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Résumé

Les parois cellulaires végétales sont le principal composant de la biomasse végétale. Elles sont principalement composées de polysaccharides (~90%), de protéines (~5-10%) et de composés phénoliques. Les protéines de la paroi cellulaire (CWP) jouent un rôle majeur dans la plasticité de la paroi cellulaire au cours du développement et en réponse à un stress. Le premier objectif de ma thèse était de caractériser le protéome de la paroi cellulaire des thalles de la bryophyte Marchantia polymorpha, en analysant trois étapes du développement. Deux types d'extraction de protéines ont été réalisés : (i) en utilisant des solutions salines pour éluer les protéines des parois purifiées ; (ii) par chromatographie d'affinité sur concanavaline A à partir de protéines totales. Après LC-MS/MS et analyse bioinformatique, 410 CWP avec des peptides signaux prédits ont été identifiés. Le protéome de la paroi cellulaire de M. polymorpha présente certaines spécificités par rapport à celui des plantes vasculaires, mais également des caractéristiques conservées. Parmi les protéines agissant sur les polysaccharides, on trouve des glycosides hydrolases des familles GH16 (XTH), 17 (β-1,3-glucanase), 18 (chitinase) et 19 (chitinase/lysozyme). L'abondance oxydoréductases, telles que les peroxydases de classe III et les polyphénol oxydases, est probablement liée à la présence de composés aromatiques dans les parois. Des dirigent proteins qui peuvent être impliquées dans la polymérisation de composés aromatiques sont très représentées ainsi que des D-mannose lectines. Par ailleurs, une extraction différentielle des polysaccharides a permis de révéler plusieurs types de polysaccharides grâce à des anticorps spécifiques: (i) l'acide homogalacturonique faiblement méthylestérifié ; (ii) des xyloglucanes de type XXXG et XXLG ; (iii) du mannane et du galactomannane. Le deuxième objectif de ma thèse était d'étudier les deux protéines pariétales à domaine PAC (Pro-rich protein, Arabinogalactan protein, Conserved Cys) (PDP) de M. polymorpha (Mp1g10970 et Mp1g29680). Ces protéines sont présentes dans toutes les plantes terrestres. On supposait auparavant que AtAGP31, une PDP d'A. thaliana, était impliquée dans des interactions non covalentes avec des polysaccharides pectiques (galactanes) et son propre domaine central O-glycosylé pour former des réseaux supra-moléculaires. Notre étude visait à comprendre le rôle des deux PDP de M. polymorpha au cours du développement du thalle par des approches de génétique inverse. De même, nous avons également voulu répondre à la question de la conservation du rôle des PDP dans l'évolution de la lignée verte. Nous avons obtenu des lignées transgéniques sur-exprimant Mp1g10970 et Table of contents 1 
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Introduction

The plant cell walls

Plant cell walls represent the outermost layer that surrounds every plant cell. They play important roles during plant development and in response to environmental constraints including biotic and abiotic stresses. They are dynamic structures. They must be rigid and elastic simultaneously in order to act as a physical barrier and to allow the growth of plant cells. As major end-products of photosynthesis, cell walls are predominant sinks for atmospheric carbon and contribute to carbon recycling. Huge world-wide efforts are presently devoted to developing efficient processes to produce bioethanol from biomass [START_REF] Ezquer | Plant cell walls tackling climate change: Biotechnological strategies to improve crop adaptations and photosynthesis in response to global warming[END_REF]. These developments should contribute answering the growing demand for energy and the need to reduce greenhouse gases. However, the lack of basic knowledge on the molecular mechanisms leading to the assembly/disassembly of cell wall negatively impacts the agro-industry. The physical and chemical properties of cell walls depend on their composition. Some cell wall characteristics (e.g. composition and thickness) vary during the course of plant development and in response to environmental constraints. Plant primary cell walls are mainly composed of a large set of primary cell walls polysaccharide which represent up to 90% of the cell wall mass, proteins (~5-10 %) and phenolic compounds in some plant species (e.g. Poaceae) (Carpita & Gibeaut, 1993).

In multicellular species, growth is linked to repeated rounds of cell division in meristems [START_REF] Heidstra | Plant and animal stem cells: Similar yet different[END_REF]. Plants undergo cytokinesis (division of a cell) after mitosis [START_REF] Jürgens | Plant cytokinesis: Fission by fusion[END_REF]. A new cell wall is produced across the plane of division separating the two daughter cells [START_REF] Inagaki | Cell-cycle control and plant development[END_REF][START_REF] Jürgens | Plant cytokinesis: Fission by fusion[END_REF]. The deposition of this new cell wall must be associated with fast synthesis and routing of cell wall polysaccharides to the newly formed cell plate that is a unique mechanism linked with cytokinesis in plants [START_REF] Hong | A cell plate-specific callose synthase and its interaction with phragmoplastin[END_REF][START_REF] Miart | Spatio-temporal analysis of cellulose synthesis during cell plate formation in Arabidopsis[END_REF]. [START_REF] Samuels | Cytokinesis in tobacco BY-2 and root tip cells: A new model of cell plate formation in higher plants[END_REF] showed that the cell plate formation includes the following stages: (i) Golgi vesicles delivery into the cell equatorial plane, (ii) the formation of fine tubes when the microtubules transporting Golgi vesicles fuse together to form a tubulovesicular network called the phragmoplast, (iii) the reinforcement of the phragmoplast into a smooth tubular network rich in callose and then formation of plate fenestrae (iv) production of finger-like projections at the edges of cell plate through which it fuses with parent cell membrane and (v) cell plate production accompanied with closure of plate fenestrae and cellulose production. All and above, the phragmoplast regulates and directs the location of the newly deposited cell wall during cytokinesis [START_REF] Srivastava | Cytokinesis: Robust cell shape regulation[END_REF].

Plant cell walls are arranged into three main layers: primary cell wall, middle lamella and some have secondary cell walls.

The middle lamella is the inner layer of the cell walls that cements two neighboring primary cell walls. It is the first layer that is deposited during plant cell division. The cell plate that forms during cell division grows into the middle lamella. It is a glue-like layer characterized by the presence of calcium and magnesium pectates [START_REF] Zamil | The middle lamella-more than a glue[END_REF].

The primary cell wall is a hydrated network that is laid down by the cells that are actively dividing and capable of growing [START_REF] Srivastava | Cytokinesis: Robust cell shape regulation[END_REF]. Based on its chemical characteristics, architecture and different components, the primary cell walls can be categorized into two types: Type I and Type II (Figure 1.1) [START_REF] Carpita | Structure and biogenesis of the cell walls of grasses[END_REF]. Type I walls are mainly found in dicots (e.g.

Arabidopsis thaliana) and non-commelinoid monocots. These are characterized by cellulosexyloglucans networks (with equal amounts) embedded in a pectic matrix of homogalacturonans (HGs), rhamnogalacturonans I and II (RGI and RGII) [START_REF] Popper | Primary cell wall composition of Bryophytes and Charophytes[END_REF]. Whereas Type II cell walls are found in commelinoid monocots (e.g. Poaceae like Oryza sativa). Compared to Type I walls, Type II have less xyloglucans, less pectins and aromatic compounds like ferulic acid (Carpita & Gibeaut, 1993).

The secondary cell wall is deposited once the cells stop growing. It is in contact with the outer face of the plasma membrane and the inner face of the primary cell wall (Figure 1.2). Secondary cell walls are characterized by their increased thickness and reduced flexibility compared to primary cell walls. Lignified secondary cell walls are not present in all plant species (e.g. moss)

and not around all cell types. They provide additional strength and rigidity. This is due to deposition of hydrophobic phenolic compounds, i.e. lignins [START_REF] Srivastava | Cytokinesis: Robust cell shape regulation[END_REF]. In this introduction, the first part will be focused on the general features of plant cell walls including their composition, their structure and their roles. The second part will deal with the PAC domain (Proline-rich, Arabinogalactan proteins, conserved Cysteines) proteins family to which my proteins of interest belong. The last part will describe the objectives of my thesis project.

1.1.1. The plant cell wall composition that is present in primary and secondary cell walls where its microfibrils maintain the structural integrity. Cellulose is a linear, unbranched polymer of β-(1,4)-D-glucose (Glc) [START_REF] Klemm | Cellulose: Fascinating biopolymer and sustainable raw material[END_REF]. In plants, cellulose is synthesised and arranged into microfibrils by hexameric complexes called rosettes or cellulose synthase complexes (CSCs) [START_REF] Robinson | Fine structure of swarmers of Cladophora and Chaetomorpha: III. Wall synthesis and development[END_REF], each of them comprising three different cellulose synthase subunits (CESAs) [START_REF] Arioli | Molecular Analysis of cellulose biosynthesis in Arabidopsis[END_REF][START_REF] Pear | Higher plants contain homologs of the bacterial celA genes encoding the catalytic subunit of cellulose synthase[END_REF]. Many CESA genes have been identified by the study of cellulose deficient mutants [START_REF] Somerville | Cellulose synthesis in higher plants[END_REF]. The CSCs are located at the plasma membrane and synthesize 18 chaincellulose microfibrils (Figure 1.3). CESAs are made up of eight transmembrane domains and Nand C-terminal domains facing the cytoplasm. They have a zinc-binding domain at their Nterminus, which may help them to dimerize [START_REF] Somerville | Cellulose synthesis in higher plants[END_REF]. In Arabidopsis thaliana primary cell walls, CSCs are formed of CESA1, CESA3 and CESA6, whereas CESA4, CESA7 and CESA8 are essential for cellulose synthesis in secondary cell walls. These complexes synthesize cellulose using UDP-glucose and Mg 2+ as a cofactor. The cellulose synthase interacting protein (CSI) is crucial for anchoring the CSCs to the underlying cortical microtubules, and inactivation of this protein affects the CSCs co-localization with cortical microtubules [START_REF] Bringmann | POM-POM2/Cellulase synthase interacting1 is essential for the functional association of cellulose synthase and microtubules in Arabidopsis[END_REF][START_REF] Li | Cellulose synthase interactive protein 1 (CSI1) links microtubules and cellulose synthase complexes[END_REF]. The cortical microtubules direct CSC migration along the plasma membrane plane [START_REF] Paredez | Visualization of cellulose synthase demonstrates functional association with microtubules[END_REF]. Recently, a new protein was identified that is present as cellulose synthase companion (CC) during cellulose synthesis. By increasing microtubule dynamics, the CC proteins safeguard Arabidopsis seedlings' cellulose synthesizing ability when subjected to harsh environmental circumstances [START_REF] Endler | The cellulose synthase companion proteins act non-redundantly with CELLULOSE SYNTHASE INTERACTING1/POM2 and CELLULOSE SYNTHASE 6[END_REF]. Cellulose synthasemicrotubule uncoupling's (CMU) functional breakdown resulted in lateral microtubule displacement, compromising microtubule-based guidance of CSC migration [START_REF] Liu | Cellulose-microtubule uncoupling proteins prevent lateral displacement of microtubules during cellulose synthesis in Arabidopsis[END_REF].

Other proteins are involved in cellulose biosynthesis like cobra (COB) and korrigan (KOR) (Figure 1.3). It is worth to note that the orientation of cellulose microfibrils is influenced by interactions with the cytoskeleton [START_REF] Polko | The regulation of cellulose biosynthesis in plants[END_REF][START_REF] Wightman | Trafficking of the plant cellulose synthase complex[END_REF]. 

Hemicelluloses

The hemicelluloses include xyloglucans, mannans, glucomannans, galactoglucomannans, arabinoxylan and xylans. These are present in primary and secondary cell walls of all terrestrial plants and their structure and abundance vary in cell walls (Scheller & Ulvskov, 2010).

Hemicelluloses not only interact with cellulose microfibrils through hydrogen bonds, but also with lignins through covalent bonds [START_REF] Terrett | Covalent interactions between lignin and hemicelluloses in plant secondary cell walls[END_REF]. Hemicelluloses extraction from the cell walls is done by alkaline treatment using KOH or NaOH solutions.

Xyloglucans (XGs)

XGs are polysaccharides that are found in all land plants [START_REF] Zabotina | Xyloglucan and its biosynthesis[END_REF]. XGs have linear β-

(1,4)-linked backbones of Glc and are substituted by several α- [START_REF] Cosgrove | Diffuse growth of plant cell walls[END_REF]6)-linked xylose (Xyl) residues which, in turn, can be attached to other monosaccharides [START_REF] Pauly | Biosynthesis of the plant cell wall matrix polysaccharide xyloglucan[END_REF]. Xyl residues can substitute up to 75 % of the Glc residues in the XGs chains (Figure 1.4). XGs present a conserved structure based on repetitive motifs composed of 7 to 10 monomers. It is known that XGs tightly interact with cellulose, through hydrogen bonds. This interaction is thought to be influenced by XG substitutions. The majority of higher plants produce XLFG-type XGs, in which the repetitive motif of XGs is composed of four Glc residues among which three are substituted by α-(1,6)-D-Xyl residue, in turn, these are substituted by a variety of sugar residues (Figure 1.4) [START_REF] Park | Xyloglucan and its interactions with other components of the growing cell wall[END_REF]. [START_REF] Hao | A review of xylan and lignin biosynthesis: Foundation for studying Arabidopsis irregular xylem mutants with pleiotropic phenotypes[END_REF]. In dicots, xylans are predominant in secondary lignified cell walls but can be also present in primary cell walls, e.g. in A. thaliana and Pisum sativum (Carpita & Gibeaut, 1993;[START_REF] Mortimer | An unusual xylan in Arabidopsis primary cell walls is synthesised by GUX 3, IRX 9L, IRX 10L and IRX 14[END_REF]. In fact, GAX is remarkably present in the cell walls of grasses whereas GX is a rather found in dicot cell walls. walls of dicots and were also detected in Bryophytes [START_REF] Popper | Primary cell wall composition of Bryophytes and Charophytes[END_REF]. A. Glucuronoarabinoxylan (GAX)

B. Glucuronoxylan (GX)

Mixed-linkage glucans (MLGs)

MLGs are hemicelluloses mostly found in monocots cell walls (Scheller & Ulvskov, 2010).

These are linear, unbranched chain of Glc residues connected by β- [START_REF] Cosgrove | Diffuse growth of plant cell walls[END_REF]4) and β-(1,3) bonds organized in a random pattern. They are also described as β- [START_REF] Cosgrove | Diffuse growth of plant cell walls[END_REF]3), [START_REF] Cosgrove | Diffuse growth of plant cell walls[END_REF]4)-glucans. They can interact irreversibly with cellulosic microfibrils to form a thick hydrogel [START_REF] Carpita | Structure and biogenesis of the cell walls of grasses[END_REF]. They represent up to 70 % of the cell wall mass in some grasses such as barley, rye and oat. They are less common in dicots, algae and fungi.

Pectins

Pectic polysaccharides are GalA (galacturonic acid)-containing polysaccharides. They are the major constituents of dicots primary cell wall (accounting for 50 % of dry mass) [START_REF] O'neill | The pectic polysaccharides of primary cell walls[END_REF]. They are also abundantly present in the middle lamella. However, they are somehow absent in the secondary cell walls [START_REF] Morvan | Biosynthèse des pectines et différenciation des fibres cellulosiques au cours de la croissance du lin[END_REF]. The GalA residues of pectic polysaccharides can be the source of up to 90% of the uronic acids in the wall. HGs, xylogalacturonan (XGA), RGI, and RGII are the main pectic polysaccharides [START_REF] Mohnen | Pectin structure and biosynthesis[END_REF] (Figure 1.7). 

Homogalacturonans (HGs)

HGs are linear chains of 1,4-linked GalA that can be methylesterified and/or acetylesterified at C6 or O-2/O-3 of GalA, respectively (Figure 1.7) (Hocq et al., 2017). They account for 35% of the primary cell wall in dicots and non-grass monocots, 2-10% of grass primary walls, and up to 5% of wood tissues [START_REF] Mohnen | Pectin structure and biosynthesis[END_REF]. Methyl-esterification is thought to be strictly regulated at different stages of growth and in different tissues by the action of pectin methylesterases (PMEs). These PMEs are controlled by PME inhibitors (PMEIs) (Hocq et al., 2017). It was

shown that an increase in demethylesterification of pectins is associated with an increase in wall stiffness. Indeed, demethylesterified HGs can crosslink with Ca 2+ , enabling the creation of gellike structures via the formation of the so-called "egg-boxes" that impact cell wall rheology (Caffall & Mohnen, 2009). Pectin acetylesterases (PAEs) can deacetylate HGs chains in muro (Hocq et al., 2017). In vitro, the presence of acetyl groups along the HG chains prevents pectin chains from dimerizing through the formation of egg-boxes, and this action has been linked to PAE activity.

Rhamnogalacturonan I (RGI)

The structure of RGI has the disaccharide repeat [α-D-GalA-1,2-α-L-rhamnose (Rha)-1-4-] as a backbone [START_REF] Mohnen | Biosynthesis of pectins and galactomannans[END_REF]. Lateral chains of 20% to 80% of the Rha residues in the RGI [START_REF] Mohnen | Pectin structure and biosynthesis[END_REF]. RGI constitutes 20-35 % of the pectins.

Rhamnogalacturonan II (RGII)

RGII are complex pectins that occur as borate-ester dimer in the cell walls [START_REF] O'neill | Locating methyl-etherified and methyl-esterified uronic acids in the plant cell wall pectic polysaccharide rhamnogalacturonan II[END_REF].

They are polymers of α-(1,4)-D-linked-GalA residues substituted with four well-defined lateral chains known as A, B, C and D side chains. In A. thaliana, the two largest chains A and B are described as highly ramified octa-and hepta-saccharides, respectively. The remaining chains C and D are disaccharides [START_REF] Dumont | The cell wall pectic polymer rhamnogalacturonan-II is required for proper pollen tube elongation: Implications of a putative sialyltransferase-like protein[END_REF][START_REF] O'neill | Locating methyl-etherified and methyl-esterified uronic acids in the plant cell wall pectic polysaccharide rhamnogalacturonan II[END_REF]. The RGII backbone contains neutral monosaccharides rarely present in other polysaccharides like α-D-apiose, L-acerate, 2-Omethyl-L-Fuc, 2-keto-3-deoxy-D-lyxo-2-heptolosaric acid (Dha) and 2-keto-3-deoxy-D-manno-2-octulosonic acid (Kdo) (Figure 1.7). The interaction of Api residues with borate ions leads to the formation of cyclic diesters (Api-borate-Api) referred as borate crosslinked dimers that lead to the increase of the stiffness of the wall as well as decreasing its porosity [START_REF] Funakawa | Synthesis of borate cross-linked rhamnogalacturonan II[END_REF]. This RGII-borate dimer is important for the assembly of a functional cell wall and for its structural integrity [START_REF] Bidhendi | Relating the mechanics of the primary plant cell wall to morphogenesis[END_REF].

Cell wall proteins (CWPs)

CWPs are proteins found in plant cell walls that play important functions during development and in response to environmental stimuli [START_REF] Fry | Primary cell wall metabolism: Tracking the careers of wall polymers in living plant cells[END_REF][START_REF] Passardi | Performing the paradoxical: How plant peroxidases modify the cell wall[END_REF]. CWPs represent around 5-10% of the cell wall mass. However, they play critical roles in cell walls during development and in response to environmental cues. As a result, extensive research into their identification and characterization has been conducted. Cell wall proteomics began around twenty years ago (Albenne et al., 2013), when the first plant genome sequence of A. thaliana was made accessible (Arabidopsis Genome Initiative, 2000). Appropriate workflows have been developed to enlarge the description of cell wall proteomes and many other plant cell wall proteomes have been described (Albenne et al., 2013). Today, the cell wall proteome of A.

thaliana is the best described with more than one half of the expected CWPs identified (see WallProtDB, http://www.polebio.lrsv.ups-tlse.fr/WallProtDB/). Different organs have been studied among which etiolated hypocotyls (Irshad et al., 2008), roots [START_REF] Basu | Extracellular proteomes of Arabidopsis thaliana and Brassica napus roots: Analysis and comparison by MudPIT and LC-MS/MS[END_REF]Nguyen-Kim et al., 2016), stems (Duruflé et al., 2017;Minic et al., 2007), rosettes [START_REF] Boudart | Cell wall proteins in apoplastic fluids of Arabidopsis thaliana rosettes: Identification by mass spectrometry and bioinformatics[END_REF]Hervé et al., 2016), protoplasts [START_REF] Kwon | A proteomic approach to apoplastic proteins involved in cell wall regeneration in protoplasts of Arabidopsis suspension-cultured cells[END_REF], and cell suspension cultures [START_REF] Borderies | Proteomics of loosely bound cell wall proteins ofArabidopsis thaliana cell suspension cultures: A critical analysis[END_REF][START_REF] Chivasa | Proteomic analysis of the Arabidopsis thaliana cell wall[END_REF]. Many other cell wall proteomes have been studied, like those of Brachypodium distachyon (Douché et al., 2013[START_REF] Douché | Cell wall proteomic datasets of stems and leaves of Brachypodium distachyon[END_REF][START_REF] Francin-Allami | Cell wall proteomic of Brachypodium distachyon grains: A focus on cell wall remodeling proteins[END_REF], 2016) and

Oryza sativa roots, leaf and cell suspension cultures [START_REF] Jung | Systematic secretome analyses of rice leaf and seed callus suspension-cultured cells: Workflow development and establishment of high-density two-dimensional gel reference maps[END_REF][START_REF] Zhou | Comparative proteomics analysis of the root apoplasts of rice seedlings in response to hydrogen peroxide[END_REF] and Medicago sativa stems (Verdonk et al., 2012).

In all the reported studies, expected proteins and non-canonical proteins were identified among proteins extracted from purified cell walls. It has then been necessary to define what could be a CWP. In the WallProtDB database devoted to plant cell wall proteomes (San Clemente & Jamet, 2015), a protein was considered as a CWP if it has the following characteristics: (i) a predicted signal peptide at N-terminus that guide proteins to the secretion pathway [START_REF] Rapoport | Transport of proteins across the endoplasmic reticulum membrane[END_REF], (ii) it lacks a C-terminus predicted ER retention signal (KDEL/HDEL) [START_REF] Vitale | The endoplasmic reticulum-Gateway of the secretory pathway[END_REF], and

(iii) it contains less than two transmembrane domains. The question of the presence of non-canonical proteins in the extracellular space is still a matter of debate. The fact that the percentage of non-canonical CWPs changes between experiments and that these proteins are not always the same suggest that the majority of them are most likely intracellular contaminants.

However, it is not impossible that some of them are present in cell walls [START_REF] Rose | Straying off the highway: Trafficking of secreted plant proteins and complexity in the plant cell wall proteome[END_REF].

Non-canonical animal secretory proteins appear to share several characteristics, including the lack of a leader sequence, the absence of post-translational modifications (PTMs) specific to the ER or Golgi apparatus, and secretion that is unaffected by brefeldin A, which inhibits the classical ER/Golgi-dependent secretion pathway. As an example, a jacalin-related lectin was found in extracellular fluids of sunflower seedlings and later immunolocalized in the extracellular space [START_REF] Regente | Plant extracellular vesicles are incorporated by a fungal pathogen and inhibit its growth[END_REF]. This is the only example in which the three requirements stated above for unconventional animal secretory proteins were satisfied. The authors have assumed that exosomes could be released into the extracellular matrix [START_REF] Regente | Plant extracellular vesicles are incorporated by a fungal pathogen and inhibit its growth[END_REF]. In addition, a few moonlighting proteins were reported, such as a rice-amylase (GH13 family) that was found in both cell walls and plastids [START_REF] Chen | Signal peptide-dependent targeting of a rice α-amylase and cargo proteins to plastids and extracellular compartments of plant cells[END_REF].

The function of the identified proteins is not known in most cases. Relying on the annotations found in databases can be misleading (San [START_REF] Clemente | Bioinformatics as a tool for assessing the quality of sub-cellular proteomic strategies and inferring functions of proteins: Plant cell wall proteomics as a test case[END_REF]. This is why bioinformatics predictions of protein function based on the presence of functional domains collected in dedicated databases like PROSITE (prosite.expasy.org/), pfam (http://xfam.org/) or InterPro (www.ebi.ac.uk/interpro/) is recommended (San Clemente & Jamet, 2015). The prediction of functional domains and literature search has allowed proposing a distribution of CWPs in functional classes (Jamet et al., 2008): proteins acting on cell wall carbohydrates, oxidoreductases, proteases, proteins related to lipid metabolism, proteins possibly involved in signaling, proteins with interacting domains with proteins or polysaccharides, structural proteins, miscellaneous proteins and proteins of yet unknown function. Naturally, this classification must evolve to incorporate new findings from other experimental methodologies, such as biochemistry or genetics.

Extraction step

In fact, many current challenges have been overcome in order to enlarge the coverage of the cell wall proteome of various plant species. Two methods are widely used to extract CWPs (Figure 1.8). Firstly, non-destructive strategies can be used, such as (i) vacuum infiltration which allows the elution of proteins outside the cells without disturbing plasma membrane integrity [START_REF] Boudart | Cell wall proteins in apoplastic fluids of Arabidopsis thaliana rosettes: Identification by mass spectrometry and bioinformatics[END_REF], or the recovery of liquid culture medium from cell suspension cultures or seedlings [START_REF] Borderies | Proteomics of loosely bound cell wall proteins ofArabidopsis thaliana cell suspension cultures: A critical analysis[END_REF][START_REF] Charmont | Proteomic analysis of secreted proteins from Arabidopsis thaliana seedlings: Improved recovery following removal of phenolic compounds[END_REF]. A large number of "labile CWPs" have been identified. The majority of them has an acidic pI. Secondly, destructive strategies begin with the purification of cell walls, followed by the elution of proteins with various salt solutions. One critical step is the composition of the protein extraction buffer (Figure 1.8, step 2) that affects which sort of proteins may be released from the cell walls, regardless of whether the starting material is living cells or purified cell walls. The majority of loosely bound CWPs are eluted in a solution with a low ionic strength. The most used buffer is an acetate buffer 5 mM at pH 4.6

close to that of the apoplast and with a low molarity to prevent the elution of CWPs from the cell walls during the purification (Feiz et al., 2006). Salts as NaCl, LiCl, or CaCl 2 have been used to extract weakly bound CWPs. While LiCl was utilized to extract HRGPs from the glycoprotein matrix of the green algae Chlamydomonas reinhardii [START_REF] Voigt | Biosynthesis and turnover of cell wall glycoproteins during the vegetative cell cycle of Chlamydomonas reinhardii[END_REF], CaCl 2 was shown to be the most effective salt for extracting CWPs [START_REF] Boudart | Cell wall proteins in apoplastic fluids of Arabidopsis thaliana rosettes: Identification by mass spectrometry and bioinformatics[END_REF]. For instance, the capacity of acidic and neutral carbohydrates to significantly chelate calcium [START_REF] Angyal | Complexes of metal cations with carbohydrates in solution[END_REF][START_REF] Van Buren | Function of pectin in plant tissue structure and firmness[END_REF] may explain how proteins or glycoproteins that are weakly linked to cell wall polysaccharides can be preferentially solubilized by CaCl 2 . Strongly bound CWPs, on the other hand, are resistant to salt extraction. Moreover, despite the collection of data, well-known CWPs, such as structural proteins that form covalent networks, such as proline-rich proteins (PRPs) and extensins (EXTs), and highly glycosylated proteins, such as arabinogalactan proteins (AGPs), are still under-represented in cell wall proteomes. PRPs and EXTs are not eluted from cell walls due to their covalent crosslinking [START_REF] Brady | Di-isodityrosine, a novel tetrameric derivative of tyrosine in plant cell wall proteins: A new potential cross-link[END_REF]. AGPs are highly glycosylated CWPs which can only be extracted with a dedicated method starting with a precipitation with the Yariv reagent and require a deglycosylation to be identified [START_REF] Schultz | Post-translational modifications of arabinogalactan-peptides of Arabidopsis thaliana: ER and GPI-anchor signal cleavage sites and hydroxylation of proline[END_REF]. 

Separation step

Protein separation can be achieved by different types of column chromatography (e.g. cationic exchange, lectin affinity, boronic acid) and/or 1D-or 2D-E can be used (Figure 1.8, step 3). The physico-chemical conditions through which cationic exchange chromatography is carried out is similar to that found in cell walls, especially with an acidic solution with a pH of about 4.5 since the CWPs have been found to be mostly basic [START_REF] Boudart | Cell wall proteins in apoplastic fluids of Arabidopsis thaliana rosettes: Identification by mass spectrometry and bioinformatics[END_REF]Irshad et al., 2008;Jamet et al., 2008). Besides, affinity chromatography on Concanavalin A (ConA) has been utilized to separate N-glycoproteins from a complete protein extract (Minic et al., 2007). Being secreted, CWPs are assumed to be directed to the secretory route where N-glycosylation occurs. Other lectins used to separate proteins extracted from cell walls include PeaNut Agglutinin (PNA), which is selective for Gal residues contained in the O-glycans that decorate hydroxyproline-rich glycoproteins (HRGPs) or PRPs [START_REF] Zhang | Combining various strategies to increase the coverage of the plant cell wall glycoproteome[END_REF]. Due to the fact that CWPs are mostly basic glycoproteins, it is difficult to achieve an efficient separation of CWPs by 2D-E (Jamet et al., 2008).

Identification step

To accomplish protein identification, two further stages are required (Figure 1.8, steps 4 and 5).

Proteolytic digestion of proteins and mass spectrometry (MS) analyses of peptides are performed. This has been accomplished through MALDI-TOF MS (e.g. [START_REF] Boudart | Cell wall proteins in apoplastic fluids of Arabidopsis thaliana rosettes: Identification by mass spectrometry and bioinformatics[END_REF]Irshad et al., 2008;[START_REF] Kwon | A proteomic approach to apoplastic proteins involved in cell wall regeneration in protoplasts of Arabidopsis suspension-cultured cells[END_REF], liquid chromatography (LC)-MS/MS (Hervé et al., 2016;Nguyen-Kim et al., 2016) or 2D-LC-MS/MS [START_REF] Basu | Extracellular proteomes of Arabidopsis thaliana and Brassica napus roots: Analysis and comparison by MudPIT and LC-MS/MS[END_REF][START_REF] Bayer | Arabidopsis cell wall proteome defined using multidimensional protein identification technology[END_REF]. Most methods used the most common protease trypsin to perform protein digestion. When proteins, such as O-glycoproteins, are highly glycosylated, they must be deglycosylated using hydrogen fluoride (HF) to get access to their polypeptide skeleton [START_REF] Schultz | Post-translational modifications of arabinogalactan-peptides of Arabidopsis thaliana: ER and GPI-anchor signal cleavage sites and hydroxylation of proline[END_REF]. The fifth step (Figure 1.8) consists in bioinformatics analyses to identify proteins, predict their sub-cellular localization, their functional domains and eventually get information about their PTMs (San [START_REF] Clemente | Bioinformatics as a tool for assessing the quality of sub-cellular proteomic strategies and inferring functions of proteins: Plant cell wall proteomics as a test case[END_REF].

