is at the core of this thesis:

Perceiving light quality and quantity is a way for a plant to « know » its position in the ecosystem, but also for a leaf to « know » its position along the stem axis [START_REF] Mullen | Shade avoidance and the regulation of leaf inclination in Arabidopsis[END_REF]. Similarly, the reorientation of plant growth in response to gravity, also called gravitropism, involves both the perception of the environment (gravity, thanks to specialized cells called statocytes), but also the perception of the plant's curvature. Indeed, a model based only on perception of gravity predicts that plants would keep on overshooting when reorienting their growth, and dampening these oscillations must involve the perception of stem shape [START_REF] Bastien | Unifying model of shoot gravitropism reveals proprioception as a central feature of posture control in plants[END_REF].

In this context understanding the role of mechanical feedback in shaping sepals and organs may open the way for integrative research where the contribution of the environment is also included, and maybe revisited in the light of proprioceptive mechanisms.

More generally, and coming back to the example shown on Figure 1, understanding the many feedback controlling organ shape will allow us to understand how final shapes arise, incidentally also shedding some light on, yet another fascinating question, co-evolution.

INTRODUCTION

A long-standing question in developmental biology is how organs reach consistent shapes despite high variability in shape and size found at the microscopic cellular level (1-5). As cell structure and growth are closely related with the dynamical behaviors of fibrillar elements, such as the cytoskeleton and the extracellular matrix, part of the answer may lie at this scale. In particular, to understand cellular variability and possible coordination mechanisms in plant development, cortical microtubules (CMTs) have received a lot of attention (6-12) because of their essential role in guiding the deposition of cellulose microfibril networks (13,14) responsible for the main load-bearing components of the cell wall. For instance, the depolymerization of microtubules leads to isotropic growth (15,16), because it results in a randomized deposition of cellulose in the cell wall, thus with isotropic elastic properties. On the other hand, it was found that organ shape and growth prescribe a mechanical stress pattern on the cell wall that can channel and modify CMT orientations (12,17). Although the analysis of microtubule behavior in multicellular development has been performed at cellular resolution, a large array of experiments and models show that microtubule behavior within a cell can be heterogeneous and dynamic (18-20). Furthermore, there is evidence that the alignment structure of CMTs within a cell emerges from local interactions between individual microtubules [START_REF] Hamant | Annexes Article Extracting Subcellular Fibrillar Alignment with Error Estimation: Application to Microtubules Satoru Tsugawa[END_REF]10,21,22). Therefore, a detailed quantification of the CMT alignment structure at both the cellular and subcellular levels, and more generally the fibrillar alignment structure, are crucial to provide better understanding of the molecular mechanisms behind morphogenesis. Different methods have been developed for the extraction of fibrillar alignment structures. In terms of experimental techniques, optical measurements that use two polarizers placed before and after the sample along the optical path can successfully infer the main orientations of the fibrillar (e.g., collagen and cellulose) arrays in the extracellular matrix or cell wall (23,24). However, these experimental methods may not be suitable for general alignment quantification because of the requirement of special instrumentation and of their limited ability to handle heterogeneous alignment structures. On the other hand, various theoretical signal-processing approaches have been proposed to extract alignment information directly from two-dimensional (2D) fibrillar signals (sometimes even three-dimensional (3D) signals) obtained from general fluorescence-based imagings (19,(25)(26)(27)(28)(29)(30)(31)(32)(34)(35)(36)(37) (see also a brief summary in (37)). These theoretical approaches offer mathematical quantifications that go beyond a simple visual inspection of the fibrillar signals and provide computational procedures 

Conclusion

• A stereotypical growth pa2ern prescribes a pa2ern of mechanical stress in the growing sepal

• Microtubules align with maximal tension in the growing sepal, locally and globally

• This mechanical feedback loop aligns microtubules, and most probably cellulose, at the sepal >p, restric>ng growth in that domain and ac>ng as a propriocep>on mechanism

• This mechanical feedback also aligns microtubules around fast growing cells, such as emerging trichomes, impac>ng growth direc>ons locally, and up to the whole sepal shape when the feedback is strong Abaxial Abaxial

Adaxial

The abaxial sepal as a model Questions

• How do organs know when to stop growing?

