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THÈSE POUR OBTENIR LE GRADE DE DOCTEUR
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Post-embryonic lateral root organogenesis plays an essential role in defining plant root system architecture, and therefore plant growth and fitness. The aim of the thesis is to elucidate the gene regulatory network regulating lateral root development and de novo root meristem formation during root branching in the model plant Arabidopsis thaliana by combining a systembiology-based analysis of lateral root primordium transcriptome dynamics with the functional characterization of genes possibly involved in regulating lateral root organogenesis.

The first part of the thesis deals with the identification the target genes of PUCHI, an AP2/EREBP transcription factor that is involved in controlling cell proliferation and differentiation during lateral root formation. We showed that loss of PUCHI function leads to defects lateral root initiation and primordium growth and organisation. We found that several genes coding for proteins of the very long chain fatty acid (VLCFA) biosynthesis machinery are transiently induced in a PUCHI-dependent manner during lateral root development. Moreover, a mutant perturbed in VLCFA biosynthesis (kcs1-5) displays similar lateral root development defects as does puchi-1. In addition, roots of puchi-1 loss of function mutant show enhanced and continuous callus formation in auxin-rich callus induction medium, consistent with the recently reported role of VLCFAs in organizing separated callus proliferation on this inductive growing medium. Thus, our results demonstrate that PUCHI positively regulates the expression of VLCFA biosynthesis genes during lateral root development, and further support the hypothesis that lateral root and callus formation share common genetic regulatory mechanisms.

A second part of the thesis specifically addresses the issue of identifying key regulators of root meristem organization in the developing lateral root primordium. Material enabling the tracking of meristem cell identity establishment in developing primordia with live confocal microscopy was generated. A gene network inference was run to predict potential regulatory relationships between genes of interest during the time course of lateral root development. It identified potential regulators of quiescent center formation, a key step in functional organization of the lateral root primordia into a new root apical meristem. The characterization of some of these candidate genes was initiated.

Altogether, this work participated in deciphering the genetic regulation of lateral root formation in Arabidopsis thaliana.

Abstract in French

L'organogenèse post-embryonnaire des racines latérales joue un rôle essentiel dans l'établissement de l'architecture du système racinaire des plantes, et donc dans leur croissance et leur performance. L'objectif de cette thèse est de caractériser le réseau de gènes régulant le développement des racines latérales et en particulier, l'organisation fonctionnelle du primordium de racine latérale, formant un nouveau méristème racinaire, chez la plante modèle Arabidopsis thaliana en combinant des études de biologie des systèmes appliquées à la dynamique du transcriptome lors de la formation des racines latérales avec la caractérisation fonctionnelle de gènes candidats pour la régulation de ce phénomène d'organogenèse.

La première partie de la thèse concerne l'identification des cibles de PUCHI, un facteur de transcription de type AP2/EREBP impliqué dans le contrôle de la prolifération et de la différentiation cellulaire dans le primordium de racine latérale. Le phénotype liés à la parte de fonction de PUCHI a été caractérisé en détail et à mis en évidence un rôle de ce facteur de transcription dans l'initiation des racines latérales et le développement et l'organisation des primordia. Par l'analyse de profils spatiaux et temporels d'expression de gènes, nous avons pu mettre en évidence que l'expression de gènes codant des protéines impliquées dans la biosynthèse des acides gras à très longues chaînes (VLCFA) est transitoirement activée durant la formation de la racine latérale et que cette dynamique est dépendante de PUCHI. De plus, le mutant kcs1-5, perturbé dans la biosynthèse de VLCFAs, présente un phénotype de développement des racines latérales similaire à celui de puchi-1. Par ailleurs, la perte de fonction puchi-1 augmente fortement la formation de cals continus dans des racines cultivées sur milieu inducteur riche en auxine, ce qui est cohérent avec le rôle récemment décrit des VLCFA racinaires dans la formation et l'organisation de cals distincts lorsque la racine est cultivé sur milieu inducteur de cals. L'ensemble de nos résultats démontre que PUCHI régule positivement l'expression de gènes de biosynthèse de VLCFAs lors de la formation de racines latérales et la callogenèse. Nos résultats confortent également l'hypothèse selon laquelle la formation des racines latérales et celle de cals racinaires partagent des mécanismes de régulation communs.

La seconde partie de la thèse s'intéresse à l'identification de facteurs régulateurs clés dans l'organisation fonctionnelle du primordium de racine latérale et particulièrement, l'organisation d'un nouveau méristème racinaire. J'ai contribué à produire de nouvelles lignées de plantes permettant de suivre en temps réel par microscopie confocale la mise en place des identités cellulaires caractéristiques d'un méristème racinaire dans le primordium de racine latérale en développement. En utilisant un algorithme d'inférence de réseau de gènes, j'ai produit puis analysé les relations prédites de régulation entre gènes d'intérêt, afin d'identifier des gènes candidats potentiellement impliqués dans la formation du centre quiescent, un élément clé dans l'organisation du primordium et la mise en place du nouveau méristème racinaire. La caractérisation fonctionnelle de certains de ces gènes candidats a été initiée.

Ces travaux de thèse ont donc contribué à mieux comprendre les mécanismes de régulation de la formation des racines latérales chez Arabidopsis thaliana.

Mots clés: réseau de régulation du gène, racines latérales, niche de cellules souches, formation de mersitem, acides gras à très longue chaine (VLCFAs), PUCHI I acknowledge the essential help of Dr. Alain Ghesquiere, Bruno Barthelemy, Virginie Champion, Manuelle Rival (IRD) and Cendrine Jay-Allemand (GAIA) for processing all the paperwork necessary for my study.

My special thank goes to Dr. Luu Doan Trung (SupAgro Montpellier) for your kindness.

Not only did you prepare me for the PhD, you also provided me and my family a lot of valuable help during the period. 
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GENERAL INTRODUCTION

Plant root system architecture (RSA) is the three-dimensional configuration of a whole root system in its living environment [START_REF] Morris | Shaping 3D Root System Architecture[END_REF]. RSA is considered a major determinant of plant viability and crop yield, and is a target for breeding to improve crop performance especially under various stresses (Smith and De Smet, 2012;[START_REF] Zhan | Reduced Lateral Root Branching Density Improves Drought Tolerance in Maize[END_REF]. Root branching is of particular importance because it largely determines soil exploration of a root system and this can affect dramatically its water and nutrient acquisition [START_REF] Lynch | Steep, cheap and deep: An ideotype to optimize water and N acquisition by maize root systems[END_REF][START_REF] Morris | Shaping 3D Root System Architecture[END_REF].

Accordingly, the molecular mechanisms of root branching have been extensively studied in the model plant Arabidopsis thaliana (Arabidopsis) whose mature root system is largely derived from lateral roots (LRs) formed after germination. LRs originate from a small group of xylem-pole pericycle cells of the primary root that are primed by auxin to acquire founder cell identity [START_REF] Möller | Dynamic control of lateral root positioning[END_REF]. These founder cells undergo a succession of anticlinal and periclinal cell divisions that eventually results in the formation of a dome-shaped lateral root primordium (LRP; Malamy & Benfey, 1997;[START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. The LRP emerges through overlaying parental root tissues to become a functional LR [START_REF] Swarup | The auxin influx carrier LAX3 promotes lateral root emergence[END_REF][START_REF] Stoeckle | Breakoutlateral root emergence in Arabidopsis thaliana[END_REF].

Lateral root development is an excellent experimental system to study post-embryonic organogenesis. Interestingly, lateral root formation includes the de novo organization of a root apical meristem whose stem cell niche will subsequently sustain the continuous growth of the new LR [START_REF] Laskowski | Formation of lateral root meristems is a two-stage process[END_REF]Malamy and Benfey, 1997). Moreover, recent studies have showed that lateral root formation shares common mechanisms with organ regeneration in tissue culture, especially the first step of callus formation [START_REF] Perianez-Rodriguez | Post-embryonic organogenesis and plant regeneration from tissues: two sides of the same coin? Front[END_REF][START_REF] Fan | LATERAL ORGAN BOUNDARIES DOMAIN transcription factors direct callus formation in Arabidopsis regeneration[END_REF][START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF][START_REF] Atta | Pluripotency of Arabidopsis xylem pericycle underlies shoot regeneration from root and hypocotyl explants grown in vitro[END_REF]. Understanding these mechanisms is particularly relevant for many biotechnology applications in the field of plant regeneration and multiplication.

While many genes involved in lateral root development have been identified, little is known about the mechanisms that progressively organize the LRP into a root meristem [START_REF] Trinh | Lateral Root Formation: Building a Meristem de novo[END_REF]. LRP formation is not dependent on a stereotypical cell division pattern and therefore on cell lineage [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF][START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. LRP organization is a dynamic process dependent on complex gene regulatory networks and on cell-cell interactions including biomechanical interactions (Du and Scheres, 2017a;[START_REF] Stoeckle | Breakoutlateral root emergence in Arabidopsis thaliana[END_REF][START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF].

Interestingly, inference of the gene regulatory network involved in LR formation suggested an early patterning mechanism defining the central region and flanks of the LRP and identified genes involved in this process (Lavenus et al., 2015). The central region of a developing LRP selforganizes into a structure similar to that at the primary root apical meristem (RAM) [START_REF] Laskowski | Formation of lateral root meristems is a two-stage process[END_REF]Malamy and Benfey, 1997). Some of the central cells express quiescent center (QC)-specific markers such as WOX5::GFP and QC25::CFP (Tian et al., 2014a;[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF], and in the primary RAM these QC marker-positive cells are important in regulating stem cell identity and root meristem maintenance [START_REF] Xu | A molecular framework for plant regeneration[END_REF]. Several important transcription factors (TF) controlling meristem formation during LRP development have been described, such as SHORTROOT-SCARECROW, and PLETHORAs [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. However, there may exist many other important factors regulating meristem formation during LRP development. In LRP flanks, PUCHI encoding a AP2/EREBP-family TF was previously showed to control cell division and proliferation during LRP formation [START_REF] Hirota | ) biosynthesis genes is induced downstream of PUCHI, a transcription factor controlling cell division and morphogenesis during lateral root formation. We also show that the PUCHI-mediated regulation of VLCFA biosynthesis is also involved in root derived callus formation, the first step in in vitro plant regeneration. More experiments are on-going to corroborate the hypothesis such as VLCFA quantification in WT and puchi-1 roots and rescuing puchi-1 LR phenotype by VLCFA complementation[END_REF]. puchi-1 loss-of-function mutant produces LRPs exhibiting additional anticlinal and periclinal cell divisions from early stages and their LRs have abnormally enlarged flank cells [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. Yet, the molecular targets regulated by PUCHI during LR development are not known.

In the frame of the research unit "Plant Diversity, Adaptation and Development" (IRD/ University of Montpellier), the research team I worked with is interested in deciphering the regulation mechanisms that control lateral root formation in various plant models, including A.

thaliana. To have a systematic view on genes possibly involved in LRP formation and development, the team developed an algorithm called Time Delay Correlation (TDCor) (Lavenus et al., 2015) to infer genetic interaction from a time-course transcriptomic dataset profiling every stage of LRP organogenesis [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. This algorithm is based on similarity (Pearson correlation) between time-shifted expression profiles of genes in the LR dataset to suggest their possible regulator-to-target relationships (positive or negative regulation). This approach was validated experimentally using the targets of ARF7, a key player in LRP formation (Lavenus et al., 2015).

The team has exploited this inference strategy to explore the potential targets of PUCHI during LR development and looked for the molecular processes that may be influenced by PUCHI in the root. Interestingly, a number of genes coding for factors involved in the biosynthesis of verylong-chain fatty acids (VLCFAs) were found to have similar expression profiles but shifted in time to that of PUCHI. qRT-PCR further showed that expression of key VLCFA biosynthesis genes at the first stage of LRP formation was dependent on PUCHI. PUCHI was therefore hypothesized to regulate the expression of genes involved in the biosynthesis of very long chain fatty acids (VLCFA) during LR development.

My 3-year thesis initiated in that context in May 2016, with the aim to explore further and characterize experimentally the hypothesis that PUCHI acts as a master regulator of the VLCFA biosynthesis pathway during LR formation. In addition, I started a new and complementary research axis using the inference algorithm TDCor to identify upstream regulators controlling meristem establishment in the developing LRP. This PhD thesis is organized in five chapters:

Chapter I reviews recent advances on understanding LRP formation and development, with a link to plant regeneration from callus.

Chapter II describes the roles of PUCHI during LRP development through a detailed phenotyping of the loss-of-function mutant of PUCHI.

Chapter III demonstrates that PUCHI regulates the expression of VLCFA biosynthesis genes during LRP formation, and that this regulation is important for LRP formation and callus formation.

Chapter IV explores genes potentially involved in stem cell niche formation during LRP development and proposes further experiments to be done.

Chapter V provides a general discussion and perspectives resulting from this work.

Chapter VI describes the materials and methods used in the work.

I. INTRODUCTION

The root system fulfils multiple essential roles for the plant, including soil exploration and water and nutrient uptake, interactions with surrounding biotic and abiotic environments, plant anchorage to the substrate, and in some instances, vegetative reproduction or storage of photosynthates [START_REF] Beeckman | Annual Plant Reviews, Root Development[END_REF]. In doing so, it greatly influences crop performance and yield [START_REF] Rogers | Regulation of plant root system architecture: Implications for crop advancement[END_REF]. For example, changes in root system and water uptake explain a large part of the continuous increase in maize yield in the U.S. over the past 70 years [START_REF] Hammer | Can changes in canopy and/or root system architecture explain historical maize yield trends in the U.S. corn belt?[END_REF]. Root system architecture (RSA), which refers to the spatial configuration of the whole root system of a plant in soil, is a potent parameter influencing root system function and crop growth [START_REF] Lynch | Root Architecture and Plant Productivity[END_REF][START_REF] De Dorlodot | Root system architecture: opportunities and constraints for genetic improvement of crops[END_REF][START_REF] Lynch | TURNER REVIEW No. 14. Roots of the Second Green Revolution[END_REF][START_REF] Rogers | Regulation of plant root system architecture: Implications for crop advancement[END_REF]. RSA traits have been frequently overlooked in past breeding programs due to the difficulty to access and quantify them. However, recent advances in phenotyping technologies and physiological modelling open the way for smart crop breeding programs targeting root traits and especially RSA (Smith and De Smet, 2012;[START_REF] Kuijken | Root phenotyping: From component trait in the lab to breeding[END_REF]. These new breeding strategies offer a valuable approach to meet the demand in crop production in the current challenging context of increasing global human population and intensifying adversary soil and climatic conditions [START_REF] Godfray | Food Security: The Challenge of Feeding 9 Billion People[END_REF][START_REF] Tai | Threat to future global food security from climate change and ozone air pollution[END_REF]Smith and De Smet, 2012).

Plant RSA is modulated by 1) root growth, i.e. increase in root length, 2) root angle and 3) root branching, i.e. the formation of new roots such as lateral roots (LRs, originating from existing roots including lateral roots) and adventitious roots (emerging from shoot tissues, such as stem bases; [START_REF] Osmont | Hidden branches: developments in root system architecture[END_REF][START_REF] Bellini | Adventitious Roots and Lateral Roots: Similarities and Differences[END_REF]. Root growth relies on the activity of specialized tissues called root apical meristems that are organized populations of dividing cells including a self-maintained stem cell niche (Aichinger et al., 2012;[START_REF] Choe | Push-pull strategy in the regulation of postembryonic root development[END_REF]Figure 1.1). Secondary root formation consists of de novo organogenesis of new root meristems from seemingly differentiated tissues. Contribution of post-embryonic root organogenesis to the elaboration of the plant RSA varies greatly depending on species. While the primary root and LRs emerging from it contribute to a significant extent to RSA development in dicot species, adventitious roots are predominant in RSA of most monocot species [START_REF] Bellini | Adventitious Roots and Lateral Roots: Similarities and Differences[END_REF]. Root growth and branching are influenced by endogenous physiological cues as well as by environmental factors, such as soil texture, nutrient and water availability, and microbial interactions [START_REF] Malamy | Intrinsic and environmental response pathways that regulate root system architecture[END_REF]Tian et al., 2014b;[START_REF] Bao | Plant roots use a patterning mechanism to position lateral root branches toward available water[END_REF][START_REF] Morris | Shaping 3D Root System Architecture[END_REF]. This plasticity in RSA is of paramount importance for plant adaptation to environmental constraints. In root apical meristems, the stem cells are called "initials" and the organizing centre is termed "quiescent centre" (QC).

Meristems are complex tissues gathering cells with little differentiation and retaining mitotic activity [START_REF] Stahl | Plant stem cell niches[END_REF]. Division and differentiation of these cells are tightly regulated through a network of genetic factors and cell-to-cell communications providing plants with the ability to continuously generate new tissues and organs after germination. As a result, meristematic cells express repertoires of cell cycle-related genes but also specific factors influencing cell fate, such as chromatin modifiers and hormone and peptide signalling pathways (reviewed in Lee et al., 2013;[START_REF] Chiatante | Regulatory networks controlling the development of the root system and the formation of lateral roots: a comparative analysis of the roles of pericycle and vascular cambium[END_REF]. Regulators of the structural properties of the tissue such as cytoskeleton organization, cell membrane dynamics, as well as primary cell wall formation are also of great importance for meristematic activity [START_REF] Sassi | When biochemistry meets mechanics: A systems view of growth control in plants[END_REF].

Importantly, emergent properties in this intricate regulation network generate long-lasting dynamic organization at the tissue scale, and especially, the maintenance of a central stem cell niche. Stem cells are undifferentiated cells able to divide with no apparent limit, renewing the stem cell pool as well as producing progenitor cells that will participate in the production of one or more 
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Boundary/Buttress cells Xylem vessels differentiated cell types [START_REF] Laux | The stem cell concept in plants: A matter of debate[END_REF][START_REF] Spradling | Stem cells find their niche[END_REF]. In plant meristems these stem cells are prevented from differentiating by signalling from a group of other cells, the meristem organizing centre [START_REF] Doerner | Root development: quiescent center not so mute after all[END_REF]. Specifically in root apical meristems, the stem cells are called "initials" and the organizing centre is termed "quiescent centre" (QC; [START_REF] Choe | Push-pull strategy in the regulation of postembryonic root development[END_REF]. As in animal stem cell niches [START_REF] Ivanova | Response to Comments on " 'Stemness': Transcriptional Profiling of Embryonic and Adult Stem Cells" and "A Stem Cell Molecular Signature[END_REF][START_REF] Zipori | The nature of stem cells: State rather than entity[END_REF], the transcriptomic signature of plant stem cells remains elusive, although association of some specific transcription factors has been shown

to be important [START_REF] De Luis Balaguer | Predicting gene regulatory networks by combining spatial and temporal gene expression data in Arabidopsis root stem cells[END_REF][START_REF] Galinha | PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development[END_REF][START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF][START_REF] Scheres | Stem-cell niches: Nursery rhymes across kingdoms[END_REF]. However, hormonal, epigenetic, and transcriptional regulators have been identified that play a critical role in stem cell niche establishment, organization, and maintenance [START_REF] Choe | Push-pull strategy in the regulation of postembryonic root development[END_REF]. Not surprisingly, some factors, such as cell cycle effectors, are important for both shoot and root meristems. In addition, common schemes involving related molecules participate in both shoot and root meristem organization. For example, the ratio between auxin and cytokinin hormonal signalling greatly influences the balance between cell division and differentiation, although with seemingly different outputs in shoot and root contexts [START_REF] Galinha | Hormonal input in plant meristems: A balancing act[END_REF][START_REF] Vanstraelen | Hormonal Interactions in the Regulation of Plant Development[END_REF]. Additionally, in both shoot and root meristems transcription factors specifically expressed in the organizing centre inhibit the differentiation of neighbouring stem cells and are targets of a negative feedback mediated by non-cell autonomous peptides and membrane-located receptors [START_REF] Stahl | Moderation of arabidopsis root stemness by CLAVATA1 and ARABIDOPSIS CRINKLY4 receptor kinase complexes[END_REF]. Nevertheless, other aspects of meristem regulation, and especially hormonal and peptide signal transduction and its impact on cell differentiation, are specific to root or shoot development [START_REF] Galinha | PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development[END_REF].

The root apical meristem activity continuously generates new cells that participate to root growth as well as to renewal of the root cap, an important interface of the root meristem with the environment [START_REF] Petricka | Control of Arabidopsis Root Development[END_REF][START_REF] Perilli | Growth and development of the root apical meristem[END_REF][START_REF] Sozzani | Postembryonic control of root meristem growth and development[END_REF]. Still, only one or few root apical meristems are generated during plant embryogenesis. A significant proportion of the root system of a growing plant thus originates from post-embryonic root formation through a tightly regulated sequence of cell division and differentiation. This organogenesis process implies precise changes in cell cycle activities as well as modifications in cell gene expression programs [START_REF] Birnbaum | How many ways are there to make a root?[END_REF].

This review focuses on lateral root (LR) development, i.e. root organogenesis from existing root tissues, with emphasis on the processes generating a new functional root meristem. To that purpose, we will predominantly consider the model plant Arabidopsis thaliana, in which LR formation has been extensively studied. Arabidopsis is a dicot plant whose RSA consists of a primary root, LRs of multiple orders, e.g. tertiary roots, and few adventitious roots (Gutierrez et al., 2012;Smith and De Smet, 2012). Arabidopsis primary roots and LRs have a relatively simple anatomy, making them a valuable model for developmental biology studies (Lavenus et al., 2013b).

The young Arabidopsis root is made of one layer of each tissue namely from the outside to the inside, the epidermis, the cortex, the endodermis and the pericycle enclosing the vascular tissues, which includes two xylem and two phloem poles [START_REF] Dolan | Cellular organisation of the Arabidopsis thaliana root[END_REF]Figure 1.1). In addition,

Arabidopsis is amenable to LR induction protocols, live imaging techniques, and genetic reporter and mutant strategies [START_REF] Jansen | Inducible System for Lateral Roots in Arabidopsis thaliana and Maize[END_REF][START_REF] Koornneef | The development of Arabidopsis as a model plant[END_REF]. A wealth of information has been gathered on the processes regulating embryonic root meristem establishment, primary root meristem maintenance and plasticity, as well as on the cellular and molecular events underlying post-embryogenesis LR formation. Here, we synthesize recent published data highlighting observed properties of post-embryonic root meristem formation and aim to identify remaining gaps in our understanding of this biological process that greatly contributes to plant development and crop production.

II. TISSUE CONTEXT AND EARLY EVENTS OF LATERAL ROOT PRIMORDIUM ORGANOGENESIS

Competence of pericycle cells for root organogenesis

LR formation in Arabidopsis originates exclusively from pericycle cells (Figure 1.2). The pericycle is a single layer of cells representing the outermost cells of the vascular cylinder (Beeckman and De Smet, 2014). Pericycle cells are produced by inner initials of the primary root meristem. Due to this anatomical position, some pericycle cells neighbour either xylem pole or phloem pole cells. Interestingly this relative positioning is of functional importance, since lateral root primordia (LRPs) originate exclusively from xylem-pole pericycle (XPP) cells in many plants such as Arabidopsis [START_REF] Dubrovsky | Pericycle Cell Proliferation and Lateral Root Initiation in Arabidopsis[END_REF][START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF], and only from phloem pole pericycle cells in others such as maize [START_REF] Jansen | Phloem-associated auxin response maxima determine radial positioning of lateral roots in maize[END_REF].

What makes those pericycle cells competent for LRP initiation is not clearly understood.

However, a transcriptomic analysis in maize showed that compared to non-pericycle cells, pericycle cells preferentially express a subset of genes related to protein synthesis, transcription, and signal transduction, which could explain their competence for cell division [START_REF] Dembinsky | Transcriptomic and Proteomic Analyses of Pericycle Cells of the Maize Primary Root[END_REF]. In addition, analyses of the expression pattern of cell cycle regulators in roots suggested that stele tissues, including pericycle, retained S-phase related gene expression longer that other root tissues [START_REF] Beeckman | The peri-cell-cycle in Arabidopsis[END_REF]. Consistent with this hypothesis, a recent analysis of mitosis distribution in Arabidopsis root tips showed that, together with endodermis and vascular cells, pericycle cells retained mitotic activity longer than cortex cells or epidermis cells [START_REF] Lavrekha | 3D analysis of mitosis distribution highlights the longitudinal zonation and diarch symmetry in proliferation activity of the Arabidopsis thaliana root meristem[END_REF]. The pericycle actually consists of a heterogeneous population of cells: Arabidopsis XPP 
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Elongation and di fferentiation zone cells in the mature root retain some meristematic cell-specific features such as fragmented vacuoles, large nuclei and dense cytoplasm, and expression of S-phase related cell cycle regulators in contrast to "differentiated" pericycle cells [START_REF] Casimiro | Dissecting Arabidopsis lateral root development[END_REF][START_REF] Beeckman | The peri-cell-cycle in Arabidopsis[END_REF][START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF][START_REF] Almeida Engler | Systematic analysis of cell-cycle gene expression during Arabidopsis development[END_REF] identified 16 cell cycle genes displaying preferential expression in the Arabidopsis XPP cell file. The D-type Cyclin CYCD4;1 is expressed in XPP cells in the root meristem, and its loss of function causes a premature elongation of these cells associated with a reduced LR density [START_REF] Nieuwland | The D-type cyclin CYCD4;1 modulates lateral root density in Arabidopsis by affecting the basal meristem region[END_REF]. Conversely, phloem pole pericycle cells were shown to differentiate and become quiescent significantly earlier than other pericycle cells, including XPP cells [START_REF] Lavrekha | 3D analysis of mitosis distribution highlights the longitudinal zonation and diarch symmetry in proliferation activity of the Arabidopsis thaliana root meristem[END_REF]. Longer cell cycle activity in XPP cells exiting the root meristem is dependent on the activity of ABERRANT LATERAL ROOT FORMATION 4 (ALF4) as in the alf4 mutant XPP cells only weakly express the G2-to-M transition transgene CYCB1;1::GUS [START_REF] Didonato | Arabidopsis ALF4 encodes a nuclear-localized protein required for lateral root formation[END_REF][START_REF] Celenza | A pathway for lateral root formation in Arabidopsis thaliana[END_REF]. ALF4 is widely expressed in plant tissues and encodes a plant-specific regulator modulating the activity of SCF complexes required for the signalling of the plant hormones auxin and gibberellin [START_REF] Bagchi | The Arabidopsis ALF4 protein is a regulator of SCF E3 ligases[END_REF]. Consistent with this longer cell cycle activity of pericycle cells being instrumental for LR formation, the alf4 mutant plants display a strong reduction in root branching, even in presence of the root-formation promoting hormone auxin [START_REF] Didonato | Arabidopsis ALF4 encodes a nuclear-localized protein required for lateral root formation[END_REF][START_REF] Bagchi | The Arabidopsis ALF4 protein is a regulator of SCF E3 ligases[END_REF].

Importantly, XPP cells express specific repertoires of genes as exemplified by the J0121 enhancer trap line that displays robust GFP expression in XPP cell files from the elongation zone of the meristem onwards, as well as, interestingly, in related shoot tissues competent for root formation [START_REF] Casimiro | Auxin Transport Promotes Arabidopsis Lateral Root Initiation[END_REF][START_REF] Laplaze | GAL4-GFP enhancer trap lines for genetic manipulation of lateral root development in Arabidopsis thaliana[END_REF][START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF]. Another enhancer trap line, Rm1007, showed GFP expression specifically in XPP cells and in the corresponding initials, adjacent to the root meristem quiescent centre, including in young embryos, indicating that the genomic region highlighted by the Rm1007 insertion drives very early XPP cell fatespecific expression [START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF].

The close relationship between vascular pole differentiation and pericycle cell competence

for LR formation suggests a robust crosstalk between these two cell populations in the primary root meristem. For example, Arabidopsis lonesome highway (lhw) mutant, that has only one xylem and one phloem pole, specifically produces LRPs along that single xylem strand [START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF]. Conversely, roots of the wooden leg (wol) mutant lack phloem specification and the J0121 marker is present throughout the pericycle. Interestingly, despite this characteristic, LR formation is severely affected in the wol mutant background, suggesting that both xylem and phloem specification in the primary root is required for functional LR formation [START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF].

Patterning of xylem and phloem vascular identities in the central domain of the root meristem is regulated through a complex network of transcriptional signalling and hormonal crosstalk (reviewed in [START_REF] Vaughan-Hirsch | North, East, South, West: mapping vascular tissues onto the Arabidopsis root[END_REF]. A combination of experimental and modelling approaches suggested that mutual inhibition between auxin and cytokinin signalling patterned the alternating of xylem and phloem poles in Arabidopsis root meristem (Bishopp et al., 2011a).

Signalling between vasculature identity and competence of pericycle cells for LR formation could involve auxin maxima in the xylem axis and phloem axis, in Arabidopsis and in maize, respectively [START_REF] El-Showk | Parsimonious Model of Vascular Patterning Links Transverse Hormone Fluxes to Lateral Root Initiation: Auxin Leads the Way, while Cytokinin Levels Out[END_REF][START_REF] Jansen | Phloem-associated auxin response maxima determine radial positioning of lateral roots in maize[END_REF]. Indeed, treatments by exogenous auxins or auxin transport inhibition alter the anatomical distinction between XPP and non XPP cells in Arabidopsis [START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF]. However, neither auxin nor cytokinin short term treatments modify the expression pattern of J0121 and Rm1007 transgenes, indicating a robust patterning mechanism of XPP cell identity in the root meristem [START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF].

Oscillatory LR priming by endogenous cues

In Arabidopsis LRs originate only from XPP cells, but not every XPP cell develops into a LRP. Indeed in the basal meristem of the parental root tip, oscillating mechanisms periodically select subsets of XPP cells and prepare them to enter LR formation, a phenomenon called "priming" [START_REF] Möller | Dynamic control of lateral root positioning[END_REF]. This selection process has a major impact on RSA by defining the potential sites for root branching. The molecular processes underlying this priming event are still not fully understood, but are associated with changes in auxin signalling [START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF]. Monitoring expression of the synthetic auxin-responsive DR5 (DIRECT REPEAT5) promoter revealed regular pulses of auxin signalling activity in the two protoxylem strands in the basal meristem.

Transcriptomic analyses showed that the expression levels of hundreds of genes were also oscillating in that segment of the root, according to the same period as auxin signal oscillations [START_REF] Moreno-Risueno | Oscillating gene expression determines competence for periodic Arabidopsis root branching[END_REF]. While cells exit the basal meristem, those temporal fluctuations progressively cease and high signal stabilizes into local auxin maxima correlating with future sites of LR formation [START_REF] Xuan | Root capderived auxin pre-patterns the longitudinal axis of the arabidopsis root[END_REF][START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF]. The specification of these sites with high and stable DR5 signal, termed prebranch sites, is dependent on auxin signal transduction and probably on a complex network of transcription factors [START_REF] Moreno-Risueno | Oscillating gene expression determines competence for periodic Arabidopsis root branching[END_REF]. The root cap plays a crucial role in creating these auxin pulses. First, a defect in auxin synthesis in the root cap impairs the amplitude of auxin signalling oscillations in the basal meristem, suggesting that auxin molecules that signal XPP priming may originate from the root cap [START_REF] Xuan | Root capderived auxin pre-patterns the longitudinal axis of the arabidopsis root[END_REF].

Second, periodic programmed cell death occurs in lateral root cap cells creating rhythmic influxes of auxin into inner cells of the elongation zone of the meristem, which tightly correlate with prebranch site formation [START_REF] Xuan | Cyclic programmed cell death stimulates hormone signaling and root development in Arabidopsis[END_REF]. Pulsating fluxes of auxin from the root cap to the meristem might participate in generating peaks in auxin signalling activity in the protoxylem cell files, contributing to prebranch site specification.

Basipetal (from the root tip shootward) auxin fluxes from the columella through the lateral root cap and the root epidermis have been extensively studied in A. thaliana in particular in relation to gravitropism [START_REF] Band | Root gravitropism is regulated by a transient lateral auxin gradient controlled by a tipping-point mechanism[END_REF][START_REF] Wisniewska | Polar PIN localization directs auxin flow in plants[END_REF][START_REF] Rashotte | Basipetal Auxin Transport Is Required for Gravitropism in Roots of Arabidopsis[END_REF]. Consistent with the model of root cap-derived auxin priming XPP cells, parental root waving, mechanical bending, or gravistimulation modulate LR formation, possibly because of gravity-modulated auxin fluxes or changes in auxin routes due to tissue bending that affects shootward auxin distribution [START_REF] Lucas | An auxin transport-based model of root branching in Arabidopsis thaliana[END_REF][START_REF] Ditengou | Mechanical induction of lateral root initiation in Arabidopsis thaliana[END_REF][START_REF] Laskowski | Root system architecture from coupling cell shape to auxin transport[END_REF][START_REF] Scheres | Root patterning: It takes two to tangle[END_REF]. However, even agar-constrained roots, growing with only little deviation from gravity, display oscillation in auxin signalling and regularly spaced prebranched sites [START_REF] Moreno-Risueno | Oscillating gene expression determines competence for periodic Arabidopsis root branching[END_REF]. This suggests that an endogenous clock mechanism produces uniformly spaced pre-branch sites to recruit pericycle cells and make them competent for de novo organogenesis.

Recently, [START_REF] Laskowski | Periodic Lateral Root Priming: What Makes It Tick?[END_REF] analysed the properties of the priming process in order to elucidate the molecular steps controlling auxin signalling oscillations and subsequent stabilization of auxin signal maximum. Both could rely on emergent properties (i.e. properties that arise from the collaborative functioning of a system, but do not belong to any one part of that system) of the global genetic system controlling auxin distribution, auxin signal transduction, and cell fate specification in the meristem [START_REF] Alon | Network motifs: Theory and experimental approaches[END_REF]. Feedback mechanisms can generate oscillating gene expression patterns that result in locally fluctuating transcriptomes [START_REF] De Caluwé | A Compact Model for the Complex Plant Circadian Clock[END_REF] or, when combined with cell-to-cell communication, create spatial patterning of distinct cell identities (reviewed in [START_REF] Green | Positional information and reaction-diffusion: two big ideas in developmental biology combine[END_REF]. Other network motifs, i.e. specific association of gene regulatory interactions, can instead buffer variations in gene expression (e.g. [START_REF] Vernoux | The auxin signalling network translates dynamic input into robust patterning at the shoot apex[END_REF]. Particularly interesting in a developmental perspective are regulatory network properties that make the system "choose" between two potential dynamic trends, causing bifurcation in system state trajectories, distinct cell fates and potentially symmetry breaking at a tissue scale (Bishopp et al., 2011a). Such critical properties are described in various aspects of plant developmental regulation by auxin, including in root tissues. Feedback of cell parameters on auxin transporter expression and polarization can create and enhance non-uniform auxin distribution across tissues in a robust manner. As a result, asymmetric auxin distribution, locally transduced by cell specific signalling mechanisms, can create shifts in cell identity among neighbours. Van [START_REF] Van Norman | To branch or not to branch: the role of pre-patterning in lateral root formation[END_REF] propose that the priming process, caused by auxin signal pulses, could enhance cell sensitivity to later auxin accumulation and its competence to translate it into the onset of a new organogenesis program. Bistable properties of auxin signalling modules could explain the "memorization" of that auxin signal in the prebranch sites only. Such a toggle-switch behaviour of an auxin-signalling motif has been described [START_REF] Lau | Auxin triggers a genetic switch[END_REF].

Lateral root founder cell specification

Within some prebranch sites, a subset of pericycle cells is later specified to become lateral root founder cells. Founder cells (FCs) refer to pre-existing cells that initiate the formation of a new organ through cell division [START_REF] Laskowski | Formation of lateral root meristems is a two-stage process[END_REF]; thus FC specification corresponds to the last apparent transition in cell identity before the onset of organogenesis. FC specification again involves a local increase in auxin signalling [START_REF] De Rybel | A novel Aux/IAA28 signaling cascade activates GATA23-dependent specification of lateral root founder cell identity[END_REF]Goh et al., 2012a;[START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF][START_REF] Moreno-Risueno | Oscillating gene expression determines competence for periodic Arabidopsis root branching[END_REF]. Selective stimulation of auxin production in one or several pericycle cells is sufficient to transform them into FCs and trigger LR organogenesis [START_REF] Dubrovsky | Auxin acts as a local morphogenetic trigger to specify lateral root founder cells[END_REF]. Conversely, in normal conditions, emergent properties of the auxin transport and signalling network may explain why, while XPP cell specification, priming and prebranch site definition may occur symmetrically on both xylem poles of the Arabidopsis vascular cylinder [START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF]Goh et al., 2012a), effective initiation of LR development only occurs on one of those two sides (Goh et al., 2012a;[START_REF] El-Showk | Parsimonious Model of Vascular Patterning Links Transverse Hormone Fluxes to Lateral Root Initiation: Auxin Leads the Way, while Cytokinin Levels Out[END_REF].

Auxin transcriptomic signalling is known to involve degradation of Aux/IAA proteins and activation of associated AUXIN RESPONSE FACTOR (ARF)-family transcription factors (reviewed in [START_REF] Weijers | Transcriptional Responses to the Auxin Hormone[END_REF]. Interestingly, an auxin signalling pathway involving IAA28 and several ARFs it interacts with is required for FC specification [START_REF] De Rybel | A novel Aux/IAA28 signaling cascade activates GATA23-dependent specification of lateral root founder cell identity[END_REF]. This auxin signalling module induces the expression of the transcription factor GATA23 in pericycle cells that will develop into a LRP before any sign of LR initiation (Figure 1.2).

Artificially inducing GATA23 expression in the pericycle greatly increases LRP density, indicating that it positively regulates LR formation [START_REF] De Rybel | A novel Aux/IAA28 signaling cascade activates GATA23-dependent specification of lateral root founder cell identity[END_REF]. GATA23 is therefore considered a marker for LR FCs, but its targets relevant for LR formation remain unknown. Interestingly, GATA23 expression is also positively controlled by RAPID ALKALINIZATION FACTOR 34 (RALFL34), a small signalling peptide that could participate in auxin-mediated regulation of FC specification [START_REF] Murphy | RALFL34 regulates formative cell divisions in Arabidopsis pericycle during lateral root initiation[END_REF].

Chromatin remodelling factors, for example Polycomb group (PcG) proteins, are known to regulate developmental transitions in both plants and animals by modulating the expression of key developmental genes [START_REF] Schuettengruber | Genome Regulation by Polycomb and Trithorax: 70 Years and Counting[END_REF]. PcG proteins can form two multiprotein complexes: Polycomb repressive complex 1 (PRC1) and PRC2 which modify histone marks on chromatin to repress gene expression [START_REF] Derkacheva | Variations on a theme: Polycomb group proteins in plants[END_REF]. Arabidopsis mutants impaired in subunits of the PRC2 complex CURLY LEAF (CLF) and EMBRYONIC FLOWER 2 (EMF2) displayed increased density of LR FCs and emerged LRs, suggesting that the PRC2 complex might inhibit LR FC specification [START_REF] Gu | A Histone H3 Lysine-27 Methyltransferase Complex Represses Lateral Root Formation in Arabidopsis thaliana[END_REF]. CURLY LEAF is expressed in the basal meristem and in presumptive FCs, and directly represses the expression of the auxin efflux carrier-encoding gene PIN-FORMED 1 (PIN1) via histone modification [START_REF] Gu | A Histone H3 Lysine-27 Methyltransferase Complex Represses Lateral Root Formation in Arabidopsis thaliana[END_REF]. PIN-FORMED 1 participates to auxin signal concentration in the root tip and in LRPs [START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF][START_REF] Blilou | The PIN auxin efflux facilitator network controls growth and patterning in Arabidopsis roots[END_REF]. Accordingly, an increase in the auxin-sensitive DR5 promoter activity was reported in root apical meristems and in FCs of a loss-of-function clf mutant [START_REF] Gu | A Histone H3 Lysine-27 Methyltransferase Complex Represses Lateral Root Formation in Arabidopsis thaliana[END_REF].

Other chromatin remodelling processes were shown to participate in the regulation of cell fate transition during LR founder cell specification, such as histone deacetylation [START_REF] Singh | SWP1 negatively regulates lateral root initiation and elongation in Arabidopsis[END_REF], ATP-dependent chromatin remodelling [START_REF] Fukaki | PICKLE is required for SOLITARY-ROOT/IAA14-mediated repression of ARF7 and ARF19 activity during Arabidopsis lateral root initiation[END_REF][START_REF] Ho | PICKLE is a CHD subfamily II ATPdependent chromatin remodeling factor[END_REF], or histone variant deposition [START_REF] Manzano | Auxin and Epigenetic Regulation of SKP2B, an F-Box That Represses Lateral Root Formation[END_REF]. The precise hierarchy of these regulatory levels in combination with the auxin signalling network remains to be elucidated.

Plasma membrane-located signalling processes during FC specification are suggested by the impaired conversion of prebranch sites into LRPs in a mutant defective in the MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4) gene [START_REF] Xuan | Root capderived auxin pre-patterns the longitudinal axis of the arabidopsis root[END_REF]. The MAKR4 protein belongs to the same protein family as MAKR5 [START_REF] Kang | Arabidopsis MAKR5 is a positive effector of BAM3dependent CLE45 signaling[END_REF] and BRI1 KINASE INHIBITOR 1 (BKI1; [START_REF] Wang | Brassinosteroids Regulate Dissociation of BKI1, a Negative Regulator of BRI1 Signaling, from the Plasma Membrane[END_REF][START_REF] Jiang | The Intrinsically Disordered Protein BKI1 Is Essential for Inhibiting BRI1 Signaling in Plants[END_REF], that are regulators of receptor kinases-associated signalling pathways. Expression of MAKR4, which is induced by auxin, is strongly enhanced in pericycle cells before cell division occurs and displays oscillations similar to that of DR5::LUC reporter expression. Importantly, the makr4 mutant has a normal number of prebranch sites but produces fewer LRPs, and overexpression of MAKR4 promotes LRP formation.

The data indicates that MAKR4 participates in the transition of a prebranch site into a LRP [START_REF] Xuan | Root capderived auxin pre-patterns the longitudinal axis of the arabidopsis root[END_REF].

Proper cell-to-cell communication via plasmodesmata is also necessary for correct LR FC specification [START_REF] Benitez-Alfonso | Symplastic Intercellular Connectivity Regulates Lateral Root Patterning[END_REF]. In plasmodesmal-localized b-1,3-glucanase 1 (pdbg1), pdbg2 single and double mutants whose increased callose deposition in the stele and LRPs block plasmodesmata, LRs are formed at higher density, sometimes even fused to each other [START_REF] Benitez-Alfonso | Symplastic Intercellular Connectivity Regulates Lateral Root Patterning[END_REF]. Closer inspection revealed expanded domains of GATA23 expression and auxin signalling activity (as reported by DR5 promoter-based transgene expression) around FCs, indicating that the correct function of these plasmodesmata-located proteins is necessary to restrict FC specification to a subset of selected cells. How exactly symplastic communication keeps LR formation in check is currently not understood, but possibly through the movement of non-cell autonomous factors, such as transcription factors, peptides, metabolites or hormones [START_REF] Benitez-Alfonso | Symplastic intercellular transport from a developmental perspective[END_REF][START_REF] Van Norman | Intercellular Communication during Plant Development[END_REF][START_REF] Bishopp | Phloem-transported cytokinin regulates polar auxin transport and maintains vascular pattern in the root meristem[END_REF][START_REF] Yue | Cell-to-cell communication during lateral root development[END_REF][START_REF] Benitez-Alfonso | Symplastic Intercellular Connectivity Regulates Lateral Root Patterning[END_REF].