The main CWP families

The proportion of CWPs in each functional class is indicated for A. thaliana. As mentioned above, the identified proteins can be found in WallProtDB. Of course, this classification will have to evolve when new functions are described:

Proteins acting on carbohydrates (PACs) are the most abundant proteins present in the cell wall where they count for 25 % of the total number of CWPs. They mainly include the following protein families: glycoside hydrolases (GHs) [START_REF] Minic | Physiological roles of plant glycoside hydrolases[END_REF], carbohydrates esterases (CEs) (Hocq et al., 2017), polysaccharide lyases (PLs) [START_REF] Uluisik | Pectate lyases: Their role in plants and importance in fruit ripening[END_REF], and expansins (Cosgrove, 2016).

Proteases (Ps) are responsible for protein maturation, protein degradation and release of signaling peptides [START_REF] Van Der Hoorn | From guard to decoy: A new model for perception of plant pathogen effectors[END_REF]. They represent about 15 % of the cell wall proteome. The major families are as follow: serine (Ser) proteases, cysteine (Cys) proteases, aspartic (Asp) proteases and Ser-carboxypeptidases.

Oxido-reductases (ORs) are enzymes that catalyze oxidation-reduction processes and they represent around 12 % of the cell wall proteome. Class III peroxidases (CIII Prxs) (Francoz et al., 2015), multicopper oxidases [START_REF] Gräff | Multicopper oxidases: Modular structure, sequence space, and evolutionary relationships[END_REF], blue copper binding proteins [START_REF] Nersissian | Blue copper-binding domains[END_REF] and homologs to berberine bridge enzymes [START_REF] Pontiggia | Dampening the DAMPs: How plants maintain the homeostasis of cell wall molecular patterns and avoid hyper-immunity[END_REF] are among the identified ORs.

Proteins with interaction domains (IDs) account for 12 % of the proteome and are involved in interactions with other cell wall components like proteins and polysaccharides.

Examples are proteins with leucine-rich repeats (LRR) domains, lectins recognizing sugars (e.g. D-Man) and enzyme inhibitors.

Proteins related to lipid metabolism (LMs) represent around 10 % of the cell wall proteome. Examples of proteins related to lipid metabolism are lipid transfer proteins (LTPs), glycerophosphodiester phosphodiesterases (GDPD)/GPDP-like proteins (GDPDLs) [START_REF] Hayashi | The Glycerophosphoryl diester phosphodiesterase-like proteins SHV3 and its homologs play important roles in cell wall organization[END_REF] and GDSL lipases/acylhydrolases [START_REF] Girard | Tomato GDSL1 is required for cutin deposition in the fruit cuticle[END_REF]. It is shown that LTPs not only mediate lipid transfer to the cuticle [START_REF] Kim | Characterization of glycosylphosphatidylinositol-anchored lipid transfer protein 2 (LTPG2) and overlapping function between LTPG/LTPG1 and LTPG2 in cuticular wax export or accumulation in Arabidopsis thaliana[END_REF], but also have a crucial structural role in maintaining the adhesion between the primarily hydrophobic cuticle and the hydrophilic underlying cell wall (Jacq et al., 2017;[START_REF] Yeats | The Formation and Function of Plant Cuticles[END_REF].

Signaling proteins (Ss) constitute around 4 % of the cell wall proteome. This class mainly contains AGPs [START_REF] Seifert | The biology of arabinogalactan proteins[END_REF], fasciclin-like AGPs (FLAs) [START_REF] Seifert | On the potential function of type II arabinogalactan O-glycosylation in regulating the fate of plant secretory proteins[END_REF] and receptor kinases identified due to their extracellular domain [START_REF] Shiu | Receptor-like kinases from Arabidopsis form a monophyletic gene family related to animal receptor kinases[END_REF].

Structural proteins (SPs) only account for 2 % of the described cell wall proteomes. As mentioned above, the main reason for that low proportion is the difficult either to extract these proteins or to identify them. These are classified into three main classes: hydroxyproline-rich glycoproteins (HRGPs) among which EXTs, PRPs and glycine-rich proteins (GRPs). Each is characterized by the presence of repetitive protein motifs in their amino acid sequence [START_REF] Ringli | Glycine-rich proteins as structural components of plant cell walls[END_REF][START_REF] Showalter | A bioinformatics approach to the identification, classification, and analysis of hydroxyproline-rich glycoproteins[END_REF].

Miscellaneous proteins (Ms) represent around 12 % of the cell wall proteome and are proteins with predicted function not included in the other classes. Examples are germin-like proteins [START_REF] Patnaik | Germin and germin like proteins: An overview[END_REF][START_REF] Pei | GhABP19, a novel germin-like protein from Gossypium hirsutum, plays an important role in the regulation of resistance to verticillium and fusarium wilt pathogens[END_REF], dirigent proteins (Paniagua et al., 2017), thaumatins (de Jesús-Pires et al., 2020) and purple acid phosphatases (PAPs) [START_REF] Mehra | Improvement in phosphate acquisition and utilization by a secretory purple acid phosphatase (OsPAP21b) in rice[END_REF].

Proteins with yet unknown function (UFs) represent 9 % of the proteome and their

functions are yet to be characterized.

Phenolic compounds

Lignin is known as a crosslinked phenolic polymer and constitutes the second major polymer after cellulose in lignified secondary cell walls [START_REF] Nair | Energy crops[END_REF]. It accounts for 30 % of the total organic carbon content on Earth (Scheller & Ulvskov, 2010). Lignin deposition in cell walls aids in responses to a wide variety of biotic and abiotic stresses [START_REF] Liu | Lignins: Biosynthesis and biological functions in plants[END_REF]. Moreover, they contribute to the cell wall rigidity by interacting covalently with hemicelluloses [START_REF] Nair | Energy crops[END_REF][START_REF] Terrett | Covalent interactions between lignin and hemicelluloses in plant secondary cell walls[END_REF]. Lignin biosynthesis is achieved through a phenylalanine/tyrosine pathway in plants [START_REF] Liu | Lignins: Biosynthesis and biological functions in plants[END_REF]Wang et al., 2013a). In fact, lignin polymers are made up of three monomers: p-coumaryl alcohol (H unit), sinapyl alcohol (S unit) and coniferyl alcohol (G unit). Monolignol polymer formation is catalyzed by two different types of enzymes: class III peroxidases (CIII Prxs) and laccases (LACs) [START_REF] Berthet | Disruption of LACCASE4 and 17 results in tissue-specific alterations to lignification of Arabidopsis thaliana stems[END_REF][START_REF] Shigeto | Diverse functions and reactions of class III peroxidases[END_REF]. In fact, the majority of lignins are located in the cell walls of a few number of cell types, including tracheids, vessels, xylem and phloem fibers, and sclereids. Their composition varies by cell type.

For instance, it is known that G-lignins are predominant in A. thaliana stem xylem, but S-lignins predominate in severely lignified sclerenchyma cells [START_REF] Barcelo | Lignification in plant cell walls[END_REF][START_REF] Jones | Cloning and characterization of irregular xylem4 (irx4): A severely lignin-deficient mutant of Arabidopsis: IRX4 encodes cinnamoyl-CoA reductase[END_REF]. Another important cell wall phenolic compound is suberin. Suberin is a lipophilic compound present in secondary cell walls aiding in defense and protection against invasion of pathogens. It is a complex polyester and its chain is made up of α,ω-bifunctional fatty acids (suberin acids) and glycerol [START_REF] Graça | Suberin: The biopolyester at the frontier of plants[END_REF]. In general, suberized cells are present not just in periderms, but also in other plant tissues like the endodermis and hypodermis of primary roots [START_REF] Enstone | Root endodermis and exodermis: Structure, function, and responses to the environment[END_REF].

Also, it was shown that following an injury or leaf abscission, suberized cells produce a sealing layer to overcome the wounding [START_REF] Van Doorn | Abscission of flowers and floral parts[END_REF]. Roots suberization has been shown

to contribute to growth, defense against biotic and abiotic stresses [START_REF] Harman-Ware | Importance of suberin biopolymer in plant function, contributions to soil organic carbon and in the production of bio-derived energy and materials[END_REF].

For instance, it has been shown that mutants of A. thaliana impaired in ENHANCED SUBERIN GENE 1 (esb1) showed reduced water loss (less transpiration), wilting under drought-like conditions and alteration in ions content in the shoot [START_REF] Baxter | Root suberin forms an extracellular barrier that affects water relations and mineral nutrition in Arabidopsis[END_REF].

Cell wall components interactions

Several polymers within the cell wall get crosslinked. Crosslinking confers stability and strength for cell walls, but it can also aid in forming a physical barrier in response to pathogen infection or wounding. The cell wall polymers crosslinking includes covalent bonds, ionic cross links or non-covalent bonds to form stable networks [START_REF] Fry | Cross-linking of matrix polymers in the growing cell walls of angiosperms[END_REF][START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF][START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF][START_REF] Mnich | Phenolic cross-links: Building and de-constructing the plant cell wall[END_REF][START_REF] Xiao | Interconnections between cell wall polymers, wall mechanics, and cortical microtubules: Teasing out causes and consequences[END_REF]. One example of covalent crosslinking regards EXTs. Covalent linkage of EXTs results from the covalent crosslinking of Tyr residues catalyzed by EXT Prxs [START_REF] Held | Di-isodityrosine is the intermolecular cross-link of isodityrosine-rich extensin analogs cross-linked in vitro[END_REF]. EXT Prxs belong to the large CIII Prxs multigenic family [START_REF] Welinder | Structure of plant and fungal peroxidases[END_REF]. Tyr residues are distributed along the classical EXTs backbone [START_REF] Mishler-Elmore | Extensins: Self-Assembly, crosslinking, and the role of peroxidases[END_REF]. It was shown that EXT Prxs were not able to covalently crosslink EXTs lacking Tyrcontaining motifs in vitro [START_REF] Schnabelrauch | Isolation of pl 4.6 extensin peroxidase from tomato cell suspension cultures and identification of Val-Tyr-Lys as putative intermolecular cross-link site[END_REF]. In addition, EXTs form covalent crosslinks with pectins where a study suggested a role for the O-glycan substituents of EXTs as crosslinking targets, especially with a sugar beet pectin fraction [START_REF] Nuñez | Identification of extensin protein associated with sugar beet pectin[END_REF]. Moreover, phenolics crosslinkings with polysaccharides have been shown to contribute to cell wall strength and pathogen resistance [START_REF] Mnich | Phenolic cross-links: Building and de-constructing the plant cell wall[END_REF]. Different covalent bonds occur between phenolic compounds and a variety of polysaccharides such as RGI and xylans [START_REF] Mnich | Phenolic cross-links: Building and de-constructing the plant cell wall[END_REF]. It was shown that RGI side chains (arabinan and galactan) of sugar beet (Beta vulgaris) contain phenolic compounds (e.g. ferulic acid) that are involved in formation of crosslinkages [START_REF] Levigne | Isolation from sugar beet cell walls of arabinan oligosaccharides esterified by two ferulic acid monomers[END_REF]. In fact, xylans present the highest level of feruloylation among the cell wall polysaccharides [START_REF] Appeldoorn | Characterization of oligomeric xylan structures from corn fiber resistant to pretreatment and simultaneous saccharification and fermentation[END_REF].

Another type of interaction is the ionic crosslinks through which demethylesterified HGs are known to be linked with each other by Ca 2+ bridges to form the so called "egg-boxes" (Caffall & Mohnen, 2009;[START_REF] Morris | Conformations and interactions of pectins[END_REF]. Furthermore, it is well known that in dicot cell walls, hemicelluloses like XGs strongly interact through hydrogen bonds with the cellulose microfibrils [START_REF] Hayashi | Xyloglucans in the primary cell wall[END_REF][START_REF] Hayashi | Pea xyloglucan and cellulose: I. Macromolecular organization[END_REF][START_REF] Park | Xyloglucan and its interactions with other components of the growing cell wall[END_REF]. Also, crosslinking XGs and pectins offers a possible way to strengthen cell walls since they stop growing and become resistant to wall-loosening agents like expansins [START_REF] Cosgrove | Plant cell enlargement and the action of expansins[END_REF]. Altogether, these interactions and networks of cell wall polymers can be modified during plant development and in response to environmental stresses.

Plant cell wall remodelling

The crosslinkages between wall components are selectively rearranged during plant development and in response to environmental cues [START_REF] Cosgrove | Enzymes and other agents that enhance cell wall extensinility[END_REF][START_REF] Cosgrove | Growth of the plant cell wall[END_REF][START_REF] Marga | Cell wall extension results in the coordinate separation of parallel microfibrils: Evidence from scanning electron microscopy and atomic force microscopy: Creep and cell wall ultrastructure[END_REF]. Plant cells expand their cell walls as they grow. This increase in size and volume can be dramatic: the volume of xylem cells can rise by 30,000 times, and hair cells on the surface of young cotton seeds can lengthen by 1000 times [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]. The absorption of water in the vacuole and the irreversible elongation of the walls allow this expansion. The synthesis and incorporation of new wall materials compensate for the wall expansion and injury upon biotic and abiotic stresses. When wall polymers resist the turgor pressure of cells, they extend, causing wall tension. The mechanical energy required to expand the cell wall is provided by this tension. The linkages between wall components are rearranged during wall growth, thanks to a wellcontrolled polymer sliding process [START_REF] Cosgrove | Enzymes and other agents that enhance cell wall extensinility[END_REF][START_REF] Marga | Cell wall extension results in the coordinate separation of parallel microfibrils: Evidence from scanning electron microscopy and atomic force microscopy: Creep and cell wall ultrastructure[END_REF]. Glycosyltransferases (GTs) are responsible for the biosynthesis of cell wall polysaccharides [START_REF] Marga | Cell wall extension results in the coordinate separation of parallel microfibrils: Evidence from scanning electron microscopy and atomic force microscopy: Creep and cell wall ultrastructure[END_REF]. Once the matrix molecules have been secreted into the wall, they join together to form strong and extensible networks. The mechanisms underlying these assembly processes are not completely understood, however they do involve enzymes (Franková & Fry, 2013;[START_REF] Fry | Primary cell wall metabolism: Tracking the careers of wall polymers in living plant cells[END_REF]. Examples of the enzymes involved this cell wall remodelling are the following ones: GHs among which XGs endotransglycosylase/hydrolase (XTHs), PMEs and CIII Prxs. Besides, expansins have been shown to disrupt non-covalent hydrogen bonds between cellulose microfibrils and hemicelluloses in a non-enzymatic fashion [START_REF] Mcqueen-Mason | Expansin mode of action on cell walls[END_REF].

Over 730 open reading frames in A. thaliana relate to two major groups of proteins in the carbohydrate-active enzymes collected in the CAZy database (www.cazy.org/): GHs and GTs [START_REF] Henrissat | Glycosyltransferases, glycoside hydrolases: Surprise, surprise![END_REF]. Of these 730 genes, 379 represent GHs classified into 32 families.

Around 52 % of plant GHs were predicted to be directed to cell walls. These enzymes are thought to perform a variety of activities in cell wall polysaccharides metabolism, plant defense and signaling, [START_REF] Minic | Physiological roles of plant glycoside hydrolases[END_REF]. Among them, XTHs (GH16) have a XGs endotransglucosylase (XET) and/or XGs hydrolase (XEH) activity [START_REF] Minic | Plant glycoside hydrolases involved in cell wall polysaccharide degradation[END_REF]. XTHs belong to multigene families that regulate cell wall expansion during plant growth. In A. thaliana, 33 genes encoding XTHs proteins have been identified [START_REF] Yokoyama | Genomic basis for cell-wall diversity in plants: A comparative approach to gene families in rice and Arabidopsis[END_REF]. It was reported that through XET action, XTHs may also accelerate the incorporation of newly produced XGs into the cell wall during the cell wall assembly [START_REF] Nishitani | The role of endoxyloglucan transferase in the organization of plant cell walls[END_REF]. In vivo experiments comprising dual labelling of XGs has revealed the action of XET during cell wall expansion. Determination of XET role revealed that they act by cutting and ligating newly synthesized XGs fragments to pre-existing ones, thus allowing an extension of XGs elongating polysaccharide chains without the requirement for activated nucleotide sugars (e.g. UDP-glucose) [START_REF] Edelmann | Factors that affect the extraction of xyloglucan from the primary cell walls of suspension-cultured rose cells[END_REF][START_REF] Fry | Primary cell wall metabolism: Tracking the careers of wall polymers in living plant cells[END_REF][START_REF] Shinohara | The plant cell-wall enzyme AtXTH3 catalyses covalent cross-linking between cellulose and cellooligosaccharide[END_REF]. In addition, it was shown that the A. thaliana AtXTH3 has a cellulose endotransglucosylase activity which could contribute to the covalent linkages occurring between cellulose microfibrils [START_REF] Shinohara | The plant cell-wall enzyme AtXTH3 catalyses covalent cross-linking between cellulose and cellooligosaccharide[END_REF].

Expansins also belong to large multigene families that promote relaxation of walls in a pHdependent manner leading to cell expansion. Till now, all the expansins identified lack lytic enzyme activity [START_REF] Cosgrove | Plant expansins: Diversity and interactions with plant cell walls[END_REF]. They are classified into four subfamilies: α-expansins, βexpansins, expansin-like A and expansin-like B [START_REF] Kende | Nomenclature for members of the expansin superfamily of genes and proteins[END_REF]. It was shown that expansins are able to target hydrogen bonds between cellulose microfibrils and hemicelluloses, particularly XGs, enabling cell wall loosening [START_REF] Dal Santo | Genome-wide analysis of the expansin gene superfamily reveals grapevine-specific structural and functional characteristics[END_REF]. Later on, it was proposed that expansins could alter non-covalent linkages between cellulose microfibrils through which these microfibrils get closer and are bonded together by a single layer of XGs [START_REF] Cosgrove | Re-constructing our models of cellulose and primary cell wall assembly[END_REF][START_REF] Park | Xyloglucan and its interactions with other components of the growing cell wall[END_REF]. The effect of expansins on cell wall rheology was demonstrated [START_REF] Georgelis | Bacterial expansins and related proteins from the world of microbes[END_REF].

CIII Prxs play an important role in cell wall elongation and remodelling [START_REF] Passardi | Peroxidases have more functions than a Swiss army knife[END_REF].

They can have a role in cell elongation as well as in cell growth arrest. They belong to a large multigenic family with 73 members in A. thaliana. They are particularly involved in cell wall loosening, indirectly, by the breaking of polysaccharide bonds (through generation of reactive oxygen species, ROS) and in cell wall stiffening by crosslinking cell wall polymers. CIII Prxs are capable of producing ROS such as free radicals like OH • and HOO -, as well as regulating H 2 O 2 levels, contributing to maintenance of cell wall loosening-cell wall strengthening balance (Francoz et al., 2015). They catalyze the creation of covalent linkages in EXTs and across lignin phenolic residues as well as between lignins and neighboring CWPs or polysaccharides leading to strengthening of cell walls (Francoz et al., 2015). The non-enzymatic degradation by OH • radicals of pectins and XGs has been observed in vitro and is assumed to contribute to cell elongation [START_REF] Fry | Oxidative scission of plant cell wall polysaccharides by ascorbate-induced hydroxyl radicals[END_REF][START_REF] Schopfer | Hydroxyl radical-induced cell-wall loosening in vitro and in vivo: Implications for the control of elongation growth: Hydroxyl radicals, cell-wall loosening and elongation growth[END_REF]. In addition, recent studies have reported the importance of AtPrx36 [START_REF] Francoz | Pectin demethylesterification generates platforms that anchor peroxidases to remodel plant cell wall domains[END_REF][START_REF] Kunieda | Spatiotemporal secretion of PEROXIDASE36 is required for seed coat mucilage extrusion in Arabidopsis[END_REF] and AtPrx53 [START_REF] Jin | Arabidopsis peroxidase AtPRX53 influences cell elongation and susceptibility to Heterodera schachtii[END_REF] in cell wall loosening. Despite the fact that atprx36 mutants have normal monosaccharide composition of mucilage, they showed a deficiency in mucilage extrusion since the outer cell wall of mucilage secretory cells failed to rupture. Pectin solubilization vanished the aberrant phenotype by triggering cell wall loosening [START_REF] Kunieda | Spatiotemporal secretion of PEROXIDASE36 is required for seed coat mucilage extrusion in Arabidopsis[END_REF]. Overexpression of AtPRX53 leads to short hypocotyls, abnormal flower development, and a decreased nematode susceptibility to Heterodera schachtii, whereas knock-out experiment enabled long hypocotyls emergence, a 3carpel silique phenotype, and a non-significant increase in nematode susceptibility [START_REF] Jin | Arabidopsis peroxidase AtPRX53 influences cell elongation and susceptibility to Heterodera schachtii[END_REF]. Concerning enzyme-mediated crosslinking, phenolic linkages within the cell walls are formed as a result of the oxidative coupling of two hydroxycinnamates or two molecules of tyrosine. These covalent linkages are important for wall strength, flexibility and defense against environmental cues. The formation of phenolic-crosslinks includes four different polymers: lignins, EXTs, GAX and lateral chains of RGI. Initiation of phenolic linkages occurs by ROS release -as a result of a reaction catalyzed by LACs and CIII Prxs and it includes monolignols, tyrosine in EXTs and aromatic residues on xylans and RGI [START_REF] Mnich | Phenolic cross-links: Building and de-constructing the plant cell wall[END_REF].

PMEs are widespread among plants and microorganisms where they belong to a large multigenic family. In A. thaliana, 66 members were identified [START_REF] Pelloux | New insights into pectin methylesterase structure and function[END_REF]. In fact, PMEs demethylate HGs, allowing polygalacturonases (PGs belonging to GH28) to cleave the HG chains further (Hocq et al., 2017;Manmohit Kalia, 2015). PMEs play a role in a variety of physiological processes such as seed germination, fruit ripening, cell separation, elongation of roots and pollen tubes, and stem growth [START_REF] Pelloux | New insights into pectin methylesterase structure and function[END_REF], wall relaxation and stiffening [START_REF] Al-Qsous | Identification and isolation of a pectin methylesterase isoform that could be involved in flax cell wall stiffening[END_REF], and pathogen tolerance [START_REF] Lionetti | Overexpression of pectin methylesterase inhibitors in Arabidopsis restricts fungal infection by Botrytis cinerea[END_REF]. In fact, PME inhibitors (PMEIs) target plant PMEs [START_REF] Bellincampi | Plant cell wall dynamics and wall-related susceptibility in plant-pathogen interactions[END_REF]. PMEIs of A. thaliana are structurally similar to invertase inhibitor Nt-CIF, but they identify different target enzymes, as revealed by crystallography [START_REF] Hothorn | Structural insights into the target specificity of plant invertase and pectin methylesterase inhibitory proteins[END_REF]. In A. thaliana, overexpression of a PMEI1 and PMEI2

promotes root length and makes transformed plants less susceptible to a necrotrophic disease [START_REF] Lionetti | Overexpression of pectin methylesterase inhibitors in Arabidopsis restricts fungal infection by Botrytis cinerea[END_REF]. This was related to the impaired ability of the fungus to grow on the methylesterifed pectins of the transgenic lines.

The role of plant cell walls during plant terrestrialization

The emergence of land plants was one of the most significant events in the history of life on Earth, occurring around 500 million years ago [START_REF] Becker | Streptophyte algae and the origin of embryophytes[END_REF][START_REF] Wodniok | Origin of land plants: Do conjugating green algae hold the key?[END_REF].

Land plants, comprising non-vascular plants (Bryophytes) and vascular plants, are thought to be a monophyletic group descended from ancient freshwater charophycean green algae (CGA) [START_REF] Becker | Streptophyte algae and the origin of embryophytes[END_REF][START_REF] Karol | The Closest living relatives of land plants[END_REF]. Their fast growth and diversification resulted in changes in the composition of the atmosphere and soil, which had a major impact on the formation and evolution of all living organisms [START_REF] Domozych | The cell walls of green algae: A journey through evolution and diversity[END_REF]. One of the distinguishing characteristics of plant and algal cells is the presence of a cell wall comprising several types of polymers such as polysaccharides, proteins and lignins (Carpita & Gibeaut, 1993;[START_REF] Neutelings | Lignin variability in plant cell walls: Contribution of new models[END_REF]. The cell wall was critical in allowing a single lineage of streptophyte algae to successfully shift to land life in the mid-Paleozoic and then diversify to produce the whole terrestrial macroflora (de Vries & Archibald, 2018). Significant physiological, morphological, and environmental changes have occurred since the origin of terrestrial plants, correlating to key cell wall modifications [START_REF] Graham | The origin of plants: Body plan changes contributing to a major evolutionary radiation[END_REF]. Three significant innovations should be highlighted: (i) the evolution of multicellularity and a change in body plan to a threedimensional, rather than planar or filamentous, form, necessitating cell adhesion and cell-to-cell communication; (ii) the appearance of a composite cuticle made of several layers of polysaccharides, wax, and cutin; and (iii) the addition of aromatic chemicals that eventually polymerize into lignins. Lignins appearance aided in the waterproofing of the walls of conducting vessels and in the strengthening of walls, allowing vascular plants to increase in height [START_REF] Banasiak | Evolution of the cell wall components during terrestrialization[END_REF][START_REF] Yamaguchi | Regulation of growth response to water stress in the soybean primary root. I. Proteomic analysis reveals region-specific regulation of phenylpropanoid metabolism and control of free iron in the elongation zone[END_REF]. Lignins also improved their ability to reach light and make efficient photosynthesis resulting in considerable increase in plant body size [START_REF] Banasiak | Evolution of the cell wall components during terrestrialization[END_REF]. Besides, plants evolved the ability to synthesize a hydrophobic coating, the cuticle, to cover their surfaces directly exposed to environment [START_REF] Kong | Origins and evolution of cuticle biosynthetic machinery in land plants[END_REF]. Cuticle serves to protect their tissues from desiccation and environmental stresses [START_REF] Lee | Occurrence of land-plant-specific glycerol-3-phosphate acyltransferases is essential for cuticle formation and gametophore development in Physcomitrella patens[END_REF][START_REF] Renault | A phenol-enriched cuticle is ancestral to lignin evolution in land plants[END_REF]. The cuticle is typically made up of a crosslinked cutin scaffold that is filled and coated with a variety of cuticular waxes [START_REF] Yeats | The Formation and Function of Plant Cuticles[END_REF]. Interestingly, and due to the importance of the cell wall in terrestrialization, recent studies focus on elucidating cell wall evolution using different plant species [START_REF] Banasiak | Evolution of the cell wall components during terrestrialization[END_REF][START_REF] Guiry | Taxonomy and nomenclature of the Conjugatophyceae (= Zygnematophyceae)[END_REF] All and above, plant cell walls have undergone many modifications through evolution, among which changes in cell wall chemistry clearly accompanied the key milestones in the colonization of land [START_REF] Banasiak | Evolution of the cell wall components during terrestrialization[END_REF].

PAC domain proteins

PAC domain proteins (PDPs) were first named by [START_REF] Baldwin | The C-terminal PAC domain of a secreted arabinogalactan protein from carrot defines a family of basic proline-rich proteins[END_REF] They were described as a subfamily of non-classical AGPs with both an AGP domain and a C-terminal domain comprising 6 Cys residues. Later, a domain partially describing the PAC domain was proposed in the Pfam database (PF01190, http://pfam.xfam.org/). AGPNa3, a protein from Nicotiana alata, was the first member of this family to be discovered (Du et al., 1996). Then, other proteins of the same family were studied. As examples, the following can be given: A. thaliana AtAGP30 (van Hengel & Roberts, 2003), A. thaliana AtAGP31 [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF][START_REF] Liu | A nonclassical arabinogalactan protein gene highly expressed in vascular tissues, AGP31, is transcriptionally repressed by methyl jasmonic acid in Arabidopsis[END_REF], A.

thaliana FOCL1 (FUSED OUTER CUTICULAR LEDGE 1) [START_REF] Hunt | Formation of the stomatal outer cuticular ledge requires a guard cell wall proline-rich protein[END_REF], A. thaliana PRPL1 (PROLINE-RICH PROTEIN-LIKE) [START_REF] Boron | Proline-rich protein-like PRPL1 controls elongation of root hairs in Arabidopsis thaliana[END_REF], Gossypium hirsutum

GhAGP31 [START_REF] Gong | GhAGP31, a cotton non-classical arabinogalactan protein, is involved in response to cold stress during early seedling development: GhAGP31 is involved in cotton response to cold[END_REF] and Petunia hybrida PhPRP1 [START_REF] Twomey | Characterization of PhPRP1, a histidine domain arabinogalactan protein from Petunia hybrida pistils[END_REF] (for a review, see [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF]. Functional studies on the A. thaliana PDPs have revealed that they play a variety of roles throughout plant development. For example, FOCL1 (At2g16630) mutants develop stomata with a fused cuticular ledge, allowing them to withstand drought [START_REF] Hunt | Formation of the stomatal outer cuticular ledge requires a guard cell wall proline-rich protein[END_REF]. Also, PRPL1 (At5g05500) is expressed only in trichoblasts and is involved in root hair elongation, as seen by the shorter root hairs in the prpl1 mutant [START_REF] Boron | Proline-rich protein-like PRPL1 controls elongation of root hairs in Arabidopsis thaliana[END_REF]. Besides, AtAGP31 has been identified as a major protein of actively growing etiolated hypocotyls (Irshad et al., 2008). AGP31 is a multi-domain chimeric protein comprising from its N-terminus to its Cterminus, an AGP domain, a His-rich domain, a central domain rich in Pro/Hyp residues among which Hyp are O-glycosylated and a C-terminal PAC domain (Figure 1.9) [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF].