• What controls the shape of an organ ?

Here we inves>gate whether mechanical cues contribute to this process, using the Arabidopsis sepal as a model 

Contexte:

  Dans le cadre d'un projet financé par Human Frontier Science Program avec quatre partenaires (Arezki Boudaoud/ Olivier Hamant, ENS Lyon, Adrienne Roeder, Cornell Univ., USA; Richard Smith, Max Planck Cologne, Allemagne; Chun Biu Li, Hokkaido Univ., Japon), cette thèse propose de répondre à une question centrale en biologie du développement: comment les organes parviennent-ils à acquérir leur forme et leur taille caractéristique ? La plupart des organes et organismes ont une forme remarquablement reproductible, malgré une très grande variabilité de forme et de croissance au niveau cellulaire. Des signaux supracellular, gradient de morphogène ou contraintes mécaniques, pourraient coordonner le comportement des cellules et via de multiples boucles de rétroaction canaliser les formes finales. Des progrès récents en imagerie du vivant, micromécanique et modélisation, permettent aujourd'hui d'analyser la relation entre la variabilité cellulaire, la communication intercellulaire et la forme globale d'un organe de façon quantitative.
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 1 Figure 1 : Shapes and co-evlution Manduca hovers while drinking nectar from a Datura flower (Credit © K.Riffel).
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 2 Figure 2: Effect of light intensity on Arabidopsis rosette phenotype Plants were grown under low (LL), intermediate (IL) or hight (HL) light conditions (from Bartoli

Figure 3 :

 3 Figure 3: Compensation at the organ scale (A) Morphology of aerial parts of several mutants in which compensation could be observed (lower number of larger cells). (B) Number and size of palisade cells in first leaves of the wild type and compensation-exhibiting mutants (from Ferjani et al., 2007).
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 4 Figure 4: Morphogen gradient and patterning (A) The French flag model. Positional specification by a morphogen gradient: different cell identities can emerge depending on morphogen concentration and a threshold (T) (from Jaeger et al., 2008). (B) A more realistic view of the French flag model with the inclusion of noise (from Lander 2011).
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 5 Figure 5: Tension pattern in the wing disc (A) In the wing disc, the junctions highlighted in yellow are the proximal/distal (P/D) junctions, and the junctions in red are the lateral junctions. The orientation of the wing disc is highlighted by the direction of the distal (center) and the proximal (edge). (B) Ecadherin::GFP expressing wing disc with two highlighted regions (red: distal centre, blue: proximal edge) used for laser ablation in (C, D). (C) P/D junctions. Plot of increase in distance (mm) between the vertices of the cut junction (D-D 0 ) against time (s) after laser cut, mean ± s.e.m. Blue 1⁄4 P/D junctions in the proximal (edge) region. Red 1⁄4 P/ D junctions in the distal (centre). (D) Lateral junctions, as in (C). Green 1⁄4 lateral junctions in the proximal (edge) region. Magenta 1⁄4 lateral junctions in the distal (centre). (E-F) Snapshots of a representative laser ablation event of a junction at the indicated time points. The cut was performed at 3.405 s and the recoil imaged for at least 15 s. (G)
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 6 Figure 6: A mechanical model of the regulation of the wing imaginal disc size in Drosophila
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 7 Figure 7: Basics of plant cell biophysics (A) Balance between turgor pressure and cell wall extensibility and stress relaxation channels plant cell growth rate (Cosgrove 2016). (B) Plant cell growth direction mainly relies on the orientation of cellulose microfibrils, the load-bearing component in the wall (Landrein et al.,
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 8 Figure 8: A model of cotton fiber elongation through reversible gating of plasmodesmata and coordinated expression of plasma membrane sucrose and K transporters and expansin (from Ruan
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 9 Figure 9: A schematic representation of tip growth (as in root hiar or pollen tube for instance) and diffuse growth (as in most plant tissues) (adapted from Mathur 2004).