Lateral root primordia initiation

In Arabidopsis, LRP initiation is first visually recognized by the swell of LR FCs, together with the shrink in volume of overlaying endodermal cells [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF]. Subsequently, nuclei of two longitudinally adjacent FCs, in each row, migrate to the common cell wall [START_REF] De Rybel | A novel Aux/IAA28 signaling cascade activates GATA23-dependent specification of lateral root founder cell identity[END_REF]. Then these two cells undergo an anticlinal and asymmetric division yielding two shorter daughter cells next to each other [START_REF] Casimiro | Auxin Transport Promotes Arabidopsis Lateral Root Initiation[END_REF][START_REF] De Rybel | A novel Aux/IAA28 signaling cascade activates GATA23-dependent specification of lateral root founder cell identity[END_REF]. This typical cell division occurs in 4 to 6 abutting pericycle cell files concomitantly [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. Because this asymmetric cell division produces two daughter cells with distinct shape and fate, it is a formative rather than a proliferative cell division [START_REF] Gunning | Formative and proliferative cell divisions, cell differentiation, and developmental changes in the meristem of Azolla roots[END_REF][START_REF] Smolarkiewicz | Formative cell divisions: Principal determinants of plant morphogenesis[END_REF]. Occurring independently of an established stem cell niche context and in a seemingly differentiated tissue, it is a landmark of the initiation of a new developmental program [START_REF] De Smet | Asymmetric cell division in land plants and algae: The driving force for differentiation[END_REF]. This first round of pericycle cell division produces the so-called stage I LRP (Malamy and Benfey, 1997). LRP initiation can also occur in a less common way from files of single pericycle cells [START_REF] Dubrovsky | Early primordium morphogenesis during lateral root initiation in Arabidopsis thaliana[END_REF][START_REF] De Smet | Lateral root initiation or the birth of a new meristem[END_REF].

The swelling of FCs prior the first asymmetric cell division is assisted by volume loss of endodermal cells induced by auxin perception [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF]. Indeed, when endodermal cells expressed the stabilized form of SHY2, an Aux/IAA auxin signalling inhibitor, they were unable to lose their volume, hence maintained their turgidity. In those conditions underlying pericycle cells could not swell nor initiate asymmetric cell division, indicating that this space accommodation interaction between pericycle and endodermis is necessary for LR initiation [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF]. Moreover, ablation of an overlying endodermal cell triggers pericycle cell division, although in a periclinal manner, unless auxin was added [START_REF] Marhavý | Targeted cell elimination reveals an auxin-guided biphasic mode of lateral root initiation[END_REF]).

An early characteristic feature of LR initiation is the change of cell polarity revealed by nuclear migration in pericycle cells preceding the asymmetric cell division. This is controlled by auxin-triggered expression of the LATERAL ORGAN BOUNDARIES DOMAIN (LBD) family transcription factors LBD16, LBD18 and LBD33 in pericycle cells (Goh et al., 2012a). The expression of LBD16 in XPP and FCs is dependent on the SLR/IAA14-ARF7-ARF19 auxin signalling pathway (Goh et al., 2012a). Interestingly, artificially converting LBD16 into a transcriptional repressor does not affect auxin signal in LR FCs but blocks the polar nuclear migration and subsequent anticlinal division of these cells, suggesting that the SLR/IAA14-ARF7-ARF19-LBD16 signalling cascade transduces auxin signalling into changes in pericycle cell polarity (Goh et al., 2012a). The transcription factor bZIP59 physically interacts with LBDs, including LBD16, LBD17 and LBD29 to control LRP initiation [START_REF] Xu | Control of auxin-induced callus formation by bZIP59-LBD complex in Arabidopsis regeneration[END_REF].

Transcriptomic analysis of auxin-induced LR initiation shed light on the early molecular events leading to pericycle cell division [START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF][START_REF] De Smet | Receptor-Like Kinase ACR4 Restricts Formative Cell Divisions in the Arabidopsis Root[END_REF][START_REF] Almeida Engler | Systematic analysis of cell-cycle gene expression during Arabidopsis development[END_REF]. Cell cycle progression is tightly regulated by an intricate and dynamic network involving transcription regulators (such as E2F and RBR) and cyclin-dependent kinases whose activity is post-transcriptionally regulated by phosphorylation, protein-protein interaction, as well as APC/C-mediated ubiquitination and degradation [START_REF] Genschik | Selective protein degradation: A rheostat to modulate cell-cycle phase transitions[END_REF][START_REF] Breuer | Endocycling in the path of plant development[END_REF][START_REF] Komaki | Control of the plant cell cycle by developmental and environmental cues[END_REF]. One G1-to-S phase specific gene (CYCD3;2), one S-specific gene (CYCA2;4) and two G2-to-M related genes (CYCB2;5 and CDKB2;1) are upregulated in roots submitted to auxin-induced LR formation [START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF]. Conversely, some genes encoding cell cycle inhibitors such as KRP2, KRP4, KRP7 and WEE1 are downregulated in the pericycle upon auxin treatment [START_REF] Almeida Engler | Systematic analysis of cell-cycle gene expression during Arabidopsis development[END_REF]. In normal conditions, the CYCB1;1 gene, encoding a G2-to-M transition specific cyclin, is strongly expressed in XPP cells undergoing the first division [START_REF] Himanen | Auxin-Mediated Cell Cycle Activation during Early Lateral Root Initiation[END_REF][START_REF] Beeckman | The peri-cell-cycle in Arabidopsis[END_REF].

In addition to the change in LR FC cell polarity, SLR/IAA14-dependent auxin signalling is essential for their first divisions. Either slr gain of function mutation or loss of function mutation of its two ARF partners ARF7 and ARF19 prevents LR formation because the first anticlinal and subsequent periclinal divisions of pericycle cells are blocked [START_REF] Fukaki | Lateral root formation is blocked by a gain-of-function mutation in the solitary-root/IAA14 gene of Arabidopsis[END_REF]. The implication of SLR/IAA14 in priming and FC specification can be excluded because it is not expressed in basal meristem [START_REF] Fukaki | Lateral root formation is blocked by a gain-of-function mutation in the solitary-root/IAA14 gene of Arabidopsis[END_REF] and competence for LR FC specification of slr pericycle cells is still maintained [START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF][START_REF] De Rybel | A novel Aux/IAA28 signaling cascade activates GATA23-dependent specification of lateral root founder cell identity[END_REF]. The transcriptomic analysis by [START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF], demonstrated that specific G1-to-S, S, and G2-to-M cell cycle regulators act downstream of IAA14-ARF7-ARF19 mediated auxin signalling. In addition, active ARF7 and ARF19 transcription factors stimulate the expression of LBD18 and LBD33 which in turn stimulate the expression of E2Fa, a potent activator of S-phase promoting gene expression [START_REF] Berckmans | Auxin-Dependent Cell Cycle Reactivation through Transcriptional Regulation of Arabidopsis E2Fa by Lateral Organ Boundary Proteins[END_REF]. Another pathway for auxin-mediated cell cycle reactivation in XPP cells could consist in the downregulation of KRP2, an inhibitor of CYCD2;1-CDKA complex activity which could stimulate G1-to-S transition [START_REF] Sanz | The Arabidopsis D-Type Cyclin CYCD2;1 and the Inhibitor ICK2/KRP2 Modulate Auxin-Induced Lateral Root Formation[END_REF].

The first asymmetric cell division in LRP formation is also regulated by a peptide belonging to the GOLVEN/root growth factor/CLE-like (GLV/RGF/CLEL) family, GLV6 [START_REF] Fernandez | The GLV6/RGF8/CLEL2 peptide regulates early pericycle divisions during lateral root initiation[END_REF]. GLV6 is expressed in FCs preceding the migration of nuclei, and GLV6 silencing or overexpressing lines display decreased or increased FC division, respectively. In addition, overexpression of GLV6 or treatment of roots with GLV6 peptides disrupts the migration of FC nuclei to the common cell wall without disturbing cell cycle progression, converting the asymmetric cell division into a symmetric division [START_REF] Fernandez | The GLV6/RGF8/CLEL2 peptide regulates early pericycle divisions during lateral root initiation[END_REF]. Thus cell-to-cell communication mediated by GLV6 and possibly other GLV/RGF/CLEL family peptides is probably involved in the correct coordination of the asymmetric LR FC division [START_REF] Fernandez | The GLV6/RGF8/CLEL2 peptide regulates early pericycle divisions during lateral root initiation[END_REF].

The double mutant impaired in AURORA kinases (aur1 aur2) shows a strong defect in division plane orientation during LR formation, as early as the first asymmetric cell division.

Although LR initiation density and polar localization of FC nuclei are unaffected, the positioning of the new cell wall is uncontrolled [START_REF] Van Damme | Arabidopsis α Aurora Kinases Function in Formative Cell Division Plane Orientation[END_REF]. Interestingly, while this results in a reduced proportion of emerged LRPs, this does not totally preclude LR formation, indicating the robustness of this organogenesis program [START_REF] Van Damme | Arabidopsis α Aurora Kinases Function in Formative Cell Division Plane Orientation[END_REF].

Control of lateral root spacing/density

Mechanisms controlling LR FC specification and LRP initiation along the primary root deeply impact the overall root branch production, i.e. LRP density (number of LRPs divided by the length of the parent root). In addition, other factors are required for efficient LRP spacing. The gene encoding the membrane localized receptor-like kinase ARABIDOPSIS CRINKLY4 (ACR4) is expressed specifically in the short daughter cells after the first asymmetric cell division. The acr4 mutant produces LRPs at higher densities and these LRPs usually stretch, sometimes even fuse together, indicating that ACR4, and possibly related kinases, control cell proliferation and spacing of newly initiated LRPs [START_REF] De Smet | Receptor-Like Kinase ACR4 Restricts Formative Cell Divisions in the Arabidopsis Root[END_REF]. ACR4 was proposed to be the receptor of GLV6 and other related peptides [START_REF] Fernandez | Transcriptional and Functional Classification of the GOLVEN/ROOT GROWTH FACTOR/CLE-Like Signaling Peptides Reveals Their Role in Lateral Root and Hair Formation[END_REF], and possibly to transduce perceived signals inside the cell through a phosphorylation cascade involving the PROTEIN PHOSPHATASE 2A (PP2A; [START_REF] Yue | PP2A-3 interacts with ACR4 and regulates formative cell division in the Arabidopsis root[END_REF]. Cytokinin synthesized at the flanks of existing LRPs was found to act as an inhibitor of LRP initiation, thereby preventing closely formed LRPs [START_REF] Chang | Cytokinin as a positional cue regulating lateral root spacing in Arabidopsis[END_REF].

Interestingly, expression of ACR4 and GLVs were significantly reduced in mutants defective in cytokinin biosynthesis, but ACR4 and cytokinin seem to act in partially separate pathways [START_REF] Chang | Cytokinin as a positional cue regulating lateral root spacing in Arabidopsis[END_REF]. Another peptide, C-TERMINALLY ENCODED PEPTIDE 5 (CEP5), is also involved in the regulation of LRP initiation and positioning [START_REF] Roberts | CEP5 and XIP1/CEPR1 regulate lateral root initiation in Arabidopsis[END_REF]. Overexpression of the CEP5 gene and exogenous treatment by the CEP5 peptide reduce LRP initiation events and induce the formation of closely positioned LRs, while CEP5 RNAi lines display an increase in LRP stage I and II density. Remarkably, CEP5 is expressed specifically in phloem pole pericycle cells and adjacent phloem cells, indicating an unknown crosstalk between different pericycle populations [START_REF] Roberts | CEP5 and XIP1/CEPR1 regulate lateral root initiation in Arabidopsis[END_REF]. Similarly, the PLETHORA (PLT) transcription factors PLT3, PLT5, PLT7 act redundantly downstream of the ARF7-and ARF19-mediated auxin signalling pathway to regulate LRP spacing [START_REF] Hofhuis | Phyllotaxis and rhizotaxis in Arabidopsis are modified by three plethora transcription factors[END_REF].

In summary, cells competent for LR formation are pericycle cells that have been progressively selected through a series of regulatory events: competence acquisition (or conservation) in the root meristem along with vascular strands patterning; priming of subsets of these cells through an endogenous clock mechanism followed by memorization of the prebranch site status, and eventually initiation of the LR organogenesis program revealed by anticlinal asymmetric cell division of so-called LR FCs. At each of these steps, local auxin signalling is involved in cell selection and state transition. Regular LR patterning along the root results from a robust emergent behaviour of the endogenous regulatory system (Figure 1.2). Still, this system allows the integration of environmental inputs, which translate into changes in auxin distribution, thus allowing adaptive responses of LR initiation to environmental constraints (Yu et al., 2015[START_REF] Yu | Root type specific reprogramming of maize pericycle transcriptomes by local high nitrate results in disparate lateral root branching patterns[END_REF].

III. BUILDING A NEW ORGAN: A COHERENT PROGRAM OF COORDINATED CELL DIVISIONS, WITH NEWLY SET AXIS OF GROWTH AND BOUNDARIES

After initiation, LRPs evolve in terms of tissue organization and morphology, developing in a direction perpendicular to the main root axis. LRP development is categorized into stages characterized by structural and positional features (Malamy & Benfey, 1997;Figure 1.3). Briefly, LRPs of stage I, II, III and IV are one, two, three and four cell layers thick, respectively, thanks to successive periclinal divisions. Stage V LRPs penetrate the endodermis and are characterized by two cuboidal cells of the second outermost layer. At stage VI, LRPs have the typical dome shape reminiscent of the primary root tip, and its outermost layer has around 12 cells. LRPs of stage VII are more complex structurally and touching the epidermis, ready for emergence (Malamy and Benfey, 1997). From founder cells to an emerged LR, LRP organogenesis relies on a series of cell divisions in different planes that need to be well coordinated to ensure proper organization and development of the new organ.

Control and sequence of cell division and division planes

As mentioned above, cell division is instrumental in LRP organogenesis, and in Arabidopsis conserved landmarks define important steps in the process of new LR formation.

However, in contrast to embryo organogenesis which follows a highly regular cell lineage [START_REF] Palovaara | Tissue and Organ Initiation in the Plant Embryo: A First Time for Everything[END_REF], cell division in developing LRPs do not follow a fully stereotypic sequence, leading to significant differences in cell numbers between LRPs of the same stage [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF][START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. Nevertheless, modelling and experimental observation revealed that division of LRP cells may follow a small set of rules: (i) cells tend to follow the "shortest wall" principle, meaning that the positioning and geometry of newly formed cell wall frequently minimize the surface contact between the two daughter cells, (ii) cells often alternate their division plane (i.e. periclinal and anticlinal) between two consecutive divisions, and

(iii) the outer layer predominantly divides periclinally prior to the inner layer [START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. Remarkably, despite variation in cell number, LRP shapes at a particular stage appear to be consistent [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF], indicating some higher levels of regulation contributing to the dome shape formation. Differential contribution of each pericycle founder cell to the LRP organogenesis participates in this dome shape development. In live time course analysis, ~60% of the LRP cell population derived from two or five founder cells [START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF].

Importantly, mutants of AURORA kinases, that are impaired in the control of cell division planes, can still form LRPs having typical domed-shape but lacking layered organization [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF][START_REF] Van Damme | Arabidopsis α Aurora Kinases Function in Formative Cell Division Plane Orientation[END_REF]. All the data points to a great conservation in shape formation of developing LRPs.

Changes in cell division planes guide major transitions during the LRP morphogenesis, namely, the establishment of a new axis of growth, perpendicular to the main axis of the parental root, and the transition from bilateral to radial development. The first transition corresponds to the first periclinal divisions of stage I primordium cells, creating two cell layers characteristic of the stage II primordium. What controls this perpendicular shift in cell division plane orientation is currently not clearly understood. A long-standing model for cell division plane orientation in plants, which can be formulated as the "shortest wall" rule, proposes that the new cell wall follows one of the possible configurations that minimize the interface area between the two daughter cells. This model fits observed cell division planes in many cases, especially in embryos, shoot meristems, and LR development [START_REF] Louveaux | Cell division plane orientation based on tensile stress in Arabidopsis thaliana[END_REF][START_REF] Yoshida | Genetic control of plant development by overriding a geometric division rule[END_REF][START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF].

However even in those contexts in some instances, this model could not predict division plane orientation. Monitoring of the first periclinal division in the developing LRPs using light sheet microscopy showed that only 50% of the dividing cells followed the "shortest wall" rule (Von [START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. More recently, a mechanical, tension-based rule for cell division plane orientation was proposed [START_REF] Louveaux | Cell division plane orientation based on tensile stress in Arabidopsis thaliana[END_REF]. This rule could explain cell division plane orientation better than the "shortest wall" principle in tissues submitted to anisotropic forces, which could be the case for the swelling pericycle cells constrained between the underlying XPP cells, the overlaying endodermis, and the neighbouring pericycle cells. Interestingly, endodermis cell ablation, which modifies mechanical constraints in the surrounding tissues, provokes the periclinal cell division of the underlying pericycle cell [START_REF] Marhavý | Targeted cell elimination reveals an auxin-guided biphasic mode of lateral root initiation[END_REF]. Alternatively, high auxin concentration was proposed to instruct dividing cells to escape the default "shortest wall" rule during embryo development [START_REF] Yoshida | Genetic control of plant development by overriding a geometric division rule[END_REF]. Dividing pericycle cells are known to be sites of high auxin signalling, dependent from convergent auxin transport from neighbouring pericycle cells as well as overlaying endodermal cells [START_REF] Marhavý | Auxin reflux between the endodermis and pericycle promotes lateral root initiation[END_REF][START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF].

Strikingly, auxin supplementation after endodermis cell ablation causes ectopic pericycle cell division plane to shift from periclinal to anticlinal [START_REF] Marhavý | Targeted cell elimination reveals an auxin-guided biphasic mode of lateral root initiation[END_REF]. Altogether, this data supports the hypothesis that auxin distribution across the tissue and/or mechanical constraints influence formative periclinal cell plane orientation and the onset of the LRP growth axis.

Interestingly, by meticulously documenting the orientation of cell division in 3D of hundreds LRPs from stage I to VI, [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF] found that cells on the flanks of LRPs undergo either tangential or radial division. As a consequence, these cells form a ring surrounding the mass of daughter cells originated from the central cell files, contributing to the transition from the bilateral structure of the newly initiated LRP to its radial structure at later stages [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF]. Because of the particular position of these cells at the flanks of the developing primordium, their specific division geometry could also be influenced by local mechanical or hormonal cues.

LRP cellular organization and anatomical patterning

During regular Arabidopsis LR development, the sequence of cell divisions, although not fully stereotyped, produce conserved anatomical landmarks in the elaboration of the LRP cellular patterning (Malamy and Benfey, 1997). Notably, important transitions are (i) the first round of periclinal cell divisions at the stage I to II transition, (ii) the organisation of a small group of subapical cells reminiscent of a meristem-organizing centre at the stage IV to V transition, concomitant with LRP breaking through the endodermis, acquiring dome shape and radial symmetry [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF], and (iii) the elongation of basal cells during LRP emergence (Malamy & Benfey, 1997;Figure 1.3). These transitions highlight changes in the identity and behaviour of some LRP cells and contribute to the LRP functional patterning. For instance, specific gene expression profiles distinguish the outer layer from the inner layer cells in stage II LRPs. The expression of SCARECROW (SCR) is first detected specifically in the outer layer of stage II LRPs, while SHORT-ROOT (SHR) expression is detected weakly from stage I and in both inner and outer layers of stage II LRPs (Tian et al., 2014a;Malamy and Benfey, 1997;[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Gene expression patterns become more and more complex as the LRP grows and organizes into a new root apical meristem. The molecular events controlling de novo meristem patterning will be addressed in the next section. First, we will consider major regulators of overall LRP morphogenesis and patterning.

Analysis of auxin signalling (as reported by DR5-based reporter expression) in developing primordia shows that while being strongly and homogenously enhanced in stage I LRPs as compared to surrounding tissues, auxin activity is gradually confined to the central cells in outer cell layers of developing LRPs, and to the tip of emerged LRs [START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF]. In various tissues, gradients of auxin distribution are known to be predominantly controlled by the polar localization of PIN-FORMED family auxin carriers, although other auxin transporters, or auxin biosynthesis or degradation, can participate [START_REF] Zhao | Auxin Biosynthesis and Its Role in Plant Development[END_REF][START_REF] Petrasek | Auxin transport routes in plant development[END_REF][START_REF] Tang | FUSCA3 interacting with LEAFY COTYLEDON2 controls lateral root formation through regulating YUCCA4 gene expression in Arabidopsis thaliana[END_REF]. Several members of the PIN family are expressed in developing primordia, including PIN1

and PIN3, although for some genes experimental results differ depending on the reporter constructs used [START_REF] Guyomarc'h | Early development and gravitropic response of lateral roots in Arabidopsis thaliana[END_REF][START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF]. Notably the pPIN1::PIN1:GFP reporter construct (rescuing the pin1 mutant phenotype) is expressed early during LRP development and the recombinant protein displays a polar distribution in the cell membrane pointed to the primordium tip, consistent with DR5-reported auxin signalling gradients. LRPs produced in a context of impaired auxin transport, either through genetic mutations or chemical treatments, display dramatic alterations in shape and organization and eventually often fail to emerge [START_REF] Geldner | The Arabidopsis GNOM ARF-GEF mediates endosomal recycling, auxin transport, and auxin-dependent plant growth[END_REF][START_REF] Moriwaki | Hormonal Regulation of Lateral Root Development in Arabidopsis Modulated by MIZ1 and Requirement of GNOM Activity for MIZ1 Function[END_REF][START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF]. Conversely, artificially inducing pericycle cell division, either by cyclin transgenic expression or by endodermal cell ablation, provokes the accumulation of cells without any sign of primordium patterning unless auxin is added [START_REF] Marhavý | Targeted cell elimination reveals an auxin-guided biphasic mode of lateral root initiation[END_REF][START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF]. This data collectively demonstrates that nonuniform auxin distribution in the primordium is instructive for its cellular organization.

The distribution pattern of PIN proteins is regulated by the PLT genes, a family of AINTEGUMENTA-like transcription factors which have multiple roles in auxin-regulated root development [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Scheres | Coordination of growth in root and shoot apices by AIL/PLT transcription factors[END_REF][START_REF] Blilou | The PIN auxin efflux facilitator network controls growth and patterning in Arabidopsis roots[END_REF][START_REF] Galinha | PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development[END_REF]. While PLT3, PLT5 and PLT7 are expressed in some pericycle cells prior to the first asymmetric cell division of LRPs, PLT1, PLT2 and PLT4 are expressed in LRPs of later stages [START_REF] Hofhuis | Phyllotaxis and rhizotaxis in Arabidopsis are modified by three plethora transcription factors[END_REF]. The expression of PLT3, PLT5 and PLT7 is required for the expression of PLT1, PLT2 and PLT4, so that the triple mutant plt3 plt5 plt7 is actually a PLT null mutant in the context of LRP development [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. A majority of LRPs in the triple mutant plt3 plt5 plt7 lack periclinal cell division in early stages and show abnormal cell division planes at later stages, resulting in abnormally shaped LRPs. These LRPs have very low expression of PINs including PIN1 and PIN3. Few LRPs of this mutant are able to emerge [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF], again pointing to the role of polar auxin distribution in LRP development.

Some transcription factors were shown to play a critical role during the first step of LRP cellular organization. The GRAS family transcription factor SHORTROOT (SHR) gene is expressed in primary meristem stele, including the pericycle and stage I developing LRPs, and the SHR protein is also detected in the overlying endodermis layer [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. As early as stage II, the cytoplasmic SHR protein is confined to the inner layer of the developing LRPs, while nuclear SHR proteins are detected in the outer cell layer [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Concomitantly expression of an SHR target, the related transcription factor SCR gene, is initiated in the outer layer of stage II primordia, and later is restricted to the second outermost layer, contacting the SHR-expression domain [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF].. Importantly, analysis of loss-of-function mutants showed that SHR function is required for proper lateral LRP organization [START_REF] Lucas | SHORT-ROOT Regulates Primary, Lateral, and Adventitious Root Development in Arabidopsis[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. In addition, SCR controls specifically the cell division in the outer layer of stage II primordia. In scr-3 mutant primordia, this division is blocked whereas cell division in the inner layer continues with little modifications compared to the wild type. As a consequence, the scr-3

LRP patterning is severely affected from stage II onwards [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF].

Lateral root primordia boundary

To describe the organization of a LRP, the concepts of boundary (or flank/periphery) and centre domains are frequently used. LRP boundary and centre domains can be delimited by the ring of cells originated from tangential and radial cell division described above. These cells seem to act as a structure to support the rapidly developing LRP apex and are termed "buttress cells" [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF]Figure 1.1). Their cell division pattern could be distinctively controlled since several cell cycle genes are preferentially expressed in the boundary [START_REF] Almeida Engler | Systematic analysis of cell-cycle gene expression during Arabidopsis development[END_REF].

A few genes involved in the regulation of LRP boundary have been reported. The auxin transporter PIN6 gene is expressed specifically in the boundary of developing LRPs and is involved in auxin homeostasis during plant development. LRPs of seedlings overexpressing PIN6 undergo more rounds of anticlinal cell division, resulting in misshaped LRPs [START_REF] Cazzonelli | Role of the Arabidopsis PIN6 Auxin Transporter in Auxin Homeostasis and Auxin-Mediated Development[END_REF]. PUCHI encodes a transcription factor of the AP2/EREBP family involved in the control of LRP morphogenesis. Its expression is detected in the whole LRP of early stages and gradually confines to the flank domain of LRPs of later stages. Periphery cells of LRPs of puchi-1 mutant have extra anticlinal cell divisions, and some of those cells may be enlarged, suggesting that PUCHI regulates cell division pattern and cell differentiation during LRP development [START_REF] Hirota | ) biosynthesis genes is induced downstream of PUCHI, a transcription factor controlling cell division and morphogenesis during lateral root formation. We also show that the PUCHI-mediated regulation of VLCFA biosynthesis is also involved in root derived callus formation, the first step in in vitro plant regeneration. More experiments are on-going to corroborate the hypothesis such as VLCFA quantification in WT and puchi-1 roots and rescuing puchi-1 LR phenotype by VLCFA complementation[END_REF]. PUCHI functions downstream of auxin signalling and is proposed to co-act with LBD16/18 to control LRP development [START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF][START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. Its targets are currently unknown.

Loss of function of ARABIDOPSIS HOMOLOG of TRITHORAX1 (ATX1/SDG27), a chromatin remodelling factor, impacts the coordination of cell division and cell differentiation in both primary root meristems and developing LRPs. Developing LRPs lacking ATX1 function are delayed, disorganized, and frequently exhibit enlarged flanking cells [START_REF] Napsucialy-Mendivil | Arabidopsis homolog of trithorax1 (ATX1) is required for cell production, patterning, and morphogenesis in root development[END_REF]. Still, the auxin signalling pattern in atx1 (as reported by DR5::GFP) looked similar to normal LRPs suggesting that ATX1 controls LRP patterning and cell proliferation independently of auxin response [START_REF] Napsucialy-Mendivil | Arabidopsis homolog of trithorax1 (ATX1) is required for cell production, patterning, and morphogenesis in root development[END_REF].

Similarly, loss of function of the transcription factor MYB36 causes misspecification of the LRP boundary [START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF]. In the primary root meristem MYB36 is a target of SCR and a master regulator of endodermis cell differentiation [START_REF] Liberman | MYB36 regulates the transition from proliferation to differentiation in the Arabidopsis root[END_REF]. In LRPs, MYB36 is expressed specifically in boundary cells and regulates genes involved in reactive oxygen species homeostasis. It is hence proposed that MYB36 regulates cell proliferation of LRP boundary domain by controlling their redox status [START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF].

LRP shape progression through surrounding tissues and LRP emergence

As LRP cells divide, the LRP grows in contact with overlaying tissues, the first one being the endodermis. While the LRP develops from stage I to stage IV, the overlying endodermis, which contains lignified and suberized cell walls [START_REF] Naseer | Casparian strip diffusion barrier in Arabidopsis is made of a lignin polymer without suberin[END_REF][START_REF] Vishwanath | Suberin: biosynthesis, regulation, and polymer assembly of a protective extracellular barrier[END_REF], is subjected to important cell wall modifications [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF]. LRPs of mutants having increased deposition of suberin or lignin in the endodermis (i.e. more physical constraints) or plants in which the auxin-mediated response of endodermis has been impaired, are flatter compared to those of WT, leading to a delay in LRP emergence [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF]. By tracking the height of LRPs during their development, [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF] showed that LRP heights increase gradually from stage I to IV, but display a dramatic increase in LRP height during stage V when LRPs cross the endodermis. That sudden change can be explained by cell expansion rather than cell division [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF].. The shape of LRPs also changed from flat-topped to dome-shaped after breaking through the endodermis [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF].

The Casparian strips surrounding endodermis cells and linking them together form a supracellular network that is sturdy and resistant to pectinases (Geldner, 2013a), meaning that it is difficult for endodermal cells to separate to accommodate LRP penetration. Overlaying endodermal cells lose their cell volumes instead and become flatter. Plasma membranes of these cells are sometimes even fused together, but their integrity largely remains intact [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF]. Consequently, endodermal cells are separated at small breaking points just enough for the penetration of a LRP [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF].

Although the volume loss mechanism of endodermal cells minimizes the impact of LRPs on Casparian strip integrity, it still can be compromised. A layer of suberin is deposited at the site of LRP penetration, covering both the endodermal cells and LRP surface [START_REF] Li | Role of LOTR1 in Nutrient Transport through Organization of Spatial Distribution of Root Endodermal Barriers[END_REF]. This layer of suberin is thought to compensate to the damage of the Casparian strip, ensuring the function as an apoplastic barrier of the endodermis (von [START_REF] Von Wangenheim | Plant Biology: Building Barriers… in Roots[END_REF].

Although the cortex and epidermis pose less physical constraints to a developing LRP, they are also important for LRP development and participate actively to the process (reviewed in [START_REF] Stoeckle | Breakoutlateral root emergence in Arabidopsis thaliana[END_REF]. Epidermal cells of two adjacent cell files are separated from one another to facilitate the progression of a LRP [START_REF] Swarup | The auxin influx carrier LAX3 promotes lateral root emergence[END_REF]. This separation is regulated by activity of cell-wall remodelling enzymes in cells directly overlaying a developing primordium.

Expression of these enzymes is regulated by a ARF7-LBD29-LAX3-LBD18 cascade [START_REF] Porco | Lateral root emergence in Arabidopsis is dependent on transcription factor LBD29 regulation of auxin influx carrier LAX3[END_REF]Lee and Kim, 2013;[START_REF] Swarup | The auxin influx carrier LAX3 promotes lateral root emergence[END_REF] and other players such as BRS1 [START_REF] Deng | BRS1 function in facilitating lateral root emergence in arabidopsis[END_REF].

Water movement between cells is partially controlled by water channels called aquaporins integrated in cell membranes [START_REF] Li | Plant aquaporins: Roles in plant physiology[END_REF]. A combination of experimental analysis of root tissue permeability to water and plasma membrane intrinsic aquaporins (PIPs) gene expression suggested that a complex spatio-temporal regulation of water fluxes across the root tissues, at least partially mediated by auxin, was critical for LRP emergence [START_REF] Péret | Auxin regulates aquaporin function to facilitate lateral root emergence[END_REF]. A modelling approach proposed that for optimal LRP emergence, auxin-mediated fine tuning of water transport could participate in increasing cell turgor in the LRP while decreasing it in the overlaying cortical and epidermal cells [START_REF] Péret | Auxin regulates aquaporin function to facilitate lateral root emergence[END_REF]. Moreover, during LRP development, tonoplast intrinsic aquaporin (TIP) protein levels are also regulated spatio-temporally, and defects in TIPs led to defects in LRP emergence. It was proposed that TIPs finely control the movement of water from surrounding tissues into cells at the base of LRPs, allowing these cells to expand rapidly, thereby facilitating the emergence of LRPs [START_REF] Reinhardt | Tonoplast aquaporins facilitate lateral root emergence[END_REF]. This model is consistent with the observation that the emergence of LRPs through overlying tissues is largely due to the rapid expansion of these basal cells (Malamy and Benfey, 1997;[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. A recent study showed that during LRP formation, the circadian clock is re-phased, and this modulation regulates auxin-related genes and is required for LR emergence [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. One possible explanation is that the re-phased circadian clock helps differentially control hydraulic properties of cells within LRPs and in surrounding layers, thereby facilitating LRP emergence [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF].

Connectivity between developing lateral root primordia and the primary root

The LR vasculature needs to connect to that of the primary root for proper functioning.

Stele connection happens only when the LR already emerges as revealed by phloem unloading and stele marker expression studies [START_REF] Oparka | Symplastic communication between primary and developing lateral roots of Arabidopsis thaliana[END_REF]Malamy and Benfey, 1997). In LRPs, the connection with the primary root stele relies on symplastic connectivity, i.e. plasmodesmata. Using the symplastic reporter pSUC2-GFP, it was shown that symplastic connection is present at early stages of LRP development, but is completely blocked at later stages until a functional stele is formed in emerged LRs [START_REF] Guyomarc'h | Early development and gravitropic response of lateral roots in Arabidopsis thaliana[END_REF][START_REF] Benitez-Alfonso | Symplastic Intercellular Connectivity Regulates Lateral Root Patterning[END_REF]. This change is correlated with the progressive deposition of callose at plasmodesmata, a process regulated by callose-degrading enzymes encoded by PLASMODESMAL-LOCALIZED B-1,3-GLUCANASE (PdBG) genes [START_REF] Benitez-Alfonso | Symplastic Intercellular Connectivity Regulates Lateral Root Patterning[END_REF].

IV. MERISTEM FORMATION AND ACTIVATION DURING LATERAL ROOT FORMATION

The root apical meristem is a specialized tissue ensuring root elongation and root cap regeneration through tightly regulated cell division and differentiation. In Arabidopsis, primary root apical meristem formation during embryogenesis and its post-embryonic maintenance have 

Common molecular mechanisms controlling embryonic root apical meristem and LRP meristem formation

Recent studies have pointed to a parallel in the regulation of meristem formation and maintenance during embryogenesis and LRP development.

WUSCHEL RELATED HOMEOBOX 5 (WOX5), a marker for the primary root quiescent centre [START_REF] Haecker | Expression dynamics of WOX genes mark cell fate decisions during early embryonic patterning in Arabidopsis thaliana[END_REF], is also expressed during lateral root formation. WOX5 function in columella stem cell maintenance appears to be conserved between primary root, lateral roots, and adventitious roots [START_REF] Hu | Transcription Factors WOX11/12 Directly Activate WOX5/7 to Promote Root Primordia Initiation and Organogenesis[END_REF][START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF]Tian et al., 2014a). WOX5 is expressed at least from the stage IV-stage V transition onwards, in the 2 or 4 central cells presumptive of the QC anatomical organisation [START_REF] Rosspopoff | Direct conversion of root primordium into shoot meristem relies on timing of stem cell niche development[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF], although its expression may start even earlier, as suggested by other reporter constructs [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]Tian et al., 2014a;[START_REF] Ditengou | Mechanical induction of lateral root initiation in Arabidopsis thaliana[END_REF]. The importance of the stage IV-V transition for presumptive QC establishment is further supported by the onset of the QC-specific enhancer trap QC25 expression in the subapical cells of the developing primordium [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF] Expression of WOX5 during embryonic root formation is dependent on the SHR-SCR module [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF]. In the embryo, SHR is transcribed in the root stele (vascular tissues and pericycle), and SHR controls SCR expression in the endodermis and QC in a non-cell autonomous fashion [START_REF] Nakajima | Intercellular movement of the putative transcription factor SHR in root patterning[END_REF][START_REF] Cui | An evolutionarily conserved mechanism delimiting SHR movement defines a single layer of endodermis in plants[END_REF][START_REF] Fisher | Uncovering the networks involved in stem cell maintenance and asymmetric cell division in the Arabidopsis root[END_REF]. Similarly, during LRP development, SHR is found in presumptive stele tissues, whereas SCR expression is confined to the endodermis precursor layer [START_REF] Lucas | SHORT-ROOT Regulates Primary, Lateral, and Adventitious Root Development in Arabidopsis[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Expression of SHR in the inner layer but not in the outer layer is an early patterning event in stage II LRPs.

Moreover, SCR expression seems to be activated by SHR, and is required for proper QC specification in the developing LRPs [START_REF] Sabatini | SCARECROW is involved in positioning the stem cell niche in the Arabidopsis root meristem[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. SHR is also required for LRP initiation and development and for asymmetric divisions of cortex/endodermis initials in LRs [START_REF] Lucas | SHORT-ROOT Regulates Primary, Lateral, and Adventitious Root Development in Arabidopsis[END_REF].

PLTs, key players in embryonic root development, are also important for LRP formation.

PLT1, PLT2 and PLT3 redundantly control embryonic root meristem establishment, since the triple mutant plt1plt2plt3 produces rootless seedlings and the plt1plt2 double mutant embryos only produce abnormal root meristems with no expression of QC marker genes [START_REF] Aida | The PLETHORA Genes Mediate Patterning of the Arabidopsis Root Stem Cell Niche[END_REF].

PLT3, PLT5 and PLT7 are expressed as early as in stage I primordia where they control the asymmetric periclinal divisions giving rise to the stage II primordium. The activity of PLT3, PLT5

and PLT7 is necessary to switch on the differential expression of SHR and SCR in the two layers of the stage II primordium, as well as to induce expression of other PLTs including PLT1, PLT2

and PLT4 [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. Interestingly, as the LRP progresses PLT5 expression is progressively confined to the base of the LRP, while the others are predominantly expressed in the central region comparable to the situation in the primary root meristem [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF].

In addition, the expression of PLTs is necessary to restrict auxin signalling maximum at the tip of the developing primordia by controlling expression of auxin transporter PIN genes, again similar to the situation in the primary root apical meristem [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Galinha | PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development[END_REF].

As a result, in the plt3 plt5 plt7 mutant background LRPs are usually severely disorganized and contain enlarged cells. Very few of these LRPs emerge, indicating that LRPs of the plt3 plt5 plt7 mutant could not form a functional meristem [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Hofhuis | Phyllotaxis and rhizotaxis in Arabidopsis are modified by three plethora transcription factors[END_REF].

Instead the double mutant plt1 plt2 can produce lateral roots but the meristem of these roots are disorganized and differentiate shortly after LR emergence, similar to the phenotype of the primary root apical meristem [START_REF] Aida | The PLETHORA Genes Mediate Patterning of the Arabidopsis Root Stem Cell Niche[END_REF]. Together the data reveal a master role of PLT3, PLT5, and PLT7 genes in initiating the regulatory cascade that controls the functional patterning of the LRP centre.

ARF5/MONOPTEROS (MP) is critical for embryonic root formation, since loss-of-function mp alleles, or dominant gain-of-function alleles of its inhibitor IAA12/BODENLOS, result in rootless seedlings [START_REF] Ten Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]. MP exerts its functions by positively controlling expression of multiple auxin transporter genes, including PIN1, PIN4, PIN7, AUX1 and LAX2, to trigger polar auxin accumulation necessary for embryonic root specification [START_REF] Weijers | Auxin triggers transient local signaling for cell specification in Arabidopsis embryogenesis[END_REF][START_REF] Ten Hove | Building a plant: cell fate specification in the early Arabidopsis embryo[END_REF]. Recently, using a mutant background which allows studying the roles of MP postembryonically, [START_REF] Krogan | The auxin response factor MONOPTEROS controls meristem function and organogenesis in both the shoot and root through the direct regulation of PIN genes[END_REF] demonstrated that MP directly binds to promoters of PIN1, PIN3, and PIN7 to regulate their expression levels and auxin distribution in developing LRPs.

Polar distribution of PIN1:GFP proteins in LRPs of the mutant also diminishes, coincident with the defects in LRP development. These mutant LRPs are disorganized and unable to develop after emergence, suggesting that a functional meristem is not established or maintained [START_REF] Krogan | The auxin response factor MONOPTEROS controls meristem function and organogenesis in both the shoot and root through the direct regulation of PIN genes[END_REF].

Experimental evidences described above point to a similarity in molecular mechanisms governing primary and lateral root development, although differences possibly linked to the distinct tissue context, can be noted. Especially, it is interesting to stress the contrasting roles of PLT3,5,7 members and PLT1,2,4 members in lateral root development, the former being required for the onset of expression of the latter, by the stage when WOX5 expression in the presumptive QC starts. In addition, specific regulatory network properties might be involved to organise the developing lateral root primordia and define its boundaries as well as its central domain, in which the root meristem can be patterned (Lavenus et al., 2015).

Lateral root meristem activation

A first approach to determine the formation of a new root apical meristem in the developing LRP relies on the identification of a cellular pattern reminiscent of the primary root meristem cellular anatomy. Cytological analyses of developing LRP by Malamy and Benfey (1997) highlighted conserved features in longitudinal sections of developing primordia. Especially, while a first sequence of anticlinal and periclinal cell divisions generated a regular four-layered primordium, subsequent cell division created a group of 2 square-shaped cells in the subapical position, which corresponds to the position of the future QC. This landmark cell division corresponds to stage V primordia. Subsequent cell divisions maintain this cellular organisation, and position of presumptive initials can soon be recognized, while the developing LRP grows through the cortex and epidermis cell layers (Malamy and Benfey, 1997).

However, analysing cellular organization is not enough to determine if a meristem-like structure indeed functions like a meristem. In general, an active root meristem is recognized as a group of dividing and differentiating cells that is continuously replenished thanks to the maintenance of a stem cell niche. Therefore, applying this criterion to developing LRPs with the aim to identify a functional meristem requires either to analyse the expression of meristem cell fate markers and/or to precisely monitor dynamics in cell division and differentiation in developing LRPs.

Investigating cell division in developing primordia has long been difficult, but recent progresses in live imaging are now contributing to overcome this technical challenge [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. In their detailed analysis of Arabidopsis LRP development, Malamy and Benfey (1997) described conserved cell divisions creating the cellular organization similar to that of the primary root meristem around stage VI, but subsequent cell divisions were difficult to track. During LRP emergence, primordium apical cell number remains almost constant while basal cells quickly expand, thus supporting the model of cell elongation-driven LR emergence and post-emergence lateral root meristem activation (Malamy and Benfey, 1997).

As reported earlier, analyses of marker gene expression in developing primordia support the hypothesis of QC being set as early as from stage V onwards, although WOX5 might already be expressed at earlier stages [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Whether these cells do actually behave like a stem cell niche organizing centre remains to be elucidated, since WOX5 stem-cell promoting activity was only shown in the primary and lateral root columella stem cells [START_REF] Pi | Organizer-Derived WOX5 Signal Maintains Root Columella Stem Cells through Chromatin-Mediated Repression of CDF4 Expression[END_REF]Tian et al., 2014a). Conversely, tracking initial stem cell fate remains difficult because no cell marker is available to clearly identify root "stem cell-ness" quality. However, SHR is expressed in inner cells abutting the WOX5-expressing cells in a comparable manner as in root meristem vascular initials (Figure 1.4A; [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Comparably, SCR is expressed in cells flanking the presumptive QC, the characteristic position of cortex/endodermis initials [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. NAC domain transcription factors FEZ and SOMBRERO (SMB) are expressed in the primary root cap where they control the division of root cap stem cells [START_REF] Willemsen | The NAC Domain Transcription Factors FEZ and SOMBRERO Control the Orientation of Cell Division Plane in Arabidopsis Root Stem Cells[END_REF]. FEZ is also expressed in as early as stage VI LRPs, at the very tip of the dome and in cells in contact with the presumptive QC, similar to the situation in mature root meristems [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. Expression of SMB is detected in stage VI LRPs, in the outermost layer of the primordium tip, consistent with its described role in specifying root cap progenitor cells [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. Last, expression of the MYB related transcription factor WEREWOLF involved in epidermis specification [START_REF] Lee | WEREWOLF, a MYB-related protein in Arabidopsis, is a position-dependent regulator of epidermal cell patterning[END_REF] is also detected in the presumptive epidermis layer of emerging LRPs [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. Thus, many markers for root stem cell identity are already expressed in developing LRPs before emergence, supporting the hypothesis that a complete root meristem stem cell niche is organized before LRP emergence.

As a functional test to identify meristematic activity, the ability of LRPs of different stages to develop independently of exogenous auxin supply was assayed using excision protocols [START_REF] Laskowski | Formation of lateral root meristems is a two-stage process[END_REF]. LRPs with no less than 3 to 5 cell layers (which corresponds approximately to LRPs of stages III to V) are able to develop after excision from the parental root [START_REF] Laskowski | Formation of lateral root meristems is a two-stage process[END_REF]Malamy and Benfey, 1997), in accordance with the report that LRPs at these stages are able to synthesize auxin IAA on their own [START_REF] Ljung | Sites and Regulation of Auxin Biosynthesis in Arabidopsis Roots[END_REF]. Detailed analysis of LRP development by [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF] supports the model that LRP development is a biphasic process, comprising an early morphogenesis phase and a later meristem formation phase.