AtAGP31 was shown to interact in vitro non-covalently through its PAC domain (i) with galactans which are lateral branches of RGI and (ii) with itself through the O-glycans of the Pro/Hyp-rich domain. It should be noted that the Hyp/Pro-rich domain is O-glycosylated with Ara/Gal-rich polysaccharides specifically recognized by the Peanut Agglutinin lectin (PNA). It was assumed that such interactions could contribute to non-covalent molecular scaffolds facilitating the remodelling of polysaccharidic networks during rapid cell expansion, like that occurring during the grow of etiolated hypocotyls [START_REF] Gendreau | Cellular basis of hypocotyl growth in Arabidopsis thaliana[END_REF][START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF] (Figure 1.10). mePGA stands for methylated homogalacturonans [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF]. The different types of PDPs mentioned above are not evenly distributed among the plant species (Nguyen- Kim et al., 2020). Type 1-and Type 2-PDPs were found in all the studied plant families. Among PAC domains of Type1-PDPs, those having a highly conserved amino acid sequence are distinguished (1') and they were first found in Lycopodiales. Among PAC domains of Type 2-PDPs, those that are associated to a C-terminal W-W domain are highlighted (2') and they were found already in Bryophytes (Figure 1.12). Like the complexity of the cell walls, the number and complexity of PDPs steadily increased during the evolution of the green lineage. In Bryophytes, only one or two PDPs could be found, whereas more than 30 PDPs could be identified in monocots, mostly resulting from gene duplication. The association of PAC domains with other domains suggests a neo-functionalization and different types of interactions with cell wall polymers. 

Signal peptide MGFIGKSVLVSLVALWCFTSSVFT

AGP domain EEVNHKTQTPSLAPAPAPY

PAC domain

2D-and 3D-structures of the PAC domains

The crystal structure of the P. lanceolata PAC domain (www.rcsb.org/structure/4Z8W) [START_REF] Stemeseder | Crystal structure of Pla l 1 reveals both structural similarity and allergenic divergence within the Ole e 1like protein family[END_REF] As a first step, the 2D-structure of the assumed PAC domains was predicted using the SABLE (sable.cchmc.org) and the NetSurfP (www.cbs.dtu.dk/services/NetSurfP) bioinformatic programs (Nguyen- Kim et al., 2020). Two situations were found: either 2D-and 3D-structures were comparable to those of the P. lanceolata PAC domain ( Altogether, this study has allowed refining the description of PAC domains with robust criteria. 

M. polymorpha: A new model plant to unravel the function of PDPs

Liverworts are basal plants that occupy a critical position in the phylogenetic tree making them a key group in studying plants developmental process [START_REF] Qiu | The deepest divergences in land plants inferred from phylogenomic evidence[END_REF]. Those are key species in comparative genomics in order to answer the main questions in plant evolution like the way through which plants transition from aquatic to terrestrial environment occurred and how these plants were able to cope with their new habitat. Recently, M. polymorpha, which is is a liverwort commonly found in temperate regions, was proposed as a new plant model (Delwiche et al., 2017). Great advances and improvements in terms of genetic transformation [START_REF] Kubota | Efficient Agrobacterium-mediated transformation of the Liverwort Marchantia polymorpha using regenerating thalli[END_REF] and whole genome sequencing (Bowman et al., 2017) were done making M. polymorpha a new model plant offering many benefits. Of these are: (i) it is a haploid plant at the gametophyte stage of development; (ii) ease of subcloning and propagation through asexual reproduction thanks to gemmae; (iii) small, fully sequenced genome (~ 280 Mb); and (iv) short life cycle (Shimamura, 2016). In addition, the gene networks involved in different biological process are well conserved, but in a simpler way compared to other terrestrial plants [START_REF] Kohchi | Development and molecular genetics of Marchantia polymorpha[END_REF][START_REF] Komatsu | Phototropin encoded by a single-copy gene mediates chloroplast photorelocation movements in the Liverwort Marchantia polymorpha[END_REF][START_REF] Ueda | Composition and physiological function of the chloroplast NADH dehydrogenaselike complex in Marchantia polymorpha[END_REF].

M. polymorpha is characterized by the dominance of haploid gametophyte generation which alternates with the diploid sporophyte generation. The diploid sporophyte is highly dependent on the haploid gametophyte that encircles it. M. polymorpha has nine chromosomes with around 20,000 coding genes (marchantia.info; phytozome-next.jgi.doe.gov/info/Mpolymorpha_v3_1).

Unlike diploid plants, M. polymorpha has one sex chromosome. The gonosomal chromosome Y is shorter and contains less genes compared to the X chromosome due to degradation of the ancestral autosome [START_REF] Yamato | Gene organization of the liverwort Y chromosome reveals distinct sex chromosome evolution in a haploid system[END_REF].

Concerning the male gametophyte, antheridiae are elevated above the primary thallus by an antheridiophore. Each chamber on the antheridiophore upper surface contains one enclosed antheridium. On the upper surface of the antheridiophore, there are also air chambers. Flagella help sperm travelling around. The female gametophyte, the archegoniophore is umbrella-shaped.

The archegonia location is anacrogynous and is found on the archegoniophore lower surface.

Zygotes can be found in these archegonia. The sporophyte is found on the archegoniophore ventral surface. M. polymorpha is also capable of asexual reproduction. Gemmae cups can be found on the thallus dorsal surface (Figure 1.16 a). Asexual propagules called gemmae are found in gemma cups (Figure 1.16 b). A raindrop will fall on the gemmae in the gemma cup, scattering them. Individual gemmae (Figure 1.16 c) have two nodules and a point of connection where it is attached to the cup through which a new gametophytic generation will propagate [START_REF] Kato | Gemma cup and gemma development in Marchantia polymorpha[END_REF]. M. polymorpha lacks conducting tissues and stomata. The light green thalli are tightly attached to the substratum through rhizoids located on the ventral side of the thallus. In addition to rhizoids, leafy-like structures arise on ventral side of the thallus. These are called scales and are organized in three rows on each side of the thallus. They are colourless and unicellular (Shimamura, 2016).

The thallus is branched regularly and is normally flattened having air chambers with complex barrel-like pores (Shimamura, 2016). A photosynthetic layer covers the thallus dorsal face and parenchymal cells are found underneath the photosynthetic layer. Oil body-cells are located at the periphery of the thallus (Figure 1.16 c). They contain a mixture of terpenoids and aromatic components [START_REF] Asakawa | Progress in the chemistry of organic natural products[END_REF] and could play a role in defense against herbivories [START_REF] Romani | Oil body formation in Marchantia polymorpha is controlled by MpC1HDZ and serves as a defense against arthropod herbivores[END_REF].

As previously mentioned, M. polymorpha is characterized by its haploid phase dominance during its life cycle that favors the functional genomics analysis over diploid plants. Recently, the CRISPR-Cas9 technology has been successfully used in M. polymorpha, opening the possibility to easily create knockout mutants [START_REF] Sugano | Efficient CRISPR/Cas9-based genome editing and its application to conditional genetic analysis in Marchantia polymorpha[END_REF]. As for the other plant species, the editing process by the CRISPR-Cas9 system consists of four steps: (i) guide-RNA design to specifically target gene(s) of interest; (ii) construction of the transformation binary vector; (iii) A.

tumefaciens-mediated transformation [START_REF] Ishizaki | Agrobacterium-mediated transformation of the haploid Liverwort Marchantia polymorpha L., an emerging model for plant biology[END_REF], and (iv) isolation of mutants. One great advantage of the CRISPR-Cas9 technology over other editing techniques is its ability to target multiple genes simultaneously in one step. However, it seems that there may be ''offtarget'' sites at higher frequency comparing to other techniques [START_REF] Sugano | Efficient CRISPR/Cas9-based genome editing and its application to conditional genetic analysis in Marchantia polymorpha[END_REF].

Thesis objectives

The aim of my PhD-project was to understand the role(s) of PDPs in the architecture of the cell walls of M. polymorpha. In fact, due to the complexity of the PDP family in A. thaliana (14 members), we decided to use M. polymorpha as a new model plant since its genome only contain two PDP genes. Our long-term goal is to know whether the function(s) of PDPs are conserved in the green lineage.

Three main research axes have been developed:

Since not much was known about the M. polymorpha cell walls, we first wanted to characterize them in terms of: (i) cell wall proteins and (ii) cell wall polysaccharides using monoclonal antibodies. This work is described in chapter 3 and the cell wall proteomics part is the topic of an article published in Frontiers in Plant Science.

To start with the functional study of both M. polymorpha PDPs, it was necessary to establish the pattern of expression of PDP genes and to check whether the two PDPs were located in the cell walls. Over-expressors and single or double knock-out mutants were generated via the CRISPR-Cas9 technology. Having these over-expressors and mutants characterized, their phenotyping was performed to find clues to understand the roles of the two PDPs in M. polymorpha cell walls. This work is described in chapter 4.

The last point was to make progress in the validation of the model predicting non-covalent interactions between PAC domains and cell wall components, like polysaccharides or Oglycosylated proteins. In other words, do PAC-domain proteins contribute to supramolecular scaffolds? So, the FRET-FLIM method had to be established to study protein-protein interactions in muro. This work is described in chapter 5.

Finally, the overall work is summarized in chapter 6 where perspectives are considered.

Materials

Plant material

Marchantia polymorpha

M. polymorpha of male accession Takaragaike-1 (TAK1 ♂) was used in these experiments (Shimamura, 2016). Wild type and transgenic lines generated in the laboratory were used. These are lines which have promoter::GUS constructs for both M. polymorpha PAC domain genes (Mp1g10970.1: MpPAC1 and Mp1g29680.1: MpPAC2) or lines over-expressing the complete coding sequence of each PDP gene. In addition, knock-out (KO) lines impaired in either of the two genes or both of them were obtained.

Nicotiana benthamiana

Transient expression of genes encoding different recombinant proteins fused to a fluorescent protein was done in N. benthamiana epidermal cells of leaves.

Arabidopsis thaliana and Brachypodium distachyon

A. thaliana (Col-0) and B. distachyon were used in this work in order to extract total polyphenols content from rosette and mature leaves, respectively. 

Cloning Material

Bacterial strains

Bacterial strain Description

Escherichia coli TOP10 (Invitrogen ref: C4040-03

Waltham, MA, USA)

This strain was used for cloning, plasmid amplification or recombinant protein expression. It is deficient in the arabinose biosynthesis, and can be used in combination with pBAD-type vectors having an araBAD promoter in the case of inducible expression with L-arabinose. The E. coli TOP10 genotype is: F-mcrA D (mrrhsdRMS-mcBC) f80lacZDM15 DlacX74 deoR recA araD139 D(ara-leu)7697 galU galK rpsL(StrR) endA1 nupG.

Agrobacterium tumefaciens LBA4404

This strain contains a 'disarmed'Ti plasmid (Tumor Inducing) pAL 4404, because of the deletion of its oncogenic genes. Disarmed means that the tumor-inducing geneshave been removed. The genes allowing the transfer of T-DNA have to be conserved [START_REF] Hellens | pGreen: A versatile and flexible binary Ti vector for Agrobacterium-mediated plant transformation[END_REF]. It has rifampicin and streptomycin resistance genes. This strain was used for the transient transformation of N. benthamiana leaves.

Agrobacterium tumefaciens GV3103 pMP90

This strain is a 'disarmed' strain and contains a Ti pMP90 plasmid [START_REF] Hellens | pGreen: A versatile and flexible binary Ti vector for Agrobacterium-mediated plant transformation[END_REF]. It has rifampicin and gentamycin resistance genes. This strain was used for the stable transformation of M. polymorpha plants.

Plasmids pBAD TOPO® vector (Invitrogen K4300-01)

This vector allows having an effective and time-saving single-step cloning technique. The vector allows the cloning of a DNA fragment of interest downstream a sequence encoding a cleavage recognition site called EK site and upstream a sequence encoding a V5 epitope and a 6xHis tag.

An araBAD promoter provides tight regulation of gene expression and is inducible by arabinose.

The pBAD TOPO® vector allows expressing proteins in E. coli TOP 10. This vector has an ampicillin resistance gene. 

pDONR TM 207 vector (Invitrogen)

This is a Gateway® entry vector with attP1 and attP2 sites and a gentamycin resistance gene.

The vector also contains a chloramphenicol resistance gene and a lethal gene (ccdB) that encodes a toxic protein. This means that bacteria having the recombinant pDONR TM 207 vector carrying the DNA fragment of interest can survive on selective medium since the lethal gene is substituted with the DNA fragment of interest. This vector was used to obtain promoter::GUS constructs. 

Oligonucleotide primers

The different primers used in this work are mentioned in Supplementary data of chapters 4 (Supplementary Table S1) and 5 (Supplementary Table S1).

Antibiotics

The different antibiotics (Euromedex, Souffelweyersheim, France) used in this work are as follows: kanamycin 50 µg/mL, gentamycin 25 µg/mL, spectinomycin 100 µg/mL, ampicillin 50 µg/mL, rifampicin 50 µg/mL, augmentin 100 µg/mL and hygromycin 50 µg/mL. supplemented with 1% sucrose and 1.4% agar with a pH of 5.5. For 1 L of medium, 1.6 g of GB powder and 10 g of sucrose were dissolved in UHQ water under stirring. Then, the pH was adjusted to 5.5 using 0.1 M KOH. Finally, 14 g of agar were added. Then, the medium was autoclaved at 120 °C for 30 min. M. polymorpha were cultured through thallus fragments or asexually through gemmae (Figure 2.5) The plants were placed in growth chamber under a photoperiod of 16 h light/8 h dark at 22°C. 

Methods

N. benthamiana

The seeds of N. benthamiana were sown in soil. After 14 days, the seedlings were transplanted into individual pots. They were cultivated for 2-3 weeks, before being infiltrated, under a photoperiod of 16 h light/8 h dark at 25°C (light)/22°C (dark) and 80% humidity.

Bacterial culture conditions

E. coli and A. tumefaciens

The bacteria were cultivated on Luria-Bertani (LB) agar Petri dishes or in liquid medium under shaking, each supplemented with suitable antibiotics, at 37 °C for E. coli and 28 °C for A.

tumefaciens.

Culture media composition

LB medium contained 10 g/L Bacto-tryptone, 5 g/L Bacto-yeast extract, 10 g/L NaCl, pH 7 with NaOH ( Sambrook and Russel, 2001) and 15 g/L of Bacto-agar (for cultures on Petri dishes) and suitable antibiotics.

A. B. 

Quick extraction of total proteins

Extraction of proteins for proteomics analysis

The plant cell walls were purified according to a protocol described in Chapter 3 (see § 3.2).

Proteins were extracted from cell walls using salt solutions following a protocol described in Chapter 3 (see § 3.2). The N-glycoproteins were isolated after affinity chromatography on Concanavalin A (ConA) of a total protein extract as described in chapter 3 (see § 3.2).

Protein analysis techniques

Polyacrylamide gel preparation

Proteins were analyzed by 1D SDS-PAGE according to Laemmli, 1970. The separation gel was at a concentration of 12% or 15 %. Then, a 4% stacking gel was added over the separation gel (Table 2.2). Prior to sample deposition into the wells, protein samples were denatured in Laemmli buffer 4X buffer (250 mM Tris-HCl pH 6.8, 40% glycerol (v/v), 20% βmercaptoethanol, 8% (m/v) SDS, 0.04% bromophenol blue) (Laemmli, 1970) for 10 min at 100 °C. 

Staining of proteins with Coomassie blue

The gel was washed three times with UHQ water on the shaker where each wash was for 10 min.

Then, the gel was soaked and colored overnight with Coomassie blue PageBlue TM Protein Staining Solution (Thermo Fisher Scientific ref: 24620, Illkirch-Graffenstaden, France).

Staining of proteins with silver nitrate

The method mentioned below is derived from the protocol described in (Shevchenko et al., 1996). The polyacrylamide gel was placed in 20 mL of 0.02% (m/v) sodium thiosulfate for 1-2 min. Then, this solution was discarded and two quick washes were performed with UHQ water.

The gel was then soaked in 20 mL of 0.01% (m/v) silver nitrate solution for 30 min at 4 °C under shaking. The silver nitrate solution was then discarded and two quick washes were performed with UHQ water. Then a development solution (0.04% formaldehyde, 0.2% (m/v) Na 2 CO 3 ) was applied for 5-30 min on shaker at room temperature. When the staining was sufficient, the reaction was stopped by addition of 1% acetic acid. The gel was stored at 4°C. Note that this staining can be performed on a gel already stained with Coomassie blue.

Electro-transfer of proteins

After electrophoresis, the proteins could be transferred onto a nitrocellulose membrane (SIGMA ALDRICH ref: GE10600003) for immunodetection of the proteins of interest. The nitrocellulose membrane was incubated for 10 min with transfer buffer (48 mM Tris, 39 mM glycine, 0.0375 % SDS, 20% ethanol). Later on, the proteins were electro-transferred onto the nitrocellulose membrane using semi-sec a Trans-Blot Semi-Dry Transfer Cell system (BIO-RAD) during 1 h at 20 V and 800 mA.

Immunodetection of proteins (Western blot)

After electro-transfer of proteins, the nitrocellulose membrane was soaked in saturation solution made up of 5 % of BSA dissolved in TBST buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl and 0.05% Tween) on a shaker overnight at 4°C. After saturation, the membrane was washed thrice 10 min with TBST buffer on shaker. Then, it was placed during 2 h at room temperature in primary antibody solution like anti-TagRFP rabbit polyclonal antibody (Evrogen ref: EV-AB233, Moscow, Russia) or anti-GFP polyclonal antibody diluted 1:10000 in TBST-BSA 1%.

The membrane was rinsed thrice 10 min with TBST. It was then incubated with secondary antibody anti-rabbit IgG (H+L) coupled with alkaline phosphatase (SIGMA ALDRICH ref:

A3687) that was diluted 1:10000 in TBST-BSA 1% for 2 h at room temperature. Finally, the membrane was washed thrice 10 min with TBST buffer. The alkaline phosphatase activity was detected using the chromogenic substrate: 5-bromo-4-chloro-3-indolyl phosphate (BCIP, Duchefa ref N1411, Haarlem, Netherlands) at 50 mg/mL and nitroblue tetrazolium (NBT, Duchefa ref: X1410) at 50 mg/mL in 70 % DMF (dimethylformamide). The revelation step was started after addition of BCIP (33 µL) and NBT (33 µL) in 10 mL of TBS (TBS has the same composition as TBST, except that Tween was omitted) at pH 9.5. The exposure time differed from one experiment to another, depending on the amount of material to be detected. Then, the membrane was washed thrice with UHQ water and could be stored dried.

Identification of proteins by Liquid Chromatography (LC)-MS/MS and bioinformatics

For mass spectrometry (MS) analysis, three biological replicates were prepared and checked by 1D SDS-PAGE, for reproducibility and absence of protein degradation. For each sample, 60 µg of proteins were put in 1.5 mL Eppendorf tube, then lyophilized in SpeedVac SPD 11IV 

DNA sequencing

Sequencing was done by EUROFINS Genomics (GATC service, Nantes, France). The samples were sent to sequencing after being prepared as followed: 400 ng of plasmid DNA or 40 ng of purified PCR product in a final volume of 7.5 µL plus 2.5 µL of the relevant primer at 10 µM.

Different bioinformatic programs were used to analyze the sequences: BioEdit (https://bioedit.software.informer.com/), and CLUSTALW (htttp://genome.jp/tools/clustalw/; https://www.ebi.ac.uk/Tools/msa/clustalo/).

Extraction of phenolics

The procedure to extract phenolics from M. polymorpha thalli, A. thaliana and B. distachyon leaves is described in chapter 3 (see § 3.2).

Extraction and analysis of cell wall polysaccharides

The isolation of different cell wall polysaccharides fractions from M. polymorpha thalli was preceded by two successive washes with 70% acetone in order to remove the polyphenols according to (Happ & Classen, 2019). The thalli were ground in liquid nitrogen using a mortar and a pestle. Then, 70% acetone was added in the ratio of 1:100, incubated at 4 °C for 21 h under stirring and eliminated by vacuum filtration. The mixture was subjected to a second wash with 70% acetone at 4 °C for 24 h under stirring and removed again by vacuum filtration. The alcohol insoluble residue (AIR) was dried at room temperature under the hood for 2 days. Then, 100 mg of AIR were extracted with 1 mL of 0.2 M ammonium oxalate followed by 1 mL of 3% sodium carbonate to obtain the pectin-enriched fractions P1 and P2 fractions, respectively. Subsequently, 1 mL of 2 M KOH solution was used to extract the hemicellulose-enriched fraction (H). Finally, the cellulose-enriched fraction (C) was extracted with 1 mL of cadoxen solution (31% v/v 1,2diaminoethane with 0.78 M CdO). Each step was done using a rotating wheel for 21 h at 70 °C except for the cellulose extraction which was performed for 3 h at room temperature. Then, the samples were centrifuged at 17,000 g for 10 min at room temperature and the supernatants were collected. The supernatants were stored at 4 °C for further analysis. The polysaccharide fractions were then analyzed by immunochemistry using monoclonal antibodies (former PlantProbes, Leeds, UK; now Kerafast, Boston, MA, USA, Table 2.3) against different cell wall epitopes (commercial and extracted ones, Table 2.4) on polysaccharide arrays according to [START_REF] Moller | High-throughput mapping of cellwall polymers within and between plants using novel microarrays: Glycan microarrays for plant cell-wall analysis[END_REF]. As controls for the polysaccharide arrays, commercial polysaccharides were used (Table 2.4).

The concentration of all stock solutions was 10 mg/mL. The different commercial polysaccharide solutions were prepared and diluted as follows: for pectins and hemicelluloses, 2 µL of solution in 48 µL of UHQ water; and for cellulose, 1 µL of solution in 49 µL of UHQ water. The nitrocellulose membrane was wetted in TBS for 10 min and placed in a Bio-Dot apparatus (BIO-RAD). The polysaccharides solutions were prepared according to Table 2.4. The first step of the procedure was to deposit 100 µL of TBS into each well in order to equilibrate the membrane and then apply vacuum. Then, 40 µL of each polysaccharide fraction were deposited before applying vacuum again. The membrane was removed from the apparatus and dried for 2 h at room temperature. It was then soaked in 10 mL of TBST-BSA 5% buffer inside a 50 mL Falcon tube. It was incubated for 1 h on a rotating wheel at room temperature. Then, the membrane was washed thrice 10 min with TBST. Afterwards, the membrane was incubated with specific primary antibody (Table 2.3) diluted 1:250 in TBST-BSA 1% overnight at 4 °C. Again, the membrane was washed thrice 10 min with TBST. After rinsing, the membrane was placed in anti-rat IgG secondary antibody (SIGMA ALDRICH ref: 8438) diluted 1:10000 in TBST-BSA 1% for 3 h at room temperature. After incubation with secondary antibody coupled to alkaline phosphatase, the membrane was washed thrice 10 min with TBST. The following steps were as described in § 2.2.5.

KO of genes using the CRISPR-Cas9 technology

Cloning into binary vector

The method used to produce the CRISPR-Cas9 constructs was the Golden Gate cloning. This technique allows the assembly of several DNA fragments into a defined order in a recipient vector. This is achieved using Type IIs restriction enzymes and the T4 DNA ligase. In our study, were designed for each gene (see Chapter 4, Supplementary Table S2). An A. thaliana codonoptimized Cas9 (Atcas9) was used. The vectors carrying the different DNA fragments were added together in each of the three reactions according to Table 2.5. Then, the tubes were incubated in a PCR thermocycler machine (BIO-RAD). 

Transformation of one-Shot TOP 10 chemically competent E. coli

The protocol used corresponds to that of the Gateway® cloning method (Thermo Fisher Scientific, Invitrogen). Two µL of the LR reaction mix were used to transform 50 µL of competent E. coli TOP10 10 cells (Invitrogen ref: C4040-10) by thermal shock. This was done by incubating the mix on ice for 30 min followed by placing the tubes of each mix in water bath at 42 ° C for 40 s. Then, 250 µL of SOC medium were added and the mix was incubated at 37 °C under shaking for 1 h. Fifty or 200 µL of each mix were spread onto LB agar medium + 50 µg/mL kanamycin.

Screening and plasmid extraction

From each transformation, four white colonies were selected and saved by streaking on LB agar + kanamycin 50 μg/mL. Then, they were cultured overnight in liquid suspension at 37°C under shaking. Next morning, plasmid minipreps were carried out according to the GeneJET ™ Plasmid Miniprep Kit protocol on 4 mL bacterial liquid culture (Fermentas, Thermo Fisher Scientific). The quality of the constructs was verified by restriction with EcoRI (Thermo Fisher Scientific) and checking of the restriction map.

A. tumefaciens thermal transformation

A. tumefaciens GV3101 were cultivated overnight in 10 mL liquid suspension of LB media supplemented with 50 µg/mL rifampicin and 25 µg/mL gentamycin at 28°C under shaking. Next morning, OD 600 was measured against an optical blank consisting of the culture medium and adjusted to be between 0.5 and 1. Tubes containing bacterial culture were placed on ice and then were centrifuged at 1,000 g for 6 min at 4°C. Supernatants were discarded and pellets were resuspended in 300 μL 20 mM CaCl 2 solution. This was distributed into fractions of 100 µL in cold Eppendorf tubes. Immediately, 1 µg of the DNA was added into each competent cells fraction. The tubes were mixed gently and placed in liquid nitrogen container for 1 min.

Immediately, the tubes were transferred in a 37°C water bath for 4 min. This was followed by addition of 1 mL of liquid LB medium into each tube before incubation at 28°C for 4 h under shaking. Later on, the bacterial cultures were centrifuged for 30 s at 19,000 g and supernatants were discarded. Bacterial pellets were taken up in 200 µL liquid LB medium and spread onto LB agar Petri dishes supplemented with 50 µg/mL rifampicin, 25 µg/mL gentamycin and 50 µg/mL kanamycin. Finally, the plates were incubated at 28°C until the colonies started to appear (2 to 3 days).

A. tumefaciens-mediated stable transformation of M. polymorpha

The whole protocol is described in detail in chapter 4 (see § 4.2.6).

Genotyping of transformants

The whole protocol is described in detail in chapter 4 (see § 4.2.9).

Overexpression of PDP genes in M. polymorpha

Cloning into binary vectors

The whole protocol is described in detail in chapter 4 (see § 4.2.4).

BP reaction

The product of external PCR was used for the Gateway® BP reaction. The BP reaction was performed at 25°C overnight using the following mix: ~50 ng purified attB-PCR product of external PCR, ~150 ng pDONR207 donor vector, 8 µL TE buffer pH 8.0 and 2 µL BP clonase TM II (Thermo Fisher Scientific). The reaction was stopped by addition of 1 µL proteinase K solution (Thermo Fisher Scientific) and placed at 37 °C for 10 min. This was followed by E. coli transformation (see § 2.2.10.2), colony screening, plasmid mini-prep (see § 2.2.10.3) and sequencing (see § 2.2.7). Relevant entry clones were selected.

LR reaction

The selected entry clone for each gene was used for the LR reaction. The LR reaction was performed overnight at 25°C using the following mix: 120 ng of an entry clone, 150 ng of pMpGWB127 binary destination vector, 8 µL of TE buffer pH 8.0 and 2 µL LR clonase TM II (Thermo Fisher Scientific). The reaction was stopped by addition of 1 µL proteinase K solution and placed at 37 °C for 10 min. This was followed by 

RNA extraction

Total RNA was extracted from 4 and 2 week-old M. polymorpha potentially over-expressors using the "SV Total RNA isolation Kit" (Promega ref: Z3100, Charbonnières-les-Bains, France).

RNA concentrations were measured and, again, these were subjected to DNase of TURBO DNA-free TM Kit (Thermo Fisher Scientific) following the protocol "TURBO TM DNase

Treatment and Removal Reagents" (Thermo Fisher Scientific). RNA quality was checked by PCR using the actin gene (Mp6g10990: MpACT1) primer pair (#11, #12, see chapter 4

Supplementary Table S1) and 28 cycles.

cDNA synthesis

cDNA was synthesized from total RNA following the" ProtoScript®II First strand cDNA Synthesis Kit" (NEW ENGLAND BioLabs ref: E6560S, Evry-Courcouronnes, France). This was followed by PCR to check the cDNA quality.

Semi-quantitative PCR

The methods used to perform semi-quantitative PCR is described in detail in chapter 4 (see § 4.2.5).

PAC domain genes pattern of expression

The methods used to obtain promoter::GUS constructs, to perform histochemical assay for GUS enzyme activity and to prepare sections for microcopy analyses are described in chapter 4 (see § 4.2.2, 4.2.8, and 4.2.11).

Protein-protein interaction using the FRET-FLIM technology

The origin of this work started before my arrival in the laboratory (Laurent Hofffmann and David Roujol, unpublished work; [START_REF] Berthold | Inside or outside? A new collection of Gateway vectors allowing plant protein subcellular localization or over-expression[END_REF]. All the relevant protocols are described in chapter 5 (see § 5.2.1 and 5.2.4).

Expression of protein fusions in N. benthamiana leaf epidermal cells

Transient expression

Two mL of a LB liquid suspension of A. tumefaciens carrying a construct of interest, and supplemented with 50 µg/mL kanamycin, 25 µg/mL gentamycin and 50 µg/mL rifampicin, were incubated overnight at 28°C under shaking. Then, 200 µL of the bacterial suspension were added into 20 mL new fresh liquid medium and again incubated overnight at 28°C under shaking. In the next morning, the OD 600nm was adjusted at 0.3. The suspension was centrifuged for 10 min at 2,500 g at room temperature, and then the pellet was resuspended in 1 mL of agromix (10 mM MgCl 2 , 10 mM MES pH 5.6, 150 µM acetosyringone). The obtained agromix was kept in dark for a few hours. The bacterial culture carrying the construct of interest was infiltrated into the lower epidermis of intermediate leaves using a 1 mL-sterile syringe (3 plants were used per construct).

Sub-cellular localization of protein fusions

The protocol used here is described in [START_REF] Pinski | Comparison of mass spectrometry data and bioinformatics predictions to assess the bona fide localization of proteins identified in cell wall proteomics studies[END_REF].

Characterization of the cell wall of M. polymorpha thalli: cell wall proteins and polysaccharides

Introduction

When this work started, information related to M. polymorpha cell walls was scarce and mostly related to their composition in polysaccharides. Since we were interested in looking for the function of two cell wall PDPs, we thought that it would be interesting to better know the M. polymorpha cell wall proteome. We then decided to perform two complementary approaches in order to get a large coverage: (i) a purification of the thallus cell walls followed by an extraction of proteins with salt solutions; (ii) a preparation of a total protein extract followed by an affinity chromatography on Concanavalin A (ConA) to isolated N-glycoproteins, many of these proteins being found in cell walls. This work has been the subject of an article published in Frontiers in Plant Science (see § 3.2).