Figure 10 :

 10 Figure 10: Schematic representation of the structure of the primary cell wall and its formation (from Cosgrove 2005).

Figure 11 :

 11 Figure 11: Xyloglucan endotransglucosy-lase/hydrolase (XTH) activity (A) Xyloglucan endotransglucosy-lase/hydrolase (XTH) are proposed to cut and stitch xyloglucans (from Cosgrove 2005). (B) Schematic representation of XTH-mediated cleavage and stiching of xyloglucans: Step 1, panels A to B, XTH cleaves a xyloglucan chain (red line), which is acting as a tether between two neighboring microfibrils. If the cell is turgid, the microfibrils can now move further apart, as indicated by the unbroken arrows; Step 2, panels B to C, the xyloglucan-XTH complex reaches a non-reducing terminus of an adjacent xyloglucan chain (blue line). The latter acts as an acceptor substrate and a tether is thereby re-formed between the two microfibrils. The reducing ends of the xyloglucan chains are to the right (C) Five possible modes of transglycosylation integration involving a newly secreted xyloglucan chain (dotted line) and a
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 12 Figure 12: Manipulation of leaf shape by modified expansin expression (A-C) Outgrowth observed after local induction of the expansin CsEx29 protein originally identified in cucumber hypocotyls. (D) Untreated leaf (modified from Pien et al., 2001). (E) Effect of AtEXP10 transgenes on rosette and leaf growth. The overexpressors (S) display larger rosettes (11-12 cm), whereas the antisense lines (AS and AC) exhibit malformed leaves or smaller rosettes (2-3 cm) (from Cho et al., 2000). (F) Schematic representation of how expansin might act (from Sampedro et al., 2005).
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 13 Figure 13: Revisiting cell wall models Two hypothetical molecular models for the plant cell wall (A, C) and roles of XTH in their construction and remodeling (B, D). (A-B) A classic view on plant cell walls: the tethered network model. (C-D) Biomechanics hotspot model. Hotspots are formed via XTH-mediated heterotranglycosilation between cellulose and xyloglucan at a limited site. (Credit © Kuki H ).
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 14 Figure 14: The cell wall integrity pathways Schematic illustration of the differences and similarities found in cell wall (CW) integrity pathways between yeast and plants (modified from Wolf et al., 2012).
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 15 Figure 15: The cellulose synthase complex
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 16 Figure 16: Microtubule-dependent control of cellulose deposition (A) Coalignment between cortical microtubules and the trajectory of cellulose synthase complexes in hypocotyl cells. Green: YFP-CESA6 fusion marking CESA trajectories; Red: CFP-TUA1 fusion marking cortical microtubules. The figure is a superposition of 30 frames that were acquired every 10s. (Adapted from Paredez et al., 2006). (B) A classical model recapitulating how cellulose synthase complex (CSC) movement is guided on the plasma membrane by cortical microtubules. This motion may be driven by cellulose synthesis and anchorage of nascent cellulose microfibrils into the wall. CSI1 (brown) acts as one of the physical linkers between CMTs and CSC. The list of all CSC partners is still incomplete (purple) (from Landrein et al., 2013).

Figure 17 :

 17 Figure 17: CSI1 biochemical function Schematic representation of CSI1 function: CSI1 may be involved in the docking, guidance and rotation of cellulose synthases complexes (from Bringmann et al., 2012).

Figure 18 :

 18 Figure 18: Microtubule assembly dynamics and organization in plant cells (A) Dynamics at the level of a single microtubule (From Dixit, 2004). (B) A self-organizational scheme for CMT patterning: collision between growing microtubules in a 2D space, together with their ability to form bundles, can explain their tendency to form parallel arrays (from Eren et al., 2012).