Importantly the transition happens at around stage V, coincident with the shift from bilateral symmetry to radial symmetry of LRPs [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF], and with the onset of expression of both WOX5 and QC25, typical markers of root QC, in the central cells of the second outermost layer [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Rosspopoff | Direct conversion of root primordium into shoot meristem relies on timing of stem cell niche development[END_REF]. In the root apical meristem, a QC is specified at the overlap between SHR-SCR and PLTs, which are activated by local auxin signaling maximum [START_REF] Sablowski | The dynamic plant stem cell niches[END_REF][START_REF] Aida | The PLETHORA Genes Mediate Patterning of the Arabidopsis Root Stem Cell Niche[END_REF]. If this criterion is applied to lateral roots, then the WOX5-and QC25-positive cells in stage IV-V LRPs can be considered a QC [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. [START_REF] Rosspopoff | Direct conversion of root primordium into shoot meristem relies on timing of stem cell niche development[END_REF] suggested that these QC marker positive-cells constitute a functional stem cell niche that is required for the direct conversion of a LRP into a shoot meristem during the artificial cytokinin-induced shoot regeneration process.

Taken together, the data suggests the progressive establishment of a stem cell niche organization from the stage II, with SCR/SHR-dependent outer layer specification, to lateral root emergence, with the induction of epidermis and root cap identities. A critical step in this de novo root meristem organogenesis process occurs at the stage IV-V transition, when the primordium breaks through the overlying endodermis layer, develops a radial symmetry centred on a QCspecific marker expressing niche, and acquires autonomy relative to the auxin fluxes from the parent root. Interestingly, this newly established root stem cell niche may only be active after LR emergence (Malamy and Benfey, 1997). The characterization of the aberrant lateral root formation 3 (alf3) mutant, that is unable to sustain LR growth after emergence unless exogenous auxin is supplied [START_REF] Celenza | A pathway for lateral root formation in Arabidopsis thaliana[END_REF], also supports the hypothesis that a major transition in LRP meristem activity takes place at LR emergence.

V. LRP ORGANOGENESIS AS A COMMON BASIS FOR ORGAN REGENERATION FROM CALLUS

Organ regeneration is a process of de novo organogenesis of shoots or roots from wounded or detached plant tissues. It is widely used in plant tissue culture to multiply plants quickly. Tissue culture usually goes through two steps: first callus formation, and then root or shoot organogenesis induction using different combinations of phytohormones. More and more evidence indicate that the process of organ regeneration employs similar regulatory mechanisms to that of LRP formation, especially at the first step of callus formation (Figure 1. [START_REF] Hirota | ) biosynthesis genes is induced downstream of PUCHI, a transcription factor controlling cell division and morphogenesis during lateral root formation. We also show that the PUCHI-mediated regulation of VLCFA biosynthesis is also involved in root derived callus formation, the first step in in vitro plant regeneration. More experiments are on-going to corroborate the hypothesis such as VLCFA quantification in WT and puchi-1 roots and rescuing puchi-1 LR phenotype by VLCFA complementation[END_REF].

First of all, callus and LR formation share a similar cellular origin. When cultivated in auxin-rich medium, callus develops from pericycle cells in root explants and from cells surrounding vasculature bundles in other aerial organs [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF]. The alf4-1 mutant is defective in pericycle cell divisions, consequently unable to produce any LRs. Consistent with this, callus formation from alf4-1 root explants is blocked when cultivated in multiple combinations of auxin and cytokinin concentrations [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF]. Interestingly, callus formation from aerial organs, including cotyledons and petals, is also inhibited in the alf4-1 mutant.

Close inspection of the pericycle marker line J0121 showed GFP expression in cells surrounding the midvein of the cotyledons and the petals. This expression gradually diminishes when callus formation progresses, similar to what happens in root pericycle cells during LRP and callus formation in roots [START_REF] Che | Developmental steps in acquiring competence for shoot development in Arabidopsis tissue culture[END_REF][START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF][START_REF] Laplaze | GAL4-GFP enhancer trap lines for genetic manipulation of lateral root development in Arabidopsis thaliana[END_REF]. These pericyclelike cells are also present in leaves and are involved in hormone-free root regeneration [START_REF] Liu | WOX11 and 12 Are Involved in the First-Step Cell Fate Transition during de Novo Root Organogenesis in Arabidopsis[END_REF]Bustillo-Avendaño et al., 2018). This data indicates that pericycle and pericycle-like cells are essential for both LRP formation and callus formation from explants of various origins.

Contrary to the previous perception that callus is an unorganized mass of undifferentiated cells, callus is actually an organized structure resembling a LRP. Both callus and LRP originate from pericycle or pericycle-like cells, and then develop into structures of multiple cell layers [START_REF] Atta | Pluripotency of Arabidopsis xylem pericycle underlies shoot regeneration from root and hypocotyl explants grown in vitro[END_REF][START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF]. Cell identity markers in the root apical meristem and LRP are also expressed in callus in comparable domains (Figure 1.4). For example, pSCR::GFP, a marker for endodermal and QC cells in the primary root meristem, is expressed in a single cell layer under the epidermis, while pSHR::SHR:GFP, the marker for stele, endodermal and QC cells, is expressed in multiple subepidermal cell layers comparable to the stele [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF]. The outer layer of the callus expresses the epidermis-specific markers MERISTEM LAYER 1 and GLABRA2, and even displays root cap functional characteristics, such as the presence of statoliths [START_REF] Atta | Pluripotency of Arabidopsis xylem pericycle underlies shoot regeneration from root and hypocotyl explants grown in vitro[END_REF][START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF]. Moreover, the QC marker WOX5 whose expression is activated during LRP development (Tian et al., 2014a;[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Rosspopoff | Direct conversion of root primordium into shoot meristem relies on timing of stem cell niche development[END_REF] is also expressed in a single subepidermal cell layer in the callus, although its expression range is expanded probably because of the disturbed auxin gradient provided by the callus induction medium [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF]. These analyses indicate that callus shares important characteristics with the root apical meristem and the LRP. Indeed, transcriptomic analyses showed that callus forming from various organs is enriched in root tip-expressed genes. In addition, there is a large overlap in genes upregulated in root, cotyledon and petal explants during callus formation, indicating that this process shares common mechanisms in these different contexts. However, the number of genes upregulated in aerial explants are much higher than those in root explants, suggesting that callus formation from aerial organs requires intermediate steps [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF].

Callus formation also depends on the auxin signalling module comprising ARF7, ARF19

and their LBD targets (LBD16, LBD17, LBD19, LBD29) which plays critical roles in controlling LRP initiation, development and emergence [START_REF] Okushima | ARF7 and ARF19 Regulate Lateral Root Formation via Direct Activation of LBD/ASL Genes in Arabidopsis[END_REF]Lee et al., 2009a;Goh et al., 2012a). LBD genes (LBD16, LBD17, LBD18, LBD29) are also strongly induced in both shoot and root explants cultivated in callus induction medium [START_REF] Fan | LATERAL ORGAN BOUNDARIES DOMAIN transcription factors direct callus formation in Arabidopsis regeneration[END_REF]. These LBDs physically interact with the transcription factor AtbZIP59 to control callus formation [START_REF] Xu | Control of auxin-induced callus formation by bZIP59-LBD complex in Arabidopsis regeneration[END_REF].

Overexpression of these genes is sufficient to induce spontaneous callus formation at various degrees and positions in the seedlings [START_REF] Fan | LATERAL ORGAN BOUNDARIES DOMAIN transcription factors direct callus formation in Arabidopsis regeneration[END_REF][START_REF] Xu | Control of auxin-induced callus formation by bZIP59-LBD complex in Arabidopsis regeneration[END_REF]. Conversely, suppression of LBD function reduces LR formation from primary roots and almost abolishes callus formation capability of root explants [START_REF] Fan | LATERAL ORGAN BOUNDARIES DOMAIN transcription factors direct callus formation in Arabidopsis regeneration[END_REF]. Like in LRP development, LBD genes also act downstream of auxin via ARF9 and ARF19 in the context of callus formation [START_REF] Lee | Arabidopsis ATXR2 deposits H3K36me3 at the promoters of LBD genes to facilitate cellular dedifferentiation[END_REF][START_REF] Fan | LATERAL ORGAN BOUNDARIES DOMAIN transcription factors direct callus formation in Arabidopsis regeneration[END_REF].

Interestingly, the formation of callus-like structures in leaf vascular tissues induced by root-knot nematodes also depends on LBD16 [START_REF] Olmo | Molecular Transducers from Roots Are Triggered in Arabidopsis Leaves by Root-Knot Nematodes for Successful Feeding Site Formation: A Conserved Post-Embryogenic De novo Organogenesis Program? Front[END_REF]. Another LBD gene, LBD29, which regulates LR initiation through maintaining cell division competence of pericycle cells [START_REF] Feng | LBD29 regulates the cell cycle progression in response to auxin during lateral root formation in Arabidopsis thaliana[END_REF], also controls callus formation on callus induction medium (Xu et al., 2017).

During callus formation, LBD29 activates genes of different functional categories such as transcriptional regulation, ROS and lipid metabolism, and cell wall hydrolysis. Overexpression of some putative targets induces spontaneous callus formation at various degrees, similar to the phenotype of LBD29-overexpressing plants (Xu et al., 2017).

Callus formation is an important intermediate step for de novo organ regeneration by hormonal treatment. In this procedure, explants are first incubated in auxin-rich callus induction medium to induce the formation of calli that acquire pluripotency for subsequent shoot regeneration. When transferred to a shoot induction medium that has high cytokinin-to-auxin ratio, some callus cells transform into shoot progenitors that will eventually develop into shoots [START_REF] Kareem | PLETHORA genes control regeneration by a two-step mechanism[END_REF]. PLTs, key regulators in LRP and root apical meristem formation [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Galinha | PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development[END_REF], also play pivotal roles in hormone-induced organ-regeneration. Like in a developing LRP, expression of PLT3, PLT5 and PLT7 genes is up-regulated during callus formation and shoot regeneration [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Kareem | PLETHORA genes control regeneration by a two-step mechanism[END_REF]. Single mutants in these genes are able to regenerate shoots in shoot induction medium, but the regeneration capability is completely lost in the triple mutant. Moreover, overexpression of PLT5 or PLT7 is enough to induce shoot regeneration in the plt3 plt5 plt7 mutant background in hormone-free medium. This data indicates that PLT5 and PLT7 transcription factors are necessary and sufficient for shoot regeneration from callus. Expression of key root stem cell maintenance regulators, including SCR, PLT1 and PLT2 is upregulated in callus originated from wild type shoot and root explants, but not detected in plt3 plt5 plt7 calli [START_REF] Kareem | PLETHORA genes control regeneration by a two-step mechanism[END_REF]. PLT3, PLT5 and PLT7 factors also positively regulate the expression of the auxin efflux carrier PIN1 gene during callus formation. Altogether, the data points to a common regulatory pathway involving PLT genes in LRP formation and de novo organ regeneration: in both processes (i) PLT genes are required, and

(ii) PLT3, PLT5 and PLT7 regulate PLT1 and PLT2 and also PIN1 expression in a similar manner [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF][START_REF] Kareem | PLETHORA genes control regeneration by a two-step mechanism[END_REF].

As described for LR FC specification and LRP formation, chromatin-remodelling factors also play critical roles in callus formation. ARABIDOPSIS TRITHORAX-RELATED 2 (ATXR2), a trithorax group protein as ATX1 mentioned above, modifies target gene expression by deposition of positive histone marks. ATXR2 binds to the promoter of LBD16 and LBD29 with the help of ARF7 and ARF19 transcription factors to induce permissive chromatin conformation on these loci.

Consistent with the critical roles of LBDs in callus formation, the ability of leaf explants to form calli is significantly reduced in the atxr2 mutant background and enhanced in an ATRX2

overexpressing line [START_REF] Lee | Arabidopsis ATXR2 deposits H3K36me3 at the promoters of LBD genes to facilitate cellular dedifferentiation[END_REF]. Although it is not clear if this regulation of ATXR2 on LBDs is also true in LRP formation, lateral root production in the atxr2 mutant is significantly reduced compared to the wild type (Lee et al., 2018a). Finally, subunits of the Polycomb repressive complex 2 (PRC2), which negatively regulates LR FC specification, were shown to inhibit callus formation given that single or combined mutants of these subunits produce callus spontaneously in tissue culture [START_REF] Chanvivattana | Interaction of Polycomb-group proteins controlling flowering in Arabidopsis[END_REF][START_REF] Bouyer | Polycomb repressive complex 2 controls the embryo-to-seedling phase transition[END_REF].

Interestingly, although not exactly in the context of LRP development, callus formation and adventitious root formation from leaf explants are demonstrated to share a common genetic pathway. In CIM, leaf explants produce callus through two steps: founder cell specification and callus formation [START_REF] Yu | Auxin Control of Root Organogenesis from Callus in Tissue Culture[END_REF]. In the first step, pericycle-like (procambium) cells highly express WOX11, a WOX5-related transcription factor that acts redundantly with WOX12 to convert competent cells into callus founder cells. WOX11 and WOX12 then activate the expression of LBD16 and WOX5 to induce founder cell division to form a callus [START_REF] Liu | The WOX11 -LBD16 Pathway Promotes Pluripotency Acquisition in Callus Cells during de Novo Shoot Regeneration in Tissue Culture[END_REF]Hu & Xu, 2016;[START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. This two-step mechanism is conserved in both monocot and dicot plants [START_REF] Hu | Divergent regeneration-competent cells adopt a common mechanism for callus initiation in angiosperms[END_REF]. The genetic pathway comprising of WOX11, WOX12 and WOX5, along with other important genetic factors such as PLT1, PLT2 and SHR, is also involved in adventitious root founder cell specification and hormone-free root regeneration from leaf explants [START_REF] Liu | WOX11 and 12 Are Involved in the First-Step Cell Fate Transition during de Novo Root Organogenesis in Arabidopsis[END_REF]Hu & Xu, 2016;Bustillo-Avendaño et al., 2018;[START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. This newly unravelled molecular mechanisms for callus formation can help bridge the gaps between LR and adventitious root formation.

VI. GENERAL CONCLUSIONS

Root system architecture greatly impacts plant growth and crop yield, and root branching contributes to a major extent to root system development. Root branching consists in a strikingly robust event of post-embryonic organogenesis that progressively generates, thanks to coordinated 

proliferation

I. INTRODUCTION

In Chapter I, we have seen that there are many factors, mostly transcriptional ones, involved in the regulation of LR formation. However, our understanding is still fragmented because classical approaches only focus on a limited aspect at a time, hence we lack a systematic view of how these components interact to form a network that successfully controls the organization of a new functional meristem.

To have a global view of the LRP formation process, our team used a systems biology approach to identify the gene regulatory network (GRN) governing LR formation in the model plant A. thaliana and study its dynamical behaviour (Lavenus et al., 2015). This approach combines a time course transcriptomic dataset specific for lateral root formation [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF] and an in-house algorithm called TDCor to predict putative gene-to-gene regulatory relationships and to infer the predicted topology of the operating gene regulatory network (Lavenus et al., 2015).

The inferred topology displays two subnetworks that may represent two major waves of gene expression during LRP formation. The first wave led by ARF7-ARF19 would trigger LRP initiation and early morphogenesis. The second wave led by ARF5 is thought to activate genes involved in meristem formation. The mutual inhibition of the two-subnetworks could also produce the bifurcation and spatial distinction between flank and meristem cell identities in the developing primordium (Lavenus et al., 2015;Figure 2.1). This prediction may functionally underlie a major step of LRP morphogenesis, namely the distinction of a central zone where a new root meristem is organized, and of a flank/peripheral zone which may acts as a buttress to support the central zone.

Here, we further studied the ARF7-regulated AP2/ERF transcription factor PUCHI, a major node in the sub-network controlling LRP formation and early morphogenesis as proposed by the inferred topology. The roles of PUCHI in controlling LRP cell division and (flank) morphology have been originally described in [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. Generally, two phenotypes were reported for the loss-of-function mutant puchi-1, including (i) more anticlinal cell division resulting in wider LRPs and also flatter LRPs (lack the prominent domed-shape) than those in the wide-type (WT), and (ii) swollen LRP flank cells. puchi mutant had been shown to have higher LRP density than did the WT [START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF]. Recently it was demonstrated that PUCHI expression in the cells adjacent to the LR founder cells may inhibit the formation of nearby LRPs right from the founder cell specification step [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF]. PUCHI expression is induced by the peptide TARGET OF LBD SIXTEEN 2 (TOLS2) and its receptor RECEPTOR-LIKE KI-NASE7 (RLK7,) and the cascade is downstream of the transcription factor LBD16 [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF]. To understand better the roles of PUCHI in LRP formation, a detailed phenotyping of the loss-of-function mutant puchi-1 was performed with a focus on LRP formation and related events.

The response of the puchi-1 mutant to auxin and cytokinin, key hormones regulating LRP formation, and the expression pattern of several important markers for LRP formation in the mutant background were also examined.

II. RESULTS

PUCHI expression pattern

PUCHI expression pattern has been described in the original paper of [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF].

Using the pPUCHI:GFP-PUCHI construct that rescues the defective LRP morphology in puchi-1 background, the authors reported that PUCHI is specifically expressed in nuclei of LRPs from stage I onwards. The expression is detected in all cells of LRPs of earlier stages, but gradually confined to the cells in the base and flanks of the primordium. The presence of GFP signal in other tissues were not described [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. PUCHI is reported in the LRP and in vascular tissues [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF].

A more detailed analysis on the expression pattern of pPUCHI:GFP-PUCHI in our growing conditions was performed. In general, we confirmed the original description of PUCHI expression pattern during LRP development [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF] The presence of GFP-PUCHI in primary meristematic zone where LRP priming happens was not detectable. This finding was checked against the dataset published by [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF]) that provides a comprehensive expression profiles of all root cell types. Consistent with our observation, the data suggests that besides LRPs, PUCHI may be expressed in the stele and the lateral root cap of the primary root (Figure 2.2E).

PUCHI negatively regulates LRP initiation, positioning and development

To better characterize the role of PUCHI during LR development, the LR development phenotype of the puchi-1 mutant was analysed in detail. For this, the number of emerged LRs and developing LRPs produced in 9-day old WT and puchi-1 seedlings were quantified. To facilitate the phenotype description, we adopted the convention proposed by [START_REF] Dubrovsky | Quantitative Analysis of Lateral Root Development: Pitfalls and How to Avoid Them[END_REF] in dividing the Arabidopsis primary root into three zones, namely, the root branching zone where

LRPs have emerged, the LR formation where LRPs are initiated and developing, and the root tip.

The root branching zone is the one shootwards of the most recently emerged LR, while the LR formation zone is between the most recently emerged LR to the newly initiated LRP near the root tip (Figure 2.3A).

At 9-d, WT and puchi-1 seedlings had similar primary root lengths (Figure 2.3A). We confirmed the morphological phenotypes of puchi-1 mutant LRPs and LRs described in [START_REF] Hirota | ) biosynthesis genes is induced downstream of PUCHI, a transcription factor controlling cell division and morphogenesis during lateral root formation. We also show that the PUCHI-mediated regulation of VLCFA biosynthesis is also involved in root derived callus formation, the first step in in vitro plant regeneration. More experiments are on-going to corroborate the hypothesis such as VLCFA quantification in WT and puchi-1 roots and rescuing puchi-1 LR phenotype by VLCFA complementation[END_REF], namely the presence of additional anticlinal cell layers and abnormally large flank cells (Figure 2.3B). Regarding LRP formation, in the LR formation zone we observed an increase in LRP number in puchi-1 mutant, leading to ~ 3 times higher LRP density in the mutant (Figure 2.3C). In the root branching zone of the WT, we observed several emerged LRs and occasionally un-emerged LRPs which may correspond to arrested or delayed LRPs [START_REF] Celenza | A pathway for lateral root formation in Arabidopsis thaliana[END_REF][START_REF] Nacry | A role for auxin redistribution in the responses of the root system architecture to phosphate starvation in Arabidopsis[END_REF][START_REF] Dubrovsky | Lateral root initiation in Arabidopsis: Developmental window, spatial patterning, density and predictability[END_REF]. However, in puchi-1 mutant, while the density of emerged

LRs was similar to that of WT, there was a strikingly high number of un-emerged LRPs (Figure 2.3C). These un-emerged LRPs constituted up to ~20% of total puchi-1 LR organs (or total LRPs = LRPs in the LR formation zone + emerged LRs and un-emerged LRPs in the branching zone).

It is consistent with the higher LRP initiation in the LRP formation zone and a normal density of emerged LRs in the branching zone (Figure 2.3C). As a whole, puchi-1 mutant produces more LR The result is in general consistent with the study of [START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF][START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF] and suggests that PUCHI is a negative regulator of LR initiation.

Consistent with the increase in total LRP density and no significant changes in primary root lengths, measuring the distances between two consecutive LR organs revealed that these organs were formed at much shorter intervals in puchi-1 than in WT (Figure 2.3D). In the mutant LRPs that are formed closely together were frequently observed. The distance between two adjacent LR organs in WT has been reported to be usually greater than 300µm [START_REF] Dubrovsky | Lateral root initiation in Arabidopsis: Developmental window, spatial patterning, density and predictability[END_REF]. However, puchi-1 roots produced many clusters of LRPs within 300µm of one another (Figure 2.3D, the first bin of the histogram for puchi-1). These puchi-1 LRP clusters could either be longitudinal (i.e. along a protoxylem pole) or radial (i.e. along opposite protoxylem poles; Table 2.1, showing a striking abundance of closely-positioned LRPs in the mutant compared to the WT. Since some authors also used 400µm as the distance to define a LRP cluster [START_REF] Murphy | RALFL34 regulates formative cell divisions in Arabidopsis pericycle during lateral root initiation[END_REF], we add the number of LRPs formed within 300-400 µm of one another to the table.

Thus, our data revealed that PUCHI functions as a negative regulator of LRP initiation in the pericycle and also controls the spacing between LRPs. The presence of many un-emerged LRPs in puchi-1 branching zone suggests that in addition to LRP initiation density, loss of PUCHI function would also impact LRP development.

To test this hypothesis, we used a gravistimulation-based LR induction system [START_REF] Lucas | An auxin transport-based model of root branching in Arabidopsis thaliana[END_REF][START_REF] Péret | Auxin regulates aquaporin function to facilitate lateral root emergence[END_REF] to analyze the kinetics of LRP development in puchi-1 compared to the WT. In this system, WT and puchi-1 seedlings were first grown vertically for 5 days in squared plates, then the plates were turned by 90 o . LRPs are formed at the primary root bending regions, and their stages were categorized as described in (Malamy and Benfey, 1997) at five time points (18,22,30,36 and 48 hours post gravistimulation (hpg)). This system allows us to track the development of LRPs over time. Gravistimulation induced the initiation of LRP in 100% of the puchi-1 and WT seedlings. However, a delay in puchi-1 LRP development was already observed at 18 hpg since more LRPs in the WT reached stage II than in puchi-1 background (Figure 2.4A). The difference in LRP developmental progression between the two genotypes became more obvious over time.

At 48 hours, when a majority of WT LRPs had emerged, most puchi-1 LRPs had only reached developmental stages IV, V or VI (Figure 2.4A). To see how long puchi-1 LRPs need to emerge, we did the gravistimulation assay for 2.5, 3 and 4 days and found that a majority of the mutant LRPs started to emerge at 2.5 days post gravistimulation (dpg). Moreover, while 100% WT seedlings had produced LRs from 2.5 dpg onwards, the figure for puchi-1 only reached 70% when the assay was extended for 6 days (Figure 2.4B). The data indicate that correct expression of PUCHI is required for normal developmental progression and emergence of LRPs. Given that un-emerged LRPs represents up to one fifth of total LRPs in puchi-1 background, and that puchi-1 LRPs progress much slowly than those of WT, the question was whether these un-emerged LRPs are in fact delayed (growing slowly) or arrested (stop growing altogether). For this, a tracking assay was performed in which primary roots were observed under a binocular and the newly emerged LR in each seedling was marked. Lateral roots shootward of the newly emerged 
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LRs in each seedling were counted. Then the seedlings were put back to the growing chamber in normal growing conditions. After 4 day and 9 day, the number of LRs shootward of the marks were counted again to see if any additional lateral roots appeared in that region during this period.

The same root zone was also observed under a microscope to assess the developmental stages of un-emerged LRPs at those two time points. At 4 and 9 day after marking, we saw only one new LR appeared in WT roots in the marked zone (Table 2.2). This is most probably the result of the emergence of a slowly developing LRP.

In puchi-1 roots, we detected the appearance of more additional LRs in the marked regions than in the WT during the time frame of this experiment (Table 2.2). puchi-1 roots produce a high number of delayed LRPs in the branching zone, and it is possible that a small percentage of these delayed LRPs are still functional and will eventually emerge. Microscopic observation revealed that at 4d, un-emerged LRPs in WT were mostly at stage II-IV (91.7%) while those in puchi-1 covered diverse stages (Figure 2.5A). Around 15% of these delayed LRPs are at stage VI; some of them have normal morphology, suggesting that they are capable of developing further.

Consistent with that, at 9d, we could see more newly emerged LRs in the marked zone in puchi-1

seedlings, and at this point the distribution of developmental stages of puchi-1 LRPs look more similar to that of the WT (Figure 2.5B). Percentages of stage II-IV LRPs in WT and puchi-1 were 86.7 and 89.4%, respectively. Altogether, the data again emphasizes the very slow development of some LRPs and strongly suggest that most of the un-emerged LRPs in puchi-1 are arrested, i.e.

not be able to develop and eventually emerge into a LR.

Cell division pattern is disturbed in puchi-1 LRPs

One of the phenotype of puchi-1 LRPs reported in the original papers is that they have additional anticlinal cell divisions, leading to wider and flatter LRPs [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF][START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF] which was clearly observed in our experimental condition (Figure 2.3B).

The process of LRP formation and the definition of different developmental stages have been described in detail in WT Arabidopsis, revealing certain cell division sequences particularly in the early stages (Malamy and Benfey, 1997;[START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. puchi-1 LRPs of more advanced stages also displayed changes in cellular pattern beside the flanks. For example, as showed in Figure 2.6C, it is difficult to say which cells correspond to the would-be quiescent center (QC) as described in (Malamy and Benfey, 1997;[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF], while that feature is easily recognized in the WT LRP. However, since this difference may not be described easily, we focused on the tip of emerging LRs whose cellular pattern is less variable than that of developing LRPs. We used the expression of SHR through expression of pSHR:SHR-GFP [START_REF] Nakajima | Intercellular movement of the putative transcription factor SHR in root patterning[END_REF] as a delimitator of the stem cell niche in the emerging LRs because SHR is transcribed in the stele and the pericycle, and the protein moves to the nucleus of the QC and endodermal cells [START_REF] Nakajima | Intercellular movement of the putative transcription factor SHR in root patterning[END_REF]. In WT LRs, SHR-GFP protein was observed in the stele (whole cell, diffuse signal), and in the endodermis and QC (with a nucleus-specific signal), similar to the pattern in the primary root [START_REF] Nakajima | Intercellular movement of the putative transcription factor SHR in root patterning[END_REF]. The asymmetric cell division The data suggest that PUCHI is also involved in the patterning of the LR central domain, not just of the flanks. Because pPUCHI:GFP-PUCHI is not expressed in the tip of emerging LRs (Hirota et al., 2007, our observation), the change in the expression domain of SHR protein relative to the root tip was probably maintained from the defects in cellular patterning of central area of early stages.

In summary, our observation reveals that PUCHI regulates both anticlinal and periclinal cell division in developing LRPs, and this regulation ensures the proper cellular pattern at the lateral root tip as well as the correct morphogenesis of the LRP flanks.

PUCHI is required for correct LRP meristem organization

Since cellular division and patterning are disturbed in puchi-1 LRPs which are also defective in development, we wondered if meristem organization occurs normally. Previous results

with pSHR: SHR-GFP suggest that mutation of PUCHI may perturb the expression pattern of factors controlling meristem establishment. It was previously shown that expression of QCspecific marker genes was detected in the central cells of the developing LRP before emergence [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. Therefore, one of these commonly used markers, 

puchi-1 roots generally have normal auxin response

Given the essential roles of auxin in LRP formation and development (Lavenus et al., 2013a), we investigated the auxin response in puchi-1 roots to see if auxin signalling may correlate with puchi-1 LRP phenotypes.

puchi-1 LRPs are defective in morphology, and their development/emergence is greatly delayed (Figure 2.4). It was reported that (i) an auxin gradient is gradually established in developing LRPs [START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF] and (ii) auxin regulates the expression of cell wall remodeling enzymes in LRP overlaying tissues to assist LRP emergence [START_REF] Swarup | The auxin influx carrier LAX3 promotes lateral root emergence[END_REF][START_REF] Péret | Sequential induction of auxin efflux and influx carriers regulates lateral root emergence[END_REF]. We therefore observed the auxin responses in LRPs and their overlaying tissues in puchi-1 LRPs using the DR5::GFP synthetic auxin response reporter [START_REF] Friml | Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis[END_REF]. The DR5 promoter consists of tandem direct repeats of 11 bp that includes the auxin-responsive TGTCTC element commonly found in auxin-inducible genes [START_REF] Ulmasov | Aux/IAA proteins repress expression of reporter genes containing natural and highly active synthetic auxin response elements[END_REF]. DR5::GFP is an established reporter to visualize auxin signaling response at a cellular level during LRP development [START_REF] Dubrovsky | Auxin acts as a local morphogenetic trigger to specify lateral root founder cells[END_REF]. In WT LRPs, a clear DR5::FGP gradient was present in developing LRPs and LRs (Fig. 2.9A-C). A similar auxin signaling gradient was also observed in most developing LRPs in puchi-1 (Fig. 2.9D-F). However, sometimes the auxin maximum was located more deeper inside the LRP, and not located at the middle of the LRP, which is in agreement with a skewed shape of puchi-1 LRPs (Fig. 2.9D, E). In contrast, in a majority of delayed (probably arrested) LRPs in puchi-1 background, the auxin signaling gradient was not visible (Fig. 2.9G-I).

This probably means that there is no more auxin signaling in those delayed LRPs to promote their development, and is in agreement with our previous results showing that those primordia were arrested.

In the WT, a DR5::GFP signal was observed in cells overlaying LRPs where cell wall remodeling activities are supposed to happen (for example, Fig. 2.9B). Cells overlaying developing LRPs in puchi-1 showed a similar DR5 signal, even though the GFP intensity may be weaker, suggesting that auxin response may be lower compared to those in the WT (Fig. 2.9D, E).

This may contribute to the delay in LRP emergence in puchi-1 roots. GFP signal in cells overlaying un-emerged LRPs in puchi-1 branching zone is usually very weak or undetectable (Fig. 2.9G-I).

In conclusion, here we showed that in general, a clear auxin signaling gradient is established during LRP formation in both WT and puchi-1 background, in agreement with the ability of puchi-1 roots to make LRs. However, in some puchi-1 LRPs, a proper auxin gradient was either not in the center of the LRP or not established at all, especially in the delayed LRPs. It suggests that loss of PUCHI function might interfere with the regulated distribution of auxin signal during root branching. Further experiments will be required to confirm this hypothesis, and to explore its functional relevance for the defects of puchi-1 LRPs in developmental progression and emergence.

puchi-1 pericycle is more sensitive to auxin treatment

Considering LR initiation as a response of pericycle cells to an auxin signal (de Smet, 2012; [START_REF] Xuan | Cyclic programmed cell death stimulates hormone signaling and root development in Arabidopsis[END_REF][START_REF] Möller | Dynamic control of lateral root positioning[END_REF], the increase in LRP number, hence density, along puchi-1 primary roots suggests that the mutant pericycle cells either experience higher auxin concentrations compared to WT or respond more to similar auxin levels, resulting in more frequent LRP priming and initiation. I therefore tested the effects of auxin treatment to LRP initiation in the mutant. For this, we grew WT and puchi-1 seedlings on MS medium supplemented with NAA at different concentrations for 9 days, and the number of developing LRPs and total LRPs (LRPs + LRs) were counted. First, we observed that WT and puchi-1 primary roots responded similarly to auxin treatment in terms of root growth inhibition. Primary root lengths of the two genotypes decreased by ~ 40% at 0.1 µM NAA (Figure 2.10A). This demonstrates that puchi-1 is not impaired in general auxin response. In contrast, LRP density increased sharply with auxin concentration. This increase was due mostly to the over-production of LRPs instead of the decrease in primary root lengths because at 0.1 µM NAA root lengths reduced by ~ 40% while total LRP density increased by ~ 3.5 times compared to the control condition (Figure 2.10B,C). However, while developing LRP density and total LRP density (LRP + LRs) seems to reach a plateau at 0.05 and 0.1 µM NAA in WT, they still increased in puchi-1. These data suggest that pericycle cells are more sensitive to auxin in puchi-1 and this may explain the increase in LRP formation observed in this mutant.

Cytokinin signalling is altered in puchi-1 LRPs

Besides auxin, cytokinins also regulate LRP initiation and development [START_REF] Laplaze | Cytokinins Act Directly on Lateral Root Founder Cells to Inhibit Root Initiation[END_REF][START_REF] Chang | Cytokinin as a positional cue regulating lateral root spacing in Arabidopsis[END_REF]. To see if puchi-1 LRP defects are correlated with perturbations in cytokinin signaling, the TWO COMPONENT SIGNALING SENSOR NEW (TCSN)::GREEN FLUORESCENT PROTEIN (GFP) reporter was introduced into the puchi-1 mutant background and its expression in the WT and puchi-1 was compared. The TCSn::GFP construct contains consensus sequence from the promoters of well-documented direct cytokinin target genes, and is widely used to analyze cytokinin signaling in Arabidopsis [START_REF] Zurcher | A Robust and Sensitive Synthetic Sensor to Monitor the Transcriptional Output of the Cytokinin Signaling Network in Planta[END_REF]. In WT, TCSn::GFP was not observed in LRPs younger than stage VI, and from stage VI onwards the expression was restricted to pro-vasculature cells (Figure 2.11A-D). Pericycle cells adjacent to a LRP showed TCSn::GFP expression, but the LRP flank cells did not (Figure 2.11B,C). These features are consistent with previous studies [START_REF] Bielach | Spatiotemporal Regulation of Lateral Root Organogenesis in Arabidopsis by Cytokinin[END_REF][START_REF] Chang | Cytokinin as a positional cue regulating lateral root spacing in Arabidopsis[END_REF]. However, in puchi-1 background, TCSn::GFP was observed in developing LRPs of all stages, and the signal was usually stronger in central cells in inner layers. In more advanced LRPs, cytokinin signaling was clearly observed in the flanks.

III. DISCUSSIONS

PUCHI controls LRP initiation and spacing

PUCHI has been previously reported to be an important regulator of the first, morphogenetic, phase of LR development and a regulator of cell division in LRP [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]Lavenus et al., 2015). It also regulates bract formation in flowers [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF][START_REF] Karim | A Role for Arabidopsis PUCHI in Floral Meristem Identity and Bract Suppression[END_REF]. Here we characterized the mutant phenotype in our experimental settings and found that PUCHI also regulates LRP initiation and spacing.

Our data show that the puchi-1 loss-of-function mutation enhanced LRP initiation in normal and auxin-treated conditions, which is in agreement with the recent report that PUCHI is expressed in cells adjacent to LR founder cells to inhibit nearby pericycle cells from becoming founder cells [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF] increased by ~ 3 times [START_REF] Murphy | RALFL34 regulates formative cell divisions in Arabidopsis pericycle during lateral root initiation[END_REF]. RALFL34 expression is found not only in LRPs but also in flanking pericycle cells [START_REF] Murphy | RALFL34 regulates formative cell divisions in Arabidopsis pericycle during lateral root initiation[END_REF]. This flanking expression of RALFL34 is therefore thought to be involved in the regulation of LRP positioning. The acr4 mutant has ~ 19% increase in total LRP density but produces ~ 18 times more aberrantly positioned LRPs (opposite or adjacent to each other). Since ACR4 expression is observed only in LRPs, it may act non-cell autonomously to regulate LRP initiation [START_REF] De Smet | Receptor-Like Kinase ACR4 Restricts Formative Cell Divisions in the Arabidopsis Root[END_REF]. Mutants impaired in symplastic connectivity (due to enhanced callose accumulation in the stele, for example) showed ~ 2 fold increase in LRP density and frequent LRP clusters [START_REF] Benitez-Alfonso | Symplastic Intercellular Connectivity Regulates Lateral Root Patterning[END_REF].

Beside increased LRP density, puchi-1 roots also produced a strikingly high number of LRP clusters. These LRP clusters could be occasionally seen in the WT. The number of LRP clusters in ~ 220 LRPs in puchi-1 was ~ 54.5 times higher than in WT (Table 2.2). Since the total LRP density in puchi-1 was ~2 times higher than in the WT, the 54.5 time increase in LRP clusters could not be explained by the increased LRP density. This suggests that beside LRP initiation PUCHI also plays a role in LRP spacing. PUCHI somehow regulates the interval and position of LRP initiation so that LRPs of the same or opposite protoxylem poles do not form closely.

However, we did not observe the expression of pPUCHI:GFP-PUCHI in the basal meristem the zone important for LRP initiation [START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF][START_REF] Moreno-Risueno | Oscillating gene expression determines competence for periodic Arabidopsis root branching[END_REF][START_REF] Xuan | Cyclic programmed cell death stimulates hormone signaling and root development in Arabidopsis[END_REF]. We did find PUCHI expression in pericycle cells flanking developing LRPs, suggesting that PUCHI in those cells may play a role in inhibiting cell division of nearby pericycle cells. This observation is consistent with a recent report [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF] on PUCHI expression in pericycle cells adjacent to LR founder cells. In addition, we observed the expression of PUCHI in the stele. Interestingly, intercellular (symplastic) connectivity between the stele and other tissues has been demonstrated to be important for LRP initiation and spacing [START_REF] Benitez-Alfonso | Symplastic Intercellular Connectivity Regulates Lateral Root Patterning[END_REF]. This symplastic connectivity may influence the transport of mobile factors that play a role in LRP initiation, for example, auxin and other peptides.

Altogether, our observations support that PUCHI negatively controls cell division in both LRPs and the pericycle, and the latter is consistent with work of [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF] showing that cascade LBD16-TOLS2/PIPL3-RLK7-PUCHI negatively regulates LR initiation.

Loss of PUCHI function leads to LRP development defects

Using gravistimulation assay we demonstrated that puchi-1 LRPs develop at a much slower rate compared to WT ones (Figure 2.3). puchi-1 LRPs are flatter than those in WT, and a slow development/emergence is expected for LRPs lacking a prominent domed-shape [START_REF] Péret | Auxin regulates aquaporin function to facilitate lateral root emergence[END_REF][START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF][START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF]. The delay in LRP emergence maybe due to different mechanisms such as reduced LRP cell turgor [START_REF] Péret | Auxin regulates aquaporin function to facilitate lateral root emergence[END_REF], increased physical constraints in overlaying cells [START_REF] Péret | Auxin regulates aquaporin function to facilitate lateral root emergence[END_REF][START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF], or additional cell divisions in LRP boundary [START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF]. In puchi-1 LRPs, defects in anticlinal cell division are the most evident cause of the delayed emergence phenotype. It is likely that because puchi-1 LRPs are wider/flatter, the pressure they make when contacting overlaying cells is less focused or less substantial. These overlaying cells in turn response less to the weak pressure, making it more difficult for puchi-1 LRPs to penetrate them. Interestingly, preliminary studies of DR5::GFP expression in the root tissues suggested that a weaker auxin signal was detected in overlying endodermis and cortex layers. This auxin signalling activity was previously associated with the spatial accommodation of endodermal and cortical cells during LRP progression [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF].

The high LRP density and slow LRP development are consistent with high number of unemerged LRPs in the branching zone which may be arrested. LRPs are initiated strictly acropetal, meaning that no de novo LRP initiation takes place between two already existed LRPs [START_REF] Dubrovsky | Lateral root initiation in Arabidopsis: Developmental window, spatial patterning, density and predictability[END_REF]. This suggests that delayed LRPs in WT and puchi-1 are those that grow slowly or stop growing altogether instead of newly formed. Using tracking assay, we showed that even after 4 or 9 days of tracking only few LRPs in WT and puchi-1 eventually emerged, indicating that most of un-emerged LRPs in the branching zone in both genotypes are in fact arrested (Table 2.2). This conclusion is supported by the lack of DR5:GFP accumulation in and auxin response over these delayed LRPs.

In puchi-1 roots, while total LRP density increased by ~2 times, delayed LRP density increased by ~ 6 times compared to the WT, indicating that the increase in delayed LRPs in the branching zone is not simply proportional to the increase in overall LRP formation. Moreover, increased LRP formation in puchi-1 did not result in a higher number of emerged LRs. Regarding these features, puchi-1 is reminiscent of the shy2-101/iaa3 mutation which produces more LRPs but very few or none of them emerge into LRs. This rises the hypothesis that higher LR initiation rate may be a secondary response to low emergence rate, or vice versa [START_REF] Lucas | An auxin transport-based model of root branching in Arabidopsis thaliana[END_REF]. Because LRP priming and LRP development share the same source of auxin root, more auxin consumed during priming, i.e. more LRP initiation, would lead to less auxin available for promoting LRP growth. In contrast, if somehow puchi-1 LRPs consume less auxin, which may lead to slow growth and more arrested LRPs, there would be more auxin available for LRP priming [START_REF] Lucas | An auxin transport-based model of root branching in Arabidopsis thaliana[END_REF].

In addition, the fact that LRP initiation does not always lead to LRP growth supports the notion of bi-phasic LRP development which differentiates the early morphogenesis phase and the late meristem formation phase [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. The transition between two phases happens between stage IV to V when a LRP crosses the endodermis and is concomitant with the activation of QCspecific markers such as QC25::CFP [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. From our analyses, most of arrested LRPs in WT and puchi-1 are at stage I-IV and only few of them at stage V or VI, indicating that they failed the critical transition. The failure maybe due to (i) insufficient co-ordination between LRP development and assistance of overlaying cells, notably the endodermis, meaning that endodermal cell wall remodelling is not effective enough to assist the penetration of a LRP, and (ii) misactivation of meristematic genes/functions as suggested by the defects in the expression pattern of the QC-specific maker QC25::CFP (Figure 2.8).

PUCHI regulates cell divisions and stem cell niche establishment, possibly through

hormonal signalling [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF] showed that PUCHI is required for correct anticlinal cell division. In more advanced LRPs, PUCHI expression is restricted to the base and flanks, and puchi-1 mutant shows cell over-proliferation and abnormal cell sizes at the flanks, hence correct flank morphogenesis requires PUCHI. It was also noted that there was a subtle defect in meristematic region around the QC in puchi-1 emerging LRs, which is the expansion of SCRpro:GFP expression to the cell layer directly overlaying the QC. In WT, SCRpro:GFP expression is restricted to the QC layer [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF].

Here we showed that PUCHI is also required for periclinal cell division in developing LRPs.

Our conclusion is based on observing cell division pattern in stage IV LRPs (Malamy and Benfey, 1997;[START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF]. In WT, the periclinal division completes in the outer layer first, then happens to the inner layer of a stage II LRP. However, in puchi-1 the periclinal division can happen to the inner and outer cell layer of a stage II LRP at the same time (Figure 2.6).

Although our observation was made on early developing LRPs, these defects may also occur in LRPs of later stages. This suggests that PUCHI does not necessarily control specifically the anticlinal cell division but controls the cell division plane in general.

Because we

have not yet performed a tracking observation for puchi-1 LRPs, it is difficult to say if anomalies in anticlinal cell divisions result in any function defects in LRPs. However, similar to [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF], we observed an alteration in cell organization around the QC. Using pSHR:GFP signal as a delimitation of the meristem region, we found that there was an additional cell layer at puchi-1 LR tip (Figure 2.7). Consistent with that, QC25::CFP expression was misplaced in puchi-1 by one cell layer (Figure 2.6). It is possible that this additional cell layer corresponds to the layer that displaying unusual SCRpro:GFP signal reported in [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF], and that this layer is a result of periclinal cell division defects in puchi-1. Since PUCHI is not expressed in the meristematic domain of advanced LRPs, these defects likely happen to young LRPs and maintain themselves. How these changes in cell division and tissue organization affect overall LRP development and outgrowth remains to be studied.