As a complement to this proteomics study and to a previous one describing the monosaccharide content of M. polymorpha cell walls (Happ & Classen, 2019), we also decided to have a look at their polysaccharide composition using a collection of monoclonal antibodies directed against specific epitopes (see § 3.3).

The cell wall proteome of Marchantia polymorpha reveals specificities compared to those of flowering plants

Article link: https://www.frontiersin.org/articles/10.3389/fpls.2021.765846/full

INTRODUCTION

Plant cell walls are composite structures made of polysaccharidic polymers like pectins, hemicelluloses and cellulose as well as of lignins in lignified secondary walls (Carpita and Gibeaut, 1993;Vanholme et al., 2019). The major pectic components are homogalacturonans, rhamnogalacturonans I and II (Caffall and Mohnen, 2009). Xyloglucans, mannans, and xylans are the hemicelluloses present in the cell walls of all land plants (Scheller and Ulvskov, 2010). Although present in lower amount, cell wall proteins (CWPs) play critical roles in polymer remodeling and in signaling during plant development and in response to environmental clues (Franková and Fry, 2013;Le Gall et al., 2015;Cosgrove, 2016;Novaković et al., 2018). In the recent years, dedicated proteomics approaches have greatly contributed to a better knowledge of the CWPs content of plant cell walls (Albenne et al., 2013). Different flowering plant species have been studied among which Arabidopsis thaliana and Brachypodium distachyon, which are model plants for dicot and monocot species, respectively (Albenne et al., 2013;Calderan-Rodrigues et al., 2019). The same CWP families could be identified in all the cell wall proteomes described so far (see WallProtDB) 1 and could be grouped in functional classes according to the presence of predicted functional domains and experimental work (Jamet et al., 2008): proteins acting on carbohydrates (PAC), oxidoreductases (OR), proteases (P), proteins possibly related to lipid metabolism (LM), proteins with interaction domains with polysaccharides or proteins (ID), proteins possibly involved in signaling (S), structural proteins (SP), miscellaneous proteins (M), and proteins of yet unknown function (UF).

Thanks to their polymer diversity and to the large battery of CWPs, the plant cell walls have played critical roles in the adaptation of plants to terrestrial habitats (Sørensen et al., 2010). Terrestrialization was enabled by the capacity to synthesize cell walls able to regulate water exchanges, to provide protection against UV radiation and mechanical support. The appearance of a cuticle barrier made of lipid compounds at the epidermal surface has allowed limiting water evaporation and controlling water absorption (Philippe et al., 2020). The terrestrial plants were also exposed to increased levels of UV radiation. The presence of phenolic compounds in cell walls could have provided efficient protection for sessile organisms (Popper et al., 2011;Soriano et al., 2019). Such compounds have also provided (i) mechanical strength to cell walls thus allowing vertical growth and (ii) waterproofing for vessels permitting vertical and long-distance transport of sieve (Popper et al., 2011). The polysaccharide composition of several early divergent plant cell walls as well as their content in aromatic compounds have been analyzed (Peña et al., 2008;Popper, 2008;Soriano et al., 2019). The presence of arabinogalactan proteins (AGPs) in the cell walls of Marchantia polymorpha has been recently described (Happ and Classen, 2019). They have been shown to exhibit specific types of O-glycosylation, but no precise identification of the protein cores has been reported. A secretome of 45 proteins of Physcomitrella patens rhizoids has revealed the presence of 18 proteins predicted to be secreted including three germins, one dirigent protein and one laccase (Martínez-Cortésa et al., 2014). Altogether, to date, the information regarding the cell wall proteomes of early divergent plants like Bryophytes is very limited.

Marchantia polymorpha has recently become an attractive model plant for several reasons. It is an early divergent plant and its study should contribute to a better understanding of the evolution of the green lineage (Shimamura, 2016;Delwiche et al., 2017). Its genome has been recently sequenced and is moderately small (∼226 Mb, around 20,000 annotated genes) (Bowman et al., 2017). M. polymorpha is easy to grow in laboratory conditions, has a short life cycle, and the haploid gametophyte is the dominant phase (Shimamura, 2016). It can 1 http://www.polebio.lrsv.ups-tlse.fr/WallProtDB/ also be easily transformed and genetically modified by gene editing (Delwiche et al., 2017).

The aim of this work was to identify CWPs of M. polymorpha at three different stages of its vegetative development. The proteins have been extracted by two complementary methods: (i) extraction of proteins with salt solutions from purified cell walls; (ii) affinity chromatography on Concanavalin A (ConA) to purify N-glycoproteins, since secreted proteins go through the secretion pathways where most of them are N-glycosylated. The resulting proteomes were combined and compared together and to the proteomes of flowering plants already described. Major protein families could be identified which characterize the M. polymorpha cell wall proteome as a particular one. Its specificities are discussed with regard to the cell wall composition.

MATERIALS AND METHODS

Plant Material

M. polymorpha of male accession Takaragaike-1 (Tak-1) was cultivated through thallus fragmentation on Jiffy pellets (Jiffy Products International AS, Stange, Norway) or maintained asexually through gemma growth on half-strength Gamborg's B-5 basal medium (GB 1/2 ) with minimal organics medium (Sigma-Aldrich, Merck, Darmstadt, Germany) supplemented with 1% sucrose and 1.4% agar with a pH of 5.5. The plants were placed in growth chamber at 22 • C under a 8 h dark/16 h light photoperiod and at 100 µE m -2 s -1 light intensity. The 2 week-old thalli were only grown in vitro. The 3 week-old thalli were grown for 2 weeks in vitro, and then for 1 week on Jiffy pellets. The 5 week-old thalli were grown for 4 weeks in vitro, and then for 1 week on Jiffy pellets. Only the tips of the thalli, i.e., the actively growing tissues, were used for the experiments.

Extraction of Proteins From Cell Walls

About 3.5-4 g of fresh material were used for 2 week-old thalli, 5-7 g for 3 week-old thalli and 35-40 g for 5 week-old thalli. Extraction of CWPs started with purification of cell walls as described with slight modifications (Feiz et al., 2006). The plant material was placed on nylon mesh (25 µm pore size) and washed by 2 L of sodium acetate buffer 5 mM pH 4.6, then with 1 L of sodium acetate buffer 5 mM pH 4.6 containing 0.4 M sucrose. The plant material was ground at 4 • C for 30 s in a blender containing 400 mL/g fresh material sodium acetate buffer 5 mM pH 4.6 containing 0.4 M sucrose supplemented with 20 mM DTT, 10 mM TCEP [Tris (1-carboxyethyl) phosphine hydrochloride] (Sigma-Aldrich), protease inhibitors cocktail (Sigma-Aldrich) and poly (vinylpolypyrrolidone) (PVPP, Sigma-Aldrich). This step was followed by centrifugation at 30,000 g for 15 min at 4 • C. It was repeated twice, but successively with sodium acetate buffer 5 mM pH 4.6 containing 0.6 M sucrose and 1 M sucrose. The resulting pellet was washed on nylon mesh (pore size: 25 µm 2 ) with 3 L sodium acetate buffer 5 mM pH 4.6. It was finally ground in liquid nitrogen using a mortar with pestle until obtaining a homogeneous fine powder. This fraction, so-called "purified cell walls, " was lyophilized until complete desiccation.

Extraction of proteins was done as described (Irshad et al., 2008). Twelve milliliter of 5 mM sodium acetate buffer at pH 4.6 containing 0.2 M CaCl 2 were added to 1 g lyophilized purified cell walls together with 9 µL/g protease inhibitors cocktail (Sigma-Aldrich). After 20 min of agitation, the mixture was centrifuged at 45,000 g for 30 min at 4 • C and the supernatant was collected. The proteins were successively extracted with 5 mM sodium acetate buffer pH 4.6 containing (i) 0.2 M CaCl 2 (6 mL/g purified cell walls), (ii) 2 M LiCl (10 mL/g purified cell walls) in the presence of 10 µL of protease inhibitors cocktail, and (iii) 2 M LiCl (6 mL/g purified cell walls). All the supernatants were pooled and subjected to a last centrifugation step to eliminate cellular residues. The protein solution was desalted on Econo-Pack R 10 DG columns (BIO-RAD, Hercules, CA, United States) equilibrated with 100 mM ammonium formate buffer. The protein solution was lyophilized and resuspended in deionized water. The proteins were quantified using the BCA method (INTERCHIM UPTIMA, Montluçon, France) and separated by 1 D-SDS PAGE.

Isolation of N-Glycoproteins

This procedure was realized as described (Minic et al., 2007) with some modifications. The thalli (5 g) were frozen in liquid nitrogen and ground in a mortar with a pestle to a fine powder. The resulting powder was suspended in 50 mL of icecold extraction buffer (25 mM potassium phosphate buffer pH 7.4, 0.5 M NaCl, 20 mM DTT, 5 mM TCEP (Sigma-Aldrich), 1 g PVPP, 250 µL plant protease inhibitors cocktail (Sigma-Aldrich) and were ground in a mortar with pestle for 5 min on ice. The material was centrifuged at 40.000 g for 15 min at 4 • C and the proteins were precipitated with ammonium sulfate (80% saturation) to concentrate the protein extract. The pellet was resuspended with 3 mL of ConA buffer (20 mM Tris-HCl pH 7.4, 1 mM CaCl 2 /MnCl 2 /MgCl 2 , 0.5 M NaCl). The proteins were desalted on Econo-Pack 10 DG (BIO-RAD) columns. Then, the protein concentration was measured using the BCA method (INTERCHIM UPTIMA). Five mg of proteins were incubated with 1.5 mL ConA resin (20 mg/mL agarose conjugate) (Sigma-Aldrich) for at least 3 h at 4 • C. Then, the ConA suspension was poured into a small plastic disposable column (Thermo Fisher Scientific, Rockford, IL, United States). The column was washed thrice with the ConA buffer, followed by elution with 0.2 M methyl-α-glucopyranose (Sigma-Aldrich) in the same buffer. The proteins were quantified using the BCA method (INTERCHIM UPTIMA) and separated by 1 D-SDS PAGE.

Analysis of the Proteins by 1D-SDS PAGE

Sixty microgram of each protein extract were loaded on 12% polyacrylamide gel and migrated for 1 h at 35 V. Gels were stained overnight with Coomassie blue PageBlue TM Protein Staining Solution (Thermo Fisher Scientific). Prior to silver staining, this step was followed by washing of gels with UHQ water until the complete disappearance of the blue color. Silver staining was performed as described (Shevchenko et al., 1996).

Determination of Total Phenolics Content

The extraction procedure was designed after (Wang et al., 2016). One g of lyophilized powdered thalli was extracted with 25 mL 80% ethanol using an ultrasonicator (Elmasonic S ultrasonic, Elma Schmidbauer GmbH, Singen, Germany) for 30 min at 50 • C. This step was repeated twice. After each extraction, the solution was vortexed for 10 min in dark. Both extracts were combined and filtered through a 0.45 µm membrane (Merck Millipore, Darmstadt, Germany). The filtrate was evaporated using a rotary evaporator at 55 • C for 20 min. The dry residue (crude extract) was dissolved in 80% ethanol. The total phenolics content was determined according to the Folin and Ciocalteu method (Kaur and Kapoor, 2002) with some modifications. Twenty microliter from each sample were added to 1.58 mL deionized water and 100 µL Folin and Ciocalteu's phenol reagent (Sigma-Aldrich). After 2 min of mixing, 300 µL of sodium carbonate solution (0.2 g/L) were added and the mixture was homogenized. The samples were incubated at 40 • C for 30 min. Finally, the absorbance was measured at 765 nm. The total phenolics content expressed as mg gallic acid/g dry mass was determined by comparison to a standard curve determined using various concentrations of gallic acid (0-500 mg/mL).

Identification of Proteins by Mass Spectrometry

Sixty µg of each protein extract were solubilized in 30 µL Laemmli buffer (Laemmli, 1970). They were vortexed during 3 min prior being heated at 70 • C during 5 min. They were shortly separated by 1D-SDS-PAGE at a constant voltage of 200 V during 12 min. The gels were stained with Coomassie blue (BioSafe TM , BIO-RAD) according to the purchaser's instructions except that a step of fixation in 10% acetic acid, 40% ethanol was added before the rinsing step. The gel was cut into three or six pieces for the proteins extracted from purified cell walls, or the N-glycoproteins, respectively. Each sample was then digested according to the in-gel digestion protocol described in Supplementary Table 1A. Then, the samples were analyzed by LC-MS/MS following the procedure described in Supplementary Table 1B. The mass spectrometer was a Q-Exactive Plus (Thermo Fisher Scientific) coupled to a NanoLC 425 System (Sciex, Villebon sur Yvette, France). The raw data produced via the XCalibur TM 4.0.27.19 software (Thermo Fisher Scientific) were converted using msconvert (Proteowizard 3.0.9576)2 before the database search. The V3.1 version of the M. polymorpha genomic data was downloaded from Phytozome. 3 Database search was perform using an in-house database collecting usual contaminants and X!Tandem Piledriver (2015.04.01.1) (Craig and Beavis, 2004; see Supplementary Tables 1B, 2, 3 for details). X!TandemPipeline (Release 0.4.2) (Langella et al., 2017) was used for MS data processing (see Supplementary Table 1B for details). The validation of the identification of a protein was only confirmed when at least two peptides were found with an e-value lower than 1.00E-02 and an overall e-value for the protein lower than 1.00E-05. Only proteins identified with at least two different specific peptides in the same biological replicate and found in at least two biological replicates were validated. The quantification of the CWPs extracted from the purified cell walls has been performed with MassChroQ (version 2.2.29) as described (Valot et al., 2011) using the XIC (extracted ion chromatogram) values. The MS/MS are publicly available at ProticDB (Langella et al., 2013; 4 projects "cell_wall_marchantia_proteome" and "cell_wall_marchantia_glycoproteome"). The data related to CWPs can be found at WallProtDB (see text footnote 1) (San Clemente and Jamet, 2015).

Bioinformatics

Two types of bioinformatic predictions have been performed: the sub-cellular localization of proteins and the presence of functional domains using the ProtAnnDB in-house tool5 (San [START_REF] Clemente | Bioinformatics as a tool for assessing the quality of sub-cellular proteomic strategies and inferring functions of proteins: Plant cell wall proteomics as a test case[END_REF]. Proteins having a predicted signal peptide, but lacking intracellular retention motifs or having less than two transmembrane domains have been called CWPs.

RESULTS

Solving the Issue of the Presence of High Amounts of Phenolic Compounds in M. polymorpha Tissues

The usual procedure to isolate cell walls starts with a rough grinding of plant tissues (Feiz et al., 2006). At the beginning of our experiments with 5 week-old thalli, we have faced difficulties to avoid strong oxidation reactions which gave a dark brown to nearly black color to the extracts. It was not possible to get rid of these compounds even after gel filtration on Econo-Pack 10 DG columns. The presence of high amounts of phenolics in M. polymorpha tissues was previously described (Schwartner et al., 1996;Soriano et al., 2019). The risk was to favor their unspecific oxidative fixation on proteins and thus to prevent the proper extraction and the identification of proteins by MS and bioinformatics. We have quantified these compounds at the three different stages of development of M. polymorpha of interest (Figure 1): 2 week-old thalli undergoing active growth and exhibiting scarce rhizoids, 3 week-old thalli representing an intermediate stage of development with more rhizoids, and 5 week-old thalli carrying gemma cups. We have compared the results to those obtained with aerial organs of A. thaliana and B. distachyon which have both provided easy material for protein preparation as shown in previous studies (Douché et al., 2013;Hervé et al., 2016;Duruflé et al., 2017), The starting material (named "raw material") was compared to purified deproteinized cell walls (Figure 2). The amount of phenolic compounds correlated with the age of M. polymorpha thalli showing an increase by 100% between 5 week-old thalli compared and 2 week-old ones, in both types of materials. By comparison, this amount was similar to that found in the leaves of B. distachyon and a little bit higher than that found in A. thaliana rosettes. The difference remained high between the values obtained with the purified deproteinized cell walls, especially with those of A. thaliana. Since our difficulties appeared to be specific to M. polymorpha, we assumed that (i) the phenolics compounds were less easily extracted during the cell wall purification procedure and remained at the subsequent steps of protein extraction and (ii) the oxidation reactions were more important in M. polymorpha cell wall extracts. Then, we have modified the cell wall purification procedure by adding an antioxidant, 10 mM TCEP, at the very beginning of the experiment. It should be mentioned that the addition of DTT alone did not allow solving this issue. Although the amount of phenolic compounds could not be reduced, the oxidative reactions could be prevented. The protein extracts then appeared in a light brown color.

Yield of Protein Extraction and Quality Control

We have used a two-step protocol to prepare the protein extracts from purified cell walls. It includes the preparation of a purified cell wall fraction followed by an extraction of proteins with CaCl 2 and LiCl salt solutions (Irshad et al., 2008). This means that only proteins weakly interacting or ionically bound to cell wall components have been extracted. The extraction of covalently bound proteins would have required a different strategy such as the use of trypsin on purified cell walls (Chen et al., 2015).

The amount of purified cell walls as well as that of the extracted proteins was quantified (Table 1 and Supplementary Figure 1). The yield of cell wall preparation (mass of purified cell walls per mass of fresh material) strongly increased from 2 to 5 week-old thalli, from 8.8 ± 1.8% to 23.3 ± 5.8%. Conversely, the yield of proteins extracted from cell walls with salt solutions (CaCl 2 0.2 M followed by LiCl 2 M) decreased from 2 to 5 week-old thalli, from 90.9 ± 16.2 to 22.3 ± 0.3 µg proteins/g fresh material. Regarding the N-glycoproteins purified by affinity chromatography on ConA, the elution of the proteins was checked by 1D SDS-PAGE and three fractions (E1-E3) were retained for further analysis and protein quantification (Supplementary Figure 2). The yield of the purification procedure (mass of total proteins per mass of proteins eluted from the ConA column) was similar at all three stages of development, i.e., it ranged between 11 and 13% of the total protein amount.

The next step was to check the quality of the protein extracts. This was performed by analyzing equivalent amounts of proteins (60 µg) by 1D SDS-PAGE (Figure 3 and Supplementary Figures 3,4). The patterns showed distinct protein bands, indicating no protein degradation, and they were similar for each set of biological replicates (proteins extracted from purified cell walls and N-glycoproteins), indicating a good reproducibility of the experiments (Supplementary Figures 3,4). Note that it was necessary to stain the N-glycoproteins with silver nitrate, probably because the Coomassie blue staining was not efficient due to the N-glycosylations. The comparison of the different stages of development showed little variations between the protein patterns (Figure 3). Then, the protein extracts were ready for MS analysis and protein identification. After protein identification, all the identified proteins have been annotated to predict their sub-cellular localization (see section "Materials (B) After in vitro culture for 2 weeks, followed by 1 week of culture on soil (3 week-old thalli). (C) After in vitro culture for 4 weeks, followed by 1 week of culture on soil (5 week-old thalli).

and Methods, " Supplementary Tables 2,3). Only the proteins predicted to be secreted and not retained in an intracellular compartment were considered as CWPs. Based on XIC values, 191 out of the 385 CWPs extracted from purified cell walls could be quantified. A principal component analysis showed the good grouping of the three biological replicates for each developmental stage (Supplementary Figure 5).

The number of predicted N-glycosylation sites was determined for each set of CWPs to assess the efficiency of the ConA affinity chromatography (Supplementary Figure 6). The percentage of proteins with no predicted N-glycosylation sites was much higher for the CWPs extracted from purified cell walls (17 vs. 4%), than for the CWPs purified by ConA affinity chromatography. In addition, 36% of the CWPs extracted from cell walls contained one or two predicted N-glycosylated sites, whereas 35% of the CWPs purified by Comparison Between the Proteins Extracted From the Purified Cell Walls and the N-Glycoproteins Purified by ConA Affinity Chromatography Altogether, 1239 different proteins were identified in the protein extracts from purified cell walls among which 376 (30.3%) were predicted to be CWPs (Table 2). The total number of identified proteins was the highest in the 2 and 3 weekold samples (966 and 942, respectively) and the lowest in the 5 week-old sample (764). Conversely, the proportion of CWPs was the lowest in the 2 and 3-week-old samples (29.5 and 28.3%, respectively) and the highest in the 5 week-old sample (43.1%).

The number of identified N-glycoproteins was lower with 427 different proteins, but the proportion of CWPs was higher (51.7%). The comparison between both proteomes showed that 189 proteins were identified in both of them whereas 35 CWPs were only identified in the N-glycoproteome (Supplementary Figure 6). Overall, 410 different CWPs were identified. The detailed data are available in Supplementary Tables 2,3.

a The numbers correspond to those of unique proteins. b The numbers between brackets correspond to the percentage of CWPs among the identified proteins.

carbohydrate esterases (CEs) with six pectin methylesterases (PMEs, CE8) and two pectin acylesterases (PAEs, CE13). Among the OR, class III peroxidases (CIII Prxs) were predominant with 39 identifications, whereas 12 polyphenol oxidases were identified. The major proteins of the proteins related to lipid metabolism (LM) functional class were the lipases acylhydrolases of the GDSL family ( 23) whereas the non-specific lipid transfer proteins (nsLTPs) were less represented (4). Besides, most of the identified lectins were predicted to bind D-mannose (eight out of 12). Among the signaling proteins (S functional class), six fasciclin arabinogalactan proteins were identified. A closer look at the miscellaneous (M) functional class revealed the presence of a large proportion of germins (25), dirigent-like proteins (23) and phosphate-induced 1 proteins (phi-1/EXORDIUMlike) (10) compared to A. thaliana and B. distachyon, but a lower proportion of purple acid phosphatases (PAPs) (6) and thaumatins (4) (Figure 4B). Finally, 52 proteins with yet unknown functions were identified.

Variations in the Cell Wall Proteome During the Time Course of the Experiment

The cell wall proteomes obtained at the three developmental stages were compared: 2 week-old young actively growing thalli exhibited scarce rhizoids and scales whereas the 5 week-old thalli showed more rhizoids, more scales and gemma cups. It should be noted that only the tips of the thalli were analyzed, i.e., the tissues undergoing active growth. The quantitative data were used to refine the pattern of accumulation whenever possible (see Supplementary Figures 789for a full description, and Supplementary Figure 10 for a few protein families). Altogether, 253 CWPs were common to the three developmental stages, 20 were specific to the 2 week-old thalli ("early proteome"), 10 to the 3 week-old, and 61 to the 5 week-old ("late proteome") (Figure 5). Overall, the distribution of the CWPs in functional classes was not modified between the three stages of development (not shown). To refine this comparison, a quantitative analysis was performed using the three biological replicates corresponding to CWPs. A heatmap calculated with the 191 CWPs which were quantified clearly showed the grouping of the biological replicates for each developmental stage (Figure 6 and Supplementary Figure 7). For each of the three developmental stages, a specific pattern of CWPs accumulation could be found. The cell wall proteomes of 2 and 3 week-old thalli segregated drastically from that of 5 week-old thalli. The latter broadly exhibited an opposite profile compared to that of 2 week-old thalli with the CWPs accumulated at a low level becoming accumulated at a high level, and vice versa. Six clusters of CWPs could be identified depending of their kinetics of accumulation: increasing or decreasing level of accumulation, transient increase or decrease (Supplementary Figure 8).

For different protein families, the distribution of the members followed a similar pattern as shown in Figure 7 for the dirigentlike protein family: some members were only present at 2 weeks, or gradually disappeared; others remained present during the time course of the experiment; and others were only identified at the latest stage of development. Other examples of this typical pattern are shown in Supplementary Figure 10 for the following protein families: GH17, D-mannose-binding lectins, GDSL lipases/acylhydrolases, phi-1/EXORDIUM-like proteins, CIII Prx, polyphenol oxidases, and germins.

Based on the number of specific peptides, a short list of the most abundant CWPs at the three stages of development could be established (Table 3). It comprises the only identified GH3 (exo-acting β-D-glucosidase), three PMEs, three CIII Prxs, four polyphenol oxidases, one PAP and one protein of yet unknown function. These proteins could perform particular basic functions in M. polymorpha cell walls.

Evaluation of the Coverage of the M. polymorpha Cell Wall Proteome

In this study, we could identify 410 CWPs of M. polymorpha. To evaluate the coverage of the whole expected cell wall proteome, we have determined the size of a few gene families using the corresponding PFAM entries6 and we have compared it to the number of identified CWPs (Table 4). For three largest gene families (CIII Prx, germins and polyphenol oxidases, 189, 73, and 59 members respectively), the percentage of coverage was between 20 and 25%. For the other protein families, it was between 30 and 55%. Altogether, we can evaluate the coverage of the expected M. polymorpha cell wall proteome around 33%. The missing proteins could be (i) accumulated at other stages of development like during the reproductive cycle, (ii) present in minute amount and thus not detected by the used methods, or (iii) lost or not extracted with the used methods.

DISCUSSION

This study has allowed the identification of 410 different CWPs of M. polymorpha by combining the results of the analysis of three development stages of the haploid gametophyte and of two different isolation methods. We are aware that the A focus on the miscellaneous class of proteins pointing at a few protein families well represented in the M. polymorpha proteome (B). PAC stands for proteins acting on carbohydrates, OR for oxido-reductases, P for proteases, PAPs for purple acid phosphatases, phi proteins for phosphate-induced proteins, LM for proteins possibly involved in lipid metabolism, ID for proteins with interaction domains, S for signaling, SP for structural proteins, M for miscellaneous and UF for proteins of yet unknown function. Detailed data are provided in Supplementary Tables 2,3. 2,3.

N-glycoproteome is probably missing proteins carrying complex or asymmetric N-glycans which are not recognized by ConA. However, it allows enlarging the M. polymorpha cell wall proteome and showing the presence of N-glycoproteins in its cell walls. Besides, the covalently bound proteins could not be extracted with the used protocol. Overall, this work shows the high dynamics of the cell wall proteome during the development of M. polymorpha thalli. All the identified CWPs could be classified in the same nine functional classes as those of flowering plants, thus showing the conservation of many biological FIGURE 6 | Heatmap performed with the MS XIC quantitative data. The samples are named as follows: 1.1, 1.2, and 1.3 stand for the three biological replicates of 2 week-old thalli; 2.1, 2.2, and 2.3 for the three biological replicates of 3 week-old thalli; and 3.1, 3.2, and 3.3 for the three biological replicates of 5 week-old thalli. The names of the genes can be found in Supplementary Figure 7.

activities in the cell wall during the evolution of the green lineage. However, some specific features could be highlighted, such as the importance of D-mannose binding lectins, GDSL lipases/acylhydrolases, germins, dirigent-like proteins, and of oxido-reductases like CIII peroxidases and polyphenol oxidases.

The following discussion will be focused on these protein families as well as on some PAC.

To date, the best covered cell wall proteome is that of A. thaliana with about half of the predicted CWPs already identified at least in one cell wall proteome (see WallProtDB; see text footnote 1). An estimation of the coverage of the M. polymorpha cell wall proteome could be done by comparing the number of identified CWPs and that of genes predicted to encode CWPs. Depending on the family of CWPs, this coverage varies from 20 to 55% with an average of 33%. The less covered protein families are the largest ones, such as CIII Prxs (189 members), and polyphenol oxidases (59 members). Contrarily, the best covered are the GH17, GH18, GH19, GDSL lipases/acylhydrolases, phi-1/EXORDIUM-like proteins and PAPs with around half of their members identified. The different results observed between the protein families could be related to the roles they play either during the development of the gametophyte (our study), that of the sporophytes, or in response to environmental cues. They could also be due to a tissue-specific expression pattern. As mentioned, the main represented tissues in the analyzed samples are those of the thallus proper, the rhizoids and the scales being only weakly represented. By comparison, half of the A. thaliana CIII Prxs were identified in the root cell wall proteome (Nguyen- Kim et al., 2016).

Several families of CWPs involved in the remodeling of the cell wall polysaccharides networks (PAC) have been identified. Fifteen GH17 having a β-1,3-glucosidase activity could be involved in the hydrolysis of callose which has been found in the cell plates of all land plants (Scherp et al., 2001). The high number of GH17 could be related to the active cell divisions supporting the rapid growth of M. polymorpha thalli. Three GH5 and five GH16 having, respectively, a trans-β-mannanase and an endotransglucosylase activity were identified (Franková and Fry, 2013). Their substrates in cell walls are assumed to be hemicelluloses like xyloglucans or mannans and they are known to play roles in polysaccharides rearrangements during cell growth. The interactions between cellulose microfibrils FIGURE 7 | Distribution of the dirigent-like proteins between the three stages of development (2, 3, or 5 week-old thalli). The upper panel shows the developmental stages in which the proteins have been identified: yellow squares correspond to 2 week-old thalli (2 w-o), green squares to 3 week-old thalli (3 w-o) and blue squares to 5 week-old thalli (5 w-o). The lower panels provide the quantitative data for the ten dirigent proteins which could be quantified (highlighted by arrows in the upper panel). The calculations have been done using MS XIC (extracted ion chromatogram) quantitative data. The data are expressed as log 10 . The statistical analysis is according to Tukey's test. Numbers in red indicate a decrease in protein abundance at the 5 week-old compared to the 2 week-old developmental stage and corresponds to the ratio of protein abundance between 2 and 5 week-old samples. The number in blue indicates an increase in protein abundance at the 5 week-old compared to the 2 week-old developmental stage and corresponds to the ratio of protein abundance between 5 and 2 week-old samples. Numbers in green correspond to a transient decrease in protein abundance at the 3 week-old developmental stage and corresponds to the ratio of protein abundance between 5 and 3 week-old samples.

and hemicelluloses also need to be relaxed during cell wall expansion thanks to the activity of expansins (Cosgrove, 2018). The identification of two GH28, six PMEs and two PAEs is consistent with the presence of galacturonic acid (GalA) in the acidic hydrolysate of M. polymorpha cell wall polysaccharides. Indeed, these three CWP families have as a substrate the homogalacturonan which is a polymer of α-1,4-D-GalA as a substrate (Hocq et al., 2017). One may thus expect the presence of demethylesterified homogalacturonans in M. polymorpha cell walls. Finally, five GH18 and seven GH19 have been identified. They have been shown to exhibit chitinase and chitinase/lysozyme activities, respectively (Tyler et al., 2010). They have anti-fungal and anti-bacterial activities and are involved in defense reactions against biotic and abiotic stresses.