Figure 19 :

 19 Figure 19: The katanin, a protein necessary to the establishment and maintenance of microtubule network architecture (A) Adult plant of wild-type (left) and various bot1 alleles plants: from left to right, bot1-1, bot1-3, bot 1-4, bot 1-6, bot 1-5 (from Bichet et al., 2001) (B) Microtubule reorientation in WT and katanin (ktn1-1) mutant Arabidopsis etiolated hypocotyl cells under blue light stimulation (from Lindeboom et al., 2013). (C) Confocal image showing preferential localization of KATANIN-GFP at microtubules cross-overs in a wild-type Arabidopsis hypocotyl cell coexpressing RFP-TUB6 (from Zhang et al., 2013). (D-F) Inducible overexpression of katanin in Arabidopsis pavement cells. (D) Control. (E-F) After induction of katanin, free microtubules fragments gather into bundle (E). As katanin activity is prolonged, severing activity shortens the fragments even more and bundles are not apparent anymore (F) (from Stoppin-Mellet et al., 2006).

Figure 20 :

 20 Figure 20: SPIRAL2 determines the organization of microtubule arrays by modulating microtubule severing in Arabidopsis (A) Twisted petioles in 9-day-old spr2-2 seedlings (from Yao 2008). (B-C) Wild-Type (B) and tor1/spr2 (C) hypocotyls 18 days after germination (from Buschmann et al., 2004). (D) Cortical microtubule organization and alignment in cotyledon epidermal cells. Note the hyperalignment in

  as the centrosome and spindle pole body of animal and fungal cells in order to form organizing center.
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 21 Figure 21: The epidermal theory of growth in plants (A) When peeling sunflowers hypocotyls, the outer teguments are retracting suggesting that they were under tension before peeling, and the inner teguments are expanding suggesting that they were under compression before peeling. (B) TEM micrograph of sunflower hypocotyl showing the presence of a thick epidermis (Ep) cell wall compared to other layers (from Kutschera et al., 2007).

Figure 22 :

 22 Figure 22: Correlation between stress pattern and microtubule orientation (A) A continuous model of stress patterns in the shoot meristem, modeled as a pressure vessel. Stress in various orientation (s and r) is noted σ, internal pressure, P (B) Microtubule orientations match the predicted stress pattern in the shoot meristem. (C-D) Reorientation of cortical microtubules after an ablation event. (C) Theoretical principal stress direction pattern (red lines) in outer surface of meristem tissue obtained from FEM simulation of L1 layer under uniform tension and turgor pressure, before and after ablation. (D) Visualization of CMTs in the L1 layer of the central zone of a meristem just before, just after, and 6 hours 30 min after ablation (FM4-64 staining in red). Scale bar, 10 μm (from Hamant et al., 2008).
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 23 Figure 23: A mechanical feedback loop channels meristem morphogenesis

Figure 24 :

 24 Figure 24: Example of plant responses to mechanical perturbations (A) Closure of Dionaea muscipula (Venus' Flytrap) leaves. The stimulation of specific hair cells at the surface of the leaf by an insect induces the rapid closing of this leaf blocking the insect inside. (B) Repetitive touch stimulation leads to a delay in flowering and an inhibition of inflorescence elongation in Arabidopsis. The plants on the right were touched twice daily; the plants on the left are untreated controls (from Braam 2005).

Figure 25 :

 25 Figure 25: 3D extraction of confocal image stacks (A and B) After removing noise with 3D filters, the stack (green) is converted into a mask using edge detection (yellow). (C) A coarse representation of the surface is extracted with marching cubes, then smoothed and subdivided. (D) After subdivision, a thin band of signal representing the epidermal layer (purple) is projected onto the mesh, giving a clear outline of the cells. Note that the projection is perpendicular to the curved surface and its depth is user-defined (from De Reuille et al., 2015).