A striking observation is that in the puchi-1 mutant, cytokinin signalling as revealed by

TCSn::GFP appeared much early during LRP formation, and was strong in flank cells of more advanced LRPs (Figure 2.11). These features were not observed in the WT. It has been demonstrated that cytokinin treatment induces cell division in LRPs; for example, LRPs of cytokinin-treated roots have more anticlinal cell layers than those in the control [START_REF] Laplaze | Cytokinins Act Directly on Lateral Root Founder Cells to Inhibit Root Initiation[END_REF]. In the primary root, cytokinin induces cell division of the QC [START_REF] Zhang | Cytokinin induces cell division in the quiescent center of the arabidopsis root apical meristem[END_REF].

Cytokinin also activates cell division in other contexts including whole plants and tissue cultures [START_REF] Riou-Khamlichi | Cytokinin activation of Arabidopsis cell division through a D-type cyclin[END_REF]. Therefore, it is possible that ectopic cytokinin signalling in puchi-1 LRPs promotes cell division, creating LRPs with more cell layers as described. Specific expression of the cytokinin biosynthesis gene ISOPENTENYL TRANSFERASE (IPT) in LRPs using different trans-activation promoters generally induced a delay in LRP emergence [START_REF] Bielach | Spatiotemporal Regulation of Lateral Root Organogenesis in Arabidopsis by Cytokinin[END_REF]. Unfortunately, LRP morphology was not reported. Moreover, in axillary leaves, cytokinin activates the expression of the transcription factor WUSCHEL (WUS) that controls shoot stem cell niche establishment (which comprises the QC) (Wang et al., 2017). Here we found that the expression of the QC-specific marker QC25::CFP and cytokinin signalling appeared earlier in puchi-1 than in WT LRPs. Whether the early cytokinin signalling leads to the early activation of the QC marker, enhanced cell division and delayed LRP emergence of puchi-1 LRPs is worth investigating.

puchi-1 LRPs seemed to have a clear auxin gradient, at least in those develop well and emerge eventually. Nevertheless, we noticed that auxin maximum in puchi-1 LRPs seemed to be in deeper cells. In addition, the clear gradient was not observed in delayed LRPs which constitute ~ 20% of total LRPs in the mutant. Moreover, puchi-1 pericycle has higher competence for cell division in normal and auxin-treated conditions. Therefore, LR developmental defects in puchi-1 roots may also be linked to auxin signalling.

To summarize the discussion, possible connections between puchi-1 LRP developmental defects are depicted in the Figure 2.12. First, PUCHI inhibits LRP initiation, which has been demonstrated to be at LR founder cell specification step, and also inhibits the response of pericycle 

IV. CONCLUSION AND PERSPECTIVES

De novo organogenesis processes such as LRP formation are complex and require the coordination of multiple factors. The transcription factor PUCHI was demonstrated to be required for proper LRP morphogenesis and LRP initiation [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF][START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF]. Here, we confirmed these observations and revealed new roles and features of PUCHI. We showed that PUCHI regulates LRP initiation possibly through restrain the responsivity/sensitivity of pericycle cells to auxin. It also co-ordinates LRP positioning so that LRPs do not form closely to each other. 

I. INTRODUCTION

In Chapter II, I showed that PUCHI regulates multiple aspects of LRP formation and development. Because it is difficult to identify the precise mode of action of PUCHI from these pleiotropic phenotypic alterations, we took advantage of an unbiased transcriptomics approach to look for the direct and indirect targets of this transcription factor (TF). Here, I looked for the potential targets of PUCHI and attempted to demonstrate the regulation of PUCHI on these targets.

To identify potential targets of PUCHI during LR development, our team took advantage of the time-course transcriptomic dataset profiling every stage of LRP organogenesis [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF].

Dr. Julien Lavenus, while being a PhD student in the team, employed the TDCor algorithm which he developed (Lavenus et al., 2015) to search in the LR dataset for genes exhibiting an expression profile highly similar to that of PUCHI (Pearson's correlation coefficient > 0.80) when shifted back in time by 3 hours (i.e. delayed by one time point in the dataset relative to PUCHI expression profile). This in silico analysis retrieved 217 potential target genes whose expression profiles are correlated with that of PUCHI (Appendix 1). A Gene Ontology (GO) enrichment analysis using BiNGO [START_REF] Maere | BiNGO: A Cytoscape plugin to assess overrepresentation of Gene Ontology categories in Biological Networks[END_REF] revealed that 41 GO biological processes (of all levels) were significantly overrepresented in this group of putative downstream genes (Figure 3.1). Among them, the "VLCFA biosynthesis" category stood out as one of the most strongly overrepresented biological processes (p-value = 0.006).

VLCFAs are fatty acids with 20 or more carbons that are essential for yeast, animal and plant growth and development, although their precise functions are not fully elucidated [START_REF] Bach | Role of very-long-chain fatty acids in plant development, when chain length does matter[END_REF][START_REF] Haslam | Extending The Story Of Very-Long-Chain Fatty Acid Elongation[END_REF]. The importance of VLCFAs in LR development has been suggested since pas1 and KCR1 RNAi mutants produced few and severely defective LRs [START_REF] Beaudoin | Functional Characterization of the Arabidopsis -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF][START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF]. Moreover, VLCFAs were recently showed to negatively regulates the expression of ABERRANT LATERAL ROOT FORMATION 4 (ALF4), a gene required for LRP initiation [START_REF] Didonato | Arabidopsis ALF4 encodes a nuclear-localized protein required for lateral root formation[END_REF][START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF], and this regulation is thought to modulate the competence of root pericycle cells to produce callus in callus-inducing medium. Despite these interesting data, little is known about VLCFA biosynthesis and its regulation in the context of LRP development.

VLCFAs are synthesized in the endoplasmic reticulum membrane from long chain-fatty acyl-CoAs (16 or 18 carbons) by the fatty acid elongase complex (Figure 3.2). VLCFAs can be latter subjected to additional modifications such as hydroxylation and incorporated into various classes of membrane, storage and extracellular lipids such as phospholipids and sphingolipids, triacylglycerols, suberin and waxes [START_REF] Li-Beisson | Acyl-Lipid Metabolism[END_REF]. The composition of VCLFAs in a tissue can be determined by direct transesterification followed by analysis by GC or GC-MS (Gas chromatography-mass spectrometry) [START_REF] Li-Beisson | Acyl-Lipid Metabolism[END_REF][START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF].

The fatty acid elongase (FAE) complex consists of enzymes catalyzing rounds of 2-carbon elongation in a 4-step mechanism, involving a 3-ketoacyl-CoA synthase (KCS), a 3-ketoacyl-CoA reductase (KCR), a 3-hydroxyacyl-CoA dehydratase (HACD), and a trans-2,3-enoyl-CoA reductase (ECR). Multiple KCS enzymes with various expression patterns have been described

that catalyze the first step of fatty acid elongation, and their substrate affinity is thought to be responsible for the final VLCFA chain length [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF][START_REF] Millar | Very-long-chain fatty acid biosynthesis is controlled through the expression and specificity of the condensing enzyme[END_REF][START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF]. In contrast, only a limited number of genes that encode functional enzymes catalyzing each of the subsequent steps of the elongation cycle has been identified in Arabidopsis. KETOACYL REDUCTASE 1 (KCR1) encodes an Arabidopsis KCR enzyme and is expressed in the root endodermis [START_REF] Beaudoin | Functional Characterization of the Arabidopsis -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF][START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF] while PASTICCINO 2 (PAS2) [START_REF] Bach | The very-long-chain hydroxy fatty acyl-CoA dehydratase PASTICCINO2 is essential and limiting for plant development[END_REF] and PROTEIN TYROSIN PHOSPHATASE-like (PTPLA) encode two HACD enzymes and are expressed in the endodermis and the pericycle/vascular tissues of the root, respectively [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF]. Last, the product of the ENOYL CO-A REDUCTASE/ECERIFERUM 10 (ECR/CER10) gene has ECR activity [START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF]. These enzymes are physically linked together in the fatty acid elongase complex by PASTICCINO 1 (PAS1; Figure 3.2;[START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF].

TDCor was then used to infer the relative position of PUCHI and VLCFA biosynthesis genes in the gene network controlling LRP formation. VLCFA biosynthesis genes (including LACS2, KCS1, KCS2, KCR1, PAS1, PAS2 and ECR) were added to the gene list previously used by (Lavenus et al., 2015) 

II. RESULTS

More on VLCFA biosynthesis genes in relevant datasets

Among 217 potential targets of PUCHI identified by the method described above, the BinGO analysis listed three genes in the "VLCFA biosynthesis process" including AT1G01120 (KCS1), AT3G54010 (PAS1) and AT1G67730 (KCR1). However, when I curated the common names and functions of those 217 genes, I also found AT1G04220 (KCS2) and AT5G10480 (PAS2), two functional genes involved in VLCFA biosynthesis. This is most likely because the "VLCFA biosynthesis process" term was not yet associated with KCS2 and PAS2 in the Arabidopsis GO database. Thus, VLCFA genes are highly overrepresented in the list of PUCHI potential targets.

Names and functions of all reported VLCFA biosynthesis genes (based on function and sequence homology analyses) are provided in Appendix 2. The availability of these genes in the LR dataset is also indicated. The presence of these genes in the LR dataset is dependent on (i) their presence of the ATH1 affymetrix chip, and (ii) the detection of significant expression level changes during the time course of LR development [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. Among 27 reported VLCFA biosynthesis genes, there are 21 KCS-like genes, 2 KCR-like, 1 PAS2-like, 1 ECR-like, 1 PAS1like and 1 PTPLA-like genes. However, only 10 KCSs (KCS1, KCS2, KCS5, KCS6, KCS9, KCS10, KCS13, KCS17, KCS18 and KCS20), KCR1, PAS2, PAS1 and PTPLA were previously reported as being functional thanks to experiments in yeast and/or in planta. Eight of the 27 genes are not in the LR dataset, including KCS7, KCS13, KCS14, KCS15, KCS18, KCS19, KSC21 and KCR2, not because they are not in the Affymetrix ATH1 microarray chip used to generate the transcriptomic data but because they did not show differential expression during the time course [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. 

Figure 3.5 (cont).

Expression profiles of PUCHI and all known genes encoding for enzymes in the fatty acid elongase complex retrieved from the transcriptomic dataset [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF].

Next, the expression profiles of PUCHI and VLCFA biosynthesis genes in the LR dataset was compared. PUCHI transcript abundance rapidly rises after LR induction and peaks at around 12 hours after gravistimulation, which corresponds to the time when LR development initiates, i.e.

when the first round of anticlinal cell division is observed (Figure 3.5 top, green line). PUCHI transcript levels then gradually decrease over time. Expression profiles of several VLCFA biosynthesis genes encoding key enzymes for each step of the VLCFA elongation cycle displayed similar dynamics as PUCHI expression. These included KCS1, KCS2, KCS9, KCS17 and KCS20 genes, all encoding members of the KCS enzyme family catalyzing the first step of VLCFA elongation, KCR1, PAS2 and ECR/CER10, which encode enzymes catalyzing the second, third, and fourth steps of VLCFA elongation, respectively, as well as PAS1 which encodes for the elongase complex chaperone (Figure 3.5). Other VLCFA biosynthesis genes, such as KCS6, also displayed dynamic changes in expression during the time course of lateral root formation, although not clearly correlated to that of PUCHI in the time frame of the experiment (Figure 3.5). Hence, transcriptomic data suggested that expression of a set of genes encoding for the entire VLCFA biosynthetic pathway was stimulated in a PUCHI-like manner during LR formation. [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF] and visualized by the ePlant service [START_REF] Winter | An "Electronic Fluorescent Pictograph" Browser for Exploring and Analyzing Large-Scale Biological Data Sets[END_REF][START_REF] Waese | ePlant: Visualizing and Exploring Multiple Levels of Data for Hypothesis Generation in Plant Biology[END_REF]. Relative expression levels are color coded and root tissues are shown. specific microarray dataset generated by [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF] and is visually displayed at the ePlant webservice (http://bar.utoronto.ca/eplant/; [START_REF] Winter | An "Electronic Fluorescent Pictograph" Browser for Exploring and Analyzing Large-Scale Biological Data Sets[END_REF][START_REF] Waese | ePlant: Visualizing and Exploring Multiple Levels of Data for Hypothesis Generation in Plant Biology[END_REF]. Data from the ePlant database generally showed that VLCFA genes are expressed in various root tissues, notably the stele and the endodermis. Many key genes showed high expression levels in the developing LRP such as KCS1, KCS4, KCS5, KCS8, KCS11, KCR1, PAS2, ECR and PAS1. Even though this dataset does not reflect temporal dynamics of gene expression, the detection of high expression of VLCFA biosynthesis genes in the developing LRP dataset suggests that some of them may be involved in LRP development and be regulated by PUCHI.

The fact that some VLCFA biosynthesis genes display a similar, but delayed, expression profile compared to that of PUCHI in the LR transcriptomic dataset, and that many of them are reported to be expressed in the LRP, suggest that PUCHI may positively regulate, directly or indirectly, the expression of those genes in the developing LRP. To explore further this hypothesis, we retrieved the promoter sequences (2 to 3kb upstream of the initiation codon) of 15 functional VLCFA genes in order to analyze whether PUCHI can possibly bind to these promoters. These sequences were then submitted to the binding site prediction tool of the PlantRegMap suite (http://plantregmap.cbi.pku.edu.cn/binding_site_prediction.php) [START_REF] Jin | PlantTFDB 4.0: Toward a central hub for transcription factors and regulatory interactions in plants[END_REF] to find all transcription factors that can bind to these sequences. PUCHI was predicted to bind to 30 sites on 9 promoters out of 15 tested (Appendix 3).

In summary, bioinformatics analyses showed that many VLCFA biosynthesis genes are differently expressed and have similar profiles to that of PUCHI during LRP development and suggest that some of them may be expressed in LRPs and be regulated by PUCHI.

PUCHI regulates the spatio-temporal expression patterns of VLCFA biosynthesis genes during LRP formation

Next, available reporter lines of VLCFA biosynthesis genes were collected from different sources for expression pattern study in planta. Transcriptional reporter lines (promoter::GUS) have been previously generated and described for KCS1, KCS3, KCS5, KCS6, KCS8, KCS10, KCS12 and ECR [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF], for KCR1 [START_REF] Beaudoin | Functional Characterization of the Arabidopsis -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF], KCS2 and KCS20 [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF], for PAS1 [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF], and for PAS2 and PTPLA [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF].

Because KCS gene family is large and some of them are functionally redundant, we collected pKCS1::GUS, pKCS6::GUS and pKCS20::GUS as representative members. The roles of these KCS in VLCFA biosynthesis and related processes have been described in planta (Appendix 2), and KCS1 and KCS20 have expression profiles similar to that of PUCHI while KCS6 show a strong induction during LRP formation (Figure 3.5). For other key, non-redundant VLCFA biosynthesis genes, we collected reporter lines for pKCR1::GUS, pPAS2::GUS, pECR::GUS and pPAS1::GUS.

Expression pattern of VLCFA biosynthesis genes during LRP formation has been little studied, except for PAS1 [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF] and KCS1 [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. These reporters were introduced into the puchi-1 mutant background to see the effects of PUCHI loss-of-function on their expression patterns. GUS assays were performed for the collected reporter lines and their expression patterns were observed in developing LRPs and emerging LRs.

First, we confirmed that all these promoters drive a strong GUS expression in the differentiation zone of WT primary roots, consistent with their expression in the LR dataset and in the eFP browser. The general features of VLCFA biosynthesis gene promoter activity in the WT were that (i) they predominantly drive reporter gene expression in the root endodermis in the maturation zone, and the onset of this expression in this zone was highly associated with LRP initiation, and (ii) they drive GUS expression in developing LRPs and emerged LRs at different degrees. In addition, some of these constructs showed activity in the primary and lateral root tip.

KCR1 is the only known gene for the second step (reduction) in the VLCFA synthesis pathway [START_REF] Bach | Role of very-long-chain fatty acids in plant development, when chain length does matter[END_REF] and was previously shown to be involved in LR formation [START_REF] Beaudoin | Functional Characterization of the Arabidopsis -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF]. A detailed analysis of the lateral root formation zone, i.e. the region from the youngest initiated LRP to the newly emerged LR [START_REF] Dubrovsky | Quantitative Analysis of Lateral Root Development: Pitfalls and How to Avoid Them[END_REF], of 9-day old pKCR1::GUS seedlings showed that pKCR1::GUS was expressed in the endodermis and in developing LRPs (Figure 3.7B). The earliest GUS staining appeared in a patchy manner near the differentiation zone and was specifically associated with newly initiated LRP (Stage I). In older parts, the staining was found also in epidermal cells and in LRPs. No clear difference in ground tissue staining could be detected between puchi-1 and WT genotypes in this root area. In order to address the putative impact of puchi-1 mutation on pKCR1::GUS expression in developing LRPs, GUS staining was scored in LRPs located above (shootwards) the youngest primordium that has crossed the endodermis and below (rootwards) the youngest emerged lateral root. This way of counting was necessary because the strong GUS signal in the endodermis obscured with the possible GUS staining in young LRPs that are still under the endodermis. This counting technique for developing LRPs was applied for all other GUS analyses. The effects of PUCHI loss of function on GUS pattern in newly emerged LRs were also recorded. For that, expression pattern of PUCHI during LRP development is provided for reference (Figure 3.7A and Figure 3.8A). In the WT background, the pKCR1::GUS transgene was strongly expressed in almost all of these developing LRPs (96%; n = 40 seedlings, Figure 3.7B), especially at the centre and at the tip, whereas only a small proportion of them lacked the GUS staining (4%; n = 40 seedlings). In puchi-1 seedlings, however, a significantly higher number of these LRP showed no or little GUS expression (96%, n = 40 seedlings; Figure 3.7B). Curiously, these LRPs usually showed GUS PAS2 is the only known gene for the third step (dehydration) in the VLCFA synthesis pathway [START_REF] Bach | Role of very-long-chain fatty acids in plant development, when chain length does matter[END_REF] and was previously reported to be expressed in emerged lateral roots in Arabidopsis seedlings [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF]. In general, pPAS2::GUS transgene displayed a similar expression pattern to pKCR1::GUS, i.e. it was expressed in a majority of examined LRPs and LRs, and, while it was strongly expressed in the parental root endodermis in some mature parts of the parental root branching zone, its expression was predominantly associated to newly initiated LRP in the young LRP-developing zone of the parental root (Figure 3.7C). In puchi-1 background, however, most of the mutant LPRs and LRs did not have a strong GUS staining. Similar to pKCR1::GUS, in emerged puchi-1 LRs pPAS2::GUS expression was found only the basal and distant flank cells.

The role of the PAS1 protein is to link VLCFA biosynthesis enzymes together to form the elongase complex, and the expression of pPAS1::GUS in LRPs has been briefly described [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF]. Here we confirmed that pPAS1::GUS was expressed in developing LRPs (60%, n = 40 seedlings) and LRs (86%, n = 40 seedlings) in a similar manner compared to pKCR1::GUS and pPAS2::GUS. The similarity was further observed regarding the loss of expression of pPAS1::GUS in the puchi-1 background (Figure 7D).

The picture provided by KCS reporter lines is more complex. KCS1 is a member of KCS enzyme family which is responsible for the VLCFA chain length and KCS1 expression in developing LRPs has been reported recently [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. However, we observed that pKCS1::GUS obtained from [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF] did not show a tissue-specific expression pattern as other VLCFA reporters, and we detected GUS signal only in ~ 11% and ~ 14% of analyzed LRPs and LRs, respectively (Figure S3.1). This pKCS1::GUS construct therefore might not be a good reporter line for KCS1 expression. We then collected the translational reporter pKCS1:KCS1-GFP from [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF] for expression pattern analyses in the WT and puchi-1 background. This translational construct rescues the phenotype of the KCS1 loss-of-function mutant kcs1-5 thus indicating that the corresponding promoter contains necessary elements for its function. Using this line, we confirmed the expression of KCS1 in 100% counted LRPs and newly emerged LRs KCS6 (or CER6) was shown to be weakly expressed in roots compared to other KCS genes [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF]. Our analysis of the LR transcriptomic dataset showed that KCS6 expression kept raising during the experiment time course up to the last time point at 54hpg. Consistent with that, expression of a pKCS6::GUS reporter construct was detected in the endodermis of the LRP formation zone of WT primary roots. The earliest GUS staining near the differentiation zone behaved similarly to pKCR1::GUS (Figure 8C). All developing LRP in 9-day old WT seedlings displayed GUS staining (n = 40 seedlings). However, in puchi-1 background around 73% of the corresponding LRP did not show GUS staining (n = 40 seedlings, Figure 8C). Strikingly, the expression pattern of pKCS6::GUS in newly emerged lateral roots was also altered, but in a contrasted manner compared to these constructs described above. While pKCS6::GUS was mostly expressed symmetrically, stronger at the base/flanks, and gradually reduced toward the root tips in WT lateral roots (91%, n = 40 seedlings), it was mostly expressed in the meristematic region, but not the base, in puchi-1 lateral roots (66%, n = 40 seedlings; Figure 8C).

We observed pKCS20::GUS expression in the root endodermis and this was consistent with previously reported expression of KCS20 in that tissue [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF]. In addition, in the WT we also detected the expression of pKCS20::GUS in outer cell layers of the developing LRPs (95%, n = 40 seedlings) and in the tip and flanks of the newly emerged LRs (65%, n = 40 seedlings).

In the puchi-1 background, a lesser percentage of developing LRPs (76%, n = 40 seedlings) showed a similar expression pattern to those in the WT. However, all newly emerged LRs of the mutant displayed an intense GUS signal in the outer cell layers instead (Figure 3.8D). ECR (CER10) is the only known reductase of the elongation cycle, and ECR expression in the primary and lateral root tips has been reported thanks to the pECR::GUS reporter construct [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF]. We observed a strong GUS signal in the basal meristem and the stele of the primary root for a majority (25/35 = ~72%) of seedlings, while the others (~28%) displayed a much weaker signal in the root cap and root hairs instead (Figure S3.1). pECR::GUS expression could also be observed in the tip of elongated lateral roots, but not in newly emerged ones. The signal was not detected in developing LRPs in both WT and puchi-1 background, although GUS staining could sometimes be seen in endodermal cells overlying newly initiated LRPs like other VLCFA reporter lines. However, because this reporter line did not show a consistent expression pattern within a seedling population, we think that it did not faithfully reflect the expression pattern of ECR in planta, similar to the case of pKCS1::GUS. In the eFP browser, ECR is expressed in developing LRPs, and stronger in the endodermis (Figure 3.6).

As mentioned above, in the WT, VLCFA biosynthesis genes were expressed in the endodermis, starting from the position where initiation of LRP development took place. The expression was patchy at this zone and then became continuous. The GUS signal of VLCFA biosynthesis genes therefore overlaid young LRPs who have not yet crossed the endodermis. In puchi-1 background, however, we noticed that the GUS staining from some VCLFA reporter lines might not form a continuous file in the endodermis. The lack of GUS staining, interestingly, happened to be at the cells directly overlaying a developing LRP. This phenomenon could be seen in the case of pKCR1::GUS (Figure S3.2).

In summary, our analyses on the expression pattern of VLCFA reporter lines in the WT and puchi-1 mutant background demonstrate that PUCHI is required for the correct spatiotemporal expression of genes encoding enzymes involved in VLCFA biosynthesis in developing LRPs. We focused on mutants in KCS genes expressed downstream of PUCHI during lateral root development (kcs1-5, kcs9, kcs2 kcs20), and ECR/CER10 genes because (i) mutants in KCR1, PAS1 and PAS2 display severe and pleiotropic developmental phenotypes [START_REF] Bach | The very-long-chain hydroxy fatty acyl-CoA dehydratase PASTICCINO2 is essential and limiting for plant development[END_REF][START_REF] Beaudoin | Functional Characterization of the Arabidopsis -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF], (ii) loss-of-function phenotype for those KCS and ECR genes have been described [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF][START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF][START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF][START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF], and (iii) functional redundancy and substrate specificity of KCS enzymes have been studied [START_REF] Kosma | AtMYB41 activates ectopic suberin synthesis and assembly in multiple plant species and cell types[END_REF][START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF].

We did not observe any significant differences in LRP formation and development between kcs9 single mutants nor kcs2 kcs20 double mutant and WT seedlings (not shown). However, kcs1-5 mutant, a null allele for the KCS1 gene [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF], displayed a puchi-1 like root phenotype including an increase in LRP production, a higher number of delayed LRPs along the primary root (Figure 3.9B), a significant decrease in the distance between LRPs (Figure 3.9C) and increase in LRP clusters, and a delay in LRP development as revealed by gravistimulation assay (Figure 3.9E). Mutants in ECR (cer10-2) produced similar but weaker phenotype with more lateral organs and an increased number of delayed LRPs as compared to WT (Figure S3.3). Hence, lossof-function of selected VLCFA biosynthesis genes resulted in similar defects in LRP development as in puchi-1. In both cases, the defects were weaker than those observed in puchi-1, possibly due to the fact that PUCHI may simultaneously regulate the expression of multiple VLCFA genes and possibly other pathways, and that VLCFA enzymes may act redundantly. 

PUCHI and VLCFAs control pericycle cell proliferation on callus inducing medium

VLCFAs were recently showed to control the ability of pericycle cells to form calli in Arabidopsis roots grown on an auxin and cytokinin-rich callus inducing medium (CIM; [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. When grown on CIM, WT roots formed calli at regular intervals, but roots of VLCFA mutants exhibited a continuous callus layer [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. This indicates that VLCFAs control pericycle cell division during callus formation, a process that shares similar features with early steps of LRP formation [START_REF] Perianez-Rodriguez | Post-embryonic organogenesis and plant regeneration from tissues: two sides of the same coin? Front[END_REF][START_REF] Trinh | Lateral Root Formation: Building a Meristem de novo[END_REF]. This finding prompted us to investigate the callus formation phenotype of puchi-1 on CIM.

First, PUCHI expression in calli during CIM-induced callus formation was tested. Sevenday old pPUCHI:GFP-PUCHI seedlings were incubated on CIM for 4 days. pPUCHI:PUCHI-GFP was expressed in all cells of developing calli (Figure 3.10A), consistently with PUCHI expression being induced by auxin [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. We next tested the phenotype of the puchi-1 mutant in response to CIM, with kcs1-5 being a positive control. Before being transferred to CIM, WT, kcs1-5 and puchi-1 roots displayed comparable anatomy (Figure 3.10B, upper panels). After 4 days of growth on CIM, all roots responded to the hormonal treatment with pericycle cell proliferation (Figure 3.10B, lower panels). However, whereas WT roots produced numerous distinct dome-shaped calli, the puchi-1 mutant generated a continuous layer of dividing cells along its entire primary root. This phenotype was even much stronger than the fused-calli phenotype displayed by the VLCFA biosynthesis deficient mutant kcs1-5 (Figure 3.10B; [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF].

In our condition, the fused-calli phenotype of the kcs1-5 mutant could be observed, but only in more mature root parts, not along the entire primary root as in puchi-1 roots. Callus formation in the young parts of kcs1-5 roots was similar to that of WT. To concretely compare the callus formation capacity of WT, kcs1-5 and puchi-1, we measured the callus area in 1-cm-long root segment from the collar rootward, and found that callus area was significantly higher in puchi-1 and kcs1-5 than in WT (Figure 3.10C). Our data suggest that PUCHI and VLCFA are negative regulators of pericycle cell proliferation during hormone-stimulated callus formation. To confirm that the callus formation phenotype of puchi-1 roots on CIM was indeed caused by loss-of-function of PUCHI, we employed a functional PUCHI transgene fused to the glucocorticoid steroid hormone binding domain (GR) in the puchi-1 background (pPUCHI:PUCHI-GR/puchi-1; material obtained from Dr. Tatsuaki Goh, Japan). Treatment of pPUCHI:PUCHI-GR seedlings by dexamethasone (DEX) allows the recombinant transcription factor to be targeted to the nucleus [START_REF] Schena | A steroid-inducible gene expression system for plant cells[END_REF][START_REF] Aoyama | A glucocorticoid-mediated transcriptional induction system in transgenic plants[END_REF]. DEX treatment rescued the morphological phenotype of pPUCHI:PUCHI-GR/puchi-1 LRPs on normal medium (Figure 3.10D). DEX treatment did not interfere with callus formation of WT and puchi-1 roots.

On CIM, without DEX, pPUCHI:PUCHI-GR/puchi-1 roots formed a continuous callus (Figure 3.10E; upper panels). However, application of DEX led to the formation of distinct dome-shaped calli along the primary root that phenocopied those formed on WT roots (Figure 3.10E; lower panels). This confirmed that PUCHI loss-of-function was the cause of the callus proliferation phenotype observed in the puchi-1 mutant.

PUCHI is required for root but not shoot regeneration from callus

Since PUCHI is involved in regulating callus formation from the root, I started to investigate further its role in organ regeneration (shoot and root) from callus. For this, 7-day old WT, puchi-1 and kcs1-5 seedlings growing on MS/2 were transferred to CIM for 4 days, then their roots were excised and transferred to shoot-and root-inducing medium (SIM and RIM). The density of roots and the number of shoots emerged from these calli-bearing root segments were tracked over time.

In WT, adventitious roots appeared first at the ends of a calli-bearing root segment, then these adventitious roots were produced along the whole segment (Figure 3.11). In puchi-1, however, in the time frame of the assay, very few adventitious roots were regenerated from puchi-1 calli. In contrast, kcs1-5 calli-bearing root segments produced as many adventitious roots as did the WT ones, although it was noticed that the older parts (with fused calli) of kcs1-5 roots produced fewer adventitious roots. Regarding adventitious shoots, in our preliminary study WT and puchi-1 roots were able to regenerate shoots after > 10 days on SIM (Figure 3.11).

Overall, our preliminary regeneration assays suggest that the uncontrolled callus formation in puchi-1 led to a weaker capacity to regenerate adventitious roots, but not shoots, from the calli. 

PUCHI regulates expression of KCS1 during callus formation

puchi-1 and kcs1-5 mutants showed similar enhanced callus formation on CIM. I therefore tested if PUCHI also regulates VLCFA biosynthesis genes in that context. WT and puchi-1 seedlings bearing the pKCS1:KCS1-GFP construct were grown on CIM for 4 days, and KCS1-GFP expression was visualized. Basically, we observed KCS1 expression in the outermost layer of the calli, similar to its expression in developing LRPs. Importantly, KCS1 expression in calli was lost in puchi-1 roots (Figure 3.11). The data demonstrates that PUCHI also regulates the expression pattern of KCS1 in the callus formation context. 

Mutation in PUCHI alters VLCFA composition in root calli

Because PUCHI regulates VLCFA synthesis genes, one would expect to see a reduction in VLCFA content or an alteration in VLCFA composition in puchi-1 roots.

In the first attempt, root materials were prepared and sent to the Cell differentiation and polarity laboratory (Lab of Prof. Jean Denis Faure, INRA Versailles) to quantify VLCFA classes in WT and the puchi-1 mutant. The lyophilized materials were from LR-formation zone of roots of WT and puchi-1 9 days-old seedlings grown on normal MS medium. Fatty acids in root samples were methylated to produce fatty acid methyl esters (FAMEs) and FAMEs were quantified by GC-MS as described in [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF]. No differences in VLCFA composition of puchi-1 and WT roots were detected (Figure S3.4).

We hypothesized that the small proportion of PUCHI expressing tissues in the root materials and the low content of VLCFAs in the total fatty acids might hamper detection of small differences. Thus, we sent the same materials (roots on normal MS/2 medium) to the Laboratoire de Biogenèse Membranaire (Lab of Dr. Yohann Boutté, Bordeaux) for a deeper and more sensitive analysis of the FA pools. This team routinely performs high precision lipidomics profiling from plant tissues, including the separation of distinct classes of fatty acids such as phosphoglycocerolipids and -hydroxylated FAs (components of cell membrane), and ,dicarboxylic acids, -hydroxylated FAs and fatty alcohols (components of suberin; [START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF]. The analysis produced the FA profiles in distinct VLCFA classes including those are components of cell membrane and suberin. Again, we did not see any differences in fatty acid composition between the two root materials (Figure S3.5). We reasoned that it might be difficult to reveal any modifications in VLCFA content and composition between WT and puchi-1 roots because PUCHI is expressed in the LRPs and LRPs constitute only a small fraction of the whole root. To address this issue, we produced new root materials using the lateral root induction system (LRIS) developed by Himanen [START_REF] Himanen | Transcript profiling of early lateral root initiation[END_REF] which was used to confirm PUCHI targets by qPCR (See the Introduction of this chapter).

In this experiment, WT and puchi-1 seeds were first germinated and grown on NPA-containing medium and no lateral roots were formed. The lateral root-less seedlings were then transferred to NAA-containing medium for 36 hours to synchronously induce LRP formation. However, no significant difference in VLCFA profile was detected between WT and puchi-1 roots (Figure 3.13).

Even though, a small but not significant reduction in C22:0 content, as well as a slight increase in C18 species in puchi-1 roots could be noticed as compared to WT roots (Figure 3.13).

I therefore prepared the materials using the CIM condition, reasoning that in CIM-induced calli PUCHI-expressing cells make up a majority of whole root mass (see Figure 3.10A). Sevenday old WT, puchi-1 and kcs1-5 seedlings growing on MS medium were transferred to CIM for 4 days, and global fatty acids of these materials were analyzed. In this condition, in puchi-1 calli we observed a significant increase in C16:0 and C18:0 and a decrease in C20:0, C22:0 and C24:0 in the phosphoglycerolipid pools. A similar decrease was also observed in VLCFAs in other fatty acid pools including -hydroxylated FAs (C18:2-, C18:1-and C22:0), fatty alcohols (C20:0-and C22:0) and -hydroxylated FAs (C16:0-, C22:0-and C24:0; Figure 3.14). A similar alteration in FA composition was also observed in kcs1-5 calli materials, although the difference in phosphoglycerolipid pools was more pronounced in kcs1-5 than in puchi-1 (Figure 3.14B).

Globally, compared to WT calli, in puchi-1 and kcs1-5 calli the portion of FAs < 20 atoms of carbon increased while FAs ≥ 20 atoms of carbon decreased (Figure 3.14C).

In summary, fatty acids analyses demonstrated that in puchi-1 mutant the root calli accumulates more FAs < 20 and less FAs ≥ 20 atoms of carbon, which is similar to the phenotype of the mutant of KCS1, a target of PUCHI. This confirms the regulatory role of PUCHI for VLCFA biosynthesis. A significant alteration in VLCFA composition was not detected in roots growing in normal MS and in LR induction medium, most probably because the difference is too subtle and localized to be detected. 

Probing suberin content in WT and puchi-1 roots

VLCFAs are components of suberin, so I tested if genes related to suberin synthesis and transport may also be in the PUCHI network. These genes were added to the potential target list and from that the TDCor algorithm produced an inference network as shown in Figure S3.5. It suggests that PUCHI might also regulates directly or indirectly suberin-related genes, and in so doing alters suberin biosynthesis/deposition in roots. In roots, suberin deposition occurs in the endodermis as well as in the outermost layer of a developing LRP [START_REF] Andersen | Suberization-the second life of an endodermal cell[END_REF][START_REF] Li | Role of LOTR1 in Nutrient Transport through Organization of Spatial Distribution of Root Endodermal Barriers[END_REF], and PUCHI expression was detected in these two contexts (Chapter II). Previous paragraph showed that there may be differences in suberin-specific VLCFAs between puchi-1 and WT roots grown on CIM.

To test whether there are any differences in global suberin content between WT and puchi-1, I used a simple staining procedure. Fluorol yellow 088 is a fluorochrome interacting with lipids [START_REF] Brundrett | Efficient lipid staining in plant material with sudan red 7B or fluorol [correction of fluoral] yellow 088 in polyethylene glycol-glycerol[END_REF]Ranathunge et al., 2011) and is widely used to visualize suberin disposition or even to compare suberin contents between different genotypes [START_REF] Baxter | Root suberin forms an extracellular barrier that affects water relations and mineral nutrition in Arabidopsis[END_REF][START_REF] Yadav | ABCG Transporters Are Required for Suberin and Pollen Wall Extracellular Barriers in Arabidopsis[END_REF]. Fluorol yellow staining was performed on roots of WT and puchi-1, as well as of esb1-1, a mutant line known to have higher content of suberin [START_REF] Baxter | Root suberin forms an extracellular barrier that affects water relations and mineral nutrition in Arabidopsis[END_REF], and pCASP1:CDEF in esb1-1, a line deficient in suberin accumulation [START_REF] Naseer | Casparian strip diffusion barrier in Arabidopsis is made of a lignin polymer without suberin[END_REF]. As expected, stained roots However, the quantification of VLCFA species that are components of suberin by GC-MS on roots growing on normal MS medium provided above (Figure S3.4) convincingly demonstrates that there is no significant difference in suberin composition between WT and puchi-1 roots.

Nevertheless, one major difference in root materials between two experiments should be noted. In the fluorol yellow staining, for each pair-wise comparison the seedling of WT and puchi-1 of the same age and comparable lengths were selected, while the materials for fatty acid analyses also came from roots of seedlings of the same age but much less homogenous. In addition, although this assay is useful for suberin visualization, the actual substrates of this staining and its specificity for suberin are less certain. The difference in fluorescence intensity therefore may reflect something else. Lastly, the possibility of an artefact during the staining experiment cannot be excluded even though the staining has been done with care in parallel and in the same condition. 

VLCFA biosynthesis genes are expressed in LRPs and the endodermis

Following the work of Dr Julien Lavenus, I tested the hypothesis that PUCHI is a regulator of VLCFA biosynthesis genes during LRP development, and that regulation can explain at least in part for the complex LR phenotype of puchi-1 mutant. VLCFA biosynthesis genes have been studied extensively in different contexts of plant development, such as cuticular wax and suberin biosynthesis [START_REF] Bach | Role of very-long-chain fatty acids in plant development, when chain length does matter[END_REF][START_REF] Li-Beisson | Acyl-Lipid Metabolism[END_REF]. However, their expression pattern during LRP development and their roles in that process are not well described. Here, I investigated the expression pattern of key, non-redundant genes in the VLCFA elongase complex, including KCR1, PAS2, ECR and PAS1, and of several KCS genes (KCS1, KCS2 and KCS20) in the context of LRP development. The involvement of several KCS genes in LRP development was also examined.

The LR transcriptomic dataset itself provides an excellent source of information regarding gene expression dynamics throughout LRP development. Most of VLCFA biosynthesis genes displayed differential expression during this kinetic. However, since the materials used for the transcriptomic analyses were the whole root segment that contains a developing LRP (as opposed to the LRP alone), there is no warranty that these dynamics actually reflect their expression in the developing LRP. For example, some VLCFA elongation enzymes are involved in suberin biosynthesis at the endodermis [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF], and PAS2 and PTPLA are expressed in the endodermis and the stele, respectively [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF]. Therefore, a systematic look at VLCFA gene expression during LRP development is necessary. By using transcriptional and translational reporter lines, we have learned several key features of VLCFA biosynthesis gene expression in the context of LRP development. First, all VCLFA reporter lines analyzed were expressed in LRPs and newly emerged LRs, consistent with previous report for PAS and KCS1 [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. Second, while key, non-redundant genes (KCR1, PAS2, PAS1) seem to be expressed similarly in the whole developing LRP, several KCS genes seem to be expressed more specifically in the outer cell layers. This suggests that some KCS enzymes may be involved in producing VLCFAs of specific chain lengths in certain cell types of the developing LRP. Recently [START_REF] Li | Role of LOTR1 in Nutrient Transport through Organization of Spatial Distribution of Root Endodermal Barriers[END_REF] showed that there is a layer of suberin on top of a developing LRP, which was confirmed in our condition (not shown). Rather specific expression of KCS1 and KCS20

in the outermost cell layer of the developing LRPs may contribute to suberin deposition there.

Third, VLCFA gene onset of expression near the root tip occurs rather concomitantly with LRP initiation. This is consistent with the observation of suberin deposition in endodermal cells surrounding developing LRPs from stage I onwards [START_REF] Li | Role of LOTR1 in Nutrient Transport through Organization of Spatial Distribution of Root Endodermal Barriers[END_REF]; our observation).

All 7 GUS lines collected from different sources were transcriptional reporters [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF][START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF][START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF]. However, we have good reasons to think that pECR::GUS and pKCS1::GUS from [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF] do not faithfully reflect the expression of ECR and KCS1 in Arabidopsis. In WT plants, pECR::GUS showed two distinct expression patterns (strongly expressed in the primary basal meristem and tip, while the other was not) within a seedling population, and it is difficult to be sure which one reflects the true expression pattern of the gene. pECR::GUS expression was not detected in developing LRPs, which is strange because key, non-redundant VLCFA genes should have overlapping expression patterns to produce all the necessary components for the elongase complex. However, this argument would not stand if ECR protein or ECR mRNA is mobile (mRNA of KCR1, KCS8 and KCS20 were found to be cell-tocell mobile [START_REF] Thieme | Endogenous Arabidopsis messenger RNAs transported to distant tissues[END_REF]), or there is another ECR-like gene expressed in LRPs. The existence of another enzyme with ECR activity is possible because the loss-of-function mutation of ECR does not result in embryo lethality [START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF] like other non-redundant VLCFA genes [START_REF] Bach | The very-long-chain hydroxy fatty acyl-CoA dehydratase PASTICCINO2 is essential and limiting for plant development[END_REF][START_REF] Beaudoin | Functional Characterization of the Arabidopsis -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF][START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF]. The problems with pKCS1::GUS was that the GUS signal was not tissue-specific like other VLCFA reporter lines, while pKCS1:KCS1-GFP, which rescues the kcs1 mutant, shows endodermis-and LRP-specific expression [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. The other reporter lines for KCR1, PAS2, PAS1, KCS6 and KCS20

showed clear and similar tissue-specific expression patterns, especially in the endodermis where VLCFAs are needed for suberin biosynthesis, suggesting that they reflect well the native expression of these genes.

Altogether, our analyses demonstrated that VLCFA biosynthesis genes are expressed in developing LRPs and newly emerged LRs. They are also expressed in the endodermis which play important roles in regulating LRP emergence [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF][START_REF] Stoeckle | Breakoutlateral root emergence in Arabidopsis thaliana[END_REF].

VLCFA biosynthesis genes are involved in LRP development and callus formation and are regulated by PUCHI

VLCFA biosynthesis genes were identified by TDCor as potential targets of PUCHI because in the LR dataset they have similar expression profiles but shifted in time by 3 hours to that of PUCHI. Our expression levels (qRT-PCR) and expression pattern (reporter lines) analyses demonstrated that the regulation of PUCHI on VLCFAs does indeed happen during LRP formation.

The qRT-PCR analysis on roots growing on the lateral root inducing medium (high NAA concentration) showed that in the WT VLCFA genes exhibited an induction in expression levels, but this induction was lost in puchi-1 background. The loss of gene expression induction was observed for key VLCFA genes including KCR1, PAS2, ECR and three KCS genes namely KCS1, KCS2 and KCS20. In chapter II we have seen that LRP development in puchi-1 was delayed compared to in the WT, and one may argue that the differences in VLCFA gene expression were merely due to the differences in that LRP development. However, the roots used for qRT-PCR were growing for 24 hours on NAA-containing medium and in that condition WT and puchi-1 roots produced LRPs of similar stages (mostly at stage II), suggesting that the changes in VLCFA gene expression levels were not due to differences in LRP development between the two genotypes but rather reflect genuine regulation of PUCHI on VLCFA gene expression. Even though, whether this regulation happens inside the developing LRP was not certain because PUCHI is also expressed in other tissues such as the endodermis and the stele.

By introducing VLCFA reporter lines into the puchi-1 background, we examined in detail the effects of PUCHI absence on VLCFA gene expression patterns. VLCFA genes are expressed in developing LRPs; however, in puchi-1 we observed a clear and consistent loss of VLCFA reporter expression. Key, non-redundant VLCFA genes namely KCR1, PAS2 and PAS1 [START_REF] Bach | Role of very-long-chain fatty acids in plant development, when chain length does matter[END_REF][START_REF] Haslam | Extending The Story Of Very-Long-Chain Fatty Acid Elongation[END_REF] et al., 2013;[START_REF] Kosma | AtMYB41 activates ectopic suberin synthesis and assembly in multiple plant species and cell types[END_REF][START_REF] Haslam | Extending The Story Of Very-Long-Chain Fatty Acid Elongation[END_REF] in distinct stages and tissues of developing LRPs.