Several protein families are known to be involved in oxido-reduction reactions involving aromatic compounds in M. polymorpha cell walls. The antagonistic enzymatic activities of CIII Prxs allow them to participate in cell wall remodeling events in two opposite ways (Francoz et al., 2015): (i) they play a role in cell wall loosening by generating reactive oxygen species (ROS) able to cut non-enzymatically the cell wall polysaccharides; or (ii) they can participate in the cell walls stiffening by oxidizing aromatic compounds such as aromatic amino acids, monolignols or cinnamic acid in the presence of H 2 O 2 , or in the cross-linking of structural proteins like extensins, thus forming covalent networks. The case of polyphenol oxidases is more puzzling. This is the first time that such proteins are identified in cell wall proteomes. Considering the presence of aromatic compounds in Bryophyte cell walls, they could be involved in their polymerization. Indeed p-coumaric acid, ferulic acid, as well as the anthocyanidins, riccionidin A and riccionidin B have been found, but no lignin (Kuntz et al., 1994;Soriano et al., 2019). In addition, lignans have been found although their precise subcellular localization has not been precisely determined (Cullmann and Becker, 1989;Scher et al., 2003). Lignans have been assumed to be localized in vacuoles and/or in the cell wall (Wang et al., 2013b). Besides nearly half of the expected dirigent proteins have been identified. These proteins have been assumed to be 

Mapoly0003s0101

Purple acid phosphatase

Mapoly0160s0014

Protein of yet unknown function

The quantification data are available in Supplementary Figure 8 and Supplementary Table 2.

a The accession numbers refer to the v3.1 version of the M. polymorpha genome (https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Mpolymorpha). b The annotation of proteins is based on the presence of functional domains as described in Materials and methods.

involved in lignin and in lignan biosynthesis by controlling the regio-and stereoselectivity of bimolecular phenoxy radical coupling (Paniagua et al., 2017). Finally, one laccase and several multicopper oxidases have been found. Similarly to CIII Prxs, laccases have been shown to be involved in the lignification process. An A. thaliana mutant impaired in the LACCASE5 gene was shown to have a 10% reduction in lignin content, and a modification of the ratio of the syringyl-to-guaiacyl units (Wang et al., 2015). The A. thaliana sku5 mutant impaired in the SKEWED5 gene encoding a GPI-anchored multicopper oxidase shows directional root growth defects and SKEWED5 was assumed to play a role in root expansion (Sedbrook et al., 2002).

The acquisition of a cuticle has been a major event in land plant colonization. Twenty-three GDSL lipases/acylhydrolases have been identified in the M. polymorpha thalli. A GDSL lipase/acylhydrolase has been shown to be involved in cuticle formation. In a GDSL1-silenced tomato plants, a significant reduction the thickness of the fruit cuticle was observed as well as a decrease in the content in cutin monomers proportional to the level of GDSL1 silencing [START_REF] Girard | Tomato GDSL 1 is required for cutin deposition in the fruit cuticle[END_REF]. Similar results were obtained with the tomato cd1 (cutin deficiency 1) mutant impaired in the same gene and the encoded protein was shown to be extracellular and have a cutin synthase activity in vitro (Yeats et al., 2012). In contrast, only four nsLTPs were identified. LTPs have been assumed to play roles in the transfer of lipid molecules through the hydrophilic cell wall thanks to their hydrophobic pockets or to maintain the integrity of the interface between the cell wall proper and the cuticle (DeBono et al., 2009;Jacq et al., 2017).

Eight proteins predicted to be D-mannose binding lectins were identified in the M. polymorpha thalli and their number and the amount of each of them increased at the latest stage of development when gemma cups were differentiated. A few D-mannose binding lectins have been identified the cell wall proteomes of Medicago sativa stems (Verdonk et al., 2012;Printz et al., 2015), in the N-glycoproteome of the tomato fruit pericarp (Catalá et al., 2011), and in the xylem sap of Gossypium hirsutum (Zhang et al., 2015). The abundance of such proteins in the M. polymorpha cell wall proteome could be linked to the presence of high amounts of mannans as suggested by the presence of significant amount of mannose residues in pectins-and hemicelluloses-enriched cell walls extracts (Happ and Classen, 2019). The presence of mannans was also shown in several Bryophytes by paper chromatography after acid hydrolysis of cell wall alcohol insoluble residues [START_REF] Popper | Primary cell wall composition of Bryophytes and Charophytes[END_REF]. Mannans are the main hemicelluloses in Charophytes, but have been replaced by other hemicelluloses in spermatophytes (Scheller and Ulvskov, 2010). In flowering plants, they are assumed to play roles in carbohydrate storage and in leaf folding upon drought stress as in Aloe species (Scheller and Ulvskov, 2010;Ahl et al., 2019). D-mannose binding lectins could also interact with high mannose-type N-glycans of N-glycoproteins. They could also play roles in defense reaction by interacting with carbohydrates originating from cell wall polysaccharide degradation or from pathogen structures [START_REF] Lannoo | Lectin domains at the frontiers of plant defense[END_REF][START_REF] Barroso Coelho | Lectins as antimicrobial agents[END_REF]. However, the precise role of cell wall lectins is still unknown.

Several protein families are particularly well represented among the miscellaneous CWPs and we will only focus on a few of them. The biological activity of germins and germinlike proteins is still a matter of debate. Initially identified in cereals, they have then been found in many plants (Dunnwell et al., 2008;Breen and Bellgard, 2010). They share the presence of cupin domain and of a so-called germin box with conserved amino acid domains. Three types of enzymatic activities have been associated to germins: oxalate oxidase (OXO), manganese superoxide dismutase (SOD) or ADP glucose pyrophosphatase or phosphodiesterase (AGPPase). A role of the Craterostigma plantagineum germin-like protein CpGLP1 in the integrity of the plant in response to drought stress has been assumed through the control of the ROS metabolism (Giarola et al., 2020). However, other activities have been suspected for germins like a role in plant defense against biotic and abiotic stresses (Dunnwell et al., 2008;Wang et al., 2013a). It is thus not possible to assign a biological activity to those identified in the M. polymorpha proteome without any experimental work. Besides, numerous phi-1/EXORDIUM-LIKE proteins have been identified in this work. A tobacco phi-1 gene was first identified among those induced after recovery from phosphate-induced starvation of cell suspension cultures (Sano et al., 1999). The phi-1 gene was later on found to be homologous to the A. thaliana EXORDIUM gene which is expressed in proliferating cells (Ferrar et al., 2003). A more recent study has shown that the overexpression of the Eucalyptus globulus EgPHI-1 gene enhances the tolerance of transgenic tobacco plants to osmotic stress (Sousa et al., 2014).

CONCLUSION

Altogether, the cell wall proteome of M. polymorpha exhibit common characteristics with those of flowering plants, but also some specificities which could be related to the cell wall composition, with for example the presence of mannans and aromatic compounds. D-mannose-binding lectins and polyphenol oxidases are among the specific CWP families identified. Many proteins of yet unpredictable function were identified, which opens new perspectives to discover new functions in the Bryophyte cell walls. Besides, the overall coverage of the M. polymorpha cell wall proteome was estimated to correspond to one third of the expected CWPs. Increasing this coverage will require studying the sporophyte phase of development, focusing on rhizoids and scales which are only present in minute amount in the presently analyzed samples and exploring defense reactions.

Characterization of the M. polymorpha cell wall polysaccharides

In a first attempt, polysaccharide fractions were isolated from purified cell walls according to [START_REF] Moller | High-throughput mapping of cellwall polymers within and between plants using novel microarrays: Glycan microarrays for plant cell-wall analysis[END_REF]. Three successive extractions were performed to isolate polysaccharideenriched fractions: (i) a pectin-enriched fraction using 50 mM CDTA at pH 7.5 targeting calcium-bound pectins; (ii) a hemicellulose-enriched fraction using 4 M NaOH with 1% v/v NaBH4, and (iii) a cellulose-enriched fraction using cadoxen. However, we were not able to detect any polysaccharides epitopes on the polysaccharide arrays. Then, we changed our protocol by adding a polyphenol removal step and slightly modifying the steps of polysaccharide extraction according to (Happ & Classen, 2019). Four fractions were isolated: (i) a pectinenriched fraction (P1) using 0.2 M ammonium oxalate which interacts with calcium ions; (ii) a pectin-enriched fraction (P2) using 3% sodium carbonate targeting pectins bound by ester linkages and hydrogen bonding; (iii) a hemicellulose-enriched fraction (H) using 2 M potassium hydroxide; and (iv) a cellulose-enriched fraction (C) using cadoxen. The commercial solutions used as controls were prepared according to the procedure described in Table 2.4. Then, the detection of several polysaccharides with specific monoclonal antibodies was successful.

The results are described in Table 3.1. As expected, the non-methylated homogalacturonan (HGs) recognized by LM19 were detected only in the pectic fractions. However, it was not possible to detect significant signals with LM20 recognizing meHGs in the same fractions. Also, in both pectic fractions, weak signals were detected using RU1 and RU2, thus revealing the presence of rhamnogalacturonan I (RGI). Arabinan lateral chains of RGI were also detected using LM16 and LM6 in the same fractions. These antibodies recognize branched arabinans and galactosyl residues on RGI backbones, and 1,5-O-linked L-arabinan epitopes, respectively. Altogether, the main polysaccharides which were identified in the cell walls of M. polymorpha thalli were as follows: non-methylated HGs, RGI with lateral arabinan chains, Mns, lowsubstituted xylans, as well as XGs with XLLG and XXXG motifs.

Based on our results, we selected three monoclonal antibodies for immunodetection of the polymers in situ. The sections were prepared at three different developmental stages: 2, 3 and 4 week-old thalli and probed with antibodies specific for non-methylated HGs, Mns and XGs (Figures 3.2,3.3 and 3.4). Surprisingly, we could not detect LM19 epitopes at the three developmental stages. We assume that they could be masked by other polymers. On the contrary, 

Conclusion

Due to a lack of knowledge about the cell wall structure of non-flowering plants, our understanding of cell wall evolution is still insufficient. As a Bryophyte, M. polymorpha is a basal plant that occupies a critical position in the phylogenetic tree making it key in studying plant developmental processes [START_REF] Qiu | The deepest divergences in land plants inferred from phylogenomic evidence[END_REF], and especially the transition from aquatic environment to terrestrial one. In this study, we looked at the cell wall composition of this liverwort in terms of proteins and polysaccharides. This is the first time that the cell wall proteome of M. polymorpha is described. Briefly, our proteomic study has identified 410 CWPs which were classified into nine functional classes as in flowering plants. This proteome greatly enlarged the knowledge of Bryophyte cell wall proteomes compared to the secretome of Physcomitrella patens with only 18 CWPs identified (Martínez-Cortésa et al., 2014). Overall, the CWP families were the same as in flowering plants, but some specific characteristics were observed. The main protein families acting on cell wall polysaccharides were the GH16 (XTHs), 17 (β-1,3-glucanases), 18 (chitinases) and 19 (chitinases/lyzozymes). Oxido-reductases, such as class III Prxs and polyphenol oxidases, were well represented probably in relation with the accumulation of aromatic compounds in cell walls. The presence of numerous dirigent proteins possibly involved in the polymerization of aromatic compounds was also striking. Among the proteins involved in protein/polysaccharide interactions, lectins predicted to interact with D- mannose were identified. By studying three different stages of development, we could also show that this proteome is dynamics, with CWPs specifically present at each of them. The proteomics study was followed by the identification of different M. polymorpha cell wall polysaccharides. We have shown that HGs, xylans, XGs and Mns are present with the detection of significant signals on polysaccharide arrays using the LM19, LM11, LM24 and LM21 monoclonal antibodies. These results were consistent with a previous study describing their monosaccharide content (Happ & Classen, 2019). Monosaccharides present in the same polymers were identified such as uronic acids (specific for HGs), Ara specific for arabinan side chains of RGI, Man specific for Mns and Xyl specific for XGs or xylans. Also, this was the first time to detect xylans through immunolabeling method in Bryophytes where previous attempts have failed [START_REF] Carafa | Blackwell Publishing, Ltd. Distribution of cell-wall xylans in bryophytes and tracheophytes: new insights into basal interrelationships of land plants[END_REF].

Except for XGs, this is the first investigation of M. polymorpha polysaccharides using monoclonal antibodies. XGs were recognized by LM25 at the surface of M. polymorpha rhizoids (Galloway et al., 2018). They were assumed to be secreted to promote soil particle aggregation and could have contributed to land plant colonization. Previously, it was shown that Bryophyte cell walls contain Mns, XGs, xylans and pectins. For instance, the presence of Mns in Bryophyte walls was detected by chemical analysis [START_REF] Popper | Primary cell wall composition of Bryophytes and Charophytes[END_REF] and in P. patens using comprehensive microarray polymer profiling (CoMPP), chemical analysis and immunoblotting with LM21 approaches (Lee et al., 2011;Liepman et al., 2007;[START_REF] Moller | High-throughput mapping of cellwall polymers within and between plants using novel microarrays: Glycan microarrays for plant cell-wall analysis[END_REF]Nothnagel & Nothnagel, 2007). CoMPP and the presence of isoprimeverose (resulting from XGs degradation) in driselase digests of cell walls have been used to identify XGs in several moss species [START_REF] Moller | High-throughput mapping of cellwall polymers within and between plants using novel microarrays: Glycan microarrays for plant cell-wall analysis[END_REF][START_REF] Popper | Primary cell wall composition of Bryophytes and Charophytes[END_REF]. Besides, xylans epitopes detection failed in eight moss species, including F. hygrometrica [START_REF] Carafa | Blackwell Publishing, Ltd. Distribution of cell-wall xylans in bryophytes and tracheophytes: new insights into basal interrelationships of land plants[END_REF], whereas CoMPP found Xyl-specific epitopes in P. patens, and linkage analysis verified the existence of β-1,4-linked Xyl [START_REF] Moller | High-throughput mapping of cellwall polymers within and between plants using novel microarrays: Glycan microarrays for plant cell-wall analysis[END_REF]. Finally, CoMPP and linkage analysis found pectin epitopes such as HGs, β-1,4-galactan, and α-1,5arabinan in P. patens cell walls [START_REF] Moller | High-throughput mapping of cellwall polymers within and between plants using novel microarrays: Glycan microarrays for plant cell-wall analysis[END_REF]. HGs and RGI were found by immunofluorescence in P. patens leaves and stems (Kulkarni et al., 2012). Besides, it was shown that Bryophyte cell walls have low RGII content (< 1% of that found in tracheophytes) (Matsunaga et al., 2004).

It is worth noting that the presence of some CWPs in M. polymorpha proteome indirectly reveals the presence of different cell wall polysaccharides. For example, the presence of numerous PMEs suggests the presence of HGs. Also, the presence of numerous D-mannose-binding lectins is consistent with the fact that Mns are major polysaccharides in M. polymorpha cell walls.

Finally, the presence of a great proportion of oxido-reductases like CIII Prxs and polyphenol oxidases as well as of dirigent proteins is consistent with that of a high amount of phenolics.

Roles of the two PAC domain proteins of Marchantia polymorpha during the development of thalli 4.1. Introduction

Plant cell walls constitute a layer surrounding plant cells. They must be both rigid and dynamic in order to function as a physical barrier while still allowing plant cells to divide and grow. Cell walls are mainly composed of polysaccharides (90-95 %) and a wide variety of cell wall proteins (CWPs) (5-10 %) (Albenne et al., 2013;Carpita & Gibeaut, 1993). Many studies have already characterized the cell wall proteomes of different plant species. Of these are the cell wall proteomes of Arabidopsis thaliana (Albenne et al., 2013;Duruflé et al., 2017[START_REF] Duruflé | Transcriptomic and cell wall proteomic datasets of rosettes and floral stems from five Arabidopsis thaliana ecotypes grown at optimal or sub-optimal temperature[END_REF]Hervé et al., 2016;Nguyen-Kim et al., 2016), Brachypodium distachyon (Douché et al., 2013[START_REF] Douché | Cell wall proteomic datasets of stems and leaves of Brachypodium distachyon[END_REF][START_REF] Francin-Allami | Cell wall proteomic of Brachypodium distachyon grains: A focus on cell wall remodeling proteins[END_REF], 2016;[START_REF] Pinski | Comparison of mass spectrometry data and bioinformatics predictions to assess the bona fide localization of proteins identified in cell wall proteomics studies[END_REF] and Marchantia polymorpha thalli [START_REF] Kolkas | The cell wall proteome of Marchantia polymorpha reveals specificities compared to those of flowering plants[END_REF]. CWPs play a vital roles during plant development where they contribute to many physiological process including signalling, remodelling and defense against biotic and abiotic stresses (Franková & Fry, 2013;Le Gall et al., 2015;[START_REF] Malinovsky | The role of the cell wall in plant immunity[END_REF][START_REF] Zagorchev | The role of plant cell wall proteins in response to salt stress[END_REF]. However, the role of many of them is still unknown. Out of the identified CWPs are the PAC (Proline-rich, Arabinogalactan proteins, conserved Cysteines) domain proteins (PDPs) which were named by [START_REF] Baldwin | The C-terminal PAC domain of a secreted arabinogalactan protein from carrot defines a family of basic proline-rich proteins[END_REF] The PAC domain has been found in several proteins of a number of terrestrial plants which were all predicted to exhibit a signal peptide (Nguyen- Kim et al., 2020). It can be associated to different types of functional domains including arabinogalactan protein, or as extension of Pro-rich domains. PDPs were found to be conserved in the green lineage, being already present in early divergent plants like Bryophytes (Nguyen- Kim et al., 2020). PAC domains are thought to be involved in the major changes observed in plant cell walls at the time of plant terrestrialization by interaction with cell wall polysaccharides [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF].

Recently, the PAC domain has been more precisely described (Nguyen- Kim et al., 2020) and a crystallographic 3D-structure could be established for a PAC domain of Plantago lanceolata [START_REF] Stemeseder | Crystal structure of Pla l 1 reveals both structural similarity and allergenic divergence within the Ole e 1like protein family[END_REF]. Also, more detail was revealed about (i) the spacing between conserved Cys and (ii) the secondary and tertiary structures. It was also shown that the prediction of β-sheets according to the crystal structure of the P. lanceolata PAC domain (www.rcsb.org/structure/4Z8W) was assumed to guarantee the proper folding of the PAC domain as a β-barrel with loop regions. Among the CWPs identified in A. thaliana, AtAGP31 (At1g28290) (ArabinoGalactan Protein 31) has been identified as a major protein in actively growing etiolated hypocotyls (Irshad et al., 2008). AGP31 is a multi-domain protein comprising a N-terminus arabinogalactan protein (AGP) domain, followed by a His-rich domain, a central domain O-glycosylated Pro/Hyp-rich domain and a C-terminal PAC domain [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF][START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF]. It was shown that AGP31 was able to interact non-covalently in vitro (i) with galactans which are branches of rhamnogalacturonans I (RGI) through its PAC domain and (ii) with itself through the PAC domain interacting with the O-glycans of the Pro/Hyp-rich domain. It was assumed that such interactions could contribute to non-covalent molecular scaffolds facilitating the remodelling of polysaccharidic networks during rapid cell expansion [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF].

Due to the complexity of PDP families in higher plants (e.g. 14 members in A. thaliana and 19 members in B. distachyon and Gossypium raimondii), only a few genes encoding PDPs have been characterized. Several functional studies have been done on different A. thaliana PDPs revealing their roles throughout plant development. Knock-Out (KO) of AtPRPL1 (Proline-Rich

Protein-Like, At5g05500), which is expressed in trichoblasts, lead to a significant decrease in root hair length in prpl1 mutants [START_REF] Boron | Proline-rich protein-like PRPL1 controls elongation of root hairs in Arabidopsis thaliana[END_REF], suggesting that AtPRPL1 plays a role in the control of root hair elongation. Another example is that of AtFOCL1 (Fused Outer Cuticular Ledge 1, At2g16630) which is expressed in stomata and lateral roots. focl1 mutants developed larger stomata with a fused cuticular ledge, resulting in drought tolerance [START_REF] Hunt | Formation of the stomatal outer cuticular ledge requires a guard cell wall proline-rich protein[END_REF].

For this work, we have decided to use the M. polymorpha Bryophyte as a new model plant to elucidate the PDPs functions in the cell walls. Indeed, only two genes encode PDPs in M.

polymorpha, Mp1g10970 (MpPAC1) and Mp1g29680 (MpPAC2), thanks to the small genome size (Bowman et al., 2017). In addition, M. polymorpha has several advantages: (i) haploidy at the gametophyte stage of development, (ii) high frequency of genetic transformation, and (iii) rapid growth (Shimamura, 2016). Our aim was to determine the role of MpPAC1 and MpPAC2 in the cell wall during the development of thalli. The sub-cellular localization of both proteins was established and the pattern of expression of both M. polymorpha genes was determined. KO mutants as well over-expressors (OEs) were obtained and their phenotypes were characterized.

bp whereas those targeting MpPAC2 were spaced by 125 bp. Then, the fragments of interest have been produced by PCR. The expression of an A. thaliana codon optimized Cas9 (AtCas9) [START_REF] Fauser | Both CRISPR/Cas-based nucleases and nickases can be used efficiently for genome engineering in Arabidopsis thaliana[END_REF] was driven by the 35S CaMV promoter (Althoff et al., 2014).

Vector preparation for over-expression of MpPAC1 and MpPAC2 using the MpEF1α promoter

All the cloning steps were performed according to the protocol provided by the Gateway® Technology guide (Thermo Fisher Scientific, Invitrogen, Illkirch-Graffenstaden, France). So, since the attB sequences were too long, two successive PCRs were done in order to add them on each fragment extremity. Both coding sequences (CDSs) of MpPAC1 and MpPAC2 were amplified from thallus cDNA (see § 4.2.5.) through internal PCR using primers pairs (#7, #8) and (#9, #10), respectively, followed by external PCR using primer pair (#5, #6). After internal and external PCRs, results have been checked by electrophoresis where each PCR product was excised and purified using the GeneJET TM PCR purification Kit (Thermo Fisher Scientific) to proceed into next step. The coding sequences of both genes were cloned separately into the pMpGWB127 binary expression vector (Althoff et al., 2014). Each construct contained the appropriate sequences allowing the expression of either MpPAC1::TagRFP or S1. 

MpPAC1-CDS TagRFP

MpPAC2-CDS TagRFP

A.

PAC1-OE construct B. PAC2-OE construct pMpEF1α pMpEF1α S S

Semi-quantitative RT-PCR

Total RNAs were extracted from 2 and 4 week-old M. polymorpha thalli using the "SV Total RNA isolation Kit" (Promega, Charbonnières-les-Bains, France). The RNAs were treated with the DNase of TURBO DNA-free TM Kit following the purchaser' s recommendations (Thermo Fisher Scientific). cDNA was synthesized from total RNAs with the ProtoScript®II First strand cDNA Synthesis Kit" (NEW ENGLAND BioLabs, Evry-Courcouronnes, France). For normalization, a PCR was performed on an actin gene assumed to be constitutively expressed (Mp6g10990: MpACT1) using primer pair (#11, #12). Concerning OEs, two different PCRs were done: a first one using gene of interest primers (MpPAC1: #13, #14; MpPAC2: #15, #16) and a second one using gene of interest-TagRFP primers (MpPAC1: #13, #17) and (MpPAC2: #15, #17). All the primers used in these experiments are described in Supplementary Table S1.

Agrobacterium tumefaciens-mediated transformation of M. polymorpha

The A. tumefaciens-mediated transformation of M. polymorpha was done as described [START_REF] Ishizaki | Agrobacterium-mediated transformation of the haploid Liverwort Marchantia polymorpha L., an emerging model for plant biology[END_REF], with minor modifications. These modifications were as follows: (i) the starting material was 2 week-old thalli; (ii) plants were grown under continuous light for 3 days instead of 7; and (iii) selective medium was GB 1/2 supplemented with 1% sucrose and 1.4% agar at pH 5.5 containing 50 mg/mL hygromycin and 100 mg/mL augmentin.

Phenotyping of mutants and OEs

Macro-phenotyping TAK1, pac1, pac2, pac1pac2, PAC1-OEs and PAC2-OEs were cultivated in vitro from gemmae up to 4 or 5 weeks on GB 1/2 media plates supplemented with 1% sucrose and 1.4% agar with a pH of 5.5. The mutant thalli were grown in growth chamber at 22 °C under a 16 h light/8 h dark photoperiod under a 100 µE m -2 .s -1 light intensity. OEs were placed in a growth chamber at 22 °C under a 16 h light/8 h dark photoperiod and at 70 µE m -2 .s -1 light intensity. The plates were scanned every week and thallus surface area was measured using the ImageJ software (https://imagej.nih.gov/ij/download.html). Also, gemma cups number were recorded over time.

This work was done on three biological replicates. Differences in time course growth of plants

Sub-cellular localization of the proteins of interest

The sub-cellular localization of PAC1::TagRFP and PAC2::TagRFP was done in Nicotiana benthamiana epidermal cells using confocal microscopy as previously described [START_REF] Pinski | Comparison of mass spectrometry data and bioinformatics predictions to assess the bona fide localization of proteins identified in cell wall proteomics studies[END_REF].

pMpPAC1::GUS and pMpPAC2::GUS transgenic plants analysis

The protocol was that of [START_REF] Jefferson | GUS fusions: β-glucuronidase as a sensitive and versatile gene fusion marker in higher plants[END_REF] with some modifications. The thalli fragments were vacuum-infiltrated thrice with sodium phosphate buffer pH 7, each time for 3 min. Then, the plants were soaked in the GUS assay solution (50 mM sodium phosphate buffer (pH 7.2), 0.5 mM potassium-ferrocyanide, 0.5 mM potassium-ferricyanide, 10 mM EDTA, 0.01% (v/v) Triton X-100, and 1 mM 5-bromo-4-chloro-3-indolyl-glucuronic acid (X-Gluc). The samples were then vacuum-infiltrated for 15 min and incubated at 37 °C overnight. After incubation, the GUS assay solution was discarded and replaced by UHQ water. The thalli were incubated in increasing ethanol dilutions (50, 70 and 95 %) for at least 1 h each in order to remove chlorophyll from the tissues and to store them in the 95% ethanol solution.

Results

MpPAC1 and MpPAC2 are PDPs

According to bioinformatic tools, the predicted amino acid sequence of MpPAC1 includes at its N-terminus a predicted signal peptide targeting it to the secretory pathway, followed by a PAC domain, a Pro-rich domain and a C-terminal W-W domain. This latter domain contains at its Nterminus the following amino acid motif: Trp-X8-Trp where X could be any amino acid (Figure 

Genotyping of M. polymorpha mutants

To establish the role of MpPAC1 and MpPAC2 in M. polymorpha, KOs were generated using the CRISPR-Cas9 technology. The tagged genomic sequences were the first exon of both genes in order to get non-functional short truncated proteins. Isolated mutant individuals (T0 generation)

showing a hygromycin-resistant phenotype were found to be chimeric. Hence, gemmae from T0 plants were sub-cloned through gemmae. Unfortunately, after sequencing of T1 plants, most of them were still chimeric. For a number of lines, it was necessary to proceed up to T2 or T3 to get mutants exhibiting single mutations. Finally, three independent lines of pac1 and seven independent lines of pac2 were obtained with mutations ranging from single nucleotide deletions or insertions to deletions of up to 10 nucleotides. For both genes, the upstream guide RNA turned out to be the most efficient. The downstream guide RNA gave a few mutations for MpPAC2.

Three independent lines impaired in MpPAC1 or MpPAC2 and one line impaired in both genes were selected for further analyses. For instance, pac1-1 and pac1-2 showed an insertion of one nucleotide (A and T, respectively) whereas pac1-3 had a four nucleotide-deletion (Figure 4.5 A).

pac2 mutants showed the same kind of mutation as pac1 mutants where pac2-1 and pac2-2 had an insertion of one nucleotide (T and A, respectively) whereas pac2-3 showed a deletion of ten nucleotides (Figure 4.5 B). Only one pac1pac2 double mutant could be obtained with a deletion of 20 nucleotides in MpPAC1 and of two nucleotides in MpPAC2 (Figure 4.5.3). As expected, all the different mutations led to the possible synthesis of short truncated proteins of different amino acid lengths (Figures 4.6 and 4.7). None of these proteins had a predicted signal peptide. So, we could conclude that we had obtained mutants. pac1 and pac2 mutants did not show significant changes in gemma cup number as compared to TAK1 after 3 or 4 weeks of culture (Figure 4.10). We checked the presence of the gemma cups in pac1pac2 mutant by the preparation of successive serial sections because of the shape of the thallus (Figure 4.8 L-N). It was only once possible to see gemmae on the thallus after 4 weeks of culture (Supplementary Figure S3). This deformed shape prevented us from counting them. Altogether, we could demonstrate a growth phenotype for all the mutants and that the double mutant has a characteristic morphology, with a stacking of thalli. It seems that the overall growth of the thalli is impaired, that the production of gemmae is delayed in the pac1pac2 mutant.

Phenotyping of OEs

Molecular phenotyping

We could obtain OEs when the constructs were made with the EF1α promoter. It is worth to note that when the CaMV 35S promoter was used, we did not get any over-expression, although this promoter has been used by other research teams for such purpose (Althoff et al., 2014). In OEs, due to the tissue-specific expression driven by the EF1α promoter, the transgenes were expressed in the meristematic region of the thallus, and later on in the midrib and in gemma cups (Althoff et al., 2014). It means that for MpPAC2, the expression was ectopic compared to that of the native gene (see § 4.3.3.) For each construct, three independent transgenic lines were selected. They were named PAC1-1, -2 and -3 and PAC2-1, -2 and -3. A semi-quantitative RT-PCR was performed assess the level of expression of pEF1α::MpPAC1::TagRFP and pEF1α::MpPAC2::TagRFP (Figure 4.11). Two pairs of primers were used: (i) the first one to assess the transcript levels of the wild type genes (Figure 4.11 A2 and B2), (ii) the second to assess the transcript levels of the transgenes (Figure 4.11 A3 and B3). This experiment showed that the transcript levels of pEF1α::MpPAC1::TagRFP and pEF1α::MpPAC2::TagRFP were 3.4-6.6 and 25-34 fold higher in the corresponding OE lines, compared to TAK1 after normalization of the signals with those corresponding to the actin transcripts (Figure 4.11 A1 and B1). 