Figure 26 :

 26 Figure 26: Stochasticit in biology (A-B) Measuring intrinsic and extrinsic noise in E. coli. Intrinsic noise can be differentiated from extrinsic noise by measuring the activity of two allelic GFP variants, YFP (shown in red) and CFP (shown in green), under control of the same promoter. (A) When intrinsic noise is absent within a single cell, the fluorescence intensity of YFP and CFP should be identical (represented by yellow cells). Extrinsic noise will cause different cells within the population to exhibit variations in overall fluorescent intensity. (B) Intrinsic noise within a single cell will cause the fluorescence intensity of YFP and CFP to differ, resulting in some green and some red tinted cells (from Elowitz et al., 2002). (C) Different types of phenotypic variation. Invariant phenotype is the phenotype produced by a genotype that is relatively insensitive to differences in the environment. Phenotypic plasticity is the phenotype produced by a genotype that changes reproducibly in response to a difference in the environment (from Albey et al., 2016).

Figure 27 :

 27 Figure 27: Trichome patterning (A) Theoretical model to explain two-dimensional patterning based on lateral inhibition (from Hülskamp 2004). (B) The proposed models for trichome patterning. Four of the trichome-patterning genes function as positive regulators of trichome development, GLABRA1 (GL1) and TRANS-PARENT TESTA GLABRA1 (TTG1), GLABRA3 (GL3) and ENHANCER OF GL3 (EGL3) whereas the trichome-suppressing genes are represented by three redundantly acting genes TRIPTYCHON (TRY), CAPRICE (CPC) and ENHANCER CAPRICE TRIPTY-CHON1 (ETC1) (from Hülskamp 2004).

Figure 28 :

 28 Figure 28: Heterogeneous cell behaviors in organs (A) JAGGED promotes variability by uncoupling cell size from the cell cycle in the organ primordia. In the floral meristem, cells grow isotropically and must reach a certain size before dividing (From Schiessl et al., 2012) (B-D) Leaf epidermal cells exhibit growth variability. Cellular growth heterogeneity is apparent from (B) serial scanning electron micrographs (SEMs) of a growing Arabidopsis leaf over 96 h. The analysis columns show the areal growth rate (C) and growth rate in length (D). Cells that change their areal growth rate in time are outlined in black (from Elsner et al., 2012).

Figure 29 :

 29 Figure 29: Perturbation of cell heterogeneities (A) Local growth variability map in WT and atktn1. The size of the disc increases with the coefficient t of variability (in percent) of growth rates. Growth rate is more homogenous in atktn1. (from Uyttewaal et al., 2012). (B) Modulation of trichome patterning in Arabidopsis leaf (from Hülskamp 2014).

Figure 30 :

 30 Figure 30: Recombinational activation of gene expression (A) The induced expression of the Cre recombinase leads to the removal of the "stop" region presented between the two Lox sequences and allow the transcription of the chosen gene (from Sauer et al., 1998). (B-C) Stochastic expression of fluorescent markers in the Brainbow system (B) Schematic explanation of the Brainbow 1-1 system (C) Induction of mosaics during in vitro

Figure 31 :

 31 Figure 31: Induction of periclinal cell division by SCR activation clones (A) Root tip showing GFP ER -marked clones with SCR expression 16 hours after heat shock. (B) Close-up of section depicted in a, showing ground tissue clone. (C) Ground tissue clone from (A) and (B) has divided periclinally 24 hours after heat shock. (D) Additional periclinal ground tissue divisions (arrowhead) in scr-2 roots marked by SCR promoter-driven GFP ER (modified from[START_REF] Heidstra | Mosaic analyses using marked activation and deletion clones dissect Arabidopsis SCARECROW action in asymmetric cell division[END_REF] 

Figure 32 :