From the data summarized above, the regulation of PUCHI on VLCFA biosynthesis genes has been well established. It is possible that the regulation is direct at least for some, because (i)

VLCFA genes have similar expression profiles to that of PUCHI and they reach a peak just one time point (3 hours) after PUCHI does, and (ii) PUCHI binding motif is found on promoter sequences of several VLCFA genes.

The link between PUCHI and VLCFA biosynthesis genes was further strengthened by the similarities in root phenotype of puchi-1 and VLCFA mutants. Both puchi-1 and kcs1-5 produce more LRPs, delayed in LRP emergence and produce more calli in the callus-induction medium (CIM). The mutation of ECR also results in increased LRP production but at a lesser extent.

Callus formation is the first step of organ regeneration, and our regeneration assays showed that puchi-1 calli failed to produce adventitious roots in the root-inducing medium (RIM), which further emphasizes the relevance of PUCHI in root formation in general. One question may arise, that is why puchi-1 roots produced more LRPs but puchi-1 callus failed to produce adventitious roots? First, PUCHI probably positively regulated key gene(s) in adventitious root regeneration from callus, and that genes(s) were not activated anymore in puchi-1 callus. Second, on CIM, WT roots produced well-separated calli, and when being transferred to RIM, each callus would probably develop into an adventitious root. There were, however, no clear separation in puchi-1 calli, meaning that possibly there was no clear peak of developmental cues (for example, auxin)

available to direct callus cells to another developmental pathway.

However, attempt to provide evidence for a functional regulation of PUCHI on VLCFA biosynthesis genes, e.g. through fatty acid composition analyses, in roots growing on normal MS/2 medium as well as in LRIS for 36 hours was not successful. From the reporter line analyses in WT, we have learned that the expression of KCS genes, which are responsible for the production of VLCFAs of specific chain lengths, could be limited to just outermost cell layers of the primordium (e.g. KCS1). This, plus the fact the LRPs even in the lateral root induction condition constitute a small percentage of total root mass, suggest that the amount of VLCFA synthesized in developing

LRPs may be too low compared to that in other root tissues such as the endodermis. Thus, it is difficult to detect any differences in fatty acids content/composition in WT and puchi-1 roots.

Nevertheless, a similar alteration in VLCFA content was observed in puchi-1 and kcs1-5 roots incubated in CIM for 4 days. In this condition, the whole primary root produces calli along the pericycle, making calli a major tissue in the root, thus any differences in VLCFAs in callus between genotypes were amplified. A callus in WT has a similar structures to a LRP [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF] and the expression of KCS1 was observed in the outermost layer in both cases. KCS1 expression was lost in puchi-1 LRP and calli (Figure 3.8 and Figure 3.12). Both puchi-1 and kcs1-5 produced continuous layer of calli on CIM. Coincidently, in both puchi-1 and kcs1-5 calli, similar increases and decreases in VLCFAs of certain fatty acids species were observed, and overall puchi-1 and kcs1-5 calli accumulate more FAs < 20 and less FAs ≥ 20 atoms of carbon compared to those of WT (Figure 3.14). All the data suggest that the regulation of PUCHI on KCS1 expression is necessary for a proper VLCFAs production that in turn ensures a correct CIM-induced callus formation.

Some differences in VLCFAs composition were detected in roots treated with CIM but not in those treated with LRIS for 36 hours or non-treated. It was likely because in CIM pericycle cells massively divide to form calli that make up a major part of the roots, while 36 hours on LRIS were not enough to amplify the proportion of LRPs in primary roots. Incubating roots on LRIS for 48 hours or more would possibly be more effective in generating more LRPs for VLCFAs analysis.

Although several experiments haven bee done using free VLCFAs to rescue development phenotype of mutants in VLCFA biosynthesis pathway or to induce the expression of its target genes [START_REF] Qin | Saturated Very-Long-Chain Fatty Acids Promote Cotton Fiber and Arabidopsis Cell Elongation by Activating Ethylene Biosynthesis[END_REF][START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF][START_REF] Yamauchi | Ethylene Biosynthesis Is Promoted by Very-Long-Chain Fatty Acids during Lysigenous Aerenchyma Formation in Rice Roots[END_REF][START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF], but so far, we have not been successful with rescuing puchi-1 LR and callus phenotype on CIM with free VLCFAs. Alternatively, expression of KCS1 in LRPs under the drive of PUCHI promoter is being done to see if pPUCHI:KCS1 can rescue at least in part puchi-1 LR and callus phenotype.

In summary, here we demonstrated that PUCHI regulates expression levels as well as expression pattern of key VLCFA genes, and that the regulation may be important for LRP development and CIM-induced callus formation.

How do VLCFAs contribute to LRP development?

The puchi-1 loss-of-function mutant has been reported to exhibit LRPs with abnormal cell division pattern and a higher cell proliferation rate compared to WT especially at the organ flanks [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. In chapter II, I showed that the mutant also displays a delay in LRP development and emergence, as well as higher initiation density along the primary root, with frequent clustering of primordia under normal condition and the formation of continuous callus in CIM. VLCFA mutants, notably kcs1-5, displayed similar phenotypes including higher initiation density, delay in LRP emergence and continuous callus in CIM. The question now is, how are VCLFAs involved in LRP development, and could the regulation of PUCHI on VLCFA biosynthesis genes explain for puchi-1 phenotype?

First, VLCFAs are required for correct polar distribution of a key auxin transporter for LRP formation. For example, the pas1-4 mutant which is defective in VLCFA composition produces few LRs and these LRs are morphologically abnormal and lack a clear auxin gradient as revealed by DR5::GFP [START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF]. This LR phenotype could be explained by the weak polar membrane distribution and cytosol aggregation of the auxin transporter PIN1 in the developing LRP. Supplement of pas1-3 roots with exogenous VLCFAs rescued the auxin gradient defect.

PAS1 seems to regulate PIN1 rather specifically because the influx carrier AUX1 was targeted correctly to the plasma membrane in the pas1-3 mutant. Moreover, it has been demonstrated that changes in the fatty acids ≥24/fatty acid ≤ 24 ratio within the pool of SLs resulted in a loss of PIN2 polarity [START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF]. However, kcs1-5, the mutant show similar phenotype to puchi-1, displayed a normal DR5::GFP pattern and PIN1:GFP distribution in the primary root tip [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. Similarly, in puchi-1 background we could still see a clear auxin gradient in developing LRPs, implying that PIN polarity was not significantly affected (if any) at least in those that can eventually emerge. Nevertheless, delayed LRPs in puchi-1 did not show a clear auxin gradient and changes in PIN polarity may occur in these LRPs, although it is unknown whether lack of auxin gradient was a cause or a consequence of delayed LRP development.

Second, VLCFAs are important for proper hormonal balance, which can influence cell proliferation. Mutation in PAS1, PAS2, PAS3 and other VLCFA-related genes as well as in seedlings treated with KCS inhibitor leads to cell over-proliferation in the shoot [START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF][START_REF] Bellec | Pasticcino2 is a protein tyrosine phosphatase-like involved in cell proliferation and differentiation in Arabidopsis[END_REF]. In the shoot, PAS2 expression was confined specifically to the epidermis.

Intriguingly, disruption of PAS2 expression in the shoot epidermis phenocopied the pas2-1 leaky phenotype, while expression of PAS2 specifically in the shoot epidermis rescued the pas2-1 phenotype, suggesting that PAS2 activity, hence VLCFA biosynthesis, in the epidermis is necessary and sufficient for proper cell proliferation and organ development. In pas1-3, pas2-1 and pas3-1 mutants, expression of cytokinin biosynthesis genes such as IPT3 in the vasculature was enhanced, resulting in higher levels of cytokinins and subsequently cell over-proliferation.

The level of auxin (indole-3-acetic acid (IAA)) and gibberellins in these mutants was not changed.

The data implies that VLCFAs synthesized in the epidermis can regulate non-cell autonomously cytokinin biosynthesis in the vasculature [START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF]. In addition, in pas mutants (pas1-2, pas2-1 and pas3-1), cytokinin primary response genes including ARR5 and ARR6 was upregulated, while auxin primary response genes including IAA1 and IAA4 was down-regulated [START_REF] Harrar | Hormonal control of cell proliferation requires PASTICCINO genes[END_REF]. Although hormonal balance in the root of VLCFA mutants has not yet been studied, could the increase in cytokinin biosynthesis in the root (if it happens) explain for the phenotype of puchi-1 and VLCFA mutants? It probably could not explain for the increase in LRP density in puchi-1, kcs1-5 and cer10-2 because cytokinin is known as a negative regulator of LRP initiation [START_REF] Laplaze | Cytokinins Act Directly on Lateral Root Founder Cells to Inhibit Root Initiation[END_REF][START_REF] Chang | Cytokinin as a positional cue regulating lateral root spacing in Arabidopsis[END_REF]. The involvement of cytokinin homeostasis in CIM-induced callus formation in the VLCFA mutant kcs1 has been excluded [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF].

In our conditions, varying cytokinin concentration in CIM did not change the callus formation capacity of puchi-1 roots (not shown). However, since cytokinin treatment could result in additional cell divisions in WT LRPs [START_REF] Laplaze | Cytokinins Act Directly on Lateral Root Founder Cells to Inhibit Root Initiation[END_REF], it could not be excluded that cell overproliferation in the puchi-1 and pas1-3 LRPs was due to the hypothetical increase in cytokinin biosynthesis caused by deficient VLCFAs. Strikingly, ectopic cytokinin signaling was observed in puchi-1 LRPs (Chapter II, Figure 2.12). Cytokinin signaling was observed earlier in puchi-1

LRPs and also in puchi-1 flanks (Chapter II, Figure 2.12), where cell proliferation of the mutant occurs [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. Therefore, it is possible that changes in VLCFAs biosynthesis lead to the alteration in cytokinin signaling in puchi-1 LRPs, which subsequently leads to enhanced LRP cell divisions especially in the flanks.

Third, VLCFAs participate in controlling cell division and cell expansion. [START_REF] Bach | Very-long-chain fatty acids are required for cell plate formation during cytokinesis in Arabidopsis thaliana[END_REF] reported that the formation of the cell plate, a cell membrane and cell wall structure synthesized de novo to separate two daughter cells during cell division, was delayed and its ultrastructure was altered in pas2-1 mutant. The defects were mostly due to the reduction of VLCFAs in phospholipids and sphingolipids, key membrane lipids necessary for materials transport and delivery via lipid vesicles. Root cells in pas2-1 were also smaller than in the WT [START_REF] Bach | Very-long-chain fatty acids are required for cell plate formation during cytokinesis in Arabidopsis thaliana[END_REF]. Smaller sizes were also reported for leaf epidermal cells in the ecr (cer10-2) mutant which was probably caused by a reduction in VLCFAs of sphingolipids which in turn may affect membrane microdomains and endocytic membrane trafficking [START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF]. Since smaller cell size was observed in both pas2-1 and ecr, it may be a common feature in mutants significantly defective in VLCFA contents. VLCFAs can also activate the biosynthesis of the gaseous hormone ethylene, and consequently promote promote cotton fiber and Arabidopsis cell elongation [START_REF] Qin | Saturated Very-Long-Chain Fatty Acids Promote Cotton Fiber and Arabidopsis Cell Elongation by Activating Ethylene Biosynthesis[END_REF]. Cell expansion plays an important role during LRP development, most clearly when the primordium crosses the overlaying tissues. For example, LRP height increases suddenly when it crosses the endodermis thank to the quick axial elongation of basal cells [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. puchi-1 LRPs showed a delay in LRP progression which could be due to different reasons such as basal cell expansion and coordination between LRP development and cell wall remodeling in overlaying tissues. Given that key VCLFA biosynthesis genes were expressed in the whole developing LRP, it is possible that loss of function of these genes would lead to reduced VCLFA contents and consequently a lower cell expansion. This may explain in part for the slow progression of puchi-1

LRPs.

Fourth, VLCFA biosynthesis genes are expressed in the endodermis which is involved in LRP development in several ways. Loss of endodermal cell volume is required for LRP initiation and subsequent development [START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF]. In addition, suberin and Casparian strips surrounding endodermal cells create biophysical constraints to LRP emergence, and mutants having increased suberin deposition experience a delay in LRP emergence [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF].

VLCFAs synthesized in the endodermis probably serve as starting materials for suberin biosynthesis. VLCFA composition in suberin was changed in kcs9 roots with a decrease in C24 but an increase in C22 fatty acids [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF]. The double mutant kcs2,20 displayed a decrease in C22 and C24 but an increase in C20 VCLFAs in root suberin, which was coincident with the formation of abnormal suberin lamella [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF]. These changes seem to have negligible effects on LRP development since kcs9 and kcs2,20 did not display any LR phenotype.

Because PUCHI is also expressed in endodermal cells directly overlaying a developing LRP, it is possible that in the puchi-1 mutant VLCFA biosynthesis in these cells is affected. This may lead to localized changes in suberin content/composition and consequently changes in biophysical constraints, or the response of the endodermal cells to the developing primordia. Endodermal volume loss may not be as effective as in the WT, leading to more difficulty for a LRP to cross the endodermis.

In animals, some lipids, including those derived from VCLFAs such as sphingolipids, are termed "morphogenetic lipids" because of their ability to induce stem cell differentiation and to regulate embryo development and morphogenesis. In particular, VLCFA-containing membrane lipids are thought to participate to the organization and the regulation of membrane microdomains, that are critical for membrane-bound signaling pathways, cell polarity and for the trafficking of cellular vesicles which carries proteins, lipids and RNAs [START_REF] Wang | Morphogenetic Sphingolipids in Stem Cell Differentiation and Embryo Development[END_REF]. Moreover, sphingosine-1-phosphate, a derivative of ceramide and another morphogenetic sphingolipid, could be exported to extracellular space. There, it acts as ligand for different membrane-bound receptors which also bind to other proteins to regulate cell proliferation, migration and morphogenesis [START_REF] Wang | Morphogenetic Sphingolipids in Stem Cell Differentiation and Embryo Development[END_REF].

Given the essential roles of VLCFAs during plant development, it is intriguing that puchi-1 LRPs lacking the expression of key VLCFA biosynthesis genes such as KCR1, PAS2 and PAS1

were still be able to develop and emerge. This could be explained by partial redundancy or by noncell-autonomous action of VLCFAs synthesized in other tissues or at earlier stages of development and in a PUCHI-independent way. Such non-cell-autonomous activity of VLCFAs has already been suggested in different contexts [START_REF] Faure | The PASTICCINO genes of Arabidopsis thaliana are involved in the control of cell division and differentiation[END_REF][START_REF] Bellec | Pasticcino2 is a protein tyrosine phosphatase-like involved in cell proliferation and differentiation in Arabidopsis[END_REF][START_REF] Haberer | The Arabidopsis gene PEPINO/PASTICCINO2 is required for proliferation control of meristematic and nonmeristematic cells and encodes a putative anti-phosphatase[END_REF][START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF].

The PUCHI network regulating LRP development and callus formation

To summarize our present data in relation with the current knowledge on PUCHI, VLCFAs and LR development, a schematic representation is shown in Figure 3.16. The transcription factor LBD16 (Goh et al., 2012a) can regulates PUCHI directly (Tatsuaki Goh, personal communication) or through the TOLS2-RLK7 signaling cascade [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF]. The TOLS2-RLK7-PUCHI signaling pathway inhibits LR founder cell specification from pericycle cells [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF]. Our work demonstrates that PUCHI positively regulates the expression of VLCFA biosynthesis genes, and in parallel VLCFAs was suggested to inhibit the expression of ALF4 and in doing so restrict pericycle cell division to form callus in callus-inducing medium [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. In developing LRPs, the regulation of PUCHI on VLCFA biosynthesis may be needed to ensure cytokinin signaling and auxin transport/signaling which in turn is important for proper cell division and tissue organization (this work). However, PUCHI may regulate pericycle cell division and LRP formation and development through other players other than VLCFAs (dashed lines). 

IV. CONCLUSIONS

In conclusion, using a systems biology approach we found that the expression of multiple 
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I. INTRODUCTION

Many genes involved in apical meristem formation and/or maintenance also play critical roles in LRP meristem formation, such as PLETHORAs (PLTs), SHORT ROOT (SHR) and SCARECROW (SCR; Chapter I). When a functional meristem is defined during LRP development remains a difficult question [START_REF] Trinh | Lateral Root Formation: Building a Meristem de novo[END_REF]; general introduction of this PhD manuscript).

While anatomical analyses as well as ablation experiments suggested that a root meristem-like organization is set at the center of a LRP at its mid-development (Malamy and Benfey, 1997;[START_REF] Laskowski | Formation of lateral root meristems is a two-stage process[END_REF][START_REF] Ljung | Sites and Regulation of Auxin Biosynthesis in Arabidopsis Roots[END_REF] it remains to be understood how and exactly when different functional identities are set up. Makers genes can be used to track identity acquisition in developing LRPs (Tian et al., 2014a;[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. Especially the expression of some marker genes for quiescent center (QC) is an important feature because these central cells are known to regulate stem cell identity and organize root meristem maintenance in Arabidopsis [START_REF] Xu | A molecular framework for plant regeneration[END_REF]. By analyzing the expression of WOX5::GFP and QC25::CFP, [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF] proposed that the quiescent center in LRPs is initiated at the transition from stage IV to V, coincident with the crossing of the LRPs through the endodermis. However, this meristem is only functionally activated only after LRP emergence [START_REF] Celenza | A pathway for lateral root formation in Arabidopsis thaliana[END_REF].

To identify potential regulators of root meristem or stem cell niche establishment during LRP formation, I relied on the LR transcriptomic dataset [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF] and the TDCor algorithm (Lavenus et al., 2015). The dataset has 18 time points covering all stages of LRP formation, from initiation to emergence. More than 8000 genes are differently expressed during the process [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. Using the LR dataset, TDCor has successfully reconstructed the sub-network constituting of ARF7 and its targets (Lavenus et al., 2015), and also correctly proposed very long chain fatty acid biosynthesis genes as targets of PUCHI (Chapter III). Here I continued exploiting the inference power of TDCor from the LR dataset with a focus on genes potentially involved in stem cell niche establishment during LRP development.

TDCor produces an inferred network by comparing the similarity and the shift in time in expression profiles of genes (Lavenus et al., 2015). To do that, it compares the profile of one gene to those of all other genes. Because of the extensive computing and the potential complexity of the output, the inference is not done on all the genes showing differential expression but on a limited number of genes of interest. The overall network is sufficiently large. For example, from a list of 128 genes known to possibly involved in LRP development, TDCor produced a network consisting of 358 edges corresponding to 206 positive interactions and 152 negative interactions (Lavenus et al., 2015). The gene list can be expanded if new genes of interest are added.

To identify potential regulators of stem cell establishment during LRP development, I used two approaches: (i) by looking for genes that are predicted to regulate a marker of stem cell establishment, or (ii) by whole network analysis to look for genes underlying transition in LRP development states. Potential genes were suggested and the roles of several genes during LRP development have been preliminarily explored.

II. RESULTS

Identify potential regulators of root stem cell niche establishment in developing LRPs

based on a proxy

PISTILLATA as a marker for stem cell niche establishment

From an inferred network produced by TDCor, one can look for genes potentially involved in a LRP developmental event by looking at predicted regulators and/or targets of a gene important for that event. For example, given that LBD16 is required for LRP initiation (Goh et al., 2012a), one can use it as a proxy for LRP initiation process. By looking at neighbor genes of and LBD18. The legend is reproduced from (Lavenus et al., 2015). LBD16 in the network, potential genes involved in LRP initiation can be proposed. In the network from the 128 genes (Lavenus et al., 2015), the first neighbors of LBD16 include LBD33, LBD18, SHY2, PUCHI, BIG ASA1 and GH3.3 (Figure 4.1) and these genes are involved in LRP initiation [START_REF] Goh | The establishment of asymmetry in Arabidopsis lateral root founder cells is regulated by LBD16/ASL18 and related LBD/ASL proteins[END_REF][START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF][START_REF] Vermeer | A spatial accommodation by neighboring cells is required for organ initiation in arabidopsis[END_REF]Chapter II).

Using the same principle, to identify genes potentially involved in stem cell niche establishment during LRP formation using the LR dataset and TDCor, one would need a marker for that process. Several markers of QC identity have been described in the apical meristem of the Arabidopsis primary root [START_REF] Sarkar | Conserved factors regulate signalling in Arabidopsis thaliana shoot and root stem cell organizers[END_REF][START_REF] Ten Hove | SCHIZORIZA Encodes a Nuclear Factor Regulating Asymmetry of Stem Cell Divisions in the Arabidopsis Root[END_REF] and some of them were reported to be expressed in LRPs, including QC25 and WOX5 [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. These genes or transgenes could be considered a good proxy for detecting QC identity and thus, presumably, root meristem establishment. Unfortunately we could not use them in our LR transcriptomic-based inference approach because QC25::CFP is a promoter trap and the associated gene is unknown [START_REF] Sabatini | SCARECROW is involved in positioning the stem cell niche in the Arabidopsis root meristem[END_REF], and WOX5 is not present in the ATH1 chip used for generating the LR transcriptomic dataset. For this reason, I looked for another marker gene that could be used to track QC cell identity establishment in the LR dataset. Based on tissue specific transcriptomic studies performed in the primary root meristem performed by the lab of Prof. Philip Benfey (the U.S.A), we identified PISTILLATA (PI) as a potentially good marker for LRP QC because it is expressed specifically in the QC of the primary root [START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF]. Interestingly, PI is differentially expressed during LRP development [START_REF] Reinhardt | Tonoplast aquaporins facilitate lateral root emergence[END_REF].

In the LR dataset, PI expression starts to increase at around 24 hours post gravistimulation (hpg) and reaches the first peak at around 33 hpg (Figure 4.2). In these experimental conditions, at around 30 hpg a majority of LRPs are at stage IV to V [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF] when the onset of QC markers QC25 and WOX5 were observed [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Thus, in association with its specific expression in the QC of the primary root [START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF], the expression profile of PI during LRP development suggests that it may also be a marker for the onset of QC in LRPs. stage V onwards although at these stages the signal was generally weak, and was confined to several central cells. The expression domain seems to be more expanded than that of the QC-specific marker QC25::CFP described in [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Cell membrane was visualized using WAVE131Y. Scale bar = 50 µm.

To test if PI is a good marker for QC establishment, I observed and compared the expression of the transcriptional reporter PI::GFP described in [START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF] to that of QC25::CFP which has been described in [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. This transgenic line was kindly provided by Philip Benfey's lab (Duke University) and was crossed into the WAVE131Y background in order to visualize better the anatomy of root tissues. In our conditions the transgene was expressed in the QC of the primary root as reported [START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF]. Importantly, its expression was also observed in the central cells of developing LRPs including the putative QC (Figure 4.3). The expression of PI::GFP was detected the earliest in stage V LRPs but the signal was generally fainted (n = 5/5 LRPs) and was not visible in stage IV LRPs (n = 13/13 LRPs). This is consistent with the low expression levels detected in the LR transcriptomic dataset from 0-30 hpg (Figure 4.2). The signal was more readily observed from stage VI onwards. PI::GFP expression was stronger in the central cells and much weaker in the neighboring cells, similar to what described in the primary root [START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF]. In meristematic cells of LRs PI::GFP expression was clearly visible and comparable to the expression pattern in the primary root apex. The central cells positive with PI::GFP anatomically correspond to those expressing QC25::CFP in the QC25 reporter line. The expression dynamics of PI::GFP and QC25::CFP during LRP development were also similar, i.e. the onset of expression happened at stage V LRPs [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]; see also Chapter II). Further experiments using the combination of WAVE131-Red and PI::GFP will be performed in order to robustly characterize the spatiotemporal expression dynamics of the PI::GFP reporter.

In summary, here we established PISTILLATA as another marker for the onset of QC identity (hence presumably, of stem cell niche formation) during LRP development. Although it has not been demonstrated that PI is indeed necessary, nor sufficient, for those cells to induce stem cell identity of their neighbors, the robust QC-specific expression pattern observed in primary roots, LRs and developing LRPs prompted us to use PI expression as a marker for QC-like gene expression onset in the developing LRP. Because specific probes for PI expression are present on the ATH1 microarray and because PI is differentially expressed during LRP development, we can use it as a proxy to look for potential regulators of stem cell niche formation using TDCor.

Selecting potential regulators of stem cell niche based on PI

To generate the inferred network using TDCor and the LR dataset, a list of genes including 128 genes in (Lavenus et al., 2015) plus PISTILLATA, and an updated list consisting of 302 genes, were used. In both inferences, PISTILLATA was predicted to be an important node having 5 direct incoming and multiple direct outgoing edges (Figure 4.4). To look for potential regulators of PI, incoming nodes located one or two levels upstream of PI in the inferred topology were selected.

In both inferences, important regulators were present such as the PLETHORA (PLT) gene family and KAN4. Because the second gene list contains many more genes than the one in (Lavenus et al., 2015), the PI subnetwork was also expanded. Expression profiles of selected genes upstream and downstream of PI in Basically, all predicted regulators of PI displayed a similar expression profiles to that of PI, i.e., their expression levels were very low before 20hpg then raised quickly after that (Figure S4.1).

Properties of predicted regulators of PI in the second network will be described in more details. The fact that TDCor placed PLTs as regulators of the QC marker PI is consistent with the well described role of PLT1-4 in the regulation of the stem cell niche in the root meristem [START_REF] Galinha | PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development[END_REF] and in the developing LRP [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF], and suggests the inferences were likely to be biologically meaningful. PLT genes act redundantly; for example, misshaped LRP phenotype is only visible in double and triple mutants of PLT3,5,7 [START_REF] Hofhuis | Phyllotaxis and rhizotaxis in Arabidopsis are modified by three plethora transcription factors[END_REF]. During LRP development, PLT3,5,7 are expressed early, then induce the expression of PLT1,2,4. PLTs are required for correct LRP patterning and correct expression of important meristem regulators like WOX5 and SHR [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. These TFs are also essential for QC specification and meristem activity in the primary root. plt1,2 double mutant had shorter primary root but produced many LRs. The meristem of primary root and LRs of the double mutant is smaller in size, disorganized and differentiate quickly [START_REF] Aida | The PLETHORA Genes Mediate Patterning of the Arabidopsis Root Stem Cell Niche[END_REF]. PI (meaning that they have similar, but shifted in time, expression profile compared to that of PI).

There are four members of the KANADI family (KAN1-4) and their expression patterns based on reporter line analyses during LRP development have been described [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF]. All the four genes are expressed predominantly in the periphery of developing LRPs, except that expression of KAN4 (the predicted regulator of PI in our work) is also clearly observed in the tip (possibly covering the QC) of emerging LRPs and not that clearly in the tip of younger LRPs [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF]). In the shoot, KAN genes are expressed in a complementary manner to Class III HD-Zip genes. Class III HD-Zip genes (PHB, PHV, REV) are expressed in the center of shoot meristem and are required for meristem establishment [START_REF] Mcconnell | Role of PHABULOSA and PHAVOLUTA in determining radial patterning in shoots[END_REF][START_REF] Otsuga | REVOLUTA regulates meristem initiation at lateral positions[END_REF][START_REF] Emery | Radial Patterning of Arabidopsis Shoots by Class III HD-ZIP and KANADI Genes[END_REF], while KAN1 is expressed in the periphery of the shoot meristem [START_REF] Kerstetter | KANADI regulates organ polarity in Arabidopsis[END_REF][START_REF] Caggiano | Cell type boundaries organize plant development[END_REF]. Compared to the data of [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF], it seems like KAN and Class III HD-Zip genes display complementary expression domains in both shoot meristem and lateral root contexts. The triple mutant kan1-2 kan2-1 kan3-1 had shorter primary root and lower LR density, while the KAN1 overexpressing line (35S::KAN1:VP16:GR on DEX) did not produce any LRs [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF]. The expression patterns and roles of Class III HD-Zip genes in LRs have also been examined. PHB, REV and other member of the family ATHB8 are expressed throughout developing LRPs. Compared to the WT, the triple mutant phb-6 phv-5 rev-9 had similar primary root length but ~69% lower LR density while the gain-of-function mutant of REV produced ~ 30% shorter primary roots but ~48% higher LR density [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF]. LRP morphology of these mutants were not reported, so it is not clear whether their lower LR density was due to reduced LRP initiation or defective LRP development.

LONESOME HIGHWAY (LHW) was predicted to be a major regulator in the PI network.

It is critical for stele formation since a prominent feature of the mutant is to have only one single xylem and phloem poles [START_REF] Ohashi-Ito | Regulation of the Arabidopsis root vascular initial population by LONESOME HIGHWAY[END_REF]. The mutant is able to produce LRs along that single xylem pole [START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF]. However, using pPIN1:PIN1-GFP and DR5::GFP reporter lines, [START_REF] Ohashi-Ito | Auxinassociated initiation of vascular cell differentiation by LONESOME HIGHWAY[END_REF] showed that lhw LRPs displayed a broader PIN1 expression domain and did not have a clear auxin maximum as did the WT LRPs. In the primary roots, lhw QC cells failed to express SCR and expressed QC25::GUS with asymmetrical intensity [START_REF] Ohashi-Ito | Regulation of the Arabidopsis root vascular initial population by LONESOME HIGHWAY[END_REF]. The apical meristem of lhw roots deteriorates over time and the roots stopped growing after 19 days [START_REF] Ohashi-Ito | Regulation of the Arabidopsis root vascular initial population by LONESOME HIGHWAY[END_REF]. LHW may play similar roles in auxin transport and response, and meristem maintenance in LRPs. Among three homologs of LHW (LHL1-3), roles and expression patterns of LHL1 and LHL3 have been explored (Ohashi-Ito et al., 2013a). LHL1 and LHL3 were shown to be expressed in the stele and stele initials of the primary roots as well as in the developing LRPs. Although lhl3 single mutant and LHL3-overexpressing plants do not show any visible root phenotype, lhw lhl3 double mutant shows more severe defects in the vasculature than the single mutant lhw. This suggested that redundantly with LHW, LHL3 plays a positive role in promoting root vasculature formation (Ohashi-Ito et al., 2013a).

ROOT MERISTEM GROWTH FACTOR 8 (RGF8,or GOLVEN 6 [GLV6], CLE-LIKE 2), which is also predicted to control PI via PLT2, is also interesting because it is a member of a gene family encoding for secreted peptides that maintains primary root stem cell niche by regulating expression levels of PLTs (PLT1 and PLT2; [START_REF] Matsuzaki | Secreted peptide signals required for maintenance of root stem cell niche in Arabidopsis[END_REF], which is consistent with the TDCor inference. RGF8 is expressed throughout LRPs of early stages and then confined to the central cells (including the putative QC) at later stages [START_REF] Fernandez | The GLV6/RGF8/CLEL2 peptide regulates early pericycle divisions during lateral root initiation[END_REF]. RGF8-silenced lines had lower LRP density but did not display any visible defects in LRP morphology. Ectopic expression of RGF8 in the pericycle resulted in massive division of pericycle cells, however, morphology of developing LRPs, especially at later stages, were not described [START_REF] Fernandez | The GLV6/RGF8/CLEL2 peptide regulates early pericycle divisions during lateral root initiation[END_REF]. The GOLVEN family has 11 members, and GLV6, GLV10, GLV11, GLV3 and GLV9 are expressed in the primary QC and stem cell initials [START_REF] Matsuzaki | Secreted peptide signals required for maintenance of root stem cell niche in Arabidopsis[END_REF][START_REF] Fernandez | Transcriptional and Functional Classification of the GOLVEN/ROOT GROWTH FACTOR/CLE-Like Signaling Peptides Reveals Their Role in Lateral Root and Hair Formation[END_REF].

Among these genes, beside GLV6, only GLV3 is differentially expressed in the LR dataset but the onset happens quite late (~ 40h hpg).

LATERAL ROOT PRIMORDIUM 1 (LRP1) is expressed specifically in LRPs from early stages and then confined to the base at later stages [START_REF] Smith | LRP1, a gene expressed in lateral and adventitious root primordia of arabidopsis[END_REF]. Loss-of-function of LRP1 did not result in any visible phenotype, while plants overexpressing LRP1 had longer primary roots [START_REF] Krichevsky | Regulation of Root Elongation by Histone Acetylation in Arabidopsis[END_REF], suggesting that LRP1 plays a positive role in root meristem activity. PESCADILLO (PES) is more strongly expressed in primary root tip and developing LRPs, and the PES RNAi knock-down mutants displayed severe defects in primary root meristem structure which led to a significant reduction in primary root lengths [START_REF] Zografidis | Transcriptional regulation and functional involvement of the Arabidopsis pescadillo ortholog AtPES in root development[END_REF].

In summary, TDCor inference predicted several important genes with known or implied functions in regulating meristem activity as direct or close regulators of the QC-specific marker PI. Among them, KAN, Class III HD-Zip genes, RGF, PES, LHW and its related genes are expressed in developing LRPs and are known experimentally to be involved in LRP formation.

However, it is unknown whether they also regulate meristem formation of the developing LRP.

Therefore, some of them were selected as candidate genes of LRP meristem formation for further study.

Lateral root development in selected mutants

Several mutants of KAN and Class III HD-Zip genes, as well as of LHW and LHL3 have been collected for lateral root phenotyping. kan1-12 and phb are in Ler background while kan1-11, phb phv cna er, lhw and lhl3 are in Col-0 background. Preliminary lateral root phenotyping analysis was performed using (i) 9-day old seedlings growing vertically on MS medium, and (ii) 5-day old seedlings growing vertically on MS medium and subjected to gravistimulation for 48 hours.

At 9 day, kan, phb and the quadruple mutant phb phv cna er have a similar root system to the WT (Figure 4.5A). There is no significant difference in total LRP density between WT and kan1-11, kan1-12, phb, and the quadruple mutant phb phv cna er. Mutation of lhw resulted in ~ 42% reduction in total LRP density which is consistent with the fact the mutant has only one xylem, hence one xylem pole-associated pericycle where LRP initiation happens [START_REF] Parizot | Diarch Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected in Distich Lateral Root Initiation[END_REF]. lhl3, in contrast, produced ~ 18% increase in total LRP density (Figure 4.5A).

A preliminary gravistimulation assay for 48 hours was done to quickly assess LRP developmental progression in these mutants. Overall, LRPs in these mutants develop as well as those in the WT. Under DIC microscopy, no defects in morphology of emerging LRPs in these mutants were noted (Figure 4.5B). The anatomy of emerging LRPs in the quadruple mutant phb phv cna er was analyzed under confocal microscopy with the help of membrane staining using propidium iodide, and no clearly defective or aberrant features were detected, consistent with their normal developmental progression (Figure 4.5C).

Overall, the preliminary results showed that the single mutant of KAN1, PHB, and LHL3 and the quadruple PHB PHV CNA ER mutation has little or no effects on LRP development. 

Identify potential regulators of LRP stem cell niche by whole network analysis

Approach

B

The analyses made by (Lavenus et al., 2015) using a core list of 128 genes suggested that there exist two regulatory modules featuring different sets of the auxin-responsive factors (ARFs).

One module contains the genes downstream of ARF7 and ARF19 (53 genes in total) while in the other the genes are associated with MP/ARF5, ARF6, and ARF8 (68 genes in total; Figure 4.6A). Two modules described in (Lavenus et al., 2015) obtained from a list of 128 genes. (C) Three modules obtained from a list of 307 genes. In both network, blue edges represent inhibitory interaction, and red edges stimulatory interaction.

Genes in the first module can repress meristematic genes and patterning genes in the second module. Therefore, it is postulated that the two modules mutually inhibit each other to define two spatial domains of the developing LRP: the ARF7-ARF19 module for the flank, and the ARF5 module for the center (Lavenus et al., 2015).

The gene list used for TDCor inference grows gradually as new genes are added to see their predicted position in the network. To see if the two-module topology of the whole network is still the case for the new gene list, we used TDCor output on the list of 307 genes and performed the same modular analysis on the inferred topology. Genes were considered one by one and from the sign of their predicted interactions, were grouped into three distinct submodules. Most of the genes clearly belonged to one of the two first sub-modules defined by intra-group positive geneto-gene interactions, and negative interactions with genes of the other module (Lavenus et al., 2015). A small subset of genes did not display such clear organization of their interactions and were grouped in a third group. In general, the modularity of the whole-network topology still exists with one module having ARF7 and ARF19, and another having MP/ARF5, ARF6, and ARF8 and their downstream genes (Figure 4.6B). The prominent difference compared to the network from the 128-gene list is the growth in size of the third module that interacts both positively and negatively with the other two modules.

To understand better the kinetics of the genes in the 3 modules, their expression profiles during LRP formation were plotted. Genes in the ARF7 module (149 genes) were expressed early during LRP formation with 142 genes whose expression reached a peak between 0-30 hours post gravistimulation. On the contrary 135 genes in ARF5 module generally displayed contrasting behaviors since most of them (125 genes) reached a peak in expression at 30 hpg. Genes in the third module reach a peak both before and after the point of 30 hpg (Figure 4.7). The big picture of the whole network controlling LRP formation is now expanded. Lavenus et al., (2015) proposed that the ARF7 and ARF5 modules control LRP boundary and LRP meristem formation, respectively. This current network analysis rather suggests that the ARF7 and ARF5 modules constitute two big waves or series of gene expression with the point of transition around 30 hpg.

ARF7 module would be responsible for LRP initiation and early development, and this is supported by experimental data showing the roles of ARF7, ARF19, and LBD targets genes in early steps of LRP development [START_REF] Okushima | ARF7 and ARF19 Regulate Lateral Root Formation via Direct Activation of LBD/ASL Genes in Arabidopsis[END_REF]Goh et al., 2012a). On the other hand the ARF5 module would responsible for meristem formation and LRP emergence, and this is also supported by the LRP developmental defects displayed by PLT mutants [START_REF] Hofhuis | Phyllotaxis and rhizotaxis in Arabidopsis are modified by three plethora transcription factors[END_REF][START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]). If we considered that peaks in gene expression could be related to the functional importance of the corresponding gene product at that stage, and considering that genes in the third group can mediate indirect positive interactions from genes of the "early" ARF7containing group to the "late" ARF5-containing group, the transition between the two big waves of gene expression could be mediated by genes in the third group. At 30 hpg LRPs experience a critical developmental event when they move from stage IV to stage V and concomitantly cross the endodermis [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF][START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. It is known that LRPs of these stages display a profound change in tissue organization and function. For example, a simple layered tissue organization is replaced by a more complex patterning at stage V (Malamy and Benfey, 1997), stage III-V or older LRPs can grow autonomously in auxin-free media while younger LRPs cannot [START_REF] Laskowski | Formation of lateral root meristems is a two-stage process[END_REF], and expression of markers of LRP quiescent center is detected at the transition from stage IV to V [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Last, we observed that WT roots occasionally produce delayed LRPs which seem to be unable to emerge, and most of these LRPs are at stages younger than V, supporting the essential of progressing to stage V in LRP development (Chapter III, this manuscript).

A closer look at the expression profiles of these 21 genes in the third module (Figure S4. [START_REF] Malamy | [END_REF] showed that many of them display expression kinetics featuring two close peaks with a lower point at or around 30hpg. These 11 genes are AT5G06270, BEL1, CLV1-like 4, CPC, CRF1, CRF12, IAA12/BDL, LAX3, LBD4, MYB52, MYB56, SARK, TTL1 and WOX11 (less clear). The other genes displayed one major peak in expression that appeared close to around 30hpg (JMJ30, TMO6 and WOX14) or displayed an increase in expression levels after 30hpg (CLE2, CRF2, CRF3, MYB36 and WOX11). The whole-network topology analysis described above reveals the possible roles of the third module in mediating the transition from the ARF7 wave to the ARF5 wave. Investigating the roles of these genes in LRP formation may reveal new factors involved in LRP development, and moreover, identify key genes regulating the formation of the meristematic domain of the developing LRP. Literature mining was performed for each of the 21 genes belonging to the third group in order to assess their relevance as putative regulators of the meristematic transition during LRP development.

The TF MYB36 was found the regulates some genes involved in reactive oxygen species (ROS) balance during LRP development [START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF]. The translational fusion MYB36-GFP that rescues myb36 phenotype is expressed specifically at the boundary (flanks) of the developing LRP from stage V onwards while no expression was detected in LRPs of earlier stages [START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF]. The mutants display more cell division in the boundary of stage V LRPs resulting to wider and flatter LRPs. However, intriguingly, the effects were already seen in stage IV LRPs, and the mutant roots accumulate a higher percentage of stage IV LRPs suggesting that myb36 LRPs have troubles transitioning from flat-to domed-shaped organization [START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF]. It is therefore possible that MYB36 is expressed earlier (from stage IV for example) but at an undetectable level (using the reporter line) during LRP development. In the LR dataset, MYB36 expression reduced sharply in the first hours to a stable but low level then increased again (Figure S4. MYB56 (BRAVO) has not been described in LR development, but it plays important roles in regulating primary root stem cells. In primary root apical meristem, its expression is confined to the QC cells and vascular initials. In this context, MYB56 negatively regulates QC divisions possibly by repressing cell cycle regulators (Vilarrasa-Blasi et al., 2014).

Roles of CRF1 and CRF12 in LR development are currently unknown, but other members of the Arabidopsis CRF gene family are involved in the root branching process. In particular, CRF2 and CRF3 are expressed throughout LRP formation, and loss-of-function or gain-offunction of these genes reduces or increase LR density, respectively [START_REF] Jeon | CYTOKININ RESPONSE FACTOR2 ( CRF2 ) and CRF3 Regulate Lateral Root Development in Response to Cold Stress in Arabidopsis[END_REF].

Interestingly, gravistimulation assay indicated that LRPs of crf2 and crf3 are defective in LRP progression; at 54 hours after gravistimulation, while 30% of WT LRPs emerge, less than 5% of crf3 and crf2 crf3 LRPs reach the same stage, and a majority of un-emerged LRPs stay at stage V [START_REF] Jeon | CYTOKININ RESPONSE FACTOR2 ( CRF2 ) and CRF3 Regulate Lateral Root Development in Response to Cold Stress in Arabidopsis[END_REF]. Unfortunately, the authors did not report the morphology of the mutant LRPs.

In the LR dataset, CRF3 and MYB36 display similar expression profiles (Figure S4.3), therefore possibly CRF3 is also involved in LRP morphology. Nevertheless, given that CRF genes regulate many aspects of plant growth and development, and that both CRF1 and CRF12 are highly expressed in LRPs (eFP browser), it is likely that these genes are also involved in LRP development.

The CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION (ESR)-RELATED (CLE)

gene family encodes for small peptides that have various functions in plant development, including root apical meristem maintenance and LR development [START_REF] Kucukoglu | CLE peptide signaling in plants -the power of moving around[END_REF][START_REF] Yamaguchi | CLE peptides and their signaling pathways in plant development[END_REF]. For example, cle1 mutants have increased rate of LRP emergence in nitrate-supplemented medium [START_REF] Araya | CLE-CLAVATA1 peptidereceptor signaling module regulates the expansion of plant root systems in a nitrogendependent manner[END_REF]. CLE-LIKE peptides also regulate LRP development as described for RGF8/CLEL2 above [START_REF] Fernandez | The GLV6/RGF8/CLEL2 peptide regulates early pericycle divisions during lateral root initiation[END_REF].