2.

3. 1. Then, the appearance of gemma cups was observed (Figure 4.15). The number of gemma cups was already significantly higher for all PAC1-OEs and for PAC2-OEs after 3 weeks of culture compared to TAK1 (Figure 4.15 A and C). After 4 weeks of culture, this number was higher than for TAK1 for all the OE lines (Figure 4.15 B and D). 

The reduction of the thallus area is due to a decrease in cell number in both KOs and OEs

Both OEs and pac1 and pac2 KOs thalli were smaller than those of TAK1. In order to understand why the overall thallus area was reduced, we checked the cell number in a given area.

Transverse cross sections of thalli of three independent lines from 3 and 4 week-old OEs and KOs, respectively, were prepared, scanned and compared to sections of TAK1 thalli. For an accurate comparison, all the sections were chosen in the same part of the thalli, i.e just near the regular dichotomous branching site. As an example, Figure 4.16 shows how the areas in which the cells were observed were defined for PAC1-OEs. The sampling for PAC2-OEs, pac1, pac2

and pac1pac2 is described in Supplementary Figure S5. The number of cells was recorded and compared to that observed in TAK1 (Figures 4.17 

Discussion

Altogether, we have been able to better describe the two genes encoding PDPs identified in M.

polymorpha, MpPAC1 and MpPAC2. The two PDPs share common characteristics, but exhibit differences. In particular, their PAC domains are slightly different, with the PAC domain of MpPAC1 being closer to a canonical one as previously defined than that of MpPAC2 (Nguyen- Kim et al., 2020). The domains associated with the PAC domains are also different for MpPAC1 and MpPAC2. Both proteins have been localized in cell walls when expressed in N. benthamiana epidermal cells. However, a second sub-cellular localization has been observed in this heterologous system, that is in chloroplasts. The patterns of expression of both genes could be analyzed in detail during the growth of thalli over five weeks of culture, from gemmae to the next generation of gemmae. MpPAC1 was found to be mainly expressed in the midrib whereas MpPAC2 was expressed in the photosynthetic layer. Both genes are expressed in gemmae during their formation, but this expression stops soon after the transfer of gemmae to fresh culture medium. Then, we could obtain KO mutant lines as well as over-expressors for both genes. We could also get one double mutant. The observed phenotypes were rather similar between pac1 and pac2 KOs and OEs regarding a reduction in thallus area. This reduction was shown to be due to a reduction of the cell number. An earlier appearance of gemma cups was also found in OEs and a very late appearance of gemmae in the double mutant.

The differences observed between the structures of MpPAC1 and MpPAC2 suggests different roles in the cell walls. If the model of interaction between PAC domains and cell wall proteins, serving as antimorphs (Prelich, 2012). This could then be a dominant negative effect.

Negative dominance is a basic genetic notion that involves a "toxic" mutant protein that interferes negatively with the co-expressed wild-type protein, lowering its cellular activity. In fact, several studies have shown that some proteins are component of a complex in order to promote or inhibit cell growth. So, when the protein is missing or overexpressed, the complex fails to function in both cases and the cells grow more or less resulting in similar phenotype. An example is that of the genes encoding signaling proteins in animals. A study has shown that over-expression of SRPK1 resulted in the same phenotype (cancer) as loss-of-function mutation, that is a cell growth phenotype [START_REF] Wang | Both decreased and increased SRPK1 levels promote cancer by interfering with PHLPP-mediated dephosphorylation of Akt[END_REF]. When SRPK1 is mutated, the threecomponent complex composed of SRPK1, Akt and the PHLPP phosphatase fails to be recruited, thus also resulting in a cell growth phenotype. This phenomenon could be caused by altering the stoichiometry of the different partners of the complex or interfering with its functionality. In our case, the presence of the TagRFP protein could prevent the interaction of MpPAC1::TagRFP or MpPAC2::RFP with some cell wall components which would be required for the proper activity of MpPAC1 and MpPAC2. However, the data obtained during the FRET-FLIM experiments are not in favor of this hypothesis, at least for the interactions between the fusion proteins including a TagRFP and the O-glycans of At1g28290 (see § 5.3.4). Alternatively, an excess of either protein could disorganize the cell wall architecture in a way similar as that of a lack of them. The observed defects could then be due to a perturbation of cell wall integrity.

Regarding the phenotype of reduction of thallus area, our observations of the reduced number of cells in pac1, pac2 and pac1pac2 KOs as well as in OEs suggest a reduction in the number of cell divisions. Such a phenotype has been already described for a mutant impaired in the 

PAC domain proteins: Do they contribute to cell wall supramolecular scaffolds?

Secondary cell walls are characterized by their increased thickness and reduced flexibility compared to primary cell walls. Lignified secondary cell walls are not present in all plant species (e.g. moss) and do not surround all cell types [START_REF] Srivastava | Cytokinesis: Robust cell shape regulation[END_REF]. They provide additional strength and rigidity. The role of different cell walls components and their ability to interact together has been extensively studied by biochemical and genetics approaches.

In plant cell walls, a high number of protein-protein interactions are likely to occur. For example, among the identified CWPs in the Arabidopsis thaliana proteome are: proteases and protease inhibitors, pectin methylesterases (PMEs) and PME inhibitors (PMEIs), and proteins containing LRR domains (Jamet et al., 2008). Despite the fact that many CWPs have been characterized in detail, knowledge on their interactions in muro with other cell wall components -proteins or polysaccharides -is still scarce. The available data consist of in vitro experiments. Indeed, most of the CWP extraction methods use salt solutions which destroy these interactions (Irshad et al. 2008). For example, the interaction between a zucchini class III peroxidase and pectin molecules was demonstrated by affinity chromatography [START_REF] Carpin | Identification of a Ca2 + -pectate binding site on an apoplastic peroxidase[END_REF]. In A. thaliana, a pectin methylesterase (AtPME3) and a PME inhibitor (AtPMEI7) were identified in the cell wall proteome of etiolated hypocotyls and they were assumed to be interacting proteins (Irshad et al. 2008). Consistently, both AtPME3 and AtPMEI7 were found to be expressed in etiolated hypocotyls [START_REF] Sénéchal | Tuning of pectin methylesterification[END_REF]. The interaction between AtPME3 and AtPMEI7 was shown in vitro by testing the enzymatic activity of a recombinant AtPME3 on homogalacturonan (HG)

in the presence of a recombinant AtPMEI7 [START_REF] Sénéchal | Tuning of pectin methylesterification[END_REF]. When the interaction occurred, it affected the degree of demethylesterification of HG [START_REF] Sénéchal | Tuning of pectin methylesterification[END_REF]. As another example of a protein involved in protein-protein interaction in vitro, At1g28290 is a CWP showing a multi-domain organization including a central Pro/Hyp-rich domain where Oglycosylations take place and a C-terminal PAC domain (Proline-rich, Arabinogalactan proteins, conserved Cysteines) [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF]. [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF] have demonstrated an in vitro interaction between the O-glycosylated Pro/Hyp-rich central domain and the C-terminal PAC domain. Also, they showed that the PAC domain interacted with galactans that are branches of rhamnogalacturonan I, a pectic polymer. These findings allowed proposing a model of At1g28290 non-covalent interactions with various cell wall carbohydrates, leading to the formation of complex supramolecular scaffolds easily rearranged during active growth for example [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF].

domain was studied. This experiment was more challenging since we needed the Pro/Hyp central domain to be O-glycosylated. Finally, this interaction was challenged with the PAC domain of another protein (At5g05500). The latter experiment aimed at testing the specificity of the interaction between the Pro/Hyp-rich domain of At1g28290 and different PAC domains.

Materials and Methods

Preparation of constructs

Genomic DNA was extracted according to the protocol provided by the Wizard® Genomic DNA Purification kit (Promega France, Charbonnières-les-Bains, France). cDNA was generated using the ProtoScript® II First Strand cDNA Synthesis Kit (New England Biolabs France, Evry-Courcouronnes, France) from total RNA isolated according to the SV Total RNA Isolation System protocol (Promega France).

The full-length coding sequences of At1g28290 and At5g05500 were amplified from cDNAs and cloned by recombination in the pDONR207 vector (Invitrogen, Carlsberg, CA, USA). Then, they were cloned in the pEAQ-gwTR vector [START_REF] Berthold | Inside or outside? A new collection of Gateway vectors allowing plant protein subcellular localization or over-expression[END_REF] using the Gateway® technology to generate constructs allowing the production of the fusion proteins shown in Figure 5.1. The primers used for the cloning and sequencing steps are listed in Supplementary Table S1. [START_REF] Berthold | Inside or outside? A new collection of Gateway vectors allowing plant protein subcellular localization or over-expression[END_REF] to generate constructs allowing the production of the AtPMEI7::TagRFP fusion protein, containing the AtPMEI7 native signal peptide (Figure 5.2).

The coding sequence of the predicted mature protein AtPME3 was cloned in the pEAQ-SP_At5g11420gwGam vector (Supplementary Figure S1) allowing the production of the ''SP_At5g11420::mature AtPME3 ::Gamillus" fusion protein (named AtPME3::Gamillus thereafter) including the At5g11420 signal peptide (Figure 5.2). The coding sequence of the central domain (CD) of AtAGP31 was cloned in the pEAQ-SP_At11420gwGam vector to generate constructs allowing the production of "SP_At5g11420::AtAGP31CD::Gamillus" fusion protein (named AtAGP31CD::Gamillus thereafter) (Figure 5.2). The sequences of the PAC domains of At1g28290 and At5g05500 were cloned into the pEAQ-SP_At3g12500_gwTR vector [START_REF] Berthold | Inside or outside? A new collection of Gateway vectors allowing plant protein subcellular localization or over-expression[END_REF] to generate constructs allowing the production of "SP_At3g12500::TagRFP::At1g28290PAC" and "SP_At3g12500::TagRFP::At5g05500PAC" fusion proteins (named TagRFP::At1g28290PAC and TagRFP::At5g05500PAC thereafter) including the At3g12500 signal peptide (Figure 5.2).

The absence of mutation in all the constructs was checked by sequencing. 

Transient expression of protein fusions in N. benthamiana epidermal cells

The detailed protocol of N. benthamiana leaves infiltration, excitation and emission of different fluorescent proteins is described in [START_REF] Pinski | Comparison of mass spectrometry data and bioinformatics predictions to assess the bona fide localization of proteins identified in cell wall proteomics studies[END_REF]. The plasma membrane marker was pmyb CD3-1006 corresponding to a fusion protein between an aquaporin and the YFP (named aquaporin::YFP thereafter) [START_REF] Nelson | A multicolored set of in vivo organelle markers for colocalization studies in Arabidopsis and other plants[END_REF]. The sub-cellular localization of the different fusion proteins was checked with a Leica TCS SP8 AOBS confocal laser-containing microscope (Leica, Nanterre, France) where the Leica Application Confocal Software (LAS) was utilized.

The Leica Application Suite X software was used to analyze the pictures (Leica Microsystems).

Total protein extraction, western blot and PNA lectin blot

Total protein extracts were prepared and analyzed by 1D SDS-PAGE as described [START_REF] Pinski | Comparison of mass spectrometry data and bioinformatics predictions to assess the bona fide localization of proteins identified in cell wall proteomics studies[END_REF]. The presence of the fusion proteins in the leaves of N. benthamiana was checked by western blot analysis as described [START_REF] Pinski | Comparison of mass spectrometry data and bioinformatics predictions to assess the bona fide localization of proteins identified in cell wall proteomics studies[END_REF]. Two primary antibodies were used: anti-TagRFP rabbit polyclonal antibody (Evrogen JSC, Moscow, Russia) or anti-GFP polyclonal antibody (Evrogen JSC). Both of them were diluted 1:10000 times in TBST-BSA 1%.

A lectin blot was used to detect O-glycans in the At1g28290CD::Gamillus fusion protein. The same procedure as that used for western blot analysis was followed. The peanut (Arachis hypogaea) agglutinin (PNA) lectin conjugated to peroxidase (Merck, Lyon, France) was used at 0.1 µg/mL. In order to reveal the signal, the ''Clarity TM Western ECL Substrate Kit'' (Bio-Rad, Hercules, CA, USA) was used where the chemiluminescent substrate solution (peroxide solution and luminol/enhancer solution) was added in 1:1 ratio over the nitrocellulose membrane for 3 min. Then, the membrane was placed inside the ChemiDoc XRS+ machine (Bio-Rad) where images were treated using the ImageLab software (Bio-Rad).

FRET-FLIM experiments

Data acquisition

FRET-FLIM was performed with a Leica TCS SP8 SMD consisting of an inverted LEICA DMi8 microscope equipped with a TCSPC system (PicoQuant, Berlin, Germany). The excitation of the Gamillus protein donor at 470 nm was carried out by a picosecond pulsed diode laser at a repetition rate of 40 MHz, through an oil immersion objective (63×, Numerical Aperture, 1.4).

The emitted light was detected by a Leica HyD detector in the 500-550 nm emission range.

Images were acquired with acquisition photons of up to 1500 per pixel.

Data analysis

From the fluorescence lifetime images, the decay curves were calculated per pixel and fitted by Poissonian maximum likelihood estimation with either a mono-or double-exponential decay model using the SymphoTime 64 software (PicoQuant). The chi-square (X 2 ) value between the model function and the data is minimized throughout the adjustment phase [START_REF] Becker | Fluorescence lifetime imaging by time-correlated single-photon counting[END_REF], it should be around one for a conformal fit. One-component assay was used to treat cells expressing a single construct, i.e. the donor Gamillus alone. While a two-component approach was used to examine cells co-expressing the donor constructs with the acceptor. The monoexponential model function was applied for donor samples with only Gamillus present. The double-exponential model function was used for sample containing Gamillus and TagRFP.

Experiments were repeated at least thrice to get statistically valid data. The efficiency of energy transfer (E) based on the fluorescence lifetime (τ) was calculated as E = 1 -( τ D+A /τ D-A ), where τ D+A is donor fluorescence lifetime in the presence of acceptor while τ D-A is the donor fluorescence lifetime in the absence of acceptor.

Results and Discussion

Sub-cellular localization of At1g28290 and At5g05500

At1g28290 has been already identified in several cell wall proteomes of A. thaliana including those of roots (Nguyen- Kim et al., 2016), etiolated hypocotyls (Irshad et al., 2008), stems and leaves [START_REF] Duruflé | Transcriptomic and cell wall proteomic datasets of rosettes and floral stems from five Arabidopsis thaliana ecotypes grown at optimal or sub-optimal temperature[END_REF], as well as in inflorescences [START_REF] Xu | Nglycopeptide profiling in Arabidopsis inflorescence[END_REF]. This was a good indication that At1g28290 was a bona fide CWP. Besides, an At1g28290::GFP fusion protein has been located at the periphery of cells, but also in the cytoplasm [START_REF] Liu | A nonclassical arabinogalactan protein gene highly expressed in vascular tissues, AGP31, is transcriptionally repressed by methyl jasmonic acid in Arabidopsis[END_REF]. On the contrary, At5g05500 has not yet been identified in cell wall proteomes (see WallProtDB, http://www.polebio.lrsv.ups-tlse.fr/WallProtDB/), but an At5g05500::GFP fusion protein has been located in vesicles moving in the cytoplasm [START_REF] Boron | Proline-rich protein-like PRPL1 controls elongation of root hairs in Arabidopsis thaliana[END_REF]. The first step of this study has then consisted in the control of the sub-cellular localization of both full-length proteins in Cterminal fusion with the TagRFP using their native signal peptides (Supplementary Figure S2).

In our experiments, both At1g28290::TagRFP and At5g05500::TagRFP were found to be located in the cell wall.

As controls of the integrity of the fusion proteins, total protein extracts of the N. benthamiana leaves non-infiltrated and infiltrated with the different constructs were analyzed by 1D SDS-PAGE followed by western blot analysis. These controls confirm the presence of full-length fusion proteins (Supplementary Figure S3). The presence of O-glycosylations on At1g28290::TagRFP was confirmed by a PNA lectin blot (Supplementary Figure S3). These results show the localization of both At1g28290::TagRFP and At5g05500::TagRFP in cell walls. They are somehow contradicting previously published work on these proteins. This could be due to the use of different fluorescent proteins (TagRFP instead of GFP), TagRFP being more stable at the acidic pH of the cell wall, and/or to different levels of over-expression. Our results are consistent with the results of cell wall proteomics studies and with the bioinformatic prediction of the presence of signal peptides in both proteins. Total proteins were extracted from N. benthamiana leaves 2.5 and 3 days after infiltration with At1g28290CD::Gamillus. Asialofetuin which is recognized by PNA [START_REF] Kijimoto-Ochiai | Analysis of N-linked oligosaccharide chains of glycoproteins on nitrocellulose sheets using lectin-peroxidase reagents[END_REF] was used as a positive control and non-infiltrated N. benthamiana leaves as a negative control. Three main strong signals were detected with asialofetuin corresponding to three glycoforms. A smear 55 kDa to 170 kDa was observed for At1g28290CD::Gamillus, most probably due to the O-glycans of the Pro/Hyp-rich central domain. Altogether, our five fusions proteins were either partly or mainly located in cell walls (Table 5.1). Four of them were also found to be located in vacuoles, which could be due to an overaccumulation leading to internalization in vacuoles for degradation. The localization of AtPMEI7 at the plasma membrane was puzzling because no GPI-anchor could be predicted (aramemnon.botanik.uni-koeln.de/tm_sub.ep?GeneID=33134&ModelID=0). Besides, the presence of O-glycans recognized by PNA on At1g28290CD::Gamillus could be shown as previously for the native protein [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF] and for At1g28290::TagRFP expressed in N. benthamiana leaves (Supplementary Figure S2). These results allowed going ahead and testing protein-protein interactions in muro with the FRET-FLIM technology. 

Sub-cellular localization of the fusion proteins used to perform the FRET-FLIM experiments

Conclusion

Our study has allowed adapting the FRET-FLIM technology to detect protein-protein interactions in plant cell walls. The first step was to identify fluorescent proteins which would fulfill two criteria: (i) they should be stable at the acidic pH of the cell wall, that is having an acidic pI; and (ii) one should behave as a donor, and the second one as an acceptor, which means that the emission wavelength of the donor should correspond to the excitation wavelength of the acceptor. Before the beginning of my work, it was established that the two best candidates were the Gamillus protein which derived from the GFP, but with a lower pI, as a donor molecule, and the TagRFP as an acceptor molecule (see the characteristics of both proteins at https://www.fpbase.org/protein/egfp/) (D Roujol and L Hoffmann, unpublished work). Then specific vectors were constructed to allow an easy cloning of the DNA fragments encoding the proteins of interest [START_REF] Berthold | Inside or outside? A new collection of Gateway vectors allowing plant protein subcellular localization or over-expression[END_REF]D Roujol, unpublished work). Our main interest was to demonstrate the interaction of PAC domains with the central Oglycosylated domain of At1g28290 (AtAGP31). As a proof of concept, the first couple of proteins that were tested were AtPME3 and AtPMEI7 which were previously shown to interact which each other in vitro [START_REF] Sénéchal | Tuning of pectin methylesterification[END_REF]. We were able to shown a strong interaction between AtPME3 and AtPMEI7 in N. benthamiana cell walls by FRET-FLIM. So, this first successful step has allowed the validation of the technique. Then, we tested the interaction between the central O-glycosylated Pro/Hyp-rich domain of At1g28290 and its own PAC domain. Such an interaction was previously shown in vitro [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF]. This experiment was more challenging since we needed the central domain to be O-glycosylated. This Oglycosylation has been checked using a dedicated lectin blot with PNA known to specifically detect the Ara/Gal rich O-glycans of At1g28290 [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF]. Again, we were able to detect an interaction between these two At1g28290 domains. Finally, we challenged the interaction between At1g28290 central domain with a different PAC domain, i.e. that of At5g05500 which has never been tested in vitro. Results obtained after the FRET-FLIM experiment also revealed an interaction.

The final validation of the technique will require some additional work. We need a negative control of the interactions. One possibility would be to test proteins mutated at the level of the amino acids involved in the interaction. That will be possible for AtPMEI7 since mutant versions were shown to be unable to inactivate AtPME3 in vitro [START_REF] Sénéchal | Tuning of pectin methylesterification[END_REF]. Regarding the PAC domains, we know that the conserved Cys residues are critical for their 3D-structure.

Mutating them could allow getting mutated proteins which could be unable to interact with the central domain of At1g28290.

When all the controls are done, an important outcome of this work will be the strengthening of our model of non-covalent protein-protein networks in cell walls [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF]. We assume that such supramolecular scaffolds could be important for quick rearrangement of the cell wall architecture during rapid growth or in response to environmental constraints. With this work, we show an interaction in muro of two different PAC domains with the O-glycosylated domain of At1g28290. It suggests that multiple types of interactions could occur between PDPs in cell walls, allowing the formation of complex non-covalent supramolecular networks. S1 
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 11 Figure 1.1. Schematic representation of the plant primary cell walls, Type I (A. thaliana) and Type II (O. sativa) showing their different levels of organization (Yokoyama & Nishitani, 2004).
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 12 Figure 1.2. Schematic representation of a lignified secondary cell wall (Plomion et al., 2001). S1, S2 and S3 are the three different layers of the secondary cell wall.

Figure 1 . 3 .

 13 Figure 1.3. Cellulose biosynthesis (Buschmann & Borchers, 2020). Cellulose microfibrils are in light blue, cellulose synthase complexes in light red, microtubule as red bar, cellulose synthase interacting (CSI) protein as green oval, companion of cellulose synthase (CC) in light green cylinder, cellulose synthase-microtubule uncouplings (MCU) in blue ovals.

Figure 1 . 4 .

 14 Figure 1.4. Structure of the XLFG unit of XGs (Brennan & Harris, 2011). Nomenclature after (Fry et al., 1993): X= α-D-xylp-(1,6)-β-D-Glcp, L=X-β-D-Galp-(1,2), F=L-α-L-Fucp-(1,2), Gal=galactose, Fuc=fucose.

Figure 1 . 5 .

 15 Figure 1.5. Schematic representation of the basic xylans structures. A. Glucuronoarabinoxylan (GAX).B. Glucuronoxylan (GX). Fer: ferulic acid ester and Ac: O-acetyl[START_REF] Hao | A review of xylan and lignin biosynthesis: Foundation for studying Arabidopsis irregular xylem mutants with pleiotropic phenotypes[END_REF].

Figure 1 . 6 .

 16 Figure 1.6. Examples of Mns found in plant cell walls (Scheller & Ulvskov, 2010).

Figure 1 . 7 .

 17 Figure 1.7. Schematic illustration of pectins structures (Scheller et al., 2006).

  backbone can contain individual, linear, or branching α-L-Araf or β-D-Galp residues. The side chain backbones contain α-1,5-linked L-arabinan with C2-and C3-linked Ara (arabinan branching), β-1,4-linked D-galactans, β-1,4-linked D-galactans with C3-linked L-Ara (arabinogalactan branching) and β-1,3-linked D-galactans with β-6-linked galactan (galactan branching). The side chains may also contain α-L-Fuc, β-D-GlcA, and 4-O-Me-β-D-GlcA residues (Figure 1.7)

Figure 1 . 8 .

 18 Figure 1.8. Different steps to extract and identify CWPs (Albenne et al., 2013).

Figure 1 . 9 .

 19 Figure 1.9. Amino acid sequences of AtAGP31 (At1g28290) (Hijazi et al., 2012). The two N-glycosylated sites of the PAC domain are indicated in green, the conserved Gly residue in pink and the 6 conserved Cys residues in yellow. 'O' stands for hydroxyproline. The sequences should be read from top to bottom and from left to right.

Figure 1 .

 1 Figure 1.10. Proposed model for the non-covalent interactions of AtAGP31 with cell wall components.mePGA stands for methylated homogalacturonans[START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF].

  PAC domain has been more precisely described (Nguyen-Kim et al., 2020) and a crystallographic 3D-structure could be established for a PAC domain of Plantago lanceolata[START_REF] Stemeseder | Crystal structure of Pla l 1 reveals both structural similarity and allergenic divergence within the Ole e 1like protein family[END_REF]. In the former work, a series of 50 PAC domain-containing sequences mostly retrieved from late divergent plant genomes were manually checked and were used a basis to define a PAC domain and to design a software to retrieve proteins exhibiting a PAC domain from genomic sequences. The PDPs should have the following characteristics: (i) a predicted signal peptide to be addressed to the secretory pathway; (ii) the spacing between the 6 conserved Cys residues should be Cys1 (2) Cys2 (10,30) Cys3 (20,50) Cys4 (6,20) Cys5 (25,60) Cys6; (iii) a Gly residue should be located 4 amino acids upstream Cys1, (iv) prediction of βsheets according to the crystal structure of the P. lanceolata PAC domain (www.rcsb.org/structure/4Z8W); (iv) the gene encoding a PDP has usually an intron located between the codons for Cys2 and Cys3. Using this software, it has been possible to screen 78 sets of genomic or transcriptomics data.PDPs could be classified into four types according to the domains associated with the PAC domain (Nguyen-Kim et al., 2020). Type 1 corresponds to proteins having only a PAC domain with or without an intron between the sequences encoding Cys2 and Cys3. Type 2 is defined as proteins with PAC domain at N-terminus that might be associated with a Pro-rich domain or with a domain of yet unknown function (W-W domain which corresponds to the following amino acid motif: Trp-X8-Trp where X could be any amino acid). Type 3 is characterized by a C-terminal PAC domain which can be further associated with a His-domain, a Pro-rich domain and/or an AGP domain. Type 4 corresponds to proteins with a central PAC domain flanked by two EXT domains (Figure1.11).

Figure 1 .

 1 Figure 1.11. Structure of the four types of PDPs (Nguyen-Kim et al., 2020).

Figure 1 .

 1 Figure 1.12. Distribution of PDPs in the genomes of terrestrial plants (Nguyen-Kim et al., 2020). 1': highly conserved amino acid sequence. 2': PAC domain associated with a C-terminal W-W domain.

Figure 1 .

 1 Figure 1.13. Scheme of MpPAC1 (A) and MpPAC2 (B) structures. "G" underlined in violet: conserved Gly residue; "C" in red: conserved Cys residues, "P'' in brown: Pro residues; W-W domain motifs in blue. The sequences should be read from top to bottom and from left to right.

  has been used as a reference to look deeper into the 2D-and 3Dstructures of the PAC domains (Figure 1.14 A). The presence of 7 β-sheets leads to the formation of a β-barrel which is stabilized by three disulfide bridges thanks to the six conserved Cys residues linking: β1 and β6 strands (Cys1-Cys5); (ii) β2 and β5 strands (Cys3-Cys4); and (iii) Cterminus and loop at the C-terminus to β2 strand (Cys2-Cys6).

Figure 1 .

 1 Figure 1.14. Examples of 3 D-structure of PAC domains. A. PAC domain of P. lanceolata as determined by crystallography (Stemeseder et al., 2017). B. PAC domain of AtAGP31 (Nguyen-Kim et al., 2020) modeled after the PAC domain crystal structure 4Z8W. 'C' (panel A) and 'Cys' (panel B) stand for conserved Cys residues.

  Figures 1.14 A, or α-helices or disordered domains were predicted (Figure1.15 C). The crystal structure of the P. lanceolata PAC domain was then used as a reference to propose 3D-structures for several PAC domains (Nguyen-Kim et al., 2020). When the β-sheets were predicted in similar positions as in the P. lanceolata PAC domain, it was possible to propose a 3D-model with a high level of confidence (see the example of AtAGP31 PAC domain in Figure1.14 B). When α-helices were predicted, the 3D-model could not be validated as for the the PAC domain of Conocephalum conicum (ILBQ_2006312), which is a Bryophyte of the Marchantiophyta family.

Figure 1 .

 1 Figure 1.15. Figure 1.15. Prediction of β-sheets and α-helices in three PAC domains. A. P. lanceolata. B. AtAGP31. C. C. conicum (ILBQ_2006312). β-sheets are in violet, α-helices in orange (www.cbs.dtu.dl/services/NetSurfP/). The conserved Cys residues are highlighted with red dots and the conserved Gly residues with green dots.

Figure 1 .

 1 Figure 1.16. Asexual reproduction of M. polymorpha (Kato et al., 2020). a. A dorsal view of a mature thallus with gemma cups denoted by dotted squares (bar = 1 cm). b. Gemmae erupting from the gemma cup (bar = 2 mm). c. Mature gemma (bar = 100 µm). In c, two apical meristematic notches are shown by white arrowheads and the white square represents the area with pale and bigger rhizoid precursor cells. Oil body cells are dots around the perimeter.
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 21 Figure 2.1. pBAD TOPO® vector map. P BAD : promoter; Ampicilin: resistance gene; pBR322 ori: origin of replication; araC : regulatory sequence; EK site: Enterokinase cleavage site; 6xHis: C-terminal tag.

Figure 2

 2 Figure 2.2. pDONR TM 207 vector map. attP1: recombination site for the Gateway® BP reaction; ccdB: suicide gene; CmR: chloramphenicol resistance gene; attP2: recombination site for Gateway® BP reaction; GmR: gentamycin resistance gene; ori: origin of replication (https://www.snapgene.com/).

Figure 2

 2 Figure 2.3. pMpGBW104 vector map. attR1: recombination site for the Gateway® LR reaction; CmR: chloramphenicol resistance gene; ccdB: suicide gene; attR2: recombination site for Gateway® LR reaction; GUS: β-glucuronidase gene; HygR: hygromycin resistance gene; SmR: spectinomycin and streptomycin resistance gene; ori: origin of replication. (https://www.addgene.org).

Figure 2

 2 Figure 2.4. pMpGWB127 vector map. attR1: recombination site for the Gateway® LR reaction; CmR: chloramphenicol resistance gene; ccdB: suicide gene; attR2: recombination site for Gateway® LR reaction; GUS: β-glucuronidase gene; HygR: hygromycin resistance gene; SmR: spectinomycin and streptomycin resistance gene; ori: origin of replication (https://www.addgene.org).

Figure 2

 2 Figure 2.5. M. polymorpha on GB 1/2 medium. A. gemmae. B. 3 week-old thallus fragment. Arrows head indicates the different gemmae on GB 1/2 . White bars = 1 cm.