 32 Figure 32: Cell size heterogeneity in the Arabidopsis sepal epidermis (A) Wild type Arabidopsis flower with sepals (s). (B, C) Scanning electron micrographs (SEMs) of a mature wild type sepal. Giant cells (red false color) are interspersed between smaller cells. (D-E) plants overexpressing cyclin-dependent kinase inhibitor KRP1 form ectopic giant cells, but islands of small cells remain between giant cells. (F-G) Plants mutant for cyclin-dependent kinase inhibitor LGO only exhibit small cells. (H-N) Feedback between cell cycle and cell identity. (H-M) The ectopic expression of cell cycle regulators throughout the epidermis is sufficient to alter cell identity. Small cell are marked in green, ER localization and membrane are stained with propidium iodide (red). (J,K) pATML1::LGO expression causes the formation of ectopic giant cells and limits the expression of the "small cell" marker to the remaining small cells, similar to overexpression of the cell cycle inhibitor KRP1 (D,E). (L,M) Conversely, overexpression of CYCD1;1 is sufficient to promote mitotic cell cycles causing the absence of large endoreduplicated cells and the expanded expression of the small cell marker. (N) Schematic representation of the giant cell pathway. The epidermal specification genes DEK1, ATML1, ACR4
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 1 Figure 1. Predicted stress pattern around a fast growing cell: results from simulations (A) Labeled picture of the cell tissue. (B) Close up of (A) showing triangles composing the mesh. (C) Pressurized cell showing stresses from turgor alone. (D) Stresses after increasing pressure in central cell. (E) Model with same pressure but increased growth in the central cell showing radial pattern.

eFigure 2 :Figure 3 :

 23 Figure 2: Circumferential CMT orientation around a fast growing trichome in sepals (A) Heatmap of area extension (%) over 24-hr intervals displayed on the first time point. Scale bar = 20 m. (B) Details area extension (%) in regions highlighted with a white symbol in (A). Scale bar = 20 m. Note that the cell highlighted with a small triangle is another trichome. (C) Close-up of the CMT organization at the surface of the abaxial sepal around a growing trichome. Scale bar = 20 m (D) Results of anisotropy vectors of images shown in (C). Note a slight change of inclination between (C) and (D) in order to better visualize anisotropy vectors. (E) Schematic explanation of the angle represented in (C). (F) Schematic representation of distance chosen for the analysis. The black cross in the center represents the center of the trichome. (G-H) CMT orientation in all genotypes, before and after trichome starts to grow along the Z direction (bulging out) between 10 m and 20 m (G) and between 20 m and 30 m (H) from the center of the trichome in all genotypes.

Figure 33 :

 33 Figure 33: Effect of the downregulation of CESA and TON2 (A) 6 week-old wild-type and CESA1 mutant any1 plants. (B-C) Comparison of the wild-type plants and lines expressing an amiRNA against several CESAs (images from Benoit Landrein): smaller rosette (B) and dwarfism (C). (D-F) Comparison of wild-type plants and lines with misexpression of TON2. (D). Weak loss of function mutant allele of TON2 (from Torres-Ruiz et al., 1994). (D) Severe loss of function mutant allele of TON2 (from Torres-Ruiz et al., 1994). (F)

Figure 34 :

 34 Figure 34: An enhancer drives reporter expression in sepal giant cells (A) Expression pattern (yellow, nuclear localized) of the giant cell enhancer. (B) DNA content of cells expressing the giant cell marker measured by flow cytometry. Most giant cell marker cells display high ploidy (peaks at 8C to 32C) (From Roeder et al., 2012).

  examine if local perturbations in growth during sepal development can lead to abnormal final shape, I observed mature sepals. The abaxial side of mature abaxial sepals (stage 14) were dissected from the flower and observed with a scanning electron microscope (SEM). I compared the wild type Col-0 and p35S::Lti6B-GFP, a membrane marker line in WS-4) to the following homozygous T2 lines : pART211::amiRNACESAs (3 independent lines in Col-0 and 4 lines in p35S::Lti6B-GFP background), pART211::AtEXP5 (1 line in Col-0 and 2 lines in p35S::Lti6B-GFP background), or pART211::AtEXP10 (1 line in p35S::Lti6B-GFP background).