However, it should be noted that the LR dataset is not absolutely specific for LRP development because the materials used for transcriptomics contained developing LRPs and their surrounding tissues. Therefore, dynamics of genes in the third module may reflect other events than LRP organogenesis. For example, LAX3 is not expressed in developing LRPs and in the LR dataset it reached a peak just before 30hpg and around 40hpg, most likely to assist with the emergence of LRPs through overlying tissues [START_REF] Swarup | The auxin influx carrier LAX3 promotes lateral root emergence[END_REF][START_REF] Porco | Lateral root emergence in Arabidopsis is dependent on transcription factor LBD29 regulation of auxin influx carrier LAX3[END_REF]. Similarly, AT5G06270 and CPC are known for regulating root hair formation [START_REF] Wu | Adaptor proteins GIR1 and GIR2. I. Interaction with the repressor GLABRA2 and regulation of root hair development[END_REF][START_REF] Wada | Role of a positive regulator of root hair development, CAPRICE, in Arabidopsis root epidermal cell differentiation[END_REF], and they may have no functions in LRP development. Functions in the root development and/or meristem formation/maintenance of the remaining genes in the module 3 are given in the table S4.1. The table also presents LRP-specific expression of these genes obtained from the cell-type specific transcriptomic dataset generated by [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF] and visualized in the eFP browser [START_REF] Waese | ePlant: Visualizing and Exploring Multiple Levels of Data for Hypothesis Generation in Plant Biology[END_REF]. However, from the description of the materials used to generate this cell-type specific transcriptomic dataset (see Chapter V Materials and methods), it is very likely that this dataset only reflects the transcriptomic landscape of young LRPs (probably before the onset of a stem cell niche). Nevertheless, JMJ30 was suggested to be involved in LR and callus formation (Lee et al., 2018b), and SARK/CIK3 negatively regulates shoot apical meristem formation [START_REF] Hu | A group of receptor kinases are essential for CLAVATA signalling to maintain stem cell homeostasis[END_REF] and also functions in apical root meristem maintenance (Xiaoping Gou, personal communication).

In summary, whole network analysis suggests that there exist two major waves of gene expression during LRP development; one regulating LRP initiation and early development, and the other meristem formation and emergence. The transition between these two sequences could be mediated by a smaller gene module. This third gene module may play important roles in initiating meristem formation or stem cell niche establishment during LRP development. Several genes in the module 3 were selected to explore further their roles in LRP development, including MYB56 and CRF genes.

Lateral root phenotype of some selected mutants

Several mutants of genes in the third module have been collected. Preliminary gravistimulation assay for 48 hours was performed to the mutants of MYB56 and CRFs to assess their LRP developmental progression. The assays showed that myb56 mutants was moderately defective in LRP emergence, with myb56-1 seemed to have a stronger phenotype (Figure 4.8). At 48hpg, while ~ 80% of WT LRPs had emerged, only ~ 50% of myb56 LRPs did so. The triple mutant crf2,5,6 showed a similar phenotype to myb56 mutant. The quadruple mutant crf1,3,5,6 displayed the strongest phenotype when none of LRPs emerged at 48hpg.

The anatomy of LRPs in these mutants needs to be further studied, probably under a confocal microscope with the help of a membrane staining to see whether an anatomical defect is visible. Tracking the expression pattern of QC-specific markers like WOX5 and QC25 will be also necessary to understand their possible roles in regulating stem cell niche establishment. In short, the preliminary results showed that MYB56 and CRF genes may positively regulates LRP development, and are interesting candidates for the transition from the early, morphogenetic phase to the late meristem organization phase.

III. DISCUSSION AND PERSPECTIVES

Here, I attempted to identify potential regulators of meristem formation during LRP development. It has been shown that the onset of QC, which is the organizer of the root meristem, is detected, as reported by QC-specific makers QC25 and WOX5, when the developing LRP transitions from stage IV to V and crosses the endodermis [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. We therefore know that a marker of QC formation is available, and the developmental stage where QC formation happens. We used this information, coupled with the network inference from the LR dataset by TDCor, to look for the potential regulators.

In the first approach, I used PI as a marker of QC formation and identified several genes potentially regulating PI expression during LRP development. PLTs were placed as direct regulators of PI, which is consistent with their critical roles during LRP formation and meristem establishment [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. KANADI and Class III HD-Zip genes were also predicted to control PI expression dynamics. Their expression and functions in LR formation as well as in primary root growth has been described [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF]. Reduced primary root length (possibly due to lower apical meristem activity) was observed in both KAN1 and PHB gain-of-function mutants. The triple mutants phb-6 phv-5 rev-9 and kan1-2 kan2-1 kan3-1 have shorter primary roots and a lower LR density [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF]. However, the morphology and developmental progression of LRPs in these mutants were not reported. I collected some mutants of KAN and Class III HD-Zip genes for a preliminary LR phenotyping and observed that the overall root system as well as LRP emergence rate of these mutants were not affected. No defects in emerging LRP morphology were noted neither. Either these genes may not actually control LRP development, or alternatively, functional redundancy may preclude the detection of phenotypical alterations in loss of function mutants. Here I have not provided the LR development phenotype of the loss-offunction mutant of KAN4 which is predicted as direct regulator of PI. The mutant has been collected and will be studied.

In the second approach, the whole network analysis revealed that there are two big "waves" of gene expression during LRP formation. Some genes of the early wave (ARF7 module) display experimentally supported roles in LRP formation and early development, and while some members of the second wave are known to regulate meristem formation and LRP emergence. The transition between the two waves happens at around 30hpg, corresponding to stage IV-V LRPs, and could be mediated by some genes belonging to a third module. Literature review agrees with this idea since several genes in the module play important roles in LRP morphogenesis, developmental progression and meristem maintenance such as MYB56, MYB36, CRF family and SARK (CIK) family. Our preliminary data showed that mutants of MYB56 and CRFs displayed a delayed in LRP emergence (Figure 4.8). Their precise roles during LRP development and especially meristem formation are worth exploring.

To explore the role of the genes mentioned above in LRP meristem establishment, several experiments can be done. First, gravistimulation assays on mutant roots should be able to tell if a gene or a group of genes is important for LRP developmental progression. Since meristem formation is initiated at around stage V, one would expect that for example in mutants of genes positively regulating meristem formation, LRPs have some difficulty passing that stage, which eventually leads to delayed LRP emergence. For example, mutants in CRF genes were delayed in LRP emergence (Figure 4.8) which is consistent with previous data [START_REF] Jeon | CYTOKININ RESPONSE FACTOR2 ( CRF2 ) and CRF3 Regulate Lateral Root Development in Response to Cold Stress in Arabidopsis[END_REF]. Second, LRP morphology and expression pattern analysis of QC-specific markers such as QC25::CFP and PI::GFP in the mutant(s) should demonstrate whether the corresponding genes(s) is involved in activating and/or maintaining meristem formation/activity. Other markers of LRP meristem such as PLTs can also be used. Expression levels and patterns of meristematic genes like WOX5::GFP and PLTs on these mutants can also be tested to provide more support. Last, the role of these corresponding genes in establishing LR meristem can be further supported by the analysis of their spatiotemporal expression patterns which can possibly show that their expression precedes in time and space PI expression.

When a suitable mutant is identified, a rescue experiment may be needed to concretely demonstrate that the corresponding genes, or precisely the lack thereof, are responsible for the phenotype. The rescue experiment can be done using the concerned genes, or using key genes in LRP meristem formation such as PLTs if there is evidence for the link between PLTs and those genes. Since PLTs are major nodes in the subnetwork of PI, it is very likely that they would interact with other regulators.

To demonstrate the power or the influence of these potential regulators, an ectopic expression experiment can be done. For example, these genes can be expressed in the LRP boundary instead of in their native position that is probably in the central cells/meristematic domain. Several genes showing LRP boundary-specific expression domain have been identified such as MYB36 [START_REF] Fernández-Marcos | Control of Arabidopsis lateral root primordium boundaries by MYB36[END_REF]. A similar experiment has been done with PLT2

when its ectopic expression converts the shoot apex into roots [START_REF] Galinha | PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development[END_REF]. Similarly, using a boundary-specific promoter to drive the expression of identified regulator(s) may result in the onset of meristem formation in the boundary (visualized through QC-specific marker, for example).

One major difficulty in the project is a redundancy in function of closely related genes which we may have experienced with single mutants of KAN, PHB and LHL genes. Other interesting genes also have many sisters such as CRF and SARK. Higher order mutants are therefore essential for further experiments.

Functions of PI and its predicted regulation on its targets during LRP development (Figure 4.4B) are also worth investigating. A detailed LR phenotyping of pistillata mutants should be done to reveal its potential role in LR development. The heterozygous mutant pistillata-1 has been collected for this purpose [START_REF] Lamb | Functional divergence within the APETALA3/PISTILLATA floral homeotic gene lineages[END_REF]. The predicted regulation of PI on its targets can then be tested using expression levels (qRT-PCR) and expression pattern analysis (GUS or fluorescence reporter lines).

In conclusion, gene network analysis proposed many interesting potential regulators of meristem formation/stem cell niche during LRP development, such as KAN and Class III HD-Zip genes, MYB56 and CRF gene family. Preliminary phenotyping will be needed to narrow down the choices and higher order mutants would likely need to be produced. Functions of the regulators of interest in stem cell niche establishment would be explored through expression of QC-and other markers in the corresponding mutants and ectopic expression of these regulators. The overall objective of the thesis was to understand genetic network(s) regulating LRP formation in Arabidopsis thaliana. Most of the work was focused on the transcription factor PUCHI and its predicted targets. We have first showed that PUCHI regulates multiple aspects of LRP formation and development. Very long chain fatty acid biosynthesis pathway was proposed as targets of PUCHI during the process and we have gathered a strong body of evidence to support the hypothesis. Last, the genetic network that may regulates quiescent center establishment/meristem formation during LRP development has been preliminarily explored.

SUPPLEMENTAL FIGURES

In each chapter, we have discussed in detail the relevance of our findings and their pertinent relation with current knowledge on the corresponding subject. Here we make a summary of key findings and provide some broad discussions and perspectives.

I. PUCHI controls multiple aspects of plant development partially via regulating VLCFA biosynthesis

PUCHI function as a negative regulator of cell division in LRPs has been described more than 10 years ago [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. Since then, little progress has been made to understand its mechanism of action and regulation. [START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF] showed that puchi-1 mutant has increased LRP density. [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF] recently identified a genetic cascade LBD16 -TOLS2-RLK7

-PUCHI that is involved in LR founder cell specification and LR spacing. PUCHI is also directly regulated by LBD16 (Tatsuaki Goh, personal communication).

In the above ground parts, PUCHI negatively regulates the conversion of secondary inflorescences into flowers as the puchi mutants have more secondary inflorescences [START_REF] Karim | A Role for Arabidopsis PUCHI in Floral Meristem Identity and Bract Suppression[END_REF]. puchi flowers also have rudimentary bracts at the base of their pedicels. PUCHI may act together with other transcription factors (TFs) like BLADE-ON-PETIOLE1 (BOP1), BOP2 DORNRÖSCHEN (DRN) and DORNRÖSCHEN-LIKE (DRNL) to establish floral meristem identity, possibly through regulation of the master regulator of floral meristem identity LEAFY [START_REF] Karim | A Role for Arabidopsis PUCHI in Floral Meristem Identity and Bract Suppression[END_REF][START_REF] Chandler | DORNRÖSCHEN, DORNRÖSCHEN-LIKE, and PUCHI redundantly control floral meristem identity and organ initiation in Arabidopsis[END_REF].

In the LRP development context, I showed that PUCHI regulates important aspects including (i) LRP initiation and spacing, (ii) LRP developmental progression, (iii) QC establishment and (iv) LRP cell division pattern (Chapter II).

puchi-1 mutant had increased LRP density and produced more LRP clusters, probably through regulating founder cell specification as described in [START_REF] Toyokura | Lateral Inhibition by a Peptide Hormone-Receptor Cascade during Arabidopsis Lateral Root Founder Cell Formation[END_REF]. Our gravistimulation assays showed that puchi-1 LRPs needed more time to cross the epidermis, and many LRPs in puchi-1 roots were arrested. This possibly because their LRPs are wider and flatter [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF], making it more difficult to go through overlaying tissues, especially the endodermis which is more rigid due to the presence of the suberin and Casparian strip (Geldner, 2013b). The coordination between LRP growth and cell wall remodeling in overlaying tissues may also contribute to the delay in puchi-1 LRP progression.

puchi-1 LRPs are misshaped and delayed in development, so we were curious about stem cell niche/quiescence center (QC) establishment in the mutant LRPs. QC-specific markers such as WOX5::GFP and QC25::CFP has been used to track the formation of putative QC in LRPs. [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF] showed that the onset of WOX5::GFP and QC25::CFP expression was observed in four central cells when LRPs transition from stage IV to V, coincident with their cross through the endodermis and the change from bilateral symmetry to radial symmetry in LRP tissue organization.

In puchi-1 background, however, we observed the expression of QC25::CFP in LRPs of early stages (stage II for example) and in much broader domain. The data suggests that QC onset is misregulated in puchi-1 LRPs. The significance of this observation in relation to other defects in puchi-1 LRPs is worth investigating further. From the work of (Lavenus et al., 2015) and network analyses in Chapter IV, PUCHI was proposed to be a key player in regulating early LRP development and boundary formation, and it may negatively regulates other genes that are involved in meristem formation. It can be imagined that in the mutant, PUCHI is not there anymore to repress the expression of these meristematic genes spatial-temporally. The meristem/QC is therefore initiated earlier and in a broader domain. [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF] working on LRPs of early stages showed that puchi-1 LRPs had additional anticlinal cell division, resulting in wider LRPs compared to the WT ones. Here using pSHR:SHR-GFP as a marker of tissue organization, we observed that SHR-GFP signal was displaced by one cell layer, suggesting that PUCHI also regulates periclinal cell division (hence cell division in general). The rudimentary bracts at the base of puchi-1 flowers are the result of cell proliferation [START_REF] Karim | A Role for Arabidopsis PUCHI in Floral Meristem Identity and Bract Suppression[END_REF], which is similar to the ectopic cell division in LRPs [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF], suggesting that in both shoot and root, PUCHI acts as a negative regulator of cell division. This role of PUCHI is clearer in the callus inducing assay when puchi-1 roots were treated with a medium consisting of a high level of auxin and lower level of cytokinin, and they produced a continuous line a callus along the primary roots instead of calli with intervals seen in the WT roots. Cytokinin is a known hormone that stimulates cell division in LRPs [START_REF] Laplaze | Cytokinins Act Directly on Lateral Root Founder Cells to Inhibit Root Initiation[END_REF], and induces a delay in LRP developmental progression [START_REF] Bielach | Spatiotemporal Regulation of Lateral Root Organogenesis in Arabidopsis by Cytokinin[END_REF]. Strikingly we observed an earlier and broader cytokinin signaling in young LRPs and in flanks of advanced LRPs, two features not observed in the WT. It is possible that this ectopic cytokinin signaling is responsible at least in part for the puchi-1 LRP cell proliferation and delayed emergence.

Using the LR dataset and TDCor [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]Lavenus et al., 2015), Dr. Julien KCS1 (and probably other genes) was also regulated by PUCHI during callus formation. Callus of puchi-1 and kcs1-5 also shared a similar VLCFA profile. Altogether, our data strongly support that PUCHI regulates VLCFA biosynthesis genes during LRP and callus formation, and that regulation is functionally relevant and explains at least for a part of puchi-1 phenotype. A similar regulation of PUCHI on VLCFA biosynthesis genes in the two contexts further stresses the observation that callus formation from multiple tissues follows a LR development pathway [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF], which is also reviewed in the last part of Chapter I.

To more concretely demonstrate that the regulation of PUCHI on VLCFA biosynthesis genes is relevant in LRP and callus formation, complementation experiments are being performed.

I am generating transgenic plants (in both WT and puchi-1 background) that expressing KCS1

under the drive of PUCHI promoter. We chose KCS1 because puchi-1 and kcs1-5 roots have similar root development and callus formation phenotype, and their roots on CIM have similar VLCFA profiles. The transgenic plants will be soon available for study.

Possible modes of action of VLCFAs during LRP development have been discussed in Chapter III. Here I would like to emphasize a link between the positive regulation of PUCHI on VLCFA biosynthesis and cytokinin signaling. Mutants that have reduced VLCFAs biosynthesis usually have elevated cytokinin signaling [START_REF] Harrar | Hormonal control of cell proliferation requires PASTICCINO genes[END_REF][START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF], and we observed ectopic and enhanced cytokinin signaling in puchi-1 LRPs where a reduction in VLCFAs biosynthesis is supposed to happen. Theoretically, a cascade linking PUCHI to VLCFAs biosynthesis which in turn inhibits cytokinin signaling during LRP development is possible.

The regulation of PUCHI on VLCFA biosynthesis genes has been well demonstrated, but they probably may not be the only targets of PUCHI. As suggested by the transcriptomic analysis (beginning of chapter III) and as depicted in Figure 3.3, PUCHI may regulates other important genes such as PTL7.

II. TDCor as a hypothesis-generating tool to identify potential genes regulating stem cell niche establishment

Generating a hypothesis is the first important step in doing research. The purpose of building the TDCor algorithm was to infer possible genetic interaction based on the LR dataset and then to construct the global gene network, and from that unknown genetic interactions can be suggested (Lavenus et al., 2015). TDcor was the tool that led to the hypothesis that PUCHI regulates VLCFA biosynthesis genes during LRP development. Although in sciences (except Mathematics and Logic) a hypothesis can never been proved, in Chapter III we have provided a strong body of evidence to support the regulation of PUCHI on VLCFA biosynthesis genes in both LRP and callus formation. This story is inspiring, and it further strengthens our confidence over the TDCor approach and performance.

In term of LR development, the LR dataset and the TDCor program can be used to explore the gene regulatory network of any developmental process given that it is governed by linear gene to gene transcriptional relationships (Lavenus et al., 2015). One just needs to include genes that may be involved in that process into the gene list for TDCor inference.

Likewise, the principle of TDCor (time-delay correlation in gene expression profiles) can be applied to infer gene networks regulating or mediating any biological process such as response of plants to biotic and abiotic stresses. However, to do that a time-series transcriptomic dataset with sufficient resolution (time points) would be needed, and this can be problematic. For example, the dataset may not be able to capture fast transcriptomic responses. Of course, the actual role of these candidate genes would need to be experimentally explored to confirm their hypothetical implication based on correlation between transcriptomic profiles. Setting the correct correlation threshold for maximum efficiency in identifying relevant candidate partner genes may be difficult.

In addition, in some situations, complex feedbacks and post-transcriptional regulation may obscure the relationship between two genes.

We are continuing to exploit the TDCor program to have more insight about potential regulators of stem cell niche establishment during LRP development. For that, we used PISTILLATA (PI) as a marker of quiescent center onset (which may be a sign of stem cell niche/meristem establishment) because well-known markers such as WOX5 and QC25 are not in the LR dataset. We have demonstrated that PI has similar expression pattern as QC25, hence it is a suitable marker for the QC.

TDCor inference was run on a list of 302 genes that are potentially involved in root development or meristem formation/maintenance, and a network surrounding PI has been constructed. One key feature of the inferred network was that PLETHORA genes (PLT1-3) were predicted to be important positive regulator of the QC, which is consistent with the experimental data [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF]. Other predicted regulators are also known in meristem formation and/or maintenance in other developmental contexts (apical shoots and roots) such as the KANADI genes, Class III HD-Zip genes, LHW, RGF8 and PES. The inferred network is therefore likely to contain some relevant biological meanings. Our LR phenotyping of some mutants of these genes have not brought about any peculiar phenotype, probably because these genes act redundantly. Further network inference and target screening is underway which hopefully will provide some new and relevant genes.

We also took another approach to look for potential regulators of QC establishment.

Analyzing the whole network inference produced by TDCor, we realized that there may exist two sub-network modules: the first ARF7 module seems to be responsible for LRP initiation and early development, while the second ARF5 module responsible for stem cell niche establishment and further LRP growth. Importantly, the transition from ARF7 module to the ARF5 module may be assisted by the third, smaller module of ~ 20 genes. Literature mining showed that several genes of this module play roles in LRP development and apical meristem maintenance such as MYB36, MYB56, CRF1, CRF12, CLE, JMJ30 and SARK/ CIK3. Our preliminary data showed that MYB56

and CRFs may be involved in LRP developmental progression. Further work on these genes and their mutants will shed light on their potential roles on LRP development and QC establishment.

III. Final conclusion

In analyses have proposed some interesting regulators of LRP stem cell niche establishment/QC onset and they are being experimentally explored. Our work in the future hopefully will reveal new players in that process.

Plant materials and growth conditions

Arabidopsis thaliana seeds were surface-sterilized using sodium dichloroisocyanurate (Sigma Aldrich) solution (0.88% w/v). The sterilizing solution was added to the tube containing Arabidopsis seeds, and the tube was regularly inverted for 5-6 minutes. The seeds were then rinsed twice using absolute ethanol and left for drying. Surface-sterilized seeds were placed on squared Petri dishes (~ 0.7 cm between seeds) containing ½ Murashige and Skoog solid medium (0.7% w/v plant agar) supplemented with B5 vitamins (Duchefa). Plates were kept at 4 o C for 2 days and then placed in long-day conditions (16-h light/8-h dark cycle) in vertical position. Unless specified, all transgenic lines are in Columbia-0 background.

The puchi-1 and pPUCHI::PUCHI:GFP lines were previously described [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF], the DR5::GFP synthetic auxin response reporter in [START_REF] Friml | Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis[END_REF], pSHR:SHR-GFP in [START_REF] Nakajima | Intercellular movement of the putative transcription factor SHR in root patterning[END_REF], TCSn::GFP in [START_REF] Zurcher | A Robust and Sensitive Synthetic Sensor to Monitor the Transcriptional Output of the Cytokinin Signaling Network in Planta[END_REF]QC25::CFP in (ten Hove et al., 2010).

The GUS reporter lines pKCS1::GUS, pKCS6::GUS, pKCR1::GUS and pECR::GUS were described in [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF], pKCS20::GUS in [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF], and pPAS2::GUS and pPAS1::GUS in [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF]. The kcs1-5 mutant was described in [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF], kcs9 in [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF] and kcs2 kcs20 double mutant in [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF].

The following transgenic lines were used in Chapter IV: lhw (SALK_079402) [START_REF] Ohashi-Ito | Regulation of the Arabidopsis root vascular initial population by LONESOME HIGHWAY[END_REF], lhw3 (SALK_126132) (Ohashi-Ito et al., 2013a), kan-11 [START_REF] Wu | KANADI1 regulates adaxial-abaxial polarity in Arabidopsis by directly repressing the transcription of ASYMMETRIC LEAVES2[END_REF], kan-12 in Landsberg erecta (Ler) [START_REF] Kerstetter | KANADI regulates organ polarity in Arabidopsis[END_REF], phb-11 in Ler [START_REF] Prigge | Class III homeodomain-leucine zipper gene family members have overlapping, antagonistic, and distinct roles in Arabidopsis development[END_REF], phb-13 phv-11 cna-2 er-2 [START_REF] Prigge | Class III homeodomain-leucine zipper gene family members have overlapping, antagonistic, and distinct roles in Arabidopsis development[END_REF], myb56-1 (SALK_060289), and myb56-2 (SALK_062413) (Vilarrasa-Blasi et al., 2014).

PUCHI-GR plants were obtained from Fr. Tatsuaki Goh, Japan. To generate the PUCHI-GR plants, a genomic fragment of PUCHI, including the 3.9 kb promoter region and coding region, The PUCHI-GR construct was transformed into the puchi-1 mutant by floral dipping [START_REF] Clough | Floral dip: A simplified method for Agrobacteriummediated transformation of Arabidopsis thaliana[END_REF].

Bioinformatic analyses

To identify PUCHI potential targets based on correlation in expression profiles, an R script was used in combination with the TDCor package (Lavenus et al., 2015) in R using the LR Dataset [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. GO enrichment analysis for biological processes was done using BiNGO plugin in Cytoscape software [START_REF] Maere | BiNGO: A Cytoscape plugin to assess overrepresentation of Gene Ontology categories in Biological Networks[END_REF][START_REF] Shannon | Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks[END_REF]. Parameter of the analysis: No annotations were retrieved for the following entities: AT1G65820; AT3G56730; AT3G01690; AT5G39090; AT1G14340; AT1G04040; AT3G01930; AT1G33100 (among 217 genes identified).

Expression patterns of interested genes in the root and LRPs were retrieved from the ePlant services (http://bar.utoronto.ca/eplant/) which is a tool to display different transcriptomic datasets, particularly the cell type-specific transcriptomic dataset from [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF]. To generate data for all 15 cell types in the primary roots, microarray expression profiles of 19 fluorescentlysorted GFP-marked lines were analyzed [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF]. RM1000 enhancer line was used as a marker for LRPs. Approximately 3/4th of the roots (from the tip upwards) of 5 to 6-day old seedlings were used for generating the data [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF]. Because seedlings of this age usually have one emerging LRPs, and because only the younger part of the roots were used, then the dataset probably reflects gene expression of young LRPs (probably < stage VI).

Gene expression analyses

RT-PCR analysis was performed on WT and puchi-1 root materials prepared as previously described [START_REF] Himanen | Transcript profiling of early lateral root initiation[END_REF]. Briefly, WT and puchi-1 seeds were grown on ½ MS supplemented with 5µM naphthylphthalamic acid (NPA; Duchefa) for 14 days to inhibit lateral formation, then the seedlings were transferred to ½ MS supplemented with 5µM NPA to maintain LR formation inhibition in control plants, or alternatively with 10 µM naphthaleneacetic acid (NAA) to synchronously induce lateral root formation. Root materials were harvested after 24 hours and total RNA was extracted for qRT-PCR analysis as instructions of the manufacturer (RNeasy Plant, Qiagen). The normalizing gene used in this analysis was CYCLIN-DEPENDENT KINASE A;1 (CDKA;1; [START_REF] Iwakawa | Arabidopsis CDKA;1, a cdc2 homologue, controls proliferation of generative cells in male gametogenesis[END_REF]. The calibrator condition corresponds to NPAtreated WT roots. All of the RT-PCR were performed with three biological replicates. Significance was determined by Student's t-test. Primers used are listed in SI Appendix, Table S3.

For GUS staining assay, 9-day old seedlings were incubated overnight at 37 o C in a phosphate buffer (pH 7) containing 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 0.5 mg/mL 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid (X-Gluc; Duchefa) dissolved in a small volume of dimethyl sulfoxide (DMSO). Samples were then washed by 70% ethanol, mounted on slides in a chloral hydrate:glycerol:water clearing solution (4:2:1 g/mL/mL) and visualized using DIC microscopy.

To visualize the expression of GFP lines including pPUCHI::PUCHI:GFP, pKCS1:KCS1-GFP, seedlings were treated (or not) with 15µM propidium iodide (PI) supplemented with 0.004% Triton X-100 for 15-20 min as described in [START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF], and roots were observed under Leica TCS SP8 confocal microscope.

Root phenotyping

For lateral root density phenotyping, 9-day old, vertically grown seedlings were first imaged using a digital camera for root length measurement. Seedlings were then mounted in the clearing solution described above, and the number of developing LRPs, delayed LRPs and emerged LRs was counted. Primary root length was measured in the Fiji using the SmartRoot plugin [START_REF] Schindelin | Fiji: An open-source platform for biological-image analysis[END_REF][START_REF] Lobet | A Novel Image-Analysis Toolbox Enabling Quantitative Analysis of Root System Architecture[END_REF].

For the gravistimulation assay, seedlings were first grown in squared petri dishes at nearvertical position for 5 days, then dishes were turned by 90 o (Figure 5.1). After 18 or 48 hours, [START_REF] Mccloy | Partial inhibition of Cdk1 in G2phase overrides the SAC and decouples mitotic events[END_REF]. Signal from the background was taken into account when measuring the GFP intensity.

Callus formation phenotyping

Callus formation assay was performed using the callus inducing medium (CIM) as described in [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. Seedlings were first grown vertically on 1/2 MS medium for 7 days and then transferred to CIM containing MS medium supplemented with 2.2 μM 2,4-D (Sigma Aldrich) and 0.2 μM kinetin (Duchefa) for 4 days. For pPUCHI::PUCHI-GR/puchi-1 line, seedlings were cultured in ½ MS or CIM supplemented with 1 µM dexamethasone.

For measuring callus area, ~ 1 cm of roots incubated for 4 days on CIM were progressively imaged from the collar under a microscope at the magnification of 10x. These photos were then stitched manually in Microsoft PowerPoint to form a large and coherent image of the corresponding root. Callus area of each root was then measured using Fiji [START_REF] Schindelin | Fiji: An open-source platform for biological-image analysis[END_REF].

To normalize the data, callus area in a root segment was divided to its corresponding length (µm 2 / µm).

Organ regeneration assay

Figure 5.2. Outline of organ regeneration assays from callus using root-and shoot-inducing medium provided in [START_REF] Che | Gene expression programs during shoot, root, and callus development in Arabidopsis tissue culture[END_REF]. The SIM: MS/2 + 0.9 µM mg/L IAA + 5.0 µM 2-ip N 6 -(2-isopentenyl)adenine. The RIM: MS/2 + 0.9 µM mg/L IAA.

Plant regeneration assays were based on the outline in [START_REF] Che | Gene expression programs during shoot, root, and callus development in Arabidopsis tissue culture[END_REF]. Seven-day old seedlings on normal MS/2 medium were transferred to the CIM for 4 days. Root segments of these seedlings were then excised and transferred to freshly prepared root-or shoot-inducing medium (RIM and SIM, respectively). The SIM: MS/2 + 0.9 µM mg/L IAA + 5.0 µM 2-ip N 6 -(2-isopentenyl)adenine (Duchefa). The RIM: MS/2 + 0.9 µM mg/L IAA [START_REF] Che | Gene expression programs during shoot, root, and callus development in Arabidopsis tissue culture[END_REF]. Images of these root segments were taken after several days of incubation (0, 4, 6, 9, 12 days for RIM, for example). Number of adventitious roots produced from each segment were counted and the density of adventitious roots was calculated by dividing the number to the segment length.

Statistical Analysis

All the statistical analyses used in this study were performed by Microsoft Excel and R on two or three biological replicates. Significance was determined by Student's t-test, and the star sign was used to denote the p-value of the analysis. * P < 0.05, ** P < 0.01, *** P < 0.001.

Primers

Primers used for genotyping, qRT-PCR and cloning are listed in tables below. 

Chapitre I: Introduction

La croissance des végétaux dépend étroitement de l'activité de leur système racinaire, réseau ramifié de racines explorant le sol et assurant, en particulier, la nutrition hydrominérale de la plante. L'architecture de ce système racinaire se développe progressivement grâce à la capacité de tissus spécialisés, les méristèmes, à assurer la croissance en longueur des racines, et surtout grâce à la propriété des plantes de former de nouveaux méristèmes racinaires au sein même des racines existantes (Figure 1). 1B). Une séquence de divisions cellulaires produit alors progressivement un primordium de racine latérale (PRL), bordé par des cellules flanquantes et dont le centre s'organise progressivement en un nouveau méristème apical racinaire, dont dépendra la croissance de la racine latérale (RL) après émergence. L'organisation fonctionnelle du méristème apical racinaire de la racine primaire est très étudiée, et de nombreux gènes marqueurs de certaines identités cellulaires y ont été décrits [START_REF] Sozzani | Postembryonic control of root meristem growth and development[END_REF]Lee et al., 2013). En particulier, l'auto-maintien du méristème racinaire, dont dépend la croissance indéfinie de la racine, repose sur un petit groupe de cellules souches au centre du méristème et dont le centre organisateur, aussi appelé centre quiescent, exprime des gènes ou transgènes particuliers tels que WOX5 et QC25. Dans le contexte du développement du primordium de racine latérale, il a été décrit que l'expression de ces gènes marqueurs apparaît au centre du primordium à un stade intermédiaire de son développement, de façon concomitante avec une transition majeure marquée par une complexification de l'organisation tissulaire, un changement de symétrie de l'organe, et le franchissement de couches cellulaires importantes dans les tissus de la racine parente [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. Ainsi, l'acquisition de l'organisation fonctionnelle du PRL est complexe, non linéaire, et probablement influencée par des signaux tissulaires ou environnementaux. Au contraire dès le stade V des patrons de divisions plus complexes génèrent une forme en dôme et l'anatomie caractéristique du centre du méristème racinaire, dans lequel des transgènes marqueurs du centre quiescent sont exprimés [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF].

Les progrès méthodologiques, en particulier en génie génétique et en imagerie, ont permis de commencer à explorer à l'échelle moléculaire et cellulaire les mécanismes régulant la néoformation des racines latérales, en particulier chez la plante modèle A. thaliana. La description du phénotype racinaire altéré de mutants a permis l'identification et la description de nombreux facteurs génétiques impliqués dans la formation des racines latérales. Par ailleurs, la distribution non uniforme, et étroitement régulée, de signaux hormonaux tels que l'auxine est étroitement associée à l'organogenèse racinaire [START_REF] Trinh | Lateral Root Formation: Building a Meristem de novo[END_REF]. Cependant, notre compréhension du processus d'organogenèse des racines latérales reste aujourd'hui encore très limitée. En particulier, notre connaissance actuelle de ces acteurs moléculaires ne suffit pas à expliquer l'organisation fonctionnelle du primordium de racine latérale en un dôme bien délimité, au centre duquel les différentes identités cellulaires caractéristiques du méristème racinaire se mettent progressivement en place [START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]Du and Scheres, 2017), et dont les flancs expriment des gènes particuliers.

Parmi ces derniers, le facteur de transcription PUCHI, appartenant à la famille des AP2/EREBP, est exprimé précocement dans le primordium de racine latérale puis son expression est confinée aux flancs et la base du primordium (Figure 2C) [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF]. Les premières descriptions du phénotype racinaire du mutant puchi-1 rapportent que la perte de fonction du gène altère de façon importante le processus de ramification racinaire. Les mutants puchi-1 initient davantage de PRL en comparaison aux plantes sauvages, mais le développement de ces organes est fréquemment retardé, aboutissant à un densité de racines latérales émergées plus faible chez le mutant que chez le sauvage (Figure 2A) [START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF]. D'autre part, une observation plus précise montre que la séquence des divisions cellulaires et possiblement des différenciations au sein du PRL est altérée, produisant des organes élargis, aux flancs déformés (Figure 2B) [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF] Récemment, l'obtention de larges bases de données, en particulier transcriptomiques, a permis d'étudier les propriétés plus globales des mécanismes de régulation mis en jeu lors de la ramification racinaire. En s'appuyant sur un protocole d'induction des racines latérales par gravistimulation [START_REF] Lucas | Lateral root morphogenesis is dependent on the mechanical properties of the overlaying tissues[END_REF], l'équipe d'accueil a participé à la production d'une base de données documentant la dynamique d'expression des gènes au cours du développement des racines latérales, de l'induction à l'émergence [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. Par la suite, Julien Lavenus a développé au cours de son doctorat dans l'équipe (Lavenus, 2013) un algorithme permettant, à partir de cette base de données et du calcul de la corrélation avec retard entre profils d'expression, de prédire la topologie probable des interactions génétiques sous-jacentes. La validité de ces prédictions a été mesurée concernant les cibles du facteur de transcription ARF7 (Lavenus et al., 2015). Cette base de données, appelée LR transcriptomic dataset [START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF], ainsi que l'algorithme d'inférence de réseau de gènes TDCor (Lavenus et al., 2015) 

2-L'identification des régulateurs clés dans la mise en place des identités méristématiques dans le primordium, en particulier le centre quiescent.

Trinh Duy Chi a mis en place cette approche en caractérisant l'expression d'un gène marqueur du centre quiescent dans le primordium puis en débutant l'identification de régulateurs potentiels via TDCor et l'étude de leur impact sur le développement racinaire (chapitre IV).

Chapitre II: Le facteur de transcription PUCHI régule l'initiation, le positionnement, l'organisation et l'émergence des racines latérales

Profil d'expression de PUCHI dans les racines

Le profil d'expression de la construction pPUCHI ::PUCHI-GFP a été analysé en détail dans les plantules d'A. thaliana cultivées au laboratoire. Dans l'ensemble, cette étude a confirmé l'expression préférentielle du rapporteur dans l'ensemble du primordium de racine latérale dès les stades précoces, puis de façon restreinte à sa base. Une expression dans les cellules du péricycle avoisinant le primordium, ainsi que dans l'endoderme le recouvrant est également notée. Par ailleurs, une expression faible dans les tissus vasculaires est observée. L'expression du rapporteur n'est pas détectée dans le méristème apical de la racine primaire, bien que d'autres études suggèrent une expression faible de gène endogène dans ces tissus [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF].

PUCHI est requis pour le développement des primordia de racines latérales mais inhibe leur initiation

Pour identifier quels mécanismes de développement racinaire le facteur de transcription PUCHI peut réguler, le phénotype racinaire du mutant perte de fonction puchi-1 a été analysé en détail (Figure 3). Le dénombrement des organes latéraux (primordia + racines latérales émergées) dans des racines de 9 jours cultivées verticalement sur milieu ½ MS montrent que la perte de fonction de puchi-1 entraine une augmentation significative de la densité d'initiation des primordia de racines latérales (nombre/cm de racine primaire) bien que la densité des racines latérales effectivement émergées soit équivalente (Figure 3A). De plus, le nombre de PRL non émergés dans la zone ramifiée de la racine primaire est très supérieur chez puchi-1 par rapport au sauvage.

Ces PRL pourraient correspondre à des primordia dont le développement est retardé, voire arrêté.

De façon cohérente la distance moyenne entre deux primordia consécutifs est plus faible chez le mutant puchi-1 (750 µm) que chez le sauvage (1850 µm) et de nombreux clusters de PRL (distants de moins de 300 µm) sont observés (Figure 3C). Pour analyser la dynamique de développement des primordia de racines latérales chez le mutant, les plantes sont soumises à un protocole de gravistimulation [START_REF] Lucas | An auxin transport-based model of root branching in Arabidopsis thaliana[END_REF] et le stade de développement atteint par le PRL dont la formation est induite au coude de la racine primaire est évalué 18h ou 48h après sur l'échelle définie par Malamy et Benfey, 1997 (Malamy andBenfey, 1997) (Figure 3B). Cette analyse montre que la progression du développement des PRL est ralentie dans le contexte puchi-1 par rapport au sauvage et suggère donc que PUCHI inhibe l'initiation des racines latérales dans le péricycle mais stimule le développement des primordia de racines latérales une fois initiés. 

PUCHI est requis pour l'organisation anatomique et fonctionnelle normale du primordium de racine latérale

L'observation attentive des PRL du mutant puchi-1 a permis de mettre en évidence qu'en plus de l'élargissement de la base des primordia [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF] (Figure 1B), la séquencemais pas de façon visible l'orientation -des divisions cellulaires au centre du primordium était altérée, résultant en une organisation des primordia moins stéréotypée que chez les plantes sauvages (Figure 3D).

Cette observation nous a poussé à étudier le profil d'expression de marqueurs fonctionnels dans les PRL de puchi-1, en particulier DR5::GFP rapporteur du patron de signalisation auxinique dont il a été montré qu'il contrôlait le développement des PRL [START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF]. Le distribution du signal DR5::GFP n'a pas révélé de différence qualitative évidente distinguant les PRL puchi-1 des sauvages, cependant, une quantification plus poussée du signal serait nécessaire (Figure 3F). En revanche, les niveaux d'expression de TCSn ::GFP, activé par la voie de signalisation des cytokinines, et QC25::CFP, marqueur de l'identité centre quiescent semblent visiblement augmentés dans le contexte mutant dans ou autour des PRL, et leur distribution tissulaire est modifiée (Figure 3E, Figure 3G). Ces données montrent donc que le facteur de transcription PUCHI est nécessaire pour observer le développement anatomique et fonctionnel correct des PRL.

Conclusion du chapitre II

Cette caractérisation détaillée du phénotype du mutant puchi-1 a permis de confirmer les modifications phénotypiques, anatomiques et fonctionnelles rapportées précédemment dans la littérature [START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF][START_REF] Kang | The AP2/EREBP gene PUCHI co-acts with LBD16/ASL18 and LBD18/ASL20 downstream of ARF7 and ARF19 to regulate lateral root development in arabidopsis[END_REF] thaliana, ils ont été montrés comme essentiels au développement de certains organes, en particulier le primordia de racine latérale, via un effet possible sur la dynamique membranaire et/ou sur la signalisation hormonale [START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF][START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF][START_REF] Roudier | Very-Long-Chain Fatty Acids Are Involved in Polar Auxin Transport and Developmental Patterning in Arabidopsis[END_REF].

Les profils d'expression de certains gènes de biosynthèse des VLCFA corrélésavec retardà l'expression de PUCHI au cours du développement des racines latérales sont représentés dans la et al., 2008), un ou deux gènes fonctionnels ont été décrit chez A. thaliana dans les catégories KCR [START_REF] Beaudoin | Functional Characterization of the Arabidopsis -Ketoacyl-Coenzyme A Reductase Candidates of the Fatty Acid Elongase[END_REF], HCDA [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF] (gène PAS2 et PTPLA), ECR [START_REF] Zheng | Disruptions of the Arabidopsis Enoyl-CoA Reductase Gene Reveal an Essential Role for Very-Long-Chain Fatty Acid Synthesis in Cell Expansion during Plant Morphogenesis[END_REF] et PAS1 (Roudier et al., 2010b 

Plusieurs gènes de biosynthèse des VLCFA sont exprimés dans les primordia en développement de façon dépendante de PUCHI

Pour vérifier cette prédiction, l'expression de gènes de biosynthèse des VLCFA a été mesurée par RT-qPCR dans des racines de plantules d'A. thaliana de 13 jours soumises à un traitement hormonal pour induire de façon massive la formation des racines latérales, et cette réponse a été comparée entre plantes de génotypes sauvage et mutante puchi-1 (Figure 5). Les résultats indiquent que l'expression de KCS1, KCS20, KCR1, PAS2 et ECR est bien stimulée au cours de l'induction de la formation des racines latérales et que cette stimulation est dépendante de PUCHI.

Pour vérifier le domaine d'expression de ces gènes en relation avec le primordium de racine latérale, les profils d'expression des constructions promoteur::rapporteur pKCS1::KCS1-GFP [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF], pKCS6::GUS [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF], pKCS20::GUS [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF], pKCR1 ::GUS [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF], pPAS2::GUS [START_REF] Morineau | Dual fatty acid elongase complex interactions in arabidopsis[END_REF], et pPAS1 ::GUS (Roudier et al., 2010b) ont été analysés dans les racines de génotype sauvage et les racines mutantes puchi-1 (Figure 6). L'ensemble de ces transgènes est exprimé dans tout ou partie des PRL en développement chez le génotype sauvage, et la perte de fonction de PUCHI modifie ce patron d'expression de façon plus ou moins complexe. En particulier, KCS1, KCS6, KCR1, PAS2 et PAS1 sont fortement exprimés dans le PRL et cette expression est dépendante de PUCHI.

Malheureusement, les données concernant pECR::GUS [START_REF] Joubès | The VLCFA elongase gene family in Arabidopsis thaliana: Phylogenetic analysis, 3D modelling and expression profiling[END_REF] se sont révélées inexploitables dans nos conditions. Cependant, les données publiées par [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF] indiquent qu'ECR serait exprimé dans le PRL de type sauvage. Ainsi, au moins une isoforme de chacune des 4 enzymes du complexe enzymatique de biosynthèse des VLCFA, ainsi que la chaperone PAS1, serait bien présente dans le primordium en développement, et l'expression de certaines au moins y est positivement influencée par PUCHI.

De façon intéressante, certains de ces transgènes rapporteurs indiquent une expression forte dans l'endoderme de la racine primaire, en relation avec le développement de PRL sous-jacent. 

Des plantes mutantes pour certains gènes de biosynthèse de VLCFA présentent des phénotypes racinaires similaires à puchi-1

Afin d'identifier le rôle potentiel de ces gènes de biosynthèse des VLCFA lors du développement des racines latérales, le phénotype de ramification racinaire de mutants perte de fonction dans certains de ces gènes a été caractérisé et comparé au phénotype sauvage, d'une part, et d'autre part au phénotype puchi-1. Le double mutant kcs2 kcs20 n'a pas montré de différence phénotypique significative comparé au sauvage. En revanche, l'analyse détaillée des racines kcs1-5 a révélé que comme chez puchi-1, mais de façon moins marquée, la densité des organes latéraux était supérieure au sauvage, et la progression du développement des PRL était ralentie (Figure 7). [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF] (ii) plusieurs études ont montré que les premières étapes de callogenèse et de formation des racines latérales étaient anatomiquement et fonctionnellement comparables [START_REF] Sugimoto | Arabidopsis Regeneration from Multiple Tissues Occurs via a Root Development Pathway[END_REF][START_REF] Perianez-Rodriguez | Post-embryonic organogenesis and plant regeneration from tissues: two sides of the same coin? Front[END_REF]. 