Figure 2

 2 Figure 2.6. M. polymorpha on jiffy pellets (soil). A. 2 week-old. B. 4 week-old plants. Black bars = 1 cm.

FIGURE 1 |

 1 FIGURE 1 | Different stages of development of the M. polymorpha thalli used for the proteomics analyses. (A) After in vitro culture for 2 weeks (2 week-old thalli).(B) After in vitro culture for 2 weeks, followed by 1 week of culture on soil (3 week-old thalli). (C) After in vitro culture for 4 weeks, followed by 1 week of culture on soil (5 week-old thalli).

FIGURE 2 |

 2 FIGURE 2 | Phenolics content of M. polymorpha thalli at different stages of development, compared to those of B. distachyon mature leaves and A. thaliana rosettes. The phenolics content has been determined as mg eq gallic acid/g dry mass as described in Materials and Methods.

FIGURE 4 |

 4 FIGURE 4 | Comparison between the cell wall proteomes of M. polymorpha thalli (this study) and the previously published leaves cell wall proteomes of A. thaliana and B. distachyon (http://www.polebio.lrsv.ups-tlse.fr/WallProtDB/). Overview showing the distribution in functional classes (A). A focus on the miscellaneous class of proteins pointing at a few protein families well represented in the M. polymorpha proteome (B).PAC stands for proteins acting on carbohydrates, OR for oxido-reductases, P for proteases, PAPs for purple acid phosphatases, phi proteins for phosphate-induced proteins, LM for proteins possibly involved in lipid metabolism, ID for proteins with interaction domains, S for signaling, SP for structural proteins, M for miscellaneous and UF for proteins of yet unknown function. Detailed data are provided in Supplementary Tables2, 3.

FIGURE 5 |

 5 FIGURE 5 | Overall comparison between the cell wall proteomes of M. polymorpha thalli at three different stages of development (2, 3, or 5 week-old thalli). Detailed data are provided in Supplementary Tables 2, 3.

  Weaker signals were observed with LM13 recognizing unbranched arabinans (Figure 3.1 A).

Figure 3 . 1 .

 31 Figure 3.1. Polysaccharide arrays to detect cell wall polysaccharides using specific monoclonal antibodies. P1: pectin-enriched fraction 1; P2, pectin-enriched fraction 2; H: hemicellulose-enriched fraction; C: cellulose-enriched fraction; HGs: homogalacturonans; meHGs: methylated homogalacturonans, RGI: rhamnogalacturonan I; Mns: mannans; XGs: xyloglucans. Ctrl: control polysaccharides.

  polysaccharide fractions and no signal in the hemicellulosic fraction for LM22. LM21 recognizes Mns, glucomannans, galactomannans and β-(1→4)-manno-oligosaccharides from DP2 to DP5, whereas LM22 recognizes Mn, glucomannans and β-(1→4)-manno-oligosaccharides from DP2 to DP5. These results suggest the presence of galactomannans in the cell walls of M. polymorpha thalli. Unsubstituted and relatively low-substituted xylans were detected with LM10 and LM11 as very weak signals in the four polysaccharide fractions. Finally, the presence of XGs was revealed using LM25, LM24 and LM15, which recognize XLLG, XXLG and XXXG motifs, XXLG motifs and XXXG motifs, respectively (Figure3.1 B). The stronger signals were observed with LM24 and LM15 in the P1 and C fractions. This result suggests the presence of XXLG and XXXG motifs in two pools of XGs molecules lowly or strongly interacting with cellulose. All and above, with the exception of Mns, all the other hemicelluloses were not detected in the hemicellulose-enriched fraction. This could be related to the fact that these polymers are strongly bound to cellulose.

Figure 3 . 4 .

 34 Figure 3.4. Detection of different polysaccharides epitopes in 4 week-old M. polymorpha thalli. A. Negative control (-ve control). B. Detection of HGs by LM19. C. Detection of Mns with LM21. D. Detection of XGs with LM24. Pl: photosynthetic layer; M: midrib; R: rhizoids. Black bars = 1 mm.

MpPAC2: :

 : TagRFP fusion proteins under the control of the MpEF1α promoter. The resulting constructs are shown in Figure 4.1: pMpEF1α::MpPAC1-CDS::TagRFP (called pMpEF1α::MpPAC1::TagRFP thereafter) and pMpEF1α::MpPAC2-CDS::TagRFP (called pMpEF1α::MpPAC2::TagRFP thereafter). All the primers used in these experiments are described in Supplementary Table

Figure 4 . 1 .

 41 Figure 4.1. Schematic representation of the constructs used for the over-expression of MpPAC1::TagRFP and MpPAC2::TagRFP. 'S' stands for spacer.

  4.2 A).It is worth to note that the presence of a second W-W motif at the C-terminus of MpPAC1 is an exception compared to the other W-W domains (Nguyen-Kim et al. 2020). The amino acid sequence of MpPAC2 contains a predicted signal peptide at its N-terminus, followed by a PAC domain, and a C-terminal domain of yet unknown function (Figure 4.2 B). MpPAC1 is considered to have a bona fide PAC domain based on the following characteristics: (i) MpPAC1 has a predicted signal peptide at its C-terminus; (2) six conserved Cys residues are present downstream a Gly residue with a defined spacing: Gly (3) Cys1 (2) Cys2 (10,30) Cys3 (20,50) Cys4 (6,20) Cys5 (25,60) Cys6 (Figure 4.2 A); and (iii) β-sheets can be predicted according to the crystal structure of a P. lanceolata PDP (www.rcsb.org/structure/4Z8W) (Figure 4.2 C).

Figure 4 . 2 .

 42 Figure 4.2. Description of MpPAC1 (A) and MpPAC2 (B) sequences and prediction of secondary structures (C).Underlined "G" in pink: conserved Gly residue; "C" in red: conserved Cys residues; "P'' in brown: Pro residues; and two W-W domains in light blue. In A and B, the sequences should be read from top to bottom and from left to right. In C, the secondary structures were predicted by NetSurfP (https://services.healthtech.dtu.dk/service.php?NetSurfP-2.0).
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 44 Figure 4.4. Tissue-specific expression of pMpPAC1::GUS (A-F) and pMpPAC2::GUS (G-L) in M. polymorpha transgenic lines. A, G. 1 week-old thalli. B, H. 2 week-old thalli. C, I. 3 week-old thalli. D, J. 4 week-old thalli. E, K. gemma cup development between 4 -5 weeks. F, L. 5 week-old thalli. 'M' stands for Midrib, 'R' for rhizoids, 'PL' for photosynthetic layer, 'G1, G2' for gemmae and 'GC' for gemma cup. Green arrows indicate the midrib basal layer. Black bars = 1 mm. These pictures are representative of the observations done on three independent transgenic lines for each construct.
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 45 Figure 4.5. Different mutations generated by the CRISPR-Cas9 technology as a result of upstream guide RNA activity in pac1 (A), pac2 (B) and pac1pac2 (C) mutants. The mutations are located in the first exon of each gene.
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 46 Figure 4.6. Mppac1 proteins produced in pac1 and pac1pac2 mutants compared to the wild type MpPAC1 produced in TAK1. The amino acids belonging to the predicted signal peptide are underlined. Those common to the wild type and mutated protein version are in red.

Figure 4 . 7 .

 47 Figure 4.7. Mppac2 proteins produced in pac2 and pac1pac2 mutants compared to the wild type MpPAC2 produced in TAK1. The amino acids belonging to the predicted signal peptide are underlined. Those common to the wild type and mutated protein version are in red.

Figure 4 . 9 .

 49 Figure 4.9. Thallus area of pac1 (A), pac2 (B) and pac1pac2 (C) mutants compared to TAK1 over four developmental stages. Mean values of thallus area at each week were measured from 5 thalli per 1 independent line (n = 5). All error bars display mean confidence interval, and p-values were determined by the Wilcox test (*: p<0.05, **: p<0.01, ***: p<0.001).

Figure 4 .

 4 Figure 4.10. Gemma cup number in pac1 (A, B) and pac2 (C, D) after 3 (A, C) and 4 (B, D) weeks of culture.Mean values of gemma cups number at 3-and 4-weeks post development were measured from 5 thalli per 1 independent line (n = 5). All error bars display mean confidence interval, and p-values were determined by a Wilcox test, but were not significant.

Figure 4 .

 4 Figure 4.11 Semi-quantitative RT-PCR on cDNAs extracted from 2 week-old thalli of PAC1-OEs (A) and PAC2-OEs (B) using primers pairs specific for MpACT1, PAC1::TagRFP or PAC2::TagRFP. Green arrows indicate expected band size. Colored arrows (blue, brown and red) correspond to the position of the primers used. Black arrows indicate the position of the expected DNA fragments.

  Figure 4.13. Phenotype of 3 week-old OEs in comparison to TAK1. A. TAK1. B-D. PAC1-OEs. F-H. PAC2-OEs. White arrows show the presence of gemma cups. These pictures are representative of the observations of three biological replicates.

Figure 4 .

 4 Figure 4.14. Thallus area of TAK1, PAC1-OEs (A) and PAC2-OEs (B) over four developmental stages. Mean values of thallus area at each week were measured from 5 thalli per 1 independent line (n = 5). All error bars display mean confidence interval, and p-values were determined by a Student t-test (*: p<0.05, **: p<0.01, ***: p<0.001).

Figure 4

 4 Figure 4.15. Gemma cups number in PAC1-OEs and PAC2-OEs after 3 (A, C) or 4 (B, D) weeks of culture. Mean values of gemma cups number at 3-and 4-weeks post development were measured from 5 thalli per 1 independent line (n = 5). All error bars display mean confidence interval, and p-values were determined by Student t-test (*: p<0.05, **: p<0.01, ***: p<0.001).

  and 4.18, Supplementary FigureS5). PAC1and PAC2-OEs as well as pac1, pac2 and pac1pac2 KOs exhibited a decrease of at least 20% in cell number as compared to TAK1, in 3 and 4 week-old thalli(Figures 4.17 

  A-B and 4.18 A-C).

  that the reduction of the thallus areas of pac1, pac2 and pac1pac2 KOs and of OEs is due to a defect in cell proliferation.

Figure 4 .

 4 Figure 4.16. Transverse sections of 3 week-old TAK1 and PAC1-OEs thalli showing the zone in which the cells were counted. The sections were stained with erythrosine solution. This zone in indicated with a red frame. Black bar = 1 mm.

Figure 4 .Figure 4

 44 Figure 4.17. Number of cells in a given area of transverse sections of 3 week-old thalli of PAC1-OEs (A) and PAC2-OEs (B) as compared to TAK1. These measurements were done on three biological replicates with two sections for each replicate. All error bars display mean confidence interval, and p-values were determined by a Wilcox test (*:p<0.05, **:p<0.01, ***p<0.001).

  , one could think about different kinds of interactants in cell walls. In line with this hypothesis, a previous work done in our team has shown that different PAC domains of A. thaliana could interact with different cell wall polysaccharides like galactans which are lateral branches of RGI, XGs or Mns (Nguyen-Kim, 2015). Besides, MpPAC1 and MpPAC2 have different tissue-specific expressions. One can reasonably assume that the composition of the cell walls in the photosynthetic layer which is localized at the surface of the thallus is not the same as that in the midrib. However, additional experiments will be required to identify the interactants of MpPAC1 and MpPAC2 in cell walls and to characterize the composition of the walls of the different cell types of M. polymorpha thalli. For the moment, we have not found any difference with the monoclonal antibodies against different cell wall epitopes which we have tested (see § 3.3). Now, both pac1 and pac2 mutants and OEs show similar phenotypes regarding the reduction in thallus area. On the contrary, the increase in the gemma cup number was only found in the case of the OEs. Because over-expression resembles a loss of function with regard to reduction of thallus area, MpPAC1::TagRFP and MpPAC2::TagRFP could interfere with the wild-type

  Cell wall localization (panels A-F) and chloroplast localization (panels G-L) of MpPAC1::TagRFP. A, G. Bright field. B, J. Calcofluor staining of cellulose in cell walls. C, I. Detection of MpPAC1::TagRFP. D. Detection of the plasma membrane marker aquaporin::YFP. E. Merge of B and C. F. Merge of C and D. H. Chloroplasts autofluorescence. K. Merge of H and I. L. Merge of G and I. Apo: apoplast; Chl: chloroplast; CW: cell wall; PM: plasma membrane; Str: stromule. Scale bars represent 20 μm. Cell wall localization (panels A-F) and chloroplast localization (panels G-L) of MpPAC2::TagRFP. A, G. Bright field. B, J. Calcofluor staining of cellulose in cell walls. C, I. Detection of MpPAC2::TagRFP. D. Detection of the plasma membrane marker aquaporin::YFP. E. Merge of B and C. F. Merge of C and D. H. Chloroplasts autofluorescence. K. Merge of H and I. L. Merge of G and I. Apo: apoplast; Chl: chloroplast; CW: cell wall; PM: plasma membrane; Str: stromule. Scale bars represent 20 μm.

Figure 5 . 1 .

 51 Figure 5.1. Schematic representation of the fusion proteins used to determine the sub-cellular localization of At1g28290::TagRFP (A) and At5g05500::TagRFP (B). 'S' stands for spacer.

Figure 5 . 2 .

 52 Figure 5.2. Schematic representation of the fusion proteins used to test the interactions by FRET-FLIM in muro between AtPME3 (A) and AtPMEI7 (B) or the central domain of At1g28290 (C) and either the At1g28290 PAC domain (D)or the At5g05500 PAC domain (E). 'S' stands for spacer.

  Then, the sub-cellular localization of the fusion proteins of interest for the FRET-Gamillus, TagRFP::At1g28290PAC and TagRFP::At5g05500PAC. It is worth noting that it was not possible to double infiltrate the N. benthamiana leaves with aquaporin::YFP and AtPME3::Gamillus or At1g28290CD::Gamillus, since YFP and Gamillus are excited at the same wavelength.AtPME3::Gamillus was found to be weakly located in the cell wall and mainly in the vacuole (Figure5.3). Contrarily, At1g28290CD::Gamillus was mainly located in the cell wall and weakly in the vacuole (Figure5.4). The Gamillus fluorescence was strongly co-localized with that of the calcofluor in the case of At1g28290CD::Gamillus (Figure5.4 D) while it was only weakly colocalized in case of AtPME3::Gamillus (Figure5.3 D).

Figure 5 . 3 .

 53 Figure 5.3. Sub-cellular localization of AtPME3::Gamillus in N. benthamiana leaf epidermal cells. The cells have been observed after plasmolysis with 15 % glycerol. A. Bright field. B. AtPME3::Gamillus. C. Calcofluor staining of cell walls. D. Merge of B and C. Apo: apoplast; V: vacuole; CW: cell wall. White bars: 40 µm.

Figure 5

 5 Figure 5.4. Sub-cellular localization of At1g28290CD::Gamillus in N. benthamiana leaf epidermal cells. The cells have been observed after plasmolysis with 15 % glycerol. A. Bright field. B. At1g28290CD::Gamillus. C. Calcofluor staining of cell walls. D. Merge of B and C. Apo: apoplast; V: vacuole; CW: cell wall. White bars: 40 µm.
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 55 Figure 5.5. AtPMEI7::TagRFP is located in the cell wall (A-C) and at the plasma membrane (D-I). The cells have been observed after plasmolysis with 15 % glycerol. A, D. Bright field. B, E. AtPMEI7::TagRFP. C. Merge of A and B. F. Calcofluor staining of cell walls. G. Aquaporin::YFP. H. Merge of E and F. I. Merge of E and G. CW: cell wall, PM: plasma membrane. White bars: 40 µm.

Figure 5

 5 Figure 5.6. TagRFP::At1g28290PAC and TagRFP::At5g05500PAC are located in the cell wall and in the vacuole. A plasmolysis with 15% glycerol has been performed before observation.

Figure 5 . 7 .

 57 Figure 5.7. Control of the integrity of the fusion proteins by 1D SDS-PAGE followed by western blot analysis. A. 1D SDS-PAGE followed by Coomassie blue staining. B. Detection of AtPMEI7::TagRFP, TagRFP::At1g28290PAC and TagRFP::At5g05500PAC using anti-TagRFP antibody. C. Detection of AtPME3::Gamillus using anti-GFP antibody. D. Detection of At1g28290CD::Gamillus using anti-GFP antibody.'C' stands for negative control (N. benthamiana non-infiltrated leaves), MM for molecular marker.
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 58 Figure 5.8. Detection of O-glycans on At1g28290CD::Gamillus by PNA lectin blot. Positive control is asialofetuin (15 µg) and C corresponds to non-infiltrated N. benthamiana leaves (negative control). Two protein extractions were performed either 2.5 (2.5 d) or 3 days (3 d) after infiltration.

  and AtPMEI7 interact in muro in N. benthamiana epidermal cellsIn vivo FRET-FLIM experiments were performed in order to test the AtPME3-AtPMEI7 interaction in the cell walls of N. benthamiana epidermal cells. We measured and compared the fluorescence lifespan of the fluorescent donor (Gamillus) in the absence and in the presence of a fluorescent acceptor (TagRFP) at the periphery of the plant cells. In the presence of an acceptor, two different lifespan can be detected corresponding to two donor populations: one which does not transfer energy with a fluorescence decrease kinetics equivalent to the donor alone (AtPME3::Gamillus), and a second which transfers energy to adjacent (in close proximity) acceptor molecules (AtPMEI7::TagRFP), resulting in a reduced lifespan (Figure5.9).
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 595 Figure 5.9. Illustration of the FRET principle using the interaction between AtPME3::Gamillus and AtPMEI7::TagRFP as an example. r: distance between AtPME3::Gamillus and AtPMEI7::TagRFP; R0: Förster radius for AtPME3::Gamillus and AtPMEI7::TagRFP interaction.

Figure 5 .

 5 Figure 5.10. AtPME3::Gamillus -AtPMEI7::TagRFP interaction detected by FRET-FLIM in muro in N. benthamiana epidermal cells. A. Observation of the fluorescent proteins under confocal microscope and life time images of the FRET-FLIM experiment. B. Bar chart showing the frequency of the observation of different lifespans of AtPME3::Gamillus in the absence (green bars) or in the presence of AtPMEI7::TagRFP (red bars).The colored Scale on the right side of panel A refers to the average lifespan of At1g28290CD::Gamillus.

Figure 5 .

 5 Figure 5.11. Principle of the FRET-FLIM experiment with the two following couples of proteins: A. At1g28290CD::Gamillus -TagRFP::At1g28290PAC and B. At1g28290CD::Gamillus -TagRFP::At5g05500PAC. r: distance between At1g28290CD::Gamillus and TagRFP::At1g28290PAC or between At1g28290CD::Gamillus and TagRFP::At5g05500PAC. R0: Förster radius for At1g28290CD::Gamillus -TagRFP::At1g28290PAC interaction or At1g28290CD::Gamillus -TagRFP::At5g05500PAC interaction.
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 5 Figure 5.12. At1g28290CD::Gamillus -TagRFP::At1g28290PAC interaction detected by FRET-FLIM in muro in N. benthamiana epidermal cells. A. Observation of the fluorescent proteins under confocal microscope and life time images of the FRET-FLIM experiment. B. Bar chart showing the frequency of the observation of different lifespans of At1g28290CD::Gamillus in the absence (green bars) or in the presence of TagRFP::At1g28290PAC (red bars). The colored Scale on the right side of panel A refers to the average lifespan of At1g28290CD::Gamillus.

  Figure 5.13. At1g28290CD::Gamillus -TagRFP::At5g05500PAC interaction detected by FRET-FLIM in muro in N. benthamiana epidermal cells. A. Observation of the fluorescent proteins under confocal microscope and life time images of the FRET-FLIM experiment. B. Bar chart showing the frequency of the observation of different lifespans of At1g28290CD::Gamillus in the absence (green bars) or in the presence of TagRFP::At5g05500 (red bars). The colored Scale on the right side of panel A refers to the average lifespan of At1g28290CD::Gamillus.

  Bright field. B, H. Calcofluor staining. C. Detection of At5g05500::TagRFP. D, J. Merge of the plasma membrane marker aquaporin::YFP and chloroplast auto-fluorescence. E. Merge of calcofluor staining and C. F. Merge of C and D. I. Detection of At1g28290::TagRFP. K. Merge of calcofluor staining and I. L. Merge of I and J. Apo: apoplast; Chl: chloroplast; CW: cell wall, PM: plasma membranę.

  first study of the M. polymorpha thallus cell wall proteome. It has allowed the identification of 410 CWPs, representing about one third of the expected cell wall proteome. The M. polymorpha cell wall proteome not only exhibits some specificities as compared to that of flowering plants, but also shares common features. Among the particular CWP families found are D-mannose-binding lectins and polyphenol oxidases. Many proteins with yet unknown functions have been found, opening up new avenues for discovering new functions in Bryophyte cell walls. Our polysaccharide arrays have shown that HGs, XGs, xylans and Mns are present as major polysaccharides in the cell walls of M. polymorpha thalli. A strong link was obvious between the identified polysaccharides and the presence of different CWPs, such as PMEs and poorly methylated HGs or mannans and D-mannose binding lectins. In fact, due to a lack of knowledge about the cell wall structure of early divergent plants, our understanding of the cell wall evolution in the green lineage is still insufficient. Because of its position in the evolutive phylogenetic tree, M. polymorpha constitutes a very good model plants to contribute to it.MpPAC1 and MpPAC2 are CWPs and plants missing and/or over-expressing MpPAC1 and MpPAC2 have reduced thallus area, corresponding to reduction in cell number. The complex patterns of expression of MpPAC1 and MpPAC2 in KOs and OEs in represented in Figure6.1 A-B, as well as the observed phenotypes. Our results suggest that MpPAC1 and MpPAC2 are involved in the growth of thalli, and more specifically in cell division. Since the phenotype of both OEs and KOs are similar regarding the growth of thalli, it might result from a disruption in cell wall integrity which could lead to a stress reaction. This stress may provoke an altered cell division rate or physiological changes leading to early emergence of gemma cups in OEs compared to the wild-type TAK1, whereas the single mutants did not show any significant change in their gemma cups number at 3 and 4 weeks of development, and the double mutant exhibits late gemmae appearance. Here, we hypothesize that in the single mutants, MpPAC1 (in pac2) and MpPAC2 (in pac1) alternate their roles in order to compensate the lack of the second protein and this was obvious when no changes in gemma cups number occurred in the mutants in opposite to OEs. Consistently, when both genes were inactivated in pac1pac2, we had a severe deformed thallus shape with no gemma cups at 4 weeks of culture. Consequently, the observed phenotypes and changes in OEs and KOs may indicate a functional redundancy between MpPAC1 and MpPAC2 during thallus growth. The results also suggest that the cell wall is involved in the formation of gemma cups.

Figure 6 . 1 .

 61 Figure 6.1. A model showing the expression of MpPAC1 and MpPAC2 in 4 week-old thalli of OEs and KOs. A. pMpEF1α drives the expression of MpPAC1::TagRFP and MpPAC2::TagRFP in midribs up to the edges of the thallus lobes (Althoff et al., 2014). B. The missing expression of either MpPAC1 or MpPAC2 is represented in grey.

  

  

  

  

  

  

  

Table 2 .1. Bacterial strains characteristics.

 2 

  The supernatant was collected and centrifuged again for 10 min at the same speed. 1D SDS-PAGE (Sodium Dodecyl Sulfate -Polyacrylamide Gel Electrophoresis) and western blotting were used to analyze the supernatant. M. polymorpha thalli were ground in liquid

	Total proteins were extracted using a two-step process: 2 µL/mg leaf sodium acetate buffer 5
	mM pH 4.6, 200 mM CaCl 2 , 0.1 % (v/v) β-mercaptoethanol, 0.15% (v/v) protease inhibitor
	(SIGMA ALDRICH, Saint-Quentin Fallavier, France). After being vortexed for 30 min, the
	same volume of denaturing solution (6 M urea, 10% (v/v) glycerol,10 % (v/v) β-
	mercaptoethanol, 5 % (m/v) SDS) was added and vortexed for 15 min before centrifugation at
	20,000 g.

nitrogen using a mortar and a pestle. Two hundred µL of extraction buffer (6 M urea, 10% glycerol, 10% β-mercaptoethanol, 5% SDS) were added to 50 mg of plant material. The sample was centrifuged at 22,000 g during 10 min at 4°C. Then, 15 µL of protein solution were incubated at 100 °C for 10 min, and then being analyzed by 1D SDS-PAGE.

Table 2 .2. Preparation of polyacrylamide gels.

 2 

	Solution	Resolving gel 12% 15%	Stacking gel 4%
	UHQ water	2.86 mL	1.73 mL	3.54 mL
	Acrylamide 40 %	2.91 mL	3.64 mL	486 µL
	Bis-Acrylamide 2%	1.60 mL	2.00 mL	268 µL
	Tris-HCl 1.5 M pH 8.8	2.50 mL	2.50 mL	-
	Tris-HCl 1.25 M pH 6.8	-	-	625 µL
	20% SDS	50 µL	50 µL	25 µL
	10% ammonium persulfate 100 mg/mL	75 µL	75 µL	25 µL
	TEMED	5 µL	5 µL	5 µL
	Final volume	10 mL	5.05 mL

A Mini-Protean system electrophoresis device (BIO-RAD, Hercules, CA, USA) was used. After addition of electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% (p/v) SDS), the electrophoresis was run at 35 mA and 500 V until the front migration shown by bromophenol blue colored line reached the bottom edge of the gel. Then, the proteins could be immediately stained or transferred onto nitrocellulose membrane for immunodetection.

(

  Thermo Fisher Scientific) at room temperature. The samples were sent to the Plateforme d'Analyse Protéomique de Paris Sud-Ouest (PAPPSO, Le Moulon, France; http://pappso.inrae.fr/) in duplicates for identification and quantification of proteins. The analysis was done after a short 1D-SDS-PAGE. The detailed protocol can be found in chapter 3 (see § 3.2). The proteins were validated when they were identified with at least two specific peptides in one biological replicate and if they were present in at least two biological replicates. The

	bioinformatics analysis was done following the protocol described in chapter 3 (see § 3.2). The
	MS/MS	data	are	available	at	PROTICdb

(http://proteus.moulon.inra.fr/w2dpage/proticdb/angular/#/) and the cell wall proteomics data at WallProtDB (http://www.polebio.lrsv.ups-tlse.fr/WallProtDB/).

Table 2 .3. Monoclonal antibodies used against different cell wall epitopes.
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	Category	Monoclonal	Targets
		antibodies	
		LM6	Linear pentasaccharide in (1,5)-α-L-arabinans
		LM13	Linear epitope in (1,5)-α-L-arabinans
	Pectin epitopes	LM16	Epitopes associated with arabinans (arabinan-RGI)
		LM19	Homogalacturonans (HGs)
		LM20	Methyl homogalacturonans (meHGs)

(former PlantProbes, Leeds, UK; now Kerafast, Boston, MA, USA)

Table 2 .4. Commercial cell wall polysaccharides. Name Purchaser Origin Solubilization

 2 

	Polygalacturonic acid	SIGMA ALDRICH	Citrus	UHQ water
	(PGA)or (HG)	ref: P3850		
	Polygalacturonic	Fluka ref: 76282,	Apple	UHQ water
	acid methyl ester	Waltham(MA),		
	(meHG)	USA		
	Rhamnogalacturonan I	Megazyme ref: P-	Potato	UHQ water
	(RGI)	RHAM1 (Bray,	pectic fiber	
		Ireland)		
	Galactan	Megazyme	Potato	UHQ water
		ref: P-GALPOT		
	Arabinan	Megazyme	Sugar beet	UHQ water at 60°C
		ref: P-ARAB		
	Xyloglucan (XG)	Megazyme	Tamarin	UHQ water at 50°C
		ref: P-XYGLN		
	Mannan	Megazyme	Ivory nut	10 % NaOH

Table 2 .5. Golden Gate cloning reaction mixes. All the vectors are described in (Rich et al., 2021).
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	Reaction composition	AV	AW	AX
	EC50507 vector (100 ng/µL) (pL2V-1b_EC50507)	1 µL	1 µL	1 µL
	EC15030 vector (100 ng/µL) (pL1-r-R1-p35s-HygroR-tNOS)	1 µL	1 µL	1 µL
	1PMD_527 vector (100 ng/µL) (Atcas9)	1 µL	1 µL	1 µL
	1PMD_97/14.1 vector (100 ng/µL) (guide RNA 1, MpPAC1)	1 µL	-	1 µL
	1PMD_98/14.2 vector (100 ng/µL) (guide RNA 2, MpPAC1)	1 µL	-	1 µL
	1PMD_97/139.1 vector (100 ng/µL) (guide RNA 1, MpPAC2)	-	1 µL	-
	1PMD_98/139.2 vector (100 ng/µL) (guide RNA 2, Mp MpPAC2)	-	1 µL	-
	1PMD_99/139.1 vector (100 ng/µL) (guide RNA 1, Mp MpPAC2)	-	-	1 µL
	1PMD_100/139.2 vector (100 ng/µL) (guide RNA 2, Mp MpPAC2)	-	-	1 µL
	EC41780 vector (100 ng/µL)	1 µL	1 µL	-
	EC41822 vector (100 ng/µL)	-	-	1 µL
	T4 buffer	1.5 µL	1.5 µL	1.5 µL
	BSA 100 X	0.5 µL	0.5 µL	0.5 µL
	FastDigest BpI 1 (Bbs I) enzyme (Thermo Fisher Scientific)	1 µL	1 µL	1 µL
	T4 ligase (New ENGLAND BIOLABS, ref: M0202L)	0.5 µL	0.5 µL	0.5 µL
	Nuclease free water (SIGMA ALDRICH)	5.5 µL	5.5 µL	3.5 µL
	Final volume	15 µL	15 µL	15 µL

TABLE 1 |

 1 Yield of cell wall purification and of proteins extractions.

		2 week-old	3 week-old	5 week-old
	Yield of cell wall purification (%)	8.8 ± 1.8	9.8 ± 0.9	23.3 ± 5.8
	(mass lyophilized cell			
	walls/mass fresh material)			
	Yield of protein extraction from	90.9 ± 16.2	63.8 ± 7.9	22.3 ± 0.3
	cell walls			
	(µg proteins/g fresh material)			

Yield of total proteins extraction (mg proteins/g fresh material) 1.9 ± 0.3 2.8 ± 0.4 1.7 ± 0.2 Yield of N-glycoproteins extraction (µg N-glycoproteins/µg total proteins) 11.4% 13.1% 10.9% Frontiers in Plant Science | www.frontiersin.org

TABLE 2 |

 2 Number of proteins identified in M. polymorpha thalli at three stages of development (2, 3, or 5 week-old thalli).

		2 week-old 3 week-old 5 week-old Altogether a
	Proteins extracted	966	942	764	1,239
	from cell walls				
	Intracellular	684	675	434	863
	proteins				
	CWPs b	282 (29.2%) 267 (28.3%) 330 (43.2%) 376 (30.3%)
	N-glycoproteins	246	322	279	427
	Intracellular	75	160	112	206
	proteins				
	CWPs b	171 (69.5%) 162 (50.3%) 167 (59.8%) 221 (51.7%)

TABLE 3 |

 3 Major CWPs identified in M. polymorpha thalli at the three stages of development.

	Accession number a	Annotation according to functional
		domains b
	Mapoly0014s0035	Glycoside hydrolase family 3-GH3
	Mapoly0007s0111	Carbohydrate esterase family 8-CE8
		(pectin methylesterase-PME)
	Mapoly0028s0010	Carbohydrate esterase family 8-CE8
		(pectin methylesterase-PME)
	Mapoly0055s0109	Carbohydrate esterase family 8-CE8
		(pectin methylesterase-PME)
	Mapoly0064s0029	CIII peroxidase (MpPrx182)
	Mapoly0008s0265	CIII peroxidase (MpPrx185)
	Mapoly0048s0002	CIII peroxidase (MpPrx95)
	Mapoly0071s0078	Polyphenol oxidase
	Mapoly3313s0001	Polyphenol oxidase
	Mapoly0032s0137	Polyphenol oxidase
	Mapoly0084s0086	Polyphenol oxidase domain
	Mapoly0045s0021	Berberine-bridge oxido-reductase-like
		(BBE-like)
	Mapoly0212s0012	Lectin (D-mannose-binding)
	Mapoly0013s0084	Ser peptidase (subtilisin family)
		(Peptidase family S8)

TABLE 4 |

 4 Evaluation of the coverage of the M. polymorpha cell wall proteome.

	Protein family a	Number of	Number of identified
		genes b	CWPs
	GH5 (PF00150)	9	3 (33%)
	GH17 (PF00332)	27	15 (55%)
	GH18 (PF00704)	10	5 (50%)
	GH19 (PF00182)	15	7 (47%)
	GH28 (PF00295)	7	2 (29%)
	GH38 (PF01074, PF07748)	3	1 (33%)
	CIII Prxs (PF02704) c	189	39 (21%)
	PMEs (PF01095)	14	6 (43%)
	PAEs (PF03283)	6	2 (33%)
	Polyphenol oxidases (PF12142)	59	12 (20%)
	GDSL lipases/acylhydrolases (PF00657) 49	23 (47%)
	Lectins (D-mannose-binding) (PF01453) 26	8 (31%)
	Dirigent-like proteins (PF03018)	54	23 (43%)
	Germins (PF00190)	73	25 (33%)
	EXORDIUM-like proteins (PF04674)	18	10 (54%)
	PAPs (PF00149)	11	6 (55%)

a The PFAM entry (http://xfam.org/) corresponding to each protein family is indicated between brackets. GH stands for glycoside hydrolase, CIII Prx for class III peroxidase, PME for pectin methylesterase, PAE for pectin acylesterase, PAP for purple acid phosphatase. b The PFAM entries have been used to mine the Phytozome database and determine the number of genes in each protein family (https://phytozome.jgi.doe. gov/pz/portal.html#!info?alias=Org_Mpolymorpha). c The Redoxibase was used as a reference (https://peroxibase.toulouse.inrae.fr/).