Figure 35 :

 35 Figure 35: Impact of the expression of cell wall remodeler in giant cells The following constructions were introgresed into the same genetic background (p35S::Lti6b -GFP). (A, B) pART211-atEXP10. (C, D) pART211::atEXPB5 (E,F) pART211::amiRNA-CESA line 1. (G, H) pART211::amiRNA-CESA line 2. (I, J) Control (p35S::Lti6b -GFP). Scanning electron micrographs of the abaxial side of stage 14 abaxial sepals exhibiting giant cells. Scale bar , 100 μm.

Figure 36 :

 36 Figure 36: Schematic representation of the cre-lox system (A) Representation of the 3 different components of the system. (B) Representation of events happening after heat shock induction. The activation of the Cre recombinase causes the removal of the CRT1-NOS cassette allowing the expression of GAL4, which binds the pUAS promoter and drives the expression of the gene of interest (GOI) in addition to GFPer allowing us to visualize induced cells.

  containing a p35S-loxB-GAL4-VP16 cassette where two direct repeat lox recombination sites separate the 35S promoter from the GAL4-VP16 following by a pUAS-GFP ER fragment. Finally a stuffer fragment was cloned in between the two lox sites consisting of the E.uredovora CRT1 gene tailed by the NOS terminator. The CRT1 stuffer gene prevents 35S induced GAL4VP16 transcription and confers resistance to herbicides like norflurazon. This component allows the expression of GAL4-VP16 after the removal of the CRT1 gene due to the Cre recombinase activity upon heat shock induction (Fig 36). Then GAL4-VP16 binds the pUAS promoter and drives the expression of GFP ER , allowing the detection of activated cells.

Figure 37 :

 37 Figure 37: Artificially induced compensation at cellular level during sepal development. (A) Live imaging of cell shapes and GFP expression, corresponding to cre-lox induced cell (GFP positive), expressing AtEXP10 at the surface of the same abaxial sepal starting 24h after heat shock induction. (B) Heatmap of areal extension (%) over consecutive 24-hr intervals, displayed on the first time point. (C) Close up of T1 (first 24 h interval) showing the different area extension between activated cells and no-activated cells. Note that the GFP positive cells seem also larger than their neighbours at T1 (arguably due to EXP10 expression) and they are then growing more slowly than their neighbours (blue color reflecting slower growth between T1 and T2). Scale bars, 50 µm.

Figure 38 :

 38 Figure 38: Possible induction of outgrowth in the meristem by expansin (A) Live imaging of cell shapes and GFP expression, corresponding to cre-lox induced cell (GFP positive), expressing AtEXP10 at the surface of the same shoot apical meristem (SAM) 24h after heat shock induction. (B) Heatmap of areal extension (%) over consecutive 24-hr intervals, displayed on the first time point. (C) Cross section represented by the dotted with line annotaded C1 in B. The white arrow marks an abnormal buldging-out event in the SAM, near GFP-positive cells. (D) Cross section represented by the white line annotated C2 in (B). The white arrow marks an emerging priomodium in GFP negative cells as a control. A clear boundary created by a folding can be observed between the center of the SAM and the primordium. Scale bars, 20 μm.

Figure 39 :

 39 Figure 39: Compensation at cellular level in the shoot apical meristem. (A) Live imaging of cell shapes and GFP expression, corresponding to cre-lox induced cell (GFP positive), expressing AtEXP10 at the surface of the same shoot apical meristem (SAM) 24h after heat shock induction. (B) Heatmap of areal extension (%) over consecutive 24-hr intervals, displayed on the first time point. (C) Cross section represented by the dotted white line in (B). The white arrow marks an emerging organ primodium. A clear boundary created by a folding can be observed between the center of the SAM and the primordium. Scale bars,

  different scale (cell, group of cells, regions…) during sepal development could allow us to extract the underlying patterns of correlations and the correlation length between cells, notably to qualify the most plausible mechanisms that coordinate cell stochasticity. Exploring this question would then involve the analysis of water transport (e.g. aquaporins) and metabolite transport (plasmodesmata) across cells, and their relation to mechanical stress.
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