PUCHI et la biosynthèse des VLCFA restreignent la compétence du péricycle à former des cals en réponse à des traitements inducteurs exogènes

La perte de fonction de PUCHI modifie la composition en VLCFA des tissus de cals produits par des racines sur milieu inducteur

Pour tester si cette régulation de l'expression des gènes de biosynthèse des VLCFA se traduit par un contrôle des VLCFA effectivement produits dans les tissus racinaires, nous avons cherché à caractériser le profil lipidomique du mutant puchi-1 afin de la comparer au sauvage. Ces caractérisations ont été réalisées en collaboration avec différentes équipes spécialisées en biochimie des lipides à l'IRD de Montpellier, à l'INRA de Versailles puis au Laboratoire de Biogénèse Membranaire de Bordeaux, et grâce à des protocoles d'analyse lipidomique par chromatographie en phase gazeuse et spectrométrie de masse très sensibles. Les analyses des racines cultivées sans traitement inducteur des racines latérales, ou dans lesquels la formation des racines latérales avait été induites par traitement hormonal, n'ont finalement pas révélé de différence significative entre le mutant puchi-1 et le sauvage. Considérant que la proportion des tissus racinaires dans lesquels s'opérait cette régulation de l'expression des enzymes de biosynthèse des VLCFA par PUCHI pouvait être faible même sur milieu auxinique, l'analyse lipidomique a été réalisée sur des racines cultivées sur milieu inducteur de la callogenèse, dans lesquelles cette proportion de tissus est importante (Figure 8A). Dans ces conditions, une réduction significative de la proportion d'acides gras à très longues chaines a été détectée chez puchi-1, par rapport au sauvage et de façon comparable à kcs1-5 (Figure 9). Profil des acides gras à longues et très longues chaines extraits de racines de plantules sauvages (WT) et kcs1-5 de 11 jours cultivées sur milieu inducteur de la callogenèse depuis 4 jours. C : proportion des acides gras à très longues chaines (VLCFA, C20) dans les acides gras extraits des plantules précédentes.

Conclusion du chapitre III

Ainsi, l'approche sans a priori, via l'exploration des cibles prédites par TDCor, a permis de mettre en évidence que PUCHI contrôle, de façon directe ou indirecte, l'induction de l'expression de plusieurs gènes de biosynthèse des acides gras à très longues chaines, en particulier KCS1, dans le primordium de racine latérale. Le phénotype de ramification racinaire en conditions normales, la réponse au milieu inducteur de la callogenèse, et le profil biochimique des VLCFA (sur milieu inducteur de la callogénèse) des deux mutants kcs1-5 et puchi-1 sont proches, confirmant que la perturbation de l'expression des gènes de biosynthèse des VLCFA pourrait expliquer au moins en partie le phénotype du mutant puchi. Des essais de complémentation de puchi-1 par l'expression d'un transgène pPUCHI::KCS1-GFP sont actuellement en cours pour tester cette hypothèse. KCS1 a été montrée comme particulièrement importante pour la synthèse des acides gras de chaine C26, tandis que KCS20 et KCS6, deux autres enzymes dont l'expression est influencée par PUCHI au cours du développement des racines latérales (ces travaux), catalyseraient principalement la synthèse des C22 et C28, respectivement [START_REF] Kim | Arabidopsis 3-Ketoacyl-Coenzyme A Synthase9 Is Involved in the Synthesis of Tetracosanoic Acids as Precursors of Cuticular Waxes, Suberins, Sphingolipids, and Phospholipids[END_REF]. La proportion des VLCFA de multiples classes est effectivement plus faible dans les racines puchi-1 sur CIM comparées au sauvage, et la proportion en C16 et C18 augmente de façon cohérente.

Cette induction de la biosynthèse des VLCFA pourrait avoir de multiples rôles dans le contexte du primordium de racine latérale. Tout d'abord, elle pourrait participer à la sécrétion de subérine, formant une couche hydrophobe recouvrant le dôme du primordium [START_REF] Li | Role of LOTR1 in Nutrient Transport through Organization of Spatial Distribution of Root Endodermal Barriers[END_REF], et par là influencer les transferts d'eau ou de composés hydrosolubles comme l'auxine ou des peptides signaux, entre le primordium et les tissus sus-jacents. Les VLCFA pourraient également être incorporés dans les membranes plasmiques ou du système endomembranaire et influencer la dynamique de ces membranes, la localisation de protéines ou lipides effecteurs, la signalisation intercellulaire, la division cellulaire. Il a notamment été montré que les VLCFA interagissaient avec les voies de régulation du développement par l'auxine [START_REF] Wattelet-Boyer | Enrichment of hydroxylated C24-and C26-acyl-chain sphingolipids mediates PIN2 apical sorting at trans-Golgi network subdomains[END_REF]Roudier et al., 2010b), les cytokinines [START_REF] Nobusawa | Synthesis of Very-Long-Chain Fatty Acids in the Epidermis Controls Plant Organ Growth by Restricting Cell Proliferation[END_REF], et l'éthylène [START_REF] Yamauchi | Ethylene Biosynthesis Is Promoted by Very-Long-Chain Fatty Acids during Lysigenous Aerenchyma Formation in Rice Roots[END_REF].

Compte tenu du rôle clé de l'équilibre entre signalisation auxinique et signalisation cytokinine dans de multiples processus d'organogenèse, en particulier racinaire, les résultats obtenus dans ces travaux sur la distribution du signal cytokinine dans les PRL puchi-1 sont particulièrement intéressants. Ils montrent notamment que PUCHI est également un régulateur de l'organisation fonctionnelle du PRL, ce qui est l'objet de la seconde partie de ce travail de thèse. 

Caractérisation du transgène PI::GFP comme rapporteur de l'identité centre quiescent dans le primordium de racine latérale

Des études préalablement publiées ont cherché à identifier les facteurs de transcription exprimés préférentiellement dans le centre quiescent de la racine primaire [START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF].

Parmi ceux-ci, le facteur de transcription PISTILLATA, de la famille des MADS-box, était particulièrement intéressant car (i) des mesures d'expression tissu-spécifique, et une construction PI::GFP montrent une expression enrichie dans le centre quiescent de la racine primaire [START_REF] Brady | A High-Resolution Root Spatiotemporal Map Reveals Dominant Expression Patterns[END_REF][START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF], (ii) PI est un régulateur bien décrit de l'identité cellulaire dans le contexte du méristème floral (iii) PI est présent dans le LR transcriptomic dataset, donc différentiellement exprimé dans les tissus racinaires formant une racine latérale en réponse à la gravistimulation. Plus particulièrement, l'expression de PI, faible au départ, augmente nettement à partir de 24 hpg, quand la majorité des PRL sont à des stades IV et V.

La lignée exprimant PI::GFP décrite dans [START_REF] Nawy | Transcriptional profile of the Arabidopsis root quiescent center[END_REF] nous a été aimablement fournie par le laboratoire du Pr. P. Benfey. Son expression dans le centre quiescent de la racine primaire a été confirmée dans nos conditions expérimentales. De plus, son expression a été observée dans le centre du PRL du stade V ou plus, principalement dans les cellules centrales présumées exprimer QC25::CFP et WOX5 par ailleurs (Figure 10A). Les plantes transgéniques qui permettront de vérifier la co-localisation de ces différents marqueurs sont actuellement en cours d'obtention.

Compte tenu de ces données, l'expression de PI semble un bon marqueur de la mise en place du centre quiescent au cours du développement de la racine latérale. (Lavenus et al., 2015).

Identification de régulateurs potentiels de PI au cours du développement de la racine latérale et caractérisation préliminaire du phénotype racinaire

L'algorithme TDCor a alors été utilisé pour prédire la topologie probable des interactions génétiques entre des gènes d'intérêt, incluant PI, à partir de leur profil d'expression dans le LR transcriptomic dataset. Le rapidité de calcul et la précision de ces prédictions diminuant avec le nombre de gènes considérés, différentes listes ont été testées, la plus grande incluant plus de 300 gènes connus pour être impliqués fonctionnellement, ou spécifiquement exprimés, dans les méristèmes apicaux, racinaires ou caulinaires, et au cours du développement des racines latérales.

Les réseaux prédits sont alors explorés afin d'identifier les régulateurs potentiels de PI (Figure 10B).

Les résultats préliminaires suggèrent que les régulateurs transcriptionels prédits de PI le sont de façon relativement robuste. Parmi ceux-ci, les facteurs de transcription PLT1, 2, 3 et 4 sont intéressants car ce sont des régulateurs bien connus de l'auto-maintien du méristème apical racinaire de la racine primaire [START_REF] Aida | The PLETHORA Genes Mediate Patterning of the Arabidopsis Root Stem Cell Niche[END_REF]Santuari et al., 2016), et des données récentes ont révélé leur importance dans l'organisation fonctionnelle du PRL (Du and Scheres, 2017;[START_REF] Hofhuis | Phyllotaxis and rhizotaxis in Arabidopsis are modified by three plethora transcription factors[END_REF]. D'autres facteurs prédits comme régulateurs de PI dans le LR transcriptomic dataset retiennent l'attention car leur rôle dans l'organisation fonctionnelle de tissus en croissance est également connu : notamment LHW (Ohashi-Ito et al., 2014) et les facteurs de transcription de la famille KANADI (KAN4) et HD-ZipIII (PHB) (Hawker and [START_REF] Bowman | Roles for Class III HD-Zip and KANADI Genes in Arabidopsis Root Development[END_REF]Lee and Clark, 2015).

Ces analyses se poursuivent afin de consolider la sélection de gènes candidats régulateurs potentiels de PI, et dont la redondance fonctionnelle pourrait être limitée. Des allèles mutants perte de fonction de ces gènes seront alors recherchés et la dépendance de l'expression de PI vis à vis de ces régulateurs devra alors être confirmée de la même façon que pour les gènes cibles de PUCHI. L'analyse du promoteur de PI pourrait éventuellement révéler la présence de motifs de liaison pour certains de ces facteurs de transcription, pour lesquels l'hypothèse d'une régulation directe de PI pourra alors être proposée.

Analyse du réseau de gènes impliqué dans le développement de la racine latérale

L'inférence par TDCor de réseaux de gènes impliqués dans le développement des racines latérales à partir du LR transcriptomic dataset produit de façon robuste une structure en 3 ensembles : deux sous-réseaux assez étendus, à l'intérieur desquels de nombreuses régulations positives connectent les différents gènes, et qui sont liés l'un à l'autre au contraire par des relations mutuellement exclusives, et un troisième groupe de gènes, moins nombreux, dont les interactions ne permettent pas de les classer dans l'un ou l'autre des deux premiers groupes (Lavenus et al., 2015). Cette structure de réseau suggère un mécanisme de bifurcation entre l'activité des deux premiers grands groupes de gènes. Le premier comprend ARF7, PUCHI, et d'autres facteurs dont l'expression, élevée dans les phases précoces du développement du PRL, décline rapidement et est pour certains spatialement réduite à la base du primordium. L'autre groupe comprend ARF5 et d'autres facteurs de transcription caractéristiques de l'organisation fonctionnelle du méristème apical racinaire, tels que SCR, SHR, PLT1-4. De façon intéressante TDCor prédit que PI appartient à ce second groupe de gènes, en aval, particulièrement, de PLT1, PLT2 et PLT3. L'expression des gènes de ce second groupe est faible en début de développement et augmente significativement dans la seconde moitié de la séquence de développement du PRL. Leur domaine d'expression est souvent central dans le PRL, dans la zone où le méristème racinaire est mis en place (Du and Scheres, 2017;Lavenus et al., 2015). 

Identification de régulateurs potentiels de la transition vers la phase méristématique et caractérisation préliminaire de leur phénotype racinaire

Les gènes candidats identifiés sur la base de leur profil d'expression dans le LR transcriptomic dataset et des données fonctionnelles publiées dans la littérature seront analysés de façon à tester expérimentalement leur rôle dans le développement du PRL et particulièrement, la mise en place du méristème.

La caractérisation du phénotype racinaire a déjà été initiée chez certains des mutants de ces gènes candidats disponibles dans les collections. Des résultats préliminaires suggèrent que le mutant myb56 et les mutants multiples crf sont affectés dans la progression du développement de racine latérale (Figure 11). Ces analyses seront poursuivies et enrichies par des analyses détaillées de l'anatomie des PRL mutants et de leur organisation fonctionnelle, en particulier concernant l'expression du marqueur PI::GFP.

Le profil d'expression de ces gènes régulateurs dans les PRL sera également étudié. Si les données suggèrent que ces régulateurs contrôlent bien l'induction de l'expression de PI de façon cellule-autonome, cette hypothèse sera vérifiée en induisant l'expression de ces gènes dans d'autres régions du primordium et en analysant l'impact sur l'expression de PI::GFP. 

Conclusion du chapitre IV

La caractérisation du profil d'expression de la construction PI::GFP a permis de confirmer que le gène PISTILLATA constituait un bon marqueur de la mise en place du centre quiescent dans le primordium de racine latérale. La recherche de gènes candidats par des approches d'inférence de réseaux de gènes a permis d'identifier un nombre important de régulateurs potentiels, parmi lesquels les plus intéressants sont actuellement sélectionnés en fonction des données connues sur ces gènes et des outils disponibles. De façon intéressante, les protocoles d'induction de racines latérales permettent d'explorer relativement rapidement et de façon précise le phénotype de ramification racinaire d'un nombre conséquent de génotypes (Lavenus et al., 2013). Toutefois, il est possible que des propriétés de redondance fonctionnelle masquent la contribution d'un gène pris isolément (e.g. PLT ; (Du and Scheres, 2017)). Des mutants multiples pourront alors être générés.

Chapitre V: Discussion générale

Cette thèse a porté sur l'exploration des propriétés du réseau de gènes régulant le développement des racines latérales et a ciblé particulièrement deux questions :

(i) Quels sont les processus cellulaires contrôlés par le facteur de transcription PUCHI lors du développement des racines latérales ? 
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 11 Figure 1.1. Arabidopsis primary root and lateral root meristems. Schematic organization of the apical meristem of Arabidopsis primary root (A) and emerged lateral root (B). Cell types of primary root apical meristem and presumptive cell types of lateral root apical meristems are indicated in the colour legend.

Figure 1

 1 Figure 1.2. Key events during lateral root primordium initiation and their regulators (modified from Lavenus et al., 2013). Pericycle cells are primed partly through
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 13 Figure 1.3. Schematic presentation of LRP organogenesis and embryonic root organogenesis. (A) LRP organogenesis is usually described as different stages (I-VII and finally emergence). The stage I LRP (4 green cells) divides periclinally to form stage II LRP having two cell layers. The inner layer of stage II LRP will eventually develop into ground tissues and pericycle (grey), while the outer layer develops into the endodermis, cortex, epidermis and root cap (light blue). From stage IV onwards, some central cells start expressing QC markers. For simplicity, the pericycle, endodermis, cortex and epidermis tissues of the parent root that are shown at stage I LRP are not shown in stage II-VII LRPs. (B) After fertilization, the embryo develops from the zygote through different stages. At dermatogen stage, a hypophysis is established which will divide asymmetrically to form a lens-shape cell and a basal cell (mid globular stage), and eventually develop into the root apical meristem (from heart stage onwards). Colour legend for figure A-I (except the stage I LRP) and B-Mature is as of Figure 1.1.

  been thoroughly studied (reviewed in ten Hove et al., 2015; Figure 1.3B). Arabidopsis root apical meristem displays a simple and stereotyped cellular organization with a central stem cell niche surrounding the organizing centre, called quiescent centre (QC), and providing new progenitors for all the cell types of the root and the root cap (Figure 1.1). Stem cells, called initials, can be recognized from their location, close to the QC, and from their ability to produce progenitor cells through asymmetric cell division. Progenitor cells, or transit amplifying cells, can be recognized by the expression of cell fate specific marker genes as well as by proliferative cell divisions tending to conserve clonally related cell file structures. Key players during the embryonic root apical meristem formation and maintenance include auxin and its regulators, and transcription factors such as WUSCHEL RELATED HOMEOBOXs (WOXs), PLTs and SHR-SCR (Figure 1.4B).
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 14 Figure 1.4. Distribution patterns of some key regulators in different developmental contexts. Auxin gradient revealed by DR5 promoter, and expression patterns of QC markers, SHR, SCR and PLTs in stage VII lateral root primordia (A), primary root apical meristem (B) and callus in callus induction medium (C). SHR protein (green) is produced in stele and moves into the adjacent cell layer to activate the expression of SCR (yellow). Note the similarity in expression patterns of these regulators in these different contexts.

  of pericycle-derived founder cells, a new functional root meristem including a stem cell niche. Major regulators of cell fate and cell behaviour, especially cell cycle, are involved in triggering and then controlling this organogenesis process. Specific transcription factors, chromatin modifiers, and signalling pathways impact gene expression in a precise time and space dependent manner, although we are still far from having elucidated all their interactions and understanding the properties of the entire network. Importantly non-cell autonomous signals, such as mobile peptides, directional fluxes of the plant hormone auxin, and transcription factors able to move through plasmodesmata, mediate cell-to-cell coordination across tissues and the emergence of developmental patterns. Moreover, de novo root meristem formation associated to root branching shares common regulatory mechanisms together with root meristem specification in the embryo and plant regeneration from calli, raising interesting evo-devo as well as biotechnological perspectives. However, many questions are still open regarding key developmental events during LRP organogenesis. How pericycle cell competency for root organogenesis is precisely regulated remains unclear. In addition, the precise molecular mechanisms underlying pericycle cell priming, prebranch site formation and founder cell specification are unknown. Last, the regulatory network properties controlling the organisation of a new root apical meristem are not understood. Hopefully, the comparison of root formation from embryonic, post-embryonic, and calli tissues will help to unravel the fundamental properties of this organogenesis program.
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 21 Figure 2.1. Prediction of the gene regulatory network during LRP development organized into two subnetworks by TDCor (Ph.D. thesis of Julien Lavenus, 2014).
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 22 Figure 2.2. Expression of GFP-PUCHI in LRPs and the primary root. (A) GFP-PUCHI expression could be detected in endodermal cells surrounding the developing LRP (arrow). (B) Expression of GFP-PUCHI in a stage II LRPs and in the stele. (C) and (D) The expression is gradually restricted to the base and flanks. Cell membrane (orange) is visualized using WAVE131Y. (E) Expression pattern of PUCHI obtained from the ePlant webservice http://bar.utoronto.ca/eplant/. Expression levels in different root tissues are color-coded from low (yellow) to high (red) according to a linear scale. High expression of
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 2 2A-C). Its expression was also found in pericycle cells flanking the developing LRP (Figure2.2C, arrows). Besides LRPs, the presence of the GFP signal was also frequently detected in endodermal cells overlaying young LRPs that are still below the endodermis (Fig 2.2A, arrow) and frequently in the stele (Figure2.2B, example arrow). The expression of PUCHI in the endodermis seemed to strictly associate with LRPs, while its presence in the stele could be detected far from a LRP (not shown).
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 23 Figure 2.3. puchi-1 mutant produces more LRPs and is delayed in LRP development. (A) Three zones of Arabidopsis primary root regarding lateral root formation and development as suggested in (Dubrovsky and Forde, 2012). Scale bars = 1cm. (B) Morphology of puchi-1 LRPs. Note the increase in peripheral cell layers and thus the width of the puchi-1 developing LRP, as well as the defects in the flanks of the emerging one. Scale bars = 50 µm. (C) Density of developing LRPs, emerged LRs, un-emerged LRPs, and total LR initiations (LRPs + LRs) in 9-day old WT and puchi-1 seedlings. Developing LRPs are those in the LR formation zone. Un-emerged LRPs are those located in the branching zone of the primary root but have not crossed the epidermis. Data are represented as Mean ± SEM (standard error of the means) of three biological replicates; number of seedlings = 20-30 in each repeat. (D) Frequency distribution of distances between two consecutive LRPs in WT and puchi-1 roots. Each bin of the histogram represents a range of 300 µm. Number of LRPs = 222 and 228 for WT and puchi-1, respectively. The orange and dark blue bar indicates the mean LRP distance in puchi-1 and WT, respectively. The star in the histogram for puchi-1 indicate the significant difference between its mean distance and that of WT. (E) Examples of longitudinal and radial clusters of LRPs in puchi-1 roots. Arrowheads indicate LRPs. Scale bars = 50µm. Significance was determined by Student's t-test. ** p < 0.01, *** p < 0.001.
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 2 Figure 2.3E). The absolute numbers of LRP clusters in ~ 220 LRPs of each genotype are given in
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 24 Figure 2.4. Kinetics of LRP development in WT and puchi-1. (A) Distribution of developmental stages as described by Malamy and Benfey (1997) achieved by gravistimulation-induced LRP formation in WT and puchi-1 roots at 18, 22, 30, 36 and 48 hours post gravistimulation (hpg). Stage VIII corresponds to newly emerged LRs. Data are represented as Mean ± SEM (standard error of the means) of three biological replicates, with number of seedlings = 20-30 in each repeat. Significance was determined by Student's t-test. * p < 0.05, ** p < 0.01. For simplicity, statistical significance was only given for the two time points 18 and 48 hpg. (B) Kinetics of LRP emergence in WT and puchi-1 after gravistimulation.A different set of WT and puchi-1 seedlings were used for each time point. In each set, n = 20 for WT and 30-50 for puchi-1.
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 25 Figure 2.5. Distribution of developmental stages of un-emerged LRPs in the marked regions in WT andpuchi-1 roots. Root branching zones of 9-day old seedlings were marked, and the seedlings were returned to the normal growth condition for 4 and 9 additional days. After that, un-merged LRPs in the zone were counted and staged. In (A), number of LRPs = 78 and 118 for WT and puchi-1, respectively. In (B), number of LRPs = 100 and 66 for WT and puchi-1, respectively.

  First, in WT, anticlinal divisions of pericycle LR founder cells produce a single-layered stage I LRP. Then, periclinal divisions produce a stage II LRP has two cell layers: one inner layer (IL) and one outer layer (OL). The OL then divide periclinally again to form a 3-layered LRP (IL, OL1 and OL2).The IL of this stage III LRP in turn performs a periclinal division to form a stage IV LRP having four cell layers (IL1, IL2, OL1 and OL2;Malamy & Benfey, 1997;[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF][START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF] our observation; Figure 2.6A). In puchi-1, however, simultaneous periclinal divisions in the IL and OL, creating a stage IV LRP with ongoing cell division in both cell layers, were occasionally observed (6/30 stage IV puchi-1 LRPs) (Figure2.6B). This pattern of division was not detected to WT LRPs under our observation (0/30 stage IV WT LRPs).Therefore, in addition to controlling the frequency of periclinal cell divisions in young LRPs, PUCHI seems to also regulate periclinal cell division in LRPs which possibly results in a disorganization of LRP cell anatomy (Figure2.6C).

Figure 2 .

 2 Figure 2.6. puchi-1 LRPs are defective in cell division pattern. (A) Common cell division sequence in WT LRPs where the periclinal cell division happens in the outer layer (OL) first, then in the inner layer (IL) of the stage II LRP (Malamy and Benfey, 1997; Goh et al., 2016; Von Wangenheim et al., 2016). (B) puchi-1 LRPs are longer and flatter than WT counterparts. Some of them display unusual cell division pattern where the OL and IL divide simultaneously. The dashed cyan lines indicate periclinal cell division planes. (C) In WT LRPs of stage V and beyond, the putative quiescent center is clearly visible in WT developing LRPs (two cells at the center) but not so in puchi-1 LRPs. The cyan line outlines the putative QC and meristem. Scale bars = 50 µm.

Figure 2 . 7 .

 27 Figure 2.7. Cellular organization in the presumptive LR meristem is disturbed in puchi-1 LRs. GFP signal is from pSHR::SHR-GFP expression. Cell membrane is visualized using Propidium iodide (red). White arrows indicate the cell layer where nuclear localized SHR-GFP signal is visible. The numbers of cell layers from the tip of LRPs/LRs to the layer displaying nuclear-localized SHR-GFP signal were indicated.

  QC25::CFP was introduced into the puchi-1 background to analyse the effects of PUCHI loss-offunction on its expression pattern. During LRP development in the WT, QC25::CFP activation is first detected in central cells of the second outer most layer at the transition from stage IV to V, co-incident with the transition from bilateral symmetry to radial symmetry of the LRP[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF].Similar to what has been described, we only observed the expression of QC25::CFP in WT LRPs of stage V onwards. In LRPs younger than stage VII, the signal was confined to some central cells of the second outer most layer (Figure2.8A-C). However, in puchi-1 we observed several unusual features. First, QC25::CFP expression could be detected in younger LRPs, as early as in those of stage II (Figure2.8D). Second, the signal was not as well restricted to some central cells as in the WT and was usually seen in inner cells as well (Figure2.8E-F). Third, in puchi-1 LRPs, cells expressing QC25::CFP most prominently was dislocated by one layer compared to the WT, which is consistent with the pSHR:GFP-SHR expression pattern in the mutant LRPs. Altogether, our observation shows that QC activation and establishment, as revealed by the QC marker QC25::CFP, in time and space is disturbed in puchi-1 LRPs.
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 28 Figure 2.8. Expression of the QC-specific marker QC25::CFP is altered in puchi-1 mutant. (A) to (C) In WT LRPs, QC25::CFP expression could only be detected from stage V onwards, and was confined to several central cells. (D) to (E) In puchi-1, QC25::CFP expression could be observed from stage II onwards, and could be expanded and displaced. Cell membrane is visualized using Propidium iodide (red). Defective expression of QC25::CFP (early onset or expanded domain) was observed in 15/15 tested plants.
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 29 Figure 2.9. Auxin gradient as revealed by DR5::GFP reporter in WT and puchi-1 LRPs and LRs. (A) to (C) In WT, a clear auxin signaling gradient was gradually established during LRP development. Auxin response also happened (particularly prominent in B) in cells overlying developing LRPs to assist their emergence. (D) to (F) The gradient similar to that of WT was also observed in developing LRPs in puchi-1. However, note the skew in auxin signal in the LRP in D and lesser auxin response in LRP overlying cells. (G) to (I) In delayed LRPs, auxin response was usually very weak or did not form an auxin maximum. Auxin response in cells overlaying these LRPs was usually hard to detect. The white lines are added to assist with the visualization of LRP contours. Scale bars = 50 µm.
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 2 Figure 2.10. puchi-1 roots produce more LRPs when treated with auxin NAA. WT and puchi-1 seeds were sown on MS medium supplemented with NAA at different concentrations and the seedlings grew for 9 days. Primary root lengths, LRP density in the LR formation zone (developing LRP density) and total LRP density were measured. Data are represented as Mean ± SEM. Two replicates were done showing similar results; n = 10 seedlings in each repeat. Figures are from one repeat. Significance was determined by Student's t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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 2 Figure 2.11. Expression pattern of the cytokinin signaling reporter construct TCSn::GFP reporter in WT and puchi-1 LRPs. (A) to (D): In WT, TCSn::GFP reporter expression was not observed in LRPs until stage VI onwards. From then, the signal was observed in the presumptive stele of the LRP but not in its flanks. (E) to (J): In puchi-1, cytokinin signaling was observed inside LRPs of various stages, including stage II and III, and also strongly in flanks of more advanced LRPs. The white lines are added to assist with the visualization of LRP contours. Scale bar = 50 µm. Defective TCSn::GFP expression (early appearance and in LRP flanks) were observed in 5/5 puchi-1 seedlings. n = 5 seedlings for the WT.

  cells to auxin treatment to form LRPs. The latter effect is probably the result of the former. Second, puchi-1 LRPs are defectives in both anticlinal and periclinal cell division, which result in abnormal LRP morphology, e.g., flatter LRPs, which in turn leads to delayed LRP emergence and possibly LRP development arrest. Third, PUCHI is also important for auxin and especially cytokinin signalling, and defective hormonal signalling may lead to enhanced LRP cell division, uncontrolled stem cell niche establishment, and general LRP development. The delayed LRP emergence and enhanced LRP initiation may be link together because the two developmental processes share the same budget of root auxin.

Figure 2 .

 2 Figure 2.12. Summary of PUCHI roles during LRP development and possible links between the observed phenotypes of puchi-1 LRPs.

  PUCHI regulates both anticlinal and periclinal cell division during LRP formation, and lack of PUCHI leads to morphological and patterning defects in LR flanks and meristematic zone.Defective (extra) division in LRP cells and mis-activation of the QC are possibly the major reasons for the slow development (and early arrest) of puchi-1 LRPs. All these phenotypes of the mutant emphasize PUCHI as a negative regulator of cell division during LRP formation and development, and are consistent with the prediction that puts it as a major player of the first sub-network.However, the genetic pathways that PUCHI modulates during LRP development were not known at the beginning of my thesis. Since PUCHI regulates multiple aspects of LRP development, it is of great interest to look for its targets during this context. CFP in puchi-1
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 31 Figure 3.1. Enrichment analysis using BinGO on 217 genes having correlated expression profiles with that of PUCHI, when shifted back in time by 3 hours. Yellow nodes are biological processes that are overrepresented. "VLCFA biosynthesis process" is located at the top left. This analysis was performed initially by Dr. Julien Lavenus (Lavenus, 2013). The color gradient bar represents p-values in the statistical test done by BinGO.
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 32 Figure 3.2. Schematic representation of the VLCFA elongation cycle. VLCFAs are synthesized from malonyl-CoA and acyl-CoA (number of carbon atoms in the chain n ≥ 16) by the fatty acid elongase complex comprised of KCS, KCR, HACD (PAS2 and PTPLA) and ECR enzymes. PAS1 acts as a scaffold for the complex.

  to run the TDCor inference program. TDCor proposed a LR subnetwork topology represented in Figure3.3. VLCFA biosynthesis genes were positioned as indirect targets of PUCHI through other transcription factors like PLT7. PUCHI was predicted to be directly regulated by LBD16, which has been experimentally demonstrated (Tatsuaki Goh, personal communication). MYB41 was proposed to play an important role directly regulating VLCFA biosynthesis genes. This prediction is also supported by the observation that in the leaf, overexpression of MYB41 induces the expression of several VLCFA genes involved in suberin and cuticle biosynthesis, including KCS2 and KCS6[START_REF] Kosma | AtMYB41 activates ectopic suberin synthesis and assembly in multiple plant species and cell types[END_REF].
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 33 Figure 3.3. The PUCHI network inferred by TDCor suggests that PUCHI may regulates VLCFA biosynthesis genes indirectly via other transcription factors (from the thesis of Dr. Julien Lavenus, 2013).
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 34 Figure 3.4. Measurement of key VLCFA biosynthetic gene expression by RT-qPCR in WT (blue) and puchi-1 roots (orange). Lateral root formation is inhibited in control plants treated with the polar auxin transport inhibitor 1-N-Naphthylphthalamic acid (NPA, darker shade), while on the auxin naphthaleneacetic acid (NAA, brighter shade) lateral root initiation is induced synchronously along the primary root in both WT and puchi-1. Roots were harvested after 24h treatment on 5 µM NPA or 10 µM NAA. Normalization was achieved with the CYCLIN-DEPENDENT KINASE A;1 (CDKA;1) gene. The calibrator cDNA for relative quantification of the effect of each treatment is WT under NPA treatment. Data are represented as Mean ± SEM (standard error of the means) of three biological replicates.Significance was determined by Student's t test. * p < 0.05, ** p < 0.01. This experiment was performed by Dr. Julien Lavenus(Lavenus, 2013).
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 35 Figure3.5. Expression profiles of PUCHI and all known genes encoding for enzymes in the fatty acid elongase complex retrieved from the transcriptomic dataset[START_REF] Voß | The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana[END_REF]. Among 27 genes listed in the Appendix 2, 19 genes were retrieved, while the others did not show a differential expression in the LR dataset. Transcripts accumulation levels are expressed in arbitrary units (A.U.). The vertical green line indicates the time point when PUCHI expression reaches a maximum in the LR transcriptomic dataset.
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 336 Figure 3.5 shows that 19 VLCFA biosynthesis genes display differential expression during the course of LRP formation. However, the root materials that were used to generate the dataset comprised not only developing LRPs but also surrounding tissues. To quickly test if VLCFA genes may be expressed specifically in developing LRPs, I search for their expression in the cell type-
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 37 Figure 3.7. VLCFA biosynthesis genes are expressed in developing LRPs and their expression patterns are dependent on PUCHI, as reported by promoter::GUS transcriptional constructs. (A) Expression pattern of pPUCHI:GFP-PUCHI that restores wild-type root development in a puchi-1 background is gradually confined to the base and flanks of LRPs (described in detail in Chapter II). (B) to (D) Expression patterns of three GUS reporter constructs of VLCFA biosynthesis genes in typical WT (left) and puchi-1 (right) LRPs and newly emerged LRs. A clear loss of GUS staining is observed for pKCR1::GUS, pPAS2::GUS, and pPAS1::GUS in developing puchi-1 LRPs. Scale bars = 50µm. Numbers indicate the percentage of LRPs or LRs displaying the corresponding expression pattern. n = 30-40 seedlings for each GUS assay.

(

  20 seedlings). KCS1 expression could be detected from stage II LRPs onwards, and only in the outermost layers. In puchi-1 background, most of LRPs and LRs did not show a strong GFP signal and the signal, if any, was confined to some distant flank cells (Figure 3.8B). Expression pattern of PUCHI during LRP development is provided again for reference (Figure 3.8A).

Figure 3 . 8 .

 38 Figure 3.8. KCS genes are expressed in developing LRPs and their expression patterns are dependent on PUCHI. (A) Expression pattern of pPUCHI:GFP-PUCHI in puchi-1 background is gradually confined to the base and flanks of LRPs. (B) to (D) Expression patterns of three reporter constructs of VLCFA biosynthesis genes in typical WT (left) and puchi-1 (right) LRPs and newly emerged LRs. A clear loss of reporter signalis observed for pKCS1:KCS1-GFP and pKCS6::GUS in developing puchi-1 LRPs. Scale bars = 50µm. Numbers indicate the percentage of LRPs or LRs displaying the corresponding expression pattern. n = 20 seedlings for pKCS1:KCS1-GFP in WT and in puchi-1; n = 30-40 seedlings for each GUS assay.

2. 3 .

 3 VLCFA mutants and puchi-1 display similar defects in lateral root development I showed in Chapter II that puchi-1 seedlings have several defects in LRP development, including increased LRP initiation (density), which leads to shorter LRP spacing distances, and delayed LRP development. I performed similar phenotyping of VLCFA mutant seedlings to see if they may display similar LR defects as puchi-1.

Figure 3 .

 3 Figure 3.9. puchi-1 and kcs1-5 mutant produce more LRPs and are delayed in LRP development. (A) Three zones of Arabidopsis primary root regarding lateral root formation and development as suggested in (Dubrovsky and Forde, 2012). (B) Density of developing LRPs, emerged LRs, delayed LRPs, and total LR initiations (LRPs + LRs) in 9-day old WT, puchi-1 and kcs1-5 seedlings. Developing LRPs are LRPs scored in the LR formation zone. Delayed LRPs are defined as those located in the branching zone of the primary root but have not crossed the epidermis. (C) Frequency distribution of distances between two consecutive LRPs in WT, kcs1-5 and puchi-1 roots. Each bin of the histogram represents a range of 300 µm. Number of LRPs = 222, 208 and 228 for WT, kcs1-5 and puchi-1, respectively. The orange bar in each histogram indicates the mean LRP distance in each genotype. The stars in the histograms for kcs1-5 and puchi-1 indicate the significant difference between these mean distances compared to that of WT. (D) Examples of longitudinal and radial clusters of LRPs in puchi-1 roots. Arrowheads indicate LRPs. Scale bars = 50µm. (E) Distribution of developmental stages as described by Malamy and Benfey (1997) achieved by gravistimulation-induced LRP formation in WT, kcs1-5 and puchi-1 roots at 18 and 48 hours after the gravistimulation. Data are represented as Mean ± SEM of three biological replicates, with number of seedlings ≥ 20 in each repeat. Significance was determined by Student's t test. * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 3 .

 3 Figure 3.10. Callus formation was enhanced in puchi-1 and kcs1-5 roots. (A) pPUCHI:GFP-PUCHI (GFP-PUCHI for short) was expressed in callus induced by callus inducing medium (CIM). (B) While WT, kcs1-5 and puchi-1 roots of 7-day-old seedlings displayed similar radial organization when grown on half-strength MS medium (top), 4 more days of growth on CIM induced the formation of domeshaped individual calli in WT, but of a continuous layer of proliferating cells in the puchi-1 and kcs1-5 background (bottom) Scale bars = 100 µm. (C) Callus area quantification of 7-day-old WT, kcs1-5 and puchi-1 roots on CIM for 4 days. n = 20 for each genotype. Significance was determined by Student's ttest. *** p < 0.001. (D) pPUCHI:PUCHI-GR/puchi-1 (PUCHI-GR for short) plus dexamethasone (DEX) rescued the morphology defect of puchi-1 LRs. Scale bar = 50 µm. (E) PUCHI-GR plus dexamethasone (DEX) rescued the callus formation defect in puchi-1 background. Scale bars = 100 µm.

Figure 3 .

 3 Figure 3.11. puchi-1 roots have weaker root, but not shoot, regeneration capacity. (A) Adventitious roots appeared from callus root segments after being incubated on the root induction medium. (B) Quantification of the adventitious root regeneration capacity. Three biological replicates, n = 20, 10, 20 for WT, kcs1-5 and puchi-1 each repeat, respectively. Data are represented as Mean ± SEM. Significance was determined by Student's t test; *** p < 0.001) (C) WT and puchi-1 callus root segments produced adventitious roots after being incubated on the shoot induction medium.

Figure 3 .

 3 Figure 3.12. KCS1 is expressed in calli and its expression pattern is dependent on PUCHI. (A) to (C) pKCS1:KCS1-GFP is expressed in the outer layer of the calli. A part of (A) is magnified in (B) and (C) shows the bright field image of (B). (D) to (E) The expression of pKCS1:KCS1-GFP is not observed in puchi-1 callus. (E) Bright field image of (D). This root segment was chosen for presentation because it shows GFP signal in the endodermis layer while other observed root segments did not show any GFP signal. Scale bars = 50µm. n = 5 seedlings for WT and puchi-1.

Figure 3 . 13 .

 313 Figure 3.13. An analysis of VLCFA classes (in % dry weight = nmol of FA/dry weight of analysed material) of root materials of 7 days-old WT and puchi-1 seedlings additionally grown on lateral root induction medium (LRIS) for 36 hours. Quantity of VLCFAs in different lipid classes are given.

Figure 3 .

 3 Figure 3.14. Global FA analysis revealed that mutation of PUCHI altered VLCFA composition in roots treated with CIM (to be continued).

Figure 3 .

 3 Figure 3.14 (cont). Global FA analysis revealed that mutation of PUCHI altered VLCFA composition in roots treated with CIM. (A) Global FAs of WT (blue) and puchi-1 (red) roots treated with CIM for 4 days. Compared to WT roots, puchi-1 roots showed an increase in C16:0 and C18:0 and a decrease in C20:0, C22:0 and C24:0 in the phosphoglycerolipid pools, and a decrease in VLCFAs in other fatty acid pools including -hydroxylated FAs, fatty alcohols and -hydroxylated FAs. (B) Global FAs of WT (blue) and kcs1-5 (red) roots treated with CIM for 4 days. kcs1-5 and puchi-1 callus materials showed comparable alterations in many classes of VLCFAs. (C) The sum of < 20 carbon atom-containing FAs and ≥ 20 carbon atom-containing FAs from the above analyses. The legend for FA pools in (A) is applicable to (B). n = 3, 3 and 2 biological replicates for WT, puchi-1 and kcs1-5.

of esb- 1

 1 and pCASP1:CDEF in esb1-1 seedlings (not shown) gave stronger and weaker fluorescence intensity, respectively. The relative fluorescence intensity between esb1-1 and WT roots was ~ 2 (Figure 3.15A, B), which is comparable to the ratio revealed by gas chromatographymass spectrometry (GC-MS; Ranathunge & Schreiber, 2011). Strikingly the intensity of fluorol yellow signal was significantly lower in puchi-1 roots compared to WT roots (~ 20%; Figure 3.15D, E) suggesting a lower amount of fluorol yellow substrates, possibly suberin, in this background.

Figure 3 .

 3 Figure 3.15. Suberin staining of roots with Fluorol yellow. (A) A segment of WT and esb-1 roots, and (B) the relative GFP intensity between the two genotypes. (D) A segment of WT and puchi-1 roots, and (E) the relative intensity between the two genotypes. 3 replicates, n = 40 for WT and puchi-1. Data are represented as Mean ± SEM. Significance was determined by Student's t test; * p < 0.05.

  were regulated by PUCHI throughout LRP development in a similar manner. The clear loss of GUS staining in puchi-1 background was observed in developing LRPs as well as in newly emerged LRs. Curiously, the GUS staining was observed in some cells at the base and flanks of puchi-1 LRPs and LRs where PUCHI is normally supposed to be transcribed (Figure3.7). In the wild type, loss of reporter gene expression was prominent at the tip of LRPs and LRs where GFP-PUCHI proteins are not clearly detected. This could reflect a delayed modification in VLCFA biosynthesis gene regulation across LRP development or a noncell autonomous action of PUCHI in WT LRPs. On the other hand, partially redundant KCS genes displayed more diverse expression patterns and regulation by PUCHI. While the loss of GUS expression in puchi-1 LRPs was observed for KCS1 and KCS6 (a lesser extent for KCS20), both KCS6 and KCS20 showed a stronger GUS staining in newly emerged LRs in puchi-1 compared to in the WT (Figure3.8). Thus PUCHI may participate to a complex spatiotemporal regulation of KCS gene expression, which might control the synthesis of VLCFAs of various chain lengths(Kim 

Figure 3 .

 3 Figure 3.16. Possible PUCHI network regulating pericycle cell division and LRP formation and development. LBD16 regulates PUCHI directly or through TOLS2-RLK7 module. Current work shows that PUCHI positively regulates VLCFA biosynthesis, possibly through hormone signaling, to regulates pericycle cell division (for founder cell specification or callus formation) as well as LRP development.VLCFAs have been suggested to control pericycle cell division via inhibiting ALF4 expression. Dashed lines suggest that PUCHI may regulate other factors than VLCFAs. On the left: orange: the pericycle; blue: LR founder cells. On the right: blue gradient represents the auxin gradient in developing LRPs.

1 .

 1 Figure S3.1. Expression pattern of pKCS1::GUS and pECR::GUS in the root. (A) pKCS1::GUS did not show a clear and consistent expression pattern, and was not expressed in a majority of developing LRPs and emerging LRs in WT. (B) pECR::GUS showed two different expression patterns within a population. A majority showed expression in the root tip (left) while the minority did not (right). Scale bars = 50 µm; n = 40 seedlings each genotype.

Figure S3. 2 .

 2 Figure S3.2. Expression of pKCR1::GUS in endodermal cells overlaying developing LRP is altered in puchi-1. (A) pPUCHI:GFP-PUCHI is expressed in the developing LRP and also in nearby endodermal cells. Cell membrane is visualized using WAVE131Y (presented as orange). (B) In WT, almost 100% endodermal cells overlaying a young LRP are positive with GUS, making a continuous expression in the endodermis, while in puchi-1 a majority of LRP-overlaying endodermal cells lack GUS staining. Scale bar = 50 µm. Small sample size.

Figure S3. 3 .

 3 Figure S3.3. cer10-2 roots produced more lateral organs than did WT roots. Density of developing LRPs, emerged LRs, delayed LRPs, and total LR initiations (LRPs + LRs) in 9-day old WT and cer10-2 seedlings. 3 biological repeats. n ≥ 20 for each genotype each repeat. Significance was determined by Student's t test. * p < 0.05, ** p < 0.01.

Figure S3. 4 .

 4 Figure S3.4. Total fatty acid profile from Arabidopsis thaliana roots. Total FAMES analysis was done on root materials of 9 days-old WT and puchi-1 seedlings grown on normal MS/2.

Figure S3. 5 .

 5 Figure S3.5. An analysis of VLCFA classes (in % dry weight = nmol of FA/dry weight of analysed material) of root materials of 9 days-old WT and puchi-1 seedlings grown on normal MS/2. Quantity of VLCFAs in different lipid classes are given.

Figure 4 . 1 .