Table 3 .1. Summary of the obtained results. Antibodies Target Pectin fraction 1 Pectin fraction 2 Hemicellulose fraction Cellulose fraction

 3 

		LM19	HGs	++	+	+/-	+/-
		LM20	meHGs	-	-	-	-
		RU1	RGI	+/-	+/-	+/-	+/-
	Pectins	RU2	RGI	+	+	-	+
		LM13	Arabinans	+/-	+/-	-	-
		LM16	Arabinans-	+	+	-	-
			RGI				
		LM6	Arabinans	+	+	-	-
		LM21	Mns	+++	+++	+++	+++
	Hemicelluloses	LM22	Mns	+	+/-	-	++

Table S1 . Oligonucleotide primers used for PCR.

 S1 Mptcp1 mutants showed a reduced thallus growth phenotype as compared to TAK1. It was shown that the mutant forms larger cells(1.2 fold larger than TAK1), but 2-4 fewer dividing cells in the apical notch. The results enabled concluding that MpTCP1 exerts a positive control of cell proliferation in M. polymorpha thalli. Similarly, we can assume that MpPAC1 and MpPAC2 regulate the growth of thalli, but through a very different mechanism involving the cell wall. Interestingly, MpTCP1 is up-regulated in the Mptcp1 mutant which means that MpTCP1 down-regulates MpPAC1 in wild type thalli (Sabine Zachgo, personal communication). So, an increase in the expression level of MpPAC1 in Mptcp1 does not compensate the deficiency in MpTCP1, suggesting the existence of a combination of regulatory factors involved in thallus growth regulation. No conclusion can be drawn for MpPAC2 since its level of expression is much lower in wild type thallus and the observed difference between wild type and Mptcp1 is not significant.The second phenotype regards the formation of gemma cups. It occurred earlier in OEs, but was not modified in pac1 and pac2 mutants. MpPAC1 has been shown to be up-regulated in gemma cups compared to midribs and is expressed in the gemmiparus area of 3 week-old thalli (This work;[START_REF] Yasui | Gemma cupassociated MYB1, an ortholog of axillary meristem regulators, is essential in vegetative reproduction in Marchantia polymorpha[END_REF]. On the contrary, MpPAC2 transcripts were not found to be upregulated in gemma cups compared to midribs and the expression of MpPAC2 in the photosynthetic layer is reduced at the time of gemma cup appearance (This work;Yasui et al., 

	Primer #	Sequence 5'  3'			Experiment
	1	TACAAAAAAGCAGGCTTGCAAACAGAGGCAACATTC	Internal	PCR	of
	2	CAAGAAAGCTGGGTCGCTGCTGGCCGCC		pMpPAC1::GUS construct
	3	TACAAAAAAGCAGGCTCCTTTCCTGGATCTGTGCAT	Internal	PCR	of
	4	CAAGAAAGCTGGGTCCTTCACTTTCTCCATTCCTCCG	pMpPAC2::GUS construct
	MpTCP1 5 GGGGACAAGTTTGTACAAAAAAGCAGGCT gene (Busch et al.,	2019).	TCPs External promoter::GUS overexpression constructs. First PCR of and (TEOSINTE
	BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR) are transcription factors and second underlined sequences refer to the attB1-6 GGGGACCACTTTGTACAAGAAAGCTGGGTCACCTCCGCCGGA
	site respectively. and Internal pMpEF1α::MpPAC1::TagRFP the spacer, PCR of over-expression construct. First and second underlined sequences refer to the attB1-site and the spacer, respectively. Internal PCR of pMpEF1α::MpPAC2::TagRFP over-expression construct. First and second underlined sequences refer to the attB1-site and the spacer, respectively. Semi-quantitative RT-PCR to determine the levels of expression of MpPAC1 and MpPAC2 in PAC1-and PAC2-OEs Genotyping of pac1 and pac1pac2 mutants Genotyping of pac2 and able to activate or repress cell proliferation. 2019). Then, one would have expected a gemma cup phenotype in pac1 mutants. An explanation 7 AAAAAGCAGGCTTCATGGCGGCAGCAG 8 ACCTCCGCCGGATCCACCGCCGGACTTGCAAGGAGCGAGCA 9 AAAAAGCAGGCTTCATGGAGAAAGTGAAGCTGGTG ACCTCCGCCGGATCCACCGCCGGAGGGTTTGGGTTCGAGGAC CTGACTGAAGCACCGTTGAA ACATGGTCGTTCCTCCAGAC GGAAATGTGTTCTGCGACCA ACAGAAGCTCTTGGGTGCAG GGATGGGTCTTCTGCGC GCACGAGGCAGGGCG CCCAGTTTGCTAGGGAGGTC CGAGCTCACTCTGCTAGGG CTCATTTGCCCCGGACTG CCTAGTCCCGCTACACCGTA pac1pac2 mutants GGTTTGAGAATGGCCTATCG
	could be that somehow MpPAC2::TagRFP could play the same role as MpPAC1::TagRFP in

OEs.

In vitro experiments could also tell us whether MpPAC1 and MpPAC2 could interact with the same kind of cell wall component. Finally, the case of the pac1pac2 double mutant is Supplementary

Table 5 .1. Overview of the sub-cellular localization of the fusion proteins to be used for the FRET-FLIM experiments.

 5 

. List of the oligonucleotide primers used in this work.

  

	Primer #	Sequence 5'  3'	Experiment
		AAAAAGCAGGCTTCATGGCTAGAAATTTCGAGCTTTC	Internal	PCR	of
		ACCTCCGCCGGATCCACCGCCGGAATGCTTGGAAGCAAAGTCATT	AtPME3	
		AAAAAGCAGGCTTCGGAGCTTCAAAAGCCAACG	Internal	PCR	of
		ACCTCCGCCGGATCCACCGCCGGAAAGACCGAGCGAGAAGGG	AtPMEI7	
		AAAAAGCAGGCTTCAAATCTCCTGTTAAACCCCCG	Internal	PCR	of
			At1g28290	central
		ACCTCCGCCGGATCCACCGCCGGACTTAGGCGGGTAAACCGG	domain	
		TCCGGCGGTGGATCCGGCGGAGGTGGTACGGTTTACTGCAAAAGC T	Internal At1g28290	PCR	of PAC
		AGAAAGCTGGGTCTCAGCAAGACGGGTTAAAGGCA	domain	
		TCCGGCGGTGGATCCGGCGGAGGTGGAATGGTGTACTGTCAATCC TG	Internal At5g05500	PCR	of PAC
	10	AGAAAGCTGGGTCTCAGCAGTGGTCAGGACGGAA	domain	
	11	GGGGACAAGTTTGTACAAAAAAGCAGGCT	External PCR of all constructs. First and
			second	underlined
	12	GGGGACCACTTTGTACAAGAAAGCTGGGTCACCTCCGCCGGA	sequences refer to the attB1-site and the
			spacer, respectively.
	13	TCGCGTTAACGCTAGCATGGATCTC	Sequencing after BP
			reaction (cloning in
	14	GTAACATCAGAGATTTTGAGACAC	pDONR207 vector)
	15	GCTGATTGGTTCTATAAGAAATCTAGTATTTTC	Sequencing after LR
			reaction (cloning in
	16	CGCTCACCAAACATAGAAATGC	pEAQ vector)

Materials and Methods
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FIGURE 3 | 1D-E patterns of proteins eluted from purified cell walls with salt solutions (A-C) or of N-glycoproteins enriched after ConA affinity chromatography (D-F). Proteins have been eluted from purified cell walls of 2 week-(A), 3 week-(B) or 5 week-old thalli (C). A representative biological replicate is shown in each case (2-1, 3-1, and 5-1) and proteins have been stained with Coomassie blue. N-glycoproteins have been enriched after ConA affinity chromatography from a total protein extract from 2 week-(D), 3 week-(E) or 5 week-old thalli (F). A representative biological replicate is shown in each case (N2-1, N3-1 and N5-1) and proteins have been revealed with Coomassie blue, followed by silver staining. The arrows point at ConA in (D-F). The other biological replicates are shown in Supplementary Figures 2,4.

The Main Cell Wall Proteins Families of the M. polymorpha Cell Wall Proteome

The 410 CWPs were distributed into the nine functional classes described in the Introduction according to the presence of predicted functional domains (Jamet et al., 2008; see section "Materials and Methods, " Supplementary Tables 2,3). Considering the weak contribution of rhizoids and scales to the material analyzed compared to thalli, we have made comparisons with the already described cell wall proteomes of A. thaliana and B. distachyon leaves which have be obtained using the same protocol (see WallProtDB; see text footnote 1). Several features could be highlighted (Figure 4A): (i) the proportion of PAC was lower in M. polymorpha thalli than in A. thaliana and B. distachyon leaves (18.8 vs. 25.1 and 25.6%); the proportion of oxido-reductases (OR) was close to that found in B. distachyon, but higher than in A. thaliana (16.8 and 15.3 vs. 11.8%); the proportion of proteases (P) was lower than in A. thaliana and B. distachyon (9.8 vs. 13.9 and 17.4%); the proportion of proteins of unknown function (UF) was higher in M. polymorpha (13.2 vs. 10.5 and 6.0%); as well as that of M (18.5 vs. 11.2 and 13.5%).

In the PAC functional class, the major proteins families were: (i) the glycoside hydrolases (GH) with five GH16 (endoxyloglucan transferases), 15 GH17 (b-1,3-glucosidases), five GH18 (chitinases), seven GH19 (chitinases/lyzozymes), three GH5 (endo-b-1,4-glucanase), and two GH28 (polygalacturonases); (ii) the expansins (7); and (iii) the Frontiers in Plant Science | www.frontiersin.org
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The characterization of the M. polymorpha thalli cell wall proteome has substantially expanded our knowledge of Bryophyte CWPs (see chapter 3). It has revealed the specificities of the M.

polymorpha cell wall proteome and the features shared with those of flowering plants. Among of the shared identified CWPs are the proteins having a PAC domain, the so-called PAC domain proteins (PDPs) which belong to multigenic families of various sizes in flowering plants (Nguyen-Kim et al., 2019). Several studies have been devoted to PDPs in order to reveal their role especially in A. thaliana cell walls such as those regarding AtAGP30 (At2g33790) [START_REF] Van Hengel | AtAGP30, an arabinogalactan-protein in the cell walls of the primary root, plays a role in root regeneration and seed germination[END_REF], AtAGP31 (At1g28290) [START_REF] Hijazi | Characterization of the arabinogalactan protein 31 (AGP31) of Arabidopsis thaliana[END_REF][START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF][START_REF] Liu | A nonclassical arabinogalactan protein gene highly expressed in vascular tissues, AGP31, is transcriptionally repressed by methyl jasmonic acid in Arabidopsis[END_REF], AtFOCL1 (At2g16630) [START_REF] Hunt | Formation of the stomatal outer cuticular ledge requires a guard cell wall proline-rich protein[END_REF], and AtPRPL1 (At5g05500) [START_REF] Boron | Proline-rich protein-like PRPL1 controls elongation of root hairs in Arabidopsis thaliana[END_REF] In this second part of our work, we were interested in making progress in the understanding of the role(s) of PDPs in plant cell walls. We have decided to use M. polymorpha as a new model plant mainly because there are only two PDPs (MpPAC1 and MpPAC2), the vegetative stage of M. polymorpha is haploid and because it can be easily transformed. We have generated overexpressors and mutants for both genes and characterized their phenotypes.

Materials and Methods

Plant material for transformation

M. polymorpha of male accession Takaragaike-1 (TAK1) was grown asexually on half-strength Gamborg's B-5 Basal medium (GB 1/2 ) with Minimal Organics medium (SIGMA ALDRICH, Merck, Darmstadt, Germany) supplemented with 1% sucrose and 1.4% agar. The pH of the culture medium was adjusted to 5.5. The plants were placed in a growth chamber for two weeks at 22 °C under a 8 h dark/16 h light photoperiod and at 100 µE m -2 .s -1 light intensity.

pMpPAC1::GUS and pMpPAC2::GUS constructs

Briefly, the promoter regions of MpPAC1 and MpPAC2 were amplified from M. polymorpha genomic DNA. The addition of attB sequences at each end of the insert was done through internal and external PCRs, successively. Internal PCR was performed using the primer pairs (#1, #2) and (#3, #4) for MpPAC1 and MpPAC2, respectively. This allowed amplifying putative promoter sequences of 1783 bp (MpPAC1) and 1711 bp (MpPAC2), upstream the ATG initiation codon plus the first five codons of each coding sequences. After electrophoresis, the internal PCR product was excised from the agarose gel and purified using the GeneJET TM PCR Purification Kit (Thermo Fisher Scientific, Illkirch-Graffenstaden, France) and it was used as a matrix for external PCR. Then, external PCR was done using the primer pairs (#5, #6), followed by electrophoresis where the external PCR product was excised and then purified using the same kit. The fragments were then cloned using the Gateway® cloning method into the pMpGWB104 vector (Ishizaki et al. 2015). All the primers used in this experiment are described in Supplementary Table S1.

Vector preparation for the CRISPR-Cas9 mutagenesis of MpPAC1 and MpPAC2

The Golden Gate cloning technology was used to produce the CRISPR-Cas9 constructs [START_REF] Engler | A one pot, one step, precision cloning method with high throughput capability[END_REF]Rich et al., 2021). In our study, three CRISPR-Cas9 constructs were produced: one targeting MpPAC1, one targeting MpPAC2, and a third one targeting both genes simultaneously.

A pair of guide RNAs (gRNAs) (Supplementary Table S2) was designed for each gene to disrupt their coding sequences in the first exon. The two gRNAs targeting MpPAC1 were spaced by 216 and in number of gemma cups were statistically measured by a Student t-test when data is normally distributed or using a Wilcox test when it is not using the R program software (https://www.r-project.org/).

Micro-phenotyping

Sections in agarose: thalli were collected at different developmental stages and embedded in 7% low-melting point agarose (Euromedex, Souffelweyersheim, France). The boxes were kept at 4°C for 15 min. This was followed by preparing 120 µm-thick sections using a Leica VT1000 S

Vibrating blade microtome (Leica, Nanterre, France). The slides were mounted in water and sealed.

Sections in paraffin:

The complete protocol used here is described in [START_REF] Francoz | Pectin demethylesterification generates platforms that anchor peroxidases to remodel plant cell wall domains[END_REF].

Then, the slides were mounted using 4 droplets of Eukitt® mounting medium (Eukitt®, Freiburg, Germany), covered by a coverslip and scanned using a Nanozoomer scanner (Hamamatsu, Massy, France). The images were visualized with the NDP.view© software (Hamamatsu). Concerning cell number counting, three independent lines of each KO and OE were selected. For each line, three biological replicates were analyzed and two technical replicates were performed. Then, the sections were analyzed using the ImageJ software.

Differences in cell numbers were statistically measured by a Student t-test using the R program (see above) after selection of a common zone on all sections (a box of 800 µm in width between midrib floor up to the epidermis).

Genotyping and isolation of CRISPR-Cas9 mutants

Genotyping of KOs started with DNA extraction using the KAPA3G plant extraction buffer (SIGMA ALDRICH): 50 mM Tris-HCl (pH 8.0-8.5), 0.1 mM EDTA, 2% β-mercaptoethanol.

Then, two primer pairs were design in order to amplify DNA fragments spanning the two target 

MpPAC1 and MpPAC2 are located in the cell wall and in chloroplasts

MpPAC1::TagRFP and MpPAC2::TagRFP constructs have been designed to study the subcellular localization of both fusion proteins in the epidermal cells of N. benthamiana leaves.

Since this work was not performed in the frame of this PhD work, the results are shown in Supplementary Figures S2 andS3. In both cases, the fusion proteins were co-localized with the cell wall which was stained with calcofluor after plasmolysis with 15% glycerol. In addition, MpPAC1::TagRFP was clearly localized in chloroplasts, as it was the case for AtFOCL1::TagRFP, AtFOCL1 being the homologous protein of MpPAC1 in A. thaliana as mentioned above (unpublished work). MpPAC2::TagRFP was also localized around chloroplasts. These results confirm the cell wall localization of both fusion proteins in N.

benthamiana epidermal cells, but their double localization would deserve additional experiments to be better understood (ongoing work). It could be due to the expression of the fusion proteins in a heterologous system. However, we could check the time of gemmae release after putting pac1pac2 thalli in sterile water and shaking them so that we were able to recover gemmae. After 4 weeks of culture, it was not yet possible to see any released gemma. The first ones were released after 5-6 weeks of culture. So, the pac1pac2 mutant showed less and late appearance of gemma cups and gemmae compared to TAK1 and to the other mutants. 

MpPAC1 and MpPAC2 tissue-specific expression

Macro-phenotyping

The morphological phenotype of the OE lines was characterized over four developmental stages, from 1 to 4 weeks after the transfer of the gemmae to fresh culture medium. As an example, three-week old thalli are shown in Figure 4.13. Already after one week of culture, PAC1-OEs and PAC2-OEs started to show a significant reduction in thallus area as compared to TAK1

(Figure 4.14). The phenotype was more pronounced after 3 and 4 weeks of culture with five lines showing significant differences after 3 weeks of culture (PAC1-1-, PAC1-3-, and PAC2-OEs)

and the six lines after 4 weeks (PAC1-and PAC2-OEs). puzzling. Only one non-chimeric double mutant could be isolated, suggesting a critical role for PDPs in M. polymorpha. Its morphology is strongly impaired with a 3D-growth. We could not determine exactly at which time gemma cup formation occurred because of the complicated morphology of pac1pac2 thalli, but we could see that gemmae were released later than in single mutants and in TAK1.

Altogether, our current working hypothesis is that MpPAC1 and MpPAC2 could play roles in cell walls during cell division leading to thallus growth and gemma cup differentiation. In the absence of either protein or in the presence of excess amount of MpPAC1::TagRFP or MpPAC2::TagRFP, the architecture of the cell wall could be modified, thus leading to the perception of a change in cell wall integrity by plasma membrane receptors like those belonging to the Catharanthus roseus receptor-like kinase (CrRLK1) family, e.g. FERONIA or THESEUS [START_REF] Höfte | The yin and yang of cell wall integrity control: Brassinosteroid and Feronia signaling[END_REF][START_REF] Voxeur | Cell wall integrity signaling in plants: "To grow or not to grow that's the question[END_REF]. A single gene encodes a receptor showing homology to THESEUS in M. polymorpha [START_REF] Honkanen | The Mechanism forming the cell surface of tip-growing rooting cells is conserved among land plants[END_REF]. However, in the case of the growth of the M. polymorpha thallus, the size of cells is not affected, but the number of cells is reduced. This defect in growth could result in early formation of gemma cups in OEs as a kind of stress reaction. However, this defect seems to have no consequence on gemma cup formation in pac1 and pac2 mutants, suggesting that MpPAC1 and MpPAC1 cannot replace each other. However, the analysis of the mutants needs to be deepened to fully understand their phenotypes.

Supplementary data

Supplementary Table S1. Oligonucleotide primers used for PCR. S2. Designed guide RNA sequences. Supplementary Table S2. Designed guide RNA sequences. The PAM sequence is indicated in red and the target sequence in black. 
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Target gene gRNA # gRNA sequence (5'-> 3') Position

Foreword

Note that this chapter is written as an article and that it has benefited from the contributions of David Roujol and Axelle Larrieu (constructs and sub-cellular localization of At1g28290::TagRFP and At5g05500::TagRFP), Dr. Laurent Hoffmann (sub-cellular localization of the proteins), and Dr. Cécile Pouzet (FR AIB Imaging platform, sub-cellular localization of fusion proteins and FRET-FLIM experiments). These data are provided as Supplementary material.

In the previous chapter, we have shown that the mutation or the over-expression of the two genes encoding PAC domain proteins in Marchantia polymorpha lead to a growth phenotype mostly linked to a reduction in the number of cells in thalli as well as an earlier appearance of gemma cups in over-expressors. In the last part of the work, we have decided to examine the hypothesis of the interaction between the PAC domain and the central Pro/Hyp-rich domain of At1g28290 (AtAGP31) [START_REF] Hijazi | Arabinogalactan protein 31 (AGP31), a putative network-forming protein in Arabidopsis thaliana cell walls?[END_REF] by checking this interaction in muro, using the Fluorescence Resonance Energy Transfer by Fluorescence Lifetime Imaging Microscopy (FRET-FLIM) technique. Two steps were necessary: (i) establishing the FRET-FLIM technique in muro and (ii) testing the couple of proteins of interest.

Introduction

Plant cell walls are the major components of plant biomass and play important roles during plant development and in response to environmental constraints. Typical components of the cell wall include cellulose, hemicelluloses, and pectic polysaccharides as well as a wide variety of cell wall proteins (CWPs) (Albenne et al., 2013;Carpita & Gibeaut, 1993). CWPs are essential components of the cell wall in which they are implicated in cell wall polymer remodelling, signalling and defense against biotic and abiotic stresses (Franková & Fry, 2013;Le Gall et al., 2015;[START_REF] Malinovsky | The role of the cell wall in plant immunity[END_REF]. The physical and chemical properties of cell walls depend on their composition. Some cell wall characteristics (e.g. composition and thickness) vary during the course of plant development and in response to environmental constraints. Two types of plant cell walls are usually distinguished: primary and secondary walls. Primary cell walls are mainly composed of a large set of cell wall polysaccharides which represent up to 90% of the cell wall mass, proteins (~5-10 %) and phenolic compounds in some plant species (e.g. Poaceae) (Carpita & Gibeaut, 1993). Secondary cell walls are deposited once the cells stop growing. They are in contact with the outer face of the plasma membrane and the inner face of the primary cell wall.

Different methods have been used to validate protein-protein interactions at the sub-cellular level. Of these methods is the co-immunoprecipitation (co-IP) approach. [START_REF] Ham | Overexpression of Arabidopsis plasmodesmata germin-like proteins disrupts root growth and development[END_REF] have shown that a variety of protein-protein interactions takes place during the formation of plasmodesmata protein complexes. They showed that the Plasmodesmata Germin-Like Protein 1 (PDGLP1) interacts with actin, a β-1,3-glucanase, a phosphate responsive 1 protein, a putative ABC transporter, and PDGLP2 [START_REF] Ham | Overexpression of Arabidopsis plasmodesmata germin-like proteins disrupts root growth and development[END_REF]. Besides, the expression of fluorescent proteins in plants has allowed the use of fluorescence-based imaging methods, which can now reveal protein sub-cellular localization and protein-protein interactions in their own compartments under various physiological conditions [START_REF] Schoberer | Investigating protein-protein interactions in the plant endomembrane system using multiphoton-induced FRET-FLIM[END_REF][START_REF] Stoddard | I see the light! Fluorescent proteins suitable for cell wall/apoplast targeting in Nicotiana benthamiana leaves[END_REF]. For example, [START_REF] Long | In vivo FRET-FLIM reveals cell-typespecific protein interactions in Arabidopsis roots[END_REF] have detected protein-protein interactions in A. thaliana roots nuclei at endogenous expression levels using the Fluorescence Resonance Energy Transfer by Fluorescence Lifetime Imaging Microscopy (FRET-FLIM) technique.

FRET-FLIM is indeed a method of choice to show protein-protein interaction in vivo [START_REF] Bücherl | FRET-FLIM applications in plant systems[END_REF]. This technique is related to the transfer of energy-free radiation from a fluorescent "donor" protein (excited molecule) to a fluorescent "receptor" protein (non-excited molecule).

After excitation, the donor molecule emits a fluorescent light whose wavelength corresponds to the excitation wavelength of the acceptor, if the distance between the two proteins is close enough (2-10 nm) during the interaction to induce efficient FRET [START_REF] Clegg | Chapter 1 Förster resonance energy transfer-FRET what is it, why do it, and how it's done[END_REF]. Different fluorescent reporters have been used as donor and acceptor molecules such as: SCFP3A, mTurquoise, SYFP2, mCherry, mStrawberry and mRFP [START_REF] Goedhart | Sensitive detection of p65 homodimers using red-shifted and fluorescent protein-based FRET Couples[END_REF][START_REF] Kremers | Cyan and yellow super fluorescent proteins with improved brightness, protein folding, and FRET förster radius[END_REF][START_REF] Long | Optimizing FRET-FLIM labeling conditions to detect nuclear protein interactions at native expression levels in living Arabidopsis roots[END_REF][START_REF] Piston | Fluorescent protein FRET: The good, the bad and the ugly[END_REF]. Moreover, GFP variants and TagRFP were considered as possible fluorescent proteins for FRET-FLIM experiments regarding their photophysical properties, but were not yet used for such a purpose [START_REF] Merzlyak | Bright monomeric red fluorescent protein with an extended fluorescence lifetime[END_REF][START_REF] Piston | Fluorescent protein FRET: The good, the bad and the ugly[END_REF]Weidtkamp-Peters & Stahl, 2017).

To our knowledge, FRET-FLIM has not yet been used to show protein-protein interactions in muro. In this study, we propose to establish this method in muro using appropriate fluorescent proteins stable at the acidic pH of the cell wall. We selected the Gamillus fluorescent protein as a donor, and the TagRFP as an acceptor (www.fpbase.org/). Both proteins have acidic pIs which should ensure their stability in cell walls. The first couple of proteins which has been tested was AtPME3 and AtPMEI7 which were shown to interact which each other in vitro [START_REF] Sénéchal | Tuning of pectin methylesterification[END_REF]. Then, the interaction between the central Pro/Hyp-rich domain of At1g28290 and its PAC All and above, FRET-FLIM can now be used as a novel approach for detecting protein-protein interactions in cell walls. This method will allow researchers to overcome the issue fact that most of the protein extraction methods use salt solutions which destroy these interactions (Feiz et al., 2006). This work also paves the way for studies of supramolecular networks in muro that would greatly contribute to the understanding of protein functions in plant cell wall architecture.

Supplementary Data

Supplementary Table S1. List of the oligonucleotide primers used in this work. The amounts of proteins were comparable in all the samples as shown by Coomassie blue staining (panel A). Then, the presence of the full-length fusion proteins was checked by western blot using an anti-TagRFP antibody. We noted the presence of a band around 32 kDa which could correspond to TagRFP alone (red arrow, panel B). For At1g28290::TagRFP, we noticed the presence of one weak band around 95 kDa (blue dot, panel B) and of a weak smear at higher molecular masses (blue arrow, panel B). The O-glycosylations of At1g128290 were detected using a PNA lectin blot showing a large smear at molecular masses higher than 72 kDa (panel C). For At5g05500::TagRFP, we observed a band around 55 kDa (green dot, panel B).

Supplementary

Note that the molecular masses of the proteins detected by the anti-Tag RFP antibody were larger than expected: around 32 kDa for TagRFP instead of 28 kDa, more than 72 kDa for At1g28290::TagRFP instead of 64 kDa, and 55 kDa for At5g05500::TagRFP instead of 46 kDa.