 41 Figure 4.1. First downstream neighbors of LBD16, an important transcription factor regulating LRP initiation. Its predicted targets are also involved in LRP initiation, including PUCHI, SHY2, SLR, LBD33

Figure 4 . 2 .

 42 Figure 4.2. Expression profile of PISTILLATA during LRP development in the LR transcriptomic dataset.

Figure 4 . 3 .

 43 Figure 4.3. Expression of PI::GFP in the WT background. PI expression could only be detected from

  Figure 4.4.B is provided in Figure S4.1 and Figure S4.2, respectively.

Figure 4 . 4 .

 44 Figure 4.4. Inferred networks consisting of PISTILLA, its direct targets and potential regulators. The networks were inferred from a list of 129 genes and 302 genes, respectively. PLT1, PLT2, PLT3, ARF8, LRP1 and KAN4 are PI upstream regulators present in both networks.

  One notable feature of the inference is the clustering of KANADI4 and Class III HD-Zip gene family members (PHABULOSA [PHB], REVOLUTA[REV] and CORONA[CAN]) around

Figure 4 . 5 .

 45 Figure 4.5. Lateral root phenotype of mutants of genes predicted to be upstream regulators of PISTILLATA. (A) Total LRP density of 9-day seedlings. n = 15 for Col-0 and 8 seedlings for the others. (B) Developmental stages of LRPs of seedlings gravistimulated for 48 hours. n = 12 for Col-0 and 20-28 seedlings for the others. (C) Morphology of emerging LRPs in WT and the quadruple mutant phb phv cna er. n = 6 for the WT and = 20 seedlings for the mutant. Scale bars = 50 µm. Data are represented as Mean ± SEM of three biological replicates. Significance was determined by Student's t test (*** p < 0.001).

Figure 4 . 6 .

 46 Figure 4.6. Whole network analyses reveal modules in gene network controlling LRP development. (A)

Figure 4 . 7 .

 47 Figure 4.7. Expression profiles extracted from the LR dataset of the genes in the three modules based on the TDCor inference for the new gene list consisting of 307 genes.

Figure 4 . 7 (

 47 Figure 4.7 (cont.). Expression profiles extracted from the LR dataset of the genes in the three modules based on the TDCor inference for the new gene list consisting of 307 genes.

  3). MYB36 is a good example suggesting that tightly regulating cell divisions in the LRP boundary may greatly impact overall LRP development. It would be interesting to investigate in detail the kinetics of myb36 LRP development as well as the organization of the LRP central domain and its function to see to what extent the defect in the boundary leads to disturbance in the central domain and trouble in overall LRP development.

Figure 4 . 8 .

 48 Figure 4.8. Lateral root phenotype of some mutants of genes in the 3 rd module. (A) Developmental stages of LRPs of WT and myb56 seedlings gravistimulated for 48 hours. 2 biological replicates; n = 20-26 seedlings for each genotype each repeat. Data are represented as Mean ± SEM of two biological replicates. Significance was determined by Student's t test. * p < 0.05, ** p < 0.01. (B) The same assay for crf mutants. 1 replicate; n = 15-18 seedlings.

. 1 .

 1 Figure S4.1. Expression profiles in the LR dataset of some predicted regulators of PISTILLATA selected from Figure 4.4B.

Figure S4. 2 .

 2 Figure S4.2. Expression profiles in the LR dataset of some predicted targets of PISTILLATA selected from Figure 4.4B.

Figure S4. 3 .

 3 Figure S4.3. Expression profiles of genes in the third module in the LR dataset. (to be continued)

  conclusion, my Ph.D. work has explored some genetic networks controlling LRP development in A. thaliana. I have first described in detail the roles of PUCHI during LRP development through the mutant phenotyping. The predicted network consisting of PUCHI and its targets VLCFA biosynthesis genes has been demonstrated to be true and relevant in both LRP and callus formation contexts. My work has expanded the current knowledge on the roles of VLCFAs in LRP development, and extended the network cascade consisting of ARF7 -LBD16 -TOLS2-RLK7 -PUCHI -VLCFAs that regulates LRP initiation and development. Finally, network

  and subcloned into pENTR D-TOPO using Gateway technology. The genomic fragment was then transferred to pGWB-GR(C) that contains the Gateway cassette in front of the hormone-binding domain of rat glucocorticoid receptor (GR).

  Selected statistical test: Hypergeometric test Selected correction: Benjamini & Hochberg False Discovery Rate (FDR) correction Selected significance level: 0.05 Testing option: Use whole annotation as reference set
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Figure 1 .

 1 Figure 1. (A) Organisation du méristème apical racinaire assurant la croissance indéterminée de la racine primaire chez Arabidopsis thaliana. (B) Formation d'une racine latérale, à partir de cellules du péricycle, chez A. thaliana. En vue longitudinale, la première phase de développement (stades I à IV) est caractérisée par des divisions anticlines et périclines construisant un organe simple délimité par des cellules flanquantes.

  . Ces résultats montrent que PUCHI est un régulateur important du développement des racines latérales chez A. thaliana. Néanmoins, les gènes et les voies de signalisation ciblés par ce facteur de transcription ne sont pas identifiés, et son mode d'action au sein du PRL demeure donc inconnu.

Figure 2 .

 2 Figure 2. (A) Comparaison du phénotype racinaire in vitro de plantules de 9 jours de génotype sauvage (WT) et perte de fonction puchi-1. (B) Morphologie des primordia de racines latérales au microscope en contraste interférentiel. Barre d'échelle : 50 µm. (C) Expression de la construction rapporteur pPUCHI :PUCHI-GFP (fluorescence verte) dans les tissus du PRL (marqué au iodure de propidium, fluorescence rouge). Barre d'échelle : 20 µm. Adapté de[START_REF] Hirota | The Auxin-Regulated AP2/EREBP Gene PUCHI Is Required for Morphogenesis in the Early Lateral Root Primordium of Arabidopsis[END_REF].

Figure 3 .

 3 Figure 3. (A) Caractérisation du profil de ramification racinaire de plantules sauvages (WT) ou mutantes puchi-1 cultivées 9 jours in vitro sur milieu ½ MS. Les PRL notés retardés sont ceux détectés dans les tissus plus matures que ceux dont émerge la racine latérale la plus jeune. Moyennes  erreur standard, n= 20-30 plantes, x 3 répétitions. Les étoiles indiquent des différences significatives (test de Student) à p<0,01 (**) et p<0,001 (***). (B) Profil des stades de développement atteints par les PRL induits par gravistimulation dans des plantules sauvages (WT) ou puchi-1, 18h ou 48h après gravistimulation (hpg). Moyennes  erreur standard, n= 20-30 plantes, x 3 répétitions. Les étoiles indiquent des différences significatives (test de Student) à p<0,05 (*) et p<0,01 (**). (C) Exemple de clusters de PRL chez puchi-1, les PRL sont indiqués par les flèches. (D) Perturbation de l'anatomie cellulaire d'un PRL puchi-1 par rapport au sauvage (WT). (E) Visualisation du profil d'expression du transgène QC25::CFP, dont l'expression est caractéristique du

Figure 4B .

 4B Figure 4B. Le gène KCS6 (non montré) présente une forte induction de son expression à partir de

Figure 4 .

 4 Figure 4. (A) Schéma de la voie de biosynthèse des acides gras à très longues chaines. L'élongation de la chaine des acides gras par cycle d'ajout de 2 carbones est catalysée par un complexe enzymatique localisé dans la membrane du réticulum endoplasmique et rassemblant, dans l'ordre chronologique d'intervention : une 3-céto-acyl-coA synthase (KCS), une 3-céto-acyl-coA réductase (KCR), une 3hydroxyacyl-coA-déshydratase (HCDA) et une trans-2,3-enoyl-coA-réductase (ECR). PAS1 code pour une protéine chaperone du complexe. Si de multiples gènes de la famille KCS ont été identifiés (Joubès

Figure 5 .Figure 6 .

 56 Figure5. Niveau d'expression relatif, mesuré par RT-qPCR, des gènes de biosynthèse des acides gras à très longue chaine dans les racines de plantules de 13 jours de génotype sauvage (WT) ou mutantes puchi-1 après induction de la formation des racines latérales par traitement hormonal (adapté de[START_REF] Himanen | Auxin-Mediated Cell Cycle Activation during Early Lateral Root Initiation[END_REF]). Les plantules sont d'abord cultivées pendant 12 jours sur un milieu supplémenté en 5 µM d'acide naphthylphthalamique (NPA), un inhibiteur des transports polarisés d'auxine qui bloque la formation des racines latérales. Puis les plantules sont transférées sur milieu supplémenté en 10 µM d'acide naphthalène-acétique (NAA), un analogue de l'auxine déclenchant de façon synchrone la formation des racines latérales sur l'ensemble du péricycle. Le traitement contrôle correspond à des plantules transférées sur NPA 5 µM. Les racines sont prélevées et la quantification des ARNm est réalisée par RT-qPCR 24h après transfert. Le gène CDKA est utilisé pour comme référence interne pour la RT-qPCR. Les quantifications sont relatives au niveau d'expression mesuré pour le gène d'intérêt chez le sauvage, sur NPA. Moyennes  erreur standard, 3 répétitions. Les étoiles indiquent des différences significatives (test de Student) à p<0,05 (*) et p<0,01 (**). Expérience réalisée par J. Lavenus.

  Les racines du mutant cer10-2 (ecr) présentaient également un phénotype similaire, quoique plus léger encore que kcs1-5. Ainsi, la perte d'expression de certaines isoformes des enzymes de biosynthèse des VLCFA affecte l'initiation et le développement des racines latérales de façon similaire, mais plus légère, que puchi-1. Ces résultats montrent que la régulation de ces gènes par PUCHI pourrait expliquer au moins en partie le phénotype racinaire du mutant. Le fait que PUCHI régule l'expression de plusieurs de ces isoformes, la redondance fonctionnelle complexe des enzymes KCS en fonction des tissus et des stades de développement, et l'existence possible d'isoforme(s) d'ECR non décrite(s) pourraient expliquer le phénotype sensiblement plus sévère de puchi-1 par rapport aux mutants de biosynthèse des VLCFA testés, et la pertinence de cette régulation coordonnée exercée par PUCHI au cours du développement des racines latérales.

Figure 7 .

 7 Figure 7. (A) Densité d'organes racinaires (primordia de racines latérales et racines latérales émergées) mesurée sur les racines primaires de plantules sauvage (wild type), mutante kcs1-5, et mutante puchi-1 de 9 jours in vitro, sans traitement inducteur du développement des racines latérales. (B) Profil de distribution des stades de développement (Malamy and Benfey, 1997) atteints par les primordia de racines latérales dans ces racines. Moyennes  erreur standard, n= 20-30 plantes, x 3 répétitions. Les étoiles indiquent des différences significatives (test de Student) à p<0,05 (*), p<0,01 (**) et p<0,001 (***).

  ont récemment montré que la régulation de la biosynthèse des VLCFA par KCS1 influençait fortement la compétence des cellules du péricycle à répondre à un traitement hormonal inducteur de la callogenèse : au lieu de former des cals bien délimités comme la racine sauvage, les racines kcs1-5 forment des cals fusionnés, moins développés. De façon intéressante, Trinh Duy Chi a montré que le mutant puchi-1 présentait les mêmes altérations phénotypiques sur milieu inducteur de cals, et de façon encore plus sévère que kcs1-5 (Figure8). Ces résultats sont cohérents avec les résultats précédemment montrés car (i) la compétence du péricycle à initier la formation des cals en réponse au traitement auxine+cytokinine pourrait être comparée à la compétence du péricycle à initier le développement de racines latérales. Des résultats préliminaires suggèrent que le péricycle puchi-1 est effectivement hypersensible aux traitements auxiniques exogènes (NAA ; 0,01 µM à 0,1 µM) et forme plus de LRP que le sauvage à traitement équivalent.LRP developmental stages at two time points

Figure 8 .

 8 Figure 8. (A) Profil d'expression, par microscopie confocale, de la construction rapporteur pPUCHI::PUCHI-GFP (qui complémente le phénotype puchi-1 en conditions normales) dans les racines de plantules de génotype sauvage cultivées 7 jours sur milieu ½ MS normal (MS) puis 4 jours sur milieu inducteur de la callogénèse (CIM). Le signal vert correspond à la fluorescence de PUCHI-GFP ; le signal rouge correspond à la fluorescence du iodure de propidium, utilisé pour visualiser les contours cellulaires. (B) Visualisation, par microscopie à contraste interférentiel, de l'anatomie des racines de plantules de génotype sauvage cultivées 7 jours sur milieu normal (MS) puis 4 jours sur milieu inducteur de la callogénèse (CIM). Sur CIM les racines sauvages produisent de multiples cals distincts, tandis que les deux mutants kcs1 et puchi-1 produisent une couche continue de cellules en prolifération. n = 20 plantes pour chaque génotype. (C) Ce phénotype du mutant puchi-1 est complémenté par l'introduction d'un transgène pPUCHI::PUCHI-GR et l'induction de l'activité de la protéine PUCHI-GR par la déxaméthasone. Barre d'échelle : 100 µm. n = 10 plants x 2 lignées x 2 répétitions.

Figure 9 .

 9 Figure 9. A : Profil des acides gras à longues et très longues chaines extraits de racines de plantules sauvages (WT) et puchi-1 de 11 jours cultivées sur milieu inducteur de la callogenèse depuis 4 jours. B :

  Chapitre IV: Utilisation de l'inférence de réseau de gènes pour rechercher les régulateurs potentiels de l''établissement de la niche de cellules souches dans le primordium de racine latérale L'organisation d'un méristème racinaire fonctionnel au sein du PRL est un processus clé dont dépend la croissance de la racine latérale après émergence. De façon intéressante, les résultats actuels suggèrent que c'est un phénomène progressif, débutant visiblement à la transition entre le stade IV et le stade V du développement du PRL avec l'induction de l'expression marquée de QC25::CFP et de WOX5::nls:GFP, marqueurs du centre quiescent dans le contexte de la racine primaire, au centre du primordium, au moment où ce PLR franchit l'endoderme et entame une séquence plus complexe de divisions cellulaires[START_REF] Goh | Quiescent center initiation in the Arabidopsis lateral root primordia is dependent on the SCARECROW transcription factor[END_REF]. De façon intéressante, c'est un phénomène étonnamment robuste, influencé par de nombreux régulateurs connus du méristème apical racinaire, en particulier les facteurs de transcription PLETHORA, SCARECROW et SHORT-ROOT, mais parvenant à être mis en place dans la plupart des mutants concernés. Trinh Duy Chi a donc exploité la base de données LR transcriptomic dataset et l'algorithme TDCor pour rechercher des facteurs pouvant contrôler la mise en place du centre quiescent dans le PRL. Pour ce faire, ni QC25 ni WOX5 n'étant présents sur la puce Affymetrix servant de base au LR transcriptomic dataset, la première étape a consisté à identifier un nouveau gène marqueur de l'identité centre quiescent et exprimé dans le LR transcriptomic dataset.

Figure 10 .

 10 Figure 10. A : expression du transgène PI::GFP (fluorescence verte, signal cytoplasmique) au centre du PRL de stade V et au-delà. Les contours cellulaires sont marqués par l'expression de la construction WAVE131Y (Geldner et al., 2009). Barre d'échelle : 50 µm. n  5/5 primordia observés à chaque stade. B : représentation sous Cytoscape du réseau d'interactions génétiques prédites autour de PI par TDCor, à partir l'expression dans le LR transcriptomic dataset d'une liste de gènes impliqués dans l'établissement, le maintien, l'organisation et l'activité des méristèmes racinaires et caulinaires. Les gènes sont représentés par les cercles roses. Le signe des interactions est représenté par la forme des connections. La largeur des connections est d'autant plus grande que la robustesse de la prédiction est grande (bootstrap). L'échelle de couleur, de vert à rouge, est indicatrice de la probabilité croissante que cette interaction soit indirecte(Lavenus et al., 2015).

  La structure globale du réseau génétique pourrait donc expliquer la transition dans le temps et la disjonction dans l'espace des deux domaines d'expression correspondant à ces deux sousréseaux. Les gènes du troisième groupe seraient susceptible de médier la transition, dans la zone centrale du méristème et/ou à partir d'un stade de développement intermédiaire, entre l'activité des gènes du groupe ARF7 vers celle des gènes du groupe ARF5. Ces gènes constituent donc des candidats pour le déclenchement de la transition vers la mise en place du méristème, et en particulier, le centre quiescent. Parmi ces gènes, des facteurs de transcription de la famille WOX (WOX11, WOX14), MYB (MYB56), et CRF sont particulièrement intéressants.

Figure 11 .

 11 Figure 11. Profil de distribution des stades de développement atteints par les primordia de racine latérale induits par gravistimulation, et observés au microscope à contraste interférentiel 48h après gravistimulation, dans le contexte sauvage (WT) et dans des génotypes mutants myb56 (A) et crf256 et crf1356 (B). n = 20-26 plantules, 1 répétition.

1 TAIR

 1 Quels sont les facteurs génétiques contrôlant la mise en place du méristème dans le primordium de racines latérales et particulièrement, l'établissement de novo du centre quiescent ?Ces objectifs ont été abordés en utilisant une stratégie originale combinant l'exploration de base de données transcriptomiques, l'inférence de réseau de gènes et la caractérisation fonctionnelle classique des gènes candidats identifiés, en aval de PUCHI ou en amont de PI.Cette approche s'est révélée efficace pour mettre en évidence que PUCHI exerce, de façon inattendue, un rôle de master régulateur de la voie de biosynthèse des VLCFA en contrôlant la dynamique d'expression de plusieurs gènes de biosynthèse lors du développement des PRL. Compte tenu du phénotype racinaire de certains des mutants pour ces gènes, la perte de cette régulation chez le mutant puchi-1 pourrait expliquer le retard de développement des PRL et leur densité plus importante le long de la racine primaire. Toutefois le rôle précis des VLCFA dans ces processus demeure inconnu. Par ailleurs, la complexité des patrons d'expression des gènes de biosynthèse des VLCFA dans et autour du PRL suggère que PUCHI n'est pas le seul régulateur à intervenir. Les recherches futures pourront s'attacher à caractériser le rôle des VLCFA dans le développement des PRL et l'importance de cette régulation coordonnée par PUCHI. Des analyses en microscopie électronique sont en cours afin de comparer l'ultrastructure cellulaire dans les PRL puchi-1 et sauvages. La cartographie plus fine et quantitative de la signalisation auxine et cytokinine dans les primordia (Figure 3), ainsi que la caractérisation des profils de localisation des transporteurs d'auxine (Wattelet-Boyer et al., 2016; Roudier et al., 2010b) pourraient contribuer à éclaircir les mécanismes d'organisation fonctionnelle affectés par la modification du profil lipidomique. La recherche des régulateurs contrôlant la mise en place du centre quiescent est à un stade moins avancé mais de nombreux candidats ont d'ores et déjà été identifiés. Les données de la littérature, et des expériences préliminaires de phénotypage racinaire ont attiré l'attention sur un petit nombre de gènes dont la caractérisation va être poursuivie. De façon intéressante, la stratégie de recherche, basée sur la corrélation entre profils d'expression dans des bases de données transcriptomiques permet d'identifier des candidats sans a priori trop étroit sur leur fonction. Dans ce contexte, il est particulièrement notable d'identifier des régulateurs connus de l'organisation fonctionnelle d'autres territoires, comme contrôlant potentiellement la mise en place des identités méristématiques dans le primordium. APPENDIX ID and names of the 217 genes showing an expression profile similar to that of PUCHI as revealed by TDCor. Gene names retrieved from TAIR: https://www.arabidopsis.org/tools/bulk/genes/index.PROTEIN (PROTEIN OF UNKNOWN FUNCTION, DUF593) (AT4G30830) AT1G65850 DISEASE RESISTANCE PROTEIN (TIR-NBS-LRR CLASS) FAMILY (AT1G65850) AT4G31240 PROTEIN KINASE C-LIKE ZINC FINGER PROTEIN (

Figure 5 .

 5 Figure 5. Expression levels of VLCFA genes as revealed by qRT-PCR during LRP formation are dependent on PUCHI. LRP formation was blocked by NPA (an auxin transport inhibitor) and then synchronously induced by NAA (an auxin) treatment. * P < 0.05, ** P < 0.01.Figure 6. Promoter::GUS reporter analyses show that VLCFA biosynthesis genes are expressed in WT developing LRPs and their correct expression patterns are dependent on PUCHI (one developmental point is illustrated). Bars = 50 µm.

Figure 2 :

 2 Figure 2: Primary root and LRP phenotypes (A and B) of PUCHI loss-of-function mutant (puchi-1). (C) Expression pattern of PUCHIpro:PUCHI-GFP (green) from ref (3).

Figure 8 .

 8 Figure 8. PUCHI and VLCFAs control callus formation in callus-inducing medium (CIM) containing high levels of auxin. (A) PUCHIpro:PUCHI-GFP is expressed during LRP and callus formation. (B) On CIM, WT roots produce calli with intervals, while puchi-1 and kcs1-5 roots produce a continuous layer of proliferating cells. (C) puchi-1 phenotype on CIM is rescued by a dexamethasone-PUCHI-GR construct + dexamethasone (DEX). Bars = 100 µm.

B

  

Figure 7 .

 7 Figure 7. puchi-1 and a key VLCFA mutant (kcs1-5) showed similar LR defects, including higher LR densities (A) which translate into shorter interval LRP spacing (not showed), and delay in LRP developmental progression (B). In (B) LRP formation was synchronously induced and LRP developmental stages were scored at 18 and 48 hours after the induction. Note the clear difference in the percentages of emerged LRs in WT, puchi-1 and kcs1-5. * P < 0.05, ** P < 0.01, *** P < 0.001.

  

  

  

  

  

  

  

-Stage VII lateral root primordia B -Primary root apical meristem C -Callus in callus induction medium

  ..

	A					
	QC markers	DR5	SHR and SCR PLT1; PLT4	PLT2-3, PLT7	PLT5
	QC markers	DR5	SHR and SCR	PLT1-3; PLT5	PLT4	P LT7
	QC marker	DR5	SHR	SCR	PLTs	

Table 2 .

 2 

			Distance between two consecutive LRPs	
	Genotype	0-100 µM	100-200 µM	200-300 µM	300-400 µM	Total (0-300 µM)	Total (0-400 µM)
	WT (222 LRPs)	0	0	2	5	2	7
	puchi-1 (228 LRPs)	10	33	66	12	109 (54.5x)	121 (17.3x)

1. Numbers of LRP clusters in ~ 200 LRPs in WT and puchi-1. Numbers in brackets in puchi-1 total LRP clusters show the fold change compared to the WT.

Table 2 . 2 .

 22 Tracking the numbers of emerged LRs in the branching zone after 4 and 9 days of

	further growth (2 separate experiments)				
	Time points	No. of emerged LRs at T0 (9d old plants)	No. of emerged LRs at T0 + 4d	% increase	No. of emerged LRs at T0 (9d old plants)	No. of emerged LRs at T0 + 9d	% increase
	WT	234	235	0.4	90	91	1.1%
	puchi-1	139	141	1.4%	76	79	3.9%

  Lavenus identified VLCFA biosynthesis genes are targets of PUCHI, and he confirmed that in the context of early LRP development, VLCFA expression levels are dependent on PUCHI. In this work, we further demonstrated that PUCHI regulates expression patterns of key VLCFA genes

	such as KCR1, PAS2, PAS1, KCS1 and KCS6 during LRP development. VLCFA mutants
	displayed similar phenotype to that of PUCHI, including increased LRP density, delayed LRP
	developmental progression and enhanced callus formation on callus-inducing medium (CIM).

Table 5 .1. Primer for genotyping

 5 

Table 5 .2. Primers for qPCR used in the thesis of Dr. Julien Lavenus (2013).

 5 

	No. Primer name	Primer sequence (5' -3')
	CDKA F	ATTGCGTATTGCCACTCTCATAGG
	CDKA R	TCCTGACAGGGATACCGAATGC
	ECR F	CCTTGACCTCCCCGATTC
	ECR R	CCAGGAGTCACGGGAAGA
	KCS1 F	CTTGCAACGTGACCACCAT
	KCS1 R	AGCACGGTTCCGGTTAAAG
	KCS2 F	CCATTGATCTCGCTAAACAGC
	KCS2 R	TCGGTCGTTGCCTAAATACC
	KCS20 F	GCTTAGAGGCAACATTTTGAGC
	KCS20 R	GCGTATGAGTTTGGTTGCAC
	KCR1 F	GCTTAAGAGGAAGAAAGGTGCTATT
	KCR R	CACTTTGTGAACTGATCCACGTA
	PAS2 F	TCTATGACGCCATTGAGAAGC
	PAS2 R	CAGGAGATCTGACCAAACCTACTAA
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Cette néoformation répétée et régulée de racines latérales est cruciale pour le développement d'un système racinaire complexe

  et adapté aux besoins de la plante et aux contraintes du milieu.Du fait de leur importance pour le développement et la multiplication des plantes, et parce que la formation des racines latérales est un excellent modèle pour explorer les mécanismes d'organogénèse(Lavenus et al., 2013), les processus de ramification racinaire sont depuis longtemps intensément étudiés. La formation d'une nouvelle racine latérale débute par des divisions anticlines de cellules préalablement sélectionnées du péricycle(Malamy and Benfey, 

1997;

[START_REF] Wangenheim | Rules and self-organizing properties of post-embryonic plant organ cell division patterns[END_REF] 

(Figure

La caractérisation du rôle de PUCHI au cours du développement des racines latérales En

  

	, sont des outils originaux et
	particulièrement puissants pour explorer les propriétés du réseau de gènes régulant le
	développement des racines latérales. Ils peuvent être utilisés pour rechercher les cibles directes ou
	indirectes dont l'expression est contrôlée par un gène d'intérêt. Cette approche a notamment
	permis d'identifier une liste de cibles potentielles de PUCHI, parmi lesquelles les gènes impliqués
	dans la biosynthèse des acides gras à très longues chaines (VLCFA) étaient statistiquement
	surreprésentés. Inversement ces outils peuvent être également employés pour rechercher les

régulateurs amont de gènes d'intérêt, par exemple, méristématiques. Enfin, la topologie prédite du réseau peut-être analysée globalement, par une stratégie de biologie des systèmes.

Ce travail de thèse a débuté en mai 2016 dans ce contexte, avec l'objectif de poursuivre l'exploitation de ces approches pour progresser dans notre compréhension des mécanismes génétiques contrôlant le développement, et particulièrement l'organisation des primordia de racine latérale. Il s'est organisé selon deux axes : 1complément d'une analyse détaillée de génétique classique permettant d'affiner la caractérisation du rôle de PUCHI sur l'initiation, le développement anatomique et fonctionnel des primordia, et l'émergence des racines latérales (Chapitre II), les travaux de Trinh Duy Chi ont permis de développer puis d'étayer l'hypothèse selon laquelle PUCHI régulerait la voie de biosynthèse des VLCFA au cours de la ramification racinaire (chapitre III).

Le facteur de transcription PUCHI régule la voie de biosynthèse des VLCFA durant la formation des racines latérales et l'induction de la production de cals par le péricycle 3.1. L'expression de multiples gènes de biosynthèse des VLCFA semble régulée par PUCHI au cours du développement des racines latérales Afin

  Pour identifier les voies de régulation ciblées par PUCHI dans le primordium de racine latérale, Trinh Duy Chi a donc poursuivi les analyses de la base de données LR transcriptomic dataset par l'algorithme TDCor, initiées précédemment, et a contribué à vérifier expérimentalement les prédictions selon lesquelles PUCHI régulerait de façon coordonnée la biosynthèse des acides gras à très longues chaines au cours du développement des racines latérales.

	Chapitre III:
	et d'en éclairer de nouveaux aspects, en particulier
	concernant le profil de signalisation cytokinine et l'expression de QC25::CFP. Globalement, la
	fonction de PUCHI est donc nécessaire pour inhiber l'initiation des racines latérales avec une
	densité trop importante dans le péricycle, permettre la progression du développement du PRL
	jusqu'à l'émergence, et contrôler son organisation anatomique et fonctionnelle. Parce que ces

différents aspects sont liés par des régulations complexes faisant intervenir des rétro-contrôles et des actions non cellule-autonomes, il est difficile de comprendre lesquels de ces processus sont des cibles directes de PUCHI et lesquels pourraient être au contraire des conséquences indirectes des premières altérations phénotypiques chez le mutant. d'identifier les gènes dont l'expression pouvait être contrôlée par celle de PUCHI au cours du développement des racines latérales, Julien Lavenus a extrait du LR transcriptomic dataset tous les gènes dont le profil d'expression était corrélé (R>0,8) avec celui de PUCHI, avec un retard de 3h. Parmi les 217 gènes identifiés, la catégorie fonctionnelle GO de « biosynthèse des acides gras » était statistiquement surreprésentée (p<0,01 ; analyse par le logiciel BiNGO

[START_REF] Maere | BiNGO: A Cytoscape plugin to assess overrepresentation of Gene Ontology categories in Biological Networks[END_REF]

). En effet, l'algorithme TDCor propose de nombreux gènes de biosynthèse des VLCFA comme cibles directes ou indirectes de PUCHI.

Les acides gras à très longue chaine (VLCFA, C20 carbones) sont essentiels au développement des animaux, des végétaux et de la levure et sont synthétisés par un complexe de 4 enzymes localisé dans le réticulum endoplasmique

[START_REF] Bach | Role of very-long-chain fatty acids in plant development, when chain length does matter[END_REF][START_REF] Haslam | Extending The Story Of Very-Long-Chain Fatty Acid Elongation[END_REF]

) (Figure

4A

). Ces acides gras peuvent ensuite être modifiés, par exemple hydroxylés, et incorporés dans différentes classes de lipides pouvant participer aux membranes cellulaires (sphingolipides et galactolipides), au stockage d'énergie (triacylglycérols) ou à certains matériaux extracellulaires comme les cires (cutine) ou la subérine

[START_REF] Li-Beisson | Acyl-Lipid Metabolism[END_REF]

. Malgré son importance, leur fonction dans le développement demeure mal connue. Chez la plante modèle A.

APPENDIX 3 Binding motif of the TF PUCHI retrieved

  from the Plant Transcription Factor Database v4.0 (http://planttfdb.cbi.pku.edu.cn/).

	AT3G03490	PEROXIN 19-1 (PEX19-1)	AT5G56460	PROTEIN KINASE SUPERFAMILY PROTEIN (AT5G56460)
	AT3G06510	GLYCOSYL HYDROLASE SUPERFAMILY PROTEIN (SFR2)	AT5G57390	AINTEGUMENTA-LIKE 5 (AIL5)
	AT3G07130	PURPLE ACID PHOSPHATASE 15 (PAP15)	AT5G58330	LACTATE/MALATE DEHYDROGENASE FAMILY PROTEIN (AT5G58330)
	AT3G07720	GALACTOSE OXIDASE/KELCH REPEAT SUPERFAMILY PROTEIN (AT3G07720)	AT5G59250	MAJOR FACILITATOR SUPERFAMILY PROTEIN (AT5G59250)
	AT3G08510	PHOSPHOLIPASE C 2 (PLC2)	AT5G59590 UDP-GLUCOSYL TRANSFERASE 76E2 (UGT76E2)
	AT3G11080	RECEPTOR LIKE PROTEIN 35 (RLP35)	AT5G60360	ALEURAIN-LIKE PROTEASE (ALP)
	AT3G13090	MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 8 (ABCC6)	AT5G60900	RECEPTOR-LIKE PROTEIN KINASE 1 (RLK1)
	AT3G13790	GLYCOSYL HYDROLASES FAMILY 32 PROTEIN (ATBFRUCT1)	AT5G62480 GLUTATHIONE S-TRANSFERASE TAU 9 (GSTU9)
	AT3G14570 List	GLUCAN SYNTHASE-LIKE 4 (GSL04)	AT5G64120	PEROXIDASE SUPERFAMILY PROTEIN (AT5G64120)
	AT3G15760	CYTOCHROME P450 FAMILY PROTEIN (AT3G15760)	AT5G64280	DICARBOXYLATE TRANSPORTER 2.2 (DIT2.2)
	AT3G20120	CYTOCHROME P450, FAMILY 705, SUBFAMILY A, POLYPEPTIDE 21 (CYP705A21)	AT5G65970	SEVEN TRANSMEMBRANE MLO FAMILY PROTEIN (MLO10)
	AT3G21260	GLYCOLIPID TRANSFER PROTEIN (GLTP) FAMILY PROTEIN (GLTP3)	ATCG00490	RIBULOSE BISPHOSPHATE CARBOXYLASE LARGE CHAIN (RBCL)
	AT3G22160	VQ MOTIF-CONTAINING PROTEIN (AT3G22160)		
			AT5G46780 VQ MOTIF-CONTAINING PROTEIN (AT5G46780)
	AT2G43680	IQ-DOMAIN 14 (IQD14)	AT5G46790	PYR1-LIKE 1 (PYL1)
	AT2G44230	HYPOTHETICAL PROTEIN (DUF946) (AT2G44230)	AT5G49170	HYPOTHETICAL PROTEIN (AT5G49170)
	AT2G46100	NUCLEAR TRANSPORT FACTOR 2 (NTF2) FAMILY PROTEIN (AT2G46100)	AT5G50200	NITRATE TRANSMEMBRANE TRANSPORTER (WR3)
	AT2G47630	ALPHA/BETA-HYDROLASES SUPERFAMILY PROTEIN (AT2G47630)	AT5G50820	NAC DOMAIN CONTAINING PROTEIN 97 (NAC097)
		BIFUNCTIONAL INHIBITOR/LIPID-TRANSFER		
	AT2G48130	PROTEIN/SEED STORAGE 2S ALBUMIN	AT5G51550	EXORDIUM LIKE 3 (EXL3)
		SUPERFAMILY PROTEIN (AT2G48130)		
	AT2G48140	BIFUNCTIONAL INHIBITOR/LIPID-TRANSFER PROTEIN/SEED STORAGE 2S ALBUMIN SUPERFAMILY PROTEIN (EDA4)	AT5G52240	MEMBRANE STEROID BINDING PROTEIN 1 (MSBP1)
	AT3G01210	RNA-BINDING (RRM/RBD/RNP MOTIFS) FAMILY PROTEIN (AT3G01210)	AT5G53110	RING/U-BOX SUPERFAMILY PROTEIN (AT5G53110)
	AT3G01690	ALPHA/BETA-HYDROLASES SUPERFAMILY PROTEIN (AT3G01690)	AT5G53850	HALOACID DEHALOGENASE-LIKE HYDROLASE FAMILY PROTEIN (AT5G53850)
	AT3G01930	MAJOR FACILITATOR SUPERFAMILY PROTEIN (AT3G01930)	AT5G55970	RING/U-BOX SUPERFAMILY PROTEIN (AT5G55970)
	AT3G02730	THIOREDOXIN F-TYPE 1 (TRXF1)	AT5G56150 UBIQUITIN-CONJUGATING ENZYME 30 (UBC30)

of predicted binding sites of the TF PUCHI on VCLFA promoters:

  

	Promoter	Start	Stop Strand	Score	p-value Matched sequence
	KCR1	3135	3149 +	12.7812	8.19E-06 AAACCTCCGCCGATA
	KCS1	662	676 -	6.64062	9.33E-05 TTTTATCCGCCACAA
	KCS17	1481	1495 -	22.7812	1.16E-08 CTGTCGCCGCCGTCA
		1484	1498 -	13.4375	6.04E-06 GTTCTGTCGCCGCCG
		1691	1705 -	12.0938	1.11E-05 TTGTCTCCGCCACAA
		1633	1647 +	8.95312	4.00E-05 CCAACGTCACCGCTC
		395	409 +	8.34375	5.04E-05 CCTTCTCCGCCTGAC
		392	406 +	7.29688	7.39E-05 ACTCCTTCTCCGCCT
	KCS18	1169	1183 +	6.90625	8.50E-05 CTTTATCCGCCATGA
	KCS20	2482	2496 +	10.8125	1.92E-05 AAGTCATCGCCGTCT
		2485	2499 +	6.71875	9.08E-05 TCATCGCCGTCTCTT
	KCS5	1592	1606 +	12.3281	1.00E-05 TCCAAACCGCCGCCC
		77	91 -	12.2344	1.05E-05 CAACCGTCGCCATCG
		999	1013 +	9.51562	3.22E-05 TTCTCTCCGCCATCC
		80	94 -	9.3125	3.49E-05 TAGCAACCGTCGCCA
		1595	1609 +	7.45312	6.99E-05 AAACCGCCGCCCCCA
		954	968 +	6.6875	9.18E-05 ATCTCTCCGTCGTAC
	KCS6	1594	1608 -	9.70312	3.00E-05 CAGCCTCCACCATCA
	KCS9	3024	3038 -	7.79688	6.17E-05 ACGGATCCGCCATTA
	PLPLA	1222	1236 -	21.0156	5.84E-08 CTCTCTCCGCCGCCG
		1219	1233 -	16.2344	1.47E-06 TCTCCGCCGCCGAAT
		1171	1185 -	15.8281	1.83E-06 CTGCCACCGCCGGGA
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Expressed specifically in vascular tissues [START_REF] Schlereth | MONOPTEROS controls embryonic root initiation by regulating a mobile transcription factor[END_REF] SARK/ CIK3 Regulates shoot meristem homeostasis as the mutants have significantly enlarged shoot apical meristem; required for CLAVATA [START_REF] Hu | A group of receptor kinases are essential for CLAVATA signalling to maintain stem cell homeostasis[END_REF] and CLE sensing in the root [START_REF] Anne | CLERK is a novel receptor kinase required for sensing of root-active CLE peptides in Arabidopsis[END_REF]. Also involved in meristem function in the primary root (Xiaoping Gou, personal communication)

WOX11

Upregulates LBD16 and LBD29 expression to stimulate adventitious root and callus formation [START_REF] Liu | WOX11 and 12 Are Involved in the First-Step Cell Fate Transition during de Novo Root Organogenesis in Arabidopsis[END_REF][START_REF] Liu | The WOX11 -LBD16 Pathway Promotes Pluripotency Acquisition in Callus Cells during de Novo Shoot Regeneration in Tissue Culture[END_REF][START_REF] Sheng | Noncanonical WOX11 -mediated root branching contributes to plasticity in Arabidopsis root system architecture[END_REF] WOX14 Unknown; However, it promotes vascular cell division in the stem.

CHAPTER V

General discussions and perspectives

CHAPTER VI

Materials and methods

seedlings were mounted in the clearing solution; LRPs present in the primary root bend were visualized under DIC microscopy and imaged. LRPs were categorized into developmental stages as described in (Malamy and Benfey, 1997). For measurement of LR organ spacing distances, roots of 9-day old seedlings were progressively imaged from the collar to the tip under Zeiss AX10 DIC microscope at the magnification of 20x or 40x. These photos were then stitched manually in Microsoft PowerPoint to form a large and coherent image of the corresponding root. The distances between LR organs (including emerged LRs and non-emerged LRPs) were measured on this stitched image using Fiji [START_REF] Schindelin | Fiji: An open-source platform for biological-image analysis[END_REF].

Fluorol yellow staining

Fluorol yellow staining with Arabidopsis seedlings was done according to the protocol obtained from http://wp.unil.ch/geldnerlab/files/2013/07/Fluorol-Yellow-staining.pdf which in turn is adapted from [START_REF] Lux | An improved method for clearing and staining free-hand sections and whole-mount samples[END_REF]. After staining, WT and puchi-1 seedlings of comparable lengths were placed side by side and their GFP images were taken progressively from the collar to the suberin onset position. Position of WT and puchi-1 seedlings on the slide was swapped regularly to prevent any positional effects. GFP intensity of the WT and puchi-1 roots in each image were then measured using Fiji and the ratio of GFP intensity was calculated as described in https://theolb.readthedocs.io/en/latest/imaging/measuring-cell-fluorescence-using-imagej.html 
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APPENDIXES APPENDIX 2

ID, common name, availability in the LR dataset and function of VLCFA biosynthesis genes.

Gene ID Common name

In the LR dataset?

Biochemical function, from [START_REF] Trenkamp | Specific and differential inhibition of verylong-chain fatty acid elongases from Arabidopsis thaliana by different herbicides[END_REF][START_REF] Blacklock | Substrate specificity of Arabidopsis 3-ketoacyl-CoA synthases[END_REF][START_REF] Tresch | Inhibition of saturated very-long-chain fatty acid biosynthesis by mefluidide and perfluidone, selective inhibitors of 3-ketoacyl-CoA synthases[END_REF] In planta function/Mutant phenotype AT1G01120 KCS1 Yes Substrate specificity: C20:0; C20:1; C16:1; C18:0, C18:1, C20:1.

Produces: C20:0; C20:1; C22:0; C24:0; C26:0.

Cuticular wax production [START_REF] Todd | KCS1encodes a fatty acid elongase 3-ketoacyl-CoA synthase affecting wax biosynthesis inArabidopsis thaliana[END_REF].

Mutant: thinner stems and more sensitive to dry air [START_REF] Todd | KCS1encodes a fatty acid elongase 3-ketoacyl-CoA synthase affecting wax biosynthesis inArabidopsis thaliana[END_REF], enhanced callus formation on callus-induction medium [START_REF] Shang | Very-long-chain fatty acids restrict regeneration capacity by confining pericycle competence for callus formation in Arabidopsis[END_REF]. AT1G04220 KCS2/ DAISY Yes Produces: C20:0, C22:0, C24:0. Cuticular wax and root suberin biosynthesis;

act redundantly with KCS20 [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF].

Mutant: slight reduction in primary root growth [START_REF] Lee | Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are functionally redundant in cuticular wax and root suberin biosynthesis, but differentially controlled by osmotic stress[END_REF] et al., 2017).

Wax biosynthesis in leaf trichomes [START_REF] Hegebarth | Arabidopsis ketoacyl-CoA synthase 16 (KCS16) forms C36/C38acyl precursors for leaf trichome and pavement surface wax[END_REF].

AT4G34510 KCS17 Yes Substrates: C16:0, C18:0, C20:0, C22:0.

Produces: C20:0, C20:1, C24:0, C26:0.

AT4G34520 KCS18/ FAE1

No VLCFA synthesis for seed storage triacylglycerols.

Substrates: C16:0, C18:0, C20:0, C22:0 Produces: C20:0, C20:1, C22:0, C22:1, C24:0, C24: We used an inhouse algorithm called TDCor ( 2) in combination with a previously generated time course transcriptomic dataset covering the whole process of LR organogenesis (5) to search for genes having correlated but delayed expression profiles with that of PUCHI. 217 genes were found. GO analysis on these 217 genes revealed that VLCFA biosynthesis is the most strongly overrepresented biological process. Expression profiles of PUCHI and VLCFA genes are showed in Fig. 3.

VLCFAs are components of phospholipids and sphingolipids, triacylglycerols, suberin and waxes. They are synthesized by the fatty acid elongase complex consisting of enzymes of 4 families: KCS, KCR, HCD/PAS2 and ECR (Fig. 4). While there is only one functional KCR, PAS2 and ECR, multiple KCS enzymes are responsible for the final VLCFA chain lengths (6). VLCFAs are essential for plant development, and were recently showed to control cell competence for callus formation in callusinducing conditions (6, 7).

Identify VLCFA biosynthesis genes as targets of PUCHI using a systems biology approach Root system architecture, i.e. the configuration of a whole root system in the soil, is considered a major determinant of plant performance and crop yield [START_REF] Smith | [END_REF]. In many plant species such as A. thaliana the mature root system is largely derived from lateral roots (LRs) formed after germination (Fig. 1).

We have previously suggested an early patterning mechanism defining the central region and flanks of the LR primordia (LRP) and identified genes involved in this process ( 2). One such is the transcription factor PUCHI which was previously showed to control cell division and proliferation during LRP formation (Fig. 2) [START_REF] Lavenus | [END_REF][START_REF] Malamy | [END_REF]. No targets of PUCHI have been reported.

Here, by using a systems biology approach combining a transcriptomic dataset and a gene regulatory network inference algorithm we identified very long chain fatty acids (VLCFA) biosynthesis genes as potential targets of PUCHI. Experimental evidences support our hypothesis.

Figure 1: Root system architecture in Arabidopsis is largely determined by the formation of LRs. LRPs (white) are initiated from a specific tissue of the primary root (green) and its formation is usually categorized into different stages ( 4).